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Abstract

A series of Computational Fluid Dynamics solutions have been computed on the Apollo heat-shield
geometry for the evaluation of different interpolation approaches within the database of solutions.
In addition, given the rise of Artificial Intelligence, this dataset could also be used to develop or
evalate the application of Artifical Intelligence methods for the estimation of aerodynamic and
aerothermodynamic environments during atmospheric entry. Each of the 185 heat-shield only (no
backshell) half body solutions have been computed using standard best practice with NASA’s Data
Parallel Line Relaxation solver and post processed to calculate quantities of interest at both the
surface and boundary layer edge.

1 Introduction

The prediction of aerodynamic and aerothermodynamic environments on a spacecraft during at-
mospheric entry generally starts with computing a number of Computation Fluid Dynamics (CFD)
solutions on the specific geometry and at relevant flight conditions. These discrete solutions are
then used to estimate the environment along an entire trajectory(s) of interest. Several approaches
exist including, 1) performing the CFD along a trajectory of interest and then fitting the computed
environments with a functional form or simply spline fitting, 2) performing the CFD around a
design flight corridor and then interpolating from those solutions to a trajectory of interest.

This dataset was created to facilitate the development of best practices for using CFD solutions
as the basis for predicting flight environments and for testing the application of Artificial Intelligence
/ Machine Learning (AI/ML) approaches for similar applications. The Apollo geometry was used
to avoid any release restrictions associated with current NASA spacecraft. A total of 185 solutions
have been computed surrounding the Apollo 4 trajectory.

2 Background

The Apollo geometry was selected for this investigation due to the relevance to many current NASA
and commercial spacecraft while avoiding proprietary and export concerns. The Apollo re-entry
capsule had a spherical heatshield, 3.912 meters in diameter, shown in Figure 1. Similarly, the
Orion, SpaceX Dragon, and Boeing Starliner re-entry capsules are all blunt bodies with spherical
heatshields, ranging in size from 4 to 5 meters. The Apollo 4 trajectory was particularly relevant
for Orion since it re-entered at lunar return velocity, which drove the CFD solutions computed for
this investigation to envelope that trajectory.

Apollo 4 was an uncrewed flight test of the Saturn V launch vehicle and the Command Module
(CM) that eventually took astronauts to the Moon. The mission launched from the Kennedy Space
Center on November 9, 1967 and splashed down in the Pacific Ocean later that same day. The
re-entry trajectory is shown in Figure 2. The spacecraft starts on the top right of the figure at
entry interface (velocity of roughly 11 km/s and altitude of 120 km) and decelerates until it reaches
splashdown on the bottom left of the figure.

2.1 Grid

The grid used for the CFD solutions is shown in Figure 3. The grid terminated at the shoulder
because this investigation focused on the heatshield and did not include the conic backshell. The
grid was composed of four point matched blocks, outlined in magenta, and included 25,088 surface
cells. The surface grid was then extruded 128 steps to generate a volume grid of 3,211,264 cells.
Figure 3a shows only the surface grid and Figure 3b includes the surface along with the pitch plane
and the exit plane of the extruded volume grid prior to grid adaptation.
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Figure 1. Schematic of the Apollo Command Module [1]. All dimensions are in units of meters.

2.2 CFD

The Data Parallel Line Relaxation (DPLR) [2] code was used to generate each of the CFD solutions.
DPLR uses a finite volume approach to solve the Navier-Stokes equations and includes both thermal
and chemical non-equilibrium, allowing it to accurately predict aerothermodynamic environments
on spacecraft at Low Earth Orbit (LEO), lunar, and interplanetary entry velocities. It also leverages
Message Passing Interface (MPI) to run in parallel and scales efficiently on modern CPU compute
clusters.

All of the solutions used the same set of physical models. This initial investigation only con-
sidered laminar solutions and each used the 11-species Park 90 [3] chemistry model. The solutions
assumed vibrational non-equilibrium by including a second temperature (Ty) [4] which was de-
coupled from the translational temperature (T¢). The rotational (T,) temperature was coupled
with the translational temperature. The surface was assumed to be fully catalytic and in radiative
equilibrium with an emissivity (€) of 0.85. The diffusion was modeled with Self-Consistent Effective
Binary Diffusion (SCEBD) [5].
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Figure 2. Apollo 4 re-entry trajectory.
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Figure 3. Initial CFD grid prior to shock tailoring. The mesh is composed of four point matched
blocks, which are outlined in magenta.



3 Results

A total of 185 solutions have been computed
around the Apollo 4 trajectory, between 3 km/s
and 11 km/s at increments of 0.5 km/s. Three
or four densities were assumed at each veloc-
ity, corresponding to altitudes in round kilome-
ters. The 1976 standard atmosphere [6] was
assumed to calculate the air density and tem-
perature that correspond to each altitude. Fi-
nally, at each velocity and density combination,
three or four angles-of-attack were assumed,
leading to the 185 unique CFD solutions. The
angle-of-attack was calculated from the capsule
body axis and the coordinate system was pilot-
centric, as shown in Figure 4, which led to
angles-of-attack between 152 and 158 degrees. +Z gopy *¥ 8ony
A sample CFD solution is shown in Figure 5.
The heat flux (qy) contours are shown on the
surface and Mach contours are shown on the
pitch plane. Note the solution domain has been
reduced to a region starting just outside the
bow shock, as compared to the original volume grid shown in Figure 3b.

While each solution was computed using the same initial grid, DPLR requires a shock aligned
grid, so computing each solution included several grid tailoring steps to achieve a suitable grid for
each condition. The grid tailoring adjusts the outer boundary of the grid to align with the shock
and then redistributes the grid between the surface and the outer boundary along the off body grid
lines, generally the K dimension. Figure 6 shows the pitch plane of the grid both before and after
the shock tailoring process, as well as the Mach contours in the pitch plane to illustrate how the
tailored grid is aligned with the strong bow shock.

The same initial grid was used for each solution but it was shock aligned or tailored until
the heat flux (qy) distribution had the expected pattern for a spherical geometry with laminar
flow. The solutions were then converged as far as possible, generally between 9 and 13 orders of
magnitude. The solutions are depicted in flight space in Figure 7 along with the Apollo 4 trajectory.
In addition, Table 1 provides the specific flight condition for each CFD solution, all 185 of them.
Finally, Figure 8 shows sample surface contours of the pressure and heat flux (qy). Pressure is
the primary surface quantity of interest for aerodynamics and heat flux (qy) is one of the primary
surface quantities of interest for aerothermodynamics.
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Figure 4. Apollo body-axis system showing rela-
tionship of total angle-of-attack [7].

