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Desirable Temperature Sensor Characteristics
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Thermocouples

1. Seebeck effect. It states that the voltage produced in a thermocouple is pro-
portional to the temperature between the two junctions.

2. Peltier effect. 1t states that if a current flows through a thermocouple one junc-
tion i1s heated (puts out energy) and the other junction is cooled (absorbs energy).

Vs
Iron ? The voltage output
i beingthe temperature
Th
(H;;nf:.ﬁ?:f Vout difference between the
' Js two dissimilar junctions
Jy Constantan | : (Vox= V3-V2)
| ' Vs :
‘| T ? $ The reference
HEA‘ (Cold) Junction
Cold Hot

Junction Bismuth Junction
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Connectors Connectors

ANSI/ASTM E-230 - I 3
olor Lodin e plor Coding

Code Thermocouple Extengslon st ermocouple 3 ole[=
Grade Grade ang ade afe

-210 10 1200°C
-346 to 2193°F

-27010 1372°C
-454 to 2501°F

- + %
—| -270t0 400°C = W
454 10 752°F
27010 1000°C + +
45410 1832°F s "
+
270 t0 1300°C > &
-450 t0 2372°F -
+ +
5010 1768°C > _ »
58 t0 3214°F

ESTABLISHED

-50 t0 1768°C
~58 10 3214°F

NONE
ESTABLISHED
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Thermocouples

Type Positive wire Negative wire Plug Temp. range
characteristic characteristic
T Copper (blue) Constantan (red) Blue -300 to 700 °F
yellow colored silver colored
J Iron (white) Constantan (red) Black 32 to 1400 °F
magnetic, rusty? non-magnetic
E Chromel (violet) Constantan (r[gd) Violet 32 to 1600 °F
shiny finish dull finish
K Chromel (yellow) Alumel (red) Yellow 32 to 2300 °F
non-magnetic magnetic
N Nicrosil (orange) Nisil (red) Orange 32 to 2300 °F
S Pt90% - Rh10% (black) Platinum (red) Green 32 to 2700 °F
B Pt70% - Rh30% (grey) Pt94% - Rh6% (red) Grey 32 to 3380 °F
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Notation: E = Emf = Electromotive Force = Thermoelectric Voltage
S = dE/dT = Seebeck Coefficient = Sensitivity
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Thermocouples l

Iron (Fe) wire

—

\

Junction Voltage

Copper (Cu) wire /

Junction
Iron ;?
~ % Voltmeter
+ Copper [~
Junction ? 9
Jl -
Copper .Copper
Junction
Vmeter = VJl s VJZ ¥ -
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Thermocouple

T

Tip (Reference junction)
(Measurement) J,
Jjunction)
gy

Vi1 = Vi2 + Vineter
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°C 0 1 2 3 4 S 6 7 8 9 10

0 0.000 | 0.039 | 0.078 | 0.117 | 0.156 | 0.195 | 0.234 | 0.273 | 0.312 | 0.352 | 0.391
10 0.391 0.431 0470 | 0.510 | 0.549 | 0.589 | 0.629 | 0.669 | 0.709 | 0.749 | 0.790
20 0.790 | 0.830 | 0.870 | 0.911 0.951 0.992 1.033 | 1.074 | 1.114 1.155 | 1.196
30 1.196 1.238 | 1.279 1.320 1.362 1403 | 1445 | 1.486 1.528 1.570 | 1.612
40 1.612 1.654 | 1.696 1.738 1.780 1.823 | 1.865 | 1.908 | 1.950 1.993 | 2.036
50 2036 | 2079 | 2122 | 2.165 | 2.208 | 2.251 2294 | 2.338 | 2.381 2425 | 2.468
60 2468 | 2512 | 2556 | 2600 | 2643 | 2687 | 2732 | 2776 | 2.820 | 2.864 | 2.909
70 2909 | 2953 | 2998 | 3.043 | 3.087 | 3.132 | 3.177 | 3.222 | 3.267 | 3.312 | 3.358
80 3.358 | 3403 | 3.448 | 3494 | 3.539 | 3.585 | 3.631 3.677 | 3.722 | 3.768 | 3.814
90 3814 | 3.860 | 3.907 | 3.953 | 3.999 | 4046 | 4092 | 4138 | 4.185 | 4.232 | 4.279

0.992 —1.033




Look-Up Table for a Type T Thermocouple

-10

10
20
30

70
80

100
110

Voltage difference of the hot and cold junctions: V, = 3.409 mV

What is the temperature of the hot junction if the cold junction is at 22 °C?

