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Preface

Why does an engineer need sensors?

Sensors are all around us. They are in phones, cars, planes, trains, robots,
mills, lathes, packaging lines, chemical plants, power plants, etc. Modern tech-
nology could not exist without sensors. The sensors measure what we need
to know, and the control system then performs the desired actions. When
an engineer builds any machine he or she needs to have basic understand-
ing about sensors. Correct sensors need to be selected for the design right
from the start. The designer needs to think about the ranges, required accu-
racy, sensor cost, wiring, correct installation and placement, etc. Without the
basic knowledge of sensors’ fundamentals no machine can be built successfully
today. On the other hand, the sensors are only one out of many steps of a
successful design. No sensor or control system will help you if your machine
is not designed properly from a mechanical point of view, if correct materials
are not selected, or when there are any other flaws.

The purpose of this book is to provide basic knowledge about selected
sensor technologies to engineers. The sensor principles will be discussed briefly,
then their properties such as accuracy, range, linearity, etc., will be shown.
Finally sensor and applications examples will be presented.

xiii
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1

Measurement basics

1.1 General properties

Measurement is a very important topic in every technical system. If we
cannot measure some physical property in our system (temperature, pressure,
humidity, force, torque, liquid level, etc.) with a desired precision and other
characteristics, we cannot expect to have good control over the system. It is
therefore very important to know how we can measure the desired property,
what sensor principles we can use, what accuracy can we expect, where to
place sensors to obtain correct readings, etc. The proper application of any
process-monitoring device requires a good understanding of how sensors work
and their advantages as well as their limitations.

1.1.1 What is a sensor?

A sensor is a device that transfers the measured physical property into
some output signal that can be processed or displayed. Today’s sensors use
mostly electrical output signals; however, some other possibilities exist like
mechanical, pneumatic or hydraulic signals. The sensor is then usually placed
in a measuring chain where we can find the sensor, signal processing (like
filters, amplifiers, etc.) and gauges (voltmeter, ampere meter, etc.). This sit-
uation is shown in figure 1.1.

This arrangement is a classical sensor. We can find also so-called smart
sensors, shown in figure 1.2, where all or some parts of the measuring chain are
integrated in an independent block (can be integrated circuit, circuit board).

Smart sensors are most commonly composed of the main sensor (or sen-
sors), amplifiers, analog/digital converters, microprocessor and some commu-

sensor amplifier gauge

X y y y X

measured electric
property signal

FIGURE 1.1: Block arrangement in a classical sensor
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Smart sensor

measured signal
properties | sensor 1 amplifier processing communication

comm.
bus

A/D

sensor n

FIGURE 1.2: Block arrangement in a smart sensor

nication interface. In all those systems, the final measuring system behavior
is given by properties of the individually connected blocks in the chain. By
modifying individual block properties we can therefore change completely the
system’s behavior; e.g., we can make the sensor’s non-linear characteristic
linear.

1.1.2 Block algebra

Regardless of the type of arrangement, the whole-device properties are
always given by the properties of the used blocks. Block algebra can be
used to derive the properties of the whole device. Three possibilities of con-
necting the blocks will be discussed—serial, parallel and feedback connec-
tion. More complicated connections can be made by combining those simple
approaches.

1.1.2.1 Serial connections

In a serial connection of blocks, the individual parts are connected so that
the input of the next block is connected to the input of the preceding block.
An example is shown in figure 1.3.

If the functions fy, fa,... ,fn are known, the output signal ¥, can be cal-
culated as

Yn = fn (fa—1 (- f2 (f1 (2)))) (1.1)

For linear functions with, for example, three blocks, we can write
yl = kl - (1.2)
Y2 = k2 -1 (1.3)

Yy = k3 * Y2 (14)
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input X Vi Y2
yi=fi(x) V=)

Yn-1 Yn

L g — )

FIGURE 1.3: Block diagram for serial connection

The connection output will therefore be
y=ki-ky-ks-x =Kz (1.5)
where K = k1 - ko - k3.

The graphic solution can be found by simply plotting several charts in the
same graph with the corresponding axes. An example is shown in figure 1.4.

vy Vi)

Y2

Vs=f:(02)

y=£3(x)
V3

FIGURE 1.4: Graphic solution for serial connection



4 Measurement basics

1.1.2.2 Parallel connections

The parallel connection uses two or more individual blocks. The input x
is common to all of them; the outputs are summed within a summing block.
The connection is shown in figure 1.5.

The output signal is

y=y1+y2= fi(x) + f2(2) (1.6)
For linear functions with, for example, two blocks, we can write
1=k (1.7)

Yo =ko-x (1.8)

The connection output will therefore be
y=k-ct+ke-x=(k+k) z=K-x (1.9)

where K = k1 + ko.

The graphical solution (for any function, linear or non-linear) can be
obtained in a single graph, with a common z-axis for all plotted curves. An
example is shown in figure 1.6. The curves have a common z-axis. The output
characteristic is obtained as a sum of individual characteristics.

1.1.2.3 Feedback connections

This is a special, very common type of connection in control systems. The
feedback can be positive or negative depending on the sign of the signal fed
back in one node from the other one. The connection is shown in figure 1.7.

The input signal is z, and the output signal is y. The summing block sums
the signal z with signal x;. The signal x; is the output of a block in the
feedback, described with a function 1 = f2(y). The summed signal z5 is then
fed back to the block with function y = f1(z2).

input X Yi

yi=fi(x)

Y

yo=(%) 2

FIGURE 1.5: Block diagram for parallel connection
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Vi
Y2 y=flx) =
y =yt vi=f1(x)

Y2=/2(%)

FIGURE 1.6: Graphic solution for parallel connection

The sign in the feedback sets the feedback type, either positive (sign +)
or negative (sign —) feedback.
The connection output is

y=fa+m) (1.10)
For positive feedback

y=fla+m) (1.11)
and for negative feedback

y=flz—mz) (1.12)

The negative feedback is more common in control systems as it improves
system stability; positive feedback is in general not desired as it makes the
system unstable.

input . V=f1(x;)=f(x+x,)
X y=fi(x)

'+

X

x,=H0)

FIGURE 1.7: Block diagram for feedback connection



6 Measurement basics

For linear functions with two blocks, we can write
y=rko (xtx) (1.13)
x1 =k -y (1.14)
The connection output will therefore be
Yy=ko -xo=ko-(xtax)=ke - (xtks-y)
y=ke-xExko-ki-y
YyFki-ky-y=ke x
y(1Fky ko) =ko-x
We obtain for positive feedback

k?g T
= — 1.19
V=T (1.19)
and for negative feedback
k2 X
= —— 1.20
R Ry (1:20)

A graphic solution, shown in figure 1.8, can simply be obtained in a com-
mon chart. For known dependency y = f(z2), the value of y is found, substi-
tuted to dependency z1 = f(y), and x; is added or subtracted to x (dependent
on positive or negative feedback).

{ positive feedback
Y
y=fi(x+x,)

x,=f(v) negative feedback
y=fi(xz) y=f(x-x,;)

X; é X X3

X=Xp- X x=x2+x]

XJ

FIGURE 1.8: Graphic solution for feedback connection
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Vi
Y2 y=fx) sensor
y L)

—

y2=/2(%)

.

.

.

.
.
.
.
.
.
.
.
.
.
.
.
.

—_—

.
.
.
ar®
.
.
. *

FIGURE 1.9: Block algebra used to linearize a non-linear steady-state
characteristic

1.1.3 An example of block algebra

One of the examples showing how block algebra can be used is to linearize
non-linear steady-state characteristics. This is shown in figure 1.9.

The sensor has a non-linear steady-state characteristic y3 = f1(z). The
goal is to linearize it to y = f(x). The parallel connection will be used in the
shown example, but other types can be used as well.

A block with a steady-state characteristic yo = fo(2) will be used. Sum-
ming y; and ys yields y = f(x).

In some cases, the steady-state characteristic yo = fo(z) may be hard to
create with simple devices. Then it can be created, for example, as a table in
a micro-controller.

|
1.2 Static properties
1.2.1 Steady state

Let’s imagine the following experiment, shown in figure 1.10. The temper-
ature is 77 and is constant. The water temperature in a tank is measured with
a temperature sensor; the input signal will be denoted as X; the output signal
will be denoted as Y.
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sensor
output y

AV

sensor
input

FIGURE 1.10: Experiment to define steady state

We begin the experiment with the sensor outside of the tank. A different tem-
perature from 7T; will be measured. The actual temperature is not important.
Now the sensor will be placed in the tank. It is obvious that the sensor will not
immediately show the correct temperature. The sensor is placed in a thermowell.
It does not have zero thermal capacity; the measured signal will slowly approach
the correct temperature. In other words, there will be some delay before tem-
perature 17 will be measured correctly. This is called a transient response. Since
this is an important topic, it will be handled in a separate chapter.

Sensor properties can be described in transients (functions of time) or in
steady state (not functions of time). In the described experiment, we will wait
until the input and output signals are steady. This will be called steady state.

Definition: Steady state is the state in which BOTH input signal AND
output signal are constant, meaning they are not changing.

Now the question that anyone will ask is how long we need to wait before
steady state is reached. As will be shown in the chapter about transients,
this will depend on a parameter called “time constant.” In theory it will be
necessary to wait to infinity before the new steady state is reached. In practice,
we will have to wait for five time constants to be in the new steady state with
a sufficient accuracy.

The description of systems in steady state will allow us to use a simple
description with algebraic equations. If the system will not be in steady state,
differential equations will have to be used.

In the shown example, the new steady state would be reached when both
temperature 77 = X and sensor output signal Y would be constant.

1.2.2 Steady-state characteristic

The system behavior in steady state will be described with a steady-state
characteristic. It is the dependence of sensor output signal Y on sensor input
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steady-state user
characteristic characteristic
output input
input output
—_—

FIGURE 1.11: Example of a steady-state and user characteristic

signal X, Y = f(X) in steady state. In the previously used example, it would
be, for example, electric resistance = f(temperature 77). An example of a
steady-state characteristic is shown in figure 1.11.

The steady-state characteristic can also be obtained with an experiment.
It can also be available as a chart or table, not a mathematical function. This
is common in datasheets for sensors. The steady state characteristic can also
be used in the block algebra.

1.2.3 User characteristic vs. steady-state (static)
characteristic

Both characteristics are in steady state, but the static characteristic shows
the dependency of sensor output on sensor input. In the case of our water tem-
perature sensor the input is temperature. For a resistive temperature detector
the output is electrical resistance.

Sometimes the user is more interested in an inverse dependency. We want
to know what is the water temperature if we have measured resistance 100 2
on a Pt100 resistive temperature sensor. This is the user characteristic. It is
a function describing the relation of sensor input on sensor output.

An example of the user characteristic is shown in figure 1.11. The user
characteristic can also be defined in many ways: mathematically, table, chart,
etc.

Remember! Both are IN STEADY STATE!

1.2.4 Accuracy

Each measurement should have an estimate of its accuracy. Two
approaches will be shown. The historically older one uses absolute and rel-
ative errors; the newer one uses uncertainties.
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1.2.4.1 Absolute error

Absolute error Ay is the difference between the measured value y,, and
correct value y,. of the measured property. The problem with this definition is
visible immediately. What is the correct value? Is it the one from the theory,
one obtained from a more accurate instrument,...?

Ay =Ym — Ye (121)

The absolute error always has the same units as the measured property.

1.2.4.2 Relative error

Relative error §(y) is the ratio between absolute error Ay to the instanta-
neously measured value y,,. It is always in percent.

A
S(y) = yfy -100 [%] (1.22)
The definition has the same problem as absolute error. We don’t know
what the correct value is.

1.2.5 Instrument accuracy
1.2.5.1 Analog instruments—accuracy class

Accuracy class T}, expresses the maximal relative error of a value measured
with a full deflection of the instrument’s needle on a given range. It can be used
to calculate maximal absolute error and other parameters of the instrument.
It is expressed in percent. It is expressed as a number rounded to a number
from a numerical series, typically 0,1; 0,5; 1; 2; 5 (percent).

The accuracy class T, is calculated from the absolute error Ayy,q, and
from range Ymaz — Ymin

T, = —SYmax 0019 (1.23)

Ymax — Ymin

The accuracy class is typically shown directly on the instrument’s scale,
as shown in figure 1.12. It shows an analog voltmeter with 7, = 0, 5.

The accuracy class allows us to calculate both absolute and relative errors.

Calculation example: an analog voltmeter with accuracy class 1 is used
with range 300 V. The measured voltage is 60 V. How large is the absolute
and relative error?

Absolute error Aymax = Tp - (Ymax — Ymin)/100 = 1- (300 — 0) /100 = 3[V]

Relative error § (y) = £mex . 100 (%] = & - 100 [%] = 5[%)

Relative error is 5%. It is significantly higher than would be directly obvi-
ous from the accuracy class. The reason for this is that we measure on the lower
part of the scale, far away from the maximal deflection. The relative error is
getting smaller as we approach the end of the scale. For this reason, with an
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550012

P

ooy =17~ .2 &)

FIGURE 1.12: Analog voltmeter with accuracy class 0.5, 1 for range 600 V

analog instrument always try to measure with a maximal deflection
of the needle (match the instrument range to the measured value).

1.2.5.2 Digital instruments

Digital instruments make use of an analog/digital (AD) converter. The
converter converts the input voltage or current to a number that is shown
on the display. The accuracy depends in majority on the A/D converter
resolution.

Accuracy for a digital instrument is given by:

- accuracy of the analog to digital converter, e.g., 0,1% (given by the number
of bits of the converter)

- error caused by the number of least significant digits of the device, i.e.,
2 digits

All these parameters have to be found in the instrument manual. Also
information about accuracy calculation has to be found. Some manufacturers
give the accuracy as a), others as b):

a) + (z % of reading + n digits)
b) £ (z % of range + n digits)

In some cases a combination of both is used, e.g., £ (z % of range + % y
of reading + n digits)
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TABLE 1.1: Example accuracy for a digital voltmeter

range  resolution accuracy
600 mV 0,1 mV  (0,5% of reading + 8 digits)
6V 1 mV (0,8% of reading + 5 digits)
60 V 10 mV  (0,8% of reading + 5 digits)
600V 100 mV  (0,8% of reading + 5 digits)
1000 V 1V (1% of reading + 10 digits)

Digit is the smallest part the instrument can measure. It is related to the A/D
converter accuracy.

An example for a digital voltmeter is shown in table 1.1.

Example: The selected digital voltmeter has range 60 V, resolution 10 mV
and accuracy £ (0,8% of reading + 5 digits). The measured value is 55,3 V.
Calculate absolute error.

Answer: =+ (0,8% of reading + 5 digits) = + (0,008 - 55,3 + 5 - 0,01) =
+0,49 V

1.2.6 Sensitivity

Sensitivity is the capability of a system (sensor, instrument) to change its
output for a change of input. It can be obtained from a steady-state character-
istic. It has a physical meaning, like for example, how many 2 of change will I
get if the temperature will change by 1°C (example of a resistance temperature
sensor)?

steady-state
I characteristic
Y

FIGURE 1.13: Sensitivity calculation



Dynamic properties 13

The sensitivity can be derived from the steady-state characteristic as
shown in figure 1.13.
In a general case, sensitivity is calculated as
Ay
s = lim — 1.24
Azx—0 Ax ( )
The units of sensitivity are the units of the output to the units of the input,
i.e. Ay/Az. For example, in case of a Pt100 resistive temperature sensor, the
sensitivity is 0,385 €2/ °C.
For linear steady-state characteristics, the sensitivity is constant; for a
non-linear steady state characteristic it is not constant.

I
1.3 Dynamic properties

1.3.1 Transient responses

Definition: the transient response is the response of a system to
a step change on its input

Imagine the following experiment shown in figure 1.14. We have two tanks
with water, one with temperature 73, the second with temperature T5. A
temperature sensor is placed in a tank with cold water. The temperature T}
in this tank is known and steady. We move the sensor to a second tank with

sensor
moved
sensor
output y %
A\V4 AV
T, T,

sensor input
temperature

FIGURE 1.14: Example experiment to get the transient response
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sensor input sensor output

0.99y

/T

0 1 3 5
FIGURE 1.15: Transient response of a 1th order system

hot water, also with a known and steady temperature T5. If this transition
is fast, we can say that the sensor input signal has changed with a step. The
output signal, however, will not be a step but a transient function.

If the sensor output y as a function of time is plotted, a transient response
is visible, as shown in figure 1.15. Based on the system properties it will take
a shorter or longer time before a new steady state is reached. No matter how
good or fast the system is, there will always be a transient response, and it
will always take some time before a new steady state is reached.

In general the transient response can be described by a n-th order differ-
ential equation

any™ + ..+ agy + ary +agy = x (1.25)

In a practical approach, however, we try to describe our system by a first-
or second-order differential equation if it is possible to simplify the calcu-
lations. There also may be some coeflicients on the right-hand side of the
equation bg, by etc.

1.3.1.1 First-order systems
This is described by a first-order differential equation.

ary(t)’ + aoy(t) = box(t) (1.26)
SLy(e) + () = () (1.27)

The parameter a;/ag = 7 will be called TIME CONSTANT, and it is the
most important parameter of any dynamic system. It is telling us how fast the
system can respond to changes. The parameter by/ag is the system’s static
gain. It describes the system behavior in steady state.

An example is a transient response for a first-order system as shown in
figure 1.15.

The y-axis in figure 1.15 is not shown as time but as a ratio of 7 to time.
This allows us to compare different systems. The input signal changes with a
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step change, and the output follows. In the shown example, the static gain is
set to 1; in a general case, this may be different.
By solving the differential equation, we obtain the solution as an exponen-

tial function
Y1) = Yoo (1 - e_t/T) (1.28)

where y, is the output steady-state value.

It can be seen that the system’s speed is given by a single parameter, the
time constant 7. After one time constant has elapsed, the system is, however,
just at 0,632% of the new steady state.

17 =~ 0, 632%00
37 =~ 0,95%Y 00
57 =~ 0,99% Yo

From the differential equation it can also be seen that the new steady
state is reached in infinite time. This is very impractical. However, it can
also be seen that 99% of the new steady state is reached after more than
5 7. Therefore, 5 7 is generally considered a new steady state with sufficient
accuracy.

The time constant can also be found from experimental data. If we make
a tangent at any point, the time it takes from this point until the time the
tangent intersects the new steady-state value is the time constant. This is
shown in figure 1.15. The tangent can be made at an arbitrary point.

1.3.1.2 Dynamic errors

The difference between instantaneous output signal y and output steady-
state value yoo is called dynamic error

Aya(t) = y(t) = Yoo = —yooe "7 (1.29)

It can be seen that the dynamic error is decreasing in time. It is highest
for t = 0 and zero for steady state.

1.3.1.3 Second-order systems

More complex systems can be described by a second-order differential
equation
azy(t)” + ary(t)' + aoy(t) = box(t) (1.30)

Based on the equation roots we can obtain different solutions.
a) Real different roots—over-damped system The solution is an
aperiodic function.

AL # A (1.31)
y(t) = Cr- e+ Cy- e + yog (1.32)
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b) Real equal roots—critically damped system The solution is a
function with minimal damping but without oscillations. It is the fastest
achievable response without oscillations.

A=A (1.33)

y(t) = (C1+ Ca - 1) - M 4 Yoo (1.34)

c¢) Complex conjugate pole pair—under-damped system The
response is oscillatory. This response is typically faster that aperiodic response

but has some overshoot.
)\172 = :l:jo.) (135)

y(t) = (A coswt + B - sinwt) - et 4 Yoo (1.36)

A comparison for a second-order system is shown in figure 1.16.

By comparing the transient response for a first-order system in figure 1.15
and second-order system in 1.16, a difference is visible. The first-order system
reacts immediately; the slope at starting time is non-zero. On the other hand,
the slope for a second-order system at time 0 is zero. The system does not
respond immediately.

1.3.2 Ramp responses

In some cases, it is not possible to obtain the system’s step response, or
it is better to change the system input signal not stepwise but linearly and
to watch system output. We obtain also a transient response, but to a linear
input signal. The ramp response is shown in figure 1.17. An example of this
system is a heated tank with a temperature sensor in which the temperature
is changed linearly.

d

oscillatory system
(complex roots)

input

aperiodic system
~ (real equal roots)

overdamped system

(real different roots) fime

FIGURE 1.16: Transient response for a second-order system
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SEnsor sensor output

input / 1st order
y I

sensor output
higher order

t

—_—

FIGURE 1.17: Ramp response

Sensor input is a linear function of time
r=w-t (1.37)

where w is a constant describing the slope.
For a first-order system, the solution of a differential equation describing the
system is

y(t) =w- [1—7’~ (l—eft/T)} (1.38)
Dynamic error is

Ayg(t) = —w -7+ (1 - e*t/T) (1.39)

and is minimal for ¢ = 0 (start of transient). The maximal dynamic error is
AYimaz = —w - T for t— > oo

After the transient fades, the output follows the input with a constant dif-
ference. The difference between a first-order system and second-order system
is also visible. A first-order system reacts immediately (non-zero slope of the
tangent), the second-order system has initially a zero slope of the tangent.

1.3.3 Frequency characteristics

Frequency characteristics describe the system’s response in amplitude and
frequency for a periodic input signal of a fixed amplitude and phase with
variable frequency. Imagine a system composed of a wheel, spring and damper,
shown in figure 1.18. This can be a car on a road. The input signal x will be
the uneven road surface, the output signal y is the position of the car’s cabin
floor. The input signal can be described as a harmonic function (or a sum of
harmonic functions).

T = xgsinwt = woe’™" (1.40)
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motion

X
ﬂ

FIGURE 1.18: Frequency characteristic experiment

In linear systems, the output signal is also a harmonic function with the
same frequency but a different amplitude and phase.

7 = yosin (Wt + @) = yoe! @) (1.41)

The relation between output and input of a system can be described with
transfer function. Transfer function mathematically describes relation of out-
put signal to input signal.

yosin (wt +¢) yoel (Wite)

i = A.el? (1.42)
T sinwt Toelwt

G(jw) = £ =

1.3.3.1 First-order systems

The system can also be described with a graph, the frequency characteristic
in complex plane.

k

G(jw) = 1T jor (1.43)
The frequency characteristic for a first-order system is shown in figure 1.19.
Frequency zero (DC signal) is on the real axis. With the increasing frequency
the vector follows a circle in the complex plane. The point w = 1/7is shown.
It shows the relation between the transient and frequency characteristics.
A slow system (with a large time constant) will not be able to react to fast
changes; it will not be able to follow high-frequency signals.
For frequency w — oo, the point is at the origin. The system can’t follow

an infinitely high frequency.

1.3.3.2 Second-order system

There are three possible solutions based on roots of the differential equa-
tion. The frequency characteristic in a complex plane is shown in figure 1.20.
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w—=> 0 w=0
Im‘

/ \ e,

e

\

w=1/t
FIGURE 1.19: Frequency characteristic for a first-order system in a complex
plane
W= 0 w=20
I
" [ / \ Re
_—

aperiodic
(critical damping)

oscillatory

FIGURE 1.20: Frequency characteristic for a second-order system in a
complex plane

1.4 Uncertainty of measurements

For every precise measurement, we need to know with what accuracy we
have obtained our result. Uncertainty of measurement does not only depend
on accuracy of used instruments, but also on the selected experimental method
and on random influences that cannot be anticipated. According to evaluation
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of uncertainties, we evaluate uncertainty of type A and B (and combined
uncertainty type C).

1.4.1 Uncertainty type A

Uncertainty of type A is calculated by statistical analysis of the measured
values. Therefore we have to do more independent experiments with the same
precision.

Example: Evaluate type-A uncertainty for a battery voltage. The mea-
surement was repeated 10x under the same conditions.

The measured voltages are shown in table 1.2.

The best estimate of the correct voltage will be arithmetic mean
Srw 13,6

=" =1,51 1.44
e e N (1.44)

T =
The estimated standard deviation of arithmetic mean = uncertainty type A

n .72
S [m @D gy (1.45)

i n-(n—1)
The standard deviation determines the width of the interval where the data
were.

Our best estimate of the measured voltage is therefore 1.51 V, with uncer-
tainty 0.3 V. The results are typically rounded to the same number of decimal
places.

In type-A uncertainty calculations also, the number of experiments has to
be taken into account. If the number of experiments is low, our confidence in
the result will be low. If the number of experiments is high, our confidence in
the result will increase. If our experiment was done let’s say 3x, our confidence
will definitely be lower than if the experiment was repeated 100x. Therefore,
if the number of experiments is low, we have to extend the interval.

The used approach follows the document [1].

Our experiment was repeated 9x, to achieve the desired confidence level
the interval has to be extended.

The corrected type A uncertainty is

Up = Sz —

uyiak = k" - u1a (1.46)

The coverage factor k is found by calculating degrees of freedom [1].

TABLE 1.2: Measured voltages

i 1 2 3 4 5 6 17 8 9 S
V (V) 149 153 149 150 149 156 155 150 1,49 136
(z; —7)? 0,78 0,14 0,78 0,32 0,78 1,76 1,02 0,32 0,78 6,68
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TABLE 1.3: Value of ¢,(v) from the ¢-distribution for degrees of freedom v
that defines an interval —¢,(v) to +t,(v) that encompasses the fraction p of
the distribution—from [1]

Degrees of Fraction p
freedom v (%)
- 68.271 90 95 95.45 99 99.73
1 1.84  6.31 12.71 13.97 63.66 235.80
2 1.32 2.92 4.3 4.53 992 19.21
3 1.20 2.35 3.18 3.31 5.84 9.22
4 1.14 2.13 2.78 2.87 4.60 6.62
5 1.11 2.02 2.57 2.65 4.03 5.01
6 1.09 1.94 2.45 252 3.71 4.90
7 1.08 1.89 2.36 243 350  4.53
8 1.07 1.86 2.31 237 3.36 4.28
9 1.06 1.83 2.26 2.32 3.25 4.09
10 1.05 1.81 2.23 2.28 3.17 3.96
25 1.02 1.71 2.06 2.11 2.79 3.33
30 1.02 1.70 2.04 2.09 2.75 3.27
35 1.01 2.03 2.07 2.72 2.72 3.23
40 1.01 1.68 2.02 2.06 2.70 3.20
45 1.01 1.68 2.01 2.06 2.69 3.18
50 1.01 1.68 2.01 2.05 2.68 3.16
100 1.005  1.660 1.984 2.025 2.626 3.077
00 1.000 1.645 1.960 2.000 2.576 3.000

degrees of freedom v
v=n-—1 (1.47)

where n is the number of experiments
The shown approach assumes Student t-probability distribution and is accord-
ing to [1].

From table 1.3 the coverage factor for the calculated degrees of freedom
and the desired confidence level is found.

The given example is for the result in format “best estimate”; “uncer-
tainty.”

If the result should be given in format “best estimate” + “uncertainty,”
then the values in the table have to be divided by 2. This assumes a symmetric
interval.

1.4.2 Uncertainty type B

The uncertainty of type B is used for non-statistical processing of mea-
sured data. There are several possibilities of calculations. It can be based on
rational judgments from the properties of measuring instruments, experience
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from previous measurements, data obtained in calibration certificates, data
sheets, reference manuals, etc. In this case we directly estimate the sizes of
individual uncertainties and then with the law of propagation of uncertainty
calculate total uncertainty type B.

In some cases the uncertainty is known from the instrument’s manufac-
turer, datasheet, calibration certificate, etc. Uncertainty can also be estimated
from accuracy (with certain assumptions).

How to calculate uncertainty from accuracy If it is possible to esti-
mate only the interval where the measured value “has to be” with certainty
“almost 100%” then standard uncertainty type B up can be calculated from
the estimation of type of probability distribution function (normal, rectan-
gular, triangular, etc.) and from known deviations A from the mean value.

u=—- (1.48)

where A is the half width of the interval ( (upper limit — lower limit) / 2),
and k is the coverage factor describing the selected probability distribution.

Some examples of those coefficients for selected probability distributions
are in table 1.4.

The normal distribution is a function that represents the distribution of
many random variables as a symmetrical bell-shaped graph where the peak is
centered about the mean and is symmetrically distributed in accordance with
the standard deviation [2].

The rectangular distribution is a function that represents a continuous
uniform distribution and constant probability. In a rectangular distribution,
all outcomes are equally likely to occur [2].

The U-shaped distribution is a function that represents outcomes that are
most likely to occur at the extremes of the range [2].

The triangle distribution is a function that represents a known minimum,
maximum and estimated central value. It is commonly referred to as the “lack
of knowledge” distribution because it is typically used where a relationship
between variables is known, but data is scare [2].

TABLE 1.4: Selected values for k for various probability distribution, [2]

probability uniform normal U-shape triangular
distribution (for probability (Gauss)
57.74%) for 2% (95.45%)
k V3 2 V2 V6
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Example: Calculation of type B uncertainty for a power supply
voltage

The power supply specifications define for the unloaded output the voltage
9.15 V 4 0.15 V. The uncertainty is not given, but the interval is. Therefore
the uncertainty can be calculated.

The given interval 9,15 V 4 0,15 V is the interval where the voltage will
be with almost 100% confidence. The voltage is an analog property, therefore
the normal (Gaussian) distribution will be used. For confidence interval 2o,
coverage factor is k = 2, and uncertainty is

A 015
up == = 0.075V (1.49)
Example: Calculation of type B uncertainty for a digital voltmeter

The specification of a digital voltmeter states for range 400 mV the resolu-
tion 100 'V (digit). Accuracy is £(0,5% of reading + 4 digits). The measured
voltage is 88.2 mV.

Absolute error is

_0,5-ofreading
B 100

_0.5-88.2mV

AU 100

+4-digits +4-100pV = 841V (1.50)
For a digital voltmeter the uniform probability distribution will be used (same

probability of error in the whole interval). The uncertainty is

. AU _ sy
TTVET B

The calculation is done for confidence level 57.74%.
Example: Calculation of type-B uncertainty for a resistor A resistor
has a nominal value R = 270 k€, tolerance & 0.1%. Absolute error is

= 486,V (1.51)

Ag=R-0,1%/100 = £0, 27k (1.52)
Assuming normal (Gaussian) distribution with 20, the uncertainty is

_An_ 021

= =0, 135k 1.53
UR L 2 ) ( )

1.4.3 Law of propagation of uncertainty

In a general case, when the calculated variable depends on input variables
T1,%2, ..., Tn, the law of propagation of uncertainty is used.

0 P[0 ’ 0 i

where ux;n is the uncertainty of the nominal value of the variable x,,.
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If one uncertainty is significantly larger than the others, the other vari-
ables will not have a large effect. The largest uncertainty will be dominant.
No improvement in the small uncertainties will improve the final uncertainty
significantly. The dominant uncertainty has to be decreased first to achieve
an improvement.

Equation 1.54 is valid only when variables x1, xs, ..., z,, are not correlated.
If individual variables are correlated, covariances have to be calculated and
the law takes a more general form

m m m—1
ug = ZAZQUQ(.T,) + 22 Z A Au(z;, ) (1.55)
i=1 i=2 j<i

where u(x;,x;) are covariance coeflicients between variables x; and z;, and
A; are sensitivities

O(X1, Xa, ., X,)|

Ai = E)é e (1.56)

Example: Uncertainty calculation for a formula with two variables
For circuit in figure 1.21 calculate type B uncertainty for resistance Rs.
Power supply voltage is 9.15 V| its uncertainty is 0,075 V. The voltage Ul was
measured 86,2 mV, corrected type-A uncertainty is 0,2 mV. Resistance R1 =
270 k€, uncertainty 0,135 k2.
Circuit analysis yields for Ry

+9V R1-U1

R2=—— 1.57
Uo 00— 01 (157)
Partial derivatives are
R1 OR2 U1
= 1.58
OR1 U0-U1 ( )
1
U or2  UO-R1 (1.59)
o oul (U0 -U1)? '
R2 OR2 _ -U1l-R1 1.60
oUu0  (U0—-U1)? (1.60)
The partial derivatives will be used to calculate
the contributions of individual components to the
result.
OR2 OR2 OR2
— /(=== 2 4 (e 2 (I 2
the \/( art )+ G - wo)® =+ (g - woo)
(1.61)

For U0, R1 nominal values will be substituted (9.15
FIGURE 1.21: V and 270 k), respectively). Ul = 86,2 mV. For ugj,
Voltage divider Uy, uy1 the known uncertainties are substituted.
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R2 /ﬁ -
A Uz
R3
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I
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FIGURE 1.22: Used schematic for uncertainty calculation

1.4.4 Example for a more complicated connection

The calculation for a more complicated connection will be shown for the
connection in figure 1.22. The resistor R2 is a temperature sensor, thermistor
type B57164K [3] with nominal resistance for 25°C Ras = 220092 + 10%. The
thermistor has a non-linear steady-state characteristic, for the used type it is
No. 1013 in the datasheet [3].

The connection is powered from a power supply with nominal voltage 9V
and power supply type RQT666K. The operation amplifier used is TS27L2CN
[4]. The voltage U2 is measured with a voltmeter type MT-1232 [5] and used
range 400 mV DC.

All the used resistors are precision metal film resistors with tolerances =+
0,1%. Nominal resistor values are R1 = 270 kQ, R3 =1,2 kQ, R4 = 1,2 kQ.

The goal is to calculate type-A uncertainty from the measured voltage U,
and type-B uncertainty from the following sources:

- uncertainty caused by the power supply voltage Uy

- uncertainty caused by R1, R2 tolerance

- uncertainty caused by R3, R4 tolerance (consider the operational amplifier
as ideal)

The calculation should be done for a constant temperature 20°C.
Uncertainty type-A calculation

The measured voltages Uy are in table 1.5.

Arithmetic mean = best estimate of the correct value

7= ai=1T _ 200 939 5y 1.62
T - 2 ;5 m (1.62)
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TABLE 1.5: Measured voltages

i 1 2 3 4 5 6 7 D
U (mV) 339,1 340,2 340,0 340,1 339,3 3392 3392 338,9 2716
(z; —7)2 0,119 0,571 0,309 0,430 0,021 0,060 0,296 0,554 2,36

Sy Yo (x — )2 2,36
I NN 0 - —0,2mV (163
vA= = n-(n—1) 8- (8—1) o (1.63)
The voltage was measured only 8x; the interval will be extended.
Based on [1] the number of degrees of freedom is

v=n-—1 (1.64)

where n is the number of experiments = 8. Number of degrees of freedom is
therefore v =7
For the selected probability distribution (normal = Gaussian) and for the
selected confidence level (95,45%) the value is found in table G.2 in [1] => k
— 2,43
ugk =k -ua=2,43-0,2 mV = 0,5 mV (1.65)

Type-A uncertainty is:

- best estimate of the correct value 339,5 mV

- type-A uncertainty 0.5 mV (rounded to same number of decimal places as
the best estimate).

The calculation was done assuming normal probability distribution with
confidence level 95.45%.

Uncertainty type-B calculation
- Uncertainty caused by variation of the power supply voltage U,
The power supply voltage is specified as 9,15 V + 0,15 V when the power

supply is unloaded. The given interval is where the voltage will be with “almost

100%” confidence. Assuming the normal probability distribution with 2o, the

coverage factor is k = 2 and uncertainty is

A 0,15

uy = —

k 2

- Uncertainty caused by resistor R1, R2 tolerance
The nominal resistance for R1 = 270 k€2, tolerance % 0.1%. Absolute error

=0,075 V (1.66)

is

Agr1 = R1-0,1%/100 = £0, 27 kQ (1.67)
Assuming normal distribution with 20 the uncertainty is
A 0,27
Upy = % =~ = 0,135 kO (1.68)

For R2 the calculation will be done for temperature 20°C.
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The nominal resistance R2 = 2200 €, tolerance + 10% is given for tem-
perature 25°C. The resistance for 20°C is calculated using the equations from
[3].

Rr/Ras = 1,2403 => Rr(20°C) = 1,2403 - Rys = 1, 2403 - 2200 = 27299

Tolerance R2, ., is AR2, . = R2-10%/100 = £272,90

Assuming normal probability distribution with 20 the uncertainty is

AR2,,,  272,9
UR2 = A = 9

=136 Q (1.69)

The voltage and its uncertainty on the voltage divider is now calculated.
This will simplify the following calculations. Since an ideal op-amp is consid-
ered, its input resistance is infinite and hence the voltage divider is unloaded.
With this assumption the voltage divider output voltage is

R2 2729

1=0U0.- ——~= _ —=9.15. — =2
v vo R1+ R2 915 2729 + 270000

= 91,6 mV (1.70)

The law of propagation of uncertainty 1.54 will now be used
In our case

U1 U1 U1
= —_ . 2 —__ . 2 — . 2
un \/(an uwn)? + (gpy -um)® + (55 - un2) (1.71)

Partial derivatives of equation 1.70 for variables U1, R1 and R2 are

oUu1 R2 2729

U0 R2+ Rl 2729 + 270000 ’ (1.72)
oU1 —R2-U0 —2729.9,15
- - ) =-0,34-10"6 1.73
OR1 ~ (R2+ R1)2 (2729 + 270000)2 ’ (1.73)
oulr U0 R2-U0
OR2 R2+ Rl (R2+R1)2
B 9,15 o 2129-9,15
© 2729 + 270000 (2729 + 270000)2
=33,3-107° (1.74)

Type B uncertainty of the voltage Ul is

uyt, = 1/(0,01-0,075)% + (—0,34 - 106 - 136)2 + (33,3 - 100 - 136)2 =
= 4,6 mV (1.75)

- Uncertainty caused by tolerance of R3, R4
Uncertainty R3 and R4 from tolerance

Aps = R3-0,1%/100 = £1,20Q (1.76)

Aps = R4-0,1%/100 = +1,20Q (1.77)
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(1.78)

(1.79)

(1.80)

28
Assuming normal probability distribution with 20 the uncertainty of R3 and
R4 is A Lo
R3 )
=— = =0, 60
e Ak 122 |
R4 )
=—= =0, 60
UR4 L 2 )
The amplifier output voltage is
R3
2=(=+1 1
U2=( 7 )-U

Partial derivatives are

ou2 (@H) 1200
U1 ‘R4 ~ 1200
oU2 Ul  0,0916

OR3 ~ R4 1200
U2  —U1l-R3  —0,0916 - 1200

OR4 R4? 12007

Therefore the uncertainty of the amplifier output voltage is

+1=2

=176,3-107°

=176,3-10"6

ou2 oU2
vwr= Gy o

_ . 2(2—_— .
o ) (R vme)

=/(2-4,6-10-3)2 4 (76,3 - 1076 - 0,6)2 + (—76,3 - 10-6 - 0,6)2 =

The amplifier output voltage is

R3 1200

2= (==
U2= (3

1200

+1)-Ul=(—=—+1)-91,6 mV = 183,2 mV

(1.81)

(1.82)

(1.83)

(1.84)

(1.85)
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Clircuits for sensors

The sensor transfers the measured property (temperature, pressure, posi-
tion, humidity, etc.) to some other physical property, mostly electrical (volt-
age, current, resistance, capacitance, inductance, etc.). This is shown in figure
2.1. From the point of view of any controller system, we like to have the sen-
sor’s output signal in some well-defined ranges. A standard signal is needed.
Therefore electronic circuits are needed to convert the signal to some stan-
dard signal. The standard signal is then connected to a controller system. The
use of standard signals allows interconnecting different sensors and controller
systems together. The most common standard analog signals are summarized
in table 2.1.

2.1 Voltage signals

The voltage signal V7 is available at the sensor output. It is transferred
to a voltmeter with input resistance Ry through connections with non-zero
wire resistance R,,. There is a voltage drop dV on the wire resistances. This
is shown in figure 2.2.

measured
property standard signal
system 3 sensor -
+electronics

FIGURE 2.1: Importance of unified transducer output signal

TABLE 2.1: Standard analog signals—voltage and current
most common shown in bold

Voltage Current
0-10 V. 0-20 mA
—10-10 V. 4-20 mA

05V

—55V

29
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I
Sensor | v Vi #V, vz R, \

FIGURE 2.2: Sensor with voltage output

Therefore the voltmeter does not measure the same voltage as directly
on the sensor output. Voltage drops limit the connection distance. The volt-
age signal is also sensitive to interference. It should therefore not be used in
applications where the interference is large, such as near frequency inverters,
motors, relays, etc. The interference can be partially limited with shielded
cables. Still, the voltage signal is suitable only in applications where the inter-
ference level is small, such as labs, building air conditioning applications, etc.
Industrial sensor installations use almost exclusively the current signals, which
are significantly less sensitive to interference.

An example how the voltage signal is sensitive to interference is shown in
figure 2.3. The left part of the figure shows a voltage signal, a thermocouple
output. The thermocouple cable was placed in close proximity to a cable from
a frequency inverter to a motor. The figure on the left was taken when the
inverter was off. Figure 2.3 right shows the same signal, but when the frequency

| ch 5 ms 200mV /10 CH1 W: CHL 5 ms 200mV /10 CHLW:

FIGURE 2.3: Example of voltage output, thermocouple output in this
case—left = frequency inverter off, right = inverter on—signal unusable,
signal distorted by interference from frequency inverter
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inverter was on. The interference masks out all the signal from the sensor; it
is unusable.

2.2 Current signals

The current signal is significantly less sensitive to interference than the
voltage signal. Two ranges are used, 0 to 20 mA or 4 to 20 mA. The latter is
more often. The advantage of the current signal is that following the Kirch-
hoft’s law, the current is the same in all the connections. This is shown in
figure 2.4.

The current in the loop is kept constant, it does not depend on the con-
necting wire resistance and therefore on the changes caused by temperature.
There is however a limitation. The constant current is maintained by chang-
ing voltage. The constant current is typically maintained by an operational
amplifier. The op-amp acts as a controller, it compares the set current with the
measured current. When the wire resistance has changed, the op-amp compen-
sates by adjusting its output voltage. Due to the limited power supply voltage
and also for safety reasons, the voltage can’t increase indefinitely. The output
voltage is limited. Hence, also the maximal resistance in the current loop has
to be limited. This will limit the maximal length of the current loop. The loop
resistance is typically limited to 600 ohm (standard ANSI/ISA-50.00.01.1975
(R2002)). The receiver resistance is typically set to 100 ohm, leaving 500 ohm
for the current loop. The length is therefore typically limited to a few hundred
meters.

The sensor can also be powered directly from the current loop, assuming
its power consumption is not larger than 4 mA. This obviously applies only
to range 4 to 20 mA.

The 4 to 20 mA current loop also allows for a simple fault detection. When
the wire is interrupted, the current is 0.

sensor typ. 1000hm | |r,

FIGURE 2.4: Current loop
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For all those reasons, the 4 to 20 mA is the most common analog signal
type used in industrial systems.

2.3 Bridge circuits

To process the sensor signal to a standard signal, electronic circuits are
necessary. One of the most important circuits is a bridge circuit.

Bridge circuits can be divided into many categories. Based on the power
supply voltage, there are DC, AC and impulse bridges. DC bridges are pow-
ered with DC voltage, AC bridges are powered with AC voltage and impulse
bridges are powered with impulse voltage. Based on the output voltage detec-
tion, there are balanced and unbalanced bridges. In an unbalanced bridge, the
output voltage is measured directly with a voltmeter. In a balanced bridge, the
elements in a bridge are adjusted until zero voltage on the output is obtained.

2.3.1 DC bridges

DC bridges are used for sensors that change electrical resistance. Capac-
itive and inductive components are not present in DC circuits. The bridge
acts as an amplifier, and transfers the small changes in resistance to a small
voltage. The voltage typically needs to be amplified with a DC amplifier.

2.3.1.1 Wheatstone bridge

The bridge is formed by four resistances (one or more of those can be
the sensors) and powered with a power supply V. Bridge output is Vj and
is usually connected to a voltmeter or some other processing circuit, such
as a DC or instrumentation amplifier. Power supply resistance R; is usually
small compared to Ry through Ry, so we can neglect it in a simplified circuit
solution.

The Wheatstone bridge is shown in figure 2.5. The goal of the circuit anal-
ysis is to replace this circuit with a simplification for calculations. According
to Thevenin’s theorem we can replace any circuit with a combination of its
substitution resistance Rj and a voltage source with voltage Vy connected in
series, see figure 2.6.

Bridges can be balanced manually or automatically. The advantage of a
balanced bridge is low error (we are looking for 0), but the measurement
takes longer as we have to balance the bridge. It is mainly used for precise
laboratory experiments. Faster reading can be achieved with an unbalanced
bridge, but the precision is lower and the output is NON-LINEAR

Bridge output voltage—between nodes d and ¢ is (for unloaded bridge =
I output = 0)

Vo=V.—-Vyq (21)
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T . R;
FIGURE 2.5: Wheatstone bridge
L c —I[>
VO [ V RV
d
FIGURE 2.6: Bridge equivalent circuit diagram
Ry
Vo= —o——7- 2.2
Ri+ Ry ( )
Rs
Vi=—"—" 2.3
d Rs + Ry ( )
By substituting we obtain
Ry Rs
Vo = V= -V 24
"7 Ri+Ry R3 + Ry 24)

To obtain the substitution resistance Ry, we have to short voltage sources
and disconnect the current source according to Thevenin’s theorem. The cir-

cuit in figure 2.7 is obtained.
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FIGURE 2.7: Calculation of R;, from Thevenin’s theorem

Between terminal ¢ and d we have resistance Ry,

R3Ry R Ry

Ry =
K Rs + Ry Ri+ Ro

(2.5)

The final equivalent circuit diagram is shown in figure 2.6.

The equivalent circuit diagram can be used to find properties of the circuit.
The bridge output is connected to a voltmeter with internal resistance R,.

The bridge output current therefore is

Vo
= —— 2.6
Rx + R, ( )
RoRs — R1Ry
1=V
R1Rs (R3 + R4) + R3R4 (Rl + RQ) + R, (Rl + Rg) (Rg + R4)
(2.7)

For a balanced bridge, output current I = 0. To achieve this, the following
equation needs to be fulfilled. This is called equation of balance.

RoR3 = R1Ry (2.8)

For an unbalanced bridge, the output current is non-zero. The sensor has
resistance Ry, variable by +AR. The dependence between output volt-
age and +AR is non-linear.

2.3.1.2 Quarter-bridge

This connection uses one variable resistor (sensor). The other resistors are
fixed (in the case of an unbalanced bridge), or at least one is variable (in the
case of a balanced bridge).
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FIGURE 2.8: Quarter-bridge

Usually the following choice is made
Ri=Ry=R3=Rs=Ryp (2.9)

The sensor resistance is Ry, and it is variable by £AR. 1/4 bridge is shown
in figure 2.8.
The bridge output current is

RoRo — (Ro = AR) Ry

v
(Ro £ AR) Ro (Ro + Ro) + RoRo ((Ro = AR) + Ro)
+R, ((Ro £ AR) + Ro) (Ro + Ro)

I =

(2.10)

It is obvious that the equation is non-linear for a linear change of AR.
Moreover the measured voltage and current depends on the voltmeter internal
resistance R, .

For small changes of AR and assuming AR « Ry the equation can be
simplified

1 +AR

I=V : 2.11
4(Ry + Ro) R (211

The quarter-bridge current sensitivity (how the current is changing with
AR) is
Al 1
Sir=57m=V—r—7+ 2.12
! % 4 (Rv + RO) ( )

The quarter-bridge output voltage is

1 +AR
Vep=Ry -I=Ry-V : 2.13
CD 14 14 4(R1; + RO) RO ( )




36 Clircuits for sensors

and the voltage sensitivity (how the voltage is changing with AR) is [6]

AVep 1
Sy =——F—=Ry - V—rnor—— 2.14
VAR T T A(R, + Ro) @14

2.3.1.3 Half-bridge

The half-bridge uses two sensors. It has higher sensitivity than a quarter-
bridge. Two connections are possible.

a) the two sensors have the same change of resistance with measured physical
property (when the physical property changes the two sensors change in the
same direction). For example, force sensors that measure both tension with
the applied force. See figure 2.9.

b) the two sensors have opposite change of resistance with measured phys-

ical property (when the physical property changes the two sensors change in

the opposite direction). An example is force sensors when one sensor measures

tension and the other one measures compression with an applied force. See

figure 2.10. As will be obvious from the equations, this doubles the sensitivity.
Half-bridge current sensitivity is

Al 2

S=%zg =Vo—r5—5~ 2.15
28 = "4(R, + Ro) (2.15)
Ry+AR Ry+AR
—
Vol
\%
R,
e

S
'''''

FIGURE 2.9: Half-bridge—two sensors measure in the same direction
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R,+AR

[y
“““

g
'''''

FIGURE 2.10: Half-bridge—two sensors measure in the opposite direction

Half-bridge voltage sensitivity is

AVep
= TAR
Ro

Sy = Ry -

2.3.1.4 Full bridge

A full bridge will use four sensors. It

2
V04

(R, + Ro) (216)

is obvious that two sensors have to

measure in one direction and two in the other direction with the same change
of the input variable—see figure 2.11. For example, two strain gauges have to
measure tension, and two have to measure compression caused by the same
force. This has to be achieved with the correct placement of the sensors.

As all elements in the bridge are the sensors, there is no extra element for
balancing. It is used as an unbalanced bridge.

Full-bridge current sensitivity is

Al 4
S = v = VO (2'17)
5w = VIR, + Ro)
Full-bridge voltage sensitivity is
AVep 4
Sy = =Ry - Vj——— 2.18
v %f v Yoy (R + Ro) ( )

The sensitivity doubles compared to the half-bridge and quadruples com-
pared to the quarter-bridge.
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FIGURE 2.11: Full bridge

2.3.2 AC bridges

AC bridges use AC supply. They are used for AC variables such as induc-
tance or capacitance. The bridge is supplied with voltage frequency in range
65 Hz to approximately 5 kHz. This limits the interference from the 50 or 60

Hz power supply network, lower frequencies are filtered out with a low-pass
filter. An AC bridge is shown in figure 2.12.

Y
¢¢¢¢

0
------

FIGURE 2.12: AC bridge
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An AC bridge can be balanced or unbalanced. The condition of balance
requires impedances to match. Amplitude and phase have to be matched.
Therefore, an AC quarter bridge requires two elements for balancing.

Zy-Zy =12y Zs (2.19)
27| - | Z4] = | 22| - | Zs5| (2.20)
P11+ P4 = P2+ 3 (2.21)
AC bridge voltage sensitivity is

AV,
§ =2l (2.22)

AZ,

Z

2.3.3 Differential bridges

A differential bridge is basically an AC bridge, but two elements in the
bridge are replaced with two voltage sources. A differential bridge is shown in

figure 2.13.
The condition of balance is
Vi-Zo=Vo-24 (2.23)
Assuming AZ << Z, the sensitivity of the differential bridge is
AT
S=—= L (2.24)
% Z+AZ

One example of such a sensor is a linear variable differential transformer
(LVDT). It is a position sensor composed of a transformer with one primary
winding (AC powered), two secondary wingdings and a movable core. The
secondary wingdings are connected into a differential bridge with two resis-
tances. When the core is in a central position, same voltages are induced to

A

3, 9,
—O—+06
a VOl b
Z, ‘ A

FIGURE 2.13: Differential bridge
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core | | X 5
N YN
V,£Av V,+AV
v, l
7, Z,

FIGURE 2.14: Differential bridge—LVDT

the secondary wingdings and the bridge is balanced. When the core moves in
either direction, the voltages induced in the secondary wingdings differ and
the bridge becomes unbalanced. The output voltage of the bridge is measured
with a voltmeter. It is proportional to position of the core. The differential
bridge—LVDT—is shown in figure 2.14.

2.4 Difference amplifier

The difference amplifier is used to amplify a small DC voltage difference
superimposed on a large common DC voltage. This is the case of a bridge. In
the ideal case the amplifier should have high gain with respect to the small
voltage difference, and zero gain to the common voltage, This ability is called
common-mode rejection. Typically the bridge output voltage is small, in the
order of mV, the difference amplifier amplifies this small difference. The large
common DC voltage is typically in the order of few volts. The simplified
schematic of a difference amplifier is shown in figure 2.15.

The bridge output voltage is connected to the amplifier input as voltage
U1, U12.

The amplifier output voltage Us can be calculated by superposition, from
the inverting and non-inverting op-amp connection.
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Vit

FIGURE 2.15: Difference amplifier

The amplifier output voltage is

—R
Ug1 = R12U11 (2.25)
Ry Ry

=(1+—) ———— 2.26
U22 ( + R1) R3—|—R4u12 ( )

Ry Ry Ry
= =(14+=) — - = 2.27
U = U21 + U2z ( + R1) R3+R4u12 Rlull ( )

The usual choice is
Ri/R3 = Ra/Ry (2.28)

Therefore the amplifier output voltage is proportional to the voltage dif-

ference on the input
U = & (U12 — u11) (2.29)
Ry
This calculation was based on the ideal op-amp. In reality, the connec-
tion becomes more complex, since it is required to compensate offsets, drifts,
sensitivity to common-mode voltage, etc. Therefore it is usually better to use
directly a ready-made circuit, typically called an “instrumentation amplifier,”
which takes care of those problems.

2.5 Instrumentation amplifier

The instrumentation amplifier is a connection of at least three op-amps.
The first two are used as buffers with high-input resistance. The input resis-
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Vin- + R R
S oy N S sy N
Vin+ - Vm : R :
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Vin+ '

FIGURE 2.16: Instrumentation amplifier

tance is the same for both channels (This was not the case for the difference
amplifier). The third op-amp is connected as a difference amplifier. The gain
of the instrumentation amplifier is usually set with only one resistor, typically
denoted as R,;. The schematic of the instrumentation amplifier is shown in
figure 2.16. The resistors R are internal.

Different types of instrumentation amplifiers differ typically in gain and
bandwidth.
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Temperature—contact

Temperature is one of the most important properties. It influences virtually
all other properties. Temperature is an integral property. It is a measure of
average kinetic energy of the molecules.

There are different temperature scales. Absolute temperature is expressed
in kelvin (K). By definition, the temperature at absolute zero is 0 K. The
second point defining the thermodynamic scale is the triple point of water
(0.01°C). In thermodynamics, the triple point of a substance is the tempera-
ture and pressure at which three phases (for example, gas, liquid and solid)
of that substance coexist in thermodynamic equilibrium.

Other used temperature scales are Celsius, Fahrenheit and Rankine. The
Celsius scale uses the freezing point (0°C) and boiling point (100°C) of water
as definition points.

The formulas to recalculate between different selected scales are shown in
table 3.1.

Defining points for temperature are nowadays defined by the International
Temperature Scale (ITS-90) [7].

3.1 Resistive temperature detectors (RTD)

Resistive temperature detectors are based on changes of electrical resis-
tance on temperature. They are among the most common industrial temper-
ature sensors due to their accuracy, robustness and reliability.

The dependence of electrical resistance on temperature for some materials
in a small temperature range can be considered linear. As small range +100°C

TABLE 3.1: Conversion between selected temperature units

- K °C F
K - [K] = [°C] + 273.15 [K] = (°F] + 459.67) - (5/9)
°C [°C] = [K] — 273.15 - [°C] = ([°F] — 32)/1.8

F [°F] = (9/5)x[K] — 459.67 [°F] = 1.8[°C] + 32 -

43
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is usually considered. The electrical resistance is
Ry = Ro[l + OéT] (31)

where Ry is the electrical resistance for 0°C.
The temperature coefficient of resistance « is

_ Rioo — Ro

2
100 - Ry (32)

where Ry is the electrical resistance for 0°C and Ry is the electrical resistance
for 100°C.

The temperature coefficient of resistance « is the sensitivity, how much
the electrical resistance is changing with changes of temperature. It is usually
defined from the difference of resistances for 100°C and 0°C, as shown in
equation 3.2. Temperature coefficients of resistance for metals common in
industrial temperature sensors are shown in table 3.2.

The dependence 3.1 is linear, but with a good accuracy it is valid only in a
small temperature range. For larger temperature ranges or for higher accuracy
it is necessary to use a non-linear equation with more coefficients.

For example for a platinum RTD, the following equation is used

Ry = Ry[1 + AT + BT? + C (T — 100) T?] (3.3)

As can be seen from this equation, it is non-linear. However for a small
range of temperature T, the contribution of the higher powers of T' is negligi-
ble, and the equation approaches linearity.

For metallic RTDs, three metals are used almost excursively. They are
platinum, nickel and copper. The properties of those elements significant for
RTDs are summarized in table 3.2.

The most important property is the temperature coefficient of electri-
cal resistance «. It tells how much is the electrical resistance changing with
changes of temperature. It is also called sensitivity. From the table it is obvi-
ous, that the nickel sensor has roughly double sensitivity compared to plat-
inum. It will however have other disadvantages, such as non-linearity as we
will see later. Therefore it will be usable only in a small temperature range.

The second very important property is resistivity, shown in the last column
of table 3.2. It expresses the electrical resistance of a wire with a given length
and cross section. It can be seen that platinum and nickel have approximately

TABLE 3.2: Temperature coefficient of resistance a and resistivity p for
selected metals used in RTDs

Element o« [1073/K]  p [Q.m]
Pt 3,85 9,81.1078
Ni 6,17 12,13.10°8
Cu 39 1,54.10~8
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the same resistivity. Therefore, the size of platinum and nickel sensors with
the same resistance will be approximately equal. Copper, on the other hand,
has about 6x smaller resistivity. Therefore the wire made from copper with
the same diameter and cross section as a platinum wire will have significantly
lower resistance. This will have an effect on the nominal resistance of RTDs
made from different materials.

The most common nominal resistance (for 0°C) for platinum RTDs is
100 Q; for copper it is 10 Q.

3.1.1 Platinum RTDs

Platinum is a very stable metal. Platinum RTDs are among the most
accurate and reliable temperature sensors because of the unique properties of
platinum.

Platinum has a relatively high resistivity (compared to, e.g., copper), there-
fore the current passing through the sensor can be small. This will in turn
prevent self heating of the sensors.

The biggest advantage of platinum sensors is, however, their accuracy and
long-time stability. This allows calibrating the sensors and then relying on
the calibration for a long period of time. Platinum RTDs are also easily inter-
changeable without re-calibration (as opposed to other sensor types).

Platinum RTDs are denoted with symbols Ptxxx, where xxx denotes the
resistance for temperature 0°C.

The most common sensor, Pt100 has, therefore, resistance of precisely
100 Q for 0°C.

Other very common type is Pt1000. It has precisely 1000 Q2 for 0°C.

The resistance vs. temperature dependence for a platinum RTD in a large
temperature range is

Ry = Ry[1+ AT + BT? + C (T — 100) T?] (3.4)
coefficients A, B and C are defined by standard IEC 751 [8].

= 3,90832-107% K1
B= -5775-1077 K2 (3.5)
C= —4,183-10712 K4

The sensitivity of a Pt100 is 0.385 ©2/°C [8].

Highest-purity platinum is used for RTDs (99,999%). Based on the purity
and accuracy requirements (and of course price), there are two available toler-
ance classes. Class A and class B. Class A is more accurate (and more expen-
sive), and class B is less accurate and less expensive. The tolerance classes are
shown in table 3.3.

