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Radiative Transfer Properties of a Shocked
Venus Model Atmosphere

H. J. DEACON JR.*
General Electric Company, Schenectady, N. Y.

AND

W. F. RumpELT
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An analytical investigation of the equilibrium radiation of shocked 809, CO:, 209, N, was
performed using the constant property flat slab model including non-gray self-absorption for

typical Venus entry conditions.

It was found that the important radiators are the fourth

positive group of CO, the continuum from carbon, and the line emission from neutral carbon.
The method was compared with available experimental data and good agreement was found.
Most of the radiation was found to occur in the middle and far ultraviolet portions of the spec-
trum. The heat-transfer results are presented in a form which is useful for approximating

radiation loads on a Venus entry vehicle.

Nomenclature
By = Planck function
¢ = gpeed of light
E, = radiance
E; = third exponential integral
e = electron charge
fi = oscillator strength
h = Planck constant
k = Boltzmann constant
m = electron mass
Niz; = number density of absorbing state
¢® = radiation flux
7o = classical electron radius
Ry = nose radius
U, = freestream velocity
Ve = entry velocity
8 = ballistic coefficient
T = radiation-cooling parameter
ye = entry angle
vi = half wadth
A = slab thickness
A = wavelength
pxn = absorption coefficient
v = frequency
p = density
po = Earth standard density
po = freestream density
ox = cross section for photon absorption
Subscripts
A = at a wavelength
Y = at a frequency
1 = before shock

Introduction

STUDIES of entry into the atmosphere of Venus have
shown the very important effects of radiative heat trans-
fer from shock-layer gases on entry vehicle design. High heat-
transfer rates, coupled with low shock layer pressures (rela-
tive to advanced ballistic missile, Earth re-entry conditions),
result in sublimation of the ablation material during portions
of the entry. The performance characteristics of typical heat
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shield materials during sublimation are not well-understood.
Therefore testing of heat shield material under the combined
radiative and convective heating environment becomes de-
sirable. Convective heat-transfer rates are easily predicted.
Calculations of radiative heat-transfer rates have tended to be
quite inaccurate. A basic problem is to reduce the uncer-
tainty in these predictions. This design problem is further
compounded because the radiation heating capability of typi-
cal testing facilities! (e.g., the Ames advanced re-entry simu-
lator) is less than the convective. Hence, the acceptable error
in radiation estimates is small. An indication of the magni-
tude of the heat-transfer rates expected for typical Venus
entry trajectories at the stagnation point is presented in Fig.
1, where convective and radiative heating rates are presented
for two missions. It can be seen that the heating period is
very short, the radiation heat transfer is comparable to the
convective heat transfer (especially when the effects of abla-
tion are considered), and the radiation load increases very
sharply with increasing velocity. This paper presents the re-
sults of an analytical investigation that led to the predictions
presented in Fig. 1.
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Interest in exploring Mars and Venus has resulted in several
experimental and theoretical investigations of the radiation
properties of mixtures of shocked COs, Ny, and A, The ballis-
tic range study by James? provided early comparisons of
theory and experiment for Mars entry velocities. His work
considered the spectral range between 0.2 and 1.0 x and his
theoretical considerations indicated that the most strongly
radiating mixtures were about 109, CO,, 90% N,. This fact
resulted in additional work by Gruszeynski and Warren® and
Arnold, Reis, and Woodward,* which concentrated on CO,
lean mixtures. Thomas and Menard® considered three CO;,
N,, A mixtures including 1009, CO., but this composition,
unfortunately, was not thoroughly investigated. Perhaps the
most significant problem with the experimental work is that
windows in the measurement system excluded the radiation
below 0.2 4.

Several theoretical studies were made to evaluate the in-
fluence of the radiation in the ultraviolet. A theoretical study
by Meyer, Ohrenberger, and Thompson® presented an indica-
tion of the importance of the fourth positive group of carbon
monoxide and also indicated the disagreement between theory
and experiment. Further theoretical work including self-
absorption of CO(4+) and the CN systems was presented by
Woodward.” Deacon and Boughner8 used an approximate,
yet accurate method for the absorption coefficient of CO(4+),
showed the importance of this radiator to CO.-rich mixtures,
and presented design charts for estimating the heat transfer.
Menard, Thomas, and Helliwell® presented a comparison of
theory and experiment for 309, CO., 409, N., 309% A, and
some serious disagreements were found. These disagree-
ments (theory predicts the radiance to be lower by a factor of
two to three than experiment at 9000°K) are especially serious
since the spectral regime in which the disagreement was found
is the one which has been most thoroughly investigated.
Further, the results of Deacon and Rumpel® have shown that
the large heat-transfer rates are expected at lower wave-
lengths, where only a few experiments have been performed.
If predictions are to be made with any confidence in the
middle and far ultraviolet, the discrepancies in the spectral
range of 0.2-1.0 x must certainly be resolved.