-0.383
0.000

0.000
0.391
0.790
1.196
1.612

2.036
2.468
2.909
3.358
3.814

4.279
4.750

-0.345
0.039

0.039
0.431
0.830
1.238
1.654

2.079
2.512
2.953
3.403
3.860

4.325
4.798

At 22 °C, the reference junction voltage is 0.870 mV

-0.307
0.078

0.078
0.470
0.870
1.279
1.696

2122
2.556
2.998
3.448
3.907

4.372
4.845

ITS-90 Table for Type T thermocouple

-0.269
0.117

0.117
0.510
0.911
1.320
1.738

2.165
2.600
3.043
3.494
3.953

4.419
4.893

4 5 6
Thermoelectric voltage in mV

-0.231 -0.193 -0.154
0.156 0.195 0.234
0.156 0.195 0.234
0.549 0.589 0.629
0.951 0.992 1.033
1.362 1.403 1.445
1.780 1.823 1.865
2.208 2.251 2.294
2.643 2.687 2.732
3.087 3.132 3.177
3.539 3.585 3.631
3.999 4.046 4.092
4.466 4.513 4.561
4.941 4.988 5.036

7

-0.116
0.273

0.273
0.669
1.074
1.486
1.908

2.338
2.776
3.222
3.677
4.138

4.608
5.084

-0.077
0.312

0.312
0.709
1.114
1.528
1.950

2.381
2.820
3.267
3.722
4.185

4.655
5.132

-0.039
0.352

0.352
0.749
1.155
1.570
1.993

2.425
2.864
3.312
3.768
4.232

4.702
5.180

The hot junction voltage is therefore 3.409 mV + 0.870 mV = 4.279 mV
The temperature at the hot junction is therefore 100 °C

40

10

0.000
0.391

0.391
0.790
1.196
1.612
2.036

2.468
2.909
3.358
3.814
4.279

4.750
5.228



-10

110

-0.383
0.000

0.000
0.391
0.790
1.196
1.612

2.036
2.468
2.909
3.358
3.814
4.279
4.750

Voltage difference of the hot and cold junctions: V, = 4.472 mV
What is the temperature of the hot junction if the cold junction is at =5 °C?

-0.345
0.039

0.039
0.431
0.830
1.238
1.654

2.079
2512
2.953
3.403
3.860

4.325
4.798

-0.307
0.078

0.078
0.470
0.870
1.279
1.696

2.122
2.556
2.998
3.448
3.907
4372
4.845

ITS-90 Table for Type T thermocouple

-0.269
0.117

0.117
0.510
0.911
1.320
1.738

2.165
2.600
3.043
3.494
3.953

4419
4.893

3

4 5 6
Thermoelectric voltage in mV

-0.231 -0.193 -0.154
0.156 0.195 0.234
0.156 0.195 0.234
0.549 0.589 0.629
0.951 0.992 1.033
1.362 1.403 1.445
1.780 1.823 1.865
2.208 2.251 2.294
2.643 2.687 2.732
3.087 3.132 3.177
3.539 3.585 3.631
3.999 4.046 4.092
4.466 4.513 4.561
4.941 4.988 5.036

7

-0.116
0.273

0.273
0.669
1.074
1.486
1.908

2.338
2.776
3.222
3.677
4.138

4.608
5.084

-0.077
0.312

0.312
0.709
1.114
1.528
1.950

2.381
2.820
3.267
3.722
4.185

4.655
5.132

-0.039
0.352

0.352
0.749
1.155
1.570
1.993

2.425
2.864
3.312
3.768
4.232

4.702
5.180

41

10

0.000
0.391

0.391
0.790
1.196
1.612
2.036

2.468
2.909
3.358
3.814
4.279

4.750
5.228



Voltage difference of the hot and cold junctions: V, = 4.472 mV
What is the temperature of the hot junction if the cold junction is at =5 °C?

