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Abstract-The dynamic probe technique using the transient response of a thermocouple i,s one of the methods 
of measuring h&h temperature flowing gases. In this paper, the complete dynamic response of a thermocouple 
has been solved consisting of convective, conductive, and radiative terms. The solution has been used to arrive 
at correction factors for actual experimental data. The use of dynamic thermocouples in the measurement of 
temperature profiles has also been illustrated by experiment. The model is verified at lower temperatures using 

a bunsen flame. 

NOMENCLATURE 

A, cross-sectional area of the thermocouple wire 

Cm”1 ; 
cp, specific heat of the thermocouple wire 

[J kg-’ K-l]; 
Fo, Fourier number ; 
1, 
p, 
R 
4 
T, 
To’ 
-4, 
r 

length of the wire exposed to gas Cm] ; 
perimeter of the wire [m] ; 
radiation term, equation (4); 
time [s] ; 
tem~rature [K] ; 
gas temperature [K] ; 
initial temperature of the thermocouple [K] ; _. -___ 

+, wall temperature LKJ ; 
x, distance from the junction of the thermocouple 

along the wire [ml. 

Greek symbols 
convective heat transfer coefficient between gas 
and thermocouple wire [W rns2 K-l]; 
thermal diffusivity [m2 s- ‘I; 
density of the wire Bg m-7 ; 
Stefan’s constant [W rn-’ K-7; 
thermal conductivity of the wire material 
[W m-l K-l]; 
emissivity of the wire material; 
time constant [s] ; 
nondimensionalized temperature; 
nondimensionalized gas temperature before 
correction. 

A bar on a parameter denotes a nondimensionalized 
quantity. 

1. INTRODUCTION 

THE ~N~~ONA~ technique of the me~ur~ent of 
the temperature of a body consists of inserting a 
thermocouple, allowing it to come to thermal 
equilibrium, and measuring the electrical e.m.f. 
generated. It is relatively easy to bring the sensor 
to equilibrium at low to moderate temperatures 
(< 150O’C) and also to isolate the sensor from the 
ambient so that corrections for the conduction along 

the thermocouple leads and other errors can be 
minimized. On the other hand at high temperatures, 
especially at temperatures higher than the maximum 
operating temperatures of the thermocouples, viz. 
combustion plasmas in MHD generators, the 
conventional approach will not be useful. In these cases, 
it may be necessary to infer the temperature indirectly 
by :(a)acooledprobe techniqueusingsteadystatedata, 
or (b) a dynamic probe technique using transient 
response. 

The use of the cooled probe technique involves the 
accurate measurement of the heat flux through the 
probe and a complex cooling arrangement. The 
analytical and design details have been given [l-3]. 

The dynamic probe technique has been investigated 
[4-61. In the investigations by Sukewer, no corrections 
have been made for the conduction and radiation 
effects, thereby resulting in much lower gas tempera- 
tures [6]. On the other hand, Giedt et al. used radiation 
shields and dual probes with hollow and solid 
thermocouples to eliminate radiation effects [4,5]. The 
use ofhollow thermocouples and radiation shields with 
the same time constant as thermocouples are experi- 
mentally complicated. 

In this paper, the complete dynamic response of a 
thermocouple has been solved involving convective, 
conductive and radiative terms. The solution has been 
used to arrive at correction factors for actual 
experimental data. The use of dynamic thermocouples 
in the me~urement of temperature profiles has also 
been illustrated by experiment. 

2. MODELWNG OF DYNAMIC THEPMOCOUPLE 

If a certain length of a thermocouple element is 

exposed to a hot stream of gas, the temperatur~time 
response of the thermocouple will be a function of the 
gas temperatyre (and velocity), the physical and 
geometric properties of the thermocouple wire and the 
rates of convective, radiative and conductive heat 
transfer between the thermocouple element and its 
surroundings. Figure 1 shows a schematic diagram of a 
the~o~oupIe. A part of the thermocouple (length 2I) 
with the junction at the centre is exposed to the hot gas 
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Tw -,WALL TEMPERATURE 

Tg - GAS STREAM TEMPERATURE “, 

THERMOCOUPLE JUNCTION 

FIG. 1. Schematic diagram of the thermocouple element in the 
high temperature gas-stream. 

and the rest of the wire is enclosed in an alumina tube. 
The thermocouple is inserted in a hot stream with local 
gas temperature T, at the point of insertion and 
enclosed in a duct whose walls are at a temperature T,. 

