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Preface

To the Student
As you begin the study of engineering no doubt you are filled with enthusiasm, 
curiosity, and a desire to succeed. Your first year will be spent primarily in estab-
lishing a solid foundation in mathematics, basic sciences, and communications. 
Also, you will be introduced to selected engineering topics that will demonstrate 
how engineers approach problem solving, arrive at correct solutions, and interface 
with other engineering professionals and the general public to implement the solu-
tions. You will see how mathematics, science, and communications provide the 
means to solve problems and convey the solutions in a manner that can be clearly 
understood and quickly verified by the appropriate persons. Next, you will discover 
the need for more in-depth study in many engineering subjects in order to solve 
increasingly complex problems. We believe the material presented in this book 
will provide you with a fundamental understanding of how engineers function in 
today’s technological world. After your study of topics in this text, we believe you 
will be eager to enter the advanced engineering subjects in your chosen discipline, 
confident that you will successfully achieve your educational goals. You will also 
find profiles of practicing engineers who were in your shoes a few years ago. They 
will show the result of your hard work will result in amazing careers.

To the Instructor
Engineering courses for first-year students cover a wide range of topics from an overview 
of the engineering profession to discipline-specific subjects. A broad set of course goals, 
including coverage of prerequisite material, motivation, and retention, have spawned a vari-
ety of first-year activity. Courses in introductory engineering and problem solving routinely 
utilize spreadsheets and mathematical solvers in addition to teaching the rudiments of a 
computer language. The Internet has become a major instructional tool, providing a wealth 
of data to supplement your class notes and textbooks. This eighth edition continues the 
authors’ intent to introduce the profession of engineering and to provide students with many 
of the tools and techniques needed to succeed.

The eighth edition of this text draws on the experiences the authors have encoun-
tered with the first seven editions and incorporates many excellent suggestions from 
faculty and students using the text. Over the past 40+ years the fundamentals of prob-
lem solving have remained nearly the same, but the numerical tools and presentation 
techniques have improved tremendously. Therefore our general objectives remain the 
same for this eighth edition, and we have concentrated on new and emerging problems 
like microplastics pollution and desalination of water for drinking and community use 
and improvements in the textual material.

The objectives are (1) to motivate engineering students during their first year 
when exposure to the subject matter of engineering is limited, (2) to provide students 
with experience in solving problems in both SI and customary units while presenting 
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solutions in a logical manner, (3) to introduce students to subject areas common to 
most engineering disciplines that require the application of fundamental engineering 
concepts, and (4) to develop students’ skills in solving open-ended problems.

The material in this book is presented in a manner that allows each of you to 
emphasize certain aspects more than others without loss of continuity. In the eighth 
edition, new engineering graduate profiles have been added to help student under-
stand better what an engineer does and what recommendations they would have for 
a new engineering student. Modern engineering examples, data, and photos have 
been integrated throughout the chapters, and more problems have been added to 
Connect. The problems that follow most chapters vary in difficulty so that students 
can experience success rather quickly and still be challenged as problems become 
more complex.

There is sufficient material in the 18 chapters for a three-credit semester course. 
By omitting some chapters and/or by varying coverage from term to term, you can 
present a sound introductory problem-solving course in two to four quarter credits or 
two semester credits.

The book may be visualized as having three major sections. The first, encompass-
ing the first three chapters, is an introduction to the engineering profession. Chapter 1 
provides information on engineering disciplines and functions. If a formal orientation 
course is given separately, Chapter 1 can be simply a reading assignment and the basis 
for students to investigate disciplines of interest. Chapter 2 outlines the course of study 
and preparation for an engineering work environment. Interdisciplinary projects, team-
ing, and ethics are discussed. Chapter 3 is an introduction to the design process. If time 
permits, this material can be supplemented with case studies and your personal experi-
ences to provide an interesting and motivating look at engineering.

The second major section, Processing Engineering Data, includes materials we 
believe that all engineering students require in preparation for success in the engineering 
profession. Chapters 4 and 5 provide procedures for approaching an engineering problem, 
determining the necessary data and method of solution, and presenting the results. The 
authors have found that emphasis in this area will reap benefits when the material and 
problems become more difficult later.

Chapters 6 and 7 include engineering estimations and dimensions and units 
(including both customary and SI units). Throughout the book discussions and example 
problems tend to emphasize SI metric. However, other dimension systems are used 
extensively today, so a number of our examples and problems contain nonmetric units to 
ensure that students are exposed to conversions and other units that are commonly used.

Chapters 8 and 9, Engineering Economy, demonstrate the importance of under-
standing the time value of money in making engineering decisions. Chapter 8 empha-
sizes basic calculations using everyday information such as credit card debt, savings 
accounts, and current interest rates. Additionally, the Summary Table 8.8 is a valuable 
resource that students use well beyond this course. Chapter 9 follows with applications 
to engineering decision making for equipment selection, depreciation, investments, and 
taxes. Chapters 10 and 11, Statistics, provide an introduction to a subject that is assum-
ing a greater role in engineering decision making. Chapter 10 introduces basic descrip-
tive statistics, linear regression, and coefficient of correlation. Chapter 11 includes 
normal distributions as well as Student’s t, F, and Chi-Square. It also adds new material 
on the use of inferential statistics and a general introduction to randomized sampling 
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and experimental design. The ability to take large amounts of test or field data, perform 
statistical analyses, and draw correct conclusions is crucial in establishing performance 
parameters. Engineering Economy and Statistics are subdivided, permitting you to 
choose the first chapter for an introduction to the fundamentals and, if time permits, 
applications to specific engineering activities can be covered.

The third major section provides engineering content that you can use to reinforce 
fundamentals from the previous section. Chapters 12 through 17 allow you as an 
instructor a great deal of flexibility. Chapters 12 and 13 on engineering mechanics 
provide an introduction to statics and strength of materials. Force vectors, two-
dimensional force systems, and the conditions of equilibrium are emphasized in 
Chapter 12. Chapter  13 emphasizes stresses and strains and requires Chapter 12 as 
a prerequisite. Chapter 15 has undergone significant updating. Chapter 15 discusses 
energy forms and sources. The authors believe that engineering students need to 
become aware of the world’s current dependence on fossil fuels very early in their 
studies so they may apply this knowledge to the use and development of alternative 
sources of energy.

Chapter 16 follows with an introduction to thermodynamics and applications of 
the First and Second Laws of Thermodynamics. The study of Chapter 16 should be 
preceded by coverage of Chapter 15.

Chapter 14, Material Balance, and Chapter 17, Electrical Theory, complete the 
third major section and contain upgraded example problems.

Certain problems suggest the use of a computer or spreadsheet for solution. These 
are open-ended or “what-if” problems. Depending on the students’ prior work with 
programming or spreadsheets, additional instruction may be required before attempting 
these problems. Chapter 18 covers the use of flowcharts, which can be of tremendous 
help when programming with all kinds of computer languages.

The appendices are provided as a ready reference on selected areas that will enable 
students to review topics from algebra and trigonometry. The National Society of 
Professional Engineers’ Code of Ethics for Engineers is included and is highly recom-
mended for reading and class discussion. Other appendices include tables, unit conver-
sions, formulas, and selected answers to chapter problems.

Because the text was written for first-year engineering students, mathematical 
expertise beyond algebra, trigonometry, and analytical geometry is not required for any 
material in the book. The authors have found, however, that additional experience in 
pre-calculus mathematics is very helpful as a prerequisite for this text.
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1

C H A P T E R  1 

The Engineering Profession

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Understand the role of engineering in the world
 ◾ Understand how to prepare for a meaningful engineering career
 ◾ Understand the role of an engineer in the engineering workplace
 ◾ Describe the responsibilities and roles of the most common engineering 

disciplines
 ◾ Gain academic career advice from past engineering graduates from various 

engineering disciplines

1.1 An Engineering Career

The rapidly expanding and developing sphere of science and technology may seem 
overwhelming to the individual exploring a career in a technological field. A tech-
nical specialist today may be called engineer, scientist, technologist, or technician, 
depending on education, industrial affiliation, and specific work. For example, about 
700 colleges and universities in 29 countries offer close to 3 600 engineering programs 
accredited by ABET, the main accrediting body for engineering and technology pro-
grams. Included in these programs are such traditional specialties as aerospace, agri-
cultural, architectural, chemical, civil, computer, construction, electrical, industrial, 
manufacturing, materials, mechanical, and software engineering—as well as expanding 
bioengineering, biomedical, biological, electromechanical, environmental, and tele-
communications. Programs in engineering, mechanics, mining, nuclear, ceramic, soft-
ware, and petroleum engineering add to a lengthy list of career options in engineering 
alone. Coupled with thousands of programs in science and technical training offered at 
hundreds of universities, colleges, and technical schools, the task of choosing the right 
field no doubt seems formidable (Figure 1.1).

Since you are reading this book, we assume that you are interested in studying 
engineering or at least are trying to decide whether to do so. Up to this point in your 
academic life you probably have had little experience with engineering as a career and 
have gathered your impressions from advertising materials, counselors, educators, and 
perhaps a practicing engineer or two. Now you must investigate as many careers as you 
can as soon as possible to be sure of making the right choice.

The study of engineering requires a strong background in mathematics and the 
physical sciences. Section 1.5 discusses typical areas of study within an engineering 
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The Engineering 
Profession

program that lead to the bachelor’s degree. You also should consult with your aca-
demic counselor about specific course requirements. If you are enrolled in an engi-
neering program but have not chosen a specific discipline, consult with an adviser or 
someone on the engineering faculty about particular course requirements in your areas 
of interest.

When considering a career in engineering or any closely related fields, you should 
explore the answers to several questions:

 ◾ What is engineering?
 ◾ What are the career opportunities for engineers?
 ◾ What are the engineering disciplines?
 ◾ Where does the engineer fit into the technical spectrum?
 ◾ How are engineers educated?
 ◾ What is meant by professionalism and engineering ethics?
 ◾ What have engineers done in the past?
 ◾ What are engineers doing now? What will engineers do in the future?
 ◾ What are the workplace competencies needed to be a successful engineer?

Finding answers to such questions can be difficult and time consuming, but essential 
to determining the proper path for you as an individual. To assist you in assessing your 
educational goals, we have included a number of student profiles. These are students 
that have recently graduated from an accredited engineering program and selected dif-
ferent career paths. Each student background is unique and each career path is different. 
We hope you find these helpful.

Figure 1.1 

Imagine the number of engineers who were involved in the design of the windmill related to 
construction, material choices, electrical systems, and mechanical systems.
Oorka/Shutterstock
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1.2 The Technology Team

In 1876, 15 men led by Thomas Alva Edison gathered in Menlo Park, New Jersey, to 
work on “inventions.” By 1887, the group had secured over 400 patents, including ones 
for the electric lightbulb and the phonograph. Edison’s approach typified that used for 
early engineering developments. Usually one person possessed nearly all the knowl-
edge in one field and directed the research, development, design, and manufacture of 
new products in this field.

Today, however, technology has become so advanced and sophisticated that one 
person cannot possibly be aware of all the intricacies of a single device or process. The 
concept of systems engineering thus has evolved; that is, technological problems are 
studied and solved by a technology team.

Scientists, engineers, technologists, technicians, and craftspersons form the tech-
nology team. The functions of the team range across what often is called the technical 
spectrum. At one end of the spectrum are functions that involve work with scientific 
and engineering principles. At the other end of this technical spectrum are functions 
that bring designs into reality. Successful technology teams use the unique abilities of 
all team members to bring about a successful solution to a human need.

Each of the technology team members has a specific function in the technical 
spectrum, and it is of utmost importance that each specialist understands the role of all 
team members. It is not difficult to find instances where the education and tasks of team 
members overlap. For any engineering accomplishment, successful team performance 
requires cooperation that can be realized only through an understanding of the functions 
of the technology team. The technology team is one part of a larger team that has the 
overall responsibility for bringing a device, process, or system into reality. This team, 
frequently called a project or design team, may include managers, sales representatives, 
field service persons, financial representatives, and purchasing personnel in addition to 
the technology team members. These project teams meet frequently from the beginning 
of the project to ensure that schedules and design specifications are met, and that poten-
tial problems are diagnosed early. We will now investigate each of the team specialists 
in more detail.

1.2.1 Scientist

Scientists have as their prime objective increased knowledge of nature (see Figure 1.2). 
In the quest for new knowledge, the scientist conducts research in a systematic 
 manner. The research steps, referred to as the scientific method, are often summarized 
as follows:

1. Formulate a hypothesis to explain a natural phenomenon.
2. Conceive and execute experiments to test the hypothesis.
3. Analyze test results and state conclusions.
4. Generalize the hypothesis into the form of a law or theory if experimental results 

are in harmony with the hypothesis.
5. Publish the new knowledge.

An open and inquisitive mind is an obvious characteristic of a scientist. Although the 
scientist’s primary objective is that of obtaining an increased knowledge of nature, 
many scientists are also engaged in the development of their ideas into new and useful 
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say that the true scientist seeks to understand more about natural phenomena, whereas 
the engineer primarily engages in applying new knowledge. Science degree programs 
include chemistry, physics, agronomy, biology, horticulture, botany, genetics, earth 
science, geology, meteorology, and many more.

1.2.2 Engineer

The profession of engineering takes the knowledge of mathematics and natural sci-
ences gained through study, experience, and practice and applies this knowledge with 
judgment to develop ways to utilize the materials and forces of nature for the benefit 
of all humans.

An engineer is a person who possesses this knowledge of mathematics and natural 
sciences, and through the principles of analysis and design applies this knowledge to 
the solution of problems and the development of devices, processes, structures, and 
systems. Both the engineer and scientist are thoroughly educated in the mathematical 
and physical sciences, but the scientist primarily uses this knowledge to acquire new 
knowledge, whereas the engineer applies the knowledge to design and develops usable 
devices, structures, and processes. In other words, the scientist seeks to know, the engi-
neer aims to do.

You might conclude that the engineer is totally dependent on the scientist for the 
knowledge to develop ideas for human benefit. Such is not always the case. Scientists 
learn a great deal from the work of engineers. For example, the science of thermody-
namics was developed by a physicist from studies of practical steam engines built by 

Scientists use the laboratory for discovery of new knowledge.
SDI Productions/Getty Images

Figure 1.2
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the principles of nuclear fission discovered by scientists to develop nuclear power 
plants and numerous other devices and systems requiring nuclear reactions for their 
operation. The scientist’s and engineer’s functions frequently overlap, leading at times 
to a somewhat blurred image of the engineer. What distinguishes the engineer from the 
scientist in broad terms, however, is that the engineer often conducts research but does 
so for the purpose of solving a problem.

The end result of an engineering effort—generally referred to as design—is 
a device, structure, system, or process that satisfies a need. A successful design is 
achieved when a logical procedure is followed to meet a specific need. The procedure, 
called the design process, is similar to the scientific method with respect to a step-by-
step routine, but it differs in objectives and end results. The design process encompasses 
the following activities (all of which must be completed):

1. Define the problem to be solved.
2. Acquire and assemble pertinent data.
3. Identify solution constraints and criteria.
4. Develop alternative solutions.
5. Select a solution based on analysis of alternatives.
6. Communicate the results.

As the designer proceeds through each step, new information may be discovered 
and new objectives may be specified for the design. If so, the designer must 
backtrack and repeat steps. For example, if none of the alternatives appears to 
be economically feasible when the final solution is to be selected, the designer 
must redefine the problem or possibly relax some of the constraints to admit less 
expensive alternatives. Thus, because decisions must frequently be made at each 
step as a result of new developments or unexpected outcomes, the design process 
becomes iterative.

As you progress through your engineering education, you will solve problems and 
learn the design process using the techniques of analysis and synthesis. Analysis is the 
act of separating a system into its constituent parts, whereas synthesis is the act of com-
bining parts into a useful system. In the design process you will observe how analysis 
and synthesis are utilized to generate a solution to a human need.

1.2.3 Technologist and Technician

Much of the actual work of converting the ideas of scientists and engineers into 
tangible results is performed by technologists and technicians (see Figure 1.3). A 
technologist generally possesses a bachelor’s degree and a technician an associ-
ate’s degree. Technologists are involved in the direct application of their education 
and experience to make appropriate modifications in designs as the need arises. 
Technicians primarily perform computations and experiments and prepare design 
drawings as requested by engineers and scientists. Thus technicians (typically) are 
educated in mathematics and science but not to the depth required of scientists and 
engineers. Technologists and technicians obtain a basic knowledge of engineering 
and scientific principles in a specific field and develop certain manual skills that 
enable them to communicate technically with all members of the technology team. 
Some tasks commonly performed by technologists and technicians include draft-
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servicing, and specification. Often they are the vital link between the idea on paper 
and the idea in practice.

1.2.4 Skilled Tradespersons/Craftspersons

Members of the skilled trades possess the skills necessary to produce parts specified by sci-
entists, engineers, technologists, and technicians. Craftspersons do not need to have an in-
depth knowledge of the principles of science and engineering incorporated in a design (see 
Figure 1.4). They often are trained on the job, serving an apprenticeship during which the 
skills and abilities to build and operate specialized equipment are developed. Specialized 
positions include welder, machinist, electrician, carpenter, plumber, and mason.

1.3 The Engineering Profession

Engineering is an exciting profession. Engineers don’t just sit in a cubicle and solve 
mathematical equations; they work in teams to solve challenging engineering problems 
to make life safer, easier, and more efficient for the world we live in. Engineers must 
demonstrate competence in initiative, professionalism, engineering knowledge, team-
work, innovation, communication, cultural adaptability, safety awareness, customer 
focus, general knowledge, continuous learning, planning, analysis and judgment, quali-
ty orientation, and integrity. In addition, engineers are expected to be leaders. Engineers 
help to shape government policies, international development, and education at all 

Figure 1.3

Technicians modify a tabletop robot for use in a research project.
Goran Bogicevic/Shutterstock
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1.4 The Engineering Functions

As we alluded to in Section 1.2, engineering feats dating from earliest recorded history 
up to the Industrial Revolution could best be described as individual accomplishments. 
The various pyramids of Egypt were usually designed by one individual, who directed 
tens of thousands of laborers during construction. The person in charge called every 
move, made every decision, and took the credit if the project was successful or accepted 
the consequences if the project failed.

The Industrial Revolution brought a rapid increase in scientific findings and tech-
nological advances. One-person engineering teams were no longer practical or desir-
able. Today, no single aerospace engineer is responsible for a jumbo jet and no one 
civil engineer completely designs a bridge. Automobile manufacturers assign several 
thousand engineers to the design of a new model. So we not only have the technology 
team as described earlier, but we have engineers from many disciplines who are work-
ing together on single projects.

One approach to explaining an engineer’s role in the technology spectrum is to 
describe the different types of work that engineers do. For example, agricultural, bio-
logical, civil, electrical, mechanical, and other engineers become involved in design, 
which is an engineering function. The engineering functions, which are discussed 
briefly in this section, are research, development, design, production, testing, construc-
tion, operations, sales, management, consulting, and teaching. Several of the engineer-
ing disciplines will be discussed later in the chapter.

To avoid confusion between “engineering disciplines” and “engineering functions,” 

Skilled craftspersons are key in building specialized equipment as designed by the engineers.
Don Hammond/Design Pics 

Figure 1.4
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chemical, mechanical) either before or soon after admission to an engineering pro-
gram. When and how the choice is made varies with each school. The point is, the 
student does not choose a function but rather a discipline. To illustrate further, con-
sider a student who has chosen mechanical engineering. This student will, during an 
undergraduate education, learn how mechanical engineers are involved in the engi-
neering functions of research, development, design, and so on. Some program options 
allow a student to pursue an interest in a specific subdivision within the curriculum, 
such as energy conversion in a mechanical engineering program. Most other curricula 
have similar options.

Upon graduation, when you accept a job with a company, you will be assigned to a 
functional team performing in a specific area such as research, design, or sales. Within 
some companies, particularly smaller ones, you may become involved in more than one 
function—design and testing, for example. It is important to realize that regardless of 
your choice of discipline, you may become involved in one or more of the functions 
discussed in the following paragraphs:

Space Exploration: Where Do We  
Go from Here?
Clayton Anderson

Clayton Anderson received his undergraduate degree in Physics from 
Hastings College, Nebraska, and an MS in Aerospace Engineering 
from Iowa State University. He joined the Johnson Space Center 
(JSC) in 1983 in Mission Planning and Analysis, before moving to 
the Missions Operations Directorate and leading the trajectory design 
team for the Galileo planetary mission. He became supervisor of the Ascent Flight Design Section in 1992, 
which was then reorganized into the Flight Design Engineering Group. In 1993 he was named chief of the 
Flight Design Branch and in 1996 he assumed the role of manager of the Emergency Operations Center at JSC.

His broad expertise in space operations at JSC led to his selection as a NASA Mission Specialist astronaut 
in 1998. Intensive training for missions to the International Space Station (ISS) included physiological aspects 
and flight training in a T-38 aircraft, as well as underwater training and wilderness survival techniques. In 
2007, Anderson embarked on his first space adventure aboard the Space Shuttle Atlantis to the ISS. Aboard the 
ISS he served as the Flight Engineer and Science Officer. During the 152-day stay, he performed three EVAs 
(extravehicular activity or spacewalks) totaling 18 hours. His second mission came in 2010 when he rode Space 
Shuttle Discovery on a resupply mission to the ISS. During this short 15-day stay, he performed three more 
EVAs totaling 20 hours, 17 minutes.

Anderson retired from NASA in 2013 very proud of his accomplishments and filled with a strong desire to 
educate the public on the knowledge, research, and training necessary to conduct continued space exploration in a 
logical and safe manner. To this end, he has traveled extensively around the country giving keynote presentations 
on his experiences and visions for future space endeavors. Recently there have been efforts to develop commercial 
launching rockets to transport travelers into space (and the ISS), to the moon, and possibly to Mars. Anderson 
asks, “What capabilities does the commercial space industry need to have in order to transport spacefaring 
neophytes safely? Will passengers need three years of intensive astronaut training? How could engineers design 
controls and user interfaces to better serve inexperienced space travelers?” 

Anderson believes we must take measured steps in educating and training the public for space travel and he 
believes the first step is using our Moon. “. . . Theoreticians claim that the surface of Mars or the Moon may pro-
vide on-site (in situ) resources that could be used. They tout our ability to concoct fuel, extract water, and create 
oxygen, simply by living off the land. While this may be true, how do we do this? What technologies are needed? 

NASA
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1.4.1 Research

Successful research is one catalyst for starting the activities of a technology team or, in 
many cases, the activities of an entire industry. The research engineer seeks new find-
ings, as does the scientist; but keep in mind that the research engineer also seeks a way 
to use the discovery.

Key qualities of a successful research engineer are perceptiveness, patience, and 
self-confidence. Most students interested in research will pursue the master’s and doc-
tor’s degrees in order to develop their intellectual abilities and the necessary research 
skills. An alert and perceptive mind is needed to recognize nature’s truths when they 
are encountered. When attempting to reproduce natural phenomena in the laboratory, 
cleverness and patience are prime attributes. Research often involves tests, failures, 
retests, and so on for long periods of time (see Figure 1.5). Research engineers therefore 
are often discouraged and frustrated and must strain their abilities and rely on their self-
confidence in order to sustain their efforts to a successful conclusion.

Billions of dollars are spent each year on research at colleges and universities, 
industrial research laboratories, government installations, and independent research 
institutes. The team approach to research is predominant today primarily because of 
the need to incorporate a vast amount of technical information into the research effort. 
Individual research also is carried out but not to the extent it was several years ago. A 
large share of research monies are channeled into the areas of energy, environment, 
health, defense, and space exploration. A fast growing research area is nanotechnol-
ogy. The Royal Academy of Engineering describes it this way: “Nanotechnology is the 
application of nanoscale science, engineering and technology to produce novel materi-

It does not seem completely practical to commit to Mars before we have answers to these fundamental questions. 
We can use our 35 years of space experience with moon missions and space station operations to develop the 
foundation for longer missions. A mission to Mars and its 20-minute communication lapses introduce new psy-
chological implications within an 18-month trip requiring sufficient fuel, food, water, spare parts, clothing, etc. 
Planning and training for such a mission is a huge and, as yet, not completely defined task.”

In 2014, Anderson was named an Iowa State University Distinguished Faculty Fellow in Aerospace 
Engineering. He has developed a prototype workshop in space flight operations intended to expose students to 
training events similar to those completed by astronauts. For example, scuba diving certification will help students 
learn how to work in a hazardous environment while following distinctly operational procedures. Wilderness 
survival training uniquely introduces students to the basic concepts of mission planning, expeditionary behav-
ior, and teamwork. Aircraft flight simulation training reinforces procedural concepts while introducing more 
“big picture” and anticipatory thinking. Further, in an effort to provide ISU graduating students with a new and 
different thought process, the workshop attempts to address the needs of the emerging commercial spaceflight 
companies, by providing students whose decision analysis and leadership capabilities reflect this more operational 
background. Supplemented with general training in spacecraft subsystems, space physiology, and space suits, the 
workshop experience is coupled with virtual reality spaceflight scenarios using the C6 virtual reality room in 
the Virtual Reality Applications Center at Iowa State University. Anderson is collaborating with Dr. Nir Keren, 
Associate Professor in the Department of Agricultural and BioSystems Engineering and a Graduate Faculty 
member at the Virtual Reality Applications Center. Dr. Keren utilizes VirtuTrace, a powerful simulation engine 
he developed with his research team, to simulate the main U.S. living section of the ISS and the exterior of the 
station in full scale three-dimension in exquisite detail. Students experience the space station environment and the 
inherent stressors associated with combating an in-flight emergency situation.
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federal agencies is very sensitive to national and international priorities. During a career 
as a research engineer you might expect to work in many diverse, seemingly unrelated 
areas, but your qualifications will allow you to adapt to many different research efforts.

1.4.2 Development

Using existing knowledge and new discoveries from research, the development engi-
neer attempts to produce a functional device, structure, or process (see Figure 1.6). 
Building and testing scale or pilot models is the primary means by which the devel-
opment engineer evaluates ideas. This has been made easier to accomplish with 3-D 
modeling software, rapid prototyping equipment, and virtual reality software and 
visualization tools. A major portion of development work requires use of well-known 
devices and processes in conjunction with established theories. Thus reading available 
literature and having a solid background in the sciences and in engineering principles 
are necessary for the engineer’s success.

Many people who suffer from heart irregularities are able to function normally 
today because of the pacemaker, an electronic device that maintains a regular heartbeat. 
The pacemaker is an excellent example of the work of development engineers. The first 
pacemakers developed in the 1950s were externally AC-powered units that sent pulses 
of energy through an implanted lead wire to the heart. However, the power requirement 
for heart stimulus was so great that patients suffered severe burns on their chests. As 
improvements were studied, research in surgery and electronics enabled development 
engineers to devise a battery-powered external pacemaker that eliminated concerns 
about chest burns and allowed the patients more mobility. Although more efficient from 
the standpoint of power requirements, the devices were uncomfortable, and patients fre-
quently suffered infection where the wires entered the chest. Finally, two independent 
teams developed the first internal pacemaker, eight years after the original pacemaker 

Figure 1.5

Research requires high-cost, sophisticated equipment.
Janiecbros/Getty Images
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Development engineers take an idea and produce a concept of a functional product or system. 
The result of this activity is passed on to the design engineers for completing necessary details 
for production. 
GaudiLab/Shutterstock

Figure 1.6

Research and Development Engineer
Molly Adam

Molly Adam earned her BS in Chemical and Biological Engineering from the 
University of Wisconsin-Madison in 2018. Molly has worked for Lonza, Inc. in 
Bend, Oregon as a Research and Development Engineer since graduation. Lonza is 
a global partner to the pharmaceutical, biotech, and specialty ingredients markets. 
Her primary responsibilities include being the engineering lead on new research 
projects focused on innovation in pharmaceutical drug-delivery applications. 

Since completing her degree, she has taken short courses in technical writ-
ing, coding, and pharmaceutical solid dosage forms to further her personal and 
professional goals. Because she aspires to be a manager, she plans to pursue a 
master’s in business administration (MBA) in the future. 

As a student, Molly found that teamwork and communication were very 
important skills. Her advice is: Form study groups! The homework is really challenging, and it is helpful to find a group 
of students to work through tough problem sets. This will help you feel less alone and master the concepts. As a prac-
ticing engineer, Molly works on teams every day, so effective communication and teamwork skills are very important.

At the University, Molly engaged in the club lacrosse team, art classes, and a student organization that planned 
an annual STEM education event to help kids get excited about science. These activities provided a fun outlet to 
balance the tough class schedule of engineering. It is important to find a work-life balance to stay mentally and 
physically healthy. Molly is involved in STEM programming for children in her community and she also makes 
time for creative hobbies because she knows that a strong creative mind is good at solving challenging problems 
at work. 

Molly Adam
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led to this achievement. But the very fine wire used in these early models proved to 
be inadequate and quite often failed, forcing patients to have the entire pacemaker 
replaced. A team of engineers at General Electric developed a pacemaker that incorpo-
rated a new wire, called a helicable. The helicable consisted of 49 strands of wire coiled 
together and then wound into a spring. The spring diameter was about 46 µm, one-half 
the diameter of a human hair. Thus, with doctors and development engineers working 
together, an effective, comfortable device was perfected that has enabled many heart 
patients to enjoy a more active life.

To illustrate how important technological changes can arise from the work of 
development engineers, here’s what’s become of the pacemaker. Today pacemakers 
have been developed by engineers and doctors to operate at more than one speed, 
enabling the patient to speed up or slow down heart rate depending on physical activity. 
Motion sensors are used to detect breathing rate and can be programmed by the doc-
tor for individual needs. The new pager-sized pacemakers are also now programmed 
to act as sensors to detect problems with intermittent atrial fibrillation and switch the 
pacemaker to a different mode that paces the lower heart chamber only. For those with 
damage to the heart muscles and the heart’s electrical systems, the new biventricular 
pacemaker can pace both of the lower heart chambers so that they beat at the same rate. 
In addition to the advances in pacemakers, medical research has evolved many other 
procedures for correcting heart deficiencies. The field of electrophysiology, combining 
cardiology with electrical and computer engineering, is enabling thousands of persons 
with heart irregularities to live productive and happy lives.

We have discussed the pacemaker in detail to point out that important changes in 
technology can arise from the work of development engineers. That it took only 13 years 
to develop an efficient, dependable pacemaker, five years to develop the transistor, and 
25 years to develop the digital computer indicates that modern engineering methods 
generate and improve products nearly as fast as research generates new knowledge.

Successful development engineers are ingenious and creative. Astute judgment 
often is required in devising models that can be used to determine whether a project will 
be successful in performance and economical in production. Obtaining an advanced 
degree is helpful, but not as important as it is for an engineer who will be working in 
research. Practical experience more than anything else produces the qualities necessary 
for a career as a development engineer.

Development engineers frequently are asked to demonstrate that an idea will work. 
Within certain limits they do not work out the exact specifications that a final prod-
uct should possess. Such matters are usually left to the design engineer if the idea is 
deemed feasible.

1.4.3 Design

The development engineer produces a concept or model that is passed on to the design 
engineer for converting into a device, process, or structure (see Figure 1.7). The design-
er relies on education and experience to evaluate many possible design options, keep-
ing in mind the cost of manufacture, ease of production, availability of materials, and 
performance requirements. Usually several designs and redesigns will be undertaken 
before the product is brought before the general public.

To illustrate the role that the design engineer plays, we will discuss the develop-
ment of the side air bags for added safety in automobiles. Side air bags created some-
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be fastened to the car body. They had to determine what standard parts could be used 
and what parts had to be designed from scratch. Consideration was given to how to 
hide the air bags so not to take away from the aesthetics of the interior of the car while 
still providing maximum impact safety. Materials to be used for attaching the air bags 
to the frame and for the air bag itself had to be selected. An inflation device had to be 
designed that would give flawless performance.

The 12 000 or so other parts that form the modern automobile also demand numer-
ous considerations: Optimum placement of engine accessories, comfortable design of 
seats, maximization of trunk space, and aesthetically pleasing body design all require 
thousands of engineering hours if the model is to be successful in a highly competitive 
industry.

Like the development engineer, the designer is creative. But where the develop-
ment engineer is usually concerned only with a prototype or model, the designer is 
restricted by the state of the art in engineering materials, production facilities, and, per-
haps most important, economic considerations. An excellent design from the standpoint 
of performance may be completely impractical from a monetary point of view. To make 
the necessary decisions, the designer must have a fundamental knowledge of many 
engineering specialty subjects as well as an understanding of economics and people.

1.4.4 Production and Testing

When research, development, and design have created a device for use by the 
public, the production and testing facilities are geared for mass production (see 

Figure 1.7

A team of design engineers review a proposed design solution.
Blue Planet Studio/Shutterstock
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Figure 1.8

Test engineering is a major component in the development of new products.
Chutima Chaochaiya/Shutterstock

Mass production of projects takes careful planning by the engineers who oversee facilities 
planning and layout.
Jim West/Alamy Stock Photo

Figure 1.9
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efficiently coordinate materials and personnel. The production engineer is responsible 
for such tasks as ordering raw materials at the optimum times, setting up the assembly 
line, and handling and shipping the finished product. The individual who chooses this 
field must be able to visualize the overall operation of a particular project as well as 
know each step of the production effort. Knowledge of design, economics, ergonomics, 
and psychology is of particular importance for production engineers.

Test engineers work with a product from the time it is conceived by the development 
engineer until such time as it may no longer be manufactured. Some testing can be con-
ducted prior to the creation of an actual physical model through the use of 3-D modeling 
and analysis software. Finite element analyses allow the test engineer to evaluate load 
changes, temperature changes, pressure change, and many other physical variations prior 
to building a prototype for testing. In the automobile industry, for example, test engineers 
evaluate new devices and materials that may not appear in automobiles for several years. 
At the same time, they test component parts and completed cars currently coming off the 
assembly line. Test engineers are usually responsible for quality control of the manufac-
turing process. In addition to the education requirements of the design and production 
engineers, a fundamental knowledge of statistics is beneficial to the test engineer.

1.4.5 Construction

The counterpart of the production engineer in manufacturing is the construction engi-
neer in the building industry (see Figure 1.10). When an organization bids on a com-
petitive construction project, the construction engineer begins the process by estimating 
material, labor, and overhead costs. If the bid is successful, a construction engineer 
assumes the responsibility of coordinating the project. On large projects, a team of 
construction engineers may supervise the individual segments of construction such as 

Numerous engineers from many disciplines are involved in the design and construction of 
massive structures such as this hydroelectric plant.
Nikola Miljkovic/E+/Getty Images

Figure 1.10
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mechanical (plumbing), electrical (lighting), and civil (building). In addition to a strong 
background in engineering fundamentals, the construction engineer needs on-the-job 
experience and an understanding of labor relations. With the increased regulation of 
energy and sustainability, the construction engineer must also be familiar with LEED, 
an internationally “green” building certification system. LEED certification assesses 
building design for energy savings, improved indoor environmental quality, CO2 emis-
sions reduction, water efficiency, and stewardship of resources. 

1.4.6 Operations

Up to this point, discussion has centered on the results of engineering efforts to dis-
cover, develop, design, and produce products that are of benefit to humans. For such 
work engineers obviously must have offices, laboratories, and production facilities in 
which to accomplish it. The major responsibility for supplying such facilities falls on the 
operations engineer (see Figure 1.11). Sometimes called a plant engineer, this individual 
selects sites for facilities, specifies the layout for all facets of the operation, and selects 
the fixed equipment for climate control, lighting, and communication. Once the facility 
is in operation, the plant engineer is responsible for maintenance and modifications as 
requirements demand. Because this phase of engineering comes under the economic cat-
egory of overhead, the operations engineer must be very conscious of cost and keep up 
with new developments in equipment so that overhead is maintained at the lowest pos-
sible level. Knowledge of basic engineering, industrial engineering principles, econom-
ics, and law are prime educational requirements of the operations engineer. Operation 

Operations engineers help to lay out manufacturing facilities for optimum efficiency.
Hamik/123RF

Figure 1.11
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engineers also are trained in total quality improvement methods and lean manufacturing 
production products that help to provide “value” to the process and final product.

1.4.7 Sales

In many respects all engineers are involved in selling. To the research, development, 
design, production, construction, and operations engineers, selling means convincing man-
agement that money should be allocated for development of particular concepts or expan-
sion of facilities. This is, in essence, selling one’s own ideas. Sales engineering, however, 
means finding or creating a market for a product. The complexity of today’s products 
requires an individual who is thoroughly familiar with materials in and operational pro-
cedures for consumer products to demonstrate to the consumer in layperson’s terms how 
the products can be of benefit. The sales engineer is thus the liaison between the company 
and the consumer, a very important part of influencing a company’s reputation. Therefore, 
excellent communication and teamwork skills are important to becoming a successful sales 
engineer. Some engineering schools are now providing a sales engineering major or minor.

An engineering background plus a sincere interest in people and a desire to be 
helpful are the primary attributes of a sales engineer. The sales engineer usually spends 
a great deal of time in the plant learning about the product to be sold. After a customer 
purchases a product, the sales engineer is responsible for coordinating service and 
maintaining customer satisfaction. As important as sales engineering is to a company, it 
still has not received the interest from new engineering graduates that other engineering 
functions have. (See Figure 1.12.)

Sales engineers interact with people around the world using many forms of communications 
media.
John Fedele/Getty Images

Figure 1.12
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1.4.8 Management

Traditionally management has consisted of individuals who are trained in business and 
groomed to assume positions leading to the top of the corporate ladder (Figure 1.13). 
However, with the influx of scientific and technological data being used in business 
plans and decisions, and hence the increasing need for managers with knowledge and 
experience in engineering and science, a growing percentage of management positions 
are being assumed by engineers and scientists. Inasmuch as one of the principal func-
tions of management is to use company facilities to produce an economically feasible 
product, and decisions often must be made that may affect thousands of people and 
involve millions of dollars over periods of several years, a balanced education of 
engineering or science and business seems to produce the best managerial potential. 
Engineering programs are now partnering with business programs to offer undergradu-
ates the opportunity to obtain an undergraduate engineering degree and a master of 
business administration degree at the same time, with as little as one year added onto 
the undergraduate degree program time.

1.4.9 Consulting

For someone interested in self-employment, a consulting position may be an attractive 
one (see Figure 1.14). Consulting engineers operate alone or in partnership furnishing 
specialized help to clients who request it. Of course, as in any business, risks must be 
taken. Moreover, as in all engineering disciplines, a sense of integrity and a knack for 

Managers often must balance design projects, staff, and finances.
Hero Images/Getty Images

Figure 1.13
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A consulting engineer must possess a professional engineer’s license before 
beginning practice. Consultants usually spend many years in the private, corporate, or 
government world gaining experience in a specific area before going on their own. A 
successful consulting engineer maintains a business primarily by being able to solve 
unique problems for which other companies have neither the time nor capacity. In many 
cases large consulting firms maintain a staff of engineers of diverse backgrounds so that 
a wide range of engineering problems can be contracted.

1.4.10 Teaching

Individuals interested in helping others to become engineers will find teaching very 
rewarding (see Figure 1.15). The engineering teacher must possess an ability to com-
municate abstract principles and engineering experiences in a manner that students can 
understand and appreciate. Teachers must follow general guidelines but are usually free 
to develop their own method of teaching and means of evaluating its effectiveness. In 
addition to teaching, the engineering educator can become involved in student advis-
ing, extension, and research. At research universities, faculty members rarely have a 
100 percent teaching load. They usually split their time between teaching, research, and 
extension (off-campus instruction often for engineering professionals). These faculty 

Consulting engineers often partner with clients in a team setting to provide engineering 
expertise and guidance.
Imtmphoto/Shutterstock

Figure 1.14
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to their appointments, the ability to obtain external funds for research, and national 
recognition for their contribution to their profession.

Engineering teachers today must have a mastery of fundamental engineering and sci-
ence principles and knowledge of applications. Customarily, they must obtain an advanced 
degree to improve their understanding of basic principles, to perform research in a special-
ized area, and perhaps to gain teaching experience on a part-time basis.

The emphasis in the classrooms today is moving from teaching to learning. 
Methods of presenting material and involving students in the learning process to meet 
designed outcomes follow the sound educational principles developed by our education 
colleagues. You as a student will benefit greatly by these learning processes, which 
empower you to take control of your education through teamwork, active participation, 
and hands-on learning.

If you are interested in a teaching career in engineering or engineering technology, 
you should observe your teachers carefully as you pursue your degrees. Note how they 
approach the teaching process, the methodologies they use to stimulate learning, and 
their evaluation methods. Your initial teaching methods likely will be based on the best 
methods you observe as a student.

1.5 The Engineering Disciplines

There are over 25 specific disciplines of engineering that can be pursued for the bac-
calaureate degree. The opportunities to work in any of these areas are numerous. Most 

Teaching provides opportunities for student coaching, mentoring, and research collaboration.
Fizkes/Shutterstock

Figure 1.15
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programs. In some schools two or more disciplines, such as industrial, management, 
and manufacturing engineering, are combined within one department that may offer 
separate degrees, or include one discipline as a specialty within another discipline. 
In this case a degree in the area of specialty is not offered. Other common combina-
tions of engineering disciplines include civil/construction/environmental, mechanical/ 
aerospace, and electrical/computer.

Figure 1.16 gives a breakdown of the number of engineering degrees in seven 
categories for 2014. Note that each category represents combined disciplines and does 
not provide information about a specific discipline within that category. The “other” 
category includes, among others, agricultural, biological, ceramic, materials, metal-
lurgical, mining, nuclear, safety, and ocean engineering. The percentage of bachelor’s 
degrees awarded to women was 19.5 percent of the total number of engineering 
graduates.

Seven of the individual disciplines will be discussed in this section. Engineering 
disciplines which pique your interest may be investigated in more detail by contacting the 
appropriate department, checking the library at your institution, and searching the Internet.

Developing Technical Skills
Sarah Campie

Sarah Campie received her BS in Engineering from University of Iowa 
and MBA from the University of Nebraska at Omaha and is now Director 
of Network Design, Voice Engineering, and Voice Automation at Union 
Pacific Railroad in Omaha, Nebraska. Union Pacific provides freight trans-
portation that helps American businesses compete in the global marketplace. 
They operate in 23 states, mainly west of the Mississippi River and serve, or 
run through more than 7 000 communities. 

Campie’s teams are responsible for the architecture of Union Pacific’s 
mission critical IP network, which supports the communication backbone 
for Union Pacific’s train control operations. Her team also designs and supports Union Pacific’s phone network, 
voicemail, and audio conferencing platforms, in addition to handling voice application development and call 
center design and consulting. Supporting these highly visible applications requires proactive communication with 
call centers, suppliers, customers, and business partners to understand and implement end user requirements. The 
engineers and software developers on the team must be good project managers, as well as technical experts, to 
deliver projects on time and maintain high availability. She enjoys the diversity of projects that come her way and 
is motivated by a positive environment where team members share ideas and learn from one another. 

Under her parents’ encouragement, she pursued engineering at the University of Iowa, which provided her 
with critical thinking and time-management skills that have been fundamental in her career development. As an 
undergraduate student, Campie placed a high value on her two summer engineering internship experiences, and 
she recommends students apply for internships or pursue research positions early in their academic program to 
get hands-on experience to guide their career choices. 

Campie is grateful that she pursued engineering because the curriculum not only taught her necessary skills 
but also offered her a lot of options to explore during her graduation. “Technical problem-solving skills are 
extremely valuable, and technology will only become more critical to businesses in the future. With an engineer-
ing degree, graduates can stay in academia, pursue professional degrees, or decide to branch out into any busi-
ness career. I know from experience: engineering is hard work, but stay the course, give your best, and exciting 
opportunities await you!”

Courtesy of Sarah Campie
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1.5.1 Aerospace Engineering

Aerospace engineers study the motion and control of all types of vehicles, including air-
craft weighing upward of one million pounds and spacecraft flying at 17 000 miles per 
hour. Aerospace engineers must understand many flight environments, from turbulent 
air in Earth’s atmosphere to the winds and sandstorms on Mars. They design, develop, 
and test aircraft, missiles, space vehicles, helicopters, hydrofoils, ships, and submerging 
ocean vehicles (see Figure 1.17). Areas of specialty include aerodynamics, propulsion, 
orbital mechanics, stability and control, structures, design, testing, and supervision of 
the manufacturing of aerospace vehicles. Aerospace engineers work for private aviation 
companies, government defense contractors, and research organizations.

Aerodynamics is the study of the effects of moving a vehicle through the Earth’s 
atmosphere. The air produces forces that have both a positive effect on a properly 
designed vehicle (lift) and a negative effect (drag). In addition, at very high speeds 
(e.g., reentry velocities of spacecraft), the air generates heat on the vehicle that must 
be dissipated to protect crews, passengers, and cargo. Aerospace engineering students 
learn to determine such things as optimum wing and body shapes, vehicle performance, 
and environmental impact.

The operation and construction of turboprops, turbo and fan jets, rockets, ram 
and pulse jets, and nuclear and ion propulsion are part of the aerospace engineering 
student’s study of propulsion. Such constraints as efficiency, noise levels, and flight 
distance enter into the selection of a propulsion system for a flight vehicle.

The aerospace engineer develops plans for interplanetary missions based on knowl-
edge of orbital mechanics. The problems encountered include determination of trajec-
tories, stabilization, rendezvous with other vehicles, changes in orbit, and interception.

Stability and control involves the study of techniques for maintaining stability and 

Engineering degrees by discipline. Total engineering degrees awarded in 2017–2018 were 
136 233. (ASEE Profiles of Engineering & Technology Colleges, 2018 Edition.)

Figure 1.16
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Automatic control systems for autopilots and unmanned vehicles are part of the study 
of stability and control.

The study of structures is primarily involved with thin-shelled, flexible structures 
that can withstand high stresses and extreme temperature ranges. The structural engi-
neer works closely with the aerodynamics engineer to determine the geometry of wings, 
fuselages, and control surfaces. The study of structures also involves thick-shelled 
structures that must withstand extreme pressures at ocean depths and lightweight com-
posite structural materials for high-performance vehicles.

The aerospace design engineer combines all the aspects of aerodynamics, propul-
sion, orbital mechanics, stability and control, and structures into the optimum vehicle. 
Design engineers work in a team and must learn to compromise in order to determine 
the best design satisfying all criteria and constraints.

The final proofing of a design involves the physical testing of a prototype. Aerospace 
test engineers use testing devices such as wind tunnels, lasers, and data acquisition sys-
tems. They may work on the flight line for aircraft testing, at a launch facility for space-
craft, or for organizations that build and test component parts such as automatic control 
systems, engines, landing gear, and control surface operating mechanisms.

New and exciting areas for aerospace development evolve continually. The construc-
tion and utilization of the international space station is stimulating new developments in 

Many aerospace engineers work in avionics and design for new aircraft.
NASA

Figure 1.17
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in a commercial venture to add the space station or the Moon as an exotic vacation des-
tination. Other areas of development include the unmanned drone aircraft for defense 
activity, hypersonic vehicles for suborbital flights between points on the Earth, innova-
tive methods to improve the safety of aircraft through nondestructive structural testing, 
new engine designs that significantly reduce noise levels, and turbulence detection.

1.5.2 Chemical and Biological Engineering

Chemical and biological engineers deal with the chemical and physical principles that allow 
us to maintain a suitable environment. They create, design, and operate processes that pro-
duce useful materials, including fuels, plastics, structural materials, food products, health 
products, fibers, and fertilizers (Figure 1.18). As our natural resources become scarce, 
chemical and biological engineers are finding ways to extend them or creating substitutes.

Graduates of chemical and biological engineering programs have a strong back-
ground in basic chemistry, advanced chemistry (such as organic, inorganic, physical,  
analytical, materials, and chemistry), and biochemistry. They also need working  
knowledge of occupational safety, material and energy balance, thermodynamics, heat 
transfer, chemical reaction engineering, separation operations, process design, and mod-
ern experimental and computing techniques.

The chemical and biological engineer, in the development of new products, in 
designing processes, and in operating plants, may work in a laboratory, pilot plant, or 
full-scale plant. In the laboratory the chemical engineer searches for new products and 
materials that benefit humankind and the environment. This laboratory work would be 
classified as research engineering.

In a pilot plant the chemical and biological engineer is trying to determine the 
feasibility of carrying on a process on a large scale. There is a great deal of difference 

Chemical engineers design processing plants for many of the products on which we depend in 
our daily lives.
Vithun Khamsong/EyeEm/Getty Images

Figure 1.18
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between a process working in a test tube in the laboratory and a process working in a 
production facility. The pilot plant is constructed to develop the necessary unit opera-
tions to carry out the process. Unit operations are fundamental chemical and physical 
processes that are uniquely combined by the chemical engineer to produce the desired 
product. A unit operation may involve separation of components by mechanical means, 
such as filtering, settling, and floating. Separation also may take place by changing the 
form of a component—for example, through evaporation, absorption, or crystalliza-
tion. Unit operations also involve chemical reactions such as oxidation and reduction. 
Certain chemical processes require the addition or removal of heat or the transfer of 
mass. The chemical engineer thus works with heat exchanges, furnaces, evaporators, 
condensers, and refrigeration units in developing large-scale processes.

In a full-scale plant the chemical and biological engineer will continue to fine-tune 
the unit operations to produce the optimum process based on the lowest cost. The day-
by-day operations problems in a chemical plant, such as piping, storage, and material 
handling, are the responsibility of chemical engineers.

Many chemical engineering degree programs are also active in biological engi-
neering education and research. This might include working in the areas of biomedical 
engineering, bioinformatics, biomaterial engineering, biobased products, metabolic and 
tissue engineering, or biocatalyst and separation engineering.

1.5.3 Civil Engineering

Civil engineering is the oldest branch of the engineering profession. The term “civil” 
was used to distinguish this field from military engineers. Military engineers originated 
in Napoleon’s army. The first engineers trained in this country were military engineers 
at West Point. Civil engineering involves application of the laws, forces, and materials 
of nature to the design, construction, operation, and maintenance of facilities that serve 
our needs in an efficient, economical manner. Civil engineers work for consulting firms 
engaged in private practice, for manufacturing firms, and for federal, state, and local 
governments. Civil engineers, more than any other specialists, work outdoors at least 
some of the time. Thus persons who enjoy working outside may find civil engineering 
attractive.

Because of the nature of their work, civil engineers assume a great deal of respon-
sibility, which means that professional registration is a vital goal for the civil engineer 
who is beginning to practice. Typical specialties within civil engineering include struc-
tures, transportation, environmental (including water/wastewater treatment and water 
resources), geotechnical, surveying, and construction.

Structural engineers design bridges, buildings, dams, tunnels, and supporting 
structures (building structures, for example). The designs include consideration of 
loads, winds, temperature extremes, and other natural phenomena such as earthquakes 
and hurricanes. Advanced technology such as mathematical modeling and computer 
simulation is used extensively in this specialty. Civil engineers with a strong structural 
background often are found in aerospace and manufacturing firms, playing an integral 
role in the design of vehicular structures.

Civil engineers in transportation plan, design, construct, operate, and maintain facili-
ties that move people and goods throughout the world, whether by land, sea, or air. For 
example, civil engineers decide where a freeway system should be located and describe 
the economic impact of the system on the affected public (Figure 1.19). They plan for 
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are another example of a public need satisfied by transportation engineers. Transportation 
specialists often work for public agencies or consulting firms that support public agencies.

Environmental and water/wastewater treatment engineers are concerned with 
maintaining a healthful environment by proper treatment and distribution of drink-
ing water, treatment of wastewater, and control of all forms of pollution. The water 
resources engineer specializes in the evaluation of potential sources of new water for 
increasing or shifting populations, irrigation, and industrial needs and in the prevention 
and control of flooding.

Before any structure can be erected, geotechnical engineers carefully study the 
soil, rock, and groundwater conditions to ensure stability of pavements and structures. 
Foundations must be designed to support all structures. The geotechnical engineer also 
plans portland cement and asphaltic concrete mixes for all types of construction.

Surveying engineers develop maps for any type of engineering project. For exam-
ple, if a road is to be built through a mountain range, the surveyors will determine the 
exact route and develop the topographical survey, which is then used by the transporta-
tion engineer to lay out the roadway. Global positioning systems (GPS) and geographic 
information systems (GIS) make surveying projects easier to complete and more accu-
rate and are helpful in making complex decisions.

Applying Problem-Solving Skills in  
Mechanical Engineering
Andy Ives

Andy Ives received his BS in mechanical engineering from Michigan 
Technological University in 2005. While in school, he worked as a coop-
erative education student at both Mercury Marine and Dana Corporation. 
Each co-op lasted 8 months so it took longer to graduate but he feels that 
he better understood what kind of engineering job he wanted when he 
finished his degree. Andy plans to pursue a Masters of Engineering degree 
in the future.

Andy works in Research and Development at Polaris in Wyoming, 
Minnesota. As a program leader, he is involved with the entire process 
of bringing a vehicle into production. This process involves defining the 
program scope, putting a business/finance plan together, working with 
industrial design to sketch/model in clay, taking models out to custom-
ers to get feedback, working with systems engineers to design all the 
parts, running pilot builds of test vehicles, working with the validation 
team to find any issues, finally launching the vehicle into production. 

He believes that engineering classwork helped him learn to solve 
problems with a team of people, this ability translates directly in his job 
today as it is very important to know who to go to solve issues as they 
arise. He advises current undergrads to reach out to their professors 
and other students for help. Andy thinks students need to build a good 
reputation for themselves by working hard, being honest and ethical, 
and being willing to try new things. Your network and contacts in the 
workplace may include your professors as well as former classmates and colleagues from your previous work-
places. Andy and his son, Ryder, check out the Polaris ProXP vehicle at the track.

Andy Ives
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1.5.4 Construction Engineering

Construction engineering is a significant portion of civil engineering, and many engi-
neering colleges offer a separate degree in this area. Often construction engineers will 
work outside at the actual construction site. They are involved with the initial estimat-
ing of construction costs for surveying, excavation, and construction. They supervise 
the construction, start-up, and initial operation of the facility until the client is ready to 
assume operational responsibility. Construction engineers work around the world on 
many construction projects such as highways, skyscrapers, and power plants.

Areas of emphasis within a construction engineering degree might include: build-
ing, electrical, heavy construction, or mechanical. The building emphasis could include 
courses in concrete and pavement, structural steel design, planning and scheduling, 
estimating, reinforced concrete, and structural analysis. The electrical emphasis might 
include courses in electrical systems in buildings, electric circuits, power systems 
analysis, energy systems and power, and systems in electronics. The heavy construc-
tion course might include equipment and heavy construction methods, engineering law, 
design of Portland cement concrete and asphalt pavement, soils engineering, concrete 
and steel design, and estimating. Lastly, the mechanical emphasis course might include  
mechanical systems for buildings, structural analysis, instrumentation and electricity, 
fundamentals of HVAC, heat transfer, and heating and air-conditioning design. Your 
choice of emphasis should be determined by your interest, advice from an advisor or 

Civil engineers had a major role in the design of the route of this new highway. The terrain 
had to be prepared to support the highway and care had to be taken to protect the local 
environment.
Zephyr_p/Shutterstock

Figure 1.19

eid53554_ch01_001-036.indd   27 14/12/21   3:11 PM

ISTUDY



28
Chapter 1
The Engineering 
Profession

1.5.5 Electrical Engineering

Electrical Engineering is one of the largest branches of engineering. Because of the 
rapid advances in technology associated with electronics and computers, this branch 
of engineering also is the fastest growing. Areas of specialty include communications, 
power systems, analog/digital electronics, controls, signals and systems, power systems, 
computing and networking systems, security and reliable computing, semiconductor 
devices, linear systems, software systems, biomedical imaging, wireless technologies, 
nanotechnologies, and electromagnetic fields, antennas, and propagation (Figure 1.20).

Almost every minute of our lives, we depend on communication equipment devel-
oped by electrical engineers. Smartphones, personal computers, television, radio, and 
radar are common communications devices that we often take for granted. Our national 
defense system depends heavily on the communications engineer and on the hardware 
used for our early warning and detection systems. Electrical engineers are creating new 
technologies that are helping to enhance transportation vehicles, medical equipment, 
and energy (e.g., solar, wind, biorenewables).

The power engineer is responsible for producing and distributing the electricity 
demanded by residential, business, and industrial users throughout the world. The pro-
duction of electricity requires a generating source such as fossil fuels, nuclear reactions, 
or hydroelectric dams. The power engineer may be involved with research and develop-
ment of alternative generation sources, such as sun, wind, and fuel cells. Transmission 
of electricity involves conductors and insulating materials. On the receiving end, appli-
ances are designed by power engineers to be highly efficient in order to reduce both 
electrical demand and costs.

Electrical engineers design power systems need to provide electricity to homes and industry.
Sunday Stock/Shutterstock

Figure 1.20
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1.5.6 Computer Engineering

Computer engineers deal with both hardware and software problems in the design and 
application of computer systems. The design, construction, and operation of computer 
systems are the tasks of computer engineers. The areas of application include research, 
education, design engineering, scheduling, accounting, control of manufacturing opera-
tions, process control, and home computing needs. No single development in history 
has had as great an impact on our lives in such a short time span as has the computer. 
Computer engineers typically specialized in areas such as computer architecture, con-
trol systems, information security, VLSI, and embedded systems.

The area of digital electronics is one of the fastest-growing specialties in software 
engineering. The development of solid-state circuits (functional electronic circuits 
manufactured as one part rather than wired together) has produced high reliability 
in electronic devices. Microelectronics has revolutionized the computer industry and 
electronic  controls. Circuit components that are much smaller than one micrometer 
in width enable reduced costs and higher electronic speeds to be attained in circuitry. 
The microprocessor, the principal component of a digital computer, is a major result of 
solid-state  circuitry and microelectronics technology. Home computers, smartphones, 
wireless technologies, medical devices, automobile control systems, and a multitude 
of electrical application devices conceived, designed, and produced by electronic engi-
neers have greatly improved our standard of living.

Great strides have also been made in the control and measurement of phenomena 
that occur in all types of processes. Physical quantities such as temperature, flow rate, 
stress, voltage, and acceleration are detected and displayed rapidly and accurately for 
optimal control of processes. In some cases, the data must be sensed at a remote loca-
tion and accurately transmitted long distances to receiving stations. The determination 
of radiation levels is an example of the electrical process called telemetry. The impact 
of microelectronics on the computer industry has created a multibillion-dollar annual 
business that in turn has enhanced all other industries.

Software engineering is a fairly new degree program. Software engineering com-
bines computer science and computer engineering knowledge, skills, and abilities to 
design, develop, and evaluate software for industries who specialize in installing new 
computer systems or in reconfiguring old computer systems. They help to improve the 
software programs that run devices like personal computers, pacemakers, smartphones, 
medical equipment, and hybrid-electric cars.

1.5.7 Environmental Engineering

Environmental engineering deals with the appropriate use of our natural resources and 
the protection of our environment (Figure 1.21). For the most part, environmental engi-
neering curricula are relatively new and in many instances reside as a specialty within 
other disciplines, such as civil, chemical, and agricultural engineering. Environmental 
engineers focus on at least one of the following environmental issue areas: air, land, 
water, or environmental health.

The construction, operation, and maintenance of the facilities in which we live 
and work have a significant impact on the environment. Environmental engineers 
with a civil engineering background are instrumental in the design of water and 
wastewater treatment plants, facilities that resist natural disasters such as earthquakes 
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layout of large cities and urban areas must include protective measures for the dis-
turbed environment.

Environmental engineers with a chemical engineering background are interested in 
air and water quality, which is affected by many by-products of chemical and biological 
processes. Products that are slow to biodegrade are studied for recycling possibilities. 
Other products that may contaminate or be hazardous are being studied to develop either 
better storage or replacement products that are less dangerous to the environment. With 
the concerns of energy conservation, environmental engineers consider the use of energy 
and resources such that the rate of use does not compromise the environment. This is 
often called sustainable engineering. Sustainable engineering minimizes waste in the 
design process and also considers the material used in the design process to ensure that the 
product will not be detrimental to the environment or can be recycled after its useful life.

With an agricultural engineering background, environmental engineers study air and 
water quality that is affected by animal production facilities, chemical runoff from agri-
cultural fertilizers, and weed control chemicals. As we become more  environmentally 
conscious, the demand for designs, processes, and structures that protect the environ-
ment will create an increasing demand for environmental engineers. They will provide 
the leadership for protecting our resources and environment for generations to come.

1.5.8 Industrial Engineering

Industrial engineering covers a broad spectrum of activities in organizations of all sizes. 
A primary objective of this engineering specialty is to improve the competitiveness and 

Figure 1.21

When engineers design a new product or system, such as an offshore drilling rig, the design 
must minimize the impact on the environment.
Noomcpk/Shutterstock
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Agricultural/Civil Engineer Emphasizes Goal Setting
Kyle D. Riley, P.E., CFM

Kyle Riley received his undergraduate degree in Agricultural Engineering and his 
master’s in Agricultural and Civil Engineering. He currently works as a County 
Engineer for Polk County, Iowa. Before this he worked as a private water resources 
consultant and provided public agencies and private business interests with com-
prehensive civil engineering and planning support. Their core services include civil 
and structural engineering, planning, survey, landscape architecture, environmental 
and water resources, and construction observation. As a water resources  engineer, 
Kyle manages clients and projects, as well as works on projects such as floodplain 
mapping, watershed  management plans, bridge/culvert design and replacement 
projects, urban stormwater design and management studies, stream rehabilitation/
restoration, hydrologic and hydraulic modeling, rural drainage management, and dam breach analyses. 

Kyle didn’t study or become a water resources engineer to design things, necessarily. He knew that he would be 
able to bring a different element to the profession by being able to work and understand people and their needs. So, 
the ability to work with people on a solution that works best for them is where he gets most of his pleasure. This can 
be challenging at times due to budgetary constraints. However, he enjoys sitting down with the client, or property 
owner, to best understand what their needs are for each individual project. This ensures that each solution, or ser-
vice, that is provided to that stakeholder is tailored to what will benefit them the most when the project is complete.

Kyle has learned many valuable lessons from his college, workplace, and life experiences. First, sitting in 
your dorm room or apartment all the time is not healthy. On the flipside, never being there studying or work-
ing on homework is not good either. Being active outside of the classroom was vital for his success. For Kyle, 
life is a delicate balance between church, family, career, and pleasure. The balance has allowed him to juggle 
various aspects of his life that he needed to do, had to do, and wanted to do early on. Second, each individual 
experience brings a new perspective to your life that you might not have thought about before. This will allow 
you to understand someone you work with, or for, a little better throughout your life and career. For instance, 
he has officiated high school football and still does to this day. When you choose to do something like that, 
although it is tremendously enjoyable, you learn to deal with conflict and stay calm in stressful situations very 
quickly. He would not get that kind of experience if he did not desire to be a well-rounded person.

Here is Kyle’s advice for undergraduate students for success. First and foremost, be humble in whatever you 
do. Although you have been given a gift, and probably worked very hard to get where you are, you should not act 
any different than anyone else. They have worked hard to get where they are as well and deserve your respect and 
compassion. Second, you should never sit idle and always strive to become better in everything you are involved 
in with life. Whether you are setting goals physically, for your career, financially, intellectually, or for your family, 
make sure these goals have the following attributes:
1. Be Specific—Goals should be very specific and not vague, or you will never achieve them. Saying you want 

to get better grades does not necessarily pinpoint the problem, let alone any possible solutions on how you 
are going to achieve better grades. 

2. Measurable—Goals should be easily measured for success. Do not just say you want to lose weight. Be spe-
cific about how much weight you wish to lose. “I want to lose 10 pounds.”

3. Yours—You need to have ownership of your goals. Do not try to accomplish something that someone else wants 
you to do. When was the last time you were happy about having to do something because your parents wanted you 
to do it? Really contemplate what you want out of a situation or experience and set the goal you want to achieve.

4. Time Limit—If you set a goal with no time limit, it will never get done. Wanting to have a certain amount of 
money saved up for a car, house, kids’ college, or retirement is a great goal. However, if you don’t set a time-
frame for when you want that goal accomplished, you will always find something else to spend your money on.

5. Write It Down—Always write your goals down and I do not mean type it in an e-mail or on your phone  somewhere. 
Physically write your goal down on and post it in a very visible location for yourself and others. This will keep you 
accountable to yourself, but also allow others to help keep you in check and moving toward your goal.

Courtesy of Kyle Riley 
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theory to human endeavors. Industrial engineering education requires a balanced under-
standing of mathematics, physical, and engineering sciences, as well as laboratory and 
industrial experiences. The principal efforts of industrial engineers are directed to the 
design of production systems for goods and services (Figure 1.22). Most departments 
allow for specialization in at least one of three areas:

Manufacturing: Industrial engineers must understand the fundamentals of modern 
and economic manufacturing; use product specifications as the keystone of part 
interchangeability; verify a product’s conformance to its specifications; apply 
manufacturing principles to a manufacturing process; program flexible manu-
facturing equipment and system controllers; design logical manufacturing lay-
outs; and implement contemporary systems issues such as lean manufacturing.

Human Factors: Industrial engineers analyze and design both the job and the 
worksite in a cost-effective manner using time studies, as well as measure 
the resulting output; they also design, implement, and evaluate  
human-computer interfaces according to principles outlined in  
foundational human-computer interaction readings.

Management and Information Systems: Industrial engineers apply time value of 
money to make financial decisions; use probability concepts to solve engineering 
problems; estimate parameters; conduct tests of hypotheses and create  regression 
models; apply statistical quality control methods such as process capability, 
control charts, and tolerance allocation; design experiments; optimize and solve 
mathematical models of real problems using linear programming, dynamic  
programming, networking, Markov chains, queuing, and inventory models; and 
create simulation models of manufacturing and service systems and analyze 
simulation output; understand object-oriented programming foundations; and 

Figure 1.22

Industrial engineers design the assembly lines for production of products.
Hispanolistic/Getty Images
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1.5.9 Mechanical Engineering

Mechanical engineers are involved with all forms of energy generation, distribution, utili-
zation and conversion, the design and development of machines, the control of automated 
systems, manufacturing and processing of materials, and the creative  solutions to environ-
mental problems (Figure 1.23). Practicing mechanical engineers are typically associated 
with research, manufacturing, operations, testing, marketing, administration, and teaching.

A typical undergraduate curriculum includes required and elective courses in the 
following areas:

Design Noise and vibration control
Fluid mechanics and  Modeling and simulation
  propulsion Acoustics
Heat transfer Robotics
Solid mechanics  HVAC (heating, ventilation,  

  thermodynamics  
  and air-conditioning)

Combustion and energy  Mechatronics
  utilization Measurements and 
Manufacturing and materials    instrumentation
  processing Automatic controls

The energy crisis and environmental challenges in the current decade have reprioritized 
a need for new sources of energy as well as new and improved methods of energy con-
version. Mechanical engineers are involved in the research and development of solar, 

Figure 1.23

Here a mechanical engineer is involved with the design of alternative energy solar panels.
Sigrid Gombert/Image Source
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geothermal, biomass, and wind energy sources, along with research to increase the 
efficiency of producing electricity from fossil fuel, hydroelectric, and nuclear sources.

Machines and mechanisms that are used daily in all forms of manufacturing 
and transportation have been designed and developed by mechanical engineers. 
Automobiles, airplanes, and trains combine a source of power with an aerodynamically 
designed enclosure to provide modern transportation. Tractors and other farm imple-
ments aid the agricultural community. Automated machinery and robotics are rapidly 
growing areas for mechanical engineers. Machine design requires a strong mechanical 
engineering background and a vivid imagination.

Industrial Engineering Focused on Food Quality
Kara Hobart

Kara Hobart received her bachelor’s degree in Industrial Engineering 
from Iowa State, her master’s degree also in Industrial Engineering from 
Pennsylvania State University, and is currently an Associate Senior R&D 
Engineer for General Mills in Minneapolis, MN. General Mills is the maker 
of well-known food products such as Cheerios, Nature Valley, and Yoplait, 
to name a few. Kara develops global baking products. You may find her run-
ning a DOE to test new ingredients in the pilot plant, analyzing data to create 
manufacturing efficiencies across plant locations, or interacting with consum-
ers about all kinds of baking products. Prior to her current role, Kara held 
positions supporting the quality and regulatory organization in General Mills’ 
Grain Lab in Minneapolis, MN, and plant operations in Lodi, CA, and Cedar Rapids, IA. Kara’s favorite aspect to 
all the roles she has had so far with General Mills is that she has been able to “play”—to test, to tinker, to create, to 
analyze, to troubleshoot. Common to most other engineering-related professions, no two days are completely alike. 
Manufacturing is a passion of Kara and her ability to apply the skills developed during undergraduate and graduate 
studies provides her with immense satisfaction.

During her time at Iowa State, she was very active with several organizations on campus including IIE, 
Alpha Pi Mu, Tau Beta Pi, First Lego League, and Ballroom Dance Club. Benefits of this involvement included 
resource management skills (time, money, people, organization), but more importantly, developing a refined sense 
of self—she never knew how much she loved dancing until she tried it!

In addition to R&D work at General Mills, Kara spends much of her time supporting Partners in Food 
Solutions (PFS), which is a nonprofit organization that “Connects Expertise with Opportunity.” PFS connects 
small and growing businesses in Africa to learn from experts around the world to create improved business mod-
els and processing efficiencies. Kara is the country lead for Ethiopia, supporting 10–20 different businesses on 
30–40 projects. She is incredibly motivated by the simplicity of transferring her engineering skills and knowledge 
to someone looking for just those skills to improve their business.

Advice to Undergraduate Students:

 • Use your degree to think, adapt, and be flexible—the minutia of facts and formulas matter, but only in how they 
are applied. Application takes thinking, creativity, and flexibility to create the solutions for the present and future.

 • Take a class (or join a club) JUST for fun—give yourself a broad perspective of what this world has to offer. 
You’re only in college for a few short years and it’s one of the best places to tap world-renowned subject-
matter experts so take advantage of it!

 • Be intentional—as long as you can clearly communicate your thought process for your decisions, you will 
likely find success.

Kara Hobart 
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In order to drive modern machinery, a source of power is needed. The mechanical 
engineer is involved with the generation of electricity by converting chemical energy 
in fuels to thermal energy in the form of steam, then to mechanical energy through a 
turbine to drive the electric generator. Internal combustion devices such as gasoline, 
turbine, and diesel engines are designed for use in most areas of transportation. The 
mechanical engineer studies engine cycles, fuel requirements, ignition performance, 
power output, cooling systems, engine geometry, and lubrication in order to develop 
high-performance, low-energy-consuming engines.

Mechanical engineers work on engineering teams that are responsible for design 
and development of products and systems. Virtually any machine or process you can 
imagine has benefited from the influence of a mechanical engineer. 

1.6 Conclusion

We have touched only briefly on the possibilities for exciting and rewarding work in all 
engineering areas. The first step is to obtain the knowledge during your college education that 
is necessary for your first technical position. After that you must continue your education, 
either formally by seeking an advanced degree or degrees or informally through continuing 
education courses or appropriate reading to maintain pace with the technology, an absolute 
necessity for a professional. Many challenges await you. Prepare to meet them well.

Problems
1.1 Describe which engineering roles best fit your long-term career goals.
1.2 

35
Problems

Software Engineer
Jay Guild

Jay Guild received a BS in 2007 from the University of Iowa and Master 
of Engineering in 2015 from Iowa State University; both degrees were in 
Computer and Electrical Engineering. Additionally, he has been learning new 
programming languages and communications protocols. 

While he was in college, Jay worked at the university water plant where he 
built simulation models for water flow which aided in system maintenance and 
planning for repairs and expansions. His undergraduate education provided Jay 
with the ability to start at high-level concepts and then divide it down into small 
segments. This approach allows for successful problem solving by being able to 
focus on one task at a time not feeling overwhelmed in the complexity of the overall problem.

Currently, Jay works for Musco Lighting, the leader in design and manufacture of sports and transportation/
infrastructure lighting systems, as a Senior Software Engineer where his main job entails developing embedded 
firmware, designing functional test hardware and software systems, and planning and troubleshooting the integra-
tion of new devices into complete systems.

Jay’s advice for current students is to feel out your major and options through classes and contacts during 
your first couple of years. Get involved in student organizations and take advantage of the many opportunities 
that the college environment provides. And realize that you don’t stop learning at graduation; he believes that 
continuing education is the key to your career’s success.

Jay Guild
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1.3 When considering the engineering functions of research, development, design, production, 
testing, construction, operations, sales, management, consulting, and teaching, which two 
best fit your personality and long-term goals? Explain why.

1.4 Find the name of a prominent engineer in the field of your choice and write a brief paper 
on the accomplishments of this individual.

1.5 Select a specific discipline of engineering and list at least 10 different companies and/or 
government agencies that utilize engineers from this field.

1.6 For the discipline selected in Exercise 1.5, choose a function such as design. Select one 
of the 10 industrial organizations utilizing engineers in this discipline and write a brief 
report on some typical activities that are undertaken by the engineers who perform that 
function in this organization. Be specific in your discussion of the activities. For example: 
A mechanical engineer for Company X designs the steering linkage for a garden tractor, 
specifies all the parts, and conducts prototype tests.

1.7 Read through each of the personal profiles of engineering graduates from this chapter. List 
and describe five lessons you learned from their advice.

1.8 Locate a full-time job description for an engineering major that interests you. You can 
find this on the Internet or on your campus’s career services job posting website. What 
knowledge, skills, and abilities does the job require? Include the job description along with 
your answer.

1.9 After learning about the different types of engineering programs, select a program that is 
offered at your school and read the catalog descriptions for courses offered in this major. 
Find two courses that best fit your personal interest in this major and describe why they 
interest you.

1.10 Prepare a brief paper on the engineering degree that you are most interested in. Explain 
why this degree program best fits your academic and professional goals.

1.11 Prepare a five-minute talk to present to your class describing one of the engineering disci-
plines that most interests you.

1.12 Choose one of the following topics (or one suggested by your instructor) and write a paper 
that discusses technological changes that have occurred in this area in the past 15 years. 
Include commentary on the social and environmental impact of the changes and on new 
problems that may have arisen because of the changes.
(a) passenger automobiles
(b) electric power-generating plants
(c) phones
(d) heart surgery
(e) heating systems (furnaces)
(f) microprocessors
(g) water treatment
(h) road paving (both concrete and asphalt)
(i) composite materials
(j) robotics
(k) air-conditioning
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C H A P T E R  2

Education for Engineering*

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Understand the skills and abilities needed to pursue an engineering degree
 ◾  Understand how to prepare for a meaningful engineering career workplace
 ◾ Understand the importance of obtaining an internship/cooperative education 

experience
 ◾ Realize the importance of the engineering profession and the steps to becoming 

a professional engineer

2.1 Education for Engineering

The amount of information coming from the academic and business world is increasing 
exponentially. More than any other group, engineers are using this knowledge to shape 
civilization. To keep pace with a changing world, engineers must be educated to solve 
problems that are as yet unheard of. A large share of the responsibility for this mam-
moth education task falls on the engineering colleges and universities. But the comple-
tion of an engineering program is only the first step toward a lifetime of education. The 
engineer, with the assistance of the employer, professional society, and the university, 
must continue to study. (See Figure 2.1.)

Logically, then, an engineering education should provide a broad base in scien-
tific and engineering principles, some study in the humanities and social sciences, 
and specialized studies in a chosen engineering curriculum. But specific questions 
concerning engineering education still arise. We will deal here with the questions that 
are frequently asked by students. What are the desirable characteristics for success in 
an engineering program? What knowledge, skills, and abilities should be acquired in 
college? What is meant by continuing education with respect to an engineering career?

2.1.1 Desirable Characteristics

Years of experience have enabled engineering educators to analyze the performance of 
students in relation to the abilities and interests they possess when entering college. The 
most important characteristics for an engineering student can be summarized as follows:

1. A strong interest in and ability to work with mathematics and science taken in 
high school.

2. An ability to think through a problem in a logical manner.

*Users will find Appendix D useful reference material for this chapter.
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3. A knack for organizing and carrying through to conclusion the solution to a  
problem.

4. An unusual curiosity about how and why things work.
5. The desire to design new and innovative products, processes, or systems to solve 

everyday problems.
6. A passion for helping solve modern-day challenges (e.g., renewable, nonpollut-

ing energy; abundant clean water; modern health care; sustainable agriculture 
and manufacturing; safe roads and bridges; designs for natural and man-made 
disasters).

Although such attributes are desirable, having them is no guarantee of success in an 
engineering program. Simply a strong desire for the job has made successful engineers 
of some individuals who did not possess any of these characteristics; and, conversely, 
many who possessed them did not complete an engineering degree. Moreover, an engi-
neering education is not easy, but it can offer a rewarding career to anyone who accepts 
the challenge. To succeed, it is important to choose an engineering field of study that 
best matches your personal passions and interests.

Developing into a professional engineer (PE) takes more than just taking the classes 
required for an engineering degree. Undergraduate engineers also need to develop their 
knowledge, skills, and abilities outside the classroom. There are many opportunities 
for students to become leaders through professional and nonprofessional student club 

Figure 2.1 

Engineering education takes place at colleges and universities, as well as within industry, and 
through continuing education programs supported by professional engineering societies.
Monkeybusinessimages/Getty Images
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associated with the student’s chosen engineering field, community or service learn-
ing projects, international study abroad experiences and participation in many other 
 academic- and nonacademic-related activities.

Engineering Is More Than Just Taking Courses
Abhinaya Raghothaman

Abhinaya Raghothaman received her bachelor of science degree in Aerospace 
Engineering. She is currently working for the Boeing Company in  Everett, 
Washington, DC. Boeing is one of the largest aircraft manufacturers in the 
world. Boeing designs and manufactures commercial and military aircraft, 
space systems, rockets, and rotorcraft. Abhinaya works as an aerodynamics 
engineer for Boeing Commercial Airplanes (BCA), which is one of the five 
main divisions of Boeing. More specifically, she evaluates the airplane’s 
performance (both high-speed and low-speed aero performance). Her group 
works with other engineers such as weights, configuration, and propulsion 
engineers in order to evaluate and optimize the airplane’s performance. Her group is also heavily involved 
in every step of the airplane design process—from concept to the airplane’s entry into service. Abhinaya 
really appreciates getting an integrated and high-level view of the airplane as an airplane performance 
engineer. It also gives her a chance to interact with other groups at Boeing and expand her knowledge of 
engineering. 

As an undergraduate, Abhinaya participated in a variety of activities, many of which involved men-
toring. Being a peer mentor for the Program for Women in Science and Engineering helped her develop 
excellent interpersonal and communication skills. She also co-led the Iowa State student chapter of the 
American Institute of Aeronautics and Astronautics (AIAA) where she learned about what it means to be 
a professional engineer (PE). She organized and led the executive meetings where the teams brainstormed 
ideas to provide aerospace engineering students at Iowa State more opportunities to interact with the uni-
versity’s faculty and also with engineers from major aerospace companies (i.e., Boeing, Lockheed Martin, 
SpaceX) and NASA. During her senior year as an undergraduate, she also volunteered to mentor a freshman 
aerospace engineer through AIAA’s mentoring program. These leadership experiences gave her the chance 
to work with very diverse groups of people and tactfully solve problems with group dynamics. The skills 
that she developed from being actively involved, along with her strong engineering foundation, act as a 
toolset to tackle problems as an engineer. 

What advice does she have for undergraduate engineers? Having a strong and thorough understanding of 
engineering fundamentals is extremely important. However, the ability to communicate your critical thinking, 
logic, and ideas clearly and concisely is the most valuable skill of all. Investing time and effort in becoming a 
better communicator is essential as an undergraduate. Companies will almost always train you further on the 
technical skills directly related to your job, but they expect you to have a solid and vibrant palette of “soft skills” 
such as communication, collaboration, and leadership when you join their team. Communication is a soft skill that 
is important in all aspects of life, whether it is work, family, or friends. The rewards of devoting time to develop 
these soft skills can be noticed every day, at work and at home.  

2.1.2 Course of Study

The quality control of engineering programs is effected through the accreditation 
process. The engineering profession, through ABET and CEAB, has developed 

Abhinaya Raghothaman/
Shawn LaGrotta

eid53554_ch02_037-050.indd   39 13/12/21   7:09 PM

ISTUDY



40
Chapter 2
Education for 
Engineering

Through visitations, evaluations, and reports, the written criteria and standards 
are compared with the engineering curricula at a university. For ABET, individual 
degree-granting programs complete a self-study report that must address several 
criteria in areas related to students, program educational objectives, program out-
comes and assessment, the professional or technical component of the curriculum, 
faculty, facilities, institutional support and financial resources, and program crite-
ria. Each program, if operating according to the standards and criteria, may receive 
up to six years of accreditation. If some discrepancies appear, accreditations may 
be granted for a shorter time period or may not be granted at all until appropriate 
improvements are made.

It is safe to say that for any given engineering discipline, no two schools will 
have identical offerings. However, close scrutiny will show a framework within which 
most courses can be placed, with differences occurring only in textbooks used, topics 
emphasized, and sequences followed. Figure 2.2 depicts this framework and some of 
the courses that fall within each of the areas. The approximate percentage of time spent 
on each course grouping is indicated.

Elements of engineering curricula.

Figure 2.2

INTRODUCTORY ENGINEERING
   Graphics, Computer Graphics
   Computations
   Computer Programming
   Introduction to Design

MATHEMATICS
   Calculus
   Vector Analysis
   Di�erential Equations
   Statistics
   Numerical Analysis

COMMUNICATION
   English
   Speech
   Report Writing

SOCIOHUMANISTIC
   Art
   Economics
   Literature
   Philosophy
   Psychology
   Sociology

PHYSICAL SCIENCES
   Chemistry
   Physics
   Biology
   Geology

GENERAL
   Business
   Accounting
   Law ENGINEERING SCIENCES

   Electrical Science
   Materials
   Mechanics
   Thermodynamics

(16%)

(26%)

(13%)(15%)

(13%)
(8%)

(3%)

(6%)

ENGINEERING SPECIALTY (Representative Courses)
   Aerodynamics  Plant Layout
   Combustion  Production Processes

Control Systems                   Semiconductors
   Machine Design  Soil Mechanics
   Metallurgy  Space Mechanics
   Microwave Theory Structures
   Nuclear Engineering Transportation
   Operations Research Unit Operations
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The general education block is a small portion of most engineering curricula, but 
it is important because it helps the engineering student to understand and develop an 
appreciation for the potential impact of engineering to undertakings on the environ-
ment and general society. When the location of an ethanol plant is being considered, 
the engineers involved in this decision must respect the concerns and feelings of all 
individuals who might be affected by the location. Discussions of the interaction 
between engineers and the general public take place in few engineering courses; 
general education courses (sociology, economics, history, management, etc.) thus are 
needed to furnish engineering students with an insight into the needs and aspirations 
of society.

Chemistry and physics are almost universally required in engineering. They are 
fundamental to the study of engineering science. The mathematics normally required 
for college chemistry and physics is more advanced than that for the corresponding high 
school courses. Higher-level chemistry and physics also may be required, depending on 
departmental structure. Finally, other physical science, biological, or business courses 
may be required in some programs or taken as electives.

An engineer cannot be successful without the ability to communicate ideas and the 
results of work efforts. The research engineer writes reports and orally presents ideas 
to management. The production engineer must be able to converse with craftspersons 
in understandable terms. And all engineers have dealings with the public and must be 
able to communicate on a nontechnical level. Engineers must become proficient in writ-
ten, oral, visual, and electronic communication. For some, this may mean taking com-
munication courses above and beyond the required communication courses, becoming 
involved in extra-curricular activities, or obtaining an internship that will develop com-
munication competence.

Mathematics is the engineer’s most powerful problem-solving tool. The amount of 
class time spent in this area is indicative of its importance. Courses in calculus and dif-
ferential equations are common to all degree programs. Statistics, numerical analysis, and 
other mathematics courses support some engineering specialty areas. Students desiring an 
advanced degree may want to take mathematics courses beyond the baccalaureate-level 
requirements.

In the early stages of an engineering education, introductory courses in graphical 
communication, computational techniques, design, and computer programming are 
often required. Engineering schools vary somewhat in their emphasis on these areas, 
but the general intent is to develop skills in the application of theory to practical prob-
lem solving and familiarity with engineering terminology. Design is presented from 
a conceptual point of view to aid the student in creative thinking. Graphics develops 
the visualization capability and assists the student in transferring mental thoughts into 
well-defined concepts on paper. The tremendous power of the computer to assist the 
engineer has led to the requirement of computer programming in all curricula. Use of 
the computer to perform many tedious calculations has increased the efficiency of the 
engineer and has allowed more time for creative thinking. Computer graphics is also an 
important part for many engineering curricula. Its ability to enhance the visualization 
of geometry and to depict engineering quantities graphically has increased productivity 
in the design process.

With a strong background in mathematics and physical sciences, you can begin to 
study engineering sciences, courses that are fundamental to all engineering specialties. 
Electrical science includes study of charges, fields, circuits, and electronics. Materials 
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and nonmetallic substances (see Figure 2.3). Mechanics includes study of statics, 
dynamics, fluids, and mechanics of materials. Thermodynamics is the science of heat 
and is the basis for study of all types of energy and energy transfer. A sound under-
standing of the engineering sciences is most important for anyone interested in pursuing 
postgraduate work and research.

Figure 2.2 shows only a few examples of the many specialized engineering courses 
given. Scanning course descriptions in a college general bulletin or catalog will provide 
a more detailed insight into the specialized courses required in the various engineering 
disciplines.

Most curricula allow students flexibility in selecting a few outside courses. For exam-
ple, a student interested in management may take some courses in business and account-
ing. Another may desire some background in law or medicine, with the intent of entering 
a professional school in one of these areas upon graduation from engineering. Many new 
curricula are integrating biological sciences into their programs to meet industry demand 
for those who can design systems or products that have a biological twist. Other new pro-
grams are integrating entrepreneurship and leadership into their curricula.

2.1.3 Preparation for an Engineering Work Environment

As an engineering student, you must prepare yourself for the engineering workplace 
by gaining key knowledge and by developing core skills and abilities/competencies. 
The ABET, the organization that accredits engineering programs in the United States 

Figure 2.3

Engineers select appropriate materials for designing solar panels that will endure extreme 
conditions.
Darren Baker/Shutterstock
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and abroad, validates that engineering programs have documented student outcomes 
that prepare graduates to attain the program educational objective. The educational 
objectives need to be consistent with the mission of the institution, the needs of the 
program’s various constituents, and the accreditation criteria. In ABET’s 2020–2021 
Criteria for Accrediting Engineering Programs document, they identify the following 
student outcomes:

1. An ability to identify, formulate, and solve complex engineering problems by 
applying principles of engineering, science, and mathematics

2. An ability to apply engineering design to produce solutions that meet specified 
needs with consideration of public health, safety, and welfare as well as global, 
cultural, social, environmental, and economic factors

3. An ability to communicate effectively with a range of audiences
4. An ability to recognize ethical and professional responsibilities in engineering 

situations and make informed judgments, which must consider the impact of 
engineering solutions in global, economic, environmental, and societal contexts

5. An ability to function effectively on a team whose members together provide 
leadership, create a collaborative and inclusive environment, establish goals, plan 
tasks, and meet objectives

6. An ability to develop and conduct appropriate experimentation, analyze and 
interpret data, and use engineering judgment to draw conclusions

7. An ability to acquire and apply new knowledge as needed, using appropriate 
learning strategies, skills, and modern engineering tools  necessary for engineering 
practice.

Note that these seven outcomes start with “an ability to . . .”. All of these are difficult 
to measure. So where are the best settings and what are the best activities to partici-
pate in to develop these student learning outcomes? In the past, it was expected that 
most if not all of these should be addressed in the college classroom during the pur-
suit of an undergraduate degree. Today, faculty and industry representatives realize 
that these outcomes can only be met through active participation in a combination 
of curricular, co-curricular, and extra-curricular activities. The curricular activities 
would include the traditional classroom experiences (e.g., lecture, laboratory, and 
capstone design courses) and participation in an academic engineering cooperative 
education/internship program. We will talk about cooperative education/internship 
programs in the next section. Co-curricular activities might include participation in 
an engineering study abroad program, an engineering service learning project, or 
an engineering student club. Extra-curricular activities could include participation 
in a non-engineering club, intramural sports, college sports, community service, or 
volunteer programs.

Industries are interested in what you will contribute to their company to help make 
them successful. They determine future behavior of potential employees by evaluat-
ing past behavior. When interviewing engineering undergraduates for cooperative 
education/internship programs or full-time employment, many companies today use 
behavior-based interviewing. Instead of asking you an interview question like, “How 
well do you think you would work in a team within our company?” they would instead 
ask, “Can you tell us of a time when you worked on an engineering design project, 
where you contributed significantly to the success of the final design?” Did you notice 
the difference between these two questions? The first question allows you to make up 
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a story about how you would work on a team, whereas with the second question you 
have to reflect on a specific time when you contributed to a team’s success either in a 
class project or during your internship.

To best determine which workplace competencies a company is looking for, con-
duct a key word or phrase analysis of a job posting from an engineering company that 
you are interested in working for. Typically, the most common competencies that a 
company is looking for include communication (oral, written, visual, and electronic), 
teamwork, initiative, engineering knowledge, and analysis and judgment. Other compe-
tencies might include innovation, safety awareness, general knowledge, cultural adapt-
ability, planning, professional impact, quality orientation, customer focus, inclusion, 
and integrity.

As you plan out your engineering academic program, make sure that you have 
a  well-balanced program that includes key curricular, co-curricular, and extra- 
curricular activities. When companies evaluate your resume, they will typically rank 
your engineering work experience as the most important, followed by your grade 
point average (GPA), leadership experiences, and useful skills learned in class, on 
a job, or through other activities. When you first start your degree program, take 
a course load that helps you to be successful in the classroom. Establishing a good 
GPA is critical to obtaining a cooperative education/internship experience. As you 
establish good study and time management skills and a strong GPA, start to integrate 
co-curricular and extra-curricular activities that will help to strengthen your resume. 
Don’t forget to have some fun along the way.

2.1.4 Cooperative Education/Internship Programs

Almost all engineering degree programs offer their students the opportunity to obtain 
meaningful industry work experience through some sort of engineering experiential 
education. The three basic forms of engineering experiential education are cooperative 
education, an engineering internship, and an engineering summer work experience. 
Although the definitions given below are fairly common across engineering programs, 
there are variations. Check the website information from your local engineering or uni-
versity career services office for the definitions at your institution. Also note that for 
some engineering programs, an engineering experiential education experience may be 
required, while for other programs it may be voluntary.

Cooperative Education
Cooperative education is typically defined as alternating periods of full-time academic 
college training with periods of full-time work experience of approximately equal 
length. At least one calendar year equivalent of institutionally supervised work experi-
ence is typically required (e.g., a minimum of two semesters and one summer).

Internship
An internship is most often defined as a single work period of institutionally super-
vised full-time employment of at least one semester. This experience would typically 
not include two semesters in the same academic year, but instead one semester, or one 
semester plus one summer. A summer internship is defined as a single work period 
of institutionally supervised, engineering-related, full-time employment of typically 
8–10 weeks.
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Obtaining a Cooperative Education or Internship Experience
If you are interested in pursuing one of these experiences, it is important to establish a 
strong GPA, obtain meaningful non-engineering or technical work experience, and develop 
competencies required for the engineering field you are interested in. Some campuses hold 
career fairs that you can attend in order to interact with industrial representatives interested 
in hiring coops, interns, or summer hires. If this is not the case at your institution, you may 
have to pursue these opportunities by sending your resume to human resources personnel 
at the company you are interested in. Also check for career fairs that you can attend at your 
professional society meetings or at another school within driving distance. There are also 
numerous online career websites that can be helpful in finding a position. Many companies 
will only accept resumes through a link on their website, so ask a company representative 
what route you should take to get your resume looked at. Your academic advisor or faculty 
mentor is a great resource for determining the best options for you.

2.1.5 Continuing Education

Once you have received a bachelor of science degree in engineering, it would be a mis-
take to think the learning process has been completed. On the contrary, it has just begun. 
Continued education can take many forms. It may involve preparation for a professional 
license, and it certainly will include seminars, short courses, and professional conferences 
to maintain an up-to-date understanding of your selected area of expertise. Many students 
elect to continue their undergraduate studies with a master of science (MS) or even a PhD 
in their discipline. Numerous online continuing education opportunities are available 
today, making it easy to learn from home, your office, or wherever you may be.

Another common area for engineering grads to consider is a master of business 
administration (MBA). A few students will pursue law and occasionally medicine as a 
path toward continued professional development.

2.2 The Engineer as a Professional

Engineering is a learned vocation, demanding an individual with high standards of eth-
ics and sound moral character. When making judgments, which may create controversy 
and affect many people, the engineer must keep foremost in mind a dedication to the 
betterment of humanity.

2.2.1 Professionalism

Professionalism is a way of life. A professional person is one who engages in an activ-
ity that requires a specialized and comprehensive education and is motivated by a 
strong desire to serve humanity. A professional thinks and acts in a manner that brings 
favor upon the individual and the entire profession. Developing a professional frame of 
mind begins with your engineering education. For engineers, becoming a professional 
engineer (PE) is one way to demonstrate to society and your employer, your commit-
ment to professionalism and ethics.

The PE can be said to have the following:

1. Specialized knowledge and skills used for the benefit of humanity.
2. Honesty and impartiality in engineering service.
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3. Constant interest in improving the profession.
4. Support of professional and technical societies that represent the PE.

It is clear that these characteristics include not only technical competence but also a 
positive attitude toward life that is continually reinforced by educational accomplish-
ments and professional service.

2.2.2 Professional Registration

The power to license engineers rests with each of the 50 states. Since the first reg-
istration law in Wyoming in 1907, all states have developed legislation specifying 
requirements for engineering practice. The purpose of registration laws is to protect the 
public. Just as one would expect a physician to provide competent medical service, an 
engineer can be expected to provide competent technical service. However, the laws 
of registration for engineers are quite different from those for lawyers or physicians. 
An engineer does not have to be registered to practice engineering. Legally, only the 
chief engineer of a firm needs to be registered for that firm to perform engineering ser-
vices. Individuals testifying as expert engineering witnesses in court and those offering 
engineering consulting services need to be registered. In some instances the practice 
of engineering is allowed as long as the individual does not advertise as an engineer.

The legal process for becoming a licensed PE consists of four parts, two of which 
entail examinations. The parts include

1. An engineering degree from an acceptable institution as defined by the state 
board for registration. Graduation from an ABET-accredited institution satisfies 
the degree requirement automatically.

2. Successful completion of the Fundamentals of Engineering (FE) exam is the first 
step in preparing to become a professional engineer. This six-hour computer-based 
examination may be taken during the last term of an  undergraduate program 
that is ABET-accredited. The 110 multiple-choice exam covers fundamentals 
in the areas of mathematics, chemistry,  physics, engineering mechanics, elec-
trical  science, thermal science, economics, and ethics. Currently, the FE exam 
is offered in seven disciplines including: chemical, civil, electrical and com-
puter, environmental, industrial and systems,  mechanical, and other disciplines. 
The passing grade is determined by the National Council of Examiners for 
Engineering and Surveying (NCEES).

3. Completion of at least four years of post-college work experience in chosen 
 engineering discipline under the supervision of an engineer who is already 
licensed.

4. Successful completion of the PE exam completes the licensing process. This 
examination covers problems normally encountered in the area of  specialty such 
as mechanical or chemical engineering.

It should be noted that once the license is received, it is permanent although there is an 
annual renewal fee. In addition, the trend is toward specific requirements in continuing 
education each year in order to maintain the license. Licensed engineers in some states 
may attend professional meetings in their specialty, take classes, and write professional 
papers or books to accumulate sufficient professional development activities beyond 
their job responsibilities to maintain their licenses. This trend is a reflection of the 
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Registration does have many advantages. Most public employment positions, all 
expert witness roles in court cases, and some high-level company positions require the 
PE’s license. However, less than one-half of the eligible candidates are currently reg-
istered. You should give serious consideration to becoming registered as soon as you 
qualify. Satisfying the requirements for registration can be started even before graduation 
from an ABET-accredited curriculum.

2.2.3 Professional Ethics

Ethics is the guide to personal conduct of a professional. Most technical societies have 
a written code of ethics for their members. The preamble for the NSPE Code of Ethics 
for Engineers is shown in Figure 2.4. Figure 2.5 is the “Engineers’ Creed” as published 
by the NSPE.

Figure 2.4

Preamble to the NSPE Code of Ethics for Engineers (National Society of Professional Engineers).

NSPE Code of Ethics for Engineers
PREAMBLE

Engineering is an important and learned profession. As members of this profession, engi-
neers are expected to exhibit the highest standards of honesty and integrity. Engineering has a 
direct and vital impact on the quality of life for all people. Accordingly, the services provided 
by engineers require honesty, impartiality, fairness, and equity, and must be dedicated to the 
protection of the public health, safety, and welfare. Engineers must perform under a standard 
of professional behavior that requires adherence to the highest principles of ethical conduct.

Figure 2.5

Engineers’ Creed (National Society of Professional Engineers)

Engineers’ Creed

As a Professional Engineer, I dedicate my professional knowledge and skill to the  advancement 
and betterment of human welfare.
I pledge:
• To give the utmost of performance;
• To participate in none but honest enterprise;
•  To live and work according to the laws of man and the highest standards of  professional 

conduct;
•  To place service before profit, the honor and standing of the profession before personal 

advantage, and the public welfare above all other considerations.
In humility and with need for Divine Guidance, I make this pledge.

Adopted by National Society of Professional Engineers, June 1954.
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2.2.4 Professional Societies

Over 550 colleges and universities offer programs in engineering that are accredited by 
ABET or CEAB. These boards have as their purpose the quality control of engineering 
and technology programs offered in the United States and Canada. The basis of the 
boards is the engineering profession, which is represented through the participating 
professional groups.

Table 2.1 is a partial listing of the numerous engineering societies that support 
the engineering disciplines and functions. These technical societies are linked because 
of their support of the accreditation process. Over 60 other societies exist for the pur-
pose of supporting the professional status of engineers. Among these are the Society 
of Women Engineers (SWE), the National Society of Black Engineers (NSBE), 
the Society of Hispanic Professional Engineers (SHPE), the Acoustical Society of 
America (ASA), the Society of Plastics Engineers (SPE), and the American Society 
for Quality Control (ASQC).

A primary reason for the rapid development in science and engineering is the work 
of technical societies. The fundamental service provided by a society is the sharing of 
ideas, which means that technical specialists can publicize their efforts and assist oth-
ers in promoting excellence in the profession. When information is distributed to other 
society members, new ideas evolve and duplicated efforts are minimized. The societies 
conduct meetings on international, national, and local bases. Students of engineering 
will find a technical society in their specialty that may operate as a branch of the regular 
society or as a student chapter on campus. The student organization is an important link 
with professional workers, providing motivation and the opportunity to make acquain-
tances that will help students to formulate career objectives.

Table 2.1  Participating Bodies in the Accreditation Process

Organization Abbreviation

American Academy of Environmental Engineers and Scientists AAEES
American Institute of Aeronautics and Astronautics, Inc. AIAA
American Institute of Chemical Engineers AICHE
American Nuclear Society ANS
American Society of Agricultural and Biological Engineers ASABE
American Society of Civil Engineers ASCE
American Society for Engineers Education ASEE
American Society of Heating, Refrigerating and Air-Conditioning Engineers ASHRAE
American Society of Mechanical Engineers ASME
American Society of Safety Professionals ASSP
Biomedical Engineering Society BMES
The Institute of Electrical and Electronics Engineers IEEE
Institute of Industrial & Systems Engineers IISE
National Council of Examiners for Engineering and Surveying NCEES
National Society of Professional Engineers NSPE
SAE International SAE International
SME SME
Society of Petroleum Engineers SPE
Society of Women Engineers SWE

Source: www.abet.org, 2021
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2.3 Conclusion

Pursuing an engineering degree will be both challenging and rewarding as you make 
your way through your degree program. Your undergraduate program will provide 
many challenges, regardless of whether your studies are in mathematics, physical 
sciences, engineering sciences, engineering specialties, communication, or social 
and human sciences. It is important that you develop the overall knowledge, skills, 
and abilities needed for a successful engineering career through a well-designed 
academics program, including experiential education and co-curricular and extra- 
curricular experiences. Engage with others in your chosen profession of study by 
joining your local professional student club. This is a great way to meet graduates 
from your degree program who are currently working in the industry. Finally, start 
to build strong relationships with other engineering students who are serious about 
their academic success.

Problems
2.1 For a particular discipline of engineering, such as electrical engineering, find the  program 

of study for the first two years and compare it with the program offered at your school 
approximately 20 years ago. Comment on the major differences.

2.2 Compare the knowledge, skills, abilities, and competencies of a job description for a coop-
erative education/internship position versus that of a full-time position for a  company that 
you would like to work with. What differences do you see?

2.3 List five of your own personal characteristics and compare that list with the one in 
Section 2.1.1.

2.4 Prepare a brief paper on the requirements for professional registration in your state. 
Include the type and content of the required examinations.

2.5 Prepare a five-minute talk to present to your class describing one of the technical  societies 
listed in Table 2.1 and how it can benefit you as a student.

2.6 Go to your engineering career service website and locate the description for  cooperative 
education, internships, and summer work experiences. What are the requirements for each 
of these programs for your degree program? What are the key differences between a coop-
erative education experience and an internship experience?