The platinum RTD is the most accurate temperature sensor in a wide tem-
perature range. In fact, the International Temperature Scale uses the platinum
RTD to define some fixed reference points. The usual temperature range for
a Pt100 is —200°C to +600°C.
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TABLE 3.3: Pt100 tolerance classes

Class Tolerance
A 0.1540.002|T|
B 0.30+0.005|T|

TABLE 3.4: Pt100—accuracy and tolerance classes

Temperature Class A Class A Class B Class B

(-) (£°C)  (#92) (£°C) (=9
~200 0,55 0,24 1,3 0,56
~100 0,35 0,14 0,8 0,32

0 0,15 0,06 0,3 0,12

100 0,35 0,13 0,8 0,3

200 0,55 0,20 1,3 0,48

300 0,75 0,27 1,8 0,64

400 0,95 0,33 2,3 0,79

500 1,15 0,38 2,8 0,93

600 1,35 0,43 3,3 1,06

For example for tolerance class A and for temperature 0°C it is possible
to achieve accuracy of £0,15°C, for temperature 600°C accuracy +1,35°C is
achievable.

Other temperatures and tolerance-class B is shown in table 3.4.

Due to the different standards in purity as defined by DIN and IEC or
ANSI, there are different sensitivities available on the market. DIN and IEC
= sensitivity 0,3850 ©/°C, ANSI = sensitivity 0,3923 Q2/°C.

This limits interchangeability of the platinum RTD. The sensor resistance
for 0°C is exactly the same, but the difference in sensitivity yields differ-
ent steady-state characteristics. This leads to a different resistance value for
higher (and lower) temperature. The significance of this difference is shown
in figure 3.1 and in table 3.5. It is clearly visible that for example, 600°C the
difference is -3,88 €). This is approximately 10°C, about 9x larger than the
accuracy. The choice of a different standard from the one used previously in
an application will have an extreme impact on accuracy. This difference is not
at all saying that one standard is better than the other one. Not at all. It is
just saying that the user should be aware of the difference.

3.1.1.1 Glass platinum RTD

RTD’s are common in three different types—glass, ceramics and thin film.
The most common out of those three is glass. Its main components are shown
in figure 3.2.

The sensor is composed of a thin platinum wire with a diameter of approx-
imately 0.05 mm. The wire is encapsulated in a glass casing. The wire winding
is bifilar, in order to minimize undesirable inductance. The wire is lead into
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R (Ohm)

Difference(Ohm)

-200  -100 0 100 200 300 400 500 600
t(°C)

--- RIEC751 (Ohm) -~ R ASTM E1137 (Ohm) — Difference (Ohm)

FIGURE 3.1: Pt100-—DIN, IEC 751:2008 [8] vs. ANSI ASTM E1137 [9]

TABLE 3.5: Pt100—DIN, IEC vs. ANSI

Temperature R IEC751 R ASTM E1137 A

(°C) [8](2) [9](2) Q)

—200 18,52 17,08 1,44

~100 60,26 38,65 1,07

0 100 100 0

100 138,51 139,2 ~0,69
200 175,86 177,23 ~1,7
300 212,05 214,08 ~2,03
400 247,09 249,76 —2,67
500 280,98 284,26 —3,28
600 313,71 317,59 —3,88

) o glass encasing
bifilar winding / terminals

; \
I,

FIGURE 3.2: Glass Pt100
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a terminal box. Glass platinum RTDs are usually usable up to approximately
600°C. This type belongs to the most accurate temperature sensors. Its price
is approximately between 50 to 100 euros, so they are relatively expensive
compared to other temperature sensors.

A glass platinum RTD is shown in figure 3.3. Example applications of
Pt100 are shown in figures 3.4, 3.5, 3.6, 3.7.

T ERRRA
witt IRARRR

F] | 2 3

FIGURE 3.3: Glass Pt100 RTD—photo author

FIGURE 3.4: FIGURE 3.5:
Pt100—measurement of water Pt100—measurement of
temperature from a boiler—photo temperature of exhaust
author gases—photo author

FIGURE 3.6: FIGURE 3.7:
Pt100—measurement of Pt100—measurement of
temperature of exhaust temperature in a tank during

gases—photo author beer production—photo

author
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ceramic encasing
Platinum winding /

(= S

FIGURE 3.8: Ceramic Pt100

terminals

RTDs are quite fragile, especially the glass type. All RTDs must there-
fore be protected from mechanical and chemical damage with a thermowell.
Thermowells will be discussed in a separate section.

3.1.1.2 Ceramic platinum RTD

The second type of platinum RTD is
made from ceramics. The construction is
very similar to the glass type, but the casing
is ceramics. The platinum wire is not melted
into the material, but it is placed in a tube.
The arrangement of the ceramic platinum
RTD is shown in figure 3.8. Ceramic plat-
inum RTDs are shown in figure 3.9.

The ceramic platinum RTD has smaller
hysteresis, but smaller resistance to vibra-
tions. They are often used as a temperature
standard of higher order in metallic ther-
mowells filled with air or a helium oxygen
mixture and hermetically sealed. A direct
contact with atmosphere causes higher mea-
surement uncertainty cased by the influence
of hydrogen and carbon dioxide.

The wire is allowed to move freely
inside the casing. This limits the addi-
tional strain effect, caused by the differ-

FIGURE 3.9: Ceramic ent thermal expansion of glass (approx. 6 -

Pt100—photo author 10=%(m/(mK))) and platinum (approx. 9 -
1075 (m/(m ).

The wire diameter is about 0.05 mm. The sensor has to be placed in a
thermowell. Thanks to the ceramic casing, the sensor is suitable for higher
temperatures, up to approximately 850°C.

PLATINUM

E118G-100n. [l
0%=-00392
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FIGURE 3.10: Thin film Pt1000—photo author

3.1.1.3 Thin-film RTDs

The third construction type is thin film. In the manufacturing process a
thin film of platinum paste is deposited on a ceramic substrate (Al2Os). Since
the used amount of platinum is very small, the sensor is a lot cheaper that
the previous types.

The platinum thickness is a few um. The layer is then baked and laser
trimmed to the desired resistance. Thin-film sensors are very small, they have a
fast response (small time constant). Due to their small size, they also have less
influence on the measured surface. The typical use for thin film sensors is the
measurement of surface temperature. A thin film Pt100 is shown in figure 3.10.

3.1.2 Nickel RTDs

The biggest advantage of platinum RTDs shown in the previous chapter is
their accuracy. They are however expensive. For low cost applications, where
accuracy is not an issue, Nickel RTD’s can be used. The typical application
where Nickel RTDs are used is for example household temperature controllers.
In those applications, accuracy of about £1°C is sufficient.

Nickel is cheap when compared to platinum. Those sensors are therefore
significantly less expensive that platinum RTDs. They are however also much
less accurate and less stable in the long-term and are non-linear.

Compared to platinum, nickel has about double the sensitivity. A nickel
sensor is therefore more sensitive, and the electrical resistance changes more
with temperature.

The relation between electrical resistance and temperature is as follows

Ry = Ro[l + AT + BT? + CT* + DT®] (3.6)

The equation and coefficients are based on the standard DIN 43760. The
values of the coefficients are shown in table 3.6. It can be seen that the equation
is non-linear.

Nickel RTDs are commonly used for temperature up to 200°C. The naming
conventions are the same as for platinum. The most common type is Nil20.
It has resistance of 120 Q for 0°C.

Standard DIN 43760 defines two tolerance classes, A and B, as shown in
table 3.7. Figure 3.11 compares steady-state characteristics of Pt100, Nil120
and CulO.
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TABLE 3.6: Coefficients for nickel resistor according to DIN 43760 [10]

Coefficient value
A 5.481 -1073
B 6.650 -10~6
C 2.805 -10~ 11
D 2.000 -10~17

TABLE 3.7: Tolerance classes for Nickel RTDs

Class +/— accuracy (°C) |
t<0°C t>0°C

A 0.240.014T| 0.240.0035|T|

B 0.4+0.028T| 0.4+0.007|T|

From figure 3.11 it can be seen that Pt100 is linear in the shown range;
Nil120 is not. Also the higher sensitivity for Ni120 is visible. For the Cul0
RTD, the smaller initial resistance (1092 for 0°C) can be seen. The sensor is
linear, it has approximately the same sensitivity (slope) as Pt100.

Nickel RTDs have a similar construction as platinum sensors. The most
common type is thin-film. The price of a nickel RTD is approximately 20
euro/piece (about 5x lower that Pt100).

- NG 20 (Ohim) == Pt100 (Ohm}**+*+ Cul0 (Ohm)
400

350 ’

300 7

200 »

R (Olmn)

150 -
100 -

30

-150 -100 -50 0 50 100 150 200 250 300
t°C)

FIGURE 3.11: Steady-state responses for Pt100, Ni120 and Cul0
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FIGURE 3.12: Cul0 RTD—photo author

3.1.3 Copper RTDs

Copper RTDs can be used for short-time experiments. Copper reacts
strongly with the atmosphere, the sensor changes its properties in time. There
are however applications where this is not an issue. One example is measure-
ment of winding temperature in electric machines. The winding temperature
is measured, and the sensor is removed. No long-time stability is required.
Since copper is significantly cheaper that platinum or nickel, the sensor is low
cost. An example of a Cul0 copper RTD for measurement of temperature in
electric machines is shown in figure 3.12. In the used temperature range, the
steady-state characteristic is linear as shown in figure 3.13. Note that R =
10 ohm is specified for 25°C, not 0°C as other RTDs.

Cul0 (Ohm)

25

20

R (Ohm)
I

—
>

-130 -100 -30 0 30 100 150 200 2350 300
t(°C)

FIGURE 3.13: Steady-state characteristic for Cul0 RTD, note that R = 10
ohm is specified for 25°C, not 0°C as other RTDs
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3.2 Thermistors

Thermistors are semiconductor components. They are produced by high-
temperature pressing of metallic oxides (Fey O3, TiO2, CuO3, NiO) into a form
of a bead. They exploit the dependence of electrical resistance on temperature.
Their behavior is in some aspects similar to RTDs. However the dependence
of resistance on temperature for semiconductors is non-linear. Depending on
the semiconductor material, the resistance may decrease with temperature
(NTC—Negative Temperature Coefficient) or increase (PTC—Positive Tem-
perature Coefficient). The resistance-temperature dependence for both types
is shown in figure 3.14.

In both cases the dependence is non-linear. Moreover, for PTC the resis-
tance typically first drops, and then there is a sharp increase. The sharp
increase occurs above the Curie temperature; the resistance can increase more
than three orders of magnitude. NTCs are typically used as temperature sen-
sors. Their resistance-temperature dependence is non-linear but monotone.
PTCs are typically used as resettable temperature fuses, although tempera-
ture sensors can be built with PTCs as well.

In most cases the resistance-temperature dependence is approximated with
the Steinhart-Hart equation 3.7

1

7= A+BlnR+C(lnR)? (3.7)
As can be seen from the equation, the dependence is logarithmic. The

inversed dependence, resistance on temperature is exponential. Coefficients A,

B and C in the equation are dependent on the used semiconductor material.

R = e(Y*% Vi(y+5)8 (3.8)
PTC (Positive Temperature NTC (Negative Temperature
R | Coefficient) R | Coefficient)

temperature =~ —»> temperature =~ —>

FIGURE 3.14: Resistance-temperature dependence for NTC and PTC
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FIGURE 3.15: Example of steady-state characteristics for thermistor

where 1 1
v = /(B X2 (3.10)
YV 3c 4 '

An example of the resistance-temperature dependence for a thermistor
with 20k for 25°C is shown in figure 3.15.

Thermistors have a large sensitivity. It is approximately 10x larger than
for metal RTDs. They are, however, non-linear. Therefore, a more complex
electronic circuit, typically a microcontroller, is used to handle this. The micro-
controller is used to linearize the response.

Another disadvantage of thermistors is their large tolerance. In practice, it
means that sensors needs to be calibrated when replaced even with the same
type from the same manufacturer. The typical tolerance for thermistors is
about 5% to 10%.

Thermistors are therefore suitable for applications where the lower accu-
racy is not an issue. They are suitable for applications where high sensitivity
and very low price are essential.

As most semiconductor materials degrade with high temperatures, the
maximal temperature range is about 150°C.

An example of a bead thermistor is shown in figure 3.16. The sensor is a
small ball of semiconductor material with a diameter approximately between
0,2 to 3 mm.

A photograph of a bead thermistor is shown in figure 3.17.

The temperature range is approximately —85°C to 150°C. In range 0°C
to 70°C the typical accuracy is +0,2 °C. In larger temperature ranges, for
example —55°C to 150°C, the typical accuracy is +0,4°C.
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terminals
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diam. 0,2 - 3 mm

FIGURE 3.16: Bead thermistor in a thermowell

FIGURE 3.17: Bead thermistor—photo author

The biggest advantage is the low price compared to platinum RTDs. The
price is about 1 order of magnitude lower. On the other hand, the accuracy is
also about 1 order of magnitude smaller.

Thermistors are very fast; they have a small time constant. It is typically
about 1 second for the sensor without a thermowell. With a thermowell, the
time constant will increase. Thermistors are therefore suitable to measure fast
temperature transients.

Thermistor linearity Since the thermistor is a non-linear sensor, it can
either be used only in a very small temperature range or the steady-state
characteristic needs to be adjusted. In a very small range, the characteristic
can be made linear in an “electric” way, with a serial and parallel resistor. An
example for a thermistor for 25°C is shown in figure 3.18.
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FIGURE 3.19: Original and linearized steady-state characteristic, difference
of both in %, simulation prepared by the author, available on
www.circuitlab.com/circuit/7r27s8/termistor/

There are two resistors connected to the thermistor R;. In this example,
the thermistor has resistance of 10 kQ for 25°C. The resistor R, is connected
in series; the resistor R, is connected in parallel. A good choice in this case is
Rs = R, =10 k.

The result is shown in figure 3.19. Around the operating point, 25°C, the
difference is small. As the temperature is changing, the difference gets bigger.
This connection is good for about £5°C. For higher range, the differences
would be too large.

Another possibility for how to handle the non-linearity is to use a look-
up table stored in a microcontroller. The microcontroller is doing piece-wise
interpolation between the stored points. The block diagram is shown in fig-
ure 3.20. The microcontroller output is usually a standard voltage or current
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FIGURE 3.20: Piece-wise interpolation with micro-controller

signal. The advantage of this approach is the capability to work in a whole
temperature range of the thermistor. On the other hand, the electronic circuit
is significantly more complex. Due to lower prices of micro-controllers, this is
currently the preferred approach.

3.3 Circuits for RTDs

The change of electric resistance for RTDs is usually very small. For exam-
ple, Pt100 has a sensitivity of 0,39 /°C. Therefore the change of resistance
is not measured directly. Special circuits are used. For RTDs, bridge circuits
are used. As we are looking for electric resistance, a DC variable, a DC bridge
will be used.

3.3.1 Two-wire connection

This connection is the simplest possible. A direct two-wire connection is
made between the bridge and the sensor. The connection is shown in figure
3.21. However, the connection does not compensate for the eventual change of
resistance of the connecting wires. This can occur with a change of ambient
temperature. This connection is therefore suitable only for applications where
the ambient temperature is not changing or the connection wires are very
short.

The circuit simulation where this can be tested is prepared at
https://www.circuitlab.com/circuit /p99q68/temp-sensor-2-wire-connection/.


https://www.circuitlab.com/

58 Temperature—contact

A

supply 7
—_—Of . o—

R R
—1 —i ®
I I L

v]

1
I

wire resistance variable with |
temperature causes bridge
unbalance for T = const.

sensor temperature T

FIGURE 3.21: Two-wire connection for RTD

The resistor R; is used to set a specific value of resistance of the connection.
Its typical size is 16 £ or 20 Q.

The influence of the change of resistance on the bridge output voltage is
shown in the following example. The TP Ethernet cat 5e wire is used. It is
used not because it is suitable for sensors, but because it is known to most
readers. The wire resistance is approximately R ~ 0,19 Q/m.

The temperature coefficient of resistance of copper is a = 4 - 10731/K.
Let’s have a wire length of 10 m, change of ambient temperature of 10°C. The
wire will change its electrical resistance by 80 m€ (to the sensor and back).

For a Pt100 RTD with sensitivity of 0,385 £/°C, this represents an addi-
tional error of approximately 0.2°C.

3.3.2 Three-wire connections

The three-wire connection is used in applications where temperature com-
pensation is required. This will apply also for longer wires. The connection is
shown in figure 3.22.

The simulation of the circuit is available at
https://www.circuitlab.com/circuit /8k84bb/temp-sensor-3-wire-connection /.
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FIGURE 3.22: Three-wire connection for RTD

It can be seen that the change of ambient temperature has no effect on
the bridge output voltage. The change is compensated.

The bridge is initially balanced. When there is a change of the ambient
temperature, the resistance of the connecting wires is changing. The wires
are, however, connected in both diagonals of the bridge. By looking at the
condition of balance it can be seen that the change of ambient temperature is
compensated. This assumes that all three connecting wires change tempera-
ture (and resistance) in the same way.

The resistor R; is used to set a specific value of resistance of the connection.
Its typical size is 16 £ or 20 Q.

3.3.3 Two-wire with compensating loop

This is a four-wire connection. It is shown in figure 3.23.

The bridge is connected with two wires to the sensor. There are two addi-
tional wires connected at the sensor’s terminal box. The wires lead the same
way to the sensor. Therefore they will also change their temperature in the
same way. The wires are connected to the opposite diagonal of the bridge.
The change of electrical resistance caused by ambient temperature change is
compensated.

The resistor R; is used to set a specific value of resistance of the connection.
Its typical size is 16 or 20 €.
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wire resistance
to sensor
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FIGURE 3.23: Two-wire connection with compensating loop

constant voltmeter with very

sensor temperature T
current source  high internal resistance

FIGURE 3.24: Four-wire connection

3.3.4 Four-wire connections

This connection, shown in figure 3.24 is more suitable for thermistors. They
have a larger change of resistance, and therefore a larger signal is produced.

The connection requires a current source. This source provides a constant
current, regardless of the resistance. The voltage is measured with a voltmeter
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with a high-input resistance. Since the voltmeter has a high-input resistance,
the current flowing through the voltmeter is small, ideally zero. Therefore,
there will be no voltage drop on the wires between the sensor and the volt-
meter. Therefore the change of wire resistance will not have an effect on the
measured voltage.

3.3.5 Sensor self-heating

The sensor will self-heat with the cur-
rent, as shown in figure 3.25. Therefore the
1 current needs to be limited. The typical
maximal current for a Pt100 is 1 mA; for
thermistors it is about 50 pA. The shown
currents lead to Joule losses at the sensor of
R approximately 100 pW.

sensor The h duced in th i
temperature T e heat produced in the sensor is

P=R-I? (3.11)

FIGURE 3.25: Sensor
self-heating

3.4 Thermocouples

Thermocouples are based on the Seebeck effect. They are created as a
conductive connection of two dissimilar metals. A schematic connection of a
thermocouple is shown in figure 3.26; the thermocouple wire with a welded
hot end is shown in figure 3.27.

Thermocouples are produced by welding. The thermocouple wire is welded
at the hot junction (hot end). This end will be used to measure. The other end
is called the cold (reference) junction. The thermoelectric voltage measured
between the two open wires at the cold end is proportional to temperature
difference. The voltage depends on the thermocouple wire materials.

A thermocouple measures temperature difference. This is differ-
ent from all other sensors.

If the absolute temperature should be measured, the cold junction temper-
ature has to be known. As for all the other sensors, a thermocouple is typically
placed in a thermowell. The thermocouple wire then ends in a terminal box
at the end of the thermowell. From here the wire can continue either as a
thermocouple wire or as a compensation wire.

Thermocouple wire from the terminal box will use the same thermocou-
ple wire as the main thermocouple. The advantage is that such a connection
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FIGURE 3.26: Thermocouple

has exactly the same properties as the thermocouple. Thermocouple extension
cable is identified by the letter X in the cable type, e.g., KX for type-K ther-
mocouple. However for high-temperature thermocouples, made from expensive
metals such as platinum, the wire would be too expensive for long connections.
Therefore the compensation wire is used.

Compensation wire has similar electrical properties as the thermocouple
wire, but only in a limited temperature range (typically to 100°C or 200°C). It
is made from less expensive metals and is therefore less expensive. The com-
pensating cable is identified by a letter C (e.g., KC for type-K thermocouple).

The thermocouple type is letter- and color-coded. The most common ther-
mocouple types are type J and type K.

Thermocouple Type J is made from iron and constantan. Constantan is
an alloy of copper and nickel.

Thermocouple type K is made from an alloy of nickel and chromium and
nickel and aluminum.

FIGURE 3.27: Thermocouple—photo author



Thermocouples 63

TABLE 3.8: The most common thermocouple types

Type Material sensitivity in range 0 to 100°C
J  Fe 4 Constantan (CuNi) 52,69 uV /100°C
K NiCr + NiAl 40,96 Vv / 100°C

The properties of those two most common thermocouples are summarized
in table 3.8. Both thermocouple types are used for example in handheld multi-
meters. The temperature range depends on the construction but is typically
few hundred°C.

The color coding of selected thermocouple types is shown in table 3.9
and their properties are shown in table 3.10. Steady-state characteristics of
selected thermocouples, based on data from [11], colors according to IEC are
shown in figure 3.28.

3.4.1 Thermocouple installation

Figure 3.29 shows three different types of thermocouple installation.

The bare thermocouple does not have any mechanical or chemical protec-
tion. It is unprotected. On the other hand, it has the fastest response.

The isolated thermocouple is placed in a thermowell. It is electrically insu-
lated from the thermowell. The thermowell provides a very good protection.
The thermowell increases the response time (time constant) of the sensors.

The grounded thermocouple is electrically connected to the thermowell.
It is, for example, welded or soldered. This provides good heat transfer. The
sensor is faster than the isolated version. On the other hand, the grounding
may cause trouble with electromagnetic interference. A thermocouple probe
is shown in figure 3.30.

TABLE 3.9: Materials and colors for selected thermocouples—based on [12],
[13], [14], [15], [16], [17], [18], [19]

Type Materials Cable Cable Wire

color color colors

(IEC)  (ANSI) (IEC)
J Fe, CuNi black black white (4), red (—)
K NiCr, NiAl green yellow yellow (4), red (=)
T Cu, CuNi brown blue brown (+), white (—)
E NiCr, CuNi magenta magenta magenta (+), white (—)
N  NiCrSi, NiSiMg pink orange pink (+), white (—)
R Pt 13% Rh, Pt  orange green orange (+), white (—)
S Pt 10% Rh orange green orange (+), white (—)
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TABLE 3.10: Properties of selected thermocouples—based on [20], [12], [13],

[14], [15], [16], [17], [18], [19]

Type Usual Sensitivity Accuracy Use
range 0 to 100°C  (whichever is
larger)
(°C) (nV/°C)

B 0 to 1700 33 0,5°C Oxidizing or inert
atmosphere, do not
use in metallic
thermowells, used in
glass industry

J 0 to 750 52,69 2,2°C or 0,75% Reducing atmosphere,
vacuum, inert, limited
use in oxidizing
atmosphere for higher
temperatures, not
recommended for low
temperatures

K —200 to 1250 40,96 2,2°C or 0,75% Clean oxidizing and

above 0°C, inert atmosphere,

2,2°C or 2% limited use in vacuum

below 0°C or reducing
atmosphere

T —200 to 350 42,79 1,0°C or 0,75% Slightly oxidizing,

above 0°C, reducing, inert

1,0°C or 1,5%  atmosphere, vacuum,

below 0°C suitable in presence of
humidity, for low
temperatures and
cryogenic applications

E —200 to 900 63,19 1,7°C or 0,5%  Oxidizing or inert

above 0°C, atmosphere, limited
1,7°C or 1,0%  use in vacuum or
below 0°C reduction atmosphere

N —270 to 1300 27,74 2,2°C or 0,75% an alternative for type

above 0°C, K, more stable for
2,2°Cor 2,0%  higher temperatures
below 0°C

R 0 to 1450 6,47 1,5°C or 0,25% Oxidizing or inert
atmosphere, do not
use in metallic
thermowells

S 0 to 1450 6,46 1,5°C or 0,25% Oxidizing or inert

atmosphere, do not
use in metallic
thermowells
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FIGURE 3.28: Steady-state characteristics of selected thermocouples, based

on data from [11], colors according to IEC
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FIGURE 3.29: Thermocouple installation—Dbare thermocouple, isolated and
grounded

As shown in the previous paragraphs, the thermocouple measures temper-
ature difference. If the cold junction temperature is changing, the voltage
changes as well. Therefore the cold junction temperature changes needs to be
compensated. It can be maintained constant with a thermostat as shown in
figure 3.31.

The thermostat can be filled with a water—ice mixture, maintaining a con-
stant temperature of 0°C. It can also be filled with oil and heated, for example
to 50°C. The temperature is then maintained with a temperature controller.
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FIGURE 3.30: Thermocouple probe—photo author
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FIGURE 3.31: Thermostat—maintains constant cold-end temperature

3.4.2 Cold-junction box

The cold-junction temperature changes may also be compensated with a
cold-junction box. It is a bridge circuit, balanced for certain temperature.
Typically 20°C. The connection is shown in figure 3.32, a real cold-junction
box is shown in figure 3.33.
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FIGURE 3.33: Cold-junction box—photo author

The bridge is composed from three resistors independent on temperature
(made from constantan, o = —0,000074 1/°C). The fourth resistor is made
from copper (a = 0,004041 1/°C) and is therefore variable with temperature.
The bridge is balanced for 20°C. If the ambient temperature is changing the
bridge gets unbalanced. The bridge voltage is added to or subtracted from the
thermocouple voltage.

One cold-junction box is required for each thermocouple. This connection
is therefore suitable only when just a few thermocouples are use. For a larger
number of thermocouples, the thermostat is a more suitable solution. All
thermocouples can use the same thermostat.
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3.5 Temperature-sensor placement

Temperature sensors are placed in a thermowell. The thermowell assures
mechanical and chemical protection. A thermowell is a pipe sealed at one end.
The sensor is placed inside. The thermowell is then placed in the application.
For smaller temperature ranges, the thermowells are metallic; for higher tem-
peratures they are ceramics.

A few examples of thermowells are shown in figure 3.34. Examples include
industrial Pt100’s in thermowells, and are shown in figure 3.35

The main rules for thermowells are to maximize heat transfer into the
thermowell and to minimize heat transfer (losses) from the thermowell to
ambient.

A surface as large as possible should be provided. For pipes with small
diameter, as shown in figure 3.36, the thermowell is inclined.

The insertion depth should be equal or greater than 10x external ther-
mowell diameter [21].

Different possibilities for thermowell installation are shown in figure 3.37.

From the heat transfer point of view, the best position is in figure 3.37 A.
The thermowell is in the elbow, against flow direction. The recommended
distance from heat exchangers, mixers, etc., is at least 25x pipe diameter
[21]. This assures a good mixing of the liquid in the elbow, and a good heat
transfer.

FIGURE 3.34: Thermowells—photo author
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FIGURE 3.35: Industrial Pt100—photo author

thermowell

sensor \

FIGURE 3.36: Thermowell in a small pipe, inclined against flow direction

Position shown in 3.37 B, in the elbow, again flow direction is not optimal.
The heat transfer is smaller in this area because of low or no turbulence. The
heat transfer is not as good as in position A.

The inclined thermowell is shown in figure 3.37 C. The inclination increases
the surface area and the heat transfer.

The installation is also possible in a T-piece as shown in figure 3.37 D.
The insertion depth is about 0,5 ® D. The insertion depth can be larger if
an increase in the surface area is required. Longer thermowell, on the other
hand, increases the risk of Von Karman vortices; this can cause vibrations and
fatigue of the thermowell. For high-flow velocities, it is therefore recommended
to use a shorter thermowell.

In large-diameter pipes, the thermowell is installed without inclination,
perpendicular to the pipe axis as shown in figure 3.38.
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FIGURE 3.37: Thermowell installation in pipes

insulation thermowell

sensor

terminal box

aprox. 0,5 D

FIGURE 3.38: Thermowell in pipe with a large diameter

The recommended insertion depth is 0.5 D. For fast flow rates, it should
be shorter.

An example is shown in figure 3.38. It includes insulation to prevent
heat losses.
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FIGURE 3.39: Thermowells FIGURE 3.40: Thermostat with
mixing—photo author

For smaller pipe diameters, the installation into an elbow or T-piece is
common.

Example of thermowells in a tank is shown figure 3.39. For sensor instal-
lation in tanks, the fluid mixing is very important. Mixing provides a uniform
temperature field. If mixing is not allowed, the temperature in the tank will
be unevenly distributed as shown in figure 3.41. Mixing, on the other hand,
may cause trouble with proper liquid-level sensing.

To assure an uniform temperature profile, thermostats with mixing are
available, an example is shown in figure 3.40.

( )

_ J

n=20 n#+0

FIGURE 3.41: Left—temperature profile in a tank without mixing,
right—temperature profile with mixing, unsteady liquid level
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| A

sensor soldered to surface protective cover (insulation)

FIGURE 3.42: Temperature sensor for solid objects

For solid objects, the heat conductivity is important. For objects with good
heat conductivity, the temperature field will not be distorted as much with
the sensor installation. Therefore, the sensor can be mounted directly to the
object’s surface, or soldered or welded on top of it as shown in figure 3.42 left.
In the case of bad heat conductors, heat losses through the sensor need to be
prevented. The sensor is therefore covered with an insulation layer as shown
in figure 3.42 right.
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Temperature—non-contact

Non-contact temperature sensors are used to measure objects that are too
far from the sensor or their temperature is outside the measurable tempera-
ture range of contact sensors. One example is the temperature measurement
in furnaces. It is important to realize that non-contact temperature sensors
measure intensity of radiation, not the temperature itself. Every object with a
temperature above absolute zero radiates electromagnetic radiation according

to Planck’s law .
2hv3 1

—_
c2 erT — 1

where h is Planck’s constant (6,62606896(33)-10734 Js), c is speed of light in
vacuum (299 792 458 m/s) and k is Boltzmann constant (1,380 648 52 -10~23
J/K).

The intensity of the emitted radiation is a function of absolute tempera-
ture.

There are, however, other components when performing non-contact tem-
perature measurement. They are shown in figure 4.1.

One of the important components is ambient radiation. It can be directed
directly onto the sensor and on the measured object as well. Another

I(0,T) = (4.1)

ambient radiation

reflected radiation

T

object

emitted radiation
>

i —> | sensor

absorption

FIGURE 4.1: Components of radiation for non-contact temperature
measurement
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component is the reflected radiation. It is reflected from the object onto the
sensor but is not related to the object’s temperature.

For transparent objects, there can be also transmitted radiation from
sources behind the measured object.

When the distance between the measured object and sensor is large, the
absorption in the atmosphere will also play an important role. It will also play
a significant role in environments with high relative humidity. High water-
vapor content absorbs infrared (IR) radiation significantly.

All the aforementioned components cannot be distinguished at the sensor.
Since the object’s temperature is proportional only to its emitted radiation,
various ways to limit the other components will be described.

As it is obvious from figure 4.2, the peak of maximal radiation intensity is
shifting to lower wavelengths with increasing object temperature.

The non-contact temperature measurement can therefore be based either
on the measurement of total emitted energy or on the intensity measurement
for some selected wavelength.

The former is used in total radiation pyrometers, the latter in monochro-
matic pyrometers. Total radiation pyrometers measure basically the area
under the curve shown in figure 4.2. Monochromatic pyrometers measure the
intensity for a selected wavelength, in figure 4.2 shown with an example at
650 nm (red color).

For temperatures below 1000°C an important part of the radiated energy
is in the IR part of the spectrum, as shown in table 4.1.

When working with non-contact thermometers the key term is emissivity
€. It is defined as the relative power of a surface to emit heat by radiation; the
ratio of the radiant energy emitted by a surface to that emitted by a black

g %1013 . . .
T=3500
=== T=4000
6 s T=4500 |
= = = T=5000
T=5500

sunag
(A "
R ",

Iradiance( W-m-2)
N

N

~
b ~
7 .u,'... ~
.

-
- -'~.~

Wavelength [m] x10°

FIGURE 4.2: Black body radiation



Temperature—mnon-contact 75

TABLE 4.1: Approximate wavelength where 90% of all energy is radiated -
based on [22]

Temperature (°C) approx. wavelength (pm)

1000 1.5-8
500 3-16
200 4.5-30
100 5-40

0 845

—100 12-75

body at the same temperature. The user needs to be aware that a non-contact
thermometer does not measure temperature but radiated energy. In order to
show temperature, the emissivity of the measured object has to be known
and correctly set on the thermometer. The purpose of this experiment is to
estimate emissivity of different surfaces and to estimate the error caused by
the wrong setting of emissivity (or fixed—some IR thermometers don’t allow
to change emissivity).

For all non-contact temperature measurements the most important param-
eter is emissivity. It is defined with the help of an ideal black body object.
The black body is defined as an object that absorbs all incoming radiation of
all wavelengths. At the same time it emits the maximal possible energy out
of all possible objects with the same temperature.

Few examples of emissivity for selected materials are summarized in
table 4.2.

As it is evident from the table, emissivity varies in a broad range. It is
dependent on material, surface, color and temperature. Therefore it will be
important to set the correct emissivity in accordance with the wavelength used
for the measurement.

The radiation of a black body is described by Planck’s law. It relates
the spectral radiance of a black body (the quantity of radiation) with its
temperature and wavelength of the radiation. A black body emits total radiant
power Wp into a surrounding hemisphere given by [23]

Wp=o0-T! (4.2)

Where o is Stefan-Boltzman constant and 7T is temperature in Kelvin.

TABLE 4.2: Emissivity of selected materials

material emissivity

Al - non-oxidized 0,12-0,18
Fe shiny 0,28-0,42

Cu 0,1-0,35

Graphite, coal 0,65-0,97
Ideal black body 1
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Any other body can be characterized by a dimensionless parameter—
emissivity
4
=

It is the fraction of black body power emitted in the surrounding hemi-
sphere. Emissivity depends on the surface of the body and on its temperature.
By definition it is 1 for a black body. The black body is an idealized concept.
Real objects do not absorb all incident energy; some part is reflected. They
behave like gray bodies. Theirs emissivity is € < 1.

In order to correctly measure temperature with an IR thermometer, the
emissivity of the measured object has to be known.

When the surface emissivity is not known, the following procedure can be
used.

The real surface temperature can be measured with a contact thermometer,
with the IR thermometer, and then emissivity can be calculated

The example will be shown for a constant emissivity set on the IR ther-
mometer to € = 0.95. The temperature for this emissivity will be noted with
symbol T0_95.

The IR thermometer measures the radiated energy Wig

€

(4.3)

Wir = €095 0 T%.05 (4.4)

Where T} g5 is the temperature shown on the IR thermometer with fixed
emissivity 0,95.
The object’s radiated energy is a function of its temperature Top;.

Wobj = €obj "0 - T4obj (45)

In order to determine object emissivity €qp;, the object temperature Tip;
is measured with a contact thermometer.
Then the object emissivity €,; can be calculated as

€obj - Tonj = €0.05 - T0.05 (4.6)
T%.95
€obj = €0.95 T, (4.7)

The temperatures have to be substituted in Kelvin.

The emissivity changes with object’s temperature and with the used wave-
length as shown in [24] on the example of a SiC composite. Therefore for
monochromatic pyrometers it will be very important to match the emissivity
setting for the used wavelength.

The emissivity setting is therefore very important. Without the correct
emissivity the object’s temperature cannot be measured. Only differences in
temperature can be obtained from a surface with the same emissivity. An
example is shown in figure 4.3. It shows surfaces with different emissivity
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" 60.9°C SFLIR
£=0.95

FIGURE 4.3: Surfaces with different emissivity, left visible spectrum, right
IR photograph. The surface temperatures are the same, temperature
differences in the IR picture are caused by different emissivity of surfaces
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FIGURE 4.4: Measured solar spectrum

but with the same temperature. The different emissivity is caused by differ-
ent surfaces. In the IR photo the surfaces therefore seem to have different
temperatures.

Real objects are different from ideal black bodies. They do not radiate all
the energy. An example is shown in figure 4.4.

Figure 4.4 also shown the absorption in the atmosphere at certain wave-
lengths, in this case especially by water vapor, oxygen and C'Os.

It is also important to note that emissivity is defined for macroscopic
objects that are significantly larger then the wavelength of used radiation.
When the object is of similar size as the wavelength it does not apply. This is
for example the case of small particles such as dust or soot. They influence the
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telative error [%]

Q 10 20 30 40 30 60 70 80 90
Angle from normal [*]

FIGURE 4.5: Typical shape of relative error as a function of angle from
normal for IR measurements—based on [26]

electromagnetic field around them. This manifest itself as apparently a much
larger emissivity than 1. The emissivity of those small particles is then signif-
icantly larger that 1, typically between 5 to 10 [25]. Small particles seemingly
radiate more energy that a black body, but the black body is defined as a
macroscopic object.

The accuracy of IR measurement is influenced by the angle under which
the IR thermometer or thermal camera is oriented with respect to the normal.
The maximal intensity is in normal direction to the surface (Lambert’s cosine
law). When the angle is different from 90, the relative error increases as shown
in figure 4.5.

Typical emissivity curves for metals, and light and dark non-metallic mate-
rials are shown in figure 4.6.

0.9 B LT EEEREA T e i * e * e ® e * e ® le? b

-
- -

Eos
4 — metals
g 0.5
To4 i .
g == = light non-metalic materials
§ 03

02 NG e dark non-metalic materials

0,1

0
0 2 4 6 8 10 12 14

wavelength [um]

FIGURE 4.6: Typical emissivity curves for metals, and light and dark
non-metallic materials—based on [26]
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4.1 Absorption in atmosphere and in materials

For non-contact temperature measurement, it is necessary to select the
wavelength with the lowest attenuation. Based on the requested tempera-
ture range, a suitable atmospheric window has to be chosen. The smallest
attenuation is achievable in the Short-Wavelength InfraRed (SWIR), Middle-
Wavelength InfraRed (MWIR) and Long-Wavelength InfraRed (LWIR) win-
dows. In other parts of the spectrum, the IR radiation is attenuated, most
often by water vapors.

The attenuation is shown in figure 4.7. If the IR measurement would be
done outside of those available windows, the attenuation would be very large.
Not all materials transparent in the IR spectrum are transparent in visible
spectrum as shown in figure 4.8.

4.2 Materials for IR optics

As apparent from above, non-contact temperature measurement operates
almost exclusively in the IR spectrum. The IR optics will therefore require
different materials from visible optics. Typically silicon or germanium are
used. As shown in table 4.3 there are other materials available as well. Some
of them are suitable for the visible and IR spectrum as well.

Absorption in atmosphere

‘\“

Absorption (-)

Absorption {-)

06
02 -
A Al 1 L L 1 1
2 4 6 8

A (pm)

FIGURE 4.7: Top—total absorption in the atmosphere; data from [27];
Gemini Observatory, bottom—absorption in water vapors—data from [28]
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26.3°C $FLIR

£=0.96

i

FIGURE 4.8: Absorption in material—not all materials transparent in the
visible spectrum are transparent for IR and vice versa. Left: IR image; right:
visible spectrum—photo author

TABLE 4.3: Materials for IR optics

Material

Usable range

BaF2
CdTe
CaF2
Si02
GaAs
ZnSe
Ge
7nS
Si
MgF2

0,25 to 9.5 pm [29]
1 to 25 pum [29]
0,13 to 10 pum [29]
0,25 to 3,5 pm [29]
2 to 15 pm [29]
1 to 15 pum [30]
2 to 12 um [30]
8 to 8 um [30]
1,2 to 9 pm [31]
0,11 to 7,5 pm [31]

4.3 Monochromatic pyrometers

Those sensors operate on a single wavelength (in a narrow bandwidth).
They are used usually for 650 nm (red color). The principle is shown in figure
4.9; the device is shown in figure 4.10.

The optical system focuses the incoming radiation onto a pyrometric bulb.
The radiation comes in through a red filter in order to pass through only the
wavelength around 650nm. The principle is based on comparing the intensi-
ties of the incoming radiation with the intensity of the pyrometric bulb on
a single wavelength. The intensity of the pyrometric bulb’s filament is set
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FIGURE 4.9: Principle of monochromatic pyrometer

with current. If the intensities are the same, the temperatures are the same
as well.

If the filament’s temperature is lower, we see a dark filament on a bright
background. If the filament’s temperature is higher, we see a bright filament
on a darker background.
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FIGURE 4.10: Monochromatic pyrometer—photo author

The goal is to set such a filament temperature so that the filament dis-
appears. Its brightness should be the same as the background’s brightness.
The current is then read on the scale, where filament current is calibrated as
temperature.

Example applications for monochromatic pyrometers are in measurement
of metals or glass in foundries, casting or rolling. As this type of pyrometer
requires human interaction, where the operator compares the brightness, it is
a subjective measurement.

4.4 Total radiation pyrometers

The total radiation pyrometer is shown in figure 4.11. The structure is
similar to a monochromatic pyrometer, but the intensity of incoming radiation
is measured directly.

The incoming radiation is focused over a gray filter onto a contact temper-
ature sensor. The contact temperature sensor is in most cases a thermocouple
or a thermistor. The incoming radiation heats up the temperature sensor. Its
temperature is then shown directly on a scale.

Total radiation pyrometers are usable in ranges between approximately
—40 to +5000°C based on the used detector. They are used to measure tem-
perature in furnaces for example. Example devices and applications are shown
in figure 4.12 and figure 4.13
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FIGURE 4.11: Total radiation pyrometer

FIGURE 4.12: Total radiation FIGURE 4.13: High-optical
pyrometer—courtesy of [32], with resolution two-colour pyrometer
permissions from Optron GmbH, “Cella Temp PX 40” for

Germany measuring from a safe distance.

courtesy of KELLER HCW
GmbH, Germany [33] (background
picture: © Can Stock
Photo/jordache, with permissions
from KELLER HCW GmbH,
Germany

4.5 IR thermometers

IR thermometers are in principle total radiation pyrometers. They use a
thermocouple or a bolometer as sensor.
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field of view

IR thermometer

FIGURE 4.14: Field of view of IR thermometer

object

© @

field of view

FIGURE 4.15: Field of view of an IR thermometer, right correct field of view
size vs. object size, left incorrect field of view size vs. object size

For all IR measurements the correct use is very important. Every IR ther-
mometer has a given field of view. It does not measure in a single point but in
an area as shown in figure 4.14. For a correct measurement it is important that
the field of view is smaller than the measured object. Then only the object’s
radiation and not background radiation is measured. See figure 4.15. If the
measured object is of similar size as the field of view, the measurement can
be correct as well, but care needs to be taken about the temperature on the
object’s edges that can typically be lower.

The incorrect measurement is done when the measured object is smaller
than the field of view. In this case the sum of objects’ radiation and background
radiation is measured. The radiation intensity does not represent correctly the
object’s temperature.

The size of the field of view is usually given with a ratio between its diam-
eter and distance. For example 6:1. This means that for a distance between
the IR thermometer of 6 cm the field of view has a diameter of 1 cm.
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4.6 Principles of correct use of IR thermometers

In order to measure correctly with an IR thermometer or thermal cam-
era, consider the basic fact: Intensity is measured not temperature. If
we want to measure temperature, we need to know emissivity and limit the
influence of other IR sources.

An example of two objects with a different emissivity is shown in figure
4.16. They seem to have different temperatures, but the temperature is in fact
the same. The difference is caused by different emissivity (metal, wood,...). The
same temperature was verified with a contact thermometer.

An example of an object with low emissivity is shown in figure 4.17. Reflec-
tions are visible. Unless the reflections are eliminated, the object’s surface
temperature can’t be measured. The object shown in the figure is a mirror.

In order to “set” known emissivity on the surface, stickers shown in figure
4.18 or paint shown in figure 4.19 are used.

An example showing the importance of correct emissivity setting is shown
in figure 4.20. The figure shows a heated plate. The plate is painted with
different colors; they have different emissivities. Although the temperature
can’t change so rapidly on the thermograph it looks like it. The apparent
temperature changes are caused by the different emissivity of the surfaces.
For example in the top-right corner there is a sharp transition between the
silver and black area. The heat source is placed behind the black area. The
dark strip (seemingly colder area) is an aluminium tape with low emissivity
that reflects IR radiation. It looks like a cold spot, but in fact has the same
temperature as the other areas.

FIGURE 4.16: Different FIGURE 4.17: Surface with low
temperature reading caused by emissivity, reflection from the
different emissivity of the person in front of a mirror—photo

surfaces—photo author author
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FIGURE 4.18: Stickers with FIGURE 4.19: Paint with
defined emissivity for IR defined emissivity for IR
measurement—photo author  measurement—photo author

FIGURE 4.20: Heated surface with different emissivities, left IR, right
visible spectrum—photo author

Also the stickers with defined emissivity are visible. They have a defined
emissivity of 0.96. The temperature can be read correctly only on those stickers
if the other emissivities are unknown.

The blocking of IR radiation with a piece of ordinary glass is shown in
figure 4.21.

Figure 4.22 shows a heatsink. One half (left) is black painted with emis-
sivity 0.96. The other half (right) is shiny aluminum. Both surfaces seem to
have a different temperature although it is in fact the same. Also the stickers,
shown separately in figure 4.18 are shown, with a defined emissivity of 0.96
are visible. They can be used to measure the correct temperature.

The use of paint with defined emissivity is shown in figure 4.23 where the
temperatures of Cu tubes is shown.
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FIGURE 4.21: Glass with FIGURE 4.22: Heated
reflections—photo author heatsink, every half with
different emissivity,
temperature the same.
Stickers with emissivity 0.96
apparent—photo author

FIGURE 4.23: Temperatures of Cu tubes—“hot” = bright spots are painted
with paint with known emissivity of 0.96, temperature can be read correctly
only here—photo author

It is obvious that without the knowledge of emissivity it is not possible to
measure the absolute temperature. Only temperature differences on a surface
with constant emissivity can be determined.
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Force

The most used force sensor is a strain gauge. The force is not measured
directly but by means of deformation. Deformation changes the electrical resis-
tance of the strain gauge, which is then measured.

Strain gauges can be made from both metals and semiconductors. The elec-
tric resistance is dependent on the material (described by resistivity), length
and cross section.

When a force is applied on the strain gauge, it changes its dimensions and
hence the electrical resistance.

5.1 Metallic strain gauges

The electric resistance of a wire is

l

where p is resistivity, [ is wire length and A is wire cross section.

The real foil strain gauge is shown in figure 5.1, the structure of a strain
gauge is shown in figure 5.2.

The measurement grid of a strain gauge is produced from a thin wire (a
wire strain gauge) or from a thin foil (foil strain gauge).

In both cases, the wire or foil must be produced from a material with a
very small temperature coeffitient of electrical resistance.

The most common material is constantan (an alloy of Ni 45% and Cu
55%). Nevertheless it is necessary to use temperature compensation as will be
shown later.

The production of strain gauges uses similar technologies as production of
printed circuit boards (PCB) and etching of the laminated foil on a backing
material. The backing material is most often paper or polyamid.

The change of electrical resistance is very small.

The electrical resistance is

l

89
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4 material

foil or wire

FIGURE 5.1: Foil strain FIGURE 5.2: Structure of a strain
gauge—photo author gauge

It can be seen that the change of electrical resistance depends on three
parameters:
- change of electrical resistance with strain
- change of electrical resistance with change of length
- change of electrical resistance with change of cross section

For metal stain gauges the change of resistivity with strain is negligible,
the strain gauge is changing its electrical resistance with changes of geometry.

The change of resistivity with strain (Piezo-resistive effect) is important for
semiconductor strain gauges. For semiconductor strain gauges the changes of
resistance caused by geometry are only about 2% [34]. The resistance change
is caused by changes in electron mobility.

When a force is applied to an object, as shown in figure 5.3, the length
increases.

FIGURE 5.3: Change of dimensions with applied force
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The change of electrical resistance is

dR _dl _dA _dp

5.3
R-1 417 (53)
The dependence of length and cross section is described with the Poisson’s
ratio v
dA dl
— = 2v— 4
I v (5-4)
The Poisson’s ratio v for common technical materials is in the range (0,2
to 0,5), for example, steel 0.3; aluminum 0.33; rubber 0.5.

The equation can be further simplified

dR dl dA dp dl dp
—_— = — — — —_— = ]_ 2 _ _— .
7 l A+p (+1/)l+p (5.5)
yielding
AR __dl 7
oK = (1+2 L. =K. .
7 7 (1+2v)+ ” i € (5.6)

Constant K is called the gauge factor.

The term (1 + 2v) in the equation is expressing the changes of electri-
cal resistance caused by “pure geometry.” It is significant for metal strain
gauges.

&

The term % is caused by the piezoresistive effect and is significant for

semiconductor strain gauges.

As obvious, the dependence of electrical resistance R and strain € is linear

for metal stain gauges.
dR
7= K-e (5.7)

For metal strain gauges the gauge factor is approx. 2.1. It is, of course,
dependent on the material, but this is the value for constantan.

Typically strain € = 4! is expressed in units [2].

Table 5.1 shows the gauge factors for selected materials. Based on the
numbers, it may seem that platinum might be a suitable material. However
platinum has a relatively large temperature coefficient of resistance. Hence it
is used in temperature sensors and not for strain gauges. Similar situation is
for many other metals.

Nickel might seem also as a suitable material with a high sensitivity
(—12.1). The sensitivity however changes with strain.

The typical basic resistance for a strain gauge is 120 2. Also 350
Q) is used. This resistance is specified for temperature of 23°C.
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TABLE 5.1: Gauge factor for selected materials—based on data from [35]

Material Gauge factor
Pt 100% 6.1
Pt 95%, Ir 5% 5.1
Pt 92%, W 8% 4.0
Isoelastic (Fe 55.5%, Ni 36% Cr 8%, Mn 0.5%) 3.6
Constantan / Advance / Copel (Ni 45%, Cu 55%) 2.1
Nichrome V (Ni 80%, Cr 20%) 2.1
Karma (Ni 74%, Cr 20%, Al 3%, Fe 3%) 2.0
Armour D (Fe 70%, Cr 20%, Al 10%) 2.0
Monel (Ni 67%, Cu 33%) 1.9
Manganin (Cu 84%, Mn 12%, Ni 4%) 0.47
Nickel (Ni 100%) 121

5.1.1 The importance of temperature compensation

The importance of temperature compensation is shown on a calculation
example. A steel bar with dimensions 10 x 10 mm, Young’s modulus E = 200
GPa. The bar is loaded with a force F' = 1000 N—see figure 5.4.

There are two strain gauges installed on the steel bar. One made from
constantan, the other fictive made from copper.

1 1
1 1
1 |
1 S .
’.llllllll --. ..' .
1 2 1 2

~J ™~

HE[ T
1 1
- - = ’ L] -
L”—V L.V
FIGURE 5.4: Experiment FIGURE 5.5: Experiment

temperature compensation temperature
compensation—heated bar
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It has to be stressed that copper is not used for real strain gauges,
it is used here for demonstration only to see the effects of temper-
ature changes.

The tension is

_F _1000[N] B
Strain is
o 0,01[GPa] _6
=—==———-=50-10 .
T E 7~ 200[CPq] (5.9)

The elongation is very small, only 50 - 107¢. Usually the elongation is in
the range of
e=10"°+107".

For simplification the calculation will consider the same gauge factor for
both strain gauges. K = 2 will be considered (In reality copper has K = 2.6).
The change of electrical resistance is
dR
f:K-g=2-50-10—6=0,1-10—3 (5.10)
For a strain gauge with R = 120 2 the absolute change of electrical resis-
tance is

dR=K-¢-R=2-50-1075-120=0,1-10"2-120 = 12 mQ (5.11)

As a circuit a quarter-bridge will be used. The power supply voltage is
12 V. The output voltage is

K 2
VO:VS~Z-5:12.1-50-10*6:0,3[@/] (5.12)
The bridge output voltage is very small, the circuit will require a DC

amplifier.

Now let’s heat the steel bar by just 10°C—see figure 5.5.

The change of electrical resistance caused by the temperature change for
the constantan strain gauge is

R(T) = R(Ty) (1 + aAT) =120 (1 +8-107%-10) = 120,0096 [Q] ~ (5.13)

AR(T) = 9,6 [m)] (5.14)

The change of electrical resistance caused by the temperature change for
the copper strain gauge is

R(T) = R(Tp) (1 + aAT) = 120 (1 +3,9-107% - 10) = 124,68 [Q]  (5.15)

AR(T) = 4,68[9)] (5.16)
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It is obvious that the change of electrical resistance caused by a tempera-
ture change of only 10°C is very large. For the fictive copper strain gauge it
is about 500x larger that for the constantan one.

The calculation showed that a temperature compensation is absolutely
essential. Without temperature compensation the strain gauge measures tem-
perature changes and not strain. Only after the temperature is compensated,
will the strain gauge measures strain.

The changes of electrical resistance are also very small. The changes are
approximately tenths to hundreds of m{). The small changes are not measured
directly but with special methods described in next chapters.

5.1.2 Strain-gauge rosettes

As obvious from previous explanation, the strain gauge is sensitive to
changes of dimensions. In the ideal case it should be sensitive only to one
direction of force and not the lateral one as shown in figure 5.6.

In order to measure strain, forces or deformation in multiple axes, strain-
gauge rosettes are used. The rosette uses two or three strain gauges on the
same backing material installed under certain angles. Multiple strain gauges
can be used as well. An example of a strain-gauge rosette is shown in figure
5.7.

If the direction of main stresses are known, a strain-gauge rosette with two
strain gauges can be used. The strain gauges are installed under the angle of
90°.

For applications where the direction of main stresses are unknown, strain-
gauge rosettes with angles 0°, 60°, 120° are used.

sensitive direction
grid <>

‘ grid length ’

grid
width

>
>

NNAN

=

backing
material

FIGURE 5.6: Main components of a foil strain gauge
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[T

FIGURE 5.7: Strain-gauge rosette 120° to 120 &—photo author

The main stress is calculated as follows [34]

F .ea—i-eb—i-eci E .\/(26(1—65—60

1
2 _ _ 2
1-0 3 1+v 3 >+ 3l —e)® (5.17)

01,2 =

The temperature range for constantan strain gauges is approximately

—200°C to +200°C, in sensors they are usually used in a temperature range
approximately —20°C to +70°C [34].

5.2 Semiconductor strain gauges

For some applications, semiconductor stain gauges can have some advan-
tages. It especially concerns spatially restricted installations where metal
strain gauges might be too large. Examples of semiconductor strain gauges
without backing are shown in figure 5.8. They are also usable in applications
where the temperature is constant because semiconductor strain gauges have
a large temperature dependence.

Compared to metal, semiconductor strain gauges have significantly larger
sensitivity. The gauge factor is > 100, it is about 25x larger that for metal
strain gauges.

The gauge factor for a p-type semiconductor strain gauge is approximately
+110 to +130; for n-type semiconductor strain gauges, the gauge factor is
approximately —80 to —100 [34].
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FIGURE 5.8: Example of semiconductor strain gauges—photo author

The deformation sensitivity is
K=142u+m-Ey (5.18)

where 7; is the piezoresistive coefficient in the longitudinal direction, and Eq4
is the Young’s modulus in tension.

Semiconductor strain gauges have a significant temperature dependence
[36]

Ro: = Roas(1 + a(t — 25) + b(t — 25)?) (5.19)

where a and b are temperature coeflicients of uninstalled strain gauge and
Ry 25 is the resistance for 25°C [€].

Compared to metal strain gauges, the semiconductor strain gauges are
about 75x more sensitive to temperature.

Also the dependence of resistance on strain is non-linear [36] for semicon-
ductor strain gauges.

Reos = Roas(1+Cy - e+ Co - €?) (5.20)

where C1, Cy are coeflicients of the equations.

5.3 Circuits for strain gauges

In order to measure the small changes of resistance, special circuits have
to be used. Bridge methods will amplify the small resistance change and they
will also provide temperature compensation if connected correctly.

The bridge power supply voltage can be AC or DC. Commercial bridges
work as voltage supplies with voltage about 1 to 10 V. The voltage is variable
and is set in function of the strain-gauge current.
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The bridge output is then usually connected to an amplifier that amplifies
its small voltage.

The disadvantage is that a DC-supplied bridge can be influenced with elec-
tric or magnetic fields or with thermoelectric voltages. Those small voltages
are amplified in the signal amplifier as well.

In case of a AC power supply, only the AC signal is amplified and the
interference signals are suppressed. The commonly used frequencies are 225
Hz and 5 kHz. The former frequency is used for static and quazi-static mea-
surements up to approximately 9 Hz. The later frequency is used for both
static and dynamic measurements up to about 1 kHz [34].

Quarter-bridge This connection contains one measurement strain gauge.
This strain gauge measures the measured deformation. Another strain gauge
is used for temperature compensation. The connection is shown in figure 5.9.

All connections shown here include temperature compensation. In all fol-
lowing schematics, the elements for temperature compensation are marked as
Re.

All resistances will follow the notation shown in figure 5.10. All following
schematics will use the same notation and placement for Ry, ..., Ry.

The used strain gauge has a resistance of Ry, for example 120 Q. The
resistance is changed in range +AR.

From the condition of balance it follows

Ry Ry =Ry Rs (5.21)

R,+AR , £ Re

R; R,
V
R;
e

FIGURE 5.9: Strain gauge—quarter-bridge, Ry = sensor, Rc = temperature
compensation
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FIGURE 5.10: Notation of elements in a bridge

that the compensating strain gauge has to be placed in the opposite diagonal
than the measurement strain gauge. The compensating strain gauge also needs
to have the same temperature as the measurement one. This has to be assured
with correct placement as will be shown later.

From the measurement point of view this connection is a quarter-bridge;
from the electrical point view this connection is a half-bridge.

Half-bridge A half-bridge uses two strain gauges to measure strain and
two other strain gauges for temperature compensation. This gives two options
for how the connection can be made.

The first option is to connect them in such a way that they measure in
the same direction. For example they both measure tension or compression.
As follows from the condition of balance, the strain gauges need to be placed
on the same bridge diagonal—see figure 5.11.

The compensation strain gauges are then placed in the opposite bridge
diagonal. Compared to a quarter-bridge, the half-bridge has a double sensi-
tivity.

The compensation strain gauges have to be placed correctly on the mea-
sured object as discussed in the text about quarter-bridge. They need to have
the same temperature but not to measure the measured strain.

The second option is to place the strain gauges so that they measure
in the opposite direction. For example one measures tension and the other
compression. From the condition of balance it can be seen that in this case
they need to be placed in the opposite bridge diagonals—see figure 5.12.

Full bridge A full bridge uses all four strain gauges to measure strain.
The same strain gauges are also used for temperature compensation. Two have
to measure tension, and the two others have to measure compression. They
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R,£=AR £ Rc

R,+AR £

sensor, Rc = temperature compensation

Rl; R4 = : ) =
R, AR ,£ > FAR E€
d
(o)
Rc
. :I—T

FIGURE 5.11: Half-bridge—sensors measure in the same direction

FIGURE 5.12: Half-bridge—sensors measure in the opposite direction, Ry,
R4 = sensor, Rc = temperature compensation

also need to be installed in such as way that they have the same temperature
Under this condition, the connection is automatically self-compensating for

temperature changes. The connection is shown in figure 5.13
The full bridge doubles the sensitivity as compared to a half-bridge
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FIGURE 5.13: Full bridge

5.4 Strain-gauge placement

The installation of strain gauges is made with specialized glues supplied by
strain gauge manufacturers. Based on theirs recommendations it is required
to select a suitable glue type for the application—see table 5.2. It is required
that the glue thickness is as small as possible [34].