ITS-90 Table for Type T thermocouple
< 0 1 2 3 4 5 6 7 8 9 10
Thermoelectric voltage in mV
-10 -0.383 -0.345 -0.307 -0.269 -0.231 -0.193 -0.154 -0.116 -0.077 -0.039 0.000
0 0.000 0.039 0.078 0.117 0.156 0.195 0.234 0.273 0.312 0.352 0.391

0 0.000 0.039 0.078 0.117 0.156 0.195 0.234 0.273 0.312 0.352 0.391
10 0.391 0.431 0.470 0.510 0.549 0.589 0.629 0.669 0.709 0.749 0.790
20 0.790 0.830 0.870 0.911 0.951 0.992 1.033 1.074 1.114 1.155 1.196
30 1.196 1.238 1.279 1.320 1.362 1.403 1.445 1.486 1.528 1.570 1.612
40 1.612 1.654 1.696 1.738 1.780 1.823 1.865 1.908 1.950 1.993 2.036

50 2.036 2.079 2.122 2.165 2.208 2.251 2.294 2.338 2.381 2.425 2.468
60 2.468 2.512 2.556 2.600 2.643 2.687 2.732 2.776 2.820 2.864 2.909
70 2.909 2.953 2.998 3.043 3.087 3.132 3.177 3.222 3.267 3.312 3.358
80 3.358 3.403 3.448 3.494 3.539 3.585 3.631 3.677 3.722 3.768 3.814
90 3.814 3.860 3.907 3.953 3.999 4.046 4.092 4.138 4.185 4.232 4.279

100 4.279 4.325 4372 4419 4.466 4.513 4.561 4.608 4.655 4.702 4.750
110 4.750 4.798 4.845 4.893 4.941 4.988 5.036 5.084 5.132 5.180 5.228

At -5 °C, the cold junction voltage is —0.193 mV
The hot junction voltage is therefore 4.472 mV - 0.193 mV = 4.279 mV
The temperature at the hot junction is therefore 100 °C

Temperature Measurements 42



Example #2 — Type “T” Thermocouple

V, = 2.687 mV
Tur =256

Tref = 25 C > Vase = 0.992mV
V, = (2.687 + 0.992)mV = 3.679
87 — 88

T =87+ 3677 —3.722 (V—-3.677) » T, =87.044C
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. Measuring Temperature .

* To measure temperature using a thermocouple, you can’t
just connect the thermocouple to a measurement system
(e.g. voltmeter)

* The voltage measured by your system is proportional to the
temperature difference between the primary junction (hot
junction) and the junction where the voltage is being
measured (Ref junction)

know the

To determine the -
temperature at

absolute » | at
temperature at the Ref junction!
How can we

the hot junction... ,
determine the
| temperature at the

reference junction?

You need to




ath Method (Forcing a Temperature)

 Thermocouples measure the voltage difference between two points

* To know the absolute temperature at the hot junction, one must know
the temperature at the Ref junction

&2 yo Ngm ol

COPPER WIRE
+

CONSTANTAN

Type J thermocouple

N\ ICE BATH
REFERENCE REFERENCE




What is another method of determining the temperature at
the reference junction?
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Compensating for the effects of J,
using a “reference junction compensation”
circuit to generate a counter-voltage

Junction
Iron +JZ
Voltmeter
, N
Junction L
Ji
Copper
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Compensating for the effects of J,
using a second input channel to sense
ambient temperature and correcting
mathematically in the computer
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Type K temperature

indicator
Red A
Type K Reference junction
-«— thermocouple J
(Yellow + Red 2
wires)
Internal thermistor senses
temperature of reference
junction (J,) to compensate
for that junction’s effect
Measurement junction
i Jy




Type K temperature
indicator
Head .. Copper cable (Red + Black wires) ‘ ﬁ .k
@ b | .
Reference junction T
\ J; Thermistor is measuring
Type K temperature at the wrong
thermocouple location!