2.7 Compare the Engineers’ Creed with that of another profession. What similarities and 
 differences do you see?  Explain why they are different.

2.8 Discuss why accreditation from an organization like ABET is important to becoming a PE.
2.9 Which of the abilities listed in ABET’s student learning outcomes most align with the 

first-year course you are taking for your engineering degree? Which ones are more aligned 
with the last year of study?
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C H A P T E R  3

Introduction to Engineering Design

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Identify and explain the key steps in the design process
 ◾ Explain the importance of the customer’s role in the design process
 ◾ Apply the design process to solving an open-ended problem
 ◾ Understand the importance of the engineering design process in development of 

engineering solutions to society’s needs

3.1 An Introduction to Engineering Design

What do you say when asked why you are planning to be an engineer? One possible 
response is, “I want to become an engineer to design . . .” It might be to design a water-
quality system for a developing country, a new spacecraft for NASA, the tallest build-
ing in the world, an auto-guidance device for automobiles, new and improved sports 
equipment, or even synthetic blood. The key is that engineers design devices, systems, 
or processes to help humankind.

So what is engineering design? Engineering design is a systematic process by 
which solutions to the needs of humankind are obtained. Design is the essence of 
engineering. The design process is applied to problems (needs) of varying complex-
ity. For example, mechanical engineers will apply the design process to develop an 
effective, efficient vehicle suspension system; electrical engineers will apply the 
process to design lightweight, compact wireless communication devices; and mate-
rials engineers will apply the process to design strong, lightweight composites for 
aircraft structures.

The vast majority of complex problems in today’s high technology society do 
not depend for solutions on a single engineering discipline; rather, they depend on 
teams of engineers, scientists, environmentalists, economists, sociologists, legal 
personnel, and others. Solutions are dependent not only on the appropriate applica-
tions of technology but also on public sentiment as executed through government 
regulations and political influence. As engineers we are empowered with the tech-
nical expertise to develop new and improved products and systems; however, at the 
same time we must be increasingly aware of the impact of our actions on society 
and the environment in general and work conscientiously toward the best solution 
in view of all relevant factors.

The systematic design process can be conveniently represented by the six steps 
introduced in Section 3.2.
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1. Define the problem to be solved.
2. Acquire and assemble pertinent data.
3. Identify solution constraints and criteria.
4. Develop alternative solutions.
5. Select a solution based on analysis of alternatives.
6. Communicate the results.

3.2 The Design Process

A simple definition of design is “a structured problem-solving activity.” A process, 
on the other hand, is a phenomenon identified through step-by-step changes that lead 
toward a required result. Both these definitions suggest the idea of an orderly, system-
atic approach to a desired end. The design process, however, is not linear. That is, one 
does not necessarily achieve the best solution by simply proceeding from one step in 
the process to the next. New discoveries, additional data, and previous experience with 
similar problems generally will result in several iterations through some or all the steps 
of the process (Figure 3.2).

It is important to recognize that any project will have time and cost constraints. 
Normally before a project is approved a time schedule and a budget will be approved 
by management.

Building on an Engineering Degree
Nick Mohr 

Dr. Nick Mohr received his BS in mechanical engineering in 2002 and his 
MD in 2006. He is currently a Professor of Emergency Medicine, Anesthesia 
Critical Care, and Epidemiology at the University of Iowa Carver College 
of Medicine.

Dr. Mohr treats patients in the emergency department and in the 
intensive care unit; he is the Vice Chair for Research in the Department 
of Emergency Medicine, and he runs a fellowship training program in 
critical care medicine. He is also an investigator in the Rural Telehealth 
Research Center. Dr. Mohr is interested in systems of regional care for 
critically ill patients, and his research focuses on sepsis care and mechani-
cal ventilation.

Dr. Mohr was involved with several student organizations while pursu-
ing his engineering degree, including Team PrISUm (Iowa State University’s 
solar car team), the Cosmic Ray Observation Project, and the Ames (Iowa) 
Free Clinic. He feels his involvement outside the classroom was an important 
aspect of his undergraduate training. It provided him experience in learning how to solve interesting problems, 
work in a multidisciplinary team, and prioritize his time.

Dr. Mohr recalls that as a student, he had no idea how many doors an engineering degree could open and 
offers the following advice to students just beginning their engineering education:

“There is no harm in being uncertain what path your career might take, and in fact, many people change their direc-
tion along the way. The important part is to have dreams, and to chase your dreams wholeheartedly. If we do that, 
we will solve some very interesting problems in our lives and keep making the world better. A strong and diverse 
educational foundation in engineering allows you to see problems through a different lens, and it has opened doors 
for me that I never could have imagined.”

Nick Mohr
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The engineering design process was very critical in the design of the international space station.
3Dsculptor/Shutterstock

Figure 3.2

Engineers can use the engineering design process to maximize the efficiency of this recycling 
system without causing damage to the environment.
Philip Laurell/Getty Images

eid53554_ch03_051-068.indd   53 10/12/21   3:15 PM

ISTUDY



54
Chapter 3
Introduction to 
Engineering Design

For your initial introduction to the design process, we will explain in more detail what 
is involved at each of the earlier six steps. Simply memorizing the steps will not give you 
the needed understanding of design. We suggest that you take one or more of the sug-
gested design problems at the end of the chapter, organize a team of two to four students, 
and develop a workable solution for each problem selected. By working as a team you will 
generate more and better solution ideas and develop a deeper understanding of the process.

The process begins with a definition of the problem (Step 1) to be solved. In many 
cases the engineering design team does not identify or define the problem. Instead 
customers, field representatives for the company, and management will provide the 
initial request. The team must be careful not to define a solution at this step. If it does, 
it has not satisfied the design process. For example, assume company management 
asks a team to design a cart to transport ingots of metal from one building to another, 
the buildings approximately 200 meters apart. The solution to this problem is already 
known: a cart. It is a matter of seeing what is available on the market for handling the 
required load. It may be to the company’s benefit to find a “new system” that effectively 
and efficiently moves heavy loads over a short distance. This would open up the pos-
sibility for a rail system, conveyor, or other creative solution. Usually a simple problem 
definition allows the most flexibility for the design team. For example, the initial prob-
lem could be defined as simply “Currently there are ingots of metal stored in building 
one. We need a way to get the ingots from that building to building two.”

The team next acquires and assembles all pertinent information on the problem 
(Step 2). Internal company documents, available systems, Internet searches, and other 
engineers are all possible sources of information. Once all team members are up to 
speed on the available information, the solution constraints and criteria are identified 
(Step 3). A constraint is a physical or practical limitation on possible solutions; for 
example, the system must operate with 220-volt electricity. Criteria are desirable charac-
teristics of a solution; for example, the solution must be reliable, must be easy to operate, 
must have an acceptable cost, and must be durable. You might think of a constraint as a 
requirement—all possible solutions must meet it—while a criterion is a relative consid-
eration, in that one solution is better than another (“durable” is a criterion, for example).

Now the team is ready for the creative part of the process, developing  alternative 
solutions (Step 4). This is where experience and knowledge, combined with group 
activities such as brainstorming, yield a variety of possible solutions (Figure 3.3). 
Each of the alternatives is now analyzed using the constraints and comparing each to 
the specified criteria. In many cases prototypes are built and tested to see if they meet 
constraints and criteria. Computer modeling and analysis are used  heavily  during this 
step. Then, using a device such as a decision matrix, a solution is selected (Step 5).

The last step of the design process often involves the most time and requires 
resources outside the original design team. Communicating the results (Step 6) involves 
developing all the details and reports necessary for the design to be built or manufac-
tured as well as presentations for management and customers.

Although the systematic design process appears to end at Step 6, it really 
remains open throughout the product life cycle. Field testing, customer feedback, 
and new developments in materials, manufacturing processes, and so on may 
require redesign any time during the life cycle. Today many products are required 
to have a disposal plan prior to marketing. In these cases the original design needs 
to include disposal as a constraint on the solution. Although a six-step design 
process is outlined earlier, other more expanded steps are in common use. For 
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The brainstorming of new ideas for solving an engineering problem is important in the design 
process.
Brock Jones/Blend Images LLC/Image Source

Figure 3.4
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To further illustrate the iterative nature of the design process, study Figure 3.5 for 
a typical industrial activity. The process begins with a conceptual design and proceeds 
to preliminary design, detailed design, prototype design, and the final design. Note that 
design evaluation is conducted frequently during the process. Also note that the design 
is optimized at the detailed design stage. Optimization is beyond the scope of this intro-
duction, but suffice it to say that it occurs after the solution is determined and is based 
on the analysis of alternatives (Step 5).

3.3 Design and the Customer

Often customer requirements are not well defined. The design team must determine, in 
consultation with the customer, the expectations of the solution. The customer therefore 
must be kept informed of the design status at all times during the process. It is likely 
that compromises will have to be made. Both the design team and customer may have 
to modify their requirements in order to meet deadlines, cost limits, manufacturing con-
straints, and performance requirements. Figure 3.6 is a simple illustration of the Kano 
model showing the relationship between degree of achievement (horizontal axis) and 
customer satisfaction (vertical axis). Customer requirements are categorized in three 
areas: basic, performance related, and exciting.

Basic customer requirements are simply expected by the customer and assumed 
to be available. For example, if the customer desires a new solar-powered barbeque 
grill, the customer assumes that the design team and the company have proven their 
ability, with existing successful products, to design and manufacture solar-powered 
barbeque grills.

Performance-related customer requirements are the basis for requesting the new 
product. In the example of the barbeque grill, cooking time, cooking effectiveness, ease 
of setting the controls, and ease of cleaning are among the many possible performance-
related items that a customer may specify. As time goes by and more solar-powered 

A flow diagram for the categories of engineering design.

Figure 3.5
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Exciting customer requirements are generally suggested by the design team. 
The customer is unlikely to request these features because they are often outside the 
range of customer knowledge or vision. The exciting requirements are often a strong 
selling point in the design because they give the customer an unexpected bonus in 
the solution. Perhaps the capability of programming a cooking cycle to vary the tem-
perature during the cooking process would be a unique (but perhaps costly) addition 
to the solution.

Figure 3.6 indicates that the basic requirements are a must for customer sat-
isfaction. The customer will be satisfied once a significant level of performance-
related requirements is met. The exciting requirements always add to customer 
satisfaction; so the more of these features that can be added, the greater is the 
satisfaction.

3.4 The Nature of Engineering Design

In the first half of the 20th century, engineering design was considered by many 
to be a creative, ad hoc process that did not have a significant scientific basis. 
Design was considered an art, with successful designs emanating from a few 
talented individuals in the same manner as great artwork is produced by talented 
artists. However, there are now a wealth of convincing arguments that engineering 
design is a cognitive process that requires a broad knowledge base, intelligent use 
of information, and logical thinking. Today successful designs are generated by 
design teams, comprised of engineers, marketing personnel, economists, manage-
ment, customers, and so on, working in a structured environment and following a 
systematic strategy. Utilizing tools such as the Internet, company design documen-
tation, brainstorming, and the synergy of the design team, information is gathered, 
analyzed, and synthesized with the design process yielding a final solution that 
meets the design criteria.

Factors in generating customer satisfaction.

Figure 3.6
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What do we mean by a cognitive process? In the 1950s Benjamin Bloom devel-
oped a classification scheme for cognitive ability that is called Bloom’s taxonomy. 
Figure 3.7 shows the six levels of complexity of cognitive thinking and provides an 
insight into how the design process is an effective method of producing successful 
products, processes, and systems. The least complex level, knowledge, is simply the 
ability to recall information, facts, or theories. [What was the date of the Columbia 
space shuttle accident?]

The next level is comprehension, which describes the ability to make sense of 
(understand) the material. [Explain the cause of the Columbia accident.] The third 
level is application, which is the ability to use knowledge and comprehension in a new 
situation and to generalize the knowledge. [What would you have done to prevent the 
Columbia accident?]

The fourth level is analysis, which is the ability to break learned material into 
its component parts so that the overall structure may be understood. It includes 
part identification, relationships of the parts to each other and to the whole, and 
recognition of the organizational principles involved. The individual must under-
stand both the content and structure of the material. Figure 3.7 shows that analysis 
is the highest level of convergent thinking, whereby the individual recalls and 
focuses on what is known and comprehended to solve a problem through applica-
tion and analysis. [What lessons did we learn about the space program from the 
Columbia accident?]

The fifth and sixth levels on Bloom’s taxonomy represent divergent thinking, in 
which the individual processes information and produces new insights and discover-
ies that were not part of the original information (thinking outside the box). Synthesis 
refers to the ability to put parts together to form a new plan or idea. Everyone syn-
thesizes in a different manner. Some accomplish synthesis by quiet mental musing; 
others must use pencil and paper to doodle, sketch, outline ideas, and so on. [Propose 
an alternative to the Columbia fuel tank insulation design that would perform the 
required functions.]

Evaluation is the highest level of thinking. It is the ability to judge the value of 

Figure 3.7

Bloom’s taxonomy on learning aligns with the engineering design process.
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the criteria to be used in the evaluation. [Assess the impact of the Columbia accident on 
the U.S. space program.]

To help your understanding of the levels of cognitive thinking, review several 
exams you have taken in college in mathematics, chemistry, physics, and general edu-
cation courses (e.g., economics, sociology, history, etc.). For each question, decide 
which level of thinking was required to obtain a successful result. You will find while 
moving along in your engineering curriculum that exam questions, homework prob-
lems, and projects will reflect higher and higher levels of thinking.

3.5 Experiencing the Design Process in Education

The design process, although structured, is an iterative process with flexibility to make 
necessary adjustments as the design progresses. The emphasis in this chapter is on 
conceptual design. At this stage of your engineering education it is important that you 
undergo the experience of applying the design process to a need with which you can 
identify based on your personal experiences. As you approach the baccalaureate degree, 
you will have acquired the technical capability to conduct the necessary analyses and 
to make the appropriate technical decisions required for complex products, systems, 
and processes. Most engineering seniors will participate in a capstone design experi-
ence that will test their ability to apply knowledge toward solving a complicated design 
problem in their particular discipline.

3.6 Design Opportunities and Challenges of the Future

The world continues to undergo rapid and sometimes tumultuous change. As a prac-
ticing engineer, you will occupy center stage in many of these changes in the near 
future and will become even more involved in the more distant future. The National 
Academy of Engineering has identified “Engineering Grand Challenges.” These 
include: 

 ◾ make solar energy economical; 
 ◾ provide energy from fusion; 
 ◾ prevent nuclear terror; 
 ◾ mange the nitrogen cycle; 
 ◾ develop carbon sequestration methods; 
 ◾ engineer the tools of scientific discovery;
 ◾ provide access to clean water; 
 ◾ restore and improve urban infrastructure; 
 ◾ advance health informatics; 
 ◾ engineer better medicines; 
 ◾ reverse-engineer the brain; 
 ◾ secure cyberspace; 
 ◾ enhance virtual reality; and
 ◾ advance personalized learning.

(Source: NAE Grand Challenges for Engineering, www.engineeringchallenges.org, 
viewed 2/1/2021.) The huge tasks of providing solutions to these problems will chal-
lenge the technical community beyond anyone’s imagination.
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Engineers of today have nearly instantaneous access to a wealth of information 
from technical, economic, social, and political sources. A key to the success of engi-
neers in the future will be the ability to study and absorb the appropriate information in 
the time allotted for producing a design or solution to a problem. A degree in engineer-
ing is only the beginning of a lifelong period of study in order to remain informed and 
competent in the field.

Engineers of tomorrow will have even greater access to information and will use 
increasingly powerful computer systems to digest this information. They will work with 
colleagues around the world solving problems and creating new products. They will 
assume greater roles in making decisions that affect the use of energy, water, and other 
natural resources. Engineering design solution considerations for energy, the environ-
ment, infrastructure, and global competitiveness are addressed in the following sections.

3.6.1 Energy

In order to develop technologically, nations of the world require vast amounts of energy. 
With a finite supply of our greatest energy source, fossil fuels, alternate supplies must 
be developed and existing sources must be controlled with a worldwide usage plan. A 
key factor in the design of products must be minimum use of energy.

As demand increases and supplies become scarcer, the cost of obtaining the energy 
increases and places additional burdens on already financially strapped regions and indi-
viduals. Engineers with great vision are needed to develop alternative sources of energy 
from the sun, radioactive materials, wind, biomaterials, and ocean and to improve the 
efficiency of existing energy consumption devices (Figure 3.8). Ethanol and biodiesel are 

Windmill farms are an increasingly significant factor in the electrical infrastructure.
Ron/Patty Thomas/Getty Images

Figure 3.8
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two fuels that are produced in the United States from renewable resources that can assist 
in reducing America’s dependence on foreign sources of energy. Waste-to-energy and 
biomass resources are also recognized by the U.S. Department of Energy as renewable 
energy source and are included in the department’s tracking of progress toward achieving 
the federal government’s renewable energy goal.

Along with the production and consumption of energy come the secondary 
problems of pollution and global warming. Such pollutants as smog, acid rain, 
heavy metals, nutrients, and carbon dioxide must receive attention in order to 
maintain the balance of nature. Also, increasing concentrations of greenhouse gases 
are likely to accelerate the rate of climate change, thus causing global warming. 
According to the National Academy of Sciences, the Earth’s surface temperature 
has risen by about 1 degree Fahrenheit in the past century, with accelerated warm-
ing during the past two decades.

3.6.2 Environment

Our insatiable demand for energy, water, and other national resources creates imbal-
ances in nature that only time and serious conservation efforts can keep under control 
(Figure 3.9). The concern for environmental quality is focused on four areas: cleanup, 
compliance, conservation, and pollution prevention. Partnerships among industry, 
government, and consumers are working to  establish guidelines and regulations in the 
gathering of raw materials, the manufacturing of consumer products, and the disposal 
of material at the end of its designed use.

The American Plastics Council publishes a guide titled Environmental 
Initiatives Affecting Product Design (www.plactics.americanchemistry.com/
Design-Guide-for-Information-and-Technology-Equipment, Appendix D, viewed 

Figure 3.9

Hydroelectric generating stations produce electricity important for industry and residence areas.
Maxim Burkovskiy/Shutterstock
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2/1/2021), which describes environmental issues and initiatives affecting product 
design. All engineers need to be aware of these initiatives and how they apply in 
their particular industries:

Design for the Environment (DFE): Incorporate environmental  considerations 
into product designs to minimize impacts on the  environment.

Environmentally Conscious Manufacturing (ECM) or Green Manufacturing: 
Incorporating pollution prevention and toxics use reduction into product 
manufacturing.

Extended Product or Producer Responsibility (Manufacturer’s Responsibility 
or Responsible Entity): Product manufacturers are responsible for taking 
back their products at the product’s end of life and managing them accord-
ing to defined environmental criteria.

Life Cycle Assessment (LCA): Quantified assessment of the environmental 
impacts associated with all phases of a product’s life, often from the extrac-
tion of base minerals through the product’s end of life.

Pollution Prevention: Prevent pollution by reducing pollution sources 
(e.g., through design) as opposed to addressing pollution after it is 
generated.

Product Life Cycle Management (PLCM): Managing the environmental impacts 
associated with all phases of a product’s life, from inception to disposal.

Product Takeback: The collection of products by manufacturer at the prod-
uct’s end of life.

Toxic Use Reduction: Reduce the amount, toxicity, and number of toxic chemi-
cals used in manufacturing.

As you can see from these initiatives, all engineers regardless of discipline must 
be environmentally conscious in their work. In the next few decades we will face 
tough decisions regarding our environment. Engineers will play a major role in 
making the correct decisions for our small, delicate world.

The basic water cycle—from evaporation to cloud formation, then to rain, run-
off, and evaporation again—is taken for granted by most people. (See Figure 3.10.) 
However, if the rain or the runoff is polluted, then the cycle is interrupted and our 
water supply becomes a crucial problem. In addition, some highly populated areas 
have a limited water supply and must rely on water distribution systems from other 
areas of the country. Many formerly undeveloped agricultural regions are now pro-
ductive because of irrigation systems. However, the irrigation systems deplete the 
underground streams of water that are needed downstream.

These problems must be solved in order for life to continue to exist as we know 
it. Because of the regional water distribution patterns, the federal government must be 
a part of the decision-making process for water distribution. One of the concerns that 
must be eased is the amount of time required to bring a water distribution plan into 
effect. Government agencies and the private sector are strapped by regulations that 
cause delays of several years in planning and construction. Greater cooperation and 
a better informed public are goals that public works engineers must strive to achieve. 
Developing nations around the world need additional water supplies because of increas-
ing population growth. Many of these nations do not have the necessary freshwater and 
must rely on desalination, a costly process. The continued need for water is a concern 
for leaders of the world, and engineers will be asked to create additional sources of this 
life-sustaining resource.
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Figure 3.10

Understanding the water cycle (hydrologic cycle) is necessary in order to be able to engineer 
systems to control water pollution to our water resources.
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3.6.3 Infrastructure

All societies depend on an infrastructure of transportation, waste disposal, and water 
distribution systems for the benefit of the population (Figure 3.11). In the United 
States much of the infrastructure is in a state of deterioration without sound plans for 
upgrading. For example:

1. Commercial jet fleets include aircraft that are 35 to 40 years old. Major programs 
are now underway to extend safely the service life of these jets. In order to survive 
economically, airlines must balance new replacement jets with a program to keep 
older planes flying safely.

2. One-half of the sewage treatment plants cannot satisfactorily handle the demand.
3. The interstate highway system, over 50 years old in many areas, needs major 

repairs throughout. Over-the-road trucking has increased wear and tear on a system 
designed primarily for the automobile. Local paved roads are deteriorating because 
of a lack of infrastructure funds.

4. Many bridges are potentially dangerous to the traffic loads on them.
5. Railroads continue to struggle with maintenance of railbeds and rolling stock in the 

face of stiff commercial competition from the air freight and truck transportation 
industries.

6. Municipal water and wastewater systems require billions of dollars in repairs and 
upgrades to meet public demands and stricter water-quality requirements.

It is estimated that the total value of the public works facilities is over $2 trillion. To 
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Some of this is already occurring in road design and repair. For example, a new method 
of recycling asphalt pavement actually produces a stronger product. Engineering 
research is producing extended-life pavement with new additives and structural 
designs. New, relatively inexpensive methods of strengthening old bridges have been 
used successfully.

3.6.4 A Competitive Edge in the World Marketplace

We have all purchased or used products that were manufactured outside the country. 
Many of these products incorporate technology that was developed in the United States. 
In order to maintain our strong industrial base, we must develop practices and processes 
that enable us to compete not just with other U.S. industries but with international 
industries (Figure 3.12). Engineers must also be able to design products that will be 
accepted by other cultures and work in their environments. It is therefore most impor-
tant that engineers develop their global awareness and cultural adaptability competence.

The goal of any industry is to generate a profit. In today’s marketplace this means 
creating the best product in the shortest time at a lower price than the competition. A 
modern design process incorporating sophisticated analysis procedures and supported 
by high-speed computers with graphical displays increases the capability for develop-
ing the “best” product. The concept of integrating the design and manufacturing func-
tions shortens the design-to-market time for new products and for upgraded versions of 

Development of new and improved infrastructure, such as this new rail system, is important to 
the economy of our nation.
Chanin Sriintravanit/Shutterstock

Figure 3.11
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A global design team at work on an engineering design problem.
Fizkes/Getty Images

Figure 3.12

is receiving a great deal of attention from manufacturing engineers today. Remaining 
competitive by producing at a lesser price requires a national effort involving labor, 
government, and distribution factors. In any case engineers are going to have a signifi-
cant role in the future of our industrial sector.

Problems

3.1 Complete the statement “I want to become an engineer to design . . .” in as much detail as 
you can.

3.2 Choose an engineering company that you would someday consider working for. From the 
information found on their website, write a one-page paper on the engineering problems 
that they are solving and how they are addressing their customer’s needs.

3.3 Find three textbooks that introduce the engineering design process. Copy the steps in the 
process from each textbook. Compare with the six steps given in Section 3.1. Note simi-
larities and differences and write a paragraph describing your conclusions.

3.4 Interview an engineer working in your chosen field of study, describe in a one-page paper 
what steps of the design process he/she is engaged with in their job.

3.5 Select a specific discipline of engineering and list at least 20 different companies and/or 
government agencies that utilize engineers from this field.

3.6 Choose a product that was most likely designed by an engineer in your chosen field of 
study. Identify what problem this product solved, what constraints were applied to its 
design, and what criteria were most likely used to evaluate this design.

3.7 Choose one of the National Academy of Engineering’s Grand Challenges found in 
Section 3.6 and write a one-page paper on how you as an engineer could be involved in 
helping to solve this challenge.
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3.8 Choose one of the products from the list below and note key features and functions for 
the product as produced today. Then, go back one generation (18–25 years) to family, 
relatives, or friends and ask them to describe the key features and functions of the same 
product as produced at that time. Note changes and improvements and prepare a brief 
report.
(a) bicycle
(b) electric coffeemaker
(c) color television
(d) landline telephone
(e) cookware (pots, pans, skillets)
(f) vacuum cleaner
(g) microwave oven

3.9 Choose a product that you use every day and evaluate how effective the company that 
designed it was in meeting your customer needs and the needs of others. What suggestions 
would you make to help the designers improve the project? How could this product be 
used for another application?

3.10 Choose a device or product that you believe can be improved upon. Answer the follow-
ing questions: (1) what do you already know about this device/product; (2) what do you 
think you know about this device/product; and (3) what do you need to know about this 
device/product? Based on your responses to these questions, conduct research to confirm 
or reveal what you know and don’t know. Write a short report to summarize your findings. 
Use proper citation methods to list your research sources.

3.11 Choose one of the following topics (or one suggested by your instructor) and write a paper 
that discusses technological changes that have occurred in this area in the past 15 years. 
Include commentary on the social and environmental impact of the changes and on new 
problems that may have arisen because of the changes.
(a) passenger automobiles
(b) electric power-generating plants
(c) computer graphics
(d) heart surgery
(e) heating systems (furnaces)
(f) microprocessors
(g) water treatment
(h) road paving (both concrete and asphalt)
(i) composite materials
(j) robotics
(k) air-conditioning

3.12 Investigate current designs for one or more of the items listed below. If you do not have the 
items in your possession, purchase them or borrow from friends. Conduct the following 
“reverse engineering” procedures on each of the items:
(a) Write down the need that the design satisfies.
(b) Disassemble the item and list all the parts by name.
(c) Write down the function of each of the parts in the item.
(d) Reassemble the item.
(e) Write down answers to the following questions:

 ◾ Does the item satisfactorily solve the need you stated in part (a)?
 ◾ What are the strengths of the design?
 ◾ What are the weaknesses of the design?
 ◾  Can this design be easily modified to solve other needs? If so, what needs and 

what modifications should be made?
 ◾ What other designs can solve the stated need?
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The items for your study are the following:
 ◾ smartphone
 ◾ disposable camera
 ◾ flashlight
 ◾ calculator
 ◾ printer

3.13 The following list of potential design projects can be addressed by following the six-step 
design process discussed in the chapter. A team approach to a proposed solution, with 
three or four members on each team, is recommended. Develop a report and oral presenta-
tion as directed by your instructor.

 ◾ A device to prevent the theft of helmets left on motorcycles
 ◾ An improved rack for carrying packages or books on a motorcycle or bicycle
 ◾ A solar-powered battery charger
 ◾ A device to permit easier draining of the oil pan by weekend mechanics
 ◾ A heated steering wheel for cold weather
 ◾ A sun shield for an automobile
 ◾ An automatic pet feeder for proper metering of food
 ◾ A storage system for a cell phone in a car (including charger)
 ◾ An improved wall outlet for multiple uses
 ◾ A beverage holder for a stand-up work desk
 ◾ A key finder for when you lose your keys
 ◾ An improved automobile traffic pattern on campus
 ◾ An alert for drowsy or sleeping drivers
 ◾ Improved bicycle brakes
 ◾ A campus transit system
 ◾ Improved pedestrian crossings at busy intersections
 ◾ Improved parking facilities in and around campus
 ◾ A device to attach to a paint can for pouring
 ◾ An improved soap dispenser
 ◾ A better method of locking weights to a barbell shaft
 ◾ A shoestring fastener to replace the knot
 ◾ A better jar opener
 ◾ A system or device to improve efficiency of limited closet space
 ◾ A shoe transporter and storer
 ◾ A device to pit fruit without damage
 ◾ An automatic device for selectively admitting and releasing pets through an auxiliary 

door
 ◾ A device to permit a person loaded with packages to open a door
 ◾ A more efficient toothpaste tube
 ◾ A fingernail catcher for fingernail clippings
 ◾ A more effective alarm clock for reluctant students
 ◾ A device to help a parent monitor small children’s presence and activity in and around 

the house
 ◾ A simple pocket alarm that is difficult to shut off, used for discouraging  muggers
 ◾ An improved storage system for luggage, books, and so on in dormitories
 ◾ A lampshade designed to permit one roommate to study while the other is asleep
 ◾ A device that would permit blind people to vote in an otherwise conventional voting 

booth
 ◾ A bicycle for a child with disabilities
 ◾ A silent wake-up alarm
 ◾ Home aids for the blind (or deaf)
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 ◾ A safer, more efficient, and quieter air mover for room use
 ◾ A can crusher
 ◾ A rain-sensitive house window that would close automatically when it rains
 ◾ A better grass catcher for a riding lawn mower
 ◾ A built-in auto refrigerator
 ◾ A better camp cooler
 ◾ A dormitory cooler
 ◾ An impact-hammer adapter for electric drills
 ◾ An improved method of detecting and controlling the level position of the bucket on 

a bucket loader
 ◾ An automatic tractor-trailer-hitch aligning device
 ◾ A jack designed expressly for motorcycle use (special problems involved)
 ◾ Improved road signs for speed limits, curves, deer crossings, and so on
 ◾ A device for dealing with oil slicks
 ◾ An egg container (light, strong, compact) for camping and canoeing
 ◾ Ramps or other facilities for handicapped students
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C H A P T E R  4

Engineering Solutions*

Chapter Objectives

When you complete your study of this chapter, you will be able to:
 ◾ Recognize the importance of engineering problem analysis
 ◾ Recall and explain the engineering method
 ◾ Apply general guidelines for problem-solving presentation and solution documentation
 ◾ Develop an ability to solve and present simple or complex problems in an orderly, 

logical, and systematic way

4.1 Introduction

The practice of engineering involves the application of accumulated knowledge and experi-
ence to a wide variety of technical situations. Two areas, in particular, that are fundamental 
to all of engineering are design and problem solving. The professional engineer is expected 
to approach, analyze, and solve a range of technical problems intelligently and efficiently. 
These problems can vary from single-solution, reasonably simple problems to extremely 
complex, open-ended problems that require a multidisciplinary team of engineers.

Problem solving is a combination of experience, knowledge, process, and art. Most 
engineers through either training or experience solve many problems by a process. The 
design process, for example, is a series of logical steps that when followed produce an 
optimal solution given time and resources as two constraints. The total quality (TQ) 
method is another example of a process. This concept suggests a series of steps leading 
to desired results while exceeding customer expectations.

This chapter provides a basic guide to problem analysis, organization, and presen-
tation. Early in your education, you must develop an ability to solve and present simple 
or complex problems in an orderly, logical, and systematic way.

4.2 Problem Analysis

A distinguishing characteristic of a qualified engineer is the ability to solve technical 
problems. Mastery of problem solving involves a combination of art and science. By 
science we mean the knowledge of the principles of mathematics, chemistry, physics, 
mechanics, and other technical subjects that must be learned so that they can be applied 
correctly. By art we mean the proper judgment, experience, common sense, and know-
how that must be used to reduce a real-life problem to such a form that science can be 
applied to its solution. To know when and how rigorously science should be applied and 
whether the resulting answer reasonably satisfies the original problem is an art.

*Users will find Appendices B and F useful reference material for this chapter.
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Much of the science of successful problem solving comes from formal education 
in school or from continuing education after graduation. But most of the art of problem 
solving cannot be learned in a formal course; rather, it is a result of experience and 
common sense. Its application can be more effective, however, if problem solving is 
approached in a logical and organized method—that is, if it follows a process.

To clarify the distinction, let us suppose that a manufacturing engineer and a 
logistics specialist working for a large electronics company are given the task of 
recommending whether the introduction of a new computer that will focus on the 
computer-aided-design (CAD) market can be profitably produced. At the time this task 
is assigned, the competitive selling price has already been estimated by the market-
ing division. Also, the design group has developed working models of the computer 
with specifications of all components, which means that the approximate cost of these 
components is known. The question of profit thus rests on the costs of assembly and 
distribution. The theory of engineering economy (the science portion of problem solv-
ing) is well known and applicable to the cost factors and time frame involved. Once 
the production and distribution methods have been established, these costs can be com-
puted using standard techniques. Selection of production and distribution methods (the 
art portion of problem solving) depends largely on the experience of the engineer and 
logistics specialist. Knowing what will or will not work in each part of these processes 
is a must in the cost estimate; however, these data cannot be found in handbooks, but, 
rather, they are found in the minds of the logistics specialist and the engineer. It is an 
art originating from experience, common sense, and good judgment.

Before the solution to any problem is undertaken, whether by a student or a practic-
ing professional engineer, a number of important ideas must be considered. Think about 
the following questions: How important is the answer to a given problem? Would a 
rough, preliminary estimate be satisfactory, or is a high degree of accuracy demanded? 
How much time do you have and what resources are at your disposal? In an actual 
situation, your answers may depend on the amount of data available or the amount that 
must be collected, the sophistication of equipment that must be used, the accuracy of 
the data, the number of people available to assist, and many other factors. Most complex 
problems require some level of computer support such as a spreadsheet or a math analy-
sis program. What about the theory you intend to use? Is it state of the art? Is it valid 
for this particular application? Do you currently understand the theory, or must time 
be allocated for review and learning? Can you make assumptions that simplify without 
sacrificing needed accuracy? Are other assumptions valid and applicable?

The art of problem solving is a skill developed with practice. It is the ability to arrive 
at a proper balance between the time and resources expended on a problem and the accu-
racy and validity obtained in the solution. When you can optimize time and resources 
versus reliability, problem-solving skills will serve you well.

4.3 The Engineering Method

The engineering method is an example of process. It consists of six basic steps:

1. Recognize and understand the problem.    Perhaps the most difficult part of 
problem solving is developing the ability to recognize and define the problem 
precisely. This is true at the beginning of the design process and when apply-
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problems that you will be asked to solve have this step completed by the instruc-
tor. For example, if your instructor asks you to solve a quadratic–algebraic equa-
tion and provides all the coefficients, the problem has been completely defined 
before it is given to you, and little doubt remains about what the problem is.
      If the problem is not well defined, considerable effort must be expended at the 
beginning in studying the problem, eliminating the things that are unimportant, and 
focusing on the root problem. Effort at this step pays great dividends by eliminating 
or reducing false trials, thereby shortening the time taken to complete later steps.

2. Accumulate data and verify accuracy.    All pertinent physical facts, such as 
sizes, temperatures, voltages, currents, costs, concentrations, weights, times, 
and so on, must be ascertained. Some problems require that Steps 1 and 2 be 
done simultaneously. In others, Step 1 might automatically produce some of 
the physical facts. Do not mix or confuse these details with data that are sus-
pect or only assumed to be accurate. Deal only with items that can be verified. 
Sometimes it will pay to verify data that you believe are factual but actually 
may be in error.

3. Select the appropriate theory or principle.    Select appropriate theories or scien-
tific principles that apply to the solution of the problem; understand and identify 
limitations or constraints that apply to the selected theory.

4. Make necessary assumptions.    Perfect solutions to real problems do not exist. 
Simplifications need to be made if real problems are to be solved. Certain 
assumptions can be made that do not significantly affect the accuracy of the 
solution, yet other assumptions may result in a large reduction in accuracy.
      Although the selection of a theory or principle is stated in the engineering 
method as preceding the introduction of simplifying assumptions, there are cases 
when the order of these two steps should be reversed. For example, if you are 
solving a material balance problem, you often need to assume that the process is 
steady, uniform, and without chemical reactions so that the applicable theory can 
be simplified. Note that many of the engineering equations used in practice only 
apply when specific assumptions are made.

5. Solve the problem.    If Steps 3 and 4 have resulted in a mathematical equation 
(model), it is normally solved by an application of mathematical theory, although a 
trial-and-error solution that employs the use of a computer or perhaps some form of 
graphical solution also may be applicable. The results normally will be in numeri-
cal form with appropriate units. Make sure to show the resulting answer with 
appropriate significant digits.

6. Verify and check results.    In engineering practice, the work is not finished 
merely because a solution has been obtained. It must be checked to ensure 
that it is mathematically correct and that units have been properly specified. 
Correctness can be verified by reworking the problem by using a different tech-
nique or by performing the calculations in a different order to be certain that the 
numbers agree in both trials. The units need to be examined to ensure that all 
equations are dimensionally correct. And finally, the answer must be examined 
to see if it makes sense. An experienced engineer will generally have a good 
idea of the order of magnitude to expect.

If the answer doesn’t seem reasonable, there is probably an error in the mathemat-
ics, in the assumptions, or perhaps in the theory used. Judgment is critical. For example, 
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loan of $5 000 over a three-year period at an annual interest rate of 12 percent. Upon 
solving this problem, you arrived at an answer of $11 000 per month. Even if you are 
inexperienced in engineering economy, you know that this answer is not reasonable, so 
you should reexamine your theory and computations. Examination and evaluation of 
an answer’s reasonableness are habits you should strive to acquire. Your instructor and 
employer alike will not accept results that you have indicated are correct if the results 
are obviously incorrect by a significant percentage.

4.4 Problem Presentation

The engineering method of problem solving as presented in the previous section is 
an adaptation of the well-known scientific problem-solving method. It is a time-tested 
approach to problem solving that should become an everyday part of the engineer’s 
thought process. Engineers should follow this logical approach to the solution of any 
problem while at the same time learn to translate the information accumulated into a 
well-documented problem solution.

The following steps parallel the engineering method and provide reasonable 
documentation of the solution. If these steps are properly executed during the solution 
of problems in this text and all other courses, it is our belief that you will gradually 
develop an ability to solve and properly document a wide range of complex problems.

1.  Problem statement.    State, as concisely as possible, the problem to be solved. 
The statement should be a summary of the given information, but it must contain 
all essential material. Clearly state what is to be determined. For example, find 
the temperature (K) and pressure (Pa) at the nozzle exit.

2. Diagram.    Prepare a diagram (sketch or computer output) with all pertinent 
dimensions, flow rates, currents, voltages, weights, and so on. A diagram is 
a very efficient method of showing given and needed information. It also is 
an appropriate way of illustrating the physical setup, which may be difficult 
to describe adequately in words. Most often a two-dimensional representa-
tion is adequate (e.g., a free-body diagram of a beam with associated loads 
and moments). Data that cannot be placed in a diagram should be listed 
separately.

3. Theory.    The theory used should be presented. In some cases, a properly refer-
enced equation with completely defined variables is sufficient. At other times, an 
extensive theoretical derivation may be necessary because the appropriate theory 
has to be derived, developed, or modified.

4. Assumptions.    Explicitly list, in complete detail, any and all pertinent assump-
tions that have been made to realize your solution to the problem. This step is 
vitally important for the reader’s understanding of the solution and its limitations. 
Steps 3 and 4 might be reversed or integrated in some problems.

5. Solution steps.    Show completely all steps taken in obtaining the solution. 
This is particularly important in an academic situation because your reader, the 
instructor, must have the means of judging your understanding of the solution 
technique. Steps completed, but not shown, make it difficult for evaluation of 
your work and therefore difficult to provide constructive guidance.

6. Identify results and verify accuracy.    Clearly identify (double underline or 
enclose in a box) the final answer. 
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engineering method requires an examination of the answer to determine if it is 
realistic, so check solution accuracy and, if possible, verify the results.

7. Discussion/Conclusion.    It is important to write a concise summary of your 
results. What do the results mean? Do you have any observations? This step 
should include whether the results are reasonable and what would happen if one 
or more of the dependent variable were changed (e.g., what if the temperature 
increased by five degrees?).

4.5 Standards of Problem Presentation

Once the problem has been solved and checked, it is necessary to present the solution 
according to some standard. The standard will vary from school to school and industry 
to industry.

On most occasions, your solution will be presented to other individuals who are 
technically trained, but you should remember that many times these individuals do not 
have an intimate knowledge of the problem. However, on other occasions, you will be 
presenting technical information to persons with nontechnical backgrounds. This may 
require methods that are different from those used to communicate with other engi-
neers; thus, it is always important to understand who will be reviewing the material so 
that the information can be clearly presented.

One characteristic of engineers is their ability to present information with great 
clarity in a neat, careful manner. In short, the information must be communicated accu-
rately to the reader. (Discussion of drawings or simple sketches will not be included in 
this chapter, although they are important in many presentations.)

Employers insist on carefully prepared presentations that completely document all 
work involved in solving the problems. Thorough documentation may be important in 
the event of legal considerations for which the details of the work might be introduced 
into court proceedings as evidence. Lack of such documentation may result in the loss 
of a case that might otherwise have been won. Moreover, internal company use of the 
work is easier and more efficient if all aspects of the work have been carefully docu-
mented and substantiated by data and theory.

Each industrial company, consulting firm, government agency, and university has 
established standards for presenting technical information. These standards vary slightly, 
but all fall into a basic pattern, which we will discuss. Each organization expects its 
employees to follow its standards. Details can be easily modified in a particular situation 
once you are familiar with the general pattern that exists in all of these standards.

It is not possible to specify a single problem layout or format that will accommo-
date all types of engineering solutions. Such a wide variety of solutions exist that the 
technique used must be adapted to fit the information to be communicated. In all cases, 
however, one must lay out a given problem in such a fashion that it can be easily grasped 
by the reader. No matter which technique is used, it must be logical and understandable.

We have listed guidelines for problem presentation. Acceptable layouts for prob-
lems in engineering also are illustrated. The guidelines are not intended as a precise 
format that must be followed but, rather, as a suggestion that should be considered and 
incorporated whenever applicable.

Two methods of problem presentation are typical in academic and industrial environ-
ments. Presentation formats can be either freehand or computer generated. As hardware 

eid53554_ch04_069-088.indd   73 14/12/21   3:14 PM

ISTUDY



74
Chapter 4
Engineering  
Solutions

on a team, you may need to utilize shared document software in order to  collaborate more 
effectively on a problem presentation (e.g., Google Docs, Dropbox, etc.).

If a formal report, proposal, or presentation is the choice of communication, a 
computer-generated presentation is the correct approach. The example solutions that 
are illustrated in Figures 4.1 through 4.4 include both freehand work and computer 
output. Check with your instructor to determine which method is appropriate for your 
assignments. Figure 4.1 illustrates the placement of information.

The following nine general guidelines should be helpful as you develop the 
freehand skills needed to provide clear and complete problem documentation. The 
first two examples, Figures 4.1, 4.2a, and 4.2b are freehand illustrations. The third 
example, Figures 4.3a, 4.3b, and 4.4 are computer generated with a word processor, and 
Figure 4.4 uses a spreadsheet for the computations and graphing.

These guidelines are most applicable to freehand solutions, but many of the ideas 
and principles apply to computer generation as well.

1. One common type of paper frequently used is called engineering problems paper. 
It is ruled horizontally and vertically on the reverse side, with only heading and 
margin rulings on the front. The rulings on the reverse side, which are faintly vis-
ible through the paper, help one maintain horizontal lines of lettering and provide 
guides for sketching and simple graph construction. Moreover, the lines on the 
back of the paper will not be lost as a result of erasures.

2. The completed top heading of the problems paper should include such information 
as name, date, course number, and sheet number. The upper right-hand block should 
normally contain a notation such as a/b, where a is the page number of the sheet and 
b is the total number of sheets in the set.

3. When using freehand presentation, work should ordinarily be done in pencil 
using an appropriate lead hardness (HB, F, or H) so that the line work is crisp 
and not smudged. Erasures should always be complete, with all eraser particles 
removed. Letters and numbers must be dark enough to ensure legibility when 
photocopies are needed.

4. When using freehand illustration, either vertical or slant letters may be selected as 
long as they are not mixed. Care should be taken to produce good, legible lettering 
but without such care that little work is accomplished.

5. Spelling should be checked for correctness. There is no reasonable excuse for 
incorrect spelling in a properly done problem solution.

6. Work must be easy to follow and not crowded. This practice contributes greatly 
to readability and ease of interpretation.

7. If several problems are included in a set, they must be distinctly separated, usually 
by a horizontal line drawn completely across the page between problems. Never 
begin a second problem on the same page if it cannot be completed there. Beginning 
each problem on a fresh sheet is usually better, except in cases when two or more 
problems can be completed on one sheet. It is not necessary to use a horizontal  
separation line if the next problem in a series begins at the top of a new page.

8. Diagrams that are an essential part of a problem presentation should be clear and 
understandable. You should strive for neatness, which is a mark of a professional. 
Often a good sketch is adequate, but using a straight edge or a simple graphic 
software tool can greatly improve the appearance and accuracy of a diagram. 
A little effort in preparing a sketch or computer drawing to approximate scale can 
pay great dividends when it is necessary to judge the reasonableness of an answer, 
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Figure 4.1

Elements of a problem layout.

In this example, no assumptions, diagram, or conclusions are needed.
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Figure 4.2a

Sample problem presentation done freehand.

In this example, no assumptions were necessary.
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Figure 4.2b

Sample problem presentation done freehand.
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Figure 4.3a

Sample problem presentation done with a word processor.

Date Engineering Name:__________________

Problem

A tank is to be constructed
that will hold 5.00 × 105 L when
filled. The shape is to be cylindrical,
with a hemispherical top. Costs to
construct the cylindrical portion will
be $300/m2, while costs for the
hemispherical portion are slightly
higher at $400/m2.

Find

Calculate the tank dimensions that will result in the lowest dollar cost.

Theory

Volume of cylinder is... Vc  = πR H2

Volume of hemisphere is... VH = 2 R 3

3

Surface area of cylinder is... SA c = 2 RH

Surface area of hemisphere is... SAH = 2 R 2

Assumptions

Tank contains no dead air space
Construction costs are independent of size
Concrete slab with hermetic seal is provided for the base
Cost of the base does not change appreciably with tank dimensions

Solution

1.  Express total volume in meters as a function of height and radius.

VTank = f (H, R)
= VC + VH

500 R2H+ 2 R3

3
Note: 1 m3 = 1 000 L

=

π

π

π

ππ

R

R

H
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Figure 4.3b

2. Express cost in dollars as a function of height and radius

C = C (H, R)

    = 300 (SAC ) + 400 ( SAH )

    = 300 (2πRH ) + 400 (2π R2)

Note: Cost figures are exact numbers

3. From part 1 solve for H = H (R)

H = 500
R2

– 2R
3

4. Solve cost equation, substituting H = H (R)

C = 300 2πR 500
πR2 – 2R

3
+ 400 (2πR2)

C = 300 000
R

+ 400 R2

5. Develop a table of cost versus
radius and plot graph.

6. From graph select minimum cost.
R = 5.00 m
C = 91 000

7.  Calculate H from part 3 above

9.  Discussion/Conclusion: The minimum 
cost for the tank is found when the radius is 
5.0 m and the height is 3.0 m. The height cost 
is found between a radius of 1.0 m and 2.0 m.

H = 3.033 m

8.  Verification/check of results 
from the calculus:

dC
dR

= d
dR

300 000
R

+ 400 R2

= –300 000
R2 + 800 R = 0

R3   = 300 000
800

R   =  4.92 m

Radius, R, m Cost, C, $
Cost versus Radius

1.0 301 257
2.0 155 027
3.0 111 310
4.0 95 106
5.0 91 416
6.0 95 239
7.0 104 432
8.0 117 925
9.0 135 121

10.0 155 664

π

π

π

π

π

4.0 6.0 8.0 10.0
0

50 000
100 000
150 000

200 000
250 000
300 000
350 000

Radius, R, m

C
os

t, 
C

, $

Tank Cost Analysis

0.0 2.0

79
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Presentation
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Figure 4.4

Sample problem presentation done with a spreadsheet.

Date: 10-14-xx ENGR 160 John Q. Public

Problem 3-5

Analyze the buckling load for steel columns ranging from 50 to 100 ft long in increments of 5 ft.
The cross-sectional area is 7.33 in2, the least radius of gyration is 3.19 in. and modulus of elasticity is 30 × 106 lb/in2.
Plot the buckling load as a function of column length for hinged ends and fixed ends.

Theory

Euler's equation gives the buckling load for a slender column.

where

FB = buckling load, lb
E = modulus of elasticity, lb/in2 3.00E+07
A = cross-sectional area, in2 7.33
L = length of column, in.
r = least radius of gyration, in. 3.19
The factor n depends on the end conditions: If both ends are hinged, n = 1;
if both ends are fixed, n = 4; if one end is fixed and the other is hinged, n = 2

Assumption: The columns being analyzed meet the slenderness criterion for Euler's equation

Solution

 Length, ft Buckling load (fixed), lb Buckling load (hinged), lb
 50 245 394 61 348
 55 202 805 50 701
 60 170 412 42 603
 65 145 204 36 301
 70 125 201 31 300
 75 109 064 27 266
 80 95 857 23 964
 85 84 911 21 228
 90 75 739 18 935
 95 67 976 16 994
 100 61 348 15 337

  nπ2 EA
FB =
  (L/r)2

Column Buckling Load

3.0E+05

2.5E+05

2.0E+05

1.5E+05

1.0E+05

5.0E+04

0.0E+00
40 50 60 70 80 90 100

Fixed Hinged

Length, L, ft

Lo
ad

, F
B,

 lb

Discussion: The buckling load
decreases with length for end
conditions. The buckling load for 
the fixed ends condition is always
higher, but becomes closer to the 
hinged condition with increased
length.
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9. The proper use of symbols is always important, particularly when the 
International System (SI) of Units is used. It involves a strict set of rules that 
must be followed so that absolutely no confusion of meaning can result. There 
also are symbols in common and accepted use for engineering quantities that 
can be found in most engineering handbooks. These symbols should be used 
whenever possible. It is important that symbols be consistent throughout a solu-
tion and that they are all defined for the benefit of the reader and for your own 
reference.

The physical layout of a problem solution logically follows steps that are similar to 
those of the engineering method. You should attempt to present the process by which 
the problem was solved, in addition to the solution, so that any reader can readily 
understand all the aspects of the solution. Figure 4.1 illustrates the placement of the 
information.

Figures 4.2a, 4.2b, 4.3a, 4.3b, and 4.4 are examples of typical engineering problem 
solutions. You may find these examples to be helpful guides as you prepare your prob-
lem presentations.

Problems

4.1 The Cartesian components of a vector B are shown in Figure 4.5. If Bx = 7.2 m and 
Δ = 35°, find α, By, and B.

4.2 Refer to Figure 4.5. If α = 51° and By = 4.9 km, what are the values of Δ, Bx, and B?
4.3 In Figure 4.6, side YZ is 1.0 × 106 m. Determine the length of side XZ.
4.4 Calculate the length of side AB in Figure 4.7 if side AC = 3.6 × 103 m.

Figure 4.5

Bx

By

Δ

α
B
–

Figure 4.6

X

Y

22°

25°
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4.5 The vector C in Figure 4.8 is the sum of vectors A and B. Assume that vector B is hori-
zontal. Given that α = 31°, β = 22°, and the magnitude of B = 29 m, find the magnitudes 
and directions of vectors A and C.

4.6 Vector R in Figure 4.9 is the difference between vectors T and S. If S is inclined at 25° 
from the vertical and the angle between S and T is 35°, calculate the magnitude and direc-
tion of vector R. The magnitudes of S and T are 21 cm and 38 cm, respectively.

4.7 An aircraft has a glide ratio of 12 to 1. (Glide ratio means that the plane drops 1 m in 
each 12 m it travels horizontally.) A building 45 m high lies directly in the glide path to 
the runway. If the aircraft clears the building by 12 m, how far from the building does the 
aircraft touch down on the runway?

Figure 4.7

Figure 4.8

Figure 4.9

A

C

B
23°31°

α

β

A
C

B–

–
–

R

T

S

–

–

–
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4.8 A pilot of an aircraft knows that the vehicle in landing configuration will glide 2.0 × 101 km 
from a height of 2.00 × 103 m. A TV transmitting tower is located in a direct line with the 
local runway. If the pilot glides over the tower with 3.0 × 101 m to spare and touches down 
on the runway at a point 6.5 km from the base of the tower, how high is the tower?

4.9 A simple roof truss design is shown in Figure 4.10. The lower section, VWXY, is made 
from three equal length segments. UW and XZ are perpendicular to VT and TY, respec-
tively. If VWXY is 2.0 × 101 m and the height of the truss is 2.5 m, determine the lengths 
of XT and XZ.

4.10 An engineer is required to survey a nonrectangular plot of land but is unable to measure 
side UT directly due to a water obstruction (see Figure 4.11). The following data are taken: 
RU = 130.0 m, RS = 120.0 m, ST = 90.0 m, angle RST = 115°, and angle RUT = 100°. 
Calculate the length of side UT and the area of the plot.

4.11 A park is being considered in a space between a small river and a highway as a rest stop 
for travelers (see Figure 4.12). Boundary BC is perpendicular to the highway and boundary 
AD makes an angle of 75° with the highway. BC is measured to be 160.0 m, AD is 270.0 m, 
and the boundary along the highway is 190.0 m long. What are the length of side AB and 
the magnitude of angle ABC?

Figure 4.10

U Z

V W X Y

T

Figure 4.11

T

R

S

U

Obstruction
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4.12 D, E, F, and G in Figure 4.13 are surveyed points in a land development on level terrain so 
that each point is visible from each other. Leg DG is physically measured as 500.0 m. The 
angles at three of the points are found to be: angle GDE = 55°, angle DEF = 92°, angle 
FGD = 134°. Also, angle DGE is measured at 87°. Compute the lengths of DE, EF, FG, 
and EG.

4.13 The height of an inaccessible mountain peak, C, in Figure 4.14 must be estimated. 
Fortunately, two smaller mountains, A and B, which can be easily scaled, are located near 
the higher peak. To make matters even simpler, the three peaks lie on a single straight line. 
From the top of mountain A, altitude 2.000 × 103 m, the elevation angle to C is 12.32°. 
The elevation of C from mountain B is 22.73°. Mountain B is 1.00 × 102 m higher than A. 
The straight line (slant) distance between peaks A and B is 3.000 × 103 m. Determine the 
unknown height of mountain C.

4.14 A narrow belt is used to drive a 20.00 cm diameter pulley from a 35.00 cm diameter pul-
ley. The centers of the two pulleys are 2.000 m apart. How long must the belt be if the 
pulleys rotate in the same direction? In opposite directions?

4.15 A motorcycle sprocket on the rear wheel has a diameter of 15 cm, and the driver sprocket 
has a diameter of 5.0 cm. The driver sprocket shaft and rear axle are 75 cm apart. What is 
the minimum chain length for this application?

Figure 4.12

A

B

D

75°

C

Figure 4.13

D

G

F

E
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4.16 A block of metal has a 90° notch cut from its lower surface. The notched part rests on a 
circular cylinder of diameter 2.0 cm, as shown in Figure 4.15. If the lower surface of the 
part is 1.3 cm above the base plane, how deep is the notch?

4.17 A 1.00 cm diameter circular gauge block is used to measure the depth of a 60° notch in a 
piece of tool steel. The gauge block extends a distance of 4.7 mm above the surface. How 
deep is the notch? See Figure 4.16.

4.18 An aircraft moves through the air with a relative velocity of 3.00 × 102 km/h at a heading 
of N30°E. In a 35 km/h wind from the west,
(a) Calculate the true ground speed and heading of the aircraft.
(b) What heading should the pilot fly so that the true heading is N30°E?

4.19 To cross a river that is 1 km wide, with a current of 6 km/h, a novice boat skipper holds 
the bow of the boat perpendicular to the far riverbank, intending to cross to a point directly 
across the river from the launch point. At what position will the boat actually contact 
the far bank? What direction should the boat have been headed to actually reach a point 

Figure 4.14

A B C

Figure 4.15

1.3 cm Base
plane

×

2.0 cm
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4.20 What heading must a pilot fly to compensate for a 125 km/h west wind to have a ground 
track that is due south? The aircraft cruise speed is 6.00 × 102 km/h. What is the actual 
ground speed?

4.21 A tooling designer is designing a jig that will insert pins into the flip-up handles of a cof-
feemaker. The bin to hold the pins should hold enough pins for 3 h of work before reload-
ing. The engineering estimate for the rate of inserting the pins is 300/h. The pin diameter is 
0.125 in. Because of space constraints, the bin must be designed as shown in Figure 4.17. 
The bin can be only the width of one pin. What is the minimum height that the bin should 
be if there is 0.250 in. at the top when it has been filled with the required number of pins?

4.22 Two friends are planning to go on RAGBRAI (Register’s Annual Great Bike Ride Across 
Iowa) next year. One is planning to ride a mountain bicycle with 26 in. tires, and the other 
has a touring bicycle with 27 in. tires. A typical RAGBRAI is about 480 mi long.
(a)  How many more revolutions will the mountain bike tires make in that distance than 

the touring bike?
(b)  Typical gearing for most bicycles ranges from 30 to 50 teeth on the chain wheel (front 

gears) and 12 to 30 teeth on the rear cog. Find how many more revolutions of the pedals 
the mountain biker will make during the trip, using an average pedaling time of 85 percent 

Figure 4.16

4.7 mm

1 c
m

Figure 4.17

1.000ʺ

45°

0.150ʺ
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(c)  If both cyclists have 170 mm cranks on their bikes, what will be the mechanical advantage 
(considering only the movement of the feet with a constant force for walking and riding), 
in percent, that each rider will have achieved over walking the same distance? (This can 
be found by dividing the distance walked by the distance the feet move in riding.)

4.23 An engineer has been given the assignment of finding how much money can be saved over 
a year’s time by redesigning the press plates from the pattern shown in Figure 4.18a to 
the pattern shown in Figure 4.18b for stamping out 2.400 in. diameter disks. The stamping 
material is 14-gauge sheet metal and can be purchased in 100 ft rolls in varying widths in 
0.5 in. increments. One square foot of metal weighs 3.20 lb. The metal is sold for $0.20/lb. 
Do not consider the ends of the rolls. The company expects to produce 38 000 parts this 
year. How much can be saved?

4.24 Sally is making a sine bar, which is used to machine angles on parts (see Figure 4.19). 
She has a 1.250 in. thick bar that needs 90° grooves machined into it for precision ground 
1.0000 in. diameter cylinders. A sine bar is used by placing different thicknesses under one 
of the cylinders so that the proper angle is attained. Sally wants the distance between the 
centers of the cylinders to be 5.000 in.
(a)  How deep should she mill the 90° grooves so that the top of the sine block is 2 in. tall?
(b)  Once her sine block is finished, she wants to mill a 22.5° angle on a brass block. What 

thickness of gage blocks will produce this angle for this sine plate?
4.25 Standing at the edge of the roof of a tall building, you throw a ball upward with a velocity 

of 15 m/s (meters per second). The ball goes straight up and begins its downward descent 
just missing the edge of the building. The building is 40 m tall.
(a) What is the velocity of the ball at its uppermost position?
(b) How high above the building does the ball go before beginning its descent?
(c) What is the velocity of the ball as it passes the roof of the building?
(d) What is the speed of the ball just before it hits the ground?
(e) How long does it take for the ball to hit the ground after leaving your hand?

Figure 4.18

Material
movement

(a) (b)

Figure 4.19

1.0000 Ø

5.000

x
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4.26 A stuntwoman is going to attempt a jump across a canyon 74 m wide. The ramp on the 
far side of the canyon is 25 m lower than the ramp from which she will leave. The takeoff 
ramp is built with a 15° angle from horizontal.
(a)  If the stuntwoman leaves the ramp with a velocity of 28 m/s, will she make the jump?
(b) How many seconds will she be in the air?

4.27 An engineering student has been given the assignment of designing a hydraulic holding 
system for a hay-baling system. The system has four cylinders with 120  mm diameter 
pistons with a stroke of 0.320 m. The lines connecting the system are 1 cm id (inside diam-
eter). There are 15.5 m of lines in the system. For proper design, the reserve tank should 
hold a minimum of 50 percent more than the amount of hydraulic fluid in the system. If 
the diameter of the reserve tank is 30.48 cm, what is the shortest height it should be?

4.28 The plant engineer for a large foundry has been asked to calculate the thermal efficiency 
of the generating plant used by the company to produce electricity for the aluminum 
melting furnaces. The plant generates 545.6 GJ of electrical energy daily. The plant burns 
50 t (tons) of coal a day. The heat of combustion of coal is about 6.2 × 106 J/kg (joules/
kilogram). What was the answer? (Efficiency = W/Jheat)

4.29 Using these three formulas

V = IR   R = (ρL)/A   A = π(0.5d )2

 find the difference in current (I) that a copper wire (ρ = 1.72 × 10−8 Ω · m) can carry over 
an aluminum wire (ρ = 2.75 × 10−8 Ω · m) with equal diameters (d) of 0.5 cm and a length 
(L) of 10 000 m carrying 110 V (volts).

4.30 The light striking a pane of glass is refracted as shown in Figure 4.20. The law of refraction 
states that na sin θa = nb sin θb, where na and nb are the refractive indexes of the materi-
als through which the light is passing and the angles are from a line that is normal to the 
surface. The refractive index of air is 1.00. What is the refractive index of the glass?

Figure 4.20

38°

23°
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C H A P T E R  5

Representation of Technical 
Information*

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Recognize the importance of collecting, recording, plotting, and interpreting 
technical data for engineering analysis and design

 ◾ Put into practice methods for graphical presentation of scientific data and 
graphical analysis of plotted data

 ◾ Develop the ability to graph data using uniform and nonuniform scales
 ◾ Apply methods of selected points and least squares for determining the equation 

that gives the best-fit line to the given data
 ◾ Determine the most appropriate family of curves (linear, power, or exponential) 

that gives the best fit to the given data

5.1 Introduction

This chapter begins with an example of an actual freshman engineering student team 
project. This team consisted of aerospace, electrical, and mechanical engineering stu-
dents who were assigned to find how temperature and pressure varied with altitude 
in the atmosphere. The team was not given specific instructions as to how this might 
be accomplished, but once the information had been collected, they were expected to 
record, plot, and analyze the data.

After a bit of research, the team decided to request a university-owned plane that 
was equipped with the latest Rockwell Collins avionics gear, and since it was a class 
assignment, they asked if the university’s Air Flight Service would consider helping 
them conduct this experiment free of charge. Because the pilots do periodic mainte-
nance flights, they agreed to allow the students to ride along.

Using the plane’s sophisticated data-acquisition equipment, the students were able 
to collect and record the data needed for the assignment (see Table 5.1) along the flight 
path as the plane ascended to 12 000 feet. They decided that one would record, one 
would make temperature readings, and the third would make pressure readings.

When the students returned to the hangar, they made a freehand plot (with straight-
edge) of the collected information (see Figure 5.1).

*Users will find Appendices A and G useful reference material for this chapter.
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Since the plot demonstrated linear results, the students returned to campus to pre-
pare the required report, including an analysis of the data collected.

They decided the written report should include a computer-generated table, a 
computer-generated plot of the data, and a computer-generated least-squares curve fit 
to determine the mathematical relationship between the variables.

Table 5.2 shows the computer-generated table prepared after the students returned 
to campus. This could have been done with word processing, spreadsheet, or other com-
mercially available software packages.

Figures 5.2 and 5.3 show how spreadsheet applications can be powerful and 
convenient for plotting once the fundamentals of good graph construction are under-
stood. Figure 5.2 is an example of a Microsoft Excel spreadsheet using a scatter plot 
with each data point connected with a straight line. Figure 5.3 is an example of a scat-
ter plot with only the data points plotted. A trendline is then applied using the method 
of least squares with the equation of the line included. Further discussion of the use of 
the trendline/method of least squares will occur later in this chapter, with more details 
given in the chapter on statistics.

Table 5.2

Height, H, ft Temperature, T, °F Pressure, P, lbf/in2

 0 59 14.7
 1 000 55 14.2
 2 000 52 13.7
 3 000 48 13.2
 4 000 44 12.7
 5 000 41 12.2
 6 000 37 11.8
 7 000 34 11.3
 8 000 30 10.9
 9 000 27 10.5
 10 000 23 10.0
 11 000 19 9.7
 12 000 16 9.3

Table 5.1

eid53554_ch05_089-124.indd   90 13/12/21   7:12 PM

ISTUDY



91
IntroductionFigure 5.1

Freehand plot of how temperature and pressure vary with altitude.
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Figure 5.2
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Figure 5.3
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This chapter contains examples and guidelines as well as helpful information that 
will be needed when collecting, recording, plotting, and interpreting technical data. 
Two processes are (1) graphical presentation of scientific data and (2) graphical analy-
sis of plotted data.

Humans find it difficult to observe relationships among data shown in a table. We 
are much better at understanding relationships when the data are put into a graphical or 
pictorial format. We can immediately recognize the form of the relationship between 
two data sets (for example) when they are plotted on a graph. We can see whether the 
relationship is linear (straight line) or curved in some fashion. Perhaps we can even 
determine that the relationship appears to be in the form of a sine wave or a parabolic 
curve. Sometimes, just the impression of how the data relate is enough. More often, 
though, we need to obtain an equation that relates one variable to the other.

We have at our disposal computers and software that can make the production of 
a graph easy to accomplish and can help us to determine the relationship between vari-
ables in equation form. Much of this chapter is devoted to learning about engineering 
standards for graph production and methods for producing equations between variables 
that have been presented on a graph.

5.1.1 Software for Recording and Plotting Data

Data are recorded in the field as shown in Table 5.1. A quick freehand plot of the data 
is produced to provide a visual impression of the results while still in the field (see 
Figure 5.1). This allows you to obtain corrected or additional data if the quick plot sug-
gests it is needed. Alternatively, the data could be entered into a laptop computer or a 
smartphone and processed initially in the field.

Upon returning to the laboratory, however, spreadsheet software, such as Excel, 
provides enormous recording and plotting capability. The data are entered into the com-
puter, and by manipulation of software options, both the data and a graph of the data 
can be configured, stored, and printed (Table 5.2 and Figures 5.2 and 5.3).

Programs such as TK Solver, MATLAB, Mathcad, and many others provide a 
range of powerful tools designed to help analyze numerical and symbolic operations as 
well as to present a visual image of the results.

Software is also widely available to provide methods of curve fitting once the data 
have been collected and recorded.

Even though it is important for the engineer to interpret, analyze, and communicate 
different types of data, it is not practical to include in this chapter all forms of graphs 
and charts that may be encountered. For that reason, popular-appeal or advertising 
charts such as bar charts, pie diagrams, and distribution charts, although useful to the 
engineer, are not discussed here.

Even though commercial software is very helpful during the presentation and 
analysis process, the results are only as good as the original software design and its use 
by the operator. Some software provides a wide range of tools but only allows limited 
data applications and minimal flexibility to modify default outputs. Other software pro-
vides a high degree of in-depth analysis for a particular subject area with considerable 
latitude to adjust and modify parameters.

Inevitably, the computer together with its array of software will continue to provide 
an invaluable analysis tool. However, it is absolutely essential that you be knowledge-
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You need to understand the software’s limitations and accuracies, but above all you 
must know what plotted results are needed and what the engineering standards are for 
producing them.

For this reason, the sections that follow are a combination of manual collection, 
recording, plotting, and analysis together with computer-assisted collection, recording, 
plotting, and analysis. Once you have a good understanding and visualization of manual 
manipulation of data, then computer assisted plotting and analysis will be much more 
useful and the end results more accurate.

5.2 Collecting and Recording Data

5.2.1 Manual Entry

Modern science was founded on scientific measurement. Meticulously designed experi-
ments, carefully analyzed, have produced volumes of scientific data that have been 
collected, recorded, and documented. For such data to be meaningful, however, certain 
procedures must be followed. Field books or data sheets should be used to record all 
observations. Information about equipment, such as the instruments and experimental 
apparatus used, should be recorded. Sketches illustrating the physical arrangement of 
equipment can be very helpful. Under no circumstances should observations be recorded 
elsewhere or data points erased. The data sheet or field book is the “notebook of original 
entry.” If there is reason for doubting the value of any entry, it may be canceled (i.e., 
not considered) by drawing a line through it. The cancellation should be done in such 
a manner that the original entry is not obscured in case you want to consider it later.

As a general rule it is advantageous to make all measurements as carefully as time 
and the economics of the situation allow. Errors can enter into all experimental work 
regardless of the amount of care exercised.

It can be seen from what we have just discussed that the analysis of experimental 
data involves not only measurements and collection of data but also careful documenta-
tion and interpretation of results.

Experimental data once collected are normally organized into some tabular 
form, which is the next step in the process of analysis. Data, such as that shown in 
Table 5.1, should be carefully labeled and neatly lettered so that the data are not 
misunderstood. This particular collection of data represents atmospheric pressure 
and temperature measurements recorded at various altitudes by students during a 
flight in a light aircraft.

Although the manual tabulation of data is frequently a necessary step, you will 
sometimes find it difficult to visualize a relationship between variables when simply 
viewing a column of numbers. Therefore, a most important step in the sequence from 
collection to analysis is the construction of appropriate graphs or charts.

5.2.2 Computer-Assisted Techniques

A variety of equipment has been developed that will automatically sample experi-
mental data for analysis. We expect to see expansion of these techniques along with 
visual displays that will allow us to interactively control the experiments. As an 
example, the flight data collected onboard the aircraft could be entered directly into 
a laptop computer through digital interfaces with the flight instruments and then 
printed as in Table 5.2.
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5.3 General Graphing Procedures

Many examples that appear throughout this chapter illustrate various methods of graphi-
cal presentation.

It is unlikely that with present-day computer and software technology, many engi-
neers will plot manual solutions using purchased graph paper. However, it is very help-
ful during the learning process to carefully review all the steps presented below. Once 
you understand the mechanical process, it will be much easier to carefully check and 
modify computer output.

1. Select the type of graph paper (rectangular [also known as rectilinear], semilog, 
log-log) and grid spacing for best representation of the given data.

2. Choose the proper location of the horizontal and vertical axes on the graph paper.
3. Determine the scale units (range) for each axis to display the data appropriately.
4. Graduate and calibrate the axes using the 1, 2, 5 rule. (See Section 5.3.3.)
5. Identify each axis completely.
6. Plot points and use permissible symbols.
7. Check any point that deviates from the slope or curvature of the line.
8. Draw the line, the curve, or curves.
9. Identify each line or curve, add title, and include other necessary notes.

10. Darken lines for good reproduction.

5.3.1 Graph Paper

Printed coordinate graph paper is commercially available in various sizes with a variety 
of grid spacing. Rectangular ruling can be purchased in a range of lines per inch or lines 
per centimeter, with an overall paper size of 8.5 × 11 in. most typical.

Closely spaced coordinate ruling is generally avoided for results that are to be 
printed or photoreduced. However, for accurate engineering analyses requiring some 
amount of interpolation, data are normally plotted on closely spaced, printed coordinate 
paper. Graph paper is available in a variety of colors, weights, and grades. Translucent 
paper can be used when the reproduction system requires a material that is not opaque.

If the data require the use of log-log or semilog paper, such paper can also be 
purchased in different formats, styles, weights, and grades. Both log-log and semilog 
grids are available from 1 to 5 cycles per axis. (A later section will discuss different 
applications of log-log and semilog paper.) Examples of commercially available log and 
semilog paper are given in Figures 5.4a and 5.4b.

5.3.2 Axes Location and Breaks

The axes of a graph consist of two intersecting straight lines. The horizontal axis, nor-
mally called the x-axis, is the abscissa. The vertical axis, denoted by the y-axis, is the 
ordinate. Common practice is to place the independent variable values along the abscis-
sa and the dependent variable values along the ordinate, as illustrated in Figure 5.5.

It is not always clear which variable is the independent variable and which is the 
dependent variable. You can think in terms of an experiment where one variable is set 
(independent variable) and another is determined (dependent variable). For example, in 
a test of an electrical circuit, if the voltage is set it is the independent variable and if the 
current is read from an instrument as a result of this voltage setting it is the dependent 
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Figure 5.4

Commercial graph paper.

Figure 5.5

Ordinate, or y axis
Dependent variable

Abscissa, or x axis
Independent variable

Abscissa (x ) and ordinate ( y ) axes.
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Figure 5.6
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the value of the variable you set along the horizontal axis (independent variable) and 
read the value of the other (dependent variable) from the curve using the vertical axis.

Sometimes mathematical graphs contain both positive and negative values of the 
variables. This necessitates the division of the coordinate field into four quadrants, as 
shown in Figure 5.6. Positive values increase toward the right and upward from the origin.

On any graph, a full range of values is desirable, normally beginning at zero and extend-
ing slightly beyond the largest value. To avoid crowding, one should use the entire coordi-
nate area as completely as possible. However, certain circumstances require special con-
sideration to avoid wasted space. For example, if values plotted along the axis do not range 
near zero, a “break” in the grid or the axis may be used, as shown in Figures 5.7a and 5.7b.
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When judgments concerning relative amounts of change in a variable are required, 
the axis or grid should not be broken or the zero line omitted, with the exception of 
time in years, such as 2016, 2017, and so on, because that designation normally has 
little relation to zero.

Since most commercially prepared grids do not include sufficient border space for 
proper labeling, the axes should preferably be placed 20 to 25 mm (approximately 1 in.) 
inside the edge of the printed grid to allow ample room for graduations, calibrations, 
axes labels, reproduction, and binding. The edge of the grid may need to be used on log 
scales because it is not always feasible to move the axis inside the grid. However, with 
careful planning, the vertical and horizontal axes can usually be repositioned.

5.3.3 Scale Graduations, Calibrations, and Designations

The scale is a series of marks, called graduations, laid down at predetermined dis-
tances along the axis. Numerical values assigned to significant graduations are called 
calibrations.

A scale can be uniform or linear, with equal spacing along the axis, as found on the 
metric or engineer’s scales. If the scale represents a variable whose exponent is not equal 
to 1 or a variable that contains trigonometric or logarithmic functions, the scale is called a 
nonuniform, or functional, scale. Examples of both these scales together with graduations 
and calibrations are shown in Figure 5.8. When you plot data, one of the most important 
considerations is the proper selection of scale graduations. A basic guide to follow is the 
1, 2, 5 rule, which only applies to uniform axes and can be stated as follows:

Scale graduations are selected so that the smallest division of the axis is a positive or 
negative integer power of 10 times 1, 2, or 5.

The justification and logic for this rule are clear. Graduation of an axis by this pro-
cedure allows better (more accurate) interpolation of data between graduations when 
plotting or reading a graph. Figure 5.9 illustrates both acceptable and unacceptable 
examples of scale graduations.

Violations of the 1, 2, 5 rule that are acceptable even for uniform axes involve cer-
tain units of time as a variable. Days, months, and years can be graduated and calibrated 
as illustrated in Figure 5.10.

Scale graduations follow a definite rule, but the number of calibrations included is 
a matter of good judgment. Each application requires consideration based on the scale 
length and range as well as the eventual use. Figure 5.11 demonstrates how calibrations 
can differ on a scale with the same range. Both examples obey the 1, 2, 5 rule, but as you 
can see, too many closely spaced calibrations make the axis difficult to read.

Figure 5.8

0 10 20 30 40 0 1 2 3 4 5 10

Nonuniform

(b)

Uniform

(a)

Graduations Calibrations

Scale graduations and calibrations.
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The selection of a scale deserves attention from another point of view. If the rate of 
change is to be depicted accurately, the slope of the curve should represent a true picture 
of the data. By compressing or expanding one of the axes, you could communicate an 
incorrect impression of the data. Such a procedure should be avoided. Figure 5.12 dem-
onstrates how the equation Y = X can be misleading if not properly plotted. Occasionally, 
distortion is desirable, but it should always be carefully labeled and explained to avoid 
misleading conclusions.

If plotted data consist of very large or small numbers, the SI prefix names (milli-, 

Figure 5.9
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Figure 5.11
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be plotted and calibrated consist of more than three digits, it is customary to use the 
appropriate prefix; an example appears in Figure 5.13.

The length scale calibrations in Figure 5.13 contain only two digits, but the scale 
can be read by understanding that the distance between the first and second graduation 
(0 to 1) is a kilometer; therefore, the calibration at 10 represents 10 km.

Certain quantities, such as temperature in degrees Celsius and altitude in meters, 
have traditionally been tabulated without the use of prefix multipliers. Figure 5.14 
depicts a procedure by which these quantities can be conveniently calibrated. Note in 
particular that the distance between 0 and 1 on the scale represents 1 000°C.

Figure 5.12
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Figure 5.13
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Figure 5.14
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The calibration of logarithmic scales is illustrated in Figure 5.15. Since log-cycle 
designations start and end with powers of 10 (i.e., 10−1, 100, 101, 102, etc.) and since 
commercially purchased paper is normally available with each cycle printed 1 through 
10, do not use the printed values as your calibrations. Instead, provide your own calibra-
tions and use the printed numbers as a reference to be sure you understand what each 
line of the grid represents. Since the axes are nonuniform, it is sometimes difficult to 
determine what each grid line represents without those printed numbers. Figures 5.15a 
and 5.15b demonstrate two preferred methods of calibration.

5.3.4 Axis Labeling

Each axis should be clearly identified. At a minimum, the axis label should contain 
the name of the variable, its symbol, and its units. Since time is frequently the inde-
pendent variable and is plotted on the x axis, it has been selected as an illustration in 
Figure 5.16. Scale designations should preferably be placed outside the axes, where 
they can be shown clearly. Labels should be lettered parallel to the axis and posi-
tioned so that they can be read from the bottom or right side of the page, as illustrated 
in Figure 5.21.

Figure 5.15

Calibration of log scales.

Figure 5.16
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5.3.5 Point-Plotting Procedure

Data can be described in one of three ways: as observed, empirical, or theoretical. 
Observed and empirical data points are usually located by various symbols, such as a 
small circle or square around each data point, whereas graphs of theoretical relations 
(equations) are normally constructed smooth, without the use of symbol designation. 
Figure 5.17 illustrates each type.

5.3.6 Curves and Symbols

On graphs prepared from observed data resulting from laboratory experiments, points 
are usually designated by various symbols (see Figure 5.18). If more than one curve 
is plotted on the same grid, several of these symbols may be used (one type for each 
curve). To avoid confusion, however, it is good practice to label each curve. When 
several curves are plotted on the same grid, another way they can be distinguished 
from each other is by using different types of lines, as illustrated in Figure 5.19. Solid 

Figure 5.17
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                      fitted to data. Data points may or may not
                      fall on the curve.

(c) Theoretical: Graph of an equation. Curves or lines
                         are smooth and without symbols. Every
                         point on the curve is a data point.

+
+

+

++

+

+

+
+

+

+

Plotting data points.
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Figure 5.18
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Symbols.

Figure 5.19

Line types.

lines are normally reserved for single curves, and dashed lines are commonly used for 
extensions; however, a different line type can be used for each separate curve. The line 
weight of plotted curves should be heavier than the grid ruling.

A key, or legend, should be placed in an available portion of the grid, preferably 
enclosed in a border, to define point symbols or line types that are used for curves. 
Remember that the lines representing each curve should never be drawn through the sym-
bols, so that the precise point is always identifiable. Figure 5.20 demonstrates the use of a 
key and the practice of breaking the line at each symbol.

5.3.7 Titles

Each graph must be identified with a complete title. The title should include a clear, 
concise statement of the data represented, along with items such as the name of the 
author, the date of the experiment, and any and all information concerning the plot, 
including the name of the institution or company. Titles may be enclosed in a border.

All lettering, the axes, and the curves should be sufficiently bold to stand out on the 
graph paper. Letters should be neat and of standard size. Figure 5.21 is an illustration 
of plotted experimental data incorporating many of the items discussed in the chapter.

5.3.8 Computer-Assisted Plotting

Several types of software are available to produce graphs (e.g., Mathcad, MATLAB, TK 
Solver, Excel, and many others). The quality and accuracy of these computer-generated 
graphs vary depending on the sophistication of the software as well as on the plotter 
or printer employed. Typically, the software will produce an axis scale graduated and 
calibrated to accommodate the range of data values that will fit the paper. This may or 
may not produce a readable or interpretable scale. Therefore, it is necessary to apply 
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Figure 5.20
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Figure 5.21

Necessary steps to follow when
manually plotting a graph:
1. Select the type of graph paper
(rectilinear, semilog, log-log) and grid
spacing for best representation of the
given data.

2. Choose the proper location of the
horizontal and vertical axes.

3. Determine the scale units (range) for
each axis to display the data appropriately.

4. Graduate and calibrate the axes using

the 1, 2, 5 rule.

5. Identify each axis completely.

6. Plot points using permissible symbols.

7. Check any point that deviates from the
slope or curvature of the line.

8. Draw the curve or curves.

9. Identify each curve, add title, and
necessary notes.

10. Darken lines for good reproduction.

Sample plot.
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needed scale readability, it may be necessary to specify the scale range to achieve an 
appropriate scale graduation, since this option allows greater control of the scale drawn.

Computer-produced graphs with uniform scales may not follow the 1, 2, 5 rule, 
particularly because the software plots the independent variable based on the data 
collected. If the software has the option of separately specifying the range—that is, 
plotting the data as an X-Y scatter plot—you will be able to achieve scale graduations 
and calibrations that do follow the 1, 2, 5 rule, making it easier to read values from the 
graph. The hand-plotted graph that was illustrated in Figure 5.21 is plotted using Excel 
with the results shown in Figure 5.22 using an X-Y scatter plot with a linear curve fit 
and the equation of the line using the method of least squares (see Section 5.6).

5.4 Empirical Functions

Empirical functions are generally described as those based on values obtained by 
experimentation. Since they are arrived at experimentally, equations normally avail-
able from theoretical derivations are not always available. However, mathematical 
expressions can be modeled to fit experimental data, and it is possible to classify 
many empirical results into one of four general categories: (1) linear, (2) exponential,  
(3) power, or (4) periodic.

A linear function, as the name suggests, will plot as a straight line on uniform 
rectangular coordinate paper. Therefore, when experimental data is a straight line or a 
close approximation to a straight line, the relationship of the variables can be expressed 
by a linear equation, such as y = mx + b.

Correspondingly, exponential functions, when plotted on semilog paper, will be 
linear. Why? Because the basic form of the equation is y = bemx, all we do is take the log 

Figure 5.22
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Necessary steps to follow when using a
computer-assisted alternative:
1.  Input via keyboard or import data
into spreadsheet.
2.  Select independent (x axis) and
dependent variable(s).
3.  Select appropriate graph (style or type)
from menu.
4.  Produce trial plot with default
parameters.
5.  Examine (modify as necessary) origin,
range, graduation, and calibrations:
Note, use the 1, 2, 5 rule.
6.  Label each axis completely.
7.  Select appropriate plotting-point
symbols and legend.
8.  Create complete title.
9.  Examine plot and store the data.
10.  Plot or print the data.

0 1 2 3 4

V = 10.1t + 5.3

Excel spreadsheet hard copy of data displayed in Figure 5.21.
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Alternatively, using natural logarithms, the equation becomes ln y = mx + ln b because 
ln e = 1. This data is plotted on semi-log paper. The independent variable x is plotted 
on the abscissa, and the dependent variable y is plotted on the functional ln (natural 
log) scale as ln y.

The power equation has the form of y = bx m. Written in log form, it becomes  
log y = m log x + log b. This equation will plot as a straight line on log-log paper because 
the log of the independent variable x is plotted against the log of the dependent variable y.

The periodic type, often seen in alternating current, for example, is not covered in 
this text.

When the data represent experimental results and a series of points are plotted to 
represent the relationship between the variables, it is unlikely that a straight line can be 
constructed through every point because some error (instruments, readings, recordings) 
is inevitable. If all points do not lie on a straight line, an approximation technique or 
averaging method may be used to arrive at the best possible fit. This method of straight-
line approximation is called curve fitting.

5.5 Curve Fitting

Different methods or techniques are available to arrive at the best “straight-line” fit. 
Two methods commonly employed for finding the best fit are

1. Method of selected points
2. Method of least squares

The most accurate method, least squares, is discussed in more detail in the chapter 
on statistics. However, several examples are presented in this chapter to demonstrate 
correct methods for plotting technical data using both the method of selected points and 
the method of least squares.

5.6 Method of Selected Points and Least Squares

The method of selected points is a valid method of determining the equation that best 
fits data that exhibit a linear relationship. Once the data have been plotted and you have 
decided that a linear equation would be a good fit, a line is positioned that appears to best 
fit the data. This is most often accomplished by visually selecting a line that goes through 
as many data points as possible and has approximately the same number of data points 
on either side of the line.

Once the line has been drawn, two points, such as A and B, are selected on the 
line and at a reasonable distance apart (the further apart the better). The coordinates of 
both points A(X1, Y1) and B(X2, Y2) must satisfy the equation of the line because both 
are points on the line.

The method of least squares is a more accurate approach that will be illustrated as 
computer-assisted examples in most problems that follow. The method of least squares 
is a most appropriate technique for determination of the best-fit line. You should under-
stand that the method presented represents a technique called linear regression and 
is valid only for linear relationships. The technique of least squares can, however, be 
applied to power (y = bxm) and exponential (y = bemx) relationships as well as y = mx + b, 
if done correctly. The power function can be handled by noting that there is a linear 
relationship between log y and log x (log y = m log x + log b, which plots as a straight 
line on log-log paper). Thus, we can apply the method of least squares to the variables 
log y and log x to obtain parameters m and log b.
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The exponential function written in natural logarithm form is ln y = mx + ln b. 
Therefore, a linear relationship exists between ln y and x (this plots as a straight line 
on semilog paper). The next examples will demonstrate the use of the selected point 
method for linear, power, and exponential curves.

5.7 Empirical Equations: Linear

When experimental data plot as a straight line on rectangular grid paper, the equation 
of the line belongs to a family of curves whose basic equation is given by

y = mx + b (5.1)

where m is the slope of the line, a constant, and b is a constant referred to as the y 
intercept (the value of y when x = 0).

To demonstrate how the method of selected points works, consider the following 
example.

Example Problem 5.1 The velocity V of an experimental automobile is measured at 
specified time t intervals. Determine the equation of a straight line constructed through 
the points recorded in Table 5.3. Once an equation has been determined, velocities at 
intermediate values can be computed.

Procedure

1. Plot the data on rectangular paper. If the plotted points closely approximate a 
straight line (see Figure 5.23), the function is linear and the general equation  
is of the form

V = mt + b
 where m and b are constants.
2. Select two points on the line, A(t1, V1) and B(t2, V2), and record the value of these 

points. Points A and B should be reasonably separated. Points A and B are iden-
tified in Figure 5.23 for instructional reasons. They should not be shown on a 
completed graph that is to be displayed.

A(10, 60)
B(35, 165)

Table 5.3

Time t, s 0 5 10 15 20 25 30 35 40

Velocity V, m/s 24 33 62 77 105 123 151 170 188

3. Substitute the points A and B into V = mt + b.
Eq(1)   60 = m(10) + b
Eq(2)  165 = m(35) + b

4. The equations are solved simultaneously for the two unknowns.
m = 4.2
b = 18
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5. The equation of the line for this specific problem can be written as
V = 4.2t + 18

6. Using another point C(t3, V3), check for verification:

C(20, 102)
102 = 4.2(20) + 18
102 = 84 + 18 = 102

7. A computer-assisted alternate:
 The data set in Table 5.3 can also be entered into a spreadsheet, such as Excel, 

and the software will provide a more precise solution for the trend line. The com-
puter solution provides not only a graph of the data but also the best equation of 
the line by the method of least squares, and the coefficient of determination (R2), 
which is an indication of how well the equation represents the data. The closer 
the number is to 1.0, the better the fit.

5.8 Empirical Equations: Power Curves

When experimentally collected data are plotted on rectangular coordinate graph paper 
and the points do not form a straight line, you must determine which family of curves 
the line most closely approximates. If you have no idea as to the nature of the data, plot 

Figure 5.23
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if the data approximate a straight line. Consider the following familiar example. 
Suppose a solid object is dropped from a tall building. To anyone who has studied fun-
damental physics, it is apparent that distance and time should correspond to the general 
equation for a free-falling body (neglecting air friction): s = 1/2 gt2.

However, let’s assume for a moment that we do not know this relationship and that 
all we have is a table of values experimentally measured on a free-falling body.

Example Problem 5.2 A solid object is dropped from a tall building, and the values 
time versus distance are as recorded in Table 5.4.

Procedure

1. Make a freehand plot to observe the data visually (see Figure 5.24). From this 
quick plot, the data points are more easily recognized as belonging to a family of 
curves whose general equation can be written as

y = bxm (5.2)

Remember that before the method of selected points can be applied to determine the 
equation of the line, the plotted line must be straight because two points on a curved 
line do not uniquely identify the line. Mathematically, this general equation can be 
modified by taking the logarithm of both sides,

log y = m log x + log b, or ln y = m ln x + ln b

This equation suggests that if the logs of all table values of y and x were computed 
and the results plotted on rectangular paper, the line would likely be straight.

Realizing that the log of zero is undefined and plotting the remaining points that 
are recorded in Table 5.5 for log s versus log t, the results are shown in Figure 5.25.

Since the graph of log s versus log t does plot as a straight line, it is now possible 
to use the general form of the equation

log s = m log t + log b

and apply the method of selected points.
When reading values for points A and B from the graph, we must remember that the 

logarithm of each variable has already been determined and the values plotted.

A(0.2, 1.09)
B(0.6, 1.89)

Table 5.4

Time t, s Distance s, m

  0 0
  1 4.9
  2 19.6
  3 44.1
  4 78.4
  5 122.5
  6 176.4
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Points A and B can now be substituted into the general equation log s = m log t + 
log b and solved simultaneously.

1.89 = m(0.6) + log b
1.09 = m(0.2) + log b
m = 2.0
log b = 0.69, or
b = 4.9

Figure 5.24

Rectangular graph paper (freehand).

Table 5.5

Time t, s Distance s, m Log t Log s

 0 0  
 1 4.9 0.0000 0.6902
 2 19.6 0.3010 1.2923
 3 44.1 0.4771 1.6444
 4 78.4 0.6021 1.8943
 5 122.5 0.6990 2.0881
 6 176.4 0.7782 2.2465
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An examination of Figure 5.25 shows, the value of log b (0.69) can be read from 
the graph where log t = 0. This, of course, is where t = 1 and is the y intercept for log-
log plots.

The general equation can then be written as

s = 4.9t2.0

or
s = 1/2gt2,

where g = 9.8 m/s2

Note: One obvious inconvenience is the necessity of finding logarithms of each 
variable and then plotting the logs of these variables. This step is not necessary since 
functional paper is commercially available with log x and log y scales already con-
structed. Log-log paper allows the variables themselves to be plotted directly without 
the need of computing the log of each value.
2. An alternate method for the solution of this problem is as follows:

In the preceding part, once the general form of the equation is determined 
(Equation 5.2), the data can be plotted directly on log-log paper. Since the resulting curve 
is a straight line, the method of selected points can be used directly (see Figure 5.26).

The log form of the equation is again used:

log s = m log t + log b

Select points A and B on the line:

A(1.5, 11)
B(6, 175)

Figure 5.25
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Substitute the values into the general equation log s = m log t + log b, taking careful note 
that the numbers are the variables and not the logs of the variables.

log 175 = m log 6 + log b
log 11 = m log 1.5 + log b

Again, solving these two equations simultaneously results in the following approximate 
values for the constants b and m:

b = 4.897 8 ≅ 4.9
m = 1.995 7 ≅ 2.0

Identical conclusions can be reached:

s = 1/2 gt2

This time, however, one can use functional scales rather than calculate the log of 
each number.
3. A computer-assisted alternate:

The data set can be entered into a spreadsheet, and the software will provide an 
identical solution. Figure 5.27 illustrates software that provides a plot of data on rect-
angular paper, including the equation of the line. Figure 5.28 is an example of the data 
plotted on log-log paper with the software providing the equation.

Figure 5.26
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Figure 5.28
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Figure 5.27
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5.9 Empirical Equations: Exponential Curves

Suppose your data do not plot as a straight line on rectangular coordinate paper or the 
line is not approximately straight on log-log paper. Without experience in analyzing 
experimental data, you may feel lost about how to proceed. Normally, when experi-
ments are conducted, you have an idea as to how the parameters are related and you are 
merely trying to quantify that relationship. If you plot your data on semilog graph paper 
and it produces a reasonably straight line, then it has the general form

y = bemx (5.3)

Example Problem 5.3 Vehicle fuel consumption is recorded as shown in Table 5.6. 
Determine the best-fit equation for the data by the method of selected points and by the 
method of least squares.

Procedure
1. The data (Table 5.6) when plotted on semilog paper produce the graph shown as 

Figure 5.29. To determine the constants in the equation y = bemx, write it in linear 
form, either as

log y = mx log e + log b
or

ln y = mx + ln b

The method of selected points can now be employed for ln FC = mV + ln b (choosing 
the natural log form). Points A(15, 33) and B(65, 470) are carefully selected on the line, 
so they must satisfy the equation. Substituting the values of V and FC at points A and 
B, we get

ln 470 = 65m + ln b
and

ln 33 = 15m + ln b

Solving simultaneously for m and b, we have

m = 0.0529

Table 5.6

Velocity V, m/s Fuel Consumption (FC), mm3/s

 10 25.2
 20 44.6
 30 71.7
 40 115
 50 202
 60 367
 70 608
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Figure 5.29

Semilog paper.

and

b = 14.8

The desired equation then is determined to be FC = 15e(0.05V). This determination can 
be checked by choosing a third point, substituting the value for V, and solving for FC.
2. A computer-assisted alternate:

 The data set can be entered into a spreadsheet, and the software will provide an 
identical solution. Figure 5.30 illustrates software that provides a plot of data on 
rectangular paper, including the equation of the line. Figure 5.31 is an example of 
the data plotted on semilog paper with the software providing the equation.

Problems
5.1 The table shows data from a trial run on the Utah salt flats made by an experimental 

turbine-powered vehicle.

Time, t, s Velocity, V, m/s

10.0 15.1
20.0 32.2
30.0 63.4
40.0 84.5
50.0 118.0
60.0 139.0

(a) Plot the data on rectangular graph paper.
(b) Determine the equation of the line using the method of selected points.
(c) Determine the equation of the line using computer-assisted methods.
(d) Interpret the slope of the line.
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Figure 5.30
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Figure 5.31
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5.2 The table lists the values of velocity recorded on a ski jump in Colorado this past winter.

Time, t, s Velocity, V, m/s

1.0 5.3
4.0 18.1
7.0 26.9

10.0 37.0
14.0 55.2

(a) Plot the data on rectangular graph paper.
(b) Determine the equation of the line using the method of selected points.
(c) Determine the equation of the line using computer-assisted methods.
(d) Give the average acceleration.

5.3 Below is a collection of data for an iron-constantan thermocouple. Temperature is in 
degrees Celsius, and the electromotive force (emf) is in millivolts.
(a)  Plot the graph using rectangular graph paper with temperature as the independent variable.
(b) Using the method of selected points, find the equation of the line.
(c) Using computer-assisted methods, find the equation of the line.

Temperature, T, °C Voltage, emf, mV

50.0 2.6
100.0 6.7
150.0 8.8

200.0 11.2
300.0 17.0
400.0 22.5
500.0 26.0
600.0 32.5
700.0 37.7
800.0 41.0
900.0 48.0

1 000.0 55.2

5.4 There are design specifications for the minimum sight distance (distance to see an approach-
ing vehicle measured along the roadway from the intersection of the two roadways) that 
a driver stopped at a stop sign must have to safely enter a roadway where vehicles do not 
stop. Values in the table below are for safe entry to cross the roadway (not to turn onto the 
other roadway but to cross) where vehicles do not stop.

Major roadway design speed, DS, mph Sight distance, SD, ft

25 240
30 290
35 335
40 385
45 430
50 480
60 575
65 625
70 670
75 720

(a) Plot a graph with design speed as the independent variable.
(b)  
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(c)  Determine the equation of the relationship using computer-assisted methods.
(d) Predict the slight distance required at 55 mph.

5.5 A spring was tested in Chicago last Thursday. The test of the spring, X-19, produced the 
following data:

Deflection, D, mm Load, L, kN

2.25 35.0
12.0 80.0
20.0 120.0
28.0 160.0
35.0 200.0
45.0 250.0
55.0 300.0

(a)  Plot the data on rectangular graph paper and determine the equation that expresses the 
deflection to be expected under a given load. Use both the method of selected points 
and computer-assisted methods.

(b) Predict the load required to produce a deflection of 75 mm.
(c) What load would be expected to produce a deflection of 120 mm?

5.6 An Acme furnace was tested 45 days ago in your hometown to determine the heat generated, 
expressed in thousands of British thermal units per cubic foot of furnace volume at varying 
temperatures. The results are shown in the following table:

Heat released, H, 103 Btu/ft3 Temperature, T, °F

0.200 172
0.600 241
2.00 392
4.00 483
8.00 608

20.00 812
40.00 959
80.00 1 305

(a)  Plot the data on log-log paper with temperature as the independent variable.
(b)  Using the method of selected points, determine the equation that best fits the data.
(c)  Using computer-assisted methods, plot the graph and determine the equation of the line.

5.7 The capacity of a 20 cm screw conveyor that is moving dry corn is expressed in liters per 
second and the conveyor speed in revolutions per minute. A test was conducted in Rock 
Island, IL, on conveyor model JD172 last week. The results of the test are given below:

Capacity, C, L/s Angular velocity, V, r/min

3.01 10.0
6.07 21.0

15.0 58.2
30.0 140.6
50.0 245.0
80.0 410.0
110.0 521.0

(a)  Plot the data on log-log paper with angular velocity as the independent variable.
(b)  Determine the equation that expresses capacity as a function of angular velocity using 

the method of selected points.
(c) Repeat parts (a) and (b
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5.8 Electrical resistance for a given material can be a function of both area/unit thickness and 
material temperature. Holding temperature constant, a range of areas are tested to deter-
mine resistance. The measured resistance recorded in the table is expressed in milliohms 
per meter of conductor length.
(a)  Plot the data on rectangular graph paper with area as the independent variable.
(b) Plot the data on log-log graph paper with area as the independent variable.
(c) Plot the data on semilog graph paper with area as the independent variable.
(d)  Compute equations from these three plots using the method of selected points.
(e)  Plot and find equations for parts (a), (b), and (c) using computer-assisted methods.
(f) What would be the best curve fit for this application?

Area, A, mm2 Resistance, R, mV/m

0.05 500
0.1 260
0.2 165
0.5 80
1.0 58
3.0 22
5.0 15

10 9.0

5.9 The area of a circle can be expressed by the formula A = πR2. If the radius varies from 0.5 
to 5 cm, perform the following:
(a)  Construct a table of radius versus area mathematically. Use radius increments of 0.5 cm.
(b) Construct a second table of log R versus log A.
(c)  Plot the values from part (a) on log-log paper and determine the equation of the line.
(d)  Plot the values from part (b) on rectangular paper and determine the equation of the line.
(e)  Repeat parts (c) and (d) using computer-assisted methods.

5.10 The volume of a sphere is V = 4/3πr3.
(a)  Prepare a table of volume versus radius allowing the radius to vary from 2.0 to  

10.0 cm in 1 cm increments.
(b)  Plot a graph on log-log paper showing the relation of volume to radius using the 

values from the table in part (a) with radius as the independent variable.
(c) Verify the equation given above by the method of selected points.
(d) Repeat parts (b) and (c) using computer-assisted methods.

5.11 A 90° triangular weir is commonly used to measure flow rate in a stream. Data on the 
discharge through the weir were collected and recorded as shown below:

Height, h, m Discharge, Q, m3/s

1 1.5
2 8
3 22
4 45
5 78
6 124
7 182
8 254

(a) Plot the data on log-log paper with height as the independent variable.
(b) Determine the equation of the line using the method of selected points.
(c) 
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5.12 According to government statistics, the average selling price of a home in the United 
States varied as follows:

Year, Y Price, P, $

1975 42 600
1980 76 400
1985 100 800
1990 149 800
1995 158 700
2000 207 000
2005 292 200
2010 265 500
2015 339 700
2020 384 800

(a)  Plot the data on rectangular graph paper and find the best equation using the method 
of selected points.

(b)  Plot the data on semilog paper and find the best equation using the method of 
selected points.

(c)  Prepare linear and semilog plots using a computer-assisted method and determine the 
best equations for each.

(d) Which curve fit, linear or exponential, best fits these data?
5.13 The density of air is known to change with the temperature of the air. In a lab test, the 

following data were measured and recorded:

Temperature, T, K Density, D, kg/m3

100 3.5
200 1.7
400 0.85
600 0.6
800 0.45

1 000 0.35
1 200 0.3
1 400 0.25
1 600 0.2

(a)   Plot these data on linear, semilog, and log-log paper with temperature as the 
 independent variable.

(b)  Determine the equation that best fits these data using the method of selected  
points.

(c) Repeat parts (a) and (b) using a computer-assisted method.
5.14 Voltage across a capacitor during discharge was recorded as a function of time as 

shown below:

Time, t, s Voltage, V, V

6 98
10 62
17 23

25 9.5
32 3.5
38 1.9
42 1.3
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(a) Plot the data on semilog paper with time as the independent variable.
(b)  Determine the equation of the line best representing the points using the method of 

selected points.
(c) Repeat parts (a) and (b) using a computer-assisted method.

