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Abstract—The output EMF of a fine-wire thermocouple element (chromel-alumel, 0-025 mm dia) has been
recorded in detail after rapid electrical heating to 25K above ambient in various gaseous environments.
The EMF always decayed exponentially, thus confirming that thermocouple response in such environments
may be characterized by a ‘time constant’ {z). Time constants have been obtained for a variety of
Pt/Pt-13%Rh elements in static gas environments. The time constant fell with increasing initial tem-
perature differential (> 40 K) at near atmospheric pressure and variation of t with support wire alignment
indicates that this was due to convective heat transfer. For low initial differential (< 40K), 7 rose with
falling gas thermal conductivity but was independent of pressure above a few mmHg. Values of t obtained
from a predictive equation due to Melvin did not agree well with experimental results for this pressure
range. Below approximately 20mm Hg the time constant of a 0-019 mmdia (0-0125 mm wire diameter)
element rose with falling pressure; it is shown that the rise can be attributed to increasing heat-transfer
resistance due to accommodation effects.

NOMENCLATURE
A, area;
molecular weight;
R, gas constant;
T;,2,3, temperature, at wire surface, accommodation
layer surface and vessel wall;

v, volume;

a, thermocouple element radius;

b, radius of vessel in which element is enclosed;
c, specific heat;

hy, h,, heat-transfer coefficient of accommodation
layer and overall heat-transfer coefficient for
transfer from element to wall when hy = 0;

D, pressure;
q, heat transfer rate;
t, time.
Greek symbols
o, accommodation coefficient;
A, thermal conductivity;
P, density;
T;17,;, time constant; time constants at low and
high pressure.
Subscripts
9 gas;
s, solid.
INTRODUCTION

FINE wire thermocouples have been used to observe
changes in the temperature of static gases during recent
investigations of ignition phenomena [1, 2]. To be able
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to determine whether the more rapid of the temperature
changes observed are full representations of the changes
which actually occurred, and to apply suitable com-
pensation for response lag if necessary the response
characteristics of the thermocouple must be known.

Only limited investigations of thermocouple re-
sponse in static gases have been previously reported.
Melvin [3] has heated thermocouple elements by laser
irradiation and observed the EMF decay after heating
ceased; Gray et al. [4] have made similar observations,
but heated the elements by passing a current through
the support wires. In both investigations the EMF
(hence temperature excess) was found to decay expo-
nentially.

Typical values of the ‘time constant, 1°, which could
therefore be derived were 90—-150 ms for elements con-
structed from 0-025mmdia Pt and Pt-13%Rh wires.
It was found that t was constant for fixed composition
of the surrounding gas and at pressures above a few
mm Hg when the initial temperature differential was
low. Below this pressure range, Gray et al. [4, 5] found
that the time constant rose rapidly with failing pressure.
They also found that the time constant fell significantly
when the initial temperature differential was increased
from 60 to 600 K.

There is a clear need for measurement of the time
constants of typical thermocouples over a wide range
of experimental conditions. There is evidence that these
measurements should be made using as small initial
temperature differential as possible—the previously
observed decrease in the time constant with increasing
initial temperature differential strongly suggests that
convective heat transfer occurred.

EXPERIMENTAL METHOD AND RESULTS

Two groups of experimental results have been ob-
tained. In one, a chromel-alumel element constructed
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by electrically butt-welding 0-025mmdia wires was
used. The element diameter was very close to that of
the wires, and the support wires were located axially
in a 6cmdia cylindrical pyrex vessel. Gases were
admitted to the vessel to the required pressure via a
standard all-glass gas handling system. The thermo-
couple was heated by direct current from dry cells via
variable resistances and a rotary wafer switch. The
switch was rotated rapidly from a null position,
through the position where heating current was applied
to the element, to a position where the thermocouple
output EMF was applied to a digital transient recorder
(Datalab DL 905). The heating time was ca 10 ms. Initial
temperature differentials were approximately 25 K.