Figure 2 shows the modelling of the thermocouple 
element. For the sake of simplicity both the elements of 
the thermocouple are assumed to have the same con- 
stant physical properties (density, specific heat, thermal 
conductivity etc.) with the junction at the centre whose 
temperature is recorded. As the radius of the wire is 
much smaller than the length of the wire, the 
temperature at any cross-section is assumed to be 
uniform with the characteristic time of equilibration 
being a few milliseconds. The x axis is chosen from the 
junction. In the region 0 < x < 1 there is convective, 
radiative and conductive heat transfer, whereas for 

x > 1 the element being enclosed in an alumina tube, 
there is only conductive heat transfer. If the 
temperatureat any point x is T, theinstantaneous heat- 
rate balance yields 

pAc,; = ctP(T,- T)+o&P(T;- T4) 
( 

+Ug, O<x<l, (la) 

WALL TEMPERATURE Tw 

II 1m11 

with the following boundary conditions : 

T = T,, at t = 0 for all X, 

T = 7;” at x --f x, for all t, 

f?T 
-_=O at x = 0 for all 1, 
ax 

T, g continuous at x = 1 for all t. 

In equation (la), the first term on the RHS represents 
the convective heat transfer from plasma, the second 
term radiative heat transfer from wall to the element. 
and the last term conduction through the wire. The 
radiative heat flux from plasma has been neglected in 
comparison with the convective term. This equation is 
non-linear and no analytical solution is possible. 

If the radiative and conduction terms are neglected. 
equation(la)hasasimpleanalyticalsolutionofthe type 

T- Tn 
-=l-exp 
T,-Ttl 

0 < x $ 1. (2: 

We shall subsequently solve numerically equatior 
(la) and (1 b) and obtain the temperature ofjunction as t 
function of time. This numerical temperature-time 
data will be forced to fit a curve of the type given by 
equation (2) to evaluate the corrections. Thest 
corrections will be applied to estimate the actual ga: 
temperature from experimental data. The equations 
(la) and (lb) are nondimensionalized, and are given b! 

AREA OF SECTION = A 

PERIMETER OF SECTION = P 

LENGTH OF WIRE MPOSED= 2 I 

t- 

_-__L-._ 

x=0 x x+dx -I 

GAS TEMPERATURE Tg 

FIG. 2. Model of the thermocouple element. 
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where 

i=l= t 

‘5 

[ 1 

’ ~4 

zl’(1 +R) 

Radiation term R 

The radiation term R can be written as a product of 
two parts 

R = R,R, 

where 

a&T3 
R, ~2 

and 

a 

R 
2 

= ($)‘-@’ 
l- ; 0. * 

The first part R, is essentially independent of T, 
provided a and E remain constant. In practice a and E 
will be weakly dependent. Also for most of the 
combustion plasma experiments R, is less than 1. The 
second part R, is an explicit function of T. Figure 3 
shows the variation of R, as a function of T/T, with 
T,/T, as a parameter. It can be seen that for TWIT, > 0.6, 

the radiative heat transfer will be considerable as 
compared to convective transfer from gas. For 
0.2 < T,/T, < 0.6. R, remains fairly constant till T/T, 
is of the order of TWIT,. For T,/T, < 0.2, the value of R, 

is quite small, compared to 1. In view of this for the 
subsequent analysis, the radiation term R( = R 1 R2) will 
be treated as constant. This should be verified for 
individual experimental data. 

-0 20 

-0 4L 

-0 

i 

-0 so- 

I 

I 
FIG. 3. The variation of the temperature dependent part of the 

radiation term (R2) as a function of temperature. 

3. NUMERICAL ANALYSIS 

Equation (3) is solved numerically by an explicit 
finite-dilference marching technique for various values 
ofFo[fl.The temperatureofthejunctiong(atZ = 0)is 
determined for all values of i(Fig. 4). Nominally the 
points are chosen at time intervals of At = 0.05. This 
data is now expressed, similar to equation (2), by an 
equation of the type 

0=8;[1-exp(-$)I. 

This is done by fitting a linear curve between Ao/Aiand 
Bwhere the slope gives -T’ and the intercept i?, (Fig. 4). 
In other words, the numerical experiment 0 as a 
function of 1, which is analysed to yield a gas 

FIG 4. Plot of 0 vs time and d&dragainst 0 based on the results obtained from numerical analysis. 
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FIG. 5. Plot of Fo’ as a function of Fo. 

temperature @g and time constant z’. Thus for a given 

Fo, if the value of intercept is & the actual gas 
temperature is 1. Also, since the slope in general is not 
equal to 1, the value of Fo obtained using z’ as 
characteristic time will be the initial Fo multiplied by T’, 

Fo’ = Fo 7’. 