The grid length is selected based on the application and the measured mate-
rial. One of the factors can be the available space for installation. If the instal-
lation space is limited, then the strain gauge type selection is limited as well.

Another factor is material homogeneity. The grid measures the average
strain over its whole length. If the material is homogeneous a shorter grid can
be chosen. For non-homogeneous material a longer grid has to be used. It has
to be longer than the non-homogeneity size.

The following installation examples are all shown for a full-bridge connec-
tion, with the resistor markings from figure 5.10.

TABLE 5.2: Glues for strain gauges—according to [34]

glue E [kN/mm?] (0 .. 50°C)
X 60 (acrylic) 45 .. 6
Z 70 (cyanoacrylic) 3
H (polyester) 3,5
EP 250, EP 310 (epoxy) 2,8
CR 760 (ceramic paste) 20 .. 21
constantan 163




Strain-gauge placement 101

S RyeIII; Rs

FIGURE 5.14: Strain gauge placement to measure axial force

As the full bridge has the highest sensitivity and automatic temperature
compensation it is the most common connection.

The placement to measure the axial force with bending, torque and tem-
perature compensation is shown in figure 5.14. It uses strain gauges R; and
R, to measure the axial force. Gauges R, and R3 compensate for torque T
and bending force Fy.

All strain gauges together then compensate for eventual temperature
changes. The assumption is that they all have the same temperature.

The placement to measure the bending force with axial force and tem-
perature compensation is shown in figure 5.15. It uses strain gauges Ri, Ry,
Ry and R3 to measure and compensate the axial force. All strain gauges are
stretched equally by the axial force. When downward bending force is applied,

F,
R,/ —7
R,/ 7 F,
—_—
R, ;=777
Ry .2777

FIGURE 5.15: Strain gauge placement to measure bending force
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FIGURE 5.16: Strain gauge placement to measure torque

strain gauges R; and R4 measure tension; strain gauges R, and R3 measure
compression. All strain gauges together compensate for temperature.

In order to measure torque, the strain gauges are place under the angle of
45° along the axis. This is because this is the direction of main stresses—see
figure 5.16.

A strain-gauge rosette can be used, with two strain gauges under the angle
of 90°.

5.5 Load cells and example applications

Strain gauges can be installed either directly on the measured object or
on a load cell. Load cells are used, for example, in weighting applications.

FIGURE 5.17: Strain FIGURE 5.18: Beam-type load
measurement on composite cell in a weight—photo author
material
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FIGURE 5.19: Type-S load FIGURE 5.20: Measurement of
cell—photo author residual stress after heat
treatment—courtesy of [37], with

permissions from Stresscraft Ltd,
UK

FIGURE 5.21: Beam-type load cell—photo author

The load cell is being deformed with the applied external force. An example
of a strain gauge placed on a composite material is shown in figure 5.17. A
beam-type load cell is shown in figure 5.18; an S-type load cell is shown in
figure 5.19. A strain-gauge rosette used for residual stress measurement is
shown in figure 5.20. A beam load cell in weighting application is shown in
figure 5.21. The principle of an S-type load cell is shown in figure 5.22, the
load cell itself is then shown in figure 5.23, where it was used on a torque
dynamometer.
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F

FIGURE 5.22: Type-S load FIGURE 5.23: Type-S load
cell cell—photo author



Torque

6.1 Torque dynamometer

A torque dynamometer is in principle a rotating electric machine. It can
be an AC or DC machine.

The principle of action and reaction is used, as shown in figure 6.1. The
machines stator is allowed to rotate. The torque from the shaft is transferred
through the air gap to the stator. The stator has the tendency to rotate. This
is prevented for example with a spring. The stator’s rotation is proportional
to the measured torque. A torque dynamometer is shown in figure 6.2.

Typically the force on a known lever is measured with a force sensor. Also
a weight can be used. In principle, any strain gauge described in the previous
chapter can be used.

The torque is calculated as

T=F-1 (6.1)

where F' is the measured force and [ is the used lever length.

stator

lever
| |
F
Y
1 |
/
< >

FIGURE 6.1: Principle of torque dynamometer

105
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FIGURE 6.2: Torque dynamometer—force sensor on the left, S-type load
cell, speed sensor on the left top (tachodynamo), photo author

6.2 Electronic torque sensors

This type of sensor uses strain gauges on a shaft. The strain gauges are
installed under the angle of 45° to the shaft axis. A full bridge connection is
used as it has the highest sensitivity and automatic temperature compensa-
tion. The principle is shown in figure 6.3.

The bridge is either battery-powered or a wireless (transformer) power
supply is used. In the latter case, the rotor has a winding, and a second
winding is on the stator. The energy is transferred through the air gap.

In modern sensors the signal is converted to a digital signal and transferred
by radio waves to the receiver.

Some sensors of this type allow also the calculation of the transferred
mechanical power P with the use of equation

P=T w (6.2)

where T is the measured torque and w is angular speed, measured with a
speed sensor.

Examples of electronic torque sensors and their applications are shown in
figures 6.5 and 6.6. Two strain gauges installed on a tube for static torque
measurement are shown in figure 6.4. Industrial torque sensors are shown in
figures 6.7 and 6.8.
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<
R N antenna
\ \ % 8 R
) N/
>/\
rotor ey
/ \AAA) R, Ry

M
stator
antenna
Ro+AR ¢ Ro+AR &
DC —! 0tARE
—
transmitter

full bridge

FIGURE 6.3: Shaft torque sensor with wireless transfer

FIGURE 6.4: Torque measurement on a fixed (not rotating) pipe—photo
author

FIGURE 6.5: Torque

sensor—photo author FIGURE 6.6: Torque sensor for
tram wheel testing—photo author
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FIGURE 6.7: Torque sensor, FIGURE 6.8: Torque sensor,
courtesy of [38], courtesy of [38],
http://www.lorenz-sensors.com  http://www.lorenz-sensors.com
with permissions from Lorenz with permissions from Lorenz

Messtechnik GmbH, Germany Messtechnik GmbH, Germany


http://www.lorenz-sensors.com
http://www.lorenz-sensors.com
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Position

Position sensors measure either the position of an object or they detect its
presence. They can be divided into several categories:

Relative or absolute:

Absolute—absolute position sensors send out the correct position right
after they are powered. No movement to a reference position is required. They
have usually lower resolution than relative sensors.

Relative—relative sensors don’t give the correct reading after power up.
In most cases they count pulses from a reference position. A movement to a
reference (zero) position is required. The pulses are then counted from this
reference position. The step size for one pulse is known. Compared to absolute
sensors they usually have a much higher resolution.

Analog or digital:

This is related to the sensor principle and not to the sensor output signal.

Analog—analog position sensors are continuous. They have in theory an
infinite resolution. The resolution is limited by the subsequent circuits that
process the signal (such as A/D converters, etc.).

Digital—digital position sensors are non-continuous. They have a defined
minimal resolution. The digital signal is then most frequently transferred as
a digital signal, although it could be converted to an analog signal as well
(current or voltage).

Continuous or proximity:

Continuous—they measure continuously the distance between the sensor
and the object. The output signal is proportional to the measured distance.

Proximity—proximity sensors detect only the presence of the object not
its distance. The output is a digital signal, 0/1, object is present or not. Prox-
imity sensors are used for example on production or packaging lines to detect
the products. The distance is not important, the object is where it should be,
and it can be processed or packed. Proximity sensors are less expensive than
continuous sensors.

Linear or angular:

Linear—the sensor measures in principle linear displacement

Angular—the sensor measures in principle angular displacement

Gears can be used to transfer from linear to angular motion and vice versa.
However it is typically more convenient to select a sensor for the measured
type of displacement than to have trouble with gears.

109
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7.1 Resistive sensor

In principle this is a variable resistor, as shown in the schematic in figure 7.1.
The slider is connected to the measured object. As the position changes, the
resistance changes, and the output voltage is a function of position.

The shown connection is a loaded voltage divider. Its output is loaded with
resistance Ry. The output voltage is

RpRy
Vo= Tuthe oy Bk (7.1)
% + Ry RiRy + R Rp + RoRp,
The slider position x changes the electrical resistance Rg
RQ = .%R() (72)
RlzRo—RQZRo—JﬁROZ(l—l‘)RQ (73)
Ry,
k=— 74
- (7.9
The sensor’s output voltage therefore is
-k-Ro-R
Va = V(17w)R0-z-ROJrZI795§R0(-)k-R0+x-k~RgRO =
v x-k-R2 _ (7.5)

J;~R2—7;2~R3+w‘Rg—w‘k‘Rg+$»k~R§
i
7 (l-z)x+k

The shown equation is non-linear for £ < oo, i.e., for a load resistance
Ry < o0.

It is, however, obvious that for the increasing load resistance Ry the non-
linearity is getting smaller.

slider

X
v JC) R load
R, At

Q

FIGURE 7.1: Schematic of resistive position sensor
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For this type of sensor it is therefore required to select an instrument
with a high input resistance. For instance a digital voltmeter. The typical
input resistance of a digital voltmeter is at least 10 MS2. When an analog
voltmeter is used, its input resistance may be a lot smaller. The voltmeter
is then loading the sensor with current and the non-linearity increases. This
has then an effect on the sensor characteristic. The characteristic becomes
significantly non-linear.

7.1.1 Relative error of resistive position sensor

The relative error is the relative difference between the real measured value
(for k < oo ; load resistance Ry, < o0o) and the ideal “correct” value of the
output voltage (for k— > oo ; load resistance Ry, -> 00).

Vo—a-V Va2V
§ (%] = YazzV 100 = —TEeEE L 00 =
ST (7.6)
= —{xayegs - 100

From the equation it is evident that the relative error in this case is always
negative. It is zero for k— > oo.

The measured voltage is always smaller than the ideal “correct” voltage
that would be measured with an infinite voltmeter resistance. The relative
error is increasing with decreasing load resistance.

The position of maximal relative error is

96
5 = 0= r=1/2 (7.7)

The position of maximal relative error is independent on the value of k.
The steady-state response for a resistive position sensor with various values
of K is shown in figure 7.2.

Vv
i

0 1/3 2/3 1

FIGURE 7.2: Steady-state characteristic of a resistive position sensor and its
relative error
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7.1.2 Absolute error
The position of maximal absolute error is

k-x

Al “Va—oetk

x-V (7.8)
The position of maximal absolute error is dependent on the value of k. For
example for k£ = 1 the position of maximal absolute error is

oA
5o =02 ~0,69 (7.9)

The position of maximal absolute error is approximately in 2/3 of the full
range as shown in figure 7.4, where the relative error is shown as well.

7.1.3 Types of resistive position sensors

Wire The sensor is a wire-wound resistor. It has a shape of a coil. Those
sensors have lower resolution than other types, but they are robust. The res-
olution is typically about 0.1% of full range. A resistive wire used in resistive
sensor construction is shown in figure 7.3.

Metalized They have higher resolution then wire-wound resistors, the
resolution is limited by the layer homogeneity. Possible problems with noise
and wear may occur.

Carbon Wear sensitive material, used for low-cost variable resistors, not
suitable for robust sensors

Conductive plastics Material used in industrial position sensors

CERMET (composite material—ceramics and metal) high-temperature
resistance, linearity typically 0,05 — 0,1% (0,002% for larger diameters)

Examples of industrial resistive position sensors are shown in figure 7.5,
where a sensor with conductive plastic is shown. A resistive position sensor
used in a welding press is shown in figure 7.6. A draw-wire sensor is shown in
figure 7.7.

FIGURE 7.3: Resistive wire—photo author
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FIGURE 7.4: Absolute and relative

FIGURE 7.6: Resistive position
sensors on a welding press—photo
author

error for a resistive position sensor

FIGURE 7.7: Draw-wire resistive
position sensor—photo author
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7.2 Inductive sensors

7.2.1 Small air gap sensor

The small air gap sensor is used to measure small distances, up to approx-
imately 1 mm. It is based on inductance L changes as the air gap length ¢ is
changing. This is shown in figure 7.8.

The coil inductivity is

N2
=&

where R,, is the magnetic resistance (reluctance) and N is number of turns.
Inductance as a function of air-gap size is shown in figure 7.9.
The reluctance in this magnetic circuit has two components. The air-gap
reluctance R, and the iron reluctance Rp..

Lpe 2
= = _— .11
fim = fre =+ Hag (HA) - (NA) (7.11)

where e is the length of iron magnetic circuit.
Assuming R,y >> Rp. then

L (7.10)

_ p-A-N?

L 2-9

(7.12)
The changes of inductance are not evaluated directly, but the impedance
change causes the change of inductor current. Current is then measured.

The coil impedance is R
Z =R+ jwL (7.13)

TATAVATATAY, ) feromagner
1
air gap
armature\: 1 i SIAS

x Y

FIGURE 7.8: Small air gap sensor
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Raa>> R wL/R>> 1
\ N
I —

-/ region

1 2 3
0

d —_— 5min 5max

FIGURE 7.9: Inductance as a  FIGURE 7.10: Inductor current I

function of air-gap size as a function of air-gap size
.V v
== 7.14
Z R+ jwL ( )
Assuming
wL
—>1 7.15
= (7.15)

The amplitude of current is

v 2V

S . 1
wL  NZ2ugA o (7.16)

In general this dependence is non-linear. Three distinct regions can be seen
in the steady-state characteristic shown in figure 7.10.

Region 1 The assumption Ryy >> R, is not valid, the air gap reluctance
is of similar size to the iron reluctance. The air gap is small; the dependence
is non-linear.

Region 2 The shown assumptions are valid, the air gap is sufficiently
large, but not too large. The dependence is approximately linear. The sensor
is used in this region.

Region 3 The assumption wL/R >> 1 is not valid; the air gap is too
large. Increase in the air gap does not change the current anymore.

Examples of industrial induction sensors and their applications are shown
in figures 7.11, 7.12, 7.13.
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FIGURE 7.11: Proximity inductance sensor—used as end stop for a welding
press—photo author

FIGURE 7.12: Inductance FIGURE 7.13: Continuous
sensor—photo author inductive sensor—photo author

7.2.2 Linear variable differential transformer (LVDT)

This sensor is quite frequently used for both small and large ranges. It
has a very good accuracy. It is a robust sensor; the only moving part is a
ferromagnetic core. The movement of the core changes the mutual inductance
between the primary and secondary windings. The principle is shown in figure
7.14.

The sensor is powered with AC voltage into the primary winding. As the
core moves, the mutual inductances M1 and M2 between the primary and
secondary windings are changing. The voltage on the secondary windings can
be measured directly. The windings may also be connected in series as shown
in figure 7.14.

The steady-state characteristic is non-linear with a typical V shape as
shown in figure 7.15.

The non-zero voltage in the center (z = 0) is caused by stray magnetic
fluxes and capacitive coupling.
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R,
v,
R,
——o0
L22
FIGURE 7.14: LVDT
V
-X +x e

FIGURE 7.15: Steady-state characteristic of LVDT

LVDT sensors are robust and reliable, with low friction. They can be
equipped with a spring that pushes the sensor tip against the object. Examples
of industrial LVDT sensors are shown in figures 7.16 and 7.17.

7.2.3 Resolver

The resolver is in principle an electric machine. Is has one primary and
two secondary windings as shown in figure 7.18. The secondary windings are
shifted by 90°. It is an absolute sensor within the range of one revolution. The
resolver is typically used as a sensor in electric machine control as shown in
figure 7.19.
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o
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FIGURE 7.16: LVDT FIGURE 7.17: LVDT
sensor—photo author sensor—photo author
stator

stator

FIGURE 7.18: Principle of resolver

The rotor is AC powered with a voltage with frequency in the range
approximately 2 to 20 kHz

V = Vinax sin (wt) (7.17)
The induced voltage in stator winding is

Va1 = Vinax sin (wt) - sin (a) (7.18)

Voo = Vinax sin (wt) - cos () (7.19)

The induced voltage is a function of the angle of rotation «. The depen-
dence is sinusoidal for one and cosinusoidal for the other secondary winding.
In order to get the absolute position in range 0° to 360° both voltages have
to be measured.
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FIGURE 7.19: Resolver—used to FIGURE 7.20: Resolver to digital
measure the angular position of a converter—photo author
permanent magnet synchronous

motor—photo author

—sin ---ref ~cos .
——sin ---ref -~ cos

FIGURE 7.21: Resolver signal in  FIGURE 7.22: Resolver signal in

position 0°, signal SIN with position 90°, signal COS with
maximal amplitude, signal COS  maximal amplitude, signal SIN
with amplitude zero with amplitude zero

Specialized resolver-to-digital circuits exists, such as AD2S51200. An exam-
ple of such a resolver-to-digital unit is shown in figure 7.20. The circuit pro-
vides all the required functions, such as signal generation, and measurement
of stator voltages and data outputs. The position is available as an absolute
position or as a simulation of incremental rotary encoders.

The resolver signals are shown in figures 7.21, 7.22 and 7.23.

The resolver is an absolute sensor, but only within one revolution. If the
position within more revolutions has to be measured, a counter has to be
added. The sensor then becomes a relative sensor.

A typical accuracy of the resolver is around 0,05% of range (360°), the
typical resolution is 4096 positions per one revolution.
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0 180 360 540 o(%) 720

FIGURE 7.23: Amplitudes of SIN and COS signals in dependence on
position, the resolver-to-digital output is linear. The resolver is an absolute
sensor in range of one revolution

7.3 Capacitive sensors

Capacitive sensors are based on capacity changes of the sensing element.
The change of capacity can be caused by the change of three variables. The
change of capacity can be caused by the change of 3 variables, distance between
the electrodes d, electrode area A and/or the change of permittivity ey. All
three options are used for sensors.

Relative permittivity for selected materials is shown in table 7.1.

For a planar capacitor, the capacity is

A
C= gosr (7.20)

where A is the electrode area, d is the electrode distance, €y is vacuum per-
mittivity (8.854187817...x10712 A - s/(V - m) = 8.854187817...x10712 F/m),
and e, is relative permittivity (material property)

TABLE 7.1: Relative permittivity of selected materials [39].

Material Relative permittivity [-]
vacuum 1 (by definition)
air 1.00058986 £ 0.00000050
paper 3.5
graphite 10-15
silicon 11.68

water 88, 80.1, 55.3, 34.5(0, 20, 100, 200°C)
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FIGURE 7.24: Capacitive sensor FIGURE 7.25: Steady-state
with change of distance between characteristics of a capacitive
electrodes [6] sensor with change of distance
between electrodes [6]

a) Sensors based on change of distance between electrodes
Sensitivity [6]

A

O=cer gy == -4 (7.21)
One electrode is fixed, attached to a frame—figure 7.24. The other is
attached to the measured object whose position should be measured. It can
also be the object itself. As the electrode is moving, the capacity changes are
proportional to the changes in position. However the dependence is non-linear,

as shown in figure 7.25.

b) Differential capacitor

jﬁ"_) The simple sensor with change of dis-
tance between the electrodes has a non-
C II I C, linear steady-state characteristic. This can
be inconvenient. In order to obtain better
linearity and higher sensitivity a differential

d, d, capacitor is often used.

The change of capacity is not evaluated

FIGURE 7.26: Differential between two electrodes but between two

capacitor [6] fixed and one movable electrode. The mov-

able electrode is placed between the fixed

ones, as shown in figure 7.26. The circuit is connected as a bridge connection.
The resulting connection yields a better linearity as shown in figure 7.27.

An example of a differential capacitive sensor in a magnetic field sensor is

shown in figure 7.28.

Ci = gper (7.22)

dl (I’)
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|

FIGURE 7.27: Steady-state characteristic of a differential capacitive position
sensor [6]

FIGURE 7.28: Example of a differential capacitive sensor in a magnetic field
sensor, courtesy of [40], license CC BY 3.0

(7.23)

1-2 (%)T (7.24)

c) Change of electrode area In this arrangement, one electrode is fixed
to a frame, as shown in figure 7.29. The other electrode is movable, attached
to the object or it is the object itself. By movements of the electrode, the area
is changing and hence the capacity is a function of position. The change is

Sensitivity [6]
AC . -C

Ad - d
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FIGURE 7.29: Capacitive sensor FIGURE 7.30: Steady-state
with change of area [6] characteristic of a capacitive
sensor with area change [6]

linear as shown in figure 7.30.

C= sosr$ (7.25)

Sensitivity [6]
el 7.26
Al d ( )
d) Change of permittivity
This principle is based on the change of permittivity between the elec-
trodes, as shown in figure 7.31. Most often the material is changed, i.e., air

is replaced with a liquid in a liquid-level sensor. The static characteristic is
linear as shown in figure 7.32.

Ac;i {1 Ad}
d

d c
C 11—
Il
& X

X —

FIGURE 7.31: Capacitive sensor FIGURE 7.32: Steady-state
with permittivity change [6] characteristic of a capacitive
sensor with permittivity change [6]
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The capacitive sensors can be made as planar or cylindrical. The cylindrical
capacitor is shown in figure 7.34. Its steady-state characteristic is shown in
figure 7.35.

For a cylindrical capacitor, shown in fig-
@D ure 7.33, the capacity is
A

F=— 7.27
2r-e-r ( )

P~
[~ A
where A is the charge per unit length and r
Dd is radius (r = D/2).

> h Assuming the diameter of the central
electrode d is significantly smaller than the
diameter of the external electrode D then

- Y AP A D
AV = “dr = In(=
v 27r~s/d rdr 2m - € "\
(7.28)
FIGURE 7.33: Cylindrical 9 - o
capacitor C = By h (7.29)
In(7)
Capacity
2ml
=20 (7.30)
()
d;
d :
<)
E I(x I
| & C
: x4
d,
X —>
FIGURE 7.34: Cylindrical FIGURE 7.35: Steady-state
capacitive sensor|[6] characteristic of a cylindrical

capacitive sensor [6]
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1 (Ad)®
2\ d
Capacitive sensors are among the most precise position sensors. Very small

distances can be measured, in the order of nm. For comparison, the size of an
atom is around 0,1 to 0,5 nm (function of the element).

Sensitivity [6]
AC _C

Al(z) d

(7.31)

7.4 Magnetic (Hall) sensors

Hall sensors are based on the Hall principle. They allow sensing the pres-
ence of a magnetic field in a semiconductor. They are typically used as end
switches on production lines, speed sensors in automotive, etc.

The passage of a magnetic field is sensed with a Hall sensor. The position
sensor principle is shown in figure 7.36. The magnetic field is often created with
magnetized areas on a magnetic strip or tape. The tape is fixed to the machine
frame, and the Hall sensor moves above it. The spacing of the magnetic marks
on the tape is known, hence the position can be calculated. The magnetic
sensors can be absolute or relative. Magnetic sensors can also be used as
speed sensors. In this case, the frequency of the pulses is counted. Magnetic
sensors are very robust and reliable. Examples of magnetic sensors are shown

: electrodes

! permanent

! / magnet

K 17

Hall sensor B V~B

feromagnetic marks

FIGURE 7.36: Principle of a Hall sensor
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FIGURE 7.37: Magnetic field FIGURE 7.38: Magneto-resistive
sensor TLE4905G—photo author  sensor KMZ10C—photo author

FIGURE 7.39: Magnetic position ~FIGURE 7.40: Linear magnetic

sensor (top), tape with magnetic displacement sensor, black strip is

marks (bottom)—photo author the tape with magnetic
marks—photo author

in figures 7.37 and 7.38. Industrial magnetic sensors are shown in figures 7.39
and 7.40.

7.5 Optical sensors

a) Time of flight (TOF) sensors

This type of sensor measures the time it takes for the reflection of a light
pulse to travel back from the object to the sensors. They are used in general
for larger distance. As shown in figure 7.41, the sensor sends a pulse of light.
It is reflected from the object; the time difference between the transmission
and reflection is proportional to the distance. Since the pulse travels with the
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laser
object
At or FMCW
photodetector X
0>

FIGURE 7.41: Optical distance sensor—TOF

—TX ---RX

frequency

time

FIGURE 7.42: FMCW principle

speed of light, the time difference is very short and difficult to measure for
small distances.

b) Frequency modulated continuous wave (FMCW)

This principle eliminates the measurement of small time differences in TOF
sensors. The transmitter, in figure 7.42, sends a continuous wave, a signal with
variable frequency. The frequency of the transmitted wave is compared with
the frequency of the received wave. The received wave is reflected from the
measured object. The frequency difference is proportional to the measured
distance. Frequency difference can be measured easily with a demodulator.
The maximal measured distance is limited by the frequency sweep avail-
able. An example where FMCW is used is a laser distance meter shown in

figure 7.43.
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&

FIGURE 7.43: Laser distance meter, use of FMCW-—photo author

7.6 Incremental rotary encoders (IRC)

Incremental rotary encoders are among the most accurate and often-used
sensors. They are used, for example, in machine tools or measurement devices.

An IRC is an optical digital sensor. The construction principle of a linear
IRC is shown in figure 7.44. The main components are a tape with transparent
and opaque fields and two LED + photo-diode (or photo-transistor) pairs. The
photo-diode detects the light from the LED as it passes though the tape. When
the LED is aligned with the opaque field on the tape, the light does not pass
through. Either the tape or the LED+photo-diode pairs are moving with the
object. With one LED+photo-diode pair, it is possible to detect speed but
not direction. The second pair is therefore shifted from the first one. From the
two output signals, both speed and direction can be measured. The output
signals are typically called A and B. The AB output signal is show in figure
7.45. Signals A and B are typically shifted by a quarter-period. The measured

tape with transparent

and opaque lines stationary mask

with slot
X

-

/4

LED+photodiode

FIGURE 7.44: Principle of linear incremental encoder
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X

-

FIGURE 7.45: Linear IRC scale and output signals

distance is calculated from the known resolution of the scale and the number
of pulses in an external counter circuit.

The achieved resolution is typically in the range of 5 to 10 pm although
more or less accurate sensors are available to suit the application needs. The
linear TRC suffers from thermal expansion of the scale. The rotary version,
shown in figure 7.46, does not suffer from this. A rotary IRC is composed
from a glass or plastic disc as opposed to the linear IRC with a tape. Other
components such as the LED+photo-diode pairs are similar and have the same
function. A typical, easily achievable resolution is 10000 pulses/revolution or
more.

An IRC is a relative sensor. After power-up, the absolute position is not
available. Another device is required to set the reference position, such as an
end switch. Devices equipped with relative sensors require homing after power
up. On the other hand, relative sensors have typically higher resolution than
absolute rotary encoders.

Figure 7.47 shows an IRC used to measure the angular position of a tram
wheel. Another industrial example is an IRC in a torque sensor shown in

stator with slots detectors mirror

LED,

HRER N

stator rotor

FIGURE 7.46: Incremental rotary encoder
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FIGURE 7.47: An IRC used to FIGURE 7.48: An IRC in a
measure the angular position of a torque sensor—photo author
tram wheel-—photo author

9
.
61008- g5y
86L0/V A3

IRUHIATEC

FIGURE 7.49: IRC code disc, FIGURE 7.50: IRC—photo author
photo author

figure 7.48. An IRC code disc is shown in figure 7.49. An industrial IRC is
shown in figure 7.50.

7.7 Absolute rotary encoders

An absolute rotary encoder operates in a similar way as an IRC. However,
it has more tracks on the code wheel. Each track encodes 1 bit. An example
of the code wheel is shown in figure 7.51 for an 2-bit encoder (4 positions per
revolution).

The absolute position is encoded in Gray code. Gray code is a special
form of binary encoding; it changes only 1 bit at a time for each transition.
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binary code Gray code

FIGURE 7.51: Code disc for a 4=Dbit absolute rotary encoder—left with
binary code, right with Gray code

TABLE 7.2: Binary vs. Gray code for 2 bits

Binary Gray

00 00
01 01
10 11
11 10

This allows simple error detection. An example of Gray code for 2 bits is
shown in table 7.2.

The available space in the encoder housing limits the achievable resolution.
Therefore absolute rotary encoders have typically smaller resolution and are
more expensive than relative IRCs.

Absolute rotary encoders have typically a resolution of 2'° to 2'2 bits =
1024 to 4096 positions / revolution. An example of a code wheel for an absolute
position encoder with resolution of 10 bits (1024 positions/revolution), Gray
code, is shown in figure 7.52.

7.8 Microwave position sensor (radar)

This sensor type is used to measure both large and short distances. Based
on the required range the suitable principle is selected. For short distances,
Frequency Modulated Continuous Wave (FMCW); for large distances, Time
of Flight (TOF).



132 Position

FIGURE 7.52: Code wheel for an absolute rotary encoder, 10 bit (1024
positions/revolution), Gray code, generated with [41]

transmitter

\ object

\
(— *
s |-

At or FMCW

receiver X
-~

FIGURE 7.53: Microwave position sensor

In both cases, radio wave reflection from the measured object is detected,
as shown in figure 7.53.

a) Time of Flight (TOF) method

This method is used to measure larger distances. The transmitter sends a
microwave pulse. The time it takes for the reflection from the object to get
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back to the sensor is timed. Since the signal propagates with the speed of light,
the time difference is very small (order of fs), and very accurate measurement
of time is required.

b) Frequency-Modulated Continuous Wave (FMCW) method

The measurement of very small time difference in the TOF method is not
necessary for FMCW. The frequency difference is measured instead. The prin-
ciple is shown in figure 7.54. The transmitter sends out a continuous wave,
and its frequency is changed. The signal gets reflected from the object. The
frequency of the received signal is compared to the frequency of the transmit-
ted signal. The frequency difference is proportional to the measured distance.
The further the object is, the longer it takes for the signal to travel and hence
the larger the frequency difference. The frequency difference is obtained from
a mixer circuit as shown in the block diagram shown in figure 7.55.

The maximal range is limited by the maximal allowed frequency sweep.
The used frequency ranges are 9 to 10 GHz, 24 GHz and 26GHz. FMCW
position, distance or liquid-level sensors can be used for both conductive and
dielectric material. The achievable resolution is around 1 mm. Examples of
radar sensors are shown in figures 7.56 and 7.57.

—TX ---RX

frequency

time

FIGURE 7.54: Principle of FMCW
oscillator transmitter object

receiver j / —
mixer -

phase
detector

'

FIGURE 7.55: FMCW block diagram
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FIGURE 7.56: Transmitter and FIGURE 7.57: Radar sensor,
receiver for a radar sensor, courtesy of [42], license CC BY 4.0
courtesy of [42], license CC BY 4.0

7.9 Interferometers

An interferometer is an optical instrument. It uses constructive and
destructive interference to achieve a very fine resolution. The achieved res-
olution is up to 0,1 um. The principle of Michelson’s interferometer is shown
in figure 7.58.

The light source sends a light beam towards a semitransparent mirror.
The beam splits in to two beams. One beam is directed towards the measured

mirror *
mirror
semi-transparent (object)
mirror
laser
/
<>
X
w detector
]

interference

FIGURE 7.58: Principle of Michelson’s interferometer
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FIGURE 7.59: Michelson’s interferometer, bottom left interference fringes on
the detector—photo author

object, the second towards a fixed mirror. The measured object is equipped
with a mirror as well. The object moves in the z direction in figure 7.58. The
beam from the object and the fixed mirror reflects back. Both beams interfere
on the detector. An experiment with the interferometer is shown in figure 7.59.
An example of interference is shown in figure 7.60. As the object moves, the
interference is either constructive or destructive, and dark or bright strips are
visible on the detector. By counting the number of transitions, the object’s
position can be very accurately measured.

7.10 Proximity sensors

Proximity sensors detect only the presence of an object. They do not detect
its distance. The output of a proximity sensor is a logic signal, 1 or 0. Proxim-
ity sensors are significantly less expensive than continuous position sensors.
Proximity sensors are used, for example, on production and packing lines to
detect objects. They can also be used as speed sensors.

7.10.1 Inductive proximity sensors

Inductive proximity sensors use a coil whose inductance is changed by the
detected object. The coil is powered with AC current. When a object enters
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FIGURE 7.60: Constructive (left) and destructive (right) interference

output
' signal
oscillator >| detector > flip flop }—>

coil

object $ X

FIGURE 7.61: Principle of inductive proximity sensor

the detection zone, the inductance changes and is detected. The principle is
shown in figure 7.61. The output signal is 1 or 0.

Inductive proximity sensors work only with conductive objects and prefer-
ably with ferromagnetic objects. They cannot detect non-conductive objects,
such as plastic, glass, wood etc.
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TABLE 7.3: Sensitivity of an inductive sensor for selected material. Sn =
detection distance, based on [43]

Material Sensing distance
Fe37 (Iron) 1 X Sn
Steel 0.9 x Sn
Brass, bronze 0.5 X Sn
Al 0.4 x Sn
Cu 0.4 x Sn

object

Sy

detection
zone
FIGURE 7.62: Detection zone of FIGURE 7.63: Inductive
an inductive proximity sensor proximity sensor—photo author

The detection distance is a function of sensor diameter. The larger the
diameter the larger the detection distance. The detection distance is in the
order of mm, up to approximately 1 cm.

The detection distance is also a function of the material of the detected
object. Best results (largest detection distance) are achieved for iron (ferro-
magnetic). The detection distance decreases for other conductive materials,
as shown in table 7.3.

Examples of industrial inductive proximity sensors and their applications
are shown in figures 7.63, 7.64, 7.65, 7.66, 7.67, 7.68, 7.69.

7.10.2 Capacitive proximity sensors

The principle of a capacitive proximity sensor is shown in figure 7.70. The
inter-electrode capacity is changed as the object approaches the sensor. The
capacity change alters the frequency of the oscillator; this gets detected by
the detector. The flip-flip outputs the output signal, a 1 or 0.

The capacitive sensor detects conductive and non-conductive objects. The
industry traditionally uses inductive sensors for metallic objects and capacitive
sensors for non-metallic objects. Capacitive sensors, however, detect both.



138 Position

FIGURE 7.64: Inductive FIGURE 7.65: Inductive
proximity sensor—photo author  proximity sensor—photo author

FIGURE 7.66: Inductive FIGURE 7.67: Inductive
proximity sensor on a barrel filling proximity sensor—photo author
line—photo author

FIGURE 7.68: Inductive FIGURE 7.69: Inductive
proximity sensor—photo author proximity sensor used as a speed
sensor—photo author
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output
. signal
oscillator >| detector >| flipflop |—
LI Ijelectrodes
object $x

FIGURE 7.70: Principle of capacitive proximity sensor

TABLE 7.4: Sensitivity of capacitive proximity sensors for selected
materials. Sn = detection distance - based on [44]

Material Sensing distance

Metals ~ 1 x Sn
Water ~ 1 X Sn
Plastics ~ 0.5 x Sn
Glass ~ 0.5 x Sn

Wood ~ 0.4 x Sn

The detection distance is in the order of mm, up to approximately 1 cm.
It is influenced by the objects permittivity. Best detection distance is for con-
ductive materials such as metals, water, etc. The detection distance decreases
for other materials as shown in table 7.4.

The detection zone has the same shape as for an inductive proximity sensor
shown in figure 7.62.

Examples of industrial capacitive proximity sensors and their applications
are shown in figures 7.71, 7.72, 7.73, 7.74.

7.10.3 Optical proximity sensors

Optical proximity sensors are based either on the reflection of a light beam
from the object, figure 7.75, or on the interruption of a light beam by the
object. Optical sensors are typically not suitable for transparent objects.

An optical proximity sensor (continuous) is shown in figure 7.76. A PIN
photodiode used as a detector is shown in figure 7.77. An optical proximity
sensor is shown in figures 7.80 and 7.81. An optical proximity sensor used on
an automated assembly line is shown in figure 7.82, mounted on a conveyor
belt it is shown in figure 7.83. A reflective sensor is shown in figure 7.78. An
optical proximity sensor with an optical fiber is shown in figure 7.79.
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FIGURE 7.71: Capacitive FIGURE 7.72: Capacitive
proximity sensor—photo author proximity sensors—photo author

FIGURE 7.73: Proximity sensors, FIGURE 7.74: Capacitive
from left: Hall, inductive, proximity sensor—photo author

capacitive, optical—photo author

light detector
source

optics

detected
object *

FIGURE 7.75: Optical proximity sensor—reflection from the detected object
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FIGURE 7.76: Optical proximity FIGURE 7.77: PIN photodiode
sensor (continuous) SFH203—detector for optical
HSDL-9100—photo author sensors—photo author

FIGURE 7.78: Reflective sensor FIGURE 7.79: Optical proximity
TCRT1000—photo author sensor with an optical
fiber—photo author

FIGURE 7.80: Optical proximity FIGURE 7.81: Optical proximity
sensor—photo author sensor—photo author

FIGURE 7.82: Optical proximity FIGURE 7.83: Optical proximity
sensor—photo author sensor on a conveyor belt—photo
author
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8
Speed and RPM

1. Mechanical—use directly a mechanical principle such as friction. The value
is shown on a scale. One example is a mechanical speedometer in older
cars. Mechanical speed sensors may have an electric output signal useful
for further processing.

2. Electromagnetic—i.e., tachodynamo. It is in principle an electric generator
modified for measurement, with an electric signal output.

3. Optoelectronic/magnetic—in principle a proximity sensor that detects the
passage of marks on a moving object.

4. Capacitive/inductive—same as previous category, they detect the passage
of marks.

8.1 Electromagnetic—tachodynamo

Tachodynamo is an electric machine. Its construction is shown in figure
8.1. It is a DC electric generator. The output voltage is proportional to speed.

Jferomagnetic ring
with poles

winding

commutator

shaft
brush

permanent
magnet

FIGURE 8.1: Tachodynamo

143



144 Speed and RPM

YYYYYYY_ AV

time —

FIGURE 8.2: Voltage ripple on tachodynamo output

unloaded output
voltage loaded output
RPM  —>

FIGURE 8.3: Static characteristic of a loaded and unloaded tachodynamo

The source of magnetic flux (permanent magnet or field winding) is placed
on the stator. The magnetic flux is closed through the air gap and the rotor.
The stator and rotor components need to be ferromagnetic, the magnetic flux
closes through those materials. A coil (rotor) rotates in the air gap.

The rotation of the coil in the magnetic field induces a voltage. The rotor
windings are connected to a commutator. The commutator acts as a mechan-
ical rectifier. Brushes are used to collect the energy from the rotating com-
mutator to the stator. In case of DC generators, the brushes are made from
carbon. For a tachodynamo, the brushes are made from thin silver wires to
lower the voltage drop on the brush-commutator contact. The commutator is
split into segments. The number of segments influences the rectification qual-
ity, the voltage ripple. The larger the number of segments, the smaller the
voltage ripple. The voltage ripple is shown in figure 8.2.

The output voltage is

VOZCSS'@'LU (8.1)
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where Cgg is a constant describing the machine construction, ® is magnetic
flux and w is angular speed.

Tachodynamo has a voltage output. The ideal load resistance is therefore
R = . If some current is taken from the output, a voltage drop is created
on the internal resistance. This has an effect on the static characteristic, as
shown in figure 8.3. Therefore, the minimal allowed load resistance is specified
by manufacturers.

The limited number of commutator sections leads to an imperfect recti-
fication. The voltage ripple is typically around 2% of the measured voltage.
This limits the achievable resolution. If speed resolution better than 1% or
2% is required, the tachodynamo is not a suitable sensor. Other sensors such
as IRC or an inductive speed sensor should be used in this case.

A tachodynamo used as a motor speed sensor is shown in figure 8.4. The
cut-away view of a tachodynamo is shown in figure 8.5. A tachodynamo used
as speed sensor on a dynamometer is shown in figure 8.6. Tachodynamo as a
speed sensor in optical fiber production is shown in figure 8.7.

FIGURE 8.4: FIGURE 8.5: Tachodynamo,
Tachodynamo—photo author cutaway view—photo author

FIGURE 8.6: Tachodynamo FIGURE 8.7:
(bottom right) and inductive Tachodynamo—speed sensing
sensor (center)—speed sensing on  during production of optical

dynamometer—photo author fibers—photo author
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8.2 Optoelectronic speed sensors

An optoelectronic speed sensor is shown in figure 8.8. The sensor is com-
posed of a disk with holes or teeth, creating “marks.” On one side of the disk
there is a light source (LED, bulb); a detector (photodiode, photo-transistor)
is placed on the other side. The detector detects the passage of light through
the mark (hole, teeth gap).

An example of this principle is shown in figure 8.9, where an old computer
mouse is shown. The two black disks are the disks with gaps and “marks.” A
similar example, a fan speed sensor, is shown in figure 8.10.

The output signal is a rectangular voltage signal. Its frequency is pro-
portional to the measured speed. Using the known number of marks on the
disc, the speed can be calculated. When, for example, 60 marks are used, the
frequency displayed on a frequency counter is equal to the speed in RPM.

ring with holes

light source detector

==
JUL

output
signal

FIGURE 8.9: Optical sensor, old FIGURE 8.10: Optical speed
computer mouse—photo author sensor—photo author
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8.3 Inductive speed sensors

The sensor, shown in figure 8.11, is composed of a source of magnetic flux
(permanent magnet) and a sensing coil. When a ferromagnetic object enters
the magnetic field, the magnetic flux changes. Changes in magnetic flux cause
induced voltage in the sensing coil. The change of magnetic flux is achieved by
ferromagnetic “marks” on the sensed object. The marks are typically created
as teeth and gaps.

The frequency (and amplitude) of the induced voltage is proportional to
speed. Since the amplitude is also a function of the air gap between the sensor
and the object and frequency is not, frequency detection is used in speed
sensing. As the induced voltage is a function of speed, it is small for small
speeds. Therefore, the inductive speed sensor can’t work from zero speed. It
has always some minimal speed.

The FEM calculation of magnetic flux around a inductive speed sensor is
shown in figure 8.12. The changes of magnetic flux create induced voltage, as
shown in figure 8.13. Examples of industrial inductive speed sensors are shown
in figures 8.14 and 8.15.

An inductive speed sensor can be used for angular speed or for linear speed
as well. In case of linear speed, the source of “marks” is a linear rod.

Inductive speed sensors are used, for example, in automotive as ABS speed
sensors to measure the speed of wheels.

Inductive sensors are very sensitive to the correct distance to the object.
The sensing distance is in the order of few mm.

permanent
magnet

sensing coil

FIGURE 8.11: Principle of inductive speed sensor
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FIGURE 8.12: Magnetic flux around an inductive
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FIGURE 8.13:

Magnetic flux and its change for a inductive speed sensor for

constant speed, [45]

8.4 Hall speed sensors

The Hall speed sensor is used in a similar way as the inductive sensor. It
measures changes in the magnetic flux. The magnetic flux can come from a
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FIGURE 8.14: Inductive speed FIGURE 8.15: Two inductive
sensor (bottom left), Hall speed speed sensors—photo author
sensor (center right)—photo
author

Hall sensor

N S N S N S
- >

FIGURE 8.16: Hall speed sensor, linear—source of magnetic flux is a
magnetized tape with N and S poles

permanent magnet (figure 8.17), from a magnetic tape (figure 8.16) or from
the measured object itself.

Hall speed sensor is a robust speed sensor. It is used in similar applica-
tions as the inductive speed sensor such as an ABS wheel speed sensor. It is,
however, capable of detecting speed from zero.

The detection distance is in the order of a few mm; the sensor is sensitive
to this distance. When the distance is not set properly, the sensor starts to
drop the output pulses. This leads to false speed readings. The maximal pulse
frequency is typically in the range of 10 to 15 kHz.
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permanent
magnet

Hall
Sensor

FIGURE 8.17: Hall speed sensor, angular—source of magnetic flux is a
permanent magnet build into the sensor; the object is ferromagnetic

8.5 Stroboscopes

A stroboscope is a handheld instrument used to measure RPM. Its prin-
ciple is shown in figure 8.18. It uses a source of light flashes with variable
frequency. A reflective sticker or a mark is placed on the rotating object. The
reflection is visible when the light source is on, not visible when it’s off.

The flash frequency can be set. The goal is to set such a frequency that
the mark will appear to stand still; see figure 8.18. Exactly one revolution was
made. In this case the frequency of flashes is equal to the speed of rotation.

If the flash frequency is higher or lower than the speed of rotation, the
mark appears to move.

reflective mark

flashes
with frequency f

y ing object
light source rotating obj
Z/ VY.
@—> y
~a

reflective mark f[Hz] = n [min] / 60
appears to stand still

FIGURE 8.18: Stroboscope—the mark appears to stand still
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reflective mark

flashes
with frequency [

. ‘v tating object
light source 7 "o
\ n
X —>

>

reflective mark f[Hz] > n [min”] / 60
appears to move

FIGURE 8.19: Stroboscope—the mark appears to move against the direction
of rotation

reflective mark

flashes
with frequency f

lightsourcé 1 v m;;ting object
~a

reflective mark f[Hz] > n [min”] / 60
appears to move

FIGURE 8.20: Stroboscope—the mark appears to move in the direction of
rotation

If the speed of rotation is smaller than the flash frequency, the mark
appears to rotate against the direction of rotation. This is shown in figure 8.19.

If the speed of rotation is larger than the flash frequency, the mark appears
to rotate in the direction of rotation. This is shown in figure 8.20.

When the flash frequency is exactly double the speed of rotation, two marks
are visible. The marks appear to stand still. This is shown in figure 8.21.

When the flash frequency is exactly 3x the speed of rotation, three marks
are visible. The marks appear to stand still. This is shown in figure 8.23.

Both situations can be easily recognized, since it is known only one mark
exists.

However, when the flash frequency is exactly half the speed of rotation,
one mark is visible. The mark appears to stand still, but it is visible only every
second revolution. This is shown in figure 8.22. It’s impossible to recognize
this situation.
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reflective mark

flashes
with frequency f

light source I

reflective mark

f[Hz] =2 . n [min'] /60
appears 2x

FIGURE 8.21: Stroboscope—two marks are visible, flash frequency is 2x of
speed of rotation

reflective mark

flashes
with frequency f

light source ] v rotating object
K —> ")
>

reflective mark SIHz] = (1/2) . n [min”'] / 60

appears to stand still
but passes twice

FIGURE 8.22: Stroboscope—flash frequency is half the speed of rotation,
the mark passes 2x before it is visible; if only one is visible = wrong setting

reflective mark

flashes
with frequency f

light source  _Jp v rotating object

®;’n)

reflective mark f[Hz] =3 .n [min™] /60
appears 3x

FIGURE 8.23: Stroboscope—3x flash frequency, three marks are visible

Therefore, the stroboscope user should always start from the
maximal flash frequency to avoid this problem.
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Acceleration

Acceleration sensors measure the effect of inertia on a mass, as evident
from Newton’s second law
Force = - mass . acceleration

F=-m-a (9.1)

The effects of acceleration can be measured in many ways, for example,
measure the force directly with strain gauges, or measure the position change
with a position sensor. Those principles work in a different frequency range,
as shown in figure 9.1.

9.1 Piezoelectric acceleration sensors

The piezoelectric acceleration sensor measures the piezoelectric voltage
generated from a piezo crystal that is being pushed by the inertial force. Main
sensor parts are shown in figure 9.2. A seismic mass is connected to the piezo
crystal. The generated voltage is proportional to the measured acceleration.

Electrodes are deposited on the piezo crystal. The voltage is produced
only when the crystal is put into compression or tension, not statically. The
voltage is not produced with a static force. Therefore, this type of sensor
does not measure from low frequencies. It is suitable to measure vibrations

approx. frequency range (Hz)

Principle 0.1 1 10 100, 1000| 10000/ 100000
Optical
Electrostatic
Piezoelectric
Capacitive

FIGURE 9.1: Various acceleration sensor principles, selection by bandwidth;
based on [22]
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mass
acceleration
electrodes
base plate ) )
piezoelectric
element

FIGURE 9.2: Principle of piezoelectric acceleration sensor

|

Sensitivity

resonance
frequency

frequency —>

FIGURE 9.3: Typical frequency response of a piezoelectric acceleration
sensor, response with resonance

but not a constant acceleration. The
electronic circuit requires a high-
input resistance amplifier (few GQ).
The maximal measured frequency
is limited by the mechanical reso-
nance, as shown in figure 9.3. The
piezoelectric acceleration sensor is
FIGURE 9.4: Piezoelectric shown in figure 9.4.
acceleration sensor (vibration
sensor)—photo author

9.2 Piezoresistive acceleration sensors

The principle is shown in figure 9.5. The sensor is based on a cantilever
beam whose bending is being measured. The acceleration causes inertial forces
on the central mass. The mass moves up or down, based on the direction of
the acceleration. The flexing (position) of the cantilever beam is measured.
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piezoresistive
strain gauges

mass
base plate

acceleration

FIGURE 9.5: Piezoresistive acceleration sensor

Embedded\ Qly resistors

"

\A B

Substrate Composite

FIGURE 9.6: Piezoresistive MEMS accelerometer—courtesy of [46], license
CC BY 3.0

Proof Mass

Cantilevers

FIGURE 9.7: Piezoresistive MEMS accelerometer—courtesy of [46], license
CC BY 3.0

The flexing is measured with a piezoresistive force sensor on the cantilever.
Its deformation is proportional to the measured acceleration. The structure
is shown in figure 9.6, a microscope photograph of a MEMS accelerometer is
shown in figure 9.7.
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9.3 Acceleration sensors with measured
displacement—general principle
The general principle is shown in figure 9.8. The movement of a seismic

mass due to inertia is measured. A very frequent way to measure displacement
in this kind of sensors is capacitive.

9.4 Capacitive accelerometers

In this sensor type the seismic mass is equipped with one electrode, the
frame with a second electrode. The principle of the sensor is shown in figure 9.9.

spring damping
sensor housing

mass acceleration

position sensor

FIGURE 9.8: General principle of acceleration sensors with measured
displacement

acceleration

mass

base plate electrodes

>e

FIGURE 9.9: Capacitive accelerometer
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The electrodes form a differential capacitor. When the seismic mass moves
with the applied acceleration, the capacity changes.

Due to better linearity, not a single capacitor’s capacity is measured,
but the measurement is differential. The capacity is measured between
the movable and fixed parts as a differential capacitor, shown in figure
9.10. The capacitive accelerometer, produced as a Micro Electro Mechanical

System (MEMS) is a very common sen-

X sor today. It is used in many applications,

such as airbag control, inertial measurement

o (0} units, etc. Capacitive accelerometer chips

are shown in figure 9.11, a detail of the

d, d, differential capacitor under a microscope is

shown in figure 9.12. The internal struc-

ture and microscope photograph of such an
accelerometer is shown in figure 9.13.

FIGURE 9.10: Differential
capacitor

euﬁgllmﬂum‘n ﬁn‘(\.“‘??‘

(o W Y

3
FIGURE 9.11: Capacitive FIGURE 9.12: Capacitive
accelerometers—photo author accelerometer—courtesy of [47],
license CC BY 4.0
folded beam Fixed finger

Anchor Folded beam

(a) (b)

FIGURE 9.13: Capacitive accelerometer—courtesy of [48], license CC BY 4.0
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. optical fiber
source of light detector
& —
mass
base plate
acceleration

flexible beam

FIGURE 9.14: Principle of optical accelerometer

9.5 Optical accelerometers

The principle of an optical accelerometer is shown in figure 9.14. The
optical fiber is supplied with a light source. The optical fiber ends on a seismic
mass on a cantilever beam. The optical fiber continues as the output optical
fiber after the seismic mass. When the acceleration is applied, the seismic mass
moves. This changes the coupling between the input and output optical fibers.
A larger movement further attenuates the signal. The mutual movements are
in the order of hundreds of pm [49].

This accelerometer is suitable for explosive environments as no electrical
signals are being used. It is also suitable for environments with strong magnetic
fields.
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Pressure

The definition of pressure can be made using two equivalent definitions.
a) Force acting on a given area (in normal direction to the surface)—
see figure 10.1, left.
Pressure is then
F m-g

= — [Pa; kg;m - s~

— 2.2
p=5=" ] 0.1

b) Hydrostatic pressure See figure 10.1 right

2:m] (10.2)

p=p-g-h [Pa;kg-m3;m~s_

The pressure can be measured in several ways:

Absolute pressure—p,—measured from zero pressure (vacuum)

Relative pressure—measured from a selected reference. The reference
can be, for example, barometric pressure py. Over- or under-pressure is mea-
sured. Differential pressure gauges are used.

In flowing fluids, the pressure also depends on the flow velocity. Total
pressure = static pressure (for flow velocity 0) + kinetic pressure.

Kinetic pressure is
2

cw
Pd = & 5 (10.3)
where w is flow velocity.
F !
' P
N .
1 PN

FIGURE 10.1: Pressure definition: (left) force acting on area, in the normal
direction; (right) hydrostatic pressure
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TABLE 10.1: Selected units of pressure

Unit Value in [Pa]
1 bar 10°
1 mbar 100
1 kp/m? 9,80665
1 atm (physical atmosphere) 101325
1 at (technical atmosphere) 980665
1 Torr (1 mm Hg) 133,322
11 mm H20 9,80665
1 PSI 6894,757293

The unit of pressure in SI system is 1 pascal (1 Pa) = 1 [kgm™t-s72].
Other units are still in use. Some selected ones are shown in table 10.1.

10.1 Calibration pressure gauges

Calibration pressure gauges use the definition of pressure as their principle.
They measure either force on a given area or hydrostatic pressure. Calibra-
tion instruments are then used to calibrate all other pressure gauges, such as
deformation gauges.

10.1.1 Bell-type pressure gauges

The bell-type pressure gauge is used for very fine measurement of low
pressures. It is used for example in labs for gauge calibration. Its principle is
shown in figure 10.2. Its basic component is a tank filled with a liquid with
known density, for example water. An inverted bell is partially submerged in
the liquid. The measured pressure is lead under the bell.

Two forces act on the bell. An external force F, caused by lift and internal
force F; caused by gas pressure.

The internal force is

The external force is
Fo=(Ay—A1)-l-p-g (10.5)

In equilibrium the height [ is read on the scale. The height is a function of
the measured pressure p.
F.=F, (10.6)
Fe (AQ - Al)
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D
scale ‘%’ F increase range
#D; gl = add more weight
L]
|
liquid —
. |
- | l
P 7 =

FIGURE 10.2: Bell-type pressure gauge

This manometer type can be used for small pressure ranges with high
accuracy. The typical range is around 1000 Pa when water is used. The range
can be extended by adding additional weights on the top side of the bell.
Then the range extends as shown on the static characteristic in figure 10.2.
The range extension is possible until some liquid remains under the bell. The
bell-type manometer is a very accurate instrument. The typical accuracy is
around 0.02% from full scale, typical resolution 0.01 Pa.

10.1.2 Deadweight testers

This manometer uses the definition of pressure, that of force acting on a
known area. It is shown in figure 10.3. The force F5 acts on a known piston
area A against force Iy caused by weight. In steady state Fy = F; = F.

Fgl weight
A Sfluid
F,|
P

FIGURE 10.3: Deadweight tester
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FIGURE 10.4: Single-Range FIGURE 10.5: Deadweight tester,
Deadweight tester 1 to 120 bar, courtesy of STIKO BV,
courtesy of Budenberg Gauge Co. Netherlands [51], with permissions
Ltd., UK [50], with permission

The measured pressure p is

P=7 (10.8)

The deadweight tester is used to calibrate other pressure sensors, for exam-
ple, deformation types. It is used for high pressures, typically in range 1 to
2000 bar (100 kPa to 200 MPa). The typical error is about 0.015% of mea-
sured value. The price is around 8000 euros or more. Examples of deadweight
testers are shown in figures 10.4 and 10.5.

10.1.3 U-tube manometers

A U-tube manometer is shown in figure 10.6. The transparent tube has
the form of letter U. The tube is filled with a liquid of known density ps.
The measured pressure is connected to one end of the tube. The other end
is usually left open into the atmosphere. In this case, relative pressure to the
barometric pressure is measured. The U-tube manometer can however be used
also to measure pressure difference. In this case, both tube ends are connected.
The used liquid is typically water, alcohol or mercury. Since mercury has a
large density, it can be used to measure large pressures. It is, however, toxic
in larger quantities. In case of water or alcohol, colorants are usually added
to simplify reading. The height of both liquid columns is read from the scale.
Densities of the most common liquids are: water: 997 kg/m3 (25°C); mercury:
13534 kg/m3 (25°C); alcohol: 786 kg/m3 (25°C)

h=hy + hy (10.9)
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FIGURE 10.6: U-tube manometer

Hg

FIGURE 10.7: Correct reading from the scale

Ap=(p2—p1)-g-h=Fk-h (10.10)

where p; is the density of measured gas, and py is the liquid density (water,
Hg, alcohol,...)

The correct reading depends on the liquid type, on its surface tension, see
figure 10.7. The parallax error also has to be eliminated. The observer’s eye
has to look in a perpendicular direction at the scale.

10.1.4 Well-type manometers (barometers)

The well-type manometer is shown in figure 10.8. It is composed of a well
(tank) and a tube. The well is filled with a liquid with known density ps. The
measured pressure po, is the gas pressure, with density p; (usually air). For
a constant and known tube diameter and constant liquid volume, the height
h is proportional to the pressure difference po — p;. The change of height hy
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FIGURE 10.8: Principle of well-type manometer

is usually negligible compared to hs. dp is significantly larger than dp, and
therefore Ap = k - hs.
The well-type manometer is typically used as barometer.

Avhy = Ashy (10.11)

Ap=(p2—p1)-g-(h1+hs) =
A
:(Pz—f)l)'g'h(f‘i'l): (10.12)
1
=(p2—p1)-g-e-ha=k hy

where e is the conversion factor

e= (jj + 1> (10.13)

The maximal range is limited by the practical size of the instrument. Typ-
ical ranges are 0 to 30 kPa (max. 3000 mm H20), accuracy 0.05 to 1%.

10.1.5 Inclined tube manometers

The inclined tube manometer is very similar to the well-type manome-
ter. The sensitivity is increased by inclining the tube, however the range is
decreased. Its principle is shown in figure 10.9, a photograph is shown in fig-
ure 10.10. The typical range is 0 to 1500 Pa (max. 1500 mm H20), accuracy
around 1 Pa. The measured pressure Ap is

Ap=(p2—p1)-g-(h1+ha) =

. 10.14
Z(PQ—Pl)'Q'(%‘FSanﬁ)'12(92—01)'9'€'l=k'l ( )
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FIGURE 10.10: Inclined tube manometer—photo author

10.1.6 Compensation vacuum meters (McLeod)

This instrument is used for very small pressures, for example, for absolute
pressures in range approximately 1072 to 102 Pa. Its principle is shown in
figure 10.11, and a photograph is shown in figure 10.12. The measurement is
done in two steps.

In step 1 the movable tank is moved down, and the whole system is filled
with the measured gas with absolute pressure p,. The filled volume is V.

In step 2 the tank is moved up. The gas is compressed with a liquid.
Assuming slow (isothermic) compression

p-V = const. (10.15)

The gas is compressed. The gas is enclosed into a known volume v. The
tank is lifted until a mark on the fixed tank is reached. This gives the known
volume v.
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measured absolute measured absolute
pl’essul"e pa —_— I_?I .......... pressure paﬂ .......... . hose
scale
known :
volume
hose N
v
~
H p ) H
e movable L 4
tank
step 1 step 2

FIGURE 10.11: McLeod vacuum meter

FIGURE 10.12: McLeod vacuum meter, courtesy of [52], licence CC BY 2.5
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Under those assumptions
Pa-V=@a+p-g-h)v (10.16)

If the measured pressure was larger, also a larger lift of the tank is required
to reach the volume V. The measured pressure is therefore proportional to the
height h

v

cg-h=e-p-g-h=k-h 10.17
P9 e pyg (10.17)
where h is the height read on the scale.