Table 1: CFD solution conditions

Velocity | Altitude Density Angle-of-Attack
(km/s) (km) (kg/m3) (degrees)

3.0 35.0 8.214 x 1073 152.0

3.0 35.0 8.214 x 1073 154.0

3.0 35.0 8.214 x 1073 156.0

3.0 40.0 3.851 x 1073 152.0

3.0 40.0 3.851 x 1073 154.0

3.0 40.0 [3.851 x 1073 156.0

3.0 45.0 1.881 x 1073 152.0




Table 1: CFD solution conditions

Velocity | Altitude Density Angle-of-Attack
(km/s) (km) (kg/m3) (degrees)
3.0 45.0 1.881 x 1073 154.0
3.0 45.0 1.881 x 1073 156.0
3.5 35.0 8.214 x 1073 152.0
3.5 35.0 8.214 x 1073 154.0
3.5 35.0 8.214 x 1073 156.0
3.5 40.0 3.851 x 1073 152.0
3.5 40.0 3.851 x 1073 154.0
3.5 40.0 [3.851 x 1073 156.0
3.5 45.0 1.881 x 1073 152.0
3.5 45.0 1.881 x 1073 154.0
3.5 45.0 1.881 x 1073 156.0
4.0 40.0 |3.851 x 1073 152.0
4.0 40.0 3.851 x 1073 154.0
4.0 45.0 1.881 x 1073 152.0
4.0 45.0 1.881 x 1073 154.0
4.0 45.0 1.881 x 1073 156.0
4.0 50.0 9.775 x 107% 152.0
4.0 50.0 9.775 x 107% 154.0
4.0 50.0 9.775 x 10~* 156.0
4.5 40.0 3.851 x 1073 152.0
4.5 40.0 3.851 x 1073 154.0
4.5 40.0 3.851 x 1073 156.0
4.5 45.0 1.881 x 1073 152.0
4.5 45.0 1.881 x 1073 154.0
4.5 45.0 1.881 x 103 156.0
4.5 50.0 9.775 x 107% 152.0
4.5 50.0 9.775 x 107% 154.0
4.5 50.0 9.775 x 10~* 156.0
5.0 45.0 1.881 x 1073 152.0
5.0 45.0 1.881 x 1073 154.0
5.0 45.0 1.881 x 103 156.0
5.0 50.0 9.775 x 10~* 152.0
5.0 50.0 9.775 x 1074 154.0
5.0 50.0 |9.775 x 1074 156.0
5.0 55.0 5.367 x 1074 152.0
5.0 55.0 5.367 x 10~% 154.0
5.0 55.0 5.367 x 10~% 156.0
5.5 50.0 9.775 x 10~* 152.0
5.5 50.0 9.775 x 10~* 154.0
5.5 50.0 [ 9.775 x 10~% 156.0
5.5 55.0 5.367 x 10~* 152.0
5.5 55.0 5.367 x 1074 154.0
5.5 55.0 | 5.367 x 10~ 156.0
5.5 55.0 | 5.367 x 10~ 158.0
5.5 60.0 2.883 x 107% 152.0




Table 1: CFD solution conditions

Velocity | Altitude Density Angle-of-Attack
(km/s) (km) (kg/m3) (degrees)
5.5 60.0 2.883 x 1074 154.0
5.5 60.0 2.883 x 107% 156.0
5.5 60.0 [ 2.883 x 10~% 158.0
6.0 55.0 5.367 x 10~* 152.0
6.0 55.0 5.367 x 10~* 154.0
6.0 55.0 | 5.367 x 1074 156.0
6.0 55.0 | 5.367 x 104 158.0
6.0 60.0 2.883 x 1074 152.0
6.0 60.0 2.883 x 1074 154.0
6.0 60.0 [ 2.883 x 1072 156.0
6.0 60.0 [ 2.883 x 107% 158.0
6.0 65.0 1.493 x 1074 152.0
6.0 65.0 1.493 x 104 154.0
6.0 65.0 1.493 x 107% 156.0
6.0 65.0 1.493 x 10~% 158.0
6.0 70.0 7.424 x 107° 152.0
6.0 70.0 7.424 x 107° 154.0
6.0 70.0 7.424 x 107° 156.0
6.0 70.0 7.424 x 107° 158.0
6.5 65.0 1.493 x 1074 152.0
6.5 65.0 1.493 x 1074 154.0
6.5 65.0 1.493 x 10~% 156.0
6.5 65.0 1.493 x 10~% 158.0
6.5 70.0 7.424 x 107° 152.0
6.5 70.0 7.424 x 107° 154.0
6.5 70.0 7.424 x 107° 156.0
6.5 70.0 7.424 x 107° 158.0
6.5 75.0 3.486 x 107° 152.0
6.5 75.0 3.486 x 107° 154.0
6.5 75.0 | 3.486 x 107° 156.0
6.5 75.0 | 3.486 x 107° 158.0
6.5 80.0 1.570 x 10—° 152.0
6.5 80.0 1.570 x 1075 154.0
6.5 80.0 1.570 x 10~° 156.0
6.5 80.0 1.570 x 10~° 158.0
7.0 60.0 2.883 x 1074 152.0
7.0 60.0 2.883 x 107* 154.0
7.0 60.0 | 2.883 x 10~* 156.0
7.0 60.0 | 2.883 x 10~* 158.0
7.0 65.0 1.493 x 104 152.0
7.0 65.0 1.493 x 104 154.0
7.0 65.0 1.493 x 1072 156.0
7.0 65.0 1.493 x 1074 158.0
7.0 70.0 7.424 x 107° 152.0
7.0 70.0 7.424 x 107° 154.0




