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Ch2:Staticand Dynamic Characteristics Signals
o lowlg dnlll (@ibasdl ol L]

measurement system takes an input quantity and transforms it into observed or
recorded , such as the movement of a pointer on a dial or the magnitude of a digital
display .

ool oz 51 po 3 o 85001 48 > S « Aorane ol dbgelo Il lgmn g JBol daS ol pllss iy
)

characteristies of both the input and the resulting output signals The shape and
form of a signal are often referred to as its waveform . The waveform contains
information about the magnitude and amplitude , which indicate the size of the
input quantity and the frequency , which indicatesthe way the signal changes in
time . An understanding of waveforms is required for the selection of
measurement systems and the interpretation of measured signals .
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Two important tasks thatengineers face in the measurement of physical variables
are (1) selecting a measurement system and (2 )interpreting the output from a
measurement system.
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Classification of Waveforms:

1)Analog describes a signal that is continuous in time . Because physical variables
tend to be continuous, an analog signal provides a ready representation of their
time - dependent behavior .

(8 yauno 0355 01 I e Bpolall ol peatall 03 15835 . camliol] gl 55 yoctne 3,11 &y L] iy
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(n) Analog signal representation (b) Analogdisplay

Figure 2.2 Analog signal concepts

Il ole Wb i Lol 5lemns lgd g 3¢l )] alamd ¢ 2=y continuous waveform s 5,ls
waveform
Time™»continuous........ Signal = continuous

2)A discrete time signal usually results from the sampling of a continuous variable
atrepeated finite time intervals .
o)).{mOQB&DwMJL.JIJﬁUS)MWUAL.JLJ&Iu&odbdlmdlu.&&'%,b'a«»

4 B : ' Wig{ !
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(n) Discrete time signa (b) Discrete time wavelorm

Figure 2.3 Discrete time signal concepts.

discrete s (550 continuous (555 b Time JI &l yeos 90
Time=>discrete........ Signal ™ continuous

3)Digital signals are particularly useful when data acquisition and processing are
performed using a digital computer.
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Static and Dynamic Characteristics of Signals

J s s &l oy
o 9 (y(t o signal

totime

{a) Digital signal (b) Digital waveforn
Figure 2.4 Digital signal rcpl‘c\ci; tion and waveform

interval® (ol 8 Jle)discrete ol 50
Time=>discrete........ Signal = discrete

(1.28) 30 pgiy signal swg(signal (1.29 331y signal(1.30)JI 33 Ko 4y )l slg: s
signaldiscrete J| ;3 03,43

diagonal JI (Accuracy)isw idasg lad Ol 28 signal sy 5l 4 Hall glo i

Sampling of an analog signal to produce a digital signal can be accomplished by
using an analog - to - digital (A /D) converter, asolid - state device that converts an
analog voltage signal to a binary number system representation
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Signal Waveforms 8 L ¥ duz> g0 JIs]
M Classification of Waveforms
I Siuauc y(r) = Ag

[I. Dynamic
Penodic waveforms

Simple pgriodiewIveromn y(r) = Ag + Csin(w! + &)
Complex periodic waveform y(1r) =Ag + __')—_: C,sin(nwr + o,)

n=\

Aperiodic waveforms

Step” y(1) = AU
=Aglorr >0
Ramp y(r) =Aorfor 0 < 1 < Iy
Pulse” y(1) = AU (1) 3AU(1 — 1y)
I11. eleqigistic waveform y(r) Ag + Z C,sin (nw! + &,,)

n=\

dynamic Jlg static Jl Lo | deterministic pgio i | COARNERICTREES (P

ogd o LadlF fwla.o wuls nondeterministic ge £ ¢j ;=g

I Static y(r) = Ao

A static signal does not vary with time
CE I yg 00 AS LI 6,L Y] Hu5 Y

static signal®® 25 = log 258, y=dl colSg 48 s Ul of lgude Jlio




[I. Dynamic
Penodic waveforms

Simple pgriodie=wavCIONN y(r) = Ap + Csin(w! + &)

o0
Complex periodic waveform y(1) = Ag + > C,sin(nwr + d,)

n=|
Apenindic waveforms

Step” y(r) = AgUIN

= Ag forr >0
Ramp y(r) =Aot for0 <1<y
Pulse”

y(r) = AoU(1) — AU(r — 1y)

A dynamicsignalis defined as a time - dependent signal
ENTIPIVEE PRI N RNV TRERNE

aperiodic g periodic g dynamic Jl 4l a>3 5

Simple pgriodie=waverorm y(@)h=Ap + Csin(wr+ o)

39l zo £ lWlg dadll (signal) , S oSy frequency JUL a3 I emw I ()90 Lo
ais a5 68 adgd 5l yiall o Hiall s dludl daiy J5o 1O

L) kel £ s Aad) 5 yatedl (o)l 568 T JI Lol

og S=Ylg complex g simple Yl periodic J!
Signal u>lg 39 )5 || @mSimple
Signal &lss ydl oo ds goo lg)| @@Complex
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Apenndic wavelforms

Step” y(1) = AgUIN
= Aglort >0
Ramp y(f) =Apr for0 <1 <1y
Pulse” y(1) = AoU(1) — AcU(1 — 1)
Step” y(1) = AgUI 1
5": — w».‘r' A ‘-[-c*"' ”___{;} [,Lmll SlCﬂ lp"nCJiD/]
A B, >
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| gy, Lt <4
6
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Ramp y(£) =Adt for0 <1<
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Pulse” y(1) = AcU(1) — AcU(r — 1))

s, g e 0O d
o gns N
O 0
Ao A,
Sﬁ.ﬁ-h"‘bl 1 C—-——-: ;r(. % Pl
&‘ - #
5 qﬁJ /A g 5 __ | =

P‘JB&

A simple periodic waveform contains only one frequency . A complex periodic
waveform contains multiple frequenciesand is represented as a superposition of
multiple simple periodicwaveforms . Aperiodicis the term used to describe
deterministic signals that do not repeat atregularintervals, such as a step function.
s adzall g 550l sz sall JSAT Gaizny s umlg 0955 Gl Jmadl s 59l 2 sall S g2y
o Aperiodic .dlaww 3oux=io 43590 g0 )= S 1,3 & oA aldad oy g Sousio Olos )
Bohasdlals o cdalatio 0l 35 Slo |, SO Y Gl dmhadll Ol LAYl o) pusiiuall mllsaall

¢S A=y Gl o deterministic g8 L8 el JS

A deterministic signal varies in time in a predictable manner, such as asine wave, a
step function, oraramp function, as shown in Figure2.5.
aibg ol Bghas Aibg ol ¢ A Az g Jio g 51 (Ko Ay ylay <3l B Al 3L YT s
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Deterministic variables

i)
Ramp
/ Sten
]
0O I
Sinusoidal

Figure 2.5 Examples of dynamic signals.

S8 polidz] JI S lgede dlie
nondeterministic Jl go Jlg g ¢ 323 =20

OC
1. Nopndelemministic waveform W) Ao+ > C,sin (nwr + b,,)

n=|\

MNondelermamstic vanatibe

wir)

the sumation of

the deterministic
signal

A O & gomme o

Also described in Figure 2.5 is anondeterministic signal that has no discernible
pattern of repetition . A nondeterministic signal cannot be prescribed before it
occurs, although certain char acteristics of the signal may be known in advance.
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¥(t) Voltage
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1.5 Figure 2.7 Effect of subtracting DC
1 offset for a dynamic signal.
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(b) Flucluafmg component of signal
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Static and Dynamic Characteristics of Signalg

Spectrum
yellow

Oeilize 250 Jobg Olos ;2 OBlbl sus) oty 7 5 ygdio J31s 0 yol led puaddl s 55

Figure 2.8 Separation of white light into its color spectrum . Color corresponds to
frequency or wavelength ; light intensity corresponds to varying amplitudes .
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SIGNAL AMPLITUDE AND FREQUENCY :The method of expressing such a complex
signal as a series of sines and cosines is called Fourier analysis.
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2.4  Signal Amplitude And Frequency

Physically we know that if the
mass is displaced from the

equilibrium pointand releed, it
will osflate about the
Restoning

force equilibrium point.

Uinextended
length of spring
, m

Equilibrium position
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Figure 2.9 Spring-mass system.
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The values of C, ¢, and ¢" are found from ghe following trigonometric identities:
A cos ot £ Bsinwt = A2 + Bfms(mf — &)
A cos ol + Bsinw! = \.-':I: + Blsin(m.’ td')
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The fundamental concepts of frequency and amplitude can be understood through

the observation and analysis of periodic motions.
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Static and Dynamic Characteristics of Signals
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The size of the maximum and minimum displacements from the equilibrium
position, or the value C, is the amplitude of the oscillation . The concepts of
amplitude and frequency are essential for the description of time - dependent
_ signals. i i
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Figure 2.15 First four partial sums of the Founer senes (20/w)(sin et + 1/ 3sin3r+ 1 /55in 5 +---)

in comparison with the exact waveform
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25 Fourer Transform and The Frequency Spectirum. 63
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Ch3:measurement system behavior

Each measurement system responds differently to different types of input signals

and to the dynamic content within these signals . So a particular system may not be
suitable for measuring certain signals or at least portions of some signals.
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As pointed outin Chapter 2, allinputand output signals can be broadly classified as
being static, dynamic, or some combination of the two . For a static signal , only the
signal magnitude is needed to reconstruct the input signal based on the indicated
output signal
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Vibration signals vary in amplitude and time ,and thus are a dynamic input signal

to the measuring instrument.
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» Figure 3.2 Measurement system operalion on

vit) an input signal, F(r). provides the output
signal, v(1).
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Dynamic Measurements

Dynamic Measurements For dynamic signals, signal amplitude, frequency, and
general waveform information is needed to reconstruct the input signal . Because
dynamic signals vary with time , the measurement system must be able to respond

fast enough to keep up with the input signal .
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Figure 3.1 Lumped parameter model of an automobile suspension showing input and output signals.
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Consider the following general model of a measurement system, which consists of

annth-order linear ordinary differentialequation in terms of a general output
signal, represented by variable y(t),and subject to a general input signal,
represented by the forcing function, F():
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Comparing this to
the general form for a second-order equation (n=2: m= 1) from Equation 3.1,

if V ;."1. t;‘r"..
a —=+ ay—+ agy = by —+ byx
:H dt dt

3.3 SPECIAL CASES OF THE GENERAL SYSTEM MODEL
Zero-Order Systems

zero order system (3550 >l gl input JI opo s> Jol JI o i3 L)
The simplest model of a measurement systems and one used with static signals is

the zero - order system model . This is represented by the zero - order differential

equatlon
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Static sen51t1V1ty-> )—(t j = KF(1)

Kis called the static sensitivity orsteady gain of the system .
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The static sensit1v1ty is found from the static calibration of the measurement

system . Itis the slope of the calibration curve ; K=dy/dx
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Fortunately , many measurement systems can be modeled by zero-, first-, or
second - order linear . ordinary differential equations . More complex systems can
usually be simplified to these lower orders . Our intention here is to attempt to
understand how systems behave and how such response is closely related to the
design features of a measurement system ; it is not to simulate the exact system
behavior. The exact input - output relationship is found from calibration . But
modeling guides us in choosing specific instruments and measuring methods by
predicting system response to signals , and in determining the type , range , and
specifics of calibration .
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A pencil - type pressure gauge commonly used to measure tire pressure can be
modeled at static equilibrium by considering the force balance on the gauge sensor,
a piston that slides up and down a cylinder piston
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Pressure is simply the force acting inward over the piston surface area, Dividing
through by area provides the zero - order response equation between output
isplacement and input pressure and gives
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The exact staticinput - output relationship is found through calibration of the
gauge . Because elements such as piston inertia and frictional dissipation were not
considered , this model would not be appropriate for studying the dynamic
response of the gauge.
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FirsOrder Systems

Measurement systems that contain storage elements do not respond instantanecusly

to changesin input.
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may be modeled using a first-order differential equation of the form

ay + aogy = F(i)

with v = dy/dr. Dividing through by a, gives
v+y=KF(!)

The parameter T is called the time constant of the system.
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where A is the amplitude

Step Function Input
of the step function
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The step function, AU(¢), i1s defined as
AU(t) =0 <0
AU(tH)=A t> 0
asudden change in the input signal from a constant value of one magnitude toa
constant value of some other magnitude
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v+ y=KAU(r) = KF(t)
with an arbitrary initial condition denoted by, v(0) = vy Solving for ¢ = (07 yields
vir) = KA F (vy — KA)e T

b P i T !

Nme response  Steady response Transient response

The solution of the differential equation, T, is the time response (or simply the
response) of the system.
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Suppose we rewrite the-tesponse Equation 3.5 in the form

x v(t) —y ,
l(r):'—] X =
Yo — Yec

The term I'(¢) is called the error fraction of the output signal. Equation 3.6 is
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Table 3.1 First-Order System Response and Error Fraction W out RN[PDM&JW ‘i -
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which is of the linear form, Y = mX + B (where ¥=4tw¥Fym= —(1/7), X =1, and B = 0 here). A
linear curve fit through the data will previde a good estimate of thesslope, m, of the resulting plot.

From Equation 3.7, we see that m#= —1 /7, which yields the estimate Yer 7

§ »l gs5a résponse JI ALl cOlS LalS'g jlgane wataigl JI
Jad> 309 440J1y 10 Jads érror Jls L G0 buis dslociw ¥l a0 0950 ST 0go 382.3 (103!

