1542 AIAA JOURNAL

VOL. 2, NO. 9

Experimental Heat-Transfer Studies of

Hypervelocity Flight in Planetary Atmospheres

J. 8. Gruszczynskr* anp W. R. WARREN JR.T
General Electric Company, Valley Forge, Pa.

The results of an experimental study of blunt-body heat-transfer problems during entry
into planetary atmospheres are presented. Equilibrium gas radiance and convective heat-
transfer rates were measured in several CO.-N; gas mixtures over a simulated flight velocity

range (approximately) of 30,000 to 45,000 fps.

An electrically driven shock tube was used to

provide the simulated hypervelocity flight conditions. An unresolved problem concerning
the apparent influence of gage surface material on measured convective heat-transfer rates
is identified and discussed. The properties and performance of a total radiation cavity gage,
used to obtain the gas radiance data, are described. It is shown that species concentrations
in a CO;-N;: mixture have only a small effect on convective heating rates. A similar conclusion
for gas radiance is inferred at flight velocities above 32,000 fps. The experimental results are
compared with appropriate theoretical predictions and other experimental data and are used
to predict stagnation-point radiative and convective heating for Yenus entry trajectories.
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1. Introduction

VEHICLE entering a planetary atmosphere will be
subjected to severe aerothermodynamic conditions
similar to those encountered during re-entry into the Earth’s
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atmosphere. A great deal has been learned about Earth
re-entry during the past decade so that much of the back-
ground knowledge required for the investigation of near
planet entry problems now exists. However, certain charac-
teristics of planetary entry are new. The purpose of this
paper is to explore the effects of these characteristics on
entry vehicle heat transfer through the conduction of a
shock tube experimental study.

The framework of the investigation is the simulation of
flight into the atmosphere of Venus by a zero-lift ballistic
vehicle on a relatively “soft’” entry trajectory; that is, the
vehicle will decelerate to subsonic velocities at fairly high
altitudes and traverse a large portion of the atmosphere at
terminal velocities (with or without the aid of additional
retardation systems). Such a flight path would be attractive
for the conduction of atmospheric property experiments.
Our concern, however, is not with the terminal function of
such a vehicle but rather with the early entry phase in which
the surface heat transfer establishes perhaps the most im-
portant design requirement, the weight of the heat-protection
system. We have restricted the study to the investigation
of the equilibrium radiative and convective heat transfer to
the stagnation region of a blunt body and have applied the
results to the calculation of stagnation region heat transfer
for vehicle parameters corresponding to what might be con-
sidered limits on soft trajectories for Venus entry.?

Two important characteristics of flight into the atmospheres
of the near planets from the point of view of surface heat
transfer are the initial entry velocity and the composition of
the atmosphere. The escape velocities for Mars and Venus
are approximately 16,400 and 34,200 fps, respectively. A
vehicle approaching directly from space (no planetary orbit
phase) will enter the atmosphere at least at its escape velocity;
however, for various mission considerations, such as time of
flight, relative position of the planets at entry, and signal
transmission capability, it will probably be required to enter
the Martian atmosphere in the 20,000- to 25,000-fps range
and the Cytherean atmosphere in the 35,000- to 45,000-fps
range. Thus, we can restrict our current interest in plane-
tary atmospheric flight to an upper velocity limit of about
45,000 fps. In terms of our Earth reference, this is well
into the superorbital or hypervelocity flicht regime, a field
in which aerothermodynamic research studies have been
initiated only in the past few years. A key aspect of this
flight regime is the generally increased importance of radiative
heat transfer compared to its importance in suborbital flight.
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Perhaps the clearest distinction between flight in the
atmosphere of the Earth and flight in the atmospheres of
Mars and Venus is the uncertainty of the composition of the
near planets’ atmospheres. It might be expected that this
could lead to a large uncertainty in surface heat transfer,
particularly that due to radiation. Many investigators be-
lieve that the atmospheres of interest are composed of a
mixture of molecular nitrogen and carbon dioxide with trace
amounts of water vapor and other “contaminants.” The
major part of the work reported here has used the assumed
Cytherean atmosphere—composition and temperature, den-
sity, and pressure profiles—shown in Fig. 1.1 We have used
analytical results and some experimental data to infer the
effects of composition on the results obtained in the nominal
mixture caused by varying the concentration of the two
major constituents. . '