Logarithmic plots of the thermocouple output EMF
vs time were always linear. It was thus established
that the temperature of the element decayed exponen-
tially after the heating current was switched off. Time
constants for various environments were 90-150 ms.

The second set of experimental results was obtained
for several Pt/Pt—13%Rh elements typical of those used
in the investigation of ignition phenomena. (The
diameters of the elements were significantly larger
than those of the support wires.) The elements were
at the centre of a 10cmdia spherical Pyrex vessel.
Time constants were derived from stored oscilloscope
traces; a dividers- and scale method was used to deter-
mine the time which elapsed after a chosen initial time
before the EMF fell to 37 per cent (1/e) of that at the
initial time. Checks that the decay was exponential
were made; two values of the time constant were
measured from traces chosen at random, using two
different initial times. No significant tendency for the
time constant to increase or decrease with delay after
heating ceased before the measured period was noted.

It was found that when the pressure of the surround-
ing gas was more than approximately 0-5 atm, the time
constant was dependent on the initial temperature
differential, although the dependence was small for
initial temperature differentials less than 40K. The
following typical results were obtained for temperature
differentials less than 40K and in air at atmospheric
pressure: for two elements of diameter 0-0190mm
made from 0-0125mmdia wire time constants were
29 and 30ms; for elements 0-15mmdia constructed
from 0-1mmdia wire time constants were 612 and
505 ms. Two elements 0-05 mm dia made from 0-025 mm
dia wire had time constants 102 and 104ms, but an
element 0-08 mm dia made from the same diameter wire
with opposed support wires had a time constant 122 ms
when the support wires were horizontal and 151 ms
when they were vertical.

The time constant of a thermocouple with support
wires aligned in a ‘V’ (element diameter 0-05 mm, wire
dia 0025mm) was also markedly altered by the
direction of the V’ with respect to the horizontal.
The time constant was significantly larger when the
‘V’ was inverted than when it was aligned in any other
direction.

Time constants for low initial temperature differential
were independent of pressure from 760 mm Hg to below
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100 mm Hg; since convective effects were absent below
ca 400 mm Hg, time constants obtained for comparison
of the values for one element in various gases were
obtained at 230mm Hg. Some values for species with
vapour pressures less than this were also obtained (the
vapour pressures of each species were sufficiently high
that it could be assumed that the increase in the time
constant which occurs at low pressures was not sig-
nificant). The results for a Pt/Pt-13%Rh element 0-05
mm dia, made from 0-025mmdia wire, are shown in
Fig. I as a function of the thermal conductivity of the
gas.
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Fi1G. 1. Variation of the time constant of
a0-025 mm dia wire Pt/Pt-13%,Rh thermo-
couple (element diameter twice wire diam-
eter) with thermal conductivity of the
surrounding gas (pressure 230 mm Hg) or
vapour (for species with vapour pressure
less than 230mm Hg at 288 K); ambient
temperature 288 K.
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FiG. 2. The variation of the time constants of a

0-0125 mm dia wire thermocouple (element diameter

14 x wire diameter) with pressure in air, krypton and
helium.
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Below 20mm Hg the time constant of the thermo-
couples rose rapidly with falling pressure. Figure 2
shows the variation of the time constant of a 0-019 mm
dia element (0-0125mmdia wire) as a function of
pressure of helium, krypton and air.

DISCUSSION

The variation of the time constant at high pressures
with support wire alignment is good evidence that the
variation of the time constant with initial temperature
differential is due to convective effects. The alignment
of the support wires which gave the highest time
constant was in each case that in which hot air flowing
upwards over heated support wires would shield the
elements most effectively. In the other positions cold
air flows over the elements when convection occurs.