(Yellow + Red
wires)

Measurement junction

& J;




Type K temperature

indicator
R Reference junction
Type K J
thermocouple :
(Yellow + Red
wires)
Measurement junction
a Jy




Type K temperature
indicator
Type KX "extension" grade cable
HHH H
(Yellow + Red wires) .
\ Reference junction
Type K J
thermocouple 2
(Yellow + Red

wires) o o8 M=

J
Sl ®

Measurement junction

> Ji
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Thermowell
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" Thermistorand RTD
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Thermlstor
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" Thermistorand RTD

R = Rref[l + a(T — Tref)]

R = Resistance of RTD at given temperature 7" (ohms)
R,.s = Resistance of RTD at the reference temperature 7). (ohms)
a = Temperature coefficient of resistance (ohms per ohm/degree)

Example:

Ry =100 Q[1 + (0.00392)(35° C — 0° C)] = 100 Q[1 + 0.1372]
Ry =113.72Q




Resistance (Q)

Comparative Resistance Graph
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g

:

3

=)

Thermistor vs. RTD

\

Thermustor a, A25 = 100
Thermistor b, R25 = 1 kQ2
Themistor ¢, R25 = 5 kQ
Piatinum d, 100 Q at 0°C

.\

100
Temperature (°C)

150

Ry Ry w—p

1
0 200 400 600

Temperature (°C)=—s
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RTD
Lead Seal RTD Insulated Leads

Probe Sheath Packed in MgO

RTD Sensing
Element
Subassembly
Thermowell
Spring Loaded
Mounting Fitting
Terminal Removable
ermina :
Connection Block Retainer
Head

/

Ceramic Bobbin

Leads

Platinum Wire
Wire-Wound RTD Element

Platinum Thin-Film

Layer Leads

=== Ceramic Substrate
Thin-Film RTD Element
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Two-wire RTD circuits

Thermistor <§> |
R,r= 50k Q R =10 R, = 50,002 Q

Ohmmeter

5

.

——

AA%
RWJV{ Q Ohmmeter
&%
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Four-wire RTD circuits

: R. =10
white wire
VWA
/ white me L Voltmeter
[ ] [ ]
RTD Current
R, =100 Q <§> source D
" R,.=1Q

2

2
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Three-wire RTD circuits

Rwire m ) Q
A
Voltmeter B
XY
[ K,
R"""“}Jv{ 2 ! Voltmeter A
9
RTD % Current D
R rd'= 100 Q source
Rwire 3 Q
VWA +
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Fig.3. Two wires RTD Bridge
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Comparison of RTD Types
Evaluation Platinum RTD Platinum RTD Nickel RTD Balco RTD
criteria 10002 wire 1000£2 thin film 100002 wire 20002 wire
wound and thin wound wound
film

Cost =OEM High Low Medium Medium

quantity

Temperature Wide Wide Medium Short

range -400 to 1200°F -320 to 1000°F -350 to 600°F -100 to 400°F

(-240 to 649°C) (-196 to 538°C) (-212 10 316°C) (-73 to 204°C)

Interchangeability | Excellent Excellent Fair Fair

Long term Good Good Fair Fair

stability

Accuracy High High Medium Low

Repeatability Excellent Excellent Good Fair

Sensitivity Medium High High Very high

(output)

Response Medium Medium to fast Medium Medium

Linearity Good Good Fair Fair

Self-heating Very low to low Medium Medium Medium

Point (end) Fair Good Poor Poor

sensitivity

Lead effect Medium Low Low Low

Physical size / Small to medium Small to large Large Large

packaging




RTd 5 ol o5 go 5ty

Temperature Sensor Selection Guide

RTD Thermocouple

—200°C to 850°C —190°C to 1821°C

Temperature Range _3928F to 1562°F _310°F to 3308°F

Accuracy +0.001°F to 0.1°F +1°F to 10°F

Response Time Moderate Fast

Stability Stable over long periods Not as stable

<0.1% error/5 yr. 1°F error/yr.
Linearity Best Moderate
Sensitivity High sensitivity Low sensitivity
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Calibration

* How could we calibrate a temperature sensor?

0°C 25 °C 100 °C
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Thermal System Step Response

(1)=T,+|T, - T]E‘r

EE'!.'I"!:I:I?

