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Abstract

This document provides an overview of the aerothermodynamic analyses performed
by the Aerothermodynamics Branch at NASA Langley Research Center for the
Rocket Lab Venus Probe (RLVP). In addition to defining the baseline heating en-
vironment to the heatshield, this document pursues the experimental validation
of key physical models at RLVP-relevant conditions. This experimental validation
analysis, which captures the model form uncertainty, is used as one of two primary
components of the margin assessment, where the other component is the parametric
uncertainty. These model form (experimental) and parametric uncertainty compo-
nents are used to construct a spatial and time varying margin for the heating to
the RLVP heatshield. The margin is evaluated as the sum of the parametric and
model form uncertainty components. The model form uncertainty is defined as the
difference between the RLVP-relevant measurements and their simulations, using
the upper limit uncertainty bounds for both the measurements and simulations in
the comparisons. The differences in the dominant physics in the stagnation region
and flank lead to the separate RLVP-relevant measurements for assessing the model
form uncertainty in these two regions. These regions are addressed as follows:

Stagnation Region Heating Environment: For the high-temperature
stagnation-region, both the radiative heating and impact of blowing on con-
vective heating are significant, while the impacts of turbulence and rough-
ness are negligible. Coupled radiation and ablation LAURA/HARA solu-
tions with ray-tracing provide the radiative heating over the entire vehicle,
including the contributions from the Venus atmosphere and ablation species.
Non-ablating LAURA simulations provide the convective heating. During the
material-response computation typically used for TPS sizing, this non-ablating
convective heating is corrected for the impact of ablation using the blowing
correction. Coupled ablation LAURA simulations that capture finite-rate sur-
face processes show that this blowing correction may be non-conservative over
most of the heatshield. This non-conservatism is due to hydrogen recombi-
nation in the finite-rate surface model, which tends to increase the coupled
ablation convective heating to near the non-ablating values, therefore mak-
ing any reduction in the non-ablating value through the blowing correction
non-conservative. This non-conservatism due to H catalysis is captured in the
parametric component of the margin.

The best available ground-test measurements that capture the impact of blow-
ing on stagnation region convective heating, at RLVP-relevant conditions, in-
dicate that the current blowing reduction model is non-conservative by up to
20% at RLVP-relevant blowing rates (the coupled blowing simulations were
also non-conservative). Because of the relatively low velocity of the ground
tests and the non-Venus atmospheric chemistry, these measurements do not
capture the chemistry and therefore do not inform the uncertainty due to
H catalysis. However, they do capture the fluid mechanics of blowing. The
non-conservatism of the blowing correction implied by these measurements is
covered by the model form component of the margin, which leads to total



margin values over 50%.

For the radiative heating, the shock-tube informed bias approach suggests
a model form uncertainty of roughly 20%, while the parametric uncertainty
analysis suggests values over 100%. The combined stagnation-point radiation
margin of over 100% leads to peak margined radiative heating values of over
300 W/cm?, which remains small relative to the peak margined convective
heating of nearly 2000 W /cm?.

Based on this analysis, at the stagnation point, the peak margined heat rate is
2203 W/cm? and the margined total heat load is 31.5 kJ/cm? for the current
nominal trajectory.

Flank Heating Environment: The forebody flank (and near-shoulder)
heating environment is dominated by the impact of turbulence, roughness aug-
mentation, and ablation on the convective heating. An extensive collection of
ground test measurements with RLVP-relevant turbulence and roughness is
studied to show that the maximum difference between the simulated and mea-
sured convective heating is 5%. However, with the exception of the Holden
measurements from the 1980s, these measurements do not include roughness
elements extending into the supersonic region of the boundary layer, which is
likely to occur for RLVP (due to the 45 degree sphere-cone geometry). The
interaction between the supersonic flow and roughness could cause convec-
tive heating augmentation fundamentally different than for locally subsonic
flow. Although these Holden measurements are consistent with the other
measurements considered, another path was pursued to assure that the rough-
ness height extending into supersonic flow does not fundamentally change the
roughness augmentation. This additional path was a computational effort to
resolve the roughness elements in the CFD grid, so that the interaction be-
tween the roughness elements and locally supersonic flow may be simulated
in detail. This roughness-resolved CFD simulation is feasible because of the
RLVP forebody TPS’s patterned roughness, which may be approximated an-
alytically, and because of the axisymmetric nominal flowfield, which allows
a narrow surface region to be simulated and therefore make the computa-
tional expense feasible. These grid-resolved roughness simulations, which are
performed at actual RLVP flight conditions, result in heating augmentation
values that are below the design approach for roughness augmentation. This
provides evidence that the design approach for RLVP roughness augmentation
is sufficient.

Based on this analysis, at this flank or near-shoulder location, the peak margined
total heat rate is 2088 W /cm? and the margined total heat load is 26.0 kJ/cm?
for the current nominal trajectory.

Heat flux, shear, pressure and heat transfer coefficient at the RLVP stagnation
point and near shoulder location are evaluated for the entire trajectory, and curved
fit to a functional form of F = ApBUS. These simplified relationships for the
nominal and margined aerothermal environments are referred to as aerothermal

indicators, and presented at the end of this document.
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1 Introduction

This report documents the aerothermal analyses performed by the Aerothermody-
namics Branch at NASA Langley Research Center for the Rocket Lab Venus Probe
(RLVP). These analyses include the development of the margined aerothermal heat-
ing indicators, which are curved fit representations of the surface heat flux, shear,
pressure, and heat transfer coefficient as a function of free-stream velocity and den-
sity. In addition, the experimental traceability of the tools and models used to create
these values are presented in detail. These experimental traceability and parametric
uncertainty analyses are used to establish a rigorous margin policy for the convective
and radiative heating.

To demonstrate the dominant phenomena impacting the forebody heating for
RLVP, Figs. 1 and 2 show the impact of radiation, turbulence, roughness, and
ablation at two locations on the RLVP heatshield for a representative trajectory.
The trajectory, RLVP geometry, and modeling assumptions inherent in these values
are discussed throughout this report. For the stagnation-point, the non-ablating
convective heating shown in Fig. 1 is not influenced by turbulence or roughness (so
only the laminar values are shown), but radiative heating is significant. For the
near shoulder point, the radiative heating is negligible (and is not shown), but the
impact of turbulence and roughness are significant. The nominal, unmargined peak
heat rate of nearly 1500 W/cm? at the near shoulder is larger than any acreage
non-ablating heat rate for any NASA vehicle, other than the Galileo and Pioneer-
Venus probes, which were Jupiter and Venus entry vehicles, respectively. The values
presented in Fig. 1 do not include ablation or margins. Figure 2 shows the impact
of ablation on the convective heating, which includes the impact of turbulence and
roughness, using the uncoupled blowing correction approach typically utilized by
the material response code during heatshield sizing (this heatshield sizing step is
beyond the scope of the present work). This figure shows that at both the stagnation
point and near shoulder locations, this blowing correction approach suggests that
ablation reduces the peak heat rate by over 30%. At the stagnation point, the large
reduction in the convective heating due to ablation increases the relative importance
of radiation. The uncoupled blowing correction approach used for design does not
account for the impact of ablation on the radiative heating. This independence of
the radiation on ablation is acceptable for milder aerothermal environments. The
relatively high heating (and therefore ablation) rates expected for RLVP, however,
result in a large enough change to the shock layer temperatures and chemistry to
strongly impact the radiative heating. The assessment of this impact of ablation on
the radiative heating requires a coupled ablation approach, which is presented in
this report.

The importance of radiation, turbulence, roughness, and ablation on the aerother-
modynamic environment for RLVP requires that the modeling details, uncertainty,
and a level of experimental validation are provided for each. This leads to the
following first five sections of the present document:

2. Aerothermal Modeling Overview: Defines vehicle geometry and free-
stream conditions considered. Briefly outlines computational models applied
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Figure 1: Contributions of turbulence, roughness, and radiation on the non-ablating forebody heating (un-
margined).

No ablation
r 1600
1500 ):/ No ablation
: i 1400 Near Shoulder—>—
o Impact of ablation, N NE Impact of ablation, \
E as modeled in FIAT. \.‘ 21200 | as modeled in FIAT. \
£ 1000 —>/ .- / |
fort 1000 Stagnation Point S0 1000
g i]
8 =
- 3 800
=] =
.3 with blowing correction °§ 600
g 500+ E
4
E E 400 with blowing correction
=3
L B.
© \ © 200
0 s L s L s . s 0
55 60 65 70 75 80 85 90 55 60 65 70 75 80 85 90
time (5) time (s)

Figure 2: Impact of ablation on the forebody heating (un-margined).

throughout the analysis, many of which are discussed in more detail in subse-
quent sections. Provides an overview of the margin approach, which requires
evaluation of the model form and parametric uncertainty components. Details
for determining these components are provided.

3. Laminar/Stagnation Heating Environment: Presents laminar heat-
ing environment on the forebody heatshield, which represents the stagnation
region design environment (which is not influenced by turbulence or rough-
ness). Experimental traceability for these environments is obtained from
shock-tube measurements using the shock-tube informed bias approach.

4. Roughness Augmented Turbulent Heating Environment: Presents
the turbulent heating environment including turbulence and roughness aug-
mentation. Experimental traceability for both the turbulence and roughness
augmentation models is provided by comparisons between simulations and a
collection of ground-test measurements. For each measurement, the similar-
ity between the experimental case and RLVP boundary layers are presented.
An effort to simulate grid-resolved roughness elements in CFD is presented
to check that roughness elements extending into the supersonic region of the



boundary layer does not cause excessive roughness augmentation (since this
behavior is only captured in one of the experimental measurements).

5. Impact of Ablation on Heating: RLVP TPS sizing is performed using
the standard uncoupled ablation approach, where the aerothermal database as-
sumes a non-ablating, fully-catalytic, and radiative equilibrium surface, which
is subsequently corrected for ablation within the material response code us-
ing two approximations. The accuracy of these approximations for RLVP is
assessed in this section using coupled ablation simulations, which model the
blowing surface and additional ablation species in the flowfield simulations.
Ground-based measurements with blowing are analyzed to provide experimen-
tal validation for the blowing correction. The impact of ablation products on
the radiative heating is also assessed, which is found to be large, and therefore
the radiative heating indicators include the impact of ablation.

