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Temperature measurements

Typical devices used, which are characterized by (among other features)
specific resolution, accuracy, measuring range, response time, etc:

e Thermometers

e Thermocouples

o Resistance-temperature detectors
e Thermistors and IC sensors

e Pyrometers and infrared thermometers
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Thermometers

Liquid-in-glass thermometers

Scale etched
on glass

Estimate of a correct reading:

T =T, +kn(T,-T,)

T = Corrected temperature

Tobsz Observed temperature

T1 = bath temperature at total immersion

T = ambient temperature

o0

K = differential expansion coefficient
between liquid and gas

N = number of scale degrees
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Response time of a system (e.g., thermometer)
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Response time of a system (e.g., thermometer)

Control volume

‘F’b’ HOOHESTERNXUSA

Bulb sensor
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Response time of a system (e.g., thermometer)

Conservation of energy:

Control volume dE _ Q
dt
Too dE L
E = Energy storage within bulb
Bulb sensor ,
Q = Rate of energy transferred by
convection
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Response time of a system (e.g., thermometer)
Concept to remember: time-constant

Conservation of energy: dE Q

(first order system) —— mMC C;—T =hA[T, -T(®)]

mc, dT
hA dt

(solved in class) =T _ —T(t)

t

Temperature distribution: T (t)=T, +[T(0)-T,] e

with  7="M6 time-constant of

hA this system
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Response time of a system (e.g., thermometer)

Example. For a bulb thermometer subjected to a step change input,
calculate the 90% rise time.

previous model: T)-T

Percentage response of a system is: [1—T'(t)]x100

t
. _ - (O to achieve 90% of
Therefore: [T'=0.1=¢ or = 2.3 the applied step

Note that for: t=17 (i.e., one time Tbuth
constant)

T T I,"""-I-st—:-nm::rr
[=0.368=¢" ZeT
=58 Nr::u_’rie:
or [1-T]x100 = 63.2% l l g |reioe
Truum L, Time constant
%‘é PO% rise timaem Tox >



Thermoelectricity (thermocouples)

Two different metals (A and B)

are brought into contact T, (junction)

If T, = T, the following
thermoelectric effects
might be observed:

e Seebeck

e Peltier, and

e Thomson effects

\T2

( junction)

Y TEC
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Application: thermoelectricity (thermocouples)

Seebeck effect (reversible):

IS the generation of a voltage in a circuit made with two different materials,
or semiconductors, by keeping the junctions between them at different
temperatures

( quctJon‘)/ T Seebeck’s electromotive force
(emf) — or voltage is:

T2
dE, =+0dT = E, ==[odT,

T

o = Seebeck's coefficient, [=] { v }

°C

E.#0 T, (junction)

( voltmeter)

Y TEC
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Application: thermoelectricity (thermocouples)

Thermocouple voltage versus temperature for reference junctions at 0°C
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Constantan is an alloy of copper and nickel with a typical composition Cub7Ni43 plus the addition of

small percentages of Mn and Fe.



Thermoelectricity (TECs)

Peltier effect (reversible):

IS the generation of temperature difference between the junctions of
different metals as a results of an electrical current flow

(Junction) _T, Peltier's heat rate is:
/,\\/ eltier s heat rate Is
d;QtP =+l [=]|Watts],
A
o 7 = Peltier's coefficient, [=]|V]
B

T
(junction)
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Application: thermoelectric coolers (TECs)

Cutaway of a solid-state
laser diode

Thermo-
Electric Laser Collimating
Cooler Diode Lens System

Laser
Housing

c%':gfu Housing  Heat Sink Anamorphic Shutter

Electronics  Vents Prism System

Laser diode packages
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Thermoelectricity

Thomson effect (reversible):

IS the the heating or cooling of a current-carrying conductor with a
temperature gradient

( A temperature gradient is maintained )

Tl ( junction ) Thomson’s heat rate is:

dc(I?tT =+7IAT  [=][Watts],

7 = Thomson's coefficient.