Table 1: CFD solution conditions

Velocity | Altitude Density Angle-of-Attack
(km/s) (km) (kg/m3) (degrees)
7.0 70.0 7.424 x 107° 156.0
7.0 70.0 7.424 x 107° 158.0
7.0 75.0 3.486 x 107° 152.0
7.0 75.0 3.486 x 107° 154.0
7.0 75.0 3.486 x 107° 156.0
7.0 75.0 3.486 x 107° 158.0
7.5 55.0 5.367 x 10~% 152.0
7.5 55.0 5.367 x 1074 154.0
7.5 55.0 | 5.367 x 1074 156.0
7.5 55.0 | 5.367 x 10~ 158.0
7.5 60.0 2.883 x 107* 152.0
7.5 60.0 2.883 x 107* 154.0
7.5 60.0 |2.883 x 10~* 156.0
7.5 60.0 |2.883 x 10~* 158.0
7.5 65.0 1.493 x 104 152.0
7.5 65.0 1.493 x 1074 154.0
7.5 65.0 1.493 x 1074 156.0
7.5 65.0 1.493 x 1074 158.0
8.0 55.0 5.367 x 10~% 152.0
8.0 55.0 5.367 x 10~% 154.0
8.0 55.0 | 5.367 x 10~ 156.0
8.0 55.0 | 5.367 x 1074 158.0
8.0 60.0 2.883 x 107* 152.0
8.0 60.0 2.883 x 10~* 154.0
8.0 60.0 2.883 x 1074 156.0
8.0 60.0 [ 2.883 x 1072 158.0
8.0 65.0 1.493 x 1074 152.0
8.0 65.0 1.493 x 1074 154.0
8.0 65.0 1.493 x 1074 156.0
8.0 65.0 1.493 x 1074 158.0
8.5 50.0 9.775 x 10~* 152.0
8.5 50.0 9.775 x 10~* 154.0
8.5 50.0 [9.775 x 104 156.0
8.5 50.0 |9.775 x 1074 158.0
8.5 55.0 5.367 x 1074 152.0
8.5 55.0 5.367 x 10~% 154.0
8.5 55.0 5.367 x 10~% 156.0
8.5 55.0 | 5.367 x 1074 158.0
8.5 60.0 2.883 x 107* 152.0
8.5 60.0 2.883 x 107* 154.0
8.5 60.0 |2.883 x 10* 156.0
8.5 60.0 |2.883 x 104 158.0
9.0 50.0 9.775 x 10~% 152.0
9.0 50.0 9.775 x 107% 154.0
9.0 50.0 |9.775 x 10~ 156.0




Table 1: CFD solution conditions

Velocity | Altitude Density Angle-of-Attack
(km/s) (km) (kg/m3) (degrees)
9.0 55.0 5.367 x 1074 152.0
9.0 55.0 5.367 x 107% 154.0
9.0 55.0 | 5.367 x 10~ 156.0
9.0 60.0 2.883 x 107* 152.0
9.0 60.0 2.883 x 10~* 154.0
9.0 60.0 |2.883 x 10~* 156.0
9.5 50.0 9.775 x 10~* 152.0
9.5 50.0 9.775 x 1074 154.0
9.5 50.0 |9.775 x 10~ 156.0
9.5 55.0 5.367 x 1074 152.0
9.5 55.0 5.367 x 10~% 154.0
9.5 60.0 2.883 x 107* 152.0
9.5 60.0 2.883 x 107* 154.0
9.5 60.0 |2.883 x 10~* 156.0
10.0 55.0 5.367 x 10~* 152.0
10.0 55.0 5.367 x 10~% 154.0
10.0 55.0 | 5.367 x 10~ 156.0
10.0 60.0 2.883 x 1074 152.0
10.0 60.0 2.883 x 107* 154.0
10.0 60.0 2.883 x 107* 156.0
10.0 65.0 1.493 x 1074 152.0
10.0 65.0 1.493 x 104 154.0
10.0 65.0 1.493 x 10~% 156.0
10.5 55.0 5.367 x 10~* 152.0
10.5 55.0 5.367 x 10~% 154.0
10.5 60.0 2.883 x 1074 152.0
10.5 60.0 2.883 x 1074 154.0
10.5 60.0 2.883 x 1074 156.0
10.5 65.0 1.493 x 104 152.0
10.5 65.0 1.493 x 104 154.0
10.5 65.0 1.493 x 1074 156.0
10.5 70.0 7.424 x 107° 152.0
10.5 70.0 7.424 x 107° 154.0
10.5 70.0 7.424 x 107° 156.0
11.0 70.0 7.424 x 107° 152.0
11.0 70.0 7.424 x 107° 154.0
11.0 70.0 7.424 x 107° 156.0
11.0 75.0 | 3.486 x 107° 152.0
11.0 75.0 | 3.486 x 107° 154.0
11.0 75.0 3.486 x 107 156.0
11.0 80.0 1.570 x 107° 152.0
11.0 80.0 1.570 x 107° 154.0
11.0 80.0 1.570 x 10~° 156.0




Figure 5. Sample CFD solution at a velocity of 6.5 km/s, 65 km altitude, and 154 degrees angle-
of-attack. The surface contours show the heat flux and the pitch plane shows Mach contours.
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(a) Initial Grid (b) Shock Aligned Grid (c) Pitch Plane Mach Contours

Figure 6. Example of the shock alignment impact to the grid. The first image shows the initial
grid prior to performing any shock alignment steps. The second image shows the grid after the
last shock alignment. And the final images shows the Mach contours at velocity 3.0 km/s, altitude
35.0 km, and 152 degrees angle-of-attack. The high speed freestream flow is only present in the
last couple cells outside the shock, and the majority of the grid is now within the shock with tight
clustering near the surface.

10



1204 e CFD Solutions 1
—— Apollo 4 Trajectory

100 ~

80 1

60 -

Altitude [km]

40 A

20 A

0 2 4 6 8 10
Velocity [km/s]

(a) CFD solutions in altitude versus velocity space

1621 @ CFD Solutions
—— Apollo 4 Trajectory
160 -
';158- 9 o0 oo
o
=
3
< 156 A 2o 9SO OSO e
154 o 008 O0
152 A 29290 COOSOOQOOSTOIOSTOOSOODOOSOOSTSOSOSESC

0 2 4 6 8 10
Velocity [km/s]

(b) CFD solutions in angle-of-attack versus velocity space

Figure 7. Discrete CFD solutions shown as blue freckles with the Apollo 4 trajectory included in
black.
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Figure 8. Sample surface property contours at velocity 6.5 km/s, altitude 65 km, and angle-of-
attack 154 degrees.
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3.1 Post Processing

Each CFD solution was post-processed using the BLAYER tool [8] to estimate the edge of the
boundary layer and several coresponding flow quantities at the boundary layer edge. BLAYER
uses the total enthalpy profile from the surface to the outer boundary along grid lines in the off
body direction to identify the edge of the boundary layer. Ultimately, a Tecplot formatted file
with the BLAYER results was generated for each CFD solution. These files contain the following
quantities at each grid point on the surface (the file only contains the surface but includes both
surface and edge quantities of interest on the surface). The following quantities are included:

e Surface Quantities

— Density (kg/m3)

— Pressure (Pa)

— Temperature (K)

— Temperature, vibrational (K)

— Total Enthalpy (J/kg)

— Viscosity (Pa x s)

— Species Densities [N2, 02, NO, NO+, N2+, 02+, N, O, N+, O+, ¢] (kg/m?)
— Heat Flux (W/m?)