The stagnation region heat transfer is composed of bound-
ary-layer (convective) heating and radiative heating from
the shock-layer gases. The radiative heat transfer can be
thought of as coming from two sources: equilibrium radiation
from the parts of the shock layer which have reached thermo-
dynamic and chemical equilibrium, and nonequilibrium
radiation from the parts of the shock wave and shock layer
in which the gas has not had time to distribute its kinetic
energy among its various degrees of freedom. Nonequilib-
rium radiative heat-transfer data are not presented in this
paper; however, the potential importance of this mechanism
is discussed qualitatively in a later section of the paper.

Figure 1 also presents an altitude-velocity flight map for
the assumed atmosphere. Shown on this figure are equilib-
rium thermodynamic properties in a blunt-body stagnation
region over a wide range of flight conditions. Lines of
equilibrium radiation intensity for the stagnation region
conditions are also given. These radiances were calculated
by summing the radiation from specific de-excitation mech-
anisms,? the contribution of each being determined by
the equilibrium composition of the gas.? The method of
calculation includes the effects of self-absorption over a 1-
cm length. The reader is referred to Ref. 4 for the analytical
and computational details used in the prediction of radiant
intensity. Two typical entry vehicle trajectories are also
shown in Fig. 1. It can be seen that deep atmospheric
penetration and entry at high velocities produce severe
radiation environments.

Measurements of convective heat transfer and gas radiance
were made in an electrically driven shock tube; this facility
is ideally suited to this type of study, since its flight simula-
tion capabilities extend well into the superorbital regime.
The experimental results have been compared to appropriate
theoretical predictions. A brief description of the shock
tube and its performance characteristics is presented in the
next section. (See Refs. 5 and 6 for detailed discussions of
the properties of electrically driven shock tubes.)

2. Experimental Techniques

Description of Shock Tube

The electrically driven shock tube used in this study (a
larger version of the tube described in Ref. 5) is illustrated in
Fig. 2. A high-temperature, high-pressure, low-molecular-
weight driver gas is produced by a rapid axial discharge of
electrical energy stored in a capacitor bank into a helium-
filled driver. After the energy is distributed through the
driver gas, the diaphragm ruptures, and a strong shock wave
is generated in the low-pressure, driven tube gas. The driver
dimensions shown in Fig. 2 are maximum values; for this
study, the driver was shortened by the insertion of plastic
cylinders to a length of either 18 or 30 in.

Several test flows are available in a shock tube: the flow
behind the incident shock wave, the stagnated reflected
region gas, and the flow in the shock layer of a model located
in the flow behind the incident wave. The latter test flow
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Fig.1 Blunt-body stagnation-point equilibrium gas prop-
erties and atmospheric model assumed for Venus. -

has been used for both the convective and radiative studies
reported here.

Shock Tube Properties

Using  thermochemical equilibrium  properties  for
a 9% CO91%, N, mixture,? caleulations of thermodynamic
properties and species concentrations in the test regions of
interest in the shock tube have been made. Figures 3 and 4
present some of these results. Also shown are the simulated
flight velocities for the model test flow which are essentially
a function only of the incident shock wave velocity for the
range of conditions treated. Comparison of these figures
with the altitude-flight velocity map of Fig. 1 shows the
flight velocity simulation achieved at specific shock tube
conditions.

Shock Tube Performance

Since electrical shock tube performance capabilities in
terms of flight simulation are discussed in some detail in
Ref. 5, only performance data pertinent to the present
experimental results will be discussed here.

The shock speed was obtained by observing the luminous
profile of the shock wave with collimated photomultipliers
as it passes five stations ahead of the model station. The
signals from each photosensor were differentiated and added
to a raster signal displayed on an oscilloscope. The arrival
of the shock front at each station can be read with an ac-
curacy of 0.5 usec which, for example, over a 2-ft interval
at 30,000 fps, gives shock speed with an accuracy of better
than 19,. The wall pressure history behind the incident
shock was also monitored at several stations for the purposes
of 1) obtaining additional shock velocity data, 2) verifying
the equilibrium predictions, and 3) insuring that the reflected

Fig. 2 Hypervelocity shock tube with electrically heated
helium driver.
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Fig.3 Pressure behind incident shock wave and at model
stagnation point in the shock tube: equilibrium gas
properties.

expansion wave from the driver does not interfere with the
test gas flow.