5.15 When a capacitor is being discharged, the current flows until the voltage across the capaci-
tor is zero. This current flow, when measured as a function of time, resulted in the data 
given in the following table:

Time, t, s Current, I, A

0.1 1.81
0.2 1.64
0.3 1.48
0.4 1.34
0.5 1.21
1.0 0.73

(a) Plot the data on semilog paper with time as the independent variable.
(b)  Determine the equation of the line best representing the points using the method of 

selected points.
(c) Repeat parts (a) and (b) using a computer-assisted method.

5.16 The density of water vapor in air changes rapidly with the change in air temperature. Data 
were recorded from an experimental test and are shown in the following table:

Air Temperature, T, K Water Vapor Density, D, kg/m3

400 0.55
450 0.49
500 0.44
550 0.39
600 0.36
650 0.34
700 0.33
750 0.29
800 0.27

(a)  Plot the data on linear, semilog, and log-log paper with the air temperature as the 
independent variable.

(b)  By the method of selected points, find the best equation relating water vapor density 
to air temperature.

(c) Repeat parts (a) and (b) using a computer-assisted method.
5.17 All materials are elastic to some extent. It is desirable that a part compresses when a load is 

applied to assist in making an airtight seal (e.g., a jar lid). The results in the following table 
are from a test conducted at the Smith Test Labs in Seattle on a material known as Zecon 5.

Pressure, P, MPa Relative compression, R, %

1.12 27.3
3.08 37.6
5.25 46.0
8.75 50.6

12.3 56.1
16.1 59.2
30.2 65.0
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(a)  Plot the data on semilog and log-log paper with pressure as the independent 
variable.

(b)  Using the method of selected points, determine the best equation to fit these data.
(c) Using a computer-assisted method, repeat the steps above.
(d) What pressure would cause compression of 10 percent?

5.18 The rate of absorption of radiation by metal plates varies with the plate thickness and 
the nature of the source of radiation. A test was conducted at Ames Labs on October 11, 
2005, using a Geiger counter and a constant source of radiation; the results are shown in 
the following table:

Plate thickness, W, mm Counter, C, counts per second

0.20 5 500
5.00 3 720

10.0 2 550
20.0 1 320
27.5 720
32.5 480

(a)  Plot the data with plate thickness as the independent variable.
(b)  Find the equation of the relationship between the parameters that provides the 

best fit.
(c) Repeat parts (a) and (b) using a computer-assisted method.
(d)  What would you expect the counts per second to be for a 2 in. thick plate of the metal 

used in the test?
5.19 It is expected that power functions represent the surface area and volume of a certain 

geometric shape. The values of the surface area and volume are given in the table  
below:

Radius, R, ft Surface Area, SA, ft2 Volume, V, ft3

1 12.6 4.19
2 50.3 33.5
3 113 113
4 200 268
5 314 524
6 450 905
7 616 1 437
8 800 2 145
9 1 018 3 054

10 1 257 4 189

(a)  Using a computer-assisted method, determine the equations of SA and V as functions 
of R.

(b) What is the geometric shape?
5.20 According to the United States Department of Labor, the Consumer Price Index for several 

household expense items is shown in the following table. The time period 1982–1984 is 
established as the basis with an index of 100.
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Year Food Apparel Housing Transportation Medical Care Total

1995 148.4 132.0 148.5 139.1 220.5 152.4
1996 153.3 131.7 152.8 143.0 228.2 156.9
1997 157.3 132.9 156.8 144.3 234.6 160.5
1998 160.7 133.0 160.4 141.6 242.1 163.0
1999 164.1 131.3 165.9 144.4 250.6 166.6
2000 167.8 129.6 169.6 153.3 260.8 172.2
2001 173.1 127.3 176.4 154.3 272.8 177.1
2002 176.2 124.0 180.3 152.9 285.6 179.9
2003 180.0 120.9 184.8 157.6 297.1 184.0
2004 186.2 120.4 189.5 163.1 310.1 188.9

(a)  Using a computer-assisted method, plot all of these data on the same graph. Be sure 
to format the graph according to chapter guidelines.

(b)  Describe in a couple of paragraphs what the plotted information suggests to you.
5.21 Data from the Federal Reserve, the average prime interest rate, the average home mortgage 

rate, and the average 6-month CD rate for the years 1972 to 2009 are shown in the table below:

Year Ave. prime rate, % Ave. mortgage rate, % Ave. 6-month CD rate, %

1972 5.25 7.38 5.01
1973 8.03 8.04 9.05
1974 10.81 9.19 10.02
1975 7.86 9.04 6.9
1976 6.84 8.86 5.63
1977 6.83 8.84 5.91
1978 9.06 9.63 8.6
1979 12.67 11.19 11.42
1980 15.26 13.77 12.94
1981 18.87 16.63 15.79
1982 14.85 16.08 12.57
1983 10.79 13.23 9.28
1984 12.04 13.87 10.71
1985 9.93 12.42 8.24
1986 8.33 10.18 6.5
1987 8.21 10.2 7.01
1988 9.32 10.34 7.91
1989 10.87 10.32 9.08
1990 10.01 10.13 8.17
1991 8.46 9.25 5.91
1992 6.25 8.4 3.76
1993 6 7.33 3.28
1994 7.15 8.35 4.96
1995 8.83 7.95 5.98
1996 8.27 7.8 5.47
1997 8.44 7.6 5.73
1998 8.35 6.94 5.44
1999 8 7.43 5.46
2000 9.23 8.06 6.59
2001 6.91 6.97 3.66
2002 4.67 6.54 1.81
2003 4.12 5.82 1.17
2004 4.34 5.84 1.74
2005 6.19 5.86 3.73
2006 7.96 6.41 5.24
2007 8.05 6.34 5.23
2008 5.09 6.04 3.14
2009 3.25 5.04 0.87
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(a)  Using a computer-assisted method, plot all of these data on the same graph. Be sure 
to format the graph according to chapter guidelines.

(b)  In a short narrative, describe in general terms the relationship among the three interest 
rates as you see it from your graph.

 Source: http://www.federalreserve.gov/releases/h15/data.htm

5.22 Performance data for an experimental truck engine were recorded in a recent laboratory 
test as shown in the table below:

Engine speed,  
R, rpm

Rated power output, 
P, bhp

Full load torque, 
T, ft-lb

Fuel consumption, 
F, gal/hr

800 148 959 3.2
900 203 1 155 5.3

1 000 249 1 341 6.3
1 100 330 1 601 8.4
1 200 414 1 762 10.3
1 300 499 2 012 13.5
1 400 545 2 072 16.6
1 500 589 2 049 19.2
1 600 605 2 028 22.9
1 700 644 1 981 27.3
1 800 670 1 919 34.1

As a team
(a)  Plot each data set on linear, semilog, and log-log graph paper with engine speed as 

the independent variable.
(b)  Using the method of selected points, compute the best equation fit to these data.
(c) Repeat parts (a) and (b) using computer-assisted methods.
(d)  Discuss your results in a form that could be understood by other engineering students 

who have not solved this problem.
 Hint: For data that plot as a convex upward curve, try reversing the independent and 

dependent variables in a plot before applying a curve fitting method. Once the equation 
has been found, simply solve for the desired dependent variable as a function of the inde-
pendent variable.

5.23 As a team, conduct an Internet search for data in a technical field of interest to your team 
that can be graphed by a computer-assisted method. Find a data set (or sets) of a size that 
would be difficult to enter by hand, download the data, and directly enter them into your 
graphing software.

 For each set, prepare a graph that follows engineering graphing standards as closely as 
your software allows. Within the graph, demonstrate the following:

 ◾ Multiple curves on a graph complete with a legend
 ◾ Two separate y axes

Provide documentation to include:
 ◾ Explanation and interpretation of the data you selected
 ◾ Source of data
 ◾ Hard copy from your software with data and graph
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C H A P T E R  6

Engineering Measurements  
and Estimations*

Chapter Objectives

When you complete your study of this chapter, you will be able to:
 ◾ Determine the number of significant digits in a measurement
 ◾ Perform numerical calculations with measured quantities and express the answer 

with the appropriate number of significant digits
 ◾ Define accuracy and precision in measurements
 ◾ Define systematic and random errors and explain how they occur in measurements
 ◾ Solve problems involving estimations of the required data and assumptions to 

enable a solution
 ◾ Develop and present problem solutions, involving finding or estimating the 

necessary data, that enable others to understand your method of solution and to 
determine the validity of the numerical work

6.1 Introduction

The 19th-century physicist Lord Kelvin stated that knowledge and understanding are 
not of high quality unless the information can be expressed in numbers. Numbers 
are the operating medium for most engineering functions. In order to perform analy-
sis and design, engineers must be able to measure physical quantities, for example, 
length, mass, and temperature, and express these measurements in numerical form. 
Furthermore, engineers must have confidence that the measurements and subsequent 
calculations and decisions made based on the measurements are reasonable.

In this chapter, we will describe how to properly use measurements (numbers) in 
engineering calculations. In the laboratories that are required in your specific engineer-
ing discipline, you will gain experience in selecting and properly using appropriate 
measuring devices for physical properties.

6.2 Measurements: Accuracy and Precision

In measurements, “accuracy” and “precision” have different meanings and cannot be 
used interchangeably. Accuracy is a measure of the nearness of a value to the correct 
or true value. Precision refers to the repeatability of a measurement, that is, how close 
successive measurements are to each other. Figure 6.1 illustrates accuracy and preci-
sion of the results of four dart throwers. Thrower (a) is both inaccurate and imprecise 

*Users will find Appendices A and B useful reference material for this chapter.
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because the results are away from the bull’s-eye (accuracy) and widely scattered (pre-
cision). Thrower (b) is accurate because the throws are evenly distributed about the 
desired result but imprecise because of the wide scatter. Thrower (c) is precise with 
the tight cluster of throws but inaccurate because the results are away from the desired 
bull’s-eye. Finally, thrower (d) demonstrates accuracy and precision with tight cluster 
of throws around the center of the target. Throwers (a), (b), and (c) can improve their 
performance by analyzing the causes for the errors. Body position, arm motion, and 
release point could cause deviation from the desired result.

Consider for a moment that Figure 6.1 shows results of shooters at a rifle range. The 
results reveal a tendency of results to shift in a particular direction. For example, target (c)  
results show a tight pattern but a definite shift to the lower left. This shift, called a bias, 
can be corrected by adjusting the rifle sight so the results appear more like target (d).

As engineers perform computations in analysis and design, the accuracy and 
precision of data gathered for the computations must be ascertained. For a quantity 
that is measured by a physical instrument, the exact numerical value of the quantity 
is likely to remain unknown. Therefore, the measurement must be recorded with the 
known limitations in accuracy and precision taken into account. To do this engineers 
apply accepted practices and rules and carefully note the conditions under which the 
data were obtained. The practices and rules for performing numerical computations are 
discussed in Section 6.3. A brief discussion of the identification of errors in measure-
ments is found in Section 6.4.

Figure 6.1
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Illustration of the difference between accuracy and precision in physical measurements.
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6.3 Measurements: Significant Digits

Numbers used for calculation purposes in engineering design and analysis may be 
integers (exact) or real (exact or approximate). For example, six one-dozen cartons of 
eggs include a countable number of eggs, exactly 72. There are 2.54 cm in one inch, 
an example of an exact real number. Thus if the conversion of inches to centimeters is 
required in a calculation, 2.54 is not a contributing factor to the precision of the result 
of the calculation. The ratio of the circumference of a circle to its diameter, π, is an 
approximate real number that may be written as 3.14, 3.142, 3.14159 . . . , depending 
on the precision required in a numerical calculation.

Any physical measurement that is not a countable number will be approximate. 
Errors are likely to be present regardless of the precautions used when making the 
measurement. Let us look at measuring the length of the metal bar in Figure 6.2 with a 
scale graduated in tenths of inches. At first glance it is obvious that the bar is between 
2 and 3 in. in length. We could write down that the bar is 2.5 ± 0.5 in. long. Upon 
closer inspection we note the bar is between 2.6 and 2.7 in. in length, or 2.65 ± 0.05 in. 
What value would we use in a computation? 2.64? 2.65? 2.66? We might select 2.64 
as the “best” measurement, realizing that the third digit in our answer is doubtful and 
therefore our measurement must be considered approximate.

It is clear that a method of expressing results and measurements is needed that 
will convey how “good” these numbers are. The use of significant digits gives us this 
capability without resorting to the more rigorous approach of computing an estimated 
percentage error to be specified with each numerical result or measurement. Before 
we introduce significant digits, it is necessary to discuss the presentation of numerical 
values in formats that leave no doubts in interpretation.

The following are accepted conventions for the presentation of numbers in engi-
neering work:

1. For numbers less than one, a zero is written in front of the decimal point to omit 
any possible errors due to copy processes or careless reading. Therefore, we 
write 0.345 and not .345.

2. A space, not a comma, is used to divide numbers of three orders of magnitude 
or more. This convention follows the International System of Units (SI) rather 
than a culturally based system. We write 4 567.8 instead of 4,567.8 and 0.678 91 
instead of 0.678,91. The SI notation removes possible confusion in the use of the 
decimal point and comma. For example, 4 567.8 would be presented as 4,567.8 
in the U.S. and U.K. systems, and as 4.567,8 in Continental Europe.

Figure 6.2

Making an approximate measurement.

1 2 3

Length
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3. For very large or very small numbers we use scientific notation to reduce the 
unwieldy nature of these numbers. For example, supercomputer calculating rates 
are compared by using the Linpack benchmark performance criteria. One of the 
criteria used by Linpack is the solving of a very large set of simultaneous linear 
equations. In the 2014 rankings of supercomputers, the Chinese computer Tianhe-2 
(Milky Way-2) was benchmarked at 33 860 000 000 000 000 flops/s. The unit 
flops/s stands for floating-point operations per second, which is computer terminol-
ogy for calculations using real numbers. In scientific notation this number would 
be 33.86 × 1015, an obviously more compact representation. Scientific notation is 
of great assistance in the determination and representation of significant digits.

Another convenient method of representing measurements is with prefix 
names that denote multipliers by factors of 10. Table 6.1 illustrates decimal 
multipliers and their corresponding prefixes and symbols. Thus the Tianhe-2 perfor-
mance level may also be stated as 33.86 petaflops/s or 33.86 Pflops/s. The highest 
computational performance in the world in 2009 was established by the Jaguar, 
a Cray XT5-HE Opteron system, measured at 1 759 Tflops/s or 1.759 Pflops/s. 
Note that the Tianhe-2 represents an order of magnitude increase in computational 
performance in a five-year period.

The use of prefixes enables us to express any measurement as a number 
between 0.1 and 1 000 with a corresponding prefix applied to the unit. For exam-
ple, it is clearer to the reader if the distance between two cities is expressed as 
35 kilometers (35 km) rather than 35 000 meters (35 000 m). More on prefixes 
may be found in the Chapter 7 discussion of the International System of Units (SI).

A significant digit, or significant figure, is defined as any digit used in writing a 
number, except those zeros that are used only for location of the decimal point or those 
zeros that do not have any nonzero digit on their left. When you read the number 0.001 5,  
only the digits 1 and 5 are significant, since the three zeros have no nonzero digit to  
their left. We would say this number has two significant figures. If the number is written 
0.001 50, it contains three significant figures; the rightmost zero is significant.

Table 6.1   Decimal Multiples

Multiplier Prefix Name Symbol

1018 exa E
1015 peta P
1012 tera T
109 giga G
106 *mega M
103 *kilo k
102 hecto h
101 deka da
10−1 deci d
10−2 centi c
10−3 *milli m
10−6 *micro μ
10−9 nano n
10−12 pico p
10−15 femto f
10−18 atto a

*Most often used.
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Numbers 10 or larger that are not written in scientific notation and that are not 
counts (exact values) can cause difficulties in interpretation when zeros are present. For 
example, 2 000 could contain one, two, three, or four significant digits; it is not clear 
which. If you write the number in scientific notation as 2.000 × 103, then clearly four 
significant digits are intended. If you want to show only two significant digits, you would 
write 2.0 × 103. It is our recommendation that if uncertainty results from using standard 
decimal notation, you switch to scientific notation so your reader can clearly understand 
your intent. Figure 6.3 shows the number of significant figures for several quantities.

When performing an engineering analysis, physical measurements, exact numbers, 
real numbers, and unit conversions will be involved. Consider the simple formula for 
the area of a circle, A = πD2/4.

If you measure the diameter, D, with a tape measure, the number of significant 
figures for the area A is determined from D since π can be expressed to a precision 
greater than D (3.14159 . . . ) and 4 is an exact number. You must establish a reasonable 
number of significant based on the context of the measurements involved in the analysis 
and your experience. You should again read the first two paragraphs of this section to 
reinforce this concept.

When an instrument, such as an engineer’s scale, analog thermometer, or fuel 
gauge, is read, the last digit will normally be an estimate. That is, the instrument is read 
by estimating between the smallest graduations on the scale to get the final digit. In 
Figure 6.4a, the reading is between 1.2 and 1.3, or 1.25 ± 0.05. For calculation purposes 
we might select 1.27 as a best value, with the 7 being a doubtful digit. It is standard 
practice to count one doubtful digit as significant, thus the 1.27 reading has three 
significant figures. Similarly, the thermometer reading in Figure 6.4b is noted as 52.5o 
± 0.5, and we estimate a best value of 52.8° with the 8 being doubtful. In like fashion, 
the length of the metal bar in Figure 6.2 was expressed as 2.64 with the 4 being doubtful 
and the reported answer would have three significant figures.

In Figure 6.4c, the graduations create a more difficult task for reading a fuel level. 
Each graduation is one-sixth of a full tank. The reading is between 1/6 and 2/6 full, 
or 3/12 ± 1/12. How many significant figures are there? If we convert the reading to 
0.25 ± 0.0833, a “best” estimate might be 0.30. In any case you cannot justify more than 

Quantity

4 784
36
60

600
6.00 × 102

31.72
30.02
46.0

0.02
0.020

600.00

4
2
1 or 2
1, 2, or 3
3
4
4
3
1
2
5

Number of
Significant

Figures

Figure 6.3
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a general impression of the fuel level and not a numerically significant value. Therefore, 
the selection of the instrument is an important factor in physical measurements.

Calculators operate with base 10 numbers and maintain integers in exact form up 
to the capacity of the machine. Fractions may or may not be represented exactly. For 
example, 1/8 would be represented as 0.125, an exact value. The fraction, 1/3, would 
be a repeating decimal 0.33333 . . . If you add this repeating decimal several times in 
a running total, a truncation error will cause the sum to be less than the true value. It 
needs to be remembered that truncation errors are possible and that some answers may 
not be accurate to the desired precision. 

Computers operate with base 2 (binary) numbers and also maintain integers in 
exact form up to the capacity of the machine. Fractions in binary form are exact only 
if the denominator has 2 as the only prime factor. For example, 1/8 in binary is repre-
sented exactly as 0.001 (0 × 2−1 + 0 × 2−2 + 0 × 2−3). However 1/3 is represented as 
a repeating decimal 0.010101 . . . (0 × 2−1 + 1 × 2−2 + 0 × 2−3 + 1 × 2−4 + 0 × 2−5 + 
1 × 2−6 . . . ) = 1/4 + 1/16 + 1/64 . . .  = 0.328125 + . . .  Again truncation errors may occur 
and affect the precision of a computation.

As you perform arithmetic operations using a calculator or computer it is important 
to not lose the significance of the numerical values you input and assume precision that 
does not exist. In practice you should set up the problem to be a series of operations 
(algorithm) leading to a final result. In engineering problem solving it is standard 
practice to show appropriate steps leading to the final result. For checking work 
and assisting those persons reviewing your work, you may output intermediate 
computations with a reasonable number of significant figures. However, rounded 
intermediate results are not to be used in subsequent computations.

When the final result is displayed round it to the predetermined number of signifi-
cant figures. The rounding rule is: Round a value to the proper number of significant 
figures, increase the last digit retained by 1 if the first figure dropped is 5 or greater. 
This is the rule normally built into a calculator display control or a control language.

Examples
a. 23.650 rounds to 23.7 for three significant figures.
b. 0.014 3 rounds to 0.014 for two significant figures.
c. 827.48 rounds to 827.5 or 827 for four and three significant digits, respectively.

 (Note: You must decide the number of significant figures before you round. For 
example, rounding 827.48 to three significant figures yields 827. However, if you 

(b) (c)(a)

0 1 2

55

54

53

52

51

50
FullEmpty

Half

Figure 6.4

Reading graduations on instruments will include a doubtful or estimated value.
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6.4 Errors

It is important to realize that all measurements of physical quantities have a certain 
amount of uncertainty (error) associated with them. This error must be made as small 
as possible. Therefore, we must determine, as best we can, what errors are present and 
account for them in the measurement. Consider the thermometer in Figure 6.4b. After 
we make the reading of 52.8°, can we say for sure that this is the true temperature with 
the 8 being a doubtful digit? The answer is no. For example, what if the thermometer 
has not been calibrated properly and reads high by a degree or two? Maybe the ther-
mometer has been smudged with oil, dirt, or grease and a mistake is made in reading 
the calibrations. Perhaps the sensor connecting the environment being measured to the 
thermometer is not connected properly. These and other known error possibilities must 
be accounted for to obtain an acceptable accuracy in the reading. However, even if you 
carefully account for possible errors, the measurement will still have some error pres-
ent. Depending upon the level of accuracy and preciseness required in the measurement, 
further effort may be needed in error determination. To clarify the presence of error, 
measurements can be expressed in two parts: (1) a number representing a mean value of 
the physical quantity measured and (2) an amount of doubt (error) in this mean value. 
The amount of doubt (error) provides the accuracy of the measurement. For example, 
our thermometer reading in Figure 6.4b could be expressed as 52.5 ± 0.5, which brackets 
the upper and lower limits of the measurement based on the calibration of the instru-
ment. To perform computations with measurements we carefully estimate a “best” value 
of 52.8 with the 8 being in doubt. You should note that error (deviation from the true 
temperature) is still present and that the true temperature is not known exactly.

A common application of measurement error is in pressure gauges. Suppose a 
gauge on an air tank is labeled ±2% at 150 lb/in2. The range of the gauge error would 
be (0.02)(150) = 3.0 lb/in2. Therefore, a reading of 190 would indicate that the true 
pressure falls between 187 and 193 lb/in2.

Errors can be classified into two broad categories for analysis: systematic and 
random.

6.4.1 Systematic Errors

A systematic error tends to shift a measurement consistently in the same  direction from 
the true value. This indicates a lack of accuracy. The error is defined as

Error = measured value – true value (6.1)

Examples of systematic errors include failure to account for some external effect 
on the measuring instrument (e.g., temperature) and improper use of the instrument 
(e.g., allowing sag due to gravity in a long measuring tape). Systematic errors must 
be accounted for as much as possible in any situation. The error can be expressed as a 
fraction or percent.

Fractional error = error
true value = measured value − true value

true value  (6.2)

6.4.2 Random Errors
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measured may not be picked up by the instrument. Such errors are usually distributed 
equally around the true value. Another random error may occur when an instrument is 
read by more than one person. Consider a water barometer that measures atmospheric 
pressure. Close inspection of the water level shows a meniscus which can easily result 
in different readings from several observers. These readings will very likely divide 
above and below a mean, or true, value. Statistical analysis is used to provide some 
insight into random errors. Chapters 10 and 11 provide an introduction to the statistical 
concepts of central tendency which are a part of the analysis of random errors.

6.5 Estimations

Engineers strive for a high level of precision in their work. However, it is also important 
to be aware of an acceptable precision and the time and cost of attaining it. There are 
many instances where an engineer is expected to estimate the result to a problem with 
reasonable accuracy but under tight time and cost constraints. To do this engineers rely 
on their basic understanding of the problem under discussion coupled with their previ-
ous experience. This knowledge and experience is what distinguishes an “estimation” 
from a “guess.” If greater accuracy is needed, the initial estimation can be refined when 
time, funds, and the necessary additional data for refining the result are available.

Initial estimates may be in error by perhaps 10 to 20 percent or even more. The 
accuracy of these estimates depends strongly on what reference materials we have avail-
able, how much time is allotted for the estimate, and, of course, how experienced we 
are with similar problems. The following example problems illustrate a good process 
to follow when doing an estimate. Begin by stating clearly what the problem is; then 
list the known data, assumptions, and procedure you are going to follow. Then perform 
the necessary calculations. Complete your work by stating conclusions tempered with 
limitations on your results.

Example Problem 6.1 Between her freshman and sophomore years of engineering 
school, Cara obtained a summer job in her home city located in an upper Midwestern 
state. Her supervisor, the city street maintenance director, asked her to estimate the 
tons of sand in a pile stored near the city maintenance shed. The director needed the 
data, along with a justification of the estimate, within an hour in order to complete his 
winter street maintenance report for the City Council meeting that evening. The sand 
was needed for the streets during icing conditions.

Discussion Prior to leaving for the maintenance shed, Cara formulated the prob-
lem in her mind. The pile of sand would of course be cone-shaped. She would need 
to find the volume and that would require knowledge of the base diameter and 
height of the cone. She could estimate the diameter by walking around the base 
(circumference) with carefully measured steps. She went to the Internet and found 
that the cone height could be found by knowing the base diameter and the angle 
between a diameter and a line drawn from one end of the diameter to the apex of 
the cone. This angle, called the angle of repose, is a characteristic of cone-shaped 
piles of loose material. For sand, Cara found the angle of repose to be 32°. When 
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one, and computed an average of 34 in. per step. Next she walked around the base of the 
cone, staying as close to the sand as possible and taking a total of 89 steps. Converting 
steps to feet required multiplying 89 steps by 34 in. per step and dividing by 12 in. per 
foot and yielded a circumference (C) of 252 feet. From knowledge of the angle of repose 
(θ) and the cone base diameter (D) the height of the cone (H) can be calculated.

Cara summarized her 
known data: Angle of repose, θ = 32°
  Circumference, C = 252 ft
  Density of sand, ρ = 110 lbm/ft3

  One ton = 2 000 lbm

Additional calculations:  Diameter of base, D = 
C
�  = 80.2 ft

  Radius of base, R = 
D
2  = 40.1 ft

  tan θ = H/R
Therefore, H = Rtan θ = (40.1)(tan 32°) = 22.0 ft

   Volume, V = 
�
3  R 2H = 

�
3  (40.1)2(22.0) = 37 046 ft3

   Mass, M = ρV = (110)(37 046) = 4 075 060 lbm
  Tons = 4 075 046/2 000 = 2 040 tons

Cara reported her result to the director along with her calculations. Note that the 
result reported contains three significant figures which is reasonable for the solution pro-
cedure she followed. In making an estimation, the time available for obtaining an estima-
tion must be considered along with available funds to carry out the process. Given more 
time Cara could have asked a colleague to accompany her to the site and the two of them 
could have used a long steel or cloth tape to measure the circumference more accurately. 
The keys to good engineering in an estimation process are understanding the problem, 
establishing a sound solution procedure, and using available tools to reach a solution that 
can be evaluated and used by the person or organization requesting the estimate.

The following example problems do not require special knowledge in any engineer-
ing area. You should focus on the process used to reach a solution and how the students 
clearly presented and justified their work. 

Example Problem 6.2 Suppose your instructor assigns the following problem: 
Estimate the height of two different flagpoles on your campus. This will be done on a 
cloudy day so no shadow is present. The poles are in the ground (not on top of a build-
ing) and the bases of the poles are accessible. One of the poles is on level ground and 
you have available a carpenter’s level, straight edge, protractor, and masking tape. The 
other pole is on ground that slopes away from the base and you have available a car-
penter’s level, straight edge, protractor, and a 12 ft tape. See Figure 6.5 for the response 
of one student (whom we will call Dave).

Discussion To estimate the height of the flagpole on level ground, Dave recognizes 
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Student presentation for Example Problem 6.2.
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some distance in order to use trigonometry to solve the problem. He knows that he 
is 6′1″ tall, and he can mark that height on the pole with masking tape, which he 
can see from a location several feet from the pole. He can use the level, protractor, 
and straight edge to estimate angles from the horizontal. The distance away from the 
pole for measuring the angles is arbitrary, but he chooses a distance that will pro-
vide angles that are neither too large nor too small, both of which would be difficult 
to estimate. Then from this point on the ground he estimates the angles to his 6′1″ 
masking tape mark and to the top of the pole. Note that Dave has kept all of the sig-
nificant figures through the calculations and rounded only at the end, reasoning that 
he does not want intermediate rounding to affect his answer. Based on the method 
used for estimation, he believes his answer is not closer than the nearest foot so he 
rounds to that value.

When estimating the height of the pole on sloping ground, Dave had a tape avail-
able so it was not necessary to mark his height on the pole. Again, Dave kept all sig-
nificant figures through the calculation procedure and rounded only the final result.

Example Problem 6.3 A homeowner has asked you to estimate the number of 
 gallons of paint required to prime and finish-coat her new garage. You are told that 
paint is applied about 0.004 in. thick on smooth surfaces. The siding is to be gray  
and the roof overhang and trim are to be white. See Figure 6.6 for one approach 
done by Laura.

Discussion From experience, Laura knew that one coat of primer would be needed 
and that two coats of finish paint would be required for a lasting outcome. She also 
noted that the garage doors were painted by the manufacturer before installation and 
therefore would not need further paint. She decided to neglect the effect of windows 
in the garage because of their small size. She observed that the siding was a rough 
vertical wood type and that the soffit (underside of the roof overhang) was smooth 
plywood. Since she had limited experience with rough siding, she contacted a local 
paint retailer and learned that rough siding would take approximately three times as 
much primer as smooth siding and that because of the siding roughness the finish 
paint would cover only about 3/4 of the normal area. She carefully documented this 
fact in her presentation.

Laura took all necessary measurements and computed the areas that must be painted. 
She determined that the paint film thickness of 0.004 in. corresponds to approximately 
400 ft2/gal coverage. Like Dave in the previous example, Laura retained extra signifi-
cant figures until finally rounding at the end of the estimate. In this case, except for the 
primer, she correctly rounded up rather than to the nearest gallon, as the paint would 
be purchased in whole gallons.

Example Problem 6.4 Estimate the cost of adding a single lane of concrete to 
Arizona Interstate 19 (I-19) in both directions from Nogales just north of the Mexican 
border to I-10 in Tucson. I-19 was completed in 1979 and was the first interstate 
highway with distance signs in metric units (meters, kilometers). Consider only the 
actual roadbed without a stopping lane or interchanges. Keep an accounting of the 
time to develop the solution and do the write-up.
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Figure 6.6a

Student presentation for Example Problem 6.3.
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8-26-XXXX ENGR 160: Prob 6.4   M. Reagan  Page 1 of 1 

ASSUMPTIONS 

1. Entire roadbed is concrete
2. Neglect on and off ramps, bridge supports and railings, and emergency stopping lanes

COLLECTED DATA 

1. Concrete costs $125 per cubic meter delivered to site (estimate from contractor) 
2. Average depth of roadbed is 30.5 cm (Department of Transportation) 
3. Lane width is 3.6576 m (Department of Transportation) 
4. Length of I-19 is 63.4 km

CALCULATIONS 

Volume (V) = Length (L) x Width (W) x Depth (D) 
Cost (C) = Volume (V) x (cost/cubic meter) 

Discussion/Conclusions
1.       Cost of concrete may vary considerably in a short time period.
2.       Time estimate: 30 min (obtaining data and calculations) + 30 min (write-up) = 60 min

Estimate the cost of adding a single lane to Arizona I-19 in both directions from Nogales
to I-10 in Tucson. Do not consider stopping lanes or interchanges.

L = (2)(63.4 km)(1 000 m/km) 
W = 3.6576 m
D = (30.5 cm)(0.01 m/cm) 
C = (LWD)(125) = $17 700 000

Figure 6.7

Student presentation, produced on a word processor for Example Problem 6.4.

Discussion Figure 6.7 is a write-up of the solution. The assumptions are listed and 
simplify the data collection process considerably. Two telephone calls were made to 
obtain information on interstate highway construction and the cost of concrete. Thus 
the resulting estimate is based on current design practice and costs. A similar estima-
tion problem relaxing some of the assumptions is provided in Problem 6.29. Note 
that the computation of the cost was performed in one continuous series of operations 
on a calculator and then rounded to the appropriate number of significant figures. It 
may be necessary for a long series of computations to show, for checking purposes, 
intermediate results. Maintain intermediate results in your computational device while 
copying down these results if necessary in reporting your work.
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Problems
6.1 How many significant digits are contained in each of the following quantities?

(a) 0.724 70 (f) 0.320 00
(b) 7 247.0 (g) 200.07
(c) 0.031 (h) 1.320 0 × 10−3

(d) 24 000 (i) 2 420 000.0
(e) 0.10 × 104 (j) 3.026 7 × 102

6.2 How many significant digits are contained in each of the following quantities?
(a) 14.605 (f) 2.54 cm/in.
(b) 0.401 0 (g) 6.000 1
(c) 0.002 03 (h) 4.065 00 × 108

(d) 2.204 6 kg/lbm (i) 3 600 s/hr
(e) 5 000.01 (j) 8.002 1 × 1012

6.3 Perform the computations below and report with the answer rounded to the proper number 
of significant digits.
(a) 74.6/x  for x = 2.377
(b) 74.6 + y for y = 162.3
(c) 74.6z  for z = 1.66
(d) 74.6 − x for x = 1.606
(e) 74.6 + 3.2y2 for y = 18.05
(f) x2 − 2x + 0.5 for x = 0.25
(g) (1.0 − y)/(1.8 + y3) for y = 0.36
(h) z3 − z2 − z + 3.00 for z = 0.91
(i) 2.33x0.5 − 0.050x3 for x = 16.33
(j) (1.92x − 3.60)(32.35 − 2.66x) for x = 4.592

6.4 Using the conversion factors given in each problem, perform the calculations below using 
exact conversions or with enough significant digits that it does not affect the accuracy of 
the answer.
(a) 36.3 miles to feet 1 mi = 5 280 ft
(b) 286 degrees to radians 1 radian = 57.296 degrees
(c) 92.5 kg to pound mass 1 kg = 2.204 6 lbm
(d) 28.75 centimeters to inches 1 in. = 2.54 cm
(e) 16.45 cubic meters to cubic feet 1 m = 3.280 8 ft
(f) 400 566 seconds to days 1 day = 86 400 s

6.5 Solve the following problems and give the answers rounded to the proper number of 
 significant digits.
(a) v = 0.0214t2 + 0.363 5t + 2.25 for t = 32
(b) 24.56 ft × 12 in./ft = ? inches
(c) $400 a plate × 24 guests = $?
(d) V = [π(4.62 cm)2(7.53 cm)]/3 = ? cm3 (volume of a cone)
(e) 325.03 + 527.897 − 615.0 =
(f) 32¢ per part × 45 250 parts = $?

6.6 A pressure gauge on an air tank reads 210 pounds per square inch (psi). The face of the 
gauge says ±3% at 180 psi.
(a) What is the range of air pressure in the tank when the gauge reads 210 psi?
(b) What is the range of air pressure in the tank when the gauge reads 87 psi?

6.7 A vacuum gauge reads 79 kPa. The face of the gauge says ±3.3 kPa at 85 kPa.
(a) What is the actual range of vacuum?
(b) What is the range when the gauge reads 135 kPa?

6.8 What is the percent of error if you use a pair of calipers on a 6-in. precision gauge block 
and get a reading of 6.003?
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For problems 6.9 to 6.32, develop and present a solution in a manner demonstrated in Example 
Problems 6.2, 6.3, or 6.4. Your solution discussion should indicate the amount of time required 
for developing and preparing the solution. The problems are grouped into four categories: indi-
vidual in-class, individual homework, team in-class, and team homework. Groups of two or three 
students are best for the team problems.

Individual in-class problems
6.9 Estimate the amount of time during a typical class day that you spend walking. Also esti-

mate the number of steps you take during this time.
6.10 Estimate the number of hours that you spend watching television in a typical week during 

the academic semester.
6.11 Estimate the number of tennis balls that will fit in a cubic box 3 ft on a side.
6.12 Estimate the number of quarters that will fit in a box 16 in. by 10 in. by 12 in.
6.13 Estimate the number of basketballs that will fit into your classroom. Assume room is 

empty of students and furniture.
6.14 Estimate the number of hours you spent on a computer during a typical week this semester. 

Include “surfing the net” as well as research and class requirements. Carefully document 
each of the categories of use.

Team in-class problems
6.15 Estimate the amount of paint required to change the color of your classroom walls.
6.16 Estimate the volume required to store 15 000 basketballs.
6.17 Estimate the number of regular M&M’s needed to fill a 2 L bottle.
6.18 Estimate the volume of water used to take showers by the members of this class in one 

academic semester.
6.19 Estimate the volume of snow that must be removed from the street and sidewalk around a 

square city block after a 14 in. snowfall. 
6.20 Estimate the maximum number of cars in a single lane of traffic that would pass a check-

point in one hour at an average speed of 50 mph. Safe driving practice requires one car 
length of spacing for each 10 mph of speed.

6.21 Estimate an average weight of backpacks carried regularly by students at your school 
enrolled in engineering.

Individual homework problems
6.22 Estimate the number of minutes students in your engineering college spend on their cell 

phones in a typical academic week. A survey of a representative segment of students is 
necessary. Compare your results with other members of this class.

6.23 Estimate the weight, in pounds, of cars in the parking lot closest to the building where this 
class is held. Assume all parking spots are occupied.

6.24 Estimate the weight of water in a swimming pool on or near your campus.
6.25 Estimate the area of the running surface of an outdoor track on or near your campus.
6.26 Estimate the maximum volume of a conical pile of road salt that can be stored on an area in 

the shape of an equilateral triangle 150 ft on a side. You must consider the angle of repose.
6.27 Estimate the weight of concrete in a 4-lane highway segment that begins as a 3 percent grade 

climb from 1 000 feet of altitude to 4 000 feet and then a 6 percent downgrade to 2 500 feet.

Team homework problems (these problems will involve significant research, a specific plan for 
activity is strongly recommended)
6.28 Estimate the volume and cost of water used by a family of five living in a detached home 

during a one-year period.
6.29 Estimate the cost of concrete for a segment of interstate highway designated by your 

instructor. Include the rural and city components (number of lanes), interchanges, and 
extended width of lanes for emergency stopping.
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6.30 Estimate the number of 25 lb bags of dog food that can be transported in a railroad  
box car.

6.31 Estimate how much carpet would be needed to carpet the building in which this class  
is held.

6.32 Your trucking company has been asked to transport a huge pile of sand from a pit to  
a construction site 35 mi. away. The pit and construction site are both within a mile 
of the same two-lane paved road. The base of the sand pile covers approximately half  
an acre. Local laws allow only single-axle dump trucks on the highway. Your company 
has 14 single-axle trucks and drivers available. Estimate the time, in work days, to move 
the sand.
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C H A P T E R  7

Dimensions, Units,  
and Conversions*

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Identify physical quantities in terms of dimensions and units
 ◾ Differentiate between fundamental and derived dimensions
 ◾ Understand the use of non-SI dimensional systems (gravitational and absolute)
 ◾ Recognize base, supplementary, and derived SI units
 ◾ Apply the appropriate SI symbols and prefixes
 ◾ Describe the relationship between U.S. Customary, Engineering System,  

and SI
 ◾ Systematically convert units from one system to another
 ◾ Use knowledge of dimensions and units, along with conversion rules, in the 

solution of engineering problems

7.1 Introduction

Years ago when countries were more isolated from one another, individual govern-
ments tended to develop and use their own set of measures. Today, primarily through 
the development of technology, global communication has brought countries closer 
together. As countries from one corner of the world to the other interact with each 
other, the need for a universal system of measurement has become abundantly clear. 
A standard set of dimensions, units, and measurements is vital if today’s wealth of 
information and knowledge is to be shared and benefit all. The move toward a univer-
sal system first requires a thorough understanding of existing systems of measurement. 
This chapter begins with an explanation of the importance of physical quantities in 
engineering and explains the difference between dimensions and units. This is followed 
by the development of procedures for orderly conversion from one system of units to 
another, ultimately enabling measurements to be expressed in one system—that is, a 
metric international standard.

*Users will find Appendix A useful reference material for this chapter.
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7.2 Progress in the United States toward Metrification

The U.S. Congress considered adoption of the metric system in the 1850s. In fact, the 
metric system was made legal in the United States in 1866, but its use was not made 
compulsory. In spite of many attempts in the intervening 150 years, full conversion to 
the metric system has not yet been realized.

In 1875, the United States together with 16 other nations signed an agreement 
called the Treaty of the Meter. These signatory nations established a governing body 
and gave that agency authority and overall responsibility for the metric system. The 
governing body is called the General Conference of Weights and Measures. That body 
approved an updated version of the metric system in 1960 called the international met-
ric system, or Système International d’Unités, abbreviated SI. These units are a modi-
fication and refinement of earlier versions of the metric system (MKS) that designated 
the meter, kilogram, and second as fundamental units.

That 1960 standard is currently accepted in all industrial nations but still optional 
in the United States. In fact, the United States is the only industrialized nation on the 
globe that does not use the metric system as its predominant system of measurement. 
Current estimates suggest that the United States is at best 50 percent metric, so engi-
neers must be well versed in the use of a variety of units as well as fluent in SI.

Some corporations within the U.S. economy have become almost 100 percent metric, 
others are somewhere in the middle, and many have far to go. That is not necessarily the 
fault of a given company or agency. For example, how many metric highway road signs 
have you seen lately driving across the United States? It turns out there is only one such 
location. If you happen to drive from Tucson to Nogales, Arizona on Interstate 19, you 
would observe the use of metric mileposts. Figure 7.1 is an illustration of such a metric road 
sign. How many drivers in this country would actually know what 100 km/h really means?

To continue that train of thought, do you as a student give your weight in kilograms 
and buy gasoline by the liter? If someone tells you it is 30 degrees outside, do you 
immediately think in Celsius or Fahrenheit? How many of you knew that 30°C is 86°F? 
It is a difficult two-way street: Manufacturers, wholesalers, and distributors are not 
going to flood the market with products the consumer does not understand and therefore 
will not buy. As time marches on, a gradual increase in the use of SI will evolve, but in 
the meantime, be prepared to handle whatever system of units you encounter.

As a reminder of how important it is to understand the information presented in 
this chapter, let us review the NASA mission to send the Mars Climate Orbiter to the 
planet Mars. The $125 million spacecraft had almost completed a 10-month flight plan 
before it was lost on September 23, 1999, just as the spacecraft reached the planet’s 
atmosphere. NASA convened three panels of experts to investigate what led to the 
loss of the orbiter. The reason for the loss was simple. One engineering team on a key 
navigational maneuver of the orbiter used metric units while a different team working 
on the same project used English units. The result was a major error in the entry 
trajectory resulting in the destruction of the vehicle.

7.3 Physical Quantities

Engineers are constantly concerned with the measurement of fundamental physical 
quantities such as length, time, temperature, force, and so on. In order to specify a 
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magnitude of physical quantities can be understood only when they are compared 
with predetermined reference amounts, called units. Any measurement is, in effect, a 
comparison of how many (a number) units are contained within a physical quantity. 
Given length (L) as the physical quantity and 20.0 as the numerical value, with meters 
(m) as the designated unit, then a general relation can be represented by the expression

Length (L) = 20.0 m

For this relationship to be valid, the exact reproduction of a unit must be theoretically 
possible at any time. Therefore standards must be established and maintained. These 
standards are a set of fundamental unit quantities kept under normalized conditions 
in order to preserve their values as accurately as possible. We shall speak more about 
standards and their importance later.

7.4 Dimensions

Dimensions are used to describe physical quantities; however, the most important  
concept to remember is that dimensions are independent of units. As mentioned in Section 
7.3, the physical quantity “length” can be represented by the dimension L, for which there 
are a large number of possibilities available when selecting a unit. For example, in ancient 
Egypt, the cubit was a unit related to the length of the arm from the tip of the middle 
finger to the elbow. At that time in history measurements were a function of physical 
stature, with variation from one individual to another. Much later, in Britain, the inch was 

Ilene MacDonald/Alamy Stock Photo

Figure 7.1
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Today we require considerable more precision. For example, the meter is defined in 
terms of the distance traveled by light in a vacuum during a specified amount of time. We 
can draw two important points from this discussion: (1) Physical quantities must be accurate-
ly measured and be reproducible, and (2) these units (cubit, inch, and meter), although dis-
tinctly different, have in common the quality of being a length and not an area or a volume.

A technique used to distinguish between units and dimensions is to call all physi-
cal quantities of length a specific dimension (e.g., L). In this way, each new physical 
quantity gives rise to a new dimension, such as T for time, F for force, M for mass, and 
so on. (Note that there is a dimension for each kind of physical quantity.)

However, to simplify the process, dimensions are divided into two areas—
fundamental and derived. A fundamental dimension is a dimension that can be 
conveniently and usefully manipulated when expressing all physical quantities of a 
particular field of science or engineering. Derived dimensions are a combination of 
two or more fundamental dimensions. Velocity, for example, could be defined as a 
fundamental dimension V, but it is more customary as well as more convenient to 
consider velocity as a combination of fundamental dimensions, so that it becomes 
a derived dimension, V = (L)(T)−1. L and T are fundamental dimensions, and V is a 
derived dimension because it is made up of two fundamental dimensions (L, T).

For simplicity it is advantageous to use as few fundamental dimensions as possible, but 
the selection of what is to be fundamental and what is to be derived is not fixed. In actuality, 
any dimension can be selected as a fundamental dimension in a particular field of engineer-
ing or science; for reasons of convenience, it may be a derived dimension in another field.

Once a set of primary dimensions has been adopted, a base unit for each primary 
dimension must then be specified. So let’s look at how this works.

A dimensional system can be defined as the smallest number of fundamen-
tal dimensions that will form a consistent and complete set for a field of science.  
For example, three fundamental dimensions are necessary to form a complete mechani-
cal dimensional system. Depending on the discipline, these dimensions may be specified 
as either length (L), time (T), and mass (M) or length (L), time (T), and force (F). If tem-
perature is important to the application, a fourth fundamental dimension may be added.

The absolute system (so called because the dimensions used are not affected by 
gravity) has as its fundamental dimensions L, T, and M. An advantage of this system is 
that comparisons of masses at various locations can be made with an ordinary balance, 
because the local acceleration of gravity has no influence upon the results.

The gravitational system has as its fundamental dimensions L, T, and F. It is widely 
used in many engineering branches because it simplifies computations when weight is 
a fundamental quantity in the computations. Table 7.1 lists the dimensions used in the 
absolute and gravitational systems; a number of other dimensional systems are com-
monly used depending on the specific discipline.

7.5 Units

After a consistent dimensional system has been identified, the next step is to select a 
specific unit for each fundamental dimension. The problem one encounters when work-
ing with units is that there can be a large number of unit systems to choose from for any 
given dimensional system. It is obviously desirable to limit the number of systems and 
combinations of systems. The Système International d’Unités (SI) is intended to serve 
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There are three fundamental systems of units commonly used today. The metric 
system, used in almost every industrial country of the world, is a decimal-absolute 
system based on the meter, kilogram, and second (MKS) as the units of length, mass, 
and time, respectively.

In the United States, however, there are two other systems of units commonly used. 
The first, called the U.S. Customary System (formerly known as the British gravita-
tional system), has the fundamental units of foot (ft) for length, pound (lb) for force, 
and second (s) for time. The second system of units, called the Engineering System, is 
based on the foot (ft) for length, pound-force (lbf) for force, and second (s) for time. 
More information regarding the Customary and Engineering Systems will be presented 
in Section 7.8.

Numerous international conferences on weights and measures over the past 40 years 
have gradually modified the MKS system to the point that all countries previously using 
various forms of the metric system are beginning to standardize. SI is now considered 
the international system of units. Although the United States has officially adopted 
this system, as indicated earlier, full implementation will be preceded by a long and 
expensive period of change. During this transition period, engineers will have to be 
familiar with not only SI but also other systems and the necessary conversion process 
between or among systems. This chapter will focus on the international standard (SI 
units and symbols); however, examples and explanations of the Engineering System 
and the U.S. Customary System will be included.

7.6 SI Units and Symbols

SI, developed and maintained by the General Conference on Weights and Measures 
(Conférence Générale des Poids et Mesures, CGPM), is intended as a basis for worldwide 
standardization of measurements. The name and abbreviation were set forth in 1960.

This new international system is divided into three classes of units:

1. Base units
2. Supplementary units
3. Derived units

Table 7.1   Two Basic Dimensional Systems

Quantity Absolute Gravitational

Length L L
Time T T
Mass M FL −1 T  2

Force MLT −2 F
Velocity LT −1 LT −1

Pressure ML −1 T −2 FL −2

Momentum MLT−1 FT
Energy ML 2 T −2 FL
Power ML 2 T −3 FLT −1

Torque ML 2 T −2 FL
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There are seven base units in the SI. The units (except the kilogram) are defined in such 
a way that they can be reproduced anywhere in the world.

Table 7.2 lists each base unit along with its name and proper symbol.
In the following list, each of the base units were defined and adopted at various 

meetings of the General Conference on Weights and Measures held between 1889 
and 1983:

1. Length. The meter (m) is a length equal to the distance traveled by light in a 
vacuum during 1∕299 792 458 s.

2. Time. The second (s) is the duration of 9 192 631 770 periods of radiation 
corresponding to the transition between the two hyperfine levels of the ground 
state of the cesium-133 atom.

3. Mass. The standard for the unit of mass, the kilogram (kg), is a cylinder of 
platinum-iridium alloy kept by the International Bureau of Weights and Measures 
in France. A duplicate copy is maintained in the United States. It is the only base 
unit that is nonreproducible in a properly equipped lab.

4. Electric current. The ampere (A) is a constant current that, if maintained in two 
straight parallel conductors of infinite length and of negligible circular cross-
sections and placed one meter apart in volume, would produce between these 
conductors a force equal to 2 × 10−7 newton per meter of length.

5. Temperature. The kelvin (K), a unit of thermodynamic temperature, is the frac-
tion 1∕273.16 of the thermodynamic temperature of the triple point of water.

6. Amount of substance. The mole (mol) is the amount of substance of a system 
that contains as many elementary entities as there are atoms in 0.012 kg of 
carbon-12.

7. Luminous intensity. The base unit candela (cd) is the luminous intensity in a 
given direction of a source that emits monochromatic radiation of frequency 
540 × 1012 hertz and has a radiant intensity in that direction of 1∕683 W per 
steradian.

The units listed in Table 7.3 are called supplementary units and may be regarded either 
as base units or as derived units.

The unit for a plane angle is the radian (rad), a unit that is used frequently in 
engineering. The steradian is not as commonly used. These units can be defined in the 
following way:

Table 7.2   Basic Units

Quantity Name Symbol

Length meter m
Mass kilogram kg
Time second s
Electric current ampere A
Thermodynamic temp. kelvin K
Amount of substance mole mol
Luminous intensity candela cd
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1. Plane angle: The radian is the plane angle between two radii of a circle that cut 
off on the circumference of an arc equal in length to the radius.

2. Solid angle: The steradian (sr) is the solid angle which, having its vertex in the 
center of a sphere, cuts off an area of the sphere equal to that of a square with 
sides of length equal to the radius of the sphere.

As indicated earlier, derived units are formed by combining base, supplementary, or 
other derived units. Symbols for these units are carefully selected to avoid confusion. 
Those that have special names and symbols, as interpreted for the United States by the 
National Bureau of Standards, are listed in Table 7.4 together with their definitions in 
terms of base units.

Table 7.3   Supplementary Units

Quantity Name Symbol

Plane angle radian rad
Solid angle steradian sr

Table 7.4   Derived Units

Quantity Sl Unit Symbol Name Base Units

Frequency Hz hertz s−1

Force N newton kg·m·s−2

Pressure or stress Pa pascal kg·m−1·s−2

Energy or work J joule kg·m2·s−2

Quantity of heat J joule kg·m2·s−2

Power radiant flux W watt kg·m2·s−3

Electric charge C coulomb A·s
Electric potential V volt kg·m2·s−3·A−1

Potential difference V volt kg·m2·s−3·A−1

Electromotive force V volt kg·m2·s−3·A−1

Capacitance F farad A2·s4·kg−1·m−2

Electric resistance Ω ohm kg·m2·s−3·A−2

Conductance S siemens kg−1·m−2·s3·A2

Magnetic flux Wb weber m2·kg·s−2·A−1

Magnetic flux density T tesla kg·s−2·A−1

Inductance H henry kg·m2·s−2·A−2

Luminous flux lm lumen cd
Illuminance Ix lux cd·m−2

Celsius temperature* °C degree Celsius K
Activity (radionuclides) Bq becqueret s−1

Absorbed dose Gy gray m2·s−2

Dose equivalent Sv sievert m2·s−2

*The thermodynamic temperature (TK) expressed in kelvins is related to Celsius temperature (tC ) expressed in 
degrees Celsius by the equation tC = TK − 273.15.
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Table 7.5   Additional Derived Units

Quantity Units Quantity Units

Acceleration m·s−2 Molar entropy J·mol−1·K−1 
Angular acceleration rad·s−2 Molar heat capacity J·mol−1·K−1

Angular velocity rad·s−1 Moment of force N·m
Area m2 Permeability H·m−1

Concentration mol·m−3 Permittivity F·m−1

Current density A·m−2 Radiance W·m−2·sr−1

Density, mass kg·m−3 Radiant intensity W·sr−1

Electric charge density C·m−3 Specific heat capacity J·kg−1·K−1

Electric field strength V·m−1 Specific energy J·kg−1

Electric flux density C·m−2 Specific entropy J·kg−1·K−1

Energy density J·m−3 Specific volume m3·kg−1

Entropy J·K−1 Surface tension N·m−1

Heat capacity J·K−1 Thermal conductivity W·m−1·K−1

Heat flux density W·m−2 Velocity m·s−1

Irradiance W·m−2 Viscosity, dynamic Pa·s
Luminance cd·m−2 Viscosity, kinematic m2·s−1

Magnetic field strength A·m−1 Volume m3

Molar energy J·mol−1 Wavelength m

Additional derived units, such as those listed in Table 7.5, have no special SI unit names 
or symbols but are nevertheless combinations of base units and units with special names.

Being a decimal system, the SI is convenient to use because by simply affixing 
a prefix to the base, a quantity can be increased or decreased by factors of 10 and the 
numerical quantity can be kept within manageable limits. The proper selection of prefixes 
will also help eliminate nonsignificant zeros and leading zeros in decimal fractions. One 
rule to follow is that the numerical value of any measurement should be recorded as a 
number between 0.1 and 1 000. This rule is suggested because it is easier to make realistic 
judgments when working with numbers between 0.1 and 1 000. For example, suppose 
that you are asked the distance to a nearby town. It would be more understandable to 
respond in kilometers than meters. That is, it is easier to visualize 10 km than 10 000 m.

The use of prefixes representing powers of 1 000, such as kilo, mega, milli, etc., are 
preferred over multipliers such as deci, deka, etc. However, the three exceptions listed 
below are still in common use because of convention.

1. When expressing area and volume, the prefixes hecto-, deka-, deci-, and centi- 
may be used; for example, cubic centimeter.

2. When discussing different values of the same quantity or expressing them in a table, 
calculations are simpler to perform when you use the same unit multiple throughout.

3. Sometimes a particular multiple is recommended as a consistent unit even though 
its use violates the 0.1 to 1 000 rule. For example, many companies use the 
millimeter for linear dimensions even when the values lie far outside this suggested 
range. The cubic decimeter (commonly called liter) is also used in this manner.

Recalling the importance of significant figures, we see that SI prefix notations 
can be used to a definite advantage. Consider the previous example of 10 km versus 
10 000 m. In an estimate of distance to the nearest town, a round number certainly 
implies an approximation. Suppose that we were talking about a 10 000 m Olympic 
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track and field event. The accuracy of such a distance must certainly be greater than 
something between 5 000 and 15 000 m, which would be the implied accuracy with 
one significant figure. If, however, we use prefix multipliers, such as 10.000 km, then 
all five numbers are in fact significant, and the race length is accurate to within 1 m 
(9 999.5 to 10 000.5). If only four numbers are significant (10.00 km), then the race 
length is accurate to within 10 m (9 995 to 10 005).

There are two logical and acceptable methods available for eliminating confusion 
concerning zeros or the correct number of significant figures:
1. Use proper prefixes to denote intended significance.

Distance Precision Number of significant figures

10.000 km 9 999.5 to 10 000.5 m 5
10.00 km 9 995 to 10 005 m 4
10.0 km 9 950 to 10 050 m 3
10 km 5 000 to 15 000 m 1

How would you express a degree of significance between 10.0 km and 10 km? One 
viable solution is to use scientific notation.
2. Use scientific notation to indicate significance.

Distance Precision Number of significant figures

1.000 0 × 104 m 9 999.5 to 10 000.5 m 5
1.000 × 104 m 9 995 to 10 005 m 4
1.00 × 104 m 9 950 to 10 050 m 3
1.0 × 104 m 9 500 to 10 500 m 2
1 × 104 m 5 000 to 15 000 m 1

Selection of a proper prefix is customarily the logical way to handle problems of 
significant figures; however, there are conventions that do not lend themselves to 
the prefix notation. An example would be temperature in degrees Celsius; that is, 
4.00(103)°C is the conventional way to handle it, not 4.00 k°C.

7.7 Rules for Using SI Units

Along with the adoption of SI comes the responsibility to thoroughly understand and 
properly apply the new system. Obsolete practices involving both English and metric 
units are widespread. This section provides rules that should be followed when working 
with SI units.

7.7.1 Unit Symbols and Names

1. Periods are never used after SI symbols unless the symbol is at the end of a 
sentence (i.e., SI unit symbols are not abbreviations).

2. Unit symbols are written in lowercase letters unless the symbol derives from a 
proper name, for example, Ampere (A) or Kelvin (K), in which case the first 
letter is capitalized.

Lowercase Uppercase

m, kg, s, mol, cd A, K, Hz, Pa, C
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3. Symbols rather than self-styled abbreviations should always be used to represent 
units.

Correct Not correct

A amp
s sec

4. An s is never added to the symbol to denote plural.
5. A space is always left between the numerical value and the unit symbol.

Correct Not correct

43.7 km 43.7km
0.25 Pa 0.25Pa

 Exception: No space should be left between numerical values and the symbols for 
degree, minute, and second of angles and for degree Celsius.

6. There should be no space between the prefix and the unit symbols.

Correct Not correct

mm, MΩ k m, μ F

7. A unit name is written in lowercase (except at the beginning of a sentence), even 
if the unit is derived from a proper name.

8. Plurals are used as required when writing unit names. For example, henries is 
plural for henry. The following exceptions are noted:

Singular Plural

lux lux
hertz hertz
siemens siemens

With these exceptions, unit names form their plurals in the usual manner.
9. No hyphen or space should be left between a prefix and the unit name. In three 

cases the final vowel in the prefix is omitted: megohm, kilohm, and hectare.
10. The symbol should be used following a number in preference to the unit name 

because unit symbols are standardized. An exception to this is made when a 
number is written in words preceding the unit; for example, we would write nine 
meters, not nine m. The same is true the other way, for example, 9 m, not 9 meters.

7.7.2 Multiplication and Division

1. When writing unit names as a product, always use a space (preferred) or a 
hyphen.

Correct usage

newton meter or newton-meter

2. When expressing a quotient using unit names, always use the word per and not a 
solidus (/). The solidus, or slash mark, is reserved for use with symbols.

Correct usage Not correct

meter per second meter/second
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3. When writing a unit name that requires a power, use a modifier, such as squared 
or cubed, after the unit name. For area or volume, the modifier can be placed 
before the unit name.

Correct usage

millimeter squared or square millimeter

4. When expressing products using unit symbols, the center dot is preferred.

Correct usage

N · m for newton meter

5. When denoting a quotient by unit symbols, any of the following are accepted 
form:

Correct usage

m/s or m · s−1 or 
m
s

In more complicated cases, consider using negative powers or parentheses.  
For acceleration use m∕s2 or m · s−2 but not m∕s∕s. For electrical potential use  
kg · m2∕(s3 · A) or kg · m2 · s−3 · A−1 but not kg · m2/s3/A.

7.7.3 Numbers

1. To denote a decimal point, use a period on the line. When expressing numbers 
less than 1, a zero should be written before the decimal marker.

Example

15.6
0.93

2. Since a comma is used in many countries to denote a decimal point, its use is to 
be avoided in grouping data. To avoid confusion, separate the digits into groups 
of three, counting from the decimal to the left or right, and use a small space to 
separate the groups.

Correct and recommended procedure

6.513 824   76 851   7 434   0.187 62

7.7.4 Calculating with SI Units

Before we look at some suggested procedures that will simplify calculations in SI, let 
us review the following positive characteristics of the system.

Only one unit is used to represent each physical quantity, such as the meter for 
length, the second for time, and so on. The SI metric units are coherent; that is, each 
new derived unit is a product or quotient of the fundamental and supplementary units 
without any numerical factors. Since coherency is a strength of the SI system, it would 
be worthwhile to demonstrate this characteristic by the following two examples. The 
relationship among force, mass, and time can be illustrated by Newton’s second law, 
F ∝ ma. 
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is defined as the force required to impart an acceleration of one meter per second 
squared to a mass of one kilogram. It was not arbitrarily determined independent of 
mass and time. Thus,

1.0 N = (1.0 kg)(1.0 m/s2)
Newton’s second law can now be written in equation form as follows:

F =
ma
gC

, where gC = ma
F

 or gC =
1.0 kg · 1.0 m

N · s2

This constant of proportionality serves as a reminder that the units are in fact 
coherent and that the conversion factor is 1.0.

Consider next the joule, the SI equivalent of the British thermal unit, the calorie, 
foot-pound-force, the electron volt, and the horsepower-hour, intended to represent 
most forms of energy. The joule is defined as the amount of work done when an 
applied force of one newton acts through a distance of one meter in the direction of 
the force. Thus,

1.0 J = (1.0 N)(1.0 m)
To maintain coherency of units, however, time must be expressed in seconds rather 
than minutes or hours, since the second is the base unit. Once coherency is violated, 
then a conversion factor must be included and the advantage of the system is 
diminished.

But there are certain units outside SI that are accepted for use in the United 
States, even though they diminish the system’s coherence. These exceptions are listed 
in Table 7.6.

Calculations using SI can be simplified if you,
1. Remember that fundamental relationships are simple and easier to use because of 

coherence.
2. Recognize how to manipulate units and gain a proficiency in doing so. Since 

watt = J/s = N · m/s, you can algebraically rearrange the units to produce  
N · m/s = (N/m2)(m3/s) = (pressure)(volume flow rate).

Table 7.6   Non-SI Units Accepted for Use in the United States

Quantity Name Symbol SI Equivalent

Time minute min 60 s
hour h 3 600 s
day d 86 400 s

Plane angle degree ° π∕180 rad
minute ʹ π∕10 800 rad
second ʺ π∕648 000 rad

Volume liter L* 10−3 m3

Mass metric ton t 103 kg
unified atomic
mass unit u 1.660 57 × 10−27 kg (approx)

Land area hectare ha 104 m2

Energy electronvolt eV 1.602 × 10−19 J (approx)

*Both “L” and “l” are acceptable international symbols for liter. The uppercase letter is recommended for use in 
the United States because the lowercase “l” can be confused with the  
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3. Understand the advantage of occasionally adjusting all variables to base units; for 
example, replacing N with kg · m/s2 and Pa with kg · m−1 · s−2.

4. Develop a proficiency with exponential notation of numbers to be used in 
conjunction with unit prefixes.

1 mm3 = (10−3 m)3 = 10−9 m3

1 ns−1 = (10−9 s)−1 = 109 s−1

When calculating with SI the term “weight” can be confusing. Frequently we hear 
statements such as “The person weighs 100 kg.” A correct statement would be “The 
person has a mass of 100 kg.” To clear up any confusion, let’s look at some basic 
definitions.

First, the term mass should be used to indicate only a quantity of matter. Mass is 
measured in kilograms (kg) or pound-mass (lbm) and is always measured against a 
standard.

Force, as defined by the International Standard of Units, is measured in newtons. 
By definition the newton was established as the force required to accelerate a mass of 
one kilogram to one meter per second squared.

The acceleration of gravity varies at different points on the surface of the Earth as 
well as distance from the Earth’s surface. The accepted standard value of gravitational 
acceleration is 9.806 650 m/s2 at sea level and 45 degrees latitude.

Gravity is instrumental in measuring mass with a beam balance or scale. If you use 
a beam balance to compare an unknown quantity against a standard mass, the effect 
of gravity on the two masses cancels out. If you use a spring scale, mass is measured 
indirectly, since the instrument responds to the local force of gravity. Such a scale can 
be calibrated in mass units and be reasonably accurate when used where the variation 
in the acceleration of gravity is not significant.

The following example problem clarifies the confusion that exists in the use of 
the term weight to mean either force or mass. In everyday use, the term weight nearly 
always means mass; thus, when a person’s weight is discussed, the quantity referred to 
is mass.

Example Problem 7.1 A “weight” of 100.0 kg (the unit itself indicates mass) is 
suspended by a cable from an I-beam. Calculate the force or tension in the cable 
in newtons to hold the mass stationary when the local gravitational acceleration is 
(a) 9.807 m/s2 and (b) 1.63 m/s2 (approximate value for the surface of the Moon).

Theory Tension in the cable or force required to hold the object when the mass is at 
rest or moving at constant velocity is

 F =
mgL

gC

where gL is the local acceleration of gravity and replaces acceleration in Newton’s 
equation F = ma, gC is the proportionality constant, and m is the mass of object. 
Remember that due to coherence

gC = 1.0[
kg · m
N · s2 ]
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Assumption Neglect the mass of the cable.

Solution
(a) For gL  = 9.807 m/s2

F =
mgL

gC

F =
(100.0 kg) (9.807 m)

      s2  ×  

N  ·  s2

1.0 kg · m = 980.7 N

 = 0.980 7 kN

(b) For gL  = 1.63 m/s2

F =
(100.0 kg) (1.63 m)

  s2  ×  

N  ·  s2

1.0 kg · m = 0.163 0 kN

7.8 U.S. Customary and Engineering Systems

Before you study the material in this section, ask yourself why it is necessary to 
consider any system of dimensions and units other than SI. Next, think about a few 
common products that you might purchase for a home remodeling project: threaded 
fasteners, lumber, nails, paint, and so on. How many of these are available in metric 
units?

Although SI is ultimately intended to be adopted worldwide, at the present time 
many segments of the U.S. industrial complex regularly use other systems. For many 
years to come, engineers in the United States will have to be comfortable and proficient 
with a variety of unit systems.

As noted earlier in this chapter, there are two systems of units other than SI 
commonly used in the United States.

7.8.1 U.S. Customary System

The first, the U.S. Customary System has the fundamental units of foot (ft) for length, 
pound (lb) for force, and second (s) for time (see Table 7.7). However, in this system 
mass (m) is not a fundamental unit; it is a new derived unit called the slug. Since it is 
a new derived unit, its magnitude can be established. A slug is defined as a specific 
amount of mass. In fact, it is the amount of mass that would be accelerated to one 
foot per second squared given a force of one pound. This system works perfectly well 
as long as mass is derived totally independent of force. In fact, since we define the 
derived unit mass as the slug and establish its mass as a quantity of matter that will be 
accelerated to 1.0 ft/s2 when a force of 1.0 lb is applied, we have a coherent system of 
units. We can once again write Newton’s second law as an equality,

F = ma
gC

, where gC = ma
F

 or gC =
(1.0)  slug · 1.0  ft

lb · s2

Note that the constant of proportionality, gC , is included to clarify units, but the 
conversion factor is (1.0).
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7.8.2 The Engineering System

The Engineering System, uses length, time, mass, and force as the fundamental 
dimensions (see Table 7.8). In the Engineering System, the fundamental dimension 
force was established independently from the other primary dimensions. Recall that 
in the SI system of units force was determined with relation to Newton’s second law. 
However, in this case, sometime during the 14th century, a quantity of matter was 
selected to be one pound-mass (lbm). At a later time it was decided that one pound-
force (lbf) would be the force required to hold a one pound-mass in a gravitational field 
where the local acceleration of gravity was the standard value of 32.174 0 ft∕s2. In fact 
one pound-force (lbf) is the amount of force that would be required to accelerate a mass 
of 32.174 0 (lbm) to one foot per second squared. Unfortunately, in the Engineering 
System of units the independent selection of four fundamental dimensions require that 
we insert a conversion factor in the constant of proportionality (gC). It is for this reason 
that we included (gc) in equations that relate pound-mass and pound-force. It provides 
us with a visual reminder that

gC = 32.174 0 lbm · ft
lbf · s2

When calculating in the Engineering System, the constant of proportionality gc and 
the local gravitational constant gL can be particularly confusing when using the term 
“weight.” If you were to hold a child in your arms, you might say that this child is heavy, 
and ask the question, how much does this child weigh? Does the question refer to the 
amount of force exerted to hold the child (lbf) or the child’s mass (lbm)?

Normally the term “weight” refers to pound-mass. In other words the child’s mass 
is 50.0 lbm. Holding the child requires a force of 50.0 lbf where the local acceleration 
of gravity is exactly 32.174 0 ft/s2.

F =
mgL

gC
=

50.0
 
 lbm

1.0   ×   

32.174 
 
ft

s2   ×   

lbf · s2

32.174 0
 
 lbm · ft = 50.0

 
 lbf

Table 7.7   The U.S. Customary System

Quality Unit Symbol

Mass slug slug
Length foot ft
Time second s
Force pound lb

Table 7.8   The Engineering System

Quality Unit Symbol

Mass pound-mass lbm
Length foot ft
Time second s
Force pound-force lbf
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If the local gravitational constant were any value other than 32.174 0, then the force required 
to hold the child would either be greater than or less than the force required in the example. 
For instance, on planet x the local acceleration of gravity is 8.72 ft/s2. In this case the force 
required to hold the 50.0 lbm child (mass never changes) would be determined as follows:

F =
mgL

gC
=

50.0
 
 lbm

1.0   ×   

8.72
 
 ft

s2    ×  

lbf · s2

32.174 0
 
 lbm · ft = 13.6 

 
lbf

So the next time someone asks how much you can bench press, say, “About 600 lbm,”—
just don’t mention on what planet.

Once again a word of caution when using the Engineering System in expressions 
such as Newton’s second law (F ∝ ma). This particular combination of units—lbf, 
lbm, ft, and s2—do not constitute a coherent set. Recall a coherent set of non-SI units 
involving lb, slug, and ft/s2 was the U.S. Customary system. So you have a choice. You 
can either include the conversion factor or always convert mass quantities from lbm to 
slugs (1.0 slug = 32.174 0 lbm). For example, in the previous problem where the child’s 
weight was 50 lbm it would be necessary to first convert 50.0 lbm to slugs and then 
simply use the U.S. Customary system.

50.0  lbm =
50.0

 
 lbm

1.0   ×   

slugs
32.174  lbm   = 1.554

 
 slugs

F =
mgL

gC
=

1.554  slugs
1.0   ×   

32.174
 
 ft

s2   ×   

lbf · s2

1.0  slugs ·  ft = 50.0
 
 lbf

7.9 Conversion of Units

The two-dimensional systems listed in Table 7.1 can be further divided into the four 
systems of mechanical units presently encountered in the United States. See Table 7.9. 
The table does not provide a complete list of all possible quantities; this list is pre-
sented to demonstrate the different units that are associated with each unique system. 
As an example, the physical quantity L (length) can be expressed in a variety of units. 
Fortunately, it is a simple matter to convert the units from any system to the one in 
which you are working. To do this, the basic conversion for the units involved must be 
known and a logical series of steps must be followed. This procedure is often referred 
to as dimensional analysis or the unit-factor method.

First, let’s establish a procedure that can be used during the process of converting 
from one set of units to another. Remember mistakes can be minimized if you realize 
that a conversion factor relates the same physical quantity in two different unit systems. 
Next remember that the number 1.0 is a dimensionless number, so always begin the 
conversion factor as 1.0. For example:

1.0 in. = 25.4 mm or 1.0 ft = 0.304 8 m
Take a moment to review the Table of Conversion Factors given in Appendix A, Part 1. 
The column on the left is always preceded with a 1.0 set equal to the conversion factor 
in the middle column with column three as its corresponding units.

1.0 in. = 2.54 cm or 1.0 ft = 30.48 cm

Next, any number or mathematical expression can be multiplied or divided by (1.0) 
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same length quantity; therefore 1.0 in. = 25.4 mm. From this information we can estab-
lish what are called unit factors:

1.0 in.
1.0 in. = 25.4 mm

1.0 in.  or  1.0 in.
25.4 mm = 25.4 mm

25.4 mm
As an example let’s say we wish to convert 65.7 in. to mm. First we ask how many 
millimeters (x) are there in 65.7 in.?

x mm = 65.7 in. = 65.7 in.
1.0

Next use the correct unit factor given above such that when multiplied the appropriate 
units cancel.

x mm = 65.7 in. = 65.7 in.
1.0 × 25.4 mm

1.0 in.
Solve this equation for x and determine the proper number of significant figures. 

x = 1 668.78 mm = 1 670 mm

The unit-factor method is actually a sequential application of conversion factors 
arranged so that similar units appearing in both the numerator and/or denominator of 
any fractional system can be cancelled leaving the desired set of units.

For example, convert 50 mph to feet per second.

x  

ft
s = 50 miles

1.0 hour × 1.0 hour
60 min × 1.0 min

60 s × 5 280 ft
1.0 mile = 73.33 

ft
s

Remember that each of these unit factors 
1.0 hour
60 min , 

1.0 min
60 s , 

5 280 ft
1.0 mile are each equal 

to 1.0.

Table 7.9 Mechanical Units

Absolute System Gravitational System

Quality MKS CGS Type I Type II

Length m cm ft ft
Mass kg g slug lbm
Time s s s s
Force N dyne lbf lbf
Velocity m·s−1 cm·s−1 ft·s−1 ft·s−1

Acceleration m·s−2 cm·s−2 ft·s−2 ft·s−2

Torque N·m dyne·cm lbf·ft lbf·ft
Moment of

inertia kg·m2 g·cm2 slug·ft2 lbm·ft2

Pressure N·m−2 dyne·cm−2 lbf·ft−2 lb·ft−2

Energy J erg ft·lbf ft·lbf
Power W erg·s−1 ft·lbf·s−1 ft·lbf·s−1

Momentum kg·m·s−1 g·cm·s−1 slug·ft·s−1 lbm·ft·s−1

Impulse N·s dyne·s lbf·s lbf·s

Type I—U.S. Customary
Type II—Engineering
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This unit-factor method for conversion of units can be summarized in the example 
problem below using a five-step approach.

Problem: Convert 56.7 kg to lbm.

Step 1:  Write the following identity starting with the quantity you wish to convert

56.7 kg =
56.7 kg

1.0

Step 2:  Recall or look up the appropriate conversion factor. (See Appendix A.)

1.0 kg = 2.204 6 lbm

 Remember, you can divide both sides by 1.0 kg or you can divide both sides by 
2.204 6 lbm.

1.0 kg
1.0 kg = 2.204  6 lbm

1.0 kg = 1.0

Step 3:  Establish an equation with x as the unknown utilizing the appropriate 
unit factor.

x lbm = 56.7 kg =
56.7 kg

1.0  × 2.204 6 lbm
1.0 kg

Step 4:  Multiply the two identities to obtain the desired answer

x lbm = 56.7 kg =
56.7 kg

1.0  × 2.204 6 lbm
1.0 kg = 125.0 lbm

Step 5:  Consider significant figures 

56.7 kg = 125 lbm

Thus, when using the conversion factor 2.204 6 lbm∕1.0 kg to convert a quantity in 
kilograms to lbm, you are multiplying by a factor that is not numerically equal to 1 but 
is physically identical.

The following five example problems review the procedure outlined above and 
present a systematic series of steps that can be used when performing a unit conver-
sion. Once you are extremely familiar with the unit conversion process the five steps 
outlined can be condensed to some smaller number, that is, individual steps can be 
combined; nevertheless, the construction of a series of individual steps will aid the 
thought process and help insure a correct unit analysis. Notice the units to be elimi-
nated will cancel algebraically, leaving the desired results. The final answer should 
be checked to make sure it is reasonable. 

Example Problem 7.2 Convert 375 lbm∕s to slugs∕hr

Step 1:  Write the identity you wish to convert

375 lbm/s = 375 lbm
1.0 s
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Step 2:  List needed conversion factors

1.0 slug = 32.174 0 lbm  and  1.0 hr = 3 600 s

Step 3:  Establish the equation and multiply this identity by the appropriate 
conversion factors

x slugs/hr = 375 lbm
1.0 s  ×

1.0 slugs
32.174 lbm × 3 600 s

1.0 hr
Notice that by the correct positioning of conversion factors the desired answer can be 
realized, that is, lbm and seconds cancel leaving slugs per hour. 

Step 4:  Multiply the identities to obtain the desired answer

x slugs/hr = 375 lbm
1.0 s  ×

1.0 slugs
32.174 lbm × 3  600 s

1.0 hr = 41 959 slugs/hr

Step 5:  Check for both a reasonable answer and significant figures

375 lbm/s = 4.20 × (10)4 slugs/hr

Example Problem 7.3 Convert 85.0 lbm/ft3 to kg/m3.

Solution Notice in this example steps have been combined.

Steps 1&2:  Write the identity and list conversion factors

85.0 lbm/ft3 = 85.0 lbm
1.0 ft3

1.0 ft = 0.304 8 m and 1.0 lbm = 0.453 6 kg
Each of which can be written as unit factors:

1.0 ft
0.304 8 m  and  1.0 lbm

0.453 6 kg  or  0.304 8 m
1.0 ft   and  

0.453 6 kg
1.0 lbm

Steps 3&4:  Establish the equation and multiply this identity by the appropriate 
conversion factors

Note: Any unit factor can be squared, cubed, etc., as long as the operation is applied to 
both the nominator and denominator.

x kg/m3 = 85.0 lbm/ft3 = 85.0 lbm
1.0 ft3  ×

0.453 6 kg
1.0 lbm  ×

(1.0 ft)3

(0.304 8 m)3 = 1 361.592 3 kg/m3

Step 5:  Check for reasonable answer and significant figures

85.0 lbm∕ft3 = 1.36 × 103 kg/m3

Example Problem 7.4 Determine the gravitation force (in newtons) on an 
automobile with a mass of 3 645 lbm. The acceleration of gravity is known to  
be 32.2 ft∕s2.
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Solution A Force, mass, and acceleration of gravity are related by 

F =
mgL

gC

First, convert lbm to kg 

x kg = 3  645 lbm
1.0  ×

1 kg
2.204  6 lbm = 1  653.36 kg

Convert gL in ft/s2 to m/s2

gL = 32.2 ft
s2  × 0.304  8 m

1.0 ft = 9.814  6 m/s2

Solve for F

F =
mgL

gC
= (1 653.36 kg) (

9.814   6 m
s2 ) (

1.0 kg · m
N · s2 )

F = 16 227 N = 16.2 kN

Note: Intermediate values were not rounded to final precision, and we have used 
either exact or conversion factors with at least one more significant figure than 
contained in the final answer.
Solution B (combine steps in Solution A into one step)

F =
mgL

gC
= 3 645 lbm

1.0  × 32.2 ft
1.0 s2  ×

1.0 kg
2.204 6 lbm × 0.304 8 m

1.0 ft  × N · s2

1.0 kg · m
F = 16 227 N

If you prefer to express the answer in kN, recall that 1.0 kN = 1 000 N so

F = 16 227 N
1.0 × 1.0 kN

1 000 N = 16.2 kN

Note: It is often convenient to include conversions with the appropriate engineering 
relationship in a single calculation.

Example Problem 7.5 The density of aluminum is 165 lbm/ft3. Convert to SI units 
(i.e., kg/m3). As with many unit conversions this problem can be solved in a number 
of different ways. Three solutions are shown below.

Solution 1: 

x kg/m3 = 165 lbm
1.0 ft3 ×

1.0 kg
2.204 6 lbm ×

(3.280 8 ft)3 
(1.0 m)3

From Appendix A: 1.0 m = 3.280 8 ft and 1.0 kg = 2.204 6 lbm

Therefore, x kg/m3 = 2 642.98 kg/m3 = 2 640 kg/m3

Solution 2: 

x kg/m3 = 165 lbm
1.0 ft3 ×

1.0 kg
2.204 6 lbm × 1.0 ft3 

0.028 317 m3

From Appendix A: 1.0 ft = 0.304 8 m and 

eid53554_ch07_143-170.indd   162 13/12/21   7:25 PM

ISTUDY



163
Celsius, Fahrenheit, 
and Absolute Scales

However, when both sides of the unit factor are cubed (1.0 ft)3 = (0.304 8 m)3 we see 
that 1.0 ft3 = 0.028 317 m3

Therefore, x kg/m3 = 2 643.06 kg/m3 = 2 640 kg/m3  

Solution 3: Simply look up the direct conversion in Appendix Part 4 Approximate 
Specific Gravities and Densities.

Density of aluminum = 165 lbm/ft = 2 640 kg/m

Example Problem 7.6 Compute the power output of a 225-hp engine in (a) British 
thermal units per minute and (b) kilowatts.

Solution: Review the five-step process. 
Step 1: Write the identity you wish to convert
Step 2: List needed conversion factors
Step 3:  Establish the equation and multiply this identity by the appropriate 

conversion factors
Step 4: Multiply the identities to obtain the desired answer
Step 5:  Check for reasonable answer and significant figures

Notice, with sufficient practice all five steps listed can be configured as follows: 

(a)  x Btu/min = 225 hp =
225 hp

1.0  ×  2.546 1 × 103 Btu
1.0 hp · hr  ×  1.0 hr

60 min 

   = 9.55 × 103 Btu/min

(b) x kW = 225 hp =
225 hp

1.0  ×  
0.745 70 kW

1.0 hp = 168 kW

7.10 Celsius, Fahrenheit, and Absolute Scales

Temperature scales also appear in two common forms, the Celsius scale (previously 
called centigrade) and the Fahrenheit scale. The Celsius scale has the same temperature 
increment as its absolute thermodynamic scale, the Kelvin scale. However, the zero 
point on the Celsius scale is 273.15 K above absolute zero.

t(°C) = T(K) − 273.15 (7.1)

Scales more commonly used in the United States are the Fahrenheit scale and its 
corresponding absolute thermodynamic scale, the Rankine scale. A unit degree on the 
Fahrenheit scale is precisely the same as a unit degree on the Rankine scale. However, 
the zero point on the Fahrenheit scale is 459.67°R above absolute zero. (See Table 7.10.)

t(°F) = T(°R) − 459.67 (7.2)

When these relationships are combined, a convenient equation can be developed for 
conversion between Celsius and Fahrenheit or vice versa.

t(°F) = 9∕5t(°C) + 32°F (7.3)

t(°C) = 5∕9[t(°F) − 32°F] 
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If you were to construct the above Rankine and Kelvin scales parallel to each other, they 
would begin at absolute zero and be graduated and calibrated to the boiling point of water. 
To simplify the comparison consider only the portion of the scales from freezing to boiling. 
On the Rankine scale there are 180 degrees (671.67 − 491.67) and on the Kelvin scale only 
100 (373.15 − 273.15). When you divide these two quantities by 20 (180∕20) and (100∕20) 
it becomes apparent that 9 degrees on the Rankine scale is equivalent to 5 degrees on the 
Kelvin scale or 9°R = 5 K. So if you are converting from one scale to the other, you must 
use the conversion factor 9°R = 5 K, the factor that makes the scales equivalent.

Example Problem 7.7 Convert 373.15 K to a Rankine temperature.

373.15 K = 373.15 K
1.0 × 9° R

5 K = 671.67°R

Example Problem 7.8 The Universal Gas Constant (UGC) in the different unit sys-
tems has been determined as follow:

UGC = 1 545 ft · lbf/lbmol · °R = 1.986 Btu/lbmol · °R = 8.314 kJ/kmol · K

Show how you would convert from 1 545 · lbf/lbmol · °R to 8.314 kJ/kmol · K

1  545  

  ft · lbf
lbmol ·° R = 1  545  ft · lbf

lbmol ·° R   ×   

4.448  2  N
lbf   ×   

lbmol
0.453  59  kmol   ×   

m
3.280  8  ft

  ×   

9 ° R
5  K   ×   

J
N · m   ×   

kJ
1  000  J   =   8.313  kJ/kmol · K

Example Problem 7.9 Convert 98.6°F to °C.

Solution A

t(°C) = [(t°F) − 32]5/9 = 333/9 = 37.0°C

Solution B

T(°R) = 98.6 + 459.67 = 558.27°R

558.27 ° R = 558.27 ° R
1.0   ×   

5  K
9  ° R     =   310.15  K

t(°C) = 310.15 − 273.15 = 37.0°C

Table 7.10   Temperature Scales

°R K °F °C

Abs Zero 0 0 −459.67 −273.15
°F = °C 419.67 233.15 −40 −40
Zero on °F 459.67 255.37 0 −17.78
Zero on °C 491.67 273.15 32 0
Boiling 671.67 373.15 212 100

eid53554_ch07_143-170.indd   164 13/12/21   7:25 PM

ISTUDY



165
Celsius, Fahrenheit, 
and Absolute Scales

The problem of unit conversion becomes more complex if an equation has a constant 
with hidden dimensions. It is necessary to work through the equation converting the 
constant K1 to a new constant K2 consistent with the equation units.

Consider the following example problem.

Example Problem 7.10 The velocity of sound in air (c) can be expressed as a 
function of temperature (T):

c = 49.02√T

where c is in feet per second and T is in degrees Rankine.
Find an equivalent relationship when c is in meters per second and T is in 

kelvins.

Procedure
1. First, the given equation must have consistent units; that is, it must have the same 

units on both sides. Squaring both sides we see that

c2 (ft2∕s2) = 49.022 T °R

 From this equation it is apparent that the constant (49.02)2 must have units in 
order to maintain unit consistency. (The constant must have the same units as 
c2∕T.)

Solving for the constant,

(49.02)2 = c 2 ft
2

s2[
1

T·°R] = c 2

T [
ft2

s2°R]

2. The next step is to convert the constant 49.022 ft2/(s2°R) to a new constant that 
will allow us to calculate c in meters per second given T in kelvins. We recog-
nize that the new constant must have units of square meters per second squared 
per kelvin.

(49.02)2ft2

  s2°R =
(49.02)2ft2

1.0   s2°R   ×   

(0.304 8 m)2

(1 ft)2   ×   

9°R
5 K = 401.84 m2

1 s2K

3.  Substitute this new constant 401.84 back into the original equation

c2 = 401.84T

c = 20.05√T

 where c is in meters per second and T is in kelvins. If you wish to verify 
this new equation, take a temperature in Fahrenheit (80°F) and convert to 
Rankine (540°R). Take the original equation and compute the value of c 
(1 139 ft/s).

Next convert 80°F to kelvins (26.67 + 273.15), calculate c (347.17 m/s), and 
convert back to ft/s.

1 139 ft/s = 
1  139 ft

  1.0  s   ×   

0.304 8 m
1.0 ft    =   347.17 m/s

You will have verified the new constant.
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Problems
7.1 Using the correct number of significant figures, convert the following physical quantities 

into the proper SI units.
(a) 365 hp ( f ) 185 slugs
(b) 640 acres (g) 285 lbm
(c) 56 000 ft3 (h) 3 675 ft
(d) 712 ft/s (i) 2 965 gal
(e) 95 mph (  j) 2 345 miles

7.2 Convert the following to SI units, using the correct significant figures.
(a) 815 slugs/min ( f ) 182 bushels/acre
(b) 22.7 Btu/min (g) 115 hp · hr
(c) 72°F (h) 32.6 lbm/ft3

(d) 405 oz (i) 0.175 × 104 ft3/hr
(e) 8.75 atm ( j) 5 675 lbf

7.3 Convert as indicated giving the answer using proper significant figures.
(a) 19.75 ft to millimeters
(b) 365.5 ft3 to L
(c) 373 K to degrees Rankine
(d) 5 595 bushels to cubic meters
(e) 455 250 Btu/h to kilowatts

7.4 Convert as indicated giving the answer using proper significant figures.
(a) 7 255 ft · lbf to joules
(b) 14.7 lbf/in2 to pascals
(c) 29 035 ft to m
(d) 185.7 slugs/ft3 to grams per cubic centimeter
(e) 32°F to Kelvin

7.5 Using the rules for expressing SI units, correct each of the following if given incorrectly.
(a) 12 amps ( f ) 6.7 m/s/s
(b) 12.5 cm’s (g) 86.3 j
(c) 250 degrees Kelvin (h) 3 500 K
(d) 125.0 m m (i) 375 n
(e) 152 KW/hours ( j) 4 225 pa

7.6 Using the rules for expressing SI units, correct each of the following if given incorrectly.
(a) 5.50 N ( f)  725 N/m/m
(b) 63.5 C (g) 72.0 Kg
(c) 108 farads (h) 750 J/sec
(d) 65 nM (i) 95 A’s
(e) 17 m per s ( j) 1.5 m · m

7.7 If a force of 2.45 × 103 N is required to lift an object with a uniform velocity and an 
acceleration of gravity shown as follows, determine the mass, in kg, of the object:
(a) 23.7 ft/s2

(b) 9.43 m/s2

7.8 If you were on another planet, say, Mars, which of the following, gC or gL, would change 
and which would stay constant? Explain the difference.

7.9 Determine the acceleration of gravity required (meters per second squared) to lift  
a 1 500 kg object at a uniform velocity when the force exerted is
(a) 2.695 × 103 lbf
(b) 14.6 × 103 N

7.10 The average density of Styrofoam is 1.00 kg/m3. If a Styrofoam cooler is made with 
outside dimensions of 50.0 × 35.0 × 30.0 cm and the uniform thickness of the Styrofoam 
is 3.00 cm (including the lid), what is the volume of the Styrofoam used in cubic inches? 
What is the mass in lbm? How many gallons of liquid could be stored in the cooler?
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7.11 A small town purchased a 35 ft diameter cylindrical tank for potable water in the event 
of an emergency. The town consists of 4 300 family units. If each family were to collect 
35 gallons of water, what would be the minimum height of the tank?

7.12 The Eurostar provides international high speed train service between Paris, London, 
and Brussels through the English Channel Tunnel. Eurostar trainsets can operate at 
maximum speeds of 3.00 × 102 km/h. Assume that the resistance between the train and 
the track is 115 × 103 newtons. If air resistance adds an additional 25.5 × 103 newtons, 
determine the horsepower needed to power the engine at maximum speed.  
[ Note: Power = (force) × (velocity)]

7.13 Eurostar’s nose is computer-optimized for running in the Channel Tunnel where pres-
sure waves can affect passenger comfort. The tunnel itself is passed at a reduced speed 
of 1.6 × 102 km/h. Determine the length of time it takes to complete the 23 mile under-
water portion of the trip from London to Paris.

7.14 You have recently graduated from college and decided to build a new home. The 
basement floor and foundation walls will be constructed from poured concrete. 

 The outside dimensions of the foundation walls are 7.0 × 101 ft in length × 5.0 × 101 ft 
wide × 10 ft high with 8 in. thick walls. The basement floor is poured to the inside of 
the foundation walls and is 6 in. thick.
(a)  How many yards of concrete will need to be ordered rounding up to the nearest 

cubic yard?
(b) What will be the mass of both the foundation walls and floor in lbm? 

7.15 A new sports stadium is being proposed for a city in North Dakota. Some of the project 
details are as follows. To prepare for the footing and foundation 300 000 cubic yards of 
dirt will need to be removed. It will have an inflatable roof that covers 10.0 acres and its 
interior volume will be 60.0 × 106 cubic feet.

  During construction, 40.0 × 103 cubic yards of concrete, 11.9 × 103 tons of reinforc-
ing steel and 5.00 × 102 tons of structural steel will be utilized. The roof material will 
include an outer layer of Teflon-coated fiberglass together with an inner layer of woven 
fiberglass. Given this information, answer the following:
(a)  If removed evenly over the 10 acres, how deep of a hole would be formed as a 

result of the excavation?
(b) What is the total mass of concrete and steel in lbm?
(c)  If the two-layer fiberglass roofing material has a mass of 0.6667 lbm/ft2, what is the 

total mass of the roof?
(d)  If 10.0 in. of wet snow is collected on the roof, what is the added mass to the roof ? 

(Assume 1 in. of water equals 10 in. of snow.)
7.16 The United States currently imports 9.5 × 106 barrels of oil each day. If a cylindrical 

storage tank were to be constructed with a base of 50.0 ft:
(a) What would be the height of the container to store this daily consumption?
(b)  Recall that Mt. Everest is 29 028 ft. What would the diameter of the cylinder have 

to be to match the height of Mt. Everest?
7.17 Construction sand is piled in a right cone that has a height of 35.0 feet and a diameter 

of 95.0 feet. If this sand has a density of 97.0 lbm/ft3,
(a) determine the volume of the cone
(b) determine the mass of the sand in the cone
(c)  during the winter months the sand will be spread on county roads. Using a 

spreadsheet, determine the volume and mass of the sand remaining if the height 
decreases from 35.0 to 5.00 ft in increments of 1.0 ft. Assume that the base remains 
constant.

7.18 A cylindrical underground storage tank with a diameter of 18.0 ft and a height of 25.0 ft 
is filled with gasoline. Given a density of 675 kg/m3, determine the mass of the gas in 
the tank in both lbm and kg. If the average automobile gas tank holds 25.0 gal, calculate 
the number of autos that may be filled from this underground facility.
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7.19 A cylindrical tank is 25.0 ft long and 10.0 ft in diameter is oriented such that its longitu-
dinal axis is horizontal. Develop a table that will
(a)  Show how many gallons of diesel fuel are in the tank if the fluid level is measured 

in 1.00 ft increments from the bottom of the tank.
(b)  Show the corresponding mass at each increment, in kg, if the specific gravity is 0.73.

7.20 A southwest rancher constructs a spherical water tank that is 10 ft in diameter. Develop 
a table that will
(a)  Show how many gallons of water are contained in the tank if the volume is 

measured in 1.00 ft increments from the bottom to the top of the container.
(b) Determine the mass of water at each increment in lbm.

7.21 The ideal gas law shows the relationship among some common properties of ideal gases.

pV = nRT
where
p = pressure
V = volume
n = number of moles of the ideal gas
R = universal gas constant = 8.314 kJ∕(kmol K)
T = absolute temperature

 If you have 8 moles of an ideal gas at 35 degrees Celsius and it is stored in a cubic 
container with inside dimensions of 0.750 meters on each side, calculate the pressure in Pa.

7.22 Approximately 50 000 years ago a meteorite hit the earth near Winslow, Arizona. The 
impact crater is 1 200 m in diameter and 170 m deep. Determine the volume of earth in 
ft3 removed assuming the crater to be a spherical segment. Verify that the radius of the 
sphere is approximately 1 150 m.

7.23 Conservation of energy suggests that potential energy is converted to kinetic energy 

when an object falls in a vacuum. KE = mV2

2gC
 and PE =

m gLh
gC

 Velocity at impact can 
be determined as follows:

V = Constant  √h
(a)  Determine the constant so that the equation is valid for h in ft and V in feet per 

second (ft/s).
(b) Determine the constant so that the equation is valid for h in ft but V in mph.
(c)  If you drop an object from 455 ft, what is the velocity on impact with the ground in 

mph and ft/s?
7.24 A small portable cylindrical pressure tank has inside dimensions of 14.0 in. (dia) and 

36.0 in. end to end. The maximum recommended safety pressure at 70°F is 200 psi. The 
device has a safety release value set at 250 psi.
(a) Determine the inside volume of the pressure tank in ft3.
(b) Calculate the specific volume of the tank at 70°F and 200 psi. (See below.)
(c) Find the mass of air in the tank from part (b).
(d)  If the homeowner inserts 3.5 lbm of air into the tank at 70°F, what would be the 

reading on the tank pressure gauge?
(e)  With the aid of a spreadsheet determine the temperature from part (d) at which the 

safety gauge would release starting at 70°F and increasing in 10 degree increments.
Pv = RT
Pressure, P, lbf/ft2

Sp. Vol., v − ft3/lbm
Gas constant for air, (Rair = 53.33 ft · lbf/lbm°R)
Temperature, T − °R
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7.25 A Midwest Cooperative needs to store 15 750 gallons of a liquid chemical. They are 
considering two possible containers, a hollow cylinder or a hollow sphere. The wall of 
the sphere will need to be 6 in. thick and the wall, top and bottom of the cylinder are 
each 6 in. thick. Due to space limitations the height of the cylinder must be 26.0 ft.
(a)  What will be the outside diameter of the cylinder required to hold the liquid 

chemical?
(b)  What will be the outside diameter of the sphere?
(c)  Assume the containers are made of aluminum, which container uses the most 

material?
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C H A P T E R  8

Introduction to Engineering  
Economics

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Understand that the value of money changes with time
 ◾ Distinguish between simple and compound interest
 ◾ Prepare a cash-flow diagram
 ◾ Compute present worth and future worth of multiple sums of money
 ◾ Calculate the equivalent uniform annual cost of a series of amounts
 ◾ Recognize and solve problems involving sinking funds and installment loans
 ◾ Solve problems with arithmetic and geometric gradients

8.1 Introduction

Engineers often serve as managers or executive officers of businesses and therefore 
are required to make financial as well as technical decisions. Even in companies where 
the managers are not engineers, engineers serve as advisers and provide reports and 
analyses that influence decisions. Also, the amount of capital investment (money spent 
for equipment, facilities, and so on) in many industries represents a significant part of 
the cost of doing business. Thus, estimates of the cost of new equipment, facilities, 
software, and processes must be carefully done if the business is to be successful and 
earn a profit on its products and services.

A couple of examples will be used to illustrate how an engineer might be involved 
in the financial decision-making process. Suppose that a manufacturing company has 
decided to upgrade its computer network. The network will connect all parts of the 
company, such as engineering design, purchasing, marketing, manufacturing, field 
sales, and accounting. Also, suppose that 10 different vendors are invited to submit 
bids based on the specifications prepared by engineers. The bids will include hardware, 
software, installation, and maintenance. As an engineer, you will then analyze the bids 
submitted and rank the 10 vendors’ proposals based on predetermined criteria.

This assignment is possible once a method of comparison, such as the equivalent 
uniform annual cost (EUAC) or the present worth (PW) method, is selected. These 
methods of analysis are discussed later in the chapter. However, they allow us to com-
pare only tangible costs. Intangible items, such as safety or environmental concerns, 
must also be considered.
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Another example of a common engineering task is justification of the purchase of a 
new machine to reduce the costs of manufacture. This justification is usually expressed 
as a rate of return on investment or rate of return (ROR). Rate of return is defined as 
the equivalent compound interest rate that must be earned on the investment to produce 
the same income as the proposed activity. Often the profit comes from the reduction of 
production costs as a result of the new machine.

Since any venture has some risk involved and the cost reductions expected are 
only estimated, companies will not choose to invest in new equipment unless there is a 
promise of a much greater return than could be realized by less risky investments, such 
as bank deposits or the purchase of treasury notes or government bonds.

In addition to the application of engineering economy methods in your professional 
life, you will also have applications in your personal life. Major purchases such as a 
vehicle or a home, as well as investments (e.g., money markets, bonds, treasury notes, 
company stock) you may make using your own funds, require understanding of the prin-
ciples you will learn in this chapter. As an example, Table 8.1 is an Excel spreadsheet 
that shows an annual investment of $1 200 (nominally $100 per month) for 10 years 
beginning at age 22. This investment is left at 8 percent annual compounded interest until 
age 65. Compare that with starting the same yearly investment at age 32 and continuing 
until age 65. Of course you may not be able to earn 8 percent at all times, although over 
the long term, 8 percent is a reasonable number. Suppose, however, you could earn only 
4 percent. Table 8.2 shows equal investments earning 8 and 4 percent, the difference 
being in one case the investment is made early and in the other the investment is made 
late. It is clear the 8 percent compound interest results in much greater accumulation 
than 4 percent, just as you would expect. Notice the difference in accumulation between 
investing early and investing late. Your conclusion should be that to optimize your retire-
ment income you will need to invest (save) just as early as you possibly can.

8.2 Simple and Compound Interest

Throughout time, philosophers, theologians, economists, and others have argued the 
pros and cons of charging and paying interest. The oldest known reference is found in 
ancient manuscripts from the country of India nearly 4 000 years ago. Early business 
was largely barter in nature with repayment in kind. It was common during the early 
years of the development of the United States for people to borrow grain, salt, sugar, 
animal skins, and other products from each other to be repaid when the commodity was 
again available. Since most of these items depended on the harvest, annual repayment 
was the normal process. When it became impossible to repay the loan after a year, the 
interest was calculated by multiplying the principal amount by the product of the inter-
est rate and the number of periods (years), now called simple interest.

