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IPTS-68 REFERENCE

TEMPERATURES

EQUILIBRIUM POINT K Mg 0
Triple Paint of Hydrogen 13.81 -259.34
Liquid/Vapor Phase of Hydrogen 17.042 -256.108

at 25/76 Std. Atmosphere

Boiling Point of Hydrogen 20.28 -252.87
Boiling Point of Neon 27.102 -246.048
Triple Point of Oxygen 54.361 -218.789
Boiling Point of Oxygen 90.188 -182.962
Triple Point of Water 273.16 0.01
Boiling Point of Water 373.15 100
Freezing Point of Zinc 692.73 419.58
Freezing Point of Silver 1235.08 - 961.93

Freezing Point of Gold 1337.58 1064.43



Temperature Measurement Sensors

Thermocouple Temperature Measurement Sensors

Thermocouples consist essentially of two strips or wires made of
different metals and joined at one end. Changes in the temperature at
that juncture induce a change in electromotive force (emf) between the
other ends. As temperature goes up, this output emf of the thermocouple

rises, though not necessarily linearly.

SH Temperature Measurement
Sensors

Resistance Temperature Devices(RTD)

Resistive temperature devices capitalize on the fact that the electrical
resistance of a material changes as its temperature changes. Two key
types are the metallic devices (commonly referred to as RTDs), and
thermistors. As their name indicates, RTDs rely on resistance change in
a metal, with the resistance rising more or less linearly with temperature.
Thermistors are based on resistance change in a ceramic ST A Evy

RTD Elements
semiconductor; the resistance drops nonlinearly with temperature rise.

r—

Infrared Temperature Measurement Devices
Infrared sensors are noncontacting devices. They infer temperature by

measuring the thermal radiation emitted by a material.
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Bimetallic Temperature Measurement Devices

Bimetallic devices take advantage of the difference in rate of thermal expansion
between different metals. Strips of two metals are bonded together. When heated,
one side will expand more than the other, and the resulting bending is translated
into a temperature reading by mechanical linkage to a pointer. These devices are
portable and they do not require a power supply, but they are usually not as
accurate as thermocouples or RTDs and they do not readily lend themselves to

temperature recording. AR DIALTEMP™ Bimetalic
Temperature Measurement

Fluid-Expansion Temperature Measurement Devices

Fluid-expansion devices, typified by the household thermometer, generally come in

two main classifications: the mercury type and the organic-liquid type. Versions
employing gas instead of liquid are also available. Mercury is considered an
environmental hazard, so there are regulations governing the shipment of devices

that contain it. Fluid-expansion sensors do not require electric power, do not pose
explosion hazards, and are stable even after repeated cycling. On the other hand, —
they do not generate data that is easily recorded or transmitted, and they cannot

make spot or point measurements.

GT-736000 Series
Glass-Bulb Thermometers

Change-of-State Temperature Measurement Devices

Change-of-state temperature sensors consist of labels, pellets, crayons, lacquers
or liquid crystals whose appearance changes once a certain temperature is
reached. They are used, for instance, with steam traps - when a trap exceeds a
certain temperature, a white dot on a sensor label attached to the trap will turn
black. Response time typically takes minutes, so these devices often do not
respond to transient temperature changes. And accuracy is lower than with other
types of sensors. Furthermore, the change in state is irreversible, except in the
case of liquid-crystal displays. Even so, change-of-state sensors can be handy
when one needs confirmation that the temperature of a piece of equipment or a TL-10 Change-of-State
material has not exceeded a certain level, for instance for technical or legal Temperature Measurement
reasons during product shipment.
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Thermocouple

Beaded Wire

[hermocoupe Probe

Beaded Wire Thermocouple

A beaded wire thermocouple is the simplest form of thermocouple. It consists of two pieces of thermocouple
wire joined together with a welded bead. Because the bead of the thermocouple is exposed, there are several
application limitations. The beaded wire thermocouple should not be used with liquids that could corrode or
oxidize the thermocouple alloy. Metal surfaces can also be problematic. Often metal surfaces, especially pipes
are used to ground electrical systems The indirect connection to an electrical system could impact the
thermocouple measurement. In general, beaded wire thermocouples are a good choice for the measurement
of gas temperature. Since they can be made very small, they also provide very fast response time.

Thermocouple Probe
A thermocouple probe consists of thermocouple wire housed inside a metallic tube. The wall of the tube is

referred to as the sheath of the probe. Common sheath materials include stainless steel and Inconel. Inconel
supports higher temperature ranges than stainless steel, however, stainless steel is often preferred because of
its broad chemical compatibility. For very high temperatures, other exotic sheath materials are also available.
View our line of high temperature exotic thermocouple probes.

The tip of the thermocouple probe is available in three different styles. Grounded, ungrounded and exposed.
With a grounded tip the thermocouple is in contact with the sheath wall. A grounded junction provides a fast
response time but it is most susceptible to electrical ground loops. In ungrounded junctions, the thermocouple is
separated from the sheath wall by a layer of insulation. The tip of the thermocouple protrudes outside the sheath
wall with an exposed junction. Exposed junction thermocouples are best suited for air measurement.

Thermocouple Tip Styles

Rt eAza ] — ,
] =zl e,
Grounded Ungrounded Exposed
Thermocouple Thermocouple Thermocouple
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Common Thermocouple Temperature Ranges

J I 0°C to 750°C I Greater of 2.2°C I Greater of 1.1°C
(32°F to 138B2°F) or 0.75% or 0.4%

[ =200°C to 1250°C [ Greater of 2.2°C [ Greater of 1.1°C
(=328°F to 2282°F) or 0.75% or 0.4%

E [ =200°C to 200°C [ Greater of 1.7°C [ Greater of 1.0°C
(=328°F to 1652°F) or 0.5% or 0.4%

T [ -250°C to 350°C [ Greater of 1.0°C or 3 Greater of 0.5°C
(—328°F to 662°F) 0.75% or 0.4%




Thermocouple

Thermoelectric Voltage in Millivolts

Revised Thermocouple
Reference Tables

Reference

Tables

N.LST

Monograph 175

Revised to

ITS-90

+ Thermocouple
Grade

Nickel-Chromium
VS.
Nickel-Aluminum

Extension
Grade

MAXIMUM TEMPERATURE RANGE
Thermocouple Grade

— 328 t0 2282°F

— 200 to 1250°C

Extension Grade

3210 392°F

0to 200°C

LIMITS OF ERROR

(whichever is greater)

Standard: 2.2°C or 0.75% Above 0°C
2.2°C or 2.0% Below 0°C

Special: 1.1°C or 0.4%

COMMENTS, BARE WIRE ENVIRONMENT:
Clean Oxidizing and Inert; Limited Use in
Vacuum or Reducing; Wide Temperature
Range; Most Popular Calibration
TEMPERATURE IN DEGREES °C
REFERENCE JUNCTION AT 0°C