Photometric and spectrographic methods were used to
obtain information on the quality of the test flows. The
emitted light from the gas behind the incident shock wave
was monitored with a multichannel monochromator. Figure
5 shows oscilloscope traces obtained at three different wave-
lengths. Note the fairly narrow bandpass of each channel.
In general, the arrival of the shock front is followed 1) by
a short duration (order of 1 usec) pulse of high-intensity
radiation, caused by nonequilibrium effects, 2) a period of
constant radiation from the equilibrium driven gas, and 3)
a period of nonsteady radiative intensity from the driver-
driven gas mixture in the contact front. ¥rom such data,
the steadiness and duration of the driven gas approaching
the model upstream of the model bow shock wave was de-
termined. A two-color photometer, with its entrance slit
focused on a point slightly ahead of the model stagnation
point, was used to observe the shock layer luminosity history
for each run. Oscilloscope traces of the signal from this
instrument are shown in Fig. 6. In addition to its usefulness
in determining the test flow duration and the steadiness,
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Fig. 5 Oscilloscope traces of radiation behind incident
shock wave.

model flow establishment time. It is interesting to note
that the blue signal sometimes shows an increase of intensity
upon the arrival of the contact front, whereas the red channel
always indicates a drop in radiation at this time. The
duration of the test flows obtained in this manner agrees
closely with other measurements.

Several procedures were used to insure that the contamina-
tion of the test gas was at a minimum for each test. Before
each run, the driven tube, which had a measured leak rate of
less than 0.8 4 Hg/min, was carefully cleaned and pumped
for several hours at approximately 8 u Hg. In addition, the
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Fig. 4 Density and temperature at model stagnation

point in the shock tube:

equilibrium gas properties.

Fig. 6 Oscilloscope traces showing responses of the red
and blue sidewall photomultipliers viewing model shock
layer.
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Fig. 7 Time resolved spectro-
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pure premixed gas was cold-trapped and flushed through the
tube at the test pressure for about 30 min prior to a run.
A time resolved spectrogram of the stagnation region flow
observed through a slit in the sidewall of the shock tube is
shown in Fig. 7. The spectrum shows that the test flow
(approximately 0 to 20 usec) is largely contaminant free;
that is, the strong line radiation following the available test
time generally does not extend into the test gas. Although
there is the possibility that small quantities of easily ionized
contaminants exist in the test gas, the high stagnation region
ionization levels associated with the hypervelocity regime
are such that the number of electrons contributed by the
contaminants should be negligible. Note the prominent
Hg line in the test flow. The analysis of the spectra indicates
that a small fraction of water vapor in the test gas (order of
10 ppm) would be sufficient to produce the observed line
intensity. Although this amount of hydrogen should not
appreciably influence the thermochemical properties of the
gas in the stagnation region, its presence in the spectrum
allows the calculation of electron concentration by the
application of Griem’s analysis of the Stark broadening effect.”
Such calculations have been made by Sadjian® for several
test spectra; his results indicate that the ion concentration
of the test gas agrees within a factor of two with the concen-
trations predicted by the thermochemical equilibrium ecal-
culations?® in the temperature range of 11,000° to 14,500°K.

3. Stagnation-Point Convective Heat Transfer

For some time, a controversy has centered about the
subject of convective heat transfer in the hypervelocity flight
regime because of a disagreement between data obtained
by the second author of this paper® and those of several other
investigators. This disagreement has been summarized by
Rose and Stankevics in a recent paper.? For this reason,
convective heat-transfer measurement techniques for the
blunt model test configuration in the shock tube were in-
vestigated in some detail in the present work. Since we
have found that the type of gage material used appreciably
affects the apparent heat-transfer response of a calorimeter
gage, several materials were studied. The thin-film gage
technique was also used, since, as a basically different means
for the measurement of surface heat transfer, it offered a
capability for discrimination between the results obtained
for the different materials studied with the calorimeter gage.