6. Heatshield Margins: Both the convective and radiative heating mar-
gins are evaluated for the heatshield. Utilizing the model form uncertainty
components derived from experiments in previous sections and a parametric
uncertainty analysis, a time and spatial dependent margin approach is de-
veloped and implemented. The parametric uncertainty analysis includes cou-
pled ablation and radiation. Presents the margined and un-margined
aerothermal indicators at the stagnation point and near-shoulder
locations, which represent the primary result of this document.

2 Aerothermal Modeling Overview

2.1 Simulation Approach

The aerothermal database is based on axisymmetric LAURA [1, 2] Navier-Stokes
flowfield simulations. The HARA code [3,4] is applied for radiative heating predic-
tions, which include the impact of ablation products, as discussed in Section 5.4.
The database is constructed based on the velocity-altitude space presented in Fig. 3.
The nominal trajectory considered throughout this document, which is provided by
the Atmospheric Flight & Entry System Branch at NASA Langley Research Center,
is identified as the “a” trajectory in this figure. This nominal trajectory is tabu-
lated in Table 1, along with the bounding shallow “b” and steep “c” cases. These
bounding cases are chosen to capture trajectory dispersions and modest changes to
the vehicle mass, entry velocity, and entry flight path angle relative to the nominal
trajectory, but do not represent actual trajectories (therefore no times are listed for
each case).

The LAURA flowfield simulations are performed using the Mars/Venus model
presented by Johnston and Brandis [5], which include two-temperature, thermo-
chemical nonequilibrium with the following 19 species: COs, CO, Na, Oo, NO, C,
N, O, CN, Cg, C*, O*, N*, NO*, OFf, COT, CNT, NI, and e~. The chemical
kinetics used for the LAURA simulations are presented in Tables 6-8. As will be
shown in the margin assessment, the impact of the two temperature and chemical
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Figure 3: Aerothermal database points considered Nominal trajectory and database cases considered through-
out this report.

Table 1: Nominal trajectory and database cases considered throughout this report.

Time Case Velocity Density Temperature  Altitude  Mach  Dyn. Pressure

()  #  (kmfs) (kg/m?) (K) (km) — # (kPa)
55.0 1la 11.167 4.16E-06 175.0 111.2 499 0.3
60.0 2a 11.167 2.52E-05 173.3 104.7 53.6 1.6
65.0 3a 10.947 1.24E-04 172.9 98.6 53.5 7.4
67.5 4a 10.673 2.63E-04 168.9 95.7 52.1 15.0
70.0 5a 10.178 5.21E-04 167.2 93.0 48.4 27.0
73.0 6a 9.066 1.22E-03 169.4 90.0 44 .4 50.2
75.0 7a 8.035 1.92E-03 173.0 88.3 39.2 61.8
78.0 8a 6.310 3.24E-03 178.0 86.1 30.3 64.5
80.0 9a 5.213 4.19E-03 181.2 84.9 24.6 56.9
85.0 10a 3.153 6.78E-03 187.6 82.8 14.6 33.7
90.0 11a 2.001 9.28E-03 192.4 81.3 9.1 18.6

- 1b 11.017 4.16E-06 175.0 111.2 49.3 0.3

- 2b 11.017 2.52E-05 173.3 104.7 52.9 1.5

- 3b 10.872 6.15E-05 174.4 101.4 53.4 3.6

- 4b 10.673 1.29E-04 172.8 98.5 52.6 7.4

- 5b 10.178 2.64E-04 169.0 95.8 50.1 13.7
- 6b 9.066 5.66E-04 167.2 92.8 439 23.3
- 7b 8.035 9.31E-04 168.2 91.1 39.5 30.0
- 8b 6.310 1.62E-03 171.7 88.9 30.7 32.2
- 9b 5.213 2.19E-03 174.2 87.7 25.4 29.8
- 10b 3.153 3.56E-03 179.4 85.6 14.9 17.7
- 11b 2.001 5.09E-03 183.5 84.1 9.4 10.2
- 1c 11.317 4.16E-06 175.0 111.2 50.6 0.3

- 2c 11.317 2.52E-05 173.3 104.7 54.3 1.6

- 3c 11.022 2.64E-04 169.0 95.8 54.5 16.0
- 4c 10.673 5.37E-04 167.2 92.9 51.1 30.6
- 5c 10.178 1.17E-03 169.2 90.2 50.0 60.8
- 6c 9.066 2.45E-03 175.4 87.2 43.7 100.8
- Tc 8.035 3.71E-03 179.7 85.5 38.2 119.6
- 8c 6.310 6.06E-03 186.0 83.3 29.4 120.7
- 9c 5.213 7.66E-03 189.5 82.1 23.7 104.1
- 10c 3.153 1.22E-02 197.3 80.0 14.1 60.6
- 11c 2.001 1.58E-02 203.3 78.5 8.7 31.8




kinetic modeling differences have a small impact on the forebody radiative heat-
ing, and essentially no impact on the convective heating. The non-ablating surface
is assumed to be fully-catalytic to homogenous recombination. The forebody and
afterbody are assumed in radiative equilibrium with a surface emissivity of 0.85.
Details of the coupled ablation simulations, used for the forebody radiative heating
values, are presented in Section 5.

The Cebeci-Smith [6] turbulence model is applied for the turbulent LAURA sim-
ulations, as discussed in Section 4. This model was chosen both because it compares
well with the measurements presented in Section 4, but also because it does not break
down in the flank regions like the Baldwin-Lomax model [6,7]. This breakdown is
the result of the Baldwin-Lomax model being derived to reproduce the Cebeci-Smith
without finding the boundary layer edge. Baldwin-Lomax’s alternative approach to
finding the boundary layer edge breaks down for RLVP cases, therefore leading to
erroneously high heating values. Further discussion of the turbulence modeling is
provided in Section 4.

The TPS material for the RLVP forebody heatshield is woven 3MDCP. To obtain
the expected roughness geometry present during RLVP peak-heating, the surface
scans of 2023 AEDC post arc-jet samples are considered. These wedge measurements
experience turbulent flow at RLVP-relevant heating values. For one of the runs from
this test series, Fig. 4(a) present the front view of the wedge with the ablated surface
pattern. The area in the black box is analyzed to provide the peak-to-valley heights
presented in Fig. 4(b). The average peak-to-valley height (k) from these cases is
0.75 mm, with a peak-to-valley spacing of 2.20 mm. This 0.7 mm roughness height
is currently applied as the nominal, with the slight increase to 0.75 mm implied by
the recent measurements being covered in the parametric uncertainty component of

the margin.
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Figure 4: Example roughness pattern and peak to valley roughness heights for 3IMDCP.

To account for the impact of this roughness on the convective heating and shear,
a roughness augmentation multipliers are applied to the convective heating and shear
as a post-processing step to the flowfield simulation. These roughness augmentation
models are discussed and compared with measurements in Section 4. The model



Figure 5: Axisymmetric grid overview.

referred to as the “Dahm” model, which is defined in Section 4.2, is applied as the
nominal model in the database.

The HARA radiative heating is computed as a post-processing step to the
LAURA flowfield simulation. This computation applies ray-tracing radiative trans-
port [8], which rigorously accounts for three-dimensional radiative transport. The
LAURA flowfields used for these radiation computations include radiation cou-
pling [9], which captures the radiation cooling effect. This radiative cooling effect
accounts for radiative energy loss from the shock layer, which reduces shock layer
temperatures and the resulting radiative flux. In addition to coupled radiation,
the radiative heating also includes coupled ablation. This coupled ablation impact,
which is discussed in Section 5.4, was added after finding that ablation products
contribute significantly to the flank and backshell radiative heating. Since no cor-
rection exists in the material response code to account for the impact of ablation
on radiative heating, as it does for convective heating, the database includes the
impact of coupled ablation on the baseline radiative heating.

Figure 5 presents the grid used for the database. The cone half angle for this
geometry [10] is 45 degrees, the nose radius is 11 c¢m, the vehicle diameter is 43 cm,
and the shoulder radius is 1.1 cm. The backshell was included in all simulations,
however, this report focuses on the results of the heatshield only.

2.2 Aerothermal Margin Overview

While Section 6 presents the final aeroheating margins, the approach used to eval-
uate them is presented in this section. This is done because the model form (or
experimental) components of the margin are evaluated in the sections leading up
to Section 6, as the relevant experimental measurements and comparisons are pre-
sented. The margin approach adopted for RLVP is based on the approach discussed
by West and Bynum [11], which is illustrated in Fig. 6 for a general case. The
“Model Input Uncertainty” component will be referred to in this work as the para-
metric uncertainty component, the verification component will be referred to as the
code-to-code comparison component, and the validation component will be referred
to as the model form uncertainty component. These components are summed to

10



obtain the final margin. The parametric uncertainty component is simplified for
RLVP aerothermal environments because all of the input uncertainties are treated
as intervals, which is due to their epistemic nature and the insufficient data avail-
able to assess a distribution. These interval uncertainties result in upper and lower
parametric uncertainty bounds, instead of the probability density shown in Fig. 6.
For RLVP, Fig. 6 simplifies to Fig. 7, which shows that the total margin is the sum
of the parametric and model form components, with the code-to-code component
being negligible (and being mostly captured in the parametric component). This
figure shows that both of these components are allowed to vary along the heatshield
surface, and the parametric component varies with free-stream conditions. These
components are defined in the following subsections, and then evaluated later in
Section 6.

Model Input Uncertainty Verification Validation Flight Prediction

| |
r 1 l
R

Probabilistic

Non-probabilistic Model

Probability Density

e
[—
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Response Response

Figure 6: General approach for margin evaluation proposed by West and Bynum [11].

