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SŁAWOMIR BIAŁOSTOCKI

, Gdańsk

Critical-Flow Gas Cooling as Working Principte of Immersion Probes
for Total Temperature Measurement in Hot Gas Jets*

A gas-cooled probe for contact measuręment in hot gas flows is described, in which vaiiable supply
pres§rrre ofthe coolant gas.is a principal measured quantity. It is suggested that such probes may be
applied for flow temperatures of the order of 2000 - 3000"K.

Symbols used more frequenfly:

ń - flow of mass,

i - heat flux,
7 - static temperature,.

7* - total temperaturę,
Ę - temperatrire of a selected point of probe

head metal,
Ę - coolant temperature ahead of the exit

nozz7e,

Ę6 - coolant temperature at inlet to probe
head,

Tgat1 - tempęrature of wall embracing 'the hot
jet, or environmental temperature,

p - §tatic pressure,

p* - total pressure,

l - cross-section of surface area,
co - specific heat at constant pressute,
K - thermal conductivity,
p - viscosity,
a - heat transfer coefficient.

Subscripts refer to:

g - external flow of gas about the probe head,
c - coolant properties,
i '- internal flow of coolant inside the probe

head.

1. Probe design and working principle

A simple concept, seemingly unenrployed. heretofore among the variety of existing
devices for contact measurement of gas stream lemperature is the one utilizing a foreign
,saseous medium for probe cooling. In spite of it's lower heat extracting capacity, gas-
cooling manifests §ome essential advantages when making use of thę laws of critical flow
in the internal flow of the cooling agent.

A possibly simplest variation of the suggested probe design may be seen in Figs 1

anó 2. A hemispherical, hollow metal body with it's axis aligned with the flow diręction
of (external) gas stream is cooled by internal'flow of a foreign ga§ §upplied from a pres_

* Praca wykonana w ramach problemu resortowego PAN-19, grupa tematycma 2,
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ż2 S. Białostocki

sure cylinder and a pressure legulator. The cooling gas leaves the pressure vessel (plęnum)
formed by the probe body and tŁe termination of supportipg tube through (diversely ar-
ranged) sonic-flow orifices or nozzlę. The cooling gas is mixed with the external streaiTr

cooling inLet

water 1mm diq.thermocouple
0.8 mm dia, orifices

3 mn dio tube

cooIinq

extern aL
fLow) dlrectlon

6mm dia.probe

water cooled stem
qas exit thermocoupte Islotnless

iunction steel- coldwo rk joi nts)

If
externaL flaw

velocitt1
- 300 m.p.s,

l

I
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Fig. 1. The design and example of test results of a prototype probe. At top the probe during tests in
an open jet of combustion §ases: direct o*|:il1"r,*J':*] 

ffii io*uuo*.*nh 
showing tbe eflux of

at exit from the probe body and wasted (if mixing is undesirable, the gas can be led out
through an appropriate conduit in the water-cooled stem).

The temperature of the probe head To is measured; the thermocouple junction being
located close to the point of extęrnal flow stagnation. Calibration in a stream of known
temperature and velocity leads, in the instances specified below, to a relation between the
stream total temperńurę ą, temperature To and, cooling gas supply pre§sure p" allowing

2800
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Critical-flow gas cooling as working... 23

gos exit

i-OO: .- circuLor gap

({@..

1mm dia.tłErnocouple

Fig, 2. Layout of a probe (silver soldered, with copper head) and the result§ of calibration made by
comparing with PtRh-Pt thermocouple reądings

io use the probe as a total temperature (enthalpy) measuring instrument. It is essential
ior probe opęration to keep ł:const while the external stream temperature Tnvaries,
b;- adjusting the cooling gas flow (th-ę ęxit l7ozzle plęssufe ratio is always kept beyond
critical).

The probe body heat bala.ncę equation:

łru*nTi"_*xI : ł 
r:*,xf1 

* łtradiationl+ łlconductionl (1)

,rhere 4r........1 - component heat fluxes may then, for a number of experimental con-
ditions encountered in practice, be much simplified. The radiation term may, as first
approximation, bę regarded as independen|of Ę in view of ą:gglt5t. Together with
the conduction. term, this term may be cónsidered as a calibration correction weakly
dependent on the męasured ga§ temperature. Rewriting (1) into:

ł[ext. §tream .oo"*tioo1 § łlint. cooling] Q)

one may state that for Ę:pgllst, any change in the external heat flux lĄ rnust be com-
pensated by a change in coolant flow /ń" i.e, a change in thę coolant supply pressure
Jp" sitlce

ł[int. cootingl § m 
"' 

C r"(T" - T"o) (3)
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and, for sonic flow of coolant

. (4)

where p - nozzledischargecoefficient, Au:nozzlecross-section area,rc,M,R_ isen-
tropic exponent, gas constant and mo]ecular weight of the coolant.