"C

-90
-80
-70
-60
-50

-40
-30
-20
-10

10
20
30
40

50
60
70
80
a0

100
110
120
130
140

150
160
170
180
190

200
210
220
230
240

-10

-3.554
-3.243
-2.920
-2.587
-2.243

-1.889
-1.627
-1.156
-0.778
-0.392

0.000
0.397
0.798
1.203
1.612

2.023
2.436
2.851
3.267
3.682

4.096
4.5049
4.920
5.328
5735

6.138
6.540
6.941
7.340
7.739

8.138
8.539
8.940
9.343
9.747

-9

-3.523
-321
-2.887
-2.553
-2.208

-1.854
-1.490
-1.119
-0.739
-0.353

0.039
0.437
0.838
1.244
1.653

2.064
2.478
2.893
3.308
3.723

4.138
4.550
4.9a61
5.369
5775

6179
6.580
6.981
T1.380
1.979

81748
8.579
8.980
9.383
9.788

-8

-3.492
-3.179
-2.854
-2.519
-2173

-1.818
-1.453
-1.081
-0.701
-0.314

0.079
0.477
0.879
1.285
1.694

2106
2519
2.934
3.350
3.765

4179
4.5
5.002
5410
5815

6.219
6.620
7.021
7.420
7.819

8.218
B.619
G020
9423
9828

-1

-3.462
-3.747
-2.821
-2.485
-2.138

-1.782
1417
-1.043
-0.663
-0.275

0119
0.517
0.919
1.326
1.735

2.147
2.561
2.976
3.39
3.806

4.220
4.633
5.043
5.450
5.856

6.259
6.660
7.060
7.460
7.859

8.258
B.659
9.061
9.464
9.869

-6

-34a3
3115
-2.788
-2.450
-2.103

-1.745
-1.380
-1.006
-0.624
-0.236

0158
0.557
0.960
1.366
1.776

2188
2602
iy
3.433
iB4s

4262
41674
5.024
5.491
5.8B96

6.299
6.701
7100
1.500
7.899

8.298
2.699
2101
9.504
9.909

-5

-3.400
-3.083
-2. 755
-2.416
-2.067

-1.709
-1.343
-0.968
-0.586
0197

0.198
0.597
1.000
1.407
1.817

2.230
2.644
3.059
3.474
3.BE9

4.303
4.715
5124
5.532
5.937

6.339
6741
7.140
7.540
7.939

8.338
8.739
9141
9.545
9.950

-4

-3.368
-3.050
-2.721
-2.382
-2.032

-1.673
-1.305
-0.930
-0.547
-0.157

0.238
0.637
1.041
1.448
1.858

2.271
2.685
3.100
3.516
3.931

4.344
4.756
5165
5.572
5977

6.380
6.781
7.180
7.579
7.979

8.378
B.779
9.181
9.585
9.991

-3

-3.337
-3.018
-2.688
-2.347
-1.996

-1.637
-1.268
-0.892
-0.508
-0.118

0.277
0677
1.081
1.489
1.899

2312
2927
3142
3.557
3972

4.385
4.797
5.206
Le13
6.017

6.420
6.821
1.220
7.619
8.019

8.418
8.819
9.222
9.626
10031

-2

-3.306
-2.986
-2.654
-2.312
-1.961

-1.600
-1.231
-0.854
-0.470
-0.079

0317
0.718
1.122
1.530
1.941

2.354
2.768
3.184
3.599
4.013

4.427
4.838
5247
5.653
6.058

6.460
6.861
T7.260
7.659
8.059

8.458
8.860
9.262
9.666
10.072

-1

-3.274
-2.953
-2.620
-2.278
-1.925

-1.564
-1.194
-0.816
-0.431
-0.039

0.357
0.758
1.163
1.571
1.982

2.395
2.810
3.225
3.640
4.055

4.468
4.879
5.288
5.604
6.098

6.500
6.901
71.300
71.699
B.099

B.499
B.900
9.302
9.707

0

-3.243
-2.9:20
-2.587
-2.243
-1.889

-1.527
-1.156
-0.778
-0.392

000D

0.397
0.798
1.203
1.612
2023

2.436
2.851
3.267
3.682
4.096

4.509
4.920
5.328
5.735
6.138

6.540
5.941
7.340
71.739
B.138

B8.539
B8.940
5.343
9.747

10,113 10,153

°C

-90
-B0
-10
-60
-50

-40
-30
-20
-10

100
110
120
130
140

150
160
170
180
190

210
220
230
240



Thermocouple

Revised Thermocouple
Reference Tables

TYPE

Reference
Tables

N.LST
Monograph 175
Revised to
ITS-90

Thermocouple
Grade

Iron
Vs.
Copper-Nickel

Extension
Grade

MAXIMUM TEMPERATURE RANGE

Thermocouple Grade
32 to 1382°F
0to 750°C

Extension Grade

32 to 392°F

0 to 200°C

LIMITS OF ERROR
(whichever is greater)
Standard: 2.2°C or 0.75%
Special: 1.1°C or 0.4%

COMMENTS, BARE WIRE ENVIRONMENT:

Reducing, Vacuum, Inert; Limited Use in
Oxidizing at High Temperatures;
Not Recommended for Low Temperatures

TEMPERATURE IN DEGREES °C
REFERENCE JUNCTION AT 0°C

“C
-200

-190
-180
170
=160
-150

-140
-130
-120
-110
=100

-90
-80
-T0
-0
-50

-40
-30
-20
=10

0

0
10
20
30
40

20
=
70
a0
90

100
110
120
130
140

150
160
170
120
190

-8

-7
-7
-7
-7
-&

-&
-B
-3
-5
-5

-4
-4
-3
-3
-z

-2
-1
-1
-0
-0

0
0
1
1
2

Thermoelectric Voltage in Millivolts

=10 -9
095 -B.OTE
890 -7.868
B89 -T.634
A03 -7.376
23 -7.094
A21 -6.790
L0000 -6.46T
159 -6.124
A0 -5.764
A26 -5.388
037 -4.997
G633 -4.5M
215 -4173
JB6 -3.742
344 -3.300
893 -2.847
A31 -2.385
461 -1.913
A82 -1.433
495 -0.946
A0 -0.451
000 0.050
A0T7 0558
019 1.07M
43T 1.589
059 2111
585 2.638
116 3169
650 3.703
187  4.240
726 4.781
269 5323
8314 5868
360 6.415
909 6.964
459 7.514
010 B.06%
562 B.61B
115 9.7
669 9.725
224 10279

-8
-8.057

-7.846
-7.610
-7.348
-7.064
-6.759

-6.433
-6.089
-5.727
-5.350
-4.957

-4.550
-4.130
-3.698
-3.255
-2.801

-2.338
-1.865
-1.385
-0.896
-0.401

=
=
[}
—

ot otad st i St

-7
-8.037

-7.824
-7.585
-7.321
-7.035
-6. 727

-6.400
-6.054
-53.690
-5.311
-4.917

-4.509
-4.088
-3.654
-3.210
-2. 755

-2.291
-1.818
-1.336
-0.847
-0.351

0.151
0.660
1.174

-6
-8.017

-7.801
-7.559
-7.293
-7.005
-6.695

-6.366
-6.018
-5.653
-5.272
-4 877

-4.467
-4.045
-3.6170
-3.165
-2.709

-2.244
-1.770
-1.288
-0.798
-0.301

0.202
0.711
1.226
1.745
2.269

2.797
3.329
3.864
4.402
4.943

5.487
6.032
6.579
7.129
T.679

8.231
B.783
9.337
5.801
10.446

-5
-7.996

-1.778
-71.534
-71.265
-6.975
-6.663

-6.332
-5.982
-5.616
-5.233
-4.836

-4.425
-4.002
-3.566
-3.120
-2.663

-2.197
-1.722
-1.239
-0.749
-0.251

0.253
0.762
AT
797
322

1
1

2

2.850
3.382
3.8
4.456
4.997

5.541
6.087
6.634
7.184
7.734

8.286
B.B39
9.392
5.947
10.501

-4
-7.976

-7.755
-7.508
-T7.237
-6.944
-6.631

-6.208
-5.946
-5.578
-5.194
-4.796

-4.384
-3.959
-3.522
-3.075
-2.617

-2.150
-1.674
-1.190
-0.699
-0.201

0.303
0.814
1.329
1.849
2.374

2.903
3.436
3.97M
4.510
5.062

5.595
6.141
6.689
7.239
7.789

8.311
8.894
9.448
10,002
10.557

-3
-7.955

-7.731
-7.482
-7.209
-6.914
-6.598

-6.263
-5.910
-5.541
-5.155
-4. 755

-4.342
-3.916
-3.478
-3.029
-2.571

-2.103
-1.626
-1.142
-0.650
-0.151

0.354
0.865
1.381
1.902
2.427

2.956
3.489
4.025
4.564
5.106

5.650
5.196
6.744
7.294
7.844

8.396
8.949
9.503
10.057
10.612

-2
-T7.934

-7.707
-T.456
-7.181
-6.883
-6.566

-6.229
-5.874
-5.503
-5.116
-4.714

-4.300
-3.872
-3.434
-2.924
-2.524

-2.055
-1.578
-1.093
-0.600
-0.101

0.405
0.916
1.433
1.954
2.480

3.009
3.543
4.079
4.618
5160

5705
6.251
6.799
7.349
7.900

8.452
9.005
9.558

-1
-7.912

-7.683
-7.420
-7.152
-6.853
-6.533

-6.194
-5.838
-5.465
-5.076
-4.674

-4.257
-3.829
-3.389
-2.938
-2.478

-2.008
-1.530
-1.044
-0.550
-0.050

3.062
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Thermocouple

When two wires comp"osed of'dissimllar metals are
joined at both ends and one of the ends is heated, there
is a cc:{muous current which flows in the (

thermoelectric circuit. Thomas Seebeck made tr,ns
discovery in 1821.

Metal A )\ Metal C

K sk o

Metal B %
THE SEEBECK EFFECT

£ 0 Metal A .
€8
-0
Metal B

exs = SEEBECK VOLTAGE



Thermocouple

For small Changves in
temperature the Seebeck voltage is linearly proportional
to temperature:

Aeass = AT

Where o, the Seebeck coefficient, is the constant of
proportionality.

