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Temperature measurements
Thermocouples
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Introduction

A The basisof thermocouplesvas establishedby Thermocouple
Thomas Johann Seebeckin 1821 when he
discoveredthat a conductorgeneratesa voltage {//“ /
whensubjectedo atemperaturgradient x

Lead wire Gage
A A -IF- /
Tip m;< j \ | Vout
A To measurethis voltage, one must usea second - BN
conductor material which generatesa different /
voltageunderthe sametemperaturgradient The Target
voltagedifferencegeneratedy the two materials surface
can then be measured and related to the

correspondingemperaturgradient = _
Reference junctions ——————

T

Ice bath
(known constant
temperature

for reference)

A It is thusclearthat, basedon Seebeck'principle, Typical Thermocouple Circuit
thermocouplescan only measuretemperature
differences and need a known reference

temperaturego yield theabsolutereadings Thetemperatureat the probetip canthenbe relatedto
thevoltageoutputas,
. ) ) 2
A Thermocoupleis a relative not an absolute Trip =an +aout +@7out” + -+ anout”
temperature sensor In other words, a
thermocouple requires a reference of known The aboveformula is effective only if the reference
temperaturel; in the experimentis keptthe sameas
temperature the referenceemperaturespecifiedon the datasheet
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Materials

Types of thermocouples

range (deg | Suitable environment

Comments

Copper(Cu) vs
Constantan

Iron (Fe) vs
Constantan

Chromelvs Alumel

Chromelvs
Constantan

(Pt10% Rh) vs Pt

(Pt13% Rh) vs (Rt
6% Rh)

(Pt13%Rh) vs Pt

(Ni-Cr-Si) vs (N
Si-Mg)
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-270to0 400

-210 to 1200

-270 to 1370

-270 to 1000

-50 to 1768

0 to 1820

-50to 1768

-270 to 1300

Vacuum, oxidizing,
reducing, and inert

Vacuum, oxidizing,
reducing, and inert

Oxidizing or inert
Oxidizing or inert

Oxidizing or reducing

Oxidizing or reducing

Oxidizing or reducing

Oxidizing, dry reducingpr
inert

of ENGINEERING

High stability at sub zero and cryogemgnperatures

Heavier gauge wire is recommended for long term life
above 54@legCsince Iron oxidizes at high temperatures

Should nobe used in alternating reducing or oxidizin
atmospheres

Not recommended for alternating oxidizing or inert
atmospheres

Relatively strongStable calibration. Very accurate at
high temperatures

Relatively strongStable calibration. Very accurate at
high temperatures

Relatively strongStable calibration. Very accurate at
high temperatures

Very reliable and accurate at high temperatures. Can
replace type K thermocouples in maapplications.
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&5} Thermocouples: Radiation Loss &5}

Can be quantified precisely and accurately.

o~
An energy balance on the thermocouple takes J. catalysis
the fO||OV\(/)Ing form[l]:O | T
dT, dT,
cat+ conv+ ra + con = C _b:,'VC _b (1)
f/‘ 6 6 d a= MCy dt bTbTP 4t junction/bead Q 5§5 convection
For an unsteady system, it becomes i thermacouple |conduction
dT. T
hA(T,-T)=me, <t +e % -Th)  (2) _ T
ceramic rod
Tg :Tb +t(T9’U)%+g(Tb4 b Tstrr) Where (3) conduetion
foMC e Emissivity of Pt can be represented as a
hA, h function of absolute temperatyig
For a steady system, it becomes e=1507 310°T 41596 36T2
eds
Tg - Tb = WU(T; - Tstrr) (4)
_ hd Here 6d6 represents the di ame
N”‘? depending on whether Cylindrical or Spherical Nu assumption is us

Appropriate Nusselt number correlation should be usedto model the convective heat
transferaboutthethermocouple
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Spherical Nusselt number Correlations

\\:( D;/s» 3
b ) i
@

7
TRt K

For spherical bead approximation,

(1) Nud sph = 2.0+ O_GORed}é Pr’3 Ranzand Marshall (1952) [3]

For Reynolds number between 0 and 200. Properties evalua-tgd at
Amat
@ NU,.,,=20+(0.4Re+0.06Re*) PP*GA g  Whitaker (1972) [4
¢~

0.71<Pr<380 3.5<Re<7600C

Propertiesevaluatedat To . 1M is the gas viscosity evaluatedat the surface
temperature

_ 0.6 33
(3) Nu,,,,=2+037Re”Pr [2]
For all Re andPr numbers of interest in low flow velocities
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T}) Cylindrical Nusselt number Correlations sj)