A two-calorimeter gage model was used to obtain simul-
taneous data with gages of different materials or of different
geometries. Because of the high heating rates and short
test times associated with hypervelocity flight simulation
in the shock tube, the use of a gage response in which the

5000 6000 A

heat is assumed to be distributed uniformly through the gage
will be in error.®® Time-dependent temperature distribu-
tions and corrections for the uniform heat distribution as-
sumption have been calculated for two types of gage ma-
terials [platinum and Hytemeo (a nickel-iron alloy)] and for
several different gage thicknesses. The correction curves
are shown in Fig. 8. The relatively large correction for the
thick Hytemco gage is caused by the fact that the heat is
conducted slowly into this material in comparison with the
platinum material, thereby producing steep temperature
gradients close to the heated surface. Corrections for the
temperature distribution in thinner gages of higher con-
ductivity material are small, but such a gage may lose some
heat to its backing material early in the test time. Con-
siderations of this type lead to the choice of gage thickness.
For example, we have concluded that, for the test parameters
encountered in this work, a 0.002-in. thickness was most
appropriate for platinum gages.

Hytemeco gages were used to obtain data reported in Ref. 5,
whereas the data of other investigators® 118 were taken with
platinum gages. Figure 9 shows traces taken during a shock
tube test from both the platinum and Hytemco gages in &

" weas - AS INFERRED FROM RESISTANCE CHANGE

1= .00l IN.PT.
1.00
) 1 = 002 IN.PT.
-o 90|
N
1]
i .80
£ 1 =004 IN. HYTEMCO
"o
7ol
\ 1 | 1 ] ]
5 10 15 20 25 30
TIME - MICROSEC
.0
=3
~  0s & = 10,000 CAL./ CM2 SEC
¢
- L = .002 IN.
-3
MATL - PT.
0.8 | ! 1 1 J

[L]=

10 15 20 25 30
TIME - MICROSEC

Fig. 8 Theoretical corrections for platinum and Hytemco
calorimeter heat-transfer gages for various thicknesses
and heating rates. Correction only for temperature dis-
tribution effect and not for losses to backing material.
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Fig. 9 Typical calorimeter gage responses in two-gage
model test: upper iraces, zero gage current applied;
lower traces, normal gage current applied.

two-gage model. It has been reported by Rose and Stan-
kevics® that a spurious signal was observed with a gage
thickness corresponding to that of the present Hytemco
gage when no battery current was flowing. Figure 9 in-
dicates that this effect is absent in the present data. How-
ever, there is significantly more signal noise generated
in the Hytemco gage during the establishment of the test
flow. The second gage evaluation test was the measurement
of convective heat transfer (normal gage current) using the
two-gage model. Results of this type are shown in Fig. 9.
Again, the more pronounced noise associated with the
Hytemco gage signal is seen; nevertheless, a significant period
of test time exists during which accurate slope measurements
of the Hytemco signal can be made. The platinum gage
signal is quite clean throughout the major portion of the test
time.

The reduced heat-transfer data for these two gage materials
have been found to differ significantly; the Hytemco gage
usually gave an apparent heat-transfer rate of about twice
the value obtained with the platinum gage. Also, more
scatter is found in the Hytemco gage data. Since it was
not apparent which material gave the correct signal, or in-
deed, if either material did so, we investigated two other
approaches to the measurement of stagnation-point heating.
First, to determine if the Hytemco alloying process had a

9% COp - N% N,

Fig. 10 Response
of stagnation-point
thin-film heat-
transfer gage: up-
per trace, heat-
transfer gage; lower
trace, sidewall pho-
tomultiplier viewing
shock layer ahead of
the stagnation point.

End of Test Time

Shock Arrival

TIME ——
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significant effect, nickel calorimeter gages were constructed
and run. However, the nickel results tended to agree with
the Hytemco data. Second, heat-transfer measurements
were made using the thin-film gage technique. The test
response of such a gage is shown in Fig. 10. The reduced
heat-transfer rates, corrected for surface material temperature
change,'? are shown in Fig. 11 along with the observed
platinum, Hytemco, and nickel calorimeter gage data.
Data for air, as well as for the 99, C0:-919% N mixture,
are shown. From this figure, it is seen that the platinum
thin-film results are at the general level of the platinum calorim-
eter heat-transfer data. We have also included in Fig. 11
the recently published data of Compton and Chapman at a
flight velocity simulation level of about 36,000 fps!3 which
were obtained from observations of the time required to
initiate melting of free-flying aluminum models. These
data support the level of the platinum calorimeter gage
measurements. Measurements of other investigators using
calorimeter gages in a shock tube are not'shown, since they
generally agree with the present data using the same
technique.