=
o

A - — — —

3 ClE: % - Cu Cu -
3 V : v o —
JERA + >l + —\J,
Y At MEE
O +* - o + —
CUW Cy - Cu W C
'Jz v J2

MEASURING JUNCTION VOLTAGE WITH A DVM



Thermocouple

The Reference Junction

Dé\ Cu ) + o - T
+b..J v, _»d

O i — NPT S . z (/
Cu ST o =% il =
Voltmeter | v
GaagFe ) . | Ja

Ice Bath

EXTERNAL REFERENCE JUNCTION

Now the voltmeter reading is (see Figure 5):
V = (V1 5 V2) = a(th a5 th)

If we specify T, in degrees Celsius:

T, (C) +273.15 =1,

then V becomes

V=Vi-Xo=o [(TJ + 273.15) - (TJ2+ 273.15)]
= (TJ1 Ty,) =0 (T, - 0)

V=al,



Thermocouple

Vi=V
itV =V,
i.e., if

TJ3 = TJ4

JUNCTION VOLTAGE CANCELLATION

Ice Bath

IRON-CONSTANTAN COUPLE

Isothermal Block

—————— J3
: Cu
- 5 ,_\ : Fe -
"‘V g | =3 F@ \\) i3
l 1
3 LI L Fe C /
056—-—E:--]l : ///@ V2 V E%
Voltmeter !~ CU
oltmeter | Jy - {Teey
9%62 Mk

. of )4 e Bath Viso (T1 - THEF}



Thermocouple

MetalA  Metal B Metal G _ Metal’/A  Metal C

L, g~ Y

gl

e —

Isothermal Connection

Thus the low lead in Fig. 9b: Becomes:

Cu Fe C ! Cu C
e \/
S o Gt TREF

\ [
TRer

Law of intermediate metal



Thermocouple

Block Temperature = Tpee

ol

' Cu J
1 = 3
+o"\—-—£‘—:5 @
v
TR paate

. J< e @,
eltmeter ! “gg

External reference junction no ice-bath



Thermocouple

3V1

O °C Reference junction

Thermopile to gain up emf



Thermocouple

Digital Display

CPU

Vet |
Analogi, TC
|

Digital,,; | ADC

3C)
N

o L1 e oo

Key input

TC Digital indicator basic circuit block diagram



PT100 Platinum Resistance Thermometers

Platinum resistance thermometers (PRTS)

Offer excellent accuracy over a wide temperature range (from -200 to +850 °C). Standard Sensors are are
available from many manufacturers with various accuracy specifications and numerous packaging options to suit
most applications. Unlike thermocouples, it is not necessary to use special cables to connect to the sensor.

The principle of operation is to measure the resistance of a platinum element. The most common type (PT100)
has a resistance of 100 ohms at 0 °C and 138.4 ohms at 100 °C. There are also PT1000 sensors that have a
resistance of 1000 ohms at 0 °C.

The relationship between temperature and resistance is approximately linear over a small temperature range:
for example, if you assume that it is linear over the 0 to 100 °C range, the error at 50 °C is 0.4 °C. For precision
measurement, it is necessary to linearise the resistance to give an accurate temperature. The most recent
definition of the relationship between resistance and temperature is International Temperature Standard 90
(ITS-90).

The linearisation equation is:

Rt = RO * (1 + A* t + B*2 + C*(t-100)* t3)

Where:

Rt is the resistance at temperature t, RO is the resistance at 0 °C, and
A= 3.9083 E-3

B=-5.775E-7

C =-4.183 E -12 (below 0 °C), or

C =0 (above 0 °C)
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PT100 Platinum Resistance Thermometers

RTD measurement circuit:

WHEATSTONE BRIDGE



Praciical 2 Wire Bricge Circuits for RTD

fl

+ DVM

RTD

The measuring current should be as small as possible to minimise sensor self-
heating; a maximum of around 1mA is regarded as acceptable for practical
purposes. This would procedure a 0.1V drop in a Pt100 sensing resistor at 0C.
The bridge circuit is applied for resistive sensor (especially small R) due to it can
compensate error of extension wires (when apply 3-wire or 4-wire bridge).



Praciical 3 Wire Bricge Circuiis for RTD

DVM

3-WIRE BRIDGE



RTD 4 Wire Circuit

BYM 100 W RTD

4-WIRE OHMS MEASUREMENT



PT100 Platinum Resistance Thermometers

Voltage Divider circuit

R1= 100.0000
R2=R; = 100.0000
R3= 100.0000
R4= 100.0000
RL= 5.0000
V, Volt = 10.0000
V, Volt = 5.2381
RT
measure = 110.0000
err = 10.0000

%err 10

100.0000
101.0000
100.0000
100.0000
5.0000
10.0000
5.2607

111.0000
10.0000
9.90099

100.0000
102.0000
100.0000
100.0000
5.0000
10.0000
5.2830

112.0000
10.0000
9.803922

100.0000
103.0000
100.0000
100.0000
5.0000
10.0000
5.3052

113.0000
10.0000
9.708738

+

100.0000
104.0000

100.0000

100.0000 =

5.0000
10.0000
5.3271

114.0000
10.0000
9.615385



PT100 Platinum Resistance Thermometers

Vi

R V;

Ry

2 wire bridge circuit 3 wire bridge circuit
V, =
( +R1 R, +R j
i« R =R, R - 0.5V, +V, R

0.5V, -V,



PT100 Platinum Resistance Thermometers

In case of apply 2 wire bridge circuit to archive RT :

R2=R, =

V, Volt =
V, Volt =

RL mea
err =

%err

100.0000
100.0000
100.0000
100.0000
5.0000
10.0000
0.2381

110.0000
10.0000
10

100.0000
101.0000
100.0000
100.0000
5.0000
10.0000
0.2607

111.0000
10.0000
9.90099

100.0000
102.0000
100.0000
100.0000
5.0000
10.0000
0.2830

112.0000
10.0000
9.803922

100.0000
103.0000
100.0000
100.0000
5.0000
10.0000
0.3052

113.0000
10.0000
9.708738

100.0000
104.0000
100.0000
100.0000
5.0000
10.0000
0.3271

114.0000
10.0000
9.615385

In case of apply 3 wire bridge circuit to archive RT :

R2=R; =

V; Volt =
V, Volt =

RL mea
err =

%err

100.0000
100.0000
100.0000
100.0000
5.0000
10.0000
0.0000

100.0000
0.0000
0

100.0000
101.0000
100.0000
100.0000
5.0000
10.0000
0.0237

100.9524
0.0476
0.047148

100.0000
102.0000
100.0000
100.0000
5.0000
10.0000
0.0472

101.9048
0.0952
0.093371

100.0000
103.0000
100.0000
100.0000
5.0000
10.0000
0.0704

102.8571
0.1429
0.138696

100.0000
104.0000
100.0000
100.0000
5.0000
10.0000
0.0935

103.8095
0.1905
0.18315



PT100 Platinum Resistance Thermometers

—

: Maxumium e

AW Conductor |Conductor [Ohms Ohms Maximmum amps e frequency for

Diameter |Diameter |per 1000 for chassis 100% skin depth
EAVEE lInches  |mm ft | P““H.sﬂm for solid

conductor copper

0000 |0.46 |11.684 |l0.049 |[0.16072 ||380 |[302 125 H=z ]
000 (04096 [10.40384 [[0.0618 ||0.202704|/328 1239 160 Hz
00 |0.3648 [9.26592 [|0.0779 ||0.255512|[283 190 |200 Hz
0 10.3249 (825246 |(0.0983 [(0.322424/[245 1150 250 Hz
1 10.2893  |7.34822 |(0.1239 [|0.406392|211 119 325 Hz
2 10.2576  6.54304 |[0.1563 [|0.512664|/181 |94 410 Hz |
3 10.2294 |[5.82676 |[0.197 |[0.64616 |[158 75 500 Hz |
4 02043 [[5.18922 |[0.2485 |[0.81508 |[135 |50 650 Hz |
B l0.1819 [[4.62026 [[0.3133 |[1.027624|118 47 810 Hz |
6 l0.162 41148 |[0.3951 ||1.295928|101 37 1100 Hz |
7 0.1443  [3.66522 |[0.4982 |[1.634096|/89 30 11300 Hz |
8 l0.1285 32639 |[0.6282 |[2.060496|73 24 1650 Hz |
9 01144 290576 |[0.7921 |[2.598088|64 19 2050 Hz
110 01019 |[2.58826 |[0.9989 |[3.276392|55 115 2600 Hz
11 l0.0907 [[230378 |[1.26 [[4.1328 |47 12 13200 Hz
112 lo.osog [[2.05232 |[1.588 |[5.20864 |41 9.3 4150 Hz
113 l0.072 l1.8288 |[2.003 |[6.56984 |35 7.4 5300 Hz
14  |l0.0641 |[1.62814 |[2.525 |[|8282 |32 I5.9 6700 Hz |
15 [[0.0571  [[1.45034 |[[3.184 [|10.44352|28 4.7 8250 Hz




AWG Conductor |Conductor||Ohms Ohms Maximum amps
[ Diameter |Diameter ||per 1000 T fm _chassls

Inches min ft. WIring
16 |0.0508 [1.29032 |[4.016 |[13. 1?243'||22 '||3.? 11k Hz |
18 [0.0403 102362 6385 [os42sfis o3 17kHz ]
19  [0.0359 091186 |8.051 |[26. 4ﬂ?23||14 [1.8 21 kHz |
FWWWW"—"— 3BkHz |
22 |0.0254 0.64516 |[16.14 |[52.9392 ||7 |0.92 42 kHz |
24 [o.0201 051054 |[25.67 841976 |35 0577  [68kHz |
25 00179 045466 |[32.37 |[106.1736|2.7 [0.457 85 kHz |
26 (00159 [[0.40386 |[40.81 133856822 ~  [o361  J107kH |
27 |0.0142 036068 [[51.47 [[168.8216/1.7 0288 130 kHz
28 0.0126 032004 [[64.9 212872 [[1.4 0226 170 kHz
29  [o0113 028702 [[81.83 |[268.4024]12 [0.182 210 kHz
30 oot 0254 |[1032 |[338.496 [[0.86 [0.142 270 kHz