 I = Pni (8.1)

where

 I = Interest accrued
 P = Principal amount
 n = Number of interest periods
 i
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Table 8.1

Age Annual Savings Accumulation Annual Savings Accumulation

22 $1 200  $1 296

23 $1 200  $2 696

24 $1 200  $4 207

25 $1 200  $5 840

26 $1 200  $7 603

27 $1 200  $9 507

28 $1 200  $11 564

29 $1 200  $13 785

30 $1 200  $16 184

31 $1 200  $18 775

32  $20 277 $1 200   $1 296

33  $21 899 $1 200   $2 696

34  $23 651 $1 200   $4 207

35  $25 543 $1 200   $5 840

36  $27 586 $1 200   $7 603

37  $29 793 $1 200   $9 507

38  $32 176 $1 200  $11 564

39  $34 750 $1 200  $13 785

40  $37 530 $1 200  $16 184

41  $40 533 $1 200  $18 775

42  $43 776 $1 200  $21 573

43  $47 278 $1 200  $24 594

44  $51 060 $1 200  $27 858

45  $55 145 $1 200  $31 383

46  $59 556 $1 200  $35 189

47  $64 321 $1 200  $39 300

48  $69 466 $1 200  $43 740

49  $75 024 $1 200  $48 536

50  $81 025 $1 200  $53 714

51  $87 508 $1 200  $59 308

52  $94 508 $1 200  $65 348

53 $102 069 $1 200  $71 872

54 $110 234 $1 200  $78 918

55 $119 053 $1 200  $86 527

56 $128 577 $1 200  $94 745

57 $138 863 $1 200 $103 621

58 $149 973 $1 200 $113 207

59 $161 970 $1 200 $123 559

60 $174 928 $1 200 $134 740

61 $188 922 $1 200 $146 815

62 $204 036 $1 200 $159 856

63 $220 359 $1 200 $173 941

64 $237 988 $1 200

65 $257 027 $1 200

eid53554_ch08_171-210.indd   173 14/12/21   3:15 PM

ISTUDY



174
Chapter 8
Introduction  
to Engineering
Economics

This is an example of a simple interest transaction where interest is calculated using the 
principal only, ignoring any interest accrued in preceding interest periods. Therefore, if 
$1 000 were to be loaned at 7 percent annual interest for five years, the interest would be

I = Pni
= (1 000)(5)(0.07)
= $350

and the total amount F to be repaid at the end of five years is

F = P + I (8.2)
= 1 000 + 350
= $1 350

It can be seen that

F = P + I = P + Pni
= P(1 + ni) (8.3)

As time progressed and business developed, the practice of borrowing became more 
common, and the use of money replaced the barter system. It also became increasingly 
more common that money was loaned for longer periods of time. Simple interest was 
relegated to the single-interest period, and the practice of compounding developed. It can 
be shown by using Equation 8.3, n = 1, that the amount owed at the end of one period is

P + Pi = P(1 + i)

The interest generated during the second period is then (P + Pi)i. It can be seen that 
interest is being calculated not only on the principal but on the previous interest as well. 
The sum F at the end of two periods becomes

P principal amount
+ Pi interest during first period
+ Pi + Pi 2 interest during second period

P + 2Pi + Pi 2 sum after two periods

This can be factored as follows:

P(1 + 2i + i2) = P(1 + i)2

The interest during the third period is

(P + 2Pi + Pi2)i = Pi + 2Pi2 + Pi3

and the sum after three periods is

P + 2Pi + Pi 2 sum after second period
+ Pi + 2Pi 2 + Pi 3 interest during third period

P + 3Pi + 3Pi 2 + Pi 3 = P(1 + i)3 sum after three periods

This procedure can be generalized to n periods of time and will result in

F = P(1 + i)n (8.4)
where F is future worth or the sum generated after n periods.

For compound interest, the interest accrued for each interest period is calcu-
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Table 8.2 

Age
Annual 
Savings

Accumulation 
(8%)

Accumulation 
(4%)

Annual 
Savings

Accumulation 
(8%)

Accumulation 
(4%)

22 $1 200 $1 296 $1 248

23 $1 200 $2 696 $2 546

24 $1 200 $4 207 $3 896

25 $1 200 $5 840 $5 300

26 $1 200 $7 603 $6 760

27 $1 200 $9 507 $8 278

28 $1 200 $11 564 $9 857

29 $1 200 $13 785 $11 499

30 $1 200 $16 184 $13 207

31 $1 200 $18 775 $14 984

32 $1 200 $21 573 $16 831

33 $1 200 $24 594 $18 752

34 $1 200 $27 858 $20 750

35 $1 200 $31 383 $22 828

36 $1 200 $35 189 $24 989

37 $1 200 $39 300 $27 237

38 $1 200 $43 740 $29 574

39 $1 200 $48 536 $32 005

40 $1 200 $53 714 $34 534

41 $1 200 $59 308 $37 163

42 $1 200 $65 348 $39 898

43 $1 200 $71 872 $42 741

44 $77 622 $44 451 $1 200 $1 296 $1 248

45 $83 831 $46 229 $1 200 $2 696 $2 546

46 $90 538 $48 078 $1 200 $4 207 $3 896

47 $97 781 $50 001 $1 200 $5 840 $5 300

48 $105 603 $52 002 $1 200 $7 603 $6 760

49 $114 052 $54 082 $1 200 $9 507 $8 278

50 $123 176 $56 245 $1 200 $11 564 $9 857

51 $133 030 $58 495 $1 200 $13 785 $11 499

52 $143 672 $60 834 $1 200 $16 184 $13 207

53 $155 166 $63 268 $1 200 $18 775 $14 984

54 $167 579 $65 799 $1 200 $21 573 $16 831

55 $180 986 $68 430 $1 200 $24 594 $18 752

56 $195 465 $71 168 $1 200 $27 858 $20 750

57 $211 102 $74 014 $1 200 $31 383 $22 828

58 $227 990 $76 975 $1 200 $35 189 $24 989

59 $246 229 $80 054 $1 200 $39 300 $27 237

60 $265 928 $83 256 $1 200 $43 740 $29 574

61 $287 202 $86 586 $1 200 $48 536 $32 005

62 $310 178 $90 050 $1 200 $53 714 $34 534

63 $334 992 $93 652 $1 200 $59 308 $37 163

64 $361 791 $97 398

65 $390 735 $101 294
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Thus, compound interest means interest on top of interest. Consider the sum or 
future worth at the end of five years on a $1 000 loan with 7 percent annual  interest, 
compounded annually.

 F = P(1 + i)n

 = (1 000)(1.07)5

 = $1 402.55

Thus, the sum with annual compounding is $1 402.55, compared with the previous sum 
of $1 350 when simple interest was used.

Table 8.3 demonstrates the difference between simple and compound interest on 
a year-by-year basis for the problem just discussed. Care must be exercised in using 
interest rates and payment periods to make sure that the interest rate used is the rate for 
the period selected.

Consider calculating the sum after one year. If the annual interest rate is 12 per-
cent compounded annually, then i = 0.12 and n = 1. However, when the annual rate 
is 12  percent, but it is to be compounded every six months (semiannually), then 
i = 0.12/2 and n = 2. This idea can be extended to a monthly compounding period, 
with i = 0.12/12 and n = 12, or a daily compounding period, with i = 0.12/365 and 
n = 365.

Example Problem 8.1 What total amount (principal and interest) must be paid at 
the end of four years if $12 000 is borrowed from a bank at 4 percent annual rate 
compounded (a) annually, (b) semiannually, (c) monthly, and (d) daily?

Solution
(a) Compounded annually:

 F = P(1 + i)n

where
 i = 0.04
 n = 1 × 4 = 4 periods (years)

Table 8.3  Principal and Interest Paid on Money Borrowed for Five Years at 7% Annual Interest

Simple Interest Compound Interest

Year Principal Interest Principal Interest

0 (today)  1 000  1 000
1  1 000  70.00  1 000  70.00

2  1 000  70.00  1 000  74.90

3  1 000  70.00  1 000  80.14

4  1 000  70.00  1 000  85.75

5  1 000  70.00  1 000  91.76

$1 000 + 350.00 $1 000 + 402.55

Total owed  $1 350.00  $1 402.55
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 P = $12 000
 F = 12 000(1.04)4

 F = $14 038.30

(b) Compounded semiannually:
 F = P(1 + i)n

where
 I = 0.04/2
 n = 2 × 4 = 8 periods
 P = $12 000
 F = 12 000(1.02)8

 F = $14 059.91

(c) Compounded monthly:
 F = P(1 + i)n

where
 i = 0.04/12
 n = 12 × 4 = 48 periods (months)
 P = $12 000
 F = 12 000(1 + 0.04/12)48

 F = $14 078.38

(d) Compounded daily:
 F = P(1 + i)n

where
 I = 0.04/365
 n = 365 × 4 = 1 460 periods (days)
 P = $12 000
 F = 12 000(1 + 0.04/365)1 460

 F = $14 082.01

Note: Always round the answer to the nearest penny.

As you can see from the example, even though the stated interest is the same, 
4 percent in this case, the change in the compounding period changes the sum. Thus, to 
compare different alternatives, we must know the stated or nominal annual interest rate 
and the compounding period. We can also define an effective annual rate, often called 
annual percentage rate (APR), for comparison purposes. The annual percentage rate 
(APR) is then the interest rate that would have produced the final amount under annual 
(rather than semiannual, monthly, or other) compounding.

Then, continuing with Example Problem 8.1 part (b), with a nominal interest rate 
of 4 percent and semiannual compounding, the APR can be found as follows:

F = $14 059.91 = 12 000(1 + APR)4 = 12 000(1 + 0.04
)

8
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or

(1 + APR)4 = (1 + 0.04
2 )

8

then

APR = (1 + 0.04
2 )

2
− 1 = 0.040 7 (4.04% APR)

Considering part (c) with 4 percent nominal and monthly compounding, the APR is 
found from

$14 078.38 = 12 000(1 + APR)4 = 12 000(1 + 0.04
12 )

48

APR = (1 + 0.04
12 )

12
− 1 = 0.040 7 (4.07% APR)

Financial institutions sometimes “intentionally confuse” nominal and APR values in their 
advertising. They may state the nominal rate and simply call it the APR if this makes 
the rate appear to be a better deal. APR is always going to be larger than nominal inter-
est if the compounding period is less than one year when the APR value is computed as 
previously defined. Since you know how to compute APR, you can always check it out.

8.3 Cash-Flow Diagram

The transaction described in Example Problem 8.1 for annual compounding can and 
should be graphically illustrated in a cash-flow diagram (Figure 8.1). Since cash-flow 
diagrams are very useful in the visualization of any transaction, they will be used 
throughout this chapter. The following general rules apply:

1. The horizontal line is a time scale. The interval of time is normally given in 
years, though in some cases other periods may be more meaningful.

0 1 2 3

4

0

1 2 3 4

<Out>

<Out>

<In>

<In>

P = $12 000

P = $12 000

(a) Lender

(b) Borrower

F

F

Figure 8.1
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2. The arrows signify cash flow. A downward arrow means money out, and an 
upward arrow means money in.

3. The diagram is dependent on the point of view from which it is constructed—that 
is, on whether it is the lender’s or the borrower’s point of view (see Figure 8.1).

8.4 Present Worth and Future Worth

It is important to keep in mind that the value of any transaction (loan, investment, and 
so on) changes with time because of interest. Thus, to express the value of a transaction, 
you must also give the point in time at which that value is computed. For example, the 
value of the loan described in Example Problem 8.1 (assuming annual compounding) 
is $12 000 at year zero but is $14 038.30 four years later. We will examine several 
methods of stating the value of a transaction.

Present worth (P) is the worth of a monetary transaction at the current time. It is 
the amount of money that must be invested now in order to produce a prescribed sum 
at another date.

Future worth (F) is the worth of a monetary transaction at some point in the future. 
It is an analysis of what the future amount of money will be if we take some particular 
course of action now.

To illustrate, if you were guaranteed an amount of money (F) four years from today, 
then P would be the present worth of F, where the interest is i and n = 4 (assuming annual 
compounding). Since this analysis is exactly the inverse of finding a future sum, we have

P = F(1 + i)−n (8.5)

As an example, if you can convince a lending institution that you will have a guar-
anteed amount of money available four years from today, it may be possible to borrow 
the present worth of that amount. If the guaranteed sum (four years later) is equal to 
$14 038.30, the present worth at 4 percent annual interest (compounded annually) is 
$12 000. (See Figure 8.2.)

P = F(1 + i)−n

where
F = $14 038.30
i = 0.04
n = 4

P = 
14 038.30

(1.04)4

= $12 000

0

1 2 3 4
<Out>

<In>

$14 038.30 (Guaranteed)

$12 000 (Available to take out today) 

Figure 8.2

Banker’s cash-flow diagram.
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In situations that involve economic decisions, the following types of questions may arise:

1. Does it pay to make an investment now?
2. What is the current benefit of a payment that will be made at some other date?
3. How does the monthly price paid to lease a computer compare with the future 

cost of a new computer?
4. How much money do you need to invest annually, beginning at graduation, to 

accumulate $5 million by the time you retire?

In such cases the answer is found by calculating the present or future worth of the 
transaction.

Many businesses calculate their present worth each year since the change in their 
present worth is a measure of the growth of the company. The following example prob-
lem will help to demonstrate the concepts just described.

Example Problem 8.2 Listed below are five transactions. Determine their present 
worth if money is currently valued at 10 percent annual interest compounded annu-
ally. Determine the current net cash equivalent assuming no interest has been with-
drawn or paid. Draw a cash-flow diagram for each.

Solution
(a) $1 000 deposited two years ago. (See Figure 8.3.)

F = 1 000(1.10)2 = $1 210.00

(b) $2 000 deposited one year ago. (See Figure 8.4.)

F = 2 000(1.10)1 = $2 200.00

Note: For parts (a) and (b) we solve for F to bring the value of money deposited one 
or two years ago to today’s equivalent amount.

$2 000

F

<In> Today

<Available>–1

0

Figure 8.4

Owner’s cash-flow diagram.

<In>

F

$1 000

Today

<Available>–2 –1

0

Figure 8.3

Owner’s cash-flow diagram.
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(c) $3 000 to be received one year from now. (See Figure 8.5.)

 P = 3 000(1.10)−1 = $2 727.27

(d) $4 000 to be paid two years from now (treated as negative for the owner 
since it must be paid). (See Figure 8.6.)

  P = −4 000(1.10)−2

  = −3 305.79

(e) $5 000 to be received four years from now. (See Figure 8.7.)

 P = 5 000(1.10)−4 = $3 415.07

Present worth of the five transactions (note: the values can be added or subtracted 
because each value has been computed on the same date):

 $1 210.00
 2 200.00
 2 727.27
 −3 305.79
 3 415.07

Present worth = $6 246.55

$3 000

P

<In>

Today
<Available>

1
0

Figure 8.5

Owner’s cash-flow diagram.

P

<In>

Today

–$4 000

4 000 <Disbursement>
0

1 2

Figure 8.6

Owner’s cash-flow diagram.

0
1 2 3 4

P

<In>

Today
<Available>

$5 000

Figure 8.7

Owner’s cash-flow diagram.
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Example Problem 8.3 A company can buy a vacant lot and have a new manufac-
turing plant constructed on the property. The timing and costs of various components 
for the factory are given in the cash-flow table below. If annual interest is 5 percent 
compounded annually, draw a cash-flow diagram and determine the future worth of 
the costs incurred when the firm begins production at the end of three years.

Year Activity Cost

  0 Buy land $   75 000
  1 Design and initial construction costs    150 000
  2 Balance of construction costs  1 150 000
  3 Setup production equipment    150 000

Solution See Figure 8.8.
Using Equation 8.4:

F = P(1 = i)n

F = $75 000(1 + 0.05)3 + 150 000(1 + 0.05)2 + 1 150 000(1 + 0.05)1 + 150 000
F = $86 821.87 + 165 375.00 + 1 207 500.00 + 150 000.00
F = $1 609 696.87

In this problem, one must examine the source of the money that is being spent. It 
is likely from one of two sources: (1) It is money that is borrowed from a bank and 
the company is paying 5 percent annual interest, or (2) It is money that the com-
pany has on hand (profit). If the money is from the second source, then we must 
explore what other opportunities for investment are being forgone in order to build 
the new factory.

0

75 000

150 000

321

150 000

1 150 000

F

Figure 8.8

Future worth of the cost of a new manufacturing plant.
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8.5 Annual Worth and Gradients

With present and future worth analysis, we resolved cash flows into single equivalent 
cash sums. But we can also state the value of a transaction on an equivalent annual basis.

Annual worth (A) is the worth of monetary transactions that have been converted 
to an equivalent uniform annual cost or benefit (EUAC or EUAB). An annuity involves 
a series of equal payments at regular intervals. The value of such a series will be devel-
oped in the following sections from the idea of compound interest. Consideration of the 
point in time at which compounding begins will be of prime importance.

Several forms of annuities will be discussed later in this chapter:

Annual Future Worth (Sinking Fund)
Annual Present Worth (Installment Loan)
Capitalized Cost (Infinite Life)

In many cases, however, annual payments do not occur in equal-amount pay-
ment series. For example, as your car ages, you may expect to pay more each year for 
automobile maintenance. If these costs increase (or decrease) in equal dollar amounts 
each year, they are referred to as arithmetic gradients (G); a formula allows easy com-
putation of equivalent present values for gradient series. Geometric gradients occur in 
cases where a uniform payment increases (or decreases) by a constant percentage. For 
example, you may expect your salary to increase by 8 percent per year for the first five 
years of your career. If you want to find the present worth of this series of cash flows, 
you may use one of the formulas derived and demonstrated later in this chapter:

Arithmetic Gradients
Geometric Gradients

8.5.1 Annual Future Worth (Sinking Fund)

A sinking fund is an annuity that is designed to produce an amount of money at some 
future time. It might be used to save for an expenditure that you know is going to 
occur—for instance, a Christmas gift fund or a new car fund. In business, the fund may 
be used to provide cash needed to replace obsolete equipment or to upgrade software. 
The cash-flow diagram for the sinking fund is shown in Figure 8.9.

If an amount A is deposited at the end of each period and interest is compounded 
each period at a rate of i, the sum F will be produced after n periods. Please note that 
the deposit period and the interest compounding period must be equal for the equations 
being developed to be valid.

<In>

<Available–out>1 32 n – 2 n – 1 n0 4 5

A A A A A AAA

F

Figure 8.9

Saver’s cash-flow diagram.
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It can be seen from Figure 8.9 that the last payment will produce no interest, the 
payment at period n − 1 will produce interest equal to A times i, the payment at period 
n − 2 will produce a sum (interest and principal) of A(1 + i)2, and so on. Hence, the sum 
produced will be as follows:
 Deposit at end of period Interest generated Sum due to this payment

 n None A(1)

 n − 1 A(i) A(1 + i)

 n − 2 A(1 + i)i A(1 + i)2

 n − 3 A(1 + i)2i A(1 + i)3

Thus, for four payments

F = A(4 + 6i + 4i2 + i3)

If we multiply and divide this expression by i, and then add and subtract 1 from the 
numerator, F becomes

 F = A[
(4i + 6i2 + 4i3 + i4 + 1) − 1

i ]

 = A[
(1 + i)4 − 1

i ]

It can be shown that the general term is

F = A[
(1 + i)n − 1

i ]  (8.6)

Therefore the annual future worth equation, Equation 8.6, should be used if you want 
to accumulate a future amount F over n periods; an amount A must be deposited at the 
end of each period at i interest rate compounded at each period.

Example Problem 8.4 How much money would be accumulated by a sinking fund 
if $500 is deposited at the end of each month for three years with an annual interest 
rate of 3.5 percent compounded monthly?

Solution (See Figure 8.10.)

 F = A[
(1 + i)n − 1

i ]

$500/month for 3 years

Figure 8.10

Saver’s cash-flow diagram.
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where
 A = $500

 i = 0.035/12  (monthly compounding)

 n = 12 × 3 = 36 (number of periods)

 F = 500 ≥
(1 + 0.035

12 )
36

− 1

0.035
12

¥

 F = $18 949.88

Example Problem 8.5 $10 000 will be needed in eight years to replace a piece of 
equipment. How much money must be placed annually into a sinking fund that earns 
7 percent interest? Assume the first payment is made today and the last one eight 
years from today with interest compounded annually.

Solution (See Figure 8.11.)

 F = A[
(1 + i)n − 1

i ]

 A =
F(i)

(1 + i)n − 1

 =
(10 000)(0.07)

(1.07)9 − 1

= $834.86

Note that n = 9 in this example because nine payments will be made. For the sinking-
fund formula to be valid, the time of the initial payment (“today,” in the problem) 
must be considered to be the end of the first period.

8.5.2 Annual Present Worth (Installment Loan)

A second and very popular way that annuities are used to retire a debt is by making 
 periodic payments instead of a single large payment at the end of a given time period. 

1 320 4 5 76 8 9

<In>

<Available–out>

A A A A A A A A A

$10 000

Figure 8.11

Company’s cash-flow diagram.
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This time-payment plan, offered by most retail businesses and lending institutions, 
is called an installment loan. It is also used to amortize (pay off with a sinking-
fund approach) bond issues. A cash-flow diagram for this scheme is illustrated in 
Figure 8.12.

In this case the principal amount P is the size of the debt and A is the amount of 
the periodic payment that must be made with interest compounded at the end of each 
period. It can be seen that if P were removed from the time line and F placed at the end 
of the nth period, the time line would represent a sinking fund. Furthermore, it can be 
shown that F would also be the value of P placed at compound interest for n periods 
[F = P(1 + i)n]. Likewise, P can be termed the present worth of the sinking fund that 
would be accumulated by the deposits. Therefore, since

F = P(1 + i)n and F = A[
(1 + i)n − 1

i ]

the present worth becomes

P = A[
(1 + i)n − 1

i(1 + i)n ] = A[
1 − (1 + i)−n

i ]  (8.7)

The term within the brackets is known as the present worth of a sinking fund, or the 
uniform annual payment present-worth factor.

It follows that

A = P[
i(1 + i)n

(1 + i)n − 1]  (8.8)

where the term in brackets is most commonly called the capital recovery factor, or the 
uniform annual payment annuity factor, and is the reciprocal of the uniform annual 
payment present-worth factor.

A third use of annuities is when a sum of money is returned in monthly install-
ments at retirement. The formula that applies is Equation 8.7, and the cash-flow 
 diagram is shown in Figure 8.13.

The problem could be stated as follows: How much money P must be available 
at retirement so that A dollars can be received for n periods, assuming i interest rate? 
Equation 8.7 can be solved for the amount of money P that must be accumulated by 
retirement if an amount A is to be withdrawn for n periods at a given interest rate.

To understand the concept of installment loans and retirement plans, consider the 
following example problems.

1 432

0

5

A A A A A A A A

P (Amount borrowed)

n – 2 n – 1 n

Figure 8.12

Buyer’s cash-flow diagram.
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Example Problem 8.6 Suppose you borrow $1 000 from a bank for one year at 
9 percent annual interest compounded monthly. Consider paying the loan back by  
two different methods:
1. You keep the $1 000 for one year and pay back the bank at the end of the year 

in a lump sum. What would you owe? (See Figure 8.14; note that the time line 
shown is in years but interest is compounded monthly.)

Solution
 F = 1 000(1 + 0.007 5)12

 = $1 093.81
2. The second method is the installment loan. You borrow $1 000 from the bank 

and repay it in equal monthly payments. What is the amount of each payment? 
(See Figure 8.15.)

<Source depleted>

<Available>

1 32 n – 2 n n – 1

0

4

AAAAAAA

P

Figure 8.13

Series of monthly withdrawals.

1

0

F

$1 000

<Amount due>

<in>

Figure 8.14

Borrower’s cash-flow diagram.

1 112

0

12

<Available>

A A A A

P
$1 000

<Debt retired>

Figure 8.15

Borrower’s cash-flow diagram.
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Solution From Equation 8.8:

  A = P[
i(1 + i)n

(1 + i)n − 1]

      = 1 000[
0.007 5(1 + 0.007 5)12

(1 + 0.007 5)12 − 1 ]

 = $87.45

Example Problem 8.7 A used automobile that has a total cost of $15 500 is to be 
purchased in part by trading in an older vehicle for which $6 250 is allowed. The 
 balance will be financed over three years. If the interest rate is 3.8 percent per year, 
compounded monthly, what are the monthly payments? The first installment is to be 
paid at the end of the first month. (See Figure 8.16.)

Solution From Equation 8.8:

A = (15 500 − 6 250) ≥
(0.038)

12 (1 + 0.038
12 )

36

(1 + 0.038
12 )

36
− 1

¥

    = $272.27

Another way of expressing the relationship is by saying that $9 250 (that is, 
$15 500 − $6 250) is the present worth of 36 monthly payments of $272.27, begin-
ning in one month at 3.8 percent annual interest compounded monthly.

Example Problem 8.8 Suppose that the auto purchase described in Example 
Problem 8.7 is modified so that no payment is made until six months after the purchase  
and then a total of 36 monthly payments are made. Now, what is the amount of each 
monthly payment? (See Figure 8.17.)

Solution Balance due after trade-in = $15 500 − $6 250 = $9 250. Balance  
due after five months = $9 250(1 + 0.038/12)5 = $9 397.38. Note that the unpaid 
 balance is compounded for only five months because the first payment marks the end 
of the first period of the annuity. This is called a 

<Available>
P

$9 250

<Debt retired>
0

1 32 35 36

A AAAA

Figure 8.16

Purchaser’s cash-flow diagram.
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 The monthly payment is then

A = 9 397.38 ≥
(0.038)

12 (1 + 0.038
12 )

36

(1 + 0.038
12 )

36
− 1

¥

     = $276.61

Example Problem 8.9 Amy and Kevin are purchasing their first home and have 
arranged for a mortgage of $200 000 at a fixed annual interest rate of 6.75 percent 
compounded monthly for a period of 30 years.

(a) What will be their monthly payment?
(b) At the end of year 10, what amount will be necessary to pay off the loan?
(c) If at the end of the first year they pay an additional sum of $50 000 on the 

principal, what is the remaining principal?
(d) If they continue with the monthly payments as found in part (a), how many 

payments will be necessary to retire the debt following the $50 000 payment 
described in part (c)?

Solution
(a) This problem describes a standard installment loan, so Equation 8.8 applies. 

(See Figure 8.18.)

A = P[
i(1 + i)n

(1 + i)n − 1]

0 1 32 4 5

<Available>

A A A A A

P
$9 250

<Debt retired>

6 7 8 40 41

Figure 8.17

Purchaser’s cash-flow diagram.

0

1 32 4 5 6 359 360

<Available>

A A A A A A A A

P
$200 000

<Debt retired>

Figure 8.18

Home purchaser’s cash-flow diagram.
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   = 200 000 ≥
(0.067 5)

12 (1 + 0.067 5
12 )

360

(1 + 0.067 5
12 )

360
− 1

¥

    = $1 297.20

(b) The amount necessary to pay off the loan at year 10 is the principal remain-
ing. This can be viewed as the present worth of the monthly payments fol-
lowing year 10. (See Figure 8.19.) From Equation 8.7:

P = A[
(1 + i)n − 1

i(1 + i)n ]

  = 1 297.20 ≥
(1 + 0.067 5

12 )
240

− 1

(
0.067 5

12 )(1 + 0.067 5
12 )

240
¥

   = $170 602.50

(c) The principal remaining at the end of the first year can be found following 
the procedure in part (b). (See Figure 8.20.)

P = 1 297.20 ≥
(1 + 0.067 5

12 )
348

− 1

(
0.067 5

12 )(1 + 0.067 5
12 )

348
¥

    = $197 869.08

(1)
121

(2)
122

(3)
123

(239)
359

(240)
360

120
(0)

<Debt retired>

P <Principal remaining>

$1 297.20 $1 297.20

Figure 8.19

Purchaser’s cash-flow diagram for last 240 months.

(1)
13

(2)
14

(3)
15

(347)
359

(348)
360

12
(0)

<Debt retired>

P <Principal remaining>

$1 297.20 $1 297.20

Figure 8.20

Purchaser’s cash-flow diagram for last 29 years.
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After the lump-sum payment of $50 000 the principal remaining is $197 869.08 − 
$50 000 = $147 869.08.

(d) Equation 8.7 applies here with the present worth of $147 869.08, the  monthly 
payment equal to $1 297.20, and the number of payments unknown. (See 
Figure 8.21.)

147 869.08 = 1 297.20 ≥
(1 + 0.067 5

12 )
n

− 1

(
0.067 5

12 )(1 + 0.067 5
12 )

n

− 1
¥

Thus

(0.641 20)(1 + 0.067 5
12 )

n

= (1 + 0.067 5
12 )

n

− 1

(1 + 0.067 5
12 )

n

= 2.787 1

Taking the logarithm of both sides, we have

n log(1 + 0.067 5
12 ) = log 2.787 1

Then

n =
log 2.787 1

log(1 + 0.067 5
12 )

    = 182.73

As is often the case, the computed number of periods is not an integer value, mean-
ing that there will be 182 full payments of $1 297.20 followed by a partial payment 
required to retire the mortgage.

Example Problem 8.10 Suppose following graduation you decide to purchase a 
vehicle and borrow $15 000 at 8.5 percent annual interest, compounded monthly, to 
finance the deal. The agreement requires monthly payments for a period of two years. 
Use a spreadsheet to calculate your payment schedule and prepare it so that the amount 
borrowed and the annual interest rate can be changed with simple cell modifications. 

<Debt retired>

$147 869.08 <Principal remaining>

0

1 2 3 n – 1 n

$1 297.20 $1 297.20

Figure 8.21

Purchaser’s cash-flow diagram.
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Include the amount of each payment, the amount of each payment going toward 
 principal and toward interest, the principal remaining after each payment, and  
a  running total of the interest paid.

Solution Note: The spreadsheet application shown in this example is Microsoft 
Excel. Many other applications can be used with small coding changes.

The cash-flow diagram for you as the purchaser is shown in Figure 8.22. As the 
problem is described, it fits the installment loan definition.

Table 8.4 shows the cell contents (values and formulas) used to compute the 
results. Please note the following points:

1. Cell C3 contains the principal amount and can be changed.
2. Cell C4 contains the annual interest rate in percent and can be changed. (Coded 

as 8.5 percent; formula view shows as 0.085.)
3. Cell C5 is the loan term in years and can be changed, but will not be changed 

in this example because the loan term affects the total number of payments and 
therefore the size of the spreadsheet.

4. A built-in function, PMT, is used in cell C6 to compute the payment based on 
the monthly interest rate, the number of payments, and the principal amount. 
Equation 8.7 could have been coded here rather than using the spreadsheet  function.

5. Cells B12 through B35 all contain the value computed in C6.
6. The split of the payment into interest and principal is handled by first computing 

the interest for the first period (cell D12) and then subtracting it from cell B12 
to obtain the portion of the payment applied to the principal. Note that cells D12 
through D35 depend on the principal at the beginning of the period. The principal 
at the beginning of the first period is the original amount borrowed.

7. The principal remaining is found by subtracting the portion of the payment going 
to principal (column C) from the previous principal amount.

8. Finally, the total interest paid is simply a running sum.
9. You should note that this spreadsheet calculates values to greater precision than 

is displayed and thus there will be places where sums or differences will be off 
by a penny in the display. This can be prevented by using an option “precision as 
displayed” which actually changes the data at that point in the spreadsheet to the 
value displayed. The general result will be that the last payment will then be in 
error by a few cents.

AAAAAAA

<Debt retired>

0 1 2 3 23 2454

P
Amount borrowed <Available>

Figure 8.22

Purchaser’s cash-flow diagram.
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Table 8.5 shows the resulting values. Once the spreadsheet is prepared, you could 
readily change the amount borrowed and/or the interest rate to learn how the payment 
schedule would change.

Example Problem 8.11 Modify the spreadsheet developed in Example Problem 8.10 

Table 8.4 Spreadsheet Cell Contents (Values and Formulas)

A B C D E F

1 AUTO FINANCE SCHEDULE

2

3 Amount borrowed 15 000

4 Annual interest rate (percent)  0.085

5 Loan term (years) 2

6 Monthly payment =PMT(C4/(12) .C5*12,-C3)

7

8 PAYMENT SCHEDULE

9

10 Number Amount paid Principal Interest Principal Total

remaining interest

11 0 =C3

12 1 =$C$6 =B12-D12 =$C$4/(12)*E11 =E11-C12 =F11+D12

13 2 =$C$6 =B13-D13 =$C$4/(12)*E12 =E12-C13 =F12+D13

14 3 =$C$6 =B14-D14 =$C$4/(12)*E13 =E13-C14 =F13+D14

15 4 =$C$6 =B15-D15 =$C$4/(12)*E14 =E14-C15 =F14+D15

16 5 =$C$6 =B16-D16 =$C$4/(12)*E15 =E15-C16 =F15+D16

17 6 =$C$6 =B17-D17 =$C$4/(12)*E16 =E16-C17 =F16+D17

18 7 =$C$6 =B18-D18 =$C$4/(12)*E17 =E17-C18 =F17+D18

19 8 =$C$6 =B19-D19 =$C$4/(12)*E18 =E18-C19 =F18+D19

20 9 =$C$6 =B20-D20 =$C$4/(12)*E19 =E19-C20 =F19+D20

21 10 =$C$6 =B21-D21 =$C$4/(12)*E20 =E20-C21 =F20+D21

22 11 =$C$6 =B22-D22 =$C$4/(12)*E21 =E21-C22 =F21+D22

23 12 =$C$6 =B23-D23 =$C$4/(12)*E22 =E22-C23 =F22+D23

24 13 =$C$6 =B24-D24 =$C$4/(12)*E23 =E23-C24 =F23+D24

25 14 =$C$6 =B25-D25 =$C$4/(12)*E24 =E24-C25 =F24+D25

26 15 =$C$6 =B26-D26 =$C$4/(12)*E25 =E25-C26 =F25+D26

27 16 =$C$6 =B27-D27 =$C$4/(12)*E26 =E26-C27 =F26+D27

28 17 =$C$6 =B28-D28 =$C$4/(12)*E27 =E27-C28 =F27+D28

29 18 =$C$6 =B29-D29 =$C$4/(12)*E28 =E28-C29 =F28+D29

30 19 =$C$6 =B30-D30 =$C$4/(12)*E29 =E29-C30 =F29+D30

31 20 =$C$6 =B31-D31 =$C$4/(12)*E30 =E30-C31 =F30+D31

32 21 =$C$6 =B32-D32 =$C$4/(12)*E31 =E31-C32 =F31+D32

33 22 =$C$6 =B33-D33 =$C$4/(12)*E32 =E32-C33 =F32+D33

34 23 =$C$6 =B34-D34 =$C$4/(12)*E33 =E33-C34 =F33+D34

35 24 =$C$6 =B35-D35 =$C$4/(12)*E34 =E34-C35 =F34+D35
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payment for a two-year loan except for the final one) can be made:

1. $681.84 10. $900.00
2. $681.84 11. $700.00
3. $700.00 12. $800.00
4. $681.84 13. $1 000.00
5. $1 000.00 14. $681.84
6. $681.84 15. $1 000.00
7. $1 000.00 16. $1 500.00
8. $1 000.00 17. $1 000.00
9. $1 500.00 18. $569.25

Table 8.5  Spreadsheet Values for Example Problem 8.10

A B C D E F

1 AUTO FINANCE SCHEDULE
2
3 Amount borrowed $15 000
4 Annual interest rate (percent) 8.50%
5 Loan term (years) 2
6 Monthly payment $681.84
7
8 PAYMENT SCHEDULE
9

10 Number Amount paid Principal Interest Principal remaining Total interest
11 0 $15 000.00
12 1 $681.84 $575.59 $106.25 $14 424.41 $106.25
13 2 $681.84 $579.66 $102.17 $13 844.75 $208.42
14 3 $681.84 $583.77 $98.07 $13 260.98 $306.49
15 4 $681.84 $587.90 $93.93 $12 673.08 $400.42
16 5 $681.84 $592.07 $89.77 $12 081.01 $490.19
17 6 $681.84 $596.26 $85.57 $11 484.75 $575.76
18 7 $681.84 $600.48 $81.35 $10 884.27 $657.11
19 8 $681.84 $604.74 $77.10 $10 279.53 $734.21

20 9 $681.84 $609.02 $72.81 $9 670.51 $807.02
21 10 $681.84 $613.34 $68.50 $9 057.17 $875.52
22 11 $681.84 $617.68 $64.15 $8 439.49 $939.68
23 12 $681.84 $622.06 $59.78 $7 817.44 $999.46
24 13 $681.84 $626.46 $55.37 $7 190.98 $1 054.83
25 14 $681.84 $630.90 $50.94 $6 560.08 $1 105.77
26 15 $681.84 $635.37 $46.47 $5 924.71 $1 152.23
27 16 $681.84 $639.87 $41.97 $5 284.84 $1 194.20
28 17 $681.84 $644.40 $37.43 $4 640.44 $1 231.64
29 18 $681.84 $648.97 $32.87 $3 991.47 $1 264.51
30 19 $681.84 $653.56 $28.27 $3 337.91 $1 292.78
31 20 $681.84 $658.19 $23.64 $2 679.72 $1 316.42
32 21 $681.84 $662.85 $18.98 $2 016.87 $1 335.40
33 22 $681.84 $667.55 $14.29 $1 349.32 $1 349.69
34 23 $681.84 $672.28 $9.56 $677.04 $1 359.25
35 24 $681.84 $677.04 $4.80 $0.00 $1 364.04

194
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Assume that any amount paid that is greater than $681.84 will be applied toward 
the principal and that no prepayment penalty is added.

Solution Table 8.6 provides the numerical solution to the problem. Column B is no 
longer constant and the specific value must be entered in the cells since no pattern of 
payments is evident. Column E can be modified to test whether there is a principal 
remaining using the IF Formula in Excel.

Table 8.6  Spreadsheet Values for Example Problem 8.11

A B C D E F

1 AUTO FINANCE SCHEDULE

2

3 Amount borrowed $15 000

4 Annual interest rate (percent) 8.50%

5 Loan term (years) 2

6 Monthly payment $681.84

7

8 PAYMENT SCHEDULE

9

10 Number Amount paid Principal Interest Principal remaining Total interest

11 0 $15 000.00

12 1 $681.84 $575.59 $106.25 $14 424.41 $106.25

13 2 $681.84 $579.66 $102.17 $13 844.75 $208.42

14 3 $700.00 $601.93 $98.07 $13 242.81 $306.49

15 4 $681.84 $588.04 $93.80 $12 654.77 $400.29

16 5 $1 000.00 $910.36 $89.64 $11 744.41 $489.93

17 6 $681.84 $598.65 $83.19 $11 145.76 $573.12

18 7 $1 000.00 $921.05 $78.95 $10 224.71 $652.07

19 8 $1 000.00 $927.57 $72.43 $9 297.13 $724.49

20 9 $1 500.00 $1 434.15 $65.85 $7 862.99 $790.35

21 10 $900.00 $844.30 $55.70 $7 018.69 $846.05

22 11 $700.00 $650.28 $49.72 $6 368.40 $895.76

23 12 $800.00 $754.89 $45.11 $5 613.51 $940.87

24 13 $1 000.00 $960.24 $39.76 $4 653.27 $980.63

25 14 $681.84 $648.88 $32.96 $4 004.39 $1 013.59

26 15 $1 000.00 $971.64 $28.36 $3 032.76 $1 041.96

27 16 $1 500.00 $1 478.52 $21.48 $1 554.24 $1 063.44

28 17 $1 000.00 $988.99 $11.01 $565.25 $1 074.45

29 18 $569.25 $565.25 $4.00 $0.00 $1 078.45

30 19 $0.00 $0.00 $0.00 $1 078.45

31 20 $0.00 $0.00 $0.00 $1 078.45

32 21 $0.00 $0.00 $0.00 $1 078.45

33 22 $0.00 $0.00 $0.00 $1 078.45

34 23 $0.00 $0.00 $0.00 $1 078.45

35 24 $0.00 $0.00 $0.00 $1 078.45
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Example Problem 8.12 Estimate the amount of money you will need to save for 
retirement. Assume that you want to continue to receive 80 percent of your current 
(just prior to retirement) take-home pay ($8 200/month) for 30 years and that you can 
earn 12 percent interest on your retirement funds.

Solution The cash-flow diagram is shown in Figure 8.23.

Eighty percent of $8 200 = $6 560/month
Number of periods = 30 years × 12 months per year = 360 months
Interest (i) = 0.12/12 = 0.01

P = 6 560[
1 − (1 + 0.01)−360

0.01 ]

P = $637 752.23

Note: This calculation does not include taxes collected by federal and state 
 governments. You should plan on saving an additional 35 to 50 percent to cover 
tax payments.

8.5.3 Capitalized Cost (Infinite Life Analysis)

Capitalized cost (CC) refers to the present worth (P) of a project or investment that 
is assumed to last forever. Public works projects like dams, railroads, and irrigation 
systems are typical capitalized-cost calculations. Investments requiring perpetual 
(infinite) payments such as endowed scholarships or trusts also rely on capitalized- 
cost calculations.

Capitalized cost can be used to extend the retirement planning problem in Example 
Problem 8.12. Suppose that you want the monthly amount (A) to continue after your 
death to be disbursed to your heirs. Begin with Equation 8.7:

P = A[
1 − (1 + i)−n

i ]

P

0

3601 2 3 4 5 6 7 359358

AAAAAAAAAA

<Sources depleted>

Figure 8.23

Monthly withdrawals of $6 560 for 360 months.
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and consider that, as n approaches infinity (∞), the numerator becomes 1, yielding

P =
A
i

 (8.9)

We can restate the problem by asking what amount of money P must be available at 
retirement so that an amount A can be withdrawn each month and never affect the 
principal amount P.

If we use the compound interest formula, that is, F = P(1 + i)n, and find the 
amount of interest generated for one month (here that is equal to A), then F = P + A =  
P(1 + i)1. If we solve this equation for P, then

P =
A
i

Given an interest rate earned by the annuity (say, i = 0.12/12) and a fixed monthly 
income (say, A = $6 560), P = $656 000.

Example Problem 8.13 Recalculate Example Problem 8.12 assuming annual inter-
est of 7 percent and desired perpetual monthly income of $6 560.

Solution (See Figure 8.24.)

PCC = A
i

= 6 560
(0.07/12) = $1 124 571.43

Example Problem 8.14 A wealthy alum from your institution wishes to provide ten 
$5 000 scholarships to deserving engineering students starting next year and to con-
tinue giving the same number of scholarships and the same dollar amount of scholar-
ship money every year forever. Assuming that 8 percent interest can be earned annu-
ally, how much money would this alum need to turn over to the university today?

Solution Ten scholarships at $5 000 each = $50 000 per year = A

P = A
i

= 50 000
(0.08) = $625 000

PCC

AAAAAAAA

0 n = ∞

Figure 8.24

Capitalized cost of a $6 560 monthly income.

eid53554_ch08_171-210.indd   197 14/12/21   3:15 PM

ISTUDY



198
Chapter 8
Introduction  
to Engineering
Economics

Note in this problem the $50 000 amount is spent only once a year (not every month 
as in previous examples), thus the interest rate is the annual 8 percent.

8.5.4 Arithmetic Gradients

Now consider the case where annual cash flows do not occur in equal amounts for 
every period. An arithmetic gradient is a cash-flow series which either increases or 
decreases uniformly. That is, income or payments change by the same amount each 
interest period. The amount of the increase or decrease is the gradient (G). Consider the 
cash-flow series shown in Figure 8.25.

Cash flows can be resolved into two components with present-worth values of P′ 
and P″ as shown in Figure 8.26.

We already have an equation for P′ (Equation 8.7) and we can use the present-
worth equation to derive an equation for P″. The result is

P0 = G[
(1 + i)n − in − 1

i2(1 + i)n ]  (8.10)

So, the overall present worth for the arithmetic gradient is P = P′ + P″ or

P = A[
1 − (1 + i)−n

i ] + G[
(1 + i)n − in − 1

i2(1 + i)n ]

PʺPʹ

+

A AAAA

0

G

2G
3G

4G

Figure 8.26

P

Figure 8.25

Gradient cash-flow series with a uniform increase each period.

eid53554_ch08_171-210.indd   198 14/12/21   3:15 PM

ISTUDY



199
Annual Worth and 

Gradients

Note in Figure 8.26 that the gradient factor begins in period 2 and P″ is located in 
period zero. Equation 8.10 takes into account that there are (n − 1) terms containing G.

Example Problem 8.15 The annual receipts from operation of a gravel pit are 
expected to uniformly decrease until the pit closes. If next year’s receipts are  
$11 200, and the second year’s receipts are $9 800, determine the following:

(a) How many years will it be before the income stream is zero?
(b) Draw a cash-flow diagram to depict the situation.
(c) What is the present worth of the income assuming an annual interest rate of 

11 percent?

Solution
(a) Number of years remaining = [First-year receipts/annual decrease (gradient)] 

= [$11 200/($11 200 − $9 800)] = 8 years
Thus, there would be zero income in year 9.

(b)  See Figure 8.27.

(c) P = A[
1 − (1 + i)−n

i ] − G[
(1 + i)n − in − 1

i2(1 + i)n ]

 P = 11 200[
1 − (1 + 0.11)−8

0.11 ]

            − 1 400[
(1 + 0.11)8 − 0.11(8) − 1

(0.11)2(1 + 0.11)8 ]

       P = 57 636.57 − 21 314.50 = $36 323.97

Notice that the value of n in the gradient factor is 8, not 7. The gradient factor is 
derived based on (n − 1) terms containing G. In this case, there are seven terms con-
taining G, thus (n − 1) = 7, so n = 8.

P

1 8765432

0
1 400

2 000
4 200

5 600
7 000

8 400
9 800

11 200

Figure 8.27

Arithmetic gradient for receipts at gravel pit.
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Example Problem 8.16 A manufacturing plant installed a new machining cell. It is 
expected that initial tooling, adjustments, and repair costs will be high but that the costs 
will decline for several years. The project costs are shown below:

 Year Costs

 1 $2 400
 2 $1 800
 3 $1 200
 4   $600

(a) Draw a cash-flow diagram to depict this situation.
(b) What is the present worth of these projected costs if annual interest is  

10 percent?

Solution
(a) See Figure 8.28.

(b) P = A[
1 − (1 + i)−n

i ] − G[
(1 + i)n − in − 1

i2(1 + i)n ]

      P = 2 400[
1 − (1 + 0.10)−4

0.10 ] − 600[
(1 + 0.10)4 − 0.10(4) − 1

(0.10)2(1 + 0.10)4 ]

       P = 7 607.68 − 2 626.87 = $4 980.81

8.5.5 Geometric Gradients

Oftentimes, cash flows change by a constant percentage or uniform rate, g, in con-
secutive payment periods. This type of cash flow is called a geometric gradient series. 
An example of this is the maintenance costs for an automobile that begin at $150 the 
first year and are expected to increase at a uniform rate of 10 percent per year for the 
next four years. The general cash-flow diagram for geometric gradients is shown in 
Figure 8.29.

P

1 432

600
1 200

1 800
2 400

0

Figure 8.28

Arithmetic gradient for machining-cell tooling, adjustment, and repair costs.
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Just as we did for the arithmetic gradient, we can use the present-worth equation to 
derive two equations to find the present worth of this unique series of annual payments. 
Care must be taken to apply the appropriate formula based on whether the interest rate 
is equal (or not equal) to the annual rate of increase of the gradient (g).

P = A[
1 − (1 + g)n(1 + i)−n

i − g ]  where i ≠ g (8.11)

 P = A[n(1 + i)−1] where i = g (8.12)

Example Problem 8.17 The maintenance for an automobile is estimated to be  
$150 in the first year and is expected to increase at a uniform rate of 10 percent per 
year. What is the present worth of the cost of the first five years of maintenance if an 
8 percent annual interest rate is assumed?

Solution See Figure 8.30 for the cash-flow diagram.
See Table 8.7 for a year-by-year calculation of the present value (P).

P = A[
1 − (1 + g)n(1 + i)−n

i − g ]

P = 150[
1 − (1 + 0.10)5(1 + 0.08)−5

0.08 − 0.10 ]

 P = 150(4.804 3) = $720.65

Example Problem 8.18 Recalculate Example Problem 8.17 using a 10 percent annual 
interest rate.

P

An

An– 1

A3
A2A1

Figure 8.29

Geometric gradient cash flow.
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Solution (See Figure 8.30.) Note: The cash-flow diagram is identical to the one for 
Example Problem 8.17; only the interest rate has changed.

 Using Equation 8.12:

P = A[n(1 + i)−1]
P = 150[5(1 + 0.10)−1]
P = $681.82

Example Problem 8.19 The utility bill for a small paper recycling center is 
expected to increase by $528 per year. If the utility cost in year 1 was $4 000, 
what is the equivalent uniform annual worth through year 8 if the interest rate is 
15  percent per year?

P

150(1.1)4

150(1.1)3

150(1.1)2

150(1.1)1
150

0

1 2 3 4 5

Figure 8.30

Geometric gradient for automobile maintenance.

Table 8.7    Automobile Maintenance Costs (Geometric Gradient)

Year Cash Flow, $ Convert to P P, $ (Maintenance)

1 $150 150.00 150(1 + 0.08)−1 138.89

2 $150.00 + 10%(150.00) = 150(1 + 0.10)1 165.00 165(1 + 0.08)−2 141.46

3 $165.00 + 10%(165.00) = 150(1 + 0.10)2 181.50 181.50(1.08)−3 144.08

4 $181.50 + 10%(181.50) = 150(1 + 1.10)3 199.65 199.65(1.08)−4 146.75

5 $199.65 + 10%(199.65) = 150(1 + 0.10)4 219.62 219.62(1.08)−5      149.47

720.65
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Solution (See Figure 8.31.)
Since we are to solve for the annual worth, we can first find the present worth of 

the gradient:

P = G[
(1 + i)n − in − 1

i2(1 + i)n ]

P = 528[
(1 + 0.15)8 − (0.15)(8) − 1

(0.15)2(1 + 0.15)8 ]

P = 528(12.480 7) = $6 589.82

Then we can find the annual equivalent of this present worth:

A =  6 589.82[
0.15(1.15)8

(1.15)8 − 1]

A = $1 468.54

Finally, we add the initial $4 000 annual cost to the value just calculated to find the 
equivalent annual worth:

A = 4 000 + 1 468.54 = $5 468.54

Thus, for the eight years we are interested in, the variable cost of utilities can be 
resolved into an equivalent uniform annual cost (EUAC = $5 468.54).

8.6 Summary Table

Table 8.8 summarizes the equations used in this chapter.

P

7 696
7 168

6 112
5 584

6 640

4 528
5 056

4 000
A = 4 000

Figure 8.31

Arithmetic gradient cash flow for utility bill.

eid53554_ch08_171-210.indd   203 14/12/21   3:15 PM

ISTUDY



Table 8.8  Summary Table

Find/Given
Sample Cash- 
Flow Diagram Formula Name/Equation No. Formula

To find F  
Given P

To find P  
Given F 0

1 2

P

F

n–1 n

Compound Amount 
Equation 8.2

 
F = P  (1 + i )n

Present Worth  
Equation 8.3

 
P = F  (1 + i)−n

To find F  
Given A

To find A  
Given F

0 1 2

A A A A A

F

n –2 n–1
n

Future Compound Amount 

Equation 8.6 F = A[
(1 + i)n − 1

i ]

Sinking Fund 

Equation 8.5 A = F[
i

(1 + i)n − 1]

To find A  
Given P

To find P  
Given A 0

1 2

P

AA A A A

n –2 n–1 n

Capital Recovery

Equation 8.8 A = P[
i(1 + i)n

(1 + i)n − 1]

Present Compound Amount 

Equation 8.7 P = A[
(1 + i)n − 1

i(1 + i)n ]

To find P  
Given G

(Arithmetic)

1 2

P

(n – 1)G
(n – 2)G

3G
2G

G

3 4 n – 1 n

Arithmetic Gradient Present 
Worth 

Equation 8.10 P = G[
(1 + i)n − in − 1

i2(1 + i)n ]

To find P  
Given G

(Geometric)

P

An

An–1

An–2

A3A2A10

Geometric Gradient Present 
Worth 

Equation 8.11 when i ≠ g

Equation 8.12 when i = g

P = A[
1 − (1 + g)n(1 + i)−n

i − g ]

P = A [n(1 + i )−1]
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Problems
8.1 Determine the difference in interest earned on $7 500 for 15 years at 6 percent simple 

interest to that earned when the interest is compounded annually.
8.2 What is the present worth of $10 000 payable in five years if money is thought to be worth 

(a) 5%, (b) 15%, (c) 25%?
8.3 How much must be invested now to grow to $30 000 in seven years if the annual interest 

rate is 4.0 percent compounded (a) annually, (b) semiannually, (c) monthly?
8.4 Compute the unknown values for each of the following cash-flow diagrams (time shown 

in years and interest compounded annually).
 (a) Figure 8.32 (b) Figure 8.33
 (c) Figure 8.34 (d) Figure 8.35
8.5 Your real estate taxes are $6 800 per year with one-half due April 1 and the remainder 

due October 1 each year. What single sum of money must you place in an account earn-
ing 5.25 percent interest 15 months before the first payment is due in order to accumulate 
enough money to pay each tax bill? Assume monthly compounding.

8.6 Your hometown has been given $5 000 000 from the estate of a citizen. The gift stipulates 
that the money cannot be used for five full years but must be invested. If the money is 
invested at 6.7 percent annual interest, how much will be available in five years if it is 
compounded (a) annually, (b) semiannually, (c) daily?

8.7 If the interest rate is 7 percent per year, how long will it take for an investment to double 
in value with semiannual, monthly, and daily compounding? Is the time to double a linear 
function of the compounding period?

8.8 You have just made an investment that will repay $1 200.00 at the end of each month; the 
first payment is one month from today and the last one is eight years from today (thereby 
depleting the account).

0 5

F

1 2 3 4

i = 6%
F = ?

$25$25$25$25$25

Figure 8.32

$3 000P

0 4321

i = 8%
P = ?

Figure 8.33

i = 5%
A = ?$5 000

AAAAAA

654321
0

Figure 8.34

i = 10%
P = ?P

$100

$50

$100

$50

$100

543210

Figure 8.35
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(a)  If the interest rate is 5.5  percent per year compounded monthly, what amount did 
you invest?

(b)  If you can refuse all the payments and allow the money to earn at the same rate as 
stated, how much will you have at the end of eight years?

8.9 You have made an investment that will yield $5 000 exactly 10 years from today. If the cur-
rent interest rate is 4.8 percent compounded quarterly, what is your investment worth today?

8.10 Your parents have agreed to lend you $40 000 to help with your college expenses. They do 
not expect you to repay the loan or any interest until you have finished school (five years) 
and worked for 10 years. At the end of 15 years, they will require a lump-sum payment of 
$80 000.
(a)  What equivalent annual interest rate are your parents charging for the use of their 

money?
(b)  If your parents cannot lend you money and you have to borrow $40 000 at 6.6 percent 

annual interest, what would the lump-sum payment be at the end of 15 years?
8.11 You just borrowed $2 500 and have agreed to repay the bank $560 at the end of each of 

the next five years. What is the annual interest rate of the loan?
8.12 After investigating the technology, you have recommended that your company invest in 

piezoelectric generators that cost $80 000.00 each. The generator converts ambient vibra-
tions into usable power. When attached to heavy machinery, any slight rumble causes a 
flap in the generator to flutter which in turn creates a current that gets fed back into the 
power grid of your production line. Each generator has been shown to result in net energy 
savings of $600.00 per month for the next 20 years.
(a)  Draw a cash-flow diagram which depicts the situation
(b)  Assume an annual interest rate of 5.0 percent and determine the equivalent annual 

savings as a result of installing one generator.
(c)  How many generators would need to be purchased to meet a company goal to reduce 

electrical costs by $20 000.00 per year?
8.13 Today you have a savings account of $20 000. Based on an annual interest rate of 4.2 per-

cent, what equal amount can you withdraw from the account at the end of each month for 
three years and leave $5 000 in the account? If you could earn 6.0 percent interest, what 
would be the value of your monthly withdrawals?

8.14 On March 1 of this year you borrowed $75 000 toward materials for a product you hope to 
have on the market in November of this year. You have agreed upon an annual interest rate 
of 8.2 percent compounded monthly. You also have agreed to begin repaying the debt on 
December 1, making equal monthly payments until the loan is repaid on April 1 next year. 
What are your monthly payments?

8.15 Referring to Problem 8.14, suppose that you are unable to make the monthly payments 
and your creditor agrees to allow you to make a single payment on April 1 next year. How 
much will you owe at that time?

8.16 What uniform annual payment is equivalent to the following payment schedule if the inter-
est rate is 7.5 percent, compounded annually?
(a) $600 at the end of the first year
(b) $800 at the end of the second year
(c) $1 200 at the end of the third year
(d) $2 000 at the end of the fourth year
(e) $2 400 at the end of the fifth year

8.17 If sales at your company are doubling every five years, what is the annual rate of increase? 
What annual rate of increase would be necessary for sales to double in four years? Three 
years?

8.18 You have $200 000 to invest, and you have decided to purchase bonds that will mature 
in six years. You have narrowed your choices to two types of bonds. The first class pays 
8.75  percent annual interest. The second class pays 5.4  percent annual interest but is 

8.8 (continued)
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 tax-free, both federal and state. Your income bracket is such that your highest income tax 
rate is 31 percent federal and the state income tax is 9 percent. Which is the better invest-
ment for you at this time? Assume that all conditions remain unchanged for the six-year 
period.

8.19 The average age of engineering students when they graduate is a little over 23 years. 
Let’s assume that the working career of most engineers is exactly 40 years (retiring  
at 63). How much would an engineer need to save each month to have $3 million saved 
by the end of his or her working career? Assume i = 5.0 percent compounded monthly.

8.20 Assume that when you graduate you will owe a total of $39 500 in student loans. Assume 
that the interest rate is 5.7  percent, compounded monthly, and that the entire amount 
must be repaid within 10 years. Draw the cash-flow diagram that describes this situation. 
Determine what your minimum monthly payment will be.

8.21 On your 23rd birthday you open a 401K account (retirement account). At that time and 
on each succeeding birthday up to and including your 60th birthday, you deposit $2 000. 
During this period the interest rate on the account remains constant at 6.8  percent. No 
further payments are made, and beginning one month after your 65th birthday you begin 
withdrawing equal payments (the annual interest rate is the same as before). How much 
will you withdraw each month if the account is to be depleted with the last check on your 
85th birthday? Assume annual compounding up to your 65th birthday and monthly com-
pounding thereafter.

8.22 You wish to retire at age 66 and at the end of each month thereafter, for 30 years, to 
receive $8 000. Assume that you begin making monthly payments into an account at  
age 24. You continue these payments until age 66. If the interest rate is constant at 7.5 per-
cent, how much must you deposit monthly between ages 24 and 66?

8.23 Your aunt has decided to give most of her wealth to charity and to retain for herself only 
enough money to provide for her living. She feels that $6 000 per month will provide for 
her needs. She will establish a trust fund at a bank that will pay 6 percent interest, com-
pounded monthly. She has also arranged that upon her death, the balance in the account is 
to be paid to you. If she opens the trust fund and deposits enough money to withdraw her 
$6 000 a month forever, how much will you receive when your aunt dies?

8.24 You have borrowed as follows:

 January 1, 2018 $72 000
 July 1, 2019 $21 000
 January 1, 2020 $17 000

 The agreed-upon annual interest rate was 8.20 percent compounded semiannually. How 
much did you owe on July 1, 2020?

 You agreed to make the first of 15 monthly payments on October 1, 2020. Assume the 
interest rate was still 8.20 percent but was compounded monthly. How much was each of 
the 15 payments?

8.25 Compute the unknown values for each of the following cash-flow diagrams (time shown 
in years and interest compounded annually).

 (a) Figure 8.36 (b) Figure 8.37
 (c) Figure 8.38 (d) Figure 8.39
8.26 You have reached an agreement with an auto dealer regarding a new car. She has offered 

you a trade-in allowance of $7 000 on your old car for a new one that she has “reluctantly” 
reduced to only $32 000 (before trade-in). She has further agreed upon a contract that 
requires you to pay $550.00 each of the next 60 months, beginning one month from today. 
What is your interest rate, expressed as an annual percentage? Give your answer to the 
nearest 0.01 percent. With your instructor’s approval, write a computer program or use a 
spreadsheet to solve the problem.

8.27 You have been assigned the task of estimating the annual cost of operating and main-
taining a new assembly line in your plant. Your calculations indicate that due to 
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 improvements in efficiency and technology, during the first four years the cost will be 
$600 000 per year; the next five years will cost $520 000 per year; and the following six 
years will cost $400 000 per year. If the interest rate is constant at 8.2 percent over the 
next 15 years, what will be the equivalent uniform annual cost (EUAC) of operation and 
maintenance?

8.28 You are buying a new home for $416 000. You have an agreement with the savings and loan 
company to borrow the needed money if you pay 20 percent in cash and monthly  payments 
for 30 years at an interest rate of 4.15 percent compounded monthly.
(a) What monthly payments will be required?
(b) How much principal reduction will occur in the first payment?
(c)  Prepare a spreadsheet that will show each payment, how much of each will go to 

principal and how much to interest, the current balance, and the cumulative interest 
paid.

(d)  Repeat parts (a), (b), and (c) for interest rates of 3.75, 4.00, 4.25, 4.50, 4.75, and 5.00 per-
cent. Work as a team if approved by your instructor.

8.29 If you had started a savings account that paid 4.5 percent, compounded monthly, and your 
deposits into the account were the same as the monthly payments calculated in Problem 
8.28, how long would you have had to make payments in order to purchase the home for 
cash? (Assume the same down-payment amount was available as in Problem 8.28.)

8.30 Your bank pays 1.25 percent on Christmas Club accounts. How much must you put into 
an account weekly beginning on January 2 in order to accumulate $3 000 on December 4? 
Assume weekly compounding and a non-leap year.

i = 6%
G = ?$750

4G
3G

2G
G

543210

Figure 8.36

i = 3%
P = ?P

$1 000
$2 000

$3 000

3210

Figure 8.37

i = 10%, g = 30%
P = ?P

$329.55

$253.50

$195
$150

0 1 32 4

Figure 8.38

i = 2.5%
P = ?P

$200
$175

$150
$125

0

0 1 32 4 5

Figure 8.39
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8.31 You can purchase a treasury note today for 94.2 percent of its face value of $20 000. 
Every six months you will receive an interest payment at the annual rate of 4.88  percent 
of face value. You can then invest your interest payments at the annual rate of 
5.0   percent compounded semiannually. If the note matures six years from today, how 
much money will you receive from all the investments? Express this also as an annual 
rate of return.

8.32 What is the present worth of each of the following assets and liabilities and your net pres-
ent worth?
(a) You deposited $2 000 exactly four years ago.
(b) You have a checking account with a current balance of $1 427.22.
(c) You must pay $3 500 exactly four years from now.
(d) Today you just made the 29th of 36 monthly payments of $142.60.
(e) You will receive $12 000 exactly six years from now.

 Assume all annual interest rates are 5.5 percent. Assume monthly compounding in  figuring 
part (d) and annual compounding for the rest.

8.33 Smith Fabrication has estimated that the purchase of a milling machine costing 
$160 000 will reduce the firm’s fabrication expenses by $10 000 per month during a 
two-year period. If the milling machine has zero salvage value in two years, what is the 
firm’s expected annual rate of return on investment? Rate of return is the equivalent 
interest rate that must be earned on the investment to produce the same income as the 
proposed project. What would be the rate of return if the salvage value for 50 percent 
of the purchase price? If approved by your instructor, write a computer program or use 
a spreadsheet to solve the problem. Repeat for expense reductions of $13 500, $14 000, 
$14 500, $15 000, and $15 500 per month.

8.34 Engineers at Specialty Manufacturing are writing a justification report to support the 
purchase of a DNC milling center (mill, controller, microcomputer, installation, etc.). 
They have learned that the total initial cost will be $90 000. The labor savings and 
improved product quality will result in an estimated benefit to the company of $2 400 
each month over a 10-year time period. If the salvage value of the center is about 
$12 000 in 10 years, what annual rate of return (annual percentage) on investment did 
the engineers calculate? Write a computer program or use a spreadsheet if assigned by 
your instructor. Repeat for estimated benefits of $2 600, $2 800, $3 000, $3 200, and 
$3 400 per month.

8.35 In payment for engineering services rendered, you have been offered the choice of  
(a) a lump sum payment of $8 000 to be paid five years from now, or (b) five yearly pay-
ments of $1 000 that begin one year from now and increase by $300 per year. Draw the 
cash-flow diagrams for parts (a) and (b). If i = 10 percent compounded annually, which 
option should you select?

8.36 What present expenditure is warranted for business that is expected to produce a savings of 
$8 000 per year that will decrease by $800 per year for nine years with an interest rate of 
10 percent? Draw a cash-flow diagram that depicts this situation.

8.37 You have decided to invest a fixed percentage of your salary in the stock market at the end 
of each year. This year (today) you will invest $5 000. For the next five years, you expect 
that your salary will increase at an 8 percent annual rate and you will increase your savings 
at 8 percent per year. Thus, there will be a total of six investments ($5 000 today plus five 
more).
(a)  What is the present worth of your investment if the stock market yields a 12 percent 

annual rate?
(b)  What is the present worth of your investment if the market yields only 6 percent?

8.38 Many new engineering graduates purchase and finance new cars. Automobiles are typi-
cally financed for five years with monthly payments made to the lending agency. Assume 
you will need to borrow $35 000 with 60 monthly payments at 3.5  percent annual 
interest.
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(a)  Write a computer program or prepare a spreadsheet to produce the mortgage table 
below:

Payment 
number

Monthly 
payment

Amount to 
principal

Amount to 
interest

Cumulative 
interest

Current 
balance

1 $xxx.xx $xxx.xx $xxx.xx $xxx.xx $xxx.xx
2 $xxx.xx $xxx.xx $xxx.xx $xxx.xx $xxx.xx
3 · · · · ·
· · · · · ·
· · · · · ·
· · · · · ·

(b)  If you decided to pay the loan off at the end of 10 months, what amount is needed? 
At the end of 20 months? At the end of 40 months?

(c)  What is the cumulative interest paid in the first 12 payments? Second 12? Third 12? 
Fourth 12? Last 12?

(d)  Repeat parts (a), (b), and (c) assuming the interest rate is 6.5  percent instead of 
3.5 percent. The amount borrowed remains the same.

(e)  Repeat parts (a), (b), and (c) assuming you find it necessary to borrow $40 000. The 
interest rate is still 6.5 percent.

(f) What is the result if you borrow $40 000 and the interest rate is 6.5 percent?
8.39 Many of you will eventually purchase a house. Few will have the total cash on hand, so it 

will be necessary to borrow money from a home loan agency. Often you can borrow the 
money at a fixed annual interest for, say, 15 or 30 years. 

 Monthly payments are made to the lending agency. Write a computer program or use a 
spreadsheet to prepare mortgage tables similar to the one described in Problem 8.38 for 
the following situations:
(a) $150 000 at 5 percent interest for 15 years
(b) $150 000 at 5 percent interest for 30 years
(c) $250 000 at 4.5 percent interest for 15 years
(d) $250 000 at 4.5 percent interest for 30 years
(e) Other cases as may be assigned
(f)  Critically examine the monthly payments and the cumulative interest amount pro-

duced by changing from a 30-year loan to a 15-year loan, all other parameters being 
constant.
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C H A P T E R  9

Economics: Decision Making

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Make considered economical decisions based on comparing logical alternatives
 ◾ Expand the concepts learned in Chapter 8 and apply to more complex problems
 ◾ Apply multiple economic equations in the proper sequence to analyze systems of 

financial choices

9.1 Economic Decision Making

An engineer makes use of engineering economy principles in a very practical way. 
They are used to analyze a situation so that an intelligent decision can be made. 
Normally, several alternatives are available, each having some strong attributes. The 
task is to compare each alternative and to select the one that appears superior, all things 
considered.

The most obvious method of comparing costs is to determine the total cost of each 
alternative. An immediate problem arises in that the various costs occur at different 
times, so the total number of dollars spent is not a valid method of comparison. You 
have seen that the present worth of an expenditure can be calculated. If this is done for 
all costs, the present worth of buying, operating, and maintaining two or more alter-
natives can then be compared. Simply stated, the present worth is the sum of money 
needed now to buy, maintain, and operate a facility for a given interest rate. The alterna-
tives must obviously be compared for the same length of time, and replacements due to 
short-life expectancies must be considered.

A second method, preferred by those who work with annual budgets, is to calcu-
late the equivalent uniform annual cost of each. The approach is similar to the present 
worth method, but the numerical value is in essence the annual contribution to a sink-
ing fund that would produce a sum identical to the present worth placed at compound 
interest.

Many investors approach decisions on the basis of the profit that a venture will 
produce in terms of percent per year. The purchase of a piece of equipment, a parcel 
of land, or a new product line is thus viewed favorably only if it appears that it will 
produce an annual profit greater than the money could earn if invested elsewhere. The 
acceptable return fluctuates with the money market. Since there is doubt about the 
amount of the profit, and certainly there is a chance of a loss, it would not be prudent 
to proceed if the prediction of return was not considerably above “safe” investments 
such as bonds.
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The example that follows illustrates the use of these two methods (present worth 
and average annual cost) and includes a third technique called future worth that pro-
vides a check.

Each method compares money at the same point in time or over the same time 
period. Each method is different yet each yields the same conclusion.

Example Problem 9.1 Consider the purchase of two computer-aided design (CAD) 
systems. Assume the annual interest rate is 6 percent.

  System 1 System 2

Initial cost 100 000 65 000
Maintenance & operating cost 4 000/year 8 000/year
Salvage 18 000 after 5 years 5 000 after 5 years

Using each of the three methods below, compare the two CAD systems and offer a 
recommendation:

1. Annual cost
2. Present worth
3. Future worth

Solution
1. Annual cost
(See Figure 9.1.)

 System 1 System 2

 (a)  Initial cost (a)  Initial cost

A = P [
i(1 + i)n

(1 + i)n − 1]  A = P [
i(1 + i)n

(1 + i)n − 1]  

 P = 100 000 P = 65 000
 i = 0.06 i = 0.06
 n = 5 n = 5
 A = $23 739.64/year A = $15 430.77/year

 (b)   Maintenance and operating  (b)  Maintenance and operating 
costs MC = 4 000/year  costs MC = 8 000/year

Figure 9.1

Company’s cash-flow diagram (MC = maintenance cost).

0 1 2 3 54 <In>

MC MCMCMCMCInitial
cost

Salvage
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 (c)  Salvage (c)  Salvage

 F = A [
(1 + i)n − 1

i ]  F = A [
(1 + i)n − 1

i ]

 A = [
F (i)

(1 + i)n − 1]  A = [
F (i)

(1 + i)n − 1]

 F = 18 000 F = 5 000
 i = 0.06 i = 0.06
 n = 5 n = 5
 A = $(−)3 193.14/year  A = $(−)886.98/year

System 1 (annual-cost analysis) System 2 (annual-cost analysis)

 +23 739.64 +15 430.77
 +4 000.00 +8 000.00
 (−)3 193.14 (−)886.98                      ___________                                                   __________
 $ 24 546.50 $ 22 543.79

Conclusion: System 2 is less expensive.

2. Present worth

 System 1 System 2

 (a) Initial cost = $100 000 (a) Initial cost = $65 000

 (b)  Maintenance and operating costs (b) Maintenance and operating costs

 P = A [
(1 + i)n − 1

i(1 + i)n ]  P = A [
(1 + i)n − 1

i(1 + i)n ]

 A = $4 000 A = $8 000
 i = 0.06 i = 0.06
 n = 5 n = 5
 P = $16 849.11 P = $33 698.91

 (c) Salvage (c) Salvage
 P = F(1 + i )−n P = F(1 + i )−n

 F = 18 000 F = 5 000
 i = 0.06 i = 0.06
 n = 5 n = 5
 P = $(−)13 450.65 P = $(−)3 736.29

System 1 (present-worth analysis) System 2 (present-worth analysis)

 $100 000.00 $ 65 000.00
 16 849.11 33 698.91
 (−)13 450.65 (−)3 736.29                         ___________                                                            __________
 $103 398.46 $ 94 001.08

Conclusion: System 2 is less expensive.
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3. Future worth

System 1 System 2

(a) Initial cost = $100 000 (a) Initial cost = $65 000
 F = P (1 + i )n F = P(1 + i )n

 P = $100 000 P = $65 000
 i = 0.06 i = 0.06
 n = 5 n = 5
 F = $133 822.56 F = $86 984.66

(b)  Maintenance and operating costs (b)  Maintenance and operating costs

 F = A [
(1 + i)n − 1

i ]  F = A [
(1 + i)n − 1

i ]
 A = $4 000 A = $8 000
 F = $22 548.37 F = $45 096.74

(c)  Salvage = $(−)18 000 (c)  Salvage = $(−)5 000

System 1 (future-cost analysis)  System 2 (future-cost analysis)

 $133 822.56 $86 984.66
 22 548.37 45 096.74
 (−)18 000.00 (−)5 000.00             ___________                                                               __________

 $138 370.93 $127 081.40

Conclusion: System 2 is less expensive.

Example Problem 9.2 A major potentiometer manufacturer is considering two alter-
natives for new production machines with capacity to produce 20 000 units per day. One 
alternative is for a high-capacity automated production machine capable of producing 
20 000 units per day when operated for three shifts per day. A quarter-time employee 
would be assigned to monitor the machine (employee would monitor other machines at 
the same time). With the three-shift schedule this would be equivalent to a three-quarter-
time employee.

A second alternative would be to use two manually operated machines, each 
capable of 10 000 units per day assuming three-shift operation. Here, a total of six 
employees (two per shift, three shifts) would be needed.

The following data have been estimated:

 Alternative 1 Alternative 2

Cost to purchase $500 000 $100 000
Number of machines required 1 2
Number of employees required 0.75 6
Expected life of machine 10 yr 10 yr
Interest rate 8% 8%
Annual maintenance cost per machine $30 000 $10 000
Salvage value at 10 years per machine $100 000 $20 000

If labor costs (including wages, benefits, etc.) are $40 000 per employee per year, rec-
ommend which alternative is best using the equivalent uniform annual cost method.
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Solution: Refer to Figure 9.2

Alternative 1 Alternative 2

(a) Initial cost (annualized) (a) Initial cost (annualized)

 A = P [
i(1 + i)n

(1 + i)n − 1]   A = P [
i(1 + i)n

(1 + i)n − 1]

 P = $500 000  P = $200 000
 i = 0.08  i = 0.08
 n = 10  n = 10
 A = $74 514.74  A = $29 805.90

(b) Maintenance $30 000 (b) Maintenance $20 000
       
(c) Labor costs $30 000 (c) Labor costs $240 000
       
(d) Salvage value (d) Salvage value

 A =
F(i)

[(1 + i)n − 1]  A =
F(i)

[(1 + i)n − 1]

 F = $100 000 F = $40 000
 i = 0.08 i = 0.08
 n = 10 n = 10
 A = −6 902.95 A = −2 761.18

Alternative 1 (EUAC) Alternative 2 (EUAC)

 $74 514.74 $29 805.90
 $30 000 $20 000
 $30 000 $240 000
 −$6 902.95 −$2 761.18        ___________                                                              ___________

 $127 611.79 $287 044.72

Clearly alternative 1 results in the lowest EUAC and would be recommended for 
implementation. The labor costs dominated all other costs in this example. If the 
EUAC for the two alternatives differed by only a few thousand dollars, and remem-
bering that the numbers in the analysis are necessarily estimates, then other factors 
would have to be included in order to make a final recommendation.

Figure 9.2

Salvage

MC&L

Initial
cost

98 1010 2

Company’s cash-flow diagram (MC&L = maintenance cost and labor).

eid53554_ch09_211-218.indd   215 14/12/21   3:16 PM

ISTUDY



216
Chapter 9
Economics:  
Decision Making

9.2 Depreciation and Taxes

As demonstrated in Example Problem 9.1, economic decision analysis is concerned 
with judging the economic desirability of alternative investment proposals and policies. 
The desirability of a venture is measured in terms of the difference between income 
and costs, receipts and disbursements, or some other measure of profit. One additional 
topic we have not yet discussed is taxes. Income taxes represent additional costs and 
are therefore levies on a company’s profit. In fact, businesses can expect to pay federal, 
state, and local governments 35–50 percent of the company’s net income.

The U.S. government taxes individuals and businesses to support its processes, 
such as lawmaking, domestic and foreign economic policymaking, infrastructure 
(roads, dams, etc.), even the making and issuing of money itself.

The tax codes are a complex set of rules that outline appropriate deductions, cal-
culations, and acceptable depreciation. Depreciation is defined as a reduction in value 
of a property such as a machine, building, or a vehicle because, with the passage of 
time, the value of most physical property suffers a reduction. Depreciation, while not a 
cash-flow item itself, results in a positive cash flow (savings) of income tax payments 
by decreasing the net income on which taxes are based.

For our purposes in this chapter, we define taxes as simply another disbursement 
similar to operating costs, maintenance, labor and materials, etc. While income taxes 
are important to the bottom line of a company, the details go beyond the scope of this 
text. Further study in this area is advised, as the after-tax consequences of an economic 
decision are critical.

Problems
9.1 Your company is trying to reduce energy costs for one of its warehouses by improving 

its insulation. Two options are being considered and it is up to you to recommend either 
urethane foam or fiberglass insulation. Use a 12-year analysis period and an interest rate 
of 7 percent. The initial cost of the foam will be $37 000 and it will have to be painted 
every three years at a cost of $3 000. The energy savings is expected to be $6 500 per year. 
Alternatively, fiberglass batts can be installed for $14 000 with no maintenance costs. 
Fiberglass batts will likely save $2 600 per year in energy costs.

9.2 Two machines are being considered to do a certain task. Machine A costs $24 000 new 
and $2 600 to operate and maintain each year. Machine B costs $32 000 new and $1 200 
to operate and maintain each year. Assume that both will be worthless after eight years 
and that the interest rate is 5.0 percent. Determine by the equivalent uniform annual cost 
method which alternative is the better buy.

9.3 Two workstations are being considered by your company. Workstation 1 costs $12 000 
new and $1 300 to operate and maintain each year. Workstation 2 costs $15 000 new and 
$600 to operate and maintain each year. Assume both will be worthless after six years 
and that the interest rate is 4.5 percent. Determine by the equivalent uniform annual cost 
method which alternative is the better buy.

9.4 Assume you needed $10 000 on April 1, 2016, and two options were available:
(a)  Your banker would lend you the money at an annual interest rate of 7.0  percent, 

compounded monthly, to be repaid on September 1, 2016.
(b)  You could cash in a certificate of deposit (CD) that was purchased earlier. The cost 

of the CD purchased September 1, 2015, was $10 000. If left in the savings and loan 
company until September 1, 2016, the CD’s annual interest is 3.8 percent compounded 
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monthly. If the CD is cashed in before September 1, 2016, you lose all interest for the 
first three months and the interest rate is reduced to 1.9 percent, compounded monthly, 
after the first three months.

 Which option is better and by how much? (Assume an annual rate of 3.6 percent, com-
pounded monthly, for any funds for which an interest rate is not specified.)

9.5 Two machines are being considered for purchase. The Sande 10 costs $36 000 new and 
is estimated to last five years. The cost to replace the Sande 10 will increase by 4 percent 
each year. Annual operation and maintenance costs are $2 400. It will have a trade-in 
(salvage) value of $3 000. The Sande 20 costs $76 000 to buy, but will last 10 years and 
will have a trade-in (salvage) value of $4 000. The cost of operation and maintenance is 
$1 400 per year.

  Compare the two machines and state the basis of your comparison. Include a cash-flow 
diagram for each alternative. Assume all interest rates at 6 percent per year unless other-
wise stated.

9.6 Two systems are being considered for the same task. System 1 costs $63 000 new and is 
estimated to last four years. It will then have a salvage or trade-in value of $4 500. The cost 
to replace System 1 will be 3.5 percent more each year than it was the year before. It will 
cost $4 200 per year to operate and maintain System 1, payable at the end of each year. 
System 2 costs $120 000 to buy and will last eight years. It will have a salvage or trade-in 
value of $6 000. The cost to operate and maintain System 2 will be $2 400 per year, payable 
at the end of each year.

  Assume the task will be performed for eight years. Compare the two systems, state your 
basis of comparison, and include a cash-flow diagram. All interest rates are 4.0   percent 
per year unless otherwise stated.

9.7 Compare two units, A and B. A has a new cost of $42 000, a life expectancy of 14 years, a 
salvage value of $4 000, and an annual operating cost of $3 000. B has a new cost of $21 000, 
a life expectancy of seven years, a salvage value of $2 000, and an operating cost of $5 000. 
Assume an annual interest rate of 7 percent. Which of the two units would you recommend? 
What initial cost of machine A would make the two machines identical in overall cost?

9.8 One of two machines, alpha and beta, is to be purchased to provide for a new production 
operation in a factory. Machine alpha costs $10 000 and machine beta, $15 000. However, 
machine beta will result in an annual savings in operating costs of $800 over machine 
alpha. Which machine would you recommend purchasing and why, if each has a useful life 
of 10 years and money is worth 6 percent? Assume that both machines will be worthless 
at the end of 10 years. What value of annual savings of machine beta over machine alpha 
would result in each being equally desirable?

9.9 Your small company is considering whether to buy a new automobile or to lease it. You 
have determined that to purchase a new vehicle it will cost $21 000. After eight years of 
use, the vehicle can be sold for $4 500. The cost to lease the same vehicle is found to be 
$3 000 per year for a four-year lease after a delivery payment of $2 000. It is expected 
that the annual operating and maintenance will cost about $1 800 whether the vehicle is 
purchased or leased. Should you buy or lease? Use present worth analysis to justify your 
answer. Assume the interest rate is 4 percent compounded annually.

9.10 A chemical plant is considering three different pieces of equipment to perform a process 
within the plant. You have gathered the following data:

 Machine 1 Machine 2 Machine 3

Initial cost $150 000 $70 000 $39 000
Annual O/M $1 900 $8 500 $11 000
Salvage value $18 000 $9 000 $5 500
Life expectancy, years 6 4 3
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 Which machine would you recommend be purchased using an equivalent equal annual 
cost method? Interest rate is expected to be 6 percent. (O/M means operating and mainte-
nance costs.)

9.11 Suppose that you had $200 000.00 to invest and you chose a mutual fund which mirrored 
the S&P 500 index.
(a)  Use a spreadsheet program to create a table to calculate the value of the following 

data:

 December 31   Value of $200 000 
 of the Year S&P Annual Return Gain/Loss Investment

 2000 −9.10 −18 200.00 $191 800.00
 2001 −11.89 −22 805.02 $168 944.98
 2002 −22.10 −37 347.89 $131 647.09
 2003 28.68
 2004 10.88
 2005 4.91
 2006 15.79
 2007 5.49
 2008 −37.00
 2009 26.46
 2010 15.06
 2011 2.11
 2012 16.00
 2013 32.39
 2014 11.4
 2015 −0.73
 2016 9.54
 2017 19.42
 2018 −6.24
 2019 28.88
 2020 24.03

(b) How much money would you have on December 31, 2020?
(c)  Add two additional columns to your spreadsheet showing the annual gain/loss of an 

alternative investment option of a Certificate of Deposit (CD) and the cumulative 
value of this investment. The CD returns 2.25 percent annually.
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C H A P T E R  10

Statistics

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Analyze a wide variety of data sets using descriptive techniques (mean, mode, 
variance, standard deviation, and correlation)

 ◾ Learn to apply the appropriate descriptive statistical techniques in a variety of 
situations

 ◾ Create graphical representations of individual and grouped data points with 
graphs and histograms

 ◾ Make inferences about the relationship between two variables via linear regression 
analysis

 ◾ Determine the strength of linear relationships by calculating and interpreting the 
correlation coefficient

10.1 Introduction

Statistics, as used by the engineer, can most logically be called a branch of applied 
mathematics. It constitutes what some call the science of decision making in a world 
full of uncertainty. In fact, some degree of uncertainty exists in most day-to-day 
activities, from a simple coin toss or the outcome of a ball game to the results of an 
election or the relative efficiency of various production processes.

It would be virtually impossible to understand a great deal of the work done in 
engineering without having a thorough knowledge of statistics. Numerical data derived 
from surveys and experiments constitute the raw material upon which interpretations, 
analyses, and decisions are based; it is essential that engineers learn how to properly 
use the information derived from such data. Everything concerned even remotely with 
the collection, processing, analysis, interpretation, and presentation of numerical data 
belongs to the domain of statistics.

There exist today a number of different and interesting stories about the origin of 
statistics, but most historians believe it can be traced to two dissimilar areas: games of 
chance and political science. Figure 10.1 illustrates but one of a multitude of familiar 
games that are associated with a statistical probability.

During the 18th century, various games of chance involving the mathematical 
treatment of errors led to the study of probability and, ultimately, to the foundation of 
statistics. At approximately the same time, an interest in the description and analysis of 
the voting of political parties led to the development of methods that today fall under 

219

eid53554_ch10_219-250.indd   219 14/12/21   3:17 PM

ISTUDY



the category of descriptive statistics, which is basically designed to summarize or 
describe important features of a set of data without attempting to infer conclusions that 
go beyond the data.

Descriptive statistics is an important sector of the entire subject area; it is used 
whenever a person wishes to represent data derived from observation.

10.2 Frequency Distribution

Imagine that you’ve been given a very large set of data. Unless the information can be 
appropriately summarized, it will be very difficult to interpret. That is precisely why 
statistics is so important. Even though raw data contain a lot of information, it is not 
very meaningful because people have a limited capacity to absorb, remember, sort, and 
interpret a collection of disparate information. In order to convey meaning, it is neces-
sary to summarize the data.

A frequency distribution is a systematic collection of data illustrating the number 
of times a given value or collection of values occurs. Frequency distributions can be 
graphically represented as data curves, bar graphs, scattergrams, histograms, frequency 
polygrams, and so forth.

Various ways of describing measurements and observations, such as the grouping 
and classifying of data, are a fundamental part of statistics. In fact, when dealing 
with a large set of collected numbers, a good overall picture of the data can often 
be conveyed by proper grouping into classes. The following examples will serve to 
illustrate this point.

Figure 10.1

Fotazdymak/Shutterstock
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Consider the percentage of body fat in 45 men under the age of 50 listed in 
Table 10.1. Table 10.2 is one possible numerical arrangement showing percentage of 
body fat distributed among selected classes. 

The construction of numerical distributions as in this example normally consists 
of the following series of steps: select classes into which the data are to be grouped, 
distribute data into appropriate classes, and count the number of items in each class. 
Since the last two steps are essentially mechanical processes, our attention will be 
directed primarily toward the classification of data.

Two things must be considered when arranging data into classes: the number of 
classes into which the data are to be grouped and the range of values each class is to 
cover. Both these areas are somewhat arbitrary, but they do depend on the nature of the 
data and the ultimate purpose the distribution is to serve.

The following are guidelines that should be followed when constructing a 
frequency distribution.

1. Use no fewer than six and no more than 15 classes. The square root of n, where n is 
the number of data points, provides an approximate number of classes to consider.

2. Select classes that will accommodate all the data points.
3. Make sure that each data point fits into only one class.
4. Whenever possible, make the class intervals of equal length.

The numbers in the right-hand column of Table 10.2 are called the class 
frequencies, which denote the number of items that are in each class. Since frequency 
distributions are constructed primarily to condense large sets of data into more easily 
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Frequency 

Distribution
Table 10.1

27.2 13.9 40.1 25.9 17.7
 4.1 32.3 32.2 22.9 15.6
15.4 36.4 24.1  5.3 12.1
32.9 24.2 19.2 14.5 28.9
21.3 28.8 27.1  8.7 25.2
15.2 19.1 16.5 17.9 12.3
20.9 22.1 21.2 10.8 11.9
35.2 30.2 30.7 37.1 16.3
19.9 20.8 25.6 30.3 21.6

Table 10.2

Range Tally Frequency

 4.0–8.9 III  3
 9.0–13.9 IIII  5
14.0–18.9 IIII III  8
19.0–23.9 IIII IIII 10
24.0–28.9 IIII IIII  9
29.0–33.9 IIII I  6
34.0–38.9 III  3
39.0–43.9 I  1
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common form of graphical presentation is called the histogram. It is constructed by 
representing measurements or grouped observations on the horizontal axis and class 
frequencies along the graduated and calibrated vertical axis. This representation affords 
a graphical picture of the distribution with vertical bars whose bases equal the class 
intervals and whose heights are determined by the corresponding class frequencies. 
Figure 10.2 demonstrates a histogram of the percentage of body fat measures tabulated 
in Table 10.2.

10.3 Measures of Central Tendency

The solution of many engineering problems in which a large set of data is collected 
can be facilitated by the determination of single numbers that describe unique charac-
teristics about the data. The most popular measure of this type is called the arithmetic 
mean or average.

The arithmetic mean, or mean of a set of n numbers, is defined as the sum of the 
numbers divided by n. In order to develop a notation and a simple formula for arithme-
tic mean, it is helpful to use an example.

Suppose that the mean height of a starting basketball team is to be determined. Let 
the height in general be represented by the letter x and the height of each individual 
player be represented by x1, x2, x3, x4, and x5. More generally, there are n measurements 
that are designated x1, x2, . . . , xn. From this notation, the mean can be written as follows:

Mean =
x1 + x2 + x3 + p + xn

n

A mathematical notation that indicates the summation of a series of numbers is nor-
mally written

∑
n

i=1
xi

which represents x1 + x2 + x3 + . . . + xn. This notation will be written in the remainder 
of the chapter as ∑xi

Figure 10.2
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To distinguish between descriptive measures for a population and for a sample we 
will use different symbols. When a set of all possible observations is used, it is referred 
to as the population. For the mean or average, we will use mu (µ) to represent the mean 
of a population.

When a portion or subset of that population is used, it is referred to as a sample. The 
notation for arithmetic mean will be x  (read xbar) when the x values are representative 
of a random sample and not an entire population.

The standard notations discussed above provide the following common expressions 
for the arithmetic mean of the population and of a sample:

 � =
Sxi

n  (population)  (10.1a)

x =
Sxi

n  (sample)  (10.1b)

where the sum for the population is over all members of the population, whereas for the 
sample the sum is just the members of the sample.

The mean is a popular measure of central tendency because (1) it is familiar to most 
people, (2) it takes into account every item, (3) it always exists, (4) it is always unique, 
and (5) it lends itself to further statistical manipulations.

One disadvantage of the arithmetic mean, however, is that any outlier or gross 
error in a number can have a pronounced effect on the value of the mean. To avoid 
this difficulty, it is possible to describe the “center” of a set of data with other kinds 
of statistical descriptions. One of these is called the median, which can be defined 
as the value of the middle item of data arranged in increasing or decreasing order of 
magnitude. For example, the median of the five numbers 15, 27, 10, 18, and 22 can 
be determined by first arranging them in increasing order: 10, 15, 18, 22, and 27. The 
median or middle number for this series is 18.

If a data set contains an even number of items, there is never a specific middle 
item, so the median is defined as the mean of the values of the two middle items. For 
example, the median of the six numbers 5, 9, 11, 13, 16, and 19 is (11 + 13)/2, or 12.

The mean and median of a set of data rarely coincide. Both terms describe the 
center of a set of data, but in different ways. The median divides the data so that half of 
all entries are greater than or equal to the median; the mean may be thought of as the 
center of gravity of the data.

The median, like the mean, has certain desirable properties. It always exists and is 
always unique. Unlike the mean, the median is not affected by extreme values. If the 
exclusion of the highest and lowest values causes a significant change in the mean, 
then the median should be considered as the indicator of central tendency of that data.

In addition to the mean and the median, there is one other average, or center, of 
a set of data, which we call the mode. It is simply the value that occurs with the high-
est frequency. In the set of numbers 18, 19, 15, 17, 18, 14, 17, 18, 20, 19, 21, and 14, 
the number 18 is the mode because it appears more often than any of the other values. 
There may exist more than one mode, for example, if there were an equal number of 
18’s and 19’s in the above data set, there would be two modes; therefore the data set 
would be bimodal.

An important point for a practicing engineer to remember is that there are any 
number of ways to suggest the middle, center, or average value of a data set. If 
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logical to compare the mean of brand A with the mean of brand B, not the mean of one 
with the median of the other. If one particular item, brand, or process is to be compared 
with another, the same measures must be used. If the average grade in one section of 
college calculus is to be compared with the average grade in other sections, the mean 
of each section would be the important statistic.

10.4 Measures of Variation

It is possible, but not likely, that the mean values of the course grades of different 
sections of college calculus will be of equal magnitude. However, mean values are only 
one measure of importance; another is variation.

Measures of variation indicate the degree to which data are dispersed—that is, how 
much they are spread out or bunched together. Suppose that by coincidence two sections 
of a college calculus course have exactly the same mean grade values on the first hour 
exam. It would be of interest to know how far individual scores varied from the mean. 
Perhaps one class was bunched very closely around the mean, while the other class 
demonstrated a wide variation, with some very high scores and some very low scores. 
This situation is typical and is often of interest to the engineer.

It is reasonable to define this variation in terms of how much each number in the 
sample deviates from the mean value of the sample, that is, x1 − x , x2 − x , . . . xn − x . 
If you wanted an average deviation from the mean, you might try adding x1 − x  
through xn − x  and dividing by n. But this does not give a useful result, since the sum 
of the deviations is always zero. The procedure generally followed is to square each 
deviation, sum the resulting squares, divide the sum by n, and take the square root. By 
definition, the formula for the standard deviation of the entire population is

 � = [
S(xi − �)2

n ]
1/2

 (population standard deviation)  (10.2)

Statistical procedures used in most engineering applications are concerned with the 
standard deviation of a sample (s), which can then be used to estimate the standard 
deviation in the whole population (𝜎).

To compute the standard deviation of a sample (s), we must alter formula 10.2 in two 
ways. First we use the mean of the sample ( x ) instead of the population mean (µ) and 
second we replace n in the denominator with n − 1. It has been determined that when using 
just a sample of the population the resulting value of (s) represents a “better” estimate of 
the true standard deviation of the entire population. To clarify, when a sample size is less 
than 30, dividing by n − 1 has more influence on the calculated value of s. The difference 
in the calculated value of s when using n or n − 1 in the denominator decreases when the 
sample size is larger.

s = [
S(xi − x)2

n − 1 ]
1/2

(sample standard deviation)  (10.3)

Throughout this book, we will use n in the denominator for population standard 
deviations and (n − 1) in the denominator for all sample standard deviations. Although 
you may encounter either n or n − 1 in the denominator in various textbooks, most 
calculator and spreadsheet software will use n − 1 for sample standard deviations.
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An alternate form of Equation 10.3 that is sometimes easier to use is derived by 
expanding (xi − x)2 , substituting for x  from Equation 10.1b, and reducing terms. The 
result is as follows.

 s = [
n(Sx2

i ) − (Sxi)2

n(n − 1) ]
1/2 

(alternate sample standard deviation)  (10.4)

Another common measure of variation is actually called the variance; it is the 
square of the standard deviation. Therefore, the sample variance is given by

s2 =
S(xi − x)2

n − 1  (10.5)

Example Problem 10.1 A Midwestern university campus has 10 540 male students. 
Using a random selection process, 50 of these students were chosen and weighed to 
the nearest pound (pound-mass); the raw data were as recorded in Table 10.3. The data 
were then grouped (Table 10.4), and the histogram in Figure 10.3 was constructed. 
Calculate the sample mean, sample standard deviation, and sample variance of the data.

Solution  From Equation 10.1b the sample mean can be calculated (summary of 
computations shown in Table 10.5):

  x =
Sxi

n = 8 037
50

    = 160.74 lbm = 161 lbm

Table 10.3

164 171 154 160 158 150 159 185 168 158
143 159 162 165 160 167 166 164 152 172
177 165 170 155 155 163 180 157 145 160
149 153 137 173 157 175 163 147 156 156
162 167 165 166 162 136 158 170 162 159

Table 10.4

Range Frequency

136–140 2
141–145 2
146–150 3
151–155 5
156–160 13
161–165 11
166–170 7
171–175 4
176–180 2
181–185 1

50
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From Equation 10.3 the sample standard deviation can be determined:

s = [
S(xi − x)2

n − 1 ]
1/2

=   [
4  793.73

49 ]
1/2

=   9.89  lbm

The sample standard deviation can also be determined from Equation 10.4:

s = [
n(Sx2

i ) − (Sxi)2

n(n − 1) ]
1/2

=   [
50(1  296  661) −   (8 037)2

50(49) ]
1/2

=   9.89  lbm

The sample variance can be calculated by squaring Equation 10.3:

 s2 =
S(xi − x)2

n − 1

 s2
  = 4  793.74

49   =   97.8  lbm2

By examining the raw data in Example Problem 10.1 we can see the range in varia-
tion of values that occurs from a random sample. Certainly we would expect to find both 
larger and smaller values if all males at the university—that is, the entire population—were 
weighed. If we were to select additional random values and develop a second sample from 
the population, we would expect to find a different sample mean and a different sample stan-
dard deviation. We would not expect, however, the differences in these measures of central 
tendency and variation to be significant if the two samples were truly random in nature.

Figure 10.3
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Table 10.5

Mass, xi, lbm xi
2 xi − x− (xi − x−)2

164 26 896 3.26 10.63
143 20 449 −17.74 314.71
177 31 329 16.26 264.39
149 22 201 −11.74 137.83
. . . . . . . . . . . .

156 24 336 −4.74 22.47
159 25 281 −1.74 3.03

8 037 1 296 661 0.00 4 793.73
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Example Problem 10.2 Interstate Safety Corridors are established on certain 
roadways with a propensity for strong cross winds, blowing dust, and frequent fatal 
accidents. A driver is expected to turn on the headlights and pay special attention to 
the posted speed limit in these corridors. In one such Safety Corridor in northern New 
Mexico, the posted speed limit is 75 miles per hour. The Department of Public Safety 
set up a radar checkpoint and the actual speed of 36 vehicles that passed the check-
point is shown in Table 10.6.

For this data set, use a hand calculation or spreadsheet software to solve parts (c), (d), 
and (e).

(a) Make a frequency distribution table using 5 as a class width (e.g., 60.0–64.9)
(b) Construct a histogram from the frequency distribution
(c) The sample mean
(d) The sample standard deviation
(e) The sample variance
(f) If speeding tickets are issued to drivers exceeding 84 mph, what percentage 

of drivers in this sample would receive tickets?

Solution A spreadsheet can be used to solve this problem; however, the equations 
presented in the text material are representative of the theory necessary to determine 
mean, standard deviation, and variance. A critical step in the use of packaged soft-
ware is to thoroughly understand how the numbers provided by these packages are 
calculated.

(a) The data from Table 10.6 were grouped into the frequency distribution 
shown in Table 10.7.

Table 10.6

70 78 70 80 86 76 
85 69 68 61 81 80
71 82 69 71 62 71
75 76 85 72 63 72
65 90 77 89 76 70
66 78 91 69 80 92

Table 10.7

Interval Frequency

60–64.9 3
65–69.9 6
70–74.9 8
75–79.9 7
80–84.9 5
85–89.9 4
90–94.5 3
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(b) A histogram was developed using Excel and is shown in Figure 10.4.
 To determine the sample mean, standard deviation, and variance an Excel 

spreadsheet was developed in Figure 10.5. This spreadsheet quickly provides 
the required sums for the equations below. In addition, you may verify that 
your calculations are correct using the statistical formulas within Excel.

(c) The sample mean

  x =
Sxi

n = 2  716
36   =   75.44

(d) The sample standard deviation

s = [
n(Sx2

i ) − (Sxi)2

n(n − 1) ]
1/2

=   [
36(207 360) − (2 716)2

36(35) ]
1/2

=   8.371  5

(e) The sample variance
s2 =   70.082  5

(f) Speeding tickets issued 
 7/36 drivers are exceeding 84 mph, therefore 19 percent would be issued 

tickets

10.5 Linear Regression

There are many occasions in engineering analysis when the ability to predict or forecast 
the outcome of a certain event is extremely valuable. The difficulty with most practical 
applications is the large number of variables that may influence the analysis process. 
Regression analysis is a study of the relationships among variables. If the situation 
results in a relationship among three or more variables, the study is called multiple 
regression. There are many problems, however, that can be reduced to a relationship 
between an independent and a dependent variable. This introduction will limit the sub-
ject and treat only two-variable regression analyses.

Figure 10.4

7

8

9

6

5

4

3

2

1

0

Fr
eq

ue
nc

y

Highway Speed

Miles per Hour

60–64.9

65–69.9

70–74.9

75–79.9

80–84.9

85–89.9

90–94.5

eid53554_ch10_219-250.indd   228 14/12/21   3:17 PM

ISTUDY



229
Linear Regression

Of the many equations that can be used for the purposes of prediction, the simplest 
and most widely used is a linear equation of the form y = mx + b, where m and b are 
constants. Once the constants have been determined, it is possible to calculate a pre-
dicted value of y (dependent variable) for any value of x (independent variable).

Before investigating the regression concept in more detail, we must examine how 
the regression equation is established.

If there is a reason to believe that a relationship exists between two variables, the 
first step is to collect data. For example, suppose x denotes the age of an automobile 
in years and y denotes the annual maintenance cost. Thus, a sample of n cars would 
reveal the age x1, x2, x3, . . . , xn and the corresponding annual maintenance cost y1, y2, 
y3, . . . , yn.

The next step would be to plot the data on rectangular coordinate paper or by using 
a spreadsheet. The resulting graph is called a scatter diagram.