Pa =

10.2 Deformation manometers

Deformation manometers use the deformation of an element to measure
pressure. The element is, for example, a tube or a diaphragm. This principle is
often used in industrial pressure gauges since it is very robust and reliable. On
the other hand, it is not according to the pressure definition, so deformation
manometers cannot be used for calibration of other gauges. Nevertheless they
may have good accuracy.

10.2.1 Bourdon tubes

The Bourdon tube is shown in figure 10.13. Bourdon tubes for differential
pressure are shown in figures 10.14 and 10.15. The tube is flat and wound

scale
Bourdon tube "~
RN tube’s end move
with changes of p

0
>

mechanical
transmission (lever)

D tube shape

p

FIGURE 10.13: Principle of Bourdon-tube pressure gauge
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FIGURE 10.14: Bourdon tubes for FIGURE 10.15: Bourdon tubes for
differential pressure—photo differential pressure—photo
author author

FIGURE 10.16: Pressure gauge FIGURE 10.17: Pressure gauge
with Bourdon tube—photo author with Bourdon tube—photo author

into a spiral. For smaller pressures the tube is made from brass or bronze,
for larger pressures from steel. When the measured pressure is applied inside
the tube, it tries to flatten. The deformation of the tube is a function of the
applied pressure.

A pressure gauge with Bourdon tube is shown in figures 10.16 and 10.17.

The Bourdon tube is sensitive to changes of temperature (thermal expan-
sion). It creates a large force, the gauge is robust, resistant to vibration. From
the accuracy point of view, the accuracy is smaller than other instruments,
such as gauges with capacitive sensing. The usual accuracy class is > 1.

10.2.2 Spring bellows pressure gauges

The principle of a spring bellows gauge is shown in figure 10.18; the spring
bellows is shown in figure 10.19. It is a metallic “box” (pipe) with a spring
shaped surface. The measured pressure is applied inside the spring bellows. By
increasing the pressure the spring bellows expands. A spring or the stiffness
of the spring bellows itself is acting against the expansion force.
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bellows

T

spring », l spring

PJT
FIGURE 10.18: Principle of FIGURE 10.19: Spring
spring bellows pressure gauge bellows—photo author

The expansion of the spring bellows is proportional to the applied pressure.
The end of the spring bellows is connected to a needle. The change of position
can also be sensed with any position sensor so the gauge may have an electric
output as well. The achieved accuracy is approximately & 2% of full scale.

10.2.3 Diaphragm gauges

The deformation element is a diaphragm as shown in figure 10.20. The
deformation is proportional to the measured pressure. It is being transferred
mechanically to a needle or sensed with a position sensor. Capacitive sensing
or strain gauges are very often used to sense the position of the diaphragm.

scale

scale
\/\/ \/\
P <D: /Pz P11~ D2 /pz
membrane
Di P

FIGURE 10.20: Principe of diaphragm gauge
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FIGURE 10.21: Diaphragm gauge—photo author

The material of the diaphragm can be plastics or metal based on the
required pressure range. The plastic diaphragm does not have a sufficient
stiffness on its own; a spring has to be used. The spring is not necessary for
metallic diaphragms.

Industrial pressure gauges also use silicon diaphragms. The deformation
sensor (strain gauge) can be directly integrated on the diaphragm includ-
ing electronics and other required sensors, such as temperature sensors. A
diaphragm gauge is shown in figure 10.21. Figure 10.22 shows a microscope
photograph of a combined temperature, pressure (diaphragm), acceleration
and IR thermometer sensor.

Diaphragm sensor with piezoresistors

The sensor principle is shown in figure 10.23. The deformation of the
diaphragm is measured with piezoresistive strain gauges integrated on the
diaphragm. This gauge can measure absolute pressure or pressure difference.
A photograph of this sensor type is shown in figure 10.24. A detail of the
piezoresistive pressure sensor is also shown in figures 10.25 and 10.26. A pho-
tograph of the piezoresistive diaphragm sensor is shown in figure 10.27. An
industrial pressure sensor is shown in figure 10.29. The diaphragm is shown in
a microscope photograph in figure 10.30. The sensing element of a differential
diaphragm pressure sensor is shown in figure 10.34.

Diaphragm pressure sensor with capacitive sensing

The principle of diaphragm pressure sensor with capacitive sensing is
shown in figure 10.28. The cutaway view of the sensor is show in figure 10.32.
It is used to measure absolute pressure or pressure difference. The deforma-
tion of the diaphragm by applied pressure is sensed as a change of capacity.
Capacitive pressure sensors are shown in figure 10.33. Industrial examples of
pressure sensors are shown in figures 10.35, 10.36, 10.37 and 10.38.
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LS-SiN beam (d)

I Release
holes
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FIGURE 10.22: Combined temperature, pressure (diaphragm), acceleration,
IR thermometer. Photos showing the prototype PATIR composite sensor: (a)
and (f) full views, (b) thermistor, (c) piezoresistive absolute-pressure sensor,
(d) piezoresistive accelerometer, (e) thermoelectric infrared detector.
Courtesy of [53], license CC BY 3.0

piezoresistive sensor ~_membrane

I piezoresistive sensor

membrane

FIGURE 10.23: Principle of diaphragm sensor with piezoresistors
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(b)

FIGURE 10.24: Piezoresistive pressure sensor, diaphragm on the left, sensor
on the right; courtesy of [54], license CC BY 4.0

(b)

Piezoresistors

(2)

FIGURE 10.25: Piezoresistive pressure sensor, diaphragm on the left,
Wheatstone bridge on the right; courtesy of [55], license CC BY 3.0

FIGURE 10.26: Piezoresistive pressure sensor, with protective layer on the
left, without protective layer on the right; courtesy of [56], license CC BY 4.0
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FIGURE 10.27: Piezoresistive pressure sensor, courtesy of [57], license CC
BY 4.0

electrodes electrodes

circular membrane concave membrane

FIGURE 10.28: Principle of diaphragm pressure sensor with capacitive
sensing

FIGURE 10.29: Pressure sensor with capacitive sensing—photo author
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NCHU

LEl  30kV X200  100am

FIGURE 10.30: Diaphragm pressure sensors, courtesy of [58], license CC BY
3.0

cover

\ electrodes

membrane

| HL/E

FIGURE 10.31: Principle of diaphragm pressure sensor with capacitive
sensing

FIGURE 10.32: Cutaway view of a diaphragm pressure sensor with
capacitive sensing—diaphragm on the left, electrodes of capacitive sensor in
the middle—photo author



Deformation manometers 175

\QM

FIGURE 10.33: Capacitive pressure sensors—photo author

FIGURE 10.34: Sensing element of a differential pressure sensor—photo
author

FIGURE 10.35: Capacitive FIGURE 10.36: Capacitive
pressure sensors—photo author pressure sensors—photo author
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FIGURE 10.37: Capacitive FIGURE 10.38: Capacitive
pressure sensors—photo author pressure sensors—photo author

.|
10.3 Bolometric vacuum meters—PIRANI

The principle is shown in figure 10.39, a photograph in figure 10.40 and
10.41. Tt is used to measure small absolute pressures (10~% to 100 Pa). It uses the
heat conductivity of gasses. It is composed from a resistive bridge with two plat-
inum temperature sensors. One sensor (A2) measures in a reference pressure,
the other (A1) the measured pressure. Both sensors are heated with current.
When pressure p; changes, the heat conductivity changes as well. The bridge is
unbalanced, its output voltage V,,: is a function of the measured pressure.

10.4 Ionization pressure sensors

The principle of a ionization pressure sensor is shown in figure 10.42. Ton-
ization pressure sensors are suitable for very small pressures, approximately

Pt 100 Pa

Pt 100

O

FIGURE 10.39: Principle of bolometric vacuum meter
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FIGURE 10.40: Pirani Gauge FIGURE 10.41: Pirani vacuum
Heads and Leads PV x3 Pirani meter—courtesy of Kurt J. Lesker
Gaugeheads for use with AML Ion Company, USA [60], with
Gauge Controllers—courtesy of permission
Arun Microelectronics Ltd, UK
[59], with permission

positive\ /
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FIGURE 10.42: Ionization pressure sensor

5-107° Pa. The principle is shown in figure 10.31. It is based on the changes of
conductivity of a ionized gas with changes of pressure. The main component
is a heated electrode, heated to few hundred °C. A small current is created
between the anode and cathode with an applied voltage. The current is a
flow of electrons. The electrons hit the gas molecules and ionize the gas. The
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positive ions are attracted to the grid. A small current proportional to the gas
pressure is created.

The grid is placed between the anode and cathode. A negative voltage
is applied between the grid and the cathode; the positive ions are therefore
attracted to the negative grid.

The current between the grid and the cathode is a function of gas pressure.
The higher the pressure, the higher the current.

The grid current is

Iy=Fk-1,-p (10.18)

Where k£ is a constant given by sensor construction, I, is the current
between the anode and cathode and p; is the measured current.

10.5 Placement of pressure sensors

Pipes, liquids, clean fluids: A pressure probe shown in figure 10.43 is
used for clean fluids. The pipe between the gauge and the probe is mounted
with a flange or directly welded or soldered to the pipe. The hole has typically
a diameter of approximately 1 mm in the pipe wall.

It is important to keep a distance as large as possible between the probe
and all elements that may change the pressure such as valves, bendings,
pumps, flaps, etc. The recommended minimal distance is at least 10x pipe
diameter or larger. If the pressure probe is used in a flow sensor, this distance
may be up to 60X pipe diameter—see the flow sensors chapter.

The recommended installation is shown in figure 10.44. It is recommended
to use special fully opened/closed valves in the connection pipes between the
probe and the gauge. This allows disconnecting the pressure gauge, replacing
it, re-calibrating it, etc., without interrupting the process.

An air release valve has to be mounted at the highest place in the system.
A sludge drain valve has to be installed at the lowest place in the system to
remove eventual sediments.

to pressure sensor

probe T
placement

FIGURE 10.43: Pressure probe for pipes with a clean fluid
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air escape T pressure
valve sensor

inclination

1:20

probe

sludge drain
attachement

valve

FIGURE 10.44: Recommended pressure sensor placement, including air
escape valve and sludge drain valve

The connection pipes between the gauge and the probe typically have a
diameter of 6 to 10 mm. Correct inclination is necessary, about 1:20 towards
the sludge drain valve from the air release valve.

Hot vapors In principle a similar arrangement as for clean fluids. However
condensation loops are required to protect the gauge from high temperatures.
The arrangement is shown in figure 10.45.

Aggressive fluids The arrangement for aggressive fluids is shown in fig-
ure 10.46. Separation is needed to protect the gauge. Separation liquid can be,
for example, water or oil. The separation liquid does not have to mix with the

T fo pressure to pressure
sensor sensor
valve pressure
. f robe
condensation ? P
loop ; / valve

pressure i

condensation
loop

horizontal pipe vertical pipe

FIGURE 10.45: Vapor condensation loops
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measured liquid. Based on the density of the measured liquid and the separa-
tion liquid, the gauge is placed either above or below the measured liquid—as
shown in figure 10.46. If the density is similar or the fluids would mix, a sepa-
ration diaphragm has to be used. The use of air or water as separation fluids
is shown in figure 10.47.

to pressure sensor

! l

separation % valve measured % valve
liquid L liquid =
Pi P2
measured separation
liquid P2 liquid Pi
valve valve
P17~ P2 % P1 =P %

to pressure sensor

FIGURE 10.46: Use of separation liquids—arrangement based on density

measured fluid measured fluid
contaminated with contaminated with
water /\ air
[—— | |—> él
l ) |
valve valve
sensor l water sensor lco.mpressed

awr

valve %
valve

valve

water as separation fluid air as separation fluid

FIGURE 10.47: Water or air as separation fluids
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FIGURE 10.48: Pressure sensing FIGURE 10.49: Pressure sensing,
in beer manufacturing—photo sight glasses, food fittings
author

Industrial examples of pressure sensors are shown in figure 10.48, where
pressure sensing in beer manufacturing is shown. Figure 10.49 shows pressure
sensing, sight glasses and food fittings.
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Humidity

Absolute humidity is defined as mass of water vapor m in a unit of
volume V' [61]

¢ =m/V  [ke/m’] = [kg] / [m?] (11.1)

Relative humidity is defined as the ratio of current humidity to the
maximal possible humidity (saturated gas).

p= L (11.2)

where p, is the partial pressure of water vapor of unsaturated air and p,” is
the partial pressure of water vapour of saturated air.

The equation is approximate, as wet air is not an ideal gas.

Relative humidity depends on temperature. When temperature increases,
the relative humidity decreases (for a constant absolute humidity), when
the temperature decreases the relative humidity increases, until dew point
is reached.

Dew point temperature is the temperature at which the air is saturated
to relative humidity 100%. Decreasing the temperature below the dew point
temperature leads to condensation.

The dew point temperature ¢4 can be calculated as follows [62]

Bi[ln(28) + it

100 Bi+t
tg= (11.3)
A —In(5) - 545

where By = 243,04°C, Ay = 17,625, RH (%) is relative humidity and ¢ is air
temperature.

With a limited accuracy, also the equation [62] for dew point temperature
tq can be used

100 — RH
tdzt—(?) (11.4)
and for relative humidity RH
RH ~ 100 — 5(t — tg) (11.5)

The shown equations have a good accuracy only for wet air with RH >
50%.

183
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11.1 Dew point hygrometers

The principle of the dew-point hygrometer is shown in figure 11.1. It is
based on condensation on a surface cooled below the dew point temperature.

The main component is a mirror. The amount of reflected light from the
mirror is measured. When the mirror temperature is below the dew point tem-
perature, water droplets form on the mirror, and the intensity of the reflection
decreases. The source of light is an LED. The absolute intensity is not of inter-
est. Rather the drop of intensity is measured by comparing with a reference
beam from the LED directly to a detector, without the mirror. The reference
beam is directed directly from the LED to the detector, the second beam
from the LED -> mirror -> detector. The signal is amplified in an ampli-
fier. The control block controls the heating and cooling of the mirror, above
and below the dew point temperature. The temperature waveform is shown
in figure 11.2.

The dew-point hygrometer works in the following cycle [63]:

1. The mirror is quickly cooled approximately 1,5°C above the last-known
dew point temperature.

2. The cooling is slowed down, the temperature is slowly decreasing to the
dew point temperate. The slow decrease assures uniform dew on the
mirror.

3. When the dew covers the mirror, the cooling is turned off and the heating
is turned on. The mirror is heated with electric current above the dew
point temperature, a few degrees higher than ambient temperature.

light reference

source beam amplifier
—>
—>
detectors
fdl.ow . measuring Y
1rection beam

+ control
temperature;
mirror sens 0’/ Y
D

B power
heater/cooler < supply

FIGURE 11.1: Dew-point hygrometer



Psychrometers 185

mirror
I temperature

ambient
temperature

dew
point temperature

dew time —

FIGURE 11.2: Temperature waveform

4. The mirror temperature is kept constant for a short time. The whole cycle
then repeats.

The whole cycle takes about 35 s [64].

The cooling and heating can be done for example with a Peltier couple. The
cooling and heating can be controlled with the direction of electrical current.

The mirror temperature is measured with a temperature sensor, for exam-
ple with a Pt100 RTD.

The dew-point hygrometer does not change the absolute air humidity; no
additional water vapor is added to the measured gas.

The detection of dew does not have to be done only optically; capacitive
sensing is used as well [65].

The typical accuracy for dew point temperature is around 40, 2°C,

The dew-point hygrometer is one of the most accurate hygrometers avail-
able.

11.2 Psychrometers

A psychrometer is a very simple device used to measure relative humidity.
It uses the dependency of relative humidity, temperature and temperature
of saturated air. The psychrometer is composed from two thermometers or
temperature sensors—wet and dry thermometer—as shown in figure 11.3 and
in the photograph in figure 11.4.

The dry thermometer measures the temperature of the air where humidity
is measured. The second thermometer measures the temperature of saturated
air, saturated to relative humidity 100%. The increase of humidity is achieved
with a wet cloth soaked with water. The cloth is wrapped around the wet
thermometer.
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Humidity
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thermometer thermometer

cloth
v
flow water
direction tank

FIGURE 11.3: Principle of psychrometer

FIGURE 11.4: Psychrometer,
here with Hg
thermometers—photo author

From the psychrometric chart, in figure
11.5, or the psychrometric equation, the rel-
ative humidity is found out.

The psychrometric equation is [61]

po=p" —A-p-(ta—tws) (11.6)

where A is the psychrometric constant (622 -
107K 1), t4 is the dry thermometer tem-
perature and ty g is the wet thermometer
temperature

This principle works with temperature
sensors as well. The temperature sensor can
be for example an RTD or a thermistor.

The air flow is provided with a fan. For
an aspiration psychrometer, the flow speed
should be at least 2,5 m/s. The achievable
accuracy for RH is around +3%.

The psychrometer adds a small amount
of humidity to the measured gas. It is there-
fore not suitable for small, enclosed spaces
where it would increase humidity.
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11.3 Hygrometers with dry electrolytes

This sensor uses the change of capacity or resistance with humidity. The
sensitive material is Als03. It absorbs well the air moisture. The principle is
shown in figure 11.6.

The layer of Al;Og3 is equipped with two electrodes. One electrode is
porous, made from gold. The porous electrode allows moisture to get into the
layer of Al;O3. The second electrode is non-porous, made from aluminum.

Either the capacity or resistance is measured. As shown in figure 11.7, both
have a non-linear dependence on relative humidity.

As the relative humidity is a function of temperature, RH sensors internally
have a temperature sensor as well. If the RH sensor has a digital bus, such as
12C, the temperature and humidity can be read from the sensor. Sensors with
an analog output provide humidity only.

This type of RH sensor is used, for example, in air conditioning applica-
tions. The typical accuracy is around +3% for cheaper sensors, up to +1,8%
for more expensive sensors, time constant around 8 s [67]. An example of a
transient response of a humidity sensor is shown in figure 11.8. A microscope
photograph of a humidity sensor is shown in figure 11.9. The structure and
photograph of a humidity sensor is shown in figures 11.10, 11.11 and 11.12.
Examples of industrial humidity sensors are shown in figures 11.13 and 11.14.

humidity
P N J
o ©
electrolyte Al,0; porous thin-film
\'_/ Au electrode

_— non-porous
Al electrode

FIGURE 11.6: Hygrometer with dry electrolyte
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=10’} 3
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@) 10 20 30 40 .;tL (f,?, 70 80 90100 (1) Relative Humidity (%)

FIGURE 11.7: Dependence of impedance and capacity of RH (visible
hysteresis) for a humidity sensor, courtesy of [68], license CC BY 3.0
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FIGURE 11.8: Transient response of a humidity sensor for various materials,
a) KCl doped ZnO nanofiber, b) ZnO, courtesy of [68], license CC BY 3.0

b Topmetal Polymer Bottom metal

Porous MIM Capacitive
Humidity Sensor

Polymer

FIGURE 11.9: a) Capacitive humidity sensor, b) detail, ¢) detail of porous
structure, d) cut through the sensor, courtesy of [69], license CC BY 4.0
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FIGURE 11.10: Capacitive humidity sensor, courtesy of [70], license CC
BY 4.0
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FIGURE 11.11: Humidity sensor, FIGURE 11.12: Humidity
removed plastic cover—photo sensors—photo author
author

FIGURE 11.13: Temperature and FIGURE 11.14: Industrial
humidity probe—photo author  humidity sensor with 4 to 20 mA
current output—photo author
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Flow

Flow can be defined in two ways—mass or volume flow.
Volume flow—volume of material passing trough an area in a unit of
time

Qv = % (m3-s71) (12.1)
Mass flow—mass of material passing through an area in a unit of time
Qm = ? (kg-s1) (12.2)
For incompressible materials (liquids or solids)
m=p-V (kg;kgom3;m3) (12.3)

For compressible materials—gasses—the flow can be recalculated to stan-

dard conditions (p = 1 bar, T = 273 K)
-V -V
o 0 _P 2 (12.4)
T T

Mass or volume flowmeters are based on definition 12.1 or 12.2. They are
used to calibrate other flowmeters based on different principles.

Industrial flowmeters often measure the flow velocity in a given area. Since
this is not according to the flow definition, those flowmeters are not used for
calibration. Nevertheless they can still have a good accuracy.

When the flow velocity (the flow velocity profile) is known, the mass flow
@y, or the volume flow @, can be calculated from the known cross section A

Qv=uv-A (12.5)

Qm=A-v-p (12.6)

where v is the mean flow speed [m/s], A is area [m?] and p is density [kg/m?].

The used principle also depends on the properties of the liquid and type of

flow. For example for pipes, the type of flow is given by the Reynolds number.

Types of flow for different values of the Reynolds number are shown in figure
12.1. An example of an industrial flowmeter is shown in figure 12.2.

v-D-p wv-D
n v

Re =

(12.7)
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Re <2000 2000 < Re < 4000 Re > 4000

............ = SN2 NN
— —& © ©® ©
laminar transient turbulent

Sflow Slow Sflow

FIGURE 12.1: Types of flow and Reynolds number

2
g
=

FIGURE 12.2: Sensor for pH (right) and flow (left)—photo author

where v is the mean flow speed [m/s], D is pipe diameter [m], p is density
[kg/m?3], n is dynamic viscosity [Pa.s = kg/(m.s)] and v is kinematic viscosity

[m?/s] (v = n/p).

12.1 Restriction flowmeters

This type of flowmeter is based on an artificial restriction in the flow. The
pressure difference on the restriction is then measured. The restriction can be
an orifice plate, a nozzle, Venturi tube, etc.

The measured pressure difference is a function of flow. Typically the depen-
dence is non-linear, square root dependence.
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12.1.1 Orifice plates

The orifice plate is a mechanically simple device. The principle is shown
in figure 12.3, where the pressure distribution is shown as well. A photograph
of an orifice plate is shown in figure 12.4. It is a flat disk with a opening with
a defined diameter. The orifice plate is inserted into the pipe where the flow
should be measured. In front of the orifice plate, the pipe diameter is D, the
flow velocity is v1. As the mass is constant, the same mass has to pass also
through the opening in the orifice plate, where the diameter is d and the flow
velocity is ve. Since d < D, vs has to be greater than v;.

According to the Bernoulli equation, the pressure decreases after the orifice
plate. The pressure difference is a function of flow.

A permanent pressure drop occurs on the orifice plate. The leading edge
of the orifice plate has to be sharp, the trailing edge has to be chamfered with
a defined angle.

oy ; permanent
—4 pressure
loss

FIGURE 12.3: Orifice plate and pressure drop

For 1D flow of a incompressible fluid

Q=A1-v1 =43 vy (12.8)
D2

Ay = 774 (12.9)
2

Ay = % (12.10)

FIGURE 12.4: Orifice
plate—photo author
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A? v = A% 03 (12.11)

2
v? = <ﬁf) -2 (12.12)

where Aq, A, are pipe and orifice plate areas, and vy, v is the flow velocity in
the pipe and orifice plate
From a Bernoulli equation

1
p1—p2 = 5p (v3 = v7) (12.13)
The flow is
A 2-A
Q= Ay = 2 P =
ROLN
= (12.14)
md? [2-Ap
= a . E [y— —_—
4 p

where « is the flow coefficient, and ¢ is the expansion coefficient (liquids =1,
gases <1).

From the equations, it follows that the dependence of flow on the measured
pressure difference is a square root dependence.

Examples of orifice plate flow sensors are shown in figure 12.5 and 12.6.

The dimensions of orifice plates are defined by standards, such as ISO
5167-4.

In order to assure the correct function of the orifice plate, a sufficient inlet
and outlet distance is required to create a correct flow profile. The rules for
orifice plate installations are shown in figure 12.7.

The correct installation requires a large distance in front and after the
orifice plate. This distance changes with objects such as bendings, valves,
pumps, etc. It also varies with the ratio between the pipe and orifice plate
diameter. The minimal distance is typically given by the ratio of pipe diameter
and distance.

FIGURE 12.5: Orifice plate, flow from left to the right—photo author
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FIGURE 12.6: Orifice plate—photo author

TABLE 12.1: Minimal distance in front of an orifice plate—based on [71]

B <032 045 0,55 0,63 0,70 0,77 0,84
A 12 12 13 16 20 27 38
B 15 18 22 28 36 46 57
C
E
F

35 38 44 52 63 76 89
18 20 23 2T 32 40 49
10 13 16 22 29 44 56

Compared to other flowmeters, this distance is significant, larger than 20x
pipe diameter.

The minimal distance before the orifice plate is shown in table 12.1. The
distances in the table are given in multiples of pipe diameter.

The ratio between the pipe and orifice plate opening diameter is

B = d (orifice plate diameter in mm) / D (pipe diameter in mm)

After the orifice plate, the recommended minimal distance is at least 5x
pipe diameter.

The pressure taps from the orifice plate are usually connected to smart
pressure sensors for pressure difference. For example, a capacitive pressure
sensor can be used. As the flow calculation requires density, temperature sen-
sors are used in the setup as well. Typically a Pt100 RTD is used.

Orifice plate—advantages

1. Suitable for liquids, gases and vapors

2. Suitable for high pressures (up to 42 MPa), high temperatures (up to
1000°C)

3. The smart pressure sensor can be exchanged without interrupting the pro-
cess (valves are used)

4. Suitable for large range of pipe diameters
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bent out of the plane (out from figure)

fullypened o _oric lae

X E @ min. 5 x D

ZZOW; orifice plate
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F U min. 5 x D \

bent 90° in the same plane

FIGURE 12.7: Installation of orifice plates

Orifice plate—limitations

. Limited dynamic range to 4:1 or 5:1 (ratio between the maximal and
minimal flow it can measure)

. Abrasion of the orifice plate due to abrasive particles in the fluid =>
decrease of accuracy a lifetime of the orifice plate
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Large required pipe length in front and after the orifice plate
Not suitable for small flow (<2 1/h)

Not suitable for fluids with large viscosity (> 500 mPa.s)

S v W

Does not measure directly density, viscosity, concentration as some other
flowmeters (Coriolis)

7. Not suitable for abrasive fluids, such as, e.g., water—sand mixtures; abra-
sive materials damage the orifice plate

12.2 Rotameters

The principle of a rotameter is shown in figure 12.8, and a photograph
is shown in figure 12.9. Industrial rotameters are shown in figure 12.10. It is
based on a lift force acting on a float in a flowing fluid. The float rotates to
assure its stability. The lifting force and gravitational forces act on the float.

The lifting force acts upwards and has the following components

FAZFP-}-Fd-i-Ff (12.15)
F,, is caused by pressure difference
Fp = A2 . (p1 — pg) = Ag . Ap (1216)

The pressure difference Ap is virtually constant.

-%-
: P2
A &
p2 . 2 / lﬁ
D1

gravity
Pi AI %
U

flow

FIGURE 12.8: Principle of FIGURE 12.9: Rotameter

rotameter
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FIGURE 12.10: Rotameters—photo author

F; is the dynamic force
Fag=ka- Az pq (12.17)

where k4 is a constant dependent on the float’s shape
Fy is friction force
Ff:kf'Af~5n (1218)

where 7 is the mean flow velocity, n is an exponent dependent on v and flow
type, ks is a constant dependent on the fluid viscosity, A is the friction area.
The measured flow is then

Qv =Fk-a(4 — As) z% (12.19)
1

12.3 Turbine flowmeters

The turbine flowmeter is shown in figures 12.11 and 12.12. The turbine
inside the flowmeter is turned by the fluid flow. The speed of the turbine is
proportional to flow.

e
'®

‘

FIGURE 12.11: Turbine flowmeter (here for water flow)—photo author
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FIGURE 12.12: Turbine flowmeter—photo author

12.4 Wire anemometers

The principle of wire anemometers is shown in figure 12.13, with pho-
tographs in figures 12.15 and 12.14. The flowmeter is based on the temperature
measurement of the wire. Three ways of measurement are used.

a) Wire powered with constant current

In this case, the wire is powered with a constant current from a cur-
rent source. The temperature of the wire is measured with a temper-
ature sensor or determined from the wire resistance. Platinum wire is
used in the sensor. As the wire is cooled down with the measured flow,
the wire temperature decreases, and this can be measured as a decrease
it its electrical resistance. Resistance is then a function of flow velocity
R = {(v).

b) Wire kept at constant temperature

The wire temperature is maintained at a constant temperature with
a feedback loop. The current in the wire is adjusted to maintain a con-
stant temperature. The current is proportional to the measured flow velocity

I=gv).

WAT

FIGURE 12.13: Principle of wire anemometer

FIGURE 12.14: Probe of a wire anemometer—photo author
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FIGURE 12.15: Wire anemometer—photo author

c) Constant power

A constant power is supplied to the wire. The wire is heated to a temper-
ature approximately 350°C. The wire temperature is measured, for example,
with a thermocouple. The wire is cooled down with the measured fluid. The
wire temperature is a function of flow velocity t = h(v).

12.5 Ultrasonic flowmeters

The principle of ultrasonic flowmeters is shown in figure 12.16. They are
equipped with ultrasonic transmitters and receivers. The transmitters send
signals, and the signals are received by the receivers. When the ultrasonic

flow /

ultrasonic
transmitter + receiver

FIGURE 12.16: Principle of ultrasonic flowmeter
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FIGURE 12.17: Timing of ultrasonic signals

signal travels upstream it is being accelerated by the flow. If it travels down-
stream it is being slowed down. The time difference between the upstream and
downstream timing is a function of flow velocity. The sensor features at least
one pair of receiver and transmitter. With more pairs the flow profile can be
measured more accurately.

The ultrasonic transmitter 1 (in figure 12.16 on the left side) is received
by the receiver. The propagation delay is measured. Next transmitter 2 on
the right side sends a signal. It is received by receiver 2, and the time delay
is measured as well. With 0 flow velocity, both times are equal. The timing of
ultrasonic signals is shown in figure 12.17.

For flow direction from left to right, the ultrasonic signal traveling
upstream travels faster, and the time delay is smaller. The flow is calculated
from the measured flow velocity and known pipe cross section.

The ultrasonic flowmeter measures flow in both directions (for example,
an orifice plate measures only in one direction).

The ultrasonic flowmeter can also be clamped externally on the pipe as
shown in figure 12.18. No armatures are required, there is no pressure drop.
Also aggressive liquids can be measured with the clamp-on system.

An example of an industrial inline ultrasonic flowmeter is shown in figure
12.19.

The installation of ultrasonic flowmeters in pipes is shown in figure 12.20.
The ultrasonic flowmeter is sensitive to particles suspended in the fluid. It
is also sensitive to bubbles. Both disperse the ultrasonic signal and cause its
attenuation.

The recommended maximal content of those components is

Gases: <2% of volume

Solids: <5% of volume
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FIGURE 12.18: Ultrasonic clamp-on flowmeter for temporary flow
measurement of liquids—courtesy of KROHNE Messtechnik GmbH,
Germany [72], with permission

FIGURE 12.19: Ultrasonic flowmeter—photo author

flowmeter flowmeter
bubbles / @ /
sediments
partially filled pipe

FIGURE 12.20: Installation of ultrasonic flowmeters, and bubble and
sediment removal by mounting the sensor from the pipe sides. The pipe has
to be full at all times, not partially
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flow
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4< D (N
pumps 15xD\// min. 5x D

FIGURE 12.21: Ultrasonic flowmeter—correct installation

It is also necessary to have the pipe completely filled with the fluid, since

the flow is calculated from flow velocity and pipe cross section.

The correct installation of an ultrasonic flowmeter with respect to valves,

bendings etc. is shown in figure 12.21.

Properties of ultrasonic flowmeters

. Suitable for clean liquids and gases

. Accuracy approximately 2% in industrial environment when correctly

installed, up to 0,5% possible

. Suitable for large pipe diameters, up to DN 5100 (clamp on), DN 2000

(armature)

. Temperature range approximately: —50 to +170 °C

Advantages

. Dynamic range approximately 50:1 (for liquids)

. Zero pressure loss for the clamp on system

. No damage from abrasive or aggressive fluids

. Measures both flow directions

. Clamp-on system can be installed without interrupting the process.

. Price virtually independent on the pipe diameter (for clamp-on system)



204 Flow
Limitations

1. Not suitable for small flow < 2 1/h

2. Not suitable for very viscous fluids (>500 mPa.s)

. Not suitable for steam

- W

. Not suitable for slurry, paste, suspensions

5. Not suitable for mixtures of liquids and solids

12.6 Electromagnetic flowmeters

The principle is shown in figure 12.22, a photograph in figure 12.23. It is
based on induction of voltage in a moving conductor placed in a magnetic
field. The magnetic field is produced by field coils. The magnetic field is then
distributed with pole shoes. The moving conductor is the fluid itself. There-
fore the fluid has to be conductive. This flowmeter can be used only with
electrically conductive fluids.

For zero flow velocity, the positive and negative ions are uniformly dis-
tributed in the fluid.The fluid is in a magnetic field. When the fluid starts to
flow a force starts to act on the electrically charged particles. Positive ions
move towards one side of the pipe, the negative ions to the other. An electric
field is created. The electric field is measured with electrodes. The electrodes
are in a perpendicular direction to the magnetic field.

The measured voltage is small, typically around 300 wV per m/s of flow
velocity. The measured voltage is directly proportional to flow velocity. The
flow is calculated from the measured flow velocity and known pipe cross
section.

magnetic field B

' measurement cycle
pipe
area H\\x _
A Iy /1
‘ B/ \U_time
5 electrodes

change of magnetic
direction field polarity
of force F

electrically
charged
particles

flow

FIGURE 12.22: Principle of electromagnetic flowmeter
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FIGURE 12.23: Electromagnetic flow meter—photo author

External magnetic fields need to be eliminated. This is achieved by alter-

ing the polarity of the magnetic field. The AC signal is then evaluated at the
electrodes. This also eliminates electrochemical effects in the fluid.

Tt W

Expected parameters

. Suitable only for conductive fluids (conductivity > 1 pS/cm)
. Accuracy around 0,5% (0,2%)

. For pipe diameters up to DN 2510

. For pressures up to 4 MPa

. Temperature range approximately —50 to +180°C

Advantages

. Dynamic range up to 1000:1
. Zero pressure loss

. Suitable for abrasive mixtures of liquids and solids, such as water—sand

mixtures, pastes etc.

Limitations

. Requires conductive liquid
. Problematic when sediments occur in the pipe (flow velocity is measured)
. Does not measure cryogenic liquids (liquid 02, Ar, N2)

. Does not measure gases, vapors
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flowmeter </> flow

pipe

FIGURE 12.24: Installation in a vertical pipe—flow upwards so that the
pipe is full at all times

flow

—>
C/{;in. 2xD

pipe

flowmeter
sludge min. 5x D
removal
valve

FIGURE 12.25: Installation in a horizontal pipe—the flowmeter is full at all
times

Correct installation of magflow flowmeters

The correct installation has to assure that the flowmeter is full at all times.
An example of installation into a horizontal pipe is shown in figure 12.25.
Minimal upstream and downstream distances are also given.

For a vertical installation, the correct installation is shown in figure 12.24.
The pipe has to be full at all times. The flowmeter has to be without sediments
and bubbles. Both should accumulate outside the flowmeter, the sediments at
the bottom, the bubbles at the top.

12.7 Coriolis flowmeters

The Coriolis flowmeter measures mass flow directly. Its principle is shown
in figure 12.26, and a photograph is displayed in figure 12.27. It can inde-
pendently measure density as well. It is based on the effects of the Coriolis
force on a liquid in a moving tube. The tube is moving with a defined angular
speed, both ends of the tube move in different directions. The movement of
the tube is measured with position sensors.
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FIGURE 12.27: Coriolis flowmeter—photo author

The Coriolis force is proportional to the angular speed w of the pipe and
flow velocity of the fluid w.

Fo=2-m- (7z%) (12.20)

The Coriolis force causes both tube ends to move differently. The ends
oscillate with the same frequency but different phase shift. The phase shift
is proportional to the measured flow. The position is measured with position
sensors, e.g. inductive sensors with continuous output.

It is possible to measure the fluid density independently. The resonance
frequency is a function of fluid’s density

1 c
e 12.21
Ir 21 my + my ( )

where my; =V - py; is the fluids mass in the pipe and m; is the mass of the
pipe

Both measurements can be done simultaneously but independently.

The correct installation of a Coriolis flowmeter in a pipe is shown in fig-
ure 12.28.
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o N O Ot

FIGURE 12.28: Coriolis flowmeter—courtesy of [73], license CC BY 3.0

Advantages

. Measures directly mass flow of liquids and gases, density and temperature

(typically with an embedded Pt1000)

. Very high accuracy—typically 0,1% (az 0,05%)
. Does not require inlet and outlet distances

. Possible to calculate volume flow, viscosity, concentration (e.g., sugar in

water, alcohol in water, etc.) assuming a single phase fluid

. Possible to measure small flow < 2 1/h
. Pipe diameters DN 1 up to DN 510
. Pressures up to 40 MPa

. Temperature range approximately —50 to +350 °C

Limitations

. Higher pressure loss compared to clamp-on ultrasonic and magflow flowme-

ters

. Optimal only with single-phase fluids, two-phase fluids have large impact

on accuracy

. High price



13
Liquid level

Liquid-level sensors can be divided into two categories, based on the output
signal and detection:

1. Continuous = measure the liquid level continuously, the output signal is
a number on a digital bus, analog voltage or current

2. Limit = measure if the liquid level is above or below. The output signal is
a logic signal, 0 or 1.

13.1 Visual liquid-level meters

The visual liquid-level meter is the simplest form of a liquid-level sensor.
It is shown in figure 13.1, and it is often used to indicate the liquid level in
tanks, without any electric output.

The pipe of the visual liquid-level meter is transparent; it is connected with
the main tank with a pipe. The transparent pipe is equipped with a scale.

transparent transparent
window tank watermark

tank

liquid
level

FIGURE 13.1: Visual liquid-level meter
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multiple
watermarks
tank tank
liquid liquid float
level level | A
FIGURE 13.2: Multiple Visual FIGURE 13.3: Buoy

liquid-level meter

Due to different temperatures in the liquid-level meter and the main tank,
problems can arise with thermal expansion of the liquid. The visual liquid-level
meter can then be split into multiple sections as shown in figure 13.2.

13.2 Floats

The basic component is a float, lifted by buoyancy. The float’s density has
to be smaller that the density of the liquid. The position of the float can be
shown visually or measured with a position sensor. The principle is shown in
figure 13.3, and sensor example is shown in figure 13.4.

FIGURE 13.4: Flood-level switch with magnetic float MLS21A-PP—photo
author
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The buoyancy is
F=A-H-pg-g—A-h-pr-g—AH~-h)-p2-g (13.1)

where A is the float’s area, pp is float’s density, g is gravitational acceleration,
p1 is liquid density, ps is gas density above the liquid.

13.3 Hydrostatic sensors

The sensor is a pressure sensor installed on the bottom of the tank. It
measures the hydrostatic pressure of the liquid above it. It is required to
know the liquid’s density.

The height of the liquid column between the tank’s bottom and the pres-
sure sensor also needs to be accounted for, as shown in figure 13.5. In figure
13.5, a well-type manometer is shown as an example; any other pressure sensor
type can be used. An example of a industrial hydrostatic liquid-level sensor is
shown in figure 13.6.

13.4 Bubbler

The main component of a bubbler, shown in figure 13.7, is a pipe sub-
merged in the tank. Pressurized gas is blown in the pipe, and bubbles are

open tank pressurized tank  condensation
tank

D>

h,

P2

pressure gauge

pressure gauge

FIGURE 13.5: Hydrostatic sensor in open and closed (pressurized) tanks
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FIGURE 13.6: Hydrostatic liquid-level sensor—photo author

ressure sensor
P flow sensor compressed gas

] <«€—

bubbles

tank

FIGURE 13.7: Bubbler

created. When the gas pressure is larger than the hydrostatic pressure at the
tube’s bottom, the gas flows. The gas flow is kept constant with a flow con-
troller. The pressure required to maintain the flow is then proportional to the
liquid level in the tank.

The only part of the system that is in direct contact with the liquid is the
tube. The tube can be made from, for example, ceramics or stainless steel.
This system can therefore work well with aggressive or viscous liquids.

At the end of the tube, the hydrostatic pressure is

Ph=p1-9 (13.2)

The pressure loss is

Apz = f(Q) (13.3)

The total pressure is

pt=pn+Ap2=p1-g-h1+ Aps (13.4)
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¢ measurement
measurement current
current
¢ T electrodes ¢ T
upper limit
electrodes
tank tank

continuous measurement limit measurement

FIGURE 13.8: Continuous and limit conductivity level sensor

13.5 Electrical conductivity-level sensors

The principle is shown in figure 13.8. This sensor may be used for both
continuous and limit sensing. It requires an electrically conductive liquid.

The electric conductivity of the fluid is used. For continuous sensing, two
electrodes are submerged into the fluid. The current passing through the fluid
is proportional to the liquid level. As the liquid level increases, the conductivity
increases.

In case of limit sensing the fluid connects the two electrodes when the
desired liquid level is reached. The connection is detected.

13.6 Thermal conductivity-level sensors

The principle is based on different heat conductivity when a heated ele-
ment is or is not submerged into a liquid. The heated element can be, for
example, a thermistor as shown in figure 13.9. This principle is limit sensing
not continuous. The sensor is heated, and its temperature is measured. When
the sensor is submerged into a liquid, the thermal conductivity is greater than
when it is in air.
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tank row of thermistors

thermistors in air

submerged
thermistors

FIGURE 13.9: Array of thermistors as level sensors

The sensors can be installed in an array to get more measured liquid levels
as shown in figure 13.9.

13.7 Radioisotope liquid-level meters

The principle of radioisotope liquid-level meters is shown in figure 13.10.
It is based on attenuation of nuclear gamma radiation in a material placed
between the source and detector. The dependence of intensity on distance is
quadratic; the dependence on thickness is exponential.

The radiation source is placed on the bottom of the tank, the detector on
top. The detected intensity is a function of material thickness (liquid level).

receiver

tank ‘

source of
radiation

FIGURE 13.10: Radioisotope liquid-level meter
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The source of nuclear radiation is Co60. The measured substance does not
become radioactive. The sensor can measure fluids, powders or sludge. It is
often used in the food processing industry.

The typical accuracy is +/— 0.5%, range around 7 m.

13.8 Capacitive liquid-level sensing

This sensor uses the changes of capacity of a capacitor caused by changes
of liquid level. Its principle is shown in figure 13.11. The dielectric material is
the liquid. One electrode is a wire or a rod; the second electrode is a wire or a
rod as well, or it can be the tank itself. When a conductive liquid is measured,
one of the electrodes needs to be insulated.

The measured liquid needs to have a significantly different relative per-
mittivity e,1 from the gas above the liquid (typically air).

For a planar capacitor the capacity is

A
C=co ey (13.5)
for non-conductive for conductive
liquids liquids
T electrode T
electrode C

0 insulation
\

FIGURE 13.11: Principle of capacitive liquid level sensors—for conductive
and non-conductive liquids
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@D
/;\

®d 0

-

FIGURE 13.12: Cylindrical capacitor

where gq is vacuum permittivity (g9~8,854187817 x 10712F - m~1), ¢, is
relative permittivity (material property), A is electrode area and d is electrode
distance.

For a cylindrical capacitor shown in figure 13.12, the capacity is

A

F=—
2r-e-r

(13.6)
where X is charge per unit distance, r is radius (r = D/2).

Assuming the diameter of the central electrode d is significantly smaller
than the diameter of the external electrode D

A P A D
v 27r-£/d Tdr 27r-5n<d> (13.7)
2r - €
C=—=—"-h 13.8
n(Z) 1

As shown in the figures, the capacity is in general composed from three
parts. Capacity Cp is the capacity of the attachment and is constant. Capacity
(1 is caused by the measured liquid and is variable. It is a function of the
liquid level. Capacity C is the capacity above the liquid level. It is also a
function of the liquid level (decreases with increasing liquid level).

C=Cyp+C1+Cy (139)

271'5087«1 271'6067-2
C =C -h -(H—h 13.10
AT T R -

Assuming constant permittivity £,1 and £,.9

C=ki+ks-h (13.11)
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electrode
b

FIGURE 13.13: Planar electrodes

where

T - — 2meg _
ky=Co+ ang(%f hy = Co+ {78y " (e — &) (13.12)
For planar electrodes, shown in figure 13.13, the capacity is
C=Co+Ci+0C (13.13)

b-h b-(H—h
C:CO+€0'€T17+€0'€7~2¥

13.14

13.9 Ultrasonic liquid-level meters

The principle of ultrasonic liquid-level sensors is shown in figure 13.14;
an industrial sensor is shown in figure 13.15. An ultrasonic pulse is transmit-
ted from the transmitter. The signal is reflected from the liquid level. The
reflection is received by the receiver. The time for the reflection to arrive is
measured. The time is proportional to the distance from the sensor to the
liquid level.

The used frequencies are in the order of kHz to few MHz, the range is
approximately from 0.01 to 15 m, accuracy is typically in the order of mm.

The measured distance is ’
c-

2

where c is speed of sound in the gas above the liquid, and ¢ is the measured
time delay between the transmission and reflection of ultrasonic signal.

= (13.15)
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FIGURE 13.15: Ultrasonic liquid-level sensors—photo author

The measured signal is not influenced by changing properties of the mea-
sured liquid, such as density. On the other hand, it can be influenced by
bubbles or foam at the surface.

13.10 Radar liquid-level meters

The sensor used the reflection of radio waves from the liquid level. Fre-
quency bands of 6 GHz, 26 and 80 GHz are used. The signal is not influenced
by vapors above the liquid. Two principles are used.
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a) Time of Flight (TOF)

TOF is used in general for larger distances. The radio-wave pulse is trans-

mitted from the transmitter. The signal is reflected from the liquid level. The
reflection is received by the receiver. The time between the transmission and
the reflection is measured. As the radiowave travels with speed of light, the
time difference is very small, in the order of fs for small distances. For smaller
distances FMCW is used.
b) Frequency-Modulated Continuous Wave (FMCW) The principle is
shown in a block diagram in figure 13.16. A continuous wave with variable
frequency is transmitted. The signal is reflected from the liquid level. The
reflection is received by the receiver. The received frequency is compared with
the transmitted frequency. The frequency difference is proportional to the
measured distance. The maximal possible distance is limited by the available
frequency sweep. The achieved accuracy is in the order of mm. An example
of a radar liquid-level sensor is shown in figure 13.17.

oscillator transmitter object

receiver j / —
mixer |

phase
detector

v

FIGURE 13.16: Principle of FMCW

FIGURE 13.17: Radar liquid-level sensor, without antenna—photo author
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The measured distance is
Co - t
2\/lirEr

where ¢g is speed of light in vacuum, u, and ¢, is relative permittivity and
permittivity of the material above the liquid (air), respectively.

| =

(13.16)

13.11 Vibrating-level switches

The principle of vibrating-level switches is shown in figure 13.18 and the
photograph in figure 13.19. The main component is a mechanical resonator,
a vibrating fork. Vibrations are excited with a piezocrystal. When the fork is
submerged into a liquid or a solid, its resonance frequency changes. This is
detected. Those sensors are limit switches only, not continuous sensors.

tank

piezocrystal piezocrystal
transmitter receiver

FIGURE 13.18: Vibrating-level switch

FIGURE 13.19: Vibrating-level switches—photo author
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Example labs

This chapter presents few selected laboratory tasks as an inspiration for
tutorial classes in the field of sensors.

|
14.1 Temperature—contact thermocouples

14.1.1 Introduction

Thermocouples are manufactured by welding of thermocouple wire with a
setup shown in figure 14.1. In this task we will weld a thermocouple, make its
calibration certificate and measure its steady-state response.

o —

thermocouple wire

MTC6

carbon electrode terminal
negative pole

pliers
positive terminal

FIGURE 14.1: Photo of the task

221
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14.1.2 Tasks
1. Weld a J-type thermocouple, length 50 cm.

2. Make a calibration certificate for the thermocouple for temperatures 30°C,
55°C and 80°C.

3. Measure steady-state response.

14.1.3 Instruments used

e Thermocouple welder TW163 with accessories

e Agilent 34970A data acquisition unit with MTC 6 terminal for J-type
thermocouples

o Thermocouple wire 7960017 J JX / 2 - 0,22 mm?

14.1.4 Procedure description—thermocouple welding

1. Cut off the thermocouple wire. Length 50 cm.

2. At one end remove the insulation in length 1 cm, twist the wires
together—see figure 14.2. This end will be the hot junction.

3. At the other end of the wire, remove the insulation in length of 3 cm.
Here will be the terminal connection.

4. Put on the protective glasses.
5. Set the welder into AUTO mode, set the energy to 30 J

6. Hold the future hot end of the thermocouple with the pliers. Press the
CHARGE button on the welder and wait until the READY light turns
on.

=

FIGURE 14.2: Thermocouple wire FIGURE 14.3: Welded wire at
ready for welding carbon electrode of the welder
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10.

temp. sensor

’* Ohm meter

Thermostat

FIGURE 14.4: Correctly welded FIGURE 14.5: Block diagram of
thermocouple hot end—ball at the calibration and to measure static
end response

. Now really put on the protective glasses!

. Put the future hot end to the carbon electrode—figure 14.3. The welder

starts welding automatically after 1.5 s from the detection of connection.

. The correctly welded hot end is shown in figure 14.4. There has to be a

small ball at the end. If not, you should repeat the procedure.

Soak the thermocouple hot end into a protective lacquer. The lacquer dries
in about 1 to 2 min. The thermocouple is now ready for calibration.

14.1.5 Procedure description—calibration and static

response

Connect the thermocouple to the MTC 6 terminal. Take care of the correct
wire overlap.

Submerge the thermocouple hot end into the hot water in thermostat.

. For water temperature in range from 30°C to 80°C measure the thermo-

couple voltage. Change the temperature in 10°C steps. The block diagram
is shown in figure 14.5.

Compare the measured voltage with a J-type thermocouple table.

Plot the steady-state response from the measured data.

14.2 Temperature—non-contact emissivity

14.2.1 Introduction

When working with non-contact thermometers the key term is emissivity

€. It is defined as “the relative power of a surface to emit heat by radiation; the
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ratio of the radiant energy emitted by a surface to that emitted by a blackbody
at the same temperature” [74]. The user needs to be aware that a non-contact
thermometer is not measuring temperature but radiated energy. In order to
show temperature, the emissivity of the measured object has to be known
and correctly set on the thermometer. The purpose of this experiment is to
estimate emissivity of different surfaces and to estimate the error caused by
the wrong setting of emissivity (or fixed—some IR thermometers don’t allow
to change emissivity).

14.2.2 Tasks

1. With contact thermocouple and IR thermometer with fixed emissivity
0.95, determine emissivity of different surfaces.

2. Calculate absolute and relative error of temperature readings caused by
the different emissivity of the object.

3. Make a thermographic image of the Al heat sink with the thermocamera.

14.2.3 Instruments used
o Fixtures with resistors on a heatsink, Peltier element
e IR thermometer with fixed emissivity 0,95
e Multimeter Axiomet AX-18B with surface thermocouple probe
e Thermocamera FLIR i50

o Power supply

14.2.4 Procedure description

The radiation of a black body is described by the Planck’s law. It relates
the spectral radiance of a black body (the quantity of radiation) with its
temperature and wavelength of the radiation. A blackbody emits total radiant
power Wp into a surrounding hemisphere given by

Wp=0-T* (14.1)

where ¢ is Stefan-Boltzman constant, and T is temperature in Kelvin.
Any other body can be characterized by a dimensionless parameter—
emissivity e
€ = W/WB (14.2)
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It is the fraction of black body power emitted in the surrounding hemi-
sphere. Emissivity depends on the surface of the body and on its temperature.
By definition, it is 1 for a black body. The black body is an idealized concept.
Real objects do not absorb all incident energy; some part is reflected. They
behave like gray bodies. Their emissivity is € < 1.

In order to correctly measure temperature with an IR thermometer, the
emissivity of the measured object has to be known. The method used here
consists in measuring the real object temperature with a contact thermometer
(thermocouple in this case). The used IR thermometer has a fixed setting of
emissivity 0.95. Therefore, its reading is correct only for this emissivity. The
IR thermometer measures the radiated energy

W[R — €0.95 "0 - T61'95 (143)

where T g5 is the temperature shown on the IR thermometer with fixed emis-
sivity 0.95. The object-radiated energy is a function of its temperature Toy;.

Wopj = €obj - 0 - T;lbj (14.4)

In order to determine object emissivity €., the object temperature Tp;.
is measured with a contact thermometer. Then the object emissivity €qp; can
be calculated as

€obj 'T;Lbj = €0.95 - Tp.o5 (14.5)

hence
€obj = €0.95 'T61.95/T§bj (14.6)

The temperatures have to be substituted in Kelvin.

14.3 Position—LVDT
14.3.1 Introduction

The LVDT is a linear displacement position sensor. It transfers the move-
ment of the transformer core into the output signal. The output signal is a
voltage signal; in our case the used sensor has built-in electronics to trans-
fer the voltage to current output. Sensors with current output (4 to 20 mA)
have a limit of maximal resistance that can be connected to sensors’ out-
put. The ideal load for a current output sensor is resistance zero; the max-
imal load is limited by the available voltage for output. When the output
loop resistance is increasing, the output compensates by increasing output
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voltage so as to keep constant current. When the output is already on the
maximal voltage, the output current starts to drop. The maximal resistance
connected to the current output limits the wiring length between the sensor
and gauge.

14.3.2 Tasks

1. Measure and plot the static characteristic I = f(z) for load resistor Ry, =
0 ohm.

2. For constant position (z = 100 mm) determine the maximum value of load
resistance Ry, until which the output current remains constant. Calculate
the sensitivity of the transducer.

14.3.3 Instruments used

o Fixture with LVDT Monitran MTN IE(I)S-75
¢« DC ampere meter

e Decade resistor Ry,

14.3.4 Procedure description

The industry standard for current output is 0 to 20 mA or 4 to 20 mA.
It is defined by the ANSI/ISA-50.00.01-1975 (R2002) standard and has wide
industrial usage. The advantage is that the reading is not dependent on the
wire length between the sensor and gauge. The limitation of wire length is
imposed by the connecting wire resistance and by the maximal load resis-
tance of the transmitter. In order to push a constant current through the loop
(dependent only on the measured variable), the transmitter is adjusting its
output voltage. When the output loop resistance is increasing (e.g., by changes
of temperature, oxidation, etc.), the output compensates by increasing out-
put voltage so as to keep constant current. When the output is already on the
maximal voltage, the output current starts to drop.

1. Adjust the measured distance, read the LVDT output current, plot steady-
state response

2. Set a constant position z, change the load resistance Rj; on the decade
resistor, measure the loop current. The current will stay constant until a
limit value is reached. Then the output voltage cannot keep up with the
resistance change to maintain constant current.
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]
14.4 Influence of material to proximity position sensors

14.4.1 Introduction

When selecting a position sen-
sor one of the important parame-
ters is the material of the object
to be detected, for example, for fer-
romagnetic materials inductive sen-
sors work quite well. But for non-
ferromagnetic metals (Al, Cu,..),
their sensing distance decreases con-
siderably, and for non-metallic mate-
rials they can’t be used. Capac-
itive sensors, on the other hand,
FIGURE 14.6: Experiment proximity detect non-metallic objects as well,

- but their sensing distance is also a
function of the object material (per-
mittivity). Optical sensors may have

problems with transparent objects. In this task, we will examine the proper-
ties of different sensors with different materials. The setup is shown in figure
14.6.

14.4.2 Tasks

1. Find out what sensor principles work with what materials.

2. For an inductive sensor, determine how does the sensing distance depends
on the object material.

14.4.3 Instruments used

o Inductive sensor MCPIP-T30L-011
o Capacitive sensor EC3025 PPAPL-1
o Hall sensor MM18-70APS-ZUK

¢ Optical sensor S15-PA-2-C10-NK

14.4.4 Procedure description

1. Turn on the power supply, and set the voltage to 24 V. The motor starts
to spin; the rotating table starts to move.
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2. Place different objects on the rotating table. The LEDs on the sensors
indicate detection; find out if the object is detected and at what distance.

14.5 Position—Ilinear-displacement sensors
14.5.1 Introduction

For a precise measurement of linear distance, sensors such as linear incre-
mental encoders or inductosyn can be used. Position sensors are relative (incre-
mental) or absolute. An inductosyn is working in the same way as a resolver,
but the sensor is linear. It is a relative sensor. The SPIRO sensor (SPIRO is
a trademark) work similarly. The movable sensor head is sensing a ferromag-
netic spiral inside a stainless steel tube. The setup is shown in figure 14.7.

14.5.2 Tasks

1. Measure and plot in charts the steady-state characteristics of all used
sensors. Use the Induktosyn sensor as a reference.
Used sensors:
a) sensor SPIRO
b) laser sensor O1DLF3KG—output from the display and current output

FIGURE 14.7: Linear axis; inductosyn is from the back of the axis, not
visible in photograph
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2.

For positions 50 mm and 100 mm from the initial position, show and record
the histogram and standard deviation of the current output from the laser
sensor.

14.5.3 Instruments used

Linear axis with control electronics

Induktosyn FERSYN 01, inductive, linear, cyclic absolute sensors with
period 2 mm, resolution 1 pm, electronic unit BC 50 LM

Limat SPIRO (the company now names the sensor ENDURRO), resolution
1 pm, electronic unit AXICA M

Laser distance meter O1DLF3KG
Power supplies

Multimeter Keysight 34461 A

14.5.4 Procedure description

1.

2.