The time required for a system to respood to a value that is 90% of the step inpat, Yo-Yo,

isimportantand is called the rise time of the system.
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Chapter 3 Measurement System Behavior
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Figure 3.9 Lumped parameter model of thermometer and its
energy balance (Ex. 3.3).

Suppose a bulb thermometer originally indicating 20 C is suddenly exposed to a fluid
temperature of 37 C. Develop a model that simulates the thermometer output
response.
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where
m = mass of hquid within thermometer
¢, = specific heat of hquid within thermometer
/it = convection heat transfer coetficient between bulb and environment
A, = thermometer surface area

The term A, controls the rate at which energy can be transferred between a fluid and a body: it is
analogous to electrical conductance. By comparison with Equation 3.3, ay=hA,, @, =mc,, and
by =hA,. Rewriting for ¢ > 0" and simplifying yields

me, dT(t) s

—— 4 T(1) = T

hA,  di
From Equation 3.4, this implies that the time constant and static sensitivity are
mc, K hA,
hA, hA,

Direct comparison with Equation 3.5 yields this thermometer response:

-

T(1) = Logutd#@)m I e
371 =17 °C)

?.” Jolg=ll 08 4 oWl JI (98 40
mua, ¢ lgule Loty
== —— -y Ulg (n1ass(n1J19@JI
h4 | heat Jls (conductivity (cv
(treatment (h

-

- IMgoso! Lol

hA § \ Static sensitivity
- hA \ - 7 steady state gl 9
output Jbinput J Ja yo (¢33

Also, itis significant that we found that the response of the temperature
measurement system in this case depends on the environmental conditions of the
measurement that control h, because the magnitude ofh affects the magnitude of T
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Figure 3.8 The error fraction played on
. semilog coordinates.
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may be modeled using a firstorder differential equation of the form
a1y + agy = F(1)
with ¥ = dy/dt. Dividingsthrough by a, gives
Ty + y = Kb(T)
f(t) @mstep input J| Ju yos= LS Siza
simple periodic function input (6 g=y 4 (£(t JI Jay JI GWI Ul 225 U o

(y(t JI UK 055G &S cos gl sin gl (£(t JI <olS o Bsiog




T 5 2t Lo 55l (el Al
For the thermometer in Example 3.3 subjecied 1o a step change in input. calculate the H% rise time
in terms of /7.
KENOWN Same as Example 3.3
ASSUMPTIONS Same as Example 3.3

FIND 90% response time in terms of ¢/

SOLUTION The percent response of the system is given by (1 —I') = 100 with the error
fraction, I', defined by Equation 3.6, From Eguation 3.5, we note that at f = 7, the thermometer will
indicate T{¢) = 30.75°C. which represents only 63.2% of the step change from 20° 10 37°C. The 90%
rise time represents the time required for I' to drop 1o a value of 0.10. Then

F=010=¢""

or tlhr=23.

COMMENT In general, a time equivalent to 2.37 is required to achieve 90% of the applicd step
input for a first-order system.

<40 o)

Example 3.5

A particular thermometer is subjected to a step change such as in Example 3.3, in an experimental
exercise to determing its time constant. The tlemperature data are recorded with time and presented
in Figure 3.10. Detérmine the time constant forthisthermonieter. [n the experiment, the heat transfer
coefficient, /, is gstimated to be 6 W/m*-C from engineering handbook eormelations.

KNOWN Daa of Figure 3.10
he= 6 W/m=C
ASSUMPTIONS First-order behavior using the model of Example 3.3, constant properties
FIND =
SOLUTION According to Equation 3.7, the time constant should be the negative regiprocal of
the slope of a line dgawn through the data of Eigure 3,10. Aside from the figst few datafpoints, the

data appear to follow & Jinear trend, indicati nga nearly’ first=orden beha vior and yalidating our model
assumption. The data i$, fit 10-the firstsorder equation”

2.3 log I' = (—0.194)¢ + 0.00064

2.00

1.00

g [ = -0.194t + 0.00064
%
S 010
o "
|
0.01 L | o = _J i . . .
0 5 10 15 20 Figure 3110 Temperature-time history
Tima, ¢ (8} of Example 1.5.
With m = =0.194 = —1 7. the time constant is calculated as 5= 5.15 seconds.

COMMENT If the expenimental data were 1o deviate significantly from first-order behavior,
this would be a clue that either our assumptions do not fit the real-problem physics or that the test
conduct has control or execution problems,




may be modeled using a first-order differential equation of the form

a\y + aopy = F(1)
with ¥ = dy/dt. Dividing through by a, gives
v+ y=KF(I)
f(t) @mstep input JI Juw jo 925 LS Simew
simple periodic function input ,og=®® (£(t JI Juw JI GBI Ul Ja5 b luo

(y(t J) U (5650 a8 cos o) sin gl (F(t JI cols ¢ Bgdug

measuring system to which an input of the form of a simple periodic function, F(7) = A sin wt, is
applied for t > 07

periodic Jl &3u0 Lo (f(tJl 092 0E) . A sis o
F(t)=A sin w! — T

A’“P Wode f re?,mmg

first order Jl dsleo 8 groge angulev ﬂg?,['un;is
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this differential equation yield§ the measurement system output signal, that is, the time response to
the applied input, y(r):

Kﬁ.l % \
—F = =Rln([l)f - {an II.!JT) ‘1'H:|

y(t) = Ce "
where the value for C depends on-theanitial-conditions:
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Figure 3.11 Relationship
between a sinusoidal input and
output: amplitude, frequency,
and time delay.
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applied i1s known as the frequency response of the system. The frequency affects the magnitude of
amplitude B and also can bring about a time delay. This time delay, 3, is seen in the phase shift, ®(w ), of
the steady response. For a phase shift given in radians, the time delay in units of time 1s

that is, we can write

i
B, =

)

P .
sin(wf + P) = sin [m(f : —)] = sinjw( + B;)

L




First order and Zero order

Signal types and what's difference between them ? ( Page 1+4+5+6)
Types of differential equations and measurement operations ( page 2)
output depends on (page 3+ 5)

Two types of input (page 4)

Each measurement system responds differently to ( page 4 )
Definition of zero order system ( page 8 )

Potinsiometer ( 8+9+11)

Reasons for not having an ideal system ( 9+10 )

Properties and questions of Zero order system ( 12 )
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First order system
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Time constant ( 21 ) / first order system ( 20 —and so on )
Stepinput (24)

Properties of Time constant 24-30

Friction error and time / response and t 26-30
Thermometer 31-32+34
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Periodic ( 38 and so on )

Phase shift and magnitude ( 43+45+46 )
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Ch3:measurement system behavior

 ont >

Eachmeasurementsyste - responds differently fferent types of input signal
and to thé. dynamic content 1th1nthese 51gnals Soapartlcularsystemmaynotbe

suitable for measuring certain signals or at least p OI'thI‘lS of some signals.
owda‘éuﬁeobﬂ|63mj|gdl>ojlu|)hu|u,od.QL:e.ogy f Calzses IS Lﬁéelﬁ)JfW

o e o -

__ be broadly classified as
twon, For a static signal , only the

signal magmtude isneeded to reconstruct the input signal based on the indicated
W
output signal
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input JI ¢y signal JI g 53l 43 I yulid] 8 Uiz
- Vibration signals vary in amplitude and time , and thus are a dynamic input signal

to the measurlng instrument.
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Figure 3.2 Measurement system operation on
an mput signal, F(1), provides the output
signal, y(1).

[mention >

Dynamic Measurements
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Forward profile
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Figure 3.1 Lumped parameter model of an automobile suspension showing input and output signals,
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For a static signal , only the signal magnitude is needed to
reconstruct the input signal based on the indicated output sig

Dynamic Measurements For dynamic signals, signal amplitude,
frequency , and general waveform information is needed to recol
the input signal . Because

dynamic signals vary with time , the measurement system must |
respond fast enough to keep up with the input signal .
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Consider the following general model of a measurement system, which consists of
an nth-order linear ordinary differential equation in terms of a general output
signal, represented by variable y(t),and subject to a general input signal,
represented by the forcing function, F():
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GRS (-

Comparing this to

=2: m=1) from Equation 3.1,

the general form for a second-order equation (n

L d*y dy dx
ay—+ apy = b = + box

H—'

dt- di i

3.3 SPECIAL CASES OF THE GENERAL SYSTEM MODEL

zero order system (550 A=l glg input JI e u> Jsl J

The simplest model of a measurement systems and one used with static signals is
the zero - order system model . This is represented by the zero - order differential

equatlon
Jo M ‘o..u 6)9"4” fU::.J‘ aéyougm MU' ulew}“ &o \QM J>|9 u.uLdL” ML:.:)! C.)go.: ,h.w.)‘
1 yall o 3 13 AL ad] Uslsall,

%4 = b | pae 2l S Yl
o F( ) a. s dolaol] eudl Lo
Y- G A= K

Static sensitivity = y(7) = KF(i)

Kis called the static sensitivity or steady gain of the system.
Al ol S of aS Ll d ol UK o

The static sensit1v1ty is found from the static calibration of the measurement
system . Itis the slope of the calibration curve , K=dy/dx
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\ [ modeling guide us : }

Fortunately , many measurement systems can be modeled by zero-, first-, or

DA A e o e ol
second - order linear . ordinary differential equations . More complex systems can

e g g S g g e e e ™ a ™ o i il -

usually be simplified to these lower orders. Our intention here is to attempt to

behavior . The exact input - output relationship is found from :
_ choosing specific instruments and measuring methods by
predicting system response to signals, and in determining the type , range , and
specifics of calibration .
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Figure 3.4 Lumped parameter model of pressure gauge

- Pencil style pressure gauge

Sliding piston

Intake valve

(a) Pencil-style pressure gauge
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(c) Photograph of the components
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(b) Free-body diagram

A pencil - type pressure gauge commonly used to measure tire pressure can be

modeled at _1 by considering the-on the - ,

a piston that slides up and down a cylinder piston
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[ important]
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Measurement systems that contain storage elements do not respond instantanecusly
to changes in input.




(
may be modeled using a first-order differential equation of the form
a\y + agy = F(1)

o v : important
with v = dv/dt. Dividing through by a, gives

[=

™v+y=KFQ)
The parameter Tis called the time constant of the system.
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Step Function Input

The step function, AU(r), is defined as
AU(D) =0 t<0
AU =A 1t>0"
asudden change in the input signalfrom a constant value of one magnitude toa

constant value of some other magnitude
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K

194y = KAU() = KF(1) &eoladl
with an arbitrary initial condition denoted by, ¥(0) = y,. Solving for r > 07 yields

vit) = KA vo — KA)e '/
v(r) ; g 1T E s ) =
Time response  Steady response Transient response

n of the differential equation, T, is the time response (or simply the
response) of the system.
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Suppose we rewrite the response Equation 3.5 in the form
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Table 3.1 First-Order System Response and Error Fraction -
\= (.

tht % Response I 9 Error bizig Y1 eror )
ls

0 0.0 1.0 100.0

632 0.368 36.8 m

0007

— G

plot is equwalcm to the transformation

U 5

which is of the linear form, Y=mX+ B (where Y = In[", m = —(1/7), X =1, and B = 0 here). A
linear curve fit through the data will provide a good estimate of the slope, . of the resulting plot.
From Equation 3.7, we see that m = —1 /7, which yields the estimate for 7.

The time required for a system to respood to a value that is 90% of the step inpat, Yo-Yo,

isimportant and is called the rise time of the system.
eLE.J' dg0 C8g w9 logo ').o| Yo-Yo (a =118zl 10 790 doud) pladl soliwd {:JBU‘ Syl usy

Chapter 3 Measurement System Behavior
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Time, ¢ Figure 3.5 The unit step function, U(1).
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Figure 3.9 Lumped parameter model of thermometer and its m
energy balance (Ex. 3.3).

Suppose a bulb thermometer originally indicating 20 C is suddenly exposed to a fluid

temperature of 37 C. Develop a model that simulates the thermometer output
i response. )
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where

m = mass of liguid withinsthesmometer

¢, = specific heat of liquid within thermometer

fr="Convection heat transfer coefficient between bulb and environment
A, = thermometer surface area

The term /iA, controls the rate at which energy can be transferred between a fluid and a body; it is
analogous to electrical conductance. By comparison with Equation 3.3, ay=hA,, a; =mc,, and

by=

K =

Also, itis significant that we found that the response of the temperature
measurement system in this case depends on the onmental con ns of

hA,. Rewriting for t > 0" and simplifying yields

me,dT(1)
hA: di

From Equation 3.4, this implies that the time constant and static sensitivity are

+ T(t) = T«

me, ~ hA
hA,  hA,

Direct comparison with Equation 3.5 yields this thermometer response:

s =]

T(t) =Ta+ [T(0) = Tole™!
= 37— 17¢""/* [°C}
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may be modeled using a first-order differential equation of the form

£a‘|_‘i' T dpy = F(I}

with v = dvy/dt. Dividing through by a, gives

v+ v=KF(1)

f(t) Cstep input Jl Jw yos2 S ey

o5 5= (£(t U oy N &) Dol J525 Uy Lo

(y(t JI L 055 a8 cos o sin gl (F(t JI colS of Bgdng
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Suppose a bulb thermometer originally indicating 22 C i
suddenly exposed to a fluid temperature of 45 C. Develo
model that simulates the thermometer output response

W )

pLy =

TR : €0 + t—t
/)( P\) ( X4 6)
,{///('

T(r) =18 = 23€
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For the thermometer in Example 3.3 subjected to a siep change in input, calculate the 90% rise time
in terms of 17,

KNOWN  Same as Example 3.3

ASSUMPTIONS Same as Example 3.3

FIND 90% response time in terms of /5

SOLUTION The percent response of the system i given by (1 —T') = 100 with the eror
fraction, I, defined by Equation 3.6. From Equation 3.5, we note that at =7, the thermometer will
indicate 7(#) = 30.75°C. which represents only 63.2% of the step change from 20° 10 37°C. The 90%
rise time represents the time required for I to drop to a value of 0,10, Then

Fr=010=¢""

or fIr=23.