The ‘high pressure’ time constants have been com-
pared with those predicted by the equation proposed
by Melvin [ 3]. The equation is an approximate solution
to the problem of heat loss from a composite sphere
considered by Bell [6]. The approximation assumes
that the inequality

3p,c,blb—a)

—«1

PsCs a
is fulfilled; a is the radius of the inner sphere (the
element) and b is the radius of the outer sphere (the
vessel in which the element is mounted); p, ¢,/p;c; is
the ratio of volumetric heat capacities of the gas and
the element (4 x 10~ for a typical gas at atmospheric
pressure and a typical metal).
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g
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where 4, is the thermal conductivity of the gas, and
Ty, T, are temperature differentials at times O and ¢.
The time constant is thus p,c,a®/34,. (Melvin also
includes a small correction for heat losses down the
support wires.) Unfortunately a typical element in a
typical vessel does not satisfy the required inequality;
for a 0:025mmdia element in a 10cmdia vessel
b/a = 400,50 b(b —a)/a® == 1-6 x 10° and on combining
this with the representative value p,c,/p;c, = 4 x 1074
it may be seen that the inequality is far from fulfilled.
Nevertheless, Melvin’s proposed predictive equation
requires assessment, if only as a potential useful
empirical equation. However, the agreement between
our observed time constants and those predicted is
poor. The predicted values of t for the six elements
with small element/wire diameter ratio in air were 3-35,
24 and 215ms for wire diameters 0-0125, 0-025 and
0-1mm respectively; not only are the values much
lower than those observed experimentally, but the rate
of change of time constant with wire diameter is
approximately three times greater than observed. It is
concluded that better yalues of the time constant can
in general be obtained by assuming the value to be
that previously obtained for a similar element in a
similar environment. From Fig. 1 it would appear that
a reasonable estimate for the time constant of an
element immersed in a gas of known conductivity
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might be obtained by interpolation in a calibration
chart for a similar element, although there is some
experimental scatter in the present results.

The increase in time constant with decreasing
pressure below 20mm Hg cannot be attributed to
‘molecular heat-transfer’ effects within the main volume
of the gas, since the mean free path over the relevant
pressure range is much smaller than the wire diameter.
The following analysis provides a test of the proposal
that the rise in 7 is due to increasingly significant
accommodation effects at the surface of the wire.

The heat-transfer coefficient of the layer of gas at
the surface of a solid, in which the molecules of gas
collide with the surface and only partially adjust to its
temperature (the ‘accommodation layer’ in the follow-
ing discussion) is given by [7]

h = ap(C,+ R/2)/2rMRT)*

where « is the accommodation coefficient, p is the gas
pressure, C, and M are the heat capacity at constant
volume and molecular weight of the gas respectively,
R is the gas constant and T is the temperature of the
surface of the solid. Let the heat-transfer coefficient
for transfer from the wire to the surroundings in the
absence of accommodation effects be h, = p,c,V/A1,,
where V, A are the volume and area of the element,
and t, is the experimentally determined time constant
at high pressure [t, # f(p)]. Let the temperature at the
(arbitrarily defined) shell where the accommodation
layer and the main volume of the gas meet be T,, and
the ambient temperature be T;; the rates of heat
transfer through the inner and outer surfaces of the
accommodation layer, g, and q,, are assumed equal,
since the layer is thin and its heat capacity is vanishingly
small. The expressions for ¢; and ¢, in terms of heat-
transfer coefficients and temperature differentials are
gy =h A(T, - T,) and q, = h, A(T, — Tz). We equate
the RHS of these expressions to obtain an expression
for T, (which cannot be determined directly). The rate
of change of the temperature of the element is given
by dT,/dt = q,/Vp,c,; substituting the expression for
T, in the original equation for g,, and substituting the
equation for d 7} /dt, we obtain

dTy _4hy(Ti-Ty) 1
dt  1+hy/h

Vose,

The time constant when accommodation effects are
significant, t is thus

o e Y CTMRT)
T TG o (C,+ R2)

ince h vl
si = psCs—— |.
2= p Az,

No shape of solid has been specified in deriving this
equation; we need to specify the shape in order to
obtain V/A if we are to compare the results obtained
with experimentally observed values. The extreme
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assumptions about the shape of the body involved in
heat loss from the present thermocouples are that heat
losses are mainly controlled by a significant length of
support wire on either side of the element, hence V/A
is that for a cylinder of radius a, ie. V/4 =a/2, or
that the element loses heat in the same way as would
an isolated sphere of the same radius, hence, since in
the case examined here the element diameter was 3/2a,
V/A = (3/2a)/3. The true situation is thought to lie
between these extremes, but it is of interest to note that,
fortuitously, the value of V/A is a/2 in either extreme
case, in the present instance.

