Int. J. Heat Mass Transfer. Vol. 10, pp. 1361-1371.

Pergamon Press Ltd. 1967.  Printed in (reat Britain

EXPERIMENTAL STUDY OF STAGNATION POINT
HEAT TRANSFER OF A SOLID IN HIGH-ENTHALPY
GAS FLOW

A. V. LUIKOV, V. L. SERGEEV and A. G. SHASHKOV
Heat and Mass Transfer Institute, B.S.S.R. Academy of Sciences, Minsk, U.S.S.R.

{Received 21 March 1966)

Anmnoranes—lccaenoBal Temoo0Men Tella € NOTOKOM BHCOKOPHTAJIBHMEHOIO rasa B
06IaCTH TOYKH TOPMOKeHnA. BepXunit mpenes SHTANLIMY COOTBETCTBYET CTEHEHH HOHABALAM
rasa (asora), pasuodt 407%,. Hccnemosanue mpoBefeHo B CTpye rasda, HaTPEBAEMOTO € IO~
MOIBbIO BJIEKTPOAYrOBOro MNOAOrpeBaTes,

hy . 419,
Ps = (Po

NOMENCLATURE

weight of calorimeter element ;
thickness of calorimeter element
[mm];

proportionality factor in equation
relating resistance of metal plate
with temperature;

fusion point of material [degC];
minimum length of rod [mm];
limit thickness of calorimeter ele-
ment ;

area of gauge heat-transfer surface ;
mass flow rate of gas;

gas enthalpy at the exit from en-
thalpy gauge;

mean mass enthalpy of gas at anode
exit;

mean mass velocity of jet at anode
exit;

velocity along end face radius of
gauge;

stagnation enthalpy [kJ/kg];

+ 1) 981,

stagnation pressure [N/cm?];
diameter of heat flux gauge;
diameter of hole in anode;
diameter of pressure distribution
gauge;

specific heat flux [kW/cm?];

Aty temperature rise of water in dis-
charge chamber;
R,, rheostat resistance in arc circuit;
A, temperature rise of water in heat
flux gauge.
INTRODUCTION

Tue rResULTS of papers [1-6] devoted to experi-
mental studies of the stagnation point heat
transfer of a solid in a high-enthalpy gas flow
do not agree.

In the present paper an attempt is made to
analyse certain available methods of measure-
ments and the results obtained by these methods
and to compare them with the data reported by
the present authors.

The aim of the experimental study of stagna-
tion-point heat transfer involves measurements
of the surface heat flux, enthalpy and velocity
gradients at the stagnation point as well as the
surface temperature.

HEAT FLUX MEASUREMENTS

1. Exponential (calorimetric method [7-12])

When the heated element is small or made of
a heat-conducting material, or heat-transfer co-
efficients are low, the heat flux may be deduced
from the rate of temperature change at any point
of the element.
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The conditions just mentioned correspond to
small Biot numbers Bi = ad/A for a system
under consideration, and in this situation tem-
perature at all the points of the element which is
usually a fragment of an infinite plate, are
virtually the same at the same time moment.

The heat quantity transferred to such a body
for the time dr is equal to the change of the
enthalpy element of:
Qdr = GC,dT or q = 0pC,dT/dx.

(1)

The temperature change of a metallic element
in time may be expressed in terms of the change
of the parameters of electric current passed
through the element. If the current is maintained
constant, the temperature change may be re-
lated to the change of the voltage by the
following expression :

4T _ 1 dv
dt  axR,I dt’
Thus, the expression for the heat flux becomes
of the form
1 (pC,6\dU
= _—— —_— 2
a IRO( oR > dr @)

The experimental method depends on the
choice of either expression as the basis for calcu-
lations.