— Nominal Varies through trajecto
_ [ Parametric Uncertainty 9 ] -
"E 2000
;|
=
1500
g
®
= 1000
£
= . M
-+ soo[|Parametric Uncertainty
Analysis of Flight Case
0 : . ; . o 2000
0 0.05 0.1 0.15 02 2
z (m) =
— 1500
— 2
El
2500 ; £
——Nominal & —Nominal
= 2000 I Model Form Uncertainty zu so0! [EParametric Uncertainty
8 Bl Model Form Uncertainty
z o -Margined
§ 1500 0 0.05 0.1 0.15 02
-E" Z(m)
3 1000
s
iu soo| | Model Form Uncertainty
from Experimental Validation . .
0 Fixed through trajectory.
0 0.05 0.1 015 02
stag. point z (m) shoulder
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Figure 8: Approach for evaluating the model form uncertainty component.

2.2.1 Model Form Uncertainty Component

The model form uncertainty component is also referred to as the experimental val-
idation component because it is assessed through comparisons with experimental
measurements. Each measurement considered throughout this report will be simu-
lated with the same approach used for the RLVP flight case simulations. Further-
more, the same parametric uncertainty approach, discussed in the next subsection,
is applied to these measurement cases. As discussed by West and Bynum [11], the
model form uncertainty is the difference between the upper limit of the measure-
ment error bars and the upper parametric uncertainty limit of the simulation. By
using the upper parametric uncertainty limit of the simulation in this evaluation, the
model form uncertainty, meaning that from inadequacies in the governing equations
or model formulation, is isolated from the parametric uncertainty. Figure 8 shows
two examples of this process, one for a stagnation-relevant measurement and one
for a flank-relevant measurement. Note that only the upper limit uncertainties are
considered. Because different physics dominate the heating for these different sur-
face regions, a model form uncertainty is evaluated for the stagnation region as fsiqg
and the flank region as ffiunk, and then the equation shown in Fig. 8 provides the
distribution along the RLVP forebody surface. The final values for fsqy and friank
for both the convective and radiative heating are presented in Section 6, which will
summarize the values presented throughout this report for the various measurement
cases.

2.2.2 Parametric Uncertainty Component

The parametric uncertainty component captures the uncertainty in the convective
or radiative heating due to uncertainties in the modeling parameters. As men-
tioned previously, all of the input uncertainties are treated as intervals due to their
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epistemic nature and the insufficient data available to assess a distribution. These
interval uncertainties result in upper and lower parametric uncertainty bounds for
the resulting heating instead of a distribution. The parametric uncertainties for both
the RLVP flight and measurement cases are evaluated using the approach developed
by West [12] using polynomial chaos and least angle regression, which enables an
accurate parametric uncertainty result using less than 100 samples, even for cases
with over 300 parameters. This approach is implemented in the LAURA _UQ code,
which allows automatic parametric analyses for LAURA simulations. This capa-
bility enabled the margin approach adopted for RLVP, both because it allows the
parametric uncertainty to be evaluated for the RLVP flight cases and because it
allows the parametric uncertainty to be evaluated for the measurement cases, which
is required to evaluate the model form uncertainty. Without the convenient and
efficient LAURA_UQ capability, these simulations would not be possible.

Details of the parametric uncertainty algorithm implemented in LAURA_UQ
are presented by West [12]. The uncertainty ranges for the parameters relevant
to RLVP convective and radiative heating, as well as the measurement cases, were
reevaluated for RLVP and are reviewed in the following paragraphs.

Turbulence Modeling Parameters For the reacting flow flight cases, the largest
contributor to the parametric uncertainty is the turbulent Schmidt number (Secr),
which relates the species diffusion due to turbulence to the eddy viscosity. The exact
value of Scr, especially for high enthalpy flows, is uncertain due to the difficulty
in measuring species diffusion due to turbulence at these conditions. Most ground
test measurements of turbulent convective heating are made for flows where the
impact of chemistry on the convective heating is negligible. At these ground test
conditions, which are typically below Mach 10, the dominant parametric uncertainty
is the turbulent Prandtl number (Prp), which relates the thermal conductivity due
to turbulence to the eddy viscosity, and therefore impacts the turbulent heating for
cases with negligible chemistry.

The nominal values for both Scy and Prp are 0.9. To assess the uncertainty
range for these values, the relevant insight is provided by recent direct numerical
simulations (DNS). Duan and Martin [13] perform DNS simulations for the reacting
hypersonic flow on a 35 degree wedge with a free-stream Mach number of 21. This
results in a boundary layer edge Mach number of 3.4, which is similar to RLVP. From
Duan and Martin’s DNS simulation, the Ser and Prp values are inferred from the
time-averaged species and temperature profiles. The resulting Scr and Prp curves
show values above 0.7 throughout most of the boundary layer (note that the lower
limit for Sep and Prp govern the upper limit of the convective heating). Values
below 0.7 are seen for regions where the Reynolds flux goes to zero, which leads
to singularities in Scp and Prp that are unphysical. Similar results are presented
by Di Renzo and Urzay [14] for both Ser and Prp and Cogo et al. [15] for Prp.
These studies show that Scr and Prp vary between 0.7 and 1.0, except for regions
where the species mass fractions become less than 0.01 or for y™ values less than
10. These outlier cases should have a negligible impact on the resulting convective
heating, due to the low mass fractions or the small impact of turbulence in the region
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Table 2: Coupled ablation uncertainties.

Parameter Uncertainty  Reference

O + C(s) — CO Oxidation Rate [0.5, 10.0] [17]
02 + 2C(s) —2CO Oxidation Rate [0.5, 1.5] [17]
C Sublimation Rate [0.1, 10.0] [18]
C2 Sublimation Rate [0.1, 10.0] [18]
C3 Sublimation Rate [0.1, 10.0] [18]
N + C(s) —CN Nitridation Rate [0.2, 5.0] [19]
N + N(s) —N2 Recombination Rate  [0.1, 10.0] [19]

H + H(s) —H2 Recombination Rate  [0.1, 10.0] [20,21]

below y™ = 10, which is the laminar sublayer and therefore the eddy viscosity and
influence of Scr or Prp is small. Another insight into the Ser range is provided by
recent work by Erb et al. [41] on Galileo probe forebody recession reconstruction,
which suggested that the lower bound on the turbulent Schmidt number should be
0.8. However, the massive blowing by the Galileo probe TPS makes it unique and
may not be representative of the Venus entry environments considered in this study.
While the current baseline solution employs values of Ser and Prp = 0.9, the full
range of 0.7 < Scr < 1.0 is considered in this study for both parameters.

Another parametric uncertainty relevant to the turbulence model is the rough-
ness height applied to the Krogstad roughness augmentation model. This model is
applied for the margin assessment, even though the aerothermal database applies
the Dahm roughness augmentation model [16] as a post-processing step, because
the Krogstad model can be used in coupled ablation simulations (these roughness
augmentation models are discussed in Section 4.2). The term R™/k is the primary
modeling parameter in the Krogstad model, where R™ is a damping parameter and
k is the peak-to-valley roughness height. An uncertainty of +30% is placed on the
R*/k term, which may be interpreted as either an uncertainty in the roughness
height or in the damping parameter. In terms of the roughness height, the £30%
value is chosen based on the possible variation in the mean roughness height of post
arc-jet samples, such as that presented in Fig. 4(a).

Finite-Rate Surface and Char Rate Model A nonequilibrium char ablation
model is implemented for the RLVP flight cases, and therefore uncertainties associ-
ated with the surface chemistry model are considered. These uncertainties are given
in Table 2, along with references for each uncertainty bound. Finite rate surface
model uncertainty sources considered included surface oxidation rates, carbon sub-
limation rates, the surface nitridation rate, and the Ny Hy catalytic recombination
rates. Note that C and O recombination processes are negligible because all avail-
able elemental C and O near the wall forms CO or COs, leaving essentially no free
atomic C and O. Further details on the finite-rate surface model are presented in
Section 5.3.

Collision Cross Sections Transport properties (diffusion, thermal conductivity,
and viscosity) were approximated using binary collision integrals given by Gupta et
al. [22]. Available higher order curve fits provided by Wright et al. [23,24], who also
estimated collision pair specific uncertainties, were used when possible. Uncertainty
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for all collision pairs not identified by Wright et al. was assumed to be +£30%. In
total, 210 collision pair uncertainties were considered.

Uncertainty in Radiation Properties The molecular band systems treated in
the present study, excluding those present in high temperature air, are listed in
Table 3. The oscillator strengths presented by Babou et al. [25] are applied for all
Cs and CN band systems, along with the CO 4th Positive and CO Infrared systems.
The oscillator strengths presented by da Silva and Dudeck [26] are applied for the
remaining CO band systems.

The variation in the oscillator strengths proposed by various researchers [25-27],
and the inconclusive validation of these values for Av < —4 leads to the choice of a
+40% uncertainty for the oscillator strengths of the CO 4th Positive band system.

For the COg2 Infrared (IR) bands, which provide the dominant contribution to
the afterbody radiation, the band strength uncertainty was assessed through com-
parisons with EAST measurements. These comparisons were made for cases where
the chemistry was frozen, and the two temperatures were strongly equilibrated.
These constraints allowed the remaining discrepancy to be attributed to the oscil-
lator strengths of the rotational lines, which are taken from the CDSD database.
This assessment is documented in the Mars 2020 aerothermal document.

Other than CO 4th Positive and CO2 IR, the rest of the band systems for a
Venus entry shock layer are essentially optically thin on the forebody, with CN
Violet being only slightly non-optically-thin. This means the vibrational bands that
contribute the most to the radiative flux, and are therefore of most interest in the
uncertainty assessment, are those with Av = 0. The oscillator strength uncertainties
chosen for these band system are listed in Table 3. These values were obtained by
comparing the values presented by the cited sources. The spectroscopic constants
for the energy levels of molecules listed in this table were taken from Babou et
al. [28]. The oscillator strengths and spectroscopic constant for air band systems
applied in this study are presented by Johnston [3].