We have interpreted and used the information given in
Fig. 11 as follows. Three techniques for the measurement of
hypervelocity stagnation-point heat transfer [platinum
calorimeter gage (shock tube), platinum thinfilm gage
(shock tube), and melting aluminum model (range-type
facility)] tend to agree in the vicinity of a simulated flight
velocity of 36,000 fps. The level of heating given by these
methods disagrees with the level obtained with Hytemco
and nickel calorimeter gages. It is possible that this differ-
ence is caused by a combination of boundary-layer electronic
nonequilibrium and gage surface catalysis effects. An
approximate treatment of electron recombination in a
shock tube model boundary layer is given by Rose and
Stankevics,? and recent work on catalytic effects for materials
similar to those of interest have been reported by Myerson!4
and Hartunian.®® These references do not rule out the
nonequilibrium-catalytic explanation of the present results;
however, basic work in these areas has not yet progressed
to the point that we can conclude that this explanation is
justified. Also, there is not yet a sufficient quantity of
shock tube data in the hypervelocity regime with gage surfaces
other than platinum to provide valid. statistical arguments
for or against the suggested combined effect. Because of the
existence of two other sets of hypervelocity data taken with
platinum calorimeter gages in gases of interest in a planetary
entry study,® '® we have used the present data obtained with
platinum gages in the subsequent discussions of convective
heat-transfer results. However, the possibility that surface
heat transfer, under hypervelocity flight conditions at rela-
tively high gas densities, can be significantly influenced by
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Fig. 11 Comparison of stagnation-point heat-transfer
results obtained with different material gages.



SEPTEMBER 1964

surface material properties must not be discounted without
additional study.

The convective heat-transfer data obtained with platinum
calorimeter and thin-film gages are presented in Fig. 12.
The composition in which most of the present data were
obtained was 99 CO, and 919, N,. A few data were also
obtained in a mixture containing 879, CO. and 139, N,.
Most of the data were taken with 0.002-in.-thick platinum
calorimeter gages. A new gage was used for each test run.
A 0.5-in. nose radius hemispherical model was used for all
data shown in Fig. 12. As described earlier, a correction
factor was applied to the observed calorimeter gage response
to take into account the nonlinear temperature distribution
across the thickness of the gage element (Fig. 8), and the
thin-film gage data were adjusted for the variation of the
backing material properties due to a change in its temperature
during the test time.!2

In analyzing the data, the possible contribution of radiative
heating to the measured heat-transfer rates was considered.
For enthalpy levels corresponding to flight velocities below
37,000 fps and stagnation-point densities of the present
experiments, the radiative flux from the shock layer to the
gage was estimated using data of Ref. 2 and found to be less
than 109 of the measured heat-transfer rate. However,
for higher enthalpies, the radiation becomes larger and may
add considerably to the measured rates. The amount of
incident radiation which the gage will absorb depends on
the surface reflectivity, which itself is a funection of the wave-
length and the surface conditions. Since these factors are
difficult to evaluate for each gage, it was assumed that the
gage surface will absorb 509, of the incident radiant energy.
Appropriate corrections were made and the data plotted
showing a range of uncertainty (25 to 759 absorption) due
to the radiative heating contribution.

The present platinum gage data are compared in Fig. 12
with the theoretical solutions of Hoshizaki for stagnation-
point laminar boundary-layer heat transfer in CO, and in
air.!t The agreement between experiment and theory is
reasonably good over the range of data; however, there is
tendency for the data to favor the air prediction at the lower
simulated flight velocities and the CO, prediction at the higher
velocities.