The Venera IV and Mariner V experiments have shown
that the atmosphere of Venus is predominately (90 + 109%)
CO,. This is unfortunate since it minimizes the utility of
previous studies of small CO, percentage mixtures, and also
because it increases the severity of the environment as com-
pared to CO. lean mixtures. This paper presents the results
of an analytical investigation of the equilibrium radiation
from shocked 809, CO,, 209, N,. This mixture was chosen
because design studies have indicated that it produces a larger
heat-transfer load to typical entry vehicles than mixtures con-
taining larger amounts of CO,. The reason for this is the
increased emission from the CN red and violet band systems
at low velocities and the nitrogen continuum at higher
velocities. In addition, self-absorption from carbon bearing
species is a more important factor in reducing radiation loads
from higher CO; compositions. The effects of self-absorption
are accounted for in the detailed spectral computations of the
radiation from molecular electronic transitions, free-free and
free-bound continuum, and the atomic line contributions.
The dominant emitters were found to be the CO(4+) transi-

Table 1 Radiance parameters

Molecular transitions

Transition N () fi fi, Ref.
CO4+) 0.149 0.24 15
CN (Violet) 0.4 0.027 16
CN (Red) 1.1 0.0064 17
C: (Swan) 0.194 0.034 4
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tion, the earbon continuum, and the line emission from neu-
tral carbon. The absorption coefficients for CO(4+) and the
carbon continuum were treated as in Refs. 8 and 10, whereas
the lines were treated using the tabulations of Wilson and
Nicolet.!* Heat-transfer rates are presented in the form of a
chart for a constant property slab as a function of velocity,
density, and shock standoff distance. Radiative decay was
not considered.

Theoretical Methods

This section presents the several techniques which were
used to estimate the contribution of each of the radiating
species to the heat transfer from the shock-layer gases. The
shock layer was approximated by a constant property slab of
thickness A where A is equal to the shock standoff distance.
No reflections were accounted for at either the body surface or
the shock. Under these conditions the heat transfer is given
by the integral equation!?

@ =7 [7 B[ = 2B:(mt)] ) )

where the Planck function
By = (2het/N0) 1/[exp(he/kTy) — 1] @)

The u» is the spectrally dependent absorption coeflicient, and
E; is the third exponential integral. This function can be re-
placed by the exponential with small error in the heat-transfer
prediction:

¢ =7 fo‘” By [1 — exp(—2mA)] d\ 3)

The temperature and number densities of the several radiat-
ing species can be easily obtained by free energy minimization
techniques.’* Therefore, determination of ua is a problem in
determining transition probabilities. Previous work by
Deacon and Boughner® has shown that the CO(44-) transition
is an important contributor to the radiation at velocities be-
low 35,000 fps, that self-absorption is significant, and that the
other molecular radiators considered in that investigation are
so weak that the transparent gas approximation is appropri-
ate. The method for estimating the absorption coefficient
for the CO(4+) radiation was originally proposed by French.
In the course of this investigation, it was found that the C.
Fox-Herzberg system, which has an unusually large F number
of 0.82 (Ref. 9), presented a significant heat-transfer rate at
high values of density and shock standoff distances. There-
fore, the effect of self-absorption was investigated. The aver-
age value of the Franck-Condon factor was assumed to be 0.1
for this band system as suggested by French.* When ab-
sorption was included, the heat transfer was found to be small.
The C, Fox-Herzberg system was then treated as absorbing
throughout this study. The other molecular species were
treated with the transparent gas approximation

¢® = E.A/2 4)
where
E, = (87%hc?roN fi/ N3) exp(—he/kTN;) 5)

The oscillator strengths and central wavelengths used in Eq. 5
are presented in Table 1. With these physical properties, the
radiation from molecular band systems is easily estimated.
The radiation characteristics of the neutral carbon con-
tinuum have been investigated'® using the cross sections of
Wilson and Nicolet.!! These are based on the Biberman and
Norman!® approximation for the electron-ion recombination
transition probabilities. Wilson and Nicolet presented the
results of this method in terms of a cross section for both
carbon ion-electron recombination and neutral carbon free-
free radiation. The absorption coefficient was easily ob-
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tained from the expression
12 O-XN ¢ (6)