COMMENT In general, a time equivalent to 2.37 is required to achi¢ve 90% of the applied step
input for a first-order system.

<40 L ) 4
Example 3.5

A particular thermometer is subjected to a step change, such as in Example 3.3, in an experimental
exercise 1o determine its time constant. The temperature data are recorded with time and presented
in Figure 3. 1(), Determine the time constant for this thermometer. In the experiment, the heat transfer
coefficient, /1, is estimated to be 6 W/m*-C from engineering handbook correlations.

KNOWN Data of Figure 3.10
h= hW,am"- C
ASSUMPTIONS  First-order behavior using the model of Example 3.3, constani properties
FIND 7
SOLUTION According to Equation 3.7, the time constant should be the negative reciprocal of
the slope of a line drawn through the data of Figure 3. 10, Aside from the first few data points; the

data appear to follow a linear trend, indicating a nearly first-order behavior and validating our model
assumption. The data is fit to the first-order equation”

23log = (—0.194)1 + 0.00064

3 I =-0.194¢ + 0.00064
g
n 0.10 E_
o E

0.01 L— | L -l o - : :

0 5 10 15 20 Figure 3.10 Temperature-time history
Tima, £ (8] of Example 3.5.
With mt = —0.194 = —1 /7, the time constant is calculated as 7 = 5.15 seconds.

COMMENT IF the experimental data were 1o deviate significantly from first-order behavior,
this would be a clue that either our assumptions do not fit the real-problem physics or that the test
conduct has control or execution problems.

K
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may be modeled using a first-order differential equation of the form
£4‘|_\" + dpy = 1"{”

with ¥ = dvy/dt. Dividing through by a, gives
v+ v = KF(1) s LY

f(t) emstep input JI Ju jos2 LS Sizeu
simple periodic function input s g (f(t JI Ju JI S Dl J325 bos bue

(v(t JI IS (5655 i cos ol sin gl (F(t JI eolS of Bgaing

measuring system to which an input of the form of a simple periodic function, F(7) = A sin wl, is
applied for r = 0"
input in sin ( periodic)

periodic Jl &Y3ue Lo (f(t Jl 052 ). A sio n
F(1)=A sin w! I
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v + v = KA sin ot
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this differential equation yields the measurement system output signal, that is, the time response to
the applied input, v(r):

KA | L .
sin(w? — tan ' wr) (3.8)

3

y(t) = Ce g -
ﬁ'r 1 4+ (wT)

where the value for C depends on the initial conditions.
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applied i1s known as the frequency response of the system. The frequency affects the magnitude of
amplitude B and also can bring about a time delay. This time delay, 3, is seen in the phase shift, ®(w), of
the steady response. For a phase shift given in radians, the time delay in units of time is

¢

w

By

that is, we can write

sinfwf + P) = sin[m(r + g)] = sinjw(r + B,)]
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Equation 3.8 can be rewritten in a general form:

y(t) = Ce '™ + B(w)sin|wr + ®)

KA
vL-"I + {wt)” ;
P(w) = —tan" ' (w7)

where B(w) represents the amplitude of the steady response and the angle ®(w) represents the phase
shift. A relative illustration between the input signal and the svstem output response is given in
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We define a magnitude ratio, M (w), as the ratio of the output signal amplitude to the input signal
amplitude, M{w)=B/KA. For a first-order system subjected to a simple penodic input, the
magnitude ratio is
. B l

KA 2
magnitude y——
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The functions M(w)

systems and system components.

response bchawior.Wc can predict the dynamic behavior i
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- 5 ;md‘d'( w) represent the frequency response of the measurement system to
pertodic mputs. These equations and universal curves

provide guidance in selecting measurement

i)

f the time constant and static sensitivity of

the system and the range of input frequencies are all known)

BEard
=20
e.g.

=1 ls!

mple 3.6

constant, select a suitable sensor, assuming

KNOWN 1<f<5Hz
[3(w)| < 0.02

ASSUMPTIONS First-order system
F(t) = Asinot

FIND Time constant, 7

w=T17rod/s f

W = 200 rn&%

$ -0

w = A 5 Mz
A (54

i

ik}

A temperature sensor is to be selected to measure temperature within a reaction vessel. It is suspected
" that the temperature will behave as a simple periodic waveform with a frequency somewhere between
1 and 5 Hz. Sensors of several sizes are available, each with a known time constant(Basecl on time

that a dynamic error of +2% is acceptablf:)

first order

SOLUTION With 18{w)l < 0.02, we would s oni io between 0.98 < M < 1.02.
From Figure 3.12, o the constraint becomes

0.98 < M < 1. The®
1
098 = M) =———=<
1+ (07)?

From Figure 3.12, this constraint is maintained over the range[p <ot < O.Q We can also see in this
figure that for a system of fixed time constant, the smallest value of M(w) will occur at the largest
frequency. So with @ = 27f = 2m(5)rad/s and solving for M(w) =0.98 yields, T < 6.4 ms, Accord-
ingly, a sensor having a time constant of 6.4 ms or less will work.
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D(w) =-tan-1(2wJ)
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second order
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{second order] [second order]




4

~ 4

Seel ..f": [ e
[ e.g of 2nd order devices ] / o

(
Ol
{- -

sYslem.{ Examples of second-order instruments include accelerometers and pressure transducers
(including microphones and loudspeakers).)

C
In general, a second-order measurement system subjected o an arbiteary mput, F/f), can be
described by an equation of the form

aryN -y dgy (1) (3.12)

¥ . J T T
where ag, @y, and @y are physical parameters used to deseribe the system and ¥ oy /dt”. This
equation can be rewritien as

..l_‘ 3 —%j' |y = KF(f) (3.13)

wy iy,
where

=
fa . ; : ]

Wy, = V’i =([natural frequency of the system
4k

. P
. . y
\ )oo LL 3 0y

- a ( g -
= =|damping ratio of the h)'.‘\ll;ll‘l\
5 2. /toaz
e . e Wk bl sams Aakolsle o0 it
7t a J '{ r\_,‘t: ﬂ,& /‘g ’ -2 i_, | - 5 A (,,(‘ P

eils il bl 2ds g

0 < £ < 1 (underdamped system solution)

(1) = Ce *"'sin (m,, VAR - (*)) (3.14a)

L =1 (critically damped system solution)

¥ilr) = €M + Care (3.14b)

£ > 1 (overdamped system solution)

() = CreM 4 Cae™ (3.14c)

The homogeneous solution determines the transient response of i syslmufl’lw damping EmuH ga
is a measure of system damping, i property of @ system (b ables it to dissipate energy interma

- ——c,

‘MPVJ‘ ) —';\J_;LE‘U E:.'_,:vl:b ,._T;:_p-_:_.» ﬁ‘(_.} JL L-:;__'/ o},\‘; 2y A Al

ol dvr

) — <lep ;"'P o
20’) —_ .Shp]p fernj;}, P.,mgﬂ}m I'ﬂﬂbj
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(istep o Pun) A

Step Function Input

VLo W,
e (_ Again, the step function input is applied to determine the general behavior and speed at which the
bk V’-Tb system will respond to a change in input. The response of a second-order measurement system to a
step function input Hynund from the solution of Equation 3.13, with F(t) =AU(t), to be

undd d,,mpﬂcé - ¥(0) = KA - KAc H;w[\/lﬁj?@(w,,rvl—tz) +E‘i‘“("’"’“ ! _gl)] -n;:jpc

&55 {\
LFE“(J D‘”p"’é PR |- \(” = KA — KA(I + w, ) gl
byw ? -
sQyeid .: KA = KA F + VL £+V’_)w i, E=v—1 e(—;-\/;’Tl)m,.rJ -
2\/?:2———1 =

over Danpe  f 21

59 sl o where we set the initial conditions, y(0)=3(0) = 0 for convenience. o L
Equations 3.15a X

ations 3. i re 3.14 for several values of L. The interesting feature is Pt
the transient respons ystems, the transient response is oscillatory about the I
steady value and occurs (
e
(3.17) LD
wher is called the ’

jor is called
“ringing.”(The g associated ringj

[ raining frequency
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damping
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AL 3.8 describes such a ms{h}'picallyq'miwblc for
ve specifications that include 90% nse ume and settling time. Adjust
Secona aranielers.vi explores system values and response) '

ample 3.7

Determine the physical parameters that affect the nawral frequency and damping ratio of the
accelerometer of Example 3.1.

KNOWN  Accelerometer shown in Figure 3.3
ASSUMPTIONS  Sccond-order system as modeled in Example 3.1
FIND w,, {

e i Mo i < N i
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SOLUTION A comparison between the governing equation for the accelerometer in Example
3.1 and Equation 3.13 gives

( q: frictional damping , spring stiffness , parameter ] tﬂg — k ; = c
N Vin 2vkm o
* Bu

[ Accordingly, the physical parameters of mass. spring stiffness, and frictional damping control the| g
" natural frequency and damping ratio of this measurement system. ] ) I mp ortan t
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Example 3.8

[! 'Ehc curve shown in Figure 3.15 is the recorded volt

{ in i rom a st
transducer subjected 1o a step change in input. [from ¢

age output signal of a diaphragm pressure
o 5 l i
atic calibration, the prc.-,s,urc—vol: l:?{‘,

: ith a static
over the range | atmosphere (atm) .ln 4 atm wil e
1 -prcs.tau re was atmospheric pressure, g, 4

relationship was found to be linear i
and the ringing frequency of this

sensitivity of 1 V/atm. For the step test, li?c initia s
.ﬁn'll pressure was 2p,,. Estimate the rise time, the settling, g

measurement system. )

kvown  p(0) = Tatm
Py = 2alm

K =1V/am

ASSUMPTIONS  Second-order system behavior

FIND  Rise and settling times; w,

SOLUTION The ringing behavior of the system noted on the trace supports the assumption that =0l
the transducer can be described as having a second-order behavior. From the given information,
E(0) =Kp(0) =1V A
Exy =Kp, =2V o lf o
so that the step change observed on the trace should appear as a magnitude of 1 V. The 90% rise time ;

occurs when the output first achieves a value of 1.9 V. The 90% settling time will occurs when the
output settles between 1.9 < E(r) < 2.1 V. From Figure 3.15(lhe rise occurs in about 4 msand the

settling time is about 9 msﬁhe period of the ringing behavior, 7, is judged to be about 13 méfor an
wy ~= 485 rad/s. { f
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AU M s 0= .
Per=dic i J— {[1 - (m/tn,,)‘}J 3 {2;‘.,/",,,]2}

Simple Periodic Function Input

tL The response of a second-order system to a simple periodic function input of the form F(1) =
A sin ot is given by ))

KAsin[w? - Plw)] (3.19)

with{ frequency-dependent phase shift)

¥ 2w /w,
®(w) = tan "' (— m) (3.20)

The exact form for v, is found from Equations 3.14a—c and depends on the value of €. The steady
response, the second term on the right side, has the general form

Yacady (1) = ¥(t = o00) = B(w)sin[w! + D(w)] (3.21)

with amplitude B(w). Comparing Equations 3.19 and 3.21 shows that the amplitude of the steady
response of a second-order system subjected to a sinusoidal input is also dependent on w. So the
amplitude of the output signal is frequency dcpendem.(l;l general, we can define the magnitude ratio,
M(w), for a second-order system as)
1
S (3.22)
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4.2 STATISTICAL MEASUREMENT THEORY ,
1 set of data through repeated measurements of variable under fixed
aviable is known as the measred variable oty in statistical terms, the:
Jitions, we mean that the external conditions that control the:
re held at constant values. In actual engineering practice, truly fixed conditions are difficult
itions" is used ina pominal sense, That is, we consider
from these conditions

Sampling refers 1o obtaining
operating conditions, This v
measrand. By fixed operating con
Process i
to attain and the term “fixed operating cond
the process conditions o be maintained as closely as possible and devintions

will show up in the data set variations,
i ...._._,_______._--—-.,..____.‘-,.,,.._..__#.-..,,.._A FREE—

e St

From a statistical analysis of the data set and an analysis of sources of error (hat influence these
data, we can estimate x'as nce (ke )
W (att Y
2 0 r=d
Y=xtuz (P%) 4.1)

where ¥ represents the most probable cstimate of X' based on the available data and g represents
the wncertainty interval in that estimate at some probability level, PY. Uncertaintics are numbers
that quantify the (}ﬁ;l{!ﬂ{qr‘ge_ .‘_’-{_{‘f"f effects of errors. The uncertainty interval is the range about H“'

synthetic Error : there is a bias between values
random Error : random values
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Table 4.1 Sample of Random E:Liit_ﬂ_l_:it____________ o )l IV | ;_:M/
i X i “ |
MI‘ | 0.98 1 1.0z - u;;"a faM !
2 ’.07 ]2 1.26 j i :
3 0.86 13 1.08 F
. 1.02 panc
=\ 20 4 1.16 14 le? 28
5 096 15 0.94 . J
= 6 e~ 068 16 1.1 ol\bh'ib 1ovt
- = 7 vt e 1.34 e e —_—
s\ 7 8 1.04 18 078
9 1.21 19 1.06
10 0.86 20 0.9

In Figure 4.1, there exists a region on the axis where the data points tend to clump; this region
contains the central value. Such behavior is typical of most engineering variables. We might expect
{hat the true mean value of x is-contained somewhere in this clump. .« s
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Percent frequency of accutrences, f, » 100
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.z;--'/_"" -? J.,::- i 2 2 F°
J _) o R " Figure 4.2 Histogram and
055 m:: 0.75 085 0os5%105 1.15 125 1.35 140 frequency distribution for data
ok x —;. maX in Table 4.1.
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Wisogam A Lot yon is

diFe:uf‘dehcnpnon fo_r variable x can be extended. Suppose we plot the data of Table 4.1 in a
terent way. The abscissa will be divided between the maximum and minimum measured values

L, ! 1

L . il I ! L
055 0.75 0.85 0.95 1.05 1.15 1.25

|
>
.35 145 x

—

Figure 4.1 Concept of density in reference to 3 measured variable (from Ex, 4.1).