— Heat Flux, vibrational (W/m?)

— Shear, x-component (Pa)

— Shear, y-component (Pa)

— Shear, z-component (Pa)

— Thermal Conductivity (W/m x K)

e Edge Quantities

— Density (kg/m3)

— Pressure (Pa)

— Temperature (K)

— Temperature, vibrational (K)

— Total Enthalpy (J/kg)

— Velocity, x-component (m/s)

— Velocity, y-component (m/s)

— Velocity, z-component (m/s)

— Mach number (M)

— Viscosity (Pa X s)

— Species Densities [N2, 02, NO, NO+, N2+, 02+, N, O, N+, O+, ¢] (kg/m?)
— Boundary Layer Thickness (m)

— Displacement Thickness (m)

— Momentum Thickness (m)

— Reynolds number (1/m)

— Film Coefficient (kg/m?x s)

— Thermal Conductivity (W/m x K)
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4 Conclusion

A series (database) of 185 laminar CFD solutions have been generated on the Apollo spacecraft
geometry. These solutions were generated with NASA’s DPLR CFD solver using standard best
practices for aerothermodynamic solutions. This database is intended to be used for developing
standard best practice for generating environments on a desired trajectory from a discrete set of
CFD solutions, but could also be used to evaluate the application of Artificial Intelligence methods
to generate environments.
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Appendix A

CFD Solution Plots
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Figure A9. Pressure and heat flux at velocity 3.0 km/s, altitude 35.0 km, and angle-of-attack 152.0
degrees.
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Figure A10. Pressure and heat flux at velocity 3.0 km/s, altitude 35.0 km, and angle-of-attack
154.0 degrees.
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Figure A1l. Pressure and heat flux at velocity 3.0 km/s, altitude 35.0 km, and angle-of-attack
156.0 degrees.
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Figure A12. Pressure and heat flux at velocity 3.0 km/s, altitude 40.0 km, and angle-of-attack
152.0 degrees.
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Figure A13. Pressure and heat flux at velocity 3.0 km/s, altitude 40.0 km, and angle-of-attack
154.0 degrees.
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Figure Al4. Pressure and heat flux at velocity 3.0 km/s, altitude 40.0 km, and angle-of-attack
156.0 degrees.
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Figure A15. Pressure and heat flux at velocity 3.0 km/s, altitude 45.0 km, and angle-of-attack
152.0 degrees.
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154.0 degrees.
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Figure A17. Pressure and heat flux at velocity 3.0 km/s, altitude 45.0 km, and angle-of-attack
156.0 degrees.
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Figure A18. Pressure and heat flux at velocity 3.5 km/s, altitude 35.0 km, and angle-of-attack
152.0 degrees.
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Figure A19. Pressure and heat flux at velocity 3.5 km/s, altitude 35.0 km, and angle-of-attack
154.0 degrees.
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Figure A20. Pressure and heat flux at velocity 3.5 km/s, altitude 35.0 km, and angle-of-attack
156.0 degrees.

20



2 - ] @

2 B Heat Fl
uﬁ@“; ] o P, [Pa] q. TWiem’
w: ] 40000 40

[ . & 35000 35

» 30000 30
@@ i 1" 25000 25
3 1s § 20000 20
] NS 15000 15
&a,%“@ N 1 E 10000 10
§ o N v = 5000 5
] =
0N 1 =
@V ]
s \ :'L“ g
W@ I 1. =
1e
R
« 5
& i
» ]
He
2 A
b b b b P R ANRNETE SN | N
-2 -1.5 -1 -0.5 0 0.5 1 15 2
z[m]
(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Figure A21. Pressure and heat flux at velocity 3.5 km/s, altitude 40.0 km, and angle-of-attack
152.0 degrees.
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Figure A22. Pressure and heat flux at velocity 3.5 km/s, altitude 40.0 km, and angle-of-attack
154.0 degrees.
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Figure A23. Pressure and heat flux at velocity 3.5 km/s, altitude 40.0 km, and angle-of-attack
156.0 degrees.
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Figure A24. Pressure and heat flux at velocity 3.5 km/s, altitude 45.0 km, and angle-of-attack
152.0 degrees.
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Figure A25. Pressure and heat flux at velocity 3.5 km/s, altitude 45.0 km, and angle-of-attack
154.0 degrees.
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Figure A26. Pressure and heat flux at velocity 3.5 km/s, altitude 45.0 km, and angle-of-attack
156.0 degrees.
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Figure A27. Pressure and heat flux at velocity 4.0 km/s, altitude 40.0 km, and angle-of-attack
152.0 degrees.
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Figure A28. Pressure and heat flux at velocity 4.0 km/s, altitude 40.0 km, and angle-of-attack
154.0 degrees.
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Figure A29. Pressure and heat flux at velocity 4.0 km/s, altitude 45.0 km, and angle-of-attack
152.0 degrees.
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Figure A30. Pressure and heat flux at velocity 4.0 km/s, altitude 45.0 km, and angle-of-attack
154.0 degrees.
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Figure A31. Pressure and heat flux at velocity 4.0 km/s, altitude 45.0 km, and angle-of-attack
156.0 degrees.
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Figure A32. Pressure and heat flux at velocity 4.0 km/s, altitude 50.0 km, and angle-of-attack
152.0 degrees.
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Figure A33. Pressure and heat flux at velocity 4.0 km/s, altitude 50.0 km, and angle-of-attack
154.0 degrees.
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Figure A34. Pressure and heat flux at velocity 4.0 km/s, altitude 50.0 km, and angle-of-attack
156.0 degrees.
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Figure A35. Pressure and heat flux at velocity 4.5 km/s, altitude 40.0 km, and angle-of-attack
152.0 degrees.
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Figure A36. Pressure and heat flux at velocity 4.5 km/s, altitude 40.0 km, and angle-of-attack
154.0 degrees.
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Figure A37. Pressure and heat flux at velocity 4.5 km/s, altitude 40.0 km, and angle-of-attack
156.0 degrees.
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Figure A38. Pressure and heat flux at velocity 4.5 km/s, altitude 45.0 km, and angle-of-attack
152.0 degrees.
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Figure A39. Pressure and heat flux at velocity 4.5 km/s, altitude 45.0 km, and angle-of-attack
154.0 degrees.
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Figure A40. Pressure and heat flux at velocity 4.5 km/s, altitude 45.0 km, and angle-of-attack
156.0 degrees.
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Figure A41. Pressure and heat flux at velocity 4.5 km/s, altitude 50.0 km, and angle-of-attack
152.0 degrees.

