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intersection gap heating may be three times the surface heating.
In summary, the results of the experimental study show that

the heating to RSI tile surfaces is significantly increased in some
areas. As would be expected, the largest increase occurs on a tile
which protrudes above the others. Heating on the upstream face
of a tile is strongly affected by the interacting longitudinal gap
flow. In flight, flow developing in 6-in. long longitudinal gaps
is expected to produce heating rates several times the correspond-
ing smooth surface heating rates where the boundary layer is
thin, but have little or no effect under thick boundary-layer
conditions.
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Table 1 Venus trajectory and geometry parameters and radiative
heating results

Correlation of Radiative Heating
Calculations for Venus Entry
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ESTIMATES of the effect of configuration and trajectory
changes on entry aeroheating are valuable for a quick

assessment of possible alternative configurations and/or launch
opportunities. The proper correlating parameters for convective
heating are well known.1 Since radiative heating is a significant
fraction of the total for Venus entry, a complete assessment
of the heat shield design requires a correlation of the radiative
as well as the convective heat load.

Entry heating calculations have been performed for a number
of configuration and trajectory combinations in support of a
Venus entry study.2 Table 1 lists the entry velocity VE, entry
angle yE, ballistic coefficient /?, cone angle 9C, and nose radius
Rn for each of the cases examined. The basic shape considered
was a sphere-cone but three Apollo-like configurations,
essentially spherical segments, were also included. The radiative
heat flux histories to the wall at the stagnation point and at a
forebody point located radially at about two-thirds of the base
radius were determined. Although the study was not specifically
parametric, a wide enough range of the parameters of interest
was included so that correlation of the results could be
attempted.

Only a brief description of the calculation procedure2 will be
given here. Basically, an uncoupled analysis was made. That is,
convective, radiative, and ablative phenomena were considered
separately and then correction factors were applied where
appropriate. In this situation, calculation of the radiative flux
requires a solution for the inviscid flowfield to provide the
necessary shock layer thickness and thermodynamic variables.

V
Case kn

1 11
2
3
4
5
6
7
8
9

10
11
12 11
13
14
15
16
17
18
19
20
21 11
22
23

K VE
i/s deg

16 40
40
40
40
40
40
40
20
40
55
20

34 35
40.5
40.5
45
45
15
25
45
60

40 35
25
41

P
kg/m2

78.54
78.54
78.54
78.54
78.54
78.54
78.54

125.7
125.7
125.7
125.7
86.40
90.72
90.72

119.6
119.6
141.4
141.4
141.4
141.4
86.40

141.4
141.4

0
deg

60
60
60
55
70
AP
AP
45
45
45
AP
60
60
55
55
55
45
45
45
45
60
45
45

Rn
m

0.1586
0.3683
0.5525
0.5080
0.3683
1.585
2.378
0.1346
0.1346
0.1346
0.5734
0.3975
0.3975
0.5080
0.2355
0.2753
0.2753
0.2753
0.2753
0.2753
0.3975
0.2753
0.2753

MW/m2

4.51
7.05
8.58
8.35
8.00

15.7
18.6
3.33
7.80
9.40
6.55

11.3
13.5
14.9
15.7
17.3
5.00

11.2
22.0
27.1
11.9
12.3
21.8

Qo
MJ/m2

9.71
15.0
17.6
17.7
16.9
31.0
36.4
13.8
16.4
16.1
27.9
21.6
24.0
26.5
25.4
28.0
28.1
32.1
35.2
36.6
23.4
34.2
37.1

4r '

MW/m2

5.85
9.00

10.5
7.80

13.2
13.7
16.7

1.84
3.90
4.90
6.20

10.8
14.0
11.1
11.4
12.0

2.10
4.50
8.40

10.3
12.0
4.64
7.90

Qc
MJ/m2

10.2
16.0
19.5
14.6
26.0
25.1
31.9
4.80
5.89
6.58

24.6
21.7
24.3
20.0
19.2
21.2
10.5
12.2
13.6
13.6
23.0
13.0
14.1

For the probe shapes for which the body sonic point occurs
at the aft corner (6C > 50°), a single-strip method of integral
relations program for arbitrary equilibrium gas mixtures3 was
used. When the sonic point occurs on the spherical section
and the cone surface is supersonic, an inverse blunt body
solution coupled with the method of characteristics was used.4
The latter calculation was made for pure CO2 in equilibrium.
All the other calculations correspond to the Venus model
atmosphere presented in Ref. 5 for which the chemical com-
position is 97% CO2 and 3% N2 by volume.

