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SEAWOMIR BIAELOSTOCKI

Gdansk

Critical-Flow Gas Cooling as Workmg Prmclple of Immersion Probes
for Total Temperature Measurement in Hot Gas Jets™

A gas-cooled probe for contact measurement in hot gas flows is described, in which variable supply
pressure of the 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.

Syrhbols used more frequently:

m — flow of mass, p* — total pressure,
p — heat flux, A — cross-section or surface area,
T — static temperature,. ¢, — specific heat at constant pressure,
T* — total temperature, K — thermal conductivity,
T — temperatlire of a selected point of probe u — viscosity,
head metal, o« — heat transfer coefficient.

T. — coolant temperature ahead of the exit L
Subscripts refer to:

nozzle,

T.o — coolant temperature at inlet to probe ¢ — external flow of gas about the probe head,
head, ¢ — coolant properties,

T..n — temperature of wall embracing the hot i’ — internal flow of coolant inside the probe
jet, or environmental temperature, - head.

p — static pressure,

1. Probe design and working principle

A simple concept, seemingly unemployed heretofore among the variety of existing
devices for contact measurement of gas stream temperature is the one utilizing a foreign
gaseous medium for probe cooling. In spite of it’s lower heat extracting capacity, gas-
cooling manifests some essential advantages when making use of the laws of critical flow
m the internal flow of the cooling agent.

A possibly simplest variation of the suggested probe design may be seen in Figs 1
and 2. A hemispherical, hollow metal body with it’s axis aligned with the flow direction
of (external) gas stream is cooled by internal flow of a foreign gas supplied from a pres-

* Praca wykonana w ramach problemu resortowego PAN-19, grupa tematyczna 2.
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sure cylinder and a pressure regulator. The cooling gas leaves the pressure vessel (plenum)
formed by the probe body and the termination of supporting tube through (diversely ar-
ranged) sonic-flow orifices or nozzle. The cooling gas is mixed with the external stream
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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 gases: direct photograph (left) and a shadowgraph showing the eflux of
cooling gas jets into the hot flow

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 T; is measured; the thermocouple junction being
located close to the point of external flow stagnation. Calibration in a stream of known
temperature and velocity leads, in the instances specified below, to a relation between the
stream total temperature T, , temperature T}, and cooling gas supply pressure p, allowing
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Fig. 2. Layout of a probe (silver soldered, with copper head) and the results of calibration made by
comparing with PtRh-Pt thermocouple readings

to use the probe as a total temperature (enthalpy) measuring instrument. It is essential
for probe operation to keep T,=const while the external stream temperature T, varies,
by adjusting the cooling gas flow (the exit nozzle pressure ratio is always kept beyond
critical).

The probe body heat balance equation:

q [convection from =Q[intemal +Q[radjation]+q[conduction] (1)
external stream. cooling e
where q[..L ..... } — 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, be regarded as independent, of T, in view of Tj=const. Together with
the conduction. term, this term may be considered as a calibration correction weakly
dependent on the measured gas temperature. Rewriting (1) into:

QIext. stream convection] zq[int. cooling] (2)

one may state that for T, =const, any change in the external heat flux 4g must be com-
pensated by a change in coolant flow 4m, i.e. a change in the coolant supply pressure
Ap, since ~

Q[int. cooling] ~ mc > cpc(Tc == Tco) (3)
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and, for sonic flow of coolant

k+1

/ M 2 \x—1 e
m~¢.Acr K_' .pc _pg, (4)
L \ R K+1 \/Tc :

where ¢ — nozzle discharge coefficient, A, =nozzle cross-section area, x, M, R — isen-
tropic exponent, gas constant and molecular weight of the coolant.

Thus the probe of. Figs. 1 and 2 represents a heat flux indicator detecting changes in
external heat flux as changes in mass flow of coolant. In view of weak dependence of
coolant gas flow on T (cf. eq. (4)), the probe may operate with coolant pressure difference
across the nozzle (or coolant gas supply presﬁure P. in cases where the external stream
pressure is constant) and temperature 7, as the only measured quantities.

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

q [stream convectxon] T OC = (T Th) : (5)

where o, — external stream to probe heat transfer coefficient, 4 — external surface area
of the probe head, there is a choice between: :

a) measuring o, with T,* known,

b) measuring (T —-T) w1th o, known and constant within the temperature interval
of interest.

In case of b) we may speak of a rough proportionality
T} ~p. (6
with T, fixed. :

The purpose of the above brief analysis was not to suggest the probe of the type con-
sidered as an “autonomic” instrument with characteristics (6) capable of being determined
“a priori”. The probe of Figs 1 and 2 requires calibration for rather obvious reasons,
and the analysis has been made merely to indicate that simple dependencies of the sort
of (6) may be expected.