Excel Spreadsheet—Highway Safety Corridors.

Figure 10.5
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From the scatter diagram shown in Figure 10.6, it may be possible to construct 
a straight line that adequately represents the data, in which case a linear relationship 
exists between the variables. In other cases, the line may be curved, and the relationship 
between variables will therefore be nonlinear in nature.

Ideally, we would hope to determine the best possible line (straight or curved) 
through the points. A standard approach to this problem is called the method of least 
squares.

To demonstrate how the process works, as well as to explain the concept of the 
method of least squares, consider the following situation. A class of 20 students is given 
a math test and the resulting scores are recorded. Each student’s IQ score is also avail-
able. Both scores for the 20 students are shown in Table 10.8.

First, the data must be plotted on rectangular coordinate paper (see Figure 10.7). 
As you can see by observing the plotted data, there is no limit to the number of straight 
lines that could be drawn through the points. In order to find the line of best fit, it is 
necessary to state what is meant by “best.” The method of least squares requires that the 
sum of the squares ∑(y − y′)2 of the vertical deviations from the data points (y) to the 
straight line (y′) be minimized. This vertical deviation (y − y′)2 is also called a residual 
(see Figure 10.8).

Figure 10.6
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Table 10.8

Student No. Math Score IQ Student No. Math Score IQ

 1 85 120 11 100 130
 2 62 115 12  85 130
 3 60 100 13  77 118
 4 95 140 14  63 112
 5 80 130 15  70 122
 6 75 120 16  90 128
 7 90 130 17  80 125
 8 60 108 18 100 140
 9 70 115 19  95 135
10 80 118 20  75 130
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To demonstrate how a least-squared line is fit to data, let us consider this problem 
further. There are n pairs of numbers (x1, y1), (x2, y2), . . . , (xn, yn), where n = 20, with x 
and y being IQ and math scores, respectively. Suppose that the equation of the line that 
best fits the data is of the form

y′ = mx + b (10.6)

where the symbol y′ (y prime) is used to differentiate between the observed values of y 
and the corresponding values calculated by means of the equation of the line. (Note that 
although y′ is sometimes used to represent a derivative in calculus, it is not a derivative 
here, rather a computed value on the line being sought.) In other words, for each value 

Figure 10.7
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of x, there exist an observed value (y) and a calculated value (y′) obtained by substitut-
ing x into the equation y′ = mx + b.

The least-squares criterion requires that the sum of all (y − y′)2 terms, as illustrated in 
Figure 10.8, be the smallest possible. One must determine the constants m and b so that the 
difference between the observed and the predicted values of y will be minimized.

When this analysis is applied to the linear equation y = mx + b, it follows that we 
wish to minimize the summation of all deviations (residuals):

SUM = ∑[yi − (mxi + b)]2 (10.7)

From the calculus, to minimize SUM, the partial derivatives with respect to m and b 
must be zero as follows:

∂(SUM)
∂m

= ∂
∂m

 {S[yi − (mxi + b)]2} = 0

∂(SUM)
∂b

= ∂
∂b

 {S[yi − (mxi + b)]2} = 0

Performing these partial derivatives gives

nb + m∑xi = ∑yi

b∑xi + m∑xi
2 = ∑xi yi

Solving these two equations simultaneously for m and b gives

m =
n(Sxiyi) −  (Sxi)(Syi)

n(Sxi
2) −  ( Sxi)2  (10.8)

b =
Syi − m(Sxi)

n  (10.9)

Table 10.9 is a tabulation of the values necessary to determine the constants m and b 
for the math score–IQ problem. The independent variable is the IQ, and the dependent 
variable is the math score.

Substituting the values from Table 10.9 into Equations 10.8 and 10.9, we get the 
following values for the two constants:

 m =
20(198 527) − (2 466)(1 592)

20(306 124) − (2 466)2

= 1.080 9

 b =
1 592 − (1.080 9)(2 466)

20
= –53.67

The equation of the line relating math score and IQ using the method of least squares 
becomes

Math score = 1.08 (IQ) − 53.67
Interesting questions arise from this problem. Can IQ be used to predict success on 
a math exam and, if so, how well? Regression analysis or estimation of one variable 
(dependent) from one or more related variables (independent) does not provide infor-
mation about the strength of the relationship. Later in this chapter we will suggest a 
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method to determine how well an equation developed from the method of least squares 
describes the strength of the relationship between variables.

The method of least squares as just explained is a most appropriate technique for 
determining the best-fit line. You should clearly understand that this method as pre-
sented is linear regression and is valid only for linear relationships. The technique of 
least squares can, however, be applied to power (y = bxm) and exponential (y = bemx) 
relationships if done correctly. The power function can be handled by noting that there 
is a linear relationship between log y and log x (log y = m log x + log b, which plots as 
a straight line on log-log paper). Thus we can apply the method of least squares to the 
variables log y and log x to obtain parameters m and log b.

The exponential function written in natural logarithm form is ln y = mx + ln b. 
Therefore, there exists a linear relationship between ln y and x (this plots as a straight 
line on semilog paper). The next examples will demonstrate the use of least squares 
method for power and experimental curves.

Example Problem 10.3 The data in Table 10.10 were obtained from measuring 
the distance dropped by a falling body with time. We would expect that the distance 
should be related to the square of the time according to theory (neglecting air friction) 
s = 1/2 gt2. Find the equation of the line of best fit.

Solution The expected form of the equation is s = btm or, in logarithmic form, log s = 
m log t + log b. Therefore, if we use log t in place of x and log 

Table 10.9

Independent Variable Dependent Variable

IQ (IQ)2 Math Score (Math Score)2 IQ (Math Score)

  120  14 400    85    7 225   10 200
  115  13 225    62    3 844    7 130

  100  10 000    60    3 600    6 000
  140  19 600    95    9 025   13 300
  130  16 900    80    6 400   10 400
  120  14 400    75    5 625    9 000
  130  16 900    90    8 100   11 700
  108  11 664    60    3 600    6 480
  115  13 225    70    4 900    8 050
  118  13 924    80    6 400    9 440
  130  16 900   100   10 000   13 000
  130  16 900    85    7 225   11 050
  118  13 924    77    5 929    9 086
  112  12 544    63    3 969    7 056
  122  14 884    70    4 900    8 540
  128  16 384    90    8 100   11 520
  125  15 625    80    6 400   10 000
  140  19 600   100   10 000   14 000
  135  18 225    95    9 025   12 825
  130  16 900    75    5 625    9 750

2 466 306 124 1 592 129 892 198 527
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Equations 10.8 and 10.9, we can solve for m and log b. (Note carefully that the 
parameters are m and log b, not m and b.) Refer to Table 10.11.

Substitute into Equation 10.8:

m =
6(5.521  9) − (2.857  4)(9.855  8)

6(1.774  9) − (2.857  4)2

  = 2.000 0

Substitute into Equation 10.9, using log b, not b:

log b =
9.855  8  −   (2.000  0)(2.857  4)

6
log b = 0.690 17

b = 4.899 7

The equation is then s = 4.9t2

Example Problem 10.4 Using the method of least squares, find the equation that 
best fits the data shown in Table 10.12.

Solution This data set produces a straight line when plotted on semilog graph paper; 
therefore, its equation will be of the form Q = bemV

Table 10.10

Time t, s Distance s, m

0 0 
1 4.9
2 19.6
3 44.1
4 78.4
5 122.5
6 176.4

Table 10.11

Independent Variable Dependent 
Variable 

log st s log t (log t)2 (log t)(log s)

1   4.9 0.000 0 0.000 0 0.690 2 0.000 0
2  19.6 0.301 0 0.090 6 1.292 3 0.389 0
3  44.1 0.477 1 0.227 6 1.644 4 0.784 5
4  78.4 0.602 1 0.362 5 1.894 3 1.140 6
5 122.5 0.699 0 0.488 6 2.088 1 1.459 6
6 176.4 0.778 2 0.605 6 2.246 5 1.748 2

2.857 4 1.774 9 9.855 8 5.521 9
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An examination of the equation and the graph paper leads us to the following:

1. Since the line is straight, the method of least squares can be used.
2. Since the abscissa is a uniform scale, the independent variable values (velocity in 

this problem) may be used without adjustment.
3. Since the ordinate is a log scale, the dependent variable values (fuel consump-

tion) must be the logarithms of the data, not the raw data.

Table 10.13 provides us with the needed values to substitute into Equations 10.8 and 
10.9. Substitute into Equation 10.8:

m =
7(1 494.63) − (280)(33.665 8)

7(14 000) − (280)2

 = 0.052 86

Substitute into Equation 10.9, using ln b rather than b:

ln b =
33.665 8 − (0.052 86)(280)

7
 = 2.695 0
 b = 14.805

The equation becomes Q = 14.8 e0.053V

Table 10.13

Independent Variable Dependent  
Variable 

ln Qv v2 v(ln Q)

10 100  3.226 8    32.27
20 400  3.797 7    75.95
30 900  4.272 5   128.17
40 1 600  4.744 9   189.80
50 2 500  5.308 3   265.41
60 3 600  5.905 4   354.32

 70  4 900  6.410 2   448.71

280 14     000 33.665 8 1 494.63

Table 10.12

Fuel Consumption, Q, mm3/s Velocity, V, m/s

25.2 10.0
44.6 20.0
71.7 30.0

115 40.0
202 50.0
367 60.0
608 70.0
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10.6 Coefficient of Correlation

The technique of finding the best possible straight line to fit experimentally collected 
data is certainly useful, as previously discussed. The next logical and interesting ques-
tion is how well such a line actually fits. It stands to reason that if the differences 
between the observed y’s and the calculated y’s are small, the sum of squares ∑(y − y′)2 
will be small; and if the differences are large, the sum of squares will tend to be large.

Although ∑(y − y′)2 provides an indication of how well a least-squares line fits 
particular data, it has the disadvantage that it depends on the units of y. For example, 
if the units of y are changed from dollars to cents, it will be like multiplying ∑(y − y′)2 
by a factor of 10 000. To avoid this difficulty, the magnitude of ∑(y − y′)2 is normally 
compared with ∑(y − y′)2. This allows the sum of the squares of the vertical deviations 
from the least-squares line to be compared with the sum of squares of the deviations of 
the y’s from the mean.

To illustrate, Figure 10.9a shows the vertical deviation of the y’s from the least-
squares line, while Figure 10.9b shows the deviations of the y’s from their collective 
mean. It is apparent that where there is a close fit, ∑(y − y′)2 is much smaller than 
∑(y − y′)2.

In contrast, consider Figure 10.10. Again, Figure 10.10a shows the vertical devia-
tion of the y’s from the least-squares line, and Figure 10.10b shows the deviation of the 
y’s from their mean. In this case, ∑(y − y′)2 is approximately the same as ∑(y − y′)2. 
This would seem to indicate that if the fit is good, as in Figure 10.9, ∑(y − y′)2 is much 
less than ∑(y − y′)2; and if the fit is as poor as in Figure 10.10, the two sums of squares 
are approximately equal.

The coefficient of correlation puts this comparison on a precise basis:

r = ± Å1 −
S(yi − yʹ)2

S(yi − y)2  (10.10)

If the fit is poor, the ratio of the two sums is close to 1 and r is close to zero. 
However, if the fit is good, the ratio is close to zero and r is close to +1 or –1. From the 
equation, it is obvious that the ratio can never exceed 1. Hence, r cannot be less than 
–1 or greater than +1.

Figure 10.9
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The statistic is used to measure the strength of a linear relationship between any 
two variables. It indicates the goodness of fit of a line determined by the method of 
least squares, and this in turn indicates whether a relationship exists between x and y.

Although Equation 10.10 serves to define the coefficient of correlation, it is sel-
dom used in practice. An alternative form of the formula is

 r =
n(Sxiyi) − (Sxi)(Syi)

√n(Sx2
i ) − (Sxi)2√n(Sy2

i ) − (Syi)2
 (10.11)

The interpretation of r is not difficult if it is ±1 or zero: When it is zero, the points 
are scattered and the fit of the regression line is so poor that a knowledge of x does not 
help in the prediction of y; when it is +1 or –1, all the points actually lie on the straight 
line, so an excellent prediction of y can be made by using x values. The problem arises 
when r falls between zero and +1 or zero and –1.

General guidelines for interpreting the correlation coefficient are as follows:
Correlation Coefficient Correlation Interpretation
 0.9 to 1.0 Very high positive
 0.7 to 0.9 High positive
 0.5 to 0.7 Moderate positive
 0.3 to 0.5 Low positive
 −0.3 to 0.3 Little, if any
 −0.5 to −0.3 Low negative
 −0.7 to −0.5 Moderate negative
 −0.9 to −0.7 High negative
 −1.0 to −0.9 Very high negative
The physical interpretation of r can be explained in the following manner. If the 

coefficient of correlation is known for a given set of data, then 100r2 percent of the 
variation of the y’s can be attributed to differences in x, namely, to the relationship of y 
with x. If r = 0.6 in a given problem, then 36 percent—that is, 100(0.62)—of the varia-
tion of the y’s is accounted for (perhaps caused) by differences in × values. The square 
of the correlation coefficient (r2) is called the coefficient of determination.

Figure 10.10
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Again consider the problem of IQ and math scores, substituting values from  
Table 10.9 into the equation for the correlation coefficient.

r =
(20)(198 527) − (2 466)(1 592)

√(20)(306 124) − (2 466)2√(20)(129 892) − (1 592)2

 = 0.87

Computing the coefficient of determination and multiplying by 100 to obtain per-
cent yields

100r2 = 76%

This would indicate that 76 percent of the variations in math scores can be accounted 
for by differences in IQ.

One word of caution when using or considering results from linear regression and 
coefficients of correlation and determination. There is a fallacy in interpreting high 
values of r or r2 as implying cause–effect relations. If the increase in television coverage 
of professional football is plotted against the increase in traffic accidents at a certain 
intersection over the past 3 years, an almost perfect positive correlation (+1.0) can be 
shown to exist. This is obviously not a cause–effect relation, so it is wise to interpret the 
correlation coefficient and coefficient of determination carefully. The variables must 
have a measure of association if the results are to be meaningful.

The following example problem is intended to illustrate how much of the material 
presented in this chapter could be used in the solution to a practical engineering problem.

Example Problem 10.5 Water conservation can be a critical matter. Many regions 
of the country can have a serious lack of water for many years and an excess in 
other years. One solution to this problem is construction of dams that allows water 
storage in large reservoirs. The amount of water flowing into a region is a function 
of the watershed area, annual rainfall, snow melt, and so on. Assume the dam height, 
discharge area, and spillways must be designed to accommodate a 100-year flood.

Data showing the flow rate (discharge) from a river that is under consideration 
for the construction of a dam as a function of the recovery time needed to refill the 
reservoir is given in Table 10.14. These are measurements from the primary water-
shed of about 5 540 square miles located in a southwestern state.

1. Using the least-squares method, obtain an equation relating the discharge Q to the 
recovery period P.

2. Compute the correlation coefficient and interpret the results.
3. From the derived equation, compute the projected discharge for a 100-year flood.

Solution A spreadsheet is a convenient tool for this problem. The data were entered 
in columns A and B as shown in Figure 10.11. Test plots were then done to determine 
visually whether linear, semilog, or log-log techniques would be most likely to pro-
duce a straight line. As shown in Figure 10.12, the log-log plot, although not a perfect 
straight line, is more nearly so than either the linear plot or the semilog plot. Thus we 
will use the method of least squares to find an equation of the form Q = bPm (log Q = 
m log P + log b).
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The spreadsheet was then modified (see Figure 10.11) by adding columns to 
compute log P, log Q, (log P)(log Q), (log P)2, and (log Q)2. The sums of each of col-
umns A through G were also computed. From these sums, the parameter m could be 
found as follows,

 m  =   

n(Sxi yi) − (Sxi)(Syi)
n(Sxi

2) − (Sxi)2   

   =   

34(81.329) − (19.765)(130.032)
34(19.969) − (19.765)2    =    0.676  8

 log  b  =   

Syi −  m(Sxi)
n   =   

130.032 − 0.676  8(19.765)
34    =    3.431  1

b = 2 698.1

and once m has been determined, log b can be calculated. The parameter b is obtained 
from the expression b = 10log b.

The least-squares equation is then 

Q′ = 2.7 × 103 P0.677 

after rounding the coefficients.
The correlation coefficient was then computed and found to be about 0.997. 

Squaring this value (coefficient of determination) and multiplying by 100 percent gives 
a result of 99.4 percent, which is an indication of a very good agreement between the 
data and the prediction line. It suggests that nearly 99 percent of the variation in the 
discharge can be accounted for by variation in the return period.

Table 10.14

Period (years) Discharge (cfs) Period (years) Discharge (cfs)

1 2 480 2.66  5 360
1.09 2 690 2.87  5 600
1.15 2 730 3.11  5 950
1.2 2 780 3.48  6 300
1.41 3 300 3.75  7 300
1.45 3 320 4.18  7 530
1.49 3 350 4.73  8 650
1.55 3 420 5.43  9 000
1.62 3 750 6.39  9 150
1.68 3 800 7.75 10 700
1.72 4 200 9.84 12 000
1.85 4 330 13.5 15 250
1.95 4 470 21.8 21 100
2.06 4 600 33.7 26 870
2.18 4 620 41.5 33 250
2.32 5 110 50.5 34 750

2.48 5 320 55.8 44 800
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Figure 10.11
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2 480

2 690

2 730

2 780

3 300
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3 350

3 420

3 750

3 800

4 200

4 330

4 470
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4 620

5 110

5 320

5 360

5 600

5 950

6 300

7 300

7 530

8 650

9 000

9 150

10 700

12 000

15 250

21 100

26 870

33 250

34 750

44 800

299.19 3 27 830 19.765 4 130.032 1 81.329 290 41 19.969 31 501.209 098

1

1.09

1.15

1.2

1.41

1.45

1.49

1.55

1.62

1.68

1.72

1.85

1.95

2.06

2.18

2.32

2.48

2.66

2.87

3.11

3.48

3.75

4.18

4.73

5.43

6.39

7.75

9.84

13.5

21.8

33.7

41.5

50.5

55.8

0 3.394 452 0 0 11.522 302 2

0.037 426 3.429 752 0.128 363 617 0.001 401 11.763 200 7

0.060 698 3.436 163 0.208 567 652 0.003 684 11.807 213 7

0.079 181 3.444 045 0.272 703 758 0.006 27 11.861 444 6

0.149 219 3.518 514 0.525 029 528 0.022 266 12.379 940 4

0.161 368 3.521 138 0.568 199 018 0.026 04 12.398 413 4

0.173 186 3.525 045 0.610 489 356 0.029 993 12.425 940 9

0.190 332 3.534 026 0.672 637 19 0.036 226 12.489 340 5

0.209 515 3.574 031 0.748 813 213 0.043 897 12.773 699 5

0.225 309 3.579 784 0.806 558 471 0.050 764 12.814 850 6

0.235 528 3.623 249 0.853 378 278 0.055 474 13.127 935 4

0.267 172 3.636 488 0.971 566 757 0.071 381 13.224 044 2

0.290 035 3.650 308 1.058 715 524 0.084 12 13.324 745

0.313 867 3.662 758 1.149 619 62 0.098 513 13.415 794 9

0.338 456 3.664 642 1.240 321 873 0.114 553 13.429 600 8

0.365 488 3.708 421 1.355 383 282 0.133 581 13.752 385 6

0.394 452 3.725 912 1.469 692 106 0.155 592 13.882 417 5

0.424 882 3.729 165 1.584 453 639 0.180 524 13.906 67

0.457 882 3.748 188 1.716 227 443 0.209 656 14.048 913 5

0.492 76 3.774 517 1.859 932 448 0.242 813 14.246 978 3

0.541 579 3.799 341 2.057 643 982 0.293 308 14.434 988 6

0.574 031 3.863 323 2.217 668 119 0.329 512 14.925 263 5

0.621 176 3.876 795 2.408 173 089 0.385 86 15.029 539 3

0.674 861 3.937 016 2.656 939 181 0.455 438 15.500 095 8

0.734 8 3.954 243 2.905 576 722 0.539 931 15.636 033 8

0.805 501 3.961 421 3.190 928 091 0.648 832 15.692 857 1

0.889 302 4.029 384 3.583 337 854 0.790 858 16.235 933 6

0.992 995 4.079 181 4.050 606 983 0.986 039 16.639 719 6

1.130 334 4.183 27 4.728 491 167 1.277 654 17.499 746 6

1.338 456 4.324 282 5.787 863 932 1.791 466 18.699 418 8

1.527 63 4.429 268 6.766 281 726 2.333 653 19.618 412 1

1.618 048 4.521 792 7.316 476 372 2.618 08 20.446 599 7

1.703 291 4.540 955 7.734 569 174 2.901 202 20.620 270 6

1.746 634 4.651 278 8.124 081 248 3.050 731 21.634 387 2

2 698.6

2 860.627

2 966.243

3 052.9

3 404.867

3 469.925

3 534.405

3 630.086

3 740.213

3 833.388

3 894.907

4 091.729

4 240.098

4 400.49

4 572.336

4 769.004

4 989.127

5 231.346

5 507.334

5 814.872

6 274.383

6 599.759

7 102.748

7 722.351

8 478.208

9 465.431

10 785.49

12 676.49

15 700.82

21 713.92

29 156.33

33 566.79

38 334.12

41 012.03

Spreadsheets also provide a mechanism for computing a least-squares curve fit 
(Excel calls this a trendline) to a data set. Figure 10.13 shows the result of this approach 
for Example Problem 10.5. The data were plotted as a scatter chart (log-log) and a 
trendline was added.

Column H was added to compute values of the predicted discharge, Q′, for each 
return period P. The original data (R2 = 0.994 2) as well as the predicted curve (R2 = 1) 
are plotted in Figure 10.13.

To determine the discharge for a 100-year flood, use the least-squares equation.

Q′ = 2.7 × 103 P0.677

Q′ = 2.7 × 103(100)0.677

= 61 × 103 cfs240
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Figure 10.12
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Figure 10.13
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Problems
10.1 The number of home runs hit per game during last season by the Ballard girls softball team 

were: 4, 1, 3, 0, 2, 5, 4, 3, 2, 1, 5, 3, 4, 2, 3.
(a) What is the mean number of home runs hit?
(b) What is the median?
(c) What is the mode?

10.2 The following temperatures in degrees F were recorded at noon over a three week period:  

 66, 68, 70, 73, 74, 78, 82, 74, 68, 65, 67, 62, 63, 71, 74, 76, 79, 80, 82, 84, 75.

(a) Compute the mean, median, and mode.
(b) Using 5 degree intervals starting with 61–65, draw a frequency diagram.

10.3 The following table gives the life expectancy of males and females at birth in the United 
States, 1980–2010.

(a)  Calculate the mean and median of the life expectancies for men and for women.
(b) Calculate the standard deviation for the data for men and for women.

10.4 The exam scores of 50 students in a class follow:

64 73 52 70 83 47 89 85 95 90
69 77 57 88 84 64 41 68 92 77
38 78 91 66 75 88 96 59 55 77
79 68 71 63 87 79 44 100 74 90
75 76 36 55 58 61 94 80 92 98

(a) What is the mean score in the class?
(b) What is the median?
(c) What is the mode?
(d) Compute the standard deviation using Equation 10.4.

10.5 Survey at least 30 engineering students to obtain each student’s total investment in 
calculators and computers in the past 18 months. The investment figure should include all 
equipment and software, whether bought personally or received as a gift.
(a) Find the mean, mode, and median investment.
(b) Find the standard deviation.

Year Male Female Year Male Female

1980 70 77.5 1996 73.1 79.1
1981 70.4 77.8 1997 73.6 79.4
1982 70.9 78.1 1998 73.8 79.5
1983 71 78.1 1999 73.9 79.4
1984 71.2 78.2 2000 74.3 79.7
1985 71.2 78.2 2001 74.4 79.8
1986 71.3 78.3 2002 74.5 79.9
1987 71.5 78.4 2003 74.7 80
1988 71.5 78.3 2004 75.2 80.4
1989 71.7 78.5 2005 75.4 80.5
1990 71.8 78.8 2006 75.6 80.6
1991 72 78.9 2007 75.8 80.8
1992 72.1 78.9 2008 76.1 81
1993 72.1 78.9 2009 76.3 81.1
1994 72.4 79 2010 76.4 81.1
1995 72.5 78.9

Source: NCHS (National Center for Health Statistics).
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10.6 The output of a gas furnace has large quantities of carbon dioxide, which must be 
monitored carefully. This table gives the percentage of CO2 in the output, with samples 
taken every 9 seconds.

53.8 52 55 48.4 51.8 46 50.6 49.2 57.3 58.1
53.5 53 53.2 47.6 51.7 47.8 51.6 49.7 56 57.7
53.4 54.9 51.6 47.5 50 48.3 50.5 51.3 55.4 56
52.7 56.8 50.8 48.1 48.3 47.2 49.8 54.4 57.2 53.2
52.2 56.4 50 49.9 45.8 48.1 49.4 56.9 58.4 51.6
Source: Time Series Data Library.

(a)  Group these measurements into equal classes, and construct a frequency distribution 
table for the data. (Use a spreadsheet to help solve this problem.)

(b) Compute the mean, median, and mode of the data.
(c) Compute the standard deviation of the data.

10.7 A farm-implement manufacturer in the Midwest purchases castings from the Omaha Steel 
foundry. Thirty castings were selected at random and weighed, and their masses were 
recorded to the nearest kilogram, as shown below:

235 232 228 228 240 231
225 220 218 230 222 229
217 233 222 221 228 228
244 241 238 219 242 222
227 227 229 229 224 227

(a)  Group the measurements into a frequency distribution table having six equal classes 
from 215 to 244.

(b) Construct a histogram of the distribution.
(c)  Determine the median, mode, and mean of the data.

10.8 The number of users that were logged into an Internet server was monitored every minute, 
over a period of 100 minutes. Here are the results:

88 138 140 171 112 91 193
84 146 134 172 104 91 204
85 151 131 172 102 94 208
85 150 131 174 99 101 210
84 148 129 175 99 110 215
85 147 126 172 88 121 222
83 149 126 172 88 135 228
85 143 132 174 84 145 226
88 132 137 174 84 149 222
88 131 140 169 88 156 220
91 139 142 165 89 165
99 147 150 156 88 171

104 150 159 142 85 175
112 148 167 131 86 177
126 145 170 121 89 182
Source: Time Series Data Library.

(a)  Group these measurements into 10 equal classes (81–95, 96–110, etc.), and construct 
a frequency distribution table for the data.

(b) Draw a histogram of the distribution.
(c) Find the mean number of users during the sample period.
(d)  Using the histogram, estimate the probability of 141–165 users being logged in at any 

given time.
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10.10 A land-grant university located in the Midwest has an entering freshman class of 1 522 
students. A random sample of 150, or approximately 10 percent, of the entering first-year 
students’ cumulative grade points were recorded. Academic standards require each student 
to have a first-year grade average of 1.5 or better to return for the sophomore year and 3.5 
or better to be eligible for the Dean’s list. The grade point averages (GPA) below have been 
partially grouped.
(a)  Determine the mean grade point average and standard deviation for the sample.
(b) Group the data into equal classes and construct a frequency distribution table.
(c) Draw a histogram of the distribution. 

10.9 The team earned-run averages for the American and National League baseball teams in a 
given year are shown below. Calculate the median, mean, and standard deviation for each 
league individually and for Major League Baseball as a whole.

American League Team ERA National League Team ERA

Seattle Mariners 3.87 Los Angeles Dodgers 3.41
Chicago White Sox 4.14 San Francisco Giants 3.55
Oakland Athletics 4.26 Atlanta Braves 3.57
New York Yankees 4.26 St Louis Cardinals 3.66
Detroit Tigers 4.29 Chicago Cubs 3.84
Tampa Bay Rays 4.33 Philadelphia Phillies 4.16
Boston Red Sox 4.35 Cincinnati Reds 4.18
Texas Rangers 4.38 Colorado Rockies 4.22
Los Angeles Angels 4.45 Florida Marlins 4.29
Toronto Blue Jays 4.47 San Diego Padres 4.37
Minnesota Twins 4.50 Arizona Diamondbacks 4.42
Kansas City Royals 4.83 New York Mets 4.45
Cleveland Indians 5.06 Houston Astros 4.54
Baltimore Orioles 5.15 Pittsburgh Pirates 4.59

Milwaukee Brewers 4.83
Washington Nationals 5.00

GPA
#  

Students GPA
#  

Students GPA
#  

Students GPA
#  

Students

0 0 1 3 2 7 3 5

0.1 0 1.1 2 2.1 7 3.1 2
0.2 1 1.2 3 2.2 10 3.2 1
0.3 0 1.3 2 2.3 8 3.3 3
0.4 1 1.4 4 2.4 12 3.4 2
0.5 1 1.5 4 2.5 14 3.5 4
0.6 0 1.6 3 2.6 6 3.6 2
0.7 2 1.7 5 2.7 7 3.7 1
0.8 1 1.8 6 2.8 5 3.8 0
0.9 2 1.9 6 2.9 6 3.9 1

4 1

10.11 A medical school was conducting a series of preliminary research studies regarding how 
fast individuals at various ages could run the quarter mile. Following is the data from one 
study with ages from 32 to 88 and their corresponding times in seconds.
(a) Plot the data on linear graph paper.
(b)  Using the method of least squares, determine the equation of the line of best fit.
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(c) Construct the line of best fit on the graph paper.
(d) Calculate and interpret the coefficient of correlation.
(e)  What approximate speed in seconds would you expect from a 25- and 95-year old?

Age Time, s

32 50

35 57
42 63
46 70
52 72
57 75
60 78
65 79
68 81
70 84
72 84
75 85
80 90
85 98
88 104

10.12 All materials are elastic to some degree. It is desirable that certain parts of some designs 
compress when a load is applied to assist in making the part air- or watertight. The test 
results in the following table resulted from a test on a material known as Silon Q-177.

Pressure P (MPa) Relative Compression R (%)

0.1 15

0.2 17
0.3 18
0.4 19
0.5 20
0.6 21
0.7 22
0.8 23
0.9 24
1.0 25.5
1.1 27
1.2 28
1.3 29.7
1.4 31.2
1.5 32.8
2.0 42
2.5 54
3.0 70

(a) Plot the data on semilog paper.
(b) Using the method of least squares, find the equation of the line of best fit.
(c) Draw the line on the curve.
(d) Calculate the coefficient of correlation.
(e)  What pressure should be applied to achieve a relative compression of 60 percent?
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10.13 An insurance company is interested in the relationship between the number of licensed 
vehicles in a state and the number of accidents per year in that state. It collects a random 
sample of 10 counties within the state:

X, Number of Licensed Vehicles 
(in thousands)

Y, Number of Accidents 
(in hundreds)

4 1

10 4
15 5
12 4
8 3

16 4
5 2
7 1
9 4

10 2

(a) Plot the points on linear graph paper.
(b) Find the equation that relates X and Y.
(c) Find the correlation coefficient.
(d)  Estimate from the derived equation the number of accidents in the largest county, with 

35 000 vehicles.
10.14 The annual flows (lowest one-day flow rate within a calendar year) of two tributaries of a 

river are expected to be linearly related. Data for a 12-year period are shown below.

Year North Tributary Flow (cfs) South Tributary Flow (cfs)

1 225 232

2 354 315
3 201 174
4 372 402
5 246 204
6 324 324
7 216 189
8 210 224
9 195 210
10 264 281
11 276 235
12 183 174

 Use a spreadsheet to do the following:
(a)  Compute the best-fit line using the method of least squares. Use data for the north 

tributary as the independent variable.
(b) Plot the data and the prediction equation on the same graph.
(c) Compute the correlation coefficient and interpret it.
(d)  If the low flow for the north tributary is 150 cfs, what would you expect the flow for 

the south tributary to be?
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10.15 The capacity of a screw conveyor that is moving dry ground corn is expressed in liters per 
second and the conveyor speed in revolutions per minute. The results of tests conducted 
on a new model conveyor are given below:

Capacity C (L/s) Angular Velocity V (r/min)

3.01 10.0
6.07 21.0

15.0 58.2
30.0 140.6
50.0 245.0
80.0 410.0
110.0 521.0

(a) Plot the data on log-log graph paper.
(b) Using the method of least squares, find the equation of the line of best fit.
(c) Draw the line on the graph.
(d) Calculate the correlation coefficient.
(e)  If the angular velocity of the auger was accelerated to 1 000 r/min, how many liters 

of corn could be moved each second?
10.16 A mercury-in-glass thermometer is placed in boiling water for five minutes then removed. 

The temperature readings at various times after removal are recorded below. A digital, 
instant-read thermometer is also placed in boiling water, the temperature readings at the 
same time intervals are shown below:

 

Time  
t, s

Mercury 
T, °C

Digital 
T, °C

0 98.4 99.4

10 71.1 61.9
20 66.4 48.8
30 63.9 41.9
40 61.1 36.9
50 59.4 33.0

100 50.3 26.9
200 38.8 25.2

(a)  Plot these data and determine the equation of the line for each type of thermometer. 
(b)  Use the equation to predict the time at which the mercury thermometer will reach 

room temperature (25°C).
10.17 A mechanized “swinging hammer” is used to drive bolts into a wall. It is known that at the 

point of contact, the energy dissipated as heat is proportional to the square of the terminal 
velocity of the hammer. We have collected the following data:

Terminal Velocity (m/s) Energy Dissipated (J)

12 1 400

17 1 825
22 2 310
29 3 150
35 4 275
40 5 380
49 8 250
53 10 095
57 12 245
65 17 935
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(a)  Manually plot the points on a suitable graph.
(b)  Determine the mathematical relationship between the variables using the equations 

from the chapter.
(c)  Using a spreadsheet, plot the points on a suitable graph.
(d)  Using a spreadsheet, construct a trendline and determine the equation of the curve and 

the coefficient of determination.
(e)  Compare and discuss the results between the two methods.

10.18 Experimental aircraft for the military are to be ranked relative to their Mach number, Ma. 
Mach number is a ratio of the velocity, V, of the aircraft to the speed of sound, c. The speed 
of sound, however, is a function of temperature. The theoretical equations for the speed of 
sound can be expressed as c = (kRT)0.5, where

 k =  specific heat ratio that varies with temperature but has no dimension. However, for this 
problem assume that it is a constant with a value of 1.4.

 R =  Gas constant for air (53.33 ft . lbf/lbm . °R)
 T =  Temperature, °R
 Let us imagine that we did not know the equation for the speed of sound but had access to 

data relating the speed of sound in air to temperature. That set of data is recorded in the 
following table.
(a)  Develop a table using spreadsheet software that will provide the necessary variables 

for equations needed.
  With this information and the equations presented in the chapter material, determine:
(b) The equation of the line c = bT m
(c) The coefficient of correlation
(d)  Using the spreadsheet package, determine the equation of the line and the coefficient 

of determination.
(e)  Does the equation obtained from the data verify the theoretical equation presented for 

the speed of sound?
(f) What is the numerical value and what are the units on the constant b? Recall

gC = 32.2 lbm · ft
lbf · s2

(g)  Three aircraft were measured at the following velocities and temperatures. Determine 
the Mach number for each from the equation of the curve in part (b):

 1. X101 855 mph at −100 degrees Fahrenheit
 2. X215 548 m/s at −95 degrees Celsius
 3. X912 2 120 ft/s at 520 degrees Rankine

 

Temp 
°R

Speed  
(ft/s)

Temp 
°R

Speed 
(ft/s)

100 490 550 1 149

150 600 600 1 201
200 693 650 1 250
250 775 700 1 297
300 849 750 1 342
350 917 800 1 387
400 980 850 1 429
450 1 040 900 1 471
500 1 096 950 1 511

1 000 1 550
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C H A P T E R  11

Inferential Statistics  
and Decision Making*

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Distinguish between parameters of a population and statistics of selected random 
samples of that population

 ◾ Understand the role of inferential statistics in making generalizations about data sets
 ◾ Recognize the value and importance of experimental design and randomized sampling
 ◾ Be familiar with and demonstrate the use of the continuous normal distribution in 

prediction of statistical outcomes and calculate probabilities from a given data set
 ◾ Gain conceptual understanding of additional distributions useful in the analysis 

of experimental data

11.1 Inferential Statistics

The study of statistics is divided into two broad categories: descriptive statistics and 
inferential statistics. Descriptive statistics are used to describe, classify, and summarize 
numerical data. When we shift our emphasis from methods that merely describe the 
data to techniques that make generalizations about an entire population from a sample 
of that population, we refer to methods known as statistical inference. These methods 
are the focus of this chapter.

To understand the difference between descriptive statistics and statistical inference 
one must understand the terms population and sample.

By definition, population includes all members of a specific group or all events 
of a particular description. Normally populations contain a large number of members 
or events; however, the distinguishing characteristic of a population is not size but 
that it includes all members or events that meet the definition for membership. For 
example, all residents of a given state make up the population of that state. Once we 
have  identified the population, we can then examine a particular characteristic, say the 
mean age or educational level of all residents of that state, this mean value would be a 
parameter (a characteristic of the population).

Similarly, a descriptive measure for a sample of the population is called a  statistic. 
Thus, if we draw a sample of residents from the state of Texas and determine the 
mean age or educational level for this sample, these mean values would be a statistic 

251*Users will find Appendix E useful reference material for this chapter.
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which pertains to the sample, not the population as a whole. In other words, we make 
inferences about the parameters of the population from the statistics computed for the 
sample. In this case, it may be appropriate to suggest that the mean age collected from 
the sample of Texas residents relates in some way to the mean age of all the residents 
of Texas. To distinguish between descriptive measures for a population and for a sample 
we will use different symbols. For the mean or average, we will use mu (𝜇) to represent
the mean of a population and xbar (x‾) to represent the mean of a sample.

Inferential statistics can be a very powerful tool when used appropriately. 
Unfortunately, it can also be misleading, inaccurate, and potentially dangerous when 
all of the necessary planning and precautions are not in place. Therefore, when using 
inferential statistics, each of the following steps must be pursued with a thoughtful and 
thorough understanding of the desired outcomes.

1. Carefully plan and concisely state the experimental hypotheses.
2. Randomly collect and measure an appropriate portion (sample) of the population.
3. Obtain pertinent information about the underlying distribution of the population.
4. Apply the appropriate test statistics to determine if the sample meets certain 

 criteria required to either accept or reject a variety of hypotheses.
5. Lastly, based on comparison and the probability associated with outcomes, make 

informed inferences about the entire population parameters.

It is important to be concerned with how the experiment was planned, the random-
ness of the sample, and the authenticity of collected data. Unless proper care is taken 
in the planning and execution stages, it may be impossible to arrive at valid results or 
conclusions. Sections 11.2 and 11.3 will address Steps 1 and 2 above.

11.2 Experimental Design

The initial steps of planning a statistical experiment are often overlooked and there-
fore result in the unfortunate circumstance that conclusions may not be used or proper 
inferences made. Poor planning and execution of an experiment will likely lead to the 
collection of bad data; difficult (if not impossible) analysis; and questionable conclu-
sions. Consequently, it is apparent that the time to think about statistical methods and 
inference, or to seek advice on experimental design, is when the experiment is in its 
early planning stages.

It is considered good practice to make a written outline of a proposed experiment 
which includes the following three steps.

1. Statement of the objectives The first step in a written outline could take the 
form of questions to be answered or hypotheses to be tested, e.g., “Why are we 
doing this study?” It may be that we wish to determine which of our suppliers are 
delivering quality products or perhaps we want to predict the service lifetime of 
a product that we manufacture. Similarly, we might collect a number of people’s 
opinions (poll) to project the winner of a national election. We often make an 
educated guess (hypothesis) about what we expect to occur, then apply the 
 appropriate methods to either verify (accept) or discredit (reject) our hypothesis.

2. Description of the experiment The second step in the written outline of a  proposed 
experiment would include topics such as experimental treatments, the  collection 
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experimental techniques. Experimental control should be exercised to be certain that 
differences are truly between samples and not in the sampling  technique.

3. Outline the method used to analyze the results During the final step in outlining 
the proposed experiment, it is critical that we use the simplest experimental 
design that not only meets the desired accuracy but also can be attained with 
the smallest expenditure of time and effort. A carefully designed method of 
analysis will provide an outline of the appropriate underlying distributions, test 
statistics, and level of certainty required to make decisions and generalize the 
sample results obtained to the population. With careful planning we should avoid 
collecting excessive or inappropriate data.

11.3 Sampling

Sampling is a subject of interest to all researchers and statisticians. If we wish to make 
generalizations about a population by use of a sample, it is very important to control 
how the sample is selected. How can we find out how many people in a population have 
a particular characteristic? Question: How do the Gallup Poll interviewers  represent 
the opinions of over 300 million people in the United States? Answer: They ask the 
 opinions of approximately 3 000 to 4 000 people, and they pay careful attention to 
whom they ask the questions.

One way to learn the characteristics or opinions of a particular population is to 
simply ask everybody. This method can be very accurate. Using this method, we can 
get a detailed view of the entire population. However, there are disadvantages to the 
“ ask-everybody” method; namely, it is very time consuming and very expensive.

We need to figure out a good system for choosing the sample so that it will 
be  representative of the population as a whole. It turns out that there are numerous 
sampling procedures, some of them quite complex, and entire books are written about 
sampling. We will outline three of the more general random sampling methods and refer 
you to another source for more comprehensive coverage.1

Simple Random Sampling is a method in which all members of a population have 
the same probability of being selected. This method can occur either with or without 
replacement and involve either a table of random numbers or a computer-generated list 
of random numbers which identify which members of the population will be part of 
the sample.

Systematic Sampling occurs when a researcher knows the following: the size of 
the population and the size of the sample needed. Suppose a population has 20 000 
members and you would like to have a sample size of 450. The sampling fraction is the 
ratio of sample size to population, in this case 450∕20 000 = ∼1∕400. So every 400th 
member of the population would be selected for the sample.

Stratified Random Sampling happens when the population is divided into various 
subpopulations called strata. All strata are represented in the sample through  methods 
of proportionality. For example, if 40 percent of the registered voters in a town are 
Democrats, then 40 percent of our sample will be Democrats, thus each stratum 
 contributes to the sample a number of members proportional to its size.

253
Sampling

1. Roger H. Green. Sampling Design and Statistical Methods for Environmental Biologists (New York: 
Wiley, 1976).
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As stated earlier, these sampling techniques are only three of the many available 
procedures used to obtain a sample that is representative of the population as a whole. 
Considerable care must be exercised when sampling occurs to make the eventual 
 statistical inference meaningful.

The third important step in the use of inferential statistics is to obtain pertinent 
information about the underlying distribution of the population. Section 11.4 will aid 
you in identifying common distributions.

11.4 Use of Various Distributions

It is necessary to understand the various types and uses of distributions that can occur 
when analyzing data in the physical, environmental, technical, and experimental 
 science disciplines. In Section 11.4.1 we will highlight, explain, and demonstrate the 
use of the continuous normal distribution. We will show how the normal distribution 
can be used in the prediction of statistical outcomes and how to use that knowledge to 
calculate probabilities from a given data set.

Additionally, we will provide limited information for a basic understanding of 
three additional distributions: Student’s t, F, and chi-square. The use of each distribu-
tion is determined not only by the size and type of data to be analyzed but also by prob-
ability, sampling method, and degree of confidence required to make the appropriate 
decisions. A careful understanding and use of these and other common distributions 
will lead to the ability to make appropriate predictions and generalizations as well as 
decisions regarding issues like quality control, product comparisons, and continuous 
quality improvement.

11.4.1 Normal Distribution

Among the many continuous distributions used in statistics, the normal distribution is 
by far the most useful.

The normal distribution is a theoretical frequency distribution for a specific type 
of data set. Its graphical representation is a bell-shaped curve that extends indefinitely 
in both directions. As can be seen in Figure 11.1, the curve comes closer and closer 
to the horizontal axis without ever reaching it, no matter how far the axis is extended 
from the mean (𝜇).

Figure 11.1 

f(x)

μ x axis

Normal distribution.
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The location and shape of the normal curve can be specified by two parameters: (1) the 
population mean (𝜇), which locates the center of the distribution, and (2) the population
standard deviation (𝜎), which describes the amount of variability or dispersion of the data.

Mathematically, the normal distribution is represented by Equation 11.1:

f (x) = 1
�√2�

 e−(1/2)[(x−�)/�]2
  (11.1)

This expression can be used to determine the area under the curve between any two 
locations in the x axis as long as we know the mean and standard deviation of the data:

 Area = #
x2

x1

f (x) dx  (11.2)

Since the evaluation of this expression is difficult, in practice we obtain areas under 
the curve either from a special table of values that was developed from this equation, 
from functions built into a spreadsheet, or from a mathematical analysis program. What 
follows guides you through the use of the table.

As indicated previously, a normal curve is symmetrical about the mean; however, 
the specific shape of the distribution depends on the deviation of the data about the 
mean. As can be seen in Figure 11.2, when the data are bunched around the mean, the 
curve drops off rapidly toward the x axis. However, when the data have a wide deviation 
about the mean, the curve approaches the x axis more slowly. The problem this presents 
can be seen in Figure 11.2, where the area under the curves between x values of 100 and 
125 is not the same for the two distributions.

Thus with each different mean and standard deviation we would have to construct 
a separate table depicting the normal-curve areas. To avoid having to use many tables, 
a transformation can be applied converting all curves to a standard form that has 𝜇 = 0
and 𝜎 = 1 (see Figure 11.3). Thus we can normalize the distribution by performing a
change of scale that converts the units of measurement into standard units by means of 
the following equation:

z =
x − �

�
 (11.3)

In order to determine areas under a standardized normal curve, we must convert 
x  values into z values and then use the Table in Appendix E, Areas under the Standard 
Normal Curve. Note that numbers in this table have no negative values. The reason for 
this is due to the symmetry of the normal curve about the mean; however, this does not 
reduce the utility of the table.

Figure 11.2 

0 100 200 300 400

Normal curves having standard deviations and means of different magnitudes.
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Before looking at example problems that demonstrate the practical application 
of this concept, we will demonstrate the use of the normal-curve table. The total area 
under the curve to the left of z = 0 as well as the area to the right of z = 0 are both 
equal to 0.500 0 because for this standardized normal curve, the area beneath the entire 
curve is equal to 1.000.

Referring to Figure 11.4, we shall calculate the probability of getting a z value less 
than +0.85 (the shaded portion of the curve). The area left of z = 0 is 0.5. The area from 
z = 0 to z = +0.85 can be determined from the table as 0.302 3. Adding these values 
gives us a probability of 0.802 3.

When working problems with this table, we must remember that the data should 
closely approximate a normal distribution, and we must know the population mean (𝜇)
and the standard deviation (𝜎).

Example Problem 11.1 A random variable has a normal distribution with 𝜇 =  
5.0 × 101 and 𝜎 = 1.0 × 101. What is the probability of the variable assuming a value 
between 4.0 × 101 and 8.0 × 101? (See Figure 11.5.)

Solution Normalize the value of 𝜇 and 𝜎.

 z1 = 40 − 50
10 =  −1.0

 z2 = 80 − 50
10 = 13.0

z scale0 0.85

0.500 0 0.302 3

Normal curve, z scale.

Figure 11.4

Figure 11.3

μ – 3σ μ – 2σ μ – σ μ μ + σ μ + 2σ μ + 3σ x scale
z scale–3 –2 –1 0 1 2 3

Normal curve with normalized distribution.
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From the table in the appendix (Areas under the Standard Normal Curve), we 
obtain a value for z1 = −1.0 (0.341 3). Note that the value obtained from the table 
is always the area from any given value of z to z = 0. Therefore we determine z2 =  
+3 (0.498 7), so by adding these together:

Area = probability = 0.341 3 + 0.498 7 = 0.840 0

You may also solve this problem using a spreadsheet (NORMDIST in Excel). This 
is left as an exercise for you to try.

In most statistical applications we do not know the population parameters; instead 
we collect data in the form of a random sample from that population. It is possible to 
substitute sample mean and sample standard deviation, provided the sample size is 
sufficiently large (n ≥ 30). A different theory called the t distribution is applicable to 
smaller sample sizes; this distribution is discussed in the next section but calculations 
using this distribution are left to more advanced statistics textbooks.

Example Problem 11.2 Assume that a normal distribution is a good representation 
of the data provided in Table 11.1.

 (a)  Determine the probability of a male student weighing more than 1.7 × 10 2 lbm.
 (b)  Determine the percentage of male students who weigh between 1.4 × 10 2 

and 1.5 × 10 2 lbm.

(Note: You may find it easier to visualize the following solution if you sketch a nor-
mal curve with appropriate z values; see Figures 11.6 and 11.7.)

Solution

(a)  z1 = 170 − 160.74
9.89

  = 0.94

Figure 11.5

Area = 0.341 3 Area = 0.498 7

40 80
z1 = –1.0 z2 = 3.0

Table 11.1  

164 171 154 160 158 150 159 185 168 158
143 159 162 165 160 167 166 164 152 172
177 165 170 155 155 163 180 157 145 160
149 153 137 173 157 175 163 147 156 156
162 167 165 166 162 136 158
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From the normal-curve table, area = 0.326 4. Since the area under the curve to the 
right of z = 0 is 0.500 0, the probability of a male student weighing more than 170 is 
determined by subtracting the table value from 0.500 0.

Probability = 0.500 0 − 0.326 4 = 0.173 6

(b)  z1 = 140 − 160.74
9.89

  = −2.10

  z2 = 150 − 160.74
9.89

  = −1.09

For z1 = 2.10

 Area = 0.482 1 (area between z = −2.10 and z = 0)

For z2 = 1.09,

 Area = 0.362 1 (area between z = −1.09 and z = 0)

The desired area is the difference, that is,

 

Figure 11.6

= 0.173 6

Area = 0.500 0 – 0.326 4

170
z = 0.94

x

Figure 11.7

= 0.120 0

Area = 0.482 1 – 0.362 1

150
z2

140
z1

z1 = –2.10
z2 = –1.09

x
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Therefore, we would expect 12 percent of the males to weigh between 140 and  
150 lbm. Try solving this problem with a spreadsheet function.

11.4.2 Student’s t Distribution

William Sealy Gosset (1876–1937), a chemist working on quality control at a brewery 
in Dublin, Ireland, wrote many statistical papers under the pseudonym “Student.” 
He recognized that, for small samples (generally for samples containing 30 or fewer 
observations), distributions departed substantially from the normal distribution which 
was described in the previous section. Gosset also noted that as the sample sizes 
changed, the distributions changed. This gave rise to not one distribution but a family 
of distributions. One may also note that as sample size increases and approaches 
infinity, the distributions increasingly approximate the normal distribution. The 
statistic for small samples from a normal distribution is universally known as 
Student’s t.

The t distributions are a family of distributions that, like the normal distribution, 
are symmetrical, bell shaped, and centered on the mean. Because the t distribution 
changes as the sample size changes, there is a specific t distribution for every sample of 
a given size. Figure 11.8 demonstrates a family of Student’s t curves.

11.4.3 F Distribution

In some instances we are asked to evaluate two separate data sets and determine 
whether they are equal with respect to their population variances. If we hypothesize 
that they are equal, it is equivalent to hypothesizing that the ratio of the variances 
equals 1.00. The corresponding test statistic, called the F ratio, is the ratio of the two 
sample variances.

The sampling distribution for this test statistic cannot be approximated by either 
the normal or Student’s t distributions. Therefore, a different sampling distribution 
must be used. It is called the F distribution, named for R. A. Fisher (1890–1962) 
who is widely credited with the modern development of statistical methods. Like the 
Student’s t distribution, the F distribution is a family of distributions and determined 
by the size of the two samples being compared. Unlike the normal and t distributions, 
the F distributions are not symmetrical, and go from zero to + infinity. In addition, 

Figure 11.8

Sample size = ∞
Normal distribution

Sample size = 15
Sample size = 5

–2–3 0–1 +1 +2 +3+

Student’s t distribution for sample size of α, 15, and 5.
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the shapes of the F distributions vary drastically, especially when the sample sizes are 
small. These characteristics make determination of critical values for F distributions 
more complicated than for the normal and t distributions. Advanced statistics texts 
will provide a table of values from which critical values for the F distribution will 
be found.

11.4.4 Chi-Square Distribution

Lastly, we discuss the chi-square distribution. As with the use of the normal, Student’s 
t and F distributions, we use the chi-square to test various hypotheses concerning 
sample statistics and population parameters. In each of the previous distributions, 
certain assumptions were made about the parameters of the population from which the 
samples were drawn, namely, assumptions of normality and homogeneity of variance. 
But what do we do when the data for a research project are not normally distributed and 
not homogeneous? Luckily, there are a number of tests which have been developed for 
such data with the chi-square test being the most common and useful.

Often in statistical experimentation, data are simply classified into categories, then 
the number of objects in each category is counted. For instance, if we make a nominal 
measurement of automobiles, we might classify them into various makes and then 
count the number of cars of each make. Gender, color of eyes, outcome of a coin flip 
(heads or tails), and the number which occurs as a result of rolling a dice (1, 2, 3, 4, 5, 
or 6) are additional examples of variables measured on a nominal scale.

The most frequent use of the chi-square (𝝌  2) distribution is in the analysis of 
nominal data. In such analyses, we compare observed frequencies with theoretical or 
expected frequencies. For example, in 100 flips of a coin, we would expect 50 heads 
and 50 tails. But what if we observed 46 heads and 54 tails? Would we suspect that 
the coin is unfair or would we attribute the difference between observed and expected 
frequencies to random fluctuation? The chi-square test statistic would allow us to 
decipher whether an outcome is or is not probable given what we know about popula-
tion parameters.

A family of chi-square distributions have been generated which are asymmetrical 
and positively skewed with values ranging between zero and infinity. The chi-square 
distributions for 1, 5, and 10 degrees of freedom are illustrated in Figure 11.9.

Figure 11.9

x2

1 df

0.5

5 df

10 df

Chi-square
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11.5 Level of Significance and Confidence Intervals

Referring back to the five steps for successfully utilizing inferential statistics outlined 
in Section 11.1, the last step asks us to make informed inferences from a sample to the 
population and it allows us to assign degree of certainty in our results. We know that 
variability in sample data is to be expected and it is typical in all experimentation. In 
inferential statistics, the problem of drawing conclusions from the results is addressed 
with statistical methods like levels of significance and confidence intervals that have a 
known and controllable probability of being correct.

A test of significance is a probability that represents the chance of our experi-
mental results being valid. Normally, tests of significance have probabilities of 95 or 
99 percent, which are simply common, useful conventions to indicate the experiment-
ers’ level of certainty in the results. A test of significance is useful in that it exerts 
a sobering influence on an experimenter who tends to jump to conclusions based on 
inadequate data.

Confidence intervals on the other hand may give the experimenter lower and 
upper bounds on the acceptable outcome of a study. We may be able to identify 
a range of values that we are confident (but not certain) contains the population 
parameter. For example we may be able to state that we are 95  percent confident that 
some population mean is between 82 and 85. This also means that there is a 5 per-
cent chance that the mean is not between 82 and 85. As the experimenter, you must 
decide whether a 95 or 99 percent confidence interval is necessary and design your 
experiment accordingly.

To summarize, the power of inferential statistics is significant. However, as an 
experimenter you are required to carefully plan, closely monitor, and adhere to the 
prescribed methods of analysis in order to gain insight about populations based on a 
collected sample.

It is important to add that much additional reading and study in the area of inferen-
tial statistics is required to take full advantage of its potential. The information provided 
in this chapter and specifically on Student’s t, F, and chi-square distributions is purely 
a fundamental introduction to these areas.

Problems
11.1  The quality control department at Alexander Fasteners measured the length of 100 bolts 

randomly selected from a specified order. The mean length was found to be 7.25 cm, and 
the standard deviation was 0.01 cm. If the bolt lengths are normally distributed, find
(a) The percentage of bolts shorter than 7.24 cm
(b) The percentage of bolts longer than 7.28 cm
(c) The percentage of bolts that meet the length specification of 7.25 ± 0.02 cm
(d) The percentage of bolts that are longer than the nominal length of 7.25 cm

11.2  Australian Koala bears are thought to have a mean height of 21 in. and a standard deviation 
of 3 in. You plan to choose a sample of 55 bears at random. What is the probability of a 
sample mean between 20 and 22? How many bears in the sample are likely to be taller than 
25 in.?

11.3  A random sample of 150 students attending Iowa State University has a mean age of 
20.3 years and a standard deviation of 1.2 years, while a random sample of 110 students 
attending the University of Iowa has a mean age of 21.1 years and a standard deviation 
of 1.5 years. Discuss whether we can conclude that the average age of students at the two 
universities are not the same. (Calculations not required.)
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11.4  The Karine Light Company manufactures inexpensive light-emitting diode (LED) bulbs 
whose estimated lifetime is normally distributed with a mean of 9 200 hours and a standard 
deviation of 600 hours. Assume that they are lighted continuously:
(a) Calculate the probability that the LED will fail within one year.
(b)  Calculate the probability that the LED will still be operating 400 days after installation.
(c)  Out of 100 LEDs, about how many will have lifetimes between 8 500 and 10 200 hours?

11.5  A machine in the JLM packaging plant is used to fill individual-serving coffee brewing 
containers with 9.4 g of coffee. The average actual weight of the coffee in each  container 
is found to be 9.50 g with a standard deviation of 0.05 g. If a batch run consists of 250 000 
containers, how many containers in a batch can be expected to weigh less than 9.4 g?

11.6  The average height of a male ROTC cadet is 70 in. Twelve percent of the male cadets are 
taller than 72 in. Assuming that the heights of the cadets are normally distributed, what is 
the standard deviation?

11.7  The JMH Company manufactures resistors with an ideal resistance value of 400 ohms. A 
sample of 2 000 resistors were tested and found to have a mean resistance of 391.5 ohms 
with a standard deviation of 22.5 ohms. Assume a normal distribution.
(a)  If the ideal resistor (400 ohms) has a manufacturing tolerance of ±10 percent 

(±40 ohms), find the number of resistors from the sample that are expected to be 
satisfactory.

(b) Repeat part (a) for a tolerance of 1 percent.
(c)  Given a tolerance of ±10 percent, what is the probability that a particular resistor will 

be unusable?
(d) Find the number of sample resistors with values exceeding 425 ohms.

11.8  Suppose that you have your choice between two jobs. Your annual earnings from a 
manufacturing job will have a normal distribution with a mean of $40 000 and standard 
deviation of $5  000. Your annual earnings from an engineering sales job will have a 
normal distribution, with a mean of $35  000 and standard deviation of $15  000. What 
is the probability that you would earn more than $45 000 per year if you select one or the 
other?

11.9  Select one of the six following distributions and using the Internet or other sources, learn 
what type of data it is likely to represent and explain how it is used in statistical inference.

 Geometric, Poisson, Exponential, Binominal, Gamma, Hypergeometric
11.10 There are circumstances for which cluster sampling methods provide access to specific 

groups within a population. Do your own research on this method as well as multi-stage 
sampling techniques and write a one-page paper on your findings.

11.11 Investigate the Level of Significance in hypothesis testing. Explain what Type I and 
Type II errors are and what they mean to a researcher.

11.12 Investigate the term “Six Sigma.” Write a paper which outlines the method and its 
significance to quality control. Interview an engineer who has earned the “Six Sigma 
Certified” recognition to learn how this relates to inferential statistical methods.
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C H A P T E R  12

Mechanics: Statics*

Chapter Objectives

When you complete your study of this chapter, you will be able to:
 ◾ Define force, transmissibility, moment, and equilibrium
 ◾ Identify collinear, concurrent, coplanar, and concurrent coplanar force systems
 ◾ Write a force vector in two dimensions
 ◾ Combine forces into a resultant and resolve forces into components
 ◾ Calculate the moment of a force
 ◾ Construct a free-body diagram of a rigid body at rest
 ◾ Write and solve the equations of equilibrium for a rigid body at rest

12.1 Introduction

Mechanics is the study of the effects of forces acting on bodies. The principles of 
mechanics have application in the study of machines and structures utilized in several 
engineering disciplines. Mechanics is divided into three general areas of application: 
rigid bodies, deformable bodies, and fluids.

Mechanics of rigid bodies is conveniently divided into two branches: statics and 
dynamics. When a body is acted upon by a balanced force system, the body will remain 
at rest or move with a constant velocity, creating a condition called equilibrium. This 
branch of mechanics is called statics and will be the focus of discussion in this chapter. 
The study of unbalanced forces on a body, creating an acceleration, is called dynamics. 
The relationship between forces and acceleration is governed by F = ma, an expression 
of Newton’s second law of motion.

Strength of materials, or mechanics of materials, is the branch of mechanics 
dealing with the deformation of a body due to the internal distribution of a system of 
forces applied to the body. A brief introduction to this branch of mechanics is found in  
Chapter 13. The cranes in Figure 12.1 were designed using the principles of statics and 
mechanics of materials.

Before developing concepts from statics, a brief review of coordinate systems and 
units is appropriate.

12.1.1 Coordinate Systems

The Cartesian coordinate system (shown as the xyz axes in Figure 12.2) is the basis of refer-
ence for describing the body and force system for mechanics. In this introduction to statics, 
we restrict our study to two-dimensional systems (bodies and forces lying in the xy plane).

*Users will find Appendix F useful reference material for this chapter.

eid53554_ch12_263-294.indd   263 14/12/21   3:18 PM

ISTUDY



264
Chapter 12
Mechanics: Statics

Figure 12.1

Design of tower cranes requires analysis of the loads that are to be safely handled.
Piotr Kuczek/Shutterstock

Figure 12.2

Graphical representation of a vector.
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12.1.2 Units

As discussed in Chapter 7, three systems of units are commonly used in the United 
States. First, the International System of Units (SI) has the fundamental units meter 
(m) for length, kilogram (kg) for mass, and second (s) for time. In the SI system, 
force is a derived unit and is called a newton (N). A newton has units of 1.0 kg · m/s2.

This system is officially accepted in the United States but is not mandatory, and 
two other systems are still widely practiced: the U.S. Customary System and the 
Engineering System. The U.S. Customary System (formerly known as the British 
gravitational system) has the fundamental units foot (ft) for length, pound (lb) for force, 
and second (s) for time. In this system mass (m) is a derived unit and is called the slug. 
Since it is a derived unit, its magnitude can be established. A slug is defined as the 
amount of mass that would be accelerated to one foot per second squared when acted 
upon by a force of one pound. A slug, therefore, is coherent and has units of 1.0 lb · s2/ft.  
The other system of units commonly used in the United States, the Engineering 
System, also selects length, time, and force as the fundamental dimensions. The pound 
(lb) is used to denote both mass and force; to avoid confusion (lbm) is used for pound-
mass and (lbf) for pound-force. In the Engineering System force is specified as a fun-
damental dimension, and its units (lbf) are adopted independent of other base units. By 
convention, one pound-force is the effort required to hold a one pound-mass elevated 
in a gravitational field where the local acceleration of gravity, gL, is 32.174 0 ft/s2.  
We see that a force of 1.0 lbf is quite large. In fact it is large enough to provide an 
acceleration of 1.0 ft/s2 to a mass of 32.174 0 lbm, or an acceleration of 32.174 0 ft/s2  
to a mass of 1.0 lbm.

In order to write Newton’s equation as an equality in the Engineering System, that 
is, F = ma/gC, we must include the constant of proportionality (gC). This is not the local 
gravitational constant, gL, but rather a constant of proportionality. Therefore, when solv-
ing problems where the local acceleration of gravity is 32.174 0 ft/s2, the magnitudes 
of lbm and lbf are equal.

F = ma/gC or gC = ma/F where gC = 32.174 0 lbm · ft/lbf · s2

Be sure when solving a problem that all units involved are in the same system, usually 
the system in which the given data are specified. The examples in this chapter and the 
problems at the end of the chapter include all the unit systems.

12.2 Scalars and Vectors

A scalar is a physical quantity having magnitude but no direction. Examples of scalar 
quantities are mass, length, time, and temperature.

A vector, on the other hand, is a physical quantity having both a direction and a 
magnitude. Some familiar examples of vector quantities are displacement, velocity, 
acceleration, and force. Vector quantities may be represented by either graphical or 
analytical methods. Graphically, a vector is represented by an arrow, such as CD in 
Figure 12.3. Point C identifies the origin and D signifies the terminal point. The mag-
nitude of the vector quantity is represented by selecting a scale and constructing the 
arrow to the appropriate length. The arrow positioned in either direction determines the 
line of action of the vector.
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Analytically a vector can be represented in different ways. First, consider the famil-
iar Cartesian coordinate system shown in Figure 12.2. Graphically the vector is shown 
from O to P. Analytically the point O is at the (0, 0, 0) coordinate position, and the 
point P is at the (A1, A2, A3) position. The vectors (i, j, k) are called unit vectors in the 
x, y, z directions, respectively, and the vectors A1i, A2j, and A3k are called rectangular 
component vectors. The unit vectors i, j, k establish the direction, while the magnitude 
of the rectangular components of the vector is given by A1, A2, and A3, for the x, y, z 
directions, respectively.

A typical notation for representing a vector quantity in printed material is a 
boldface type, for example, the vector A. However, since engineers generally solve 
problems using pencil and paper, the boldface type is difficult to duplicate. Hence, 
the convention of placing a bar or arrow over the vector symbol has been adopted, for 
example, A  or A→ .

The notation we will use in this text is to represent the vector as boldface A and 
its magnitude as │A│ or A. The unit vectors will be identified as i, j, k. The Cartesian 
vector A and its magnitude can then be written

A = A1i + A2 j + A3k (12.1)

│A│ = A = √A2
1 + A2

2 + A2
3  (12.2)

Since our discussion of statics is limited to two-dimensional systems, vectors will 
have x and y components only.

B = B1i + B2j (12.3)

Care must be exercised when working with vectors. Vector quantities normally add 
or subtract by the laws of algebra. For the most part we will work with the scalar com-
ponents of the vectors. Remember, if you are representing a vector, both magnitude and 
direction must be specified. If you wish to represent the scalar component of a vector, 
then only magnitude need be specified.

Figure 12.3

Description of a vector.

C

D
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12.3 Forces

The action of one body acting upon another body tends to change the motion of the 
body acted upon. This action is called a force. Because a force has both magnitude 
and direction, it is a vector quantity, and the previous discussion on vector notation 
applies.

Newton’s third law states that if a body P acts upon another body Q with a force 
of a given magnitude and direction, then body Q will react upon P with a force of 
equal magnitude but opposite direction. Therefore, as indicated earlier, to describe 
a force you must give its magnitude, direction, and the location of at least one point 
along the line of action. Figure 12.4 indicates common ways of depicting a force. 
Although the reference line for the angle may be selected arbitrarily, Figure 12.4a 
shows the standard procedure of measuring the angle counterclockwise from the 
positive horizontal axis. Instead of specifying the angle, one may indicate the slope, 
as shown in Figure 12.4b.

An alternative method used to describe a force is illustrated in Figure 12.4c. 
When two points along the line of action are known, the location and direction of 
the force can be identified. The vector is then represented as AB. Incidentally, the 
reverse notation BA would specify a vector of equal magnitude but of opposite 
direction.

12.4 Types of Force Systems

Forces acting along the same line of action, as illustrated in Figure 12.5a, are called 
collinear forces. The magnitude of collinear forces can be added and subtracted alge-
braically. The three forces in Figure 12.5a—F1, F2, and F3—can be replaced by a single 
resultant force F4.

│F4│ = │F1│ + │F2│ − │F3│ (12.4)

The convenience of this addition and subtraction will be used to advantage when 
we resolve vectors into x and y components.

Figure 12.4

Methods of depicting a force vector.

A

DD

B

50.0 N

25.0 N

1
2

30.0 N
�

(a) (b) (c)
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Forces whose lines of action pass through the same point in space are called con-
current forces. The illustration in Figure 12.5b represents a three-dimensional concur-
rent force system.

Forces that lie in the same plane, as seen in Figure 12.5c, are known as coplanar. 
Combinations of these force systems may also occur in problems. For example, the 
force system in Figure 12.5d is both concurrent and coplanar.

12.5 Transmissibility

The principle of transmissibility, as illustrated in Figure 12.6, is an extension of the 
concept associated with collinear forces. Two equal and opposite collinear forces, R 
and S, are applied to the object at points A and B respectively in Figure 12.6a. The 
object is in compression. If the force R is moved along its line of action to B, and S to 
A, as shown in Figure 12.6b, the object is now in tension. Thus the internal effect has 

Figure 12.5

Force systems: (a) collinear forces; (b) concurrent forces; (c) coplanar forces; (d ) concurrent, 
coplanar forces.

F3

F1

F2

(a)
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F2F3

(b)

z

x

y

F3

F2
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F4

(c)

y

x
F2

F1

(d )

y

x

Figure 12.6
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been changed but since the forces are equal the object is in equilibrium and the external 
effect remains the same.

Thus a force can be moved along its line of action without altering the external 
effect. The principle of transmissibility is applied frequently to simplify computations 
in statics problems.

12.6 Resolution of Forces

If a force is determined, then its magnitude, direction, and one point on the line of 
action are known. When calculating the effect of a force, quite often it is convenient 
to divide or resolve the force into two or more components. Consider the force F 
given in Figure 12.7. It is acting through the point A and forms an angle of 𝜃 with the
positive x axis.

In this chapter we will concentrate on two-dimensional force systems; thus we will 
be working in the xy-coordinate system shown in Figure 12.7. In most problems it will 
be convenient to work with the scalar components of forces in the x and y directions.

The force F can be replaced by its two vector components Fx and Fy. This means that 
if A is a point on a rigid body, the net effect of a force F applied to that body is identical 
to the combined effect of its components Fx and Fy applied to that point. Had Fx and Fy 
been known initially, it would follow that F is the resultant of Fx and Fy. The resultant of 
a force system acting on a body is the simplest system (normally a single force) that can 
replace the original system without changing the external effect on the body.

Expressed in mathematical terms, the scalar relationship of the quantities in 
Figure 12.7 are

Fx = │F│ cos 𝜃 (12.5)

Fy = │F│ sin 𝜃 

│F│ = √Fx
2 + Fy

2   (12.6)

� = tan−1
Fy

Fx

Figure 12.7

Resolution of a force into x and y components.

y

x

Fy

Fx

F
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Equation 12.5 is used when the scalar components of a given vector are desired in 
the specified x and y directions. Equation 12.6 is used when the x and y components are 
known and the magnitude and direction of the resultant force are desired.

Example Problem 12.1 In Figure 12.7 suppose that the force vector F has a mag-
nitude of 6.50(102) lb and acts through point A at a slope of 2 vertical to 5 horizontal. 
Determine the x and y components of F.

Solution We can compute the angle 𝜃 in Figure 12.7 from the tangent function.

tan � = 2
5 = 0.40

 𝜃 = 21.80°
 Fx = │Fx│ = │F│ cos 21.80° = 650(0.928 5) = 604 lb

 Fy = │Fy│ = │F│ sin 21.80° = 650(0.371 4) = 241 lb

We can write the actual forces Fx and Fy by showing a direction for each.

Fx = 604 lb → = 604i lb

Fy = 241 lb ↑ = 241j lb

An arrow indicates the direction in which the force acts. In this case the horizontal 
component of the force F acts in the positive x direction, and the vertical component 
acts in the positive y direction.

The force F can be written as

F = 6.50(102) lb 2
5

Or

F = 6.50(102) lb 21.8°

The latter expression for the force vector F is written in polar coordinate notation.
In Cartesian vector notation the force F would be

F = 604i + 241j lb

As the number of force vectors within a two-dimensional system increases, the complex-
ity of the problem dictates that an orderly procedure be followed. Extending the applica-
tion of Equations 12.5 and 12.6 to a system composed of several vectors, we have

 → ∑Fx = Rx (12.7)
 ↑ ∑Fy = Ry

 │R│ = √R2
x + R2

y  (12.8)

 𝜃 = tan−1
Ry

Rx
 

where R represents the resultant force. The arrows with the summation signs in 
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Example Problem 12.2 Given the two-dimensional, concurrent, coplanar force 
 system illustrated in Figure 12.8, determine the resultant, R, of this system.

Solution
1. It is convenient to make a table of each force and its components assuming 

 conventional positive x and y directions.

Force Magnitude x-Component (→) y-Component (↑)

F1 86.0 86.0 cos 30.0° = 74.48 N 86.0 sin 30.0° = 43.0 N

F2 58.0 58.0 cos 180° = −58.0 N 58.0 sin 180° = 0

F3 72.0
72.0(

2

!20) = 32.2 N 7.20(
−4

!20) = −64.4 N

2. Applying Equation 12.7

 → ∑Fx = Rx = 74.48 − 58.0 + 32.2 = 48.68 N

 ↑ ∑Fy = Ry = 43.0 − 64.4 = −21.4 N

3. Applying Equation 12.8

 │R│ = √(48.68)2 + (−21.4)2

 = 53.2 N

 𝜃 R = tan−1 −21.4
48.68

 = −23.7°

Figure 12.8

30°

4

2

y

x
F2 = 58.0 N

F3 = 72.0 N

F1 = 86.0 N
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Alternatively, R can be expressed as

R = (48.7i − 21.4j) N

The resultant force vector, R, is shown in Figure 12.9.
Frequently it is necessary to resolve a force into nonrectangular components. A 

convenient procedure for accomplishing this is to first resolve the force into rectan-
gular components, then equate the x-component value and y-component value respec-
tively to the sum of the x and y components of the desired nonrectangular components. 
Example 12.3 will illustrate this procedure.

Example Problem 12.3 Find the magnitude of the nonrectangular component 
 forces F and G of the 1 250 N resultant force R in Figure 12.10.

Solution Equation 12.5 is used for the components of the 1 250 N resultant force 
and F and G. The values of the cos and sin of the force directions are found from the 
given slopes.

1. The x and y components of the 1 250 N force are:
  Rx = (4/5)(1 250) = 1 000 N
  Ry = (3/5)(1 250) = 750 N

Figure 12.9

y

x
– 23.7°

Ry = – 21.4 N

Rx = 48.7 N

R = 53.2 N

Figure 12.10

G

y

4
3

3
4

5
12

1 250 N = R

F
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2. The x and y components of F and G are:
  Fx = (3/5)│F│

  Fy = (4/5)│F│

  Gx = (12/13)│G│

  Gy = (5/13)│G│
3.  The sum of the x and y components of F and G are equal, respectively, to the x 

and y components of the 1 250 N resultant.
  Fx + Gx = (3/5)│F│ + (12/13)│G│ = Rx = 1 000 N
  Fy + Gy = (4/5)│F│ + (5/13)│G│ = Ry = 750 N
4. Simultaneous solution yields:
  │F│ = 607 N
  │G│ = 689 N

12.7 Moments

We now extend the effect of forces on rigid bodies at rest to moments and couples. You 
have likely approached an exit in a public building and pushed on the panic bar of the 
door only to find that you had chosen the wrong side of the door, the side closest to the 
hinges. No big problem. You simply moved your hands to the side opposite the hinges 
and easily pushed open the door. By doing this, you demonstrated the principle of the 
turning moment. The tendency of a force to cause rotation about an axis or a point is 
called the moment, M, of the force, F, with respect to that axis or point. The magnitude 
of the moment │M│ is the product of the magnitude of the force │F│ and the perpen-
dicular distance from the line of action of the force to the axis or point. With respect to 
the door just mentioned, the same force may have been exerted in both attempts to open 
the door. In the second case, however, the moment was greater owing to the fact that you 
increased the distance from the force to the hinges, the axis about which the door turns.

Figure 12.11 illustrates how a moment is evaluated for a specific problem. The 
magnitude of the moment of the force F about a point B is FdB. The distance dB is the 
perpendicular distance, called the moment arm, from the point of application to the line 
of action of F. Note that B may be considered a point or the point view of an axis about 
which the moment is calculated. The magnitude of the moment created by F about 

Figure 12.11

The force F and points A and B are in the same plane.

Line of action

Perpendicular
distance

+

+

A

B

F

dA

dB
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point A is FdA. The force F will tend to create a clockwise rotation about point B and a 
counterclockwise rotation about point A. Engineering convention is to assign a positive 
sign to counterclockwise moments and a negative sign to clockwise moments. Common 
units for moments are ft lb, in lb, and Nm.

Figure 12.12 illustrates a physical interpretation of a moment. If we neglect the 
mass of the beam, we can determine the distance x from the fulcrum that will keep 
the beam level under the two applied forces. To maintain balance the moments of 
the two forces must be equivalent and opposite in the tendency to rotate the beam. 
Thus the 45  lb force must be applied 6 feet to the left of the fulcrum to create  
a moment of 270 ft lb counterclockwise and balance the 270 ft lb clockwise moment 
of the 135 lb force.

We have seen that the components of a force can be determined from 
Equation 12.5, and conversely, if the components are known we can find the resultant 
force from Equation 12.6. This concept is extended to more than two concurrent forces 
in a two-dimensional system with the use of Equations 12.7 and 12.8. You will note 
that our analysis up to this point applies only to concurrent force systems where the 
lines of action of all the forces intersect at a common point.

Now with the concept of moments, we can expand our analysis to two-dimensional 
nonconcurrent force systems by applying the principle of moments. The principle of 
moments may be stated as: The magnitude of the moment of the resultant of a 
two-dimensional nonconcurrent force system with respect to any point or axis is 
equal to the sum of the moments of the forces of the system with respect to the 
same point or axis. The applicable equations are:

 → ∑Fx = Rx (12.9)

 ↑ ∑Fy = Ry

 ⤿ ∑M = √R2
x + R2

y  (d )

The value d is the perpendicular distance from the chosen point or axis to the line 
of action of the resultant R. Remember our accepted sign convention is positive to the 
right for x-direction forces, positive upward for y-direction forces, and positive coun-
terclockwise for moments.

Example Problem 12.4 For the nonconcurrent force system shown in Figure 12.13, 

Figure 12.12

The forces are in the same vertical plane.

45 lb 135 lb

2 ftx
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Solution There are no forces having an x-component so only the y-component and 
moment equations are needed.

↑∑Fy = Ry
−60 − 50 + 150 = Ry

Ry = 40 lbf ↑ 

⤿ ∑M = √R2
x + R2

y  (d)
(60)(6) + (50)(2) + (150)(0) + (100) = (40)(d)
d = 14 ft

Thus the force system given may be replaced by a single 40 lbf upward force 14′ 
to the right of A with the same external effect on the beam.

12.8 Free-Body Diagrams

The first step in solving a problem in statics is to draw a sketch of the body, or a portion 
of the body, and all the forces acting on that body. Such a sketch is called a free-body 
diagram (FBD). As the name implies, the body is cut free from all others; only forces 
that act upon it are considered. In drawing the free-body diagram, we remove the body 
from supports and connectors, so we must have an understanding of the types of reac-
tions that may occur at these supports.

Examples of a number of frequently used free-body notations are illustrated in 
Figure 12.14. It is important that you become familiar with these so that each FBD you 
construct will be complete and correct.

Note that the force generated by the mass of an object is found by multiplying the 
local acceleration of gravity by the mass (units must be consistent). If the body is uni-
form, that is having the same material characteristics throughout, then the force can be 
placed at the geometric center and directed toward the center of the Earth. For example, 
a uniform beam 10 m long having a mass distribution of 65 kg/m would create a down-
ward force of (65 kg/m)(10 m)(9.807 m/s2) = 6 400 kg · m/s2 = 6.4 kN.

Example Problem 12.5 Construct a free-body diagram (FBD) for object A, shown 
in Figure 12.15a. Surfaces in contact are smooth. Object A is a homogeneous cylinder 
weighing 4.00 × 102 lbm.

4 ft 2 ft

A

150 lbf

100 ft lbf

4 ft

60 lbf 50 lbf

Figure 12.13
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Note: Weight is normally given in lbm but FBDs are visual representations of 
force, so weight (lbm) needs to be converted to force. Assume gL = 32.174 0 ft/s2.

Solution A correct FBD will enable us to solve for unknown forces and reactions 
on an object. The steps to follow are:

(a) Isolate the desired object from its surroundings.
(b) Replace items cut free with appropriate forces.
(c) Add known forces, including weight.
(d) Establish a coordinate (xy) frame of reference.
(e) Add geometric data.

Figure 12.14

(a) Sphere or cylinder on 
inclined plane (no friction)

(b) Cable, chain, or rope

(c) Roller, ball, or knife-edge

(d) Hinge or pin

(e) Mass/Earth

A force normal to the plane through
the center of gravity of the body.

A reaction at some angle, usually
unknown; components are therefore
indicated on FBD; directions of the
force components are assumed and
may need correction after solving.

Mass multiplied by the Earth’s
gravitational constant produces
a force directed toward the
center of the Earth.

A tension force along the cable, away
from or pulling the body.

A force perpendicular to the surface
on which the roller could roll.

+
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(a)

45°

60°

Cable

A

4.00 × 102 lbf

45°

60°

N

T

x

y

A

(b)

Figure 12.15

The result is shown in Figure 12.15b. A force vector of 400 lbf (lbf equals lbm when 
gL = 32.174 0 ft/s2) shown acting through the center of gravity. The cable is replaced 
with a tension force, T. The reaction of the smooth inclined plane on object A is 
shown by a normal force to the plane, N, acting through the center of gravity. The 
coordinate system and geometric characteristics complete the FBD.

Example Problem 12.6 Construct a free-body diagram (FBD) for the beam shown 
in Figure 12.16a. There is a 5.50 kNm clockwise moment applied at the right end of 
the beam and the beam has a mass of 48 kg.

Figure 12.16

850 N

A B

2.0 m 2.0 m6.0 m

(a)

5.5(103) Nm

5.0 m

Ax

850 N

470.7 NAy By

2.0 m 2.0 m6.0 m

(b)

5.5(103) Nm
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Solution The FBD is shown in Figure 12.16b. The pin reaction on the beam at A is 
shown as x and y component forces and the knife-edge support at B is a single  vertical 
force, the same as a roller or ball. The directions chosen for the components at A are 
not important for the FBD. When calculations of the components are made, if the sign 
comes out negative, it means the force is in the opposite direction indicated on the 
FBD. The weight of the beam is computed from the mass as (48 kg)(9.807 m/s2) = 
470.7 N. The 5.5(103) Nm clockwise moment is applied at the end of the beam. All 
necessary dimensions are added.

12.9 Equilibrium

Newton’s first law of motion states that if the resultant force acting on a particle is zero, 
then the particle will remain at rest or move with a constant velocity. This concept of 
an unchanging situation, or equilibrium, is essential to statics.

Combining Newton’s first law and the concept of equilibrium, we can state 
that a body will be in equilibrium when the sum of all external forces and moments 
acting on the body is zero. This requires the body to be at rest or moving with a 
constant velocity.

In this chapter, we will consider only bodies at rest. To study a body and the forces 
acting upon it, one must first determine what the forces are. Some may be unknown in 
magnitude and/or direction, and quite often these unknown magnitudes and directions 
are information that is being sought. The conditions of equilibrium can be stated in 
equation form as follows:

 → ∑Fx = 0

 ↑ ∑Fy = 0 (12.10)

 ⤿ ∑M = 0

As before our sign convention is: Fx is positive to the right (→) and Fy is posi-
tive upward (↑), and counterclockwise moments are positive. When evaluating 
moments in a particular problem, the point from which the moment arms are mea-
sured is arbitrary. A point is usually selected that simplifies the computations.

The three independent equations in Equation 12.10 enable solutions to equilibrium 
problems of no more than three unknowns. After construction of a correct FBD, check 
the unknowns and, if a solution is possible, write Equation 12.10 and solve in an effi-
cient manner.

Example Problem 12.7 A beam, assumed weightless, is subject to the load shown 
in Figure 12.17a. Determine the reactions on the beam at supports A and B for the 
equilibrium condition.

Solution This is an example of a beam problem, which commonly occurs in buildings 
and bridges. The loads on the beam are expressed with the prefix k signifying thousands 
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12 kN 24 kN

A B

3.0 m 3.0 m 6.0 m

(a)

12 kN 24 kN

3.0 m 3.0 m 6.0 m

x

y

RA

Ax

RB

(b)

of newtons; thus the loads shown are 1.2 × 104 N and 2.4 × 104 N, respectively. The 
force system is coplanar, and in this instance all forces are parallel. The solution is as 
follows:

1. Construct the free-body diagram (FBD) (see Figure 12.17b). The supports gen-
erate forces perpendicular to the length of the beam. Thus there are no forces 
in the x direction. The directions for the RA and RB reactions are obvious in this 
example. However, the direction may be assumed either way, and the mathemat-
ics will produce the correct direction.

2. Write the equations of equilibrium (force units in kN)

→ ∑Fy = 0
RA + RB − 12 − 24 = 0
⤿ ∑MA = 0 
–12(3.0) − 24(6.0) + RB(12.0) = 0

Note that we do not need to write ∑Fx = 0 because there are no x-direction forces. 
We have two equations and two unknowns, which we can solve for RA and RB.

From the moment equation:

12.0RB = 24(6.0) + 12(3.0)
RB = 15 kN ↑ 

Then from the sum of the vertical forces:

RA + 15 − 12 − 24 = 0
RA = 21 kN ↑

Since the numerical values for RB and RA came out positive, the reactions shown on 
the FBD were in the correct direction.
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Figure 12.18

A good student presentation of the solution to a statics problem is shown in 
Figure 12.18. The presentation follows the Standards of Problem Presentation outlined 
in Chapter 4.280
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EquilibriumExample Problem 12.8 Solve Example Problem 12.5 for the cable tension and 

reaction of the inclined surface on the cylinder.

Solution
1. The FBD is shown in Figure 12.15b. Observe that the force system on the cyl-

inder is coplanar and concurrent. Since a moment equation will not produce any 
information for the equilibrium condition, we have two remaining equations to 
solve for the two unknowns T and N.

2. Write the equilibrium equations

→ ∑Fx = 0
T cos 60.0° − N cos 45.0° = 0
↑ ∑Fy = 0
T sin 60.0° + N sin 45.0° − 4.00 × 102 = 0

Solving for T from the x-direction equation and substituting this result into the 
y-direction equation:

1.414 N (sin 60.0°) + N sin 45.0° − 4.00 × 102 = 0
1.932 N = 4.00 × 102

N = 207 lb 

45°

T = 293 lb  
60°

Example Problem 12.9 For the crane system shown in Figure 12.19a, determine the 
reactions on the crane at pin A and roller B. Neglect the weight of the crane.

Solution
1. The FBD is shown in Figure 12.19b. Note the two components for the pin reac-

tion at A. The direction of each component was assumed.
2. There are three unknowns and three equations of equilibrium that can be written.

→ ∑Fx = 0
Ax + 94 cos 60° = 0
Ax = –47 kN
Ax = 47 kN ←

The negative sign indicates that the initial direction chosen for Ax was opposite the 
actual direction of the x-direction force on the crane.

Before we write the sum of moments equation with respect to point A, we will 
show a convenient procedure for evaluating the moment of the 94 kN force. Finding 
the perpendicular distance from point A
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Figure 12.19

4.0 m

6.5 m 2.0 m

94 kN

60°

A B(a)

60°

4.0 m

6.5 m
2.0 m

94 kNAx

Ay
By

y

x

(b)

94 sin 60°

94 cos 60°

4.0 m

8.5 m

Ax A

Ay By

y

x

(c)

requires trigonometry. It is less computation to first find the x and y components 
and apply these components at a convenient point on the line of action of the 94 kN 
force (principle of transmissibility). In this case the point where the force acts on the 
crane is the most convenient (see Figure 12.19c). The moment arms of the horizontal 
and vertical components of the force with respect to the point A are 4.0 m and 8.5 m 
respectively.

⤿ ∑MA = 0 
By (6.5) − (94 cos 60°)(4.0) − (94 sin 60°)(8.5) = 0
By (6.5) = 188 + 692
By = 135 kN ↑
↑ ∑Fy = 0
Ay + 135 − 94 sin 60° = 0
Ay = –54 kN
Ay = 54 kN ↓
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Again, the initial direction for Ay was chosen opposite the actual direction of the 
y-direction force on the crane.

Example Problem 12.10 For the structure shown in Figure 12.20a, determine the 
pin reaction at G and the tension T in the cable. Assume the member, pinned at G, is 
weightless.

Solution
1. The FBD is shown in Figure 12.20b. Because of the orientation of the member 

pinned at G, there are some geometric calculations that must be made before 
writing the equilibrium equations.

2. Determine the geometry:

GH = 8.00 m from the right triangle GHI
α = 45 − 𝜃  = 8.13°

1
Cable

1

10.0 m

6.00 m

2.00 m

20.0 kg
G

H

I

(a)

1

1

6.00 m

2.00 m

Gx

Gy

H

8.00 m

90°

10.0 m

(20.0 × 9.807) N

�

α

I

(b)

Figure 12.20
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3. Apply equations of equilibrium:

⤿ ∑MG = 0
–20.0(9.807)(12.0 cos 8.13°) + 8.00H = 0
H = 291.3 N

H = 291.3 N 

45°

→∑Fx = 0
Gx – H cos 45° = 0
Gx = 2.06 = 102 N
Gx = 2.06 × 102 N →
→∑Fy = 0
Gy + H sin 45.0° − 20.0(9.807) = 0
Gy = –9.840 N

So that

Gy = –9.840 N ↑

or

Gy = 9.840 N ↓

4. Combine vector components into resultant G using Equation (12.8):

G = 206.235 N

G = 206 N 2.73°

Problems
For problems 12.1 through 12.4, find the x and y components of the force F. The angle 𝜃 is
measured positive counterclockwise from the positive x axis. Include a sketch of the force F and 
its components.

F 𝜭
12.1 1.85(10)2 lbf 32.5°
12.2 12.0 kN 215°
12.3 5.1(10)2 lbf −220°
12.4 62 kN 86°

For problems 12.5 through 12.7, find the resultant of the two concurrent forces F, which 
makes an angle 𝜃 with respect to the positive x axis, and G, which makes an angle 𝜙 with respect
to the positive x axis. Show a sketch of F and G and the resultant.

F 𝜭 G 𝝋

12.5 8.6(10)2 N 15° 5.7(10)2 N 112°
12.6 4.6(10)2 lbf 280° 3.9(10)2 lbf 140°
12.7 3.2(10)1 kN −120° 7.2(10)1 kN 45°
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For problems 12.8 through 12.10, find the resultant of the concurrent forces R and S for 
which the direction is specified by slope, expressed as rise and run values. Show a sketch of R 
and S and the resultant.

R Rise Run S Rise Run

12.8 8.6(10)3 N −3.0 4.0 6.2(10)3 N 3.0   4.0
12.9 1.3(10)2 lbf 12 −5.0 1.3(10)2 lbf   12   5.0
12.10 3.2(10)4 N 1.0 −3.0 5.3(10)4 N 9.0 −16

12.11 Two forces F1 and F2 are applied as shown in Figure 12.21. The resultant R has a magnitude 
of 850 lbf and acts along the positive x axis. Determine the magnitudes of F1 and F2.

12.12 Two forces F1 and F2 are applied as shown in Figure 12.22. The resultant R has a 
magnitude of 2 300 N and makes an angle of 28° with the positive y axis. Determine the 
magnitudes of F1 and F2.

30°

45°

F2

F1

y

R 
x

F2

F1

y

x

45°

28°20°
R

F2

y

R = 850 N

1
1

F1

5

2 1
2

Figure 12.21

Figure 12.22

Figure 12.23
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12.13 Two forces F1 and F2 are applied as shown in Figure 12.23. The resultant R has a 
 magnitude of 850 N and acts in the direction shown in the figure. Determine the magni-
tudes of F1 and F2.

12.14 Force F = 225 lbf is applied as shown in Figure 12.24. 
(a) Determine the x and y components of the force.
(b) Determine the u and v components of the force.

For problems 12.15 through 12.20, the force F goes through the origin of the xy-coordinate 
 system and makes an angle 𝜃 with the horizontal, as shown in Figure 12.25. Points A and B are 
at the coordinates indicated on the figure in units of feet. Calculate the moment of F about points 
A and B, assigning positive values to counterclockwise moments.

F 𝜭

12.15 3 500 N 0°
12.16 21.3(10)2 lbf 90°
12.17 2.4(10)3 lbf 270°
12.18 4.2(10)2 lbf 45°
12.19 1 850 N −150°
12.20 7 450 lbf 330°

Figure 12.24

y

x

2

3

F

3
2

u

v
25°

Figure 12.25

�°

y

x

B (2,–4)

FA (–4,3)
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12.21 Determine the resultant of the coplanar force system shown in Figure 12.26 and locate it 
on a sketch of the system with respect to point A.

12.22 The resultant R of four forces is shown in Figure 12.27. One of the forces is not shown. 
Find the unknown force and locate it on a sketch of the system with respect to point B.

12.23 Find the resultant of the three-force system shown in Figure 12.28 and locate it with 
respect to point A.

12.24 Construct a free-body diagram of the system shown in Figure 12.29. The uniform beam 
has a weight of 85 lbm. Determine the resultant reactions at the supports A and B.  
gL = 32.174 0 ft/s2.

Figure 12.26

Figure 12.27

Figure 12.28

Figure 12.29

BA

2 ft 2 ft3 ft5 ft

200 lbf 850 lbf

480 ft – lbf

400 lbf

100 lbf

BA

4 ft4 ft  2.5 ft

R = 25 lbf30 lbf 5 lbf 30 lbf

A B

2 ft 2 ft2 ft4 ft2 ft

140 lbf

40 lbf60 lbf

180 lbf

A B

10 ft6 ft
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12.25 Construct a free-body diagram of the system shown in Figure 12.30. The beam is  uniform 
and has a mass distribution of 45 kg/m. Determine the reactions at the supports A and B.

12.26 Construct an FBD of the system shown in Figure 12.31. The beam is uniform and has a 
mass of 550 kg. Determine the moment M that will relieve roller A of any load. At this 
condition determine the resultant pin reaction at B. gL = 9.807 m/s2.

12.27 The beam in Figure 12.32 is weightless. A movable weight of 350 lbm is to be attached 
as shown. Determine the location x of the weight so that the vertical reactions at A and B 
are equal. gL = 32.174 0 ft/s2.

12.28 Assume the beam in Problem 12.23 is weightless. (a) Find the reactions at A and B for the 
three forces acting on the beam and (b) Find the reactions using the resultant force found 
in Problem 12.23. Compare the results and explain.

12.29 For the weightless rigid bar in Figure 12.33 construct a free-body diagram and find the 
resultant reactions at supports A and B.

12.30 For the weightless rigid structure in Figure 12.34 construct a free-body diagram and find 
the resultant reactions at supports A and B.

4.8 kN

A B3.0 m 13.0 m

1
1

Figure 12.30

A B

3.6 m1.2 m

4.5 kN

M

Figure 12.31

x

WA B

6.0 ft6.0 ft3.0 ft

850 lbf 1 200 lbf

Figure 12.32
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12.31 Construct a free-body diagram of the sphere S in Figure 12.35 resting against two smooth 
surfaces. Find the reactions of the smooth surfaces on the sphere at A and B. The sphere 
has a mass of 450 lbm. gL = 32.174 0 ft/s2.

12.32 Two cylinders S and T of unit length rest against smooth supports as shown in 
Figure 12.36. Each cylinder has a mass of 85 kg. Find the forces that the cylinders exert on 
the supports at A, B, and C.

12.33 The uniform beam in Figure 12.37 has a mass of 155 kg. The suspended mass, m, is 
210 kg. Determine the resultant pin reaction at A and the tension in the cable.

12.34 For the weightless bar in Figure 12.38, determine the resultant pin reaction and the  tension 
in the cable.

12.35 The uniform beam AB in Figure 12.39 has a mass of 900 lbm. gL = 32.174 0 ft/s2.
(a)  For a force F of 1 200 lbf, construct a table listing the reactions at A and B if x varies 

from 0 to 32 ft in increments of 4 ft.
(b)  Determine the value of F that makes the reaction at A 75% of the reaction at B when 

x = 13 ft.

1.0 m

0.5 m

2.8 kN

A

B

0.5 m

0.5 m

1.5 kN

0.75 m

350 N

A

B

1.0 m

1.5 m

1.3 m 1.7 m 1.0 m

440 N

260 N

Figure 12.33

Figure 12.34
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A B

S

48°62°

Figure 12.35

A

B

S

30°

T C

Figure 12.36

1.8 m

3.8 m

A

1.8 m

m

Cable

1
1

Figure 12.37
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3.9 ft

3.1 ft

A

3.3 ft

Cable

B

C

1 200 lbf

42°

Figure 12.38

A B

x4 ft

36 ft

1 500 lbfF

Figure 12.39

Figure 12.40

6.00 N 8.00 N

D E

2.00 m 2.20 m

12.36 The beam in Figure 12.40 is 8.00 m long and has a mass of 2.00 kg/m. 
(a) What are the reactions at D and E?
(b) Locate the 6.00 N force so the reaction at D is zero.

12.37 If the beam in Figure 12.41 is 20.0 m long and has a mass of 721 kg, what are the  reactions 
at G and H? Give magnitude and direction.

Figure 12.41

72.0 N

G H

10.0 m
1

1
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Figure 12.42

3.50 m

1.72 m

17 kg

B

C

A

Figure 12.43

5.0 m 5.0 m

150.0 N 10.00 kg

Q

P

7.0 m

Figure 12.44

12.0 m

13.0 m

5.0 m
2.0 kg

A
C

12.38 (a)    What is the tension in cable BC in Figure 12.42? The beam and cable may be assumed 
to have zero mass.

 (b)  What is the magnitude and direction of the reaction at A?
12.39 What are the reactions at P and Q in Figure 12.43? Assume the triangular plate has 

zero mass.
12.40 What are the reactions at A and C in Figure 12.44? Assume the triangular plate has 

zero mass.
12.41 The container (assume massless) in Figure 12.45 is 10.0 cm wide and is filled with water. 

What are the reactions at C and D? Hint: The centroid (center of mass) of a right triangle– 
shaped solid is located at a point one-third the base and one-third the height of the triangle.
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12.42 A hot air balloon has a lifting force of 1.23 kN. If a single rope is used to hold it in a breeze 
and it makes an angle of 15 degrees with the vertical, what is the tension in the rope?

12.43 The Paul JK Company designs custom lifting devices. The winch shown in  
Figure 12.46 was designed to lift a weight, W, of 1 200 lbf. The weight of the boom AB 
may be neglected for this analysis. The cable is reeled in and out at C. Find the magni-
tudes of cable tension T and the resultant pin reaction at A.

Figure 12.45

C D

5.00 m

5.00 m

1.00 m

1.00 m

Figure 12.46

8.0 ft

A

Cable

B

C

W

� = 35°

6.0 ft

2.0 ft
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C H A P T E R  13 

Mechanics: Strength of Materials*

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Define stress, yield strength, ultimate strength, modulus of elasticity, design 
stress, and safety factor

 ◾ Describe a stress-strain diagram
 ◾ Compute the required size of a structural member given the limiting stress and/or 

limiting deformation
 ◾ Describe the interrelationship of statics and strength of materials in the design of 

structures and mechanisms

13.1 Introduction

Strength of materials, or mechanics of materials, is the branch of mechanics dealing 
with the deformation of a body due to the internal distribution of a system of forces 
applied to the body. We will investigate the effects of external forces on the internal 
structure of an object as well as the deformations created by the forces. In the design of 
structures and mechanisms that do not undergo accelerations, principles of both statics 
and strength of materials are required.

13.2 Stress

In statics, concepts are limited to rigid bodies. It is obvious that the assumption of 
perfect rigidity is not always valid. Forces will tend to deform or change the shape of 
any body, and an extremely large force may cause observable deformation. In most 
applications, slight deformations are experienced, but the body returns to its original 
form after the force is removed. One function of the engineer is to design a structure or 
mechanism within limits that allow it to resist permanent change in size and shape so 
that it can carry or withstand the force (load) and still recover.

In statics, forces are represented as having a magnitude in a particular direction. 
Structural members are usually characterized by their mass per unit length or their size 
in principal dimension, such as width or diameter. Consider the effect on a wire that is  
5.00 mm in diameter and 2.50 m in length. It is suspended from a well-constructed 
support and has an object with a mass of 30.0 kg attached to its lower end (see 
Figure 13.1). The force exerted by the mass is (30.0)(9.807) = 294 N. The wire has a 

*Users will find Appendix F useful reference material for this chapter.
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cross-sectional area of π (52/4), or 19.6 mm2. If it is assumed that every square millimeter 
equally shares the force, then each square millimeter supports 294/19.6, or 15.0 N/mm2. 
This force per unit area (15.0 N/mm2) is called the stress in the object (wire) due to 
the applied load. Note that this stress can also be expressed as (15.0 × 106 N/m2 or 
15.0 MPa). The force in the wire is literally trying to separate the atoms of the material 
by overcoming the bonds that hold the material together.

The relationship above is normally expressed as

� = F
A

 (13.1)

where 𝜎 = stress, Pa
 F = force, N
 A = cross-sectional area, m2

Since stress is force per unit area, it is obvious that the stress in the wire (ignoring 
its own weight) is unaffected by the length of the wire. Such a stress is called tensile 
stress (tending to pull the atoms apart). If the wire had been a rod of 5.00 mm diameter 
resting on a firm surface and if the mass had been applied at its top, the force would 
have produced the identical stress, but it would be termed compressive.

The simple or direct stress in either tension or compression results from an applied 
force (load) that is in line with the axis of the member (axial loading). Also the cross-
sectional area in both examples was constant for the entire 2.50 m length. If you have 
an axial load but the cross section varies, the stresses in separate cross sections are 
different because the areas are different.