Change the position of the linear axis by means of the position controller.
Measure the output of all sensors

For a constant position, display the histogram of the current output for the
laser distance meter O1DLF3KG. The shown curve should be Gaussian.
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A
Pt100, DIN/EN/IEC 60751, o = 0.00385

TABLE A.1: Pt100 = 0.00385, resistance in ohm vs. temperature in °C,
negative temperatures, data [75]

°C 0 1 2 3 4 5 6 7 8 9
-200 | 18.520
-190 | 22.826 | 22.397 | 21.967 | 21.538 | 21.108 | 20.677 | 20.247 | 19.815 | 19.384 | 18.952
-180 | 27.096 | 26.671 | 26.245 | 25.819 | 25.392 | 24.965 | 24.538 | 24.110 | 23.682 | 23.254
-170 | 31.335 | 30.913 | 30.490 | 30.067 | 29.643 | 29.220 | 28.796 | 28.371 | 27.947 | 27.522
-160 | 35.543 | 35.124 | 34.704 | 34.284 | 33.864 | 33.443 | 33.022 | 32.601 | 32.179 | 31.757
-150 | 39.723 | 39.306 | 38.889 | 38.472 | 38.055 | 37.637 | 37.219 | 36.800 | 36.382 | 35.963
-140 | 43.876 | 43.462 | 43.048 | 42.633 | 42.218 | 41.803 | 41.388 | 40.972 | 40.556 | 40.140
-130 | 48.005 | 47.593 | 47.181 | 46.769 | 46.356 | 45.944 | 45.531 | 45.118 | 44.704 | 44.290
-120 | 52.110 [ 51.700 | 51.291 | 50.881 | 50.471 | 50.060 | 49.650 | 49.239 | 48.828 | 48.416
-110 | 56.193 | 55.786 | 55.378 | 54.970 | 54.562 | 54.154 | 53.746 | 53.337 | 52.928 | 52.519
-100 | 60.256 | 59.850 [ 59.445 | 59.039 | 58.633 | 58.227 | 57.821 | 57.414 | 57.007 | 56.600
-90 64.300 | 63.896 | 63.492 | 63.088 | 62.684 | 62.280 | 61.876 | 61.471 | 61.066 | 60.661
-80 68.325 | 67.924 | 67.522 | 67.120 | 66.717 | 66.315 | 65.912 | 65.509 | 65.106 | 64.703
-70 72.335 | 71.934 | 71.534 | 71.134 | 70.733 | 70.332 | 69.931 | 69.530 | 69.129 | 68.727
-60 76.328 | 75.929 | 75.530 | 75.132 | 74.732 | 74.333 | 73.934 | 73.534 | 73.134 | 72.735
-50 80.306 | 79.909 | 79.512 | 79.114 | 78.717 | 78.319 | 77.921 | 77.523 | 77.125 | 76.726
-40 84.271 | 83.875 | 83.479 | 83.083 | 82.687 | 82.290 | 81.894 | 81.497 | 81.100 | 80.703
-30 88.222 | 87.827 | 87.433 | 87.038 | 86.643 | 86.248 | 85.853 | 85.457 | 85.062 | 84.666
-20 92.160 | 91.767 | 91.373 | 90.980 | 90.586 | 90.192 | 89.799 | 89.404 | 89.010 | 88.616
-10 96.086 | 95.694 | 95.302 | 94.909 | 94.517 | 94.124 | 93.732 | 93.339 | 92.946 | 92.553

0 100.000 [ 99.609 | 99.218 | 98.827 | 98.436 | 98.044 | 97.653 | 97.261 | 96.870 | 96.478

TABLE A.2: Pt100 o = 0.00385, resistance in ohm vs. temperature in °C,
positive temperatures, data [75]

°C 0 1 2 3 4 5 6 7 8 9

0 100.000 | 100.391 | 100.781 | 101.172 | 101.562 | 101.953 | 102.343 | 102.733 | 103.123 | 103.513
10 | 103.903 | 104.292 | 104.682 | 105.071 | 105.460 | 105.849 | 106.238 | 106.627 | 107.016 | 107.405
20 | 107.794 | 108.182 | 108.570 | 108.959 | 109.347 | 109.735 | 110.123 | 110.510 | 110.898 | 111.286
30 | 111.673 | 112.060 | 112.447 | 112.835 | 113.221 | 113.608 | 113.995 | 114.382 | 114.768 | 115.155
40 | 115.541 | 115.927 | 116.313 | 116.699 | 117.085 | 117.470 | 117.856 | 118.241 | 118.627 | 119.012
50 | 119.397 | 119.782 | 120.167 | 120.552 | 120.936 | 121.321 | 121.705 | 122.090 | 122.474 | 122.858
60 | 123.242 | 123.626 | 124.009 | 124.393 | 124.777 | 125.160 | 125.543 | 125.926 | 126.309 | 126.692
70 | 127.075 | 127.458 | 127.840 | 128.223 | 128.605 | 128.987 | 129.370 | 129.752 | 130.133 | 130.515
80 | 130.897 | 131.278 | 131.660 | 132.041 | 132.422 | 132.803 | 133.184 | 133.565 | 133.946 | 134.326
90 | 134.707 | 135.087 | 135.468 | 135.848 | 136.228 | 136.608 | 136.987 | 137.367 | 137.747 | 138.126
100 | 138.505 | 138.885 | 139.264 | 139.643 | 140.022 | 140.400 | 140.779 | 141.158 | 141.536 | 141.914
110 | 142.293 | 142.671 | 143.049 | 143.426 | 143.804 | 144.182 | 144.559 | 144.937 | 145.314 | 145.691
120 | 146.068 | 146.445 | 146.822 | 147.198 | 147.575 | 147.951 | 148.328 | 148.704 | 149.080 | 149.456
130 | 149.832 | 150.208 | 150.583 | 150.959 | 151.334 | 151.710 | 152.085 | 152.460 | 152.835 | 153.210
140 | 153.584 | 153.959 | 154.333 | 154.708 | 155.082 | 155.456 | 155.830 | 156.204 | 156.578 | 156.952
150 | 157.325 | 157.699 | 158.072 | 158.445 | 158.818 | 159.191 | 159.564 | 159.937 | 160.309 | 160.682
160 | 161.054 | 161.427 | 161.799 | 162.171 | 162.543 | 162.915 | 163.286 | 163.658 | 164.030 | 164.401
170 | 164.772 | 165.143 | 165.514 | 165.885 | 166.256 | 166.627 | 166.997 | 167.368 | 167.738 | 168.108
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244 Pt100, DIN/EN/IEC 60751, oo = 0.00385

TABLE A.2 — cont.
°C 0 1 2 3 4 5 6 7 8 9
180 | 168.478 | 168.848 | 169.218 | 169.588 | 169.958 | 170.327 | 170.696 | 171.066 | 171.435 | 171.804
190 | 172.173 | 172.542 | 172.910 | 173.279 | 173.648 | 174.016 | 174.384 | 174.752 | 175.120 | 175.488
200 | 175.856 | 176.224 | 176.591 | 176.959 | 177.326 | 177.693 | 178.060 | 178.427 | 178.794 | 179.161
210 | 179.528 | 179.894 | 180.260 | 180.627 | 180.993 | 181.359 | 181.725 | 182.091 | 182.456 | 182.822
220 | 183.188 | 183.553 | 183.918 | 184.283 | 184.648 | 185.013 | 185.378 | 185.743 | 186.107 | 186.472
230 | 186.836 | 187.200 | 187.564 | 187.928 | 188.292 | 188.656 | 189.019 | 189.383 | 189.746 | 190.110
240 | 190.473 | 190.836 | 191.199 | 191.562 | 191.924 | 192.287 | 192.649 | 193.012 | 193.374 | 193.736
250 | 194.098 | 194.460 | 194.822 | 195.183 | 195.545 | 195.906 | 196.268 | 196.629 | 196.990 | 197.351
260 | 197.712 | 198.073 | 198.433 | 198.794 | 199.154 | 199.514 | 199.875 | 200.235 | 200.595 | 200.954
270 | 201.314 | 201.674 | 202.033 | 202.393 | 202.752 | 203.111 | 203.470 | 203.829 | 204.188 | 204.546
280 | 204.905 | 205.263 | 205.622 | 205.980 | 206.338 | 206.696 | 207.054 | 207.411 | 207.769 | 208.127
290 | 208.484 | 208.841 | 209.198 | 209.555 | 209.912 | 210.269 | 210.626 | 210.982 | 211.339 | 211.695
300 | 212.052 | 212.408 | 212.764 | 213.120 | 213.475 | 213.831 | 214.187 | 214.542 | 214.897 | 215.252
310 | 215.608 | 215.962 | 216.317 | 216.672 | 217.027 | 217.381 | 217.736 | 218.090 | 218.444 | 218.798
320 | 219.152 | 219.506 | 219.860 | 220.213 | 220.567 | 220.920 | 221.273 | 221.626 | 221.979 | 222.332
330 | 222.685 | 223.038 | 223.390 | 223.743 | 224.095 | 224.447 | 224.799 | 225.151 | 225.503 | 225.855
340 | 226.206 | 226.558 | 226.909 | 227.260 | 227.612 | 227.963 | 228.314 | 228.664 | 229.015 | 229.366
350 | 229.716 | 230.066 | 230.417 | 230.767 | 231.117 | 231.467 | 231.816 | 232.166 | 232.516 | 232.865
360 | 233.214 | 233.564 | 233.913 | 234.262 | 234.610 | 234.959 | 235.308 | 235.656 | 236.005 | 236.353
370 | 236.701 | 237.049 | 237.397 | 237.745 | 238.093 | 238.440 | 238.788 | 239.135 | 239.482 | 239.829
380 | 240.176 | 240.523 | 240.870 | 241.217 | 241.563 | 241.910 | 242.256 | 242.602 | 242.948 | 243.294
390 | 243.640 | 243.986 | 244.331 | 244.677 | 245.022 | 245.367 | 245.713 | 246.058 | 246.403 | 246.747
400 | 247.092 | 247.437 | 247.781 | 248.125 | 248.470 | 248.814 | 249.158 | 249.502 | 249.845 | 250.189
410 | 250.533 | 250.876 | 251.219 | 251.562 | 251.906 | 252.248 | 252.591 | 252.934 | 253.277 | 253.619
420 | 253.962 | 254.304 | 254.646 | 254.988 | 255.330 | 255.672 | 256.013 | 256.355 | 256.696 | 257.038
430 | 257.379 | 257.720 | 258.061 | 258.402 | 258.743 | 259.083 | 259.424 | 259.764 | 260.105 | 260.445
440 | 260.785 | 261.125 | 261.465 | 261.804 | 262.144 | 262.483 | 262.823 | 263.162 | 263.501 | 263.840
450 | 264.179 | 264.518 | 264.857 | 265.195 | 265.534 | 265.872 | 266.210 | 266.548 | 266.886 | 267.224
460 | 267.562 | 267.900 | 268.237 | 268.574 | 268.912 | 269.249 | 269.586 | 269.923 | 270.260 | 270.597
470 | 270.933 | 271.270 | 271.606 | 271.942 | 272.278 | 272.614 | 272.950 | 273.286 | 273.622 | 273.957
480 | 274.293 | 274.628 | 274.963 | 275.298 | 275.633 | 275.968 | 276.303 | 276.638 | 276.972 | 277.307
490 | 277.641 | 277.975 | 278.309 | 278.643 | 278.977 | 279.311 | 279.644 | 279.978 | 280.311 | 280.644
500 | 280.978 | 281.311 | 281.643 | 281.976 | 282.309 | 282.641 | 282.974 | 283.306 | 283.638 | 283.971
510 | 284.303 | 284.634 | 284.966 | 285.298 | 285.629 | 285.961 | 286.292 | 286.623 | 286.954 | 287.285
520 | 287.616 | 287.947 | 288.277 | 288.608 | 288.938 | 289.268 | 289.599 | 289.929 [ 290.258 | 290.588
530 | 290.918 | 291.247 | 291.577 | 291.906 | 292.235 | 292.565 | 292.894 | 293.222 | 293.551 | 293.880
540 | 294.208 | 294.537 | 294.865 | 295.193 | 295.521 | 295.849 | 296.177 | 296.505 | 296.832 | 297.160
550 | 297.487 | 297.814 | 298.142 | 298.469 | 298.795 | 299.122 | 299.449 | 299.775 | 300.102 | 300.428
560 | 300.754 | 301.080 | 301.406 | 301.732 | 302.058 | 302.384 | 302.709 | 303.035 | 303.360 | 303.685
570 | 304.010 | 304.335 | 304.660 | 304.985 | 305.309 | 305.634 | 305.958 | 306.282 | 306.606 | 306.930
580 | 307.254 | 307.578 | 307.902 | 308.225 | 308.549 | 308.872 | 309.195 | 309.518 | 309.841 | 310.164
590 | 310.487 | 310.810 | 311.132 | 311.454 | 311.777 | 312.099 | 312.421 | 312.743 | 313.065 | 313.386
600 | 313.708 | 314.029 | 314.351 | 314.672 | 314.993 | 315.314 | 315.635 | 315.956 | 316.277 | 316.597
610 | 316.918 | 317.238 | 317.558 | 317.878 | 318.198 | 318.518 | 318.838 | 319.157 | 319.477 | 319.796
620 | 320.115 | 320.435 | 320.754 | 321.073 | 321.391 | 321.710 | 322.029 | 322.347 | 322.666 | 322.984
630 | 323.302 | 323.620 | 323.938 | 324.256 | 324.573 | 324.891 | 325.208 | 325.526 | 325.843 | 326.160
640 | 326.477 | 326.794 | 327.110 | 327.427 | 327.744 | 328.060 | 328.376 | 328.692 | 329.008 | 329.324
650 | 329.640 | 329.956 | 330.271 | 330.587 | 330.902 | 331.217 | 331.533 | 331.848 | 332.162 | 332.477
660 | 332.792 | 333.106 | 333.421 | 333.735 | 334.049 | 334.363 | 334.677 | 334.991 | 335.305 | 335.619
670 | 335.932 | 336.246 | 336.559 | 336.872 | 337.185 | 337.498 | 337.811 | 338.123 | 338.436 | 338.748
680 | 339.061 | 339.373 | 339.685 | 339.997 | 340.309 | 340.621 | 340.932 | 341.244 | 341.555 | 341.867
690 | 342.178 | 342.489 | 342.800 | 343.111 | 343.422 | 343.732 | 344.043 | 344.353 | 344.663 | 344.973
700 | 345.284 | 345.593 | 345.903 | 346.213 | 346.522 | 346.832 | 347.141 | 347.451 | 347.760 | 348.069
710 | 348.378 | 348.686 | 348.995 | 349.303 | 349.612 | 349.920 | 350.228 | 350.536 | 350.844 | 351.152
720 | 351.460 | 351.768 | 352.075 | 352.382 | 352.690 | 352.997 | 353.304 | 353.611 | 353.918 | 354.224
730 | 354.531 | 354.837 | 355.144 | 355.450 | 355.756 | 356.062 | 356.368 | 356.674 | 356.979 | 357.285
740 | 357.590 | 357.896 | 358.201 | 358.506 | 358.811 | 359.116 | 359.420 | 359.725 | 360.029 | 360.334
750 | 360.638 | 360.942 | 361.246 | 361.550 | 361.854 | 362.158 | 362.461 | 362.765 | 363.068 | 363.371
760 | 363.674 | 363.977 | 364.280 | 364.583 | 364.886 | 365.188 | 365.491 | 365.793 | 366.095 | 366.397
770 | 366.699 | 367.001 | 367.303 | 367.604 | 367.906 | 368.207 | 368.508 | 368.810 | 369.111 | 369.412
780 | 369.712 | 370.013 | 370.314 | 370.614 | 370.914 | 371.215 | 371.515 | 371.815 | 372.115 | 372.414
790 | 372.714 | 373.013 | 373.313 | 373.612 | 373.911 | 374.210 | 374.509 | 374.808 | 375.107 | 375.406
800 | 375.704 | 376.002 | 376.301 | 376.599 | 376.897 | 377.195 | 377.493 | 377.790 | 378.088 | 378.385
810 | 378.683 | 378.980 | 379.277 | 379.574 | 379.871 | 380.167 | 380.464 | 380.761 | 381.057 | 381.353
Continues on next page
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TABLE A.2 — cont.

245

°C

0

1 2 3 4 5 6 7 8 9

820
830
840
850

381.649
384.605
387.549
390.481

381.946 | 382.242 | 382.537 | 382.833 | 383.129 | 383.424 | 383.720 | 384.015 | 384.310
384.900 | 385.195 | 385.489 | 385.784 | 386.078 | 386.373 | 386.667 | 386.961 | 387.255
387.843 | 388.136 | 388.430 | 388.723 | 389.016 | 389.310 | 389.603 | 389.896 | 390.188
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B

Pt100, o = 0.00392

TABLE B.1: Pt100 a = 0.00392, resistance in ohm vs. temperature in °C,
negative temperatures, data [76)

°C o) 1 2 3 4 5 6 7 8 9
-200 | 17.08
-190 | 21.46 21.02 | 20.58 | 20.15 | 19.71 | 19.27 | 18.83 | 18.40 | 17.96 | 17.52
-180 | 25.80 25.37 | 24.94 | 24.50 | 24.07 | 23.63 | 23.20 | 22.76 | 22.33 | 21.89
-170 | 30.11 | 29.68 | 29.25 | 28.82 | 28.39 | 27.96 | 27.53 | 27.10 | 26.67 | 26.23
-160 | 34.39 33.97 | 33.54 | 33.11 | 32.69 | 32.26 | 31.83 | 31.40 | 30.97 | 30.54
-150 | 38.65 38.22 | 37.80 | 37.37 | 36.95 | 36.52 | 36.10 | 35.67 | 35.25 | 34.82
-140 | 42.87 42.45 | 42.03 | 41.61 | 41.19 | 40.76 | 40.34 | 39.92 | 39.49 | 39.07
-130 | 47.07 46.66 | 46.24 | 45.82 | 45.40 | 44.98 | 44.56 | 44.14 | 43.72 | 43.29
-120 | 51.25 50.84 | 50.42 | 50.00 | 49.58 | 49.17 | 48.75 | 48.33 | 47.91 | 47.49
-110 | 55.41 54.99 | 54.58 | 54.16 | 53.75 | 53.33 | 52.92 | 52.50 | 52.09 | 51.67
-100 | 59.54 59.13 | 58.72 | 58.30 | 57.89 | 57.48 | 57.06 | 56.65 | 56.24 | 55.82
-90 63.66 63.25 | 62.84 | 62.43 | 62.01 | 61.60 | 61.19 | 60.78 | 60.37 | 59.96
-80 | 67.76 | 67.35 | 66.94 | 66.53 | 66.12 | 65.71 | 65.30 | 64.89 | 64.48 | 64.07
=70 71.84 71.43 | 71.02 | 70.61 | 70.21 | 69.80 | 69.39 | 68.98 | 68.57 | 68.17
-60 75.90 75.50 | 75.09 | 74.68 | 74.28 | 73.87 | 73.47 | 73.06 | 72.65 | 72.24
-50 79.95 79.55 | 79.14 | 78.74 | 78.33 | 77.93 | 77.52 | 77.12 | 76.71 | 76.31
-40 83.99 83.58 | 83.18 | 82.78 | 82.38 | 81.97 | 81.57 | 81.16 | 80.76 | 80.36
-30 | 88.01 | 87.61 | 87.21 | 86.80 | 86.40 | 86.00 | 85.60 | 85.20 | 84.79 | 84.39
-20 92.02 91.62 91.22 | 90.82 | 90.42 | 90.02 | 89.61 | 89.21 | 88.81 | 88.41
-10 96.02 95.62 | 95.22 | 94.82 | 94.42 | 94.02 | 93.62 | 93.22 | 92.82 | 92.42
0 100.00 | 99.60 [ 99.20 | 98.81 | 98.41 | 98.01 | 97.61 | 97.21 | 96.81 | 96.41
TABLE B.2: Pt100 a = 0.00392, resistance in ohm vs. temperature in
positive temperatures, data [76]
°C 0 3 4 5 6 7 8 9
0 100.00 | 100.40 | 100.80 | 101.19 | 101.59 | 101.99 | 102.39 | 102.78 | 103.18 | 103.58
10 | 103.97 | 104.37 | 104.77 | 105.16 | 105.56 | 105.95 | 106.35 | 106.75 | 107.14 | 107.54
20 | 107.93 | 108.33 | 108.72 | 109.12 | 109.52 | 109.91 | 110.30 | 110.70 | 111.09 | 111.49
30 | 111.88 | 112.28 | 112.67 | 113.07 | 113.46 | 113.85 | 114.25 | 114.64 | 115.03 | 115.43
40 | 115.82 | 116.21 | 116.61 | 117.00 | 117.39 | 117.79 | 118.18 | 118.57 | 118.96 | 119.35
50 | 119.75 | 120.14 | 120.53 | 120.92 | 121.31 | 121.71 | 122.10 | 122.49 | 122.88 | 123.27
60 | 123.66 | 124.05 | 124.44 | 124.83 | 125.22 | 125.61 | 126.00 | 126.39 | 126.78 | 127.17
70 | 127.56 | 127.95 | 128.34 | 128.73 | 129.12 | 129.51 | 129.90 | 130.29 | 130.68 | 131.07
80 | 131.45 | 131.84 | 132.23 | 132.62 | 133.01 | 133.39 | 133.78 | 134.17 | 134.56 | 134.95
90 | 135.33 | 135.72 | 136.11 | 136.49 | 136.88 | 137.27 | 137.65 | 138.04 | 138.43 | 138.81
100 | 139.20 | 139.59 | 139.97 | 140.36 | 140.74 | 141.13 | 141.51 | 141.90 | 142.29 | 142.67
110 | 143.06 | 143.44 | 143.83 | 144.21 | 144.59 | 144.98 | 145.36 | 145.75 | 146.13 | 146.52
120 | 146.90 | 147.28 | 147.67 | 148.05 | 148.43 | 148.82 | 149.20 | 149.58 | 149.97 | 150.35
130 | 150.73 | 151.11 151.50 | 151.88 | 152.26 | 152.64 | 153.02 | 153.41 | 153.79 | 154.17
140 | 154.55 | 154.93 | 155.31 | 155.70 | 156.08 | 156.46 | 156.84 | 157.22 [ 157.60 | 157.98
150 | 158.36 | 158.74 | 159.12 | 159.50 | 159.88 | 160.26 | 160.64 | 161.02 | 161.40 | 161.78
160 | 162.16 | 162.54 | 162.91 | 163.29 | 163.67 | 164.05 | 164.43 | 164.81 | 165.19 | 165.56
170 | 165.94 | 166.32 | 166.70 | 167.07 | 167.45 | 167.83 | 168.21 | 168.58 | 168.96 | 169.34
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248 Pt100, o = 0.00392

TABLE B.2 — cont.

°C 0 1 2 3 4 5 6 7 8 9
180 | 169.71 170.09 | 170.47 | 170.84 | 171.22 | 171.60 | 171.97 | 172.35 | 172.73 | 173.10
190 | 173.48 | 173.85 | 174.23 | 174.60 | 174.98 [ 175.35 | 175.73 | 176.10 | 176.48 | 176.85
200 | 177.23 | 177.60 | 177.97 | 178.35 | 178.72 | 179.10 | 179.47 | 179.84 | 180.22 | 180.59
210 | 180.96 | 181.34 | 181.71 | 182.08 | 182.46 | 182.83 | 183.20 | 183.57 | 183.95 | 184.32
220 | 184.69 | 185.06 | 185.43 | 185.81 | 186.18 | 186.55 | 186.92 | 187.29 | 187.66 | 188.03
230 | 188.41 | 188.78 | 189.15 | 189.52 | 189.89 | 190.26 | 190.63 | 191.00 | 191.37 | 191.74
240 | 192.11 | 192.48 | 192.85 | 193.22 | 193.59 | 193.96 | 194.32 | 194.69 | 195.06 | 195.43
250 | 195.80 | 196.17 | 196.54 | 196.90 | 197.27 | 197.64 | 198.01 | 198.38 | 198.74 | 199.11
260 | 199.48 [ 199.85 | 200.21 | 200.58 | 200.95 | 201.31 | 201.68 | 202.05 | 202.41 | 202.78
270 | 203.15 | 203.51 | 203.88 | 204.24 | 204.61 | 204.98 | 205.34 | 205.71 | 206.07 | 206.44
280 | 206.80 | 207.17 | 207.53 | 207.90 | 208.26 | 208.63 | 208.99 | 209.35 | 209.72 | 210.08
290 | 210.45 | 210.81 | 211.17 | 211.54 | 211.90 | 212.26 | 212.63 | 212.99 | 213.35 | 213.72
300 | 214.08 | 214.44 | 214.80 | 215.17 | 215.53 | 215.89 | 216.25 | 216.61 | 216.98 | 217.34
310 | 217.70 | 218.06 | 218.42 | 218.78 | 219.14 | 219.51 | 219.87 | 220.23 | 220.59 | 220.95
320 | 221.31 | 221.67 | 222.03 | 222.39 | 222.75 | 223.11 | 223.47 | 223.83 | 224.19 | 224.55
330 | 224.91 | 225.26 | 225.62 | 225.98 | 226.34 | 226.70 | 227.06 | 227.42 | 227.78 | 228.13
340 | 228.49 | 228.85 | 229.21 | 229.56 | 229.92 | 230.28 | 230.64 | 230.99 | 231.35 | 231.71
350 | 232.07 | 232.42 | 232.78 | 233.13 | 233.49 | 233.85 | 234.20 | 234.56 | 234.92 | 235.27
360 | 235.63 | 235.98 | 236.34 | 236.69 | 237.05 | 237.40 | 237.76 | 238.11 | 238.47 | 238.82
370 | 239.18 | 239.53 | 239.89 | 240.24 | 240.59 | 240.95 | 241.30 | 241.66 | 242.01 | 242.36
380 | 242.72 | 243.07 | 243.42 | 243.78 | 244.13 | 244.48 | 244.83 | 245.19 | 245.54 | 245.89
390 | 246.24 | 246.59 | 246.95 | 247.30 | 247.65 | 248.00 | 248.35 | 248.70 | 249.06 | 249.41
400 | 249.76 | 250.11 | 250.46 | 250.81 | 251.16 | 251.51 | 251.86 | 252.21 | 252.56 | 252.91
410 | 253.26 | 253.61 | 253.96 | 254.31 | 254.66 | 255.01 | 255.36 | 255.71 | 256.06 | 256.40
420 | 256.75 | 257.10 | 257.45 | 257.80 | 258.15 | 258.49 | 258.84 | 259.19 | 259.54 | 259.89
430 | 260.23 | 260.58 | 260.93 | 261.27 | 261.62 | 261.97 | 262.31 | 262.66 | 263.01 | 263.35
440 | 263.70 | 264.05 | 264.39 | 264.74 | 265.08 | 265.43 | 265.78 | 266.12 | 266.47 | 266.81
450 | 267.16 | 267.50 | 267.85 | 268.19 | 268.54 | 268.88 | 269.23 | 269.57 | 269.91 | 270.26
460 | 270.60 [ 270.95 | 271.29 | 271.63 | 271.98 | 272.32 | 272.66 | 273.01 | 273.35 | 273.69
470 | 274.03 | 274.38 | 274.72 | 275.06 | 275.40 | 275.75 | 276.09 | 276.43 | 276.77 | 277.11
480 | 277.46 | 277.80 | 278.14 | 278.48 | 278.82 | 279.16 | 279.50 | 279.84 | 280.18 | 280.52
490 | 280.87 | 281.21 | 281.55 | 281.89 | 282.23 | 282.57 | 282.91 | 283.24 | 283.58 | 283.92
500 | 284.26 | 284.60 | 284.94 | 285.28 | 285.62 | 285.96 | 286.30 | 286.63 | 286.97 | 287.31
510 | 287.65 | 287.99 | 288.32 | 288.66 | 289.00 | 289.34 | 289.67 | 290.01 | 290.35 | 290.69
520 | 291.02 | 291.36 | 291.70 | 292.03 | 292.37 | 292.71 | 293.04 | 293.38 | 293.71 | 294.05
530 | 294.39 | 294.72 | 295.06 | 295.39 | 295.73 | 296.06 | 296.40 | 296.73 | 297.07 | 297.40
540 | 297.74 | 298.07 | 298.41 | 298.74 | 299.07 | 299.41 | 299.74 | 300.07 | 300.41 | 300.74
550 | 301.08 | 301.41 | 301.74 | 302.07 | 302.41 | 302.74 | 303.07 | 303.41 | 303.74 | 304.07
560 | 304.40 [ 304.73 | 305.07 | 305.40 | 305.73 | 306.06 | 306.39 | 306.72 | 307.06 | 307.39
570 | 307.72 | 308.05 | 308.38 | 308.71 | 309.04 | 309.37 | 309.70 | 310.03 | 310.36 | 310.69
580 | 311.02 | 311.35 | 311.68 | 312.01 | 312.34 | 312.67 | 313.00 | 313.33 | 313.66 | 313.99
590 | 314.31 | 314.64 | 314.97 | 315.30 | 315.63 | 315.96 | 316.28 | 316.61 | 316.94 | 317.27
600 | 317.59 | 317.92 | 318.25 | 318.58 | 318.90 | 319.23 | 319.56 | 319.88 | 320.21 | 320.54
610 | 320.86 | 321.19 | 321.52 | 321.84 | 322.17 | 322.49 | 322.82 | 323.14 | 323.47 | 323.79
620 | 324.12 | 324.44 | 324.77 | 325.09 | 325.42 | 325.74 | 326.07 | 326.39 | 326.72 | 327.04
630 | 327.36 | 327.69 | 328.01 | 328.34 | 328.66 | 328.98 | 329.31 | 329.63 | 329.95 | 330.28
640 | 330.60 | 330.92 | 331.24 | 331.57 | 331.89 | 332.21 | 332.53 | 332.85 | 333.18 | 333.50
650 | 333.82 | 334.14 | 334.46 | 334.78 | 335.11 | 335.43 | 335.75 | 336.07 | 336.39 | 336.71
660 | 337.03




Pt500

TABLE C.1: Pt500, resistance in ohm vs. temperature in °C, negative
temperatures, data [77]

°C 0 1 2 3 4 5 6 7 8 9

-70 | 361.65 | 359.65 | 357.65 | 355.65 | 353.65 | 351.65 | 349.65 | 347.65 | 345.65 | 343.65
-60 | 381.65 | 379.65 | 377.65 | 375.65 | 373.65 | 371.65 | 369.65 | 367.65 | 365.65 | 363.65
-50 | 401.55 | 399.55 | 397.55 | 395.55 | 393.6 | 391.6 | 389.6 | 387.6 | 385.6 | 383.65
-40 | 421.35 419.35 417.4 415.4 | 413.45 | 411.45 | 409.45 | 407.5 405.5 403.5
-30 | 441.1 439.15 | 437.15 | 435.2 433.2 | 431.25 | 429.25 | 427.3 425.3 | 423.35
-20 | 460.8 458.85 | 456.85 | 454.9 | 452.95 | 450.95 449 447 445.05 | 443.1
-10 | 480.45 | 478.45 476.5 | 474.55 | 472.6 470.6 | 468.65 | 466.7 | 464.75 | 462.75
0 500 498.05 496.1 | 494.15 | 492.2 490.2 | 488.25 | 486.3 | 484.35 | 482.4

TABLE C.2: Pt500, resistance in ohm vs. temperature in °C, positive
temperatures, data [77]

°C 2 3 4 5 6 7 8 9

0 500 501.95 503.9 505.85 507.8 509.75 511.7 513.65 515.6 517.55
10 519.5 521.45 523.4 525.35 527.3 529.25 531.2 533.15 535.1 537
20 538.95 540.9 542.85 544.8 546.75 548.65 550.6 552.55 554.5 556.45
30 558.35 560.3 562.25 564.15 566.1 568.05 570 571.9 573.85 575.75
40 577.7 579.65 581.55 583.5 585.4 587.35 589.3 591.2 593.15 595.05
50 597 598.9 600.85 602.75 604.7 606.6 608.55 610.45 612.35 614.3
60 616.2 618.15 620.05 621.95 623.9 625.8 627.7 629.65 631.55 633.45
70 635.4 637.3 639.2 641.1 643.05 644.95 646.85 648.75 650.65 652.6
80 654.5 656.4 658.3 660.2 662.1 664 665.9 667.85 669.75 671.65
90 | 673.55 675.45 677.35 679.25 681.15 683.05 684.95 686.85 688.75 690.65
100 | 692.55 694.4 696.3 698.2 700.1 702 703.9 705.8 707.7 709.55
110 | 711.45 713.35 715.25 717.15 719 720.9 722.8 724.7 726.55 728.45
120 | 730.35 732.2 734.1 736 737.85 739.75 741.65 743.5 745.4 747.3
130 | 749.15 751.05 752.9 754.8 756.65 758.55 760.4 762.3 764.15 766.05
140 767.9 769.8 771.65 773.55 775.4 777.3 779.15 781 782.9 784.75
150 | 786.65 788.5 790.35 792.25 794.1 795.95 797.8 799.7 801.55 803.4
160 | 805.25 807.15 809 810.85 812.7 814.55 816.45 818.3 820.15 822
170 | 823.85 825.7 827.55 829.45 831.3 833.15 835 836.85 838.7 840.55
180 842.4 844.25 846.1 847.95 849.8 851.65 853.5 855.35 857.15 859
190 | 860.85 862.7 864.55 866.4 868.25 870.1 871.9 873.75 875.6 877.45
200 879.3 881.1 882.95 884.8 886.65 888.45 890.3 892.15 893.95 895.8
210 | 897.65 899.45 901.3 903.15 904.95 906.8 908.6 910.45 912.3 914.1
220 | 915.95 917.75 919.6 921.4 923.25 925.05 926.9 928.7 930.55 932.35
230 934.2 936 937.8 939.65 941.45 943.3 945.1 946.9 948.75 950.55
240 | 952.35 954.2 956 957.8 959.6 961.45 963.25 965.05 966.85 968.7
250 970.5 972.3 974.1 975.9 977.75 979.55 981.35 983.15 984.95 986.75
260 | 988.55 990.35 992.15 993.95 995.75 997.55 999.35 | 1001.15 | 1002.95 | 1004.75
270 | 1006.55 | 1008.35 | 1010.15 | 1011.95 | 1013.75 | 1015.55 | 1017.35 | 1019.15 | 1020.95 | 1022.75
280 | 1024.5 1026.3 1028.1 1029.9 1031.7 1033.5 | 1035.25 | 1037.05 | 1038.85 | 1040.65
290 | 1042.4 1044.2 1046 1047.8 | 1049.55 | 1051.35 | 1053.15 | 1054.9 1056.7 1058.5
300 | 1060.25 | 1062.05 | 1063.8 1065.6 1067.4 | 1069.15 | 1070.95 | 1072.7 1074.5 | 1076.25

Continues on next page

249



250 Pt500
TABLE C.2 — cont.
°C 0 1 2 3 4 5 6 7 8 9
310 | 1078.05 | 1079.8 1081.6 | 1083.35 | 1085.15 | 1086.9 1088.7 | 1090.45 | 1092.2 1094
320 | 1095.75 | 1097.55 | 1099.3 | 1101.05 | 1102.85 | 1104.6 | 1106.35 | 1108.15 | 1109.9 | 1111.65
330 | 11134 1115.2 | 1116.95 | 1118.7 | 1120.45 | 1122.25 1124 1125.75 | 1127.5 | 1129.25
340 | 1131.05 | 1132.8 | 1134.55 | 1136.3 | 1138.05 | 1139.8 | 1141.55 | 1143.3 1145.1 | 1146.85
350 | 1148.6 | 1150.35 | 1152.1 | 1153.85 | 1155.6 | 1157.35 | 1159.1 1160.85 | 1162.6 | 1164.35
360 | 1166.05 | 1167.8 | 1169.55 | 1171.3 | 1173.05 | 1174.8 | 1176.55 | 1178.3 1180 1181.75
370 | 1183.5 | 1185.25 1187 1188.7 | 1190.45 | 1192.2 | 1193.95 | 1195.65 | 1197.4 | 1199.15
380 | 1200.9 1202.6 | 1204.35 | 1206.1 1207.8 | 1209.55 | 1211.3 1213 1214.75 | 1216.45
390 | 1218.2 | 1219.95 | 1221.65 | 1223.4 1225.1 | 1226.85 | 1228.55 | 1230.3 1232 1233.75
400 | 1235.45 | 1237.2 1238.9 | 1240.65 | 1242.35 | 1244.05 | 1245.8 1247.5 | 1249.25 | 1250.95
410 | 1252.65 | 1254.4 1256.1 1257.8 | 1259.55 | 1261.25 | 1262.95 | 1264.65 | 1266.4 1268.1
420 | 1269.8 1271.5 | 1273.25 | 1274.95 | 1276.65 | 1278.35 | 1280.05 | 1281.75 | 1283.5 1285.2
430 | 1286.9 1288.6 1290.3 1292 1293.7 1295.4 1297.1 1298.8 1300.5 1302.2
440 | 1303.9 1305.6 1307.3 1309 1310.7 1312.4 1314.1 1315.8 1317.5 1319.2
450 | 1320.9 1322.6 1324.3 1326 1327.65 | 1329.35 | 1331.05 | 1332.75 | 1334.45 | 1336.1
460 | 1337.8 1339.5 1341.2 | 1342.85 | 1344.55 | 1346.25 | 1347.95 | 1349.6 1351.3 1353
470 | 1354.65 | 1356.35 | 1358.05 | 1359.7 1361.4 | 1363.05 | 1364.75 | 1366.45 | 1368.1 1369.8
480 | 1371.45 | 1373.15 | 1374.8 1376.5 | 1378.15 | 1379.85 | 1381.5 1383.2 | 1384.85 | 1386.55
490 | 1388.2 | 1389.9 | 1391.55 | 1393.2 | 1394.9 | 1396.55 | 1398.2 | 1399.9 | 1401.55 | 1403.2
500 | 1404.9 | 1406.55 | 1408.2 1409.9 | 1411.55 | 1413.2 | 1414.85 | 1416.55 | 1418.2 | 1419.85
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Pt1000

TABLE D.1: Pt1000, resistance in ohm vs. temperature in °C, negative
temperatures, data [78]

°C 0 1 2 3 4 5 6 7 8 9

-70 | 723.3 719.3 715.3 | 711.3 | 707.3 | 703.3 | 699.3 | 695.3 | 691.3 | 687.3

-60 | 763.3 759.3 755.3 | 751.3 | 747.3 | 743.3 | 739.3 | 735.3 | 731.3 | 727.3

-50 | 803.1 799.1 795.1 | 791.1 | 787.2 | 783.2 | 779.2 | 775.2 | 771.2 | 767.3

-40 | 842.7 838.7 834.8 | 830.8 | 826.9 | 822.9 | 818.9 815 811 807

-30 | 882.2 878.3 874.3 | 870.4 | 866.4 | 862.5 | 858.5 | 854.6 | 850.6 | 846.7

-20 | 921.6 917.7 913.7 | 909.8 | 905.9 | 901.9 898 894 890.1 | 886.2

-10 | 960.9 956.9 953 949.1 | 945.2 | 941.2 | 937.3 | 933.4 | 929.5 | 925.5

0 1000 996.1 992.2 | 988.3 | 984.4 | 980.4 | 976.5 | 972.6 | 968.7 | 964.8

TABLE D.2: Pt1000, resistance in ohm vs. temperature in °C, positive
temperatures, data [78]

°C 2 3 4 5 6 7 8 9
0 1000 1003.9 | 1007.8 | 1011.7 | 1015.6 | 1019.5 | 1023.4 | 1027.3 | 1031.2 | 1035.1
10 1039 1042.9 | 1046.8 | 1050.7 | 1054.6 | 1058.5 | 1062.4 | 1066.3 | 1070.2 1074
20 | 1077.9 | 1081.8 | 1085.7 | 1089.6 | 1093.5 | 1097.3 | 1101.2 | 1105.1 1109 1112.9
30 | 1116.7 | 1120.6 | 1124.5 | 1128.3 | 1132.2 | 1136.1 1140 1143.8 | 1147.7 | 1151.5
40 | 1155.4 | 1159.3 | 1163.1 1167 1170.8 | 1174.7 | 1178.6 | 1182.4 | 1186.3 | 1190.1
50 1194 1197.8 | 1201.7 | 1205.5 | 1209.4 | 1213.2 | 1217.1 | 1220.9 | 1224.7 | 1228.6
60 1232.4 1236.3 1240.1 | 1243.9 | 1247.8 | 1251.6 | 1255.4 | 1259.3 | 1263.1 | 1266.9
70 1270.8 1274.6 1278.4 | 1282.2 | 1286.1 | 1289.9 | 1293.7 | 1297.5 | 1301.3 | 1305.2
80 1309 1312.8 | 1316.6 | 1320.4 | 1324.2 1328 1331.8 | 1335.7 | 1339.5 | 1343.3
90 | 1347.1 1350.9 | 1354.7 | 1358.5 | 1362.3 | 1366.1 | 1369.9 | 1373.7 | 1377.5 | 1381.3
100 | 1385.1 1388.8 | 1392.6 | 1396.4 | 1400.2 1404 1407.8 | 1411.6 | 1415.4 | 1419.1
110 | 1422.9 1426.7 1430.5 | 1434.3 1438 1441.8 | 1445.6 | 1449.4 | 1453.1 | 1456.9
120 | 1460.7 | 1464.4 | 1468.2 1472 1475.7 | 1479.5 | 1483.3 1487 1490.8 | 1494.6
130 | 1498.3 | 1502.1 1505.8 | 1509.6 | 1513.3 | 1517.1 | 1520.8 | 1524.6 | 1528.3 | 1532.1
140 | 1535.8 | 1539.6 | 1543.3 | 1547.1 | 1550.8 | 1554.6 | 1558.3 1562 1565.8 | 1569.5
150 | 1573.3 1577 1580.7 | 1584.5 | 1588.2 | 1591.9 | 1595.6 | 1599.4 | 1603.1 | 1606.8
160 | 1610.5 1614.3 1618 1621.7 | 1625.4 | 1629.1 | 1632.9 | 1636.6 | 1640.3 1644
170 | 1647.7 | 1651.4 | 1655.1 | 1658.9 | 1662.6 | 1666.3 1670 1673.7 | 1677.4 | 1681.1
180 | 1684.8 | 1688.5 | 1692.2 | 1695.9 | 1699.6 | 1703.3 1707 1710.7 | 1714.3 1718
190 | 1721.7 | 1725.4 | 1729.1 | 1732.8 | 1736.5 | 1740.2 | 1743.8 | 1747.5 | 1751.2 | 1754.9
200 | 1758.6 | 1762.2 | 1765.9 | 1769.6 | 1773.3 | 1776.9 | 1780.6 | 1784.3 | 1787.9 | 1791.6
210 | 1795.3 | 1798.9 | 1802.6 | 1806.3 | 1809.9 | 1813.6 | 1817.2 | 1820.9 | 1824.6 | 1828.2
220 | 1831.9 | 1835.5 | 1839.2 | 1842.8 | 1846.5 | 1850.1 | 1853.8 | 1857.4 | 1861.1 | 1864.7
230 | 1868.4 1872 1875.6 | 1879.3 | 1882.9 | 1886.6 | 1890.2 | 1893.8 | 1897.5 | 1901.1
240 | 1904.7 | 1908.4 1912 1915.6 | 1919.2 | 1922.9 | 1926.5 | 1930.1 | 1933.7 | 1937.4
250 1941 1944.6 | 1948.2 | 1951.8 | 1955.5 | 1959.1 | 1962.7 | 1966.3 | 1969.9 | 1973.5
260 | 1977.1 1980.7 | 1984.3 | 1987.9 | 1991.5 | 1995.1 | 1998.7 | 2002.3 | 2005.9 | 2009.5
270 | 2013.1 | 2016.7 | 2020.3 | 2023.9 | 2027.5 | 2031.1 | 2034.7 | 2038.3 | 2041.9 | 2045.5
280 2049 2052.6 | 2056.2 | 2059.8 | 2063.4 2067 2070.5 | 2074.1 | 2077.7 | 2081.3
290 | 2084.8 | 2088.4 2092 2095.6 | 2099.1 | 2102.7 | 2106.3 | 2109.8 | 2113.4 2117
300 | 2120.5 2124.1 2127.6 | 2131.2 | 2134.8 | 2138.3 | 2141.9 | 2145.4 2149 2152.5

Continues on next page
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TABLE D.2 — cont.

Pt1000

°C o 1 2 3 4 5 6 7 8 9
310 [ 2156.1 | 2159.6 | 2163.2 | 2166.7 | 2170.3 | 2173.8 | 2177.4 | 2180.9 | 2184.4 | 2188
320 | 2191.5 | 2195.1 | 2198.6 | 2202.1 | 2205.7 | 2209.2 | 2212.7 | 2216.3 | 2219.8 | 2223.3
330 | 2226.8 | 2230.4 | 2233.9 | 2237.4 | 2240.9 | 2244.5 | 2248 | 2251.5 | 2255 | 2258.5
340 [ 2262.1 | 2265.6 | 2269.1 | 2272.6 | 2276.1 | 2279.6 | 2283.1 | 2286.6 | 2290.2 | 2293.7
350 [ 2297.2 | 2300.7 | 2304.2 | 2307.7 | 2311.2 | 2314.7 | 2318.2 | 2321.7 | 2325.2 | 2328.7
360 | 2332.1 [ 2335.6 | 2339.1 | 2342.6 | 2346.1 | 2349.6 | 2353.1 | 2356.6 | 2360 | 2363.5
370 | 2367 2370.5 2374 | 2377.4 | 2380.9 | 2384.4 | 2387.9 | 2391.3 | 2394.8 | 2398.3
380 | 2401.8 | 2405.2 | 2408.7 | 2412.2 | 2415.6 | 2419.1 | 2422.6 | 2426 | 2429.5 | 2432.9
390 | 2436.4 | 2439.9 | 2443.3 | 2446.8 | 2450.2 | 2453.7 | 2457.1 | 2460.6 | 2464 | 2467.5
400 | 2470.9 | 2474.4 | 2477.8 | 2481.3 | 2484.7 | 2488.1 | 2491.6 | 2495 | 2498.5 | 2501.9
410 | 2505.3 | 2508.8 | 2512.2 | 2515.6 | 2519.1 | 2522.5 | 2525.9 | 2529.3 | 2532.8 | 2536.2
420 | 2539.6 2543 2546.5 | 2549.9 | 25653.3 | 2556.7 | 2560.1 | 2563.5 | 2567 | 2570.4
430 | 2573.8 | 2577.2 | 2580.6 | 2584 | 2587.4 | 2590.8 | 2594.2 | 2597.6 | 2601 | 2604.4
440 | 2607.8 | 2611.2 | 2614.6 | 2618 | 2621.4 | 2624.8 | 2628.2 | 2631.6 | 2635 | 2638.4
450 | 2641.8 | 2645.2 | 2648.6 | 2652 | 2655.3 [ 2658.7 | 2662.1 | 2665.5 | 2668.9 | 2672.2
460 | 2675.6 2679 2682.4 | 2685.7 | 2689.1 | 2692.5 | 2695.9 | 2699.2 | 2702.6 | 2706
470 | 2709.3 | 2712.7 | 2716.1 | 2719.4 | 2722.8 | 2726.1 | 2729.5 | 2732.9 | 2736.2 | 2739.6
480 | 2742.9 | 2746.3 | 2749.6 | 2753 | 2756.3 | 2759.7 [ 2763 | 2766.4 | 2769.7 | 2773.1
490 | 2776.4 | 2779.8 | 2783.1 | 2786.4 | 2789.8 | 2793.1 | 2796.4 | 2799.8 | 2803.1 | 2806.4
500 | 2809.8 | 2813.1 | 2816.4 | 2819.8 | 2823.1 | 2826.4 | 2829.7 | 2833.1 | 2836.4 | 2839.7
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Nil20

TABLE E.1: Nil120, resistance in ohm vs. temperature in °C, data [80]
°C 0 1 2 3 4 5 6 7 8 9
-80 | 66.60
-70 | 73.10 72.45 71.80 71.15 70.50 69.85 69.20 68.55 67.90 67.25
-60 | 79.62 78.97 78.31 77.66 77.01 76.36 75.71 75.06 74.41 73.75
-50 | 86.16 85.51 84.85 84.20 83.54 82.89 82.23 81.58 80.93 80.27
-40 | 92.76 92.09 91.43 | 90.77 | 90.11 89.45 | 88.79 | 88.14 | 87.48 | 86.82
-30 | 99.41 98.74 98.07 97.41 96.74 96.07 95.41 94.74 94.08 93.42
-20 | 106.15 | 105.47 | 104.79 | 104.12 | 103.44 | 102.77 | 102.09 | 101.42 | 100.75 | 100.08
-10 | 113.00 | 112.31 | 111.62 | 110.93 | 110.25 | 109.56 | 108.88 | 108.19 | 107.51 | 106.83
0 120.00 | 119.29 | 118.59 | 117.88 | 117.18 | 116.48 | 115.78 | 115.09 | 114.39 | 113.70
10 | 127.17 | 127.89 | 128.62 | 129.35 | 130.09 | 130.82 | 131.56 | 132.29 | 133.03 | 133.77
20 | 134.52 | 135.26 | 136.01 | 136.76 | 137.51 | 138.26 | 139.02 | 139.78 | 140.54 | 141.30
30 | 142.06 | 142.82 | 143.59 | 144.36 | 145.13 | 145.90 | 146.68 | 147.46 | 148.24 | 149.02
40 | 149.80 | 150.59 | 151.37 | 152.16 | 152.95 | 153.75 | 154.54 | 155.34 | 156.14 | 156.94
50 | 157.75 | 158.55 | 159.36 | 160.17 | 160.98 | 161.80 | 162.61 | 163.43 | 164.25 | 165.07
60 | 165.90 | 166.73 | 167.56 | 168.39 | 169.22 [ 170.06 | 170.90 | 171.74 | 172.58 | 173.42
70 | 174.27 | 175.12 | 175.97 | 176.82 | 177.68 | 178.53 | 179.39 | 180.25 | 181.12 | 181.98
80 | 182.85 | 183.72 | 184.59 | 185.46 | 186.34 | 187.22 | 188.10 | 188.98 | 189.87 | 190.75
90 | 191.64 | 192.53 | 193.42 | 194.32 | 195.21 | 196.11 | 197.01 | 197.92 | 198.82 | 199.73
100 | 200.64 | 201.55 | 202.47 | 203.38 | 204.30 | 205.22 | 206.14 | 207.07 | 207.99 | 208.92
110 | 209.85 | 210.79 | 211.72 | 212.66 | 213.60 | 214.54 | 215.49 | 216.43 | 217.38 | 218.34
120 | 219.29 | 220.25 | 221.20 | 222.16 | 223.13 | 224.09 | 225.06 | 226.03 | 227.00 | 227.97
130 | 228.95 | 229.93 | 230.91 | 231.89 | 232.88 | 233.86 | 234.85 | 235.85 | 236.84 | 237.84
140 | 238.84 | 239.84 | 240.84 | 241.85 | 242.85 | 243.86 | 244.88 | 245.89 | 246.91 | 247.93
150 | 248.95 | 249.97 | 251.00 | 252.03 | 253.06 | 254.09 | 255.13 | 256.17 | 257.21 | 258.25
160 | 259.30 | 260.34 | 261.39 | 262.45 | 263.50 | 264.56 | 265.62 | 266.69 | 267.75 | 268.82
170 | 269.89 | 270.97 | 272.05 | 273.13 | 274.21 | 275.30 | 276.38 | 277.48 | 278.57 | 279.67
180 | 280.77 | 281.87 | 282.98 | 284.09 | 285.20 | 286.32 | 287.44 | 288.56 | 289.69 | 290.82
190 | 291.95 | 293.08 | 294.22 | 295.37 | 296.51 | 297.66 | 298.81 | 299.97 | 301.13 | 302.29
200 | 303.45 | 304.62 | 305.80 | 306.97 | 308.15 | 309.34 | 310.52 | 311.72 | 312.91 | 314.11
210 | 315.31 | 316.52 | 317.73 | 318.94 | 320.16 | 321.38 | 322.60 | 323.83 | 325.06 | 326.30
220 | 327.54 | 328.78 | 330.03 | 331.28 | 332.53 | 333.79 | 335.05 | 336.32 | 337.59 | 338.87
230 | 340.14 | 341.43 | 342.71 | 344.00 | 345.29 | 346.59 | 347.89 | 349.20 | 350.51 | 351.82
240 | 353.14 | 354.46 | 355.79 | 357.12 | 358.45 | 359.79 | 361.13 | 362.47 | 363.82 | 365.17
250 | 366.53 | 367.89 | 369.26 | 370.62 | 372.00 | 373.37 | 374.75 | 376.14 | 377.52 | 378.91
260 | 380.31
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Cul0

TABLE F.1: Culo,

resistance in ohm vs. temperature in °C, data [82]

°C 8] 1 2 3 4 5 6 7 8 9
-200 [ 1.058
-190 | 1.472 1.430 1.389 1.348 1.306 1.265 1.223 1.182 1.141 1.099
-180 | 1.884 1.843 1.802 1.761 1.719 1.678 1.637 1.596 1.554 1.513
-170 | 2.295 2.254 2.213 2.172 2.131 2.090 2.049 2.008 1.967 1.925
-160 | 2.705 2.664 2.623 2.582 2.541 2.500 2.459 2.418 2.377 | 2.336
-150 | 3.113 3.072 3.031 2.990 2.950 2.909 2.868 2.827 | 2.786 2.746
-140 | 3.519 3.478 3.438 3.397 3.356 3.316 3.275 3.235 3.194 3.153
-130 | 3.923 3.883 3.843 3.802 3.762 3.721 3.681 3.640 3.600 3.559
-120 | 4.327 4.286 4.246 4.206 | 4.165 4.125 | 4.085 4.045 | 4.004 | 3.964
-110 | 4.728 4.688 4.648 4.608 | 4.568 4.527 | 4.487 | 4.447 | 4.407 | 4.367
-100 | 5.128 5.088 5.048 5.008 | 4.968 4.928 | 4.888 4.848 | 4.808 4.768
-90 5.526 5.487 5.447 | 5.407 5.367 | 5.327 5.288 5.248 5.208 5.168
-80 5.923 5.884 5.844 5.804 5.765 5.725 5.685 5.646 5.606 5.566
=70 6.318 6.279 6.239 6.200 6.160 6.121 6.081 6.042 6.002 5.963
-60 6.712 6.673 6.633 6.594 6.555 6.515 6.476 6.437 | 6.397 | 6.358
-50 7.104 7.065 7.026 6.987 6.947 | 6.908 6.869 6.830 6.791 6.751
-40 7.490 7.452 7.413 7.374 7.336 7.297 7.259 7.220 7.181 7.143
-30 7.876 7.838 7.799 7.761 7.722 7.683 7.645 7.606 7.568 7.529
-20 8.263 8.224 8.185 8.147 | 8.108 8.070 8.031 7.992 7.954 7.915
-10 8.649 8.610 8.572 8.533 8.494 | 8.456 8.417 | 8.378 8.340 8.301
0 9.035 8.996 8.958 8.919 8.881 8.842 8.803 8.765 8.726 8.687
10 9.421 9.460 9.498 9.637 9.576 9.614 9.653 9.692 9.730 9.769
20 9.807 9.846 9.885 9.923 9.962 | 10.000 | 10.039 | 10.078 | 10.116 | 10.155
30 |10.194 | 10.232 | 10.271 | 10.309 | 10.348 | 10.387 | 10.425 | 10.464 | 10.502 | 10.541
40 | 10.580 | 10.618 | 10.657 | 10.696 | 10.734 | 10.773 | 10.811 | 10.850 | 10.889 | 10.927
50 | 10.966 | 11.005 | 11.043 | 11.082 | 11.120 | 11.159 | 11.198 | 11.236 | 11.275 | 11.313
60 | 11.352 | 11.391 | 11.429 | 11.468 | 11.507 | 11.545 | 11.584 | 11.622 | 11.661 | 11.700
70 | 11.738 | 11.777 | 11.816 | 11.854 | 11.893 | 11.931 | 11.970 | 12.009 | 12.047 | 12.086
80 | 12.124 | 12.163 | 12.202 | 12.240 | 12.279 | 12.318 | 12.356 | 12.395 | 12.433 | 12.472
90 | 12.511 | 12.549 | 12.588 | 12.627 | 12.665 | 12.704 | 12.742 | 12.781 | 12.820 | 12.858
100 | 12.897 | 12.935 | 12.974 | 13.013 | 13.051 | 13.090 | 13.129 | 13.167 | 13.206 | 13.244
110 | 13.283 | 13.322 | 13.360 | 13.399 | 13.437 | 13.476 | 13.515 | 13.553 | 13.592 | 13.631
120 | 13.669 | 13.708 | 13.746 | 13.785 | 13.824 | 13.862 | 13.901 | 13.940 | 13.978 | 14.017
130 | 14.055 | 14.094 | 14.133 | 14.171 | 14.210 | 14.248 | 14.287 | 14.326 | 14.364 | 14.403
140 | 14.442 | 14.480 | 14.519 | 14.557 | 14.596 | 14.635 | 14.673 | 14.712 | 14.751 | 14.789
150 | 14.828 | 14.867 | 14.906 | 14.945 | 14.984 | 15.022 | 15.061 | 15.100 | 15.139 | 15.178
160 | 15.217 | 15.256 | 15.295 | 15.334 | 15.373 | 15.412 | 15.451 | 15.490 | 15.529 | 15.568
170 | 15.607 | 15.646 | 15.685 | 15.724 | 15.763 | 15.802 | 15.840 | 15.879 | 15.918 | 15.957
180 | 15.996 | 16.035 | 16.074 | 16.113 | 16.152 | 16.191 | 16.230 | 16.269 | 16.308 | 16.347
190 | 16.386 | 16.425 | 16.464 | 16.503 | 16.542 | 16.581 | 16.620 | 16.659 | 16.698 | 16.737
200 | 16.776 | 16.815 | 16.854 | 16.893 | 16.932 | 16.971 | 17.010 | 17.049 | 17.088 | 17.127
210 | 17.166 | 17.205 | 17.244 | 17.283 | 17.322 | 17.360 | 17.399 | 17.438 | 17.477 | 17.516
220 | 17.555 | 17.594 | 17.633 | 17.672 | 17.711 | 17.750 | 17.789 | 17.828 | 17.867 | 17.906
230 | 17.945 | 17.984 | 18.023 | 18.062 | 18.101 | 18.140 | 18.179 | 18.218 | 18.257 | 18.296
240 | 18.335 | 18.374 | 18.413 | 18.452 | 18.491 | 18.530 | 18.569 | 18.609 | 18.648 | 18.687
250 | 18.726 | 18.765 | 18.804 | 18.843 | 18.882 | 18.921 | 18.960 | 18.999 | 19.038 | 19.077
260 | 19.116

259



Cul0

260

SCLIM 10130 S D0

10U ‘),Gg 10J poytoads st wro (O = 3 Jel) 930U ‘[1g] WOI} vIRp U0 poseq ‘omjeroduo) "sa 9oue)sisol ‘01N :1'J YOOI

(D,) 81n1elBdWs]
00T 0S 0

ainyesedws) SA30UeISISal ‘0TND

[oe}

o
—

N
-

9T

8T

0c

(Wyo) souessal



G

Thermocouple type J

TABLE G.1: Thermocouple type J, negative temperatures, cold junction
0°C, data [83]

°C (0] -1 -2 -3 -4 -5 -6 -7 -8 -9 -10
-200 | -7.89 -7.912 | -7.934 | -7.955 | -7.976 | -7.996 | -8.017 | -8.037 | -8.057 | -8.076 | -8.095
-190 | -7.659 | -7.683 | -7.707 | -7.731 | -7.755 | -7.778 | -7.801 | -7.824 | -7.846 | -7.868 | -7.89
-180 | -7.403 | -7.429 | -7.456 | -7.482 | -7.508 | -7.534 | -7.559 | -7.585 | -7.61 | -7.634 | -7.659
-170 | -7.123 | -7.152 | -7.181 | -7.209 | -7.237 | -7.265 | -7.293 | -7.321 | -7.348 | -7.376 | -7.403
-160 | -6.821 | -6.853 | -6.883 | -6.914 | -6.944 | -6.975 | -7.005 | -7.035 | -7.064 | -7.094 | -7.123
-150 | -6.5 -6.533 | -6.566 | -6.598 [ -6.631 | -6.663 | -6.695 | -6.727 | -6.759 | -6.79 | -6.821
-140 | -6.159 | -6.194 | -6.229 | -6.263 | -6.298 | -6.332 | -6.366 | -6.4 | -6.433 | -6.467 [ -6.5
-130 | -5.801 | -5.838 | -5.874 | -5.91 [ -5.946 | -5.982 [ -6.018 | -6.054 | -6.089 | -6.124 | -6.159
-120 | -5.426 | -5.465 | -5.503 | -5.541 | -5.578 | -5.616 | -5.653 | -5.69 | -5.727 | -5.764 | -5.801
-110 | -5.037 | -5.076 | -5.116 | -5.155 | -5.194 | -5.233 | -5.272 | -5.311 | -5.35 | -5.388 | -5.426
-100 | -4.633 | -4.674 | -4.714 | -4.755 | -4.796 | -4.836 | -4.877 | -4.917 | -4.957 | -4.997 | -5.037
-90 | -4.215 | -4.257 -4.3 | -4.342 | -4.384 | -4.425 | -4.467 | -4.509 | -4.55 | -4.591 | -4.633
-80 | -3.786 | -3.829 | -3.872 | -3.916 | -3.959 | -4.002 | -4.045 | -4.088 | -4.13 | -4.173 | -4.215
-70 |-3.344 | -3.389 | -3.434 | -3.478 | -3.522 | -3.566 | -3.61 |-3.654 | -3.698 | -3.742 | -3.786
-60 | -2.893 | -2.938 | -2.984 | -3.029 | -3.075 | -3.12 | -3.165 | -3.21 | -3.255 -3.3 | -3.344
-50 | -2.431 | -2.478 | -2.524 | -2.571 | -2.617 | -2.663 | -2.709 | -2.755 | -2.801 | -2.847 | -2.893
-40 | -1.961 | -2.008 | -2.055 | -2.103 | -2.15 | -2.197 | -2.244 | -2.291 | -2.338 | -2.385 | -2.431
-30 | -1.482 -1.53 -1.578 | -1.626 | -1.674 | -1.722 | -1.77 | -1.818 | -1.865 | -1.913 | -1.961
-20 | -0.995| -1.044 | -1.093 | -1.142 | -1.19 | -1.239 | -1.288 | -1.336 | -1.385 | -1.433 | -1.482
-10 | -0.501 -0.55 -0.6 -0.65 | -0.699 | -0.749 | -0.798 | -0.847 | -0.896 | -0.946 | -0.995
0 0 -0.05 -0.101 | -0.151 | -0.201 | -0.251 | -0.301 | -0.351 | -0.401 | -0.451 | -0.501

TABLE G.2: Thermocouple type J, positive temperatures, cold junction
0°C, data [83]

°C 0 1 2 3 4 5 6 7 8 9 10
0 0 0.05 0.101 0.151 0.202 0.253 | 0.303 0.354 | 0.405 0.456 | 0.507
10 0.507 0.558 0.609 0.66 0.711 0.762 0.814 0.865 0.916 0.968 1.019
20 1.019 1.071 1.122 1.174 1.226 1.277 1.329 1.381 1.433 1.485 1.537
30 1.537 1.589 1.641 1.693 1.745 1.797 1.849 1.902 1.954 2.006 2.059
40 2.059 2.111 2.164 2.216 2.269 2.322 2.374 2.427 2.48 2.532 2.585
50 2.585 2.638 2.691 2.744 2.797 2.85 2.903 2.956 3.009 3.062 3.116
60 3.116 3.169 3.222 3.275 3.329 3.382 3.436 3.489 3.543 3.596 3.65
70 3.65 3.703 3.757 3.81 3.864 3.918 3.971 4.025 4.079 4.133 | 4.187
80 4.187 4.24 4.294 4.348 | 4.402 4.456 4.51 4.564 | 4.618 4.672 4.726
90 4.726 4.781 4.835 4.889 | 4.943 4.997 5.052 5.106 5.16 5.215 5.269
100 5.269 5.323 5.378 5.432 5.487 | 5.541 5.595 5.65 5.705 5.759 5.814
110 5.814 5.868 5.923 5.977 6.032 6.087 6.141 6.196 6.251 6.306 6.36
120 6.36 6.415 6.47 6.525 6.579 6.634 6.689 6.744 6.799 6.854 6.909
130 6.909 6.964 7.019 7.074 7.129 7.184 7.239 7.294 7.349 7.404 7.459
140 7.459 7.514 7.569 7.624 7.679 7.734 7.789 7.844 7.9 7.955 8.01
150 8.01 8.065 8.12 8.175 8.231 8.286 8.341 8.396 8.452 8.507 8.562

Continues on next page
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262 Thermocouple type J

TABLE G.2 — cont.