The condition T,=const serves also to eliminate nozzle dilation errors. The probe
itself may be classified as one of the rate-of-heat-transfer measuring devices [1], while
critical flow relations are employed similarly as in the suction pyrometers [2]. The reversion
of flow direction, as compared to the suction pyrometers or other devices based on external
flow aspiration, offers some important advantages: there is no nozzle contamination;
the material 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 secures probe working temperatures beyond those of the contact
- temperature measuring devices available commercially,

— if the T vs. p. calibration curve 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 agent. The probe sustained the above-
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£ven external gas stream temperatures without damage (with 7;, up to 1200°K). However,
the probe characteristic obtained was not satisfactory, which resulted from excessive
conduction error and a rather poor accuracy of the reference instrument used for hot
fow temperature measurement. The probe was redesigned (see Fig. 2) to minimize the
conduction error, and calibrated in a temperature range lowered to enable the use of a
bare platinum thermocouple as a reference instrument. Fig. 2 gives the results. The shape
of the T, (p,) curves indicates the possibility of obtaining an unique calibration relation
which appears to be fairly linear for the conditions given. The slope of the T;(p,) curve
(2 reciprocal of which represents probe sensitivity) may be easily adjusted by selecting a
convenient value of 7;,. 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 evidence of prospectous accuracy.
Corrections 'in the nozzle cross-section area allow to adjust the coolant pressure 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
jets, due to their simplicity and ease of miniaturization.

2. Possible modifications of probe design

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

— The neglect of radiation term in the probev heat balance (1) will be justified if neither
the 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 the case with water cooled
walls or with an open gas jet radiating to cold environment). In other cases the share of
radiation in the calibration correction may be calculable.
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Fig. 4a. Diagrammatic arrangement of a probe with total pressure measurement. b. Probe modification

allowing to analyze the probe heat balance
1 — total pressure measuring conduit, 2 — total pressure meter (external flow), 3 — measurement. of coolant gas temperature
ahead of the nozzle — T, 4 — measurement of coolant gas temperature at inlet to probe head — T, 5 — point of probe head
temperature measurement, 6 — pro'be head temperature meter, 7 — coolant gas pressure meter, 8 — nozzle

— The smallness of conduction term, assumed when having written eq. (2), requires
probe design where the contact between the probe head and supporting element is mini-
mized; excessive conduction leads to intolerable corrections.

— A proper analysis of the probe heat transfer would be possible under condition
that further information on the flux of heat extracted by internal cooling are collected.
The internal cooling flux may be expressed as \

q[int. cooling] =0 Ai 4 Tt ] (7)

where o; — internal heat transfer coefficient, 4; — internal heat transfer area, 4 T; — coolant
gas to internal wall temperature gradient.



Critical-flow gas cooling as working... 27

Both o; and AT; seem to be hardly pre-determinable due to obvious difficulties con-
mected with the specification of internal flow pattern, the probe head body temperature
distribution etc. If the probe head interior behaves as a plenum, the value of «; will be
governed by wall to coolant conduction. A choice of optically non-transparent gas as
the coolant may make this process radiation-controlled. In conclusion, we are dealing
here with a non-conventional problem of complex heat transfer with a broad range of
g=s density variation, in which no quantitative assessment can be made on the basis of ™.
The examination of probe behaviour may be started by measuring the quantities 7, and
T., appearing in (3). A corresponding probe modification is shown schematically in Fig.
3. It requires additional sensors to read the coolant temperature at inlet 7, and outlet
T., of the probe head. Probable difficulties connected with the, measurement of T, can
be avoided if, instead of T, an independent measurement of m, in the supply line is taken
(by pressure cylinder weighing or a critical flow-meter) since 7, may be eliminated when
employing (3) and (4) simultaneously.

— The heat transfer coefficient o; appearing in (5) involves a rather complex depen-
dence on temperature T, via the material properties of hot gas (c,, k, 4), 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.
4a and b. : o

Summarizing the above remarks we may state that the necessity of prdbe 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:

Probe Meitied Quantities determined from
SIS quantities Necessity of calibration accompanying measurements
i and material properties
| 1 2 3 ‘ 4
: after Fig. 2 Pe : in a stream of known velo-
} s city and temperature 7,
| after Fig. 4 De in a stream of known T, static pressure p, wall or envi-
7, ; ronment temperature Ty Vis-
| 7 cosity p, thermal conductivity &, | .
specific heat c,, probe head
| after Fig. 5 De - recovery coefficient r coolant
Ty specific heat ¢,
*
Dg
T(or mc)
TcO

A variety of layouts of the probes employing the considered “variable density cooling™
principle may be invented, including modes of operation other than the suggested one
where T,=const, different methods of measuring the quantities listed in column 2, etc..
Also different approaches are possible to the problem of intensification of the internal
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.

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

3. Conclusions

A principal reason for drawing attention 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 manometer reading. Employed either as a heat flux change indicator or
as a temperature indicator, the probe seems to be suited especially for examining non-
uniform temperature fields in hot flows of sufficiently large transversal dimensions. Further
miniaturization seems feasible; from the presented probe variants the one comprising
total pressure measurement (Fig. 4a) may bé recommended 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 program of his mother research organization,
it is believed by the author that the suggested method may find application in other labo-
ratories.