The primary features concerning the carbon continuum are
that the carbon cross section is about an order of magnitude
greater than the nitrogen eross section for wavelengths greater
than 850 A, that the carbon continuum has 859, of its emis-
sion at wavelengths less than 1250 A, and that the interac-
tion of the CO(4+) band system and the carbon continuum is
negligible for heat-transfer considerations. Since the cross
sections of Wilson and Nicolet are felt to be the best available,
they were used in the present work.

The contributionsof the nitrogen and oxygen continua to the
radiative flux were computed using the transparent gas ap-
proximation. These sources are negligible compared to the
carbon continuum for CO, rich mixtures since the cross sec-
tions are so small. However, they were included for com-
pleteness and also because of their larger contributions to the
emission of CO, lean mixtures. The experimental results of
Morris, et al.’® were used as expressed by the relation in Table
2. The heat transfer from these radiators for all Venus entry
trajectories and vehicle configurations considered was neg-
ligible.

The contributions of the lines were estimated in essentially
the same manner as the CO(4+) and carbon continuum con-
tributions. The 82-line oscillator strengths and Stark broad-
ening half-widths tabulated by Wilson and Nicolet were used
in the following expression for the absorption coefficient of the
lines:

Y
Ko ; Nuit: (v — vo)® + vi? @
where the line shift has been neglected. The number density
of the carbon atoms in the absorbing or lower state of a transi-
tion was determined, using the tables presented by Gilmore.?
The contribution of the nitrogen and oxygen lines was com-
puted using the above method for the gas composition 809,
COq, 209% N,. The lines and physical parameters of Wilson
and Nicolet were also used for nitrogen and oxygen. Em-
phasis was placed on the neighborhood of 10,000°K, p;/py =
1 X 1073, and a shock standoff distance of 1 ecm. 1In all cases
investigated, the contribution of nitrogen and oxygen lines to
the heat transfer was negligible. This conclusion is consistent
with the observation that nitrogen and oxygen lines in air
contribute about the same amount as the nitrogen continuum
at about 10,000°K. Since the carbon continuum is much
stronger than that of nitrogen, it follows that nitrogen and
oxygen lines are of secondary importance.

The effect of stimulated emission is negligible for the present
problem. A 25% error in the absorption coefficient at
14,000°K is the maximum possible for wavelengths less than
7400 A, whereas a 109 error is the largest possible if this ef-
fect is neglected for wavelengths less than 4350 A. It will be
shown below that the greatest portion of the radiative trans-
fer is at wavelengths less than 2000 A. Hence, this effect is
clearly not important.

Comparison of Theory and Experiment

The only real verification of a theory is by comparison with
experiment. This is not possible for the present computa-
tions, since the needed experiments have not been performed.
However, experimental results which have been reported in
the literature allow a partial verification or refutation of the
method presented above. Since the present work is concerned
with CO; rich mixtures, the large number (Refs. 2-5) of 109,
and 256% CO,, balance N, are not applicable. However, the
100% CO, measurements of Thomas and Menard, the 309,
CO,, 40% N, 30% A mixture analyzed by Menard, Thomas,
and Helliwell, and the 609, CO,, 409, A measurements of
Gruszezynski?! are available for comparison.
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Table 2 Nitrogen and oxygen continua

E. = 1.435 X 10~% N,TV2 [0.164 Ny + 2.4 Ny, +
0.256 No + 2.74 No,] 18

A comparison of the theory and experiment of Menard,
Thomas, and Helliwell® shows marked disagreement. Figure
2 presents the data for the radiance of a 309, CO,, 409, N,,
309, A mixture, and the theoretical predictions for the lines
and total radiance by both Menard, Thomas, and Helliwell
and by the present technique. The latter method gives
better agreement with the experiment because heat transfer
resulting from lines was found to be larger than that in the
MTH prediction. Although this agreement is gratifying, it
must be acknowledged that the gas mixture is not a reason-
able approximation for the atmosphere of Venus, and further,
that theory and experiment are restricted in this comparison
to wavelengths greater than 2000 A.