°C o] 1 2 3 4 5 6 T 8 9 10
160 8.562 8.618 8.673 8.728 8.783 8.839 8.894 8.949 9.005 9.06 9.115
170 9.115 9.171 9.226 9.282 9.337 9.392 9.448 9.503 9.559 9.614 9.669
180 9.669 9.725 9.78 9.836 9.891 9.947 | 10.002 | 10.057 | 10.113 | 10.168 | 10.224
190 | 10.224 | 10.279 | 10.335 | 10.39 | 10.446 | 10.501 | 10.557 | 10.612 | 10.668 | 10.723 | 10.779
200 | 10.779 | 10.834 | 10.89 | 10.945 | 11.001 | 11.056 | 11.112 | 11.167 | 11.223 | 11.278 | 11.334
210 | 11.334 | 11.389 | 11.445 | 11.501 | 11.556 | 11.612 | 11.667 | 11.723 | 11.778 | 11.834 | 11.889
220 | 11.889 | 11.945 12 12.056 | 12.111 | 12.167 | 12.222 | 12.278 | 12.334 | 12.389 | 12.445
230 | 12.445 12.5 12.556 | 12.611 | 12.667 | 12.722 [ 12.778 | 12.833 | 12.889 | 12.944 13
240 13 13.056 | 13.111 | 13.167 | 13.222 | 13.278 | 13.333 | 13.389 | 13.444 13.5 13.555
250 | 13.555 | 13.611 | 13.666 | 13.722 | 13.777 | 13.833 | 13.888 | 13.944 | 13.999 | 14.055 | 14.11
260 14.11 14.166 | 14.221 | 14.277 | 14.332 | 14.388 | 14.443 | 14.499 | 14.554 | 14.609 | 14.665
270 | 14.665 | 14.72 | 14.776 | 14.831 | 14.887 | 14.942 | 14.998 | 15.053 | 15.109 | 15.164 | 15.219
280 | 15.219 | 15.275 | 15.33 | 15.386 | 15.441 | 15.496 | 15.552 | 15.607 | 15.663 | 15.718 | 15.773
290 | 15.773 | 15.829 | 15.884 | 15.94 | 15.995 | 16.05 | 16.106 | 16.161 | 16.216 | 16.272 | 16.327
300 | 16.327 | 16.383 | 16.438 | 16.493 | 16.549 | 16.604 | 16.659 | 16.715 | 16.77 | 16.825 | 16.881
310 | 16.881 | 16.936 | 16.991 | 17.046 | 17.102 | 17.157 | 17.212 | 17.268 | 17.323 | 17.378 | 17.434
320 | 17.434 | 17.489 | 17.544 | 17.599 | 17.655 | 17.71 | 17.765 | 17.82 | 17.876 | 17.931 | 17.986
330 | 17.986 | 18.041 | 18.097 | 18.152 | 18.207 | 18.262 | 18.318 | 18.373 | 18.428 | 18.483 | 18.538
340 | 18.538 | 18.594 | 18.649 | 18.704 | 18.759 | 18.814 | 18.87 | 18.925 | 18.98 | 19.035 | 19.09
350 19.09 | 19.146 | 19.201 | 19.256 | 19.311 | 19.366 | 19.422 | 19.477 | 19.532 | 19.587 | 19.642
360 | 19.642 | 19.697 | 19.753 | 19.808 | 19.863 | 19.918 | 19.973 | 20.028 | 20.083 | 20.139 | 20.194
370 | 20.194 | 20.249 | 20.304 | 20.359 | 20.414 | 20.469 | 20.525 | 20.58 | 20.635 | 20.69 | 20.745
380 | 20.745 20.8 20.855 | 20.911 | 20.966 | 21.021 | 21.076 | 21.131 | 21.186 | 21.241 | 21.297
390 | 21.297 | 21.352 | 21.407 | 21.462 | 21.517 | 21.572 | 21.627 | 21.683 | 21.738 | 21.793 | 21.848
400 | 21.848 | 21.903 | 21.958 | 22.014 | 22.069 | 22.124 | 22.179 | 22.234 | 22.289 | 22.345 22.4
410 22.4 22.455 | 22.51 | 22.565 | 22.62 | 22.676 | 22.731 | 22.786 | 22.841 | 22.896 | 22.952
420 | 22.952 | 23.007 | 23.062 | 23.117 | 23.172 | 23.228 | 23.283 | 23.338 | 23.393 | 23.449 | 23.504
430 | 23.504 | 23.559 | 23.614 | 23.67 | 23.725 | 23.78 | 23.835 | 23.891 | 23.946 | 24.001 | 24.057
440 | 24.057 | 24.112 | 24.167 | 24.223 | 24.278 | 24.333 | 24.389 | 24.444 | 24.499 | 24.555 | 24.61
450 24.61 | 24.665 | 24.721 | 24.776 | 24.832 | 24.887 | 24.943 | 24.998 | 25.053 | 25.109 | 25.164
460 | 25.164 | 25.22 | 25.275 | 25.331 | 25.386 | 25.442 | 25.497 | 25.553 | 25.608 | 25.664 | 25.72
470 25.72 | 25.775 | 25.831 | 25.886 | 25.942 | 25.998 | 26.053 | 26.109 | 26.165 | 26.22 | 26.276
480 | 26.276 | 26.332 | 26.387 | 26.443 | 26.499 | 26.555 | 26.61 | 26.666 | 26.722 | 26.778 | 26.834
490 | 26.834 | 26.889 | 26.945 | 27.001 | 27.057 | 27.113 | 27.169 | 27.225 | 27.281 | 27.337 | 27.393
500 | 27.393 | 27.449 | 27.505 | 27.561 | 27.617 | 27.673 | 27.729 | 27.785 | 27.841 | 27.897 | 27.953
510 | 27.953 | 28.01 28.066 | 28.122 | 28.178 | 28.234 | 28.291 | 28.347 | 28.403 | 28.46 | 28.516
520 | 28.516 | 28.572 | 28.629 | 28.685 | 28.741 | 28.798 | 28.854 | 28.911 | 28.967 | 29.024 | 29.08
530 29.08 | 29.137 | 29.194 | 29.25 | 29.307 | 29.363 | 29.42 | 29.477 | 29.534 | 29.59 | 29.647
540 | 29.647 | 29.704 | 29.761 | 29.818 | 29.874 | 29.931 | 29.988 | 30.045 | 30.102 | 30.159 | 30.216
550 | 30.216 | 30.273 | 30.33 | 30.387 | 30.444 | 30.502 | 30.559 | 30.616 | 30.673 | 30.73 | 30.788
560 | 30.788 | 30.845 | 30.902 | 30.96 | 31.017 | 31.074 | 31.132 | 31.189 | 31.247 | 31.304 | 31.362
570 | 31.362 | 31.419 | 31.477 | 31.535 | 31.592 | 31.65 | 31.708 | 31.766 | 31.823 | 31.881 | 31.939
580 | 31.939 | 31.997 | 32.055 | 32.113 | 32.171 | 32.229 | 32.287 | 32.345 | 32.403 | 32.461 | 32.519
590 | 32.519 | 32.577 | 32.636 | 32.694 | 32.752 | 32.81 | 32.869 | 32.927 | 32.985 | 33.044 | 33.102
600 | 33.102 | 33.161 | 33.219 | 33.278 | 33.337 | 33.395 | 33.454 | 33.513 | 33.571 | 33.63 | 33.689
610 | 33.689 | 33.748 | 33.807 | 33.866 | 33.925 | 33.984 | 34.043 | 34.102 | 34.161 | 34.22 | 34.279
620 | 34.279 | 34.338 | 34.397 | 34.457 | 34.516 | 34.575 | 34.635 | 34.694 | 34.754 | 34.813 | 34.873
630 | 34.873 | 34.932 | 34.992 | 35.051 | 35.111 | 35.171 | 35.23 35.29 35.35 35.41 35.47
640 | 35.47 | 35.53 | 35.59 | 35.65 | 35.71 | 35.77 | 35.83 | 35.89 | 35.95 | 36.01 | 36.071
650 | 36.071 | 36.131 | 36.191 | 36.252 | 36.312 | 36.373 | 36.433 | 36.494 | 36.554 | 36.615 | 36.675
660 | 36.675 | 36.736 | 36.797 | 36.858 | 36.918 | 36.979 | 37.04 | 37.101 | 37.162 | 37.223 | 37.284
670 | 37.284 | 37.345 | 37.406 | 37.467 | 37.528 | 37.59 | 37.651 | 37.712 | 37.773 | 37.835 | 37.896
680 | 37.896 | 37.958 | 38.019 | 38.081 | 38.142 | 38.204 | 38.265 | 38.327 | 38.389 | 38.45 | 38.512
690 | 38.512 | 38.574 | 38.636 | 38.698 | 38.76 | 38.822 | 38.884 | 38.946 | 39.008 | 39.07 | 39.132
700 | 39.132 | 39.194 | 39.256 | 39.318 | 39.381 | 39.443 | 39.505 | 39.568 | 39.63 | 39.693 | 39.755
710 | 39.755 | 39.818 | 39.88 | 39.943 | 40.005 | 40.068 | 40.131 | 40.193 | 40.256 | 40.319 | 40.382
720 | 40.382 | 40.445 | 40.508 | 40.57 | 40.633 | 40.696 | 40.759 | 40.822 | 40.886 | 40.949 | 41.012
730 | 41.012 | 41.075 | 41.138 | 41.201 | 41.265 | 41.328 | 41.391 | 41.455 | 41.518 | 41.581 | 41.645
740 | 41.645 | 41.708 | 41.772 | 41.835 | 41.899 | 41.962 | 42.026 | 42.09 | 42.153 | 42.217 | 42.281
750 | 42.281 | 42.344 | 42.408 | 42.472 | 42.536 | 42.599 | 42.663 | 42.727 | 42.791 | 42.855 | 42.919
760 | 42.919 | 42.983 | 43.047 | 43.111 | 43.175 | 43.239 | 43.303 | 43.367 | 43.431 | 43.495 | 43.559

Continues on next page




Thermocouple type

TABLE G.2 — cont.

263

°C

o

1

10

770

43.559

43.624

43.688

43.752

43.817

43.881

43.945

44.01

44.074

44.139

44.203

780

44.203

44.267

44.332

44.396

44.461

44.525

44.59

44.655

44.719

44.784

44.848

790

44.848

44.913

44.977

45.042

45.107

45.171

45.236

45.301

45.365

45.43

45.494

800

45.494

45.559

45.624

45.688

45.753

45.818

45.882

45.947

46.011

46.076

46.141

810

46.141

46.205

46.27

46.334

46.399

46.464

46.528

46.593

46.657

46.722

46.786

820

46.786

46.851

46.915

46.98

47.044

47.109

47.173

47.238

47.302

47.367

47.431

830

47.431

47.495

47.56

47.624

47.688

47.753

47.817

47.881

47.946

48.01

48.074

840

48.074

48.138

48.202

48.267

48.331

48.395

48.459

48.523

48.587

48.651

48.715

850

48.715

48.779

48.843

48.907

48.971

49.034

49.098

49.162

49.226

49.29

49.353

860

49.353

49.417

49.481

49.544

49.608

49.672

49.735

49.799

49.862

49.926

49.989

870

49.989

50.052

50.116

50.179

50.243

50.306

50.369

50.432

50.495

50.559

50.622

880

50.622

50.685

50.748

50.811

50.874

50.937

51

51.063

51.126

51.188

51.251

890

51.251

51.314

51.377

51.439

51.502

51.565

51.627

51.69

51.752

51.815

51.877

900

51.877

51.94

52.002

52.064

52.127

52.189

52.251

52.314

52.376

52.438

52.5

910

52.5

52.562

52.624

52.686

52.748

52.81

52.872

52.934

52.996

53.057

53.119

920

53.119

53.181

53.243

53.304

53.366

53.427

53.489

53.55

53.612

53.673

53.735

930

53.735

53.796

53.857

53.919

53.98

54.041

54.102

54.164

54.225

54.286

54.347

940

54.347

54.408

54.469

54.53

54.591

54.652

54.713

54.773

54.834

54.895

54.956

950

54.956

55.016

55.077

55.138

55.198

55.259

55.319

55.38

55.44

55.501

55.561

960

55.561

55.622

55.682

55.742

55.803

55.863

55.923

55.983

56.043

56.104

56.164

970

56.164

56.224

56.284

56.344

56.404

56.464

56.524

56.584

56.643

56.703

56.763

980

56.763

56.823

56.883

56.942

57.002

57.062

57.121

57.181

57.24

57.3

57.36

990

57.36

57.419

57.479

57.538

57.597

57.657

57.716

57.776

57.835

57.894

57.953

1000

57.953

58.013

58.072

58.131

58.19

58.249

58.309

58.368

58.427

58.486

58.545

1010

58.545

58.604

58.663

58.722

58.781

58.84

58.899

58.957

59.016

59.075

59.134

1020

59.134

59.193

59.252

59.31

59.369

59.428

59.487

59.545

59.604

59.663

59.721

1030

59.721

59.78

59.838

59.897

59.956

60.014

60.073

60.131

60.19

60.248

60.307

1040

60.307

60.365

60.423

60.482

60.54

60.599

60.657

60.715

60.774

60.832

60.89

1050

60.89

60.949

61.007

61.065

61.123

61.182

61.24

61.298

61.356

61.415

61.473

1060

61.473

61.531

61.589

61.647

61.705

61.763

61.822

61.88

61.938

61.996

62.054

1070

62.054

62.112

62.17

62.228

62.286

62.344

62.402

62.46

62.518

62.576

62.634

1080

62.634

62.692

62.75

62.808

62.866

62.924

62.982

63.04

63.098

63.156

63.214

1090

63.214

63.271

63.329

63.387

63.445

63.503

63.561

63.619

63.677

63.734

63.792

1100

63.792

63.85

63.908

63.966

64.024

64.081

64.139

64.197

64.255

64.313

64.37

1110

64.37

64.428

64.486

64.544

64.602

64.659

64.717

64.775

64.833

64.89

64.948

1120

64.948

65.006

65.064

65.121

65.179

65.237

65.295

65.352

65.41

65.468

65.525

1130

65.525

65.583

65.641

65.699

65.756

65.814

65.872

65.929

65.987

66.045

66.102

1140

66.102

66.16

66.218

66.275

66.333

66.391

66.448

66.506

66.564

66.621

66.679

1150

66.679

66.737

66.794

66.852

66.91

66.967

67.025

67.082

67.14

67.198

67.255

1160

67.255

67.313

67.37

67.428

67.486

67.543

67.601

67.658

67.716

67.773

67.831

1170

67.831

67.888

67.946

68.003

68.061

68.119

68.176

68.234

68.291

68.348

68.406

1180

68.406

68.463

68.521

68.578

68.636

68.693

68.751

68.808

68.865

68.923

68.98

1190

68.98

69.037

69.095

69.152

69.209

69.267

69.324

69.381

69.439

69.496

69.553
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H

Thermocouple type K

TABLE H.1: Thermocouple type K, negative temperatures, cold junction

0°C, data [83]

°C (0] -1 -2 -3 -4 -5 -6 -7 -8 -9 -10
-260 | -6.441 | -6.444 | -6.446 | -6.448 | -6.45 | -6.452 | -6.453 | -6.455 | -6.456 | -6.457 | -6.458
-250 | -6.404 | -6.408 | -6.413 | -6.417 | -6.421 | -6.425 | -6.429 | -6.432 | -6.435 | -6.438 | -6.441
-240 | -6.344 | -6.351 | -6.358 | -6.364 | -6.37 | -6.377 | -6.382 | -6.388 | -6.393 | -6.399 | -6.404
-230 | -6.262 | -6.271 -6.28 | -6.289 | -6.297 | -6.306 | -6.314 | -6.322 | -6.329 | -6.337 | -6.344
-220 | -6.158 | -6.17 | -6.181 | -6.192 | -6.202 | -6.213 | -6.223 | -6.233 | -6.243 | -6.252 | -6.262
-210 | -6.035 | -6.048 | -6.061 | -6.074 | -6.087 | -6.099 | -6.111 | -6.123 | -6.135 | -6.147 | -6.158
-200 | -5.891 | -5.907 |-5.922 | -5.936 | -5.951 | -5.965 | -5.98 | -5.994 | -6.007 | -6.021 | -6.035
-190 | -5.73 -5.747 | -5.763 | -5.78 | -5.797 | -5.813 | -5.829 | -5.845 | -5.861 | -5.876 | -5.891
-180 | -5.55 -5.569 | -5.588 | -5.606 | -5.624 | -5.642 | -5.66 | -5.678 [ -5.695 | -5.713 | -5.73
-170 | -5.354 | -5.374 | -5.395 | -5.415 | -5.435 | -5.454 | -5.474 | -5.493 | -5.512 | -5.531 | -5.55
-160 | -5.141 | -5.163 | -5.185 | -5.207 | -5.228 | -5.25 | -5.271 | -5.292 | -5.313 | -5.333 | -5.354
-150 | -4.913 | -4.936 | -4.96 |-4.983 [ -5.006 | -5.029 | -5.052 | -5.074 | -5.097 | -5.119 | -5.141
-140 | -4.669 | -4.694 | -4.719 | -4.744 | -4.768 | -4.793 | -4.817 | -4.841 | -4.865 | -4.889 | -4.913
-130 | -4.411 | -4.437 | -4.463 | -4.49 | -4.516 | -4.542 | -4.567 | -4.593 | -4.618 | -4.644 | -4.669
-120 | -4.138 | -4.166 | -4.194 | -4.221 | -4.249 | -4.276 | -4.303 | -4.33 | -4.357 | -4.384 | -4.411
-110 | -3.852 | -3.882 | -3.911 | -3.939 | -3.968 | -3.997 | -4.025 | -4.054 | -4.082 | -4.11 | -4.138
-100 | -3.554 | -3.584 | -3.614 | -3.645 | -3.675 | -3.705 | -3.734 | -3.764 | -3.794 | -3.823 | -3.852

-90 | -3.243 | -3.274 |-3.306 | -3.337 | -3.368 | -3.4 |[-3.431 |-3.462 | -3.492 | -3.523 | -3.554

-80 [ -2.92 -2.953 | -2.986 | -3.018 | -3.05 | -3.083 | -3.115 | -3.147 | -3.179 | -3.211 | -3.243

-70 | -2.587 | -2.62 -2.654 | -2.688 | -2.721 | -2.755 | -2.788 | -2.821 | -2.854 | -2.887 | -2.92

-60 | -2.243 | -2.278 [ -2.312 | -2.347 | -2.382 | -2.416 | -2.45 |-2.485 | -2.519 | -2.553 | -2.587

-50 [ -1.889 | -1.925 | -1.961 | -1.996 | -2.032 | -2.067 | -2.103 | -2.138 | -2.173 | -2.208 | -2.243

-40 | -1.527 | -1.564 -1.6 |-1.637 | -1.673 | -1.709 | -1.745 | -1.782 | -1.818 | -1.854 | -1.889

-30 | -1.156 | -1.194 |-1.231 |-1.268 | -1.305 | -1.343 | -1.38 |-1.417 | -1.453 | -1.49 |-1.527

-20 [ -0.778 | -0.816 | -0.854 | -0.892 | -0.93 | -0.968 [ -1.006 |-1.043 | -1.081 | -1.119 | -1.156

-10 | -0.392 | -0.431 -0.47 | -0.508 | -0.547 | -0.586 | -0.624 | -0.663 | -0.701 | -0.739 | -0.778

0 0 -0.039 | -0.079 | -0.118 | -0.157 | -0.197 | -0.236 | -0.275 | -0.314 | -0.353 | -0.392

TABLE H.2: Thermocouple type K, positive temperatures, cold junction

0°C, data [83]

°C 0 1 2 3 4 5 6 7 8 9 10

0 0 0.039 0.079 0.119 | 0.158 0.198 0.238 0.277 | 0.317 | 0.357 | 0.397
10 0.397 0.437 0.477 | 0.517 | 0.557 | 0.597 | 0.637 | 0.677 | 0.718 0.758 0.798
20 0.798 0.838 0.879 0.919 0.96 1 1.041 1.081 1.122 1.163 1.203
30 1.203 1.244 1.285 1.326 1.366 1.407 1.448 1.489 1.53 1.571 1.612
40 1.612 1.653 1.694 1.735 1.776 1.817 1.858 1.899 1.941 1.982 2.023
50 2.023 2.064 2.106 2.147 2.188 2.23 2.271 2.312 2.354 2.395 2.436
60 2.436 2.478 2.519 2.561 2.602 2.644 2.685 2.727 2.768 2.81 2.851
70 2.851 2.893 2.934 2.976 | 3.017 | 3.059 3.1 3.142 3.184 3.225 3.267
80 3.267 3.308 3.35 3.391 3.433 3.474 | 3.516 3.557 | 3.599 3.64 3.682
90 3.682 3.723 3.765 3.806 | 3.848 3.889 | 3.931 3.972 4.013 4.055 4.096

Continues on next page
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266 Thermocouple type
TABLE H.2 — cont.
°C o] 1 2 3 4 5 6 T 8 9 10
100 4.096 4.138 4.179 4.22 4.262 4.303 4.344 4.385 4.427 4.468 4.509
110 4.509 4.55 4.591 4.633 4.674 4.715 4.756 4.797 4.838 4.879 4.92
120 4.92 4.961 5.002 5.043 5.084 5.124 5.165 5.206 5.247 5.288 5.328
130 5.328 5.369 5.41 5.45 5.491 5.532 5.572 5.613 5.653 5.694 5.735
140 5.735 5.775 5.815 5.856 5.896 5.937 5.977 6.017 6.058 6.098 6.138
150 6.138 6.179 6.219 6.259 6.299 6.339 6.38 6.42 6.46 6.5 6.54
160 | 6.54 | 6.58 | 6.62 | 6.66 | 6.701 | 6.741 | 6.781 | 6.821 | 6.861 | 6.901 | 6.941
170 6.941 6.981 7.021 7.06 7.1 7.14 7.18 7.22 7.26 7.3 7.34
180 7.34 7.38 7.42 7.46 7.5 7.54 7.579 7.619 7.659 7.699 7.739
190 7.739 7.779 7.819 7.859 7.899 7.939 7.979 8.019 8.059 8.099 8.138
200 8.138 8.178 8.218 8.258 8.298 8.338 8.378 8.418 8.458 8.499 8.539
210 8.539 8.579 8.619 8.659 8.699 8.739 8.779 8.819 8.86 8.9 8.94
220 8.94 8.98 9.02 9.061 9.101 9.141 9.181 9.222 9.262 9.302 9.343
230 | 9.343 | 9.383 | 9.423 | 9.464 | 9.504 | 9.545 | 9.585 | 9.626 | 9.666 | 9.707 | 9.747
240 9.747 9.788 9.828 9.869 9.909 9.95 9.991 | 10.031 | 10.072 | 10.113 | 10.153
250 | 10.153 | 10.194 | 10.235 | 10.276 | 10.316 | 10.357 | 10.398 | 10.439 | 10.48 10.52 | 10.561
260 | 10.561 | 10.602 | 10.643 | 10.684 | 10.725 | 10.766 | 10.807 | 10.848 | 10.889 | 10.93 | 10.971
270 | 10.971 | 11.012 | 11.053 | 11.094 | 11.135 | 11.176 | 11.217 | 11.259 11.3 11.341 | 11.382
280 | 11.382 | 11.423 | 11.465 | 11.506 | 11.547 | 11.588 | 11.63 | 11.671 | 11.712 | 11.753 | 11.795
290 | 11.795 | 11.836 | 11.877 | 11.919 | 11.96 | 12.001 | 12.043 | 12.084 | 12.126 | 12.167 | 12.209
300 | 12.209 | 12.25 | 12.291 | 12.333 | 12.374 | 12.416 | 12.457 | 12.499 | 12.54 | 12.582 | 12.624
310 | 12.624 | 12.665 | 12.707 | 12.748 | 12.79 | 12.831 | 12.873 | 12.915 | 12.956 | 12.998 | 13.04
320 13.04 | 13.081 | 13.123 | 13.165 | 13.206 | 13.248 | 13.29 | 13.331 | 13.373 | 13.415 | 13.457
330 | 13.457 | 13.498 | 13.54 | 13.582 | 13.624 | 13.665 | 13.707 | 13.749 | 13.791 | 13.833 | 13.874
340 | 13.874 | 13.916 | 13.958 14 14.042 | 14.084 | 14.126 | 14.167 | 14.209 | 14.251 | 14.293
350 | 14.293 | 14.335 | 14.377 | 14.419 | 14.461 | 14.503 | 14.545 | 14.587 | 14.629 | 14.671 | 14.713
360 | 14.713 | 14.755 | 14.797 | 14.839 | 14.881 | 14.923 | 14.965 | 15.007 | 15.049 | 15.091 | 15.133
370 | 15.133 | 15.175 | 15.217 | 15.259 | 15.301 | 15.343 | 15.385 | 15.427 | 15.469 | 15.511 | 15.554
380 | 15.554 | 15.596 | 15.638 | 15.68 | 15.722 | 15.764 | 15.806 | 15.849 | 15.891 | 15.933 | 15.975
390 | 15.975 | 16.017 | 16.059 | 16.102 | 16.144 | 16.186 | 16.228 | 16.27 | 16.313 | 16.355 | 16.397
400 | 16.397 | 16.439 | 16.482 | 16.524 | 16.566 | 16.608 | 16.651 | 16.693 | 16.735 | 16.778 | 16.82
410 16.82 16.862 | 16.904 | 16.947 | 16.989 | 17.031 | 17.074 | 17.116 | 17.158 | 17.201 | 17.243
420 | 17.243 | 17.285 | 17.328 | 17.37 | 17.413 | 17.455 | 17.497 | 17.54 | 17.582 | 17.624 | 17.667
430 | 17.667 | 17.709 | 17.752 | 17.794 | 17.837 | 17.879 | 17.921 | 17.964 | 18.006 | 18.049 | 18.091
440 | 18.091 | 18.134 | 18.176 | 18.218 | 18.261 | 18.303 | 18.346 | 18.388 | 18.431 | 18.473 | 18.516
450 | 18.516 | 18.558 | 18.601 | 18.643 | 18.686 | 18.728 | 18.771 | 18.813 | 18.856 | 18.898 | 18.941
460 | 18.941 | 18.983 | 19.026 | 19.068 | 19.111 | 19.154 | 19.196 | 19.239 | 19.281 | 19.324 | 19.366
470 | 19.366 | 19.409 | 19.451 | 19.494 | 19.537 | 19.579 | 19.622 | 19.664 | 19.707 | 19.75 | 19.792
480 | 19.792 | 19.835 | 19.877 | 19.92 | 19.962 | 20.005 | 20.048 | 20.09 | 20.133 | 20.175 | 20.218
490 | 20.218 | 20.261 | 20.303 | 20.346 | 20.389 | 20.431 | 20.474 | 20.516 | 20.559 | 20.602 | 20.644
500 | 20.644 | 20.687 [ 20.73 | 20.772 | 20.815 | 20.857 20.9 20.943 | 20.985 | 21.028 | 21.071
510 | 21.071 | 21.113 | 21.156 | 21.199 | 21.241 | 21.284 | 21.326 | 21.369 | 21.412 | 21.454 | 21.497
520 | 21.497 | 21.54 | 21.582 | 21.625 | 21.668 | 21.71 | 21.753 | 21.796 | 21.838 | 21.881 | 21.924
530 | 21.924 | 21.966 | 22.009 | 22.052 | 22.094 | 22.137 | 22.179 | 22.222 | 22.265 | 22.307 | 22.35
540 22.35 | 22.393 | 22.435 | 22.478 | 22.521 | 22.563 | 22.606 | 22.649 | 22.691 | 22.734 | 22.776
550 | 22.776 | 22.819 | 22.862 | 22.904 | 22.947 | 22.99 | 23.032 | 23.075 | 23.117 | 23.16 | 23.203
560 | 23.203 | 23.245 | 23.288 | 23.331 | 23.373 | 23.416 | 23.458 | 23.501 | 23.544 | 23.586 | 23.629
570 | 23.629 | 23.671 | 23.714 | 23.757 | 23.799 | 23.842 | 23.884 | 23.927 | 23.97 | 24.012 | 24.055
580 | 24.055 | 24.097 | 24.14 | 24.182 | 24.225 | 24.267 | 24.31 | 24.353 | 24.395 | 24.438 | 24.48
590 24.48 | 24.523 | 24.565 | 24.608 | 24.65 | 24.693 | 24.735 | 24.778 | 24.82 | 24.863 | 24.905
600 | 24.905 | 24.948 | 24.99 | 25.033 | 25.075 | 25.118 | 25.16 | 25.203 | 25.245 | 25.288 | 25.33
610 25.33 | 25.373 | 25.415 | 25.458 25.5 25.543 | 25.585 | 25.627 | 25.67 | 25.712 | 25.755
620 | 25.755 | 25.797 | 25.84 | 25.882 | 25.924 | 25.967 | 26.009 | 26.052 | 26.094 | 26.136 | 26.179
630 | 26.179 | 26.221 | 26.263 | 26.306 | 26.348 | 26.39 | 26.433 | 26.475 | 26.517 | 26.56 | 26.602
640 | 26.602 | 26.644 | 26.687 | 26.729 | 26.771 | 26.814 | 26.856 | 26.898 | 26.94 | 26.983 | 27.025
650 | 27.025 | 27.067 | 27.109 | 27.152 | 27.104 | 27.236 | 27.278 | 27.32 | 27.363 | 27.405 | 27.447
660 | 27.447 | 27.489 | 27.531 | 27.574 | 27.616 | 27.658 27.7 27.742 | 27.784 | 27.826 | 27.869
670 | 27.869 | 27.911 | 27.953 | 27.995 | 28.037 | 28.079 | 28.121 | 28.163 | 28.205 | 28.247 | 28.289
680 | 28.289 | 28.332 | 28.374 | 28.416 | 28.458 28.5 28.542 | 28.584 | 28.626 | 28.668 | 28.71
690 | 28.71 | 28.752 | 28.794 | 28.835 | 28.877 | 28.919 | 28.961 | 29.003 | 29.045 | 29.087 | 29.129
700 | 29.129 | 29.171 | 29.213 | 29.255 | 29.297 | 29.338 | 29.38 | 29.422 | 29.464 | 29.506 | 29.548

Continues on next page




Thermocouple type

TABLE H.2 — cont.

267

°C

o)

1

8

9

10

710

29.548

29.589

29.631

29.673

29.715

29.757

29.798

29.84

29.882

29.924

29.965

720

29.965

30.007

30.049

30.09

30.132

30.174

30.216

30.257

30.299

30.341

30.382

730

30.382

30.424

30.466

30.507

30.549

30.59

30.632

30.674

30.715

30.757

30.798

740

30.798

30.84

30.881

30.923

30.964

31.006

31.047

31.089

31.13

31.172

31.213

750

31.213

31.255

31.296

31.338

31.379

31.421

31.462

31.504

31.545

31.586

31.628

760

31.628

31.669

31.71

31.752

31.793

31.834

31.876

31.917

31.958

32

32.041

770

32.041

32.082

32.124

32.165

32.206

32.247

32.289

32.33

32.371

32.412

32.453

780

32.453

32.495

32.536

32.577

32.618

32.659

32.7

32.742

32.783

32.824

32.865

790

32.865

32.906

32.947

32.988

33.029

33.07

33.111

33.152

33.193

33.234

33.275

800

33.275

33.316

33.357

33.398

33.439

33.48

33.521

33.562

33.603

33.644

33.685

810

33.685

33.726

33.767

33.808

33.848

33.889

33.93

33.971

34.012

34.053

34.093

820

34.093

34.134

34.175

34.216

34.257

34.297

34.338

34.379

34.42

34.46

34.501

830

34.501

34.542

34.582

34.623

34.664

34.704

34.745

34.786

34.826

34.867

34.908

840

34.908

34.948

34.989

35.029

35.07

35.11

35.151

35.192

35.232

35.273

35.313

850

35.313

35.354

35.394

35.435

35.475

35.516

35.556

35.596

35.637

35.677

35.718

860

35.718

35.758

35.798

35.839

35.879

35.92

35.96

36

36.041

36.081

36.121

870

36.121

36.162

36.202

36.242

36.282

36.323

36.363

36.403

36.443

36.484

36.524

880

36.524

36.564

36.604

36.644

36.685

36.725

36.765

36.805

36.845

36.885

36.925

890

36.925

36.965

37.006

37.046

37.086

37.126

37.166

37.206

37.246

37.286

37.326

900

37.326

37.366

37.406

37.446

37.486

37.526

37.566

37.606

37.646

37.686

37.725

910

37.725

37.765

37.805

37.845

37.885

37.925

37.965

38.005

38.044

38.084

38.124

920

38.124

38.164

38.204

38.243

38.283

38.323

38.363

38.402

38.442

38.482

38.522

930

38.522

38.561

38.601

38.641

38.68

38.72

38.76

38.799

38.839

38.878

38.918

940

38.918

38.958

38.997

39.037

39.076

39.116

39.155

39.195

39.235

39.274

39.314

950

39.314

39.353

39.393

39.432

39.471

39.511

39.55

39.59

39.629

39.669

39.708

960

39.708

39.747

39.787

39.826

39.866

39.905

39.944

39.984

40.023

40.062

40.101

970

40.101

40.141

40.18

40.219

40.259

40.298

40.337

40.376

40.415

40.455

40.494

980

40.494

40.533

40.572

40.611

40.651

40.69

40.729

40.768

40.807

40.846

40.885

990

40.885

40.924

40.963

41.002

41.042

41.081

41.12

41.159

41.198

41.237

41.276

1000

41.276

41.315

41.354

41.393

41.431

41.47

41.509

41.548

41.587

41.626

41.665

1010

41.665

41.704

41.743

41.781

41.82

41.859

41.898

41.937

41.976

42.014

42.053

1020

42.053

42.092

42.131

42.169

42.208

42.247

42.286

42.324

42.363

42.402

42.44

1030

42.44

42.479

42.518

42.556

42.595

42.633

42.672

42.711

42.749

42.788

42.826

1040

42.826

42.865

42.903

42.942

42.98

43.019

43.057

43.096

43.134

43.173

43.211

1050

43.211

43.25

43.288

43.327

43.365

43.403

43.442

43.48

43.518

43.557

43.595

1060

43.595

43.633

43.672

43.71

43.748

43.787

43.825

43.863

43.901

43.94

43.978

1070

43.978

44.016

44.054

44.092

44.13

44.169

44.207

44.245

44.283

44.321

44.359

1080

44.359

44.397

44.435

44.473

44.512

44.55

44.588

44.626

44.664

44.702

44.74

1090

44.74

44.778

44.816

44.853

44.891

44.929

44.967

45.005

45.043

45.081

45.119

1100

45.119

45.157

45.194

45.232

45.27

45.308

45.346

45.383

45.421

45.459

45.497

1110

45.497

45.534

45.572

45.61

45.647

45.685

45.723

45.76

45.798

45.836

45.873

1120

45.873

45.911

45.948

45.986

46.024

46.061

46.099

46.136

46.174

46.211

46.249

1130

46.249

46.286

46.324

46.361

46.398

46.436

46.473

46.511

46.548

46.585

46.623

1140

46.623

46.66

46.697

46.735

46.772

46.809

46.847

46.884

46.921

46.958

46.995

1150

46.995

47.033

47.07

47.107

47.144

47.181

47.218

47.256

47.293

47.33

47.367

1160

47.367

47.404

47.441

47.478

47.515

47.552

47.589

47.626

47.663

47.7

47.737

1170

47.737

47.774

47.811

47.848

47.884

47.921

47.958

47.995

48.032

48.069

48.105

1180

48.105

48.142

48.179

48.216

48.252

48.289

48.326

48.363

48.399

48.436

48.473

1190

48.473

48.509

48.546

48.582

48.619

48.656

48.692

48.729

48.765

48.802

48.838

1200

48.838

48.875

48.911

48.948

48.984

49.021

49.057

49.093

49.13

49.166

49.202

1210

49.202

49.239

49.275

49.311

49.348

49.384

49.42

49.456

49.493

49.529

49.565

1220

49.565

49.601

49.637

49.674

49.71

49.746

49.782

49.818

49.854

49.89

49.926

1230

49.926

49.962

49.998

50.034

50.07

50.106

50.142

50.178

50.214

50.25

50.286

1240

50.286

50.322

50.358

50.393

50.429

50.465

50.501

50.537

50.572

50.608

50.644

1250

50.644

50.68

50.715

50.751

50.787

50.822

50.858

50.894

50.929

50.965

51

1260

51

51.036

51.071

51.107

51.142

51.178

51.213

51.249

51.284

51.32

51.355

1270

51.355

51.391

51.426

51.461

51.497

51.532

51.567

51.603

51.638

51.673

51.708

1280

51.708

51.744

51.779

51.814

51.849

51.885

51.92

51.955

51.99

52.025

52.06

1290

52.06

52.095

52.13

52.165

52.2

52.235

52.27

52.305

52.34

52.375

52.41

1300

52.41

52.445

52.48

52.515

52.55

52.585

52.62

52.654

52.689

52.724

52.759

1310

52.759

52.794

52.828

52.863

52.898

52.932

52.967

53.002

53.037

53.071

53.106

Continues on next page



268 Thermocouple type K

TABLE H.2 — cont.

°C o] 1 2 3 4 5 6 T 8 9 10
1320 | 53.106 | 53.14 | 53.175 | 53.21 | 53.244 | 53.279 | 53.313 | 53.348 | 53.382 | 53.417 | 53.451
1330 | 53.451 | 53.486 | 53.52 | 53.555 | 53.589 | 53.623 | 53.658 | 53.692 | 53.727 | 53.761 | 53.795
1340 | 53.795 | 53.83 | 53.864 | 53.898 | 53.932 | 53.967 | 54.001 | 54.035 | 54.069 | 54.104 | 54.138
1350 | 54.138 | 54.172 | 54.206 | 54.24 | 54.274 | 54.308 | 54.343 | 54.377 | 54.411 | 54.445 | 54.479
1360 | 54.479 | 54.513 | 54.547 | 54.581 | 54.615 | 54.649 | 54.683 | 54.717 | 54.751 | 54.785 | 54.819
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I

Thermocouple type T

TABLE 1.1: Thermocouple type T, negative temperatures, cold junction
0°C, data [83]

°C (8] -1 -2 -3 -4 -5 -6 -7 -8 -9 -10
-270 | -6.258
-260 | -6.232 | -6.236 | -6.239 | -6.242 | -6.245 | -6.248 | -6.251 | -6.253 | -6.255 | -6.256 | -6.258
-250 | -6.18 | -6.187 | -6.193 | -6.198 | -6.204 | -6.209 | -6.214 | -6.219 | -6.223 | -6.228 | -6.232
-240 | -6.105 | -6.114 | -6.122 | -6.13 | -6.138 | -6.146 | -6.153 | -6.16 | -6.167 | -6.174 [ -6.18
-230 | -6.007 | -6.017 | -6.028 | -6.038 | -6.049 | -6.059 | -6.068 | -6.078 | -6.087 | -6.096 | -6.105
-220 [ -5.888 | -5.901 | -5.914 | -5.926 | -5.938 | -5.95 | -5.962 | -5.973 | -5.985 | -5.996 | -6.007
-210 | -5.753 | -5.767 | -5.782 | -5.795 | -5.809 | -5.823 | -5.836 | -5.85 | -5.863 | -5.876 | -5.888
-200 | -5.603 | -5.619 | -5.634 | -5.65 | -5.665 | -5.68 |[-5.695 | -5.71 | -5.724 | -5.739 [ -5.753
-190 | -5.439 | -5.456 | -5.473 | -5.489 | -5.506 | -5.523 | -5.539 | -5.555 | -5.571 | -5.587 [ -5.603
-180 | -5.261 | -5.279 | -5.297 | -5.316 | -5.334 | -5.351 | -5.369 | -5.387 | -5.404 | -5.421 | -5.439
-170 | -5.07 | -5.089 | -5.109 | -5.128 | -5.148 | -5.167 | -5.186 | -5.205 | -5.224 | -5.242 | -5.261
-160 | -4.865 | -4.886 | -4.907 | -4.928 | -4.949 | -4.969 | -4.989 | -5.01 -5.03 | -5.05 -5.07
-150 | -4.648 | -4.671 | -4.693 | -4.715 | -4.737 | -4.759 | -4.78 | -4.802 | -4.823 | -4.844 | -4.865
-140 | -4.419 | -4.443 | -4.466 | -4.489 | -4.512 | -4.535 | -4.558 | -4.581 | -4.604 | -4.626 | -4.648
-130 | -4.177 | -4.202 | -4.226 | -4.251 | -4.275 | -4.3 |-4.324 | -4.348 | -4.372 | -4.395 | -4.419
-120 | -3.923 | -3.949 | -3.975 -4 -4.026 | -4.052 | -4.077 | -4.102 | -4.127 | -4.152 | -4.177
-110 | -3.657 | -3.684 | -3.711 | -3.738 | -3.765 | -3.791 | -3.818 | -3.844 | -3.871 | -3.897 | -3.923
-100 | -3.379 | -3.407 | -3.435 | -3.463 | -3.491 | -3.519 | -3.547 | -3.574 | -3.602 | -3.629 [ -3.657
-90 | -3.089 | -3.118 | -3.148 | -3.177 | -3.206 | -3.235 | -3.264 | -3.293 | -3.322 | -3.35 |[-3.379
-80 | -2.788 | -2.818 [ -2.849 | -2.879 | -2.91 -2.94 | -2.97 -3 -3.03 | -3.059 | -3.089
-70 | -2.476 | -2.507 | -2.539 | -2.571 | -2.602 | -2.633 | -2.664 | -2.695 | -2.726 | -2.757 | -2.788
-60 | -2.153 | -2.186 | -2.218 | -2.251 | -2.283 | -2.316 | -2.348 | -2.38 | -2.412 | -2.444 | -2.476
-50 [-1.819 | -1.853 | -1.887 | -1.92 | -1.954 | -1.987 | -2.021 | -2.054 | -2.087 | -2.12 |[-2.153
-40 | -1.475| -1.51 | -1.545|-1.579 | -1.614 | -1.648 | -1.683 | -1.717 | -1.751 | -1.785 | -1.819
-30 [ -1.121 | -1.157 | -1.192 | -1.228 | -1.264 | -1.299 | -1.335 | -1.37 | -1.405 | -1.44 |-1.475
-20 [ -0.757 | -0.794 | -0.83 | -0.867 | -0.904 | -0.94 | -0.976 | -1.013 | -1.049 | -1.085 | -1.121
-10 [ -0.383 | -0.421 | -0.459 | -0.496 | -0.534 | -0.571 | -0.608 | -0.646 | -0.683 | -0.72 | -0.757
0 0 -0.039 | -0.077 | -0.116 | -0.154 | -0.193 | -0.231 | -0.269 | -0.307 | -0.345 | -0.383

TABLE 1.2: Thermocouple type T, positive

temperatures, cold junction 0°C,

data [83]

°C 0 1 2 3 4 5 6 7 8 9 10
0 0 0.039 0.078 0.117 0.156 0.195 0.234 0.273 0.312 0.352 0.391
10 0.391 0.431 0.47 0.51 0.549 0.589 0.629 0.669 0.709 0.749 0.79
20 0.79 0.83 0.87 0.911 0.951 0.992 1.033 1.074 1.114 1.155 1.196
30 1.196 1.238 1.279 1.32 1.362 1.403 1.445 1.486 1.528 1.57 1.612
40 1.612 1.654 1.696 1.738 1.78 1.823 1.865 1.908 1.95 1.993 | 2.036
50 2.036 2.079 2.122 2.165 2.208 2.251 2.294 2.338 2.381 2.425 2.468
60 2.468 2.512 2.556 2.6 2.643 2.687 2.732 2.776 2.82 2.864 2.909
70 2.909 2.953 2.998 3.043 3.087 3.132 3.177 3.222 3.267 3.312 3.358
80 3.358 3.403 3.448 3.494 3.539 3.585 3.631 3.677 3.722 3.768 3.814
90 | 3.814 3.86 3.907 | 3.953 | 3.999 | 4.046 | 4.092 | 4.138 | 4.185 | 4.232 | 4.279
100 | 4.279 4.325 4.372 4.419 4.466 4.513 4.561 4.608 4.655 4.702 4.75

Continues on next page
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272 Thermocouple type T

TABLE 1.2 — cont.

°C o 1 2 3 4 5 6 7 8 9 10
110 4.75 4.798 4.845 4.893 4.941 4.988 5.036 5.084 5.132 5.18 5.228
120 | 5.228 5.277 5.325 5.373 5.422 5.47 5.519 5.567 5.616 5.665 5.714
130 | 5.714 5.763 5.812 5.861 5.91 5.959 6.008 6.057 6.107 6.156 6.206
140 | 6.206 | 6.255 | 6.305 | 6.355 | 6.404 | 6.454 | 6.504 | 6.554 [ 6.604 | 6.654 | 6.704
150 | 6.704 6.754 6.805 6.855 6.905 6.956 7.006 7.057 7.107 7.158 7.209
160 | 7.209 7.26 7.31 7.361 7.412 7.463 7.515 7.566 7.617 7.668 7.72
170 7.72 7771 7.823 7.874 7.926 7.977 8.029 8.081 8.133 8.185 8.237
180 | 8.237 8.289 8.341 8.393 8.445 8.497 8.55 8.602 8.654 8.707 8.759
190 | 8.759 | 8.812 | 8.865 | 8.917 8.97 9.023 | 9.076 | 9.129 | 9.182 | 9.235 | 9.288
200 | 9.288 9.341 9.395 9.448 9.501 9.555 9.608 9.662 9.715 9.769 9.822
210 | 9.822 9.876 9.93 9.984 | 10.038 | 10.092 | 10.146 10.2 10.254 | 10.308 | 10.362
220 | 10.362 | 10.417 | 10.471 | 10.525 | 10.58 | 10.634 | 10.689 | 10.743 | 10.798 | 10.853 | 10.907
230 | 10.907 | 10.962 | 11.017 | 11.072 | 11.127 | 11.182 | 11.237 | 11.292 | 11.347 | 11.403 | 11.458
240 | 11.458 | 11.513 | 11.569 | 11.624 | 11.68 | 11.735 | 11.791 | 11.846 | 11.902 | 11.958 | 12.013
250 | 12.013 | 12.069 | 12.125 | 12.181 | 12.237 | 12.293 | 12.349 | 12.405 | 12.461 | 12.518 | 12.574
260 | 12.574 | 12.63 | 12.687 | 12.743 | 12.799 | 12.856 | 12.912 | 12.969 | 13.026 | 13.082 | 13.139
270 | 13.139 | 13.196 | 13.253 | 13.31 | 13.366 | 13.423 | 13.48 | 13.537 | 13.595 | 13.652 | 13.709
280 | 13.709 | 13.766 | 13.823 | 13.881 | 13.938 | 13.995 | 14.053 | 14.11 | 14.168 | 14.226 | 14.283
290 | 14.283 | 14.341 | 14.399 | 14.456 | 14.514 | 14.572 | 14.63 | 14.688 | 14.746 | 14.804 | 14.862
300 | 14.862 14.92 14.978 | 15.036 | 15.095 | 15.153 | 15.211 15.27 | 15.328 | 15.386 | 15.445
310 | 15.445 | 15.503 | 15.562 | 15.621 | 15.679 | 15.738 | 15.797 | 15.856 | 15.914 | 15.973 | 16.032
320 | 16.032 | 16.091 16.15 | 16.209 | 16.268 | 16.327 | 16.387 | 16.446 | 16.505 | 16.564 | 16.624
330 | 16.624 | 16.683 | 16.742 | 16.802 | 16.861 | 16.921 | 16.98 17.04 17.1 17.159 | 17.219
340 | 17.219 | 17.279 | 17.339 | 17.399 | 17.458 | 17.518 | 17.578 | 17.638 | 17.698 | 17.759 | 17.819
350 | 17.819 | 17.879 | 17.939 | 17.999 | 18.06 18.12 18.18 | 18.241 | 18.301 | 18.362 | 18.422
360 | 18.422 | 18.483 | 18.543 | 18.604 | 18.665 | 18.725 | 18.786 | 18.847 | 18.908 | 18.969 | 19.03
370 | 19.03 | 19.091 | 19.152 | 19.213 | 19.274 | 19.335 | 19.396 | 19.457 | 19.518 | 19.579 | 19.641
380 | 19.641 | 19.702 | 19.763 | 19.825 | 19.886 | 19.947 | 20.009 | 20.07 | 20.132 | 20.193 | 20.255
390 | 20.255 | 20.317 | 20.378 | 20.44 | 20.502 | 20.563 | 20.625 | 20.687 | 20.748 | 20.81 | 20.872
400 | 20.872
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J

Thermocouple type E

TABLE J.1: Thermocouple type E, negative temperatures, cold junction
0°C, data [83]

°C 0 -1 -2 -3 -4 -5 -6 -7 -8 -9 -10
-270 | -9.835
-260 | -9.797 | -9.802 | -9.808 | -9.813 | -9.817 | -9.821 | -9.825 | -9.828 | -9.831 | -9.833 | -9.835
-250 | -9.718 | -9.728 | -9.737 | -9.746 | -9.754 | -9.762 | -9.77 | -9.777 | -9.784 | -9.79 | -9.797
-240 | -9.604 | -9.617 [ -9.63 | -9.642 | -9.654 | -9.666 | -9.677 | -9.688 | -9.698 | -9.709 | -9.718
-230 | -9.455 | -9.471 [ -9.487 | -9.503 | -9.519 | -9.534 | -9.548 | -9.563 | -9.577 | -9.591 | -9.604
-220 | -9.274 | -9.293 | -9.313 | -9.331 | -9.35 | -9.368 | -9.386 | -9.404 | -9.421 | -9.438 | -9.455
-210 | -9.063 | -9.085 | -9.107 | -9.129 | -9.151 | -9.172 | -9.193 | -9.214 | -9.234 | -9.254 | -9.274
-200 | -8.825 | -8.85 [-8.874|-8.899 | -8.923 | -8.947 | -8.971 | -8.994 | -9.017 | -9.04 | -9.063
-190 | -8.561 | -8.588 [ -8.616 | -8.643 | -8.669 | -8.696 | -8.722 | -8.748 | -8.774 | -8.799 | -8.825
-180 | -8.273 | -8.303 [ -8.333 | -8.362 | -8.391 | -8.42 | -8.449 | -8.477 | -8.505 | -8.533 | -8.561
-170 | -7.963 | -7.995 | -8.027 | -8.059 | -8.09 |-8.121 | -8.152 | -8.183 | -8.213 | -8.243 | -8.273
-160 | -7.632 | -7.666 -7.7 |-7.733 | -7.767 | -7.8 |-7.833 | -7.866 | -7.899 [ -7.931 | -7.963
-150 | -7.279 | -7.315 | -7.351 | -7.387 | -7.423 | -7.458 | -7.493 | -7.528 | -7.563 | -7.597 | -7.632
-140 | -6.907 | -6.945 [ -6.983 | -7.021 | -7.058 | -7.096 | -7.133 | -7.17 | -7.206 | -7.243 | -7.279
-130 | -6.516 | -6.556 | -6.596 | -6.636 | -6.675 | -6.714 | -6.753 | -6.792 | -6.831 | -6.869 | -6.907
-120 | -6.107 | -6.149 | -6.191 | -6.232 | -6.273 | -6.314 | -6.355 | -6.396 | -6.436 | -6.476 | -6.516
-110 | -5.681 | -5.724 | -5.767 | -5.81 | -5.853 | -5.896 | -5.939 | -5.981 | -6.023 | -6.065 | -6.107
-100 | -5.237 | -5.282 [ -5.327 | -5.372 | -5.417 | -5.461 | -5.505 | -5.549 | -5.593 | -5.637 | -5.681
-90 | -4.777 | -4.824 | -4.871 | -4.917 | -4.963 | -5.009 | -5.055 | -5.101 | -5.147 | -5.192 | -5.237
-80 | -4.302 | -4.35 |-4.398 | -4.446 | -4.494 | -4.542 | -4.589 | -4.636 | -4.684 | -4.731 | -4.777
-70 |-3.811 | -3.861 | -3.911 | -3.96 | -4.009 | -4.058 | -4.107 | -4.156 | -4.205 | -4.254 | -4.302
-60 | -3.306 | -3.357 | -3.408 | -3.459 | -3.51 | -3.561 | -3.611 | -3.661 | -3.711 | -3.761 | -3.811
-50 | -2.787 | -2.84 [-2.892|-2.944 | -2.996 | -3.048 | -3.1 -3.152 | -3.204 | -3.255 | -3.306
-40 | -2.255 | -2.309 | -2.362 | -2.416 | -2.469 | -2.523 | -2.576 | -2.629 | -2.682 | -2.735 | -2.787
-30 | -1.709 | -1.765 | -1.82 | -1.874 | -1.929 | -1.984 | -2.038 | -2.093 | -2.147 | -2.201 | -2.255
-20 | -1.152 | -1.208 | -1.264 | -1.32 | -1.376 | -1.432 | -1.488 | -1.543 | -1.599 | -1.654 | -1.709
-10 | -0.582 | -0.639 | -0.697 | -0.754 | -0.811 | -0.868 | -0.925 | -0.982 | -1.039 | -1.095 | -1.152
0 0 -0.059 | -0.117 | -0.176 | -0.234 | -0.292 | -0.35 | -0.408 | -0.466 | -0.524 | -0.582

TABLE J.2: Thermocouple type E, positive temperatures, cold junction 0°C,

data [83]

°C 0 1 2 3 4 5 6 7 8 9 10
0 0 0.059 0.118 0.176 0.235 0.294 0.354 0.413 0.472 0.532 0.591
10 0.591 0.651 0.711 0.77 0.83 0.89 0.95 1.01 1.071 1.131 1.192
20 1.192 1.252 1.313 1.373 1.434 1.495 1.556 1.617 1.678 1.74 1.801
30 1.801 1.862 1.924 1.986 2.047 2.109 2.171 2.233 2.295 2.357 2.42
40 2.42 2.482 2.545 2.607 2.67 2.733 2.795 2.858 2.921 2.984 3.048
50 3.048 3.111 3.174 3.238 3.301 3.365 3.429 3.492 3.556 3.62 3.685
60 3.685 3.749 3.813 3.877 3.942 4.006 4.071 4.136 4.2 4.265 4.33
70 4.33 4.395 4.46 4.526 4.591 4.656 4.722 4.788 4.853 4.919 4.985
80 4.985 5.051 5.117 5.183 5.249 5.315 5.382 5.448 5.514 5.581 5.648
90 5.648 | 5.714 | 5.781 5.848 5.915 | 5.982 | 6.049 | 6.117 | 6.184 | 6.251 6.319
100 6.319 6.386 6.454 6.522 6.59 6.658 6.725 6.794 6.862 6.93 6.998
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276 Thermocouple type E

TABLE J.2 — cont.