With the inviscid conditions defined, a boundary-layer solution
was performed including the important effect of entropy layer
swallowing.6 The radiative heat flux to the wall from an
isothermal slab was calculated using the method of Nicolet.7
The temperature and pressure of the slab were taken to be
the boundary layer edge values at the body point of interest,
including entropy layer swallowing, and its thickness was
assumed equal to the adiabatic shock standoff distance from
the inviscid analysis. Use of the boundary-layer edge tem-
perature rather than the post shock value makes little difference
in radiative heating results in the stagnation region or in the
cone region for large angle cones. As the cone angle decreases,
however, the temperature difference across the shock layer
becomes increasingly large in contrast to the pressure difference.
As a result, use of the boundary-layer edge temperature in the
isothermal slab analysis leads to a somewhat conservative pre-
dicted radiative flux, while use of the post shock temperature
significantly underpredicts the cone radiative heating for small
cone angles. The radiative flux computed by the isothermal slab
model was modified by the cooling factor shown in Fig. 1 to
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Fig. 1 Radiative cooling factor for Venus entry.
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account for nonadiabatic effects. This cooling factor was
developed from the theoretical work of Page and Woodward8

for the stagnation point during Venus entry. The same technique
was used at all body points, with the radiation cooling para-
meter modified by dividing by sin3 9W to account for the smaller
radiation potential as the shock strength lessens. This leads to a
relatively greater cooling effect aft on the body. No correction
was made for the effect of ablation products, but a Venus
study9 has shown the correction to be small for the entry
velocities of present interest. The cone locations considered in
the present study are at points sufficiently far forward so that
the pressure is nearly Newtonian and has not begun the drop
toward sonic pressure. A comparison of the present procedure
with a more complete technique that includes radiative-
convective coupling is contained in Ref. 2. The results show
good agreement in the stagnation region (10%), with increasing
differences aft on the body due, in part, to the conservative
approach adopted in the present method.

Radiative heating histories for a typical trajectory and shape
are depicted in Fig. 2. For this low-angle cone, the stagnation
region radiative heating is significantly greater than at the cone
location. For higher cone angles, however, the results may be
comparable. Two distinct relative maxima are noted in the
pulses, either of which may be larger depending on the trajectory.
Early in the trajectory, before significant deceleration has
occurred, the shock layer experiences low pressures and high
temperatures that lead to high dissociation and ionization levels.
Therefore, a large fraction of the radiation results from atomic
line and continuum processes. As the probe decelerates, the
pressure continues to rise but the temperature drops, leading
to an increase in the molecular population and resulting radiation
from molecular band systems. For the present trajectories, this
transition in radiative processes occurs near the time of peak
stagnation point convective heating. The lower shock -layer tem-
peratures away from the stagnation point may shift the time
and magnitude of this change, but the same phenomenon also
occurs at cone locations. In general, for the cases shown in
Table 1, the first radiation peak was the greater of the two at the
stagnation point, while the reverse was true at the cone
locations considered.

The radiative heating values of most interest are the maximum
heating rate sustained at the stagnation point q0m

r and at the
off-stagnation point location qcj and the integrated heating at
the same locations, QJ and Qc

r, respectively. Table 1 presents
these results for each case as calculated by the procedure just
discussed. The grouping of parameters chosen for the correlation

Table 2 Venus radiative heating correlation constants

Ĉc

Qr(VEsinyE) = KRn
a(p sin yE)b(sm 6C)C VE

d

The dependence of radiation on velocity is extremely strong.
The initial correlation attempts were made within the groups
of constant velocity and the velocity term was combined with
the constant. No elaborate curve-fitting procedure was used,
but rather a best visual fit with some allowance made to keep

11.16
11.34
11.40

0.085
0.130
0.143

0.116
0.149
0.163

0.218
0.250

' 0.278

0.236
0.294
0.320

the exponents relatively simple was applied. The exponents a, b,
and c were found to be a = 0.50, b — 1.25, c = 4.75. Combining
the velocity variation and constants resulted in Table 2.