Thus the probe of Figs. l and 2 represents a heat flux ind.icator detecting changes in
external heat flux as changes in mass flow of coolant. In view of weak dependence 9f
coolant gas flow on Ę (cf. eq. (4), the probe may operate with coolant pr.rrui. difference
across thę nozzlę (or coolant gas supply pres$ure p. in cases where the external stream
pressule is constant) and temperature Tn as the only measured quantities,

Coming back to eq.(2) one may select a property decisive of the magnitude of ńe
lęft-hand side term, to be measured by the probe. Expressing the convection flux in usual
form:

where a, - ęxternal *."*nT;;:i:il;i"l1*" ft, A 
-external 

,u,ru"" u,?
ot the probe head, there is a choice between:

a) measurin g un with Ę known,
b) measurin9 gł-D with a, known and constant within the temperature interval

of interest.
rn case of b) we may speak of a rough proportionality

Tł-p" (6)
with ł fixed.

The PurPose of the above brief analysis was not to suggest the probe of the type con-
sidered as an "autonomic" instrument ryith characteristics (6) capable of being determined
"a Prioti". The Probe of Figs 7 and, 2 requires calibration for rańer obvious rea§ons,
and the analysis has been made merely to indicate that simple dependencies of the sort
of (6) may be expected

The condition Ę-const serves also to eliminate nozzle dilation ellors. The probe
itself may be classified as one of the rate-of-heat-transfer measuring devices [1], white
critical flow relations are employed similarly as in the suction pyrometer§ [2]. Theieversion
of flow direction, as compared to the suction pyrometers or othęr devices based on external
flow asPiration, offers some important advantages: there is no nozzle contamination;
the matęrial constants of the pure cooling gas are non-changing and known accurately.

The probes, of Figs 1 and 2 have been tested, in the free exhaust jet of a laboratory
combustion chamber [3] in order to check:

- if the gas-cooling sepures probe working temperatures beyond those of the contact
temperature measuring dęvices available commercially,

- if the T! vs. p. calibration cuTve manifests the expected properties.
The Probe of Fig. 1 has been tested for external stream temperature 2200 - 2800.K,

measured'with the use of sodium line reversal method. carbon dioxide in amounts not
exceeding 3 kg per hour was applied as the cooling agęnt. The probe sustained the above-

/--- ----==Fi

ń-.,A",il# (*)- tr,



Critical-flow gis cooling as working,..

3}€n external gas stream temperatures without damage (with Ę up to 1200"K). However,
,ie probę characteristic obtained was not satisfactory, which,resulted from ęxcessive
:onduction error and,a rather pooT acculacy of the refęrence instrument used for hot
i.l1ł-temperature measurement. The probe was redesigned (see Fig. 2) to minimize the
;c:duction error, and calibrated in a temperature range lowęred to enable the use of a
'r.re platinum thermocouple as a teference instrument. Fig. 2 gives thę results. The shape
of the Ę(p,) curves indicates the possibility of obtaining an unique calibration relatiorr
lhich appears to be fairly linear for the conditions given. The slope of the $(p") curve
,; reciprocal of which represents probe sensitivity) may be easily adjusted by selecting a
,-onvenient value of T1,. One of the curves shows the probe sensitivity of the order of 2
bars per a hundred degrees centigrade, which seems to be quite satisfactory. The obser-
vable repeatedness of the results may be regarded as an eviderrce of prospectous accuracy.
Corrections in the nozz|e cross-sćction area allow to adjust the coolant pressurę to the
range being at disposal. In conclusion, in spite of the need of calibration "in situ", the
gas cooled probes of the type shown in Fig. 2 may be useful in surveillance of hot gas

;'ets, due to their simplicity and óase of miniaturization.

2. Possible modifications of probe design

The analysis of the probe hęat transfer given in the foregoing paragraph is oversim-
plified. It should, at least, be complemented by thę following comments:

- The neglect of radiation term in the probe heat balancę (1) will be justified if neither
ńę measured stream absorption nor the wall temperature vary markedly within the in-

Fig. 3. Picture of the probe of Fig, 1

terval of variation of the stream conditions (as may often be thę case with water cooled
walls or with an open gas jet radiating to cold environment). In cther cases the share of
radiation in the calibration correction may be calculable.

25



26 S. Białostbcki

pressure cgLinder (coolant gas)

pressure

water-,cooled stem

Fig. 4a. Diagrammatic arrangement of a probe with total pre§§ure measufement. b. Probe modification' allowing to ana7yzn, the probe heat balance
.f - totąl pressure measuring conduit, 2 - total prssure met€f (external flow), 3 - measurement of coolant ga§ tmpefatufe
Óead of ńe goalę - Ę,4 - measurement of coolant gas tempetatulo at idet to probe head - T"o, 5 - point of probo head

tamperat§e measurement, Ó - orote head t€mpefatufe tl€ter,7 - coolant gas pressuTo metsr, 8 - lozzle

* The smallness of conduction term, assumed when having written eq. (2); requifęs
Probe design where the contact betwęen the probe head and supporting element is mini-
mized; excessive conduction leads to intolerable cofrections.