[,
S}

o ®

v [ ]
| 1 P, [Pa]
- N 18000
’»“Q@ I ——— —° 17000
| 16000
I \ o 15000
s [ 1 g 14000
R NS 13000
Né@- 1 E 12000
2 J E 11000
2 \ = 10000
g 1 = 9000
& & s 8000
1 s 7000
R \\\ 1 = oo
— S 4000
3000
N ﬁ \’\ 2000
| 1000

J VAV IRV VAV IRV ISR ERFIATE SR B | N
2 1.5 -1 0.5 0 0.5 15
z[m]

(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Figure A42. Pressure and heat flux at velocity 4.5 km/s, altitude 50.0 km, and angle-of-attack
154.0 degrees.
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Figure A43. Pressure and heat flux at velocity 4.5 km/s, altitude 50.0 km, and angle-of-attack
156.0 degrees.

A
u?:“&“; f -:0“ P, [Pal
@@: 1 40000
» H R 35000
30000
=i | 5 e
n? I e § 15000
SOl \ 17 B 10000
5 o g ™
2% 1o £
E @“ T i 3
& SR
\@@ \'\_’ »
o« I
-2 -15 -1 -0.5 0 0.5 1 15 2
z[m]
(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Figure A44. Pressure and heat flux at velocity 5.0 km/s, altitude 45.0 km, and angle-of-attack
152.0 degrees.
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Figure A45. Pressure and heat flux at velocity 5.0 km/s, altitude 45.0 km, and angle-of-attack
154.0 degrees.
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Figure A46. Pressure and heat flux at velocity 5.0 km/s, altitude 45.0 km, and angle-of-attack
156.0 degrees.
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Figure A47. Pressure and heat flux at velocity 5.0 km/s, altitude 50.0 km, and angle-of-attack
152.0 degrees.

"

S .

\ 1 -
?'19@“ i §
£ s
= =
s & N ]
g - g
y S

/

L

| I W

a

B>

%
o b=
g

—-
n

N
| P, [Pa]
[ N
B 22000
B 20000
- 18000
16000
I & 14000
12000
10000
8000
6000
S 4000
—— b 2000
™~ 5
-2 -1.5 -1 -0.5 0 0.5 1 o
z[m]

(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Figure A48. Pressure and heat flux at velocity 5.0 km/s, altitude 50.0 km, and angle-of-attack
154.0 degrees.
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Figure A49. Pressure and heat flux at velocity 5.0 km/s, altitude 50.0 km, and angle-of-attack

156.0 degrees.
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Figure A50. Pressure and heat flux at velocity 5.0 km/s, altitude 55.0 km, and angle-of-attack

152.0 degrees.
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Figure A51. Pressure and heat flux at velocity 5.0 km/s, altitude 55.0 km, and angle-of-attack
154.0 degrees.

- —

| — 1
B \ P, [Pa]
I \ 12000
1 11000
“Q@ ] 10000
| 9000
R 8000
i \ 7000
1 6000
1 5000
4000
I R 3000
T~ 2000
1 1000

S — ]

—_
a5 a1 05 0 0.5 .
z [m]

(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Pressure [Pa]
1
2

Heat Flux [ Wiem’ ]

Figure A52. Pressure and heat flux at velocity 5.0 km/s, altitude 55.0 km, and angle-of-attack
156.0 degrees.
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Figure A53. Pressure and heat flux at velocity 5.5 km/s, altitude 50.0 km, and angle-of-attack
152.0 degrees.

pvQ
@7 A

» | i

- 1 P, [Pa]
B N w

":’@@: ,‘/ T E 25000
i 1 2000
[ 4 &2 22000
~ I i g 20000
S 1 = 18000
:m“@“ ] E 16000
14000
E \ \ ] ¢ ~§ 12000
$ | = 10000
&X"’@ \\ ; » § mg
[~ \ 17 = 4000
ST -

§ ]

\\;'@
~ &
S TTAE T s 0 s T s 2
z[m]
(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Figure A54. Pressure and heat flux at velocity 5.5 km/s, altitude 50.0 km, and angle-of-attack
154.0 degrees.
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Figure A55. Pressure and heat flux at velocity 5.5 km/s, altitude 50.0 km, and angle-of-attack
156.0 degrees.
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Figure A56. Pressure and heat flux at velocity 5.5 km/s, altitude 55.0 km, and angle-of-attack
152.0 degrees.
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Figure A57. Pressure and heat flux at velocity 5.5 km/s, altitude 55.0 km, and angle-of-attack
154.0 degrees.
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Figure A58. Pressure and heat flux at velocity 5.5 km/s, altitude 55.0 km, and angle-of-attack
156.0 degrees.
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Figure A59. Pressure and heat flux at velocity 5.5 km/s, altitude 55.0 km, and angle-of-attack
158.0 degrees.
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Figure A60. Pressure and heat flux at velocity 5.5 km/s, altitude 60.0 km, and angle-of-attack
152.0 degrees.
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Figure A61. Pressure and heat flux at velocity 5.5 km/s, altitude 60.0 km, and angle-of-attack
154.0 degrees.
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Figure A62. Pressure and heat flux at velocity 5.5 km/s, altitude 60.0 km, and angle-of-attack
156.0 degrees.
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Figure A63. Pressure and heat flux at velocity 5.5 km/s, altitude 60.0 km, and angle-of-attack
158.0 degrees.
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Figure A64. Pressure and heat flux at velocity 6.0 km/s, altitude 55.0 km, and angle-of-attack
152.0 degrees.
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Figure A65. Pressure and heat flux at velocity 6.0 km/s, altitude 55.0 km, and angle-of-attack
154.0 degrees.
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Figure A66. Pressure and heat flux at velocity 6.0 km/s, altitude 55.0 km, and angle-of-attack
156.0 degrees.
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Figure A67. Pressure and heat flux at velocity 6.0 km/s, altitude 55.0 km, and angle-of-attack
158.0 degrees.
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Figure A68. Pressure and heat flux at velocity 6.0 km/s, altitude 60.0 km, and angle-of-attack
152.0 degrees.
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Figure A69. Pressure and heat flux at velocity 6.0 km/s, altitude 60.0 km, and angle-of-attack
154.0 degrees.
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Figure A70. Pressure and heat flux at velocity 6.0 km/s, altitude 60.0 km, and angle-of-attack
156.0 degrees.
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Figure A71. Pressure and heat flux at velocity 6.0 km/s, altitude 60.0 km, and angle-of-attack