SOLUTION To develop the histogram, compute a reasonable number of intervals for this dat;
set. For NV = 20, a convenient estimate of X is found from Equation 4.2 to be

K=18I(N-1"?41=7

Next, determine the maximum and minimum values of the data set and divide this range into X
intervals. For 2 minimum of 0.68 and a maximum of 1.34, a value of 8x = 0.05 is chosen. The

intervals are as follows: ol ;
oF mej) Cuu-‘[" fpre:;umcij'
? (ﬁ
i Interval "y Si=wIN
1 0.65<x;<073 1 0.05
2 073 <x; <085 | 0.05
3 0.85 < x; < 0.95 3 0.15
4 095 <x;< 1.05 7 0.35
5 105< < 115 4 0.20
6 L15< ;< 125 2 0.10
T 125 <3< 135 2 0.10
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e— 68.26% —*

Figure 4.4 Relationship between the

/ 95.35% \ probability density function and its
I‘/ 99.73% x.J statistical parameters, X’ and o, for a
1 e T— . - . -
'-3c r'-20 x'-a x' T +o o+2s x+3 r pormal (gaussian) distribution.
I — 5o £ x <X+ 50,

Salele aVeakileas e i | o

68.26%: of the area under p(x) lies within £ myoof X'
95.45% of the area under p(x) lies within + zjoof x'.
99.73% of the area under p(x) lies within = oo of X',

o " e / '.
A i = A _h_ 4 v \ !'}\I )

Example 4.2
Using the probability values in Table 4.3, show that the prabability that a measurement will yield a
value within X' £ o is 0.6826 or 68.26%..
ANOWN Table 4.3
=) = 1
ASSUMPTIONS Data follow a normal distribution.

FIND P(x'—oc<x<x' +0)

11
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s o G i remient will have a vilue within
SOLUTION o estimate the probability that a single measurement will have a value with
some interval, we nead to solve the integral

1 azye=1

—::.-:/ [ o 'ﬁ: :(!B
v2m.o

over the fnterval defined by =, Table 4.3 lists the solutions for this integral. Using Table 4.3 for z; =
Lowe tind £2)) == 03413, However, since 2y == (v — ¥V, the probability that any measurement of
X will produce a value within the interval 0 << o is 34139 Since the normal distribution is
symetric about A, the probability that v will fall within the interval defined between -8 and
Fod for 2y = Lis (30.3413) = 0.6826 or 68267 Accordingly, if we made a single measurement
ul'.\;. the probability that the value found would lie within the interval X' — o < x < ¥ 4 ¢ would be
o8.20%%,

COMMENT  Similarly, tor 2y = 1.96, the probability would be 95.0¢,

Example 4.3

The statistics of a well-defined varying voltage signal are given by x’ = 8.5 Vand 0= = 2.25 V2. Ifa
single measurement of the voltage signal is made, determine the probability that the measured value
indicated will be between 10.0 and 11.5 V.
KNOWN X' =835V

ot =225 v?

ASSUMPTIONS  Signal has a normal distribution about x”.
FIND P (100 <x < 1L5)

SOLUTION To find the probability that x will fall into the interval 10.0 < x < 11.5 requires
finding_the area under p(x) bounded by this interval. The standard deviation of the vadable is
o = Vo? = 1.5V, so our interval fal Is under the portion of the p(x) curve bounded by =; = (10.0 —
835)/1.5=1land = = (11.5 — 8.5)/1.5 = 2. From Table 4.3, the probability that a value will fall between
85 <x<100is P8.5 < x < 10.0) = P(z; = 1) = 0.3413. For the interval defined by 85 <x <115,
(8.5 £ ¥ < 11.5) = P(z; = 2) = 04772. The area we need is just the overlap of these two intervals, so

P(10.0 £ x < 11.5) = P(8.5 < v < 11.5) — P(8.5 < x < 10.0)
= 0.4772 = 0.3413 = 0.1359

So there is a 13.59% probability that the measurement will yield a value between 10.0 and 11.5 V.

n-}

COMMENT In general, the probability that a measured value will lie within an interval defined
by any two values of =), such as =, and =, is found by integrating p(x) between =, and zp. For a
normal density function, this probability is identical to the operation, P(zp) — P(z,).

> T-[j X - VN f;flELt— Qfﬂﬂﬂt 5(’/{i

gm.)\pi frar

Finite-sized data sets provide the statistical estimates known as the sample mean value (%), the
. el - . .
sample 1'{:!':{::1{'(:(.\‘;.)._ and its outcome, the saniple standard deviation (s.), defined by

N
X= %;\ (4.14a)
" . b
ST 2 (x; —X) (4.14b)
| N . 1/2
Se= /53 = m; (xi— -'\“‘)') (4.14¢)

14
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the finite statistical estimate and 1.
Seiical estimates and e statistj i ‘
: statisuies based on - ). or istributi
of x about Some sample meap value Pesion i e on

¥, we can state that statistically
. Ni=XEtpse (P%) (4.15)
vhere the varg ) i ' i
O r able 1,,, lpmwsies a coverage factor used for finite data sets and which replaces the z
S LIS new variahle s referred to as the Student’s ¢ variable,
¥y
|[ —

s /VN

The interval x4, psy represents a precision interval, given at probability P%, within which one
should expect any measured value 1o fall.

(4.16)

M,
.
g N

V. aﬁc‘cr(q L of /}( St =
P, P:':))JJI };r [:; ;

J

able 4.4  Student’s ¢ Distribution

v Isg Tog 195 log
1 1.000 6314 12.706 63.657
2 0.816 2.920 4.303 9.925
3 0.765 2.353 3.182 5.841
4 0.741 2.132 2.770 4.604
- 0.727 2.015 257 4.032
6 0.718 1.943 2.447 3.707
7 0.711 1.895 2.365 3.499
8 0.706 1.860 2.306 3.355
9 0.703 1.833 2.262 3.250
10 0.700 1.812 2,228 3.169
11 0.697 1.796 2,201 3,106
12 0.695 1.782 2.179 3.055
13 0.694 1.771 2.160 3.012
14 0.692 1.761 2.145 2977
15 0.691 1.753 2.131 2.947
16 0.690 1.746 2.120 2.921
17 0.689 1.740 2.110 2.898
18 0.688 1.734 2.101 2.878
19 0.688 1.729 2.093 2.861
20 0.687 1.725 2.086 2.845
21 0.686 1.721 2.080 2.831
30 0.683 1.697 2.042 2.750
40 0.681 1.684 2.021 2,704
50 0.680 1.679 2.010 2.679
60 0.679 1.671 2.000 2.660
o0 0.674 1.645 1.960 2.576

The value for the ¢ estimator provides a coverage factor that is a function of the probability, P,
and the degrees of freedom in the data set, v=N — 1. These ¢ values can be obtained from Table 44,

- e b £ ) L Chozat
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Example 4.4 for this dati set, (D) Estinate the

. s the sample stistios ENTITTHIS
Consider the data of Table -4 1, (1) Compute the sample wy

e e, ()1
sol v s he expected 1o
interval of values over which 957 of the measurements nl‘.\ .-:lu‘\lnhll i .ﬂ.ll

‘ l : ili 4 v b s

the true mean value of x at 93¢ probability based on this finite

KNOWN  Table 4.1
No=2)

ASSUMPTIONS  Data set follows a normal distribution,
No systematic errors,

FIND XN fhosyy, and XN & lyos¥y

SOLUTION The sample mean value iy computed for the N 20 values by the relation

A}
LX v Lo

56“—;‘

=

This, in trn, is used 1o compute the simple standard deviation

) - I".‘
l \'.‘..‘ 3
Ny s X N =T) 016
19 ——
i il
The degrees of freedom in the data se
2.093. Then, the intery
Equation 4.15:

tisv=~N— | = 9. From Fable 44 arosc probability, 7).,
al of values in which 95¢;. of the measurements of v should Tie is piven by

. Ni = LO2 4 (2,093 < 0.16) LO2 £0.33  (us7)
Accordingly, if a 214 dut
between 0.69 and 1.35.

The true mean value is estimated by the sample mean value,
95% probability for this estimate s hoosss, where

apoint were taken, there is 95 probability thig jts vidue wonld i

However, the random uncertainty af
& 016
vV V20

Then, in the absence of SYsenatic errors, we

N
v

0.036 ~ 0.04

write, from Fquation 41,

!

NN Naesse < 102 5 008 (95%%)

Soat vs. confidence, the true mean value lies between (0.9 and 1 1o, p

s Fmite-populeation. vi
demonstrates the effect of smple size on the histogram and the statisti

es ol the data ser,
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4.3 Describing the Behavior of a Population

127

Tahle 4.3 Probability Values for Nermal Error Function: One-Sided Integral Solutions for p(z;) = {2“# e 8248
7 = x;—x' 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
o
0.0 0.0000 0.0040 0.0080 0.0120 0.0160 00199 00239 00279 00319 0.0359
0.1 0.0398 0.0438 00478 0.0517 0.0557 0.0596 0.0636 00675 00714 0.0753
0.2 0.0793 0.0832 00871 0.0910 0.0948 0.0987 0.1026 0.1064 0.1103 0.1141
0.3 0.1179 0.1217 0.1255 01293 0.1331 0D.1368 0.1406 0.1443 0.1480 0.1517
0.4 0.1554 0.1591 0.1628 0.1664 0.1700 0.1736 0.1772 0.1809 0.1844 0.1879
0.5 0.1915 0.1950 0.1985 0.2019 0.2054 02088 0.2123 02157 02190 0.2224
0.6 0.2257 0.2291 02324 02357 02389 02422 0.2454 02486 02517 0.2549
0.7 0.2580 02611 02642 02673 02794 02734 02764 02794 0.2823 0.2852
0.8 0.2881 0.2910 02939 02967 0.2995 03023 0.3051 0.3078 03106 0.3133
0.9 0.3159 0.3186 03212 03238 0.3264 0.3289 0.3315 03340 03365 0.3389
1.0 0.3413 0.3438 03461 0.3485 03508 0.3531 0.3554 03577 03599 0.3621
1.1 0.3643 0.3665 03686 03708 03729 03749 03770 03790 03810 0.3830
1.2 0.3849 0.3869 0.3888 0.3907 03925 0394 03962 (0.3980 03997 04015
1.3 0.4032 04049 04066 04082 04099 04115 04131 04147 04162 04177
1.4 0.4192 04207 04292 04236 04251 04265 04279 04292 04306 04319
1.5 0.4332 0.4345 04357 04370 04382 04394 04406 04418 04429 04441
1.6 0.4452 0.4463 04474 04484 04495 04505 04515 04525 04535 04545
17 0.4554 04564 04573 04582 04591 04599 04608 04616 04625 0.4633
1.8 0.4641 04649 04656 04664 04671 04678 04686 04693 04699 04706
1.9 0.4713 04719 04726 04732 04738 0474 04750 04758 04761 04767
2.0 0.4772 04778 04803 04788 04793 04799 04803 (04808 04812 04817
21 0.4821 04826 0.4830 04834 04838 04842 0.4846 0.4850 04854 0.4857
22 0.4861 04864 04868 04871 04875 04878 04881 (04884 04887 0.4890
23 0.4893 04896 04898 04901 04904 04906 04909 04911 04913 04916
24 0.4918 04920 04922 04925 04927 04929 04931 04932 04934 04936
2.5 0.4938 04940 04941 04943 04945 04946 04948 04949 04951 0.4952
2.6 0.4953 04955 04956 04957 04959 04960 0.4961 0.4962 04963 0.4964
2.7 0.4965 04966 04967 04968 04969 04970 04971 04972 04973 04974
28 0.4974 04975 04976 04977 04977 04978 04979 04979 04980 0.4981
29 0.4981 04982 0.4982 (04983 04984 04984 04985 04985 04986 0.4986
3.0 0.49865 0.4987 04987 04988 04988 04988 04989 04989 04989 04990
plx)

1

B

Figure 4.3 Integration terminology for the normal error
function and Table 4.3.
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4.4  Statistics of Finite-Sized Data Sets 131

Table 4.4 Student’s ¢ Distribution

v Is0 g Igs fgg
1 1.000 6.314 12.706 63.657
2 0.816 2.920 4.303 9.925
3 0.765 2.353 3.182 5.841
4 0.741 2,132 2.770 4.604
5 0727 2.015 2.571 4.032
6 0.718 1.943 2.447 3.707
7 0.711 1.895 2.365 3.499
8 0.706 1.860 2.306 3.355
9 0.703 1.833 2.262 3.250
10 0.700 1.812 2.228 3.169
11 0.697 1.796 2.201 3.106
12 0.695 1.782 2.179 3.055
13 0694 1.771 2.160 31012
14 0.692 1.761 2.145 2977
15 0.691 1.753 2.131 2947
16 0.690 1.746 2.120 2921
17 0.689 1.740 2.110 2.898
18 0.688 1.734 2.101 2.878
19 0.688 1.729 2.093 2.861
20 0.687 1.725 2.086 2.845
21 0.686 1.721 2.080 2.831
30 0.683 1.697 2.042 2.750
40 0.681 1.684 2.021 2.704
50 0.680 1.679 2.010 2.679
60 0.679 1.671 2.000 2.660
oa 0.674 1.645 1.960 2.576

The value for the ¢ estimator provides a coverage factor that is a function of the probability, P,
and the degrees of freedom in the data set, v=N — 1. These ¢ values can be obtained from Table 4.4,
which is a tabulation from the Student’s t distribution as developed by William S. Gosset® (1876
1937). Gossett recognized that the use of the = variable with s, in place of o did not yield accurate
estimates of the precision interval, particularly at small degrees of freedom. Careful inspection of
Table 4.4 shows that the 7 value inflates the size of the interval required to attain a percent
probability, P%. That is, it has the effect of increasing the magnitude of 1, ps,relative to z;o at a
desired probability. As the value of N increases, ¢ approaches those values given by the = variable just
as the value of s, must approach o It should be understood that for very small sample sizes (N < 10),
sample statistics can be misleading. In that situation other information regarding the measurement
may be required, including additional measurements.