The non-Boltzmann rate model applied in this work is an updated version of the
heavy-particle and electron-impact excitation rate models compiled by Johnston et
al. [31], which was an extension of the model presented by Park [32,33]. These rates
model the electronic levels listed in Table 4, which provide the upper and lower
electronic number densities required for the absorption and emission coefficients for
the processes listed in Table 3. The updates to the rates presented by Johnston et
al. [31] are presented in Table 5. The model for the upper and lower levels of the
CO 4th-Positive band were updated by Johnston and Brandis [5], while those for
CN were updated by Johnston et al. [34]. The remaining non-Boltzmann rates are
the same as presented by Johnston et al. [31].

The rates are computed from the coefficients presented in Table 5 using the
following equation:

e?;j = Aengmexp(_Eez/Ta) (1)
where T, = (TveTtr)l/ 2 for the heavy particle impact processes and T, = T, for
the electron impact processes. The uncertainties for the rates listed in Table 5 are
based on the discussions in Johnston et al. [31,34]. For the rates not listed here, a
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Table 3: Molecular band processes applied in the present study, excluding those present in high temperature

air.
Molecule  Upper State — Lower State Band A Range +/-
Name (nm) Uncertainty

co AllT - X1+t 4th Positive 120 - 280 40% [25-27]
CO b3yt — a31l, 3rd Positive 250 — 450 50% [25, 26]
co d3A; - a®Il, Triplet 320 - 2500 50% [26]
co a3st - a3, Asundi 370 — 2500 50% [26]
co Blxt+ — AlTI Angstrom 400 — 700 50% [26]
co Xyt - Xixnt Infrared 1200 — 7000 50% [25, 26]
CN AZIT; - X2xt Red 400 - 2800 30% [25-27]
CN B2xt - xX2xnt Violet 300 - 550 15% [25-27]
Ca d311, — 2311, Swan 390 - 1000 50% [25-27]
Co b3%, - a’ll, Ballik-Ramsay 500 — 3000  50% [25, 26,29, 30]
Co AL, - X1ZF Phillips 350 — 1200 50% [25,26]
Co DIz - Xzf Mulliken 200 - 250 50% [25,26]
Co clm, - Al1L, Des.-D'Azam. 280 — 700 50% [25, 26]
Co &3, — a%Il, Fox-Herzberg 200 — 500 50% [25, 26]
COs Xted - xisf 2700 nm band 2600 — 3300 70%
CO; Xtyf - xtsf 4500 nm band 4000 — 5000 20%

=+ one-half order of magnitude uncertainty is applied, which represent multipliers of
0.31 and 3.1.

An important process in the non-Boltzmann computation is the radiative tran-
sition rate, which tends to depopulate the upper-levels of molecular band systems.
The radiative transition rates for this process was computed from the radiative prop-
erties used for the spectral modeling. These rates vary along a line of sight because
they are dependent on the temperatures, which assume Boltzmann distributions of
the vibrational and rotational levels.

Chemical Kinetics The nominal flowfield chemical kinetic rates and their evalu-
ated uncertainties are listed in Tables 6-8. The uncertainties (U;) are presented in
terms of multipliers to be applied to the nominal rate to provide the lower and upper
uncertainty bounds. For processes that are not likely to impact the convective or
radiative heating noticeably, a default uncertainty of £ one-half order of magnitude
is applied, which results in lower and upper multipliers of 0.32 and 3.2, respectively.
For processes that are identified to impact the convective or radiative heating signif-
icantly, uncertainty bounds were chosen based on a review of values proposed in the
literature. Examples of this are shown in Figs. 9-15. Consider Fig. 9, which presents
proposed rates for the important Ny dissociation rate [57,80-83]. For the M=N rate
in Fig. 9(a), the lower uncertainty bound of -80% is similar to that listed by Gokgen.
As shown in the figure, this lower limit is chosen to capture the rates computed by
Panesi et al. [83], which represent the highest fidelity source for this rate. Similarly
for the M=Nj rate in Fig. 9(b), the -50% lower limit is chosen to capture the recent
rates from Macdonald et al. [84] and others [57,85-87]. For the Ny dissociation rate
with M=H , Table 6 lists uncertainties of -90,4+700%, which were chosen following
Bose et al. [88] due to lack of any experimental or computational data.
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Table 4: Electronic levels treated in the present non-Boltzmann model.

7 Term Ec; Je,i
CN

1 X2yt 0 2
2 A 9245 4
3 B2yt 25753 2
4 Ayt 32400 4
5 D2t 54486 4
cO

1 Xizt 0 1
2 a%l 48687 6
3 asdyt 55836 3
4 d3A 61120 6
5 32~ (group) 64230 6
6 Al 65076 2
Co

1 X3+ (group) 613.9 7
2 b3%~ (group) 7217 5
3 32t (group)  11157.7 6
4 431 20022.5 6
5  CMI (group) 312496 26

Table 5: Non-Boltzmann rates (cm?>/s) applied in the present study.

#  Reaction Acx Nex FEex Source Uncertainty
1  COX'Zt) + M« CO(A) + M 1.86e-10 0.344 93669 Schofield [35] 0.3,
2 COX!ZT) + e~ < CO(ATI)+ e~ 3.82¢-09 0.12 95850 Park [32] 0.3,
3 CN(X2Zt) + M «+ CN(A2II) + M 1.29e-13  0.50 13300 Based on Tereshchenko and Dodonova [36] ccs 0.3,
4  CN(X2ZT) + M « CN(B2ZT) + M 1.03e-12  0.50 37000 Based on Tereshchenko et al. [37] ccs 0.1, :
5 CN(X2Zt) + e > CN(AZII) + e~ 6.41e-09 0.20 18303 Based on Harrison [38] ccs 0.3,
6 CN(X2Zt) +e” «< CN(B2Zt) + e~  6.83e-10 0.39 40428 Based on Harrison [38] ccs 0.3, -
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Figure 9: Summary of proposed N dissociation rates.
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Table 6: Summary of flow field dissociation reactions and their rate data.

Reaction Agi (ﬁﬁs) nyg; Dy ;(K) Ty Third Body, M U; Reference
CG+Me2C+ M 4.50e+18 -1.00 7.15e+04 TQ0°TO° All 0.32, 32
CGH+ M« Co+H+M 1.70e+35 -5.16 5.74e+04 TOPTO.5 All 0.32, 3.2
CoHy + M < CoH + H+ M 4.00e+16 0.00 5.40e+04 TQO5T0:5 All 0.32, 3.2
C3+MeC+C+M 1.68e+21 -1.50 8.77e+04 TX.7TO:3 H,C, N, O 0.32, 3.2
8.40e+20 -1.50 8.77e+04 TO.TTO3 others 0.32, 3.2
CH+M+ C+H+M 1.90e+14 0.00 3.37e+04 TQOSTQ:5 All 0.5, 2.0 [39]
CHy + M« CH+H+ M 4.00E+15 0.00 4.18e+04 TQO5T0:5 All 0.32,3.2
CHz + M+ C+Hy + M 1.30E+14 0.00 2.97e+04 TQO5T0:5 All 0.32, 3.2
CHz + M« CH +Ha + M 5.00E+15 0.00 4.28e+04 TO5T0:5 All 0.32, 3.2
CHs + M« CHy + H+ M 1.02E+16 0.00 4.56e+04 TO5TO.5 All 0.32, 3.2
CHy + M« CH3 + H+ M 2.25E+27 -1.87  5.29e+04 TOSTOS All 0.32, 3.2
CN+ M+ C+N+M 6.00e+15 -0.40  7.10e+04  TQO:5TO:5 All 0.3, 1.9 [34], Fig. 15(a
CO+M«C+0+M 2.70e+21 -1.00  1.29e+05 TP:3T0:5 H,C, N, O 0.2,35
1.20e+21 -1.00  1.29e+05 TP:3T9:5 others 0.2,35 [40-43], Fig. 10
CO2 + M+~ CO+0+ M 1.38e+22 -1.50  6.33e+04 TO.5TQ5 H,C, N, O 03,12
6.90e+21 -1.50  6.33e+04  TO:STQ:5 others 0.3,1.2 [44-48], Fig. 10
Hz + M« 2H + M 8.50e+19 -1.10  5.23e+04  TQO:5T0:5 H 0.25, 1.5
9.00e+14 0.00 4.84e+04 TO5TO.5 others 0.25, 1.5
HCN+M <« CN+H+ M 3.57e+26 -2.60 6.28e+04 TQ2:7TO:3 All 0.15, 3.0 [34], Fig. 15(b
N2 + M < 2N + M 3.00e+22 -1.60  1.13e+05 TQ:7T0:3 C, N, O 0.2,3.0  [34,49-52], Fig.
3.00e+22 -1.60  1.13e+05 T0:.7T9.3 H 0.1, 8.0 [34]
7.00e+21 -1.60  1.13e+05 T0:7T0:3 others 0.5, 4.0 [34,49-51], Fig.
NO+M«N+O+M 4.40e+16 0.00 7.55e+04 TO7T93 H,C, N, O, NO, CO2 0225
2.00e+15 0.00 7.55e+4-04 Tt07:7T3é3 others 0.2, 25 [5,53-56], Fig. 1.
02 + M+ 20+ M 1.00e+22 -1.50 5.94e+04 T0.7TQ3 H,C, O N 03,13
2.00e+21 -1.50  5.94e+04 TO.7TO3 others 0.3,1.3 [50,57-59], Fig. 1
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Figure 10: Summary of proposed CO> and CO dissociation rates.
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Table 7: Summary of flow field exchange reactions and their rate data.

Figure 11: Summary of proposed CO+0<=>03 + C and CN+0O<=>NO + C rates.