Figure 5 gives a plot of Fo’ as a function of Fo. Since 
equation (4) is a curve forced to fit the points, the 
number of points included in terms of t,,, = 0.5 7’ or 

17’ will have an influence in the determination of & and 
T’. Thus Fig. 5 indicates the curves for different t,,, 
expressed in terms of 7’. (Note that 7’ is chosen for 
convenience as it can be obtained as an experimental 
value.) Figure 6 shows the variation of the intercept as a 
function of Fo’. This is the important correction curve 
obtained from the present analysis. 

1.0 

I 0’s 
I3 

0.S 

0.7 

Consider the response of a dynamic thermocouple 

obtained experimentally in real time. The temperature 
time data is now fitted in the form of equation (6) by 
plotting the temperature against time derivative of 
temperature. The slope of the line gives the time 
constant which with the given geometric dimensions 
(21) and physical properties (K) can be used to calculate 
Fo’ [Fo = KT’/(~‘)]. Then Fig. 5 is used to estimate the 
correction factor and the intercept is divided by the 
correction factor and added to initial temperatures to 
give the actual gas temperature. Knowing the true gas 
temperature, T,, and the Fourier number, Fo, R and z 
can be estimated and the constancy of 1 + R can be 
verified. 

If the conduction is negligible (Fo = 0), the 

correction is 1, as expected. As the conduction becomes 
dominant (Fo increases), the correction also increases. 

4. EXPERIMENT 

In order to substantiate the analysis, experiments 
were carried out in an LPG-0, combustion plasma rig. 
The rig has a test section 45 x 45 mm square lined with 
refractory materials. Ports have been provided on the 
walls of the test section for the introduction of probes or 
for other measurements (Fig. 7). The probe consists of a 
platinum-platinum (10% rhodium) thermocouple 
enclosed in a twin bore alumina tube which can be 
inserted into the gas stream for controlled time 
durations through a pneumatic drive. The thermo- 
couple response is recorded on a U.V. recorder and 
translated into temperature. 

A typical run corresponding to a flame core is 
presented in Fig. 8. This is analysed and the intercepts 
and the slopes are calculated. In order to calculate the 

\’ 

01 0.2 0.3 0.4 

I 
F, --- 

FIG. 6. Variation of intercept as a function of Fo’ (the correction function). 
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FIG. 7. Schematic ofexperimental facility. (1) Burner. (2) Mixing chamber. (3) Test section. (4) Spacer. (5) Spray 
chamber. 

Fo value, data from standard reference books are used. 
The thermal diffusivity data for platinum is extensively 
tabulated and varies between 0.244 x 10m4 and 0.259 
x 10-4m2s-’ in the temperature range&12OO”C [S]. 
However, there is no data available for a platinum-lo% 
rhodium alloy. For the present work, for both the wires 
a mean thermal diffusivity of 0.19 x 10e4 m2 s-r is 
assumed for further calculations. The total length of 
wire exposed to hot gas is 9.8 mm. 

The values of the intercepts and slopes are averaged 
over several runs. For instance, corresponding to the 
point for which the data has been presented in Fig. 8, the 
average values ofthe intercept and slope are 2038 K and 
0.395 s, respectively. Using 0.395 s and the given 
thermal diffusivity, the value of Fo is calculated to be 
0.301. The correction as found from Fig. 6, corre- 
sponding to r,,, = 1 .O 7 is 0.82 which yields the flame 

temperature of 2790 K after adding an initial 
temperature of 303 K. The complete temperature 
profile across the cross-section is also given in Fig. 9. 

The wall temperature as measured by pyrometer and 
obtainedfromotherdataisabout 15OOK.Thisgives the 
value of (T,/TJ about 0.55 and max (T/TJ about 0.60. 
Using these values, Fig. 3 shows that R, remains 
substantially constant. Also, the value of Fo as 
calculated from Fo’ using Fig. 5 is 0.38. Since Fo is given 

by 

-=(&)[&](;) 
the value of a( 1 + R) is found to be about 850. The value 
of R and a is found to be 0.05 and 810 W mm2 K-l, 
respectively. 

I I 
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dT 
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FIG. 8. Experimental plot of dT/dt vs T and t vs T. 
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FIG. 9. Temperature profile across the flame in the experi- 
mental rig. 

Validity of the model 
The estimation of accuracy of this technique is 

complex as it is a forced curve fitting type. The use of a 
U.V. recorder ensures accuracy in time of 0.1% and in 
temperature of about 2%. However, this data is 
averaged by fitting a curve. The coefficient of linear 
regression is in the range 0.9-I .O. As the same analysis 
is applied to the numerical experiment and real 
experiment, the accuracy of the technique can only be 
limited by the model. Tbe other sources of error are the 
assumption of constant properties of the material, the 
constancy of heat transfer coefficient, radiation term R 
and the catalytic action of the thermocouple surface. As 
the reproducibility of data is good, the temperature can 
be normalized to yield accurate profiles across the 
cross-section. 