PT100 Platinum Resistance Thermometers

L

o

um
AW s [ Too0(Oeme (BT P fames ror | TR
FAUES Inches mm fe. B e e icciog [for solid
conductor copper
32 |lo.cos lo.z032  ||164.1 538.248 ||0.53 |o.091 |[430 kH=
Ilz\_{g“ic 0.00787 ||0.200 169.39 |[555.61 ‘lﬂ_i 1 |=].=]EB ||44[: kHz
[33 [0.0071 [0.18034 |[2059 |[678.632 [[0.43 [o.072 [540 kH=
Ill\_{g“ic 0.00709 ||0.180 207.5 ||680.55 ‘lﬂ_ﬂﬁ |::|_=:|?2 ||54[: kHz
[34 0.0063 0.16002 |[260.9 |[855.752 [[0.33 |o.056 690 kKH=
ohE < 10,0063 0.16002 ||260.9 ||855.752 ‘|0_33 |=].=]56 ||69[= kHz
[3s [0.0056  [0.14224 [[329 1079.12 |[0.27 [0.044 870 kH=
Ill\'_[:“"c 00551 140 339 1114 ‘lﬂ-ﬂﬁ |::|_=:|43 ||9m: kH=z
|36 0.005 0.127 4148 [[1360  |021 |0.035 1100 kH=
1 55 i< || po492 0.125 4282 ||1404 ‘lD_ZD |::|_=:|34 ||1 150 kHz
37 0.0045 0.1143 523.1  |[1715 [[o.17 [0.0289 1350 kH=
W 00441 0.112 5338 (1750 ‘lﬂ_lﬁ?. |=].=]2?? ||14[:::| kH=z
[38 [0.004 0.1016 |[659.6 |[2163 [o.13 [o.0228 1750 kH=
1 | po394  |0.1000 6702 ||[2198 ‘lﬂ_lzﬁ |:J_:]225 ||1?5::| kHz
39 0.0035 0.0889 831.8 |[[2728  |oa11 |0.0175 [2250 kH=
[40 0.0031 0.07874 |[1049 3440  |[o.09 |o.0137 2900 kH=




PT100 Platinum Resistance Thermometers

PT100
170 -grommmmrmm b trrrrrrrTT b b brrrrrrrrTTT b 'mnmE 170

160 1 t 160

150 150

140 140

130 130

120 120

Resistance Ohm

110

110
100 + t 100
- R(t) = 100(l+0.0039038t-0.0000005775'[2) E
9Q -t  E—  EEE—  E—  E—  E—  E— 10
0 20 40 60 80 100 120 140

Temperature °C

Resistance Ohm
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What is a thermistor?

A thermistor is a temperature-sensing element composed of sintered
semiconductor material which exhibits a large change in resistance
proportional to a small change in temperature. Thermistors usually have
negative temperature coefficients which means the resistance of the
thermistor decreases as the temperature increases.

Accuracy

Thermistors are one of the most accurate types of temperature sensors.
OMEGA thermistors have an accuracy of £0.1°C or £0.2°C depending
on the particular thermistor model. However thermistors are fairly
limited in their temperature range, working only over a nominal range of
0°C to 100°C . N

Low cost, Easy use
Type NTC or PTC 1k,3k, 5k, 10k, 20k, etc. (@25 °C)



http://en.wikipedia.org/wiki/File:NTC_bead.jpg
http://en.wikipedia.org/wiki/File:Thermistor.svg

Tyoes of Tnermisiors

Thermistor Elements

The thermistor element is the simplest form of thermistor. Because of their compact size,

thermistor elements are commonly used when space is very limited. OMEGA offers a wide

variety of thermistor elements which vary not only in form factor but also in their resistance

versus temperature characteristics. Since thermistors are non-linear, the instrument used to read //
the temperature must linearize the reading.

Linear Response Thermistor Elements

For applications requiring thermistors with linear response to temperature change, OMEGA
offers linear components. These unique devices consist of a thermistor composite for
temperature sensing and an external resistor composite for linearizing.

Thermistor Probes

The standalone thermistor element is relatively fragile and can not be placed in a rugged
environment. OMEGA offers thermistor probes which are thermistor elements embedded in
metal tubes. Thermistor probes are much more suitable for industrial environments than
thermistor elements.

TJ3E Thermistor Probe


http://www.omega.com/ppt/pptsc.asp?ref=44000_THERMIS_ELEMENTS
http://www.omega.com/ppt/pptsc.asp?ref=44200_44300_THERMIS_KITS
http://www.omega.com/pptst/TJ36-44004.html
http://www.omega.com/ppt/pptsc.asp?ref=44000_THERMIS_ELEMENTS
http://www.omega.com/ppt/pptsc.asp?ref=44200_44300_THERMIS_KITS
http://www.omega.com/pptst/TJ36-44004.html

Thermistors typically achieve a higher precision within a limited temperature
range [usually =90 °C to 130 °C].
B parameter equation

NTC thermistors can also be characterised with the B (thermistor material constant )
parameter equation, which is essentially the Steinhart Hart equation as follows,

1 1 + 1 In ( R )
T Th B Ry
where the temperatures are in kelvins and R, is the resistance at temperature T, (usually 25 °C =
298.15 K). Solving for R yields:
B

_ p B/T-1/Ty) or T —
f = Hoe In (R/ro0)

(Note : T- R function, normally adopt from manufacturer)

Thermistors can be classified into two types, depending on the sign of k. If k is
positive, the resistance increases with increasing temperature, and the device is
called a positive temperature coefficient (PTC) thermistor, or posistor. If K is
negative, the resistance decreases with increasing temperature, and the device
Is called a negative temperature coefficient (NTC) thermistor. Resistors that are
not thermistors are designed to have a k as close to zero as possible(smallest
possible k), so that their resistance remains nearly constant over a wide
temperature range.

—B/T,
where T — R,{].E /To



http://en.wikipedia.org/wiki/Positive_number
http://en.wikipedia.org/wiki/Temperature_coefficient#Positive_temperature_coefficient_of_resistance
http://en.wikipedia.org/wiki/Temperature_coefficient#Negative_temperature_coefficient

Tcal =

err =

%err

Voltage Divider circuit

10000.00
10000.00

100.00
100.00
5.00
10.00
5.00

10010.00
10.00
0.10

10000.00
9000.00

100.00
100.00
5.00
10.00
4.74

9010.00
10.00
0.11

10000.00
8000.00

100.00
100.00
5.00
10.00
4.45

8010.00
10.00
0.12

10000.00
7000.00

100.00
100.00
5.00
10.00
412

7010.00
10.00
0.14

10000.00
6000.00

100.00
100.00
5.00
10.00
3.75

6010.00
10.00
0.17

+
Ri
V. . o
Vo R;
R
VO L I
R +R



Thermistors

Thermistor 10K, B = 3548

1

T

80000

60000

T

40000

T

T

20000

0

-20 -10 O 10 20 30 40 50 60 70 80 90 100 110 120

Temperature, C

Resistance, ohm



Rr =10,000 ohms @ 25°C pull-up resistor (ohms) | 10000

alpha @25C = -4.39% full-scale volts | 5.0
beta (0/50C) = 3890K resolution in bits | 10

DegC DegF OHMS Volts 10-bit Val

-50 -58 667828 4.926 1009

-40 -40 335,671 4 855 994

-30 -22 176,683 4732 969

-20 -4 96,974 4533 928

-10 14 55,208 4234 867

0 32 32,650 3.828 784

10 50 19,903 3328 682

20 68 12,493 2777 569

25 77 10,000 2,500 512

30 86 4,056 2231 457

40 104 5324 1.737 356

50 122 3601 1.324 271

60 140 2 487 0.996 204

70 158 1,751 0745 153

80 176 1,256 0.558 114

90 194 916 0.420 86

100 212 679 0.318 65

110 230 510 0.243 50

120 248 389 0.187 38

130 266 300 0.146 30

140 284 234 0114 23

150 302 185 0.091 19

Resistance, kohm

90 <
80
704
60
30
20
10

0 F

Thermistor 10K, B = 3890

E 3890(
] R(T) =10,000e

Endes
29815 ¥

20 10 0 10 20 30 40 50 60 70 80 90

Temperature, C

Thermistor 10k Table Beta = 3890

100 110 120

I 90
280
260
230
220
210

{0

T 110

100

Resistance, kohm



Simestzllic Tamosraiurs Vezsursmeant Davicss

Movement When Heated

= Spiral Bimetal

< [T Low \

L Expansion Glass Tube
T Material \

Mounting Clip

Mercury Bubble

L High
' =-— Expansion
Material

Fixed End

/

Connecling Wires

Bimerallic Temperature Sensor

Mercury Switch

Fivot

I: ~ j

Inuar/ Cnpper/

Raod Tube

Amplifiar

Bimetallic Temperature Contral \Gase

Rod-and-Tube Sensors




Simestzllic Tamosraiurs Viszsursmeant Davices

DiallGauge

Double helical bimetallic

/T

Elamant
free end N
fizing

Bimetallic thermometer.



http://www.omega.com/ppt/pptsc.asp?ref=A_R_DIALTEMP&nav=
http://www.omega.com/ppt/pptsc_lg.asp?ref=Sanitary_DialTemps&Nav=

Simestzllic Tamosraiurs Viszsursmeant Davices

Thermal expansion of metal
- Ly -

Eiﬁﬁﬁ!ﬁﬁ!ﬁiﬁ_{, At temperature T,
VLLLLLLL L LTI avvemperaiune 7,

1‘-_—_"'1 -

Ly=Ll+HT,—-T,)

where 7 is defined as the coefficient of linear thermal expansion. (The relationship
does, in reality, include terms in (7, — T,)* and higher terms, but the above
equation is accurate for all practical purposes).