/\\'\

/\\'\

For cylinders, many Nusselt number correlations have been introduced,

(1) For thelow Reynoldsnumbersapplicablefor fine-wire thermocouplemeasurement

combustionsystemsthe Collis and Williams (1959 [5] correlationis mostcommonly

used,
17

Nu, ., = (0.24+0.56R 045)%&5 0.02< Re< 44

With the Reynolds number evaluated atthesa | | ed naf i | m, =t1’e;—1n_8rp er
(2) Another widely quoted correlation is that duéiamers (1946) [6]

Nu, ., =0.42P1°?+0.57Pr® Re)’ 0.01< Re<1000(C

+T,
2

(3) Andrews et. al. (1972) [Bvaluated the following expression fdd.02< Re< 20

. ] T
With the gas properties evaluated &E, =

T, +T,
2

Nu, ., =0.34+0.65Re a0 Gas properties evaluated al,,, =
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@ Advantages and Limitations oh

TRt K

TRt K

Advantages

Accurateandreliable

Robust

Linearrespons@verawide temperatureange

Can be usedin both reactive (combustingenvironments)and nonreactive
flows

.
"
"
"

Limitations :

U Intrusivetechnique

U Low frequencyresponsdtypical frequencyresponsas lessthan50 Hz for
fine wire thermocouples)

U Losseqradiation,conduction)

U Catalyticeffects
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Heat Flux Measurements :
Heat Flux gauge
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A Heat flux gauges are commonly used to measure heat flux
A 2 most commonly used heat flux gauge are :

Gardon gauge

SchmidtBoelter

A Gardongagesabsorbheatin athin metallic circularfoil and
transferthe heatradially (parallelto the absorbingsurface)
to the heatsink weldedaroundthe peripheryof thefoil. The
emf output is generated by a single differential
thermocouplebetweenthe foil centertemperatureand foil
edgetemperature

A SchmidtBoelter gagesabsorbthe heat at one surfaceand
transfer the heat in a direction normal to the absorbing
surface The emf output is generatedoy a multi junction
thermopile responding to the difference in temperature
betweerthe surfaceanda planebeneaththe surface
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Gardon heat flux gauge

-

Schmidt-Boelter heat

flux gauge
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A Theconstantarioil formstwo junctionswith copperthefirst oneatits centerandthe secondoneat
its periphery

A Under steadystate,the thermoelectricvoltage acrossthe copperleadsis a direct measureof the
temperaturalifferencesetup betweerthe centerandthe peripheryof the constantarlisk

Constantan foil
l l i l l l Foil thickness: d, Foil radius: R,

Thermal conductivity of foil material: Kk,
Heat flux: q

Volt meter

‘opper annulus
(cooled)

Schematic of a foil type (Gardon gauge) Heat Flux Gauge
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A Heat balance for an annular element of the foil shown in
figure alongside:

Heat gained by the foil eIemenﬂ(Z,Urdr)

: . da dTg
Net heat conducted into the foll elemerﬁwd)age agdr
(s‘, -

\@,

Sum of these two should be zero. Cancelling the commad
terms we get,
da dTg, g
+—r =0 1
dare dre kd @

The B. C. 6s ar e

Tisfiniteatr=0 ; T=T;, atr=R

With this the solution for the temperature is obtained as:

(R2 - r2) (2)

T :TR +i
dkd
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Energy balance over a foll
element in the form of an
annular ring
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A Equation(2) maybewritten as

(3)

A Intheabove T, isthetemperaturatthecenterof thedisk andthe coefficientK is

the gaugeconstangivenby K - W/m”2-K

A The temperatureifferencebetweenthe centerof the disk and the peripheryis the
outputthat appearsas a proportionalvoltage, DV, acrossthe terminalsof the
differentialthermocoupleThereis thusa linearrelationshipoetweerthe heatflux and

the outputof the heatflux gauge

A Performingtransientanalysisfor the foil gaugein orderto determinean expression
for time respons®f thefoil gaugegivesus

R2
4a

Time constant t
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R: Foll radius
d : Thermal diffusivity of the foil material
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LRSI,

. Advantages and Limitations

7/\,\.‘ A

Advantages

U Robust

U Linearresponse

U Can be usedin both reactive (combustingenvironments)and nonreactive
flows

U Heatflux is inferredfrom thetemperaturalifferencewith easeandsimplicity

Limitations :

U Tradeoff betweerfrequencyesponséfoil radius)andsensitivity

U High frequencyheatflux gaugeare quite expensive(Vatell high frequency
HFG)

U Needswaterfor cooling

U Worksbestwhenradiationis thedominantmodeof heattransfer
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Wind speed measurements
Anemometers
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