Thomson’s emf:

T
(junction)

JO\“T—"‘C‘
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Thermoelectricity

The Peltier and Seebeck coefficients are related by the
Thomson relation, given as: 7= =oT (T expressed in absolute degrees)

(junction) _T;

’~\/

e Seebeck emf: caused by the
junction of different materials

A

e Peltier emf: caused by a
or current flow in the circuit, and
B e Thomson emf: results from a

temperature gradient

T>
( junction)
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Resistor temperature detectors (RTDs)

Principle of operation: changes of “electrical resistance” as a
function of temperature

MEMS resonat ith a Pt RTD
resonator with d MEMS resonant frequency as a

function of femperature
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Figure 5: Resonant Frequency vs. Ambient Temperature. A

Ref. Hopcroft et al., MEMS 2006 single heating and cooling cycle is plotted. Each point on
the graph is actually a cluster of 50 measurements taken at
that temperature.
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Silicon diode Integrated-circuit

sensor sensor
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FIGURE 16.21: (a) Semiconductor junction sensors. (Courtesy: Lake Shore Cryotronics,
Inc., and Analog Devices, Inc.): (b) diode forward voltage versus temperature (Lake Shore

Standard Curve 10); (c) typical AD590 measuring circuit.

Quartz thermometers

Principle of operation:
changes of “natural
frequency” of quartz crystals
as a function of temperature

Accuracy as high
as + 0.040 °C
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Pyrometers (Photodetectors)

Electromagnetic spectrum

traviolet shortwave

gamma X-rays rays ‘ infrared radar v AM
ays rays
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FIGURE 16.26: Schematic diagram of a spectral-band pyrometer. Light rays are shown
leaving on edge of the sampled area to illustrate that the field stop limits the image size

whereas the aperture stop limits the amount of light collected. Similar rays may be drawn \ ] - - =
from any point in the sampled area. 10/4/03 1.15.08AM e?9'54 SE 4'489 IFOV 45




Heat absorbed at the cold junction of TECs

Single thermoelectric element

x=L, T=T,
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Heat absorbed at the cold junction of TECs

Single thermoelectric element: energy balance

(Heat entering x)+ (Heat generated within Ax) = (Heat exiting at x + Ax),

dT 0.AX dT
therefore, —KA—| +1°=—=-kA—
Sad, A T N e
dT dT
re-ordering and kp&dx - kp&dx
diving by Ax, XA t =2 L
AX A
N AT _a O
taking the limit i dX |, ax dx |, | _ 12 Pe
when Ax— 0, AiT(f AX (T E :

d dT o,
- o Lka Lol
governing ODE is: dx( A, dxj A

Y TEC,
X
¢ 2
. : : 3
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Heat absorbed at the cold junction of TECs

Single thermoelectric element: governing ODE

d2T+I2&:O d’T I?p,

Governing ODE is:  k = +
verning ODE Is: - KAz +17% OE KA

Solution requires {T (x=0)=T,
double integration
and use of BCs: T(x=L)=T,

Corresponding 2 2
temperature T(x)=— | '082 X —[TO_TL ] pelz_)X+To )
distribution is: 2K A, L 2kA

with maximum dT(X):O N :L_k(TO_TL)A?ZL_kATAf.
value at: dx 2 1%p L 2 I’pL
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Heat absorbed at the cold junction of TECs

Single thermoelectric element: introducing cold junction

With the cold junction ,
(CJ) located at x =L, f L X 1 kATA&_lJrkAT'A&

- c T2 2 2 ’
fraction transferred to L 2 1"pl” 2 I°RL
the CJ is:

Net heat absorbed = Peltier heat — Joule loss (attributable to the CJ),

Q=0Q, =xl-fI?R =oTI - f,I°R,,

T. = temperature in absolute scale.

g
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Heat absorbed at the cold junction of TECs

Single thermoelectric element: introducing cold junction

Net heat absorbed = Peltier heat — Joule loss (attributable to the CJ),

2
Q=oT.| - I“R, B kA&AT |
/ 2 L«
Heat at the CJ Joule heat Conduction

(leak)
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Maximum heat pumping

il

Te

Heat removed at the
hot junction is:

Q. =Q+P=Q+1V,

( cold junction)

( hot junction)

Mechanical Engineering Department &\ &
1565



Maximum heat pumping

Heat removed atthe Q,=Q+P=Q+1V, (V =ol,—ol, + IRe)

hot junction is: ,
=Q+1(cAT +1R,))=Q+0oIAT +1°R,.

Coefficient of desired effect Q

f COP) = : i P’
performance (COP) effort toachieve desired effect P

2
o1 VR _KAAT
COP = ¢ L
oI AT +17R,
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