All experimental data available to the authors on con-
vective heat transfer in Ny, COy, or No-CQ, mixtures are shown
in Fig. 13 together with the theoretical predictions of Hoshi-
zaki. The data in CO, include the free-flight measurements
of Yee, et al.¥” and the results of shock tube experiments by
Rutowski and Chan® which were taken at relatively low
stagnation enthalpies and, thus, provide results at velocity
levels lower than that of the present investigation. In the
simulated velocity range between 30,000 and 38,000 fps, it
can be seen that the heat-transfer results in the 99, CO,-
919 N, gas mixture tend to lie below the CO, shock tube
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Fig. 12 Hypervelocity stagnation-point heat transfer in
simulated planetary atmospheres.
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Fig.13 Comparison of stagnation-point heat-transfer re-
sults in carbon dioxide, carbon dioxide-nitrogen mixtures,
and nitrogen.

data of Nerem? and in general agreement with the N, results
of Rose and Stankevics.® Therefore, both the theoretical
and experimental information given in Fig. 13 support the
existence of a somewhat higher level of heat transfer in the
COqrich mixtures over that in the Nyrich mixtures in the
hypervelocity flight regime.

4. Radiation Study

We have used the stagnation region flow in front of a
hemispherical model for the measurement of gas radiance
properties. It has several advantages in this application.
First, the flow establishes rapidly and remains relatively
steady during the test time, in contrast, for example, with the
somewhat unsteady flows in the reflected region of a shock
tube. Second, by sensing radiative fluxes through the
model, interference from the unsteady and fairly thick side-
wall boundary layer that develops in the tube after the
passage of the incident shock wave is eliminated. Third,
by using a collimating sensing system at the stagnation
region, the radiating gas sample of interest has essentially
uniform properties, and its dimensions can be accurately
measured. Fourth, the flow is steady in the laboratory
coordinates so that the requirements on time response of the
instrumentation used are not overly severe. One major
disadvantage of this test configuration is that the freestream
flow (the flow behind the incident wave) is highly excited
thermochemically compared to the freestream flow a vehicle
will experience in flight through an atmosphere. However,
if we restrict the study to equilibrium radiation, this test
configuration provides a good simulation of the stagnation
region in hypervelocity flight.

The radiation intensity of a column of gas normal to the
model surface at the stagnation region between the surface
and the bow shock wave has been measured by a new cavity
gage technique described below. Sidewall observations of
the bow shock wave region have included the time resolved
spectroscopic observation of the stagnation region and the
measurement. of bow shock wave standoff distance through
the use of collimated phototubes. Concerning this latter
measurement, it was found that the standoff distance during
the test time was in good agreement with the predictions of
Serbin®® for several test conditions. Thus, his predictions
were used for establishing the radiative column length re-
quired for the reduction of the cavity gage data.

The total radiation cavity heat-transfer gage is sketched
in Fig. 14. This gage consists of a cylindrical cavity, the
inside of which is coated with a thin-film heat-transfer gage
as shown schematically in the figure. Its advantage is the
coupling of a fast response time (the order of tenths of micro-
seconds) with the ability to keep difficult-to-determine
material surface properties from interfering with the response
of the gage. The gage can be used for various types of shock
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Fig. 14 Sketch of cavity gage concept and gage model
configuration used for present measurements: 2-in.-diam.
model shown.

tube radiation measurements.? In the present study, we
have used it only in the configuration shown in Fig. 14 in
which a sapphire window was located at the stagnation
region of the model. Therefore, this gage system is colli-
mated and senses only the radiation from a region of shock
layer gas close to the axis of the model. Since, for the test
conditions of interest here, the stagnation region gas has
almost uniform temperature and density and is essentially
transparent, the signal can be interpreted in terms of the
radiance of the stagnant gas. Oscilloscope traces of the
cavity gage signal are shown in Fig. 15. The approximately
parabolic signal is typical of the response of a thin-film gage
to an approximately steady heating rate. Traces from the
red phototube sidewall observation of the shock layer, which
indicate the establishment, duration, and steadiness of the
test flow, as discussed earlier, are also shown in Fig. 15.
The history of stagnation gas radiance, as determined by
analysis of one of the thin-film traces in Fig. 15, is shown
in Fig. 16.