Small metallic cylinders and hollow metallic
cylinders with flat, spherical and ellipsoidal end
faces and thin walls were used as models for the
determination of heat fluxes in the case of ex-
pression (1) [8-12]. Thin walls allow measure-
ment of the heat flux distribution over the
surface within a single run, if no effect of
adjacent regions on heat propagation is as-
sumed. For reduction of the error in the deter-
mination of heat fluxes caused by heat flows in
the wall along the generating line of the model,
a semi-spheric copper model consisting of
individual elements (rings) was used in [10].
The gaps between the rings were filled with heat-
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insulating putty. During the experiments, the
time change of the temperature of segments or
individual sectors of the model were recorded
by thermocouples and special recorders. The
slope of the curves t,, = f(r) at the initial time
moment was used for the calculation of g, since
the rate of temperature change of different
sections was different which gave rise to the
increase of heat flow between them.

When expression (2) is used for the determina-
tion of heat flux, the gauge consisted of a plati-
num plate in contact with the model made of
Pyrex [11]. The plate was connected to four
leads: two for the current and two for the
measurement of voltage. In this case the record
of the voltage change across the plate allowed
the determination of the average heat flux to the
plate. The plate thickness was of the same order
as the diffusion length ! = ,/(at) which repre-
sented the depth in a material into which heat
flux penetrated in time = which equalled the test
time. Since a number of assumptions have been
made, the method involves certain errors.

In all cases when this method is used, one-
dimensional heat propagation in the calori-
meter element should be provided. This is
achieved by using metallic elements of small
thickness as well as by thermal insulation of
sides of the element.

When the gauge is placed on an insulating
pad a fraction of heat from the gauge will be
transferred to this pad. Heat losses through the
leads are also possible.

If ionization of the gas interacting with the
gauge is high enough, errors may occur because
of the short circuit of the gauge in the case when
heat flux is determined from the change of
electrical resistance of the plate. This effect was
found in the shock tube with the values of the
stagnation enthalpy h/RT;, of an order of 900
and it was eliminated by a silica insulation of
thickness 6 x 10~ *cm [13]. In this reference it
is stated that a large error may be made due to
an inaccurate estimation of the time of the
steady-state gas flow, the whole test time being
15-25 psec.
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The use of a metal plate for the measurement
of the heat flux to a model of an insulator may
entail a change of heat-transfer coefficients and,
thus to a certain error in the results. Simplicity
of measurements and the possibility of measur-
ing the heat flux distribution over the surface
within a single run affords a useful feature of the
exponential method.

As stated in literature [7, 8] expression (1) for
heat flux is valid for Bi < 001-0-02 when
temperatures at all points of a calorimetric
element are virtually the same. In effect, this
condition is not necessary when expression (1)
is used since apart from its validity only equality
of temperature gradients at both plate surfaces
is necessary when the temperature of the rear
surface is to be measured.

The heat flux and the condition of equality of
the temperature gradients may be found without
the above constrain from the solution of the
heat-conduction equation for an infinite plate
of which one surface is heated (with constant
heat flux) and the other surface is insulated [14]:

_ Qo7 | o0 3x* — &
FTocst ,1{ 67

2 (=1 an’nt nmx
- ;L'i n2 exp| — —-6—2-'—— COST .
n=1

The analysis of the solution has shown [15] that
the satisfaction of the inequality Fo = 0-35 is
equivalent to the condition of validity of ex-
pression (1) and equality of the gradients within
1 per cent. The condition of equality of tempera-
tures at all points of the plate is equivalent to
the constrain Fo > 33 within 1 per cent. Com-
parison of the above given inequalities reveals
that the condition obtained extends the validity
of the calorimetric method.

If the heat losses in the insulator layer are
neglected or absent, the analysis of the presented
solution allows to obtain the optimal thickness
of the calorimeter element (plate).

For the calculation of the heat flux by the
method considered a linear portion of the time—
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temperature curve at constant heat flux is used.
The lower boundary of this portion is deter-
mined by the condition Fo = 0-35 and the
upper corresponds to the moment when the
temperature of the frontal surface reaches a
certain limiting value for the present material.

The maximum time of the linear portion
corresponds to the optimal thickness.