The experimental results of Gruszezynski?! with 609, CO,,
409, A were also analyzed. The latter are especially pertinent
since they include the radiation at wavelengths between 850
and 2000 A. This region includes the CO(4+) radiation,
which is important at the test conditions. Figure 3 presents
the comparison of theory and experiment for gases with and
without quartz windows. The effect of variation in oscillator
strength for the CO(4+) band system is also indicated.
Excellent agreement is obtained for the cylindrical model.
The agreement between theory and experiment for the hemi-
spherical model is not as good. Gruszeynski noted this dis-
agreement and postulated that the latex diaphragm may not
have been completely removed from the viewing port. The
small number of data points is evident.

Figure 4 presents the comparison of theory and experiment
for the 1009, CO, results of Thomas and Menard.> These re-
sults include a quartz window and therefore include only a
portion of the radiative flux. Most of the data appear to
agree within 50%. This is not too bad, especially when
agreement of a factor of two is representative of comparisons
of theory and experiment for air.??

Although the agreement between theory and experiment is
gratifying, the limitations of the comparisons must be recog-
nized. The most obvious problem is the very small number
of truly definitive experiments in general and the even smaller
number which include the vacuum ultraviolet portions of the
spectrum. Further, the composition of primary interest,
i.e., 809 CO,, 209% N, has not been experimentally investi-
gated.
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Spectral Characteristics

In the present formulation, the individual radiation modes
[CO(4+), carbon continuum, carbon lines] are considered
independently. That is, it is assumed that a photon pro-
duced from a carbon line transition does not interact to photo-
ionize neutral carbon or to excite the electronic structure of
carbon monoxide. The influence of this approximation on
the heat-transfer results must be estimated. In Ref. 10it was
shown that the interaction of the CO(4-+) system and the
carbon continuum did not affect the heat-transfer results to
any appreciable extent. The same effect must be evaluated
for the interaction of carbon lines with the continuum and
molecular radiation.

One striking characteristic of the carbon continuum is that
the radiation is very strong at wavelengths less than 1240 A.
Hence, to determine if the carbon lines and continuum inter-
act and significantly influence the heat transfer in this speec-
tral regime is important. The interaction was investigated
by forming the ratio

e N < 1240 R/¢0..,

over the range of velocities (20-45 kfps) and freestream
densities (1072-10—¢ amagats) representative of Venus entry.
This fraction never exceeded 0.1. Therefore treating the
carbon continuum and carbon lines independently in this
spectral region can result in an error in heat transfer which is
no more than 109,. This error is certainly negligible. The
radiation from the carbon continuum at wavelengths greater
than 1240 A can be shown to be optically thin for typical
standoff distances (1.0 em). This is a result of the rapid
dropoff in cross section for the carbon continuum radiation
for wavelengths greater than 1240 A Therefore, for typical
Venus entry conditions, the .nteraction in the higher wave-
length spectral regions may be considered negligible and not
important.
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A similar problem exists in the spectral region, 1260 to
1930 A where both the carbon lines and the CO(4+) band
system have large contributions to the heat transfer. Deacon
and Boughner showed that the CO(4+4) system is important
for velocities less than 35,000 fps. Therefore, the fraction of
the radiative transfer resulting from lines in this portion of the
spectrum must be determined. If this fraction is small, the
lines and CO(4+) radiation can be treated independently.
Computations showed that

&, 1260 A < A < 1930 A/¢R..,

is always less than 0.25 for velocities less than 35,000 fps.
Hence, the maximum error which could occur [only if CO(4+)
were black in this spectral regime] is 25%, an acceptable
error. These considerations justify treating the carbon
continuum, carbon lines, and CO(4+) system, which are the
dominant emitters, independently.

A quantity of considerable interest is the fraction of the
radiative transfer contributed by neutral carbon lines. This
quantity is of the order of 0.5 for temperatures greater than
about 10,000°K and shock standoff distances of 1 em. Figure
5 presents this fraction as a function of temperature and free-
stream density. This fraction varies considerably. As a
further example of the roles of the several emitters, Fig. 6
presents the radiation heat-transfer load for a typical Venus
entry trajectory. This shows that the lines are dominant
with important continuum contributions during the high
velocity portions and that the CO(4+) system is dominant
for the lower velocity portion.