Cavity gage measurements of the total radiative intensity
of the stagnation region gas are presented in Fig. 17. Results
have been obtained for shock velocity values between 22,000
and 34,000 fps. Also shown on Fig. 17 are the theoretical
curves (based on the predictions of Ref. 2 for the 0.2-to 10-u
spectral region) for the shock tube property ranges covered
by the experimental conditions. The radiance has been
normalized by the stagnation region density ratio to the
1.55 power which brings the theoretical curves into reason-
ably good agreement over the property range of interest.
In general, the experimental points scatter near the theoretical
predictions. There is a tendency for the experimental results
to be higher than theory at shock velocities below about
28,000 fps. Above this value, the points generally group
somewhat below the predicted level. Note the few points
corresponding to P; values of 0.1 mm Hg. These lie signifi-
cantly above the level predicted by the equilibrium theory
and the general level of the experimental data at higher
pressures. We associated this behavior with the initiation
of nonequilibrium effects in the shock layer. Radiation
from a nonequilibrium air shock layer has been investigated
experimentally by Page.?! Since the nonequilibrium process
in the model test configuration will be different from that
investigated by Page because of the high temperature and
dissociation level of the gas entering the shock layer in the
shock tube, a direct comparison with his results is not

ATAA JOURNAL

necessarily valid. However, it is observed that the values
of the few low pressure points are compatible with those
presented by Page.

Two points from different test gas mixtures are also shown
in Fig. 17. Although more data are required for the study of
the importance of gas composition, there is reasonable agree-
ment between these points and the other information shown.
As discussed below, this is the expected result.

5. Application of Results

The radiance and convective heat-transfer results described
previously have been used to predict the stagnation-point
heating for blunt vehicles corresponding to the trajectories
shown in Fig. 1. The theoretical data of Ref. 2 (0.05 to
10 w), with an experimentally suggested correction dis-
tribution (409, increase at 36,000 fps decreasing linearly to
0% at 30,000 and 40,000 fps), were used for the radiative
properties. The theory-experiment comparison in Fig. 17
supports the wvalidity of this assumption. Hoshizaki’s
theoretical curve for CO, was used for the convective heat-
transfer rates. The resultant heat flux histories are shown
in Fig. 18.

The high m/CbpA, 90° entry angle trajectory exhibits a
severe radiation heating load with a peak rate about five
times that of the peak convective heating rate for a 1-ft
radius body. For the lower mass, lower angle trajectory,
the heating rates are more moderate with the convective
mechanism replacing the radiative in maximum severity.
Note point A marked on both radiative curves in Fig. 18.
It can be shown from Fig. 1 and Ref. 2 that it is only after
this point that strong differences in radiation between COp-N,
mixtures of widely varying compositions (and air) due to CO

9% COp - 91% N,
Ug = 25,600 ft/sec
P) = 0.33 mm Hg

5 psec Shock Arrival End of Test Time

9% €Oy - 91% N,
Ug = 29,500 {t/sec
= 0.33 mm Hg

AV =

End of Test Time

5 psec  Shock Arrival

3% COp - 97% N,
Ug = 33,000 ft/sec
P,=0. 34 mm Hg

— N
5psec 1 End of Test Time
Shock Arrival

TIME —#%

Fig. 15 Oscilloscope trace showing thin-film cavity gage

response during test gas flow: upper trace, model stag-

nation region gavity gage; lower trace, sidewall photo-

multiplier sensitive in the red viewing stagnation region
shock layer.
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Fig. 16 Radiance of model stagnation region gas as a

function of time after arrival of incident shock wave at

model. Data obtained from analysis of thin-film cavity
’ gage signal shown in Fig. 15.

and CN band radiation become apparent. This is reflected
in the shape of the radiative pulses after point A and in the
low velocity leveling of the theoretical curves in Fig. 17.
Above a simulated flight velocity of about 32,000 fps, Ref. 2
shows that the gas radiance from these mixtures is dominated
by the free-free interactions and deionization of nitrogen,
oxygen, and carbon ions and is essentially dependent only
on enthalpy and density levels (or flight velocity and alti-
tude). Thus, for initial entry velocities of the order of 40,000
fps or more, where the radiative heating peaks above 35,000
fps, the complexity of the equilibrium radiation problem
caused by our lack of knowledge of gas composition may be
considerably reduced.