Typical values of 7 are, per degree Celsius:

Steel 6.7 x 10°¢
Copper 16.6 x 10°°
Aluminium 25 x 107"

Ex: How much will a 4 m-long copper rod expand when the

temperature is changed from 0 to 100°C?



Sirnetallic Temoarziurs Veasursment Davicss

The deflection of the free end of 4 spiral or helix clamped at

t e oiler end is given by

R = ITL

where R 15 the angular rotation in radians
F o is the Flexivity
L is the developed length of the coiled strip in inches
t is the thickness in inches.
T is temperature change in degrees F.

For most bimetals F is equal to 14 times the difference in
thermal coefficient of linear expansion of the high and low
expanding components,



Simetallic Tamoaraiurs Vezasursment Davicss (Dizl Caitjejs)

Bi-Metallic Strip

bimetallic helix




Free End

Spiral Wound
Element

Fixed End

Rotating Shaft

Free End Attached
to Pownter Shaft

Fixed End

Figure 7-3. Bimetallic dial thermometer




Fluic Exoznsiorn (Boturcon tuos tnarmormsisr)

C-type
Bourdon tube

Steel bulb -

Capillary tube —, =~ Pointer

N
%

N
N

Adjustable link —

Typical liquid-flled thermometer.

Dial Gauge (Bourdoen tube thermometer)


http://www.omega.com/ppt/pptsc.asp?ref=VA_GA_GAS_THERMOM&nav=

Fluicl Exozinsior)

Spring
Post
1
ﬁ ——
L)
.,
N | N
Bulb Capillary Diaphragm

Capillary Sensors



Flow Vlezisuremneant

Example often use flow measurement

No | Applied principle Measurement Devices Category

1 | Fluid velocity Pitot tube Insertion
Ultrasonic, Laser Doppler Non-Invasive
Hot wire Insertion

2 | Pressure different | Orifice plate Obstruction
Flow nozzle Obstruction

3 | Fluid momentum Turbine Insertion

(force) Paddle wheel, Insertion

Rotametor Insertion
Positive Displacement Insertion
Vortex Insertion




Elow Vlezisturarne

Pitot tube

Static pressure (in) ports

Flow o3
Total pressure N
{in) port / Coaxial tubes

L L __, Static pressure

H— {out)

Total pressure
(out)

Industrial Standard Pitot tube

<< Apply to measure air-craft velocity



Elow Vlezistura s
Pitot tube

Secti largéd
%0 show detal)

Fig.3 — Pitot Tube senses total and static pressure.
Manometer measures velocity pressure -

(Difference between total and static pressures).

Pitot—Static Pressure Probe

For a steady, incompressible, isentropic flow, equation 9.16 can be written at
any arbitrary point x in the flow field as

l >
=P, +—pU;
I 5 .P .

<



Elow Mlezisurarnari
Pitot tube

Pv =P — Px :_pUil

Here p,, the difference between the total and static pressures at any point in the
flow, is called the dynamic pressure. The determination of the dynamic pressure of
a moving fluid at point x would provide a method for the estimation of the local
velocity existing at point x. From (9.30),

U = |28Py _ [28(p—p.) (P1)

Y NV op

The pitot—static pressure probe is relatively insensitive to misalignment over the
yaw angle range of £15°. When possible, the probe can be rotated until a maxi-
mum signal is measured, a condition that is indicative of alighment with the mean
flow direction. However, the probes have a lower velocity limit of use which is
brought about by strong viscous effects in the entry regions of the pressure ports.
In general, viscous effects should not be a concern, provided that the Reynolds
number based on the probe radius, Re, = Ur/v > 500 where v is the kinematic vis-



Elow Vlezisturarne

Pitot tube

cosity of the fluid. For 10 < Re, < 500, a correction to the dynamic pressure shoule

be applied, p, = C, p,, where

B o
Re

T

and p, is the dynamic pressure indicated by the probe. However, even with thi
correction the uncertainty (bias limit) in measured dynamic pressure will be on the
order of 40% at Re, = 10 but decreases to 1% at Re, = 500. ‘

In high-speed gas tlows, compressibility ettects near the probe leading edge ne
cessitate a closer inspection of the governing equation for a pitot—static pressut
probe. which states the energy balance for a perfect ga‘g between the freestream

and a stagnation point,

2
L @~
28

C



Elow Vlezisturarne

Pitot tube

For an isentropic process, the relationship between temperature and pressure cai

be stated as

1 )] (ﬁ}(k—l)lk
I\ p

where k is the ratio of specific heats for the gas, k = ¢,/c,. The Mach number of |
moving fluid relates its local velocity to the local speed of sound,

where the acoustic wave speed, or speed of sound, is defined for a perfect gas as

a = kRTg,



Elow Vlezisturarne

Pitot tube

where 7T is the absolute temperature of the gas. Combining equations
and using a binomial expansion yields the relationship between total pressure

and static pressure in a moving compressible Tlow,

p\,=p,—p:-2i-pU2[]+M2/4+(2—k)M“/24) + -] (P2)

C

It is apparent that equation 9.37 reduces 1O equation 9.31 when M < 1. The error
in the estimate of p, based on use of equation 9.31 relative to the true dynamic
pressure becomes significant for M > 0.2 as shown in Figure 9.24.

For M > 1, the local velocity can be estimated by the Rayleigh relation

U =\2g [kitk— DI@/p)(pp)* " = 1]

where p and p, must be measured by independent means.



Elow Vlezisturarne

Pitot tube

Relative error in the dynamic pressure between
using equations P1 and P2 at increasing flow speeds.
1.05

Equation P2
(3 terms)

1.00 |

D o e T e e e—— WSS FEeS S S— = ~"'—-—~

=
5 095
& Equation P1
2,
0.90 |—
0.85 I l |
0.0 0.2 04 0.6 08 1.0

Mach number
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Ultrasonic

Transit Time Meter Basic Theory

EESIFLO SO0 Flowmeter

A

i

s )

Transit Time Meter Basic Theory

198 w3 /HR

EESIFLO 5000 Flowmeier

Time B-A=4

Time A-B =3
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Ultrasonic

Clamp on Doppler Series Flowmeters

Zmt  mow

EESIFLO 300 Flowmeter

Signal Output

TRANSMITTING RECEIVING
ELEMENT ELEMENT

. . WA Y - LR 4 S
L T A RN b r
= by AT « " FLOW ’
L 2 4 - -« DIRECTION
. Mm '.40.0- _.-"'4 4
! .’:REFLE(‘:TOJ?S. <L _,.t-~.\.
e e




Flow Mlezisursrnesnt

Ultrasonic

Clamping Downstream &7

Fixture Transducer r p 5~
S ’

N Preamplifier

PT878GC ¥ & Tronsducer
Preamplifier R




Elow Vlezisturarne

Pressure Differential Meter

The operating principle of a pressure differential meter is based on the relation-
ship between volume flow rate and the pressure drop Ap = p, — p., along the flow
path, -

0= (py~p,)

where the value of n equals one for laminar flow occurring between the pressure
measurement locations and n equals one-half in fully turbulent flow,

An intentional reduction in flow area will cause a measurable local pressure
drop across the flow path. The reduced flow area causes a local increase in veloc-
ity. So the pressure drop is in part due to the so-called Bernoulli effect, the inverse
relationship between local velocity and pressure, as well as flow energy losses.
The class of pressure differential meters that use such methods is commonly called
obstruction meters. A special class of pressure differential meters alter the flow in
such a manner as to force the flow to become laminar (Re,, < 2000) between two
locations of pressure measurement. This class is known as laminar flow meters.



Elow Vlezisturarne

Pressure Differential Meter

Flow area profiles of common obstruction meters.

(a) Square edged orifice plate meter. (b)) ASME long radius nozzle.
(¢) ASME Herschel venturi meter.

#
\“,IIIIIIIII
\\\\\\ ]

Al SOEEeResa IR (b) ASME long radius nozzle.
Flow M\\\\\\\\\\\\\\\\\\\\\\\\
—e

SAANNEN \\\\\\\\\\\\\\

(¢) ASME Herschel venturi meter.



Elow Mlazisursrrnani

Control volume concept as applied between two
streamlines for flow through an obstruction meter.