19

Reaction Af (#ﬁs) Ny Dy i(K) Ty U; Reference
Cy + CaHz «» 2C3H 1.10e+14 -0.38  6.87e+03 Tir 0.32,3.2
C2 + N2 <+ CN + CN 1.50e+13 0.00  2.10e+04 Tir 0.5, 150.0 [34]
CoH + H <> C2 + Ha 1.60e+13 0.15  1.46e+04 Tir 0.32, 3.2
C3+ C« Co+ Co 6.00e+11 1.07  1.65e+04 Tir 0.32, 3.2
C3+ N« CN + Co 1.00e+12 0.00  3.42e+04 Tir 0.32, 3.2
CH+C« Co+H 2.00e+14 0.00  0.00e+04 Tir 0.32, 3.2
CH + CO < CoH+ O 2.50e+10 0.67  3.90e+04 Tir 0.32, 3.2
CH + N2 <> HCN + N 4.40e+12 0.0 1.11e404 Tir 0.32, 3.2
CHz + H <> CH + H» 6.03e+12 0.00 -9.00e+02 T25T95  0.32, 3.2
CHz + N <> HCN + H 5.00e+13 0.00  0.00e+00 T9:5T9:5  0.32, 3.2
CH3 + H <> CHz + Ho 6.03e+12 0.00  7.60e+03  TP:5T95  0.32, 3.2
CH3z + N <> HCN + 2H 7.00e+13 0.00  0.00e+00  TP:3T95  0.32, 3.2
CN+ C«+ Ca+ N 3.00e+14 0.00  1.8le+04 Tir 0.5, 3.0 [34]
CN + Hz <> HCN + H 2.95e+05 0.00  1.13e+03 Tir 0.5, 15 [34]
CN+ O« NO+C 1.60e+12 0.10  1.46e+04 Tir 0.50, 10.0 [60, 61], Fig. 11(b)
CO+C+ Ca+ O 2.40e+17 -1.00  5.80e+04 Tir 0.32, 3.2
CO+Ca«+C3+0 1.00e+12 0.00  4.12e+04 Tir 0.32, 3.2
CO+N<«CN+O 1.00e+14 0.00  3.86e+04 Tir 0.32, 3.2
CO + NO « CO2 + N 8.00e-+06 0.88  1.33e+04 Tir 0.32, 3.2
CO+0++ 02+C 3.90e+13 -0.18  6.92e+04 Tir 0.8, 10.0  [44,62,63], Fig. 11(a)
CO2 + 0« 02 + CO 2.71le+14 0.00  3.38e+04 Tir 0.32, 3.2
H + CaHa > CoH + Ha 1.00e+16 -0.50  1.55e+04 Tir 0.32, 3.2
H + CHyq <> CH3 + Ha 1.32e+04 3.00  4.05e+03 Tir 0.32, 3.2
H+ CN <+ CH+ N 1.50e+15 -0.12  4.978e+04 Tir 0.32, 3.2
H+ CO+«+ CH+O 6.70e+14 0.15  8.85e+04 Tir 0.32, 3.2
Hy + C<+ CH + H 4.00e+14 0.00  1.17e+04 Tir 0.32, 3.2
Ho + H< 2H + H 8.50e+19 -1.10  5.23e+04  TOST9.5  0.32, 3.2
N 4+ CO +» NO + C 1.10e+14 0.07  5.35e+04 Tir 0.32, 3.2
N2 + C <+ CN + N 5.24e+13 0.0 2.26e+04 Tir 0.8, 1.3 [44,64,65], Fig. 12(a)
N2 + CO <> CN + NO 1.20e+16 -1.23  7.70e+04 Tir 0.32, 3.2
N2 + O <> NO + N 6.00e+13 0.10  3.80e+04 Tir 0.4, 1.1 [66-68], Fig. 12(b)
O2 + N+ NO +O 2.49e+09 1.18  4.01e+03 Tir 0.32, 3.2
- 10™ -
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Table 8: Summary of flow field ionization reactions and their rate data.

Reaction Ag; (ﬁis) ng; Dy i(K) Ty U; Reference
C+e < CF e +e 3.90e+33 -3.78 1.31e+05 Tye 0.32,32
C+ N+ CNt 4 e~ 1.00e+15 150 1.64e4+05 T, 0.32,3.2
C+ 0+ COT + e 8.80e+08 1.00 3.31e+04 Ty 0.32,32
Ct 4+ CO+ COt +C 1.00e+13 0.00 3.14e+04 T3 0.32,3.2
Ct+No = N +C 1.11e+14 -0.11  5.00e+04 T;. 0.32,3.2
CNt + N+ CN + Nt 9.80e+12 0.00 4.07e+04 T, 0.32 3.2
H+e < Ht +e +e 2.20e+30 -2.80 1.58e+05 T, 0.32,3.2
N+ N N+ e 4.40e407 150 6.75e+04 T,. 0.3,1.3 [49,69-71]
N+ O < NOT + e~ 5.30e+12 0.00 3.19e+04 T,. 0.32, 3.2
N+e < NFre +e- 2.50e+34 -3.82 1.68e+05 Ty, 0.5,2.0 [49,72-74], Fig. 14(a)
Nt 4+ Nz < N + N 1.00e+12 050 1.22e+04 T,. 05,17 [70,71,75-78]
Ny + Ot < NJ + O 9.10e+11 0.36 2.28e+04 T3 0.32, 3.2
Ny + e < 2N + e~ 6.00e-+3 2.60 1.13e+05 T, 0.32, 3.2 [49,76,78]
NO + Ot & Nt 4+ 02 1.40e4-05 1.90 2.66e+04 Ty  0.32,3.2
NO*+ + C « Ct + NO 1.0e+13 0.00 2.32e+04 T3 0.32, 3.2
NOt 4+ N < N + O 7.20e+13 0.00 3.55e+04 Ti. 0.32, 3.2
NO*+ + N < OF + Ny 3.40e+13 -1.08 1.28e+04 T:. 0.32,3.2
NO* 4+ O < N* + O 1.00e+12 0.50 7.72¢4+04 Ty 0.32, 3.2
NOT + 0« OF +N 7.20e+12 0.29 4.86e+04 Ty 0.32, 3.2
NO* + Oz ++ NO + OF 2.40e+13 0.41 3.26e+04 Ti. 0.32, 3.2
0+ 0+ 0Ff +e 7.10e+02 2,70  8.06e+04 T, 0.32, 3.2
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Figure 12: Summary of proposed N2+C<=>CN + N and N24+0<=>NO + N rates.
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Figure 14: Summary of proposed electron impact ionization rates.

The CO dissociation rate has a significant impact on the radiative heating. Vari-
ous proposed rates for this process are compared in Fig. 10(a). The error bars chosen
for the nominal rate are seen to capture 3 out of the 4 other proposed rates. The
rates not captured are considered anomalously low. A smaller range of proposed

rates are presented in Fig. 10(b) for the CO2 dissociation rate.

For the CN and HCN dissociation rates, Fig. 15 compares the nominal rate with
other proposed rates [89-92]. Due to the limited information available for these
processes, the uncertainty are chosen to capture most of the range implied by the

various proposed rates.
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Figure 15: Summary of proposed dissociation rates for CN and HCN.

3 Laminar/Stagnation Heating Environment

The convective and radiative heating discussed in this section are for non-ablating
simulations. The final radiative heating recommended for RLVP design includes the
impact of coupled ablation, which is presented later in Section 5.4.

3.1 RLVP Laminar Heating

While the recommended RLVP heating values assume fully-turbulent flow, the stag-
nation region environment remains laminar. Figure 16 presents the laminar heating
values at the stagnation point and near shoulder location for the “a” trajectory
listed in Table 1, where the near shoulder values are only shown for reference. In
addition to not including turbulence or roughness effects, this laminar stagnation
region environment is unique from the downstream flow because radiative heating
is noticeable relative to the convective heating (once the turbulence and roughness
effects are included in the flank heating as discussed in Section 4, the radiative

heating component is less than 4% of the convective).
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Figure 16: Laminar forebody heating environment.

Further insight into the stagnation region heating is gained by breaking the
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Figure 17: Breakdown of stagnation-point convective heating into diffusive and conductive components.

convective heating into the conductive and diffusive components:

qdc = 4c,cond + qc,diff (2)

where the conductive component is written as

dT, dT;
qc,cond = kveT:e + ktrTZtT (3)
and the diffusive component as:
Nspecies
Qe,diff = Pw Z Jihw,i 4)
)
where N
ax spectes aX )
Ji:DiainZ_ci ; Djainj (5)

These components are presented in Fig. 17(a) for the RLVP stagnation point along
the nominal trajectory. This figure shows that the diffusive component provides the
dominant contribution to the stagnation point convective heating. This means that
the gradients in the species mole fractions or number densities at the wall are the pri-
mary driver to the stagnation-point convective heating. These gradients are driven
by wall catalycity, so this diffusive heating component could also be considered a
catalytic heating component. Figure 17(b) presents the diffusive heating component
from individual species. The dominant contributor is from atomic oxygen, which is
a result of its catalytic recombination to Oz. Note that only homogenous recombi-
nation is considered in these simulations, so the possibility of CO2 recombination
from CO and O is not considered. Section 5.3 will show the impact of ablation
on these convective heating components, where the impact of hydrogen from the
pyrolysis gas will be shown to provide the dominant diffusive heating component.
While the stagnation point convective heating is sensitive to the near surface
gradients driven by catalycity, the radiative heating is sensitive to the chemistry
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Figure 18: Stagnation line temperatures and mole fractions for peak heating case.
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Figure 19: Stagnation point radiative flux for the peak heating case (73 s).

along the entire stagnation line. Figure 18 presents the stagnation line temperatures
and mole fractions for the peak radiative heating case (=73 s). The post-shock
nonequilibrium region (the shock is near 0.5 cm and the wall is at the origin) is
relatively large, as indicated by the gradient in the temperature profile along the
entire stagnation line. Figure 19 presents the resulting radiative flux spectrum at the
stagnation point. This trajectory point is dominated by CO 4th-Positive emission,
which is located below 200 nm. Figure 20 presents the components from individual
radiative mechanisms on the stagnation-point radiative heating. This figure shows
that at trajectory points earlier than the considered 73 s case, the atomic emission
also provides a large contribution to the radiative heating. These trajectory points
earlier than 73 s are at velocities greater than 10 km/s, which are required to reach
the shock layer temperatures greater than 10,000 K through the equilibrium region
of the shock layer that are required for strong atomic emission.