* At the time, Gosset was employed as a brewer and statistician by a well-known Irish brewery. You might pause to reflect on
his multifarious contributions.
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the results! Uncertainty analysis provides a methodical approach to estimating the quality of the
results from an anticipated test or from a completed test. This chapter focuses on how to estimate the
"= what?™ in a planned test or in a stated test result. )
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resotve the imformation provided by the mstramemt {1 his zevo-order uncertainty ol the insteument,
1, assumes that the variation expected in the measured vadues will be only that amount due 1o
cinstrument resolution and that all other aspects ol the measurement e perlectly t‘lnllmllﬂLJ
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(1ne second piece of information that is usually available is the manufacturer’s statement
concerning instrument error. We can assign this stated value as the instrument uncertainty, ..
Essentially, u, is an estimate of the expected systematic uncertainty due to the instrument. If no
probability level is provided with such information. a 95% level can be assumed. )
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Design-Stage Uncertainty

The design-stage uncertainty, u,, for an instrument or measurement method is an interval found by |
combining the instrument uncertainty with the zero-order uncertainty,

wp=\Jug+ui (PS) > RSy (5.3)

Design-stage uncertainty
Ug= ug + uf

7 N

Zero-ceder uncertainty(  [Instrument uncertai i 5.2 i St i i
L 8 ' 1 o inty Fxgun: 5.2 Des:tgu-bt.lgc uncertamty procedure in combin-
Ing uncertainties,
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Example 5.1
" ' atan Provviele o seltmeaie

{ deseribed by the following catalog data, Provide an estimate
ifrn-stage uncertainty.

Consider the force measuring instrumen :
and the instrument desi

of the uncertainty atributable to this instrument

UO { Rcsulntinn:) 0.25N
Range: 010 100N fen o2 )|
Lincarity error; — within 0.20 N over range U1 e
Lysteresis error within 0,30 N over range

u2

ASSUMPTIONS Tnstrument uncertainty at 95% level; normal distribution

KNOWN  Catalog specifications

FIND 1., 1y
SOLUTION We follow the procedure outlined in Figure 5.2. An estimate of the instrument
uncertainty depends on the uncertainty assigned to cach of the contributing clemental errors of

linearity, e;, and hysteresis, ¢, respectively assigned as

th =020N u; =030N
Then using Equation 5.2 with K = 2 yiclds

e = 1/(0.20)* + (0.30)*
=0.36N

The instrument resolution is given as 0.25 N, from which we assume 1y = 0.125 N. From Equation
5.3, the design-stage uncertainty of this instrument would be

kr.q,:: Vi + 14 = v/ (0.36)* + ({].]25)2)
=4038N (95%)
COMMENT The design-stage uncertainty for this instrument is simply an estimate based on the

“experience” on hand, in this case the manufacturer’s specifications. Additional information might
justify modifying these numbers or including additional known clemental errors into the analysis.

o LS A [l
o | o

1 .:'T.lq‘;) I ‘-

Example 5.2
A voltmeter is used to measure the electrical output signal from a pressure transducer. The nominal
pressure is expected to be about 3 psi (3 Ib/in.2 = 0.2 bar). Estimate the design-stage uncertainty
in this combination. The following information is available:

Voltmeter uO

Resolution: 10 wv

u C Accuracy: within 0.001% of reading
Transducer
Range: 45 psi (~=£0.35 bar)
Sensilivity: 1 V/psi
Input power: 10VDC « 1%
Output: +5V

Lincarity crror:  within 2.5 mV/psi over range
Sensitivity crror:  within 2 mV/psi over range
Resolution: negligible

KNOWN  Instrument specifications

ASSUMPTIONS Values at 95% probability; normal distribution of errors

FIND u, for each device and u, for the measurement system




SOLUTION The procedure in Figure 5.2 i :
l SOLL H(fﬂ\ Fhl procedure in Figure 5.2 is used for both instruments to estimate the design-
QLT LTS £ 1 My This yive H 3 H 1
stage nnuu.u-m). in cach. The resulting uncertainties are then combined using the RSS approxi-
mation to estimate the system ;.

The uneertainty in the voltmeter at the design stage is given by Equation 53 as

() =\ () + (1
From the information available,
(o) =S pV
For a1 nominal pressure of 3 psi, we expect 10 measure an output of 3 V. Then,
(g =BV x 0.00001) = 30 pV
50 that the design-stage uncertainty in the voltmeter is

(ug) = 304 pV

{Thc uncertainty in the pressure lrunsduceiﬂ output at the design stage is also found using
quation 5.2 Assuming that we operate within the input power range specified, the instrument
output uncertainty can be estimated by considering the uncertainty in each of the instrument
clemental errors of linearity, ey, and sensitivity, ea!

(ue)p =V + 103
(2.5mV/psi x 3 psi)* + (2mV/psi % 3 psi)
9.61 mV

Since (1) = 0 V/psi, the design-stage uncertainty in the transducer in terms of indicated voltage is
(ua), = 961 mV.

1l

( Finally, iy for the combined system is found by using the RSS method for the design-stage
uncertainties of the two devices. The design-stage uncertainty in pressure as indicated by this
measurement system is estimated to be

wa = \[(wa) + ()

= /(0.030mV)* + (9.61 mV)?
=+9.61mV  (95%)

But since the sensitivity is 1 V/psi, the uncertainty in pressure can be stated as

1y = £0.0096 psi  (95%)

CO#I;\-IENT 1‘\1010 that essentially all of the uncertainty is due to the transducer. Design-stage
Emccrtmnly analysis shows us that a better transducer. not a better voltmeter, is needed if we must
improve the uncertainty in this measurcment!

e A o M5, s i e s |
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{\Icqu]h jnon an afa !c{l\lc“()ll. Errors that enter dI.II mng ef (:h olt 1e5¢ 5 161)5 can be grcupﬁd u[ldCI
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, d d"ﬂ . 5, a d (3) (1_!]['1

their respective error source heading: (1) calibration errors, (2) data-acquisition crrors
reduction errors. Within each of these hiree error souree

groups, list the types of errors encountered.
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(1) the standand or reference value used in the calibration, (2) the instrument or system under
Cahf"-m(‘“ and (‘) the C.]]lbl“‘lll{'ln pmc&%) For example, the laboratory standard used for

LR

& i

)J 2 & R E
Table 3.1 Calibration Error Source Group g = il &.01

= 2 )
Elemem Error Source”

. eara) s gbite o 0hS ¢
1 Standard or reference value errors — —— ©— 152 e 5 i ==l -.'—J,u' 1
2 Instrument or system errors —_—
3 Calibration process errors T

Calibration curve fit (or see Table 5.3)

“Systematic emror or random error in cach element.

’(C‘L_'lhf_"t‘?'\ .‘ﬁ Lr"L J:') C__l:b{“a':)ﬂl;- 1{3‘3::.?: V—Llﬁ!

Data-Acquisition Errors

An error that arises during the act of measurement is listed as a data-acquisition error. These

Data-Reduction Errors

Curve fits and correlations with their associated unknowns .

_sﬂo(,li,,p Jar J:‘fvn ersof : G

Table 5.2 Data-Acquisition Error Source Group

Element Error Source® - ~ .
~— kSl 2> w0l a Sl y @

1 Measurement system operating conditions rd
2 Sensor=transducer stage (instrument error) ‘ ' B
3 Signal conditioning stage (instrument error) &)j" % (/[‘-’—é_ lﬁ:‘ﬁb 2 sl G
4 Output stage (instrument error) PR P s ,
= SE o /) v x
5 Process operating conditions ¥ /_( e o ek 2/
6 Sensor installation effects e =
N e s s [ 5
7 Environmental effects . . c::-;{;‘ &4
8 Spatial vadation error — " LS
3
9 Temporal variation error S Sl .
R

clc, Tivie % Cz-_*’_.‘:j ’@W JL’\:° &
“Systematic ermor or random error in each clement.

Notez A total input-to-output measurement system calibration com- s e M{ f\'ﬂ..t'._._;u 2/ ),.t’ir
bincs clements 2, 3, 4, and pessibly 1 within this ermor source group. - ‘
- = 4 foa
fe—3 S ok
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Table 5.3 Data-Reduction Error Source Group j

Element Error Source” '

_.-—F-—'—'--.

Curve fiterror -~ R

Truncation error

Modeling er[) \ X

“Systematic error or random error in each element. S ?{ 6 l/ 'f( - Q J LJ/“J] 0__. f
-“-'PD‘,:DJJ& \ﬂ “aadie V/"’LG Teu acdru-u evier = 6‘{'{

(" Vg
d =a4 K+ 4%

/ﬂgk’) Lﬂ'" — _,p _\J \,,-»ﬂ-f
- [ s
5 "')) ?jﬁ'\(-‘_h'-r/'( andd  (Ta r‘-‘ pet.  EIERT

L

gl e rﬂl,\
Systematic Error R poat 1 K ¥

A sy‘;lun.lisc error® remiins constant m rch.m.(I me |s1m.mu:l\ uudcr hwd operating conditions.

cqu:v.llmwmm@wg;%mmm The systematic uncertainty at any

confidence level is given by ¢, pb, or simply £h. The interval defined by the systematic uncertainty at
the 95% probability level is written as

B = 120 (959%) (5.4)

N/U-

‘?
WR%ENDW.S:\QMHU- some<magniside. “We sce that it is dltlu,uh m lemmlu
systematic error without comparison, s0 a good design should include some means to estimate it.
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Random Error

The estimate of the probable range of a random error is given by its random uncertainty. T
mmfwn standard uncertainiy,ss. is defined by the interval given by +s5 where

sz = 5o/ VN (5.5)
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 understand the principles behind common analog voltage and current measuring
~ devices,

* understand the operation of balanced and unbalanced resistance bridge circuits.
* define, identify, and minimize loading errors,

- * understand the basic principles involved in signal conditioning, especially filtering and
amplification, and

* apply proper grounding and shielding techniques in measuring system hookups.
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We apply Newton’s second law with the mechanical free-body diagram shown in Figure 6.5a,
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i wVWlohNe o ;20 Zike=T, v T2 (6.4)
vl Tt 5 5
As a current passes through the coil; a force is developed that produces a torque on the coil:
( j4€ )\/‘/\n) (_u Ef'f« lklcl'l’ ,,,JJ &?“J"” T, = 2NBIrl (6.5)

the electrical free body of Figure 6.5b _g:ivcs
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where Ra is an adjustable variable resistanc
L] -

C i applied input
through a closed-loop controller circuit. An advantage of the null method 1s‘th:111t t}:zc{{l)g:m)r o Fhe
volla:e need.not be known, and changes in the input voltage do not affecf t_fe[h gy e
measirement In addition, the current detector or controller need only detgc_t if the :

T
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In an unbalanced condition, the magnitude of the
bridge circuit is a direct indication of the ch
bridge. Consider first the case w

current or voltage drop for the meter portion of the
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flection bridge

- and known

ration of a Wheatstone bridge, the de
sut voltage, as well as a stable
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Eaample a.d

208 2.
A coralil mpeRiume sensor ©

.

X ) werienees a change in clectrical resistance with temperature
gocording W e cquation
R=R 4T =T, (6.29)

R sonsor resistance
V- sonsor rosistance at the reference temperature. T, ()
Foennerawe (O

o petorence tewperature (07 Q)
§ = the constant QL3O C
4 in a Wheatstone bridge like the one shown in Figure (% &
and R, is a calibrated variable resistance. The bridge
sistances Rs and Ry are each equal to 500 Q. If the

This Cparaie ensar {s connecte
whete the sensar aeeupies the R, location.