°C o] 1 2 3 4 5 6 T 8 9 10
110 6.998 7.066 7.135 7.203 7.272 7.341 7.409 7.478 7.547 7.616 7.685
120 7.685 7.754 7.823 7.892 7.962 8.031 8.101 8.17 8.24 8.309 8.379
130 8.379 8.449 8.519 8.589 8.659 8.729 8.799 8.869 8.94 9.01 9.081
140 | 9.081 | 9.151 | 9.222 | 9.292 | 9.363 | 9.434 | 9.505 | 9.576 | 9.647 | 9.718 | 9.789
150 9.789 9.86 9.931 | 10.003 | 10.074 | 10.145 | 10.217 | 10.288 | 10.36 | 10.432 | 10.503
160 | 10.503 | 10.575 | 10.647 | 10.719 | 10.791 | 10.863 | 10.935 | 11.007 | 11.08 | 11.152 | 11.224
170 | 11.224 | 11.297 | 11.369 | 11.442 | 11.514 | 11.587 | 11.66 | 11.733 | 11.805 | 11.878 | 11.951
180 | 11.951 | 12.024 | 12.097 | 12.17 | 12.243 | 12.317 | 12.39 | 12.463 | 12.537 | 12.61 | 12.684
190 | 12.684 | 12.757 | 12.831 | 12.904 | 12.978 | 13.052 | 13.126 | 13.199 | 13.273 | 13.347 | 13.421
200 | 13.421 | 13.495 | 13.569 | 13.644 | 13.718 | 13.792 | 13.866 | 13.941 | 14.015 | 14.09 | 14.164
210 | 14.164 | 14.239 | 14.313 | 14.388 | 14.463 | 14.537 | 14.612 | 14.687 | 14.762 | 14.837 | 14.912
220 | 14.912 | 14.987 | 15.062 | 15.137 | 15.212 | 15.287 | 15.362 | 15.438 | 15.513 | 15.588 | 15.664
230 | 15.664 | 15.739 | 15.815 | 15.89 | 15.966 | 16.041 | 16.117 | 16.193 | 16.269 | 16.344 | 16.42
240 16.42 | 16.496 | 16.572 | 16.648 | 16.724 16.8 16.876 | 16.952 | 17.028 | 17.104 | 17.181
250 | 17.181 | 17.257 | 17.333 | 17.409 | 17.486 | 17.562 | 17.639 | 17.715 | 17.792 | 17.868 | 17.945
260 | 17.945 | 18.021 | 18.098 | 18.175 | 18.252 | 18.328 | 18.405 | 18.482 | 18.559 | 18.636 | 18.713
270 | 18.713 | 18.79 | 18.867 | 18.944 | 19.021 | 19.098 | 19.175 | 19.252 | 19.33 | 19.407 | 19.484
280 | 19.484 | 19.561 | 19.639 | 19.716 | 19.794 | 19.871 | 19.948 | 20.026 | 20.103 | 20.181 | 20.259
290 | 20.259 | 20.336 | 20.414 | 20.492 | 20.569 | 20.647 | 20.725 | 20.803 | 20.88 | 20.958 | 21.036
300 | 21.036 | 21.114 | 21.192 | 21.27 | 21.348 | 21.426 | 21.504 | 21.582 | 21.66 | 21.739 | 21.817
310 | 21.817 | 21.895 | 21.973 | 22.051 | 22.13 | 22.208 | 22.286 | 22.365 | 22.443 | 22.522 22.6
320 22.6 22.678 | 22.757 | 22.835 | 22.914 | 22.993 | 23.071 | 23.15 | 23.228 | 23.307 | 23.386
330 | 23.386 | 23.464 | 23.543 | 23.622 | 23.701 | 23.78 | 23.858 | 23.937 | 24.016 | 24.095 | 24.174
340 | 24.174 | 24.253 | 24.332 | 24.411 | 24.49 | 24.569 | 24.648 | 24.727 | 24.806 | 24.885 | 24.964
350 | 24.964 | 25.044 | 25.123 | 25.202 | 25.281 | 25.36 25.44 | 25.519 | 25.598 | 25.678 | 25.757
360 | 25.757 | 25.836 | 25.916 | 25.995 | 26.075 | 26.154 | 26.233 | 26.313 | 26.392 | 26.472 | 26.552
370 | 26.552 | 26.631 | 26.711 | 26.79 26.87 26.95 | 27.029 | 27.109 | 27.189 | 27.268 | 27.348
380 | 27.348 | 27.428 | 27.507 | 27.587 | 27.667 | 27.747 | 27.827 | 27.907 | 27.986 | 28.066 | 28.146
390 | 28.146 | 28.226 | 28.306 | 28.386 | 28.466 | 28.546 | 28.626 | 28.706 | 28.786 | 28.866 | 28.946
400 | 28.946 | 29.026 | 29.106 | 29.186 | 29.266 | 29.346 | 29.427 | 29.507 | 29.587 | 29.667 | 29.747
410 | 29.747 | 29.827 | 29.908 | 29.988 | 30.068 | 30.148 | 30.229 | 30.309 | 30.389 | 30.47 30.55
420 30.55 30.63 | 30.711 | 30.791 | 30.871 | 30.952 | 31.032 | 31.112 | 31.193 | 31.273 | 31.354
430 | 31.354 | 31.434 | 31.515 | 31.595 | 31.676 | 31.756 | 31.837 | 31.917 | 31.998 | 32.078 | 32.159
440 | 32.159 | 32.239 | 32.32 32.4 32.481 | 32.562 | 32.642 | 32.723 | 32.803 | 32.884 | 32.965
450 | 32.965 | 33.045 | 33.126 | 33.207 | 33.287 | 33.368 | 33.449 | 33.529 | 33.61 | 33.691 | 33.772
460 | 33.772 | 33.852 | 33.933 | 34.014 | 34.095 | 34.175 | 34.256 | 34.337 | 34.418 | 34.498 | 34.579
470 | 34.579 | 34.66 | 34.741 | 34.822 | 34.902 | 34.983 | 35.064 | 35.145 | 35.226 | 35.307 | 35.387
480 | 35.387 | 35.468 | 35.549 | 35.63 | 35.711 | 35.792 | 35.873 | 35.954 | 36.034 | 36.115 | 36.196
490 | 36.196 | 36.277 | 36.358 | 36.439 | 36.52 | 36.601 | 36.682 | 36.763 | 36.843 | 36.924 | 37.005
500 | 37.005 | 37.086 | 37.167 | 37.248 | 37.329 | 37.41 | 37.491 | 37.572 | 37.653 | 37.734 | 37.815
510 | 37.815 | 37.896 | 37.977 | 38.058 | 38.139 | 38.22 38.3 38.381 | 38.462 | 38.543 | 38.624
520 | 38.624 | 38.705 | 38.786 | 38.867 | 38.948 | 39.029 | 39.11 | 39.191 | 39.272 | 39.353 | 39.434
530 | 39.434 | 39.515 | 39.596 | 39.677 | 39.758 | 39.839 | 39.92 | 40.001 | 40.082 | 40.163 | 40.243
540 | 40.243 | 40.324 | 40.405 | 40.486 | 40.567 | 40.648 | 40.729 | 40.81 | 40.891 | 40.972 | 41.053
550 | 41.053 | 41.134 | 41.215 | 41.296 | 41.377 | 41.457 | 41.538 | 41.619 41.7 41.781 | 41.862
560 | 41.862 | 41.943 | 42.024 | 42.105 | 42.185 | 42.266 | 42.347 | 42.428 | 42.509 | 42.59 | 42.671
570 | 42.671 | 42.751 | 42.832 | 42.913 | 42.994 | 43.075 | 43.156 | 43.236 | 43.317 | 43.398 | 43.479
580 | 43.479 | 43.56 43.64 | 43.721 | 43.802 | 43.883 | 43.963 | 44.044 | 44.125 | 44.206 | 44.286
590 | 44.286 | 44.367 | 44.448 | 44.529 | 44.609 | 44.69 | 44.771 | 44.851 | 44.932 | 45.013 | 45.093
600 | 45.093 | 45.174 | 45.255 | 45.335 | 45.416 | 45.497 | 45.577 | 45.658 | 45.738 | 45.819 45.9
610 45.9 45.98 | 46.061 | 46.141 | 46.222 | 46.302 | 46.383 | 46.463 | 46.544 | 46.624 | 46.705
620 | 46.705 | 46.785 | 46.866 | 46.946 | 47.027 | 47.107 | 47.188 | 47.268 | 47.349 | 47.429 | 47.509
630 | 47.509 | 47.59 47.67 | 47.751 | 47.831 | 47.911 | 47.992 | 48.072 | 48.152 | 48.233 | 48.313
640 | 48.313 | 48.393 | 48.474 | 48.554 | 48.634 | 48.715 | 48.795 | 48.875 | 48.955 | 49.035 | 49.116
650 | 49.116 | 49.196 | 49.276 | 49.356 | 49.436 | 49.517 | 49.597 | 49.677 | 49.757 | 49.837 | 49.917
660 | 49.917 | 49.997 | 50.077 | 50.157 | 50.238 | 50.318 | 50.398 | 50.478 | 50.558 [ 50.638 | 50.718
670 | 50.718 | 50.798 | 50.878 | 50.958 | 51.038 | 51.118 | 51.197 | 51.277 | 51.357 | 51.437 | 51.517
680 | 51.517 | 51.597 | 51.677 | 51.757 | 51.837 | 51.916 | 51.996 | 52.076 | 52.156 | 52.236 | 52.315
690 | 52.315 | 52.395 | 52.475 | 52.555 | 52.634 | 52.714 | 52.794 | 52.873 | 52.953 | 53.033 | 53.112
700 | 53.112 | 53.192 | 53.272 | 53.351 | 53.431 | 53.51 53.59 53.67 | 53.749 | 53.829 | 53.908
710 | 53.908 | 53.988 | 54.067 | 54.147 | 54.226 | 54.306 | 54.385 | 54.465 | 54.544 | 54.624 | 54.703
720 | 54.703 | 54.782 | 54.862 | 54.941 | 55.021 | 55.1 | 55.179 | 55.259 | 55.338 | 55.417 | 55.497
730 | 55.497 | 55.576 | 55.655 | 55.734 | 55.814 | 55.893 | 55.972 | 56.051 | 56.131 | 56.21 | 56.289
740 | 56.289 | 56.368 | 56.447 | 56.526 | 56.606 | 56.685 | 56.764 | 56.843 | 56.922 | 57.001 | 57.08
750 57.08 | 57.159 | 57.238 | 57.317 | 57.396 | 57.475 | 57.554 | 57.633 | 57.712 | 57.791 | 57.87
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TABLE J.2 — cont.

°C 0 1 2 3 4 5 6 7 8 9 10
760 57.87 | 57.949 | 58.028 | 58.107 | 58.186 | 58.265 | 58.343 | 58.422 | 58.501 58.58 | 58.659
770 | 58.659 | 58.738 | 58.816 | 58.895 | 58.974 | 59.053 | 59.131 59.21 59.289 | 59.367 | 59.446
780 | 59.446 | 59.525 | 59.604 | 59.682 | 59.761 | 59.839 | 59.918 | 59.997 | 60.075 | 60.154 | 60.232
790 | 60.232 | 60.311 | 60.39 | 60.468 | 60.547 | 60.625 | 60.704 | 60.782 | 60.86 | 60.939 | 61.017
800 | 61.017 | 61.096 | 61.174 | 61.253 | 61.331 | 61.409 | 61.488 | 61.566 | 61.644 | 61.723 | 61.801
810 | 61.801 | 61.879 | 61.958 | 62.036 | 62.114 | 62.192 | 62.271 | 62.349 | 62.427 | 62.505 | 62.583
820 | 62.583 | 62.662 | 62.74 | 62.818 | 62.896 | 62.974 | 63.052 | 63.13 | 63.208 | 63.286 | 63.364
830 | 63.364 | 63.442 | 63.52 | 63.598 | 63.676 | 63.754 | 63.832 | 63.91 63.988 | 64.066 | 64.144
840 | 64.144 | 64.222 64.3 64.377 | 64.455 | 64.533 | 64.611 | 64.689 | 64.766 | 64.844 | 64.922
850 | 64.922 65 65.077 | 65.155 | 65.233 | 65.31 65.388 | 65.465 | 65.543 | 65.621 | 65.698
860 | 65.698 | 65.776 | 65.853 | 65.931 | 66.008 | 66.086 | 66.163 | 66.241 | 66.318 | 66.396 | 66.473
870 | 66.473 | 66.55 | 66.628 | 66.705 | 66.782 | 66.86 | 66.937 | 67.014 [ 67.092 | 67.169 | 67.246
880 | 67.246 | 67.323 67.4 67.478 | 67.555 | 67.632 | 67.709 | 67.786 | 67.863 | 67.94 | 68.017
890 | 68.017 | 68.094 | 68.171 | 68.248 | 68.325 | 68.402 | 68.479 | 68.556 | 68.633 | 68.71 | 68.787
900 | 68.787 | 68.863 | 68.94 | 69.017 | 69.094 | 69.171 | 69.247 | 69.324 | 69.401 | 69.477 | 69.554
910 | 69.554 | 69.631 | 69.707 | 69.784 | 69.86 | 69.937 | 70.013 | 70.09 | 70.166 | 70.243 | 70.319
920 | 70.319 | 70.396 | 70.472 | 70.548 | 70.625 | 70.701 | 70.777 | 70.854 | 70.93 | 71.006 | 71.082
930 | 71.082 | 71.159 | 71.235 | 71.311 | 71.387 | 71.463 | 71.539 | 71.615 | 71.692 | 71.768 | 71.844
940 | 71.844 | 71.92 | 71.996 | 72.072 | 72.147 | 72.223 | 72.299 | 72.375 | 72.451 | 72.527 | 72.603
950 | 72.603 | 72.678 | 72.754 | 72.83 | 72.906 | 72.981 | 73.057 | 73.133 | 73.208 | 73.284 | 73.36
960 73.36 | 73.435 | 73.511 | 73.586 | 73.662 | 73.738 | 73.813 | 73.889 | 73.964 | 74.04 | 74.115
970 | 74.115 | 74.19 | 74.266 | 74.341 | 74.417 | 74.492 | 74.567 | 74.643 | 74.718 | 74.793 | 74.869
980 | 74.869 | 74.944 | 75.019 | 75.095 | 75.17 | 75.245 | 75.32 | 75.395 | 75.471 | 75.546 | 75.621
990 | 75.621 | 75.696 | 75.771 | 75.847 | 75.922 | 75.997 | 76.072 | 76.147 | 76.223 | 76.298 | 76.373
1000 | 76.373
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Thermocouple type R

TABLE K.1: Thermocouple type R, negative temperatures, cold junction
0°C, data [83]

°C 0] -1 -2 -3 -4 -5 -6 -7 -8 -9 -10
-50 | -0.226
-40 | -0.188 -0.192 -0.196 | -0.2 |-0.204 | -0.208 | -0.211 | -0.215 | -0.219 | -0.223 | -0.226
-30 | -0.145 -0.15 -0.154 | -0.158 | -0.163 | -0.167 | -0.171 | -0.175 | -0.18 | -0.184 | -0.188

-20| -0.1 -0.105 -0.109 | -0.114 | -0.119 | -0.123 | -0.128 | -0.132 | -0.137 | -0.141 | -0.145
-10 | -0.051 -0.056 -0.061 | -0.066 | -0.071 | -0.076 | -0.081 | -0.086 | -0.091 | -0.095 | -0.1
0 0 -0.005 -0.011 | -0.016 | -0.021 | -0.026 | -0.031 | -0.036 | -0.041 | -0.046 | -0.051

TABLE K.2: Thermocouple type R, positive temperatures, cold junction
0°C, data [83]

°C [} 1 2 3 4 5 6 7 8 9 10
0 0 0.005 0.011 0.016 | 0.021 0.027 | 0.032 0.038 | 0.043 0.049 | 0.054
10 0.054 0.06 0.065 0.071 0.077 | 0.082 0.088 0.094 0.1 0.105 0.111
20 0.111 0.117 0.123 0.129 | 0.135 0.141 0.147 | 0.153 0.159 0.165 0.171
30 0.171 0.177 0.183 0.189 | 0.195 0.201 0.207 | 0.214 0.22 0.226 | 0.232
40 0.232 0.239 0.245 0.251 0.258 0.264 | 0.271 0.277 | 0.284 0.29 0.296
50 0.296 0.303 0.31 0.316 | 0.323 0.329 | 0.336 0.343 | 0.349 0.356 | 0.363
60 0.363 0.369 0.376 0.383 0.39 0.397 | 0.403 0.41 0.417 | 0.424 | 0.431
70 0.431 0.438 0.445 0.452 0.459 0.466 | 0.473 0.48 0.487 | 0.494 | 0.501
80 0.501 0.508 0.516 0.523 0.53 0.537 | 0.544 0.552 0.559 0.566 | 0.573
90 0.573 0.581 0.588 0.595 0.603 0.61 0.618 0.625 0.632 0.64 0.647
100 | 0.647 0.655 0.662 0.67 0.677 | 0.685 0.693 0.7 0.708 0.715 0.723
110 | 0.723 0.731 0.738 0.746 | 0.754 0.761 0.769 0.777 | 0.785 0.792 0.8
120 0.8 0.808 0.816 0.824 | 0.832 0.839 | 0.847 | 0.855 0.863 0.871 0.879
130 | 0.879 0.887 0.895 0.903 0.911 0.919 | 0.927 | 0.935 0.943 0.951 0.959
140 | 0.959 0.967 0.976 0.984 | 0.992 1 1.008 1.016 1.025 1.033 1.041
150 1.041 1.049 1.058 1.066 1.074 1.082 1.091 1.099 1.107 1.116 1.124

160 1.124 1.132 1.141 1.149 1.158 1.166 1.175 1.183 1.191 1.2 1.208
170 1.208 1.217 1.225 1.234 1.242 1.251 1.26 1.268 1.277 1.285 1.294
180 1.294 1.303 1.311 1.32 1.329 1.337 1.346 1.355 1.363 1.372 1.381
190 1.381 1.389 1.398 1.407 1.416 1.425 1.433 1.442 1.451 1.46 1.469
200 1.469 1.477 1.486 1.495 1.504 1.513 1.522 1.531 1.54 1.549 1.558
210 1.558 1.567 1.575 1.584 1.593 1.602 1.611 1.62 1.629 1.639 1.648
220 1.648 1.657 1.666 1.675 1.684 1.693 1.702 1.711 1.72 1.729 1.739
230 1.739 1.748 1.757 1.766 1.775 1.784 1.794 1.803 1.812 1.821 1.831
240 1.831 1.84 1.849 1.858 1.868 1.877 1.886 1.895 1.905 1.914 1.923

250 1.923 1.933 1.942 1.951 1.961 1.97 1.98 1.989 1.998 | 2.008 | 2.017
260 | 2.017 | 2.027 2.036 | 2.046 | 2.055 | 2.064 | 2.074 | 2.083 2.093 | 2.102 2.112
270 2.112 2.121 2.131 2.14 2.15 2.159 2.169 2.179 2.188 2.198 2.207
280 2.207 2.217 2.226 2.236 2.246 2.255 2.265 2.275 2.284 2.294 2.304
290 | 2.304 2.313 2.323 | 2.333 | 2.342 | 2.352 2.362 | 2.371 2.381 2.391 2.401
300 | 2.401 2.41 2.42 2.43 2.44 2.449 | 2.459 | 2.469 | 2.479 | 2.488 | 2.498
310 | 2.498 2.508 2.518 | 2.528 | 2.538 | 2.547 | 2.557 | 2.567 | 2.577 | 2.587 | 2.597
320 | 2.597 | 2.607 2.617 | 2.626 | 2.636 | 2.646 | 2.656 | 2.666 | 2.676 | 2.686 | 2.696
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280 Thermocouple type
TABLE K.2 — cont.
°C o 1 2 3 4 5 6 7 8 9 10
330 2.696 2.706 2.716 2.726 2.736 2.746 2.756 2.766 2.776 2.786 2.796
340 2.796 2.806 2.816 2.826 2.836 2.846 2.856 2.866 2.876 2.886 2.896
350 2.896 2.906 2.916 2.926 2.937 2.947 2.957 2.967 2.977 2.987 2.997
360 | 2.997 | 3.007 | 3.018 | 3.028 | 3.038 | 3.048 | 3.058 | 3.068 | 3.079 | 3.089 | 3.099
370 3.099 3.109 3.119 3.13 3.14 3.15 3.16 3.171 3.181 3.191 3.201
380 3.201 3.212 3.222 3.232 3.242 3.253 3.263 3.273 3.284 3.294 3.304
390 3.304 3.315 3.325 3.335 3.346 3.356 3.366 3.377 3.387 3.397 3.408
400 3.408 3.418 3.428 3.439 3.449 3.46 3.47 3.48 3.491 3.501 3.512
410 | 3.512 | 3.522 | 3.533 | 3.543 | 3.553 | 3.564 | 3.574 | 3.585 | 3.595 | 3.606 | 3.616
420 3.616 3.627 3.637 3.648 3.658 3.669 3.679 3.69 3.7 3.711 3.721
430 3.721 3.732 3.742 3.753 3.764 3.774 3.785 3.795 3.806 3.816 3.827
440 3.827 3.838 3.848 3.859 3.869 3.88 3.891 3.901 3.912 3.922 3.933
450 3.933 3.944 3.954 3.965 3.976 3.986 3.997 4.008 4.018 4.029 4.04
460 4.04 4.05 4.061 4.072 4.083 4.093 4.104 4.115 4.125 4.136 4.147
470 4.147 4.158 4.168 4.179 4.19 4.201 4.211 4.222 4.233 4.244 4.255
480 4.255 4.265 4.276 4.287 4.298 4.309 4.319 4.33 4.341 4.352 4.363
490 4.363 4.373 4.384 4.395 4.406 4.417 4.428 4.439 4.449 4.46 4.471
500 4.471 4.482 4.493 4.504 4.515 4.526 4.537 4.548 4.558 4.569 4.58
510 | 4.58 | 4.591 | 4.602 | 4.613 | 4.624 | 4.635 | 4.646 | 4.657 | 4.668 | 4.679 | 4.69
520 4.69 4.701 4.712 4.723 4.734 4.745 4.756 4.767 4.778 4.789 4.8
530 4.8 4.811 4.822 4.833 4.844 4.855 4.866 4.877 4.888 4.899 4.91
540 4.91 4.922 4.933 4.944 4.955 4.966 4.977 4.988 4.999 5.01 5.021
550 | 5.021 | 5.033 | 5.044 | 5.055 | 5.066 | 5.077 | 5.088 | 5.000 | 5.111 | 5.122 | 5.133
560 5.133 5.144 5.155 5.166 5.178 5.189 5.2 5.211 5.222 5.234 5.245
570 5.245 5.256 5.267 5.279 5.29 5.301 5.312 5.323 5.335 5.346 5.357
580 5.357 5.369 5.38 5.391 5.402 5.414 5.425 5.436 5.448 5.459 5.47
590 5.47 5.481 5.493 5.504 5.515 5.527 5.538 5.549 5.561 5.572 5.583
600 | 5.583 | 5.595 | 5.606 | 5.618 | 5.629 | 5.64 | 5.652 | 5.663 | 5.674 | 5.686 | 5.697
610 5.697 5.709 5.72 5.731 5.743 5.754 5.766 5.777 5.789 5.8 5.812
620 5.812 5.823 5.834 5.846 5.857 5.869 5.88 5.892 5.903 5.915 5.926
630 5.926 5.938 5.949 5.961 5.972 5.984 5.995 6.007 6.018 6.03 6.041
640 6.041 6.053 6.065 6.076 6.088 6.099 6.111 6.122 6.134 6.146 6.157
650 | 6.157 | 6.169 | 6.18 | 6.192 | 6.204 | 6.215 | 6.227 | 6.238 | 6.25 | 6.262 | 6.273
660 6.273 6.285 6.297 6.308 6.32 6.332 6.343 6.355 6.367 6.378 6.39
670 6.39 6.402 6.413 6.425 6.437 6.448 6.46 6.472 6.484 6.495 6.507
680 6.507 6.519 6.531 6.542 6.554 6.566 6.578 6.589 6.601 6.613 6.625
690 6.625 6.636 6.648 6.66 6.672 6.684 6.695 6.707 6.719 6.731 6.743
700 | 6.743 | 6.755 | 6.766 | 6.778 | 6.79 | 6.802 | 6.814 | 6.826 | 6.838 | 6.849 | 6.861
710 6.861 6.873 6.885 6.897 6.909 6.921 6.933 6.945 6.956 6.968 6.98
720 6.98 6.992 7.004 7.016 7.028 7.04 7.052 7.064 7.076 7.088 7.1
730 7.1 7.112 7.124 7.136 7.148 7.16 7.172 7.184 7.196 7.208 7.22
740 7.22 7.232 7.244 7.256 7.268 7.28 7.292 7.304 7.316 7.328 7.34
750 | 7.34 | 7.352 | 7.364 | 7.376 | 7.389 | 7.401 | 7.413 | 7.425 | 7.437 | 7.449 | 7.461
760 7.461 7.473 7.485 7.498 7.51 7.522 7.534 7.546 7.558 7.57 7.583
770 7.583 7.595 7.607 7.619 7.631 7.644 7.656 7.668 7.68 7.692 7.705
780 7.705 T.717 7.729 7.741 7.753 7.766 7.778 7.79 7.802 7.815 7.827
790 | 7.827 | 7.839 | 7.851 | 7.864 | 7.876 | 7.888 | 7.901 | 7.913 | 7.925 | 7.938 | 7.95
800 7.95 7.962 7.974 7.987 7.999 8.011 8.024 8.036 8.048 8.061 8.073
810 8.073 8.086 8.098 8.11 8.123 8.135 8.147 8.16 8.172 8.185 8.197
820 8.197 8.209 8.222 8.234 8.247 8.259 8.272 8.284 8.296 8.309 8.321
830 8.321 8.334 8.346 8.359 8.371 8.384 8.396 8.409 8.421 8.434 8.446
840 | 8.446 | 8.459 | 8.471 | 8.484 | 8.496 | 8.509 | 8.521 | 8.534 | 8.546 | 8.559 | 8.571
850 8.571 8.584 8.597 8.609 8.622 8.634 8.647 8.659 8.672 8.685 8.697
860 8.697 8.71 8.722 8.735 8.748 8.76 8.773 8.785 8.798 8.811 8.823
870 8.823 8.836 8.849 8.861 8.874 8.887 8.899 8.912 8.925 8.937 8.95
880 8.95 8.963 8.975 8.988 9.001 9.014 9.026 9.039 9.052 9.065 9.077
890 | 9.077 | 9.09 | 9.103 | 9.115 | 9.128 | 9.141 | 9.154 | 9.167 | 9.179 | 9.192 | 9.205
900 9.205 9.218 9.23 9.243 9.256 9.269 9.282 9.294 9.307 9.32 9.333
910 9.333 9.346 9.359 9.371 9.384 9.397 9.41 9.423 9.436 9.449 9.461
920 9.461 9.474 9.487 9.5 9.513 9.526 9.539 9.552 9.565 9.578 9.59
930 9.59 9.603 9.616 9.629 9.642 9.655 9.668 9.681 9.694 9.707 9.72
940 | 972 | 9733 | 9.746 | 9.759 | 9.772 | 9.785 | 9.798 | 9.811 | 9.824 | 9.837 | 9.85
950 9.85 9.863 9.876 9.889 9.902 9.915 9.928 9.941 9.954 9.967 9.98
960 9.98 9.993 10.006 | 10.019 | 10.032 | 10.046 | 10.059 | 10.072 | 10.085 | 10.098 | 10.111
970 | 10.111 | 10.124 | 10.137 | 10.15 10.163 | 10.177 | 10.19 10.203 | 10.216 | 10.229 | 10.242

Continues on next page




Thermocouple type

TABLE K.2 — cont.
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°C

0

1

8

9

10

980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620

10.242
10.374
10.506
10.638
10.771
10.905
11.039
11.173
11.307
11.442
11.578
11.714
11.85
11.986
12.123
12.26
12.397
12.535
12.673
12.812
12.95
13.089
13.228
13.367
13.507
13.646
13.786
13.926
14.066
14.207
14.347
14.488
14.629
14.77
14.911
15.052
15.193
15.334
15.475
15.616
15.758
15.899
16.04
16.181
16.323
16.464
16.605
16.746
16.887
17.028
17.169
17.31
17.451
17.591
17.732
17.872
18.012
18.152
18.292
18.431
18.571
18.71
18.849
18.988
19.126

10.255
10.387
10.519
10.652
10.785
10.918
11.052
11.186
11.321
11.456
11.591
11.727
11.863
12
12.137
12.274
12.411
12.549
12.687
12.825
12.964
13.103
13.242
13.381
13.521
13.66
13.8
13.94
14.081
14.221
14.361
14.502
14.643
14.784
14.925
15.066
15.207
15.348
15.489
15.63
15.772
15.913
16.054
16.196
16.337
16.478
16.619
16.76
16.901
17.042
17.183
17.324
17.465
17.605
17.746
17.886
18.026
18.166
18.306
18.445
18.585
18.724
18.863
19.002
19.14

10.268
10.4
10.532
10.665
10.798
10.932
11.065
11.2
11.334
11.469
11.605
11.741
11.877
12.013
12.15
12.288
12.425
12.563
12.701
12.839
12.978
13.117
13.256
13.395
13.535
13.674
13.814
13.954
14.095
14.235
14.375
14.516
14.657
14.798
14.939
15.08
15.221
15.362
15.503
15.645
15.786
15.927
16.068
16.21
16.351
16.492
16.633
16.774
16.915
17.056
17.197
17.338
17.479
17.619
17.76
17.9
18.04
18.18
18.32
18.459
18.599
18.738
18.877
19.015
19.154

10.282
10.413
10.546
10.678
10.811
10.945
11.079
11.213
11.348
11.483
11.618
11.754
11.891
12.027
12.164
12.301
12.439
12.577
12.715
12.853
12.992
13.131
13.27
13.409
13.549
13.688
13.828
13.968
14.109
14.249
14.39
14.53
14.671
14.812
14.953
15.094
15.235
15.376
15.517
15.659
15.8
15.941
16.082
16.224
16.365
16.506
16.647
16.789
16.93
17.071
17.211
17.352
17.493
17.633
17.774
17.914
18.054
18.194
18.334
18.473
18.613
18.752
18.891
19.029
19.168

10.295
10.427
10.559
10.692
10.825
10.958
11.092
11.227
11.361
11.496
11.632
11.768
11.904
12.041
12.178
12.315
12.453
12.59
12.729
12.867
13.006
13.145
13.284
13.423
13.563
13.702
13.842
13.982
14.123
14.263
14.404
14.544
14.685
14.826
14.967
15.108
15.249
15.39
15.531
15.673
15.814
15.955
16.097
16.238
16.379
16.52
16.662
16.803
16.944
17.085
17.225
17.366
17.507
17.647
17.788
17.928
18.068
18.208
18.348
18.487
18.627
18.766
18.904
19.043
19.181

10.308
10.44
10.572
10.705
10.838
10.972
11.106
11.24
11.375
11.51
11.646
11.782
11.918
12.054
12.191
12.329
12.466
12.604
12.742
12.881
13.019
13.158
13.298
13.437
13.577
13.716
13.856
13.996
14.137
14.277
14.418
14.558
14.699
14.84
14.981
15.122
15.263
15.404
15.546
15.687
15.828
15.969
16.111
16.252
16.393
16.534
16.676
16.817
16.958
17.099
17.24
17.38
17.521
17.661
17.802
17.942
18.082
18.222
18.362
18.501
18.64
18.779
18.918
19.057
19.195

10.321
10.453
10.585
10.718
10.851
10.985
11.119
11.253
11.388
11.524
11.659
11.795
11.931
12.068
12.205
12.342
12.48
12.618
12.756
12.895
13.033
13.172
13.311
13.451
13.59
13.73
13.87
14.01
14.151
14.291
14.432
14.572
14.713
14.854
14.995
15.136
15.277
15.419
15.56
15.701
15.842
15.984
16.125
16.266
16.407
16.549
16.69
16.831
16.972
17.113
17.254
17.394
17.535
17.676
17.816
17.956
18.096
18.236
18.376
18.515
18.654
18.793
18.932
19.071
19.209

10.334
10.466
10.599
10.731
10.865
10.998
11.132
11.267
11.402
11.537
11.673
11.809
11.945
12.082
12.219
12.356
12.494
12.632
12.77
12.909
13.047
13.186
13.325
13.465
13.604
13.744
13.884
14.024
14.165
14.305
14.446
14.586
14.727
14.868
15.009
15.15
15.291
15.433
15.574
15.715
15.856
15.998
16.139
16.28
16.422
16.563
16.704
16.845
16.986
17.127
17.268
17.408
17.549
17.69
17.83
17.97
18.11
18.25
18.39
18.529
18.668
18.807
18.946
19.085
19.223

10.347
10.48
10.612
10.745
10.878
11.012
11.146
11.28
11.415
11.551
11.686
11.822
11.959
12.096
12.233
12.37
12.508
12.646
12.784
12.922
13.061
13.2
13.339
13.479
13.618
13.758
13.898
14.038
14.179
14.319
14.46
14.601
14.741
14.882
15.023
15.164
15.306
15.447
15.588
15.729
15.871
16.012
16.153
16.294
16.436
16.577
16.718
16.859
17
17.141
17.282
17.423
17.563
17.704
17.844
17.984
18.124
18.264
18.404
18.543
18.682
18.821
18.96
19.098
19.237

10.361
10.493
10.625
10.758
10.891
11.025
11.159
11.294
11.429
11.564
11.7
11.836
11.972
12.109
12.246
12.384
12.521
12.659
12.798
12.936
13.075
13.214
13.353
13.493
13.632
13.772
13.912
14.052
14.193
14.333
14.474
14.615
14.755
14.896
15.037
15.179
15.32
15.461
15.602
15.743
15.885
16.026
16.167
16.309
16.45
16.591
16.732
16.873
17.014
17.155
17.296
17.437
17.577
17.718
17.858
17.998
18.138
18.278
18.417
18.557
18.696
18.835
18.974
19.112
19.25

10.374
10.506
10.638
10.771
10.905
11.039
11.173
11.307
11.442
11.578
11.714
11.85
11.986
12.123
12.26
12.397
12.535
12.673
12.812
12.95
13.089
13.228
13.367
13.507
13.646
13.786
13.926
14.066
14.207
14.347
14.488
14.629
14.77
14.911
15.052
15.193
15.334
15.475
15.616
15.758
15.899
16.04
16.181
16.323
16.464
16.605
16.746
16.887
17.028
17.169
17.31
17.451
17.591
17.732
17.872
18.012
18.152
18.292
18.431
18.571
18.71
18.849
18.988
19.126
19.264
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282 Thermocouple type R

TABLE K.2 — cont.
°C o] 1 2 3 4 5 6 T 8 9 10

1630 | 19.264 | 19.278 | 19.292 | 19.306 | 19.319 | 19.333 | 19.347 | 19.361 | 19.375 | 19.388 | 19.402
1640 | 19.402 | 19.416 | 19.43 | 19.444 | 19.457 | 19.471 | 19.485 | 19.499 | 19.512 | 19.526 | 19.54
1650 | 19.54 | 19.554 | 19.567 | 19.581 | 19.595 | 19.609 | 19.622 | 19.636 | 19.65 | 19.663 | 19.677
1660 | 19.677 | 19.691 | 19.705 | 19.718 | 19.732 | 19.746 | 19.759 | 19.773 | 19.787 | 19.8 | 19.814
1670 | 19.814 | 19.828 | 19.841 | 19.855 | 19.869 | 19.882 | 19.896 | 19.91 | 19.923 | 19.937 | 19.951
1680 | 19.951 | 19.964 | 19.978 | 19.992 | 20.005 | 20.019 | 20.032 | 20.046 | 20.06 | 20.073 | 20.087
1690 | 20.087 20.1 20.114 | 20.127 | 20.141 | 20.154 | 20.168 | 20.181 | 20.195 | 20.208 | 20.222
1700 | 20.222 | 20.235 | 20.249 | 20.262 | 20.275 | 20.289 | 20.302 | 20.316 | 20.329 | 20.342 | 20.356
1710 | 20.356 | 20.369 | 20.382 | 20.396 | 20.409 | 20.422 | 20.436 | 20.449 | 20.462 | 20.475 | 20.488
1720 | 20.488 | 20.502 | 20.515 | 20.528 | 20.541 | 20.554 | 20.567 | 20.581 | 20.594 | 20.607 | 20.62
1730 | 20.62 | 20.633 | 20.646 | 20.659 | 20.672 | 20.685 | 20.698 | 20.711 | 20.724 | 20.736 | 20.749
1740 | 20.749 | 20.762 | 20.775 | 20.788 | 20.801 | 20.813 | 20.826 | 20.839 | 20.852 | 20.864 | 20.877
1750 | 20.877 | 20.89 | 20.902 | 20.915 | 20.928 | 20.94 | 20.953 | 20.965 | 20.978 | 20.99 | 21.003
1760 | 21.003 | 21.015 | 21.027 | 21.04 | 21.052 | 21.065 | 21.077 | 21.089 | 21.101
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Thermocouple type R
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L

Thermocouple type S

TABLE L.1: Thermocouple type S, negative temperatures, cold junction
0°C, data [83]

°C 0] -1 -2 -3 -4 -5 -6 -7 -8 -9 -10
-50 | -0.236

-40 [ -0.194 | -0.199 -0.203 | -0.207 | -0.211 | -0.215 | -0.219 | -0.224 | -0.228 | -0.232 | -0.236
-30 | -0.15 -0.155 -0.159 | -0.164 | -0.168 | -0.173 | -0.177 | -0.181 | -0.186 | -0.19 | -0.194
-20 | -0.103 -0.108 -0.113 | -0.117 | -0.122 | -0.127 | -0.132 | -0.136 | -0.141 | -0.146 | -0.15
-10 | -0.053 -0.058 -0.063 | -0.068 | -0.073 | -0.078 | -0.083 | -0.088 | -0.093 | -0.098 | -0.103

0 0 -0.005 -0.011 | -0.016 | -0.021 | -0.027 | -0.032 | -0.037 | -0.042 | -0.048 | -0.053

TABLE L.2: Thermocouple type S, positive temperatures, cold junction 0°C,
data [83]

°C o) 1 2 3 4 5 6 7 8 9 10
0 0 0.005 0.011 0.016 0.022 0.027 0.033 0.038 0.044 0.05 0.055
10 0.055 0.061 0.067 0.072 0.078 0.084 0.09 0.095 0.101 0.107 0.113
20 0.113 0.119 0.125 0.131 0.137 0.143 0.149 0.155 0.161 0.167 0.173
30 0.173 0.179 0.185 0.191 0.197 0.204 0.21 0.216 0.222 0.229 0.235
40 0.235 0.241 0.248 0.254 0.26 0.267 0.273 0.28 0.286 0.292 0.299
50 0.299 0.305 0.312 0.319 0.325 0.332 0.338 0.345 0.352 0.358 0.365
60 0.365 0.372 0.378 0.385 0.392 0.399 0.405 0.412 0.419 0.426 0.433
70 | 0.433 | 0.44 | 0.446 | 0.453 | 0.46 | 0.467 | 0.474 | 0.481 | 0.488 | 0.495 | 0.502
80 0.502 0.509 0.516 0.523 0.53 0.538 0.545 0.552 0.559 0.566 0.573
90 0.573 0.58 0.588 0.595 0.602 0.609 0.617 0.624 0.631 0.639 0.646
100 0.646 0.653 0.661 0.668 0.675 0.683 0.69 0.698 0.705 0.713 0.72
110 0.72 0.727 0.735 0.743 0.75 0.758 0.765 0.773 0.78 0.788 0.795
120 | 0.795 | 0.803 | 0.811 | 0.818 | 0.826 | 0.834 | 0.841 | 0.849 | 0.857 | 0.865 | 0.872
130 0.872 0.88 0.888 0.896 0.903 0.911 0.919 0.927 0.935 0.942 0.95
140 0.95 0.958 0.966 0.974 0.982 0.99 0.998 1.006 1.013 1.021 1.029
150 1.029 1.037 1.045 1.053 1.061 1.069 1.077 1.085 1.094 1.102 1.11
160 1.11 1.118 1.126 1.134 1.142 1.15 1.158 1.167 1.175 1.183 1.191
170 1.191 1.199 1.207 1.216 1.224 1.232 1.24 1.249 1.257 1.265 1.273
180 1.273 1.282 1.29 1.298 1.307 1.315 1.323 1.332 1.34 1.348 1.357
190 1.357 1.365 1.373 1.382 1.39 1.399 1.407 1.415 1.424 1.432 1.441
200 1.441 1.449 1.458 1.466 1.475 1.483 1.492 1.5 1.509 1.517 1.526
210 1.526 1.534 1.543 1.551 1.56 1.569 1.577 1.586 1.594 1.603 1.612
220 1.612 1.62 1.629 1.638 1.646 1.655 1.663 1.672 1.681 1.69 1.698
230 1.698 1.707 1.716 1.724 1.733 1.742 1.751 1.759 1.768 1.777 1.786
240 1.786 1.794 1.803 1.812 1.821 1.829 1.838 1.847 1.856 1.865 1.874
250 1.874 1.882 1.891 1.9 1.909 1.918 1.927 1.936 1.944 1.953 1.962
260 1.962 1.971 1.98 1.989 1.998 2.007 2.016 2.025 2.034 2.043 2.052
270 2.052 2.061 2.07 2.078 2.087 2.096 2.105 2.114 2.123 2.132 2.141
280 2.141 2.151 2.16 2.169 2.178 2.187 2.196 2.205 2.214 2.223 2.232
290 2.232 2.241 2.25 2.259 2.268 2.277 2.287 2.296 2.305 2.314 2.323
300 2.323 2.332 2.341 2.35 2.36 2.369 2.378 2.387 2.396 2.405 2.415
310 2.415 2.424 2.433 2.442 2.451 2.461 2.47 2.479 2.488 2.497 2.507
320 2.507 2.516 2.525 2.534 2.544 2.553 2.562 2.571 2.581 2.59 2.599

Continues on next page
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286 Thermocouple type S

TABLE L.2 — cont.

°C o] 1 2 3 4 5 6 T 8 9 10
330 2.599 2.609 2.618 2.627 2.636 2.646 2.655 2.664 2.674 2.683 2.692
340 2.692 2.702 2.711 2.72 2.73 2.739 2.748 2.758 2.767 2.776 2.786
350 2.786 2.795 2.805 2.814 2.823 2.833 2.842 2.851 2.861 2.87 2.88
360 2.88 2.889 | 2.899 | 2.908 | 2.917 | 2.927 | 2.936 | 2.946 | 2.955 | 2.965 | 2.974
370 2.974 2.983 2.993 3.002 3.012 3.021 3.031 3.04 3.05 3.059 3.069
380 3.069 3.078 3.088 3.097 3.107 3.116 3.126 3.135 3.145 3.154 3.164
390 3.164 3.173 3.183 3.192 3.202 3.212 3.221 3.231 3.24 3.25 3.259
400 3.259 3.269 3.279 3.288 3.298 3.307 3.317 3.326 3.336 3.346 3.355
410 | 3.355 | 3.365 | 3.374 | 3.384 | 3.394 | 3.403 | 3.413 | 3.423 | 3.432 | 3.442 | 3.451
420 3.451 3.461 3.471 3.48 3.49 3.5 3.509 3.519 3.529 3.538 3.548
430 3.548 3.558 3.567 3.577 3.587 3.596 3.606 3.616 3.626 3.635 3.645
440 3.645 3.655 3.664 3.674 3.684 3.694 3.703 3.713 3.723 3.732 3.742
450 3.742 3.752 3.762 3.771 3.781 3.791 3.801 3.81 3.82 3.83 3.84
460 3.84 3.85 3.859 | 3.869 | 3.879 | 3.889 | 3.898 | 3.908 | 3.918 | 3.928 | 3.938
470 3.938 3.947 3.957 3.967 3.977 3.987 3.997 4.006 4.016 4.026 4.036
480 4.036 4.046 4.056 4.065 4.075 4.085 4.095 4.105 4.115 4.125 4.134
490 4.134 4.144 4.154 4.164 4.174 4.184 4.194 4.204 4.213 4.223 4.233
500 4.233 4.243 4.253 4.263 4.273 4.283 4.293 4.303 4.313 4.323 4.332
510 4.332 4.342 4.352 4.362 4.372 4.382 4.392 4.402 4.412 4.422 4.432
520 4.432 4.442 4.452 4.462 4.472 4.482 4.492 4.502 4.512 4.522 4.532
530 4.532 4.542 4.552 4.562 4.572 4.582 4.592 4.602 4.612 4.622 4.632
540 4.632 4.642 4.652 4.662 4.672 4.682 4.692 4.702 4.712 4.722 4.732
550 4.732 4.742 4.752 4.762 4.772 4.782 4.793 4.803 4.813 4.823 4.833
560 4.833 4.843 4.853 4.863 4.873 4.883 4.893 4.904 4.914 4.924 4.934
570 4.934 4.944 4.954 4.964 4.974 4.984 4.995 5.005 5.015 5.025 5.035
580 5.035 5.045 5.055 5.066 5.076 5.086 5.096 5.106 5.116 5.127 5.137
590 5.137 5.147 5.157 5.167 5.178 5.188 5.198 5.208 5.218 5.228 5.239
600 | 5.239 | 5.249 | 5.259 | 5.269 5.28 5.29 5.3 5.31 5.32 5.331 | 5.341
610 5.341 5.351 5.361 5.372 5.382 5.392 5.402 5.413 5.423 5.433 5.443
620 5.443 5.454 5.464 5.474 5.485 5.495 5.505 5.515 5.526 5.536 5.546
630 5.546 5.557 5.567 5.577 5.588 5.598 5.608 5.618 5.629 5.639 5.649
640 5.649 5.66 5.67 5.68 5.691 5.701 5.712 5.722 5.732 5.743 5.753
650 | 5.753 | 5.763 | 5.774 | 5.784 | 5.794 | 5.805 | 5.815 | 5.826 | 5.836 | 5.846 | 5.857
660 5.857 5.867 5.878 5.888 5.898 5.909 5.919 5.93 5.94 5.95 5.961
670 5.961 5.971 5.982 5.992 6.003 6.013 6.024 6.034 6.044 6.055 6.065
680 6.065 6.076 6.086 6.097 6.107 6.118 6.128 6.139 6.149 6.16 6.17
690 6.17 6.181 6.191 6.202 6.212 6.223 6.233 6.244 6.254 6.265 6.275
700 | 6.275 | 6.286 | 6.296 | 6.307 | 6.317 | 6.328 | 6.338 | 6.349 6.36 6.37 6.381
710 6.381 6.391 6.402 6.412 6.423 6.434 6.444 6.455 6.465 6.476 6.486
720 6.486 6.497 6.508 6.518 6.529 6.539 6.55 6.561 6.571 6.582 6.593
730 6.593 6.603 6.614 6.624 6.635 6.646 6.656 6.667 6.678 6.688 6.699
740 6.699 6.71 6.72 6.731 6.742 6.752 6.763 6.774 6.784 6.795 6.806
750 | 6.806 | 6.817 | 6.827 | 6.838 | 6.849 | 6.859 6.87 6.881 | 6.892 | 6.902 | 6.913
760 6.913 6.924 6.934 6.945 6.956 6.967 6.977 6.988 6.999 7.01 7.02
770 7.02 7.031 7.042 7.053 7.064 7.074 7.085 7.096 7.107 7.117 7.128
780 7.128 7.139 7.15 7.161 7.172 7.182 7.193 7.204 7.215 7.226 7.236
790 7.236 7.247 7.258 7.269 7.28 7.291 7.302 7.312 7.323 7.334 7.345
800 7.345 7.356 7.367 7.378 7.388 7.399 7.41 7.421 7.432 7.443 7.454
810 7.454 7.465 7.476 7.487 7.497 7.508 7.519 7.53 7.541 7.552 7.563
820 7.563 7.574 7.585 7.596 7.607 7.618 7.629 7.64 7.651 7.662 7.673
830 7.673 7.684 7.695 7.706 7.717 7.728 7.739 7.75 7.761 7.772 7.783
840 | 7.783 | 7.794 | 7.805 | 7.816 | 7.827 | 7.838 | 7.849 7.86 7.871 | 7.882 | 7.893
850 7.893 7.904 7.915 7.926 7.937 7.948 7.959 7.97 7.981 7.992 8.003
860 8.003 8.014 8.026 8.037 8.048 8.059 8.07 8.081 8.092 8.103 8.114
870 8.114 8.125 8.137 8.148 8.159 8.17 8.181 8.192 8.203 8.214 8.226
880 8.226 8.237 8.248 8.259 8.27 8.281 8.293 8.304 8.315 8.326 8.337
890 | 8.337 | 8.348 8.36 8.371 | 8.382 | 8.393 | 8.404 | 8.416 | 8.427 | 8.438 | 8.449
900 8.449 8.46 8.472 8.483 8.494 8.505 8.517 8.528 8.539 8.55 8.562
910 8.562 8.573 8.584 8.595 8.607 8.618 8.629 8.64 8.652 8.663 8.674
920 8.674 8.685 8.697 8.708 8.719 8.731 8.742 8.753 8.765 8.776 8.787
930 8.787 8.798 8.81 8.821 8.832 8.844 8.855 8.866 8.878 8.889 8.9
940 8.9 8.912 | 8.923 | 8.935 | 8.946 | 8.957 | 8.969 8.98 8.991 [ 9.003 | 9.014
950 9.014 9.025 9.037 9.048 9.06 9.071 9.082 9.094 9.105 9.117 9.128
960 9.128 9.139 9.151 9.162 9.174 9.185 9.197 9.208 9.219 9.231 9.242
970 9.242 9.254 9.265 9.277 9.288 9.3 9.311 9.323 9.334 9.345 9.357

Continues on next page
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°C

0

1

8

9

10

980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620

9.357
9.472
9.587
9.703
9.819
9.935
10.051
10.168
10.285
10.403
10.52
10.638
10.757
10.875
10.994
11.113
11.232
11.351
11.471
11.59
11.71
11.83
11.951
12.071
12.191
12.312
12.433
12.554
12.675
12.796
12.917
13.038
13.159
13.28
13.402
13.523
13.644
13.766
13.887
14.009
14.13
14.251
14.373
14.494
14.615
14.736
14.857
14.978
15.099
15.22
15.341
15.461
15.582
15.702
15.822
15.942
16.062
16.182
16.301
16.42
16.539
16.658
16.777
16.895
17.013

9.368
9.483
9.599
9.714
9.83
9.946
10.063
10.18
10.297
10.414
10.532
10.65
10.768
10.887
11.006
11.125
11.244
11.363
11.483
11.602
11.722
11.842
11.963
12.083
12.203
12.324
12.445
12.566
12.687
12.808
12.929
13.05
13.171
13.292
13.414
13.535
13.657
13.778
13.899
14.021
14.142
14.263
14.385
14.506
14.627
14.748
14.869
14.99
15.111
15.232
15.353
15.473
15.594
15.714
15.834
15.954
16.074
16.194
16.313
16.432
16.551
16.67
16.789
16.907
17.025

9.38
9.495
9.61
9.726
9.842
9.958
10.075
10.191
10.309
10.426
10.544
10.662
10.78
10.899
11.017
11.136
11.256
11.375
11.495
11.614
11.734
11.854
11.975
12.095
12.216
12.336
12.457
12.578
12.699
12.82
12.941
13.062
13.183
13.305
13.426
13.547
13.669
13.79
13.911
14.033
14.154
14.276
14.397
14.518
14.639
14.76
14.881
15.002
15.123
15.244
15.365
15.485
15.606
15.726
15.846
15.966
16.086
16.205
16.325
16.444
16.563
16.682
16.801
16.919
17.037

9.391
9.506
9.622
9.737
9.853
9.97
10.086
10.203
10.32
10.438
10.556
10.674
10.792
10.911
11.029
11.148
11.268
11.387
11.507
11.626
11.746
11.866
11.987
12.107
12.228
12.348
12.469
12.59
12.711
12.832
12.953
13.074
13.195
13.317
13.438
13.559
13.681
13.802
13.924
14.045
14.166
14.288
14.409
14.53
14.651
14.773
14.894
15.015
15.135
15.256
15.377
15.497
15.618
15.738
15.858
15.978
16.098
16.217
16.337
16.456
16.575
16.694
16.812
16.931
17.049

9.403
9.518
9.633
9.749
9.865
9.981
10.098
10.215
10.332
10.45
10.567
10.686
10.804
10.922
11.041
11.16
11.28
11.399
11.519
11.638
11.758
11.878
11.999
12.119
12.24
12.36
12.481
12.602
12.723
12.844
12.965
13.086
13.208
13.329
13.45
13.572
13.693
13.814
13.936
14.057
14.178
14.3
14.421
14.542
14.664
14.785
14.906
15.027
15.148
15.268
15.389
15.509
15.63
15.75
15.87
15.99
16.11
16.229
16.349
16.468
16.587
16.706
16.824
16.943
17.061

9.414
9.529
9.645
9.761
9.877
9.993
10.11
10.227
10.344
10.461
10.579
10.697
10.816
10.934
11.053
11.172
11.291
11.411
11.531
11.65
11.77
11.89
12.011
12.131
12.252
12.372
12.493
12.614
12.735
12.856
12.977
13.098
13.22
13.341
13.462
13.584
13.705
13.826
13.948
14.069
14.191
14.312
14.433
14.554
14.676
14.797
14.918
15.039
15.16
15.28
15.401
15.521
15.642
15.762
15.882
16.002
16.122
16.241
16.361
16.48
16.599
16.718
16.836
16.954
17.072

9.426
9.541
9.656
9.772
9.888

10
10
10
10
10
10
10
10
10
11

11
11
11
11
11

.005
121
.238
.356
473
591
.709
.828
.946
.065
11.
.303
.423
.542
.662
782
.902
12.
12.
12.
12.
12.
12.
12.
12.
12.
13.
13.
13.
13.
13.
13.
13.

023
143
264
384
505
626
747
868
989
111
232
353
474
596
717
839

13.96

14.
14.
14.
14.
14.
14.
14.

081
203
324
445
567
688
809

14.93

15.
15.
15.
15.
15.
15.
15.
15.
16.
16.
16.
16.
16.
16.
16.
16.
16.
17.

051
172
292
413
534
654
774
894
014
134
253
373
492
611
729
848
966
084

9.437
9.552
9.668
9.784

10.016
10.133
10.25
10.367
10.485
10.603
10.721
10.839
10.958
11.077
11.196
11.315
11.435
11.554
11.674
11.794
11.914
12.035
12.155
12.276
12.397
12.517
12.638
12.759
12.88
13.001
13.123
13.244
13.365
13.487
13.608
13.729
13.851
13.972
14.094
14.215
14.336
14.457
14.579
14.7
14.821
14.942
15.063
15.184
15.304
15.425
15.546
15.666
15.786
15.906
16.026
16.146
16.265
16.385
16.504
16.623
16.741
16.86
16.978
17.096

9.449
9.564

9

.68

9.795
9.911

10
10
10
10
10
10
10
10

.028
.145
.262
.379
.497
.615
.733
.851

10.97

11
11
11
11
11
11
11
11

12.
12.
12.
12.
12.

.089
.208
.327
.447
.566
.686
.806
1926

047
167
288
409
529

12.65

12.
12.
13.
13.
13.
13.
13.

771
892
014
135
256
377
499

13.62

13.
13.
13.
14.
14.
14.

742
863
984
106
227
348

14.47

14.
14.
14.
14.
15.
15.
15.
15.
15.
15.
15.
15.
16.
16.
16.
16.
16.
16.
16.
16.

591
712
833
954
075
196
317
437
558
678
798
918
038
158
277
396
516
634
753
872

16.99

17.