Because of the importance of thermochemistry and radiation on the stagnation
region heating environment, relevant experimental data must be near the actual
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Figure 20: Contributions from various radiative mechanisms on the stagnation point radiative heating.

RLVP flight velocity near peak heating, which is between 8.0-10.2 km/s (this re-
striction is relaxed for the more fluid mechanics dominated turbulence and rough-
ness modeling on the flank discussed in Section 4). More restrictive, however, is
that the free-stream chemistry must be similar to Venus, which is roughly 97% CO,
and 3% No. This limits the potential relevant flight vehicles measurements to the
Pioneer-Venus probe (Russian data for Venus missions is not available in the open
literature). The Pioneer-Venus measurements were considered recently by Cabrera
and West [93]. They showed that the thermocouple measurements provided mini-
mal insight into the aerothermal environment, because of the thermocouple depth
and uncertainty in the material properties. Furthermore, the Pioneer-Venus probes
entered at steeper entry flight path angle, which resulted in an order-of-magnitude
higher density at peak heating. This higher density results in fundamentally differ-
ent drivers to the stagnation point heating environments.

For ground-based data, shock tube measurements in the NASA Ames EAST
facility [94] provide both the relevant velocities and free-stream chemistries. How-
ever, this facility measures the radiative emission as a function of distance behind
a normal shock, which does not provide insight into convective heating. These
measurements can provide direct insight into the radiative heating to actual flight
vehicles using the shock-tube informed bias approach [95], which is presented in the
following subsection.

3.2 Application of Shock-Tube Informed Bias to RLVP

The shock-tube informed bias (STIB) approach [95] allows differences between shock-
tube measurements and their simulations to be converted into differences in the
radiative heating to a vehicle surface. The mapping of the shock tube flow to the
vehicle flowfield is possible by recognizing that the flow behind an oblique shock is
the same as that behind a normal shock with a matching normal shock velocity.
Using this relationship, the differences between the shock tube measurements and
simulations may be applied to the RLVP flowfield by tracing the streamline of every
point in the flowfield back to the shock to determine its normal shock velocity, as
illustrated in Fig. 21. This disagreement factor is then applied to the upper level
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Figure 21: Overview of the shock-tube informed bias approach.

number density during the RLVP radiative heating simulation. The resulting STIB
value for the radiative heating represents essentially the heating value implied by the
shock-tube measurements. These STIB values will be used in Section 6.2 to provide
the experimental, or model form, component of the radiative heating margin.

To evaluate the STIB for RLVP, subsection 3.2.1 presents the reduction of avail-
able shock tube measurements to the form used by STIB. The evaluation of the
STIB for RLVP cases is then presented in subsection 3.2.2.

3.2.1 Evaluation of f,g4j,s; for RLVP-Relevant Shock-Tube Measurements

To apply the STIB approach to RLVP, the disagreement factors (f,gjust) must be
evaluated for the relevant shock-tube measurements. The measurements consid-
ered in this work [96,97] are listed in Table 9, where these measurements are all
for a Mars/Venus relevant free-stream composition of 96% COy and 4% Nj, by
mole. These cases are chosen because the measured spectral range captures CO
4th-Positive in the 165-195 nm range, CN Violet in the 340-440 nm range, CN Red
in the 580-880 nm range, and Cy Swan in the 480-530 nm range. These spectral
ranges capture only a small fraction of each band system noted. The f,g4us val-
ues required to adjust the simulations to match the measurements are presented in
Figs. 22-24. The fqqjust factors are applied as multipliers to the upper electronic
level of the band system captured in the given spectral range. Due to the impact
of the spatial convolution function, f,gjust is fixed to a constant value for the first
0.01 ms from the shock, and then allowed to vary with distance beyond this point.
The fqqjust value in the first 0.01 ms behind the shock impacts the simulation up to
0.05 ms from the shock once the spatial convolution is applied. An iterative process
is therefore applied to determine the constant fqgjus¢ within the first 0.01 ms. The
downstream values (beyond 0.01 ms) are then determined, which are influenced less
by the spatial convolution.

The f,qjust values presented in Figs. 22-24 are compiled into tables as a function
of normal shock velocity, time from the shock, and pressure. The f,4jus¢ values are in-
terpolated first in the pressure space by matching density (peast = pfiight RTEAST)-
Then, a streamline tracer built into LAURA/HARA evaluates the normal shock ve-
locity and time from the shock for each point in the flowfield. An example of this

26



Table 9: EAST Measurements considered for the shock-tube informed bias analysis of CO, CN, and C3 bands

Velocity  Pressure  Test #
(km/s) (Torr)
6.72 0.1 51-40
6.79 0.1 54-4
6.90 0.1 51-12
7.00 0.1 54-6
7.71 0.1 54-2
7.98 0.1 54-7
6.43 0.25 51-7
6.53 0.25 51-17
6.71 0.25 51-2
7.75 0.25 48-43
7.82 0.25 48-39
7.06 1.0 54-8
7.35 1.0 54-9
8.08 1.0 54-10
Peast =0.10Torr Peast =010Torr
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Figure 22: Summary of f,4j,s; values at ppasT = 0.10 Torr.
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Figure 23: Summary of f,4j,s: values at ppasT = 0.25 Torr.

for RLVP is presented in Fig. 25. With these normal shock velocity, time from
the shock, and pressure values for each point in the flowfield, the fqgjus values are
then obtained for each band system by interpolating through the tables represent-
ing Figs. 22-24. These f,4just values are then applied as multipliers to the upper
electronic level for the respective band systems during the ray-tracing evaluation of
the radiative heating, with the resulting radiative heating being the STIB value.

3.2.2 Application of Shock-Tube Informed Bias

Application of the fugjus factors discussed in the previous subsection to the ray-
tracing radiative heating simulation for the 73 s case results in the STIB values
for the radiative heating presented in Fig. 26. The percent differences between the
STIB and nominal values are presented in Fig. 27, which shows up to a 34% increase
in the STIB values relative to the nominal. This implies that a model anchored to
the shock-tube measurements would result in up to a 34% increase in the radiative
heating relative to the current nominal model, for this single trajectory point at 73
s. Section 6.2 will present the STIB values for other trajectory points to provide
the experimental, or model form, component of the radiative heating margin, in
addition to the parametric component presented in that section.
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Figure 24: Summary of f,4j,s: values at ppasT = 1.00 Torr.

Figure 25: Streamline normal shock velocity and time from the shock for the 73 s case (pg st = 0.52 Torr).
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Figure 27: Percent increase in the STIB radiative heating relative to the nominal for the 73 s case.

4 Roughness Augmented Turbulent Heating Environ-
ment

Because of the uncertainty in modeling transition on the rough ablating surface an-
ticipated for RLVP, and to ensure conservatism, the heating environment is assumed
fully turbulent for the entire trajectory. To provide further justification for this fully
turbulent assumption, Fig. 28 presents the Rey values from laminar solutions along
the surface for the nominal trajectory. Applying the transition criteria suggested
by Hollis [98], which is written as Regrr = 215[(k/0)(T./T,)] %", results in the
transition location variation through the trajectory shown in Fig. 29. This figure
shows that transition should occur near the shoulder prior to the peak heating point
in the trajectory. Because the near shoulder has the highest turbulent heating, as
shown in Fig. 30 (which is a repeat of Fig. 1), this suggests that the fully turbulent
assumption is not overly conservative.

4.1 Smooth Wall Turbulent Heating

The increase in convective heating due to turbulence was shown in Fig. 30. This
figure demonstrates the importance of the turbulence model, which provides nearly
a 100% increase in the convective heating due to smooth wall turbulence (note the
present subsection focuses on the smooth-wall turbulence, while the next subsection
is devoted to the roughness augmentation). The forebody surface distribution of
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Figure 29: Transition location through the trajectory based on Reg rr = 215[(k/0)(Te/Tw)] %"

the smooth wall turbulent convective heating is presented in Fig. 31. These results
apply the Cebeci-Smith algebraic turbulence model, where details of its implemen-
tation in LAURA are detailed by Cheatwood and Thompson [6]. The Cebeci-Smith
turbulence model was chosen as the baseline model for the RLVP database based
on the comparisons with measurements provided later in this section. A comparison
between the results of the Cebeci-Smith and SA-Catris model for smooth wall turbu-
lent heating at the near-shoulder locations is presented in Fig. 32. The two models
agree within 5% at peak heating, while the SA-Catris model prediction is up to 20%
larger than the Cebeci-Smith prediction later in the trajectory. This lower value
from the Cebeci-Smith model will be captured by the convective heating margin
presented in Section 6.1.

Before discussing the impact of roughness on heating, comparisons between the
Cebeci-Smith model and Orion-sponsored measurements made in the CUBRC and
AEDC facilities are presented in the following paragraphs. These measurements
represent the best available smooth wall turbulent heating data, and support the
application of the Cebeci-Smith model. Note that all convective heating measure-
ments considered for validating the turbulence or roughness models are for air or
Ny free-stream gases. These measurements contain negligible chemistry, which re-
sults in negligible diffusive components to the convective heating. This isolates the
resulting convective heating to the conductive component, which is driven more by
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the fluid dynamics of the flow than the chemistry, which makes the resulting air or
Ny measurements relevant to a Venus entry.

4.1.1 Orion AEDC Measurements

The Orion program performed tests in the AEDC Tunnel 9 facility on a scaled Orion
heatshield at 28 degrees angle of attack [99,100]. These test obtained both smooth
wall and rough wall turbulent heating measurements, where the smooth wall turbu-
lence was ensured through a boundary layer trip. Only the smooth wall values are
considered here since no RLVP-relevant patterned roughness measurements were
obtained, with only sand-grain roughness measurements made. Figure 33 compares
the scaled AEDC model at angle of attack with the RLVP heatshield. The free-
stream conditions considered in this analysis are listed in Table 10. Note that the
free-stream composition is 100% N, unlike the other measurements considered in
this analysis which are performed in air. Figure 34 compares the boundary layer
parameters for the experimental cases with RLVP near peak heating. Except for
Rey, large differences are seen between the experimental and flight cases, which is
not surprising considering the geometry differences and because these measurements
were made to support a specific mission that differs noticeably from RLVP. Regard-
less of these differences, the presence of smooth turbulence measurements makes
these experiments worth considering in this analysis.
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Figure 33: Comparison of scaled RLVP and the AEDC geometry at 28 degrees angle of attack.