- A Proper analysis of the probe hęat transfer would be possible under condition
that further information on the flux of heat extracted by internal cooling. are collected.
The internal cooling fl.ux may be expressed as

4[int. cootingl: ai' Ai' .ĄTi, (7)

wherea;-internalheattransfęrcoefrcient, Ar-internalheattransferarea, lTr-coolant
gas to internal wall temperature gradient.
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Both a; and ATi seem to be hardly pre-detefminable due tg obvious difficulties con-

mcted with the specification of internal flow pattern, the probe head body teinPerature

distribution etc. If the probe head interior behaves as a plenum, the value of a; will be

governed by wall to coolant conduction. A choice of optically nolr-transparent ga§ as

rbe coo|ant may make this process radiation-controlled. In conclusion, we are dealing

bere with a non-conventiondl problem of complex heat transfer with a broad range of
grs density variation, in whichno quantitative assessment can bę made on the basis of (7).

The examination of probe behaviour may be started by measuring the quantities Ę and

T.6 appearing in (3). A, corresponding probe modification is shown schematically in Fig.

3. It reqrrires additional sen§ofs to read the coolant temperature at inle! Ę and outlet

ło of the probe head. Probable difficulties connected with the measurement of T. can

be avoided iĘ instead of T", anindependent measuręment of łn. in the supply line is taken

(bl.pressure cylinder weighing or a critical fl,ow-meter) since Ę may be eliminated when

employing (3) and (4) simultaneously.

- The heat transfer coefrcient a; appearing in (5) involves a rather complex depen-

dence on temperature 7, via the material properties of hot gas (c* k, P), .but in the first

place it depends on the external stream velocity (Reynolds number). Therefore a verY

useful modification of the probe will consist in furnishing it with an orifice and conduit

designed for measuring the stream total pressure p}, as sketched schematically in Figs.

* 
3l1ł;r, zing theadove remarks we may state tlrat the necessity of probe calibration

may be reduced or eliminated on cost of greater complexity of the construction. The

properties of the probe variants mentioned above may be listed as follows:

n

Probe
modification

Measured l

quantities l

I,l
Nece.ssity of calibration

Quautities determined from
accompanying measurements

and material properties

in a stream of known velo-
city and temperatule Ę

after Fig. 5

static pre§suTe po wall or envi-
ronment temperature Twart vis-
cosity pu thermal conductińty ko

specific heat cnu probe head
recovery coefficient r coolant

specific heat cr"

A variety of layouts of the probes employing the considered "variablę density cooling"'
principle may be invented, including modes of operation othęr than the suggested one

rńere Ę:const, dtfferent methods of measuring the quantitięs listed in column 2, etc.

Also different approaches are possible to the problem of intensification of the internal

P"
Tt
pł
T"(ot ń)
T.O

in a stream of known Ę
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heat transfer, aimed at coolant flow reduction. At the very end of these possibilities js a
probe with coolant supplied in liquid phase to the head and vaporized completely aheat
of ńe nozzle, which would lead to extreme growth of the capability of hęat.extraction.

3. Conclusions

] A PrinciPal reason for drawing a[tention to the probes of the suggested type is sim_
PlicitY of the working principle, allowing to determine some thermal properties of a hot
gas jet from a rranometer reading. Employed either as a hea! flux change indicator or
a§ a temPerature indicator, the probe seems to be suited especially for ęxamining non-
uniform lemPerature fields in hot flows of sufficiently large transvęrsal dimęnsions. Further
miniaturization seems feasible; from thę presented probe variants thę one comprising
total pressure measurement (Fig. 4a) may be ręcommended in the first place.

The results given are provisional, and further investigations are, indispensable in order
to make the Probe behaviour fully predictable, to check the working temperature and
velocity ranges etc.

Since these investigations do not fit to the progTam of his mother research organization,
it is believed by the author that the suggested method may find applica(ion in other labo_
ratories.