The optimal thickness and the time interval
of the maximum linear portion are respectively

[16]:
Oopt = 073 At /q (3)
ATy = 366 A%t2/aq>. @)
Introduction of expressions (3) and (4) in
design calculations of a gauge is especially

important with high heat fluxes for which the
time of the linear portion is short (4).
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FiG. 1. Plot of copper calorimeter element thickness (1: opt,
2: 8y and maximum time of linear portion 3 vs. heat flux
(A = 0348 kW/m deg; @ = 0-35m%h; t,, = 1000°C).

As it is shown in paper [ 16], the ratio At/Az,,,
which is equal to unity when 6/, = 1,
approaches zero when the plate thickness
differs by 45 per cent from the optimum value.
The results of the optimum thickness calculation
for a copper calorimeter are presented in Fig. 1.

The theoretical limit of validity of the
calorimetric method is the case when fusion of
the material commences before the linear
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portion of the curve. The condition which
describes this case is of the form

(69)iim = t4/0-683.

2. Brogan’s method of heat flux determination
[17]

In this method the solution of the heat-
conduction equation is used for the case of a
semi-infinite body with constant surface heat
flux [14]

Hx, 1) = —23—0(\/ar). i erfc f(f/%i' (5)

In time 1, from the commencement of heating,
the surface temperature reaches the fusion point
t,, Substitution of these values into the solution
of the heat-conduction equation gives the pre-
dicted formula for heat flux

g = 3J@pC A/Ty) .ty

For measuring the heat flux by this method it 18
sufficient to fix the heating time of a sample
before fusion commences, which, however, in-
volves certain difficulties because the time
interval before fusion commences may be a
fraction of a second. If we take a rather long
metal rod thermally insulated on the side
surface as a model of a semi-infinite body,
the difference between the real model and pre-
dicted system will be a source of errors in the
results,

If the minimum length of the rod x,, is
defined as a distance from the heated end face
to the cross section where the temperature
difference during the time 1, is not above 1 per
cent in the case of a copper rod, then from
expression (5) we obtain

Xiim -4 = 170.

The decrease of the minimum length of the rod
with increasing heat flux may be attributed to
the reduction of the time necessary for heating
the front face of the rod to the point of fusion.
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3. Method of a cooled calorimeter [18]

The heat flux to the cooled calorimeter is
defined by the flow rate G, and temperature rise
At, of the cooling water.

Thus,

q = G,.At,C,/f. (6)

At variance with the earlier methods, in this
case the steady-state temperature distribution
sets in in the heated wall of a gauge. Expression
(6) shows that in the determination of the heat
flux the dependence of the thermal properties
of the heated element on the temperature is not
included and measurements of the time-depend-
ent wall temperature are not necessary. The
errors caused by the transient nature of the
process are also eliminated. On the other hand,
in the latter case the errors due to subsidiary
heat fluxes may be essential.

The necessity for the steady-state heat transfer
through the cooled wall restricts the maximum
values of heat fluxes to be measured by a cooled
calorimeter by the limiting fluxes for the cooled
metallic wall (Fig. 2).
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FiG. 2. Plot of limited heat fluxes for cooled copper calori-
meter vs. wall thickness.

Besides the above methods a number of
different methods reported may be mentioned.
Some are discussed in [28]. They are: determina-
tion of heat fluxes from the surface temperature
[11, 19-21], the surface-point method [8, 12],
the method elaborated by Stokes, Knipe and
Streng [22, 23], the capacity method-[24], the
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method of determination of heat flux by the
change of the colour of the die [25], the regular
regime method [8, 26], measurement of heat
fluxes by infrared gauges [27].

Since the present device for gas heating
allowed a high-temperature steady-state gas
flow to be obtained for a long time, a steady-
state method of a cooled calorimeter was used
for the measurement of the heat fluxes. The
results were verified by the simplest and widely
used methods: the exponential method and
Brogan’s method.