{s operated using the aull method. The fixed re

emprrature sensar has a resistance of 100 Q at 0°C, determine the value of R, that would balanc”

the bradae at 0°C,
KNOWN Ry = 100Q 2, - &
R :RJZSOO\(] 3 T s el
3 o G < {2")’

-

FIND R, for null balance condition -

SoLUTIoN From Equation 6.1 1. a balanced condition for this bri
Ry == MRy R:ov R, = 100 Notce that to be a useful circuit, Ry mu

an indication of s

dge would be achieved when
st be adjustable and provide

resistance value at any seuing.
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such changes in length or shape of a material can be measured. This chapter discus: /1
“measurement of physical displacements in engineering components. The stress s caleu:
from these measured deflections.

Upon completion of lhl‘\  chapter. the reader will be able to ,.5/,‘;,',){:'

* define strain and dLlll]L ie ﬂu,,dﬂhulhy in measuring stress,

* state the physical principles undcrlymg mechanical strain ;,dug,cs
+ analyze strain gauge bridge circuits, and

f]cqcuhc methods for npnc.nl uu.nn ‘measurement.
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of [ mm ar?J a ]Efj‘”l- of Sem éd,& (3.5,'_54,’ybi‘b ok coffPtV s |74 [0 p me
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A :1;-93 =Z(1x107%)* =785 x 1077 m?

£~ 4

The resistance is then

B (1.7 % 107 QA m) (5 x 107> m)

- e =1.08x 107 Q
7.85 % 107" m?

COMMENT 1f the material were nickel (p, = 7.8 x 1075 {L m) instead of copper, the resist-
ance would be 5 x 107 Q) for the same diameter and length of wire.




Example 11.2

.-\l\’cr)' common material for the construction of strain gauges is the alloy constantan (55% copper
, 15¢k nicke avi a resistivi = i i i

\\1(}1 45¢¢ nickel), having a resisuvity of 49 x 10 8§ ()m. A typical stramn gauge might have a
resistance of 120 Q. What length of constantan wire of diameter 0.025 mm would yicld a resistance

of 120 Q?
KNOWN The resistivity of constantan is 49 x 1078 Qm,

FIND The length of constantan wire needed to produce a total resistance of 120 ()
SOLUTION From Equation 11.6. we may solve for the length, which yiclds in this casc

10 .2
:Eﬂzwzu.llm
Pe 49x 1077 0m =

The wire would then be 12 cm in length to achieve a resistance of 120 (L.
COMMENT  As shown by this example, a single straight conductor is normally not practical for
4 local strain measurement with meaningful resolution. [nstead, a simple solution is to bend the wire
conductor so that several lengths of wire are oriented along the axis of the strain gauge, as shown in
Figure 11.4.

Solder connections

J:L/ }
o~~~ )
oo L Grid
wdwves? || T oo ;»"’-
R
.g ________ )
— =z } Figure 11.4 Detail of a basic strain gauge
construction. (Courtesy of Micro-Measuremenls
Bottom layer i :
(backing) Top layer Division. Mcasurements Group. Inc.. Ralcigh,
{encapsulating layer) NC))

“—i:gf;-‘l — End loop
T ¥

length
__L Overall )
pattern I’::;:
length
Solder
L~ tabs

| I

L_ o I Figure 11.5 Construction of a typical metallic foil
_ strin_gauge. (Courtesy of Micro-Measurements
: —— ggl‘swn, Measurements Group, Inc., Raleigh,
1 =

pattern width
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reduces to

SE, \ OR SR/R
BRIR . 3K/ (11.14)

E,  4+26R/R)T 4

1. This simplificd form of Equation 6.15 is suitable for all but

under the assumption that SR/R <
and is valid for values of SR/R << 1. Using

those measurements that demand the highest accuracy,
the relationship from Equation 1111 that d3R/R = GF¥,

S, GFe GFe _
E; 44 2GFe 4

SR — .
o atcervsr n

2

Illlln

I

| ! Figure 11.9 Basic strain gauge Wheatstone bridge
4 cireuit.
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Chapeer 1T Stmain Measurement

Hu te

E 5 — "
’|I|= Figure 11.11 Strain gauge circmt subject to
uniaxial tension.

1o a tensile force of 30 kN. Determine the resistance change of the strain gauge if the resistance of the

cauge was 120 in the absence of the axial load.

R=1200 A =003m=00Im

KNOWN GF=2 E.,=2200x10 KN/m® Fy = 30kN

FIND The resistance change of the strain gauge for a tensile force of 30 kN

SOLUTION The stress in the bar under this loading condition is

Fy 30KN s
e — = 1 x 10° kN/m®
A, (0.03m)(0.01m)
and the resulting strain is
o, 1< 10°KNMm® i
£y = . 5 e 22 § ¥ |0 m/m 11.16
B, 200 < 107 KN/me ( )

For strain along the axis of the strain gauge, the change in resistance from Equation 1.1 is

SR/R = 2GF

* SR — ReGF — (1200)(5 < 10 *)(2) = 0.120)

Example 11.4

Suppose the strain gauge described in Example 113 s to be connected to a measurement device
capable of determining a change in resistance with a stated uncerntainty of :0.005 ) (95%). This
:\'I.}h‘d uncertainty includes a resolution of 0.001 Q. What uncertainty in stress would result when
using this resistance measurement device? )

.\.\:()Il'.\' A stress is to be inferred from a strain measurement using a strain gauge having a
sauge Ijtclxwr t}f: and a zero load resistance of 120 ). The mca.\:urcmcm:)i' rcsiwmr:cc has a \l::ttcd
uncertainty of 0,005 () (955
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8.2 TEMPERATURE STANDARDS AND DE

Temperature can be loosely des
or coldness, concepts th

FINITION

cribed as the property of an object that describes its hotness
alare clearly relative. Our experiences indicate that heat transfer tends
P

ature scale provides for three essential aspects of temperature measurement: (1) the

_..\_zx;mp_:.‘_— aiz:- of the degree. (2) fixed reference points for establishing known temperatures,
o { : intcrpf‘la;ins between these ﬁxeﬂ__r¢_rﬂgerntu§_goints. These provisions are
and (3) a means _(_’________ i e e

st
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Figure 8.1 Calibration and interpolation for a liquid-in- glass thegmeometer,
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Figure 8.2 Liquid-in-glass thennometers,




During calibration, such a thermometer is subject o one of three measating envitonments:

1. For a complete immersion thermometer, the entive thermometer 1 inered g the
calibrating temperature environment or {luid,
. . . - . ;,‘
2. For a total immersion thermometer, (he thesmometer is immessed i the calibeati ﬂ'/W
temperature cavironment up (o the liquid level in the capiffary.
3. For a partial immersion thermometer, the thevmometer i immered 1 4 prredetts e /
level in the calibrating, environment, ",
For the most accurate temperature measurements, the thermometer should be imersed in the e
manner in use as it was during calibration,”
SRS o e ot gt
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Metal A P,

i

Bonded at

\ \'._A.'_h_h_.h.._.__ i ~ temperature T,
1 \ Metal BN

Metal A

At temperature
T ?!? \
9 .
Metal B (C )= (C)y
™)
V¢ ol KT'I —‘le
5 i

- 55

Vot

Figure 8.3 Expansion thermometry using bimetallic materjals: strip, spiral, and helix forms.

Bimetallic strips employ one metal having a high coefficient of thermal expansion with another
having a low coefficient,

providing increased sensitivily. Invar is often used

as one of the metals,
el g b It 08 O PP e 5 o o 2 N Syt Nt
2 . i . Dial thermometers using a
bimetallic strip as their sensing element typically provide temperatur ' 1{ es

€ measurements with "™ uancertim

of 112

{ﬁ)&xbw’ 32 b
\‘*’f&ﬁ /e AT KLc

8.4 ELECTRICAL RESISTANCE THERMOMETRY

The relationship between the resistance 0

f a metal conductor and jig
expressed as the polynomial expansion:

lemperature may also be

R= Ro[l +a(T — 7y) + B(T — 7y)? +] (8.4y

b M P —
SR I Dy Sa—

S St T T

(8.5n

inear

R =Ryl + fi_(T — Ty)]

here a is the temperature coefficient of resistivity,(For example, for platinum conductors (he |

m,.J-.fJ
cxnstont
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¥
R 1 ory Ry br (8 '}]/
cond measurement confipuration Fionre |
& L) L

8.7c, yields /
Rean "o Ry |- ry m.lf})

where Ry and R, represent the indicated

and in the ge

vitlues of resistance in the first and second conligurations,

o~ _ Sresults inan expression for the resistance of the RTD in
ated values for the two measurepents:

tespectively. Adding Equations 8.8 and 8
terms of the indic

(%.11

ith this approach, the effect of variations in lead wire resistances is essentially eliminated.

—————

Example 8.1

An RTD forms one arm of an equal-arnt Wheatstone bridge, as shown in Figure 8.8, The fixcd
resistances, R» and Ry are equal to 25 (1, The RTD has a resistance of 25 ) at a terperature of (7 C
and is used to measure a temperature that is steady in time.

The resistance of the RTD over a small temperature range may be expressed, as in Equation 8.5¢

Rpro = Ro[l + (T — Tp)]

e

‘EJ
MI‘{ Figure 8.8 RTD Wheatstone bridge armangement.

i i agri smperalure measurement
Suppose the cocfficient of resistance for this RTD is 0.003925°C™ . A lemperature

i i s adjusting K.
is made by placing the RTD in the measuring cnvironment and hu]:u':cmg the bmfl:cl h}ul:;lgl:;znﬁ']‘r_l),
'l]?hc value of R, r::quired to balance the bridge is 37.36 (2. Determine the temperatur

KNOWN R(0°C) =252
a = 0.003925°C”’ '
R, = 37.36 £ (when bridge 15 halanced)

FIND The temperaturc of the RTD.

i + bridpe: recall that in a
SOLUTION The resistance of the RTD is measured by balancing the bridge: reca

balanced condition
R

—_—

Rern = K r
asurcd (o be 37.36 0. With Ry

=250aT = 0°C and

The resistance of the RTD is me
o = 0.003925°C~", Equation 8.5 becomes

17.36 Q0 = 25(1 +aT)i}

The temperaturc of the RTD is 126°C.




tond RTD of Exumple 8.1, To select or desizn a bridee circuit for
ths RTD in this example, the required uncertaingy in teqpermture woglid
red uncerainty in the measured temperture is < 0.5°C. would 4 19 toal
4 tb.. resistors that make up the bridge be .tLLt""ﬂﬂC" Negleet the effects of Jead

Wine resistances for this example,

e
&

ENOWN Arequined une certainty intemperature of +0.5°C, measured with the RTD and bridce

cirovit of Example 8.1,

FIND The uncertaimty in the measured femperature for a 19 1o1al uncertainty in exch of the
resisiors har make mp the brdge circuit,

ASSUMPTION Al uncenainties are provided sud evaluaied at the 95 confidence level.

SOLUTION  Performa design-stane uncertiinty analysis. Assuming at the design stage that the
forait 1 *\:-:'--t} in 1he resistances is 15, then with initial values of the resistances in the bridre

oqual to 25 £) the des siZn-stage uncertainties are set of
Hry = Uz, = ug, = {(LO1)(25) = 02350

toe recl-sum-sguares (RSS) mrcthod is used to estimate the propagation of uncenainty in each
to the urcemtainty in determining the RTD resistance by

, /an L[, TR, T
l-xm-\ mﬂx. - 5‘5 R R, R

RiR
R = Rypp = 213

e

=n¢ we Issume that the uncenainties are not correlated. Then. the design-stage uncertainly in the
resistance of the RTD is

= {Rs :+ —RlR]n :4 ﬁ:r y
izt = \/ |Rs g, R'i- LIS B Ra Ry

rsro = /(1 X 0.25F + (1 x —0.25)" + (1 x 0.25)" = 04330

Te detzrmine the uncertainty in temperature, we know
R = Rrrn = Ru|l + o(T = Ty)]
and

- 2
N = g “RTD)
V\er

Settinz T = 0°C with Ry = 250, and neglecting uncertaintiss in Ty @, and Ra. we have

ET___I_
2R R,
1 |

aRe  (0.003925°C ')(250)

' s
Then the design-stage uncerainty in 1emperature i

Ty _ 04330 ..
#r =R\ sr) T 0.0980/°C

s ny inthe
in temperature is not achicved with the specified levels of nncertair
The desireyd ercenainty

. -
'V:ﬂl"’.'."" yanabies., : o eARUTe-
' v inty analvsis, in this case, would have prevented performing a e
RN ~riar *
COMMENT noe 3

i -ceptable resulis.
meat that weuld pot provide acceptable res




‘[aao] Aureuasun apgmdasse ueyp ragdy
¢ asapaxd 10U Op PUIPISUOD SIOIEY A Y Suunsua se panata aq Lo dpdwexs sy ut —_HEo.twm
sisdjoun Humpadun JEN-UTINOP ML wsAS w:u.,:.,.._:zﬂu:_ ap jo swadse 1ay10 uo spuadap osye
unresadiua) U SIUEUIUN D1 ISAANOH "ID[EA JITILY MUY PRAINA 0 ammadwa u Auepasun ) 3sned
JOU J{LM SINUITHIUN SIOISIS Y} JO 1D 241 1YL asuapyuod sopracad NS S|, INFHINOD

TIIENSUCD

uSisop agi SAYSUES YIS "D+ 0F S armesodway v [EAIdjur AuIEuooun g6 Suninsal ayj pue