Received by Editor, November 1972.
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KrYĘcznY PrzePĘw gazu chlodzącego jako zzsada działania sond do stykowego pomiaru
temperatury całkowitej gorących strug gazowych

s t resz czeni e

W oPracowaniu omówiono zasadę działania sond do stykowego pomiaru wysokich temperatuf
strumienia gazu, Polegająą na pomiarze zmiennego natężenia przepływu czynnika gazowego chłodzą-
cego sondę. Gaz cbłodzący czułkę sondy doprowadzony jest do wnętrza czułki pod regulowanym ciś-
nieniem i wYPĘwa Przez wbudowaną w nią dyszę o nadkrytycznym spadku ciśnienia. Wykorzystanie
zaleŻnoŚci dla PrzePływu krytycznego umożliwia, przy odpowiednim wzorcowaniu, budowę ptrwąd1w
PomiarowYch, w którYch podstawową wielkością mierzoną bezpośrednio jest, ciśnienie gaza chłodą-
cego- Granice zmian natęŻenia przepływu gazLl wzrrac7,a7:re są ptzez przekrój przelotowy dyszy i roz-
Potządzalne ciŚnienie zasilania. Czlflka sondy jest miniaturowym naczyniem ciśnieniowym, a jednocze_



Critical-flow gas cooling a§ working,..

śo:e *ymiennikiem ciepła gaz- gaz; sondę zaliczyć należy do gxnpy ptrytządów mierzących szybkość
*_\-rniany ciepla. Zaletą proponowanej metody pomiaru [4] jest prostota pomiaru i możliwoŚĆ minia-
rr:4zacji sond wprowadzalych do strumienia będącego obiektem pomiaru. Wyniki prób sond wska-

rnją na możliwość ich stosowania dla temperatur całkowitych 2000 - 3000'K.
Metoda wydaje się szczególnie ptrydatla do pomiaru lokalnych wartości temperatury (entalpii)

całkowitej w polu o znanym kierunku prędkości.

Kpnrnłecroe Teqeune oxjlax,ĄałoIqero fa3a KaK ocuoBa treficTBnfl

3oH,4oB AJIfl KoHTaKTHofo 3aMepa TeMtrepaTyphl .TopMoxeHIIfl 
ropFlIDK

, ra3oBbrx cTpyfi

Pegrove

B paoore o6cyxAaercx IIp[ĘTTfitr AeżcTBEfi 3oIlAoB AJIfi KoHTarTfioro 3aMepa BBlcoKtrx re}4llepaTyp

EoToRa ra3a, ocrłosagnsfr Ea 3aMepe rrepeMengoro pacxoAą ragosoE cpeAbl, oxJlaxAarorqefi sogA. Fas,
orraxAarorqnź AaTI[łx 3oHAa, troAaęTc, BIłyTpb 3oIIAa tro.4 peryJllłpyeMbnr AaBreTrtreM rł,BbITeKaeT Eepe3

B;TpoeHEoe B AąTI{trK coIUIo AJIx cBępxxpaTfiqęcroro rtepellaAa AaBJIeHIlr. Zcnorrrsonanlłe 3aBtrcuMocTn

r1e xpurłłecxoro trcTeqęHurl tro3BoJlfieT, trptr cooTBeTcTBytorqeż IocTIłpoBKe, cTpoIITb tr3MePtrTeJILHEIe

ąlu6opu, B KoTopbtx ocxorrroft HenocpeAcTBelłIło 3aMepfieMoż aeJM9trHoił ,BnfieTcfl AaBJIeHtre oxnaxAa-

lllqlero ralłl,
flpegerrrr tr3MeHeIIIł,ż pacxoAa ra3a oIIpeAeJlfiIoTcJł IIoJIeM IlotrępełIoro ceqelllł' coIUIa Ił pacnoJla-

rae\{blM .ĄaBJIeEI{eM IIraTaIIEa.,Ąarwr 3offAa fBJIfleTc, MEHEaTIopEbIM HatropHbIM cocy,ĄoM E oAHoBPe-

MeHEo Teluloodrrłerłłłrłxov ,,ra3 - ras". 3onu cJIeAyeT 3aqI(cJIETb B rpytrtry upndopor, 3aMePrIoqD(

cxopocTb rerrroo§uerra, Ąocrolłrrcrnou npeAJlaraeMoro a3MepETeJIlIIoro MeToAa [4] sBfirlorCx EpocToTa

3a1.\lepą u Bo3MorlclocTb MIłIItraTIopIłsaqtru 3onqoB, BBoAtrMbIx B troToK xerrxroqużcr o6lerrołr 3aMepa.

Pery.,6rarrr ucrsrrarrrft 3oEAoB yKa3bIBaIoT IIa Bo3MoxEocTs I{ trpIłMeEeIIn AJIq 3a§{epa TeMtrepaTyp

TopMoxeHfifi IIoprAKa 2000- 3000"K.
MeroA rtaxercr 6rrrr oco§erłgo nprłroArrrrłr AJL 3aMępa MecTHbIx sna,renrlź TeMnepaTyPBI (srrrarrr-

rlm) roprrloxeHnfl B noJle c il3BecTnblM Ha[paBJIeHEeM cl(opocTl{ TeqeHDr.
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