MEASUREMENT OF GAS PARAMETERS

For the determination of the stagnation gas
enthalpy, the calorimetric method [29], the
energy-balance method [31] and results of
spectroscopic temperature measurements of a
gas flow [30, 31] were used.

We shall describe the calorimetric method.
The heated gas is let through a cooled tube; the
gas gives up a fraction of its heat to water and
flows to the flowmeter. The temperature rise of
the water cooling the gauge is measured, with
the valve behind the tube being closed and then
with the valve open. In the latter case the gas
temperature and flow rate at the outlet from the
gauge were measured. The difference of heat-
quantities received by water is the heat amount
taken from the gas flowing through the probe

Gy(hy — hy) = (G,CAt)o, — (G,C AL,

This expression allows to obtain the quantity
hy which is the gas enthalpy at the entrance of
the gauge.

A value of the mean mass enthalpy of the gas
at the outlet from the heater may be found from
the energy balance of the heater.

In the case when uniform parameter distri-
bution across the heated gas jet is provided, this
value may be assumed to be equal to the
stagnation gas enthalpy.

Spectroscopic methods allow the determina-
tion of the temperature in the jet core as well as
the temperature distribution along the jet radius.
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For the determination of the values just said the
methods of the relative intensity and tempera-
ture determination by broadening of the line
Hy are used [30].

Among other methods of temperature (en-
thalpy) measurement of high-temperature gas
flows we may mention the thermodynamic
method [32] and the measurement by a two-
element gauge [33].

In the case when the front of a body is a
section of a sphere of the radius R, the velocity
gradient at the stagnation point is

du 1
(E)Oe =g V[2Po — Po)ipo] ()

As it is shown in [34], at M < 1 the experi-
mental values of the velocity gradient differ
essentially from those predicted by formula (7).

In the present work stagnation velocity
distributions are determined by the Bernoulli’s
equation using the measured pressure distribu-
tion [18]. Velocity gradients are found from the
velocity distributions obtained.
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FiG. 3. Schematic diagram of heat flux gauges. (a) cooled
calorimenter method; (b) exponential method; (c) Brogan’s
method.

When the methods of measurement adopted
were applied (Fig. 3) special attention was paid
to the elimination of the sources of errors and
the reduction of errors.

The cooled calorimeter consisted of a hollow
copper cylinder with one end closed, the face of
the closed end being used as the heat-transfer
surface. The end wall thickness was 1-5 mm, the
diameter was 5, 10, 15 and 20 mm. Cooling
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water was fed through a tube fixed at the
cylinder axis. The gap between the tube and the
cylinder end face was 0-5-1 mm. The water
temperature before and after the calorimeter
was measured by thermocouples and therm-
istors checking one another, the readings being
recorded by an electronic potentiometer and
loop oscillography respectively (Fig. 4).
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FiG. 4. Oscillograms of measured heat fluxes by (a) the

method of cooled calorimeter and (b) exponential method.

(a) I=T40 A, U =228V, G, = 5g/s, A t,;, = 5:5°C/58°C

by electric potentiometer, A t,, = 22:5°C (24-2°C by electric

potentiometer). (b) dypy =5 mm, I =750 A, U=228V,
G, = 6gfs, Tt/A1 = 2900°C/s, ¢ = 3 kWit/em?.

Since all the above heat flux expressions are
written with the assumption of one-dimensional
heat flux, to provide this condition, the side
surface of the calorimetric elements were pro-
tected from heating by cooled rings shaped as a
frustum of a cone. There were no appreciable
heat fluxes between the gauge and the cone (as
it was established experimentally). This was
produced by insulation and appropriate control
of the temperature rise of cooling water by
changing the mass flow rate of water.
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When the first and the second methods were
used, the gauges were in the shape of solid
copper and aluminium cylinders of the length
0-3-8 mm (in the first case} and 200 mm (in the
second case). The sizes and shapes of cylinder
ends and protecting rings of the gauges were the
same as in tne cooled calorimeters.