108

9.46
9.576
9.691
9.807
9.923
10.04
10.156
10.273
10.391
10.509
10.626
10.745
10.863
10.982
11.101
11.22
11.339
11.459
11.578
11.698
11.818
11.939
12.059
12.179
12.3
12.421
12.542
12.662
12.783
12.905
13.026
13.147
13.268
13.39
13.511
13.632
13.754
13.875
13.996
14.118
14.239
14.36
14.482
14.603
14.724
14.845
14.966
15.087
15.208
15.329
15.449
15.57
15.69
15.81
15.93
16.05
16.17
16.289
16.408
16.527
16.646
16.765
16.883
17.002
17.12

9.472
9.687
9.703
9.819
9.935
10.051
10.168
10.285
10.403
10.52
10.638
10.757
10.875
10.994
11.113
11.232
11.351
11.471
11.59
11.71
11.83
11.951
12.071
12.191
12.312
12.433
12.554
12.675
12.796
12.917
13.038
13.159
13.28
13.402
13.523
13.644
13.766
13.887
14.009
14.13
14.251
14.373
14.494
14.615
14.736
14.857
14.978
15.099
15.22
15.341
15.461
15.582
15.702
15.822
15.942
16.062
16.182
16.301
16.42
16.539
16.658
16.777
16.895
17.013
17.131

Continues on next page
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TABLE L.2 — cont.
°C o] 1 2 3 4 5 6 T 8 9 10

1630 | 17.131 | 17.143 | 17.155 | 17.167 | 17.178 | 17.19 | 17.202 | 17.214 | 17.225 | 17.237 | 17.249
1640 | 17.249 | 17.261 | 17.272 | 17.284 | 17.296 | 17.308 | 17.319 | 17.331 | 17.343 | 17.355 | 17.366
1650 | 17.366 | 17.378 | 17.39 | 17.401 | 17.413 | 17.425 | 17.437 | 17.448 | 17.46 | 17.472 | 17.483
1660 | 17.483 | 17.495 | 17.507 | 17.518 | 17.53 | 17.542 | 17.553 | 17.565 | 17.577 | 17.588 | 17.6

1670 17.6 17.612 | 17.623 | 17.635 | 17.647 | 17.658 | 17.67 | 17.682 | 17.693 | 17.705 | 17.717
1680 | 17.717 | 17.728 | 17.74 | 17.751 | 17.763 | 17.775 | 17.786 | 17.798 | 17.809 | 17.821 | 17.832
1690 | 17.832 | 17.844 | 17.855 | 17.867 | 17.878 | 17.89 | 17.901 | 17.913 | 17.924 | 17.936 | 17.947
1700 | 17.947 | 17.959 | 17.97 | 17.982 | 17.993 | 18.004 | 18.016 | 18.027 | 18.039 | 18.05 | 18.061
1710 | 18.061 | 18.073 | 18.084 | 18.095 | 18.107 | 18.118 | 18.129 | 18.14 | 18.152 | 18.163 | 18.174
1720 | 18.174 | 18.185 | 18.196 | 18.208 | 18.219 | 18.23 | 18.241 | 18.252 | 18.263 | 18.274 | 18.285
1730 | 18.285 | 18.297 | 18.308 | 18.319 | 18.33 | 18.341 | 18.352 | 18.362 | 18.373 | 18.384 | 18.395
1740 | 18.395 | 18.406 | 18.417 | 18.428 | 18.439 | 18.449 | 18.46 | 18.471 | 18.482 | 18.493 | 18.503
1750 | 18.503 | 18.514 | 18.525 | 18.535 | 18.546 | 18.557 | 18.567 | 18.578 | 18.588 | 18.599 | 18.609
1760 | 18.609 | 18.62 | 18.63 | 18.641 | 18.651 | 18.661 | 18.672 | 18.682 | 18.693
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M

Material emissivity tables

TABLE M.1: Material emissivity table

Surface material Emissivity at temperature reference
Adobe 0.90 20 [81]
Asphalt, Pavement 0.93 38 [84]
Asphalt, Tar paper 0.93 20 [84]
Basalt 0.72 20 [84]
Board 0.96 38 [84]
Cadmium 0.02 25 [84]
Carborundum 0.92 1010 [84]
Chromium 0.08 38 [84]
Chromium 0.26 538 [84]
Chromium Polished 0.06 150 [84]
Clay 0.39 20 (84]
Clay Fired 0.91 70 [84]
Clay Shale 0.69 20 [84]
Clay Tiles, Dark Purple 0.78 1371-2760 [84]
Clay Tiles, Light Red 0.32-0.34 1371-2760 [84]
Clay Tiles, Red 0.40-0.51 1371-2760 (84]
Cobalt, Unoxidized 0.13 500 [84]
Cobalt, Unoxidized 0.23 1000 [84]
Columbium, Unoxidized 0.19 816 [84]
Columbium, Unoxidized 0.24 1093 [84]
Cotton Cloth 0.77 20 [84]
Cu-Zn, Brass Oxidized 0.61 200 [84]
Cu-Zn, Brass Oxidized 0.60 400 [84]
Cu-Zn, Brass Oxidized 0.61 600 [84]
Dolomite Lime 0.41 20 [84]
Emery Corundum 0.86 80 [84]
Fire Brick 0.75-0.80 1000 [84]
Granite 0.45 21 [84]
Gravel 0.28 38 [84]
Gray Brick 0.75 1100 [84]
Gum Varnish (2 coats) 0.53 21 [84]
Gum Varnish (3 coats) 0.50 21 [84]
Gypsum 0.80-0.90 20 [84]
Ice Rough 0.96 0 [84]
Ice, Smooth 0.97 0 [84]
Inconel Sheet 0.42 649 [84]
Inconel Sheet 0.58 760 [84]
Light Buff 0.80 538 [84]
Lime Clay 0.43 1371 [84]
Lime Mortar 0.90-0.92 38-260 [84]

Continues on next page
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Table M.1 continued from previous page

Surface material Emissivity at temperature reference
Magnesite, Refractory 0.38 1000 [84]
Magnesium 0.07-0.13 38-260 [84]
Magnesium Oxide 0.16-0.20 1027-1727 [84]
Marble, Polished Gray 0.75 38 [84]
Marble, Smooth, White 0.56 38 [84]
Marble, White 0.95 38 [84]
Mercury 0.09 0 [84]
Mercury 0.10 25 [84]
Mercury 0.10 38 [84]
Mercury 0.12 100 [84]
Molybdenum 0.06 38 [84]
Molybdenum 0.08 260 [84]
Molybdenum 0.11 538 [84]
Molybdenum 0.18 1093 [84]
Molybdenum Oxidized at 538°C 0.80 316 [84]
Molybdenum Oxidized at 538°C 0.84 371 [84]
Molybdenum Oxidized at 538°C 0.84 427 [84]
Molybdenum Oxidized at 538°C 0.83 482 [84]
Molybdenum Oxidized at 538°C 0.82 538 [84]
Monel, Ni-Cu 0.41 200 [84]
Monel, Ni-Cu 0.44 400 [84]
Monel, Ni-Cu 0.46 600 [84]
Monel, Ni-Cu Oxidized 0.43 20 [84]
Monel, Ni-Cu Oxidized at 599°C 0.46 599 [84]
Nickel Oxide 0.59-0.86 538-1093 [84]
Paints, Aluminum 0.27-0.67 38 [84]
Platinum 0.05 38 [84]
Platinum 0.05 260 [84]
Platinum 0.10 538 [84]
Platinum Black 0.93 38 [84]
Platinum Black 0.96 260 [84]
Platinum Black 0.97 1093 [84]
Platinum Black Oxidized at 593°C 0.07 260 [84]
Platinum Black Oxidized at 593°C 0.11 538 [84]
Quartz, Rough, Fused 0.93 21 [84]
Red Lead 0.93 100 [84]
Rubber, Hard 0.94 23 [84]
Rubber, Soft, Gray 0.86 24 [84]
Sand 0.76 20 (84]
Sandlime 0.59-0.63 1371-2760 [84]
Sandstone 0.67 38 [84]
Sandstone Red 0.60-0.83 38 [84]
Sawdust 0.75 20 [84]
Shale 0.69 20 [84]
Silica Glazed 0.85 1000 [84]
Silica Unglazed 0.75 1100 [84]
Silica, Glazed 0.88 1093 [84]
Silica, Unglazed 0.80 1093 [84]
Silicon Carbide 0.83-0.96 149-649 [84]
Silk Cloth 0.78 20 [84]
Slate 0.67-0.80 38 [84]
Snow Granular 0.89 -8 [84]
Snow, Fine Particles 0.82 -7 [84]

Continues on next page



Material emissivity tables 293

Table M.1 continued from previous page

Surface material Emissivity at temperature reference
Stellite, Polished 0.18 20 [84]
Stonework 0.93 38 [84]
Tin, Unoxidized 0.04 25 [84]
Tin, Unoxidized 0.05 100 [84]
Tinned Iron Bright 0.08 100 [84]
Tinned Iron, Bright 0.05 24 [84]
Brass, Unoxidized 0.04 25 [84]
Brass, Unoxidized 0.04 100 [84]
Uranium Oxide 0.79 1027 [84]
Water 0.67 38 [84]
Waterglass 0.96 20 [84]
20Ni-25Cr-55Fe, Oxidized 0.90 200 [85]
20Ni-25Cr-55Fe, Oxidized 0.97 500 [85]
3M Nextel1l01-C10 0.98 0-300 [85]
60Ni-12Cr-28Fe, Oxidized 0.89 270 [85]
60Ni-12Cr-28Fe, Oxidized 0.82 560 [85]
80Ni-20Cr, Oxidized 0.87 100 [85]
80Ni-20Cr, Oxidized 0.87 600 [85]
80Ni-20Cr, Oxidized 0.89 1300 [85]
A1 Lacquer, Varnish binder on rough plate 0.39 21 [85]
A1l Paint after heating to 326°C 0.35 150-316 [85]
Alloy 24ST Polished 0.09 300 K [86]
Alloys 20-Ni, 24-CR, 55-FE, Oxidized 0.90 200 [84]
Alloys 20-Ni, 24-CR, 55-FE, Oxidized 0.97 500 [84]
Alloys 60-Ni, 12-CR, 28-FE, Oxidized 0.89 270 (84]
Alloys 60-Ni, 12-CR, 28-FE, Oxidized 0.82 560 [84]
Alloys 80-Ni, 20-CR, Oxidized 0.87 100 [84]
Alloys 80-Ni, 20-CR, Oxidized 0.87 600 [84]
Alloys 80-Ni, 20-CR, Oxidized 0.89 1300 [84]
Alum. Paint 0.55 0-100 (85]
Alumina, Flame sprayed 0.8 300 K [86]
Aluminium Alloy 1100-0 0.05 93-427 [84]
Aluminium Alloy 24ST 0.09 24 [84]
Aluminium Alloy 24ST Polished 0.09 24 [84]
Aluminium Alloy 75ST 0.11 24 [84]
Aluminium Alloy 75ST Polished 0.08 24 [84]
Aluminium Alloy A3003, Oxidized 0.40 316 [84]
Aluminium Alloy A3003, Oxidized 0.40 482 [84]
Aluminium Bright Rolled Plate 0.04 170 [84]
Aluminium Bright Rolled Plate 0.05 500 [84]
Aluminium Commercial Sheet 0.09 100 [84]
Aluminium Heavily Oxidized 0.20 93 [84]
Aluminium Heavily Oxidized 0.31 504 [84]
Aluminium Highly Polished 0.09 100 [84]
Aluminium Highly Polished Plate 0.04 227 [84]
Aluminium Highly Polished Plate 0.06 577 [84]
Aluminium Oxidized 0.11 199 [84]
Aluminium Oxidized 0.19 599 [84]
Aluminium Oxidized at 599°C 0.11 199 [84]
Aluminium Oxidized at 599°C 0.19 599 [84]
Aluminium Roughly Polished 0.18 100 [84]
Aluminium Unoxidized 0.02 25 [84]
Aluminium Unoxidized 0.03 100 [84]
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Aluminium Unoxidized 0.06 500 [84]
Aluminum Anodized 0.77 300 K [86]
Aluminum Anodized Sheet, Chromic Acid 0.55 100 [85]
Proc

Aluminum Commercial sheet 0.09 300 K [86]
Aluminum Commercial Sheet 0.09 300 K [86]
Aluminum Commercial Sheet 0.090 100 [85]
Aluminum Foil 0.04 300 K [86]
Aluminum Heavily Oxidized 0.2-0.31 300 K [86]
Aluminum Heavily Oxidized 0.2-0.31 93-504 [85]
Aluminum Highly Polished 0.039-0.057 300 K [86]
Aluminum Highly Polished 0.04-0.06 50-500 [85]
Aluminum Oxide 0.42-0.26 500-827 [85]
Aluminum Oxidized 0.11 200 [85]
Aluminum Oxidized 0.19 600 [85]
Aluminum Paint with silicone vehicle 0.290 260 [85]
paint on Inconel

Aluminum Paint 0.27-0.67 300 K [86]
Aluminum Paints & Lacquers 10% A1 22% 0.520 100 [85]
lacquer body, on rough or smooth surface

Aluminum Polished 0.095 100 [85]
Aluminum Rough 0.07 300 K [86]
Aluminum Unoxidized 0.022 25 [85]
Aluminum Unoxidized 0.028 100 [85]
Aluminum Unoxidized 0.060 500 [85]
Aluminum Polished 0.05 0°C [87]
Aluminum Rough 0.07 0°C [87]
Aluminum, Strongly oxidized 0.25 0°C [87]
Antimony, Polished 0.28-0.31 300 K [86]
Asbestos Board 0.96 0°C [87]
Asbestos Board 0.96 20 [85]
Asbestos Board 0.96 300 K [86]
Asbestos Cement 0.96 0-200 [85]
Asbestos Cement 0.96 0-200 [84]
Asbestos Cement Red 0.67 1371 [84]
Asbestos Cement White 0.65 1371 [84]
Asbestos Cloth 0.90 93 [85]
Asbestos Cloth 0.90 93 [84]
Asbestos Fabric 0.78 0°C [87]
Asbestos Paper 0.93-0.945 300 K [86]
Asbestos Paper 0.94 0°C [87]
Asbestos Paper 0.95 0-100 [85]
Asbestos Paper 0.93 38-371 [84]
Asbestos Slate 0.96 0°C [87]
Asbestos Slate 0.97 20 [84]
Asphalt 0.93 300 K (86]
Asphalt 0.90-0.98 Ambient [85]
Asphalt oil, on polished metal .001” Thick 0.27 Ambient [85]
Asphalt oil, on polished metal .002” Thick 0.46 Ambient [85]
Asphalt oil, on polished metal .005” Thick 0.72 Ambient [85]
Basalt 0.72 300 K [86]
Beryllium 0.18 300 K [86]
Beryllium, Anodized 0.9 300 K [86]

Continues on next page



Material emissivity tables 295

Table M.1 continued from previous page

Surface material Emissivity at temperature reference
Bismuth, Bright 0.34 300 K [56]
Bismuth, Bright Bismuth, Unoxidized 0.05 25 [84]
Bismuth, Bright Bismuth, Unoxidized 0.06 100 [84]
Bismuth, Unoxidized 0.048 25 [85]
Bismuth, Unoxidized 0.061 100 [85]
Black Enamel Paint 0.8 300 K [86]
Black Epoxy Paint 0.89 300 K [86]
Black Glass Paint 0.90 0-100 [85]
Black lacquer on iron 0.875 300 K [86]
Black Matte shellac 0.910 77-146 [85]
Black on White Lacquer 0.800-0.950 38-93 [85]
Black Parson Optical 0.95 300 K [86]
Black Shiny Lacquer, Sprayed on iron 0.875 24 [85]
Black Shiny shellac on tinned iron sheet 0.821 21 [85]
Black Silicone Paint 0.93 300 K [86]
Brass 62%Cu.37%Zn. Polished 0.03 257 [84]
Brass 62%Cu.37%Zn. Polished 0.04 377 [84]
Brass 73%Cu.27%Zn. Polished 0.03 247 [84]
Brass 73%Cu.27%Zn. Polished 0.03 357 [84]
Brass 83%Cu.17%Zn. Polished 0.03 277 [84]
Brass Burnished to Brown 0.40 20 [84]
Brass Dull Plate 0.22 300 K [86]
Brass Matte 0.07 20 [84]
Brass Oxidized 0.61 200 [85]
Brass Oxidized 0.59 600 [85]
Brass Oxidized 6000C 0.6 300 K [86]
Brass Polished 0.03 300 K [86]
Brass Polished 0.03 200 [85]
Brass Rolled Plate Natural Surface 0.06 300 K [86]
Brass Rolled Sheet 0.06 20 [85]
Brass Unoxidized 0.035 25 [85]
Brass Unoxidized 0.035 100 [85]
Brass, Dull, Tarnished 0.22 0°C [87]
Brass, Polished 0.03 0°C [87]
Brick Building 0.450 1000 [85]
Brick Fire 0.750 1000 [85]
Brick Fire Clay 0.75 1371 [84]
Brick Gault Cream 0.26-0.30 1371-2760 [84]
Brick Grog, Brick, Glazed 0.750 1100 [85]
Brick Red, Rough 0.93 21 [84]
Brick Red, Rough, No gross irregularities 0.930 20 [85]
Brick Silica 0.80 1000 [85]
Brick Silica 0.85 1100 [85]
Brick, Common 0.85 0°C [87]
Brick, Fireclay 0.75 300 K [86]
Brick, Glazed, Rough 0.85 0°C [87]
Brick, Red rough 0.93 300 K [86]
Brick, Refractory, Rough 0.94 0°C [87]
Bronze Paint 0.80 0-100 [85]
Bronze, Polished 0.10 0°C [87]
Bronze, Polished 0.10 50 [85]
Bronze, Porous, Rough 0.55 0°C [87]
Cadmium 0.02 300 K [86]
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Carbon Candle Soot 0.952 97-271 [85]
Carbon Candle Soot 0.95 121 [84]
Carbon Filament 0.77 300 K [86]
Carbon Filament 0.53 1000-1400 [85]
Carbon Filament 0.95 260 [84]
Carbon Graphite 0.70-0.80 0-3600 [85]
Carbon Graphite, Pressed, Filed surface 0.980 250-510 [85]
Carbon Graphitized 0.76 100 [84]
Carbon Graphitized 0.75 300 [84]
Carbon Graphitized 0.71 500 [84]
Carbon Lamp, Black, Water glass coating 0.96 20-400 [85]
Carbon Lampblack 0.95 25 [84]
Carbon Pressed Filled Surface 0.98 300 K [86]
Carbon Soot applied to solid 0.96 50-1000 [85]
Carbon Soot with water glass 0.96 20-200 [85]
Carbon Unoxidized 0.81 25 [85]
Carbon Unoxidized 0.81 100 [85]
Carbon Unoxidized 0.81 500 [85]
Carbon Unoxidized 0.81 25 [84]
Carbon Unoxidized 0.81 100 [84]
Carbon Unoxidized 0.79 500 [84]
Carbon, Not oxidized 0.81 300 K [86]
Carbon, Purified 0.80 0°C [87]
Carborundum 87SiC; 2.3 density 0.92-0.82 1010-1400 [85]
Cast Iron Liquid 0.29 1535 [84]
Cast Iron Oxidized 0.64 199 [84]
Cast Iron Oxidized 0.78 599 [84]
Cast Iron Stong Oxidation 0.95 40 [84]
Cast Iron Strong Oxidation 0.95 250 [84]
Cast Iron Unoxidized 0.21 100 [84]
Cast Iron, Newly turned 0.44 300 K [86]
Cast iron, Polished 0.21 0°C [87]
Cast iron, Rough casting 0.81 0°C [87]
Cast Iron, Turned and heated 0.60-0.70 300 K [86]
Cement 0.54 300 K [86]
Ceramic Alumina on Inconel 0.69-0.45 427-1093 [84]
Ceramic Coating No. C20A 0.73-0.87 93-399 [84]
Ceramic Earthenware 0.90 20 [85]
Ceramic Earthenware, Glazed 0.90 21 [84]
Ceramic Earthenware, Matte 0.93 21 [84]
Ceramic Greens No. 5210-2C 0.89-0.82 93-399 [84]
Ceramic Porcelain 0.92 22 [84]
Ceramic Porcelain, Glazed 0.92 20 [85]
Ceramic Refractory Black 0.94 93 [85]
Ceramic Refractory White 0.90 93 [85]
Ceramic White Aluminium Oxide 0.90 93 [84]
Ceramic Zirconia on Inconel 0.62-0.45 427-1093 [84]
Charcoal, Powdered 0.96 0°C [87]
Chromium Oxidized 0.08 316 [85]
Chromium Oxidized 0.18 482 [85]
Chromium Oxidized 0.27 650 [85]
Chromium Oxidized 0.36 816 [85]
Chromium Oxidized 0.66 982 [85]
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Chromium polished 0.058 300 K [86]
Chromium Polished 0.10 50 [85]
Chromium Polished 0.28-0.38 500-1000 [85]
Chromium Unoxidized 0.08 100 [85]
Chromium, Polished 0.10 0°C [87]
Chromnickel 0.640-0.760 52-1034 [85]
Clay 0.91 300 K (86]
Clay, Fired 0.91 0°C [87]
Clear Silicone Vehicle Coating 0.770, 0.820 260 [85]
0.001-0.150” thick On Al Alloys, 24ST,

755T

Clear Silicone Vehicle Coating 0.740 260 [85]
0.001-0.150” thick On Dow Metal

Clear Silicone Vehicle Coating 0.660 260 [85]
0.001-0.150” thick On mild steels

Clear Silicone Vehicle Coating 0.680, 0.750, 0.750 260 [85]
0.001-0.150” thick On stainless steels 316,

301, 347

Coal 0.8 300 K [86]
Cobalt, Unoxidized 0.13 500 [85]
Cobalt, Unoxidized 0.23 1000 [85]
Columbium Oxidized 0.73 816 [85]
Columbium Oxidized 0.70 927 [85]
Columbium Polished 0.19 1500 [85]
Columbium Polished 0.24 2000 [85]
Concrete 0.85 300 K [86]
Concrete 0.54 0°C [87]
Concrete 0.94 0-100 [85]
Concrete Rough 0.94 0-1093 [84]
Concrete Tiles 0.63 300 K [86]
Concrete Tiles 0.630 1000 [85]
Concrete Tiles Black 0.94-0.91 1371-2760 [84]
Concrete Tiles, Brown 0.87-0.83 1371-2760 [84]
Concrete Tiles, Natural 0.63-0.62 1371-2760 [84]
Concrete, Rough 0.94 300 K [86]
Copper Black, Oxidized 0.78 38 [84]
Copper Calorized 0.26 100 [85]
Copper Calorized, Oxidized 0.18 200 [85]
Copper Calorized, Oxidized 0.19 600 [85]
Copper Commercial, Scoured to a shine 0.07 20 [85]
Copper Cuprous Oxide 0.66-0.54 800-1100 [85]
Copper Cuprous Oxide 0.87 38 [84]
Copper Cuprous Oxide 0.83 260 [84]
Copper Cuprous Oxide 0.77 538 [84]
Copper Dow Metal 0.15 (18)-316 [84]
Copper Electroplated 0.03 300 K [86]
Copper Etched 0.09 38 [84]
Copper Heated and covered with thick 0.78 300 K [86]
oxide layer

Copper Highly Polished 0.02 38 [84]
Copper Liquid 0.15 [85]
Copper Matte 0.22 38 [84]
Copper Molten 0.15 538 [84]
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Copper Molten 0.16 1077 [84]
Copper Molten 0.13 1221 [84]
Copper Nickel Alloy, Polished 0.059 300 K [86]
Copper Nickel Plated 0.37 38-260 [84]
Copper Oxidized 0.6-0.7 50 [85]
Copper Oxidized 0.60 200 [85]
Copper Oxidized 0.88 500 [85]
Copper Plate, Heated at 600°C 0.570 200-600 [85]
Copper Polished 0.023-0.052 300 K [86]
Copper Polished 0.02-0.05 50-100 [85]
Copper Polished 0.03 38 [84]
Copper Rolled 0.64 38 [84]
Copper Rough 0.74 38 [84]
Copper Roughly Polished 0.07 38 [84]
Copper Unoxidized 0.02 100 [85]
Copper with thick oxide layer 0.78 25 [85]
Copper, Commercial burnished 0.07 0°C [87]
Copper, Oxidized 0.65 0°C [87]
Copper, Oxidized to black 0.88 0°C [87]
Copper, Polished 0.01 0°C [87]
Cotton Cloth 0.77 300 K [86]
Covex D Glass 0.76 320 [85]
Dow Metal 0.24-0.20 232-400 (85]
Dull Black Varnish 0.80-0.95 40-100 [85]
Electrical tape, Black plastic 0.95 0°C [87]
Enamel ** 0.90 0°C [87]
Enamel, White, Fused on Iron 0.900 19 [85]
Flat Black Lacquer 0.960-0.980 38-93 [85]
Formica 0.93 0°C [87]
Frozen Soil 0.93 0°C [87]
Fused Quartz 0.75 320 [85]
Glass 0.92 0°C (87]
Glass Convex D 0.80 100 [84]
Glass Convex D 0.80 316 [84]
Glass Convex D 0.76 500 [84]
Glass Nonex 0.82 100 [84]
Glass Nonex 0.82 316 [84]
Glass Nonex 0.78 500 [84]
Glass smooth 0.92-0.94 300 K [86]
Glass Smooth 0.95 0-200 [85]
Glass Smooth 0.87-0.72 250-1000 [85]
Glass Smooth 0.70-0.67 1100-1500 [85]
Glass Smooth 0.92-0.94 0-93 [84]
Glass, Frosted 0.96 0°C [87]
Glass, Pyrex 0.85-0.95 300 K [86]
Glossy Black Varnish sprayed on iron 0.87 20 [85]
Gold Carefully Polished 0.02-0.03 200-600 [85]
Gold Enamel 0.37 100 [85]
Gold Enamel 0.37 0-100 [85]
Gold Enamel 0.37 100 [84]
Gold not polished 0.47 300 K [86]
Gold on .0005 Nickel 0.07-0.09 93-399 [84]
Gold on .0005 Silver 0.11-0.14 93-399 [84]
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Gold Polished 0.025 300 K [56]
Gold Polished 0.02 38-260 [84]
Gold Polished 0.03 538-1093 [84]
Gold Pure, Highly polished 0.02 100 [85]
Gold Unoxidized 0.02 100 [85]
Gold Unoxidized 0.03 500 [85]
Gold Polished 0.02 0°C [87]
Granite 0.45 300 K [86]
Graphite 0.70-0.80 0-3600 [85]
Gravel 0.28 300 K [86]
Gray Paint 0.95 0-100 [85]
Green Paint 0.95 0-100 [85]
Gypsum 0.85 300 K [86]
Gypsum 0.02” thick on smooth or 0.93 20 [85]
blackened plate

Haynes Alloy C, Oxidized Haynes Alloy 0.86-0.89 316-1093 [84]
25, Oxidized

Haynes Alloy C, Oxidized Haynes Alloy X, 0.85-0.88 316-1093 [84]
Oxidized

Human Skin 0.985 36-7-37.2 [85]
Ice 0.97 0°C [87]
Ice rough 0.985 300 K [86]
Ice smooth 0.966 300 K [86]
Inconel Sheet Inconel B, Polished 0.21 24 [84]
Inconel Sheet Inconel X, Polished 0.19 24 [84]
Inconel Type B 0.350-0.550 450-1620 [85]
Inconel Type X 0.550-0.780 [85]
Inconel X Oxidized 0.71 300 K [86]
Iron Cast Plate, Oxidized, Rough 0.82 23 [85]
Iron Cast Plate, Oxidized, Smooth 0.8 23 [85]
Iron Liquid 0.42-0.45 1516-1771 [84]
Iron Liquid Unoxidized 0.29 - [85]
Iron Molten Armco 0.400-0.410 1521-1689 [85]
Iron Molten Pure 0.420-0.450 1516-1771 [85]
Iron Newly Turned 0.440 22 [85]
Iron Oxide 0.85-0.89 500-1200 [85]
Iron Oxidized 0.64-0.78 200-600 [85]
Iron Oxidized 0.74 100 [85]
Iron Oxidized 0.84 500 [85]
Iron Oxidized 0.74 100 [84]
Iron Oxidized 0.84 499 [84]
Iron Oxidized 0.89 1199 [84]
Iron Plate, Completely rusted 0.690 19 [85]
Iron Plate, Pickled, Then rusted red 0.610 20 [85]
Iron Polished 0.14-0.38 300 K [86]
Iron Polished 0.210 200 [85]
Iron Red Rust 0.70 25 [84]
Iron Rough-ingot 0.870-0.950 927-1116 [85]
Iron Rusted 0.65 25 [85]
Iron Rusted 0.65 25 [84]
Iron Smooth Oxidized electrolytic iron 0.780-0.820 127-527 [85]
Iron Strongly Oxidized 0.95 40 [85]
Iron Strongly Oxidized 0.95 250 [85]

Continues on next page



300 Material emissivity tables

Table M.1 continued from previous page

Surface material Emissivity at temperature reference
Iron Turned and Heated 0.600-0.700 882-990 [85]
Iron Unoxidized 0.21 100 [85]
Iron Unoxidized 0.89 1200 [85]
Iron Unoxidized 0.05 100 [84]
Iron Wrought, Dull 0.50 100 [85]
Iron Wrought, Dull oxidized 0.940 21-360 [85]
Iron Wrought, Highly polished 0.280 38-250 [85]
Iron, Dark gray surface 0.31 300 K [86]
Iron, Hot rolled 0.77 0°C [87]
Iron, Oxidized 0.74 0°C [87]
Iron, Plate rusted red 0.61 300 K [86]
Iron, Rough ingot 0.87-0.95 300 K [86]
Iron, Sheet galvanized, Burnished 0.23 0°C [87]
Iron, Sheet, Galvanized, Oxidized 0.28 0°C [87]
Iron, Shiny, Etched 0.16 0°C [87]
Iron, Wrought, Polished 0.28 0°C [87]
Lacquer Black 0.96 93 [84]
Lacquer Blue, On Aluminum Foil 0.78 38 [84]
Lacquer Clear, On Aluminum Foil (2 coat) 0.08(0.09) 93 [84]
Lacquer Clear, On Bright Copper 0.66 93 [84]
Lacquer Clear, On Tarnished Copper 0.64 93 [84]
Lacquer coatings, 0.001-0.015” thick on 0.870-0.970 38-150 [85]
Alum. Alloys

Lacquer Red, On Aluminum Foil (2 coat) 0.61(0.74) 38 [84]
Lacquer White 0.95 93 [84]
Lacquer White, On Aluminum Foil 0.69(0.88) 38 [84]
(2 coat)

Lacquer Yellow, On Aluminum Foil 0.57(0.79) 38 [84]
(2 coat)

Lacquer, Bakelite 0.93 0°C [87]
Lacquer, Black, Dull 0.97 0°C [87]
Lacquer, Black, Shiny 0.87 0°C [87]
Lacquer, White 0.87 0°C [87]
Lamp Black 0.95 0-100 [85]
Lampblack 0.96 0°C [87]
Lampblack paint 0.96 300 K [86]
Lead Gray Oxidized 0.28 38 [84]
Lead Oxidized 0.43 300 K [86]
Lead Oxidized 0.63 200 [85]
Lead Oxidized 0.43 38 [84]
Lead Oxidized at 593°C 0.63 38 [84]
Lead Oxidized, Gray 0.280 24 [85]
Lead Polished 0.06-0.08 38-260 [84]
Lead Pure (99.96%) Unoxidized 0.057-0.075 127-227 [85]
Lead pure Unoxidized 0.057-0.075 300 K [86]
Lead Rough 0.43 38 [84]
Lead, Gray 0.28 0°C [87]
Lead, Oxidized 0.63 0°C 87]
Lead, Red, Powdered 0.93 0°C [87]
Lead, Shiny 0.08 0°C [87]
Lime Wash 0.91 300 K [86]
Limestone 0.90-0.93 300 K [86]
Magnesia 0.72 300 K [86]
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Magnesite 0.38 300 K [86]
Magnesite Refractory Brick 0.380 1000 [85]
Magnesium Oxide 0.20-0.55 300 K [86]
Magnesium Oxide 0.550-0.200 227-826 [85]
Magnesium Oxide 0.200 900-1704 [85]
Magnesium Polished 0.07-0.13 300 K [86]
Marble White 0.95 300 K [86]
Marble, Light Grey Polished 0.903 0-100 [85]
Masonry Plastered 0.93 300 K [86]
Mercury liquid 0.1 300 K [86]
Mercury, Pure 0.10 0°C [87]
Mercury, Unoxidized 0.09 0 [85]
Mercury, Unoxidized 0.10 25 [85]
Mercury, Unoxidized 0.12 100 [85]
Mikron High Temp Test Paint (Spirex 0.999 Ambient-650 [85]
SP102)

Mild Steel 0.20-0.32 300 K [86]
Molybdenum Filament 0.096-0.202 827-2593 [85]
Molybdenum Oxidized 0.82 538 [85]
Molybdenum polished 0.05-0.18 300 K [86]
Molybdenum Polished 0.05 538 [85]
Molybdenum Polished 0.17 1482 [85]
Molybdenum Unoxidized 0.13 1000 [85]
Molybdenum Unoxidized 0.19 1500 [85]
Molybdenum Unoxidized 0.24 2000 [85]
Monel Metal, Oxidized 0.43 200 [85]
Monel Metal, Oxidized 0.43 600 [85]
Monel, Ni-Cu Type 17-7PH Polished 0.09-0.16 149-816 [84]
Monel, Ni-Cu Type C1020, Oxidized 0.87-0.91 316-1093 [84]
Monel, Ni-Cu Type PH-15-7 MO 0.07-0.19 149649 (84]
Mortar 0.87 300 K [86]
Nichrome Oxidized 0.95-0.98 50-500 [85]
Nichrome Wire Clean 0.65 50 [85]
Nichrome Wire Clean 0.71-0.79 500-1000 [85]
Nichrome Wire, Bright 0.65-0.79 300 K [86]
Nickel Electrolytic 0.04 38 [84]
Nickel Electrolytic 0.06 260 [84]
Nickel Electrolytic 0.10 538 [84]
Nickel Electrolytic 0.16 1093 [84]
Nickel Electroplated, Not Polished 0.110 20 [85]
Nickel Electroplated, Polished 0.045 23 [85]
Nickel Oxide 0.590-0.860 650-1254 [85]
Nickel Oxidized 0.37 200 [85]
Nickel Oxidized 0.85 871 [85]
Nickel Oxidized 0.85 1200 [85]
Nickel Oxidized 0.31-0.46 38-260 [84]
Nickel Plate, Oxidized by heating at 600°C  0.370-0.480 200-600 [85]
Nickel Polished 0.12 low [85]
Nickel Polished 0.32 1204 [85]
Nickel Polished 0.05 38 [84]
Nickel Unoxidized 0.045 25 [85]
Nickel Unoxidized 0.06 100 [85]
Nickel Unoxidized 0.12 500 [85]
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Nickel Unoxidized 0.19 1000 [85]
Nickel Unoxidized 0.05 25 [84]
Nickel Unoxidized 0.06 100 [84]
Nickel Unoxidized 0.12 500 [84]
Nickel Unoxidized 0.19 1000 [84]
Nickel Wire 0.096-0.186 187-1007 [85]
Nickel, Elctroplated 0.03 300 K [86]
Nickel, On cast iron 0.05 0°C [87]
Nickel, Oxidized 0.59-0.86 300 K [86]
Nickel, Polished 0.072 300 K [86]
Nickel, Pure polished 0.05 0°C [87]
Nickel-Silver Polished 0.135 100 [85]
Nonex Glass 0.82 320 [85]
Oak, Planed 0.89 300 K [86]
Oak, Planed 0.900 21 [85]
Oil Layers (Linseed Oil) on Aluminum Foil 0.087 100 [85]
Oil Layers (Linseed Oil) on Aluminum Foil ~ 0.561-0.574 100 [85]
+1, 2 coats oil

Oil Paints, 16 diff. (all colors) 0.920-0.960 100 [85]
Oil paints, All colors 0.92-0.96 300 K [86]
Oil, Linseed On Aluminum Foil, 1 coat 0.59 121 [84]
Oil, Linseed On Aluminum Foil, 2 coats 0.51 121 [84]
Oil, Linseed On Aluminum Foil, Uncoated 0.09 121 [84]
Oil, Linseed On Polished Iron, .001 Film 0.22 38 [84]
Oil, Linseed On Polished Iron, .002 Film 0.45 38 [84]
Oil, Linseed On Polished Iron, .004 Film 0.65 38 [84]
Oil, Linseed On Polished Iron, Thick Film 0.83 38 [84]
Other A1l paints, Varying age and Al 0.270-0.670 100 [85]
content

Paint 0.96 300 K [86]
Paint, Oil, Average 0.94 0°C [87]
Paint, Silver finish** 0.31 0°C [87]
Paints Black, CuO 0.96 24 [84]
Paints Blue, Cu2-0O3 0.94 24 [84]
Paints Green, Cu203 0.92 24 [84]
Paints Red, Fe203 0.91 24 [84]
Paints White A1203 0.94 24 [84]
Paints White MgCO3 0.91 24 [84]
Paints White MgO2 0.91 24 [84]
Paints White PbCO3 0.93 24 [84]
Paints White ThO2 0.90 24 [84]
Paints White Y203 0.90 24 [84]
Paints White ZnO 0.95 24 [84]
Paints White, ZrO2 0.95 24 [84]
Paints Yellow PbCrO4 0.93 24 [84]
Paints Yellow, PbO 0.90 24 [84]
Paints, Aluminum 10% Al 0.52 38 [84]
Paints, Aluminum 20% Al 0.30 38 [84]
Paints, Aluminum Dow XP-310 0.22 93 [84]
Paints, Oil All colors 0.92-0.96 93 [84]
Paints, Oil Black 0.92 93 [84]
Paints, Oil Black Gloss 0.30 21 [84]
Paints, Oil Camouflage Green 0.85 52 [84]
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Paints, Oil Flat Black 0.88 27 [84]
Paints, Oil Flat White 0.91 27 [84]
Paints, Oil Gray-Green 0.95 21 [84]
Paints, Oil Green 0.95 93 [84]
Paints, Oil Lamp Black 0.96 98 [84]
Paints, Oil Red 0.95 93 [84]
Paints, Oil White 0.94 93 [84]
Palladium Plate (.00005 on .0005 silver) 0.16-0.17 93-399 [84]
Paper 0.93 300 K [86]
Paper offset 0.55 300 K [86]
Paper Thinipasted on Tinned or 0.92-0.94 19 [85]
Blackened Plate

Paper, Any Color 0.94 0-100 [85]
Paper, Black, Dull 0.94 0°C [87]
Paper, Black, Shiny 0.90 0°C [87]
Paper, White 0.90 0°C [87]
Pine 0.84 300 K [86]
Plaster 0.98 300 K [86]
Plaster 0.91 0-200 [85]
Plaster Board 0.91 300 K [86]
Plaster, Rough 0.91 300 K [86]
Plastics 0.90-0.97 300 K (86]
Plastics, Opaque any color 0.95 25 [85]
Platinum Cleaned Polished 0.05-0.10 200-600 [85]
Platinum Filament 0.036-0.192 27-1227 [85]
Platinum Unoxidized 0.037 25 [85]
Platinum Unoxidized 0.047 100 [85]
Platinum Unoxidized 0.096 500 [85]
Platinum Unoxidized 0.152 1000 [85]
Platinum Unoxidized 0.191 1500 [85]
Platinum Wire 0.06-0.07 50-200 [85]
Platinum Wire 0.10-0.16 500-1000 [85]
Platinum, Polished plate 0.054-0.104 300 K [86]
Platinum, Pure, Polished 0.08 0°C [87]
Polypropylene 0.97 300 K [86]
Polytetrafluoroethylene (PTFE) 0.92 300 K [86]
Porcelain glazed 0.93 300 K [86]
Porcelain, Glazed 0.92 300 K [86]
Porcelain, Glazed 0.92 0°C [87]
Propellant Liquid rocket engine 0.90 600-4500 [85]
PVC 0.91-0.93 300 K (86]
Pyrex 0.92 300 K [86]
Pyrex 0.90 0-300 [85]
Quartz 0.93 0°C [87]
Quartz glass 0.93 300 K [86]
Quartz Glass, 1.98mm Thick 0.900-0.410 282-838 [85]
Quartz Glass, 6.88mm Thick 0.930-0.470 300-838 [85]
Quartz Opaque 0.920-0.680 300-838 [85]
Quartz Rough, Fused 0.930 21 [85]
Quartz, Rough, Fused Glass, 1.96 mm 0.90 282 [84]
Quartz, Rough, Fused Glass, 1.96 mm 0.41 838 [84]
Quartz, Rough, Fused Glass, 6.88 mm 0.93 282 [84]
Quartz, Rough, Fused Glass, 6.88 mm 0.74 838 [84]
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Quartz, Rough, Fused Opaque 0.92 299 [84]
Quartz, Rough, Fused Opaque 0.68 838 [84]
Radiator Paint White, Cream, Bleach 0.790, 0.770, 0.840 100 [85]
Radiator Paint, Bronze 0.510 100 [85]
Rhodium Flash (.0002 on .0005 Ni) 0.10-0.18 93-371 [84]
Roofing Paper 0.91 300 K [86]
Roofing Paper 0.910 21 [85]
Rubber 0.93 0°C (87]
Rubber, Foam 0.9 300 K [86]
Rubber, Hard glossy plate 0.94 300 K [86]
Rubber, Natural hard 0.91 300 K [86]
Rubber, Natural oft 0.86 300 K [86]
Salt 0.34 300 K [86]
Sand 0.76 300 K [86]
Sandstone 0.59 300 K [86]
Sapphire 0.48 300 K [86]
Sawdust 0.75 300 K [86]
Shellac, Black, Dull 0.91 0°C [87]
Shellac, Black, Shiny 0.82 0°C [87]
Silica 0.79 300 K (86]
Silica (98 Si 02, Fe-free) effect of grain 0.420-0.330 1010-1566 [85]
size, Microns 10 microns

Silica (98 Si 02, Fe-free) effect of grain 0.620-0.460 1010-1566 [85]
size, Microns 70-600 microns

Silicon Carbide 0.83-0.96 300 K [86]
Silver Cleaned Polished 0.02-0.03 200-600 [85]
Silver Plate (.0005 on Ni) 0.06-0.07 93-371 [84]
Silver Polished 0.02-0.03 300 K [86]
Silver Polished 0.052 100 [85]
Silver Polished 0.01 38 [84]
Silver Polished 0.02 260 [84]
Silver Polished 0.03 538 [84]
Silver Polished 0.03 1093 [84]
Silver Unoxidized 0.02 100 [85]
Silver Unoxidized 0.035 500 [85]
Snow 0.80 0°C [87]
Snow White Enamel varnish on rough iron 0.906 23 [85]
plate

Soil 0.90-0.95 300 K [86]
Soil Black Loam 0.66 20 [84]
Soil Plowed Field 0.38 20 [84]
Soil Surface 0.38 38 [84]
Soot Acetylene 0.97 24 [84]
Soot Camphor 0.94 24 [84]
Soot Candle 0.95 121 [84]
Soot Coal 0.95 20 [84]
Stainless Steel 18-8 Oxidized 0.83 93-371 [85]
Stainless Steel 18-8 Buffed 0.160 20 [85]
Stainless Steel 18-8 Polished 0.16 93 [85]
Stainless Steel 18-8 Polished 0.19 371 [85]
Stainless Steel 303 0.74 316 [85]
Stainless Steel 303 Oxidized 0.87 1093 [85]
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Stainless Steel 304 (8Cri 18Ni) light 0.440-0.360 216490 [85]
silvery, Rough brown, After heating

Stainless Steel 304 (8Cri 18Ni) light 0.620-0.730 216-527 [85]

silvery, Rough brown, After 42 hours of
heating at 527°C

Stainless Steel 310 (25Cr, 20Ni) Brown, 0.900-0.970 216-527 [85]
Splotched, Oxidized from furnace service

Stainless Steel Allegheny metal No. 4, 0.130 100 [85]
Polished

Stainless Steel Allegheny metal No. 66, 0.110 100 [85]
Polished

Stainless Steel, Polished 0.075 300 K [86]
Stainless Steel, Type 301 0.54-0.63 300 K [86]
Stainless Steel, Weathered 0.85 300 K [86]
Steel Alloyed (8%Ni, 18%Cr) 0.35 500 [85]
Steel Alloys Type 17-7PH 0.44-0.51 93-316 [84]
Steel Alloys Type 301, Polished 0.27 24 [84]
Steel Alloys Type 301, Polished 0.57 232 [84]
Steel Alloys Type 301, Polished 0.55 949 [84]
Steel Alloys Type 303, Oxidized 0.74-0.87 316-1093 [84]
Steel Alloys Type 310, Rolled 0.56-0.81 816-1149 [84]
Steel Alloys Type 316, Polished 0.28 24 [84]
Steel Alloys Type 316, Polished 0.57 232 [84]
Steel Alloys Type 316, Polished 0.66 949 [84]
Steel Alloys Type 321 0.27-0.32 93-427 [84]
Steel Alloys Type 321 Polished 0.18-0.49 149-816 [84]
Steel Alloys Type 321 w/BK Oxide 0.66-0.76 93-427 [84]
Steel Alloys Type 347, Oxidized 0.87-0.91 316-1093 [84]
Steel Alloys Type 350 0.18-0.27 93-427 [84]
Steel Alloys Type 350, Polished 0.11-0.35 149-982 [84]
Steel Alloys Type 446, Polished 0.15-0.37 149-816 [84]
Steel Aluminized 0.79 50-500 [85]
Steel Calorized, Oxidized 0.52 200 [85]
Steel Calorized, Oxidized 0.57 600 [85]
Steel Cast, Polished 0.52-0.56 750-1050 [85]
Steel Cold Rolled 0.75-0.85 93 [84]
Steel Dull Nickel Plated 0.11 20 [85]
Steel Flat, Rough Surface 0.95-0.98 50 [85]
Steel Galvanized New 0.23 300 K [86]
Steel Galvanized Old 0.88 300 K [86]
Steel Ground Sheet 0.55-0.61 938-1099 [84]
Steel Mild Steel, Liquid 0.28 1599-1799 [84]
Steel Mild Steel, Polished 0.10 24 [84]
Steel Mild Steel, Polished Smooth 0.12 24 [84]
Steel Molten 0.420-0.530 1500-1650 [85]
Steel Molten Mild 0.280 1600-1800 [85]
Steel Molten, Unoxidized 0.280 Liquid [85]
Steel Molten, Various with 0.25-1.2% 0.270-0.390 1560-1710 [85]
(slightly oxidized surfaces.)

Steel Oxidized 0.79 300 K [86]
Steel Oxidized 0.80 25 [85]
Steel Oxidized 0.79 200 [85]
Steel Oxidized 0.79 600 [85]
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Steel Plate, Rough 0.94 40 [85]
Steel Plate, Rough 0.97 400 [85]
Steel Plate, Rough 0.57 600 [85]
Steel Polished 0.07 300 K [86]
Steel Polished Sheet 0.07 38 [84]
Steel Polished Sheet 0.10 260 [84]
Steel Polished Sheet 0.14 538 [84]
Steel Sheet with Shiny layer of oxide 0.82 20 [85]
Steel Sheet, Ground 0.55-0.61 938-1100 [85]
Steel Sheet, Rolled 0.66 21 [85]
Steel Sheet, Strong, Rough Oxide Layer 0.80 24 [85]
Steel Steel Oxidized 0.80 25 [84]
Steel Steel, Unoxidized 0.08 100 [84]
Steel Unoxidized 0.08 100 [85]
Steel, Galvanized 0.28 0°C [87]
Steel, Oxidized strongly 0.88 0°C [87]
Steel, Rolled freshly 0.24 0°C [87]
Steel, Rough surface 0.96 0°C [87]
Steel, Rusty red 0.69 0°C [87]
Steel, Sheet, Nickel plated 0.11 0°C [87]
Steel, Sheet, Rolled 0.56 0°C [87]
Tantalum Filament 0.19-0.31 1327-3000 [85]
Tantalum Unoxidized 0.21 1500 [85]
Tantalum Unoxidized 0.26 2000 [85]
Tantalum Unoxidized 0.14 727 [84]
Tantalum Unoxidized 0.19 1093 [84]
Tantalum Unoxidized 0.26 1982 [84]
Tantalum Unoxidized 0.30 2930 [84]
Tar paper 0.92 0°C [87]
Thoria 0.28 300 K (86]
Thorium Oxide 0.58-0.36 277-500 [85]
Tile 0.97 300 K [86]
Tin Unoxidized 0.04 300 K [86]
Tin Unoxidized 0.05 25 [85]
Tin, Burnished 0.05 0°C [87]
Tin, Commercial tin-plated sheet iron 0.07-0.08 100 [85]
Titanium Alloy C110M, Oxidized at 538° 0.51-0.61 93-427 [84]
Titanium Alloy C110M, Polished 0.08-0.19 149-649 [84]
Titanium Alloy T1-95A Oxidized at 538° 0.35-0.48 93-427 [84]
Titanium Anodized onto SS 0.96-0.82 93-316 [84]
Titanium polished 0.19 300 K [86]
Tungsten 0.05 0°C [87]
Tungsten aged filament 0.032-0.35 300 K [86]
Tungsten Filament 0.39 3316 [85]
Tungsten Filament (Aged) 0.03 38 [84]
Tungsten Filament (Aged) 0.11 538 [84]
Tungsten Filament (Aged) 0.35 2760 [84]
Tungsten Filament, Aged 0.32-0.35 27-3316 [85]
Tungsten polished 0.04 300 K [86]
Tungsten Unoxidized 0.024 25 [85]
Tungsten Unoxidized 0.032 100 [85]
Tungsten Unoxidized 0.071 500 [85]
Tungsten Unoxidized 0.15 1000 [85]
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Tungsten Unoxidized 0.23 1500 [85]
Tungsten Unoxidized 0.28 2000 [85]
Tungsten Unoxidized 0.02 25 [84]
Tungsten Unoxidized 0.03 100 [84]
Tungsten Unoxidized 0.07 500 [84]
Tungsten Unoxidized 0.15 1000 [84]
Tungsten Unoxidized 0.23 1500 [84]
Tungsten Unoxidized 0.28 2000 [84]
Turbojet Engine Operating 0.900 350-600 [85]
Water 0.95-0.963 300 K [86]
Water 0.98 0°C [87]
Water 0.96 Ambient [85]
White Lacquer 0.95 0-100 [85]
Wood Beech, Planed 0.94 70 [84]
Wood Beech, Planned 0.935 300 K [86]
Wood Oak, Planed 0.89 0-200 [85]
Wood Oak, Planed 0.91 38 [84]
Wood Oak, planned 0.885 300 K [86]
Wood Spruce, Sanded 0.82 93 [85]
Wood Spruce, Sanded 0.89 38 [84]
Wood, Pine 0.95 300 K [86]
Wrought Iron 0.94 300 K [86]
Wrought Iron Dull 0.94 25 [84]
Wrought Iron Dull 0.94 349 [84]
Wrought Iron Polished 0.28 38 [84]
Wrought Iron Smooth 0.35 38 [84]
Zinc Bright Galvanized 0.23 38 [84]
Zinc Commercial 99.1% 0.05 260 [84]
Zinc Galvanized 0.28 38 [84]
Zinc Galvanized Sheet Iron, Fairly bright 0.230 28 [85]
Zinc Highly Polished 0.04-0.05 200-300 [85]
Zinc oxidized 0.280 24 [85]
Zinc Oxidized 0.11 260-538 [84]
Zinc Oxidized by heating at 399°C 0.110 399 [85]
Zinc Polished 0.02 38 [84]
Zinc Polished 0.03 260 [84]
Zinc Polished 0.04 538 [84]
Zinc Polished 0.06 1093 [84]
Zinc Unoxidized 0.05 300 [85]
Zinc, Galvanized Sheet 0.210 100 [85]
Zinc, Sheet 0.20 0°C [87]
Zinc polished 0.045 300 K [86]
Zinc Tarnished 0.25 300 K [86]
Zirconium Silicate 0.920-0.800 238-500 [85]
Zirconium Silicate 0.800-0.520 500-832 [85]
Notes:

*Emissivities of almost all materials are measured at 0°C but do not differ significantly at
room temperature.

**Paint, silver finish is measured at 25°C and Paint, enamel at 27°C

***When range of values for temperature and emissivity are given, end points correspond
and linear interpolation of emissivity is acceptable.
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Index

1/2 bridge, 36, 98 balanced bridge, 32

1/2 bridge current sensitivity, 36 barometer, 163

1/2 bridge voltage sensitivity, 36 bead thermistor, 54

1/4 bridge, 34, 97 bell type pressure gauge, 160
1/4 bridge current sensitivity, 35 bending force, 101

1/4 bridge output current, 35 Bernoulli equation, 193, 194
1/4 bridge output voltage, 35 bifilar, 46

2 wire with compensating loop, 59 block algebra, 2
bolometric vacuum meter, 176

abrasion of the orifice plate, 196 Bourdon tube, 167

absolute error, 10 bridge circuits, 32

absolute humidity, 183, 185 bridge equivalent circuit diagram, 32

absolute pressure, 159 bridge output current, 34

absolute rotary encoder, 129, 130 bridge output voltage, 32

absolute sensor, 119 brushes, 144

absorption in atmosphere, 79 bubbler, 211

absorption in the atmosphere, 74 buoyancy, 210

AC bridge voltage sensitivity, 39

AC bridges, 38 calibration instruments, 160

acceleration, 153 calibration pressure gauges, 160

accuracy, 9 cantilever beam, 154

accuracy class, 10 capacitive accelerometer, 156

accuracy, analog instruments, 10 capacitive coupling, 116

accuracy, digital instruments, 11 capacitive liquid level sensing, 215

aggressive fluids, 179 capacitive proximity sensor, 137

air gap reluctance, 114 capacitive sensing, 170

air release valve, 178 capacitive sensors, 120

airbag control, 157 carbon, 112

ambient radiation, 73 ceramic platinum RTD, 49

angular displacement, 109 CERMET, 112

aperiodic, 15 circuits for RTDs, 57

aspiration psychrometer, 186 circuits for strain gauges, 96

ASTM E1137, 46 clamp-on flowmeter, 202

attenuation by water vapors, 79 class A Pt100, 45

automatic temperature class B Pt100, 45
compensation, 101 classical sensor, 1

axial force, 101 Co60, 215
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code wheel, 131

coil impedance, 114

coil inductivity, 114

cold end, 61

cold junction, 61

cold-junction box, 66

commutator, 144, 145

compensation vacuum meter,
165

compensation wire, 61, 62

condensation loop, 179

condition of balance, 97

conductive plastics, 112

constant current, 60

constantan, 62, 89

copper RTD, 52

Coriolis flowmeter, 206

Coriolis force, 206

coverage factor, 22

critically damped system, 16

Cul0, 50, 52

current loop, 31

current signal, 31

current source, 60

cylindrical capacitor, 124, 216

DC bridges, 32

dead weight tester, 161
definition of pressure, 159
deformation manometer, 167
deformation sensitivity, 96
detection distance, 137, 139
detection zone, 137, 139
dew, 184

dew point, 183

dew-point hygrometer, 184
diaphragm, 169, 170
difference amplifier, 40
differential bridge, 39
differential capacitor, 121, 157
DIN 43760, 50

draw wire sensor, 112

dry bulb, 185

dry thermometer, 185
dynamic error, 15

Index

dynamic range, 196, 203, 205
dynamometer, 105

electrical conductivity level sensor,
213

electromagnetic flow meter, 204

elongation, 93

emissivity, 74, 76

emitted radiation, 73

equation of balance, 34

error detection, 131

example labs, 221

expansion coefficient, 194

feedback connection, 4

feedback, negative, 4

feedback, positive, 4

field of view, 84

first-order system, 14, 18

float, 210

flow, 191

flow coefficient, 194

flow profile, 194

flow velocity, 191

FMCW, 127, 131, 219

foil strain gauge, 89

four wire connection, 60

frequency characteristic, 17

frequency modulated continuous
wave, 127

frequency sweep, 127, 133

full bridge, 37, 98, 101

full bridge current sensitivity, 37

full bridge voltage sensitivity, 37

gauge factor, 91, 95
glass platinum RTD, 46
Gray code, 130, 131
grid length, 100

Hall sensor, 125

Hall speed sensor, 148
high-flow velocities, 69
hot end, 61

hot junction, 61

hot vapors, 179
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humidity, 183

hydrostatic pressure, 159, 212
hydrostatic sensor, 211
hygrometer, 186

ideal black body, 75

ideal gas, 183

IECT751, 45, 46

inclined tube manometer, 164

incremental rotary encoder, 128

inductive proximity sensor, 135

inductive sensors, 114

inductive speed sensor, 147

inertial measurement, 157

inlet distance, 194

insertion depth, 68, 69

installation of orifice plates, 195

installation of ultrasonic flowmeters,
202

instrumentation amplifier, 41

interferometer, 134

ionization pressure sensor, 176

IR thermometer, 83

IRC, 128

iron reluctance, 114

ISO 5167-4, 194

kinetic pressure, 159

Lambert’s cosine law, 78

laminar flow, 192

law of propagation of uncertainty,
23

layer homogeneity, 112

layer wear, 112

leading edge, 193

lift force, 197

limit sensing, 213

limit switch, 220

linear displacement, 109

linear IRC, 129

linear variable differential
transformer, 116

linearity, 55

liquid level, 209

liquid level, continuous, 209
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liquid level, limit, 209

load cell, 102

load cell, beam type, 103
load cell, type S, 103
loaded voltage divider, 110
long-wavelength infrared, 79
LVDT, 116

LWIR, 79

magflow, 206

magnetic field sensor, 126
magnetic resistance, 114
magnetic sensor, 125

magnetic tape, 126, 149
magneto-resistive sensor, 126
main stress, 94

main stresses, 102

mass flow, 191, 206

materials for IR optics, 79
McLeod, 165

measurement grid, 89
measuring chain, 1

mechanical resonance, 154
MEMS, 157

metalized, 112

metallic RTD’s, 44

metallic strain gauges, 89
Michelson’s interferometer, 134
Middle Wavelength InfraRed, 79
monochromatic pyrometer, 74
monochromatic pyrometers, 80
mutual inductance, 116
MWIR, 79

Ni120, 50, 51

Nickel RTD, 50
normal distribution, 22
NTC, 53

optical accelerometer, 158
optical proximity sensor, 139
optical sensor, 126
optoelectronic speed sensor, 146
orifice plate, 193, 195

outlet distance, 194
over-damped system, 15
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paint with defined emissivity, 85

parallax error, 163

parallel connection, 4

permanent pressure drop, 193

photodiode, 146

phototransistor, 146

piece-wise interpolation, 56

piezo crystal, 153, 220

piezoelectric acceleration sensor, 153

piezoresistive acceleration sensor,
154

piezoresistive coefficient, 96

piezoresistive effect, 91

piezoresistive strain gauge, 170

PIN photodiode, 139

PIRANTI, 176

placement of pressure sensors, 178

planar capacitor, 215

Planck’s law, 73, 75

platinum RTD, 45

Poisson’s ratio, 91

position of maximal relative error,
111

position sensors, 109

position sensors, absolute, 109

position sensors, analog, 109

position sensors, continuous, 109

position sensors, digital, 109

position sensors, proximity, 109

position sensors, relative, 109

pressure, 159

pressure loss, 203

pressure probe, 178

pressure taps, 195

probability distribution, 22

propagation delay, 201

proximity sensor, 135

psychrometer, 185

psychrometric chart, 186

psychrometric constant, 186

psychrometric equation, 186

Pt100, 45, 185, 195

Pt100—accuracy and tolerance
classes, 46

Pt1000, 45, 208

Index

PTC, 53
pyrometric bulb, 80

radar liquid level meter, 218

radiation intensity, 74

radiation pyrometer, 74

radiation source, 214

radioisotope liquid level meter,
214

ramp response, 16

rectangular distribution, 22

rectangular voltage signal, 146

reference junction, 61

reflected radiation, 74

reflective sensor, 139

reflective sticker, 150

relative error, 10

relative error of resistive position
sensor, 111

relative humidity, 183, 188

relative permittivity, 120

relative pressure, 159

relative sensor, 119, 129

reluctance, 114

residual stress, 103

resistive position sensor, 110

resistive temperature detectors, 43

resolver, 117

resolver to digital, 119

resonance frequency, 207

restriction flow meters, 192

Reynolds number, 192

rotameter, 197

RPM, 143

RTD, 43, 185

saturated air, 185

saturated gas, 183

second-order system, 15, 18
Seebeck effect, 61

seismic mass, 153

self heating, 45

semiconductor strain gauges, 91, 95
sensing coil, 147

sensitivity, 12, 54



Index

sensor self heating, 61

separation liquid, 179, 180

serial connection, 2

shaft torque sensor, 106

Short Wavelength InfraRed, 79

sludge drain valve, 178

small air gap sensor, 114

small particles, 77

smart sensor, 1, 2

spectral emissivity, 76

spectral radiance, 75

speed, 143

speed of sound, 217

spring bellows, 168

square root dependence, 192, 194

standard analog signals, 29

standard deviation of arithmetic
mean, 20

static gain, 14

static properties, 7

steady state, 7

steady state characteristic, 8

Steinhart-Hart equation, 53

stickers with defined emissivity,
85

strain, 91

strain-gauge placement, 100

strain-gauges rosette, 94, 102

stray magnetic flux, 116

stroboscope, 150

student t-probability distribution,
21

surface tension, 163

SWIR, 79

tachodynamo, 143

temperature coefficient of resistance,
44

temperature compensation, 92, 94,
97

thermal conductivity—level sensor,
213

thermistor, 53

thermocouple, 61

thermocouple bare, 63

313

thermocouple grounded, 63

thermocouple installation, 63

thermocouple isolated, 63

thermocouple probe, 63

thermocouple wire, 61

thermostat, 65

thermowell, 68

thin-film RTD, 50

three-wire connection, 58

time constant, 14

Time of Flight, 126, 219

TOF, 126, 131, 219

torque, 102, 105

total absorption in atmosphere,
79

total emitted energy, 74

total radiant power, 75

total radiation pyrometer, 82

trailing edge, 193

transfer function, 18

transient flow, 192

transient response, 13

transmitted radiation, 74

triangle distribution, 22

turbine flowmeter, 198

turbulent flow, 192

two-wire connection, 57

U tube manometer, 162
U-shaped distribution, 22
ultrasonic flowmeter, 200
ultrasonic liquid-level meter,
217
unbalanced bridge, 32, 34
uncertainty of measurement, 19
uncertainty type A, 20
uncertainty type B, 21
under-damped system, 16
user characteristic, 9

vacuum permittivity, 120
vibrating fork, 220

vibrating level switches, 220
vibration sensor, 153

visual liquid-level meter, 209
voltage signal, 29
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volume flow, 191
Von Karman vortices, 69

water droplets, 184
wet bulb, 185
wet thermometer, 185

Index

Wheatstone bridge, 32

wire anemometer, 199

wire sensor, 112

wire strain gauge, 89

wire wound resistor,
112
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