The success of the correlations is demonstrated in Fig. 3 where
the results from the correlation are plotted against the values
from the calculation for both the stagnation point and cone
location. Both heating rate and total heating are shown with the
filled symbols denoting the total heating comparison. With few
exceptions, the correlation represents the calculation within
10%. As noted in Table 1, the correlations cover a factor of
nearly 18 in nose radius, over 3 in /?siny£, entry angles from
15° to 60°, and cone angles from 45° to 70°. Examination of
Fig. 3 shows that the three symbols falling below the ±10%
band correspond to Case 5 for which the cone angle is 70°. For
this large angle, the shock layer in the stagnation region is
influenced by the subsonic flow on the cone to the extent that
the stagnation point velocity gradient is reduced and the shock
standoff distance is increased over that expected for a sphere at
the same freestream conditions. The resulting reduction in
stagnation point convective heating usually is accounted for by
determining an effective nose radius Reft larger than the actual
Rn. If this larger radius is used also in the correlation equation
for radiative heating, values within the 10% error band are
obtained. The point in Fig. 3 above the 10% error band
corresponds to the maximum stagnation point radiative heating
rate for Case 17. The entry angle for this case is 15°, the
lowest considered. The correlation equation shows the heating
rate to be more sensitive to the entry angle than is the total
heating. Of course, the flight-path angle does not remain constant
during a ballistic trajectory but decreases to a minimum value
before finally increasing. At low initial flight-path angles, the
percentage decrease is a more significant fraction of the entry
value. This smaller effective entry angle could account for the
discrepancy between correlation and calculation at this low yE.

Figure 3 shows that the cone values of heating rate and total
heating could be correlated as successfully as their counterparts
at the stagnation point. The Apollo shapes were omitted from
the off-stagnation point body-angle correlation. It should be
noted that for the entry velocity range considered, single values
of a, b, and c correlated the results equally well for each velocity
group and both body locations.
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Fig. 2 Radiative heating rate histories for Venus entry.
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Fig. 3 A comparison of analytical and correlated radiative heating for
Venus entry.
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Although the velocity range considered was small, significant
changes in the radiation were observed as velocity was varied.
Correlations of the results were attempted in the manner sug-
gested by the equations given previously. It was determined
that the results could be well represented in that form. However,
in contrast to the correlation with the other parameters in which
single values of a, b, and c represented each velocity and location
and both the heating rate and total heating, separate values of
d for each location and both heating rate and total, heating
were necessary to correlate the velocity-dependent calculations.
These four values and the resulting constants are

C0 = 6.17 x 10~ 26 K0 = 1.09 x 10'18

d = 23.1 d = 17.2
Cc = 3.04xl(T

d = 13.2
c = 1.06xlCT

d = 15.6
This necessity for different values of d is not surprising con-
sidering the diverse radiative processes occurring during entry in
a CO2-N2 atmosphere. As seen in Fig. 2 and described earlier,
two basic regimes are encountered. As the entry velocity is
increased, a larger contribution from the line and continuum
processes is encountered. At the lower temperatures away from
the stagnation point, the radiation from the molecular band
systems remains of major importance to higher entry velocities.
As might be expected, the exponents for the total heating for
both body locations are nearly equal since the integration tends
to average the contributions from the various radiative processes
over each trajectory. Because of the extreme sensitivity to entry
velocity, care should be taken in using the exponents d outside
the velocity range from which they were derived.

The radiative heating results from a series of Venus entry
heating calculations have been correlated in terms of the usual
trajectory and geometry parameters. The radiation calculation
technique employed is an uncoupled one which allows
economical consideration of a large number of cases, while still
providing reasonable agreement with results of a more elaborate
procedure. Within the admittedly small entry velocity range con-
sidered, the maximum heating rate and total heating at the
stagnation point and at an off-stagnation location were correlated
successfully. Single exponents for all velocities represented the
variations of nose radius, cone angle, ballistic coefficient, and
entry angle. Separate velocity exponents were required for each
location and for both heating rate and total heating. With few
exceptions, the calculated values could be predicted within 10%.
Perhaps the best use of these correlations would be to extra-
polate to other shapes, ballistic coefficients, and entry angles from
detailed trajectory calculations for one combination of these
values at a given entry velocity.
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I. Introduction

THE primary objective of the Space Shuttle Program is to
provide a new space transportation capability that will

substantially reduce the cost of space operations and provide
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Fig. 1 PLSS requirements.
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