T

100 environment

sensor
63 -

The thermal time
constant can be
measured as the time it
takes to get to (1/e) of
the final temperature
100 (1-(1/e)) =63 °C

@_.____

Thermal Time Constant
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Thermistor s 5
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er Dissipation in Thermistors

* A current must pass through the
thermistor to measure the voltage and
calculate the resistance

* The current flowing through the
thermistor generates heat because the
thermistor dissipates electrical power

/
P=FER, ) l
RT V:}ur

* The heat generated causes a v.(+

S N

temperature rise in the thermistor
* This is called Self-Heating
« WHY IS SELF-HEATING BAD? =




Power Dissipation and Self-

eating

 Self-Heating can introduce an error into the measurement

* The increase in device temperature (AT) is related to the
power dissipated (P) and the power dissipation factor (6)

P=0AT

Where P is in [W], AT is the rise in temperature in [°C]
* Suppose /=5 mA, R-=4kQ, and 6 = 0.067 W/°C, what Is

AT?
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. Power Dissipation and Self-Heating .

* Self-Heating can introduce an error into the measurement

* The increase in device temperature (AT) is related to the
power dissipated (P) and the power dissipation factor (0)

P=0AT
Where P is in [W], AT is the rise in temperature in [°C]

» Suppose /=5 mA, R-=4kQ, and 6 = 0.067 W/°C, what Is
AT?

(0.005 A)2(4000 Q) = (0.067 W/°C) AT
AT =1.5°C

* What effect does a AT of 1.5 °C have on your thermistor
measurements?

 How can we reduce the effects of self-heating?
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P-N Junction temperature sensors
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* Sensitivity: 1-10mV/°C (current dependent)

——
mV K
] \'\.\
P T —
= | 20mv/C
600 \ T
N \\\ Si, 1 mA
S \'\\
400 Sy =
N
23 mV/°C TN
: Si, 10 uA
200 - = \‘\
e
\\
.

80 -60 40 20 0 20 40 60 80 100 120
temperature C
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* 10-100puA typically (low currents - higher
sensitivity)

* Maximum range (silicon) =55 to 150°C
e Accuracy: £0.1 °C typical
* Self heating error: 0.5 mW/°C
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Type T 4010 + 30°C |
Type J 4010 + 750°C
Pt 100 -100 to + 200°C
-200 10 + 600°C
#mc 5010 - 25.1°C
(Standard) 25t0 + 74.9C
+75t0 + 150°C
NTC -3010 - 20.1°C F
(High temp) -2010 0°C
0110+ 75C
+75.1to + 275°C

Pt100

Type J

Type T
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Non-contact temperature sensors
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Optics
or window

Target Atmosphere Detector

Display and interfaces

Infrared measuring system
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Infra-red Thermometer (IRT)

‘l I IRT
* & Looks at I-R
b ‘ radiation
W, Qm object.
%

Sensor assumes object obeys the Stefan-Boltzmann law

which links radiation emitted to object temperature:
Radiation in W/m? =¢ 7,7

where ¢ =5.67 X 108 and T is in °K (K =0C + 273.2)

Senses radiation = solves S-B equation = T,z signal
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Infrared Pyrometer ¢, sl o554
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Stefan-Boltzmann Law

ig = ec AT*
dt

%? = Radiant heat loss rate (watts)

e = Emissivity factor (unitless)

o = Stefan-Boltzmann constant (5.67 x 107 W / m? - K*)
A = Surface area (square meters)

T = Absolute temperature (K%lvin)
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Two designs of non-contact pyrometer

Hot object Concentrating lens
Infrared radiation

B S

Sensor

Concentrating mirror
Hot object \

Infrared radiation
/]

LY
Sensor
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- Thermopile output
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Advantages

- Non contact measurement

- High temperature sensing

- Remote sensing

- Fast response and can sense objects in motion
- Sense small or area targets

Disadvantages

- Expensive

- Non linear response

- Subject to emissivity of material
- Require wide range of operation
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Photo. Left. A NASA scientist uses an opbical pyromeler fo measure the temperalture of ‘yﬁke: cone i a 1956 expenment. Pholo by courtesy
of NASA Glenn Research Center (NASA-GRC) @ t- How it works
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