Table 10: Free-stream conditions for Orion AEDC measurements.

kT at Reso Velocity Density  Temperature ~ Wall temperature
z=0.05m (1/m) (m/s) (kg/m?3) (K) at stag. point (K)

49.5 2.95e+7 1466.0 7.41e-2 51.0 300

76.7 4.59e+7 1486.1 1.16e-1 50.0 300

98.4 6.56e+7 1482.0 1.54e-1 48.9 300

Figure 35 compares the smooth wall turbulent measurements with a range of
simulations. The difference between the Baldwin-Lomax and Cebeci-Smith turbu-
lence models is relatively small. In the fully-turbulent region near x = 0.05 m,
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Figure 35: Comparison of smooth wall heating between AEDC measurements and simulations.

the simulations from all models are on the higher end of, or slightly above, the
measurement uncertainty bounds.

4.1.2 Orion CUBRC Measurements

Similar to the AEDC measurements, the CUBRC measurements in the LENS facil-
ity were performed on an Orion geometry at 28 degrees angle of attack [101,102].
The CUBRC model, however, is over 6 times larger than the AEDC model. A com-
parison of the scaled model and RLVP geometries is presented in Fig. 36. While
the geometries are scaled to be consistent with figures presented for the previous
test campaigns, the Rp value for the CUBRC measurement is three times larger
than the RLVP. The free-stream conditions for the CUBRC cases are listed in Ta-
ble 11. The resulting boundary layer parameters compared to RLVP are presented
in Fig. 37. Even though the CUBRC geometry is larger than the AEDC geometry,
the comparison of the boundary layer parameters with RLVP is similar because of
the free-stream conditions differences.

Table 11: Free-stream conditions for Orion CUBRC measurements.

Et at Reso Velocity Density ~ Temperature  Wall temperature
z=03m (1/m) (m/s) (kg/m?3) (K) at stag. point (K)

18.6 6.22e+6  1521.6 1.42e-2 55.3 300

37.0 1.19e+7  1554.8 2.89e-2 57.5 300

61.0 1.77e+7  1598.9 4.72e-2 60.4 300
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Figure 37: Comparison of boundary layer parameters between RLVP peak heating (73 s) and CUBRC cases.

Comparisons between the simulated and measured smooth wall turbulent heat-
ing are presented in Fig. 38. The Baldwin-Lomax and Cebeci-Smith models are both
shown to provide excellent agreement with the measurements. This good agreement
for the Cebeci-Smith motivates the use of this model for the nominal RLVP envi-
ronments. Note that these comparisons do not inform the model form uncertainty,
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however, because they do not capture the impact of roughness, which is considered
in the following subsections.
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Figure 38: Comparison of smooth wall heating between CUBRC measurements and simulations.
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4.2 Roughness-Induced Turbulent Convective Heating Augmenta-
tion

The physical roughness height for RLVP’s 3MDCP heatshield is assumed equal to
0.7 mm, which represents the peak to valley height of the weave-based roughness
pattern. This height was chosen based on the post test analysis of arc-jet samples, as
shown in Fig. 4. This roughness height (k) divided by the boundary layer thickness
(0) and the roughness Reynold’s number (k*) are presented in Fig. 39 for the near
shoulder location. The roughness Reynold’s number is defined as [103]:

NP
Kt = <“’> Puy. (6)
Pw Haw

Figure 39 shows that the roughness extends over 20% of boundary layer height,
which is significant. This figure also shows that k* reaches values over 70, while
the peak heating value is around 55. The impact of these roughness values on the
convective heating is assessed through the following four approaches:

025 T T T T T T 80

70 -
021

0151

k/d

0.1r

Near Should7 — \\
\

[ | 10

0.05;

55 60 65 70 75 80 85 90 55 60 65 70 75 80 85 90
time (s) time (s)

Figure 39: Near shoulder roughness properties assuming a 0.7 mm roughness heights.

1. Dahm Model:
The roughness model applied by Edquist [104] for MSL and Mars 2020 was
developed by Dahm [16] and is written as:

dc,rough ~ CH,rough
qc,smooth CH,smooth

= 0.46 + 0.54(log10k™),10 < kT < 70 (7)

This model is based on measurements from the 1970s era PANT II pro-
gram [16]. For MSL and Mars 2020 a roughness height of 0.6 mm was applied
for the MSL PICA heatshield, which resulted in peak k* values of 30 and aug-
mentation ratios of 1.25, which are noticeably lower than the present RLVP
values. Note that this model was developed for sand-grain roughness, while
the current 3MDCP roughness is patterned.

2. Approach Used by Orion:
The roughness model applied for Orion [105] is written as:

C kT
QC,Tough ~ H,rough -1 + 0.39[0910 (> ,26 < k:+ (8)
qc,smooth CH,smooth 2.6
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Figure 40: Impact of various roughness augmentation models on the heating.

This model is based on AEDC and CUBRC wind tunnel measurements on the
Orion geometry. Many of these measurements are re-considered in the present
analysis, which is presented later in this section. Note that, as with the Dahm
model, this model was developed for sand-grain roughness, while the current
3MDCP roughness is patterned.

3. Powars Model:
A widely used roughness augmentation model developed by Powars [106] based
on PANT data is written as:

C
dc,rough ~ Hrough _ 0.67log1o(k+) +0.33 (9)
qc,smooth C’H,smooth

This model is also based on the correlation of sand grain roughness measure-
ments.

4. Krogstad Modification to Turbulence Model:

While the previously listed roughness augmentation models are applied as a
post-processing step to the flowfield solution, based on the simulated k* val-
ues, this model is coupled to the flowfield solution. Krogstad proposed [107]
an alteration to the Van Driest damping function. This new function, which
is dependent on the roughness height, is applied within the Cebeci-Smith tur-
bulence model in LAURA. This model will be utilized in Section 5 to capture
roughness effects for simulations with coupled ablation.

A comparison of these various roughness augmentation models on the near-shoulder
heating along the nominal RLVP trajectory is presented in Figure 40. While the
augmentation ratios vary noticeably between the models, the difference in dimen-
sional heating rates is relatively small, since the best agreement in the augmentation
ratios occurs near peak heating.

To provide experimental justification for choosing one of these roughness aug-

mentation models, the following subsections consider the available RLVP-relevant
measurements. These subsections will justify the choice of the Dahm model as the
recommended model for RLVP design.
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4.3 Langley Mach 6 Aerothermal Measurements for SMDCP Pat-
terned Roughness

Due to the potential large impact of patterned roughness on the turbulent heating
augmentation for vehicles with a 3SMDCP heatshield, an aeroheating test campaign
was recently performed in the Langley Mach 6 facility [108]. This test aimed to col-
lect roughness augmentation measurements on a patterned roughness 52.5 degree
sphere-cone model. This test utilized the approach developed recently by Hollis
for building models with a patterned roughness surface that are appropriate for
the Langley Mach 6 facility. This test also utilized the nominally axisymmetric flow
expected for entry vehicles likely to experience over 1500 W /cm? heating, and there-
fore likely to use a SMDCP heatshield. These factors led to the model configuration
presented in Fig. 41, which includes a patterned roughness region, a smooth region
(laminar) and a tripped region (turbulent). An example of the phosphor thermog-
raphy measurement of the heat transfer coefficient is presented in Fig. 42, where the
line cuts through the various regions are compared with simulations. Although the
smooth wall laminar and turbulent heating are measured, the focus of the present
analysis is on the patterned roughness section. As identified in Fig. 42, the heating
at a radial distance of 6 cm will be considered throughout this study.

stagnation

point ,L

& trip fence
Smooth
Patterned Roughness | fmo_oth ™, Turbulent
aminar .. (tripped
(un-tripped) ( pped)

6 inch diameter model

Figure 41: Model layout for the Langley Mach 6 3MDCP patterned roughness measurements.

To define the patterned roughness surface topology, scans of the charred surface
of post AEDC arc-jet test samples were used. This represents the most RLVP-
relevant information on the charred SMDCP surface topology that RLVP may ex-
perience near peak heating. These arc-jet measurements tested 3SMDCP at RLVP-
relevant heat flux levels in the presence of turbulent flow, as discussed with Fig. 4.
Figure 43 presents another example of the post-test surface measurements. The un-
derlying weave of the SMDCP material results in the patterned surface seen in this
figure. To reproduce the RLVP roughness pattern presented in Fig. 43, an idealized
sinusoidal distribution is used. For the orientation shown in Fig. 44, the pattern is
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Figure 42: Example comparison between simulations and the Langley Mach 6 3MDCP patterned roughness
measurements.

defined by the following equation:

k 2mx k . 2Ty
z = ZSZTl (P) + 18’”7/ <P> s (10)

where P = D/ cos(m/4) and D is defined as an average peak-to-valley distance, while
k is defined as an average peak-to-valley height (see Fig. 43). This configuration
is referred to as “Orientation 1”. Because streamlines for RLVP will flow over all
orientations of this pattern, this idealized pattern is also rotated 45 degrees to obtain

the following:
z= gsin <%) sin <%) (11)

This configuration is referred to as “Orientation 2”. These two patterns are pre-
sented in Fig. 44, where in the figure on the right the intersection of red lines are the
peaks and the middle of the gray boxes are the valleys. Both pattern orientations are
equally relevant for RLVP, as demonstrated in Fig. 45, which presents the simplified
pattern orientation for RLVP relative to the boundary layer edge streamlines. The
actual orientation will be distorted from forming the weave in three-dimensions, but
this figure shows the basic orientation prior to forming. Regardless of the distortion
due to forming, this figure shows that the streamlines emanating from the stagna-
tion region will encounter the pattern at both orientation 1 and 2, as well as every
orientation in-between.