Fig. 10.4 Eddy recirculation regions
R s

Vena contracta

consider the energy equation written between two control surfaces for an in-
compressible fluid flow through the arbitrary control volume shown. It can be as-|
sumed that (1) no external energy in the form of heat is added to the flow, (2) there
is no shaft work done within the control volume, and that the flow is (3) steady
and (4) one-dimensional. This yields ‘

rre 72
ﬂ+Ul=p2+U2+hL.2 (10.8)
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where 7, , denotes the head losses occurring due to frictional effects between con-
trol surfaces | and 2. From conservation of mass (equations 10.4 and 10.6),

Substituting {/, into (10.8) and rearranging yields the incompressible volume flow
rate,

;= [_]-ZA2 - A, - | 2(p; — P2) +2ghL1_3 (109)
[1-(4r4)] p

where the subscript I is used only to emphasize that (10.9) yields an incompress-
ible flow rate. Later we drop the subscript.

When the flow area changes abruptly, the effective flow area immediately
downstream of the alteration will not necessarily be the same as the pipe flow
area. This is due to the vena contracta effect, originally investigated by Jean Borda
(1733-1799) and illustrated in Figure 10.4. This effect is brought about by an in-
ability of a fluid to expand immediately upon encountering an area expansion due
to the inertia of each fluid particle. This forms a central core flow bounded by re-
gions of slower moving recirculating eddies. As a consequence, the pressure sensed
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with pipe wall taps located within the vena contracta region will correspond to the
higher moving velocity within the vena contracta of unknown flow area, A,. The
unknown vena contracta area will be accounted for by introducing a contraction
coefficient C,, where C, = A,/A,, into (10.9). This yields

C.Ay 2 ‘
8= = I (10.10)

[l—(CcA‘,/A, )2] | p

The frictional head losses can be incorporated into a friction coefficient, C,,
such that (10.10) becomes

—_——

0 = — ik e \/Mp (10.11)
[‘I_(CCA[)/AI) ] P

For convenience, the coefficients are factored out of (10.11) and replaced by a sin-
gle coefficient known as the discharge coefficient, C, and (10.11) becomes

12

O, =CEA \!T (10.12)
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where E, known as the velocity of approach factor, is defined by

1 _ |
[l—[AUfA. )z]lﬂ (1-B*)"-

with B = d,/d,. In engineering handbooks, the product CE is often represented by
the flow coefficient, K.

The discharge coefficient can be defined as the ratio of the actual flow rate
through a meter to the ideal flow rate possible for the pressure drop measured. As
shown, it is derived from frictional effects and vena contracta effects. Both effects
alter the flow rate from ideal flow concepts. Due to its nature, C will depend on
the flow Reynolds number and the B ratio, d,/d,, for each particular obstruction
tlow meter design. Because the magnitude of the vena contracta and head loss ef-
fects must vary along the length of a meter, the flow rate estimate based on pres-
sure drop is very sensitive to pressure tap location, and consistency in tap place-
ment is imperative for correct operation [2].

E

Il

(10.13)
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Compressibility Effects

In compressible gas flows, compressibility effects change the value of the dis-
charge coefficient. Rather than modify C, it is customary to introduce the com-
pressible adiabatic expansion factor, ¥, defined as the ratio of the actual compress-

ible volume flow rate, Q, divided by the incompressible flow rate Q,. Combining
with (10.12) yields

|
O=Y0,=CEAY fz—Aﬁ

(10.14)
\ P

Equation 10.14 represents a general form of the working equation for obstruction
meter volume flow rate determination. .

The value for the expansion factor, ¥; depends on several valpes: the [ ratio, th
particular gas specific heat ratio, k, and the relative pressure ratio across Fhe mete
(p, — p»)/p,, for a particular meter type. As a general rule, compressxbll.lty eff,‘ a
become important when (p, — p,)/p, = 0.1. Note that when ¥ = 1, equations 10.12
and 10.14 become identical.
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FIGURE 10.5 Square-edged orifice meter installed 1n a pipeline
with optional 1D and 3D, and flange pressure taps shown. Relative
flow pressure drop along pipe axis is shown.
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Square-edged orifice Meter

For an orifice plate, equation 10.14 is used with values of A and [ being based
on the orifice hole diameter. The exact location of the pressure taps is crucial
when tabulated values for flow coefficient and expansion factor are used. Standard
pressure tap locations include (1) flange taps where pressure tap centers are lo-
cated 25.4 mm (1 in.) upstream and 25.4 mm (1 in.) downstream of the nearest
orifice face, and (2) taps located one pipe diameter upstream and one-half diame-
ter downstream of the upstream orifice face. Nonstandard tap locations require on-
site meter calibration.

Values for the flow coefficient as functions of B and Re, and for the expansion
factor as functions of k and (p, — p,)/p, for a square-edged orifice plate are given
in Figures 10.6 and 10.7 based on the use of flange taps. Uncertainty bias limits
for discharge coefficient [12] are about 0.6% of C for 0.2 < < 0.6 and B% of C
for all 3 > 0.6. Bias limits for the expansion factor are about (4(p, — p,)/p,)% of Y.
While the orifice plate represents a relatively inexpensive flow meter choice that
provides an easily measurable pressure drop, it introduces a large permanent pres-
sure loss, (Ap),, into the flow system. The magnitude of pressure drop is illus-
trated in Figure 10.5 with the pressure loss estimated from Figure 10.8.
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Square-edged orifice Meter
FIGURE 10.6 Flow coefficients for a square-edged orifice meter

having flange pressure taps. (Compiled from data in [2]).
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Expansion factor, Y
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FIGURE 10.7 Expansion factors for common obstruction meters
with k= c,/c, = 1.4. (Courtesy of American Society of Mechanical
) Engineers, New York, NY; compiled and reprinted from [2].)
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Common properties for air are indicated the table below

Temperature
_f-

(°C)

-150
-100
-5l
0
20
40
B0
80
100
120
140
160
180
200
250
300
350
400

Density
p-
(kg/m’)
2.793
1.980
1.534
1.293
1.205
1.127
1.067
1.000
0.946
0.898
0.854
0.815
0.779
0.746
0.675
0.616
0.566
0.524

Specific heat
capacity
- Gp -

(kg K)
1.026
1.009
1.005
1.005
1.005
1.005
1.009
1.009
1.009
1.013
1.013
1.017
1.022
1.026
1.034
1.047
1.085
1.068

Thermal
conductivity
-
(Wm K)
0.0116
0.0160
0.0204
0.0243
0.0257
0.0271
0.0285
0.0299
0.0314
0.0328
0.0343
0.0358
0.0372
0.0386
0.0421
0.0454
0.0485
0.0515

Kinematic

viscosity
- v_

(m*/s) x 10°
3.08
5.95
9.55
13.30
15.11
16.97
18.90
20.94
23.06
25.23
2755
29.85
32.29
34.63
4117
47.85
55.05
62.53

Expansion
coefficient
b

(1K) x 107
8.21
5.82
4.51
3.67
3.43
3.20
3.00
2.83
268
255
2.43
232
2.21
2.11
1.91
175
1.61
1.49

Prandtl's
number
_P,.-
0.76
0.74
0.725
0.714
0.713
0.711
0.709
0.708
0.703
0.70
0.695
0.69
0.69
0.685
0.68
0.68
0.68
0.68
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In the S| system the dynamic viscosity units are N s-.l'mz, Pa s or kg/m s where

« 1Pas=1Ns/m2=1kg/ms

The dynamic viscosity is also often expressed in the metric CGS (centimeter-gram-second) system as g/em.s, dyne.s."cmz
or poise (p) where

= {1 poise = dyne sfem? = gicms=1/10Pa s

Far practical use the Poise is to large and it's usual divided by 7100 into the smaller unit called the centiPoise (¢P) where

« 1p=100cF
t
I Water at 68.4°F (20.2°C) has an absolute viscosity of one - 1 - centiPoise.

Kinematic Viscosity

is the ratio of absolute or dynamic viscosity to density - a quantity in which no force is involved. Kinematic viscosity can be
obtained by dividing the absolute viscosity of a fluid with it's mass density

v=p/p (2)

where

v = kinematic viscosity

u = absolute or dynamic viscosify
p = density

In the Sl-system the theoretical unit is m2/s or commaonly used Stoke (St) where

« 15t=10%m?s
Since the Stoke Is an unpractical large unit, it is usual divided by 700 to give the unit called Centistokes (¢cSt) where

« 1St=100 ¢St
« 1¢St=100m2s

Since the specific gravity of water at 68.4°F (20.2°C) is almost one (1), the kinematic viscosity of water at 68.4°F is for all
practical purposes 1.0 ¢S5t
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VARIABLE AREA FLOWMETERS 2
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Rotameter

100
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Variable area flowmeter, also called a
rotameter, has a float that mowves up or
down in a tapered tube. The distance it
moves is proportional to the liquid flowrate
and the annular area between the fioat
and the tube well.
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The rotameter remains a widely used insertion meter for flow rate indication. As
depicted in Figure 10.18, the meter consists of a float within a vertical tube, ta-
pered to an increasing cross-sectional area at its outlet. Flow entering through th_':
bottom passes over the float, which is free to move. The basic principle of the d.'__;',
vice is based on the simple balance between the drag force, F, and the weight, W,
and buoyancy forces, Fy, acting on the float in the moving fluid. It is the dra ,
force on the float that varies with the average velocity over the float.