For measurement of enthalpy by the calori-
metric method a gauge was used which con-
sisted of three coaxial copper tubes, water being
pumped through the annular gaps. The gas
passage diameter was | and 5 mm, the gauge
length was 300-500 mm. For the determination
of the inlet gas enthalpy, the temperature and
mass flow rate of gas at the outlet as well as the
flow rate and temperature rise of water were
measured.

The results of measurement of enthalpy in the
jet core obtained by different methods agree
satisfactorily with one another [35].

—
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FI1G. 5. Oscillogram of pressure distribution d,, = 18 mm,
I=515A,U = 242V, G, = 5 g/s. Gauge readings (N/cm?):
No. 1, 023; No. 2, 0:92; No. 3, 1-01; No. 4, 0-62,

The enthalpy gauge mounted to a closed
channel connecting it with atmosphere allowed
measurements of the stagnation pressure.

The pressure distribution gauges consisted of
cylinders with flat end faces, and with a number
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of holes drilled along the axis at different
distances from the axis. Their shape and sizes
were quite similar to those of the heat flux
gauges. Pressure effects were transformed into
electrical signals and recorded by a loop
oscillograph [Fig. 5].

All the gauges were mounted along the axis
of the heated gas jet at a distance of 25 mm from
the outlet section of the nozzle.

Gas (nitrogen) was heated by an electrical
arc heater. The discharge chamber of the heater
consisted of three units. A hollow copper
cylinder closed from one end served as a
cathode. The wall thickness of the cylinder was
5 mm. The cylinder was cooled by water pumped
through a gap of 1 mm. The length of the
cylinder was 50-100 mm, and the internal
diameter was 15-20 mm. The anode was a
hollow copper cylinder of which the internal
diameter was 10, 15, 20 and 30 mm. The gap
between the electrodes through which gas was
fed was equal to 1-4 mm. The gas was supplied
through two tangential holes in the ring
insulating the electrodes.

The parameters of a direct current source
were U = 500 V, I = 1500 A. The water supply
system provided water flow rate of 3 kg/s with
the pressure head 40-100 atm. Nitrogen from
the gas container was fed into the discharge
chamber. To provide steady arc burning, a wire
rheostat was included into a power circuit, the
resistance varying from 01 to 12 Q.

For the determination of the operating
conditions of the discharge chamber, which
provided the required parameters of a heated
gas flow, the voltage—current characteristics
and the relations between the gas flow para-
meters at the anode outlet and the electrical
parameters, the electrode dimensions and the
gas flow rate were obtained [35].

The electrical arc heater allowed a heated gas
jet with a mean mass enthalpy of 630035000
kJ/kg and the velocity of 300-1400 m/s. The
enthalpy in the jet core was up to 104000 kJ/kg.
The admixture of the electrode materials in the
gas was below 01 per cent.
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EXPERIMENTAL RESULTS

The measurements have shown [35] that the
quantity (k = u/W)/(r/r,,), which describes the
velocity gradient at the stagnation point, is
independent of the gas flow parameters and
changes slightly with the gauge diameter d,,.

For

du w
=5 — = (1-86 + 0-12)—
dgy =5 12mmdr (1-86 + 0 )ddg
and for
du w
dyy = 18—22mma = (170 + 020)d—dg.

These results agree with the conclusions of
[18] if the gauge diameter used in the work is
taken into account.
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FiG. 6. Heat flux vs. gas parameters. (A, B) diameter of
heat flux gauge of S mm (C) 20 mm; 1,2,3: predicted at ¢,, =
100°C, Pr = 0-71, Le = 14, 4: predicted at 1000°C; (a, d, €)
experimental data obtained by a cooled calorimeter; (c)
obtained by Brogan’s method; (b) measured by exponential
method; (f g h) data of [18]. Pressure is equal to 9-81-
10-81 N/ecm? for 1;4;(a, b,c, f) 123 + 1 for2;(d,g). 147 + 1
for 3 (e, h).