A third type of stress is called shear. While tension and compression attempt 
to separate or push atoms together, shear tries to slide layers of atoms in the material 
across each other. (Imagine sliding the top half of a stack of plywood sheets without 

Figure 13.1

The circular wire is under a tensile stress due to the suspended mass.

30.0 kg

5.00 mm

Enlarged
cross section
with uniform area

2.50 m
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Using 𝜏 to represent a shear stress, the average shear stress in the pin is

� = F
A

= 1.00 3 105

�(2.00 3 10−2)2(2)/4

= 159 MPa

Note: The (2) in the denominator indicates that two cross sections of the pin resist 
the force; hence, the area is twice the cross-sectional area of the pin. This is called 
double shear. The two pin shear surfaces are indicated in Figure 13.2a.

To complete the computation, the average tensile stress in the bar at the critical 
section through the pin hole, as shown in Figure 13.2b, is

� = F
A

= 1.00 × 105

(2.00 × 10−2)(2.80 × 10−2)
    = 179 MPa

The actual stress in both cases is somewhat greater than the average because stresses 
tend to concentrate at the edges of the pin and hole. For this reason, engineers apply 
a factor of safety or perform a stress concentration analysis in the design process (see 
Sections 13.5 and 13.6).

13.3 Strain

In the design of structures and mechanisms, it is important to consider not only the 
external forces but also the strength of each individual part or member. It is critical 

Pin

Washer

(a)

Pin diameter = 2.00 cm

Cotter pin

Flat bar

Shear surfaces

2.80 cm 1.00 × 105 N

(b)

1.00 × 105 N

1.00 × 105 N
2

1.00 × 105 N
2

4.00 cm

Figure 13.2
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of material. Thus in the solution of many problems a knowledge of the properties of 
materials is essential.

One important test that provides designers with certain material properties is 
called the tensile test. Figure 13.3 is a schematic of a tensile-test specimen. When 
this specimen is loaded in an axial tensile-test machine, the force applied and the 
corresponding increase in material length can be measured. This increase in length 
is called elongation. Next, in order to permit comparisons with standard values, the 
elongation is converted to a unit basis called strain.

Strain (𝜀) is defined as a dimensionless ratio of the change in length (elongation)
to the original length:

� = Dl
l

= �
l

 (13.2)

where 𝜀 = strain, mm/mm
 δ = deformation, mm
  l = length, mm

A stress-strain diagram is a plot of the results of a tensile test (see Figure 13.4). 
This plot is the basis for design considerations of structures and mechanisms and should 
be studied carefully. Each notable point on the diagram has an important use in design. 
The shape of this diagram will vary somewhat for different materials, but in general 
there will first be a straight-line portion OA. Point A is the proportional limit—the 
maximum stress for which stress is proportional to strain.

At any stress up to point A′, called the elastic limit, the material will return to 
its original size once the load has been removed. At stresses higher than A′, perma-
nent deformation (set) will occur. For most materials, points A and A′ are very close 
together.

If the load is increased beyond the elastic limit to point B, and then returned to 
zero, the stress-strain curve will follow the dotted line, leaving a permanent deforma-
tion in the material called a permanent set. The stress at B in Figure 13.4 that causes 
a permanent set of 0.05 to 0.3 percent (depending on material) is termed the yield 
strength.

Point C, called the ultimate strength, is the maximum stress that the material can 
withstand. Between points B and C, a small increase in stress causes a significant 
increase in strain. At approximately point C, the specimen will begin to neck down 
sharply; that is, the cross-sectional area will decrease rapidly, and fracture will occur 
at point D.

125 mm

50 mm

12 mm

Figure 13.3
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Figure 13.5 shows a typical steel specimen prior to test and the specimen after it 
was pulled apart.

13.4 Modulus of Elasticity

Approximately 300 years ago, Robert Hooke recognized the linear relationship between 
stress and strain. For stresses below the proportional limit, Hooke’s law can be written

𝜀 = K𝜎 

Permanent set
Strain

St
re

ss

Ultimate strength

Fracture
Yield strength

Elastic limit

Proportional limit

O

A

B C

D
Aʹ

Figure 13.4

Stress-strain diagram.

Figure 13.5

The lower portion of the photo shows the actual “necking-down” effect that occurs during a 
tensile test just prior to failure of the steel specimen.
Roland D. Jenison/McGraw Hill
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where K is a proportionality constant. The modulus of elasticity E (the reciprocal of K) 
rather than K is commonly used, yielding

𝜎 = E𝜀 (13.4)

Values of E for selected materials are given in Table 13.1.

13.5 Design Stress

Obviously, most products or structures that engineers design are not intended to fail 
or become permanently deformed. The task facing the engineer is to choose the prop-
er type and size of material that will perform correctly under the conditions likely to 
be imposed. Since the safety of the user and the liability of the producer (including 
the engineer) are dependent on valid assumptions, the engineer typically selects a 
design stress that is less than the yield strength. The ratio of the yield strength to 
the design stress is called the safety factor or factor of safety (abbreviated F.S.). For 
example, if the yield strength is 210 MPa and the design stress is 70 MPa, the safety 
factor, based on yield strength, is 3. Care must be exercised in reporting and inter-
preting safety factors because they are expressed in terms of both yield strength and 
ultimate (tensile) strength. Table 13.2 lists typical values used in structural design. 
It should be noted that the United States still lists most of its standards in the U.S. 
Customary or Engineering systems, so conversions in this area will be necessary for 
some time to come.

Table 13.1  Modulus of Elasticity for Selected Materials

 E, psi E, GPa

Cold-rolled steel 30 × 106 210
Cast iron 16 × 106 110
Copper 16 × 106 110
Aluminum 10 × 106 70
Stainless steel 27 × 106 190
Nickel 30 × 106 210

Table 13.2 Ultimate and Yield Strength

  Ultimate Strength Yield Strength

  psi MPa psi MPa

Cast iron 45 × 103 310 30 × 103 210
Wrought iron 50 × 103 345 30 × 103 210
Structural steel 60 × 103 415 35 × 103 240
Stainless steel 90 × 103 620 30 × 103 210
Aluminum 18 × 103 125 12 × 103  85
Copper, hard drawn 66 × 103 455 60 × 103 415
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Design StressExample Problem 13.1 A round bar is 40.0 cm long and must withstand a force of 

20.0 kN. What diameter must it have if the stress is not to exceed 140.0 MPa?

Solution

   � = F
A

 A =
F
� =

20.0 × 103
  N · m2

 

140.0 × 106
 N  

 
106 mm2

 

1 m2 = 143 mm2

But   A = �d 2

4

So 143 = 
�d 2

4
   d = 13.5 mm

Example Problem 13.2 Assume that the bar in Example Problem 13.1 is made from 
cold-rolled steel and is permitted to elongate 0.125 mm. Determine the required  diameter.

Solution
1. We must use the quantities that define the relationship between stress and strain. 

From Equations 13.1, 13.2, 13.3, and 13.4

E = �
� = F/A

Dl/l

Therefore,

Dl =
Fl
AE

Δl is usually written as δ for deflection or elongation.

� =
Fl
AE

and the necessary area for the given material and loading becomes

A =
Fl
�E

2. Substituting the numerical quantities, E is 21 × 104 MPa from Table 13.1

A = 20 × 103 N
125 × 10−6 m 0.400 m · m2

 

21 × 1010 
 N  

 ×
106 mm2

 

1 m2

    = 304.8 mm2 = 
�d 2

4
 d = 19.7 mm
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Note: The following two examples require a statics analysis before the specified com-
ponents can be designed.

Example Problem 13.3 For the weightless beam shown in Figure 13.6, (a) Find the 
pin reaction at A and the tension in the cable, (b) Find the minimum cable diameter 
required if it has a design tensile stress of 94 MPa, and (c) Find the minimum pin 
diameter required if it is in single shear, is made of structural steel, and has a factor  
of safety of 4.0 based on yield strength.

Solution to (a)
The free-body diagram is shown in Figure 13.7. Applying the statics equations  
of equilibrium we can find the tension T and the magnitude of the pin reaction 
at A.

→∑Fx = 0

Ax = T (1/√2) = 0.707 1T

↑∑Fy = 0

                      Ay + T (0.707 1) − (210)(9.807) = 0

⤿∑MA = 0

 T (0.707 1)(3.8) − (210)(9.807)(5.6) = 0

T = 4 291.5 N

Thus, Ax = 3 034.5 N

Ay = 975.5 N

A = (Ax 
2 + Ay 

2)0.5 

= 3 188 N

1.8 m

3.8 m

A

1.8 m

210 kg

Cable

1
1

Figure 13.6
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Solution to (b)
From Equation 13.1

Area =  
T
�

   = 4 291.5 Nm2

94 × 106 N
         = 45.65(10)−6  m2

Area =  
�d 2

4

  d =  Å
4(Area)

�
         = 7.62 mm

From a cost standpoint, it is practical to choose the next largest commercially avail-
able diameter.

Solution to (c)
For structural steel the yield strength is 240 MPa. With a required factor of safety of 
4.0, the design shear stress is 60 MPa.
Following the identical procedure in part (b)

Area =  
A
�

      = 3 188 N · m2

60 × 106 N
         = 53.133(10−6) m2

Area =  
�d 2

4

     d =  Å
4(Area)

�
         = 8.23 mm

3.8 m

Ax

Ay

1.8 m

(210)(9.807)N

1
1

A

T

Figure 13.7
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Example Problem 13.4 Given the configuration in Figure 13.8a, calculate the load 
that can be supported under the following design conditions:

(a) The pin at point R, enlarged in Figure 13.8b, is 10.0 mm diameter. What 
load can be supported by the pin if the ultimate shear strength of the pin is 
195 MPa and a safety factor of 2.0 based on ultimate strength is required?

(b) Using the load condition from part (a), size cable ST if it has a design stress 
of 207.5 MPa.

Solution to (a)
1. Inspection of the free-body diagram in Figure 13.9 reveals four unknown forces 

and three equations of equilibrium. We will write the cable tension Q, and the pin 
reactions, Rx and Ry, in terms of the load, L, and then use the pin design  conditions 
to find the largest permissible L.

2. Determine the geometry of H and θ:

 tan 15° = 
H

6.00
 H = 1.608 m

 tan θ = 
2 + H

6
 θ = 31.02°

75.0°

Load

T

R

S

�°

(a)

6.00 m

2.00 m

Force

(b)

Figure 13.8

eid53554_ch13_295-310.indd   304 14/12/21   3:35 PM

ISTUDY



305
Design Stress

3. Apply the equations of equilibrium:
                              ⤿∑MS = 0
                  2.00Rx − 6.00L = 0
                                      Rx = 3.00L
                              ⤿∑MT = 0
  (2.00 + 1.608)Rx − 6.00Ry = 0
      (3.608)(3.00L) − 6.00Ry = 0
                                      Ry = 1.804L

                                       R = √R2
x + R2

y

                                         = √(3L)2 + (1.804L)2

                                         = 3.501L
4. Determine pin limits from design conditions. Note that the pin is in double shear.

Design stress = 
Ultimate  strength

Safety  factor

                    = 
195 MPa

2.0  = 97.5 MPa

                  𝜏  = 
R
2A

           Recall that double shear involves  
twice the cross-sectional area

                 R = 2𝜏 A = 2𝜏 (
�d 2

4 )

                     = 
2 (97.5 × 106) N  � (10 mm)2

 

4   
 
 

1
 
 m2

106
 

   mm2

                    = 1.53 × 104 N

                 L = 
R

3.501 =  
15 300
3.501  = 4.37 kN

2.00 m

75.0°
15.0°

L

31.02°

T

Q

S

H

Rx

Ry

6.00 m

Figure 13.9
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Solution to (b) 
1. Determine cable load Q from part (a)

                           ⤿∑MR = 0
           −6.00L + 2.00Q cos 15° = 0

        Q = 3.106L
           = 13.57
           = 13.6 kN

2. Calculate cable size. The design stress is 207.5 MPa.

     � =
F
A

     A = 
F
� = 13 570 N ·  m2

207.5 × 106
 N

        = 6.54 × 10−5 m2

 
�d 2

4  = 6.54 × 10−5 m2

    d2 = 8.32 × 10−5 m2

     d = 9.12 × 10−3 m
        = 9.12 mm

A practical choice would be the next larger size that is commercially available.

13.6 Stress Concentration

Calculating a design stress using yield strength or ultimate strength divided by a 
factor of safety is appropriate for many design problems. If the material is ductile, 
such as most metals, it will have a stress-strain diagram similar to Figure 13.4. Acted 
upon by a static load (constant), a ductile material will exhibit a consistent stress 
pattern if the cross-sectional area does not change. The wire in Figure 13.1 is an 
example. When the cross-sectional area is not constant as in the bar with the hole 
in Figure 13.2b, a stress concentration will occur. A ductile material may yield sig-
nificantly in the area of the stress concentration but return to normal shape when the 
load is removed, assuming the stress does not exceed the elastic limit. Knowledge 
of the nature and magnitude of a stress concentration is critical to insure a safe and 
functional design.

A stress picture of the bar in Figure 13.10a reveals the stress concentration 
( spiking) around the hole. The ratio of the maximum stress, 𝜎max, to the average stress, 
𝜎avg, is called the stress concentration factor. Thus, 𝜎max = K(F/A). Elasticity theory, 
finite element analysis and experimental testing have produced plots of K as a function 
of material geometry. Figure 13.10b is a plot of K versus d/w for a bar with a circular 
hole. For the bar in Figure 13.2b the average stress was computed as 179 MPa and  
d/w = 0.50. From the plot K = 2.1 yielding a maximum stress of (2.1)(179) = 376 MPa. 
Structural design handbooks contain plots for a variety of geometric variations such as 
grooves, holes, and fillets. 
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d w

σmax

σavg σavg = 179 MPa

(a)

Figure 13.10

d/w

1
0 0.5 1.0

2

3
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tio
n 
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, K

(b)

++

(c)
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Another important design consideration for engineers is how the stress concentra-
tion propagates through the material as the distance from the load application increases. 
In 1864 French mathematician Barre Saint-Venant observed that the stress concentra-
tions were localized and disappeared in a short distance from the load application. 
Finite element analysis shows that for a hole in a bar the stress returns very near normal 
(F/A) values about one diameter from the load application. Called Saint-Venant’s prin-
ciple, this principle is used extensively by design engineers. Figure 13.10c is a two-
dimensional view of a connecting rod found in automobile engines and other rotating/
oscillating machinery. By understanding the stress concentration behavior, the material 
shape can be designed for minimum weight. 

Problems
Note: Some problems require statics computations before application of strength of materials 
principles.

13.1 A round reinforcing bar constructed from cold-rolled steel and 320 mm long is required to 
support a tensile load of 65 kN. Determine the minimum cross-sectional area if the stress 
cannot exceed 240 MPa or elongate more than 0.42 mm.

13.2 Determine the minimum size for a pin if it is in double shear and the factor of safety is  
5.0 based on ultimate strength. The pin is made of structural steel and supports a load of 
85 kN.

13.3 In Figure 13.1, what is the maximum force in N that can be supported by the wire if the 
design stress is 95.5 MPa and allowable deformation is 1.3 mm? The wire is made from 
stainless steel.

13.4 The round, weightless bar in Figure 13.11 is 3
4 in. in diameter. E = 30(106) psi. 

Find the tensile stress in the bar and the deformation caused by the applied load, 
F = 5 200 lbf.

13.5  Under certain loading conditions for the beam/cable configuration in Figure 13.7, static 
analysis determined Ax  = 32 000 N, Ay = 8 400 N, and T = 46 000 N. Find (a) the minimum 
allowable pin diameter if the pin is stainless steel, in single shear, and has a design stress of 
75 MPa, and (b) the minimum cable diameter if the cable is structural steel with a factor of 
safety of 2.0 based on yield strength.

13.6 The boom AB in Figure 13.12 has a mass distribution of 8.2 kg/m. The suspended mass, 
M, is 150 kg.
(a) Find the tension in the cable CD.
(b) Find the minimum required diameter of cable if the design stress is 84 MPa.
(c) If the cable is stainless steel, what is the factor of safety?
(d)  If the cable were to be replaced by an aluminum cable, what diameter must be used 

to maintain a factor of safety of 3.0?
13.7 A hollow aluminum circular cylinder, 32 cm tall with 5.0 cm outside diameter and a wall 

thickness of 0.35 cm, is used to support a compressive load L applied along the axis of the 
cylinder. Determine the maximum allowable value of L if the compressive stress is limited 
to 65 MPa and the deformation is limited to 0.044 cm.

F

A

2.0 ft

Figure 13.11
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13.8 Figure 13.13 represents a tower crane used by Tomas J. Contracting to handle  materials at 
construction sites. The weight, W, is hoisted to the desired height and then moved along 
the boom AE from 6 ≤ x ≤ 86. The counterweight, CW, weighs 8 500 lbm, and the crane 
motor and cab weigh 2 400 lbm acting at B. The crane structure weighs 5 500 lbm and can 
be considered to be acting at G. Pins at C and D secure the crane base. gL = 32.174 0 ft/s2.
(a)  If the weight to be lifted, W, is 3 200 lbm, plot the reactions at C and D versus the 

distance x.
(b)  Find the points where the loads at C and D are maximum and size the pins required. 

Each pin is in double shear and is made from stainless steel with a factor of safety of 
5.0 based on ultimate strength.

(c)  If the load, W, is increased to 4 200 lbm, determine if this load can be lifted safely 
with the pin sizes calculated and, if so, the range of x for which it is possible.

13.9 Determine the required pin diameter at A in Figure 13.6 if it is in double shear. The pin is 
made of aluminum. Use a factor of safety of 2.5 based on yield strength. Choose the next 
larger commercial size if pins are available in 0.5 mm sizes.

13.10 Find a value of K for the bar in Figure 13.2b if the hole diameter is 1.25 cm. Compute 𝜎max 
for the given loading.

9.2 m

3.2 m

M

C

D

A

B

8.4 m
50°

Figure 13.12

6.0 ft 6.0 ft

8.0 ft

11 ft

18 ft

x

A
B G E

DC

78 ft

W
CW

Figure 13.13
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C H A P T E R  14

Material Balance*

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Define the principle of the conservation of material (mass)
 ◾ Define systems to solve material (mass) balance problems
 ◾ Write the specific equations for overall and constituent balances
 ◾ Solve for unknowns using an independent set of mass balance equations

14.1 Introduction

In engineering analyses, it is extremely important to observe and account for all  changes 
in physical quantities, such as mass, momentum, energy, charge, chemical composition, 
and other quantities. In this chapter the focus will be on accounting for material (mass) 
in engineering analyses of problems found in process industries.

We depend a great deal on industries that produce food, household cleaning prod-
ucts, energy for heating and cooling homes, fertilizers, and many other products and 
services. These process industries are continually involved with the distribution, rout-
ing, blending, mixing, sorting, and separation of materials. Figure 14.1 shows an oil 
refinery where crude oil is separated into many different petroleum products for use in 
various applications. The primary separation process is fractional distillation, in which 
hot crude oil is fed to the bottom of a distillation column. The weight and boiling point 
of the crude oil components (heavy and hot at the bottom and light and cool at the top of 
the column) allow bitumen, oils, diesel, kerosene, naptha, and gasoline to be withdrawn 
at appropriate points along the column.

Analysis of the process occurring in a typical oil refinery involves the application 
of material balance, a technique based on the principle of conservation of mass.

14.2 Conservation of Mass

The principle of conservation of mass states that in any process mass is neither created 
nor destroyed.

Antoine Lavoisier (1743−1794), regarded as the father of chemistry, conducted 
experiments demonstrating that matter, although undergoing transformation from one 
form to another, was neither created nor destroyed during the experiments. The results 
were expressed as an empirical law called conservation of mass, material balance, 

*Users will find Appendix C useful reference material for this chapter.
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or mass balance. Like many empirical laws, this one has an exception: nuclear reac-
tions, in which mass is transformed into energy. To solve problems involving nuclear 
processes, both a material balance and an energy balance must be conducted jointly.

Before we apply the conservation-of-mass principle to a material balance problem, 
we will introduce additional concepts and terminology. Figure 14.2 illustrates a number 
of these terms.

A system can be any designated portion of the universe with a definable bound-
ary. Whenever mass crosses the boundary either into or out of the system, it must be 
accounted for. In certain situations, the amount of mass entering the system is greater 

Figure 14.1

An oil refinery produces many petroleum products for consumers.
Kevin Burke/Corbis/Getty Images

Figure 14.2

Illustration of a typical system with a defined boundary.

Mass entering

Boundary

Mass leaving

(Surroundings)

ConsumptionGeneration

(System)

Accumulation
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than the amount leaving. In the absence of chemical reactions, this results in an increase 
of mass within the system called accumulation. If the mass leaving the system is greater 
than that entering, the accumulation is negative.

When chemical reactions occur within the system boundary, consumption of reac-
tants through the formation or generation of reaction products is possible. A simple 
example would be the dehydrogeneration of ethane in a reactor: C2H6 → C2H4 + H2. One 
constituent is consumed and two others are generated. Thus, if chemical reactions occur, 
it is necessary to account for the consumption of some elements or compounds and the 
generation of others. It is important to understand that, even considering chemical reac-
tions, mass is conserved. In the preceding example (C2H6 → C2H4 + H2), the number of 
atoms of carbon and hydrogen remains constant.

In summary, a system is an arbitrary specification that must conform to the 
following:

1. Once specified, the system cannot change during the analysis.
2. The system boundary can be fixed or flexible and must be a closed surface.

Consider the following examples to more clearly visualize the definition of a 
system. First, the simple distillation system is shown in Figure 14.3. This distillation 
process involves three items of equipment, a heater, column, and condenser with asso-
ciated piping and connections. The feed, which may include several components, is 
introduced to the column where it is heated. The component(s) with the lower boiling 

Figure 14.3

System designation for a distillation column.

Condenser

Vapor

Reflux

Feed

Product
(Distillate)

System
Boundry

Bottoms
(Waste)

Distillation
Column

Heater
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temperature are vaporized, drawn from the top of the column into a condenser where 
they are cooled to liquid form. Some of the concentrated product (distillate) is drawn 
off and part of it (reflux) is sent back to the column to be reboiled. The portion of the 
feed that is not vaporized is drawn off at the bottom of the column as waste. The dashed 
outline represents the system boundary. Therefore we must account for the feed, 
 product, and bottoms in a material balance analysis. The vapor and reflux piping do not 
need to be accounted for since they remain within the system.

Second, consider the dewatering process in Figure 14.4. It consists of a centri-
fuge that removes some of the water and a dryer that removes more water down to a 
very small percentage of the solid material. Three systems are available for analysis:  
the overall system in Figure 14.4a, the centrifuge in Figure 14.4b, and the dryer in 
Figure 14.4c. Note here that each system shows inputs and outputs but no generation, 
consumption, or accumulation.

When all considerations are included, the conservation-of-mass principle applied 
to a system or to system constituents can be expressed, from Figure 14.2, as

input + generation − output − consumption  
= accumulation (14.1)

Actually Equation  14.1 is more general than just a material (mass) balance. It is a 
convenient way to express a general conservation principle to account for the physical 
quantities mentioned at the beginning of this chapter. For a specified system, such as a 
mass of air passing through a jet engine, an energy balance accounts for heat in and out 
and for work done on or by the system, heat and work being forms of energy. Heat input 
would come from burning of fuel, heat output would be the hot exhaust gases, work in 
would be compression of free stream air, and work out would be the thrust generated 
by the accelerated gases. Energy balances are studied in thermodynamics.

Figure 14.4

Centrifuge Dryer

(a)
H2O Out H2O Out

Wet
Solids

In

Partially
Dry

Solids Dry
Solids

Out

(b) (c)

Centrifuge

H2O Out

Wet
Solids

In

Partially
Dry Solids

Out
Dryer

H2O Out

Partially
Dry Solids

In Dry
Solids

Out
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14.3 Processes

For our introductory look at material balance, we will now make an assumption that 
simplifies our investigations but will not reduce our understanding of the conservation 
of mass.

Many engineering problems involve chemical reactions, but if we assume no such 
reactions then there will be no generation and consumption of mass, and Equation 14.1 
can be reduced to

input − output = accumulation (14.2)

Two types of processes typically analyzed are the batch process and the rate pro-
cess. In a batch process, materials are put or placed into the system before the process 
begins and are removed after the process is complete. Cooking is a familiar example. 
Generally, you follow a recipe that calls for specific ingredients to be placed into a 
system that produces a processed food. Figure 14.5 illustrates a batch process for a 
concrete mixer.

If we assume for a batch process that we take out at the end of the process all of 
the mass we placed into the system at the beginning, then the accumulation term is zero 
and Equation 14.2 can be written as

total input = total output (14.3)

Figure 14.5

The constituents of a proper batch mix of concrete.

100 kg
cement

300 kg
gravel

50 kg
water

200 kg
sand

Mixer

650 kg concrete
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A rate-flow process involves the continuous time rate of flow of inputs and out-
puts. The process is performed continuously as mass flows through the system. See 
Figure 14.6.

Rate processes may be classified as either uniform or nonuniform, steady or 
unsteady. A process is uniform if the flow rate is the same throughout the process, 
which means the input rate must equal the output rate. It is steady if rates do not 
vary with time. Solution of material balance problems involving nonuniform and/or 
unsteady flows may require the use of differential equations and will not be consid-
ered here.

A class of nonuniform, steady processes involves the filling or draining of 
tanks. For this situation we have a fixed rate of input and a different fixed rate 
of output, thus producing an accumulation. Equation 14.2 for such processes 
becomes

rate of input − rate of output = rate of accumulation (14.4)

For continuous flow, if we assume a uniform, steady rate process, the accumulation 
term is also zero, so Equation 14.2 written on a rate basis reduces to

rate of input = rate of output (14.5)

Figure 14.6 is an example of a uniform, steady rate process.
Although Equations 14.3, 14.4, and 14.5 seem so overly simple as to be of little 

practical use, application to a given problem may be complicated by the need to account 
for several inputs and outputs as well as for many constituents in each input or output. 
The simplicity of the equations is in fact the advantage of a material balance approach, 
because order is brought to seemingly disordered data.

Figure 14.6

A coal-dewatering system shown as a rate process.

Coal and water
mixture (slurry)

Screen

Coal

Water

Input
   Coal slurry  10 kg/s

Output
   Water            3 kg/s
   Coal              7 kg/s

Accumulation on
screen negligible

Pipe
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14.4 A Systematic Approach

Material balance computations require the manipulation of a substantial amount of infor-
mation. Therefore, it is essential that a systematic procedure be developed and followed. 
If a systematic approach is used, material balance equations can be written and solved 
correctly in a straightforward manner. The following procedure is recommended:

1. Identify the system(s) involved.
2. Determine whether the process is a batch or rate process and whether a chemical 

reaction is involved. If no reaction occurs, all compounds will maintain their 
chemical makeup during the process. If a reaction is to occur, elements must 
be involved and must be balanced. In a process involving chemical reactions, 
additional equations based on chemical composition may be required in order to 
solve for the unknown quantities.

3. Construct a schematic diagram showing the feeds (inputs) and products (outputs).
4. Label known material quantities or rates of flow.
5. Identify each unknown input and output with a symbol.
6. Apply Equation 14.3, 14.4, or 14.5 for each constituent as well as for the overall 

process. Note that not all equations written will be algebraically independent. 
This will become apparent in the example problems.

7. Solve the equations (selecting an independent set) for the desired unknowns and 
express the result in an understandable form.

Example Problem 14.1 Anna’s Purification Co. produces drinking water from 
saltwater by partially freezing the saltwater to create salt-free ice and a brine solu-
tion. If saltwater is 3.50 percent salt by mass and the brine solution is found to be an 
8.00 percent concentrate by mass, determine how many kilograms of saltwater must 
be processed to form 2.00 kg of ice.

Solution

1. The system in this example problem involves a freezing process.
2. The freezing process is a batch process because a fixed amount of product (ice) 

is required. There are no chemical reactions.
3. A diagram of the process is shown in Figure 14.7.
4. Saltwater is the input to the system, with brine and ice taken out at the end.

Figure 14.7

Schematic diagram of the saltwater freezing operation.

Saltwater BrineFreezing
operation

S kg
  3.50% salt
96.5%   water

B kg
  8.00% salt
92.0%   water

2.0 kg    ice  
0.00%   salt

                  100.0%     water
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5. Appropriate symbols are used to identify unknown quantities.
6. The material balance equation for each constituent as well as for the overall 

process is written. It is important to understand that the material balance equation 
(Equation 14.3) is applicable for each constituent as well as for the overall process.  
In this example, three equations are written, but only two are independent. That is, 
the overall balance equation is the sum of the salt and water balance equations. Thus 
we have a good method of checking the accuracy of the equations we have written.

Equation Input = Output
Overall balance S = B + 2.00
Salt balance 0.035S = 0.08B
Water balance 0.965S = 0.920B + 2.00

7. The equations are solved by substitution for S from the overall balance equation 
into the salt balance equation.

  0.035(B + 2.00) = 0.08B
  0.045B = 0.070
  B = 1.56 kg

 Since S = B + 2.00, then
 S = 3.56 kg

The water balance equation was not used to solve for B and S but can serve as a 
check of the results (that is, it should balance). Substituting the computed values for 
B and S into the water balance equation:

 (0.965)(3.56) = [(0.920)(1.56)] + 2.00
 3.435 4 = 3.435 2

which does balance within the round-off error.

Environmental Note: Most communities rely on freshwater resources for drinking 
and domestic water supply. However, human activity has forced some to utilize ocean 
and inland seas as water sources. Large-scale desalination technologies are feasible 
but these processes (flash distillation, freeze-thaw, and electrodialysis) involve high 
energy consumption and are generally more expensive than conventional treatment. 
Another issue with using ocean water is microplastics. In 2014, it was estimated that 
there are between 15 and 51 trillion individual pieces of microplastics in the world’s 
oceans. The problem is that microplastics are so small that they are usually not 
picked up by water filtration and therefore affect human health through drinking as 
well as migrating into aquatic life and on up the food chain. Engineers are working 
to increase the biodegradable potential of plastic. But many challenges remain in the 
Earth’s to-do list of environmental problems.

Example Problem 14.2 A process to remove water from solid material consists of a 
centrifuge and a dryer. If 35.0 t/h of a mixture containing 35.0 percent solids is centri-
fuged to form a sludge consisting of 65.0 percent solids and then the sludge is dried to 
5.00 percent moisture in a dryer, how much total water is removed in 24-hour period? 
Note:
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Solution There are three possible systems involved in this problem: the centrifuge, 
the dryer, and the combination (see Figure 14.8). The operation in this system is a 
continuous flow process. There are no chemical reactions and the process is steady 
and uniform, thus Equation 14.5 applies.

rate of input = rate of output

The following equations are written for the process illustrated in Figure 14.8. The over-
all process is illustrated in Figure 14.8a, with subsystem diagrams for the centrifuge and the 
dryer shown in Figure 14.8b and Figure 14.8c, respectively. The overall balance equation 
for a selected system is the sum of the constituent balance equations for that system. This 
means that the set of equations written for a selected system are not all independent when 
the overall balance equation and the constituent balance equations are included.
 For the entire system (Figure 14.8(a)):

1. Solid balance 0.35(35) = 0.95E
2. Water balance 0.65(35) = B + D + 0.05E
3. Overall balance 35 = B + D + E

 For the centrifuge (Figure 14.8(b)):

4. Solid balance 0.35(35) = 0.65C
5. Water balance 0.65(35) = B + 0.35C
6. Overall balance 35 = B + C

 For the dryer (Figure 14.8(c)):

7. Solid balance 0.65C = 0.95E
8. Water balance 0.35C = D + 0.05E

Figure 14.8

Systems defining the flow process inputs and outputs for centrifuge and dryer.

Centrifuge

Centrifuge

Dryer

Dryer

(b) (c)

(a)

A

A C

B D

C E

B

C

D

E

B t/h
100% water

B t/h
100% water

A = 35 t/h
35% solid
65% water

A = 35 t/h
35% solid
65% water

C t/h
65% solid
35% water

C t/h
65% solid
35% water

C t/h
65% solid
35% water

E t/h
95% solid
5% water

E t/h
95% solid
5% water

D t/h
100% water

D t/h
100% water
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9. Overall balance C = D + E

Solve for rate of mass out of centrifuge (C) from Equation 4

 C =
0.35(35)

0.65
  = 18.85 t/h

Solve for rate of water out of centrifuge (B) from Equation 6:

 B = 35 − C
 = 35 − 18.85
 = 16.15 t/h

Solve for rate of mass out of dryer (E) from Equation 7:

 E = 
0.65 C
.095

  =
0.65(18.85)

0.95
 = 12.90 t/h

Solve for rate of water out of dryer (D) from Equation 9:

 D = C − E
 = 18.85 − 12.90
 = 5.95 t/h

Check the results obtained in the three balance equations for the entire system, 
Equations 1, 2, and 3.

 Eq. (1) (0.35)(35) = (0.95)(12.90)
  12.25 = 12.25 (checks)
 Eq. (2) (0.65)(35) = 16.15 + 5.95 + (0.05)(12.90)
  22.75 = 22.75 (checks)
 Eq. (3) 35 = 16.15 + 5.95 + 12.90
  35 = 35 (checks)

All the results check, so then calculate total water removed in 24 h:

 Total water = (B + D) 24
 = (16.15 + 5.95) 24
 = (22.10) 24
 = 5.30 × 102 t

A general problem that would involve typical material balance consideration is a 
standard evaporation, crystallization, recycle process. Normally this type of system 
involves continuous flow of some solution through an evaporator. Water is removed, 
leaving the output stream more concentrated. This stream is fed into a crystallizer 
where it is cooled, causing crystals to form. These crystals are then filtered out, with 
the remaining solution recycled to join the feed stream back into the evaporator. This 
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Example Problem 14.3 A solution of potassium chromate (K2CrO4) is to be used to 
produce K2CrO4 crystals. The feed to an evaporator is 2.50 × 103 kilograms per hour of 
40.0 percent solution by mass. The stream leaving the evaporator is 50.0 percent K2CrO4. 
This stream is then fed into a crystallizer and is passed through a filter. The resulting 
filter cake is entirely crystals. The remaining solution is 45.0 percent K2CrO4, and is recy-
cled. Calculate the total input to the evaporator, the feed rate to the crystallizer, the water 
removed from the evaporator, and the amount of pure K2CrO4 produced each hour.

Solution See Figure 14.9. There are different ways the system boundaries can be 
selected for this problem—that is, around the entire system, around the evaporator, 
around the crystallizer-filter, and so on. There are no chemical reactions that occur in 
the process, and the process is steady and uniform, thus

Rate of input = rate of output

 The following balance equations can be written, not all of which are independent.
 For the entire system (Figure 14.9(a)):

1. K2CrO4 balance 0.40(2 500) = D
2. H2O balance 0.60(2 500) = B
3. Overall balance 2 500 = B + D

Figure 14.9

(a) Diagram of the overall system; (b) and (c) are diagrams where boundaries are selected around individual process 
components.

(b) (c)

(a)

A

A

B

B

C

C C

D

D

E

E E

A = 2 500 kg/h
40% K2CrO4
60% H2O

A = 2 500 kg/h
40% K2CrO4
60% H2O

C kg/h
50% K2CrO4
50% H2O

C kg/h
50% K2CrO4
50% H2O

C kg/h
50% K2CrO4
50% H2O

E kg/h
45% K2CrO4
55% H2O

E kg/h
45% K2CrO4
55% H2O

E kg/h
45% K2CrO4
55% H2O

Solid crystal
D kg/h
100% K2CrO4

D kg/h
100% K2CrO4

B kg/h
100% H2O

B kg/h
100% H2O

Evaporated H2O

Evaporator

Evaporator

Feed
stream

Recycle
process

Crystallizer
and filter

Crystallizer
and filter
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 For the evaporator (Figure 14.9(b)):

4. K2CrO4 balance (0.40)(2 500) + 0.45E = 0.50C
5. H2O balance (0.60)(2 500) + 0.55E = B + 0.50C
6. Overall balance 2 500 + E = B + C

 For the crystallizer-filter (Figure 14.9(c)):

7. K2CrO4 balance 0.50C = D + 0.45E
8. H2O balance 0.50C = 0.55E
9. Overall balance C = D + E

 We will first develop the solution by selecting appropriate equations from the 
preceding set and solving them by hand. Then we will place a set of four equations 
with four unknowns in a math solver (Mathcad) to obtain (and verify in this case) 
the solution we have found by hand.
 Solve for K2CrO4 out of crystallizer-filter from Equation 1:

 D = 0.4(2 500)
 = 1.00 × 103 kg/h

 Solve for H2O out of evaporator from Equation 2:

 B = 0.6(2 500)
    = 1.50 × 103 kg/h

 Solve for recycle rate from crystallizer-filter from Equations 9 and 7:

Eq. (9) C = D + E
 = 1 000 + E

Eq. (7) 0.50C = D + 0.45E
 0.50(1 000 + E) = 1 000 + 0.45E
 E = 10 000 kg/h

 Calculate total input for evaporator:

 Total input = E + A
 = 10 000 + 2 500
 = 1.25 × 104 kg/h

 Calculate feed rate for crystallizer-filter from Equation 6:

 C = 2 500 + E − B
     = 2 500 + 10 000 − 1 500
    = 1.10 × 104 kg/h

Alternative solution method: math solver To use the math solver, we will select 
four independent equations from the nine that were written to solve for the four 
unknowns B, C, D, and E. The math solver requires an initial guess. Each of the four 
unknowns was somewhat arbitrarily given the same initial guess. The equations select-
ed were (other combinations could also have been selected): (4), (5), (7), and (8). The 
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 From these values for B, C, D, and E, the total input for the evaporator and the 
feed rate for the crystallizer-filter can be found as before.

Example Problem 14.3 (continued) Mathcad solution of simultaneous equations in 
Example Problem 14.3.
 Four equations containing four unknowns are entered into a math solver, in this 
case Mathcad. The Find function is used to determine the solution to the simultaneous 
equations once an initial guess for unknown is given.

Initial guesses for the unknowns:

 B = 1 200
 C = 1 200
 D = 1 200
 E = 1 200

The given section defines the simultaneous equations:
 Given

1 000 + 0.45E = 0.5C
0.5C = D + 0.45E
0.5C = 0.55E
1 500 + 0.55E = B + 0.5C

Material Balance in Chemical Engineering
Ronald Counsell

Ronald Counsell graduated from Iowa State University with a degree in 
Chemical Engineering in 1984. He began his career with Kraft and has 
remained associated with food processing facilities for over 35 years. 
While supporting educational opportunities for his wife and his children, 
his degree has allowed him the flexibility to advance and relocate with 
top companies like Mars, Nestle, Coca-Cola, and DuPont. 

Ron has experience in process equipment, high-speed packaging, 
maintenance management systems, plant utilities, continuous process 
improvement, and six sigma methodology. His job titles have included plant engineer, facility maintenance man-
ager, site engineering design leader, and senior capital project engineer. 

Ron agrees that the subject of this chapter, material balance, is a skill that is important for chemical 
engineers, but he advises that the real world is not always so simple (e.g., pipes collect some mass and need to 
be cleaned out periodically, dewatering screens need to be unplugged or quickly exchanged to allow continu-
ous flow). Therefore, new systems are designed to accommodate excess capacity while balancing economic 
considerations.

Ron says that an engineering education is critical to understanding equipment and parts specifications and 
working with outside vendors. Doing labs and working on group projects while in school as well as participating 
in internships and co-ops is great preparation for a successful engineering career.

Today, Ron is a Senior Process/Project Engineer at Blues City Brewery in Memphis TN. This facility has 
the capacity to produce over 60 million cases of beer, soft drinks, and other new age beverages per year. A criti-
cal ingredient at the brewery is extremely pure water. Ron is shown in front of a Reverse Osmosis (RO) skid in 
the facility.

Ronald Counsell
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The find section provides the solutions
 Find

(B, C, D, E) = ≥
1.5 × 103

1.1 × 104

1 × 103

1 × 104

¥

To solve for N unknowns from a system of linear equations, N independent equa-
tions are needed. From an engineering point of view, this means that each equation of 
the set must bring new information to the set. In preparing the system of equations, if 
you choose an equation that can be obtained from the ones already present [for example, 
Equation 3 is the sum of Equations 1 and 2], so this new equation does not provide 
any new information. Likewise, if the new equation is simply one of the current ones 
multiplied by a constant, no new information is provided.

The consequence of not having a linearly independent set of N equations to solve 
for N unknowns is that you will not be able to obtain a unique solution. There will be 
many sets of the N unknowns that will satisfy the set of equations rather than the single 
set you are seeking.

To show one way to check for linear independence, consider the four equations 
in unknowns B, C, D, and E just solved in the math solver. Organize them as follows:

 0B + 0.5C + 0D − 0.45 = 1 000

 1B + 0.5C + 0D − 0.55 = 1 500

 0B + 0.5C − 1D − 0.45 = 0

 0B + 0.5C + 0D − 0.55 = 0

or in matrix form:

≥
0   0.5      0 − 0.45
1   0.5      0 − 0.55
0   0.5 − 1 − 0.45
0   0.5      0 − 0.55

¥  ≥
B
C
D
E

¥ = ≥
1 000
1 500
0
0

¥

For the set of equations to be linearly independent, the determinant of the coefficient 
matrix must be nonzero. Here

≥
0   0.5      0 − 0.45
1   0.5      0 − 0.55
0   0.5 − 1 − 0.45
0   0.5      0 − 0.55

¥  = −0.05

Since the determinant is nonzero, the equations are independent and a unique solu-
tion can be expected.

Note that with the equations in this form, many math solvers, spreadsheets, or 
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ProblemsExample Problem 14.4 A water storage facility has a volume of 85 m3. It has one 

inlet pipe that provides a flow rate of 15 kg/s and two outlets, one providing a flow 
rate of 3 kg/s and the other 2 kg/s. The tank is initially empty.

(a) How long will it take to fill the empty tank if both outlets are shut off?
(b) How long will it take to fill the tank if both outlets are open?
(c) If the inlet and both outlets are open for 1.5 h and then a pump malfunction 

stops the input, how long will the tank be able to supply water?

Solution: Part (a) For a full tank the mass of water is

Mass = (1 000 kg/m3)(85 m3) = 85 000 kg

This is an accumulation process, thus Equation 14.4 applies.

Rate of input − Rate of output = Rate of accumulation

15 kg/s − 0 = Rate of accumulation = 15 kg/s

Time to fill = 85 000 kg/15 kg/s = 5 667 s

(5 667 s) / (3 600 s/h) = 1.6 h

Solution: Part (b)

15 kg/s − 3 kg/s − 2 kg/s = Rate of accumulation = 10 kg/s

Time to fill = 85 000 kg/10 kg/s = 8 500 s

(8 500 s) / (3 600 s/h) = 2.4 h

Solution: Part (c) This is a two-step solution because the system definition changes 
after 1.5 h.

Step 1: 15 kg/s − 5 kg/s = Rate of accumulation = 10 kg/s
 (10 kg/s)(3 600 s/h)(1.5 h) = 54 000 kg = Accumulation

Step 2: 0 − 5 kg/s = Rate of accumulation = 5 kg/s drainage
 Time to drain = 54 000 kg/5 kg/s = 10 800 s
 (10 800 s)/(3 600 s/h) = 3.0 h

Problems
For each problem, follow the steps of Section 14.4—that is, (1) identify the system, (2) determine 
whether the process is batch or rate, and so on.

14.1 Two liquids, A and B, are mixed together. A is 5.00 percent solids, the rest water. B is 
11.0 percent solids, the rest water. To the mixture is added 18.5 kg of bone-dry solids 
resulting in a mixture of 2 150 kg containing 8.25 percent solids. What were the original 
amounts of the liquids A and B?

14.2 At the Grace Foods facility, a cereal product containing 53 percent water is produced at 
a rate of 750 pounds per hour. A dried product containing 75 percent cereal is desired. 
How much water must be removed in an eight-hour period and how much dried product 
is produced?
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14.3 An order is placed with a plant to deliver 2 500 kg of a 9.5 percent solution of cellulose 
nitrate. The only product on hand is a 5.5 percent solution. How much dry cellulose nitrate 
must be added to the solution to meet the requirement?

14.4 A slurry (mix of water and insoluble material) of crushed mine coal is fed to a cyclone 
separator at a rate of 8.0 t/h. The mine coal averages 78 percent pure coal and 22 percent 
pyrite. Pure coal is recovered at the top of the separator. The waste from the bottom of the 
separator contains 3.0 percent pure coal and 35 percent pyrite; the rest is water. How much 
pure coal can be obtained in a 12 h time period?

14.5 Casein, a dairy product used in making cheese, contains 25 percent moisture when wet. A 
dairy sells this product for $40/100 kg. If requested they will dry the casein to 12 percent 
moisture. The drying costs are $5/100 kg of water removed. What should the dairy sell the 
dried product for in order to realize the same margin of profit?

14.6 A vat holds 2.25(103) kg of a 22.0 percent solution of ethylene glycol and water. How much 
must be drained from the tank and replaced with an 85.0 percent ethylene glycol solution to 
obtain a 33.0 percent concentrate? Assume percentage values are based on mass.

14.7 Three brine solutions, B1, B2, B3, are mixed. B1 is one-half of the total mixture. Brine 
B1 is 2.5 percent salt, B2 is 4.5 percent salt, and B3 is 5.5 percent salt. To this mixture 
is added 35 lbm of dry salt while 280 lbm of water is evaporated leaving 3 200 lbm of 
5.1 percent brine. Determine the initial amounts of B1, B2, and B3.

14.8 A beaker holds 962 g of a brine solution that is 6.20 percent salt. If 123 g of water is 
evaporated from the beaker, how much salt must be added to have an 8.60 percent brine 
solution?

14.9 A brine solution is 20.0 percent salt and has 70.0 kg of water evaporated per hour. To 
produce 195 kg of pure salt (0 percent moisture) per day, how long should the process 
operate each day and how much brine must be fed to the evaporator per hour?

14.10 An ethanol plant distills alcohol from corn. The distiller processes 2.0 t/h of feed contain-
ing 15 percent alcohol and 82 percent water; the rest is inert material. The bottoms (waste) 
produced is 85  percent of the feed and contains 94  percent water, 3.5  percent alcohol, 
and 2.5 percent inert material. The vapor (product) from the top of the distiller is passed 
through a condenser and cooled to produce the final product. Determine the rate of produc-
tion of the final product and its composition.

14.11 A freezing process takes in 1.5 t/h of saltwater (4.0 percent salt) and produces salt-free ice 
and a brine solution (8.5 percent salt). How much ice is produced in an 8-hour day?

14.12 A centrifuge and dryer are used to remove water from solid material. A mixture of 42 per-
cent solids is centrifuged to 58 percent solids and then dried to 3.5 percent moisture in the 
dryer. If 45 kg/h of the final dried material is needed, how much of the 42 percent solid 
mixture must be fed to the centrifuge per hour, and how much water is removed per hour?

14.13 A solution of potassium chromate (K2CrO4) is to be used to produce K2CrO4 crystals 
using an evaporator and crystallizer/filter. A 38  percent solution is fed to the evapora-
tor. The stream leaving the evaporator is 48 percent K2CrO4 and is fed to the crystallizer/ 
filter. Pure K2CrO4 crystals are produced and the remaining solution is 44 percent K2CrO4. 
This solution is cycled back to the evaporator. If 1.2 t/h of pure crystals are needed, cal-
culate the total input to the evaporator, the feed rate to the crystallizer/filter, and the water 
removed from the evaporator.

14.14 Syrups A, B, and C are mixed together. The amount of A is equal to 40.0 percent of the 
total. Syrup A is 3.53 percent sugar, B is 4.27 percent sugar, and C is 5.76 percent sugar. 
To this mixture is added 17.3 kg of pure dry sugar, while 123 kg of water is boiled away. 
This results in 1 963 kg of syrup that is 5.50 percent sugar. How much of each syrup (A, B, 
and C) was added initially?

14.15 The Lena Chemical Co. concentrates leftover acids from various chemical processes. 
Leftover acid from a nitrating process contains 24.0 percent nitric acid (HNO3), 55.0 per-
cent sulfuric acid (H2SO4), and 21.0 percent water (H2O). This acid is to be  concentrated 
(strengthened in acid content) by adding sulfuric acid with 92.0 percent H SO and nitric 
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acid containing 89.0 percent HNO3. The final product is to contain 31.0 percent HNO3 
and 58.0 percent H2SO4. Compute the mass of the initial acid  solution and the mass of the 
concentrated acids that must be combined to produce 2.00(103) lbm of the desired mixture.

14.16 An industry is required to clean up 4.0 t of a by-product containing both toxic and inert 
material. The toxic content is 15 percent; the rest is inert. The by-product is treated with 
45 t of solvent resulting in an amount of dirty solvent containing 0.35 percent toxic mate-
rial and a discard containing 1.2 percent toxic material, some solvent, and all the inert 
materials. Determine the amount of dirty solvent produced, the percentage of solvent in 
the discard, and the percentage of toxic substance removed in the discard.

14.17 A road construction firm has a leftover mix of stones from a previous job. The mix consists 
of 37.5 percent of stones (by mass) between 16 and 25 mm in diameter and 26.8 percent 
between 10 and 15 mm with the remainder under 10 mm. A new mix is needed that does 
not require any stones less than 10 mm. These will be screened out and stones between 16 
and 25 mm added such that the final mixture contains 74.6 percent of the largest size and 
has a mass of 46.8 t. How much of the first mix is needed?

14.18 A dewatering process consists of a centrifuge and dryer. If 25 t/h of a mixture containing 
35 percent solids is centrifuged to form a sludge containing 65 percent solids and then the 
sludge is dried to 3 percent moisture, how much water is removed from the centrifuge and 
dryer during each 8-h work shift? 

14.19 A batch of 250 lb of sulfuric acid (90 percent concentrate) is needed. Unlimited supplies of 
98 and 40 percent concentrates of sulfuric acid are available. How much of each is needed 
to produce the required 90 percent concentrate?

14.20 Dilute sulfuric acid (19 percent acid, the rest water) is required for activating car batteries. 
A tank of weak acid (12.5 percent concentrate, the rest water) is available. If 450 lb of 
78 percent concentrate acid is added to the tank to get the required 19 percent acid, how 
much of the 19 percent acid is now available?

14.21 A special mud formed by mixing dry clay and water is used to assist drilling through 
rock. The optimum amount of clay in the mud is determined from a chart that relates the 
percentage of clay to the hardness of the rock. If a supply of mud containing 38 percent 
clay and the rest is water that is available, how much of this mud and how much dry clay 
need to be mixed to produce one ton of a mix containing 48 percent clay?

14.22 A company is evaluating a distiller to produce alcohol from corn to blend with gasoline to 
produce ethanol. They feed 875 kg/h into the still. This feed has been analyzed and con-
tains 11.3 percent alcohol, 83.9 percent water, and some inert material. From the top of the 
still, a vapor is drawn off and passed through a condenser where it is cooled. The finished 
product is 12.6 percent of the feed. This condensate contains 73.1 percent alcohol, 26.2 per-
cent water, and 0.70 percent inert material. Determine the amount and composition of the 
bottoms (waste) from the bottom of the still.

14.23 Andrew Foods, Inc., produces a sweet syrup made from corn syrup and beet syrup mixed 
with pure sugar. For each batch, 680 lbm of beet syrup (13 percent sugar, the remainder 
water) and 650 lbm of corn syrup (8.0 percent sugar, the remainder water) are mixed with 
pure sugar and 350 lbm of water is boiled off. Determine the amount of pure sugar that 
needs to be added to produce an 18 percent sugar content in the final product.

14.24 The feed to a distillation column contains 37 percent benzene, the remainder toluene. The 
overhead (product) contains 55 percent benzene and the bottoms (waste) contains 5.0 per-
cent benzene. Calculate the percentage of the total feed that leaves as product.

14.25 In a mechanical coal-washing process, a portion of the inorganic sulfur and ash material in 
the mined coal can be removed. A feed stream to the process consists of 73 percent coal, 
11 percent ash, 11 percent sulfur, and 5.0 percent water (to suppress dust). The clean coal 
side of the process consists of 88 percent coal, 6.0 percent sulfur, 3.0 percent ash, and 
3.0 percent water. The refuse side consists of 32 percent sulfur, with the remainder being 
ash, coal, and water. If 8.0(101) metric tons per hour of clean coal is required, determine 
the feed rate required for the mined coal and the composition of the refuse material.
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14.26 Fish is used in animal feed by removing the fish oil and then drying the remainder into a 
cake that is mixed with other feed. One operation feeds 2 640 kg/h of fish that contains 
5.27 percent oil, 73.8 percent water, and the balance is dry fish cake. The fish cake pro-
duced has 0.123 percent oil and 12.7 percent water. How much water is evaporated during 
the process if the fish oil contains 1.25 percent water?

14.27 A process requires two distillation columns. The first column is fed a solution containing 
23 percent component A, 29 percent component B, the rest component C. The product 
amount is one-third of the feed amount and contains 61 percent A, 5 percent B, the rest C. 
The bottoms amount is fed to a second column which then produces a product of 15 per-
cent A, 79 percent B, the rest C. The waste from the second column contains 0.50 per-
cent A, the rest B and C. If 3 300 lb of solution is fed to the first column, determine the 
unknown compositions and amounts of the feed to and the product and waste from the 
second column.

14.28 Ether is used in the process of extracting cod-liver oil from livers. Livers enter the extrac-
tor at a rate of 1 500 lbm/h and consist of 32 percent oil and 68 percent inert material. The 
solvent is introduced to the extractor at a rate of 3 100 lbm/h and consists of 2.80 per-
cent oil and 97.2 percent ether. The cod-liver oil extract leaves the process at a rate of  
2 600 lbm/h and consists of 21 percent oil and 79 percent ether. Calculate the flow rate 
and composition of the leaving processed livers.

14.29 Two liquids, A and B, are mixed together. A is 3.0 percent solids, the remainder water.  
B is 8.0 percent solids, the remainder water. An amount S of pure, dry solids is mixed with 
A and B to form 2.0(102) kg of a mixture with 5.0 percent solids. Develop a table of com-
binations of amounts of A, B, and S that will satisfy the final mixture requirements. What 
is the maximum amount of B that can be used to meet the requirements without having to 
remove pure, dry solids from the mixture? Hint: Write a short computer program or use a 
spreadsheet and start with B = 0 and increase in increments of 2 kg.

14.30 A 2 200 lbm, finely ground mixture of salt and sand is to be separated by adding  
1 500 lbm of water to dissolve the salt and then filtering the salt solution from the  insoluble 
sand. The resulting salt solution is then separated by the distillation of 1 350 lbm of water, 
leaving a final solution that is 92 percent salt and 8.0 percent water. Determine the percent-
ages of salt and sand in the original mixture.
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C H A P T E R  15

Energy Sources and Alternatives

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Understand the impact that new technology will have on global energy supply and 
demand

 ◾ Understand the source and use of fossil fuels in the United States, the world, and 
especially in developing countries

 ◾ Distinguish among the positive and negative facets of various alternative energy 
sources

 ◾ Use information gathered on the Internet to summarize the world dependence on 
petroleum, coal, and natural gas today and 20 years into the future

 ◾ Evaluate alternatives to the dependence on fossil fuels in the transportation, home 
heating, and electricity generation sectors

 ◾ Use information from this chapter as a basis for expansion of your knowledge and 
ability to think, design, and live “GREEN”

15.1 Introduction

Energy is one of the world’s most important commodities. If we were to look for one 
event that characterized the transformation of society during the past 200 years, it would 
be the Industrial Revolution, which provided a direct substitution of machine power for 
muscle power. This transformation, however, has been sustained by the depletion of 
natural resources, namely, fossil fuels—primarily oil, coal, and natural gas. Energy from 
these fossil fuels is converted into forms that can be stored, transported, and used at the 
appropriate time and place. To some extent the development of any society can be deter-
mined by the amount of energy usage. There is a strong correlation between productivity 
of a nation and its capability to generate energy. Figure 15.1 graphically illustrates the 
dramatic increase in the consumption of fossil fuels by the United States over the past 
150 years. Notice in particular the demand for petroleum, coal, and natural gas.

Unfortunately, the heavy reliance that world economies and in particular the United 
States have placed on the use of fossil fuels presents a most unique challenge for science 
and engineering in the near future. As supplies dwindle, either additional fossil fuels 
must be located or they must be replaced by alternate sources such as nuclear, hydro, 
geothermal, solar, and wind as well as increased conservation measures.
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We will begin this chapter with a short history of fossilized fuel formation and 
recovery. Then we will discuss the major areas of energy consumption in the United 
States and review some alternative sources of power and energy that will most certainly 
be a part of your lives and careers.

15.2 Fossil Fuels

Over the past several hundreds of millions of years, energy-rich substances were formed 
from buried plants and microorganisms. Eventually, when conditions were favorable— 
if there were sufficient temperature and pressure—this organic material chemically 
transformed into hydrocarbons. Depending on the time period, the underground forma-
tions, and the type of organic materials, these formations ultimately resulted in deposits 
of petroleum, coal, or natural gas.

15.2.1 Petroleum Formation and Recovery

Petroleum is formed from microscopic plants and bacteria that lived in the ancient 
oceans and saltwater seas. When these microorganisms died and settled to the seafloor, 
an organic-rich mud was formed. This mud was covered with heavy layers of sediment; 
over time, the resulting heat and compression chemically transformed the organic 
matter into petroleum and natural gas.

In the quest to find oil, geologists search for regions with three primary conditions 
necessary for petroleum formation: organic-rich source rock, relatively high temperatures 
that would generate petroleum from organic matter, and petroleum-trapping rock 
formations such as salt domes.

Figure 15.1
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15.2.2 Coal Formation and Recovery

Coal is a solid fossil fuel formed from trees, ferns, and mosses that grew in ancient 
swamps, in bogs, and along coastal shorelines. The high pressure and temperature 
associated with the burial of these plants under heavy layers of sediment caused 
the original organic matter to become increasingly carbon-rich. The successive 
stages of coal formation range from peat, which is partially carbonized matter, 
to anthracite, which is hard coal with the highest carbon content and the lowest 
moisture content.

The majority of the world’s coal beds have been located and are included in the 
world demonstrated reserve base (DRB). Not all coal in the DRB is recoverable, but 
the efforts of scientists and engineers in the last century have improved coal-mining 
methods and increased the recoverable percentage.

15.2.3 Natural Gas Formation and Recovery

Natural gas is formed from plankton (mainly algae and protozoans) that died and settled 
to the floor of the ancient oceans. Again, the organic matter was buried and compressed 
under layers of sediment for millions of years. Natural gas is primarily composed of 
methane and other light hydrocarbons.

Natural gas is much lighter (less dense) and forms a layer over the petroleum or 
coal deposits with which it is often found. Natural gas deposits are removed by wells 
drilled deep into the ground. Historically, natural gas was considered a waste byproduct 
of petroleum and coal mining, but demand has grown for this product because it can be 
piped directly to commercial plants and residences and because it is a cleaner-burning 
fuel than either petroleum or coal.

15.3 Finite Supply of Fossil Fuels

Since fossil fuels such as coal, oil, and natural gas took millions of years to form, 
energy derived from fossil fuels is a truly finite resource. Once fossilized fuels are 
consumed, they are gone forever and alternative energy sources must be identified and 
employed to supply our growing demand.

15.3.1 U.S. Oil Reserves, Consumption, and Production

We use the term “oil production” in this text as it refers to petroleum, but that is some-
thing of a misnomer. Whereas the objective of oil “producers” is to locate deposits, drill 
wells, refine, and distribute oil and its byproducts, the producers do not and cannot cre-
ate or manufacture oil. Oil production by Exxon, British Petroleum, and others simply 
denotes the ability to make available a resource that is becoming more difficult to provide.

The world’s first oil well was drilled in 1859 in Titusville, Pennsylvania. The main 
byproduct at that time was kerosene, which began to replace whale oil for use in lamps. 
Shortly thereafter, in 1861, a German entrepreneur invented the first gasoline-burning 
engine, and the demand for oil as a substitute for coal began to grow (see Figure 15.1). 
In the mid-1950s petroleum was in high supply, and gasoline cost about $0.25 per 
gallon. Everyone thought that petroleum was available in limitless quantities and the 
supply would last for centuries.

One individual, however, did not agree. A geophysicist by the name of M. King 
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was being extracted from wells in the United States, production would peak in the early 
1970s and thereafter forever decline. Hubbert was reasonably correct—U.S. oil pro-
duction peaked in 1970 at approximately 12 million barrels per day and has in general 
declined to a 2008 level of about 8 million barrels per day. Hubbert’s prediction, which 
came to be known as Hubbert’s peak, proved to be accurate until technology  introduced 
the ability for deep water drilling and hydraulic fracturing. See Section 15.3.8.  
Figure 15.2 illustrates the change in petroleum production in the United States, 
the rapid increase in consumption, and, most striking, the dramatic increase in net 
imports needed to offset lower production and increased consumption. As you review  
Figure 15.2 realize that the production line on the graph includes both crude oil and 
natural gas plant liquids, and the net import line is imports minus exports. Natural gas 
liquids are components of natural gas that are separated from the gas state in the form 
of liquids. This separation occurs through absorption, condensation, and other methods.

Until the 1950s the United States produced all the petroleum it needed. Beginning 
in 1997, the United States imported more petroleum than it produced. In 2008 we con-
sumed 19.5 million barrels of oil per day, of which over 11 million (57 percent) was 
from net imports. By 2010 consumption was down to 19.1 million barrels per day, with 
net imports down to 9.4 million (50 percent). Although the United States is starting to 
move in the right direction, it continues to rely heavily on foreign sources. Worldwide 
consumption in 2012 was 89.7 million barrels per day, so the United States, which 
makes up 5 percent of the world population, consumes 20.6 percent of the world’s total 
oil and natural gas production.

Since we are listing production and consumption in both barrels per day and quadril-
lion (1015) Btu, let’s define a barrel. A barrel of oil contains 42 U.S. gallons of crude oil, 
equivalent to 5 800 000 Btu. Due to a reduction in the density during the refining process, 
a barrel of 42 U.S. gallons of crude oil yields nearly 45 gallons of petroleum products.

Figure 15.2
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Table 15.1 illustrates the actual deposition of petroleum products used each day 
in the United States during the years 2013 and 2018. Motor gasoline accounts for 
46  percent of the total which is used primarily for cars and light trucks.

15.3.2 World Oil Reserves, Consumption, and Production

Scientists and geologists began to extend Hubbert’s principles to predict when world petro-
leum production would peak and then forever decline. Most scientists agree that the world 
oil peak will occur within the next 10 to 20 years. Remember, the peak of oil production 
(“peak oil”) occurs when approximately half of the oil has been extracted. After the peak 
has been reached it will take some number of years to extract the remaining oil. The exact 
time period from peak oil until the last drop depends primarily on rate of extraction.

Within a few years, half of the world’s oil reserves will have been depleted. The 
remaining reserves, estimated at one trillion barrels are being consumed at a rate of 
30 billion barrels annually. That suggests it will be 30 to 35 years until the complete 
depletion of petroleum occurs, assuming that usage stays constant. A more likely 
scenario is that world demand will increase with a decrease in supply. Additional 
pressure on oil supply will come not only from the United States, where demand is 
projected to grow by 2 percent annually, but even more so from the rapidly expanding 
economies in countries like China and India, where demand is currently expanding 
between 5 and 10 percent annually.

15.3.3 U.S. Coal Reserves, Consumption, and Production

The United States has vast reserves of coal. The demonstrated reserve base (DRB) was 

Table 15.1   Consumption of Petroleum Products

                        2013                        2018
 Barrels  Barrels  
 of Oil Percentage of Oil Percentage

Motor Gasoline 8 843 46.89 9 329 45.5
Diesel Fuel and Heating Oil 3 827 20.29 4  146 20.22
Liquefied Petroleum Gases (LPG) 2 440 12.94 3 007 14.67
Kero-Type Jet Fuel 1 398 7.41 1 707 8.33
Still Gas 702 3.72 703 3.43
Residual Fuel Oil 319 1.69 318 1.55
Petroleum Coke 354 1.88 327 1.59
Asphalt and Road Oil 323 1.71 327 1.59
Feedstock Oils 105 0.56 72 0.35
Naptha for Feedstocks 270 1.43 274 1.34
Lubricants 121 0.64 117 0.57
Misc. Products 81 0.43 94 0.46
Special Napthas 52 0.28 48 0.23
Aviation Gas 12 0.06 12 0.06
Kerosene 5 0.03 5 0.02
Waxes 8 0.04 6 0.03
Total 18 860*  100.00 20 504* 100.00

*Consumption in 1 000 barrels of oil per day
Source: Energy Information Administration, U.S. Department of Energy
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constraints, and environmental restrictions, only about half of the DRB is considered 
recoverable, in other words 200–250 billion short tons. Figure 15.3 illustrates changes 
in the percentage of coal used by major consumers over a nearly 70 plus year period. 
Currently, the majority of the coal consumed in the United States (92 percent) is for 
the generation of electricity. Most of the remaining U.S. coal is used by the industrial 
section. A very small amount is consumed by the commercial sector.

15.3.4 World Coal Reserves and Consumption

Worldwide, coal is the most abundant of the fossil fuels and its reserves are the 
most widely distributed. The world’s total recoverable reserves are approximately 
one trillion short tons. The United States has 28 percent of the global coal reserves, 
Russia 19 percent, China 14 percent, and India 7 percent. At current rates of 
consumption (five billion metric tons per year) worldwide reserves could, in 
theory, last for another 200 years.

15.3.5 U.S. Natural Gas Reserves and Consumption

The vast majority of natural gas reserves exist outside the United States (see 
Figure 15.4). Note that only 5.3 percent or 369 trillion cubic feet of the world natural 
gas reserves are located in the United States. However, the United States accounts for 
24 percent of the world annual consumption.

15.3.6 World Natural Gas Reserves and Consumption

The world reserve of natural gas is estimated to be 7 177 trillion cubic feet with an 
annual worldwide use of approximately 96 trillion cubic feet, suggesting depletion in 

Figure 15.3
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annual consumption is expected to reach 150 trillion cubic feet, a projected increase of 
nearly 60 percent, primarily due to increased demand from developing countries.

15.3.7  U.S. Oil and Natural Gas Production  
in the 21st Century

The total world and U.S. oil and natural gas reserves will not suddenly be multi-
plied or magically increased because it does in fact require millions of years for 
those deposits to form. In recent years the United States as well as other countries 
have developed the ability to locate and extract both oil and natural gas from deep 
within the Earth by methods that were previously not economically feasible. There 
are two fundamental reasons for this change, an added emphasis on deepwater 
drilling and even more recently an improvement in a methodology called hydraulic 
fracturing. 

Deepwater drilling, as for example in the Gulf of Mexico, has enhanced our ability 
to locate and extract additional oil and natural gas. However, as the oil is located at 
deeper locations, the drilling becomes more difficult. An example of the danger can be 
illustrated by the BP oil spill in 2010. 

The major reason for the recent increase in oil and natural gas location and 
extraction, however, is the result of hydraulic fracturing, commonly called fracking.

15.3.8 Hydraulic Fracturing

Hydraulic fracturing differs from conventional drilling methods in the following way. 
A conventional well establishes a drilling platform then drills a vertical shaft to the 

Figure 15.4
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reaches its target, perhaps a layer of shale, the extraction process begins. Recently 
technology has introduced the ability to start with the same vertical well but once the 
target or “payzone” is reached it is now possible to modify the drill angle from vertical 
to horizontal. A single horizontal line can extend up to two miles from the drilling 
pad. In addition, as many as 20–50 different horizontal lines can be drilled from the 
same vertical well. Once these shafts have been drilled and secured, the next step in 
the process is possible. That step is called hydraulic fracturing and it is the process of 
breaking apart rocks that are rich in oil and natural gas so that these valuable resources 
can flow back into the well. To accomplish this requires as much as perhaps a million 
gallon mixture of water, sand, and chemicals that are injected into the well at a very 
high pressure. Pressures can range from 10 000 to 15 000 psi. This pressurized mixture 
causes the rock to crack. The mixture consists of approximately 90 percent water,  
9.5 percent sand, and the remaining 0.5 percent is a mix of many different chemicals. 
Once the rock is fractured the sand acts as an agent to keep the rock open thus allowing 
more oil and gas to be recovered.

Hydraulic fracturing actually began experimentally in 1947. In the beginning it was 
used to enhance vertically drilled wells, but the process only marginally increased the 
amount of oil and natural gas. However, with the increased application of horizontal 
drilling or what is called “smart drilling,” the United States has increased its domestic 
natural gas supply by 34 percent since 2005. The United States is currently the world’s 
leading producer of natural gas. To further emphasize this point, since the fracking 
boom began in 2008 the United States has increased its oil production from 8 million 
barrels per day to 20.5 million barrels per day in 2019.

Figures 15.5 and 15.6 illustrate the effects that deep water drilling and frack-
ing have had on natural gas and oil production in the United States starting around 
2008.

Figure 15.5
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15.3.9 Conclusion

As authors of this text we have no way of predicting the actual undiscovered reserves, 
changes in technology, or the future demand for petroleum, coal, and natural gas, but 
we do know that it took millions of years to create these fossil fuels and that they are 
rapidly being depleted. What we can do is make it perfectly clear that if the United 
States continues to use large amounts of energy, then a need for the immediate develop-
ment of alternative forms most certainly exists.

15.4  Major Areas of Energy Consumption in the United States

The four primary areas of energy consumption in the United States are transportation, 
industrial, residential/commercial, and electric power. Figure 15.7 provides an 
overview of the quantities of energy from supply sources and the amounts consumed 
by each sector. Notice in particular the percentage of renewable energy. It is important 
to note, however, that 80 percent of the nearly 100 quadrillion Btu of energy consumed 
by the United States in 2019 was provided by fossil fuels.

15.4.1 Transportation

As mentioned earlier, the United States consumes 20.5 million barrels (961 million 
gallons) of petroleum products each day, almost half of it in the form of gasoline. 
Consumption of gasoline in 2013 was 135 billion gallons, which is an average of 
371 million gallons per day. There are approximately 250 million vehicles in the United 
States that consume gasoline and they each travel over 12 000 miles per year. The 
majority of gasoline is used in cars and light trucks.

While getting the oil out of the ground and refining it is complicated, moving it from 
the point of production to the refinery and on to the final consumer is just as complex. 
The refining process usually involves (1) distillation, or separation of the hydrocarbons 

Figure 15.6

U.S. oil production and imports.
Source: Energy Information Administration, U.S. Department of Energy
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lighter products like kerosene; (2) conversion, or cracking of the molecules to allow the 
refiner to squeeze a higher percentage of light products such as gasoline from each barrel 
of oil; and (3) treatment or enhancement of the quality of the product, which could entail 
removing sulfur from such fuels as kerosene, gasoline, and heating oil. The addition of 
blending components to gasoline is also a part of this process.

After crude oil is refined into gasoline and other petroleum products, the products must 
be distributed to consumers. The majority of gasoline is delivered first by pipeline—today, 
there are more than 190 000 miles of pipeline in the United States—to storage terminals 
near consuming areas, and then loaded into trucks for delivery to individual gas stations.

In 2011 the transportation sector (automobile, truck, train, aircraft, and military) 
demands were 96 percent  dependent on crude oil derivatives. Price levels and economic 
growth trends both influence the demand for petroleum products (see Figure 15.8). 
High prices tend to provide incentives for individuals and industry to adopt short-term 
conservation measures such as reducing discretionary driving as well as long-term 
measures like design changes that increase fuel efficiency.

Technology is beginning to develop alternatives to the gasoline and diesel vehicles 
that are the primary sources of transportation in the United States today. Research on a 
wide variety of alternative fuel vehicles includes hybrid, biodiesel, flex-fuel, ethanol, 
natural gas, propane, hydrogen, electric, and fuel cell.

For example, the hybrid-electric vehicles were some of the first alternatives to 
the standard gasoline engines, by coupling an electric motor with a gasoline engine to 
improve fuel economy.

Figure 15.7

Percent
of sources

Percent
of sectors

Sourcea

Total = 75.9

End-use sectorc

Industrial
26.3
(35%)

Commercial
9.4 (12%)

Total = 100.2

Petroleum
36.7
(37%)

Natural gas
32.1

(32%)

Coal
11.3 (11%)

Renewable energy
11.5 (11%)

Nuclear electric power
8.5 (8%)

Total = 37.1

Electrical system
energy losses

24.3 (65%) 

Electric power sectorb

Electricity retail sales
12.8 (35%)

Residential
11.9 (16%)

Transportation
28.2
(37%)

U.S. energy consumption by source and dector, 2019 (quadrillion Btu).
Source: Energy Information Administration, U.S. Department of Energy

eid53554_ch15_329-350.indd   338 04/01/22   4:21 PM

ISTUDY



339
Major Areas of 

Energy Consumption 
in the United States

Figure 15.8

Transportation sector demands.
Source: Energy Information Administration, U.S. Department of Energy
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Unlike the all-electric vehicles the hybrid does not need to be plugged into an 
external source of electricity to be charged.

15.4.2 Generation of Electricity

In 2019, 4 118 billion kilowatt-hours of electricity were generated at utility-scale gen-
erating facilities in the United States. Roughly one-third of that amount is converted 
into usable electricity provided by utilities to the end user. The other two-thirds is lost 
as waste heat and other inefficiencies.

American consumers expect electricity to be available whenever they plug in 
an appliance or flip a switch. Satisfying these instantaneous demands requires an 
uninterrupted flow of electricity. In order to meet this requirement, utilities operate 
several types of electric generating facilities, powered by a wide range of fuel sources. 
In 2019 as illustrated in Figure 15.9 approximately 64 percent of U.S. electrical power 
generation totaling 2 760 billon kilowatt-hours results from burning fossil fuels.

Dependence on fossil fuels can be replaced with increased use of alternatives like 
nuclear and renewable resources. It is much more reasonable to envision a changeover 
in the source fuel for electrical generation sector than it is for changeover in source fuel 
in the transportation sector.

This use of energy to produce electricity can be achieved by a variety of fuels and 
generating techniques, including

 • Steam power plants. In a boiler, water is heated to a high temperature forming high-
pressure steam. The steam is sent through a turbine that turns an electric generator.

 • Gas turbine power plant. The fossil fuel is burned to create a hot gas, which goes 
through the turbine.

 • Internal-combustion equipment. This method uses petroleum products to drive 
the internal-combustion equipment that turns the generator.

•  Nuclear reactors. A nuclear reactor is a controlled fission process that provides 
energy (heat) to water, which in turn delivers high-temperature, high-pressure 
steam to the turbine, which drives the electric generator.
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Figure 15.9

Wind turbines, hydroelectric turbines, and geothermal power plants can produce 
electricity as well. These together with municipal waste heat combustion, solar 
energy, and wood provide the renewable sources of electrical generation.

15.4.3 Home Heating

The most popular home heating fuel is gas. Fifty-seven percent of U.S. households are 
heated with natural gas or liquefied petroleum gas (LPG). The second most frequently 
used energy source is electricity (31.3 percent); the remaining homes use heating oil, 
kerosene, or wood.

The United States has two sources of heating oil: domestic refineries and imports 
from foreign countries. Refineries produce heating oil as a part of the “distillate fuel 
oil” product family, which includes heating oils and diesel fuel. Distillate products are 
shipped throughout the United States by pipelines, barges, tankers, trucks, and rail cars. 
Most imports of distillate come from Canada, the Virgin Islands, and Venezuela.

Recall that natural gas is withdrawn from the Earth’s interior. It is primarily 
methane (90 percent) with propane, butane, and ethane. LPG is also a member of 
the family of light hydrocarbons. It consists of a mixture of propane and butane and 
it can be obtained from either natural gas or petroleum refinement.

Heat pumps can be used in southern climates for both heating and cooling. In the 
more northern areas geothermal heat pumps are becoming increasingly popular. Instead 
of using air as the heat transfer medium, they use water piped underground.

Conservation methods may include adjusting thermostats and improved insulation 
in newly constructed and existing homes. Again, it is reasonable to consider alternative 
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15.4.4 Energy Projections over the Next 25 Years

The Energy Information Administration (EIA), while preparing projections for its 
annual energy review, evaluated a number of trends and issues that could affect 
tomorrow’s energy demands. Future trends in energy supply and demand are influ-
enced by factors that make predictions difficult. Factors include public policy deci-
sions, energy prices, economic growth, and technology advances.

The information presented in this section is an abbreviated review of EIA pro-
jections to the year 2050. For the complete text of the overview, visit www.eia.doe.
gov. Total primary energy production as illustrated in Figure 15.10 currently projects 
a reasonable increase in renewable energy per year. The United States consumed  
101.3 quadrillion Btu of energy in 2019; that number is expected to increase slightly to 
106 quadrillion Btu annually by 2050.

The EIA projects that electricity generation will increase from 4 118 billion 
kilowatt-hours in 2019 to 4 954 billion kilowatt-hours in 2050. To meet this projec-
tion, a slight increase in the consumption of coal and a much larger increase in the 
consumption of natural gas are expected.

Figure 15.10
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15.5 Alternate Energy Sources

This section of the text is intended to suggest energy sources other than petroleum, 
coal, and natural gas. As outlined before, either life as we know it will have to change 
or alternative fossil fuel sources must be developed. Most certainly energy sources 
of the future will include nuclear, but they will also include an emerging group of 
renewable energy sources such as biomass, hydropower, wind, geothermal, and solar. 
Figure 15.11 illustrates the percentage of each renewable energy source that contributes 
to the approximately 100 quadrillion Btu consumed each year in the United States. 
Recall that Figure 15.7 illustrates the demand sectors for this energy.

The engineer must continue to design mechanisms that will perform work by 
conversion of energy. However, the source of energy used to produce work and its 
corresponding conversion efficiency of energy into work will play a much greater role 
in the design procedure.

More is being written today regarding the depletion of fossil fuels and the imme-
diate need to develop alternative energy sources to solve the problem. Many opinions 
are given with regard to how we should proceed to seek new energy sources and how 
we should use existing sources. Environmental concerns about energy acquisition and 
consumption become stronger by the day. The engineer must be able to discriminate 
between facts and opinions.

15.5.1 Climate Change

As authors of this Engineering textbook it is not our responsibility to convince any of 
you that climate change is real. However, it is our responsibility to present information 
so that as future engineers you can be aware of what many scientific experts believe 

Figure 15.11
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and then you can form your own fact-based opinion and act accordingly. Here are some 
facts to consider:

 • Since the Industrial Revolution began (around 1750) human activities have 
 contributed to climate change by adding carbon dioxide (CO2) and other 
 heat-trapping gases to the atmosphere.

 • The Intergovernmental Panel on Climate Change, a group of over 1 300 scientific 
experts from around the world, have concluded there is more than a 95 percent 
probability that human activity has warmed our planet Earth.

 • In the past century the burning of fossil fuels such as coal, oil, and natural 
gas has increased the concentration of CO2 in our atmosphere. Human-related 
 activities have raised the levels of CO2 from 280 parts per million to 415 parts 
per million.

• A 2018 study has concluded that the main human activity that contributes to CO2 
emission is the combustion of fossil fuels for energy and transportation. The pri-
mary sources of CO2 emissions in the United States are transportation (34 percent), 
generation of electricity (32 percent), industrial uses (15 percent), residential and 
commercial (11 percent), and others (7 percent).

The move away from dependence on fossil fuels will require a heavier dependence 
on alternate energy sources. The following sections will provide insight into many cur-
rent and future sources of energy.

15.5.2 Nuclear Power

As we reach the end of the age of fossil fuels, the world will have to reconsider increas-
ing the use of nuclear power. Nuclear fission is a well-established technology and it 
may well be the only proven technology capable of providing an adequate amount 
of electric power as fossil fuels become either extremely expensive or nonexistent. 
Issues of safety and disposal of nuclear waste will continue to demand the talents and 
resources of many engineers.

Nuclear fission is the splitting of an atom of nuclear fuel, usually uranium 235 or 
plutonium 239, by bombarding it with neutrons. The splitting process releases a great 
quantity of energy. As the atom splits, it divides approximately in half, releasing two 
or three free neutrons. The mass of the product after the split is always less than the 
mass of the reactants. This mass deficiency represents the released energy determined 
by Einstein’s equation E = mc2.

The liberated neutrons are capable of successive fission, which is called a chain reac-
tion. The minimum quantity of fissionable material needed to sustain a chain reaction is 
called its critical mass. Chain reactions can be controlled or uncontrolled. The atomic 
bomb is an example of an uncontrolled reaction. To make fission a useful source of energy, 
a nuclear reactor utilizes a controlled reaction.

As of 2019 there were 96 commercial nuclear reactors at 65 nuclear power plants 
across our country. They produce approximately 8 percent of the total electrical energy 
generated in the United States. Palo Verde in Arizona is the largest nuclear plant in 
the United States (see Figure 15.12). Its three-unit system provides 3 733 megawatts 
annually, enough power to meet the needs of four million customers. The reactors are 
used to heat water for use in steam turbines that drive the generators.

Nuclear reactions take place in the reactor’s core. A moderator, normally graphite 
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process to a speed and temperature that will cause succeeding reactions. Steel rods 
containing boron or cadmium are inserted into the reactor to control the number of free 
neutrons. The reactor is also shielded with lead and concrete to prevent the escape of 
dangerous radiation.

Nearly all reactors in use today producing electric energy are fission reactors using 
U-235. However, U-235 constitutes only 0.7 percent of the natural uranium supply 
and thus it would quickly become a scarce resource if we were totally dependent on it 
as a source of energy. Other isotopes, such as U-238 and thorium-232, are relatively 
abundant in nature. A new series of reactors that can produce new fissionable material 
and energy at the same time are called breeder reactor. They have been designed to use 
isotopes that are generally a waste product in current reactors.

The radioactive waste material from nuclear power generation has created dis-
posal problems. The half-life of radioactive materials can be 1 000 years or more, thus 
creating a perpetual need for secure disposal of the waste materials from a nuclear 
power–generation facility. Radiation leaks and other environmental concerns have led 
to the shutdown of some facilities. This has made nuclear power generation a politi-
cally sensitive issue. Nuclear engineers and scientists continue to work on the complex 
problems associated with this source of energy. As these problems are solved and the 
general public becomes aware of the potential afforded by nuclear energy, increased use 
of nuclear power is likely.

Nuclear fusion—the energy gained from fusing light nuclei into heavier ones—has 
produced both the hope that it will be the ultimate energy source of the future and frustration. 
The Sun is the best example of nuclear fusion as it converts hydrogen into helium. The only 
problem is that the reaction occurs at a temperature of millions of degrees.

Nuclear fusion would use a fuel supply that is nearly inexhaustible, and we know 
of no scientific principle that forbids it from working. However, it has proved to be 

A nuclear power plant facility in Arizona.
Artbeats

Figure 15.12
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solved. It has been said that nuclear fusion is the energy source of the future—but it 
may not be advisable to rely on this technology to solve our immediate energy situation.

15.5.3 Renewable Energy Sources

Biomass (Ethanol and Biodiesel)
Biomass is a term that includes all energy materials that come from biological sources 
and are available on a renewable or recurring basis. Biomass includes agricultural 
crops and trees, wood and wood wastes, plants, grasses, fibers, as well as animal and 
municipal wastes.

Figure 15.13 illustrates each renewable energy source.
However, for this discussion, we will focus on biofuels, specifically ethanol and 

biodiesel. At its most basic ethanol is grain alcohol produced from a variety of crops, 
but mostly corn. Pure ethanol is not generally used as a motor fuel; rather it is combined 
with unleaded gasoline in two primary blends:

E10, 10 percent ethanol and 90 percent gasoline
 E85, 85 percent ethanol and 15 percent gasoline used in flexible fuel vehicles 
(FFVs)

Ethanol production controversy arises since the primary input—corn is a very 
popular crop. It has many uses besides making ethanol. One-third of the crop becomes 
feed for livestock; 13 percent of the annual U.S. production is exported and it is used 
to directly feed people.  

Biodiesel is a clean-burning alternative fuel, produced from renewable resources— 
primarily soybean oil. One bushel of soybeans produces about 1.5 gallons of bio-
diesel. Biodiesel can be used in its pure form, called “neat biodiesel” B100, or it 
can be blended at any level with petroleum diesel. The most common mix is B20  
(20 percent biodiesel and 80 percent petrodiesel). Biodiesel fuels can be used in 
regular diesel vehicles without any modification to the engine. Biodiesel has excep-
tional lubricating qualities that contribute to longevity and cleanliness of diesel 
engines, and in its pure form is biodegradable and nontoxic.

Figure 15.13
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Biomass (Waste-to-Energy and Wood)
Waste-to-energy facilities produce clean, renewable energy through the combustion 
of municipal solid waste in specially designed power plants equipped with modern 
pollution control equipment. Today there are 75 waste-to-energy facilities located 
in 20 states that handle about 13 percent of U.S. trash, or about 95 000 tons per day. 
These facilities generate about 2 300 megawatts of electricity to meet the power needs 
of nearly two million homes. Turning garbage into energy makes sense, as there is 
a constant need for trash disposal as well as an equally constant demand for reliable 
electricity generation.

On an annual basis, waste-to-energy facilities remove and recycle more than 
700 000 tons of ferrous metals and more than three million tons of glass, metal, plastics, 
batteries, ash, and yard waste. In addition, communities served by these facilities tend 
to be more conscious of recycling and therefore sort, reuse, and recycle at a higher rate 
than the national average rate of 30 percent.

Wood energy is primarily derived from the following sources. Roundwood is a 
term used by the industrial and electric utilities for timber poles, decking, floors, etc. 
Wood byproducts are also used in the residential sector for fuel, and wood waste is used 
in the industrial sector. (See Figure 15.13.)

Hydroelectric
Currently, about 7 percent of U.S. electric power is generated from hydroelectric dams 
on rivers. The largest hydroelectric facility in the United States is the Grand Coulee Dam, 
located in the state of Washington, with a generating capacity of 7 100 megawatts. We 
are, however, near the end of our ability to increase electrical generation by hydropower 
as dams have already been built nearly everywhere in the world where they are viable. 
In addition, environmental concerns for the protection of scenic rivers and wildlife will 
limit the construction of new hydroelectric facilities. (See Figure 15.13; Hydroelectric.)

Tides
The difference between the elevation of the ocean at high tide and at low tide varies 
from 1 to 2 m in most places but can range from 15 to 20 m in some locations. The idea 
of using this energy source is not new. This concept is technically feasible—plants are 
located in France, Canada, and Russia but the economic feasibility is still in serious 
doubt. The toughest problems seem to be that vast storage volumes are required and 
suitable basins are rare.

Ocean Currents and Waves
We are also aware of the warming effect that the Gulf Stream provides for the British 
Isles and Western Europe. This and other ocean currents possess massive amounts of 
kinetic energy even though they move at very slow velocities. It has been proposed that 
a series of large (170 m in diameter) turbines be placed in the Gulf Stream off Florida. 
Ten such turbines could produce power equivalent to that produced by one typical 
coal-fired power plant. Detractors warn that such installations may reduce the stream 
velocity to the point that the Gulf Stream’s warming of Western Europe would be lost.

No doubt you have watched the surf smash into the beach and have been in awe 
of the obvious power being displayed. Machines have been made that produce power 
from the wave action. But to be successful, the installations must be located where the 
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expensive to design such installations against major storms. The best sites in the United 
States are on the coasts of Washington and Oregon.

Wind Power
Heated equatorial air rises and drifts toward the poles. This phenomenon coupled with the 
Earth’s rotation results in a patterned air flow. In the United States, we see this pattern 
as weather systems moving from west to east across the country. These weather systems 
possess enormous energy, but the energy is diffused, variable, and difficult to capture.

Most are familiar with the historical use of the wind to pump water and to grind 
grain. These methods are still viable, and today a great deal of research is underway in an 
attempt to capture energy from the wind in an economically feasible manner. Engineers 
have learned that the power output from a windmill is approximately proportional to the 
square of the blade diameter and to the cube of the wind velocity. This suggests that to 
generate high power output, the windmills must be large and must be located in areas 
where the average wind velocity is high. Thus, coastal regions and the Great Plains are 
promising locations. In fact, Iowa has set a national record by generating 25 percent of 
all electricity from wind turbines. However, many people find wind farms unsightly and 
undesirable near their property.

Figure 15.9 indicates that about 8 percent of U.S. electric power is now generated 
by the wind. That amount will likely increase as efforts continue toward reducing the 
costs of wind-power installations and as tax breaks for power producers have made 
wind power more economically competitive. The supply/demand problem related to 
wind may be solved by, for example, using excess power generated when the wind 
is blowing to pump water to an elevated storage area and use the resulting potential 
energy to drive a water turbine for power generation when the wind is not blowing. 
(See Figure 15.13; Wind.)

Geothermal Power
It is commonly accepted that the Earth’s core is molten rock with a temperature of 
10  000 to 12  000°F. This source has the potential to provide a large portion of our 
energy needs. The Earth’s crust varies in thickness from a few hundred feet to perhaps 
20 mi. It is composed mostly of layers of rock—some solid, some porous, and some 
fractured. Engineers are now exploring the use of the Earth’s heat (geothermal energy) 
to produce power from hot water, steam, and heated rock.

There are many areas throughout the world where large amounts of hot water are 
available from the Earth. The hot water varies in many ways—in quantity, temperature, 
salinity, and mineral content.

At only a few locations in the world is steam available in sufficient quantities to be 
used to produce electricity. The only area in the United States producing large quanti-
ties of steam is in northern California. Low-cost electricity has been produced there for 
nearly 50 years. This steam is captured by drilling from 500 to 10 000 ft deep, and it 
has a temperature of about 350°F but at low pressure. Besides the corrosive nature of 
the steam, it contains several gases, including ammonia and hydrogen sulfide, that have 
objectionable odors and are poisonous.

It is clear that using geothermal energy has potential, but many problems need to 
be solved and solutions will probably come only after large-scale pilot plants have been 
in operation long enough to obtain reliable efficiency data and operating costs. (See 
Figure 15.13; Geothermal.)
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Solar Power
The sun is an obvious source of energy that we have employed in different ways 
since the beginning of time. It supplies us with many, many times as much energy as 
we need. Our problems lie with collecting, converting, and storing the inexhaustible 
supply. Efforts are being directed primarily toward direct heating, charging 
batteries, and heat engines—such as turbines that can generate electricity. Others are 
experimenting with crop drying and metallurgical furnaces. You are no doubt aware 
of the increasing use of solar energy in building heating and in domestic hot-water 
supplies. This use will surely continue to increase, particularly in new installations 
(see Figure 15.14). But we will have to improve on current technology and/or have 
tax relief and low-interest loans or other incentives to make solar installations 
economically feasible.

There are two general methods by which energy from the sun is used as a 
renewable source.

Solar thermal devices use heat directly from the sun, concentrate that heat in some 
fashion, then use it for numerous applications.

Photovoltaic (PV cells) is a method of converting sunlight directly into electricity 
using various semiconducting materials. However, sunlight loses much of its intensity 
as it travels through our atmosphere. Solar cells have been shown to work well on 
space vehicles but at the present time they are extremely costly. We must increase the 
efficiency of PV cells and work to reduce their costs in order for this application to 
come into general use. (See Figure 15.13; Solar.)

Figure 15.14

Solar field.
Tom Washington/Moment/Getty Images

eid53554_ch15_329-350.indd   348 14/12/21   3:27 PM

ISTUDY



349
Problems

Problems
15.1  Conduct a study detailing current production and consumption of fossil fuels. 

Determine the estimated annual usage of the fuels on a national and international 
basis, the geographical locations of the sources, and estimated time until the sources 
are exhausted at current usage rates. Compare fossil fuel usage rates in the United 
States with those in Japan, England, Germany, China, India, Russia, and South 
Africa. Working in teams, develop written reports or oral presentations according  
to your instructor’s direction.
(a) coal
(b) petroleum
(c) natural gas

15.2  Prepare a report or oral presentation on the status of nuclear power in the United 
States. Include usage data, public opinion on the use of nuclear power, regulations  
on the industry, and current information on the storage/disposal of spent fuel. Work 
in teams.

15.3  Prepare a report and give an oral presentation on the status of one of the following renew-
able sources of power in the United States. Include usage data, geographic locations of 
these sources, and the ultimate form of energy that is consumed from these sources. Work 
in teams.
(a) Biomass to include: (i) Ethanol and biodiesel (ii) Waste-to-energy and wood
(b) Hydropower
(c) Wind power
(d) Geothermal
(e) Solar power

15.4  The transportation sector in the United States presently runs almost exclusively on petroleum-
based derivatives (gasoline, diesel, jet fuel). Research the following alternatives.

 ◾ Hybrid ◾ Propane
 ◾ Diesel & biodiesel ◾ Hydrogen
 ◾ Flex-fuel ◾ Electric
 ◾ Ethanol ◾ Fuel cell
 ◾ Natural gas

 Prepare a one-page paper outlining what you believe may be viable alternatives to the use 
of fossil fuels. May be assigned as a team or an individual assignment.

15.5  Conservation is another logical method by which the United States can reduce its demand 
for foreign-based petroleum and domestic supplies of coal and natural gas. Prepare a 
report that will include at least five practical steps that you as an individual could take to 
reduce energy usage. As an example, consider the house where you grew up, the automo-
bile you drive, the electricity that you consume, etc.

15.6  Explore the possibility of large solar farms in the southwest. Prepare a paper that examines 
both Thermal and Photovoltaic. How many acres are available? What would be the cost 
versus conventional electric power delivery? How does it compare with nuclear power 
generation?

15.7  A wind farm is a cluster of at least three turbines with generating capacities in the order 
of hundreds of megawatts. Investigate the capabilities of the wind farm nearest your 
college and determine how much of your school’s electrical demand could be met by 
this resource. Write a paper that considers technical issues like the appropriate spacing 
of multiple turbines as well as control, stability, and power balance in relation to the 
power grid.

15.8  Considering the five major sources of renewable energy—biomass, hydropower, wind, 
geothermal, and solar—prepare a paper outlining what you believe will be the major 
source of renewable energy in 2015.
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15.9 As a college student, you have the opportunity to experiment with various “Green” initia-
tives. Look into ways to reduce, reuse, and conserve energy in your place of residence, 
your college classrooms, your recyclables, and your transportation choices. Consider how 
individual changes that you and other classmates might consider could impact energy 
consumption.

15.10 As a class, develop a “Green” initiative, design and engineer its impact, market the initiative 
to the college, university, or city, then implement. Remember, a very small adjustment to the 
rudder of a large ship can turn the vessel 360 degrees. It only takes time.

eid53554_ch15_329-350.indd   350 14/12/21   3:27 PM

ISTUDY



351

C H A P T E R  16

Fundamental Energy Principles*

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Identify and define the different forms in which energy can be found: potential, 
kinetic, internal, chemical, and nuclear

 ◾ Demonstrate an understanding based on the Conservation of Energy principles as 
they relate to energy transfer and conversion

 ◾ Discuss the limitations of energy conversion into useful work
 ◾ Compare actual cyclic efficiencies to Carnot efficiency
 ◾ Distinguish between available and unavailable forms of energy
 ◾ Conceptualize the fact that a refrigeration cycle is a reversed heat engine

16.1 Introduction to Thermodynamics

Energy is a fundamental concept of thermodynamics and plays a significant role in 
engineering analysis. If engineers are to provide solutions to energy-related problems, 
we must understand energy’s fundamental principles.

What is energy? It cannot be seen; it has no mass or defining characteristics; it 
is distinguished only by what it can produce. Energy can be stored within a system in 
various forms. Energy can also be transformed from one form to another and transferred 
between systems. In a broad sense, energy may be defined as an ability to produce an 
effect or change on matter.

Thermodynamics is one of the major areas of engineering science. It is usually 
introduced to engineering students in a one-semester course, with students in energy-
related disciplines continuing with one or more advanced courses. This text will outline 
some concepts that will help solve basic problems involving the transformation of 
energy. Our discussion is limited to the first law for closed systems and a brief introduc-
tion to the second law, which governs efficiency and power. These terms are explained 
in the following sections.

16.2 Stored Energy

Let’s consider some of the different forms in which energy can be found. Stored energy 
exists in distinct forms: potential, kinetic, internal, chemical, and nuclear. The ultimate 
usefulness of stored energy depends on how efficiently the energy can be converted 
into a form that produces a desirable result.

*Users will find Appendix A useful reference material for this chapter.
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When an object or mass m is elevated to a height h in a gravitational field 
(see Figure  16.1), a certain amount of work must be done to overcome the gravita-
tional attraction. Energy is the capacity to do work. (Work is considered further in 
Section 16.3.) The object may be said to possess the additional energy that was required 
to elevate it to the new position. In other words, its potential energy has been increased. 
The quantity of work done to increase its energy is the amount of force multiplied by 
the distance the object moved in the direction in which the force acts. It is a result of a 
given mass going from one condition to another. Gravitational potential energy is thus 
stored-up energy due to a change in elevation. It is derived from force and height above 
a datum plane, not from the means by which the height was attained. Mass m stores 
up energy as it is elevated to height h and loses this advantage when it comes back to 
its starting point. When an object is raised, a force is needed to overcome the effect of 
gravity. The object’s increase in potential energy depends upon the distance or change 
in elevation experienced by the object. Thus,

PE  =
mgLh

gC
 (16.1)

The units for mass m can be kilograms or lbm, those for the local acceleration of 
gravity gL can be either meters per second squared or feet per second squared, and 
those for height h can be either meters or feet with gC being the appropriate constant 
of proportionality. The units for potential energy, PE, are newton-meters (joules) or 
ft · lbf.

It is unnecessary in most cases to evaluate the total energy of an object; however, 
it is customary to evaluate its energy changes. In the case of potential energy, this is 
accomplished by establishing a datum plane (see Figure 16.1) and evaluating the energy 
possessed by objects in excess of that possessed at the datum plane. Any convenient 
location, such as sea level, may be chosen as the datum plane. The potential energy at 
any other elevation is then equal to the work required to elevate the object from the 
datum plane.

A second form of stored energy can be realized by virtue of an object’s velocity 
(V). The energy possessed by the object at a given velocity is called kinetic energy. 

Mass m having weight W

W

h

PE =

Datum plane

gC

mgLh

Figure 16.1

Potential energy.
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It is equal to the energy required to accelerate the object from rest to its given velocity 
(considering the Earth’s velocity to be the datum plane). In equation form,

KE =
mV2

2gC
  (16.2)

where
m = mass, kg
V  = velocity, m/s

gC =
1.0 kg · m

N · s 2

KE = kinetic energy, in newton-meters or joules. See Figure 16.2.
In many situations in nature, an exchange in the form of energy is common. 

Consider a ball thrown vertically into the air. It is given kinetic energy when thrown 
upward. When the ball reaches its maximum altitude, its velocity is zero, but it now 
possesses a higher potential energy because of the increase in altitude (height). When 
it begins to fall, the potential energy decreases and the kinetic energy increases until 
the ball is caught. If other effects such as air friction are neglected and the ball is 
caught at the same altitude from which it was thrown, there is no change in the total 
energy although the energy of the ball was transformed from kinetic to potential and 
then back to kinetic. This phenomenon is called conservation of energy, which is 
discussed in Section 16.4.

All matter is composed of molecules that, at finite temperatures, are in continu-
ous motion. In addition, there are intermolecular attractions which vary as the distance 
between molecules changes. For additional information, see Section 17.2. The energy 
possessed by the molecules as a composite whole is called internal energy, designated 
by the symbol U, which is largely dependent on temperature.

When a fuel is burned, energy is released. When food is consumed, it is converted 
into energy that sustains human efforts. The energy that is stored in a lump of coal or 
a loaf of bread is called chemical energy. Sunlight is transformed by a natural process 

400 km/h

KE = 1
2 gC

mv 2

Figure 16.2

Kinetic energy.
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of light. The stored energy in combustible fuels is generally measured in terms of heat of 
combustion, or heating value. For example, gasoline has a heating value of 47.7(106) J/kg, 
or 20.5(103) Btu/lbm.

Certain events change the atomic structure of matter. During the processes of 
nuclear fission (breaking the nucleus into two parts, which releases high amounts of 
energy) and fusion (combining lightweight nuclei into heavier ones, which also releases 
energy), mass is transformed into energy. The stored energy in atoms is called nuclear 
energy, which may need to play an increasing role in meeting energy needs of the future.

16.3 Energy in Transit

Energy is transferred from one form to another during many processes, such as the 
burning of fossil fuels to generate electricity or the converting of electric energy to 
heat by passing a current through a resistance. Like all transfer processes, there must 
be a driving force or potential difference in order to effect the transfer. In the absence 
of the driving force or potential difference, a state of equilibrium exists and no process 
can take place. The character of the driving force enables us to recognize the forms of 
energy in transit, that is, work or heat.

Energy is required for the movement of an object against some resistance. When 
there is an imbalance of forces and movement against some resistance, mechanical 
work is performed according to the relationship

W = (force)(distance)

    = Fd (16.3)

where the force is in the direction of movement. See Figure 16.3. If force has 
units of newtons and distance is expressed in meters, then work has units of 
joules.