Received by Editor, November 1972.
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Krytyczny przeplyw. gazu chlodzacego jako zasada dzialania sond do stykowego pomiara
temperatury calkowitej goracych strug gazowych

Streszczenie

W opracowaniu omoéwiono zasade dzialania sond do stykowego pomiaru wysokich temperatur
strumienia gazu, polegajaca na pomiarze zmiennego natezenia przepltywu czynnika gazowego chlodza-
cego sonde. Gaz chtodzacy czultke sondy doprowadzony jest do wnetrza czutki pod regulowanym cis-
nieniem i wyplywa przez wbudowana w nia dysze o nadkrytycznym spadku ci$nienia. Wykorzystanie
zaleznosci dla przeplywu krytycznego umozliwia, przy odpowiednim wzorcowaniu, budowe przyrzadéw
pomiarowych, w ktorych podstawowa wielko$cia mierzona bezpo$rednio jest: ciSnienie gazu chiodza-
cego. Granice zmian natezenia przeplywu gazu wyznaczane sa przez przekrdj przelotowy dyszy i roz-
porzadzalne ci$nienie zasilania. Czulka sondy jest miniaturowym naczyniem cisnieniowym, a jednocze-
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émic wymiennikiem ciepla gaz— gaz; sonde zaliczy¢ nalezy do grupy przyrzadéw mierzacych szybko$¢
wwmiany ciepla. Zaleta proponowanej metody pomiaru [4] jest prostota pomiaru i mozliwos¢ minia-~
survzacji sond wprowadzanych do strumienia bedacego obiektem pomiaru. Wyniki préb sond wska-
zuia na mozliwo§é ich stosowania dla temperatur catkowitych 2000 - 3000°K

Metoda wydaje sie szczegdlnie przydatna do pomiaru lokalnych wartosci temperatury (entalpu)
catkowitej w polu o znanym kierunku predkosci.

Kparudeckoe TeueHme OX/JIaIAIONMIEro raza Kax OCHOBA JEHCTBHSN
30HHOB )i KOHTAKTHOrO 3aMepa TeMIepaTyphl TOPMOMKEHHS I'OpSInX
ra3oBbIX CTPyH

Peszrome

B paboTe obCyKOaeTCs TIPUHIAN JEUCTBAS 30HIOB JUIf KOHTAKTHOTO 3aMepa BBICOKHX TEMIEPATYD
DOTOKa Ta3a, OCHOBAHHBIA HAa 3aMepe IEPEMEHHOrO Pacxola Ta30BO¥ cpelpl, OXNaxnaromei 3084, I'as,
OXTaKIAIOMMN NATYUK 30H/A, HOAAETCA BHYTPS 30HAA MO PETYJIMPyEMbIM JAaBICHAEM W BBITCKACT Yepe3
SCTPOSHHOE B JATYHK COIUIO LIS CBEPXKPUTHYECKOTO Iepenaja AapjcHus, Mcnonb30Banne 3aBACHMOCTH
278 KPHTHYECKOTO MCTEYEHWs! MO3BONSIET, IIPU COOTBETCTBYIOINEH FOCTUPOBKE, CTPOUTH H3MEDHTEIILHEIE
npuOODEL, B KOTOPHIX OCHOBHOM HEMOCPENCTBEHHO 3aMepsIeMOl BEMINHOM SIBIACTCS AAaBICHUE OXJIaXia-
EOWIEro Tasa. .

TIpenensl M3MEHEHUI PAcXoja ra3a ONPEeAENAIOTCS IOJIEM NOIMEPEYHOro CCUCHNUs COIUTa M Paclojia-
raeMBIM HaBIICHWEM NUTAaHWsA. JIaT4dK 30HAA SBJSCTCS MUHHATIODHBIM HAOPHBIM COCYIOM H OZHOBpE-
MEHHO TEIIOOOGMEHHUKOM ,ra3 — ras”’. 30HM CHeAyeT 3a9MCiHTh B [PYINy HOpHOOpPOB, 3aMEpSIOIIHX
CXODOCTE TeInoobMera. JJOCTOMHCTBOM MpPEAaraeMoro ¥3MepUTEIbHOr0 MeToaa [4] SBIAIOTC IPOCTOTA .
3avepa ¥ BO3MOXXHOCTh MUHHMATIOPH3AIAH 30H/I0B, BBOAUMBIX B IIOTOK SIBIISIOIANCS 00BEKTOM 3aMepa.
Pe3ybTaThl HCHbITAHMI 30HIOB YKASHIBAIOT HAa BO3MOXHOCTL M NPUMCHEHHS I 3aMepa TeMIepatyp

Topmoxernust mopsimka 2000 - 3000°K.

MeTox XKaxercs 65ITh 0COGEHHO IIPUIOAHBIM I 3aMepa MECTHBIX 3HAUCHUH TEMICPATYDEI (JHTAIE-

OEE) TOPMOJKEHHs B IOJE C W3BECTHHIM HAUPABICHHEM CKOPOCTH TEYCHHS.