1368

The analysis of the relations of specific heat
flux (Figs. 6 and 7) and gas parameters at the
stagnation point shows satisfactory agreement
between the results of measurements obtained
by different methods. Heat fluxes change with
stagnation enthalpy according to the law close
to a linear one. Heat fluxes increase with the
stagnation pressure and velocity gradient and

q
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FiG. 7. Plot of heat flux vs. diameter of heat flux gauge.

(1) with mixing chamber; d,,, = 20 mm; H = 8700 kJj/kg;

W = 270 m/s; (2) without mixing chamber; d,, = 15 mm;

H = 13400 kJ/kg, W = 600 m/s. (a) method of cooled

calorimeter; (b) exponential method; (1,2) predicted by
formula (8).
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depend slightly on the temperature of the heated
surface of the gauge when this temperature is
raised to 1000°C. The last conclusion is made
because the heat fluxes measured by three
different methods (cooled and non-cooled
gauges the surface temperature of which was
different) agree well.

The experimental curve plotted in Figs. 6 and
7 may be described by a single formula of the
following form:

q = (2 x 1073 /po)ho + 0-57 x 1073k,
— 0:84(\/po) — 022) - 1/(,/064;,2%%).  (8)

The values of heat fluxes predicted by
formula (8) differ by no more than 2 per cent
from the ordinates of the averaged lines drawn
through the experimental data.

The estimated data have shown that the
contribution of gas radiation is about 3 per cent
of the measured heat fluxes which fact allows
us to assume pure convective heat fluxes.

The measurements carried out show (Fig. 8)
that heat fluxes decrease rapidly with the
distance L from the outlet section. The quantity
44/494 =25 is independent of the operating regime

{c)

1-Of

S 35 35 75 z

Fii. 8. Plot of heat flux vs. distance from the outlet cross-section of nozzle to

gauge. (a) dy;, = 20 mm, d,,, = 20 mm, G, = 6 gfs, R, =03 Q; (b} d,,;, = 10

mm, d,, = 20 mm, G, = 6 g/s, R, = 0+4 }; (c) correlating expression of heat
flux in terms of L. (1) data of [23].
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of the electric arc heater and the presence or
absence of a mixing chamber. The shape of the
curve may be attributed to the general law for
these cases of interaction of the heated gas jet
with the surrounding medium which governs
the rate of decrease of the parameters along the
jet.

The equation relating the heat flux and L is
of the following form '

qL = qL=25 CXp (0'55 —_ 2'2 X 10_2L). (9)

The quantity g, _ ,5 is determined from formula
(8). The validity of formula (9) is confirmed by
the measurements of other workers (Fig. 8).

The error of the measured values of heat
fluxes is the sum of the errors due to the methods
of measurement and deviations of the instru-
ments and it is equal to + 15 per cent in the case
of the exponential method and +20 per cent
when the method of a cooled calorimeter is
used. The error in the determination of the
stagnation enthalpy and pressure is within
10-12 per cent. The errors of the values obtained
do not exceed those of the values measured in
shock tubes.

Thus, formula (8) and (9) allow the calculation
of the heat flux field in the heated gas jet.

The comparison of the present results with
available reported experimental data obtained
in shock tubes and electric arc heaters [2, 3, 5,
6, 18, 27] is of interest.

It is known from the literature that the pre-
dicted values of the heat fluxes of Fay and
Kemp, Pallone and Van Tassel and also those
of Skala which essentially differ from the
former (to 200 per cent), are confirmed by
measurements of heat fluxes in shock tubes [1].

In [3] the experimental results are presented
which show that deviation in experimental data
may be attributed to the material of the gauge
and the state of the boundary layer. The ex-
periments of [4] in which the gauges of platinum,
gold and nickel were used, do not reveal the
appreciable effect of the material on the results.
The same conclusion was made by the authors
of work [27] who used a new method of
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measurement of heat fluxes. The experiments
described in the above works were carried out
in shock tubes. The authors of [2, 3, 4] applied
the calorimetric method and also measured the
heat fluxes according to the change of the
surface temperature. Reference [3] contains
also the heat flux values obtained by Brogan’s
method on aluminium models.