Let’s review the relationship between work and kinetic energy. When a body is 
accelerated by a resultant force, the work done on the body can be considered a transfer 
of energy, where it is stored as kinetic energy. For example, imagine a body with a given 
mass (m) moving with a velocity (V1) and a resultant force (F) with no other external 
effects being applied to the body. This action alone results in the body moving with a 
velocity V2. The work done on the body can be considered a transfer of energy in the 
form of kinetic energy.

(2.00)(102) N

20.0°

Direction of motionA

Figure 16.3

An applied force doing work.
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Electric energy is another form of work. This form of energy is transferred 
through a conducting medium when a difference in electric potential exists in the 
medium.

Other examples of energy transfer that are classified as work include magnetic, 
fluid compression, extension of a solid, and chemical reactions. In each case a driving 
function exists that causes energy to be transferred during a process.

Heat is energy that is transferred from one region to another by virtue of tempera-
ture difference. The unit of heat is the joule. The large numerical values occurring in 
energy-transfer computations have led to the frequent use of the megajoule (106 J), or 
MJ. The symbol used for heat is Q.

The relationship between the energy forms of heat and work during a process 
is given by the first law of thermodynamics, which is discussed in Section 16.4. In 
addition, every form of work carries with it a corresponding form of friction that may 
change some of the work into heat. When this happens, the process is irreversible, 
meaning that the energy put into the process cannot be totally recovered by reversing 
the process. Another way of stating this is that heat is a low-grade form of energy 
and cannot be converted completely to another form such as work. This concept is 
basic to the second law of thermodynamics (discussed in Section 16.5). The first and 
second laws of thermodynamics are fundamental to the study of processes involving 
energy transfer.

Several examples are provided below that illustrate both stored forms of energy and 
energy in transition. Particular attention should be given to the units and unit conver-
sions in the examples.

Example Problem 16.1 A boulder with mass of 1.000 (103) kg rests on a ledge 
200.0 m above sea level (gL = 9.807 m/s2). What type of energy does the object 
possess and what is its magnitude?

Solution The object possesses potential energy, so from Equation 16.1,

PE =
m gLh

gC

    =
1   000  kg (9.807  m) (200.0  m) N · s2

1.0  kg · m · s2

      = 1.961(106) N · m

 = 1.961(106) J

 = 1.961 MJ

Example Problem 16.2 A 2.00 (104) lbm semitrailer is traveling at sea level at a 
speed of 50.0 mph. Determine the energy form and magnitude possessed by the truck. 
Express the magnitude in Engineering System units.
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Solution Convert mph to ft /s:

50.0  mi/h = 50.0 mi
h × 5 280  ft

mi × h
3 600  s = 73.33 ft/s

The truck possesses kinetic energy; therefore, from Equation 16.2,

KE =
mV2

2gC

=
20  000  lbm

2  ×   

(73.33)2  ft2

s2  ×  

lbf · s2

32.174  0  lbm · ft = 1  671  315 ft · lbf

= 1.67 × 106 ft · lbf

If metric units are desired, this can be converted to SI as follows:

 1.0 ft · lbf = 1.355 8 joules, so

          KE = 2.27(106) N · m

                 = 2.27 MJ

Thus 2.27 MJ is the amount of energy that must be absorbed by the truck brakes 
in order to bring the vehicle to zero velocity in an emergency stop. If the stop is 
gradual, some of the energy can be absorbed by the engine and by road friction; 
in an emergency nearly all of the energy will be absorbed by the brakes and road 
friction.

Example Problem 16.3 A mass of water is heated from 10.0 to 20.0º C by the 
addition of 5.00(103) Btu of energy. What is the final form of the energy? Express 
the final form of the energy in megajoules.

Solution The final form of the heat energy added appears as increased internal 
energy (U ) of the water. If state 1 of the water is prior to heating and state 2 is after 
heat has been added, then U2 − U1 = 5 000 Btu.

Converting to SI, we get

U2 − U1 = 5.00(103) Btu = (5.00 × 103 Btu)(1 055.1 J/Btu)

= 5.28(106) J

= 5.28 MJ

Example Problem 16.4 A force of 2.00 × 102 N acting at an angle of 20.0º with the 
horizontal is required to move block A along the horizontal surface (see Figure 16.3). 

eid53554_ch16_351-370.indd   356 14/12/21   3:30 PM

ISTUDY



357
First Law of 

Thermodynamics:  
The Conservation of 

Energy

Solution Work is computed as the product of the force in the direction of motion 
and the distance moved, as in Equation 16.3:

W = Fd

= (2.00 × 102 N)(cos 20.0º)(1.00 × 102 m)

= 18 800 N · m

= 18 800 J

= 18.8 kJ

What happened to the energy released by the work done on block A? There is 
no increase in potential energy, since height was not changed. There is no velocity 
change, so the change in kinetic energy is zero. The energy of the work in this 
example is dissipated as heat in the form of friction between the block and surface; 
therefore, the temperature of the block and the surface in the immediate vicinity of 
the block increased.

Would you believe that the reverse process is possible? That is, could the 
molecules in the block and surface that are moving faster than the surrounding 
molecules due to an increased temperature randomly move the object back to 
its original position as they return to their initial temperature? The first law of 
thermodynamics does not place any restrictions on the reverse process, other than 
conservation of energy. That is why there is a second law of thermodynamics, 
which does not allow certain processes.

16.4  First Law of Thermodynamics:  
The Conservation of Energy

Conservation of energy in nonnuclear processes means simply that energy can never be 
created or destroyed, only transformed. In effect, energy is converted from one form to 
another without loss. Careful measurements have shown that during energy transforma-
tions there is a definite relationship in the quantitative amounts of energy transformed. 
This relationship—the first law of thermodynamics—is a restatement of the principle 
of the conservation of energy.

When applying the first law to substances undergoing energy changes, it is 
necessary to define a system and write a mathematical expression for the law. In 
(Figure 16.4a), a generalized closed system is illustrated. In a closed system, no 
material (mass) may cross the boundaries, but the boundaries may change shape. 
Energy, however, may cross the boundaries and/or the entire system may be moved 
intact to another position.

Some applications involve analysis of an open system, in which mass crosses the 
defined boundaries and a portion of the energy transformation is carried in or out of 
the system with the mass (Figure 16.4b). An example is an air compressor, which 
takes atmospheric air, compresses it, and delivers it to a storage tank. (Because of the 
complexity of analysis and explanation, problems involving open systems will not be 
considered in this chapter.)
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For the generalized closed system, the first law is written as

Energy in + Energy stored at condition 1 = Energy out +  
Energy stored at condition 2

where conditions 1 and 2 refer to initial and final states of the system.
In thermodynamics all changes in the total energy of a closed system are consid-

ered to be made up of three contributions. Two of these changes are kinetic energy and 
gravitational potential energy. Both of these changes are associated with the motion and 
position of the system as a whole. All other energy changes are combined together into 
internal energy of the system.

Heat
in or out

Heat
in or out

Initial boundary

Initial boundary

Final boundary

Final boundary

Energy
accumulation

Work
done on or by

the system

Work done on or 
by the system

(Surroundings)

(Surroundings)

(a)

(b)

Mass in or out
(transporting energy)

Mass and 
energy accumulation

(System)

(System)

Figure 16.4

(a) Closed and (b) open thermodynamic systems.
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Energy in any of its forms may cross the boundaries of the system. If the assump-
tion is made that no nuclear, chemical, or electrical energy is involved, then the change 
in total energy can be written as

ΔE = ΔKE + ΔPE + ΔU

If the closed system as a whole is stationary, that is, not changing velocity or changing 
its elevation, then ΔKE and ΔPE are zero, and the first law can be stated as:

Heat in + Work done on system + Internal energy at condition  
1 = Heat out + Work done by the system + Internal energy at 
condition 2

or, combining heat, work, and internal energy quantities at conditions 1 and 2:

  1Q2 = U2 − U1 + 1W2 (16.4)

where
   1Q2 = heat added to system

      1W2 = net mechanical work done by system

U2 − U1 =  change in internal energy from state 1 to state 2 with ΔPE 
and ΔKE zero

Equation 16.4 is the first law for a closed system when the potential and kinetic energy 
terms for the system are zero.

Example Problem 16.5 The internal energy of a system decreases by 108 J while 
175 J of work is done by the system on the surroundings. Determine if heat is added 
to or removed from the system.

Solution
1Q2 = U2 − U1 + 1W2

      = −108 + 175

      = +67 J (heat is added to system)

Example Problem 16.6 Analyze the energy transformations that can take place when 
the piston in Figure 16.5 moves in either direction (work) and/or heat is transferred.

Solution The air within the piston is considered to be the system. If the position 
shown is condition 1, there must be a force applied to the piston toward the left to 
hold its position. The magnitude of the force is

F = (pressure of air)(area of piston)

   = PA (in newtons)

At this position, with no change in volume of the air, heat could be added or 
removed, which would increase or decrease, respectively, the internal energy of 
the system. In terms of the first law:

1Q2 = U2 − U1
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Note the absence of the work term. Work cannot take place without action of 
a force through a distance. The force (PA) is present, but no movement takes place; 
thus no work is transferred.

It is a different situation if the force to the left is increased slightly, moving the 
piston left. Work is done because movement occurs as a result of a force. The air tem-
perature may change depending on how much heat is added or removed from the air. 
The first law for this situation can be written as

1Q2 = U2 − U1 + 1W2

The work term, 1W2, as the system moves from state 1 to state 2 will be equal to 
(PA) L (at constant pressure) as the piston moves a distance L to the left. Since external 
work is required to move the piston, the work term is negative. In other words, it was 
work done by the surroundings on the system.

For the case of the piston moving to the right, the first law is still

1Q2 = U2 − U1 + 1W2

but 1W2 is positive, because work is done by the system on the surroundings.
If no heat is allowed to transfer across the boundaries, then the first law becomes

1W2 + U2 − U1 = 0

This process, where no heat crosses the boundary, is called an adiabatic process.
Many engineering applications assume that air and other gases behave ideally, 

that is, the pressure, volume, and temperature obey an equation of state derived from 
the laws of Boyle and Charles. One characteristic of a perfect gas is that internal 
energy is a function of temperature only. If the ideal-gas assumption is made, then a 
constant-temperature (isothermal) process implies that there is no change in internal 
energy, and therefore the first law for an isothermal process involving an ideal-gas 
becomes

1Q2 = 1W2

Example Problem 16.7 Let the piston in Figure 16.5 be moved so that the volume 
of air is reduced to one-half its original value. During this process, 116 MJ of heat is 
removed from the system. If the process is isothermal and we assume an ideal gas, 
how much work is done on the system?

Heat
in or out

Air d

L

Assume no leakage and frictionless piston

Assume vacuum behind piston

Work done by
or on the system

Figure 16.5

Piston–cylinder combination.
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             1Q2 = 1W2

–116 MJ = 1W2

The negative sign indicates that work has been done on the air by the 
surroundings.

Example Problem 16.8 Determine the pressure of the air within the cylinder 
(Figure 16.5) if the force (F) on the piston is 1.00 × 102 N and its diameter (d) is 
0.100 m.

Solution
P = F/A

= 12 732.4 N/m2

= 1.27(104) N/m2

= 1.27(104) Pa

= 12.7 kPa

16.5 Second Law of Thermodynamics

The second law is not an actual proven law; rather, it is an axiom whose verifi-
cation is in the fact that all experimental evidence about it is always true. Let’s 
begin by considering the similarities between the energy contained in a river and 
the energy contained in high-temperature, high-pressure steam. Both contain a 
certain quantity of energy but both have limits on how much useful work can be 
obtained from them.

The water in the river contains energy in the form of flow rate and elevation. The 
Sun heats the Earth’s surface, causing evaporation that deposits water in the form of 
rain and snow at high elevations. The water migrates from mountaintop to sea level. In 
the process, its energy is transformed from potential to kinetic to internal, and eventu-
ally the water arrives at the sea with exactly the same amount of energy with which it 
started. Energy was transformed but conserved.

The questions to be explored: Did the water do any useful work along its path 
to the sea? What is the maximum amount of work that it could possibly do? If the 
water is stationary when it starts at the mountaintop and stationary when it arrives 
at the sea, then its maximum work output is a function of the change in elevation; 
the constraints on work availability are the height of the mountain and the level of 
the sea. Did the water do any useful work along the way—for example, generate 
electricity? That would depend on the construction of mechanical devices to convert 
water energy into electric energy. If potential and/or kinetic energy is converted into 
useful work during the process, it is still only possible to capture the portion called 
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electric energy, then the total energy was conserved and remains in the mass of water 
at sea level. However, it is now unavailable energy.

High-temperature, high-pressure steam has a parallel limitation. Work available 
from this fluid is limited by the maximum temperature and pressure that we can 
safely produce as a starting point and the temperature of the atmosphere into which 
it is released. These limitations are analogous to the water on the mountaintop and 
at sea level.

Heat cannot be completely converted to work, but work can be completely con-
verted to heat. Heat can perform work only when it passes from a higher to a lower 
temperature. In other words, heat will not flow spontaneously from a colder to a hot-
ter substance. This limitation on heat conversion forms the basis of the second law of 
thermodynamics.

Heat energy at a high temperature is capable of doing work, but the same 
amount of energy at low temperature is not capable of doing useful work. The 
total amount of energy is still the same, but its entropy has changed. If we think of 
entropy as a property, then high temperature has low entropy and low temperature 
has high entropy.

There are numerous statements of the second law. Rudolf Clausius, a German 
mathematical physicist, in 1865 was the first person to combine the fact that heat will 
always flow from high temperature to low temperature together with the law of con-
servation of energy. Clausius stated: “It is impossible for any device to operate in such 
a way that the sole effect would be an energy transfer of heat from a cooler to a hotter 
body.” Another statement of the second law would read: “No device can completely 
and continuously transform all of the heat supplied to it into work.” The heat that can 
be transformed into work is called available energy; the remaining portion is termed 
unavailable energy.

As indicated earlier, whenever work is performed, friction downgrades some 
available energy to unavailable energy and some available energy is released into the 
atmosphere, becoming unavailable energy. This energy released into the atmosphere is 
heat that is at too low a temperature to perform work under the conditions specified by 
the system and its surroundings.

For a given system and its surroundings, the available and unavailable energies 
can be computed. The procedures for this computation are beyond the scope of this 
text and will be covered in future textbooks on thermodynamics.

16.6 Efficiency

It is important to understand what is meant by a cycle. When a system at a given initial 
state goes through a sequence of processes and then returns to its initial state, the sys-
tem has executed a thermodynamic cycle.

ΔEcycle = Qcycle − Wcycle (16.5)

During a cycle the system is returned to its initial state at the completion of the cycle, so 
there is no net change in energy; that is, ΔE = 0. This expression can then be written as

Wcycle = Qcycle (16.6)
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or

W
• 

cycle = Q
•  

cycle (16.7)

In Equation 16.7, the overdot represents an expression for time rate of change or 
power.

Systems undergoing power cycles deliver or transfer a net amount of energy to 
their surroundings. The net work output of the system equals the net heat transfer to 
the cycle.

Wcycle = Qin − Qout (16.8)

where Qin or (QH) represents the heat transfer of energy into the system from a hot body 
and Qout or (QL) represents the heat transfer out of the system to a cold body.

The high side or energy supplied by heat transfer to a system undergoing a 
power cycle is normally obtained from the combustion of fossil fuels. The energy 
Qout is generally discharged to the surrounding atmosphere or a local body of water. 
The extent of the energy conversion from heat to work is commonly called thermal 
efficiency:

� =
Wcycle

Qin
=

Qin − Qout

Qin
= 1 −

Qout

Qin
  (16.9)

This relationship provides a measure of efficiency for any heat engine.
Another application of the second law is the determination of the maximum 

 efficiency of any device that converts heat into work. These heat engines cannot attain 
100 percent efficiency because of the second law.

A French engineer named Nicolas Leonard Sadi Carnot proposed in 1824 an ideal 
engine cycle that had the highest attainable efficiency within thermodynamic laws. In 
reality, any engine following his proposed cycle, called the Carnot cycle, could not be 
constructed, but the theory provides a basis of comparison for practical engines. The 
Carnot efficiency can be shown to be

Carnot efficiency = 1 −
TL

TH
 (16.10)

where TH is the absolute temperature at which the engine receives heat (high tem-
perature) and TL is the absolute temperature at which the engine rejects heat (low 
temperature) after performing work. Absolute temperatures are determined by adding 
273º to a reading in ºC or 460º to a reading in ºF. Temperatures on the absolute scales 
are in degrees kelvin (K) for centigrade-size degrees, and in degrees Rankine (ºR) for 
Fahrenheit-size degrees.

Example Problem 16.9 A steam engine is designed to accept steam at 300ºC and 
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Solution

Carnot efficiency = 1 −
TL

TH

= 1 − 100 + 273
300 + 273

= 1 −
373
573

            = 35 percent

We have learned that all the energy put into a system does not end up producing use-
ful work. According to the second law, a certain amount of energy is unavailable for 
productive work. That is not the entire story; in fact, it gets worse. The available energy 
promised by the Carnot engine does not perform an equivalent amount of work because 
of losses incurred during the transfer of energy from one form to another. An automo-
bile engine converts chemical energy in the form of gasoline to mechanical energy at 
the axle; however, some of the energy is lost through bearing friction, incomplete com-
bustion, cooling water, and other thermodynamic and mechanical losses.

An engineer designing a device to convert heat into work must also be concerned 
with the overall efficiency of a proposed system. Equation 16.9 can be written to 
include the overall efficiency of an entire plant as

Overall  efficiency (�)  =  

useful  output
total  input   =   

Wcycle

Qin
 (16.11)

From Equation 16.10, it is clear that for a given process the maximum (Carnot) 
efficiency can be increased by lowering the exhaust temperature TL and/or increasing 
the input temperature TH. In theory this is true, but practical design considerations 
must include available materials for construction of the heat engine. The engineer thus 
attempts to obtain the highest possible efficiency using existing technology. Examples 
of overall efficiency are from 17 to 23 percent for automobile engines (gasoline), 26 to 
38 percent for diesel engines, and 20 to 33 percent for turbojet aircraft engines. Thus, 
in the case of the gasoline automobile engine, for every 80 L (21 gal) tank of gasoline, 
only 20 L (5.3 gal) ends up moving the automobile.

Care must be exercised in the calculation and use of efficiencies. To illustrate 
this point, consider Figure 16.6, which depicts a steam power plant operating from the 
burning of fossil fuel for steam generation to driving a turbine attached to an electric 
generator. Efficiencies of each stage or combinations of stages in the power plant may 
be calculated by comparing energies available before and after the particular opera-
tions. For example, combustion efficiency can be calculated as 0.80/1.00, or 80 percent. 
The turbine efficiency is 0.33/0.50, or 66 percent. The overall power plant efficiency 
up to the electric generator is 0.33/1.00, or 33 percent. By no means is the 33 percent 
a measure of the efficiency of generation of electricity for use in a residential home. 
There will be losses in the generator and line losses in the transmission of the electric-
ity from the power plant to the home. The overall efficiency from fuel into the boiler 
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It  is  interesting to note that the cycle is complete when the oven converts electricity 
back into heat, which is where the entire process began.

16.7 Power

Power is the rate at which energy is transferred, generated, or used. In many applica-
tions it may be more convenient to work with power quantities rather than energy 

Loss due to
 incomplete 
combustion

and high flue-gas
 temperature

If we begin with 1.00 unit of fossil energy

0.20 loss

Heat remaining 0.80
 to generate steam

Heat loss from furnace 0.05 loss

Heat available 0.75 to boiler

Pump Turbine

Heat rejected to
 cooling water 0.25 loss

Theoretical work
  0.50 delivered

 by turbine

Work loss in turbine
blades, nozzles, bearings, etc. 0.17 loss

We end with
work 0.33

available at
generator

Boiler

Condenser

Figure 16.6

Energy losses in a typical steam power plant.
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will have units of horsepower (hp) or foot-pound-force per second (ft · lbf/s) as units, 
so conversions will be necessary.

Example Problem 16.10 A steam power plant produces 3 500 net hp at the shaft. 
The plant uses coal as fuel (12 000 Btu/lbm). Using the overall efficiency presented 
in Figure 16.6 (33 percent), determine how many metric tons of coal must be burned 
in a 24-h period to run the turbine.

Solution From Equation 16.11,

Total input =
useful output

overall efficiency

=
3  500 hp

0.33 × 2  546.1 Btu
1.0   hp · h

                   = 2.7(107) Btu/h

The amount of coal needed for one day of operation is therefore

Coal required = 
2.7 (10)7 Btu

1 h  ×  

1 lbm
12  000 Btu ×   

1 kg
2.205 lbm  ×  

1 t
103 kg  ×  

24 h
1 day

                     = 24 t/day

Example Problem 16.11 Estimate the area in acres required for an array of solar 
cells to collect and provide enough electrical energy for a community of 4 500 people 
in a central Arizona town. Assume a solar cell conversion efficiency of 8 percent.

Solution This example requires some assumptions in order to obtain a meaningful 
result.

1. Each home consumes about 13 000 kWh of electricity on average each year.
2. An average of three people live in each home.
3. The sun shines an average of 8 h/d.
4. The typical solar heat transfer rate is 1.0 kW/m2.

Equation 16.11 may be used.

Efficiency = 
useful  output

total  input

        Input = 
output

efficiency   

Output:

# of homes in town = 4 500/3 = 1 500

# of kWh needed for town/year = 13 000 × 1 500 = 19 500 000 kWh/year

# of kWh needed for town/day = 19 500 000/365 = 53 425 kWh/day
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Input:

Input = (area)(solar heat-transfer rate) = area × 1.0 kW/m2

Input/8 h day = area × 1.0 kW/m2 × 8 h = 8 kWh/m2 × area

Input = area (8.0 kW/m2)

Therefore, the area can be computed for an 8-h day as follows

Area = 
  m2

8.0 kWh ×  

53  425  kWh
0.08

= 83 476 m2 = 898 500 ft2 = 20.6 acres

16.8 Refrigeration Cycles

For many years a measure of efficiency commonly used in the refrigeration and air-
conditioning fields has been the energy efficiency ratio, abbreviated EER. In essence, 
a refrigerating machine is a reversed-heat engine; that is, heat is moved from a low-
temperature region to a high-temperature region, requiring a work input to the reversed-
heat engine. The expression for efficiency of a reversible-heat engine is

Refrigeration efficiency = 
refrigerating  effect

work  input  (16.12)

Refrigeration efficiency is also called coefficient of performance (CP). The numer-
ical value for CP may be greater than 1.

More recently, the U.S. Department of Energy has developed a testing method that 
rates performance of a unit over a wide range of operating conditions. The new rating 
system is called the seasonal energy efficiency ratio (SEER).

Industrial-size refrigeration units are measured in tons of cooling capacity. The 
ton unit originated with early refrigerating machines and was defined as the rate of 
heat transfer that resulted in the freezing or melting 1 ton of ice in a 24-h period. If 
the latent heat of ice is taken into account, then a ton of refrigeration is equivalent to 
12 000 Btu/h. Home-size units are generally rated in British thermal units per hour 
of cooling capacity.

The EER takes into account the normal designations for refrigerating effect and 
work input and expresses these as power rather than energy. Thus, EER is the ratio of 
a refrigerating unit’s capacity to its power requirements:

EER = 
refrigerating effect, Btu/h

power input  (16.13)

Example Problem 16.12 Compare the costs of running two 36 000 Btu/h air-
conditioning units (3-ton) an average of 8 h/d for 1 month if electricity sells for  
$0.10/kWh. One unit has an EER of 8 and a second has an EER of 10.0.
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Solution

             EER = 
refrigerating  effect

power  input

8 = 
36 000 Btu/h
power  input 10 = 

36 000 Btu/h
power  input

Power input = 4 500 Btu/h Power input = 3 600 Btu/h

          1 watt = 3.414 4 Btu/h

Power input = 1 054.36 W Power input = 1 317.95 W

      
Dollars
month =

1. 317   95
 
 kW

1  ×  

8 h
1 day  ×  

30 day
1 month  ×  

0.10 dollars
1 kWh   

                     = $25.30 for a 10 EER unit

                     = $31.63 for an 8 EER unit

Problems

Potential and Kinetic Energy

16.1  A new flexible-fuel vehicle (FFV) is traveling at 75 mph on I-10 in Arizona. The vehicle 
has a mass of 2 875 lbm. Determine its kinetic energy in kJ.

16.2  An SUV weighs 2 345 kg and has a kinetic energy of 835 kJ. Determine its velocity in 
miles per hour (mph).

16.3  A Chevrolet Silverado with a mass of 6 555 lbm is being driven on a mountain road 6 250 ft  
above sea level (gL = 31.0 ft/s2) at 55 mph. Determine the total energy possessed by the 
vehicle using sea level as the datum for potential energy. Express the answer in joules.

16.4  A Ford Ranger with a mass of 2 825 kg is traveling at a velocity of 55 mph down a mountain 
road in Colorado. The brakes fail and the driver elects to use a “runaway” truck tramp to stop 
the pickup. What distance in feet will it travel if the ramp has a 25 percent upward incline? 
Neglect air and road friction (gL = 32 ft/s2).

16.5  A bobsled with two passengers, total mass of 245 lbm, races down a hillside that maintains 
a constant 32 percent slope. Neglecting air and snow friction, what will be the speed (mph) 
of the bobsled, when it has traveled 145 ft along the slope (gL = 32.2 ft/s2)?

16.6  A new military aircraft, the Superhornet, with a weight of 5 150 lbm is traveling 1 350 mph 
at an altitude of 28 550 ft (gL = 30.5 ft/s2). What is the total energy in joules? How many 
50-ton tanks at sea level have an equivalent amount of energy, if they have an average 
ground speed of 35 mph?

16.7  A cliff diver, mass 185 lbm, dives from a 155 ft cliff into the sea. Gravitational constant = 
32.2 feet per second squared. Neglecting air friction:
(a)  What is the diver’s total energy in joules at the following heights: 100 ft, 50 ft, 

 surface of the water?
(b) What is the diver’s velocity in mph at the first contact with the water?

16.8  During the World Series a ball is hit straight up from the batter’s box and reaches a height 
of 295 ft. Neglecting air friction, what speed (mph) will the baseball attain if it is caught 
by the catcher at the same height it was hit?
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Work

16.9  A father pulls his children in a wagon for 25 minutes covering 5 550 ft on a level sidewalk. 
He pulls with an average force of 25 lbf at an angle of 45 degrees to the sidewalk.
(a) How much work is done (in ft · lbf)?
(b) What is the average horsepower required?

16.10 How much work in N · m is done when raising a mass of 655 kg to an altitude of 145 m 
above the surface of the Moon? Assume gL on surface of the Moon is equal to 1.634 meters 
per second squared.

16.11 If the mass in Problem 16.10 fell back to the surface of the Moon, with what velocity, in 
ft/s, would it strike the surface?

Pressure and Force

16.12 Air in a piston–cylinder configuration is heated until an external force of 1 225 lbf is required 
to hold the piston stationary. If the piston diameter is 2.55 inches, what is the pressure exerted 
by the air normal to the piston face (in lbf/ft2)? (See Figure 16.5.)

16.13 The piston–cylinder arrangement in Problem 16.12 was designed and rated with an internal 
pressure of 6.45 MPa. Prior to shipping, the cylinder is tested by increasing the internal 
pressure to 3.0 times the design pressure (safety factor of 3.0). What maximum force in 
newtons must be applied to the piston to hold it stationary during the test?

Closed Systems

16.14 If 11 250 ft · lbf of work is done by a closed system while 145 Btu of heat is added, what 
is the change in internal energy (in joules) of the system?

16.15 During a process, 23.5 MJ of heat is added to a closed system. If the internal energy is 
increased by 42.5 MJ, how much work in Btu was done? Is the work done on or by the 
system?

16.16 In an adiabatic process, 102 kJ of work is done on 25 kg of water. Express the change 
in internal energy (Btu) per pound of mass of fluid. Hint: u2 − u1 = U2 − U1/m (kJ/kg). 
Lowercase denotes energy per unit mass.

Cycles

16.17 A V-6 internal combustion engine burns fuel at the rate of 5.5 gallons per hour. The fuel 
has a heating value of 42.7 kJ/mL. Calculate the useful output to the power train (in 
kilowatts) if the overall efficiency is 35 percent.

16.18 Compute the Carnot efficiency of a heat engine operating between 455 and 75ºF.
16.19 An inventor claims to have developed a power cycle capable of delivering a net work out-

put of 395 kJ for an energy input by heat transfer of 985 kJ. The system receives its heat 
transfer from a fossil fuel at 235ºC and rejects heat at 55ºC. Is this a reasonable claim? 
Why or why not?

16.20 Heat is delivered to a Carnot engine at the rate of 285 kJ/s and heat is rejected at a rate of 
8.35 (103) Btu/min to a 32ºC low-temperature reservoir. What is the temperature (in ºC) of 
the high-temperature source? Hint: Qin − Qout = Work (useful output).

16.21 A gasoline engine is used to drive an electric generator. To operate the engine 10.8 L/h of 
gasoline with a heating value of 45 MJ/L is burned. The engine delivers 55 kW to an electric 
generator that produces 110 amps at 240 volts DC. Determine:
(a) engine efficiency
(b) generator efficiency
(c) overall efficiency
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16.22 An electric motor with an efficiency of 73 percent drives a water pump. What input power 
is required of the motor (in kilowatts) to pump 21 725 gals of water from a lake to a storage 
tank 65 ft above the lake surface in 4.0 hours?

16.23 A pump with an efficiency of 65 percent has an output capacity of 25 × 103 ft · lbf/s and is 
used to deliver a grain-slurry mixture. An electric motor with an efficiency of 85 percent 
drives the pump. Determine:
(a) the input horsepower to the pump
(b) the power, in kilowatts, required for the motor.

16.24 An 85 percent efficient electric motor has a useful output of 0.75 hp and it drives a 68 per-
cent efficient water pump.
(a) How much power, in watts, does the motor require?
(b) How much water, in gallons, could this combination lift 7.5 ft in one hour?

16.25 A heating value of 90 TJ has been measured from the fission of 1.0 kg of U-235.
(a)  How many gallons of water would need to be stored on a hillside 225 ft above sea 

level to provide an energy equivalence?
(b)  If the heating value of 1.0 kg of coal is 25 MJ, how many short tons of coal would 

need to be consumed to provide the heating equivalence of 1.0 kg U-235?
16.26 Estimate the number of households that could receive electric energy from 35 kg of 

U-235. Assume the average household requires 17 000 kWh per year, that the conversion 
of U-235 to electricity is 68 percent efficient, and that the energy equivalent of U-235 is 
108 MJ/kg.

16.27 Using the data given in Problem 16.26, determine the surface area (in hectares) of solar 
collectors operating at an efficiency of 12 percent to supply electric energy to the same 
households. Assume an average of 8 hours of sunlight per day and a transfer rate of one 
kW per square meter.

16.28 A one-ton window air conditioner (12 000 Btu/h) is installed in a mobile home. If all the 
following appliances were operating for one hour, what fraction of the unit’s capacity 
would be needed to remove the heat generated by four 150 W lamps, six 100 W lamps, 
two 75 W lamps, a 500 W refrigerator, an 900 W oven, and four people watching TV 
(120 W)? How many kilowatt-hours of electric energy are used during each hour for 
these conditions? What is the hourly cost to the mobile home owner if electricity costs 
$0.10/kWh? Note: The average heat output of a person at rest is 480 Btu/h.

16.29 Develop a spreadsheet and produce a table of values that represents the solar collector 
area, in acres, needed to supply electric energy for cities with populations of 5  000, 
20 000, 50 000, 100 000, and 1 000 000. Provide results for conversion efficiencies from 
5 to 15 percent in increments of 1 percent. Use the same assumptions as used in Example 
Problem 16.11. Interpolate the data to determine collector area for the city in which you 
attend college.

16.30 Develop a spreadsheet that will determine the average monthly cost of operating 215 indi-
vidual air-conditioning units in a manufacturing facility. Each unit is rated at 24 000 Btu/h. 
Consider EER values from 7.0 to 11.0 in increments of 0.5 and prepare a table of monthly 
costs versus EER. The electrical rate structure is as follows:

  First 5 000 kWh = 11.0¢/kWh

Next 15 000 kWh = 8.5¢/kWh

Over 20 000 kWh = 8.0¢/kWh

  Assume that the units run an average of eight hours per day on weekdays and 10 hours 
on Saturdays (closed Sunday). Use a 31-day month beginning on a Monday.

eid53554_ch16_351-370.indd   370 14/12/21   3:30 PM

ISTUDY



371

C H A P T E R  17

Electrical Theory*

Chapter Objectives

When you complete your study of this chapter, you will be able to:

 ◾ Compute the equivalent resistance of resistors in series and in parallel
 ◾ Apply Ohm’s law to a resistive circuit
 ◾ Determine the power provided to a DC circuit and the power used by circuit 

components
 ◾ Use Kirchhoff’s laws to solve resistive networks
 ◾ Utilize mesh currents to solve resistive networks

17.1 Introduction

Electricity is universally one of our most powerful and useful forms of energy. It affects 
our world in many useful ways. It affects our lives through communication systems, 
computer systems, control systems, and power systems. Certainly electrical engineers, 
but to some extent all engineers, must understand how to design, analyze, and maintain 
such systems.

Electrical and computer engineering are very large and diverse fields of study. 
This chapter provides an introduction to one small aspect called circuit theory. It 
is important to the study of engineering because many products or systems that 
are designed involve the application of the electrical theory. This area that is fun-
damental to computer and electrical engineers is also important to all engineering 
disciplines.

Circuit theory does many things for us. (1) It provides simple solutions to practical 
problems with sufficient accuracy to be useful. (2) It allows us to reduce the analysis 
of large systems to a series of smaller problems that we can conveniently handle. 
(3) It provides a means of synthesizing (i.e., building up) complex systems from basic 
components.

In this chapter we will review a number of the elementary concepts of 
electricity that were first learned in physics. We also will introduce and apply some 
fundamental circuit-analysis equations such as Ohm’s law and Kirchhoff’s laws. 
Applications, however, will be restricted to those involving steady-state direct 
current (DC).

*Users will find Appendices A and F useful reference material for this chapter.
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17.2 Structure of Electricity

Matter consists of minute particles called molecules. Molecules are the smallest 
particles into which a substance can be divided and still retain all the characteristics 
of the original substance. Each of these particles will differ according to the type of 
matter to which it belongs. Thus a molecule of iron will be different from a molecule 
of copper.

Looking more closely at a molecule, we find that it can be divided into still smaller 
parts called atoms. Each atom has a central core, or nucleus, that contains both protons 
and neutrons. Moving in a somewhat circular motion around the nucleus are particles of 
extremely small mass called electrons. In fact the entire mass of the atom is practically 
the same as that of its nucleus since the proton is approximately 2.0 × 103 times more 
massive than the electron.

To understand how electricity works, bear in mind that electrons possess a negative 
electric charge and protons possess a positive electric charge. Their charges are opposite 
in sign but numerically the same magnitude. The neutron is considered neutral, being 
neither positive nor negative.

The typical atom in its entirety has no net electric charge because the positive 
charge of the nucleus is exactly balanced by the negative charge of the surrounding 
electron cloud. That is, each atom contains as many electrons orbiting the nucleus as 
there are protons inside the nucleus.

The actual number of protons depends on the element of which the atom is a part. 
Hydrogen (H) has the simplest structure, with one proton in its nucleus and one orbital 
electron. Helium (He) has two protons and two neutrons in the nucleus; and since the 
neutrons exhibit a neutral charge, there are two orbital electrons (see Figure  17.1). 
More complex elements have many more protons, electrons, and neutrons. For example, 
gold (Au) has 79 protons and 118 neutrons, with 79 orbital electrons. As the elements 
become more complex, the orbiting electrons arrange themselves into regions, or 
“shells,” around the nucleus.

The maximum number of electrons in any one shell is uniquely defined. The shell 
closest to the nucleus contains a maximum of two electrons, the next eight, and so on. 
There are a maximum of six shells, but the last two shells are never completely filled. 

−

−

++

N N

Figure 17.1

Schematic representation of a helium atom.
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Atoms therefore can combine by sharing their outer orbital electrons and thereby fill 
certain voids and establish unique patterns of molecules.

Atoms are extremely minute. In fact, it is difficult to imagine the size of an atom, 
since a grain of table salt is estimated to contain 1018 atoms. However, it is possible to 
understand the size relationship between the nucleus and the orbital electrons. Assume 
for purposes of visualization that the diameter of the hydrogen nucleus is a 1.0 mm 
sphere. To scale accurately the electron and its orbit, the electron would revolve at an 
average distance of 25 m from the nucleus. Although the relative distance is significant, 
this single electron is prevented from leaving the atom by an electric force of attraction 
that exists because the proton has a positive charge and the electron has an opposite but 
equal negative charge.

How closely the millions upon millions of atoms and molecules are packed 
together determines the state (e.g., solid, liquid, or gas) of a given substance. In 
solids, the atoms are packed closely together, generally in a very orderly manner. 
The atoms are held in a specific lattice structure but vibrate around their nominal 
positions. Depending on the substance, some electrons may be free to move from one 
atom to another.

17.3 Static Electricity

History indicates that the Greeks were the first to have a word for electricity. They 
discovered that after rubbing certain items together, the materials would exert a force 
on one another. It was concluded that during the rubbing process, the bodies were 
“charged” with some unknown element, which the Greeks called electricity. For 
example, they concluded that by rubbing silk over glass, electricity was added to the 
substance. We realize today that during the process of rubbing, electrons are displaced 
from some of the surface atoms of the glass and are added to the surface atoms of the 
silk. The branch of science concerned with static, or stationary, charged bodies is called 
electrostatics.

The charge of an electron can be measured, but the value is extremely small. 
A large unit, the coulomb, has been selected to denote electric charge. Charles 
Augustin Coulomb (1736–1806) was the first individual to measure an electric 
force. In recognition of his work, the SI unit of charge is called the coulomb. A 
coulomb is defined in terms of the force exerted between unit charges. A charge of 
one coulomb will exert on an equal charge, placed one meter away in air, a force 
of about 8.988 × 109 N. The magnitude of this force is very large, equivalent to 
the weight of 15 million people. Because of the large size of this unit of measure, 
the charge on a proton is only +1.6 × 10–19 C.

17.4 Electric Current

Earlier we noted that electrons are prevented from leaving the atom by the attrac-
tion of the protons in the nucleus. It is entirely possible, however, for an electron 
to become temporarily separated from an atom. These free electrons drift around 
randomly in the space between atoms. During their random travel many of them 
will collide with other atoms; when they do collide with sufficient force, they 
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other atoms, there can be a continuous movement of free electrons in a solid. If 
the electrons drift in a particular direction instead of moving randomly, there is 
movement of electricity through the solid. This continuous movement of electrons 
in a direction is called an electric current. If the electron drift is in only one direc-
tion, it is called direct current (DC). If the electrons periodically reverse direction 
of travel, then we have alternating current (AC).

The ease with which electrons can be dislodged by collision as well as the 
number of free electrons available varies with the substance. Materials in which 
the drift of electrons can be easily produced are said to be good conductors; 
those in which it is difficult to produce an electron drift are good insulators. 
For example, copper is a good conductor, whereas glass is a good insulator. 
Practically all metals are good conductors. Silver is a very good conductor but it 
is expensive. Copper and aluminum also are good conductors and are commonly 
used in electric wire.

17.5 Electric Potential

Both theory and experimentation suggest that like charges repel and unlike charges 
attract. Consequently, to bring like charges together, an external force is necessary, and 
therefore work must be done. The amount of work required to bring a positive charge 
near another positive charge from a large distance is used as a measure of the electric 
potential at that point. This amount of potential is measured in units of work per unit 
charge or joules per coulomb (J/C). By definition, one joule per coulomb is one volt, a 
unit of electric potential.

Devices such as electric batteries or generators are capable of producing a differ-
ence in electric potential between two points. Such devices are rated in terms of their 
ability to produce a potential difference, and this difference in potential is measured 
in volts (V). When these devices are connected to other components in a continuous 
circuit, electric current flows. You also could think of batteries as devices that change 
chemical energy to electric energy whereas generators convert mechanical energy to 
electric energy.

17.6 Simple Electric Circuits

When electric charge and current were initially being explored, scientists thought that 
current flow was from positive to negative. They had no knowledge of electron drift. By 
the time it was discovered that the electron flow was from negative to positive, the idea 
that current flow was from positive to negative had become so well established that it 
was decided not to change the convention. See Figure 17.2.

When battery or generator terminals are connected to a conducting material, the 
battery or generator creates a potential difference across the load measured as a volt-
age. It follows that the random movement of the negatively charged electrons will have 
a drift direction induced by this potential difference. The resulting effect will be the 
movement of electrons away from the negative terminal of the battery or generator. 
Electrons will travel in a continuous cycle around the circuit, reentering the battery or 
generator at its positive terminal.
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The speed by which any individual electron moves is relatively slow, less than 
1 mm/s. However, once a potential difference is connected into a circuit, the “flow” of 
electrons starts almost instantaneously at all points. Individual electrons at all locations 
begin their erratic movement around the circuit, colliding frequently with other atoms 
in the conductor. Because electron activity starts at all points practically simultane-
ously, electric current appears to travel about 3 × 108 m/s.

Electric current is really nothing more than the rate at which electrons pass through 
a given cross section of a conductor. The number of electrons that migrate through this 
cross section is gigantic in magnitude in that approximately 6.28 × 1018 electrons pass a 
point per second per ampere. Since this number is very large, it is not convenient to use 
the rate of electron flow as a unit of current measurement. Instead, current is measured 
in terms of the total electric charge (coulomb) that passes a certain point in a unit of 
time (second). This unit of current is called the ampere (A). That is, one ampere equals 
one coulomb per second (C/s).

17.7 Resistance

Another critical component of circuit theory is resistance. George Simon Ohm 
(1789–1854), a German scientist investigating the relation between electric current and 
potential difference, found that, for a metal, the current in the conductor was directly 
proportional to the potential difference across the conductor. This important relation-
ship has become known as Ohm’s law, which is stated as:

At constant temperature, the current I in a conductor is directly proportional 
to the potential difference between its ends, E.

The ratio E/I describes the “resistance” to electron flow and is denoted by the 
symbol R:

R =
E
I

 (17.1)

and is called Ohm’s law. It is more often presented as

E = IR

+

−

+

−
Load

Conventional current

Electron drift

Batteries

Figure 17.2

A simple DC electric circuit.
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This is one of the simplest but most important relations used in the electric circuit 
theory. A conductor has a resistance R of one ohm (Ω) when the current I through 
the conductor is one ampere (A) and the potential difference E across it is one 
volt (V).

When a specific value of resistance is required in a circuit, a proper sized resistor 
is used. Resistors come in many sizes and tolerances. Resistance and tolerance values 
of resistors are marked on the body of the resistors with coded color bands. 

The reciprocal of resistance is called conductance (G):

G = 1
R

 (17.2)

Conductance is measured in siemens (S).

Example Problem 17.1 The current in an electric aircraft instrument heater is mea-
sured as 2.5 A when connected to a battery with a potential of 60.0 V. Calculate the 
resistance of the heater.

Solution

R =
E
I

  = 60.0
2.5

    = 24 Ω

17.8 DC Circuit Concepts

A considerable amount of information about electric circuits can be presented in a com-
pact form by means of circuit diagrams. Figure 17.3 illustrates three typical symbols 
that are used in such diagrams.

Circuits may have resistors that are connected either end to end or parallel to each 
other. When resistors are attached end to end, they are said to be connected in series, 
and the same current flows through each. When several resistors are connected between 
the same two points they are connected in parallel.

+ −

Resistor Battery Switch

Figure 17.3

Symbols.
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For the series circuit illustrated in Figure 17.4, there will be a potential across each 
resistor, since a potential must exist between the ends of a conductor if current is to 
flow. This potential difference E is related to current and resistance by Ohm’s law. For 
each unknown voltage (potential), we can write

E1 = IR1

E2 = IR2

E3 = IR3

Since the total voltage drop ET across the three resistors is the sum of the individual 
drops, and since the current is the same through each resistor, then

ET = E1 + E2 + E3

     = IR1 + IR2 + IR3

     = I(R1 + R2 + R3)
or

R1 + R2 + R3 = 
ET

I

Since ET is the total potential difference across the circuit and I is the circuit current, 
then the total resistance must be

RT =
ET

I

Therefore
RT = R1 + R2 + R3 (17.3)

This total resistance RT is sometimes called the equivalent resistance RE.
These steps demonstrate that when resistors are connected in series, their combined 

resistance is the sum of their individual values.

+ −

l

ET

R2 R3R1

E1 E2 E3

Figure 17.4

Series circuit.
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Example Problem 17.2 The circuit in Figure 17.5 has three resistors connected 
in series with a 12.0 V source. Determine the line current I and the voltage drop 
across each resistor (E1, E2, and E3).

Solution For resistors in series

RT = R1 + R2 + R3

RT = 4.0 + 8.0 + 12

    = 24 Ω

Ohm’s law gives

E = IR

I =
ET

RT
= 12.0

24 = 0.50 A

Then

E1 = 0.50(4.0)

    = 2.0 V

E2 = 0.50(8.0)

    = 4.0 V

E3 = 0.50(12)

    = 6.0 V

Check: ET = 12.0 = 2.0 + 4.0 + 6.0

When several resistors are connected between the same two points, they are said to be 

+

−

R1 = 4.0 Ω

R2 = 8.0 Ω

R3 = 12 Ω

12.0 V

l

Figure 17.5
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The current between points 1 and 2 divides among the various pathways formed by 
the resistors. Since each resistor is connected between the same two points, the potential 
difference across each of the resistors is the same.

In analyzing the problem, we let IT be the total current passing between the points 
1 and 2 with I1, I2, and I3 representing the branch currents through R1, R2, and R3, 
respectively.

Using Ohm’s law we can write

I1 = 
ET

R1
, I2 = 

ET

R2
, I3 = 

ET

R3

or

I1 + I2 + I3 = ET (
1
R1

+ 1
R2

+ 1
R3

)

But we know that

IT = I1 + I2 + I3

Applying Ohm’s law to total circuit values reveals that

IT =
ET

RT
 

Therefore,
ET

RT
= ET (

1
R1

+ 1
R2

+ 1
R3

) 

or
1
RT

= 1
R1

+ 1
R2

+ 1
R3

 (17.4)

This equation indicates that when a group of resistors are connected in parallel, the 
reciprocal of their combined resistance is equal to the sum of the reciprocals of their 
separate resistances.

+

–

ET R1 R2 R3

1

2

IT

Figure 17.6

Parallel circuit.
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Example Problem 17.3 In Figure 17.7 three resistors are connected in parallel 
across a 6.0 × 101 V battery. What is the equivalent resistance of the three resistors 
and the line current?

Solution For resistors in parallel:

1
RT

= 1
R1

+ 1
R2

+ 1
R3

= 1
5.0 × 100 + 1

6.0 × 100 + 1
1.0 × 101

= 28
6.0 × 101

RT = 6.0 × 101

28

      = 2.1 Ω

From Ohm’s law

 E = IR

ET = IT RT

So that

IT =
ET

RT

= (6.0 × 101) 2.8 × 101

6.0 × 101

= 28 A

+

−

IT

6.0 × 101 V 1.0 × 101 Ω5.0 Ω 6.0 Ω

Figure 17.7
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Electric circuits may involve combinations of resistors in parallel and in series. The next 
example problem demonstrates a solution of that nature.

Example Problem 17.4 Determine the line current IT, the circuit equivalent resistance 
RE, and the voltage drop E4 across the resistor R4 for the circuit in Figure 17.8. What 
resistance should be substituted for R1 to reduce the line current by one-half?

Solution
Ohm’s law: E = IR

Resistors in series: RT = R1 + R2 + . . . + RN

Resistors in parallel: 
1
RT

= 1
R1

+ 1
R2

+  . . . + 1
RN

For parallel resistors R2 and R3

1
RT

= 1
R2

+ 1
R3

    = 1
2.0 + 1

4.0 = 2.0
4.0 + 1.0

4.0 = 3.0
4.0; RT = 4.0

3.0

For series resistors

RE = R1 + RT + R4

   = 1.0 + 4.0
3.0 + 3.0

   =
16
3.0

     = 5.3 Ω

IT

I2 I3

R1 = 1.0 Ω

R2 = 2.0 Ω R3 = 4.0 Ω

R4 = 3.0 Ω

16 V

+

−

Figure 17.8
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Then the line current is

EE = IT  RE

IT =
EE

RE

   = 16(
3.0
16 )

     = 3.0 A

and the voltage drop across R4 is

E4 = IT  R4

    = 3.0(3.0)

    = 9.0 V

If we reduce the line current by one-half, the new line current is 3.0/2 = 1.5 A. The new 
equivalent resistance then must be

RE =
Et

IT
= 16

1.5 = 10.667 V

But
RE = Rnew + RT + R4

so the resistor replacing R1 is

Rnew = RE − RT − R4 = 10.667 − 
4.0
3.0  − 3.0 = 6.3 Ω

17.9 DC Electric Power

Consider the following illustration of a simple DC circuit. A common household lan-
tern, as illustrated in Figure 17.9, is represented by a section view (a) and a circuit 
diagram (b). As the switch is closed, current (I) flows through the bulb producing light 
and heat. Both light and heat are forms of energy, thus the chemical energy stored in 
the battery is converted first to electrical energy and then to light (useful energy) and 
heat (waste energy).

The rate at which energy is consumed by the bulb is a product of the voltage and 
current.

Power (P) = E(I ) (17.5)

Voltage (E) is in volts (V) or joules/coulomb (J/C) and current (I) is in amperes (A) or 
coulombs/second (C/s). The units of power, therefore, are joules/second or watts (W) 
(after James Watt, 1736–1819). Using Ohm’s law, we can express power in the follow-
ing alternative forms:

Power (P) =
E2

R
 (17.6)
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Power (P) = I 2R (17.7)

If the rate of energy production or consumption (power) is constant, then the total 
energy produced or consumed can be computed from

Energy = (Power)(Time) = EIt (17.8)

and is expressed in units of joules (J).

Example Problem 17.5 The lantern in Figure 17.9 contains a lamp with a 
measured resistance of 2.0 Ω. When the switch is closed, what is the power 
consumed by the lamp?

Switch

On

O�

Rbulb

(a)

6 V
battery

6 V

+

Figure 17.9a

Household lantern.

Switch

6 V Rb
Es

(b)

+

−

I

Figure 17.9b

Schematic diagram.
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Solution

P = 
E2

R

  =
(6.0)2

2.0

   = 18 W

Example Problem 17.6 A gallon of gasoline has the potential energy of approxi-
mately 131.8 MJ. Assume that a gasoline engine is driving a generator and the gen-
erator is supplying electricity to a 100 W lamp. The overall efficiency (from gasoline 
to electrical energy) of the engine-generator set is 20 percent.

(a) How long will the lamp provide light from one gal of gasoline?
(b) If the system operates at 120 volts, what is the lamp current?
(c) How much electric charge passes through the lamp in 10 seconds?

Solution
(a) Electrical energy produced from 1 gal of gasoline is

131.8 × 106 J × 0.2 = 26.36 × 106 J

From the equation:

Energy = (power)(time)

time = 26.36 × 106 J
100 J/s = 0.263 6 × 106 s = 73 h, 13 min, 20 s

(b) I = P
E

= 100 W
120 V = 0.833 A

(c) 0.833 A = 0.833 C/s or 8.33 C in 10 s

17.10 Terminal Voltage

Figure 17.10 is a basic circuit in which there can be different sources of elec-
tric potential. The storage battery and the electric generator are two familiar 
examples.

The potential does work of amount E in joules per coulomb on charges pass-
ing through the voltage source from the negative to the positive terminal. This 
results in a difference of potential E across the resistor R, which causes current 
to flow in the circuit. The energy furnished by the voltage source reappears as 
heat in the resistor.

Current can travel in either direction through a voltage source. When the current 
moves from the negative to the positive terminal, some other form of energy (such as 
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higher potential in the external circuit—for example, forcing current backward through 
the voltage source—the electric energy would be converted to some other form. When 
current is sent backward through a battery, electric energy is converted into chemical 
energy (which can be recovered in certain types of batteries; that is, charge the battery). 
When current is sent backward through a generator, the device becomes a motor.

A resistor, on the other hand, converts electric energy into heat no matter what the 
direction of current. Therefore, it is impossible to reverse the process and to regain elec-
tric energy from the heat. Electric potential always drops by the amount IR as current 
travels through a resistor. This drop occurs in the direction of the current.

In a generator or battery with current flowing negative to positive, the positive 
terminal will be E volts above the negative terminal minus the voltage drop due to 
internal resistance between terminals. There always will be some energy converted to 
heat inside a battery or generator no matter which direction the current flows.

When a battery or a generator is driving the circuit, the internal current passes 
from the negative to the positive terminal. Each coulomb of charge gains energy E 
from chemical or mechanical energy but loses IR in heat dissipation. The net gain in 
joules per coulomb can be determined by E − IR.

For a motor or for a battery being charged, the internal current passes from the 
positive to the negative terminal. Each coulomb loses energy E and IR. The combined 
loss can be determined by E + IR.

In the case of a motor, the quantity E is commonly called back-emf (the electromo-
tive force, or potential), since it represents a voltage that is in a direction opposite the 
current flow.

Figure 17.11 shows a circuit wherein a battery that is being charged by a genera-
tor. EG, EB, RG, and RB indicate the potentials and internal resistances, respectively, of 
the generator and battery. Each coulomb that flows around the circuit in the direction 
of the current I gains energy EG from the generator and loses energy EB in the form of 
chemical energy to the battery. Heat dissipation is realized as IRG, IR1, IRB, and IR2.

17.11 Kirchhoff’s Laws

To analyze a DC circuit network that consists of more than simple elements in 
series or parallel, we will use Kirchhoff’s network laws. These laws recognize the 

+

−

I

E R

Figure 17.10

Basic circuit.
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concepts in algebraic form. Thus a network solution requires that one write these 
algebraic equations and then solve the resulting set of simultaneous, linear, algebraic 
equations.
Kirchhoff’s current law:

The algebraic sum of all of the currents coming into a node (junction) in a 
network must be zero.

Kirchhoff’s voltage law:

The algebraic sum of the voltages (potential drops) around any closed loop in 
a network equals zero.

In applying Kirchhoff’s laws, an algebraic sign must be provided with each current 
and voltage to indicate its direction. When writing Kirchhoff’s current law equations, 
a positive direction for current flow must be defined, either current flow into a junc-
tion is positive, or current flow out of a junction is positive. Either convention may be 
used, but the convention must be consistent throughout the circuit. If a resultant current 
is negative, that will indicate the actual current is in the opposite direction that was 
assumed.

When writing Kirchhoff’s voltage equations, the voltage rise or drop across an 
element must have a polarity in accordance with the assumed current, mainly that 
current enters the positive end of a resistor and the negative end of a battery or 
generator as indicated in Article 17.10. It must then be defined whether a voltage 
rise or a voltage drop is positive. Common convention is that rises are considered 
positive and drops are considered negative, but either may be used. A computation 
resulting in a negative voltage indicates the actual polarity is the opposite of that 
assumed.

Example Problem 17.7 Given the circuit illustrated in Figure 17.12, determine the 
currents Ix, Iy, and Iz.

+

−

+

−
Generator

R1

R2

RB

EB
RG

EG

I

Figure 17.11

Generator charging a battery.
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Solution From Kirchhoff’s current law we can write (at point A)

Iy = Ix + Iz

Applying Kirchhoff’s voltage law around the left loop in a clockwise fashion 
beginning at A, we find

−Iy(2) + 14 − Ix(4) = 0

Likewise, Kirchhoff’s voltage law for the right loop applied counterclockwise from 
A gives

−Iy(2) + 12 − Iz(6) = 0

We then have three equations in Ix, Iy, and Iz which yield

Ix = 2 A

Iy = 3 A

Iz = 1 A

To check the solution, write voltage drops in the left loop

−(3)(2) + 14 − (2)(4) = 0

and in the right loop.

−(3)(2) + 12 − (1)(6) = 0

As a further check, write voltage drops around the entire outside loop, moving 
clockwise from A

(6)(1) − 12 + 14 − (2)(4) = 0

Example Problem 17.8 A 220 V generator is driving a motor drawing 8.0 A and 
charging a 170 V battery. Determine the back-emf of the motor (Em), the charging 
current of the battery (I2), and the current through the generator (I1). For additional 
details, see Figure 17.13.

+

−

+

−

Ix Iz

Iy14 V 2 Ω

4 Ω 6 Ω

12 V

A

Figure 17.12

Application of Kirchhoff’s laws.
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Solution Since the current through the motor is given as 8.0 A, we can see by 
applying Kirchhoff’s current law to junction C that I1 = I2 + 8.0.

Kirchhoff’s voltage law dictates that we select a beginning point and travel 
completely around a closed loop back to the starting point, thereby arriving at the 
same electric potential.

Applying Kirchhoff’s voltage law to the circuit ABCDA in Figure 17.13:

(EA−B)emf + (EA−B)loss + (EB−C)loss + (EC−D)emf + (EC−D)loss + (ED−A)loss = 0

By applying correct algebraic signs according to the established convention, we get 
the results given in Table 17.1.

Substituting the values from Table 17.1, we find that the equation becomes

220 − 0.45(I1) − 2.0(I1) − Em − 0.35(8.0) − 2.0(I1) = 0

Substituting I1 = I2 + 8.0 and simplifying, we get

−4.45I2 − Em + 181.6 = 0

This equation cannot be solved because there are two unknowns. However, a 
second equation can be written around a different loop of the circuit. For loop 
DCEFD

(ED−C)emf + (ED−C)loss + (EC−E)loss + (EE−F)emf + (EE−F)loss + (EF−D)loss = 0

From this we can develop Table 17.2 and therefore we have a second equation:

Em + 0.35(8.0) − 3.0I2 − 170 − 0.75I2 − 3.0I2 = 0

Em − 6.75I2 − 167.2 = 0

Solving these two equations simultaneously, we obtain the following results:

  I2 = 1.3 A

Em = 1.8 × 102 V
Then

  I1 = I2 + 8.0 = 1.3 + 8.0 = 9.3 A

+

–

+

–

+

–

Generator Motor

2.0 Ω

3.0 Ω

3.0 Ω

0.35 Ω

2.0 Ω

I1

8 A
Em

A

B C

D

E

F

220 V
0.45 Ω

170 V
0.75 Ω

I2

Figure 17.13

Application of Kirchhoff’s laws.
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These values can be checked by writing a third equation around the outside loop, 
ABCEFDA:

(EA−B)emf + (EA−B)loss + EB−C + EC−E + (EE−F)emf + (EE−F)loss + EF−D + ED−A = 0

Using values from Tables 17.1 and 17.2, we obtain

+220 − 0.45(I1) − 2.0(I1) − 3.0(I2) − 170 − 0.75(I2) − 3.0(I2) − 2.0(I1) = 0

With I1 = 9.3 A and I2 = 1.3 A, we have

+220 − 0.45(9.3) − 2.0(9.3) − 3.0(1.3) − 170 − 0.75(1.3) − 3.0(1.3) − 2.0(9.3) = 0 
(within roundoff error)

By the preceding procedure, a set of simultaneous equations may be found that will 
solve similar problems, provided the number of unknowns is not greater than the 
number of circuit paths or loops.

The following general procedure is outlined as a guide to systematically applying 
Kirchhoff’s laws.

1.  Sketch a circuit diagram and label all known voltages, currents, and resistances. 
Show + and − signs on potentials.

2.  Indicate a current direction in each branch of the circuit. If the direction is not 
known, choose a direction. A negative current solution will indicate that the 
 current is flowing in the opposite direction to the direction assumed.

3. Assign symbols to all unknown currents, voltages, and resistances.
4.  Apply Kirchhoff’s voltage law to circuit loops and Kirchhoff’s current law at 

 junctions to obtain as many independent equations as there are unknowns in 
the problem.

Table 17.1   Voltage Summation for Loop ABCDA

Symbols Quantities Notes

(EA−B)emf +220 V Potential of generator
(EA−B)loss −0.45I1 Loss in generator
(EB−C)loss −2.0I1 Loss in line
(EC−D)emf −Em Back-emf of motor
(EC−D)loss −0.35(8.0) Loss in motor
(ED−A)loss −2.0I1 Loss in line

Table 17.2   Voltage Summation for Loop DCEFD

Symbols Quantities Notes

(ED−C)emf +Em Back-emf of motor
(ED−C)loss +0.35(8.0) IR rise in motor
(EC−E)loss −3.0I2 Loss in line
(EE−F)emf −170 V Drop across battery
(EE−F)loss −0.75I2 Loss in battery
(EF−D)loss −3.0I2 Loss in line
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5. Solve the resulting set of equations.
6.  Check results from Kirchhoff’s voltage law written on a loop that was not used 

earlier.

Example Problem 17.9 A 115-V generator provides energy for a 95-Ω resistive load 
and a motor. See Figure 17.14. Determine the currents through the motor and resistive 
load and the back-emf of the motor and power consumed by the resistive load.

Solution Apply Kirchhoff’s current law at point A.

20 − I2 − I3 = 0

Applying Kirchhoff’s voltage law to the left loop, moving clockwise from B, we have

115 − (0.20)(20) − (0.40)(20) − 95(I3) = 0

Kirchhoff’s voltage law for the right loop, moving clockwise from A, gives

−(0.55)(I2) − Em − (0.35)(I2) + 95(I3) = 0

The left loop equation can be solved for I3:

I3 = (115 − (0.20)(20) − (0.40)(20))/95 = 1.084 2 A

Then the current equation gives

I2 = 20 − I3 = 20 − 1.084 2 = 18.915 8 A

Em can be found from the right loop equation:

Em = 0.95(I3) − (0.55)(I2) − (0.35)(I2)

= (95)(1.084 2) − (0.55)(18.915 8) − (0.35)(18.915 8)

= 85.974 8 V

Write Kirchhoff’s voltage law for the outside loop as a check (clockwise from B):

115 − 0.20(20) − 0.40(20) − 0.55(18.915 8) − 85.974 8 − 0.35(18.915 8)

= 9.8 × 10−4

A

B

Generator Motor

115 V
0.20 Ω

Em
0.35 Ω

0.40 Ω 0.55 Ω

95 Ω

I3

I2I1 = 20 A

–

+

–

+

Figure 17.14
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Power consumed by the resistive load is

P = 95I3
2 = 95(1.084 2)2 = 111.671 5 W

The results considering significant figures then are

Current through the motor = I2 = 19 A

Current through the resistive load = I3 = 1.1 A

Back-emf of the motor = Em = 86 V

Power consumed by the resistive load = P = 1.1 × 102 W

17.12 Mesh Currents

Individual elements or components can be connected to form unique circuits. The 
interconnectivity of each element can be described in terms of nodes, branches, meshes, 
paths, and loops.

A node is a specific point or location within a circuit where two or more com-
ponents are connected.
A branch is a path that connects two nodes.
A mesh is a loop that does not contain any other loops within itself.

A mesh current is defined as a current that exists only in the perimeter of the mesh. 
Mesh currents are selected clockwise for each mesh. A mesh current is considered to 
travel all the way around the mesh.

Notice that Figure 17.15 is the same circuit diagram as Figure 17.12 without spe-
cific values. Referring to Figure 17.15, we can apply Kirchhoff’s voltage law in the 
direction of the mesh currents around the two meshes expressing voltages across each 
component in terms of the mesh currents, Ia and Ib.

E1 − IaR1 − (Ia − Ib) R3 = 0

and
−E2 − (Ib − Ia) R3 − Ib R2 = 0

E1

R1 R2

R3

IbIa E2

+

−

+

−

Figure 17.15

Application of mesh analysis.
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Collecting and rearranging these two equations give us

E1 − Ia (R1 + R3) + Ib R3 = 0

and
−E2 + Ia R3 − Ib (R3 + R2) = 0

By comparing Figures 17.12 and 17.15, the branch currents can be expressed in terms 
of the mesh currents:

I1 = Ia (I1 is the current through R1, to the right in Figure 17.15)

I2 = Ib (I2 is the current through R2, to the left in Figure 17.15)

I3 = Ia − Ib (I3 is the current through R3, downward in Figure 17.15)

Once we know the mesh currents, we know the branch currents, and once we know the 
branch currents, we can compute any voltage.

Example Problem 17.10 Substitute the specific values given in Figure 17.12 
into the mesh current equations and verify the answers obtained in Example 
Problem 17.7.

Solution Writing Kirchhoff’s voltage law for the two loops gives

E1 − Ia(R1 + R3) + IbR3 = 0

−E2 + IaR3 − Ib(R3 + R2) = 0

Substituting values we see that

14 − 6Ia + 2Ib = 0

−12 + 2Ia − 8Ib = 0
Thus

Ib = −1 A (meaning that mesh current Ib is counterclockwise rather 
than clockwise as first assumed)

and

Ia = 2 A (meaning that mesh current Ia is clockwise as assumed)

Therefore,

I1 = 2 A (to the right in the diagram)

I2 = −(−1) = 1 A (to the left in the diagram)

I3 = 2 − (−1) = 3 A (downward in the diagram)

Example Problem 17.11 
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Solution Apply Kirchhoff’s voltage law in the direction of the mesh currents Ia and 
Ib around the two meshes. See Figure 17.16.

115 − 0.20Ia − 0.40Ia − 95(Ia − Ib) = 0
and

−0.55Ib − Em − 0.35Ib − 95(Ib − Ia) = 0
Collecting terms

115 − 95.6Ia + 95Ib = 0

−Em − 95.9Ib + 95Ia = 0

But Ia = I1 = 20 A

Therefore,

Ib = − [
115 − 20(95.6)

95 ] = 18.915 8 ≅ 19 A

Then

Em = 95(20) − 18.915 8(95.9) = 85.974 8 ≌ 86 V

Current through the resistive load is

Ia − Ib = 20 − 18.915 8 = 1.084 2 ≌ 1.1 A

Power consumed by the resistive load is

P = 95(Ia − Ib)
2 = 95(20 − 18.915 8)2 = 111.671 5 ≌ 1.1 × 102 W

Problems
17.1 What is the average current through a conductor that carries 5 500 C during a 5.0 min time 

period?
17.2 How many coulombs are supplied by a battery in 36 h if it is supplying current at the rate 

of 1.5 A?
17.3 Assuming that the current flow through a conductor is due to the motion of free electrons, 

how many electrons pass through a fixed cross section normal to the conductor in 1 h if 
the current is 1 650 A?

A

B

Generator Motor

115 V
0.20 Ω

Em
0.35 Ω

0.40 Ω 0.55 Ω

95 Ω

I3

I2I1 = 20 A

–

+

–

+

Ib
Ia

Figure 17.16
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17.4 Five 1.5-V batteries in series are required to operate an 8.0 W portable radio. What is 
the current flow? What is the equivalent circuit resistance?

17.5 When the leads of an impact wrench are connected to a 12.0 V auto battery, a current of 
15 A flows. Calculate the power required to operate the wrench. If 75 percent of the power 
required by the wrench is delivered to the socket, how much energy in joules is produced 
per impact if there are 1 100 impacts per minute?

17.6 A small vacuum cleaner designed to be plugged into the cigarette lighter of an auto has a 
12.6-V DC motor. It draws 4.0 A in operation. What power must the auto battery deliver? 
What size resistor would consume the same power?

17.7 A portable electric drill produces 1.2 hp at full load. If 85 percent of the power provided 
by the 9.6-V battery pack is useful, what is the current flow? How much power goes into 
waste heat?

17.8 A DC power supply of 95 V is connected across three resistors in series.  
R1 = 12 Ω, R2 = 15 Ω, R3 = 25 Ω.
(a) Draw the circuit diagram.
(b) Determine the equivalent resistance of the three resistors.
(c) What is the current through the power supply?
(d) What is the voltage drop across each resistor?

17.9 Three resistors—15, 35, and 55 kΩ—are connected in series to a 75-V ideal DC 
voltage source.
(a) Draw the circuit diagram.
(b) Determine the equivalent circuit resistance.
(c) Calculate the line current.
(d) Find the voltage drop across each resistor.
(e) Compute the power consumed by each resistor.

17.10 An ideal 6.0-V supply is connected to three resistors wired in parallel:  
R1 = 12 Ω, R2 = 16 Ω, R3 = 1.0 kΩ.
(a) Draw the circuit diagram.
(b) Calculate the equivalent circuit resistance.
(c) Find the current through the voltage supply.
(d)  Determine the current through each resistor and the power consumed by each.

17.11 A battery has a measured voltage of 14.2 V when the circuit switch is open. The inter-
nal resistance of the battery is 0.35 Ω. The circuit contains resistors of 15.5, 13.7, and 
135 Ω connected in parallel.
(a) Draw the circuit diagram.
(b) Calculate the equivalent circuit resistance as seen by the battery.
(c) Find the current flow through the battery when the switch is closed.
(d)  Compute the current through the 15.5-Ω resistor and the power consumed by it.
(e)  Calculate the rate at which heat must be removed from the battery if it is to maintain 

a constant temperature.
17.12 Given the circuit diagram and the values in Figure 17.17, determine the current through 

the 15-Ω resistor and voltage drop across it. Find the fraction of the power produced by 
the battery that is consumed by the 25-Ω resistor.

17.13 In Figure 17.18, determine the current and the potential at points S, T, U, and V when  
R1 = 8.5 Ω, R2 = 5.7 Ω, EG = 120 V, RG = 0.25 Ω, EB = 24 V, and RB = 0.15 Ω.

17.14 A 155-V generator in Figure 17.19 is charging a 110-V battery and driving a motor. 
Determine the charging current of the battery and the back-emf of the motor. Assume no 
internal resistances in the generator, motor, and battery.

17.15 A 115-V generator and a 26-V battery are in parallel with a motor. The current through the 
motor is 12 A. Determine the back-emf of the motor and current through the battery (see 
Figure 17.20).
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27 Ω

15 Ω

21 Ω

25 Ω

+

−
45 V

Figure 17.17
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Figure 17.18

Generator Motor

2.0 Ω

2.0 Ω

1.0 Ω
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−

Figure 17.19
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17.16 Figure 17.21 shows a resistance circuit driven by two ideal (no internal resistance) 
batteries. Determine
(a) The currents through each resistor.
(b) The power delivered to the circuit by the 80-V battery.
(c) The voltage across the 24-Ω resistor.
(d) The power consumed by the 12-Ω resistor.

17.17 An ideal 14-V generator and an ideal 12.6-V battery are connected in the circuit shown in 
Figure 17.22.
(a)  For RA = 3.0 Ω and RB = 4.0 Ω, compute the current through each circuit component 

(resistors, battery, and generator). Is the battery being charged or discharged?
(b)  With RB = 1.0 Ω, find the current through the battery for 0.50 Ω ≤ RA ≤ 10.0 Ω with 

ΔRA = 0.50 Ω. Plot the battery current versus RA with RA as the independent variable. 
Repeat the process with RB = 5.0 and 10.0 Ω, placing all three curves on the same 
graph. Note: Prepare a computer program and/or work as a team if approved by your 
instructor.

Generator Motor

3.0 Ω

3.0 Ω

1.0 Ω

2.0 Ω

I = 12 A+

−

+

−

IB

+

−

EB = 26 V
RB = 0.25 Ω

Vm
0.40 Ω

125 V
0.40 Ω

Figure 17.20

+

−

+

−
80 V 18 Ω 24 Ω

8 Ω

12 Ω

18 Ω

40 V

Figure 17.21
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17.18 For the circuit shown in Figure 17.23:
(a)  Calculate the currents I1, I2, and I3 when the switch is placed at A. How much power 

is consumed by each of the three resistors?
(b) Repeat the problem with the switch placed at B.

17.19 Compute the current through each resistor and the battery shown in Figure 17.24. Determine 

+

−
RBRA

0.10 Ω 0.15 Ω

0.10 Ω 0.20 Ω

12.6 VGenerator Battery

+

−

14 V

Figure 17.22

+

−

+

−
+

−

I2 I3

I1
135 V

2.5 Ω

5.0 Ω

1.5 Ω

125 V

22 V

A B

Figure 17.23

+

−
55 Ω 75 Ω

12 Ω

45 Ω 25 Ω

125 V

Figure 17.24
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17.20 Determine the current through each component of the circuit in Figure 17.25. Find the 
power delivered to the 2.0-V battery, the voltage across the 2.0-Ω resistor, and power 
consumed by the 6.0-Ω resistor.

17.21 With reference to Figure 17.26, calculate the equivalent resistance of the circuit. Also 
calculate
(a) The current through R3.
(b) The voltage across R6.

17.22 With reference to Figure 17.27, the power consumed by R3 is 20 W. Find the value for 
R. Repeat this exercise for values of power consumed by R3 of 2, 4, 6, 8, 10, 12, 14, 16, 
and 18 W. Note: Prepare a computer program and/or work as a team if approved by your 
instructor.

17.23 With reference to Figure 17.28, the internal resistances of the generator, motor, and battery 
are 0.25 Ω, 0.75 Ω, and 0.35 Ω respectively. If the back-emf of the motor is measured as 
60 V, calculate
(a) Current supplied by the generator.
(b) Current drawn by the motor.
(c) Charging current of the battery.
(d) Power converted to heat in the motor.
(e) 

6.0 Ω

5.0 Ω 2.0 Ω
5.0 Ω

+

−
15 V

+

−
12 V

+

−
2.0 V

Figure 17.25

–

+

R2

R5

11 Ω

R1 15 Ω

30 Ω

R3

R6

16 Ω

30 Ω

R4

R7

18 Ω

30 Ω

100 V

Figure 17.26
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–+
18 V

R3

5 Ω
R4

4 Ω

R1

2 Ω

R2

1 Ω
R

Figure 17.27

220 V

–

+

–

+

75 V
0.35 ΩG

–

+

M

2 Ω 7 Ω

12 Ω3 Ω

0.75 Ω0.25 Ω

Figure 17.28

120 V

–

+

–

+
E2

106 V
0.45 Ω

E1
110 V

0.32 Ω
G

–

+

1.0 Ω

Figure 17.29
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17.24 In the circuit shown (Figure 17.29) the generator G is used to charge two storage batteries  
E1 and E2. Calculate
(a) The charging current for both batteries.
(b) Total power loss in all resistors.
(c) Power delivered by the generator.
(d) Efficiency of the charging system.
(e)  How do the values of (a) through (d) change if the line resistor is 10 Ω rather than  

1.0 Ω?
17.25 In the circuit of Figure 17.30, calculate (assuming mesh currents)

(a) The voltage drop VBD.
(b) Current through R1.
(c) Power dissipated in R4.
(d)  Repeat parts (a) through (c) for battery voltages of 2, 4, 6, 8, 10, and 12 V. Plot the 

results and interpret the curves. Note: Prepare a computer program and/or work as a 
team if approved by your instructor.

17.26 Find the power delivered by the batteries in the circuit of Figure 17.31. Find the current 
through the 1-Ω resistor. What is the voltage across the 0.8-Ω resistor? (Assume mesh 
currents.)

–+0.75 Ω 14 V

D

A C

B

R1

R2

R4
R3

4 Ω

5 Ω
3 Ω

2 Ω

4 Ω

Figure 17.30

–

+

–

+ 16 V
0.55 Ω

10 V
0.32 Ω

1 Ω

3 Ω

0.8 Ω0.6 Ω

Figure 17.31
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17.27 In the circuit of Figure 17.32, calculate (assuming mesh currents)
(a) Current through R1.
(b) Voltage across R2.
(c) Power dissipated in R3.
(d ) Power supplied by the batteries.
(e)  Repeat parts (a) through (d) with the 12-V battery replaced by one of 10 V and then 

by one of 14 V. Next, with the 12-V battery as shown in the diagram, replace the 
14-V battery by one of 12 V and then by one of the 16 V. Note: Prepare a computer 
program and/or work as a team if approved by your instructor.

17.28 In the circuit shown in Figure 17.33, calculate (a) the current through the 12 Ω resistor, 
(b) the voltage across the 19 Ω resistor, (c) the current supplied by the battery, (d)  the 
power consumed by the 21 Ω resistor, (e) the total power provided to the circuit by the 
battery, and (f ) repeat parts (a) through (e) for batteries of 100, 102, 104, 106, and 110 V, 
respectively. Note: Prepare a computer program and/or work as a team if approved by your 
instructor.

–

+

R1

R4 12 Ω

30 Ω R2 R3 8 Ω

12 V

–

+
14 V

20 Ω

Figure 17.32

19 Ω

11 Ω

11 Ω

12 Ω

21 Ω

+

−
108 V

Figure 17.33
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17.29 For the circuit in Figure 17.34, compute the power supplied to the circuit by each of 
the  batteries and the power consumed by each of the resistors. Repeat for values of  
R1 = 3.0 kΩ through 10.0 kΩ with increments of 1.0 kΩ. Plot the power consumed by R1 
as the resistance changes. Discuss the result. Note: Prepare a computer program and/or 
work as a team if approved by your instructor.

– +

–

+–

+

1.0 kΩ

2.0 kΩ 2.0 kΩ

6.0 V

12 V

3.0 V

R1 = 2.0 kΩ 1.0 kΩ

Figure 17.34
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C H A P T E R  18

Flowcharts
18.1 Introduction

Programming languages such as Python, Java, C++, Visual Basic, and so forth can 
be used to custom prepare solutions to certain problems. This approach can be a 
time-consuming process and it requires much skill and experience to be an effec-
tive programmer. If spreadsheets and math calculation packages cannot do the job, 
you may be forced to program a solution. It is effective to program a solution if 
the solution is a unique application where commercial software is not likely to be 
available or if the solution is to be used repetitively without need for changing the 
programming code.

Custom-solutions may be necessary, but they are likely to be expensive in initial 
preparation and are not very flexible. They can be difficult to maintain since the origi-
nal programmer may no longer be available and most engineering programmers are 
not good at thorough documentation of a program such that someone else readily can 
understand the process and make needed modifications.

18.2 Flowcharting

An algorithm (solution to a problem) can be described in terms of text-like statements 
(called pseudocode) or graphically in a form known as a flowchart. A flowchart pro-
vides a picture of the logic and the steps involved in solving a problem.

As you develop a flowchart, it is advantageous to think in terms of the big pic-
ture before focusing on details. For example, when designing a house, an architect 
must first plan where the kitchen, bathrooms, bedrooms, and other rooms are to be 
located before specifying where electric, water, and sewer lines should be placed. 
Similarly, a flowchart is designed by working out large blocks to assure that global 
logic is satisfied before deciding what detailed procedure should be used within each 
large block.

A set of graphical symbols is used to describe each step of the flowchart (see 
Figure 18.1). Although there are many flowchart symbols in general use, we will only 
define a small subset that is generic in nature; that is, each symbol does not denote 
any particular device or method for performing the operation. For example, a general 
input/output symbol is used that does not suggest that the input or output method is a 
document, tape, disk storage, or display. The symbol only means that communication 
with the software should occur by using whatever device or method is available and 
appropriate. However, when coding the input or output process, the programmer will 
have to be specific about the method or device.
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Three general structures are used in algorithm, or flowchart development: the 
sequential structure, the selection structure, and the repetition structure. The latter two 
have some variations that will be illustrated in the following paragraphs.

A sequential structure defines a series of steps that are performed in order, begin-
ning at the start position and proceeding sequentially from operation to operation until 
the stop symbol is reached. No decisions are made and no step or series of steps is 
repeated. A sequential structure is shown in Figure 18.2. Dashed lines in this flowchart 
and others described later simply mean that repeated symbols have been omitted. A 
simple example of a sequential structure is shown in Figure 18.3 where values are input, 
a calculation is done, and the results are output.

The fundamental selection structure is illustrated in Figure 18.4. It contains a 
conditional test symbol that asks a question with a yes/no (true/false) answer or states 
a condition with two possible outcomes. Thus, based on the outcome of the decision, 
one of the two sets of operations will be performed. Each branch of the selection struc-
ture may contain as many operations as are necessary. There may be one operation or 
several in a branch, or even no operations in one of the branches. With this structure, 
flow proceeds through one or the other of the branches and continues on into a later 
section of the flowchart. Therefore, during a single pass through the structure one of 
the branches is not used.

Input/output

Process
instruction

Start/stop

Conditional
test
(decision)

Connector

Figure 18.1

Flowchart symbols.
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Start

Process 2

Process 1

Stop

Process N

Simple sequence.

Figure 18.3

Start

S = P(1 + i )n

Input
i, n, P

Stop

Output
i, n, P, S

Sequence for future worth calculation.
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Figure 18.5 is a simple illustration of a selection structure. Here a variable, x, which 
has been defined prior to this flowchart segment, is compared to the number 5. If x is 
greater than 5, the variable, y, is defined as x-squared. Both x and y are then output and 
control moves to whatever elements are next in the flowchart. If, however, in the deci-
sion block, x is not greater than 5, y is defined as x

Process 1

Process N

Process 1

Condition TrueFalse

Process N

Figure 18.4

Selection structure.

y = x2 y = x3

x > 5?
Yes No

Output
x, y

Figure 18.5

Example of selection structure.
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Thus depending on the value of x at this point in the flowchart, y will be defined as 
either x-squared or x-cubed.

A somewhat generalized version of the selection structure is shown in Figure 18.6. 
Here the decision or condition at the top of the structure has more than two outcomes, 
called cases. Each outcome or case can have a unique set of steps to be performed. This 
structure is useful, for example, in a sorting procedure where one is treating data differ-
ently with each of several defined ranges of values.

A computation for the buckling load of a slender column is depicted in 
Figure  18.7. The buckling load depends on the end conditions of the column 
described as both ends fixed (F-F), one end fixed and one end hinged (F-H) or both 
ends hinged (H-H). This case structure segment examines the previously defined end 
condition and sets a variable n to 1, 2, or 4 and then computes the buckling load FB. 
The buckling load also depends on the modulus of elasticity E, the cross-sectional 
area A, the length L, and the least moment of gyration r, all of which would have to 
be input or defined prior to reaching this segment. Output of variables could then 
occur after the calculation.

The repetition structure (looping structure) consists of a step or series of steps that 
are performed repeatedly until some condition (perhaps a specified number of repeti-
tions) is satisfied, at which time the next step after the loop is executed. Two common 
repetition structures are presented, one where the conditional test is performed as the 

Process N

Process 1

Case 1 Case 2 Case 3 Case 4 Case M

Conditional
Test

Figure 18.6

Generalized selection structure (case structure).
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n = 1

End Condition?

F-F F-H H-H

FB = (nπ2 EA )/(L /r )2

n = 2n = 4

Figure 18.7

Case structure for slender column.

Process N Process

Process 1

Condition
True

False

Figure 18.8

Repetition structure with conditional test last.

The repetition structure where the conditional test is the last step is illustrated in 
Figure 18.8. One or more processes are placed in the forward section of the structure. 
The conditional test can be reversed; that is, the true and false flow lines can be 
interchanged depending on the nature of the condition to be tested. There may be no 
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the forward section. You may or may not include the reverse-process block as your logic 
dictates. Frequently, the reverse-loop block performs the action of a counter. Operations 
such as X = X + 1 or Z = Z + 5 might appear here. These are not algebraic equations 
since they are clearly not mathematically correct. They are instructions to replace the 
current value of X by a new value 1 greater or to replace Z by Z + 5. Therefore, they 
can count the number of times through the loop, as does X, or can increment a variable 
by a constant, as in the case of Z. Negative increments also are possible so that you can 
count backward or decrement a variable.

Figure 18.9 is an example of a repetition structure where the test is last. This seg-
ment computes and outputs the surface area A and the volume V of spheres ranging 
from a radius R of 1 to 10 units.

Figure 18.10 shows the repetition structure where the conditional test is performed 
first. Again, the true and false branches can be reversed to match the chosen conditional 
test. As many process blocks as desired may be used. One of them could be a counter 
or incrementing block.

The flowchart segment in Figure 18.11 does the same thing as the segment in  
Figure 18.9, but is arranged such that the test is first rather than last.

Several selection structures or repetition structures can be combined by a method 
called nesting. In this way one or more loops can be contained within a loop. Similarly, a 
selection structure can be placed within another selection structure. Figure 18.12 shows an 
example of how a nested loop might appear. The inner loop is performed until condition 2 
is satisfied; then control returns to the decision block for condition 1. In each pass, through 
the outer loop the inner loop will be repeated until condition 2 is satisfied. Eventually, 
condition 1 will be satisfied and flow will pass to the next part of the flowchart.

A = 4πR2

V = (4/3)πR3

R = 1

R = R + 1

No

Yes

Output
R, A, V

R = 10?

Figure 18.9

Example of test last.
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Process 1

Condition

False

True

Process N

Figure 18.10

Repetition structure with conditional test first.

A = 4πR2

V = (4/3)πR3

R = 1

R = R + 1

No

Yes

Output
R, A, V

R > 10?

Figure 18.11

Example of test first.
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Examples of various combinations of the structures just discussed can be seen in 
the problems that follow.

Example Problem 18.1 Construct a flowchart for calculating the sum of the 
squares of the even integers from N1 to N2.

Procedure For purposes of this example, N1 and N2 will be restricted to even inte-
gers only and N2 > N

Condition 2

Condition 1

False

True

False

True

Figure 18.12

Nested repetition structure (nested loop).
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Start

Input N1

Input
N1 + 2

Input
N1 + 4

Stop

Output
SUM

SUM =
N12 +

(N1 + 2)2

SUM = SUM +
(N1 + 4)2

SUM =
SUM + N22

Figure 18.13
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This flowchart will result in a variable called SUM as the desired value; SUM is then 
output. Because of the repetitive nature of the steps, it is far more convenient to use a 
repetition structure as seen in Figure 18.14.

Study Figure 18.14 carefully; several important flowcharting concepts are intro-
duced there. First, the flowchart is useful for any pair N1, N2 as long as each is an even 
integer and N2 > N1. (The flowchart also will work for N1 and N2 as odd integers, 
although that is not specified in this problem.) Second, there are two variables, SUM 
and Y, that will take on numerous values. They must be initialized outside the repetition 
structure. If the process block containing SUM = 0 and Y = N1 was inside the loop, 
SUM and Y would be reset to their initial values each time through the loop and the 
decision block (Y = N

Start

Input
N1, N2

Stop

Output
SUM

SUM =
SUM + Y2

SUM = 0
Y = N1

Y = N2?

True

False

Y = Y + 2

Figure 18.14
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The difference between initializing a variable and inputting a variable is important. 
As a general rule: Variables that must have initial values but whose values will not 
change from one use of the flowchart to another (one run of the resulting program to 
another) should be placed in a process block. Variables that you wish to change from 
one run to another should be placed in an input block. This provides you with the 
necessary flexibility of reusing the flowchart (or program) without having to input the 
variables that do not change from run to run.

Example Problem 18.2 Draw a flowchart that will calculate the future sum of a 
principal (an amount of money) for a given interest rate and the number of interest 
periods. Allow the user to decide if simple or compound interest is to be used and to 
compute as many future sums as desired.

Procedure For simple interest S = P(1 + ni), and for compound interest S =  
P(1 + i)n, where S = future sum, P = principal amount, i = interest rate per 
period, and n = number of interest periods. One possible flowchart is given in 
Figure 18.15. The user is asked to input T = 0 for simple interest and T = 1 for 
compound interest. A decision block checks on P before performing any further 
calculation. If P < 0 (a value not expected to be used), the process terminates. Thus, 
using a unique value for one of the input variables is one method of terminating the 
processing. A logical alternative would be to construct a counter and to check to see 
if a specified number of variable sets has been reached.

The connector symbol has been used to avoid drawing a long flow line in this 
example. A letter or number (the letter A was used in this case) is placed in the 
symbols to define uniquely the pair of symbols that should be connected. Connector 
symbols also are used when a flowchart occupies more than one page and flow lines 
cannot physically connect portions of the flowchart.

Example Problem 18.3 The sine of an angle can be approximately calculated from 
the following series expansion.

 sin x > ∑
N

i=1
(−1)i+1

[
x2i−1

(2i − 1)!]

    = x − x3

3!
+ x5

5!
− x7

7!
+ . . . + (−1)N+1

[
x2N−1

(2N − 1)!]

where x is the angle in radians. The degree of accuracy is determined by the 
number of terms in the series that are summed for a given value of x. Prepare a 
flowchart to calculate the sine of an angle of P degrees and cease the summation 
when the last term in the series calculated has a magnitude less than 10−7. Of 
course, an exact answer for the sine of the angle would require the summation of 
an infinite number of terms. Include the procedure for evaluating a factorial in 
the flowchart.
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Start

Input T

Input P, i, n

Output P, i, n, S

Stop

S = P (1 + i )nS = P (1 + in )

T = ?

P < 0?
Yes

No

0 1

A

A

Figure 18.15

Procedure One possible flowchart is shown in Figure 18.16. We will discuss sev-
eral features of this flowchart, after which you should track on paper the first three 
or four terms of the series expansion to make sure you understand that the flowchart 
is correctly handling the problem. Note that the general term has been used in the 
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Figure 18.16

Start

Input
P(degrees)

ERR

Stop

Output
x, SUM, TERM

x = P π

i = 1
M = 1

SUM = 0

SUM =
SUM + TERM

TERM = 

i = i + 1

M = M (2i  − 2)(2i − 1)

⃒ TERM ⃒
< ERR?

Yes

No

180

−1i+1 × xi−1

M
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loop and that specific values of each variable are calculated in order to produce the 
required term each time through the loop:
1. The magnitude of the quantity controlling the number of terms summed is 

called ERR. It is input so that a magnitude of other than 10−7 can be used in 
a future run.

2. i denotes the summation variable and is initialized as 1.
3. M represents (2i − 1)! and is initialized as 1 (its value in the first term of the series).
4. SUM is the accumulated value of the series as each term is added to the previous 

total. It is initialized as 0.
5. The angle is input in degrees and then immediately converted to radians by mul-

tiplying by π/180.
6. TERM is the value of each term beginning with (−1)1+1 {x2(1)−1/[2(1) − 1]!} or 

simply x. The factor (−1)i+1 causes TERM to alternate signs.
7. SUM is equal to 0 + x the first time through the procedure.
8. The absolute value of TERM is now checked against the control value ERR 

to see if computations should cease. Note that the absolute value must be used 
because of the alternating signs. If a “no” answer is received to this conditional 
test, the appropriate incrementing of the variable must be undertaken.

9. i is increased by 1. This time though i becomes 2 since it was initialized as 1.
10. M becomes (1)(2 × 2 − 2)(2 × 2 − 1) = 1 × 2 × 3 = 3!
11. Following the flowchart directions, we now return to the evaluation of TERM 

with the new value of i.

TERM = (−1)2+1x2(2)−1/3! = −x3/3!

12. SUM then becomes x − x3/3!. TERM is again tested against ERR.
13. The process repeats until the magnitude of the last term is less than ERR (10−7 in 

this case). Then the value of x, sin x, and the value of the last term are reported 
to make certain that the standard of accuracy has been attained.

  You should check several terms for a given value of x and then repeat the process 
for different angles. You will note that as the size of the angle varies, the number 
of terms required to achieve the standard of accuracy also varies. For example, 
when using a value of P = 5º, the third term of the series is about 4(10−8), less 
than the 10−7 requirement. But for P = 80º the third term is approximately 
4.4(10−2). It requires seven terms of the series before the magnitude of the last 
term becomes less than 10−7.

The preceding examples should give you some insight into the construction of a 
flowchart as a prelude to writing a computer program or to using other software tools. 
The mechanisms for calculating, testing, incrementing, looping, and so on vary with 
the computational device and the programming language or software tool. A flowchart, 
however, should be valid for all computer systems and software tools because it graphi-
cally portrays the steps that must be completed to solve the problem.

Problems
18.1 Draw a flowchart to solve for P when P = RQ + K + RK.
18.2 Draw a flowchart to solve for M when M = 3B + BE/F.
18.3 Draw a flowchart to calculate the sum of the areas of circles whose radii are 2, 3, 4, and 

5 cm.
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18.4 Draw a flowchart to calculate cos X when 

cos X = 1 − x2

2!
+ x4

4!
+ p

 correct to six decimal places. X = angle, in radians, and N is a positive integer.  
Hint: The general term of the series is 

(−1)N+1 
x2N−2

(2N − 2)!

18.5 Draw a flowchart to simulate the required courses in your curriculum. 
18.6 Draw a flowchart to calculate the sum of all the numbers between 0 and 99 whose square 

roots are integers. 
18.7 Draw a flowchart to calculate the value of y when 

 y = ∑
100

x=2
 

ex

ln x

18.8 Draw a flowchart to calculate the compound interest accumulated by P dollars at i percent 
annual interest: 
(a) Compounded annually 
(b) Compounded daily 

 Hint: Sum = P(1 + i)n, where i is the interest rate per period and n is the number of 
periods.

18.9 Draw a flowchart to calculate the temperature in kelvins when the Fahrenheit temperature 
is known. 

18.10 A group of engineers have an office pool for football games of their alma mater. The 
winner is the one that ends the season with the fewest demerits. Demerits are awarded 
after each game on the following basis: three demerits for each one point that one errs in 
guessing the correct difference in the final scores of the two teams; and one demerit for 
each point one is incorrect in the final score of each team. [For example: One engineer 
predicts the home team to win 14 to 7, but the final score is home team 10, visitors 21. 
Demerits = (11 + 7)3 + (14 − 10) + (21 − 7) = 72 demerits.] Draw a flowchart describing 
this pool. 

18.11 Draw a flowchart to calculate the sum of the squares of the even integers between 0 and 15. 
18.12 Draw a flowchart to depict the process of buying a car from a used-car lot. 
18.13 Draw a flowchart that shows the process of a blackjack (21) dealer. Assume that the 

dealer has already completed dealing to the players, has one card himself, and is ready to 
complete the deal to himself. The rules are that he must draw a card if he has less than  
16 points and cannot draw if he has 16 or more points. 

18.14 Draw a flowchart to arrange a list of 20 numbers in descending order. 
18.15 Draw a flowchart that selects from a list of numbers only numbers whose square root is an 

integer. 
18.16 Draw a flowchart to calculate the present worth of a sinking fund. The formula is 

 Present worth = A 
(1 + i)n − 1

i(1 + i)n

18.17 Given two points with coordinates (x1, y1) and (x2, y2), draw a flowchart to calculate the 
length of the line connecting the two points. 

18.18 Do the same as in Problem 18.17 except design the flowchart to calculate the direction 
of the line. Specify the output as an angle. Assume that the line goes from (x1, y1) toward  
(x2, y2). 

18.19 Draw a flowchart to convert a Roman numeral to an Arabic number. 
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18.20 The prismoidal formula is 

 U = (A1 + 4Am + A2) 
W
6

 where 
  A1 = area of one end 
  A2 = area of other end 
  Am = area at midpoint 
  Construct a flowchart to calculate the volume of a solid figure. 
18.21 Draw a flowchart to solve the quadratic equation Ax2 + Bx + C = 0 for x. Account for all 

possible solutions. 
18.22 The area A of a triangle can be found by A2 = s(s − a)(s − b)(s− c), where a, b, c = sides of 

triangle and s = 1
2(a + b + c). Draw a flowchart to calculate the area of a triangle by this 

formula. 
18.23 Draw a flowchart to determine if three given lengths can form a triangle. 
18.24 Suppose I have chosen a number between two limits, say 0 and 100. Your task is to guess 

the number. All I will report is that your guess is too high, too low, or correct. Draw a 
flowchart of your process if each successive guess is midway between your last guess and 
the current upper or lower extreme value. (If your first guess is 40 and I say, “too low,” 
your next guess is 70 and I say, “too high,” your third guess should be 55.) Use only 
integers. 

