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Figure 3: Illustrations of different fiber orientations within the material

Each component (bold font) in Eq. (11) represents a vector or a matrix:

PPy, 1 Wy,
PPg,ys Pngs Wngs
Psy Ps1 Wsy
Q = ) P= ) S = ) (12)
Pspss Psnss Wsnss
Ppgu U D,
Ppgv v D,
Ppgw w D.
6B, + B, T Sp
Ppg, u Ppg, v Ppg,w
¢pgngsu ¢pg7lgsv ¢pgrzgsw
0 0 0
F = : , F,= 0 , (13)
0 0 0
bpgu* +p  Ppguu Ppgwu
ppguv  Ppgv* +p  Ppgwu
bpguw  dpow bpyw? +p
Ppgutl ¢pgvH ppgwH Feond,e  Feondy Feond,z

where ngs is number of gas species, nss is number of solid species, ¢ is porosity, ws are reaction rates of the
species, Ds are source terms that accounts for diffusive effects in the momentum equations, Sp is a diffusive
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V.A. Heat shield response using surface boundary conditions provided in Boyd et. al.'®

In Boyd et. al.,'® two trajectories were considered: the 34 s (81 km) trajectory and the 42 s (71 km)
trajectory. The surface heat flux and pressure distributions are shown in Fig. 6. Note that in Fig. 6a, the
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Figure 6: Surface heat flux and pressure profiles given in Boyd et. al.l®

CFD DPLR and DSMC results are quite different, which was claimed to be due to the near-continuum
effects. In this work, the CFD DPLR results in Fig. 6a are selected, since the CFD profiles are continuous.
For the 71 km (42 s) trajectory point, the DPLR-modified curves are chosen from Fig. 6b.

The simulation starts from 8 seconds before the first trajectory point to allow a smooth ramping, that is
t = 26 s. The initial surface heat flux is assumed to be zero and the initial surface pressure is assumed to be
the same as the minimum values in 34 s pressure profile. From ¢ = 26 s to ¢t = 34 s, the boundary conditions
are linearly ramped from the initial values to the 34 s profiles given in Fig. 6a. After ¢t = 34 s, the boundary
conditions are linearly ramped from the 34 s profiles to the 42 s profiles. The boundary conditions stay at
42 s profiles for another 8 seconds after ¢t = 42 s.

Since the original paper'® was not designed to suit for material response simulation of an entire heat
shield, the components of the surface heat flux was not mentioned. Therefore, the heat flux profiles provided
in Fig. 6 are used to solve for the heat transfer coeflicient first; then the correction factor is calculated and
multiplied to the original surface heat flux. The radiation heating to the material is assumed to be taken
into account by the applied heat flux profiles. The rest of the terms in the surface energy balance equation
are modeled as discussed.

The initial conditions of the heat shield ablator is set to be the same as the environmental temperature
and the initial gas pressure is set to be at 0.01 atm. Using these conditions, two 3D simulations are performed
on the modified mesh given in Fig. 4, one with isotropic and the other with orthotropic materials. In addition,
a 1D simulation is performed using the same conditions at the stagnation point. The 1D simulation setup
is adopted from Weng and Martin.'® The thickness of the 1D geometry is taken to be the same as the
Stardust heat shield thickness, i.e. 0.0645 m. Six thermocouples are selected along the centerline, and four
are selected 0.008 m beneath the heat shield side wall. The coordinates of these thermocouples are given in
Table 1. The locations of these thermocouples are illustrated in Fig. 7.

The temperature profiles at each thermocouple location are displayed in Fig. 8. Note that the values of
temperature predicted in this work might be slightly higher than the exact value, since the (endothermic)
ablation effect of the heat shield was not modeled. Unlike the situation seen for small test samples,'® Fig. 8a
shows that the surface temperatures are quite close between 1D, 3D isotropic, and 3D orthotropic models.
For thermocouples 2, 3, and 4, the two 3D models all predicted higher temperatures than in the 1D model;
and the temperatures were higher with the orthotropic model than with the isotropic model. The difference
in temperatures is as high as 200 K between the orthotropic model and the 1D model. Note that, this
behavior was also seen in small arc-jet test samples, where the extra heating was due to side wall heating
and pyrolysis gas transport.3? For the heat shield geometry considered in this study, the side wall heating
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Figure 10: Stagnation blowing rate using Boyd’s trajectory profiles

V.B. Heat shield response using surface boundary conditions provided in Olynick et. al.l®

In order to investigate further along the trajectory, the surface heat flux and pressure distributions are
extracted from Olynick et. al.'® Olynick et. al. performed CFD calculations on seven trajectory points
of the Stardust SRC Earth entry'® . The total surface heat flux (without ablation assumption) and the
pressure profiles are presented in Fig. 11 for all seven points.