Deviation of experimental points reaches
20 per cent in [3] and 27 per cent in [4], the
material of the gauges being the same.

The results of [1-6] show that the material
may affect the results because of its catalytic
properties and the surface state but this effect is
probably within the experimental error.

For direct comparison of the measured heat
fluxes obtained in shock tubes with those of the
present authors the latter data, was plotted as
the group gq(,/R/P,) vs. the enthalpy difference
(ho — h,) (Fig. 9). The simulated nozzle radius

q/f%)ulo-3 P
*—{a) | Y
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A e
a- e f

S
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FIG. 9. Comparison of measured heat fluxes. (1) experimental

relation of the present work; (2) deviation +20 per cent;

(3) experimental relation of work [6]; (a) data of work [2];

(b) reference [3]; (c) reference [5]; (d, ¢, f, g) reference [27];

(d) aluminium as gauge material; () gold; (f) nichrome; (g)
carbon.

(virtually the gauge noses were flat) which
enters into the group is defined by the following
expression [18]:

L),
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Curve 1 in Fig. 9 is the experimental one
correlated by expression (8); curve 2 is cor-
related by the expression of {6] which is of the

form
R
q\/(;)—;) = 0127 (hy — h,).

The deviation of the values of the group found
experimentally from those predicted by equation
(10} is 20 per cent.

Figure 9 reveals that with large values of the
enthalpy, the results obtained in shock tubes
[3, 5] agree with the predicted relation obtained
in the present work within the experimental
error. For lower enthalpies the measured values
do not agree.

The values measured in a shock tube by
infrared gauges [27] agree with the results of
the present work within the whole range of
parameters.

Warren’s experimental results [2] as well as
the values predicted by Scala and which agree
with them, differ considerably from those
obtained in shock tubes by other workers and
from the present experimental relation.

The experimental relation obtained by the
present authors which expresses the heat flux
dependence on gas parameters agrees (Fig. 6)
with the results measured in an air plasma jet in
[18] by the method of a cooled calorimeter over
a rather narrow range of parameters. The range
of the gas enthalpy was 8400-16700 kJ/kg.

The heat fluxes are predicted (Fig. 6) by Fay
and Riddel’s formula [36] which is confirmed
by experiments in a shock tube in the range of
the stagnation enthalpy up to 2400 kJ/kg using
the present experimental relations for the en-
thalpy in a jet core and for stagnation velocity
gradient.

The plots reveal that the measured values of
the heat fluxes agree with the predicted results
within the range of gas parameters of interest
with the following assumed quantities: Pr =
0-71; Le = 144; ¢, = 100°C.

This result confirms the conclusion on the

(10)
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possibility of using Fay and Riddel’s correlation
to the heat-transfer predictions in an ionized
gas, which is made in [37] from the comparison
with other theoretical predictions.
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Abstract—In the paper heat transfer is studied in the stagnation region between a solid and high-enthalpy
gas flow. The upper limit of the enthalpy corresponds to the gas (nitrogen) ionization of 40 per cent. The
study is carried out in a gas jet heated by an electric arc heater.

Résumé—On étudie ici le transport de chaleur & partir d’un solide dans un écoulement gazeux a enthalpie
élevée dans la région du point d’arrét. La limite supérieure de 1’enthalpie correspond a I'ionisation du gaz
(azote) de 40 pour cent. On a conduit I"étude dans un jet gazeux chauffé par un arc électrique.

Zusammenfassung— Fiir den Staupunktbereich wird der Warmeiibergang zwischen einem Festkorper und

einem Gasstrom hoher Enthalpie untersucht. Die obere Grenze der Enthalpie entspricht einer Gasionisa-

tion {Stickstoff) von 40 %;,. Die Untersuchung ist in einem Gasstrahl durchgefiihrt, der durch einen elek-
trischen Lichtbogen aufgeheizt wurde.