Since most experiments do not include the radiation at
wavelengths less than 2000 A the fraction of the carbon line
flux in this ultraviolet regime is of interest. Figure 7 presents
the ratio of heat transfer resulting from lines in the spectral
region less than 2000 A to the heat transfer due to total car-
bon lines for three amblent densities and a standoff distance of
1 em. It can be seen that this fraction is a strong function of
shock velocity. Since the fraction of the total heat flux due to
lines at reasonable optical depths (pi/po ~ 1 X 1073, A ~ 1)
is about 0.5 (Fig. 5), about 25% of the total radlatlve flux is
from carbon lines below 2000 A. Also at velocities above
38,000 to 40,000 fps about the same percentage of the total
ﬁux is from llnes at wavelengths greater than 2000 A, that is
25%,, and about half of the flux is from the neutral carbon and
nitrogen continua.

The considerations of this section indicate that interactions
of radiating species are not important for estimating shock
layer radiative heat transfer during Venus entry. It is sig-
nificant to note the relatively large role played by the neutral
carbon lines at the hlgher temperatures. The fraction of the
flux due to these emissions is about 0.5. This is very similar
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Fig. 6 Radiative heat transfer for Venus entry.

to the role of nitrogen lines in air radiation. Since the carbon
continuum is so much more intense than the nitrogen con-
tinuum, COyrich mixtures may be expected to present a
much larger radiation load than air at the same pressure and
temperature.

Total Heat Flux

To allow easy estimation of the total radiative heat transfer
to a planetary entry vehicle, Fig. 8 is presented. The ratio of
the flux to the shock standoff distance /A is plotted as a
function of the shock velocity with freestream density and
shock standoff distance as parameters. This technique is use-
ful for approximating radiative heating loads in trajectory
calculations.

It is noted that the predictions furnish an upper bound for
the equilibrium radiative heat flux. Radiative cooling ef-
fects have not been included in the caleulations. The cooling
parameter defined as

r= 2qR/%pwUm3

by Goulard? is commonly applied to approximate the radia-
tive decay. Lack of applicable data for CO, mixtures in the
flight regimes of interest has prevented such an estimate to be
made in the present case. Examination of the cooling effect
for air?4% indicates that reductions of a factor of 2 to 3 are
possible. However, applicability of the air correlation to the
CO,-N; mixture is not well-founded. Thus the present work
must be considered conservative.

Concluding Remarks

The present results provide rapid determination of the
equilibrium radiation heat transfer for Venus entry for con-
stant property shock layers. The limitations of the work with
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respect to the total design problem should, however, be
acknowledged. A major limitation is the lack of correction for
the nonadiabatic characteristics of the shock layer. An
estimation of cooling effects can be made using methods given
in Refs. 24 and 25 for air. Another obvious weakness is that
the nonequilibrium region behind the shock wave has been
neglected. Very little work has been done to understand the
influence of this zone on the heat-transfer environment of
vehicles entering the atmosphere of Venus (see, for example,
the unreduced results of Ref. 5). Some preliminary unpub-
lished work on this problem has been done by the present
authors, which indicates that the overshoot from the CO(4+4)
system may be quite important. This is certainly a fruitful
and important area of research.

The effect of the boundary layer at the stagnation point
has not been considered in this paper. At moderate Reynolds
numbers, the boundary layer can make up a sizable fraction
of the shock layer. The effects of absorption by this low
temperature region, as well as the effects of absorption by the
products of heat shield sublimation may be of considerable
importance. A related problem involving nonuniform shock-
layer gases exists on the very important rearward portions of
the body. The temperature may be relatively constant be-
tween the shock wave and the entropy layer (neglecting the
nonequilibrium zone); however, it rises in the entropy layer
and then falls in the boundary layer. The results reported
here are applicable if the boundary layer and entropy layer are
thin, but important missions can be postulated where these
nonuniform layers are important.

In spite of the analytical difficulties mentioned above, suc-
cess has been attained in predicting the results of available
radiation experiments using the constant properties flat slab
model. Specifically, an analytical model for the radiation
from almost pure CO, has been developed, compared with
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available experiments, and used to develop a chart for the
approximate determination of radiative heat-transfer rates.
The detailed spectral analysis showed that the dominant
radiators for 809, CO,, 209, N, are CO(4+), C lines, and the
carbon continuum. Radiators of lesser importance are CN
red, CN violet, C;, (Fox-Herzberg) and the nitrogen contin-
uum. Further, it was found that most of the radiation dur-
ing Venus entry will be at wavelengths less than 2000 A.
These conclusions imply that the physical properties of radia-
tion from CO, at Venus entry conditions are reasonably well
understood. Therefore, attempts to solve the difficult
numerical problems associated with nonuniform shock layers
are meaningful and timely.
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