158.0 degrees.
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Figure A72. Pressure and heat flux at velocity 6.0 km/s, altitude 65.0 km, and angle-of-attack

152.0 degrees.
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Figure A73. Pressure and heat flux at velocity 6.0 km/s, altitude 65.0 km, and angle-of-attack
154.0 degrees.
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Figure A74. Pressure and heat flux at velocity 6.0 km/s, altitude 65.0 km, and angle-of-attack
156.0 degrees.
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Figure A75. Pressure and heat flux at velocity 6.0 km/s, altitude 65.0 km, and angle-of-attack
158.0 degrees.
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Figure A76. Pressure and heat flux at velocity 6.0 km/s, altitude 70.0 km, and angle-of-attack
152.0 degrees.
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Figure A77. Pressure and heat flux at velocity 6.0 km/s, altitude 70.0 km, and angle-of-attack
154.0 degrees.
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Figure A78. Pressure and heat flux at velocity 6.0 km/s, altitude 70.0 km, and angle-of-attack
156.0 degrees.
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Figure A79. Pressure and heat flux at velocity 6.0 km/s, altitude 70.0 km, and angle-of-attack
158.0 degrees.
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Figure A80. Pressure and heat flux at velocity 6.5 km/s, altitude 65.0 km, and angle-of-attack
152.0 degrees.
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Figure A81. Pressure and heat flux at velocity 6.5 km/s, altitude 65.0 km, and angle-of-attack
154.0 degrees.
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Figure A82. Pressure and heat flux at velocity 6.5 km/s, altitude 65.0 km, and angle-of-attack
156.0 degrees.
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Figure A83. Pressure and heat flux at velocity 6.5 km/s, altitude 65.0 km, and angle-of-attack
158.0 degrees.
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Figure A84. Pressure and heat flux at velocity 6.5 km/s, altitude 70.0 km, and angle-of-attack
152.0 degrees.
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Figure A85. Pressure and heat flux at velocity 6.5 km/s, altitude 70.0 km, and angle-of-attack
154.0 degrees.
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Figure A86. Pressure and heat flux at velocity 6.5 km/s, altitude 70.0 km, and angle-of-attack
156.0 degrees.
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Figure A87. Pressure and heat flux at velocity 6.5 km/s, altitude 70.0 km, and angle-of-attack
158.0 degrees.
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Figure A88. Pressure and heat flux at velocity 6.5 km/s, altitude 75.0 km, and angle-of-attack
152.0 degrees.
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Figure A89. Pressure and heat flux at velocity 6.5 km/s, altitude 75.0 km, and angle-of-attack
154.0 degrees.

& o ® =
«f
I - g eal lux:
s“QQ - \ i > :Iw [{’Vl;lcmz]
N 1 o
N7 :,\ \ : _ 30
— 1 § B
SR 1" 2 i
N 1 3 o
g ~— 1 = 18
§ — le & i
& & 1v 8 12
™~ \ = 10
\ e E
» ] ‘
B 2
1o
'19“ 1
N TTAs w5 0 s T s 2
z [m]
(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Figure A90. Pressure and heat flux at velocity 6.5 km/s, altitude 75.0 km, and angle-of-attack
156.0 degrees.
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Figure A91. Pressure and heat flux at velocity 6.5 km/s, altitude 75.0 km, and angle-of-attack
158.0 degrees.
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Figure A92. Pressure and heat flux at velocity 6.5 km/s, altitude 80.0 km, and angle-of-attack
152.0 degrees.
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Figure A93. Pressure and heat flux at velocity 6.5 km/s, altitude 80.0 km, and angle-of-attack
154.0 degrees.
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Figure A94. Pressure and heat flux at velocity 6.5 km/s, altitude 80.0 km, and angle-of-attack
156.0 degrees.
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Figure A95. Pressure and heat flux at velocity 6.5 km/s, altitude 80.0 km, and angle-of-attack
158.0 degrees.

R N
\ \D'Q
| \ P, [Pa]
I 13000
i & 12000
11000
] 10000
@“Q @Q 9000
I 1 8000
1 7000
o 6000
5000
\ \ 4000
3000
~— & 000
@@ T ] 1000
~_| »
»
Y IRV VRSN STV IFAFAFIVEN AFSVAFIN SFRPIVATE ISR SRR | N
-2 -15 -1 -0.5 0 0.5 1 1.5 2
z[m]

(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

%
.

Pressure [Pa]

Heat Flux [ Wiem’ ]

/

Figure A96. Pressure and heat flux at velocity 7.0 km/s, altitude 60.0 km, and angle-of-attack
152.0 degrees.
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Figure A97. Pressure and heat flux at velocity 7.0 km/s, altitude 60.0 km, and angle-of-attack
154.0 degrees.
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Figure A98. Pressure and heat flux at velocity 7.0 km/s, altitude 60.0 km, and angle-of-attack
156.0 degrees.
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Figure A99. Pressure and heat flux at velocity 7.0 km/s, altitude 60.0 km, and angle-of-attack
158.0 degrees.
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Figure A100. Pressure and heat flux at velocity 7.0 km/s, altitude 65.0 km, and angle-of-attack
152.0 degrees.
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Figure A101. Pressure and heat flux at velocity 7.0 km/s, altitude 65.0 km, and angle-of-attack
154.0 degrees.
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Figure A102. Pressure and heat flux at velocity 7.0 km/s, altitude 65.0 km, and angle-of-attack
156.0 degrees.
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Figure A103. Pressure and heat flux at velocity 7.0 km/s, altitude 65.0 km, and angle-of-attack
158.0 degrees.
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Figure A104. Pressure and heat flux at velocity 7.0 km/s, altitude 70.0 km, and angle-of-attack
152.0 degrees.
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Figure A105. Pressure and heat flux at velocity 7.0 km/s, altitude 70.0 km, and angle-of-attack
154.0 degrees.
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Figure A106. Pressure and heat flux at velocity 7.0 km/s, altitude 70.0 km, and angle-of-attack
156.0 degrees.
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Figure A107. Pressure and heat flux at velocity 7.0 km/s, altitude 70.0 km, and angle-of-attack
158.0 degrees.
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Figure A108. Pressure and heat flux at velocity 7.0 km/s, altitude 75.0 km, and angle-of-attack
152.0 degrees.
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Figure A109. Pressure and heat flux at velocity 7.0 km/s, altitude 75.0 km, and angle-of-attack
154.0 degrees.
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Figure A110. Pressure and heat flux at velocity 7.0 km/s, altitude 75.0 km, and angle-of-attack
156.0 degrees.
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Figure A111. Pressure and heat flux at velocity 7.0 km/s, altitude 75.0 km, and angle-of-attack
158.0 degrees.
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Figure A112. Pressure and heat flux at velocity 7.5 km/s, altitude 55.0 km, and angle-of-attack
152.0 degrees.
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Figure A113. Pressure and heat flux at velocity 7.5 km/s, altitude 55.0 km, and angle-of-attack
154.0 degrees.
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Figure A114. Pressure and heat flux at velocity 7.5 km/s, altitude 55.0 km, and angle-of-attack
156.0 degrees.
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Figure A115. Pressure and heat flux at velocity 7.5 km/s, altitude 55.0 km, and angle-of-attack
158.0 degrees.
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Figure A116. Pressure and heat flux at velocity 7.5 km/s, altitude 60.0 km, and angle-of-attack
152.0 degrees.
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Figure A117. Pressure and heat flux at velocity 7.5 km/s, altitude 60.0 km, and angle-of-attack
154.0 degrees.
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Figure A118. Pressure and heat flux at velocity 7.5 km/s, altitude 60.0 km, and angle-of-attack
156.0 degrees.
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Figure A119. Pressure and heat flux at velocity 7.5 km/s, altitude 60.0 km, and angle-of-attack
158.0 degrees.
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Figure A120. Pressure and heat flux at velocity 7.5 km/s, altitude 65.0 km, and angle-of-attack
152.0 degrees.
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Figure A121. Pressure and heat flux at velocity 7.5 km/s, altitude 65.0 km, and angle-of-attack
154.0 degrees.
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Figure A122. Pressure and heat flux at velocity 7.5 km/s, altitude 65.0 km, and angle-of-attack
156.0 degrees.
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Figure A123. Pressure and heat flux at velocity 7.5 km/s, altitude 65.0 km, and angle-of-attack
158.0 degrees.
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Figure A124. Pressure and heat flux at velocity 8.0 km/s, altitude 55.0 km, and angle-of-attack
152.0 degrees.
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Figure A125. Pressure and heat flux at velocity 8.0 km/s, altitude 55.0 km, and angle-of-attack