H2

L2

L1

W

H1

Figure 18.17
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A P P E N D I X  A

Part 1 Unit Conversions

 Multiply: By: To Obtain:

acres 4.356 × 104 ft2

acres 4.046 9 × 10−1 ha
acres 4.046 9 × 103 m2

amperes 1 C/s
ampere hours 3.6 × 103 C
angstroms 1 × 10−8 cm
angstroms 3.937 0 × 10−9 in
atmospheres 1.013 3 bars
atmospheres 2.992 1 × 101 in of Hg
atmospheres 1.469 6 × 101 lbf/in2

atmospheres 7.6 × 102 mm of Hg
atmospheres 1.013 3 × 105 Pa
barrels (petroleum, US) 4.2 × 101 gal (US liquid)
bars 9.869 2 × 10−1 atm
bars 2.953 0 × 101 in of Hg
bars 1.450 4 × 101 lbf/in2

bars 1 × 105 Pa
Btu 7.776 5 × 102 ft · lbf
Btu 3.927 5 × 10−4 hp · h
Btu 1.055 1 × 103 J
Btu 2.928 8 × 10−4 kWh
Btu per hour 2.160 1 × 10−1 ft · lbf/s
Btu per hour 3.927 5 × 10−4 hp
Btu per hour 2.928 8 × 10−1 W
Btu per minute 7.776 5 × 102 ft · lbf/min
Btu per minute 2.356 5 × 10−2 hp
Btu per minute 1.757 3 × 10−2 kW
bushels (US) 1.244 5 ft3

bushels (US) 3.523 9 × 101 L
bushels (US) 3.523 9 × 10−2 m3

candelas 1 lm/sr
candelas per square foot 3.381 6 × 10−3 lamberts
centimeters 1 × 108 Å
centimeters 3.280 8 × 10−2 ft
centimeters 3.937 0 × 10−1 in
centipoises 1 × 10−2 g/(cm · s)
circular mils 5.067 1 × 10−6 cm2

circular mils 7.854 0 × 10−7 in2

coulombs 1 A · s
cubic centimeters 6.102 4 × 10−2 in3
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Appendix A
Part 1 Unit 
Conversions

cubic centimeters 3.531 5 × 10−5 ft3

cubic centimeters 2.641 7 × 10−4 gal (US liquid)
cubic centimeters 1 × 10−3 L
cubic centimeters 3.381 4 × 10−2 oz (US fluid)
cubic centimeters per gram 1.601 8 × 10−2 ft3/lbm
cubic centimeters per second 2.118 9 × 10−3 ft3/min
cubic centimeters per second 1.585 0 × 10−2 gal (US liquid)/min
cubic feet 2.295 7 × 10−5 acre · ft
cubic feet 8.035 6 × 10−1 bushels (US)
cubic feet 7.480 5 gal (US liquid)
cubic feet 1.728 × 103 in3

cubic feet 2.831 7 × 101 L
cubic feet 2.831 7 × 10−2 m3

cubic feet per minute 7.480 5 gal (US liquid)/min
cubic feet per minute 4.719 5 × 10−1 L/s
cubic feet per pound-mass 6.242 8 × 101 cm3/g
cubic feet per second 4.488 3 × 102 gal (US liquid)/min
cubic feet per second 2.831 7 × 101 L/s
cubic inches 4.650 3 × 10−4 bushels (US)
cubic inches 1.638 7 × 101 cm3

cubic inches 4.329 0 × 10−3 gal (US liquid)
cubic inches 1.638 7 × 10−2 L
cubic inches 1.638 7 × 10−5 m3

cubic inches 5.541 1 × 10−1 oz (US fluid)
cubic meters 8.107 1 × 10−4 acre · ft
cubic meters 2.837 8 × 101 bushels (US)
cubic meters 3.531 5 × 101 ft3

cubic meters 2.641 7 × 102 gal (US liquid)
cubic meters 1 × 103 L
cubic yards 2.169 6 × 101 bushels (US)
cubic yards 2.019 7 × 102 gal (US liquid)
cubic yards 7.645 5 × 102 L
cubic yards 7.645 5 × 10−1 m3

dynes 1 × 10−5 N
dynes per square centimeter 9.869 2 × 10−7 atm
dynes per square centimeter 1 × 10−6 bars
dynes per square centimeter 1.450 4 × 10−5 lbf/in2

dyne centimeters 7.375 6 × 10−8 ft · lbf
dyne centimeters 1 × 10−7 N · m
ergs 1 dyne · cm
fathoms 6 ft
feet 3.048 × 101 cm
feet 1.2 × 101 in
feet 3.048 × 10−4 km
feet 3.048 × 10−1 m
feet 1.893 9 × 10−4 mi
feet 6.060 6 × 10−2 rods
feet per second 1.097 3 km/h
feet per second 1.828 8 × 101 m/min
feet per second 6.818 2 × 10−1 mi/h
feet per second squared 3.048 × 10−1 

 Multiply: By: To Obtain:
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Part 1 Unit 

Conversionsfoot-candles 1 lm/ft2

foot-candles 1.076 4 × 101 lux
foot pounds-force 1.285 9 × 10−3 Btu
foot pounds-force 1.355 8 × 107 dyne · cm
foot pounds-force 5.050 5 × 10−7 hp · h
foot pounds-force 1.355 8 J
foot pounds-force 3.766 2 × 10−7 kWh
foot pounds-force 1.355 8 N · m
foot pounds-force per hour 2.143 2 × 10−5 Btu/min
foot pounds-force per hour 2.259 7 × 105 ergs/min
foot pounds-force per hour 5.050 5 × 10−7 hp
foot pounds-force per hour 3.766 2 × 10−7 kW
furlongs 6.6 × 102 ft
furlongs 2.011 7 × 102 m
gallons (US liquid) 1.336 8 × 10−1 ft3

gallons (US liquid) 2.31 × 102 in3

gallons (US liquid) 3.785 4 L
gallons (US liquid) 3.785 4 × 10−3 m3

gallons (US liquid) 1.28 × 102 oz (US fluid)
gallons (US liquid) 8 pt (US liquid)
gallons (US liquid) 4 qt (US liquid)
grams 2.204 6 × 10−3 lbm
grams per centimeter second 1 poises
grams per cubic centimeter 6.242 8 × 101 lbm/ft3

hectares 2.471 1 acres
hectares 1 × 102 acres
hectares 1.076 4 × 105 ft2

hectares 1 × 104 m2

horsepower 2.546 1 × 103 Btu/h
horsepower 5.5 × 102 ft · lbf/s
horsepower 7.457 0 × 10−1 kW
horsepower 7.457 0 × 102 W
horsepower hours 2.546 1 × 103 Btu
horsepower hours 1.98 × 106 ft · lbf
horsepower hours 2.684 5 × 106 J
horsepower hours 7.457 0 × 10−1 kWh
hours 6 × 101 min
hours 3.6 × 103 s
inches 2.54 × 108 Å
inches 2.54 cm
inches 8.333 3 × 10−2 ft
inches 1 × 103 mils
inches 2.777 8 × 10−2 yd
joules 9.478 2 × 10−4 Btu
joules 7.375 6 × 10−1 ft · lbf
joules 3.725 1 × 10−7 hp · h
joules 2.777 8 × 10−7 kWh
joules 1 W · s
joules per second 5.690 7 × 10−2 Btu/min
joules per second 1 × 107 ergs/s
joules per second 7.375 6 × 10−1 

 Multiply: By: To Obtain:
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Appendix A
Part 1 Unit 
Conversions

joules per second 1.341 0 × 10−3 hp
joules per second 1 W
kilograms 2.204 6 lbm
kilograms 6.852 2 × 10−2 slugs
kilograms 1 × 10−3 t
kilometers 3.280 8 × 103 ft
kilometers 6.213 7 × 10−1 mi
kilometers 5.399 6 × 10−1 nmi (nautical mile)
kilometers per hour 5.468 1 × 101 ft/min
kilometers per hour 9.113 4 × 10−1 ft/s
kilometers per hour 5.399 6 × 10−1 knots
kilometers per hour 2.777 8 × 10−1 m/s
kilometers per hour 6.213 7 × 10−1 mi/h
kilowatts 3.414 4 × 103 Btu/h
kilowatts 1 × 1010 ergs/s
kilowatts 7.375 6 × 102 ft · lbf/s
kilowatts 1.341 0 hp
kilowatts 1 × 103 J/s
kilowatt hours 3.414 4 × 103 Btu
kilowatt hours 2.655 2 × 106 ft · lbf
kilowatt hours 1.341 0 hp · h
kilowatt hours 3.6 × 106 J
knots 1.687 8 ft/s
knots 1.150 8 mi/h
liters 2.837 8 × 10−2 bushels (US)
liters 3.531 5 × 10−2 ft3

liters 2.641 7 × 10−1 gal (US liquid)
liters 6.102 4 × 101 in3

liters per second 2.118 9 ft3/min
liters per second 1.585 0 × 101 gal (US liquid)/min
lumens 7.957 7 × 10−2 candle power
lumens per square foot 1 foot-candles
lumens per square meter 9.290 3 × 10−2 foot-candles
lux 1 lm/m2

meters 1 × 1010 Å
meters 3.280 8 ft
meters 3.937 0 × 101 in
meters 6.213 7 × 10−4 mi
meters per minute 1.666 7 cm/s
meters per minute 5.468 1 × 10−2 ft/s
meters per minute 6 × 10−2 km/h
meters per minute 3.239 7 × 10−2 knots
meters per minute 3.728 2 × 10−2 mi/h
microns 1 × 104 Å
microns 3.280 8 × 10−6 ft
microns 1 × 10−6 m
miles 5.28 × 103 ft
miles 8 furlongs
miles 1.609 3 km
miles 8.689 8 × 10−1 nmi (nautical mile)
miles per hour 4.470 4 × 101 

 Multiply: By: To Obtain:
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Part 1 Unit 

Conversionsmiles per hour 8.8 × 101 ft/min
miles per hour 1.466 7 ft/s
miles per hour 1.609 3 km/h
miles per hour 8.689 8 × 10−1 knots
miles per hour 2.682 2 × 101 m/min
nautical miles 1.150 8 mi
newtons 1 × 105 dynes
newtons 2.248 1 × 10−1 lbf
newton meters 1 × 107 dyne · cm
newton meters 7.375 6 × 10−1 ft · lbf
ounces (US fluid) 2.957 4 × 101 cm3

ounces (US fluid) 7.812 5 × 10−3 gal (US liquid)
ounces (US fluid) 1.804 7 in3

ounces (US fluid) 2.957 4 × 10−2 L
pascals 9.869 2 × 10−6 atm
pascals 2.088 5 × 10−2 lbf/ft2

pascals 1.450 4 × 10−4 lbf/in2

poises 1 g/(cm · s)
pounds-force 4.448 2 N
pounds-mass 4.535 9 × 102 g
pounds-mass 4.535 9 × 10−1 kg
pounds-mass 3.108 1 × 10−2 slugs
pounds-mass 4.535 9 × 10−4 t
pounds-mass 5 × 10−4 tons (short)
pounds-force per square foot 4.725 4 × 10−3 atm
pounds-force per square foot 4.788 0 × 101 Pa
pounds-force per square inch 6.804 6 × 10−2 atm
pounds-force per square inch 6.894 8 × 10−2 bars
pounds-force per square inch 2.036 0 in of Hg
pounds-force per square inch 5.171 5 × 101 mm of Hg
pounds-force per square inch 6.894 8 × 103 Pa
pounds-mass per cubic foot 1.601 8 × 10−2 g/cm3

pounds-mass per cubic foot 1.601 8 × 101 kg/m3

radians 5.729 6 × 101 °
radians 1.591 5 × 10−1 r (revolutions)
radians per second 9.549 3 r/min
slugs 1.459 4 × 101 kg
slugs 3.217 4 × 101 lbm
square centimeters 1.076 4 × 10−3 ft2

square centimeters 1.550 0 × 10−1 in2

square feet 2.295 7 × 10−5 acre
square feet 9.290 3 × 102 cm2

square feet 9.290 3 × 10−6 ha
square feet 9.290 3 × 10−2 m2

square meters 1.076 4 × 101 ft2

square meters 1.550 0 × 103 in2

square miles 6.4 × 102 acres
square miles 2.787 8 × 107 ft2

square miles 2.590 0 × 102 ha
square miles 2.590 0 km2

square millimeters 1.076 4 × 10−5 

 Multiply: By: To Obtain:
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Appendix A
Part 1 Unit 
Conversions

square millimeters 1.550 0 × 10−3 in2

stokes 1 cm2/s
stokes 1.550 0 × 10−1 in2/s
tons (long) 2.24 × 103 lbm
tons (long) 1.016 0 t
tons (long) 1.12 tons (short)
tons (metric) 9.017 2 × 10−1 tons (short)
tons (short) 2 × 103 lbm
watts 3.414 4 Btu/h
watts 1 × 107 ergs/s
watts 4.425 4 × 101 ft · lbf/min
watts 1.341 0 × 10−3 hp
watts 1 J/s
watt hours 3.414 4 Btu
watt hours 2.655 2 × 103 ft · lbf
watt hours 1.341 0 × 10−3 hp · h

 Multiply: By: To Obtain:
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Part 2 Unit PrefixesPart 2 Unit Prefixes

 Multiple and submultiple Prefix Symbol

 1 000 000 000 000 = 1012 tera T
 1 000 000 000 = 109 giga G
 1 000 000 = 106 mega M
 1 000 = 103 kilo k
 100 = 102 hecto h
 10 = 10 deka da
 0.1 = 10−1 deci d
 0.01 = 10−2 centi c
 0.001 = 10−3 milli m
 0.000 001 = 10−6 micro μ
 0.000 000 001 = 10−9 nano n
 0.000 000 000 001 = 10−12 pico p
 0.000 000 000 000 001 = 10−15 femto f
 0.000 000 000 000 000 001 = 10−18 atto a
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Appendix A
Part 3 Physical 
Constants

Part 3 Physical Constants

Avogadro’s number = 6.022 57 × 1023/mol
Density of dry air at 0°C, 1 atm = 1.293 kg/m3

Density of water at 3.98°C = 9.999 973 × 102 kg/m3

Equatorial radius of the earth = 6 378.39 km = 3 963.34 mi
Gravitational acceleration (standard) at sea level = 9.806 65 m/s2 = 32.174 ft/s2

Gravitational constant = 6.672 × 10−11 N · m2/kg2

Heat of fusion of water, 0°C = 3.337 5 × 105 J/kg = 143.48 Btu/lbm
Heat of vaporization of water, 100°C = 2.259 1 × 106 J/kg = 971.19 Btu/lbm
Mass of hydrogen atom = 1.673 39 × 10−27 kg
Mean density of the earth = 5.522 × 103 kg/m3 = 344.7 lbm/ft3

Molar gas constant = 8.314 4 J/(mol · K)
Planck’s constant = 6.625 54 × 10−34 J/Hz
Polar radius of the earth = 6 356.91 km = 3 949.99 mi
Velocity of light in a vacuum = 2.997 9 × 108 m/s
Velocity of sound in dry air at 0°C = 331.36 m/s = 1 087.1 ft/s
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Part 4 Approximate 

Specific Gravities and 
Densities

Part 4 Approximate Specific Gravities 
and Densities

 Average Density

Material Specific Gravity lbm/ft3 kg/m3

Gases (0°C and 1 atm)
Air  0.080 18 1.284
Ammonia  0.048 13 0.771 0
Carbon dioxide  0.123 4 1.977
Carbon monoxide  0.078 06 1.251
Ethane  0.084 69 1.357
Helium  0.011 14 0.178 4
Hydrogen  0.005 611 0.089 88
Methane  0.044 80 0.717 6
Nitrogen  0.078 07 1.251
Oxygen  0.089 21 1.429
Sulfur dioxide  0.182 7 2.927

Liquids (20°C)
Alcohol, ethyl 0.79 49 790
Alcohol, methyl 0.80 50 800
Benzene 0.88 55 880
Gasoline 0.67 42 670
Heptane 0.68 42 680
Hexane 0.66 41 660
Octane 0.71 44 710
Oil 0.88 55 880
Toluene 0.87 54 870
Water 1.00 62.4 1 000

Metals (20°C)
Aluminum 2.55−2.80 165 2 640
Brass, cast 8.4−8.7 535 8 570
Bronze 7.4−8.7 510 8 170
Copper, cast 8.9 555 8 900
Gold, cast 19.3 1 210 19 300
Iron, cast 7.04−7.12 440 7 050
Iron, wrought 7.6−7.9 485 7 770
Iron ore 5.2 325 5 210
Lead 11.3 705 11 300
Manganese 7.4 462 7 400
Mercury 13.6 849 13 600
Nickel 8.9 556 8 900
Silver 10.4−10.6 655 10 500
Steel, cold drawn 7.83 489 7 830
Steel, machine 7.80 487 7 800
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Appendix A
Part 4 Approximate 
Specific Gravities and 
Densities

 Average Density

Material Specific Gravity lbm/ft3 kg/m3

Steel, tool 7.70 481 7 700
Tin, cast 7.30 456 7 300
Titanium 4.5 281 4 500
Uranium 18.7 1 170 18 700
Zinc, cast 6.9−7.2 440 7 050

Nonmetallic Solids (20°C)
Brick, common 1.80 112 1 800
Cedar 0.35 22 350
Clay, damp 1.8−2.6 137 2 200
Coal, bituminous 1.2−1.5 84 1 350
Concrete 2.30 144 2 300
Douglas fir 0.50 31 500
Earth, loose 1.2 75 1 200
Glass, common 2.5−2.8 165 2 650
Gravel, loose 1.4−1.7 97 1 550
Gypsum 2.31 144 2 310
Limestone 2.0−2.9 153 2 450
Mahogany 0.54 34 540
Marble 2.6−2.9 172 2 750
Oak 0.64−0.87 47 750
Paper 0.7−1.2 58 925
Rubber 0.92−0.96 59 940
Salt 0.8−1.2 62 1 000
Sand, loose 1.4−1.7 97 1 550
Sugar 1.61 101 1 610
Sulfur 2.1 131 2 100
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A P P E N D I X  B

Greek Alphabet

Alpha Α α
Beta Β β
Gamma Γ γ
Delta Δ δ
Epsilon Ε ε
Zeta Ζ ζ
Eta Η η
Theta Θ θ
Iota Ι ι
Kappa Κ κ
Lambda Λ λ
Mu Μ μ
Nu Ν ν
Xi  Ξ ξ
Omicron Ο ο
Pi  Π π
Rho Ρ ρ
Sigma Σ σ
Tau Τ τ
Upsilon Υ υ
Phi Φ ϕ
Chi Χ χ
Psi Ψ ψ
Omega Ω ω
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A P P E N D I X  C

Chemical Elements

 Atomic

 Element Symbol No. Weight

Actinium Ac 89
Aluminum Al 13 26.981 5
Americium Am 95
Antimony Sb 51 121.750
Argon Ar 18 39.948
Arsenic As 33 74.921 6
Astatine At 85
Barium Ba 56 137.34
Berkelium Bk 97
Beryllium Be 4 9.012 2
Bismuth Bi 83 208.980
Boron B 5 10.811
Bromine Br 35 79.904
Cadmium Cd 48 112.40
Calcium Ca 20 40.08
Californium Cf 98
Carbon C 6 12.011 15
Cerium Ce 58 140.12
Cesium Cs 55 132.905
Chlorine Cl 17 35.453
Chromium Cr 24 51.996
Cobalt Co 27 58.933 2
Columbium
     (see Niobium)
Copper Cu 29 63.546
Curium Cm 96
Dysprosium Dy 66 162.50
Einsteinium Es 99
Erbium Er 68 167.26
Europium Eu 63 151.96
Fermium Fm 100
Fluorine F 9 18.998 4
Francium Fr 87
Gadolinium Gd 64 157.25
Gallium Ga 31 69.72
Germanium Ge 32 72.59
Gold Au 79 196.967
Hafnium Hf 72 178.49
Helium He 2 4.002 6
Holmium Ho 67 164.930
Hydrogen H 1 1.007 97
Indium In 49 114.82
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Chemical Elements Atomic

 Element Symbol No. Weight

Iodine I 53 126.904 4
Iridium Ir 77 192.2
Iron Fe 26 55.847
Krypton Kr 36 83.80
Lanthanum La 57 138.91
Lead Pb 82 207.19
Lithium Li 3 6.939
Lutetium Lu 71 174.97
Magnesium Mg 12 24.312
Manganese Mn 25 54.938 0
Mendelevium Md 101
Mercury Hg 80 200.59
Molybdenum Mo 42 95.94
Neodymium Nd 60 144.24
Neon Ne 10 20.183
Neptunium Np 93
Nickel Ni 28 58.71
Niobium Nb 41 92.906
Nitrogen N 7 14.006 7
Nobelium No 102
Osmium Os 76 109.2
Oxygen O 8 15.999 4
Palladium Pd 46 106.4
Phosphorus P 15 30.973 8
Platinum Pt 78 195.09
Plutonium Pu 94
Polonium Po 84
Potassium K 19 39.102
Praseodymium Pr 59 140.907
Promethium Pm 61
Protactinium Pa 91
Radium Ra 88
Radon Rn 86
Rhenium Re 75 186.2
Rhodium Rh 45 102.905
Rubidium Rb 37 85.47
Ruthenium Ru 44 101.07
Samarium Sm 62 150.35
Scandium Sc 21 44.956
Selenium Se 34 78.96
Silicon Si 14 28.086
Silver Ag 47 107.868
Sodium Na 11 22.989 8
Strontium Sr 38 87.62
Sulfur S 16 32.064
Tantalum Ta 73 180.948
Technetium Tc 43
Tellurium Te 52 127.60
Terbium Tb 65 158.924
Thallium Tl 81 204.37
Thorium Th 90 232.038
Thulium Tm 69 168.934
Tin Sn 50 118.69
Titanium Ti 22 47.90
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Appendix C
Chemical Elements

 Atomic

 Element Symbol No. Weight

Tungsten W 74 183.85
Uranium U 92 238.03
Vanadium V 23 50.942
Xenon Xe 54 131.30
Ytterbium Yb 70 173.04
Yttrium Y 39 88.905
Zinc Zn 30 65.37
Zirconium Zr 40 91.22
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A P P E N D I X  D

NSPE Code of Ethics for Engineers
Preamble

Engineering is an important and learned profession. As members of this profession, engineers 
are expected to exhibit the highest standards of honesty and integrity. Engineering has a 

direct and vital impact on the quality of life for all people. Accordingly, the services provided by 
engineers require honesty, impartiality, fairness, and equity, and must be dedicated to the protec-
tion of the public health, safety, and welfare. Engineers must perform under a standard of profes-
sional behavior that requires adherence to the highest principles of ethical conduct.

I. Fundamental Canons

Engineers, in the fulfillment of their professional duties, shall:

1. Hold paramount the safety, health, and welfare of the public.
2. Perform services only in areas of their competence.
3. Issue public statements only in an objective and truthful manner.
4. Act for each employer or client as faithful agents or trustees.
5. Avoid deceptive acts.
6. Conduct themselves honorably, responsibly, ethically, and lawfully so as to enhance the 

honor, reputation, and usefulness of the profession.

II. Rules of Practice

1. Engineers shall hold paramount the safety, health, and welfare of the public.
a. If engineers’ judgment is overruled under circumstances that endanger life or property, 

they shall notify their employer or client and such other authority as may be appropriate.
b. Engineers shall approve only those engineering documents that are in conformity with 

applicable standards.
c. Engineers shall not reveal facts, data, or information without the prior consent of the 

 client or employer except as authorized or required by law or this Code.
d. Engineers shall not permit the use of their name or associate in business ventures with 

any person or firm that they believe is engaged in fraudulent or dishonest enterprise.
e. Engineers shall not aid or abet the unlawful practice of engineering by a person or firm.
f. Engineers having knowledge of any alleged violation of this Code shall report thereon to 

appropriate professional bodies and, when relevant, also to public authorities, and coop-
erate with the proper authorities in furnishing such information or assistance as may be 
required.

2. Engineers shall perform services only in the areas of their competence.
a. Engineers shall undertake assignments only when qualified by education or 

 experience in the specific technical fields involved.
b. Engineers shall not affix their signatures to any plans or documents dealing with 

 subject matter in which they lack competence, nor to any plan or document not 
 prepared under their direction and control.
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Appendix D
NSPE Code of Ethics 
for Engineers

c. Engineers may accept assignments and assume responsibility for coordination of an 
entire project and sign and seal the engineering documents for the entire project, pro-
vided that each technical segment is signed and sealed only by the qualified engineers 
who prepared the segment.

3. Engineers shall issue public statements only in an objective and truthful manner.
a. Engineers shall be objective and truthful in professional reports, statements, or testi-

mony. They shall include all relevant and pertinent information in such reports, state-
ments, or testimony, which should bear the date indicating when it was current.

b. Engineers may express publicly technical opinions that are founded upon knowledge 
of the facts and competence in the subject matter.

c. Engineers shall issue no statements, criticisms, or arguments on technical matters that 
are inspired or paid for by interested parties, unless they have prefaced their comments 
by explicitly identifying the interested parties on whose behalf they are speaking, and 
by revealing the existence of any interest the engineers may have in the matters.

4. Engineers shall act for each employer or client as faithful agents or trustees.
a.  Engineers shall disclose all known or potential conflicts of interest that could influ-

ence or appear to influence their judgment or the quality of their services.
b. Engineers shall not accept compensation, financial or otherwise, from more than one 

party for services on the same project, or for services pertaining to the same project, 
unless the circumstances are fully disclosed and agreed to by all interested parties.

c. Engineers shall not solicit or accept financial or other valuable consideration, directly 
or indirectly, from outside agents in connection with the work for which they are 
responsible.

d. Engineers in public service as members, advisors, or employees of a governmental or 
quasi-governmental body or department shall not participate in decisions with respect 
to services solicited or provided by them or their organizations in private or public 
engineering practice.

e. Engineers shall not solicit or accept a contract from a governmental body on which a 
principal or officer of their organization serves as a member.

5. Engineers shall avoid deceptive acts.
a. Engineers shall not falsify their qualifications or permit misrepresentation of their or their 

associates’ qualifications. They shall not misrepresent or exaggerate their responsibility in 
or for the subject matter of prior assignments. Brochures or other presentations incident 
to the solicitation of employment shall not misrepresent pertinent facts concerning 
employers, employees, associates, joint venturers, or past accomplishments.

b. Engineers shall not offer, give, solicit, or receive, either directly or indirectly, any 
contribution to influence the award of a contract by public authority, or which may 
be reasonably construed by the public as having the effect or intent of influencing the 
awarding of a contract. They shall not offer any gift or other valuable consideration in 
order to secure work. They shall not pay a commission, percentage, or brokerage fee 
in order to secure work, except to a bona fide employee or bona fide established com-
mercial or marketing agencies retained by them.

III. Professional Obligations

1. Engineers shall be guided in all their relations by the highest standards of honesty and 
integrity.
a. Engineers shall acknowledge their errors and shall not distort or alter the facts.
b. Engineers shall advise their clients or employers when they believe a project will not be 

successful.
c. Engineers shall not accept outside employment to the detriment of their regular work 

or interest. Before accepting any outside engineering employment, they will notify 
their employers.
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d. Engineers shall not attempt to attract an engineer from another employer by false or 
misleading pretenses.

e. Engineers shall not promote their own interest at the expense of the dignity and integ-
rity of the profession.

f. Engineers shall treat all persons with dignity, respect, fairness, and without 
discrimination.

2. Engineers shall at all times strive to serve the public interest.
a. Engineers are encouraged to participate in civic affairs; career guidance for 

youths; and work for the advancement of the safety, health, and well-being of their 
community.

b. Engineers shall not complete, sign, or seal plans and/or specifications that are not in 
conformity with applicable engineering standards. If the client or employer insists on 
such unprofessional conduct, they shall notify the proper authorities and withdraw 
from further service on the project.

c. Engineers are encouraged to extend public knowledge and appreciation of engineer-
ing and its achievements.

d. Engineers are encouraged to adhere to the principles of sustainable development1 in 
order to protect the environment for future generations.

e. Engineers shall continue their professional development throughout their careers and 
should keep current in their specialty fields by engaging in professional practice, 
participating in continuing education courses, reading in the technical literature, and 
attending professional meetings and seminar.

3. Engineers shall avoid all conduct or practice that deceives the public.
a. Engineers shall avoid the use of statements containing a material misrepresentation of 

fact or omitting a material fact.
b. Consistent with the foregoing, engineers may advertise for recruitment of personnel.
c. Consistent with the foregoing, engineers may prepare articles for the lay or technical 

press, but such articles shall not imply credit to the author for work performed  
by others.

4. Engineers shall not disclose, without consent, confidential information concerning the 
business affairs or technical processes of any present or former client or employer, or pub-
lic body on which they serve.
a.  Engineers shall not, without the consent of all interested parties, promote or arrange 

for new employment or practice in connection with a specific project for which the 
engineer has gained particular and specialized knowledge.

b. Engineers shall not, without the consent of all interested parties, participate in or 
represent an adversary interest in connection with a specific project or proceeding in 
which the engineer has gained particular specialized knowledge on behalf of a former 
client or employer.

5. Engineers shall not be influenced in their professional duties by conflicting interests.
a. Engineers shall not accept financial or other considerations, including free engineer-

ing designs, from material or equipment suppliers for specifying their product.
b. Engineers shall not accept commissions or allowances, directly or indirectly, from 

contractors or other parties dealing with clients or employers of the engineer in con-
nection with work for which the engineer is responsible.

6. Engineers shall not attempt to obtain employment or advancement or professional engage-
ments by untruthfully criticizing other engineers, or by other improper or questionable 
methods.

1. “Sustainable development” is the challenge of meeting human needs for natural resources, industrial products, energy, 
food, transportation, shelter, and effective waste management while conserving and protecting environmental quality and 
the natural resource base essential for future development.
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a. Engineers shall not request, propose, or accept a commission on a contingent basis 
under circumstances in which their judgment may be compromised.

b. Engineers in salaried positions shall accept part-time engineering work only to 
the extent consistent with policies of the employer and in accordance with ethical 
considerations.

c. Engineers shall not, without consent, use equipment, supplies, laboratory, or office 
facilities of an employer to carry on outside private practice.

7. Engineers shall not attempt to injure, maliciously or falsely, directly or indirectly, the pro-
fessional reputation, prospects, practice, or employment of other engineers. Engineers who 
believe others are guilty of unethical or illegal practice shall present such information to 
the proper authority for action.
a. Engineers in private practice shall not review the work of another engineer for the 

same client, except with the knowledge of such engineer, or unless the connection of 
such engineer with the work has been terminated.

b. Engineers in governmental, industrial, or educational employ are entitled to review 
and evaluate the work of other engineers when so required by their employment 
duties.

c. Engineers in sales or industrial employ are entitled to make engineering comparisons 
of represented products with products of other suppliers.

8. Engineers shall accept personal responsibility for their professional activities, provided, how-
ever, that engineers may seek indemnification for services arising out of their practice for 
other than gross negligence, where the engineer’s interests cannot otherwise be protected.
a. Engineers shall conform with state registration laws in the practice of engineering.
b. Engineers shall not use association with a nonengineer, a corporation, or partnership 

as a “cloak” for unethical acts.
9. Engineers shall give credit for engineering work to those to whom credit is due, and will 

recognize the proprietary interests of others.
a. Engineers shall, whenever possible, name the person or persons who may be indi-

vidually responsible for designs, inventions, writings, or other accomplishments.
b. Engineers using designs supplied by a client recognize that the designs remain the 

property of the client and may not be duplicated by the engineer for others without 
express permission.

c. Engineers, before undertaking work for others in connection with which the engineer 
may make improvements, plans, designs, inventions, or other records that may justify 
copyrights or patents, should enter into a positive agreement regarding ownership.

d. Engineers’ designs, data, records, and notes referring exclusively to an employer’s 
work are the employer’s property. The employer should indemnify the engineer for 
use of the information for any purpose other than the original purpose.

“By order of the United States District Court for the District of Columbia, former Section 11(c) 
of the NSPE Code of Ethics prohibiting competitive bidding, and all policy statements, opinions, 
rulings or other guidelines interpreting its scope, have been rescinded as unlawfully interfering 
with the legal right of engineers, protected under the antitrust laws, to provide price informa-
tion to prospective clients; accordingly, nothing contained in the NSPE Code of Ethics, policy 
statements, opinions, rulings or other guidelines prohibits the submission of price quotations or 
competitive bids for engineering services at any time or in any amount.”

Statement by NSPE Executive Committee

In order to correct misunderstandings which have been indicated in some instances since the 
issuance of the Supreme Court decision and the entry of the Final Judgment, it is noted that in its 
decision of April 25, 1978, the Supreme Court of the United States declared: “The Sherman Act 
does not require competitive bidding.” 
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Statement by NSPE 

Executive Committee

It is further noted that as made clear in the Supreme Court decision:
1. Engineers and firms may individually refuse to bid for engineering services.
2. Clients are not required to seek bids for engineering services.
3. Federal, state, and local laws governing procedures to procure engineering services are not 

affected, and remain in full force and effect.
4. State societies and local chapters are free to actively and aggressively seek legislation for 

professional selection and negotiation procedures by public agencies.
5. State registration board rules of professional conduct, including rules prohibiting competi-

tive bidding for engineering services, are not affected and remain in full force and effect. 
State registration boards with authority to adopt rules of professional conduct may adopt 
rules governing procedures to obtain engineering services.

6. As noted by the Supreme Court, “nothing in the judgment prevents NSPE and its members 
from attempting to influence governmental action . . .”

Note: In regard to the question of application of the Code to corporations vis-a-vis real persons, business form or type 
should not negate nor influence conformance of individuals to the Code. The Code deals with professional services, which 
services must be performed by real persons. Real persons in turn establish and implement policies within business struc-
tures. The Code is clearly written to apply to the Engineer, and it is incumbent on members of NSPE to endeavor to live 
up to its provisions. This applies to all pertinent sections of the Code.
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Areas under the Standard Normal Curve from 0 to z
z 00 .01 .02 .03 .04 .05 .06 .07 .08 .09

0.0 .000 0 .004 0 .008 0 .012 0 .016 0 .019 9 .023 9 .027 9 .031 9 .035 9
0.1 .039 8 .043 3 .047 8 .051 7 .055 7   059 6 .063 6 .067 5 .071 4 .075 4
0.2 .079 3 .083 2 .087 1 .091 0 .094 8 .098 7  102 6 .106 4 .110 3 .114 1
0.3 .117 9 .121 7 .125 5 .129 3 .133 1 .136 8  140 6 .144 3 .148 0 .151 7
0.4 .155 4 .159 1 .162 8 .166 4 .170 0 .173 6  177 2 .180 8 .184 1 .187 9

0.5 .191 5 .195 0 .198 5 .201 9 .205 4 .208 8 .212 3 .215 7 .219 0 .222 4
0.6 .225 8 .229 1 .232 4 .235 7 .238 9 .242 2 .245 4 .248 6 .251 8 .254 9
0.7 .258 0 .261 2 .264 2 .267 3 .270 4 .273 4 .276 4 .279 4 .282 3 .285 2
0.8 .288 1 .291 0 .293 9 .296 7 .299 6 .302 3 .305 1 .307 8 .310 6 .313 3
0.9 .315 9 .318 6 .321 2 .323 8 .326 4 .328 9 .331 5 .334 0 .336 5 .338 9

1.0 .341 3 .343 8 .346 1 .348 5 .350 8 .353 1 .355 4 .357 7 .359 9 .362 1
1.1 .364 3 .366 5 .368 6 .370 8 .372 9 .374 9 .377 0 .379 0 .381 0 .383 0
1.2 .384 9 .386 9 .388 8 .390 7 .392 5 .394 4 .396 2 .398 0 .399 7 .401 5
1.3 .403 2 .404 9 .406 6 .408 2 .409 9 .411 5 .413 1 .414 7 .416 2 .417 7
1.4 .419 2 .420 7 .422 2 .423 6 .425 1 .426 5 .427 9 .429 2 .430 6 .431 9

1.5 .433 2 .434 5 .435 7 .437 0 .438 2 .439 4 .440 6 .441 8 .442 9 .444 1
1,6 .445 2 .446 3 .447 4 .448 4 .449 5 .450 5 .451 5 .452 5 .453 5 .454 5
1.7 .455 5 .456 4 .457 3 .458 2 .459 1 .459 9 .460 8 .461 6 .462 5 .463 3
1.8 .464 1 .464 9 .465 6 .466 4 .467 1 .467 8 .468 6 .469 3 .469 9 .470 6
1.9 .471 3 .471 9 .472 6 .473 2 .473 8 .474 4 .475 0 .475 6 .476 1 .476 7

2.0 .477 2 .477 8 .478 3 .478 8 .479 3 .479 8 .480 3 .480 8 .481 2 .481 7
2.1 .482 1 .482 6 .483 0 .483 4 .483 8 .484 2 .484 6 .485 0 .485 4 .485 7
2.2 .486 1 .486 4 .486 8 .487 1 .487 5 .487 8 .488 1 .488 4 .488 7 .489 0
2.3 .489 3 .489 6 .489 8 .490 1 .490 4 .490 6 .490 9 .491 1 .491 3 .491 6
2.4 .491 8 .492 0 .492 2 .492 5 .492 7 .492 9 .493 1 .493 2 .493 4 .493 6

2.5 .493 8 .494 0 .494 1 .494 3 .494 5 .494 6 .494 8 .494 9 .495 1 .495 2
2.6 .495 3 .495 5 .495 6 .495 7 .495 9 .496 0 .496 1 .496 2 .496 3 .496 4
2.7 .496 5 .496 6 .496 7 .496 8 .496 9 .497 0 .497 1 .497 2 .497 3 .497 4
2.8 .497 4 .497 5 .497 6 .497 7 .497 7 .497 8 .497 9 .497 9 .498 0 .498 1
2.9 .498 1 .498 2 .498 2 .498 3 .498 4 .498 4 .498 5 .498 5 .498 6 .498 6

3.0 .498 7 .498 7 .498 7 .498 8 .498 8 .498 9 .498 9   498 9 .499 0 .499 0
3.1 .499 0 .499 1 .499 1 .499 1 .499 2 .499 2 .499 2 .499 2 .499 3 .499 3
3.2 .499 3 .499 3 .499 4 .499 4 .499 4 .499 4 .499 4 .499 5 .499 5 .499 5
3.3 .499 5 .499 5   499 5 .499 6 .499 6 .499 6 .499 6 .499 6 .499 6 .499 7
3.4 .499 7 .499 7 .499 7 .499 7 .499 7 .499 7 .499 7 .499 7 .499 7 .499 8

3.5 .499 8 .499 8 .499 8 .499 8 .499 8 .499 8 .499 8 .499 8 .499 8 .499 8
3.6 .499 8 .499 8 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9
3.7 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9
3.8 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9 .499 9
3.9 .500 0 .500 0 .500 0 .500 0 .500 0 .500 0 .500 0 .500 0 .500 0 .500 0

0 z

eid53554_app_421-466.indd   440 13/12/21   7:35 PM

ISTUDY



441

A P P E N D I X  F

Part 1 Selected Algebra Topics

F1.1 Introduction

This appendix includes material on exponents and logarithms, simultaneous equations, and 
the solution of equations by approximation methods. The material can be used for reference 

or review. The reader should consult an algebra textbook for more detailed explanations of addi-
tional topics for study.

F1.2 Exponents and Radicals

The basic laws of exponents are stated subsequently along with an illustrative example.

 Law Example

aman = am+n x 5x −2 = x 3

am

an = am−n a ≠ 0 
x 5

x 3 = x 2

(am) = amn (x −2)3 = x −6

(ab)m = ambm (xy)2 = x 2y 2

(
a
b)

m

= am

bm    b 2 0  (
x
y)

2

 = 
x2

y2

a−m = 1
am    a 2 0 x −3 = 1

x 3

a 0 = 1 a ≠ 0 2(3x 2)0 = 2(1) = 2

a1 = a (3x 2)1 = 3x 2

These laws are valid for positive and negative integer exponents and for a zero exponent, 
and can be shown to be valid for rational exponents. Some examples of fractional exponents are 
illustrated here. Note the use of radical (✓) notation as an alternative to fractional exponents.

 Law Example

am/n = n√am x2/3 = √3 x2

√n a

√n b
= Å

n 
a
b

       b ≠ 0  
3√16
3√2

= 3√8 = 2

a1/2 =√2 a1 = √a     a $ 0 !25 = 5   (not ±5) 
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F1.3 Exponential and Power Functions

Functions involving exponents occur in two forms—power and exponential. The power function 
contains the base as the variable and the exponent is a rational number. An exponential function 
has a fixed base and variable exponent.

The simplest exponential function is of the form

y = bx b ≥ 0

where b is a constant. Note that this function involves a power but is fundamentally different from 
the power function y = xb.

The inverse of a function is an important concept for the development of logarithmic 
functions from exponential functions. Consider a function y = f(x). If this function could be solved 
for x, the result would be expressed as x = g(y). For example, the power function y = x2 has as its 
inverse x = ±!y . Note that in y = x2, y is a single-valued function of x, whereas the inverse is a 
double-valued function. For y = x2, x can take on any real value, whereas the inverse x = ±!y  
restricts y to only positive values or zero. This result is important in the study and application of 
logarithmic functions.

F1.4 The Logarithmic Function

The definition of a logarithm may be stated as follows:
A number L is said to be the logarithm of a positive real number N to the base b (where 
b is real, positive, and different from 1), if L is the exponent to which b must be raised to 
obtain N.
Symbolically, the logarithm function is expressed as

L = logb N

for which the inverse is

N = bL

For instance,

      log2 8 = 3       since 8 = 23

log10 0.01 = −2 since 0.01 = 10−2

      log5 5 = 1       since 5 = 51

      logb 1 = 0       since 1 = b0

Several properties of logarithms and exponential functions can be identified when plotted 
on a graph.

Example Problem F1.1

Plot graphs of y = log2 x and x = 2y that are inverse functions.

Solution

Since y = log2 x and x = 2y are equivalent by definition, they will graph into the same line. 
Choosing values of y and computing x from x = 2y yields Figure F1.1.
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Function

Some properties of logarithms that can be generalized from Figure F1.1 are

1. logb x is not defined for negative or zero values of x.
2. logb 1 = 0.
3. If x > 1, then logb x > 0.
4. If 0 < x < 1, then logb x < 0.

Other properties of logarithms that can be proved as a direct consequence of the laws of 
exponents are, with P and Q being real and positive numbers,

1. logb PQ = logb P + logb Q.

2. logb
P
Q

= logb P − logb Q .

3. logb (P)m = m logb P.

4. logb n√p = 1
n

 logb P.

The base b, as stated in the definition of a logarithm, can be any real number 
greater than 0 but not equal to 1 since 1 to any power remains 1. When using logarithmic 
notation, the base is always indicated, with the exception of base 10, in which case the 
base is frequently omitted. In the expression y = log x, the base is understood to be 10. 
A somewhat different notation is used for the natural (Naperian) logarithms discussed in 
Section F1.5.

Sometimes it is desirable to change the base of logarithms. The procedure is shown by the 
following example.

y = log2 x
x = 2y

2

1

0

−1

−2

1 2 3 4 5

y

x

Figure F1.1

The logarithmic function.
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Example Problem F1.2

Given that y = loga N, find logb N.

Solution

        y = loga N

       N = ay (inverse function)

logb N = y logb a (taking logs to base b)

logb N = (loga N)(logb a) (substitution for y)

         =
loga N
loga b

 (since logb a =
1

logab)

F1.5 Natural Logarithms and e

In advanced mathematics the base e is usually chosen for logarithms to achieve simpler expres-
sions. Logarithms to the base e are called natural, or Naperian, logarithms. The constant e is 
defined in the calculus as

e = lim
n→0

(1 + n)1/n = 2.718 281 828 400 0 . . .

For purposes of calculating e to a desired accuracy, an infinite series is used.

e = ∑
∞

n→0
 
1
n!

The required accuracy is obtained by summing sufficient terms. For example,

∑
6

n=0
 1
n!

= 1 + 1 + 1
2

+ 1
6

+ 1
24

+ 1
120

+ 1
720

          = 2.718 055

which is accurate to four significant figures.
Natural logarithms are denoted by the symbol ln, and all the properties defined previously 

for logarithms apply to natural logarithms. The inverse of y = ln x is x = ey. The following 
examples illustrate applications of natural logarithms.

Example Problem F1.3

ln 1 = 0 since e0 = 1
ln e = 1 since e1 = e

Example Problem F1.4

Solve for x:

2x = 3x−1

Specify your answer to four significant figures.
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Taking natural logarithms of both sides of the equation and using a calculator for evaluation 
of numerical quantities,

 x ln 2 = (x − 1)ln 3

x
x − 1 =

ln 3
ln 2 = 1.585 0

        x = 2.709 (four significant figures)

This problem could have been solved by choosing any base for taking logarithms. However, 
in general, base e or 10 should be chosen so that a scientific calculator can be used for numerical 
work.

F1.6 Simultaneous Equations

Several techniques exist for finding the common solution to a set of n algebraic equations in n 
unknowns. A formal method for solution of a system of linear equations is known as Cramer’s 
rule, which requires a knowledge of determinants.

A second-order determinant is defined and evaluated as

2 a1b1

a2b2
2 = a1b2 − a2b1

A third-order determinant is defined and evaluated as

†
a1b1c1

a2b2c2

a3b3c3

† = a1 `
b2c2

b3c3
` − a2 `

b1c1

b3c3
` + a3 `

b1c1

b2c2
`

where the second-order determinants are evaluated as indicated previously. The procedure may 
be extended to higher-order determinants.

Cramer’s rule for a system of n equations in n unknowns can be stated as follows:

1. Arrange the equations to be solved so that the unknowns x, y, z, and so forth appear in 
the same order in each equation; if any unknown is missing from an equation, it is to be 
considered as having a coefficient of zero in that equation.

2. Place all terms that do not involve the unknowns in the right member of each equation.
3. Designate by D the determinant of the coefficients of the unknowns in the same order as 

they appear in the equations. Designate by Di the determinant obtained by replacing the 
elements of the ith column of D by the terms in the right member of the equations.

4. Then if D ≠ 0, the values of the unknowns x y, z, and so forth, are given by

x =
D1

D
  y =

D2

D
  z =

D3

D
 . . .

445
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Example Problem F1.5

Solve the following system of equations that have already been written in proper form for applica-
tion of Cramer’s rule.

3x + y − z = 2

x − 2y + z = 0

4x − y + z = 3

Solution

x =

†
2 1 −1
0 −2 1
3 −1 1

†

†
3 1 −1
1 −2 1
4 −1 1

†
=

2 ` −2 1
−1 1

` − 1 ` 0 1
3 1

` + (−1) ` 0 −2
3 −1

`

3 ` −2 1
−1 1

` − 1 ` 1 1
4 1

` + (−1) ` 1 −2
4 −1

`

=
2(−2 + 1) − 1(0 − 3) − 1(0 + 6)

3(−2 + 1) − 1(1 − 4) − 1(−1 + 8)

=
2(−1) − 1(−3) − 1(6)
3(−1) − 1(−3) − 1(7)

= −5
−7

= 5
7

The reader may verify the solutions y = 6/7 and z = 1.
There are several other methods of solution for systems of equations that are illustrated by 

the following examples.

Example Problem F1.6

Solve the system of equations:

9x2 − 16y2 = 144

      x − 2y = 4

Solution

The common solution represents the intersection of a hyperbola and straight line. The method 
used is substitution. Solving the linear equation for x yields

x = 2y + 4

Substitution into the second-order equation gives

9(2y + 4)2 − 16y2 = 144

which reduces to

20y2 + 144y = 0
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Factoring gives

4y(5y + 36) = 0

which yields

y = 0, 
−36

5

Substitution into the linear equation x = 2y + 4 gives the corresponding values of x:

x = 4, −52
5

The solutions thus are the coordinates of intersection of the line and the hyperbola:

(4.0),(−
52
5 ,−

36
5 )

which can be verified by graphical construction.

Example Problem F1.7

Solve the system of equations:

(a) 3x − y = 7

(b) x + z = 4

(c) y − z = –1

Solution

Systems of equations similar to these arise frequently in engineering applications. Obviously 
they can be solved by Cramer’s rule. However, a more rapid solution can be obtained directly by 
elimination.

From Eq. (c),

y = z − 1

From Eq. (a),

y = 7 − 3x

From Eq. (b),

x = 4 − z

Successive substitution yields

z − 1 = 7 − 3x
z − 1 = 7 − 3(4 − z)
  −2z = −4
      z = +2

Continued substitution gives

y = 1
x = 2
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Every system of equations first should be investigated carefully before a method of solution 
is chosen so that the most direct method, requiring the minimum amount of time, is used.

F1.7 Approximate Solutions

Many equations developed in engineering applications do not lend themselves to direct solution 
by standard methods. These equations must be solved by approximation methods to the accuracy 
dictated by the problem conditions. Experience is helpful in choosing the numerical technique 
for solution.

Example Problem F1.8

Find to three significant figures the solution to the equation

2 − x = ln x

Solution

One method of solution is graphical. If the equations y = 2 − x and y = ln x are plotted, the 
common solution would be the intersection of the two lines. This would not likely give three-
significant-figure accuracy, however. A more accurate method requires use of a scientific calcula-
tor or computer.

Table F1.1   Solution of 2 − x = In x

x 1 2 1.5 1.6 1.55 1.56 1.557

2 − x 1 0 0.500 0.400 0.450 0.440 0.443

ln x 0 0.693 0.405 0.470 0.438 0.445 0.443

Inspection of the equation reveals that the desired solution must lie between 1 and 2. It 
is then a matter of setting up a routine that will continue to bracket the solution between two 
increasingly accurate numbers. Table F1.1 shows the intermediate steps and indicates that the 
solution is x = 1.56 to three significant figures.

Computer spreadsheets and solvers or a programmable calculator could be used easily to 
determine a solution by the method just described. The time available and equipment on hand 
always will influence the numerical technique to be used.
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Trigonometric 

Function Definitions
Part 2 Selected Trigonometry Topics
F2.1 Introduction

This material is intended to be a brief review of concepts from plane trigonometry that are 
commonly used in engineering calculations. The section deals only with plane trigonometry 

and furnishes no information about spherical trigonometry. The reader is referred to standard 
texts in trigonometry for more detailed coverage and analysis.

F2.2 Trigonometric Function Definitions

The trigonometric functions are defined for an angle contained within a right triangle, as shown 
in Figure F2.1.

         sine θ = sin θ = 
opposite side
hypotenuse

 = 
y
r

     cosine θ = cos θ = 
adjacent side
hypotenuse  

= 
x
r

    tangent θ = tan θ = 
opposite side
adjacent side

 = 
y
x

cotangent θ = cot θ = 
adjacent side
opposite side = 

x
y 

= 
1

tan �

     secant θ = sec θ = 
hypotenuse

adjacent side 
= 

r
x

 = 
1

cos �

  cosecant θ = csc θ = 
hypotenuse

opposite side = 
r
y

 = 
1

sin �

The angle θ is by convention measured positive in the counterclockwise direction from the 
positive x axis.

0

0 x

x

r

y

y

�

Figure F2.1

Coordinate definition.
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F2.3 Signs of Trigonometric Functions by Quadrant

F2.4 Radians and Degrees

Angles may be measured in either degrees or radians (see Figure F2.2). By definition

1 degree (°) = 
1

360 
of the central angle of a circle

1 radian (rad) = angle subtended at center 0 of a circle by an arc equal to the 
radius

The central angle of a circle is 2π rad or 360°. Therefore

1° = 
2�

360° = 
�

180° 
= 0.017 453 29  . . .  rad

and

1 rad = 
360°
2�  

= 
180°

�  = 57.295 78  . . .  °

360°
0

1 rad

r r

r
0

Figure F2.2

Definition of degrees and radians.

Table F2.1

Quadrant 2 y Quadrant 1

x(−), y(+)  x(+), y(+)
sin and csc(+)  sin and csc(+)
cos and sec(−)  cos and sec(+)
tan and cot(−)  tan and cot(+)

   x

Quadrant 3  Quadrant 4

x(−), y(−)  x(+), y(−)
sin and csc(−)  sin and csc(−)
cos and sec(−)  cos and sec(+)
tan and cot(+)  tan and cot(−)
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Plots of Trigonometric 

Functions

It follows that the conversion of θ in degrees to θ in radians is given by

θ (rad) = θ (°) 
�

180°

and in like manner

θ (°) = θ (rad) 
180°

�

F2.5 Plots of Trigonometric Functions

y = sin 

y = cos 

−π

−π π
2

− π
2

π 3π
2

2π−2π 3π
2

−

1

−1

y

0

π
2

− π
2

π 3π
2

2π−2π 3π
2

−

1

−1

0

y

�

�

�

�

Plots of trigonometric functions.

Figure F2.3
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F2.6 Standard Values of Often-Used Angles

From three basic triangles (see Figure F2.4), it is possible to compute the values of the trigono-
metric functions for many standard angles such as 30°, 45°, 60°, 120°, 135°, and so on. We only 
need to recall that sin 30° = cos 60° = 1

2  and tan 45° = 1 to construct the necessary triangles 
from which values can be taken to obtain the other functions.

The functions for 0°, 90°, 180°, and so on can be found directly from the function definitions 
and a simple line sketch. See Table F2.2.

−π π
2

− π
2

π 3π
2

3π
2

−

yy = tan 

0

y = cot y 

−π 0π
2

− π
2

π 3π
2

2π

�

�

�

�

Figure F2.3   Continued
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−π

π
2

−

π
2

3ππ 2π

−π π
2

− π
2

π

3π
2

5π
2

2π3π
2

−

5

4

3

2

1

−1

−2

−3

−4

−5

0

y 

y 

y = sec 

y = csc 

5π
2

3π
2

−

5

4

3

2

1

−1

−2

−3

−4

−5

0 �

�

�

�

Figure F2.3   Continued

2

30° 

1

1 1

60°   

2

45°

1
23

Figure F2.4

Common triangles.
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F2.7 Inverse Trigonometric Functions

Definition
If y = sin θ, then θ is an angle whose sine is y. The symbols ordinarily used to denote an inverse 
function are

θ = arcsin y

or
 θ = sin−1 y

Note:

sin−1 y ≠ 
1

sin y

This is an exception to the conventional use of exponents.
Inverse functions cos−1 y, tan−1 y, cot−1 y, sec−1 y, and csc−1 y are similarly defined. Each of 

these is a many-valued function of y. The values are grouped into collections called branches. 
One of these branches is defined to be the principal branch, and the values found there are the 
principal values.

The principal values are as follows:

−�
2

 ≤ sin−1 y ≤ 
�
2

0 ≤ cos−1 y ≤ π

−�
2

 < tan−1 y < 
�
2

0 < cot−1 y < π

0 ≤ sec−1 y ≤ π (sec−1 y 2
�
2)

−�
2  ≤ csc−1 y ≤ 

�
2  (csc−1 y ≠ 0)

F2.8 Plots of Inverse Trigonometric Functions

Table F2.2    Functions of Common Angles

Angle/Function 0° 30° 45° 60° 90°

sin 0 1/2 !2/2 !3/2 1

cos 1 !3/2 !2/2 1/2 0

tan 0 !3/2 1 √3 ∞

cot ∞ √3 1 !3/3 0

sec 1 2!3/3 √2 2 ∞

csc ∞ 2 √2 2!3/3 1
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−π

−π

−π

0

π
2

−π
2

−

π−

π
2

π
2

π
2

π
2

π

π π

 = sin−1 y  = cos−1 y

 = tan−1 y
 = cot−1 y

 = sec−1 y  = csc−1 y

−1

−1 −1

−1

0

0

0 0

01 1

1 1

y

yy

y

yy

π
2

π
2

–

π

π

π
2

π
2

–

� � �

��

�� � �

�
�

�

Figure F2.5
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F2.9 Polar-Rectangular Coordinate

See Figure F2.6.
Conversion from polar to rectangular coordinates (r, θ) → (x, y) is given by the following 

equations:

x = r cos θ

y = r sin θ

Conversion from rectangular to polar coordinates (x, y) → (r, θ) requires the following 
equations:

r = [x2 + y2]1/2

θ = tan−1
(

y
x)

−π

−π

−π

0

π
2

−π
2

−

π
2

−

π
2

π
2

π
2

π
2

π

π π

 = sin−1 y  = cos−1 y

 = tan−1 y
 = cot−1 y

 = sec−1 y  = csc−1 y

−1

−1 −1

−1

0

0

0 0

01 1

1 1

y

yy

y

yy

π
2

π
2

–

π

π

π
2

π
2

–

– π

� � �

��

�� � �

�
�

�

Figure F2.5   Continued

x

y

r y

x0

(x, y)
(r,   )�

�

Figure F2.6

Rectangular and polar coordinate definitions.
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Laws of Sines  

and Cosines

The conversion from polar to rectangular coordinates also can be thought of as the 
determination of the x and y components of a vector (r, θ). Likewise, conversion from rect-
angular to polar coordinates is the same as finding the resultant vector (r, θ) from its x and 
y components.

F2.10 Laws of Sines and Cosines

The fundamental definitions of sine, cosine, and so on, apply strictly to right triangles. Solutions 
needed for oblique triangles then must be accomplished by appropriate constructions that reduce 
the problem to a series of solutions to right triangles.

Two formulas have been derived for oblique triangles that are much more convenient to use 
than the construction technique. They are the law of sines and the law of cosines, which apply to 
any plane triangle. See Figure F2.7.

The law of sines states

sin A
a

= sin B
b

= sin C
c

The law of cosines is

a2 = b2 + c2 − 2bc cos A

or

b2 = a2 + c2 − 2ac cos B

or
c2 = a2 + b2 − 2ab cos C

Application of the law of sines is most convenient in the case where two angles and one side 
are known and a second side is to be found.

Example Problem F2.1

Determine the length of side x for the triangle with base 12.0 m as shown in Figure F2.8.

Solution

The sum of the interior angles must be 180°; therefore,

α = 180° − 43° − 59° = 78°.

Applying the law of sines, we have

sin 78°
12.0 m

= sin 43°
x

 x =
sin 43°
sin 78° 12.0 m

 = 8.37 m

The law of cosines is most convenient to use when two sides and the included angle are 
known for a triangle.
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Example Problem F2.2

Calculate the length of side y of the triangle shown in Figure F2.9. Its base is 14.0 m.

Solution

Substitute into the law of cosines:

y2 = (14.0 m)2 + (7.00 m)2 − 2(14.0 m)(7.00 m)(cos 52°)

    = 124.33 m2

 y = 11.2 m

F2.11 Area of a Triangle

Formulas for the area of a triangle (see Figure F2.7) in terms of two sides and their included 
angle are

Area = 1
2

 ab sin C

Area = 1
2

 ac sin B

Area =
1
2 bc sin A

B

C

Aa

b

c

Angle and side designations.

Figure F2.7

Angle and side designations.

x
α

59°43°
12.0 m

Figure F2.8

Figure F2.9
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of Trigonometric

Formulas written in terms of one side and three angles are

Area = 1
2 a2 

sin B sin C
sin A

Area = 1
2 b2 

sin A sin C
sin B

Area = 1
2

 c2 
sin A sin B

sin C

The formula for the area in terms of the sides is

 Area = [s(s − a)(s − b)(s − c)]1/2

where s = 
1
2

  (a + b + c).

Example Problem F2.3

Determine the areas of the two triangles defined in Section F2.10.

Solution

For the 12.0 m base triangle

Area = 
1
2

  (12.0 m)2 
sin 59° sin 43°

sin 78°

 = 43.0 m2

For the 14.0 m base triangle

Area = 
1
2

  (7.00 m)(14.0 m)sin 52°

 = 38.6 m2

F2.12 Series Representation of Trigonometric

Infinite-series representations exist for each of the trigonometric functions. Those for sine, 
cosine, and tangent are

sin � = � −
�3

3!
+

�5

5!
+ . . . + (−1)n−1 

�2n−1

(2n − 1)! + . . .

 θ in radians    (−∞ < θ < +∞)

cos � = 1 − �2

2!
+ �4

4!
+ . . . + (−1)n−1 

�2n−2

(2n − 2)! + . . .

 θ in radians    (−∞ < θ < +∞)

tan � = � + �3

3 + 2�5

15 + . . . +
22n(22n − 1) Bn�2n−1

(2n)! + . . .

 θ in radians    (− 
�

, � ,
�

)
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where Bn are the Bernoulli numbers

B1 = 1
6

B2 = 1
30

B3 = 1
42

B4 = 1
30

B5 = 5
66

Bn =
(2n)!

22n−1(�)2n
 
(1 + 1

22n + 1
32n +  . . .)

and where the factorial symbol (!) is defined as

n! = n(n − 1)(n − 2) . . . (3)(2)(1)

Trigonometric functions to any accuracy can be calculated from the series if enough terms 
are used.

For small angles, on the order of 5° or less, it may be sufficient to use only the first term 
of each series.

sin θ ≅ θ

cos θ ≅ 1

tan θ ≅ θ

F2.13 Trigonometric Relationships

Functional Relationships

                       tan � = sin �
cos �

sin2 θ + cos2 θ = 1

sin2 θ − tan2 θ = 1

csc2 θ − cot2 θ = 1

sin θ = cos(90° − θ) = sin(180° − θ)

cos θ = sin(90° − θ) = −cos(180° − θ)

tan θ = cot(90° − θ) = −tan(180° − θ)

                   sin (−θ) = −sin θ

                   cos (−θ) = cos θ

                   tan (−θ) = −tan θ
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Sum of Angles Formulas

sin (θ ± α) = sin θ cos α ± cos θ sin α

cos (θ ± α) = cos θ cos α ± sin θ sin α

tan (� ± �) = tan � ± tan �
1 ± tan � tan �

Multiple-Angle Formulas

  sin 2θ = 2 sin θ cos θ

  cos 2θ = cos2 θ − sin2 θ = 2 cos2 θ − 1 = 1 − 2 sin2 θ

 tan 2� =
2 tan�

1 − tan2�

   sin 3θ = 3 sin θ − 4 sin3 θ

   cos 3θ = 4 cos3 θ − 3 cos θ

 tan 3� =
3 tan � − tan3 �

1 − 3 tan2 �

   sin �
2

= ± Å
1 − cos �

2
         (sign depends on quadrant of �

2)

   cos �
2

= ± Å
1 + cos �

2
         (sign depends on quadrant of �

2)

   tan 
�
2 = ± Å

1 − cos �
1 + cos � =

1 − cos �
sin �

           = sin �
1 + cos �

= csc � − cot �

                             (sign depends on quadrant of �2)

Sum, Difference, and Product Formulas

  sin � + sin � = 2 sin(
� + �

2 )cos(
� − �

2 )

  sin � − sin � = 2 cos(
� + �

2 )sin(
� − �

2 )

 cos � + cos � = 2 cos(
� + �

2 )cos(
� − �

2 )

  cos � − cos � = 2 sin(
� + �

2 )sin(
� − �

2 )
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 sin � sin � = 1
2 Scos(� − �) − cos(� + �)T

 cos � cos � = 1
2 Scos(� − �) + cos(� + �)T

 sin � cos � = 1
2 Ssin(� − �) + sin(� + �)T

Power Formulas

sin2 � = 1
2

− 1
2

 cos 2�

cos2 � = 1
2

+ 1
2

 cos 2�

sin3 � = 3
4

 sin � − 1
4

 sin 3�

cos3 � = 3
4

 cos � + 1
4

 cos 3�
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Answers to Selected Problems

Chapter 4

 4.1 𝛼 = 55°, By =  5.0 m,  B =  8.8 × 101 m
 4.3 XZ =  1.7 × 106 m
 4.6 R =  24 cm ← horizontal
 4.8 Height =  6.2 × 102 m
 4.11 AB =  156.8 m,  ∠ABC =  130.0°
 4.16 1.1 cm
 4.20 Heading must be S 12.0°W,  actual ground speed =  587 km/h
 4.22 (a) 13 790 more revolutions
  (b) 5 861 more revolutions
 4.25 (a) 0 m/s
  (b) 11.5 m
  (c) 15 m/s downward
  (d) 31.8 m/s
  (e) 4.77 s
 4.27 Shortest height of the tank =  32.26 cm
 4.30 Refractive index of the glass,  nb =  1.58

Chapter 5

 5.2 (c) V =  0.27t − 0.4
  (d) 0.27 m/s2

 5.4 (c) P =  0.71Q − 17
  (d) 9.27 kW
 5.6 (c) H =  4 × 108 T 3
 5.8 (e) Linear: R =  −27A + 206
  Exponential: R =  152e−0.35A

  Power: R =  51A−0.75

  (f ) Power curve
 5.12 (c) 

y = 7541.7x + 320 62

R2 = 0.972 8

$450 000.00

$400 000.00

$350 000.00

$300 000.00

$250 000.00

$200 000.00

$150 000.00

$100 000.00

$50 000.00

$0.00

Price

0 10

   Year Price
 1975 0 $42 600.00
   5 $76 400.00
  10 $100 800.00
   15 $149 800.00
   20 $158 700.00
   25 $207 000.00
   30 $292 200.00
   35 $265 500.00
   40 $339 700.00
 2020 45 $384 800.00
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 5.14 (c) V =  198e−0.12t

 5.16 (c) Linear: D =  −0.000 7T + 0.782 4
  Exponential: D =  1.046 3e−0.001 7T

  Power: D =  215.9 T −0.997 4

  Power best
 5.18 (c) C =  5 503.8e−0.074 2W

  (d) 127 counts/second

Chapter 6

 6.2 (b) 5
  (f ) exact conversion
  (h) 4
 6.3 (c) 2.64 × 108

 6.4 (c) 1 400 lbm
 6.5 (d) 168 cm3

 6.6 (a) 205–215 lb/in2

  (b) 82–92 lb/in2 

Chapter 7

 7.1 (a) 272 kW
  (b) 259 ha
  (c) 1 586 m³
  (d) 217 m/s 
  (e) 153 km/h
  (f) 2.7 × 103 kg
  (g) 129 kg
  (h) 1.120 × 103 m
  (i) 11 220 L
  (j) 3 774 km
 7.4 (a) 9 836 J
  (b) 1.01 × 105 Pa
  (c) 8.850 × 103 m

  (d)

y = 60096e0.0453x

R2 = 0.935 6

$1 000 000.00

$100 000.00

$10 000.00

Price

0 5040302010

Plot Area

   Year Price
 1975 0 $42 600.00
   5 $76 400.00
  10 $100 800.00
   15 $149 800.00
   20 $158 700.00
   25 $207 000.00
   30 $292 200.00
   35 $265 500.00
   40 $339 700.00
 2020 45 $384 800.00
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  (d) 95.71 g/cm³
  (e) 273K
 7.7 (a) m =  339.1 kg
  (b) m =  259.8 kg
 7.10 Vol =  1 330 in³
  Mass =  0.048 2 lbm
  #gal =  8.09 gal
 7.13 Time =  14 min
 7.16 (a) H =  27 200 ft
  (b) Dia =  48.4 ft
 7.19
 CD cos θ θ > OAB Area Length Vol,  ft3 Vol,  gal Mass,  kg
  0 1 0 0 0 25 0 0 0
  1 0.8 36.87 73.74 4.09  102.19 764.4 2 111.3
  2 0.6 53.13 106.26 11.18  279.56 2 091.3 5 776
  3 0.4 66.42 132.84 19.82  495.42 3 706 10 236
  4 0.2 78.46 156.93 29.34  733.42 5 486.4 15 153
  5 0 90 180 39.27  981.75 7 344 20 284
  6    49.2  1 230.07 9 201.6 25 415
  7    58.72  1 468.07 10 982 30 332
  8    67.36  1 683.94 12 597 34 792
  9    74.45  1 861.31 13 924 38 457
 10    78.54  1 963.50 14 688 40 569

 7.22 Vol =  3.5 × 109 ft3

 7.25 (a) Outside Dia of cylinder =  11.36 ft
  (b) Outside Dia of sphere =  16.990 2 ft
  (c) Cylinder

Chapter 8

 8.2 (a) $7 835.26
  (b) $4 971.77
  (c) $3 376.80
 8.4 (a) $140.93
  (b) $2 205.09
  (c) $985.09
  (d) $303.60
 8.6 (a) $6 914 988.68
  (b) $6 951 440.57
  (c) $6 989 487.00
 8.8 (a) $93 028.14
  (b) $144 300.33
 8.10 (a) 4.73%
  (b) $104 322.13
 8.12 (b) $875.92
  (c) 23
 8.14 $16 166.07
 8.16 $1 331.16
 8.19 $3 276.50
 8.21 $3 488.21
 8.23 $1 200 000.00
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 8.24

                                                      Fʹ =  72 000 (1 + 0.082
2 )

5
+ 21 000 (1 + 0.082

2 )
2

   + 17 000 (1 +
0.082

2 )

   Fʹ =  88 020.97 + 22 757.30 + 17 697.00
   =  $128 475.27 owed July 1

  First pmt in October =  128 475.27 (1 + 0.082
12 )

2

  So need Fʺ on September 1 → Fʺ =  $130 237.10
  Then 15 monthly payments

   A =  130 237.10 ≥
(

0.082
12 ) (1 + 0.082

12 )
15

(1 + 0.082
12 )

15
− 1

¥

   A =  $9 164.66

 8.26 11.51%
 8.28 (a) $1 617.75
  (b) $466.82
 8.30 $62.15
 8.32 (a) $2 477.65 (asset)
  (b) $1 427.22 (asset)
  (c) $2 825.26 (liability)
  (d) $980.15 (liability)
  (e) $8 702.95 (asset)
  Net worth =  $8 802.41
 8.33 42%
 8.35 Select option b
 8.37 (a) $27 445.61
  (b) $31 451.20

Chapter 9

 9.1 Foam savings $8 547.74 
Fiberglass savings $6 650.98 Select foam

 9.2 Select Machine B
 9.3 Select Workstation #2

Chapter 10

 10.1 (a) 2.8
  (b) 3
  (c) 3
 10.4 (a) 73.36
  (b) 77
  (c) 75.5
  (d) 16.5

21 000
72 000

17 000

2018 2019 2020 2021

F΄
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  (c) Mean =  228.53
   Mode =  228
   Median =  228
 10.12 R =  15.293e0.508 5p

 10.7 (a) 
   215–219  3
   220–224  6
   225–229  11
   230–234  4
   235–239  2
   240–244  4
  (b)

Fr
eq

ue
nc

y

215–219 220–224 240–244235–239230–234225–229

14

12

8

4

10

6

2

0

Weight, kg

Castings

y = 15.293e0.508 5x

R2 = 0.997 8

10

100

0 2.5 3.531.5 210.5

Pressure P, MPa

Re
la

tiv
e 

C
om

pr
es

si
on

 R
, p

er
ce

nt

Test Results for SILON Q-177

  (b) 15.293
  (c) y =  15.293e0.508 5x

  (d) r =  0.998 9
  (e) pressure =  2.72 MPa
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  (d) r =  0.999 3
  (e) C =  6 814 L/s =  6 800 L/s

Chapter 11

 11.1 (a) 15.9%
  (b) 0.1%
  (c) 95.4%
  (d) 50%
 11.4 (a) 23.3%
  (b) 74.5%
  (c) 82.8%
 11.5 5 750 containers per batch
 11.7 (a) 1 714
  (b) 259
  (c) 14.29%
  (d) 139
 11.8 40K ± 5K  p =  0.158 7
  35K ± 15K  p =  0.251 4

Chapter 12

 12.1 Fx =  156 lbf 
  Fy =  99.4 lbf 

 12.7 R =  42 kN 
34°

 12.10 Resultant T =  85 kN 77
36

 12.13 F1 =  1 200 N 
5

2

  F2 =  1 180 N 
1

2

 10.15

y = 2.859 7x1.125 7

R2 = 0.998 7

1

10

100

1 000

1 1 00010010

Capacity C, L/s

A
ng

ul
ar

 V
el

oc
ity

 V
, r

pm

Conveyor Capacity
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 12.20 MA =  4 460 ft lbf 

  MB =  18 400 ft lbf 
 12.22 Unknown force S =  30 lbf 
  Location is 3.2 ft left of B
 12.25 A =  6.3 kN 

  B =  5.4 kN 130°

 12.29 A =  2.9 kN 
190°

  B =  2.2 kN 

 12.31 A =  360 lbf 28°

  B =  420 lbf 
42°

 12.34 Cable tension T =  2 090 lbf 160°

  Reaction at A A =  2 030 lbf 14°

 12.38 T =  378 N 26.2°

  A =  340 N 
 12.40 C =  16.7 N 
  A =  2.90 N 

Chapter 13

 13.1 Minimum area for stress: A =  271 mm2

  Minimum area for elongation: A =  235 mm2

  Therefore: Amin =  271 mm2

 13.2 Required diameter: d =  2.6 cm 
  Choose next largest commercial size
 13.7 Maximum load for stress: L =  33 kN
  Maximum load for deformation: L =  49 kN
  Therefore: Lmax =  33 kN

Chapter 14

 14.1 A =  1 260 kg
  B =  872 kg
 14.3 106 lb
 14.6 291 kg
 14.10 Product =  0.3 t/h; alcohol =  80%; water =  14%; inert =  6%
 14.13 Total input to evaporator =  19 t/h
  Feed rate to crystallizer/filter =  17 t/h
  Water removed by evaporator =  2.0 t/h
 14.16 Dirty solvent produced =  12.7 t
  Percent solvent in discard =  91%
  Percent toxic removed in discard =  92.6%
 14.19 40% concentrate req’d =  35 lb; 98% concentrate req’d =  215 lb
 14.23 44 lbm
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 14.25 Feed rate =  99 t/h
  Refuse composition: coal =  10%; ash =  45%; water =  13%
 14.28 Flow rate of processed livers =  2 000 lbm/h
  Percent oil in processed livers =  1.0%
  Percent ether in processed livers =  48%
  Percent inert material in processed livers =  51%

Chapter 15

No solutions

Chapter 16

 16.2 V =  59.7 mph
 16.4 d =  419 ft
 16.8  V =  94 mph
 16.11 V =  54.7 ft/s
 16.16 u2 − u1 =  4.08 kJ/kg
 16.19 The efficiency of the invention is 40%,  which is greater than the Carnot
  Efficiency of 35%; therefore it is not a reasonable claim.
 16.20 TH =  319°C
 16.23 (a) 70 hp
  (b) 61.3 kW
 16.26 # homes =  38 900
 16.28 (a) 97.6%
  (b) 3.432 kWh
  (c) $0.34

Chapter 17

 17.2  1.9 × 105 C
 17.4  I =  1.07 A,  R =  7.03 Ω
 17.6  P =  50 W,  R =  3.2 Ω
 17.8 (b) RE =  52 Ω
  (c) I =  1.8 A
  (d) E1 =  22 V,  E2 =  27 V,  E3 =  46 V
 17.10 (b) RE =  6.81 Ω
  (c) I =  0.881 A
  (d) I1 =  0.50 A,  P1 =  3.00 W
  I2 =  0.375 A,  P2 =  2.25 W
  I3 =  6.0 × 10−3 A,  P3 =  0.036 W
 17.12  Current through 15-Ω resistor =  1.3 A
  Voltage across 15-Ω resistor =  2.0 × 102 V
 Fraction of power consumed by 25-Ω resistor =  17%
 17.14 Charging current =  3 A
  Back-emf =  1.2 × 102 V
 17.16 (a) I18H=  2.22 A,  I18V =  4.44 A,  I24 =  1.67 A,  I12 =  2.00 A,  I8 =  2.00 A
  (b) 533 W
  (c) 40.0 V
  (d) 48 W
 17.18 (a) I1 =  11.1 A,  I2 =  10.6 A,  I3 =  21.7 A,  P2.5 =  283 W,  P1.5 =  183 W,  P5.0 =  2.35 kW
  (b) I1 =  18.0 A,  I2 =  6.00 A,  I3 =  24.0 A,  P2.5 =  90.0 W,  P1.5 =  486 W,  P5.0 =  2.88 kW
 17.20 I15Bat =  1.17 A,  I12Bat =  0.83 A,  I5.0V =  2.00 A,  I2.0 =  1.00 A,  I5.0H =  1.00A,  I6.0 =  0.17 A
  Power to 2.0-V battery =  0.33 W
  Voltage across 2.0-Ω resistor =  2.00 V
  Power consumed by 6.0-Ω resistor =  0.17 W

eid53554_ans_467-476.indd   474 14/12/21   3:32 PM

ISTUDY



475
Answers to

Selected Problems

 17.22 R =  1.33 Ω
 17.24 (a) Current for E1 =  0.55 A,  Current for E2 =  9.3 A
  (b) 1.4 × 102 W
  (c) 1.2 kW
  (d) 89%
 17.26 Power delivered by 10-V battery =  15 W
  Power delivered by 16-V battery =  1.0 × 102 W
  Current through 1-Ω resistor =  8.0 A
  Voltage across 0.8-Ω resistor =  4.4 V
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Note: Page number followed by 
f and t indicates figure and table 
respectively.

A
ABET, 42–43
Abscissa, 95, 96f
Absolute scale, 163–165
Absolute system, 146, 147t
AC. See Alternating current
Accumulation, 313
Accuracy, 125–126, 126f
Acoustical Society of America 

(ASA), 48
Adam, Molly, 11
Adiabatic process, 360
Aerodynamics, 22
Aerospace engineering, 22–24
AIAA. See American Institute 

of Aeronautics and 
Astronautics

Algebra topics, 441
approximate solutions, 448
exponential and power functions, 

442
exponents and radicals, 441
logarithmic function, 442–444
natural logarithms and e, 444–445
simultaneous equations, 445–448

Alternating current (AC), 374
Alternative energy sources, 

342–348. See also Energy 
sources

nuclear power, 342–345
renewable energy sources, 

345–348
American Institute of Aeronautics 

and Astronautics (AIAA), 39
American Plastics Council, 61–62
American Society for Quality 

Control (ASQC), 48
Ampere (A), 148, 375
Analysis, 5
Anderson, Clayton, 8–9
Annual future worth, 183–185
Annual percentage rate (APR), 

177–178
Annual present worth, 185–196

borrower’s cash-flow diagram, 187f
buyer’s cash-flow diagram, 186f
monthly withdrawals, 196t
purchaser’s cash-flow diagram, 

188–192f
series of monthly withdrawals, 

187f
spreadsheet cell contents, 193t
spreadsheet values, 194t, 195t

Annual worth (A), 183
annual future worth, 183–185
annual present worth, 185–196
capitalized cost, 196–198

Annuity, 183
APR. See Annual percentage rate
Area of triangle, 458–459
Arithmetic gradients, 183, 198–200
Arithmetic mean, 222–224
ASA. See Acoustical Society of 

America
Ask-everybody method, 253
ASQC. See American Society for 

Quality Control
Atoms, 372–373
Available energy, 362
Axes location and breaks, 95–98

abscissa and ordinate axes, 95, 96f
break in axis, 97, 97f
coordinate axes, 97, 97f

Axis labeling, 101

B
Back-emf, 385
Base units, 148, 148t
Batch process, 315
BCA. See Boeing Commercial 

Airplanes
Biodiesel, 345
Biomass, 345

ethanol and biodiesel, 345
waste-to-energy and wood, 346

Bloom, Benjamin, 58
Bloom’s taxonomy, 58
Boeing Commercial Airplanes 

(BCA), 39
Branch, 391
British gravitational system.  

See U.S. Customary System

C
CAD. See Computer-aided-design
Calibrations, 98
Campie, Sarah, 21
Candela (cd), 148
Capitalized cost (CC), 196–198
Capital recovery factor, 186
Carnot cycle, 363
Carnot efficiency, 363–364
Cartesian coordinate system, 263, 

264f
Cartesian vector A, 266
Cash-flow diagram, 178–179

for arithmetic gradients, 198f
for geometric gradients, 201f
for sinking fund, 183f
for time-payment plan, 186f

CC. See Capitalized cost
Celsius scale, 163–165
Central tendency measures, 222–224
CGPM. See Conférence Générale 

des Poids et Mesures
Chain reaction, 343
Chemical and biological engineers, 

24–25
Chemical elements, 432–434
Chemical energy, 353
Chi-square distribution, 260
Circle, formula for, 464
Circuit theory, 371. See also 

Electrical theory
Civil engineers, 25–27
Class frequencies, 221
Clausius, Rudolf, 362
Climate change, 342–343
Closed thermodynamic system, 

357–358, 359f
Coal, 331

formation and recovery, 331
U.S. reserves, consumption, and 

production, 333–334
worldwide reserves and 

consumption, 334
Coal-dewatering system, 316f
Coefficient of correlation,  

236–242
Coefficient of determination, 

237–238
Coefficient of performance (CP), 367
Cognitive process, 58–59
Collinear forces, 267, 268f
Compound interest, 174, 176–178
Compressive stress, 296
Computer-aided-design (CAD), 70
Computer-assisted plotting, 103–105
Computer-assisted techniques, 94
Computer engineers, 29
Computer graphics, 41
Concurrent forces, 268, 268f
Conductance, 376
Conductors, 374
Cone, formula for, 465
Conférence Générale des Poids et 

Mesures (CGPM), 147
Confidence intervals, 261
Conservation of energy, 353, 

357–361
Conservation of mass, 311–314
Construction engineer, 15–16, 27
Consulting engineer, 18–19
Continuing education, 45
Conversion of units, 158–163
Cooperative education, 44–45
Coordinate systems, 263, 264f
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Coplanar forces, 268, 268f
Cosmic Ray Observation Project, 52
Coulomb, 373
Coulomb, Charles Augustin, 373
Counsell, Ronald, 323
Craftspersons, 6, 7f
Curve fitting, 106
Curves and symbols, 102–103
Customer requirements

basic, 56
exciting, 57
performance-related, 56

Customer satisfaction, 57
Cylinder, formula for, 465

D
Data, classification of, 221
Data, collecting and recording of

computer-assisted techniques, 94
manual entry, 94

Data sheets, 94
DC. See Direct current
Deepwater drilling, 335
Deferred annuity, 188
Degrees, 450–451
Demonstrated reserve base (DRB), 

331, 333–334
Depreciation, 216
Derived dimensions, 146
Derived units, 149–150, 149t, 150t
Descriptive statistics, 220
Design, 5, 51, 52, 57. See also 

Engineering design
engineer, 12–13
stress, 300–306

Design for Environment (DFE), 62
Design process, 5, 52–56, 69

brainstorming of new ideas in,  
55f

in education, 59
iterative nature, 52, 56, 59
six steps of, 52, 54
ten-step, 55f

Development engineer, 10–12
Dewatering process, 314
DFE. See Design for Environment
Diagrams, 72, 74
Difference formulas, 461–462
Digital electronics, 29
Dimensional system, 146
Dimensions, 145–146

derived dimensions, 146
fundamental dimension, 146

Direct current (DC), 374
circuit concepts, 376–382

parallel circuit, 379f
series circuit, 377f
symbols, 376f

electric circuit, 375f
electric power, 382–384

Distillate products, 340
Distillation system, 313–314
Distributions, 254

chi-square distribution, 260
F-distribution, 259–260
normal distribution, 254–259
Student’s t distribution, 259

Double shear, 297
DRB. See Demonstrated reserve base
Dynamics, 263. See also Mechanics

E
ECM. See Environmentally 

Conscious Manufacturing
Economic decision making, 211

depreciation and taxes, 216
examples, 212–215

Edison, Thomas Alva, 3
Education for engineering, 37

continuing education, 45
cooperative education, 44–45
course of study, 39–42
desirable characteristics, 37–39
elements of engineering 
curricula, 40f
internship programs, 44–45
preparation for engineering work 

environment, 42–44
EER. See Energy efficiency ratio
Effective annual rate, 177
Efficiency, 362–365
EIA. See Energy Information 

Administration
Elastic limit, 298, 299f
Electrical engineers, 28
Electrical science, 41
Electrical theory. See also Energy 

principles
DC circuit concepts, 376–382
DC electric power, 382–384
electrical and computer 

engineering, 371
electric circuits, 374–375
electric current, 373–374
electric potential, 374
Kirchhoff’s law, 385–391
mesh currents, 391–393
resistance, 375–376
static electricity, 373
structure of electricity, 372–373
terminal voltage, 384–385

Electric circuits, 374–375
Electric current, 373–374

alternating current, 374
direct current, 374

Electric energy, 355
Electricity, 371. See also Electrical 

theory
generation of, 339–340
static electricity, 372
structure of, 372–373

Electric potential, 374
Electromotive force (emf), 385
Electrons, 372–373
Electrostatics, 373
Ellipse, formula for, 464
Elongation, 298
emf. See Electromotive force
Empirical equations

exponential curves, 114–115
linear, 107–108
power curves, 108–113

Empirical functions, 105–106
Energy, 60–61, 329, 351

conservation, 353, 357
consumption areas in United 

States, 337–341
generation of electricity, 339–340
home heating, 340
transportation, 337–339

from fossil fuels (See Fossil fuels)

history of energy consumption in 
United States, 330f

projections over next 25 years, 341
in transit, 354–357

Energy efficiency ratio (EER), 367
Energy Information Administration 

(EIA), 341
Energy principles, 351. See also 

Electrical theory
efficiency, 362–365
energy in transit, 354–357
first law of thermodynamics, 

357–361
power, 365–367
refrigeration cycles, 367–368
second law of thermodynamics, 

361–362
stored energy, 351–354

Energy sources
alternate, 342–348

nuclear power, 342–345
renewable energy sources, 

345–348
areas of energy consumption in 

United States, 337–341
fossil fuels, 329, 330

coal formation and recovery, 331
finite supply of, 331–337
natural gas formation and 

recovery, 331
petroleum formation and 

recovery, 330
U.S. energy consumption by, 

338f, 342f
Engineer, 4–5

as professional, 45
accreditation process, 48t
Engineer’s Creed, 47f
NSPE code of ethics for 

engineers, 47f
professional ethics, 47
professionalism, 45–46
professional registration, 46–47
professional societies, 48

Engineering, 6. See also Engineering 
disciplines

career, 1–2
education for, 37–49
environmental, 29–30
method, 70–72

Engineering design, 51–52
categories of, 56f
design and customer, 56–57
design opportunities and future 

challenges, 59–60
competitive edge in world 

marketplace, 64–65
energy, 60–61
environment, 61–63
hydroelectric generating 

stations, 61f
infrastructure, 63–64
windmill farms, 60f

design process, 52–56
brainstorming of new ideas 

in, 55f
in education, 59
iterative nature, 52, 56, 59
six steps of, 52, 54
ten-step, 55f
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Engineering design (Continued)
nature of, 57–59
systematic process, 51

Engineering disciplines, 20–21
aerospace engineering, 22–24
chemical and biological 

engineering, 24–25
civil engineering, 25–27
computer engineering, 29
construction engineering, 27
electrical engineering, 28
engineering degrees by discipline, 

21, 22f
environmental engineering, 29–30
industrial engineering, 30–32
mechanical engineering, 33–35
ombination of disciplines, 20–21
technical skills development, 21

Engineering economics
annual worth and gradients

annual future worth, 183–185
annual present worth, 185–196
arithmetic gradients, 198–200
capitalized cost, 196–198
geometric gradients, 200–203

cash-flow diagram, 178–179
equivalent uniform annual cost 

(EUAC), 171
investing early and investing late, 172
present worth and future worth, 

179–182
rate of return (ROR), 172
simple and compound interest, 

172–178
Engineering education. See 

Education for engineering
Engineering functions, 7–8

construction, 15–16
consulting, 18–19
design, 12–13
development, 10–12
management, 18
operation, 16–17
production and testing, 13–15
research, 9–10
sales, 17
sales engineers interaction, 17f
space exploration, 8–9
teaching, 19–20
test engineering, 14f

Engineering Grand Challenges, 
by National Academy of 
Engineering, 59

Engineering measurements, 125
accuracy and precision in,  

125–126, 126f
errors, 131

random errors, 131–132
systematic errors, 131

estimations, 132–139
significant digits, 127–130

Engineering profession, 6
design of windmill, 2f
engineering disciplines, 20–35
engineering functions, 7–20

Engineering societies, 48
Engineering solutions

engineering method, 70–72
problem analysis, 69–70
problem presentation, 72–73

standards of, 73–81

problem solving, 69–70
Engineering System, 147, 157–158, 

157t, 265. See also U.S. 
Customary System

Engineering teachers, 19–20
Engineers’ Creed, by NSPE, 47
Entropy, 362
Environment, 61–63
Environmental engineering, 29–30
Environmentally Conscious 

Manufacturing (ECM), 62
Equilateral triangle, formula for, 463
Equilibrium, 278–284. See also 

Moments
Equivalent resistance, 377
Equivalent uniform annual benefit 

(EUAB), 183
Equivalent uniform annual cost 

(EUAC), 171, 183, 211
Errors, measurement, 131

random errors, 131–132
systematic errors, 131

Ethanol, 345
Ethics, 47
EUAB. See Equivalent uniform 

annual benefit
EUAC. See Equivalent uniform 

annual cost
Experimental design, 252–253

description, 252–253
objectives statement, 252

Exponential curves equations, 
114–115

Extended Product or Producer 
Responsibility, 62

F
Factor of safety. See Safety factor
Fahrenheit scale, 163–165
FBD. See Free-body diagram
F-distribution, 259–260
FE. See Fundamentals of 

Engineering
FFVs. See Flexible fuel vehicles
Field books, 94
Finite element analysis, 308
First law of thermodynamics, 355, 

357–361
Flexible fuel vehicles (FFVs), 345
Flowcharts, 403–417

case structure for slender column, 
408f

developing, 403
difference between initializing 

variable and inputting 
variable, 414

example of test first, 410f
example of test last, 409f
input/output symbol, 403
loop and values of variable 

calculation, 417
nested repetition structure, 411f
repetition structure, 407–409, 

408f, 410f
selection structure, 404, 406–407, 

406f, 407f
sequence for future worth 

calculation, 405f
sequential structure, 404, 405f
structures in development, 404
symbol, 403, 404f

Forces (F), 267, 295, 354
resolution of, 269–273
system types, 267–268

Fossil fuels, 329, 330
coal formation and recovery, 331
finite supply of, 331–337

hydraulic fracturing, 335–337
U.S. coal reserves, consumption, 

and production, 333–334
U.S. natural gas reserves and 

consumption, 334
U.S. oil and natural gas 

production in 21st century, 335
U.S. oil reserves, consumption, 

and production, 331–333
world coal reserves and 

consumption, 334
world natural gas reserves and 

consumption, 334–335
world oil reserves, consumption, 

and production, 333
natural gas formation and 

recovery, 331
petroleum formation and 

recovery, 330
Fracking, 335. See also Hydraulic 

fracturing
Fractional error, 131
Free-body diagram (FBD), 275–278
Freehand plot of data, 91f, 93
Freehand solutions, 73–74, 76–77f
Frequency distribution, 220–222
Functional relationships, 460
Fundamental dimension, 146
Fundamentals of Engineering (FE), 46
Future worth (F), 179–182, 212

G
Gas turbine power plant, 339
General Conference of Weights and 

Measures, 144, 147
General Electric, 11
General Mills, 34
Geographic information systems 

(GIS), 26
Geometric gradients, 183, 200–203
Geotechnical engineer, 26
Geothermal power, 347
GIS. See Geographic information 

systems
Global positioning systems (GPS), 26
Gold (Au), 372
Gosset, William Sealy, 259
GPA. See Grade point average
GPS. See Global positioning systems
Grade point average (GPA), 44
Gradients

arithmetic, 183, 198–200
geometric, 183, 200–203

Graduations, 98
Graphing procedures, 95

axes location and breaks, 95–98
axis labeling, 101
computer-assisted plotting, 103–105
curves and symbols, 102–103
graph paper, 95, 96f
point-plotting procedure, 102
scale graduations, calibrations, 

and designations, 98–101
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Graph paper, 95, 96f
Gravitational potential energy, 352
Gravitational system, 146, 147t
Gravity, 155
Greek alphabet, 431
Green Manufacturing, 62
Guild, Jay, 34

H
Heat, 355
Heating, ventilation, 

thermodynamics and air-
conditioning (HVAC), 33

Heat of combustion, 354
Heat pumps, 340
Helicable wire, 12
Helium (He) atom, 372, 372f
Histogram, 222
Hobart, Kara, 34
Hollow cylinder, formula for, 465
Hollow sphere, formula for, 466
Hollow torus, formula for, 466
Hooke, Robert, 299
Hubbert, M. King, 331–332
Hubbert’s peak, 332
Hubbert’s prediction, 332
Human factors, 32
HVAC. See Heating, ventilation, 

thermodynamics and air-
conditioning

Hybrid-electric vehicles, 338
Hydraulic fracturing, 335–337
Hydroelectric dams, 346
Hydroelectric facilities, 346
Hydroelectric generating stations, 61f
Hydrogen (H), 372

I
Independent variable, 232
Industrial engineering, 30–32

on food quality, 34
Industrial Revolution, 7, 329, 343
Inferential statistics, 251–252

distributions, use of, 254–260
experimental design, 252–253
level of significance and 

confidence intervals, 261
sampling, 253–254

Infinite life analysis. See Capitalized 
cost (CC)

Infrastructure, 63–64
Installment loan. See Annual present 

worth
Intergovermental Panel on Climate 

Change, 343
Internal-combustion equipment, 339
Internal energy, 353
International Space Station (ISS), 8
International Standard of Units. See 

International System of 
Units (SI)

International System of Units (SI), 
81, 144, 265

base units, 148, 148t
coherency in, 153
derived units, 149–150, 149t
of power, 365–366
prefix notations, 150–151
supplementary units, 148–149, 149t
units and symbols, 147–151

use of, rules for, 151–156
calculations using SI, 153–156
multiplication and division, 

152–153
numbers, 153
unit symbols and names, 

151–152
Internship programs, 44–45
Inverse trigonometric functions, 454

plots of, 454–456
Isosceles triangle, formula for, 463
Isothermal process, 360
ISS. See International Space Station
Ives, Andy, 26

J
Johnson Space Center (JSC), 8
Joule, 154

K
KE. See Kinetic energy
Kelvin (K), 148
Keren, Nir, 8–9
Kilogram (kg), 148
Kinetic energy (KE), 352–354
Kirchhoff’s law, 385–391

current law, 386
voltage law, 386

L
Lavoisier, Antoine, 311
Law of cosines, 457–458
Law of sines, 457–458
LCA. See Life Cycle Assessment
Least-squared line, 231
Least squares method, 106, 230–235
LEED certification, 16
Life Cycle Assessment (LCA), 62
Linear equations, 107–108
Linear function, 105
Linear regression, 106, 228–235

exponential function, 233
least-squared line, 231
partial derivatives, 232
scatter diagram, 229, 230f

Line types, 103
Linpack benchmark performance 

criteria, 128
Liquefied petroleum gas (LPG), 340
Log-log paper, 95

M
Machine design, 34
Management, 18
Management and information 

systems, 32
Manual entry, 94
Manufacturing, 32
Mass (m), 155
Master of business administration 

(MBA), 45
Master of science (MS), 45
Material balance

application, 311
conservation of mass, 311–314
processes, 315–316
systematic approach, 317–325

Mathcad, 93, 103
Mathematics, 41
MATLAB, 93, 103

Mean, 222–224
Mechanical engineers, 33–35
Mechanics, 42, 263

coordinate systems, 263, 264f
equilibrium, 278–284
forces, 267
force systems, types of, 267–268
free-body diagrams, 275–278
moments, 273–275
resolution of forces, 269–273
of rigid bodies, 263
scalars and vectors, 265–266
transmissibility, 268–269
units, 265

Mechanics of materials. See Strength 
of materials

Median, 223
Mesh, 391
Mesh current, 391–393
Meter (m), 148
Meter, kilogram, and second (MKS), 

144, 147
Method of least squares, 106, 

230–235
Method of selected points, 106
Metrification, in United States, 144, 

145f
Microelectronics, 29
MKS. See Meter, kilogram, and second
Mode, 223
Modulus of elasticity, 299–300
Mohr, Nick, 52
Mole (mol), 148
Molecules, 372
Moment arm, 273
Moments, 273–275

example, 274–275
forces in same vertical plane, 274f

Multiple-angle formulas, 461
Multiple regression, 228

N
Nanotechnology, 9
Naperian logarithms, 444
National Academy of Sciences, 61
National Academy of Engineering, 59
National Council of Examiners for 

Engineering and Surveying 
(NCEES), 46

National Society of Black Engineers 
(NSBE), 48

Natural gas, 340
composition, 331
formation and recovery, 331
U.S. reserves and consumption, 334
world reserves and consumption, 

334–335
NCEES. See National Council of 

Examiners for Engineering 
and Surveying

Necking-down effect, 299, 299f
Nesting, 409
Newton (N), 155, 156, 265
Newton’s first law of motion, 278
Newton’s second law, 153–154, 263
Newton’s third law, 267
Node, 391
Nominal interest rate, 177
Non-SI units, 154t
Nonuniform process, 316
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Normal distribution, 254–259
example, 256–259
normal curve, 256f
standard deviations and means of 

different magnitudes, 255f
Notebook of original entry, 94
NSBE. See National Society of 

Black Engineers
NSPE code of ethics for engineers, 

47, 47f, 435–439
Nuclear

energy, 354
fission, 343, 354
fusion, 344–345, 354
power, 343–345
reactions, 312
reactors, 339

O
Ocean currents and waves, 346–347
Ohm, George Simon, 375
Ohm’s law, 375
Open thermodynamic system,  

357, 359f
Operations engineer, 16–17
Ordinate, 95, 96f

P
Pacemaker, 10, 12
Parallelogram, formula for, 463
Parameter, 251
Partners in Food Solutions (PFS), 34
PE. See Professional engineer
Petroleum formation and recovery, 330
Petroleum product consumption, 333t
PFS. See Partners in Food Solutions
Photosynthesis, 353–354
Photovoltaic cells (PV cells), 348
Physical constants, 428
Physical quantities, 144–145
Physical sciences, 41
Pilot plant, 24–25
Plane angle, 149
Plane surfaces, 463–464
Plant engineer, 16
PLCM. See Product Life Cycle 

Management
Point-plotting procedure, 102
Polar-rectangular coordinate, 

456–457
Pollution Prevention, 62
Population, 223, 251

mean, 255
standard deviation, 255

Potential energy (PE), 352
Pound (lb), 265
Power, 365–367

curves, 108–113
formulas, 462

Power engineer, 28
Power equation, 106
Precision, 125–126, 126f
Prefixes, use of, 128
Presentation formats, problem, 73–74
Present worth method (PW method), 

171, 179–182, 211
Principle of conservation of mass, 311
Principle of moments, 274
Printed coordinate graph paper, 95
Problem analysis, 69–70

Problem layout, elements of, 75f
Problem presentation, 72–73

and documentation, 72, 73
methods of, 73–74
standards of, 73–81

Problem solving, 69–70. See also 
Engineering solutions

Problem statement, 72
Product formulas, 461–462
Production engineer, 13–15
Product Life Cycle Management 

(PLCM), 62
Product Takeback, 62
Professional engineer (PE), 38, 

45–46
Professionalism, 45–46
Project/design team, 3
Pseudocode, 403
PV cells. See Photovoltaic cells
PW method. See Present worth method
Pyramid, formula for, 465

R
Radian (rad), 148, 149
Radians, 450–451
Raghothaman, Abhinaya, 39
Random errors, 131–132
Rankine scale, 163–165
Rate-flow process, 316
Rate of return (ROR), 172
Rectangle, formula for, 463
Rectangular component vectors, 266
Rectangular prism, formula for, 465
Refineries, 340
Refrigeration

cycles, 367–368
efficiency, 367

Registration, 46–47
Regression analysis, 228
Regular polygon, formula for, 464
Renewable energy sources, 345–348

biomass, 345–346
geothermal power, 347
hydroelectric, 346
ocean currents and waves, 

346–347
solar power, 348
tides, 346
wind power, 347

Repetition structure, 407–409, 408f, 
410f

Research engineer, 9–10
Residual, 230
Resistance, 375–376
Resistor, 385
Resolution of forces, 269–273
Rhombus, formula for, 464
Right triangle, formula for, 463
Riley, Kyle, 30
ROR. See Rate of return
Roundwood, 346
Royal Academy of Engineering, 9

S
Safety factor, 300
Saint-Venant, Barre, 308
Saint-Venant’s principle, 308
Sales engineer, 17
Saltwater freezing operation, 317f
Sample, 223, 251–252

Sampling, 253–254
Scalar, 265
Scale graduations and calibrations, 

98–101
Scatter diagram, 229–230
Scientific method, 3
Scientific problem-solving method, 72
Scientist, 3–4

and engineer, difference between, 
3–5

Seasonal energy efficiency ratio 
(SEER), 367

Second (s), 148
Second law of thermodynamics, 355, 

361–362
Sector of annulus, formula for, 464
Sector of circle, formula for, 464
SEER. See Seasonal energy 

efficiency ratio
Segment of circle, formula for, 464
Selection structure, 404, 406–407, 

406f, 407f
Semilog paper, 95
Sequential structure, 404, 405f
Shear stress, 296–297
SHPE. See Society of Hispanic 

Professional Engineers
Significant digits, 127–130
Significant figure, 128
Simple interest, 172, 174
Simple random sampling, 253
Sinking fund. See Annual future worth
Slug, 155, 265
Smart drilling, 336
Society of Hispanic Professional 

Engineers (SHPE), 48
Society of Plastics Engineers (SPE), 48
Software engineer, 34
Software for recording and plotting 

data, 93–94
Solar power, 348
Solid angle, 149
Solids, 465–466
Space exploration, 8–9
SPE. See Society of Plastics Engineers
Specific gravities and densities, 

429–430
Sphere, formula for, 466
Spherical segment, formula for, 466
Standard deviation, 224–225
Standard normal curve, areas 

under, 440
Static electricity, 373
Statics, 263–284, 295. See also 

Mechanics
Statistical inference, 251
Statistics, 219–220, 220f, 251

chi-square distribution, 260
coefficient of correlation, 

236–242
descriptive, 220, 251
F-distribution, 259–260
frequency distribution, 220–222
inferential, 251–252
linear regression, 228–235
measures of central tendency, 

222–224
measures of variation, 224–228
normal distribution, 254–259
Student’s t distribution, 259
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Steady process, 316
Steam power plants, 339
Steradian (sr), 149
Strain, 297–299
Stratified random sampling, 253
Strength of materials, 263, 295

design stress, 300–306
modulus of elasticity, 299–300
strain, 297–299
stress, 295–297
stress concentration, 306–308

Stress, 295–297
concentration, 306–308

Stress-strain diagram, 298, 299f
Student’s t curves, 259
Student’s t distribution, 259
Sum formulas, 461–462
Summer internship, 44
Sum of angles formulas, 461
Supplementary units, 148–149, 149t
Surveying engineers, 26
Sustainable engineering, 30
Synthesis, 5
System, 312

accumulation in, 313
for analyzing centrifuge and dryer 

process, 314f
as arbitrary specification, 313
with defined boundary, 312f
designation for distillation 

column, 313f
Systematic approach, 317–325
Systematic errors, 131
Systematic sampling, 253
Système International d’Unités (SI), 

144, 146, 147–151
base units, 148, 148t
coherency in, 153
derived units, 149–150, 149t
prefix notations, 150–151
supplementary units, 148–149, 149t
units and symbols, 147–151
use of, rules for, 151–156

calculations using SI, 153–156
multiplication and division, 

152–153
numbers, 153
unit symbols and names, 

151–152
Systems engineering, 3

T
Tax(es), 216

codes, 216
Technical information 

representation, 89–93
collecting and recording data

computer-assisted techniques, 94
manual entry, 94

computer-generated table, 90t
curve fitting, 106
data-acquisition equipment, 89
empirical equations

exponential curves, 114–115
linear, 107–108
power curves, 108–113

empirical functions, 105–106
Excel spreadsheet hard copy of 

data, 92f
freehand plot, 91f

graphing procedures, 95–105
axes location and breaks,  

95–98
axis labeling, 101
computer-assisted plotting, 

103–105
curves and symbols, 102–103
graph paper, 95, 96f
point-plotting procedure, 102
scale graduations, calibrations, 

and designations, 98–101
titles, 103

method of selected points and 
least squares, 106–107

software for recording and 
plotting data, 93–94

Technical spectrum, 3
Technician, 5–6
Technologist, 5–6
Technology team, 3

engineer, 4–5
scientist, 3–4
skilled tradespersons/craftspersons, 

5–6
technician, 5–6
technologist, 5–6

Telemetry, 29
Temperature scales, 163–165
Tensile stress, 296
Tensile test, 298
Terminal voltage, 384–385
Test engineer, 13–15
Test of significance, 261
Theory of engineering economy, 70
Thermal efficiency, 363
Thermodynamics, 42, 351

first law of, 355, 357–361
second law of, 355, 361–362

Tides, 346
Titles, 103
TK Solver, 93, 103
Torus, formula for, 466
Total quality (TQ) method, 69
Total resistance, 377
Toxic Use Reduction, 62
Transmissibility, 268–269
Trapezoid, formula for, 463
Treaty of the Meter, 144
Trendline, 90
Triangle, formula for, 463
Trigonometry, 449

area of triangle, 458–459
inverse trigonometric functions, 454
law of cosines, 457–458
law of sines, 457–458
plots of inverse trigonometric 

functions, 454–456
plots of trigonometric functions, 

451–452
polar-rectangular coordinate, 

456–457
radians and degrees, 450–451
series representation of 

trigonometric functions, 
459–460

signs of trigonometric functions, 450
standard values of often-used 

angles, 452–454
trigonometric function 

definitions, 449

trigonometric relationships, 
460–462

functional relationships, 460
multiple-angle formulas, 461
power formulas, 462
sum, difference, and product 

formulas, 461–462
sum of angles formulas, 461

Truncated cylinder, formula for, 466

U
Ultimate strength, 298, 299f
Unavailable energy, 362
Uniform annual payment annuity 

factor, 186
Uniform annual payment present-

worth factor, 186
Uniform process, 316
Unit-factor method, 158–160
Unit(s), 145, 146–147, 265

conversion of, 158–163
conversions, 421–426
prefixes, 427

Unit vectors, 266
Universal system of measurement, 143
Unsteady process, 316
U.S. coal reserves, consumption, and 

production, 333–334
U.S. Customary System, 147, 156, 

157t, 265
U.S. Department of Energy, 61
U.S. natural gas reserves and 

consumption, 334
U.S. oil and natural gas production 

in 21st century, 335
U.S. oil reserves, consumption, and 

production, 331–333

V
Variance, 225
Variation measures, 224–228
Vector, 265–266

line of action of, 265
rectangular component vectors, 

266
unit vectors, 266

VirtuTrace, 8–9
Volts (V), 374

W
Waste-to-energy facilities, 346
Water cycle (hydrologic cycle), 

62, 63f
Water resources engineer, 26, 31
Watts (W), 382
Weight, 157
Wind power, 347
Women Engineers (SWE), 48
Wood byproducts, 346
Wood energy, 346
World coal reserves and 

consumption, 334
World natural gas reserves and 

consumption, 334–335
World oil reserves, consumption, and 

production, 333

Y
Yield strength, 298, 299f
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