FIGURE 10.18 Rotameter.
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Rotameter
The force balance in the vertical direction y yields

S F,=0=—Fy+ W-F, (10.29)

or with Fy, = Cp3pAU?, W=p,V,, and Fy = pV,,
1 —
Co o pAU *=g(py —P)V% (10.30)

where

p, = density of float
p = density of fluid
C,, = drag coefficient of the float; C, = f(Re)
A, = tube cross-sectional area
U = average velocity past the float
V, = volume of float

In operation, the float will rise to some position within the tube at which such a
force balance exists. The height of this position increases with flow velocity and,
hence, flow rate. This flow rate is found by

1/2

0=UA=|Ck | Ay (10.31)
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where A,(y) is the annular area between the float and the tube, which depends on
the height of the float in the tube, and X, is a constant depending on the meter de-
sign and fluid in use. Since annular area is a function of float position within the
vertical tube, the float’s vertical position gives a direct measure of flow rate which
can be read from a graduated scale, electronically sensed with an optical cell, or
detected magnetically. Floats with sharp edges are less sensitive to fluid viscosity
changes with temperature. Rotameters are used in noncritical applications where
accuracy is not of prime concern. Uncertainty bias limits of +2% of flow rate
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Rotameter

Flowmeters Operating Principle of
FL-O Serles
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Rotameter
VARIABLE AREA FLOWMETERS
Flow Reference Section Dust sode il
Retaining Body Flow Guard Assembl
Ring Indicator
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Flow

End
Fitting Spider Metering Magnet/

Piston-type Variable Plate Cone Piston Spring
Area Flowmeter Assembly
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When external forces are applied to a stationary object,

. stress and strain are the result. Stress is defined as the
object's internal resisting forces, and strain is defined as
the displacement and deformation that occur. For a

= uniform distribution of internal resisting forces, stress
can be calculated (Figure 2-1) by dividing the force (F)

’

applied by the unit area (A):

Stress (o) = F/A

Strain is defined as the amount of deformation per unit length of an object

when a load is applied. Strain is calculated by dividing the total deformation
of the original length by the original length (L):

{li

Strain (£) = (A L)J/L



http://en.wikipedia.org/wiki/File:Strain_gauge.svg
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Definitions of Stress & Strain
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Foil strain gauges are used in many
situations. Different applications place
different requirements on the gauge. In
most cases the orientation of the strain
gauge is significant.

Strain gauge based technology is utilized
commonly in the manufacture of pressure
sensors. The gauges used in pressure
sensors themselves are commonly made
from silicon, polysilicon, metal film, thick
film, and bonded foil.

Digital Load Cell


http://en.wikipedia.org/wiki/File:StrainGaugeVisualization.png
http://en.wikipedia.org/wiki/Pressure_sensor
http://en.wikipedia.org/wiki/Pressure_sensor
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Strain gauge is a resistive elastic unit whose change in resistance is a
function of applied strain.

dR
R

— =. G 4.1

where R is the resistance,

€ is the strain,

and GF is the strain sensitivity factor of the gage material
(GF, gage factor value normally is suppied by manufacturer)

A wire strain gage is made by a resistor, usually in metal foil form, bonded

on an elastic backing. Its principle is based on fact that the resistance of a

wire increases with increasing strain and decreases with decreasing strain,
as first reported by Lord Kelvin in 1856.
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Consider a wire strain gage, as illustrated above. The wire is composed of a

uniform conductor of electric resistivity p with length | and cross-section area
A. Its resistance R is a function of the geometry given by

I
R:px 4.2

The resistance change rate is a combination effect of changes in length,
cross-section area, and resistivity.

dR:%dl—A dA+— dp 4

drR dlI dA dp .l

R | A Yo,
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Ex4.1 Determine the total resistance of a copper wire having a diameter of
1 mm and a length of 5 cm. The resistivity of copper is 1.7x10° Q-m.



Sirzin Vlezsurame i

Ex4.2 A very common material for the construction of strain gauges is the alloy
Constantan (55% copper with 45% nickle), having resistivity of 49 x10® Q-m.
A typical strain gauge might have a resistance of 120 Q2. What length of con-
Stantan wire of diameter 0.025 mm would yield a resistance of 120 Q.
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When the strain gage is attached and bonded well to the surface of an object,
the two are considered to deform together. The strain of the strain gage wire
along the longitudinal direction is the same as the strain on the surface in the
same direction.

g =20 4.5

However, its cross-sectional area will also change due to the Poisson's ratio.
Suppose that the wire is cylindrical with initial radius r. The normal strain
along the radial direction is,

dr di

Ey = =—V&H=—vV— 4.6
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=T
D _F
-

Traverse Strain (£y) = AD/D
Longitudinal Strain (g]) = AL/L
Poisson Ratio (1) = - D)/ {ALAL)] = -(er./2])

Poisson Strain
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The change rate of cross-section area is twice as the radial strain, when the
strain is small.

dA di 47

The resistance change rate becomes

di dl dA d df  d
e B e
E {f A p { fe

=(142v)g + & 4.8

~
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For a given material, the sensitivity of resistance versus strain can be
calibrated by the following equation.

GF = 5 dﬂfﬁ
£}
—142v4 ﬁ;!"pfp 4.9
=

When the sensitivity factor S or Gauge Factor GF is given, (usually provided
by strain gage vendors) the average strain at the point of attachment of the
strain gage can be obtained by measuring the change in electric resistance

of the strain gage.

_dR[R AR

o o K
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Measuring Circuits

In order to measure strain with a bonded resistance strain gage, it must be
connected to an electric circuit that is capable of measuring the minute
changes in resistance corresponding to strain. Strain gage transducers
usually employ four strain gage elements electrically connected to form a
Wheatstone bridge circuit (Figure 4.1). A Wheatstone bridge is a divided
bridge circuit used for the measurement of static or dynamic electrical
resistance. The output voltage of the Wheatstone bridge is expressed in
millivolts output per volt input. The Wheatstone circuit is also well suited for
temperature compensation.

In Figure 4.1, if R1, R2, R3, and R4 are equal, and a voltage, VIN, is applied
between points A and C, then the output between points B and D will show no
potential difference. However, if R4 is changed to some value which does not
equal R1, R2, and R3, the bridge will become unbalanced and a voltage will
exist at the output terminals. In a so-called G-bridge configuration, the variable
strain sensor has resistance Rg, while the other arms are fixed value resistors.
The sensor, however, can occupy one, two, or four arms of the bridge,
depending on the application. The total strain, or output voltage of the circuit
(VOUT) is equivalent to the difference between the voltage drop across R1
and R4, or Rg. This can also be written as:
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Vaour=Veo - Vee

Figure 4.1: Wheatstone Bridge Circuit Schematic
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A strain gauge, having a gauge factor of 2, is mounted on a rectangular steel
bar (E,, = 200 x 10° kN/m2), as show on Fig 1. The bar is 3 cm. wide and 1
cm high, and is subjected to a tensile force of 30 kN. Determine the resistance

change of the strain gauge, if the resistance of the gauge was 120 Q in the
absence of the axial load.
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Apparent Strain

Apparent strain is any change in gage resistance that is not caused by the
strain on the force element. Apparent strain is the result of the interaction of
the thermal coefficient of the strain gage and the difference in expansion
between the gage and the test specimen. The variation in the apparent strain
of various strain-gage materials as a function of operating temperature is
shown in Figure 4.2.

In addition to the temperature effects, apparent strain also can change
because of aging and instability of the metal and the bonding agent.
Compensation for apparent strain is necessary if the temperature varies
while the strain is being measured. In most applications, the amount of error
depends on the alloy used, the accuracy required, and the amount of the
temperature variation. If the operating temperature of the gage and the
apparent strain characteristics are known, compensation is possible.
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Figure 4.2: Apparent Strain Variation with Temperature
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(a) Method 1 (b) Method 2

E A
Hilil-
1
Actlve gauge
"‘"‘% ——————— 74
— Py
Same
material Comgpaeungs:tmg |
and Test specimen
temperature

Fig 4.3 Bridge arrangements for temperature compensation
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Calculate the change in length of a steel rod (E, = 20 x 10" Pa) which
has a length of 0.3 m and a diameter of 5 mm. The rod supports a mass of
50 kg in a standard gravitation field in such a way that a state of uniaxial
tension is created in the rod.
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Compare the resistance of a volume of © X 10” m’ of aluminum wire hav-
ing a diameter of 2 mm, with the same volume of aluminum formed into
1-mm-diameter wire. (The resistivity of aluminum is 2.66 X 10 Q-m.)
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" A conductor made of nickel (p. = 6.8 x 10™ Q-m) has a rectangular cross
section 5 X 2 mm and is 5 m long. Determine the total resistance of this

conductor. Calculate the diameter of a 5-m-long copper wire having a cir-
cular cross-section which yields the same total resistance.
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Consider a Wheatstone bridge circuit having all resistances equal to 100 Q.
The resistance R, is a strain gauge that cannot sustain a power dissipation
of more than 0.25 W. What is the maximum applied voltage that can be
used for this bridge circuit? At this level of bridge excitation, what is the
bridge sensitivity?
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A resistance strain gauge with R = 120 Q and a gauge factor of 2 is placed

in an equal-arm Wheatstone bridge in which all the resistances are equal

to 120 Q. If the maximum gauge current is to be 0.05 A, what is the maxi-
~mum allowable bridge excitation voltage?
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A strain gauge having a nominal resistance of 350 Q and a gauge factor of
1.8 is mounted in an equal-arm bridge, which is balanced at a zero applied
strain condition. The gauge is mounted on a 1-cm’® aluminum rod, having
E. =70 GPa. The gauge senses axial strain. The bridge output is 1 mV for
a bridge input of 5 V. What is the applied load. assuming the rod is in uni-
axial tension?
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Material B4 Resistivity [Q-m] at 20 °C | Temperature coefficient” [K™1] | Reference
B4