U £6r00 = _($200 X 1) + (§T00— X 1)+ (sc00x 1 U\» — Qiiy

Swppaif ‘SO0 01 ST Wolj ponpa e

SADUEISISII DY) 0] SDNUIELIdUN DY | “paonpas Apdeudaidde sasueisisal sy Joj sanjea fuicusoun 3y
yitw ‘parydde Apoosip 3 Aewr ojdwexas snotaaad oyl oy sisfjeue Quiepddun ayy NOLIOT0S

-asmeadwia) up Aywicuaoun Sunnsas 3y, dNId

25,107 S! 1°8 2jdwexy wouj WIALUNSTIAU
ameraduar Joy unano adpuqg oyl ur SIOSISAI Y JO Yord ul Auieuaoun ayp NMONY
Jparonpoe og armadwd) wl {uUIeiRsun Jo ]2 panbar ay)
PINUA 2,170 01 paonpas sea g 9[dueys] JO s32UrISISaI 93pLq J1) Ul SJUIELIIUN [E101 ] asoddng
£g ajdwexy




\ht Cruslof 3 — AR x 1
AT
% oy N A , or - . 1
) “20,\5% | A -1 I/z)"_’_/\/w KSEMN"""“’PQJ‘ -5/\_:9)fzw[°m§‘-—:"/tt?)9
e
v ulls

Tho.frﬂi séfofsﬁﬁ'am;llwﬂmi% sahs;t/!ig /‘?5’-5-’0“) arg 543"/“”4;{5 ~ lelce

5Chil‘(or\¢,u(ﬂ0f ape,{/]r(g_s, éé@ pna;,‘)[ camMon ﬁﬁfm{mla@, are MT(/

‘m‘p *{'l-le ;’E‘sfyjnl’)(f_ DC él,,pf_se é!;efmfs forx ch Yeue @P’gl’lfj HJ:“L l-eﬁfffﬂl“@f
leflgcj'l [s cml-(c,51l ép #m, Sm—lﬂ/ In¢creases mp (c’s/s)[cm(g u},‘}h- ‘[(yﬂff&lwfa

of RTDs,

OL')L""'.K,’/U Do gort ol S ks e
AR

AoV s rliotos 3] AB T

P msé%’ I
,:Wn.JO e E,,m,ﬁimj quﬂ.‘an_sll:p ba/wrzéif f‘és;dmhce d/'f}] lempretonp
Eb(é./M Ctssu.:”lf’o/ Z‘p ))p, g/ﬂa ,!i:/m;,,
St

ROVIT - /T2
R: Pﬂ c / [/T) rao S, T

o

S| Sl letiel ) eyl

VT o Lo =y <1
e s L;_LI{'Z;/’EQ,}[

a mo ac

Eo{ };Le(m{bj(ar’ s e

s T
Hor puremeder b g rom 2500 4 d600k



Thermistor Resistanee
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”‘”m@ 50 160 150 200 250 200 Figure 8.9 Representative thermistor re-
7', termiperature [*0) sistanee variations with temperature,
Current
- Therrnister Vallape
PE
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50

ini i ; ape divider method:
Fisure 8.10 Circuits for determining [ for thennistors, (a) Voltage di ”l'} ey
, ; . Alues, The value o i
I - Jei (B By — 1), Mote: Both By and F; imust be known values, The va . 1]
e e i i = H (Y 1etinod,
:rie o to achieve apprapriate values of thermistor current, (h) Volt-ammeter 1w .
yarie achicve e
tote: Both current and voltage are measured, ) 27 ) e

Ve

o uia Y B E; = F

| T
iy j WS - drl_f-!_} y "'“r;{
g




o . . . -
/84 Electrical Resistance Thermometry 325

Iy 7
;r} " o > N o/ .

wquir;;i“:;:::(\:.c :]!;; ::'.;C::LTSH} Hsed :\'h:-:n hlgh_ .‘.cnsi‘u'\'ity. ruggedness. or 1‘53_\-1 rSPOnse times are
‘s ta‘r. are gften cnt_ap.\ulaw({ in glass. and thus La{ be used in cotrosive or abrisive
:11. ronmengs. The resistanée characteristiod of the semiconductSr material may change at clevated
temperaty c's., and some p€ing of 2 thermicior occurs at temperatures above lm""(f . The h‘i-:h resistance
of a thfrmistor, comdared 1o that an RTD. climinaies the pmb!cm&‘r of lead \\'it:c,résist;mcc
compénsation. 4 '

A common)¥ reporied specification of a thermistor is the zero-power resistance an
cefnstant. TheZero-power re:

“tance of 2 thermistOr is the resistance value of the thermistor with no
jow of elegdric current.

d dissipatien

¢ zero power resisince should be measured such that a decrease in the
istor results in lln!vénrc than a 0.1 change in resistance. The dissipation

current 4w to the then
constadt for a thermigfor is defined at a/given ambient temperature as
4 y
/ fr e
/f/ = _// - S (S.I:})/
7 /'7 - T v
J/.” >
/where i
& - disipation constal 7
P =4 lower supplicd’to the thernjétor 4 i
77, thermistor ;;./utf :nnhicnlymcr:uurc«'. respectively P

Foxample ].4
The output of a thermistor is highly nonlinear with temperature, and there 18 often o benelit to
shoappropnate creamt, whether active or passive. In this example

linearizing the output throug
we examine the ontput of an initially balanced bndge coreuit where one of the arms contains a

Consider @ Wheatstone bridge as shown in Figure 8.8, but replace the RTD with 2
alue of Re = 10,000  with § — 3680 K. Here we examine the output of the

u) 25-325°C, and (b) 25-75°C,

(hermistor.
thermistor having a ¥
cireuit over o femperature ranges:
KNOWN A Wheatstone bridge where Ry - Ry Ry 10,000 O and where B isa thermistor

pIND The owput of the bridge circuit as a tunction of temperature

SOLUTION  The fundamental relationship between resistances in a Wheat<tone brid
- . . - . e . b+ - = ‘ - & > .
pormalized ouput voltage is provided in BEguation 6,14: ke Ehc o

f:—i: = ( Ry R
E; Ry + Ry R:--.‘-R‘.,) (6,14}
And the resistance of the thermistor is

R:R,_.L‘;EE F=I{T,

Substituting m Eguatic i -
£ quation 6.14 for Ry vields
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Temperature (°C)

(n)
0.4 -
”
0.35~
0.3
0.25 #
2 0.2 /
uf //
0.15 ’ .
0.1 -
0.06
0 et - : v - v s
20 30 40 50 60 70 80
Temperature (°C)
(b)

“igure 8.11 Normalized bridge output voltage as a function of temperature with a thermistor as the
Lemperature Sensor: (a) 25 Lo 325°C, (b) 25° o 75°C.

Figure 8.11a is a plot of this function over the range 25° to 325°C. Clearly the sensitivity of the
circuit to changes in temperature greatly diminishes as the temperature increases above 100°C, with
an asymptotic value of 0.5, Figure 8.1 1b shows the behavior over the restricted range 25° to 75°C; a
lincar curve fit is also shown for comparison. Over this range of temperature, assuming a linear

relationship between normalized output and temperature would be suitable for many applications
provided that the accompanying lincarity ervor is acceptable.
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Fxample 8.5

The material constant 3 1s 1o be determined for a particular the
Figure 8.10a. The thermistor has a resistance of 60 k(1 a

“rmistor using the circuit shown in

; A Henes t25°C. The reference resistor in the circuit,
Ry, has aresistance of 130.5 k(). The dissipation constant & is 0.09 mW/ ¢ The voli:

for the measurement is constant at 1.564 V. The thermistor is 1o b
from 100 to 150“C. Determine the value of f3.

e source used
¢ used at temperatures ranging

KNOWN The temperature range of interest is from 100° 1o 150°C.
Ry =60,0000Q, T45=25C
Ei=1564V, 6=009mW/C. R, =130.5k0
FIND The value of 3 over the temperature range from 100° to 150°C.

SOLUTION The voltage drop across the fixed resistor is measured for three known values off
thermistor temperature. The thermistor temperature is controlled and determined by placing the
thermistor in a laboratory oven and measuring the temperature of the oven. For each measured
voltage across the reference resistor, the thermistor resistance Ry is determined from

E; !
2 i Ry o
!‘T Rl (E] )

The results of these measurements are as follows:

Temperature R, Voltage Ry
(C) (V) (o
100 1.501 54774
125 1.531 28129
150 1.545 160139

12 can be expressed in the form of a linear equation as

L LI ) |
n Ro - T ?;; (8[4)

Applying this equation to the measured data. with Ry = 60. 000 (). the three data points above yield
the following:

Equation 8.

in(Rr/Ro) (1/T = 1/Ty)[K™Y] R(K)
~2.394 —6.75 % 107 3546.7
—3.060 -843 % 10~ 3629.9
—3.621 -9.92 « 194 3630.2

COMMENT  These results are for oy
Eguation 8.12, aver the temperatu
measured difierences in B is ex

1stant B and are
¢ range from 7, to the tempe 3 avior describeg by
amined further. igni



- g 2l 48 ba ol ld
V Temperature Mezsurements

The measured values of B in Example 8.3 are different at cach value of temperature. If 8 were
truly a temperature-indepandent constant. and these n
HITL";' measuremeant

chis

seasurements had negligible uncertainty, all
i would yield the same value of 8. The variation in 8 may be due to 2 physical
effect of temperature, or may be arributable to the un

liha

certainty in the measured values.
Are the measured differences significant. and if so. what value of B best represents the behavior
of the thermistor over this temperature range? To perform the necessary uncertainty analysis

additional information must be provided concerning the instruments and procedures used in the
measurement.

Example 8.6

Perform an uncertainty analysis to determine the uncertainty in cach measured value of B in Example 8.5.

measurement of voltages. temperatures, and resistances. For temperature there is a random error
associated with spatial and temporal variations in the oven temperature ith a random standird uncertainty
of 55 = 0.19°C for 20 measurements. In addition, based on a manufacturer’s speaific
known measurement systematic uncertainty for temperature of 0.36

The svstematic ermors in measuring resistanc celigible, and estimates of the
inklmmcn;. repeatability. which are hased on the manufacturer's specifications in the measured
values and assumed to be at a 057 confidence level, are assigned sy Jtematic uncertaintics of 1.5%
for resistance and 0,002V tor the voltage.

and evaluate a single best estimate of 3 for this temperature range. The measurement of 3 involves the

ation, there 1s 4
({957 in the thermocouple.
¢ and voltage are e

KNOWN  Standard devianon ot the micans for oven Cmperature, » 0.19C, ¥ 20. The
FeNEANING CIron are assigned systematic uncertantics at 95 confidence assuming large degrees of
§ o ; \
freedom. such that B, = b

By = 2br = 036°C
i»‘.\ = I:f';\-l_f}\' = 1.5¢ E
By — 2by = 0,002V

FIND The uncertainty in bt cach memsured temperature, and a best estimate for {3 over the
measured temperature range.

SoLUTION  Consider the problem ot providing a single best estumate of 3. One method of
eshin

yation might be to average the three measured values, This results in a value of 3609 K.
However, since the relationship between (Ry/Ro)and (1/T — 1/Ty) is expected to be linear, a least
wquares fit can be performed on the three data points. and include the point (0, 0), The re 11I1i;|:' '.'1. :
of {is 3638 K. 1s this dirference significant, and which value best represents the h -'1 il gy
thermistor? To answer these questions. an uncertainty analysis is perfe : s i aa e

For each measured value, ’ ’ pertormed for §

]
B

B In{Rr/Ry)

1/T—-1/T,
Uncentainties in voltage. temperature, and resista
Phes SR IEMATICE 3 o
cach measurement, S

agated into the
S nto the resulting value of {3 fey
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Consider first the sensitivity indices 0; for each of the v
tabulated by

ariables Ry, Ry, 7. and 7. These may be

i ivati i aluated at cach of the three

computing the appropriate partial derivatives of B. evaluated at cach of the thre
temperatures, as follows:

T(C) Ok, (K/Q) g, (K/Q) 0 0y,
100 —~0.270 0.0247 -37.77 59.17
125 ~0.422 0.0198 -27.18 48.48
150 —0.628 0.0168 ~20.57 4145

s ires > scriai f .II Ih b [I‘lc;l“l]l'(,‘{[ \'ﬂh]c l‘ll
11“_ (l(.‘.l(.,l ]‘ili[]'d{ihti (Il‘ th ll[\CLI'[:lii]l f il'l B, UI}, l’C(’[UllL..\ lh(.- un:L[ld\lnt} .|.~i | e 5
. “1 ” is ‘termine 1 the ex (o1
I'L“ni stance f(l[‘ lhc ll‘l{.‘,l'lllisl('ll'. I{RT‘ Blll R‘J 15 dLlL] 11““(.(' ﬁ'ﬂl] p
25151 -} ression

- g alue of Ry, from measured values of
i in analysis of the uncertainty in the resulting value n! Ry, i i

Y FCS AN analysis B celated svstematc errors, vie
and thus |cU.u“LA" rrors in Ry are treated as uncorrelated systematic e 3 &
s, B CITOr

R,, E;, and E,.