To verify the model experiments were conducted at 
lower temperatures using a bunsen flame. The 
temperature of the flame estimated using the above 
model was 1705 IS. The reproducibility was within 
I: 1.5 K. The flame temperature is also obtained from 
steady state thermocouple temperature measurements 
after correcting for radiation losses. This measured 
temperature was 1730 K. Hence the agreement is within 
25 K. 

To analyze the catalytic effect of the thermocouple, a 
thin alumina paste was added as a coating and 
experiments were conducted. The results were slightly 
an the lower sideffor the bunsen flame the temperature 
obtained was 1570 K) due to finite thickness of the 
coating. Also the coating tends to peel off leading to 
slow increase in measured temperature. 

5. CONCLUSIONS 

This paper develops a model for the determination of 
the temperature of a high temperature gas stream, 
similar to MHD generator conditions, using a dynamic 
thermocouple. The conduction and radiation effects 
are accounted for in the analysis. The model has been 
verified by experimental data. This technique is very 
useful in the determination of temperature profiles. 
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MESURE DE TEMPERATURE ELEVEE D’UN COURANT GAZEUX AVEC DES 
THERMOCOUPLES DYNAMIQUES 

R&&-La technique dynamique utilisant la rkponse transitoire d’un thermocouple est l’une des m&hodes 
de mesure de la temperature &e&e d’un gaz en mouvement. La &ponse dynamique compl&e d’un 
thermocouple a et& rtsolue en tenant compte de la convection, de la conduction et du rayonnement. La 
solution a CtC utiiiste pour obtenir der facteurs de correction pour les donnkes expt%imentaIes brutes. 
L’utilisation des thermocouples dynamiques $ la mesure des profils de tempkrature est illustrke par 

l’expkrience. Le modele est v&if% $ plus basse tempt-ature sur une flamme Bunsen. 
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INSTATIONARE MESSUNG HOHER TEMPERATUREN IN STRGMENDEN GASEN MIT 
TRAGHEITSARMEN THERMOELEMENTEN 

Zusammenfaasung-Eine Methode zur instationiiren Messung hoher Temperaturen in striimenden Gasen ist 
die Verwendung von Thermoelementen unter Beriicksichtigung ihrer Ubergangsfunktion. In der 
voriiegenden Arbeit wird die vollstandige Bestimmung der ~~rgan~fuoktion eines Thermoelements 
dur~hge~h~ die aus entspr~h~den Termen fiir Konvektion, Leitung und Strahlung besteht. Die Losung 
wird verwendet, urn Korrekturfaktoren fiir Versuchsergebnisse zu erhalten. Die Verwendung von 
trlgheitsarmen Thermoelementen bei der Messung von Temperaturprofilen wurde such durch ein 
Experiment verdeutlicht. Das Model1 wurde bei niedrigeren Temperaturen in der Flamme eines Bunsen- 

Brenners verifizlert. 

H3MEPEHME BbICOKOTEM~EPATYPHOrO IIOTOKA FA3A TEPMO~APAM~ C 
YqETOM MX fiHHAMAYECKAX CBOHCTB 

AnHoTauna-Meron A&iHaMH'%eCKOl-0 3OHAEipOBaHHK. OCHOBaHHblfi Ha nepi?XOAHOfi XapaKTepacruKe 

TepMOnapbl, llBJlReTCX OAHHM B3 cnoco6oe &i3MepiZH&iZi B flbICOKOTeMIlepaT)'pHbIX nOTOKaX Ta30B. B 
AaHHOii pa6oTe pa3pa60TaHa MOAeJIb nOJlHOfi AHHaMKYeCXOii XapaKTepHCTKXH TepMOnapbt C Y'ieTOM 

KOHBeK~HH, Ten~OnpOBOAHO~~ W H3ny~eHHK. c ~OMOlUbfO 3TOii MOAeSiU nOAyqeH~ ~OKlpaBOWIbie 

KO~~~UHeHTbI ,uJIn 06pa6o~~u 3KCnepffMeHT~bHbiX AaHHbIX. Ha IIpuMepe rrOxa3aHO Hcno~b3oBaH~e 

TepMOlIapCy'ieTOM WXX(WHaMWYeCKBXXaPaKTepUCTeKanrH3MePeHWRnpOtPKneii TeMnepaT,'p. MoAenb 

npOBepHa i,nK CJQ",aR HH3KRXTfZMtlepaTypnpH H3MepeHHKX B nJ',aMeHU ,"a3OBOii rOpWlKH. 