Silver 1.59x107 8 0.0038 [1112]
Copper 1.68x1072 0.0039 [2]
Gold 2.44%x108 0.0034 [1]
Aluminium 2.82x1078 0.0039 [1]
Calcium 3.36x10 78 0.0041
Tungsten 5.60x10~8 0.0045 [1]
Zinc 5.90x107% 0.0037 [3]
Nickel 6.99x10~9 0.006
Iron 1.0x10~7 0.005 [1]
Platinum 1.06x10~7 0.00392 [1]
Tin 1.09x10~ " 0.0045
Lead 22x10~7 0.0039 [1]
Manganin 4.82x10~" 0.000002 [4]
Constantan 4.9x10~7 0.000008 [5]
Mercury 9.8x10~7 0.0009 [4]
Nichromel®] 1.10x1078 0.0004 [1]
(anz?;huus) 5-8x1074 ~0.0005 [11[7]
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Caron apnae)l S0 e e
E?;Tnd][m] i [11]
Germaniuml10] 4.6x1071 -0.048 [1112]
seawater 2%10~1 ?

Siliconl19] 6.40x102 -0.075 [1]
Glass 1010 to 1014 ? [11[2]
Hard rubber approx. 1013 ? [1]
Sulfur 1012 ? [1]
Paraffin 1017 ?

Quartz (fused) 7.5x1017 ? [1]
PET 1020 ?

Teflon 102 to 1024 ?

*The numbers in this column increase or decrease the significand portion of the resistivity. For
example, at 30 °C (303 K), the resistivity of silver is 1.65x1072. This is calculated as Ap = a AT pg

where p,, is the resistivity at 20 *C (in this case) and a i1s the temperature coefficient.
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dR{R AR

£) =———f3 —

= R

To convert the change in resistance to strain, the sensitivity factor 5 of the strain
gage material must first be determined. The sensitivity factors of common strain gage
materials are listed in the following table. Platinum and Nickel which are not used in
the pure form are listed for comparison purposes only.

Material Sensitivity (5)
Platinum (Pt 100%) 6.1
Platinum-Indium (Pt 95%, Ir 5%) 5.1
Platinum-Tungsten (Pt 92%, W 8%) 4.0
Isoelastic (Fe 55.5%, Mi 36% Cr 8%, Mn 0.5%) * 3.6
Constantan / Advance / Copel (M 45%, Cu 55%) * 2.1
Michrome V (NI 80%, Cr 20%) * 2.1
Karma (Ni 74%, Cr 20%, Al 3%, Fe 3%) * 2.0
Armour D (Fe 70%, Cr 20%, Al 10%) * 2.0
Monel (Ni 67%, Cu 33%) * 1.9
Manganin {Cu 84%, Mn 12%, Ni 4%) * 0.47
Nickel (Ni 100%) -12.1

* Isoelastic, Constantan, Advance, Copel, Nichrome V, Karma, Armour D, Monel, and
Manganin are all trade names owned by the respective owners.



Basic Op-Amp circuit

Vgt

Vout

S
=

Vs-

Operating Amplifier - Symbol Ideal Op-Amp



Basic Op-Amp circuit

Comparator

+ TV

Y
1{? out

— V.

Compares two voltages and switches its output to indicate which voltage is larger.

L Ve ViV
out I;‘, ) 1[*1 < 1“;'3

(where I is the supply voltage and the opamp is powered by + V. and — V)



Basic Op-Amp circuit

Inverting amplifier

R¢

out

An inverting amplifier uses negative feedback to invert and amplify a voltage. The R resistor allows
some of the output signal to be returned to the input. Since the output is 1807 out of phase, this
amount is effectively subtracted from the input, thereby reducing the input into the operational
amplifier. This reduces the overall gain of the amplifier and is dubbed negative feedback.!?]

I_."' Hf r
‘out — — 5 Yin
jri:.'in
The gain of the amplifier is determined by the ratio of R to R;,. That is:
_ Iy



Basic Op-Amp circuit

Non-inverting amplifier

out




Basic Op-Amp circuit

Differential amplifier

R
Rl
v, —A—
V°_M Vout
(,Rr—l- Rl:) Rg R
1'Hr:-ul_ - LE_—ll
(R, + Ry) R, R,



Basic Op-Amp circuit

Voltage follower

Vin V

out

Used as a buffer amplifier to eliminate loading effects (e.g., connecting a device with a high source
impedance to a device with a low input impedance).

r Ir
I'Dut — 1 in

Zi" — O (realistically, the differential input impedance of the op-amp itself, 1 MQ to 1 TQ)

Summing amplifier

_ Ry
Vao—VWAA—
'-IH'.II.'HI.'_'
R, R¢
V; o— WA VA A summing amplifer sums several (weighted) voltages:
iy ViV V,
V, o—yNN—L= : Vo, =R L2 I
1 " Vou: out — f T + T
- ( HI RE Rﬂ.




Basic Op-Amp circuit

Instrumentation amplifier

The most commonly used instrumentation amplifier circuit is shown in the figure. The gain of the
circuit is

[J--Lut — (14 2R1 R:’}
1-“5 —_ 1’1 Rgil.in RE




Analog to Digital Converter

(ADC , Ex Successive-Approximation method)

Analog Sample signal ™\ Comparator
”'”)“T r—) albd -

signal hold
\ /
U l
Analog Vg — D/A Converter
relarence
R ' -<
Qutput register
Start control logic i LR
conversion
b
| Clock = Oulpul

Figure 4.8 Successive-approximation converter with a sample-and-hold device and
control logic. vV

Digital Out = D, = INT _ (Unipolar)
Vref /(2 _l)




output

zount

,_
oirn
!;“_:w.‘ll

1111
1110
1101
1100
1011
1010
1001
1000
0111
0110
0101
0100
Q011
0010

0001

Analog to Digital Converter (ADC)

16

Maximun

quantization
uncertainty

FSV = LSB

| |

) 7 8 9 10 11 12 13 14 1D FSV
16 16 16 16 16 16 16 16 16 16

!
Analog voltage inpul ggy



Analog to Digital Converter (ADC)

DAC : Digital to Analog Converter
(Applied for Successive-Approximation ADC)

CR ) ol B Q f
MSB BIT BIT LSB R, = 2'R;
) ] ] )
| | | |
| | | | Fo
} { = | lhur bu:
1 OPIC gale
: : : | RiC galt
| | ‘ | Al”q'f
| | | |

' / o Y ‘ /
/ / ’
\\{': | \\I,' 1 \(_)

(§] 0

e R,=5kQ
10 k2 20 kQ 40 kf) 80 k2 "/\NL
™S
R,
Current summing bus \\:
’
\WV/ 4 // . 2
V I 7~ u,=-R,Yi
L "
\ ' 4
V

Figure 4.5 Schematic diagram of a simple 4-bit digital-to-analog converter.

K, 1s the resistance of the ny, bi
Ry 1s the feedback resistance on the operational amplifier



Rassive Eilter (@St ordenitow RPassrandriEightPass

l‘
g L ) a — RC High-Pass filter

b — RC Low-Pass filter
4] R L

(a)




Rassive Ellterd(@sordenfowRPassrandiEHightRass

Vo/V

1.200

1.000

0.800

0.600

0.400

0.200

0.001 1

2 3 4 5
fifn

—— Low pass — High pass

6

7

8

9

10

Low pass
V, B 1
V. 2
(fj +1°
f,
High pass
V, B 1
V. 2
gE
f
1



Siejnzl Corelitiornine

(Us= 0o-Armo cireuits to rezifrzipie)s ine inotit siejriz)

Ex SC1

10 kQ

100 kQ VW
e AMA—

°—~NV‘—'—>— 5%
+

10 kQ )
%'100 Q Vref =10 V

v




Siejnzl Cornelitiorine

Ex SC2

1000 kQ 1000 kQ

W

10kQ 100 kQ 10kO
vy | 10kQ
N A
: o [ Digtarou]
[ oYW >—-=< e
1000kQ 1000 kQ A1
-

Tensile force = 1000 N,
rod bar dia. 2 cm

E = 70 x 10° kN/m? Vret=5V

Gauge Factor = 2




Signzl Canclitionine (Qo-=-Armo 0:sie cirei)

Ex SC3 From Ex SC2, if the load is varied on the range 1kN — 100kN. Find
signal conditioning circuit to obtain output range within 1-5 V.
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