154.0 degrees.
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Figure A126. Pressure and heat flux at velocity 8.0 km/s, altitude 55.0 km, and angle-of-attack

156.0 degrees.
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Figure A127. Pressure and heat flux at velocity 8.0 km/s, altitude 55.0 km, and angle-of-attack

158.0 degrees.

& *
Call B
I ER
m@j 1
! T~ o
S I \ E&*E
S 12
N I N =
= . =
¢ ™ Iy
s \\\ ENEELE
e 1
:’19
N T T 05 T

0
z [m]

(a) Pitch plane pressure and heat flux
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Figure A128. Pressure and heat flux at velocity 8.0 km/s, altitude 60.0 km, and angle-of-attack

152.0 degrees.
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Figure A129. Pressure and heat flux at velocity 8.0 km/s, altitude 60.0 km, and angle-of-attack
154.0 degrees.
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Figure A130. Pressure and heat flux at velocity 8.0 km/s, altitude 60.0 km, and angle-of-attack
156.0 degrees.

75



N
+
'1?@' ]
| 1
- —7\ Heat]'lnxl
| 1 e P, [Pa] q, [Wiem’]
1
eg@ B — 17000 170
R i 1 16000 160
— 48 15000 150
T~ 1 < 14000 140
S 1o § 13000 130
<L N 12000 120
= \ 1.8 11000 110
o N @ ~
I \ N 2 10000 100
2 R = 9000 90
2 \\ 1 = 8000 80
i @ S 3 7000 70
1 6000 0
K \\ 1e 5 5000 50
7 4000 40
] 3000 30
1 2000 20
N ] 1000 10
ﬂ I
e T )
z[m]
(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Figure A131. Pressure and heat flux at velocity 8.0 km/s, altitude 60.0 km, and angle-of-attack
158.0 degrees.
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Figure A132. Pressure and heat flux at velocity 8.0 km/s, altitude 65.0 km, and angle-of-attack
152.0 degrees.
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Figure A133. Pressure and heat flux at velocity 8.0 km/s, altitude 65.0 km, and angle-of-attack
154.0 degrees.
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Figure A134. Pressure and heat flux at velocity 8.0 km/s, altitude 65.0 km, and angle-of-attack
156.0 degrees.
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Figure A135. Pressure and heat flux at velocity 8.0 km/s, altitude 65.0 km, and angle-of-attack
158.0 degrees.
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Figure A136. Pressure and heat flux at velocity 8.5 km/s, altitude 50.0 km, and angle-of-attack
152.0 degrees.
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Figure A137. Pressure and heat flux at velocity 8.5 km/s, altitude 50.0 km, and angle-of-attack
154.0 degrees.
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Figure A138. Pressure and heat flux at velocity 8.5 km/s, altitude 50.0 km, and angle-of-attack
156.0 degrees.
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Figure A139. Pressure and heat flux at velocity 8.5 km/s, altitude 50.0 km, and angle-of-attack
158.0 degrees.
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Figure A140. Pressure and heat flux at velocity 8.5 km/s, altitude 55.0 km, and angle-of-attack
152.0 degrees.
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Figure A141. Pressure and heat flux at velocity 8.5 km/s, altitude 55.0 km, and angle-of-attack

154.0 degrees.
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Figure A143. Pressure and heat flux at velocity 8.5 km/s, altitude 55.0 km, and angle-of-attack
158.0 degrees.
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Figure A144. Pressure and heat flux at velocity 8.5 km/s, altitude 60.0 km, and angle-of-attack
152.0 degrees.
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154.0 degrees.
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Figure A147. Pressure and heat flux at velocity 8.5 km/s, altitude 60.0 km, and angle-of-attack
158.0 degrees.
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Figure A148. Pressure and heat flux at velocity 9.0 km/s, altitude 50.0 km, and angle-of-attack
152.0 degrees.
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Figure A149. Pressure and heat flux at velocity 9.0 km/s, altitude 50.0 km, and angle-of-attack
154.0 degrees.
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Figure A150. Pressure and heat flux at velocity 9.0 km/s, altitude 50.0 km, and angle-of-attack
156.0 degrees.
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Figure A151. Pressure and heat flux at velocity 9.0 km/s, altitude 55.0 km, and angle-of-attack
152.0 degrees.
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Figure A152. Pressure and heat flux at velocity 9.0 km/s, altitude 55.0 km, and angle-of-attack
154.0 degrees.
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Figure A153. Pressure and heat flux at velocity 9.0 km/s, altitude 55.0 km, and angle-of-attack
156.0 degrees.
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Figure A154. Pressure and heat flux at velocity 9.0 km/s, altitude 60.0 km, and angle-of-attack
152.0 degrees.
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Figure A155. Pressure and heat flux at velocity 9.0 km/s, altitude 60.0 km, and angle-of-attack
154.0 degrees.
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Figure A156. Pressure and heat flux at velocity 9.0 km/s, altitude 60.0 km, and angle-of-attack
156.0 degrees.
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Figure A157. Pressure and heat flux at velocity 9.5 km/s, altitude 50.0 km, and angle-of-attack