The expression for 77 has been compared with the
results obtained experimentally by noting that when
Tr = 215,

p = psCsa2aMRTY/2t,ap(Cy + R/2).

The observed and predicted pressures at which the time
constant is double that at ‘high’ pressure are compared.
The experimental pressures are 41 mm Hg for helium,
1-8mm Hg for krypton, and 2:05mm Hg for air. The
predicted values are 5-3 mm Hg for helium and krypton
(o = 04 for helium is adopted from [8] and o for
krypton is assumed to be the same), and 2-05mm Hg
for air (« = 0-5 is adopted as equal to the value for air
on tungsten given in [8]). The agreement between the
observed and predicted experimental results is con-
sidered good evidence that the rise in the time constant
with falling pressure is due to accommodation effects.
It follows from this, that since the contribution to the
time constant due to accommodation effects is depen-
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dent on a/p, the use of very small elements to carry
out observations in stagnant gases at only moderately
low pressures must be approached with caution.
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ETUDE EXPERIMENTALE DES TEMPS DE REPONSE DE THERMOCOUPLES
DANS UN MILIEU GAZEUX AU REPOS

Résumé—La fem de sortie d’un élément de thermocouple de fil fin (chromel-alumel, 0,025mm de
diamétre) a été enregistrée de fagon détaillée aprés un chauffage électrique rapide &4 25K au-dessus
de la température ambiante dans divers milieux gazeux. La fem décroit toujours exponentiellement et
cela confirme le fait que la réponse du thermocouple dans un tel milieu peut étre caractérisée par une
constante de temps (7). Des constantes de temps ont été obtenues pour un certain nombre d’éléments
Pt/Pt-13%Rh dans des milieux gazeux au repos. La constante de temps diminue lorsque la différence
initiale de température (> 40K) augmente, sous une pression voisine de la pression atmosphérique et
la variation de t avec la direction du support du fil fait apparaitre que cet effet est di a la convection
thermique. Pour de faibles différences initiales de température (< 40K), T augmente lorsque la conductivité
thermique du gaz diminue, mais reste indépendante de la pression au dessus de quelques mm Hg. Les
valeurs de 7 obtenues i partir d’une équation prévisionnelle diie & Melvin ne sont pas en bon accord
avec les résultats expérimentaux dans ce domaine de pressions. Au dessous de 20mm Hg environ, la
constante de temps d’un élément de 0,019 mm de diamétre (diamétre du fil 0,0125 mm) augmente lorsque
la pression diminue; on montre que 'augmentation peut étre attribuée & un accroissement de la résistance
thermique die aux effets d’accommodation.

EINE EXPERIMENTELLE UNTERSUCHUNG DER ANSPRECHZEIT VON
THERMOELEMENTEN IN RUHENDEN GASEN

Zusammenfassung —In verschiedenen Gasen wurde das elektrische Signal eines Chromel-Alumel Thermo-
elements von 0,025 mm Durchmesser genau aufgezeichnet, nachdem die Gase durch schnelle elektrische
Aufheizung auf Ubertemperaturen von 25K gebracht waren. Die EMK nahm stets exponentiell ab;
damit 148t sich in Gasen das thermoelektrische Signal durch eine Zeitkonstante (r) charakterisieren.
Zeitkonstanten wurden bestimmt fiir eine Vielzahl von Pt/Pi-13%Rh Thermoelemente in ruhenden
Gasen. Die Zeitkonstante nahm ab mit zunehmendem Anfangstemperaturanstieg (>40K) bei
atmosphirischen Driicken; die Anderung von t mit der Drahtanordnung zeigt, daB dies auf konvektiven
Wirmeiibergang zuriickzufiihren ist. Fiir einen kleinen Anfangstemperaturanstieg (< 40 K) nahm ¢ mit
kleiner werdender Wirmeleitfihigkeit zu, erwies sich aber als druckunabhingig bei einigen mm Hg.
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Die nach einer Gleichung von Melvin ermittelten Werte von 7 stimmten mit experimentellen Werten

in diesem Druckbereich nicht iiberein. Unterhalb etwa 20 mm Hg stieg die Zeitkonstante ¢ines 0,019 mm