Total Heat transfer, no ablation, fully catalytic wall Pressure along the body
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Figure 11: Stardust SRC forebody surface heat flux and pressure distribution for non-ablating surface'®

In this case, the simulation also started from ¢t =26 s, i.e. 8 seconds before the 81 km trajectory. The setups
for initial surface heat flux and initial surface pressure are identical to the previous study. The boundary
conditions ramping between trajectories are also linear. The initial conditions and the computational mesh
are identical to the previous simulation, i.e. Ty = T, po = 0.01latm, and the mesh is given in Fig. 4. The
thermocouple locations are as same as in previous study, given in Table 1 and Fig. 7.

The temperature histories at various thermocouple locations are presented in Fig. 12. For the first six
thermocouples along the centerline, as shown in Fig. 12a, surface temperature didn’t vary much between
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Figure 12: Temperature histories at all thermocouple locations using Olynick’s profiles

models; for thermocouple 2 to 5, the 3D orthotropic model predicted the highest temperature, followed by
the 3D isotropic model, and the 1D model predicted the least temperature; the bond line temperature for all
models didn’t change. The analysis for these thermocouples would be the same as for the Boyd’s profiles. It
is worth to mention that, in this case, the difference in temperature between the orthotropic and 1D model
was as high as about 700 K, at TC 4, ¢t = 70 s. In addition, the 3D models picked up temperature rises at TC
5, which was not seen in the 1D model. These captured differences were quite significant, and impropriate
modeling may lead to failure of the heat shield or overheating of the payloads in the substructure.

For the second set of thermocouples shown in Fig. 12b, the temperatures of the orthotropic model were
initially lower than the ones of the isotropic model; but they eventually exceeded the latter. This behavior
was not seen in the previous study using Boyd’s profiles, where the simulation time was short. In this case,
the simulation time was long enough to allow the decomposition zone to reach beyond these thermocouple
locations. When the materials at these locations were charred, the pyrolysis gas transports towards these
locations are from the high-temperature decomposition zone. With the enhanced gas transport (higher
permeability), the orthotropic model would predict a higher temperatures than the isotropic model.

VI. Concluding Remarks

As a conclusion, the Stardust SRC Earth entry surface boundary conditions were extracted from two
aerodynamics papers.'% 1% These boundary conditions are applied to the whole heat shield geometry to
perform material response simulations using KATS with the newly developed permeability model. The
objective is to investigate whether the 1D model is representative to the 3D material response of the entire
heat shield. Based on this study, the surface temperature of the 1D model were not very far from the 3D
models, but the centerline temperatures within the material were very different; the difference can be as
significant as 700 K. This was due to the fact that, the pyrolysis gas generated within the decomposition
zone has a great enthalpy, which can heat up the material significantly, especially considering the heating
condition for an atmospheric entry is quite severe. The temperature of the material at the heat shield shoulder
was higher than along the side, since the hot gas traveling inside were expelled through the shoulder. The
orthotropic model also showed a significant difference to the isotropic model.

On the numerical aspect, the authors experienced great obstacles initially in performing simulations
over the heat shield geometry. The initial conditions of the heat shield were tricky to set. Physically, the
heat shield should stay at the environmental conditions before the reentry. However, the environmental
pressure is usually much less than the atmosphere pressure, and this may lead to divergent solution with
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the existing numerical model, since the pressure gradients at the surface will be dominant. This instability
can be bypassed by reducing time step. Based on the experience from this work, the time step size required
three to four order of magnitude smaller than the values normally assigned for small test samples, in order
to prevent divergence of the solution. This requirement leads to huge computational run time. In addition,
the temperature solution with the environmental initial conditions eventually converges to 298 K, which
is the reference temperature of the TACOT material. When initial temperature was set to the reference
temperature, the computation time was greatly saved by allowing a much larger time step without divergence.
This suggests that extra material models might be needed for ablators at low temperature.

In summary, 1D models is a relatively good assumption to the stagnation temperature, but might not
be accurate for the in-depth material response. The shoulder region response also might be very different
from the 1D assumptions. Additional models might be needed for charring ablators at low temperature.
Orthotropic properties model is necessary for an accurate heat shield material response analysis and design.
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