(J\'T! ? . |ORr by } " [Si‘:‘fhﬁ-z]- = \/[05'1 o i (T e (Y N
by =\ {3R, ™) ™ [oE; " CF

“C. The systematic standard uncertainty
tative value. we compute bg, at 125°C. The sy .\lL‘m.l'l[L s[l IFT r el
Toaane 4 4 rcpl‘cﬁcnq‘kn or 978 ), and in Ry is 450 (2. The systematic standard uncer SR &
/ < i IS0 . o) N ' ¥ "G
in R, is 0.75% of 13?--000’1 V. and Ox, = 0.022, 0 = 85238, and 0Og, = 87076. This give
¢, are cach 0. %
E; and E, arc ¢

th — 1237 !l'

. A e et : propagsation of
for 3 is determined for each of the measured temperatures. The propagatio
srtainty tor 51 . airtee and recionee
An uncert ) zqum.l[ic crrors [or temperature and resistance is found as
asurcment sy ¢

the measurce

.hﬁ = \/[”Th?'ll 1 [n'f'nh'rnlz + [[}RI IP‘I,""r]: b [nﬂuhh‘u]u

where

br =0.18°C b =12370
br, = 0.18°C by, = 4500
The random standard uncertainty for 8 contains contributions onl
thl:‘mnpcmlur&: characteristics and is found from
ove

y from the statistically determined

2 2
Sg = (BTST) + (BTnS?q)
where both sy and sy, are 0.19, as determined with v — 19.
The vesulting values of uncertainty

in B are found from

|

o

/

U = 1,95 Vos+s2
where vy is sufficiently large (see Eq.539) 5 il
{3 is dete

B

. B 1aL f‘..{)S b 2' A
rmined as shown in Tahle 8.3. The effect of increases j
uncertainty is to ¢ )

in B as the ten

teach temperayy
ause incre

n the Sensitivity
IPErature increy

re the uncertainty ip
: indices
ased uncertaingy I

1 Onthe torg)
Ses.
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Table 8.3 Uncertainties in 8

Uncentainty
Random Systematic Towl
5B bs =13 95%
T(C) [K] [K] [K]
100 133 374 794
25 10.6 539 109.9
150 8.8 784 1378
4000
IUnccdaini}r intervals about mean
3800
3600 -IL
B |
3400 ‘
=
3200
3000 | | I Figure 8.12 Measured values of 8 aand

78 100 125 150 175

associated uncertaintes for thres emperamres.
Temperature [°C]

Each data point represenzs 8 = v

The original results of the measured values of B must now be reexamined. The resuls
Table 8.3 are plotied as a function of temperature in Figure 8.12. with 955 uncertainty limits o
each data point. Clearly, there is no justification for assuming that the measured values indicate 2
trend of changes with temperature, and it would be appropriate to use either the averagevaluzorSor
the value determined from the linear least-squares curve fit.

-5 THERMOELECTRIC TEMPERATURE MEASUREMENT

lad

The most common method of measurin g and controlling temperature uses an electrical circuit called
a thermocouple. A thermocouple consists of two electrical conductors that are made of dissimiler
metals and have at least one clectrical connection. This electrical connection is referred toasa
Junction. A thermocouple junction may be created by welding. soldering, or by anv method that
provides good electrical contact between the two conductors, such as twisting the wires around one
another. The output of a thermocouple circuit is a voltage. and there is a definite relationship
between this voltage and the temperatures of the junctions that make up the thermoconple circuit.

We will examine the causes of this voltage, and develop the basis for using thermocouples o make
engineering measurements of temperature.



8.5 Thermoelectric Temperature Measurement 331

rﬂe’aswf"”"""‘{“_? U‘\Cﬁ;’a«f

Figure §.13 Basic thermocouplc circuit.
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A thermocouple junction is the source of an electromotive Jforce (emf), which gives rise to the
potential difference in a thermocouple circuit. It is the basis for temperature measurement USing

thermocouples. The circuit shown in Figure 8.13 is the most common form of a lhenm]couple cir
used for measuring temperature.

cuit

Pﬁf{dﬁ(e_jmf‘oh:s” v OC_ — @.f(emic of ‘{Lf Cas wf]l’]-[ L()Al(}l
‘l\‘ Cafl })e Ob‘“ﬂt‘f‘éﬁl

I\’l ‘lu“

)?u'lc w‘lB"? ) c_re:Ja}J 4 rﬁ"[}qmz? 30";“} 1137 Ejebj}r‘l(— CTVG"J’!"

’2) lce b«‘”ﬂ Wg@rvgj,

e Ok peschtiol T,

(‘l\(bl‘-:’ zu\ 0. Potentiometer
4
Measuring Constantan Vo Chromel
junction ==
lce bath
Reference
Jjunction
(a)
Chromel Copper
Potentiometer
T Constantan Copper
Measuring pe
junction .

Ice bath

junction _}'} - &, Gll_;_, c_)

Thermocouple Voltage Measurement
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Table 8.5

3.5

fa..

Standard Thermocouple Compasitions”

Thermoslectric ez

FLepe, i p
7 ruligre

L

LA sis e
Mensurerment

ar0.75%

or 11.75%

Wire
Type Positiv
h v r :
P Stuve Negative Ganes
S —p : - et
. hl{num Platinum/10% rhodium 1.5 05 0.25%
Plau.num Platinum/1 3% rhodium L1854
B Platinum/30% rhodium Platinum/6% rhodium 13.5%
i Copper Constantan LI s 0.75%
I Tron Constanlan 499
K Chromel Alumel £7.7°(C
E Chromel Constantan £1.7°C or 0.5%

Alloy Designations
Constantan: 35% copper with 43
Chromel: 90% nickel

G nickel with 3%, manganese.

7 nickel
with 10% chromium

26 aluminum. and 1% silicon

Alumel: o1

aprom Temperature
Mise greatel value: these limits ©

rmocouple Reference

Neasurements ANSI
£ error do not inc

Table for Type-J Thermocouple”

PIC 19.3-1974.

lude installation erToTs.

el

\ Thermocouple emf {(m')

Temperature 6 _Therme
510 —809 )
T 7890 =1 2 —7934 ~—7955 o8 19 _8017 —8037 —RO5T —AN76
100 7659 _7683 —71707 7731 —71755 1778 —7.801 —7.824 7846 —7.368
:1 20 _7.403 7429 —7.456 _7.482 —7.508 —-7.53% —-7.359 ~7.585 =7.610 —76324
_170 I 0 57 ~7.152 —7.181 —7.209 —7.237 —7.265 —7.293 —7.321 -7.348 ~-7.376
60 —6821 53 —6883 —69 14 —6944 —6975 —7.005 7035 =706 7094
150 —6500 _6533 —6.566 _6598 —6.631 —6663 —6.695 _6.727 —6759 —6.790
g =6 194 —6229 —6263 _6298 —6332 —6366 —6400 6433 6367
_y30 —5:801 _s5g38 —5.874 _50]0 5946 —5982 —6.018  —6.054 608  —EiD
Ti0 5426 T30 Teans oSS -S578 3416 ~S5BS3  -SEW0 <57 ~5.764
T 5116 —S155 —5194 -5233 5272 5311 3350 s 3
_jon —4633 674 —4714  —4755 _4796 —4.836 —4.877  —4.917 _4937 ~5.348
g0 —4215 _4757 4300 —4.342 _4384 4425 —4467 —4.509 _4-_ 4 —~4.997
_gn —3.786 _a.829 —3.872 ~3.016 —3.959 4002 —d.045 - ;]% 53300 —4.591
0 —3344 _aag9 —3.434 —3478 ~3522 3566 -3.610 __"ﬁ'_ -4.130 4173
_ ogo3 -2938 2084 3029 1075 3120 —~3.165 --134 —3.698 —3.742
_sn —2.431 2474 2524 2.571 2617  —2.663 __;.7“;) . 3,:1{.1 _325§  —3.300
_an —1.901 2008 2055 2103 2150 -2 l‘);/ ;'1 -2.755  =2.801 — 3 Ra7
3 5 - ’ 2244 . Z.647
“ap —lAm 1530 —LS78 —Le8 L6 1322 2291 -2338 2385
_ag —0.995 —1.044 1.093 1142 1,460 _]‘2;: —1.770 1818 —1.K65 2.385
_10 —0.501  —0.550 ~0.600  —0.650  ~0.699 239 L2868 —1.336 -~ |.3 5 1913
o 0.000 0050 —0.101 0,15 ‘ O —(1L740 ~0.798 —t 385 —1.433
0.201  -0.25 1847  —0.896
e — Sl ~(1.301 _0.35] —0.944
e ~0.401 045

vt e A

(continued )
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0o

o o
ih o
(Vuly]

lza bath

Reference - , in gy
J‘""("T'“ o Fizure 8.21 Thermocouple circuir

tor Example 8.7.

high-impedance volimeters have been incorporated into commercially available temperature
indicators, temperature controllers, and digital data-acquisition systems (DAS).

J— .
( Example 8.7
~ “Ihe thermocouple circuit shown in Figure 8.21 is used o measure the temperature 7). The
thermocouple reference junction kibeled 2 1s at a temperature of 0 C, maintained by an ice-point
hath. The voltage output is measured using a potentiometer and tound o be 9.660 mV. Whatis 747
KNOWN A thermocouple cireuit having one junction at O C and a sechnd junction at an
unknown temperature. The circuit produces an emf of 9.669 mV. '., i
| = b
FIND  The temperature 7. t“-'-r(] st
ASSUMPTION  Thermocouple follows NIST standard,
SOLUTION  Standard thermocouple tables such as Table 8.6 are referenced o 0°C. The

temperature of the reference junction for this case 1s 0 C. Therefore, the temperature corresponding
to the output voltage may simply be determined from Table 8.6, in this case as 180.0 C.

PED T A —

COMMENT  Because of the law of intermediate metals, the junctions formed at the potenti-
ameter do not affect the voltage measured for the thermaocouple circuit, and the voltage output
reflects accurately the temperature difference between junctions 1 and 2.

~Example 8.8
e R
Suppose the thermocouple circuit in the previous example (Ex. 8.7) now has junction 2 maintained
at atemperature of 30°C, and produces an output voltage of 8.132 mV. Whut temperature is sensed
by the measunng junction?

KNOWN  The value of 7 15 30°C. and the output emf is 8.132 mV.
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ASSUMPTION Thermocouple follows NIST standard emf behavior

FIND The temperature of the measuring junction.

SOLUTION By the law of intermediate temperatures the output emf for  thermocouple cireuit

having two junctions, one at 0°C and the other at 7). would be the sum of the emis for 2
thermocouple circuit between 0° and 30°C and between 30°C and 7). Thus,

emfg_3g + emfzg_r, = emfy 7,

This relationship allows the voltage reading from the nonstandard reference temperature to be
converted to a 0°C reference temperature by adding emfy_ = 1.537 to the existing rezding. This
results in an equivalent output voltage, referenced to 0°C as

1.537 +8.132 = 9.669 mV

Clearly, this thermocouple is sensing the same temperature as in the previous example, 120.05°C.
This value is determined from Table 8.6.

COMMENT Note that the effect of raising the reference junction temperature is i Jower the cutput
voltage of the thermocouple circuit. Negative values of voltage, as compared with the polarity listed in
Table 8.4, indicate that the measured temperaturc is less than the reference junction tem

Example 8.9 - 2

A J-type thermocouple measures a temperature of 100°C and is referenced to 0°C. The thermo-
couple is AWG 30 (American wire gauge [AWG]; AWG 30 is 0.010-in. wire diameter) and is
arranged in a circuit as shown in Figure 8.17a. The length of the thermocouple wire is 10 ftin order
to run from the measurement point to the ice bath and to a potentiometer. The resolution of the
potentiometer is 0.005 mV. If the thermocouple wire has a resistance per unit length, as specified by

the manufacturer, of 5.6 Q/ft, estimate the residual current in the thermocouple when the circuit is
balanced within the resolution of the potentiometer.

poeratire.

KNOWN A potentiometer having a resolution of 0.005 mV is used to measure the emf of 2 J-
type thermocouple that is 10 ft long.
FIND The residual current in the thermocouple circuit.

SOLUTION The total resistance of the thermocouple circuit is 56 Q for 10 ft of thermocouple
wire. The residual current is then found from Ohm’s law as

E 0.005mV i
== =89x107"A

COMMENT The loading error due to this current flow is ~ 0.005 mV/54.3 pwV/°C = 0.09°C.

Suppose a high-impedance voltmeter is used in place of the potentiometer in Example 8.9.

Determine the minimum input impedance required for the voltmeter that will limit the loading
error to the same level as the potentiometer.
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,‘\}) Y ady g
NOWN  Loading error should be less than 8.9 x 10-* A

FIND loput i y
impedance {or ¢ . :
! pedance for a voltmeter that would produce the same current flow or loading

Crror,
N \ T ! o v
SOLUTION At 100°C a J-type thermocouple referenced to 0°C has a Seebeck voltage of By =

§ 9 (8} f 1e 1o e “ . H H 1t
. ._{\\. m-\f. :\t this temperature, the required volimeter impedance to limit the current flow 10 8.9 %
107 Ais found from Ohm's law:

E
— = 5.269 X 1071 V/8.9 x 107% A = 59.2kQ

igh for a modern microvoltmeter and such 4

valtmeter would be a reasonable choice in this situation. As always, the allowable loading error
should be determined based on the required uncertainty in the measured temperature.

COMMENT This input impedance is not at all h
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Table §.4 Thermocouple Designations

Material Combination

Type Positive Negative Applications
npepme s
- Chromel(+) Constantan(—) Highest sensitivigy
I Iron(-+) Constantan(—) Nonoxidizing SO
cnvironmcht (<760°
| - ) _ 50
I~ Chramel(-) Alutnel( ) Hish et C)
S Platinum/ Platinum(—) Long-ter iy O
10¢% rhodium o ten wa“ity
high tempers
T Copper(-+) Constantan(—) RCdlIch:‘:mpm ———— 7680C)
g O vacuum
S thvironmeng ({4000(:)
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