Nonequilibrium radiation contributions are not included
in the curves of Fig. 18. If this mechanism for planetary
gases gives levels similar to those found by Page® for air
(order of 20 Btu/ft>-sec at 36,000 fps), the nonequilibrium
radiation will be negligible for trajectories of the type shown.

6. Concluding Remarks

Several planetary entry heat-transfer problems that have
not yet been satisfactorily explored can be identified. First,

Py

0.1 mmHg
0.33
?:8 9% C0,-91% N,
3.0 o
59 [P )
0.33- 3% C0,-97% N2 O =
0.33-25% COp-75% Ny O _~"o
-
O]

X XX A K-XeE %

3
9o
‘Q.
A
P
bd

'3
=
o
m! 1
=
o P, =5mm
w
=
$ 0tt
2
ol is)
« THEORETICAL CURVES BASED
& ON EMISSIVITIES OF BREENE AND NARDONE
sl SPECTRAL REGION-.2 TO 1IOpu
10 -

30 35 40 45
U x1073 FT/SEC

L i 1 ] A 1 )

20 22 24 26 28 30 32 34
ug 2107 FT/SEC

Fig. 17 Stagnation-point radiation in simulated Ven-
usian atmosphere: experimental results obtained with the
cavity gage compared to the theoretical predictions.
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Fig. 18 Radiative and convective stagnation-point heat-
transfer rates for atmosphere and entry vehicle trajectories
shown in Fig. 1.

an explanation for the apparent gage surface materials effect
on convective heat transfer must be found. Second, the
validity of equilibrium radiation predictions has not been
tested experimentally either in the lower flight velocity ranges
or over the range of possible major constituent concentrations
(including species other than CQO. and Nj). Third, the
importance of nonequilibrium radiation for the gas mixtures
of interest has not been determined. Fourth, the effects of
self-absorption and coupled radiative and convective energy
fluxes, possibly important for entry at higher velocities than
those discussed here, have not been studied. These problems
should be the subject of future research in this area.
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Statistical Behavior of a Turbulent Multicomponent

Mixture with First-Order Reactions

Yra-Ho Pao*
Boeing Scientific Research Laboratories, Seattle, Wash.

The dilute turbulent concentration fields of a multicomponent mixture with any type iso-
thermal first-order reaction are investigated. For certain given initial conditions, the reacting
concentration fields are related to the nonreacting case provided that the diffusivities of all
species with respect to the main solution are equal. This enables us to utilize some known
results of turbulent mixing to estimate the rate of decay and/or growth of the reacting turbu-
lent concentration fields. For the case of stationary turbulence with first-order reactions and
with nonequal diffusivities, where the Reynolds number and Péclet number are large, the
small-scale structure of the turbulent concentration fields are investigated under the assump-
tion of local isotropy and local homogeneity. A unified concept for spectral transfer at large
wave numbers is proposed which, in ¢ssence, is a generalization of the Onsager-Corrsin spectral
transfer concept. With this unified spectral transfer concept, as well as other concepts, the
reacting concentration spectrum functivns are deduced for three wave number ranges: 1) the
inertial-convective range, 2) the viscous-convective and viscous-diffusive range for large

Schmidt numbers, and 3) the inertial-diffusive range for small Schmidt numbers.

1. Introduction

HE complexities of turbulence have long been revealed,
but are far from being completely understood. Despite
continuous efforts, it still defies a thorough theoretical treat-
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ment, and reliable turbulence measurements are tedious and
hard to obtain. The difficulties are mainly due to its ran-
domness, nonlinearity, and inherent three-dimensionality.
With the added complexity of chemical reaction in turbu-
lent flow, the problem becomes even more intractable. For-
tunately, there are some partial theories, well supported by
observations and experimental results, which enable us to
understand the phenomena of turbulence and turbulent mix-
ing to a certain extent. Based on these, some problems of
turbulent mixing with chemical reaction can be investigated.
For an exploratory account of the statistical theory of turbu-
lent mixing with chemical reaction, the reader is referred to
an article by Corrsin.! O’Brien? has investigated the sta-
tistical behavior of the reactant of a first-order irreversible
reaction in isotropic turbulence by using the zero fourth-
cumulant approximation. However, the numerical compu-
tation shows that the approximation leads to negative con-
centration spectrum functions.?* Corrsin® ® has obtained