152.0 degrees.
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Figure A159. Pressure and heat flux at velocity 9.5 km/s, altitude 50.0 km, and angle-of-attack
156.0 degrees.
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Figure A160. Pressure and heat flux at velocity 9.5 km/s, altitude 55.0 km, and angle-of-attack
152.0 degrees.
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Figure A161. Pressure and heat flux at velocity 9.5 km/s, altitude 55.0 km, and angle-of-attack
154.0 degrees.
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Figure A162. Pressure and heat flux at velocity 9.5 km/s, altitude 60.0 km, and angle-of-attack
152.0 degrees.
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Figure A163. Pressure and heat flux at velocity 9.5 km/s, altitude 60.0 km, and angle-of-attack
154.0 degrees.
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Figure A164. Pressure and heat flux at velocity 9.5 km/s, altitude 60.0 km, and angle-of-attack
156.0 degrees.

92



o 1 r.n s,
&L ]
: AN | P
[ 1° - 40000 400
~, 35000 350
';@“@ I B g 30000 300
[ i 1 § 25000 250
:‘ ] =, 20000 200
~ 1 = 15000 150
= ] 10000 100
2@“ \ 1 E 5000 50
& N \ ] E
@@& \\\ P
~—_ 1.
S N
) H \
N WSS RN WSS RS SRR RN S TS N
z[m]
(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Figure A165. Pressure and heat flux at velocity 10.0 km/s, altitude 55.0 km, and angle-of-attack
152.0 degrees.
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Figure A166. Pressure and heat flux at velocity 10.0 km/s, altitude 55.0 km, and angle-of-attack
154.0 degrees.
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Figure A167. Pressure and heat flux at velocity 10.0 km/s, altitude 55.0 km, and angle-of-attack
156.0 degrees.

@
m,e*mgi E
r 4
g@“* 1 P, [Pa]
L k\\ —:’:6“ 26000
H n 24000
ol \ \ E“’“Q“E it
~ H ]
& 1 1 § }mg
ol T5 o
2 ] ’19& E 10000
§ Q@ \ 7 E mg
Y —~— \ & 3 o
— 1Y = 2000
S kfe“
¥ R Y B
z [m]
(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Figure A168. Pressure and heat flux at velocity 10.0 km/s, altitude 60.0 km, and angle-of-attack
152.0 degrees.
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Figure A169. Pressure and heat flux at velocity 10.0 km/s, altitude 60.0 km, and angle-of-attack

154.0 degrees.
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Figure A170. Pressure and heat flux at velocity 10.0 km/s, altitude 60.0 km, and angle-of-attack
156.0 degrees.
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Figure A171. Pressure and heat flux at velocity 10.0 km/s, altitude 65.0 km, and angle-of-attack
152.0 degrees.
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(a) Pitch plane pressure and heat flux (b) Pressure (c) Heat flux

Figure A172. Pressure and heat flux at velocity 10.0 km/s, altitude 65.0 km, and angle-of-attack
154.0 degrees.
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Figure A173. Pressure and heat flux at velocity 10.0 km/s, altitude 65.0 km, and angle-of-attack
156.0 degrees.
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Figure A174. Pressure and heat flux at velocity 10.5 km/s, altitude 55.0 km, and angle-of-attack
152.0 degrees.
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Figure A175. Pressure and heat flux at velocity 10.5 km/s, altitude 55.0 km, and angle-of-attack
154.0 degrees.
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Figure A176. Pressure and heat flux at velocity 10.5 km/s, altitude 60.0 km, and angle-of-attack
152.0 degrees.
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Figure A177. Pressure and heat flux at velocity 10.5 km/s, altitude 60.0 km, and angle-of-attack
154.0 degrees.
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Figure A178. Pressure and heat flux at velocity 10.5 km/s, altitude 60.0 km, and angle-of-attack
156.0 degrees.
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Figure A179. Pressure and heat flux at velocity 10.5 km/s, altitude 65.0 km, and angle-of-attack
152.0 degrees.
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Figure A180. Pressure and heat flux at velocity 10.5 km/s, altitude 65.0 km, and angle-of-attack
154.0 degrees.
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Figure A181. Pressure and heat flux at velocity 10.5 km/s, altitude 65.0 km, and angle-of-attack
156.0 degrees.
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Figure A182. Pressure and heat flux at velocity 10.5 km/s, altitude 70.0 km, and angle-of-attack
152.0 degrees.
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Figure A183. Pressure and heat flux at velocity 10.5 km/s, altitude 70.0 km, and angle-of-attack

154.0 degrees.
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Figure A184. Pressure and heat flux at velocity 10.5 km/s, altitude 70.0 km, and angle-of-attack

156.0 degrees.
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Figure A185. Pressure and heat flux at velocity 11.0 km/s, altitude 70.0 km, and angle-of-attack
152.0 degrees.
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Figure A186. Pressure and heat flux at velocity 11.0 km/s, altitude 70.0 km, and angle-of-attack
154.0 degrees.
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Figure A187. Pressure and heat flux at velocity 11.0 km/s, altitude 70.0 km, and angle-of-attack

156.0 degrees.
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Figure A188. Pressure and heat flux at velocity 11.0 km/s, altitude 75.0 km, and angle-of-attack
152.0 degrees.
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Figure A189. Pressure and heat flux at velocity 11.0 km/s, altitude 75.0 km, and angle-of-attack
154.0 degrees.
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Figure A190. Pressure and heat flux at velocity 11.0 km/s, altitude 75.0 km, and angle-of-attack
156.0 degrees.
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Figure A191. Pressure and heat flux at velocity 11.0 km/s, altitude 80.0 km, and angle-of-attack
152.0 degrees.
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Figure A192. Pressure and heat flux at velocity 11.0 km/s, altitude 80.0 km, and angle-of-attack
154.0 degrees.
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Figure A193. Pressure and heat flux at velocity 11.0 km/s, altitude 80.0 km, and angle-of-attack
156.0 degrees.
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