(0,0125) Thermoelements mit abnehmendem Druck; es wird gezeigt, daB dieser Anstieg einem
zunehmenden Wirmeiibergangswiderstand infolge von Akkommodations-Effekten zuzuschreiben ist.

DKCNEPUMEHTAJIBHOE UCCJIEAOBAHWUE MHEPLIMOHHOCTHU TEPMOITAP
B CTATUYECKHUX I'A30BBIX CPEJAX

AnnoTtauud — [IpoBonuIacs TIIATENbHAS PETHCTPALMA BBIXOJIHOM 3. K. C. POBOJIOYHOM TepMonapsl
(xpomesib-aTtoMens, auamMeTp 0,025 MMm) nociie e€ GbICTPOro HarpeBa 3NMEKTPHYECKHM TOKOM B pa3-
JIMYHBIX Ta3ax OO0 TeMmepaTypbl, Ha 25°K Bbille TemMmepaTypsl OKpyXaroled cpeasl. Bennuyuua
3. I. C. Najasna Bceraa IKCMOHEHUMANIbHO, MONTBEPXKIAA TeM CaMbIM TOT AaKT, YTO B ITHX Cpenax
YYBCTBUTENBHOCTb TEPMOMNAPbl MOXET XapaKTEPHU30BATECH «MOCTOSHHON BpeMeHu» (7). 3HA4YEHHS
TIOCTOSIHHOH BPEMEHU TOJYYEHbI NI pa3idyHbIX 3meMeHToB Pt/Pt—139% Rh B craTtMcTHYecKHX
ra3osbix cpenax. [Ipu ysenuueHuun pa3sHoctd Temrepatyp (>40*K), npu napieHHH, paBHOM IOYTH
aTMocthepHOMY, BETMYHHA MOCTOAHHON BpeMEHH Najajia ¥ H3MEHEHHE T TIPH HAJKYMHHU MOJIEepPXKH-
BaloLlei MPOBOJIOKK YKa3blBaeT Ha TO, YTO 3TO CHHXKEHHE BBI3bIBAETCA KOHBEKTHBHBIM TEmaoo06-
MeHoM. [lns HeGonbloit pasHocTH Temnepatyp (<40°K) 3HayeHHe yBETUYHBAJIOCEH NPH CHHXEHHH
TEMJIONPOBOAHOCTH Ia3a, HO He 3aBMCENO OT NaBJICHHS BbIIIE HECKOJBKHX MM PT. CT. 3HAYEHHUS T,
MONYYEHHbIE U3 PACYETHOTO ypaBHEHHs MenbBHHA HE OYEHb XOPOLIO COTNACYIOTCH C IKCTIEPHMEH-
TaJIbHbIMH AaHHBIMM 11 3TOTO Avana3oHa nabneHuy. IMpumepHo uuxe 20 MM pT. CT. 3HAYEHHE
MOCTOSHHON BPEMEHH [IJ1 4yBCTBHUTEJILHOTO 3/IEMEHTa TepMonapk! nuaMeTpom 0,019 MM (auamerp
nposonoky 0,0125 MM) yBenH4HBanNoOCL ¢ nageHueM nasieHuA. I1oka3aHO, YTO 3TOT POCT MOXHO
OOBACHUTD yBETHMYEHHEM COMPOTHBIIEHHUS MEPEHOCY Tenna, BHI3BAHHBIM 3 deKTaAMH aKKOMONAIWH.
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