The k value in these equations is chosen so that the measurements match the
targeted RLVP kT values between 35 - 65. The kT values for the measurements
depend on the free-stream conditions. For the Langley Mach 6 facility, the velocity
is essentially fixed while the free-stream density varies to change the free-stream
Reynolds number. Table 12 lists the free-stream conditions considered in these
tests. These conditions result in the k™ values presented in Fig. 46 for k values of
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Table 12: Free-stream conditions for the Langley Mach 6 3MDCP measurements.

Reso Velocity Density ~ Temp.

a/f)  (m/s)  (kg/m®)  (K)

1.0e+6 930.6 1.66e-2 61.9
2.1e+6 944.9 3.16e-2 62.4
2.5e+6 944.9 3.96e-2 62.4
3.0e+6 951.0 4.66e-2 62.6
3.6e+6 951.0 5.54e-2 62.6
4.1e+6 951.0 6.29e-2 62.6
5.0e+6 961.5 7.79e-2 63.5
5.8e+6 958.6 8.96e-2 63.5
6.8e+6 957.6 1.06e-1 63.5

0.126, 0.254, and 0.381 mm, which are shown to result in RLVP-relevant k™ values
at the measurement conditions. Using these k values and the D/k or P/k from
Fig. 43 result in the D or P values used in Egs. (19) or (20), respectively.

To establish the relevance of the test conditions and geometry with the RLVP
flight cases, Fig. 47 compares the simulated measurement and flight case values for
the boundary layer edge Reynold’s number based on momentum thickness Reg g,
boundary layer edge Reynold’s number based on running length distance from the
stagnation point Repg s, boundary layer edge Mach number Mg, roughness height
divided by boundary layer thickness k/d, and previously defined k. Because the
roughness augmentation is highest for RLVP after peak heating as shown in Fig. 40,
a peak heating and later case are included in the comparison with the measurement
case values. For the Regpy and Reg s values, the 80 s RLVP case nearly reaches
the lower bound of the measurement values. This establishes the relevance between
the fluid dynamics of the boundary layer between the measurement and flight cases,
even if the thermodynamics and chemistry are significantly different. The Mg values
in Fig. 47(c) are seen to differ noticeably, which is the result of the measurement
case being at a much lower free-stream Mach number than the flight cases. For
the k/6 comparison in Fig. 47(d), note that the presented measurement values are
for a roughness height of 0.254 mm, which Fig. 46 shows provides flight relevant
kT values for Rey, values around 3e+6 1/ft. These k/d values agree well with the
RLVP cases, which further establishes the relevance of the measurements to RLVP.
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Measurements from five different models are considered in the present analysis.
Each model included two different roughness patterns. The first three models varied
the roughness height, with values of 0.126, 0.254, and 0.381 mm. Each model with
a different roughness height included both the orientation 1 and 2 patterns. The
fourth and fifth model included smaller (P/k = 3.0) and larger (P/k = 7.0) pattern
wavelengths for the 0.254 mm roughness height. For a given test condition and
model, two measurements were made, one on each side of the model (due to the
camera only capturing one side of the model), which captures the two different
roughness patterns. Combining the 5 models, 2 roughness patterns on each model,
and 9 free-stream conditions, results in 90 individual measurements considered in
the present analysis.

The primary application of the present measurements is to help evaluate the
model form uncertainty used for the RLVP margin. As shown in Fig. 8, this re-
quires evaluating the difference between the upper limit of the measurement error
bars and the upper limit of the simulated parametric uncertainty. The measurement
error bars for the Langley Mach 6 measurements are reported as £15% [98]. For the
parametric uncertainty of the simulations, the approach described in Section 2.2.2
was applied to the 3e+6 1/ft case. The resulting parametric uncertainty is presented
in Fig. 48(a), with the dominant uncertainty contributors shown in Fig. 48(b). These
figures show that the parametric uncertainty on the turbulent flank (between s/Ry
of 1.0 and 2.0) is around 15%, with the dominant parameter being the turbulent
Prandtl number. Because the roughness augmentation on this flank region is the
quantity of interest in the measurements, the parametric uncertainty for the simu-
lations may be conveniently set to 15%. This is especially convenient because this
15% is the same as the measurement uncertainty, so the uncertainty contributions
cancel when evaluating the model form uncertainty. This allows the model form
uncertainty to be evaluated as the difference between the nominal measurements
and simulations.

An exampled comparison between the measurement and simulations was pre-
sented in Fig. 42, which included laminar, smooth wall turbulent, and rough wall
turbulent comparisons. For the present assessment of the model form uncertainty,
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only the rough wall turbulent comparisons are considered. While the smooth wall
turbulent measurements are also of interest to validate the turbulence model, these
measurements are complicated by the influence of the trip ring, which caused a spike
in heating and then decay to the smooth wall turbulent value. For higher Reynolds
numbers, this decay lasted for the entire length of the model, therefore resulting in
anomalously high measurements.

The ratios of the rough wall turbulent measurements at a radial distance of 6 cm
and the smooth wall turbulent simulations, which represent the roughness augmen-
tation, are compared with the roughness augmentation correlations in Figure 49.
This figures shows that the Dahm model provides the closest agreement with the
measurements, which motivates the choice of this model for RLVP design. At the
k™ values expected near peak heating of roughly 50 - 60, the Dahm model provides
an excellent prediction of the upper-bound of the measurements.
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Figure 49: Summary comparison for all Langley Mach 6 3MDCP measurements and simulations for roughness
augmentation.

To examine the spread of the values shown in Fig. 49 for a given kT, Fig. 50
shows the impact of orientation for three different P/k values. The measured values
presented in this figure are normalized by the rough wall simulated values. This
figure shows that, except for a few outliers, the heating augmentation for orienta-
tion 1 is larger than for orientation 2, with a peak difference of 8%. The variation
due to changing P/k is apparent in this figure, but more clearly shown in Fig. 51
which presents the values for only orientation 1. This figure shows that the heat-
ing augmentation is reduced with increasing P/k. Both this reduced augmentation
with increasing pattern wavelength and the increased augmentation for orientation
1 relative to orientation 2 may be explained by the peak-to-peak spacing in the
stream wise direction, where smaller spacing results in higher augmentation. Obvi-
ously smaller P/k values result in smaller peak-to-peak spacing, while the impact of
orientation on the peak-to-peak spacing is shown in Fig. 52, where the peaks are lo-
cated at the intersection of the red lines. This figures shows that orientation 2 has a
1.41 times larger spacing for the same P/k as orientation 1. This dependence of the
roughness augmentation on the peak-to-peak spacing is consistent with the study
of Finson and Clarke [109], which showed that the larger spacing of hemispherical
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roughness elements resulted in lower augmentation.
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Figure 50: Impact of pattern orientation on the Langley Mach 6 3MDCP measurements.
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Figure 52: Impact of pattern orientation on peak-to-peak spacing along a streamline.

To evaluate the model form uncertainty implied by these measurements, the ratio
of the measurements and simulations are presented in Fig. 53 (the nominal values are
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used because the measurement error bars and simulation’s parametric uncertainty
are the same). This figure shows that the maximum under-prediction is 4%, which
is the model form uncertainty resulting from these measurements. This small value
confirms the adequacy of the turbulence and roughness models recommended for
RLVP.
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Figure 53: Summary comparison for all Langley Mach 6 3MDCP measurements and simulations (using the
Dahm roughness model) for model form uncertainty.
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4.4 Wilder and Prabhu Ballistic Range Measurements

The second most relevant experimental validation data for the turbulence and rough-
ness models used for RLVP, behind only the SMDCP Langley Mach 6 test presented
in the previous subsection, are the ballistic range measurements made by Wilder and
Prabhu [110]. This campaign obtained smooth wall turbulence and roughness aug-
mentation convective heating measurements on the model geometry presented in
Fig. 54(a). Because the angle of attack is zero, the distinct smooth and rough re-
gions on the flank allow for simultaneous measurements of smooth wall heating and
roughness augmentation for both sand-grain and 3MDCP roughness patterns. The
rough stagnation region trips the boundary layer to ensure the flow is turbulent
even for the smooth wall flank. The free stream conditions for the measurements
are listed in Table 13, where the “2020” measurements were made by Wilder after
the 2019 Wilder and Prabhu [110] paper. The cases listed in Table 13 are simulated
using the same models and assumptions applied for the RLVP simulations, with the
exception that the wall temperatures are fixed to the values specified in Table 13.
The simulations are performed at the mid-range velocity specified in this table, with
the resulting heating scaled back to the launch velocity, through the multiplication
factor (Vigunch/Vimida)?, to be consistent with Wilder and Prabhu’s conversion from
temperature measurements at multiple range locations to convective heat rates.

The relevance of these measurements to RLVP is due to both geometric and
boundary layer similarity with RLVP. The geometric similarity is shown in Fig. 54(b),
which shows that the two scaled 45 degree sphere cones are nearly identical. To es-
tablish the boundary layer similarity, Fig. 55 compares the experimental and RLVP
flight values for the boundary layer edge Reynold’s number based on momentum
thickness Ref g, boundary layer edge Reynold’s number based on running length
distance from the stagnation point Reg s, boundary layer edge Mach number Mg,
roughness height divided by boundary layer thickness k/d, and previously defined
k™. These figures show a relatively good comparison between RLVP and the mea-
surements. The largest difference is in Mg, which is due to the free-stream Mach
number for the RLVP case being over three times higher than the ballistic range
cases. These lower Mg values result in subsonic flow near the roughness elements,
unlike the RLVP flight case where supersonic flow extends down to near the rough-
ness elements. The varying roughness heights for the measurements are seen to
provide a range of RLVP relevant k™ values.

The first question these measurements provide insight towards is the quality
of the smooth wall turbulent simulations. These smooth wall comparisons are pre-
sented in Fig. 56 for each measurement. Note that the stagnation region comparison
is omitted because the measurements contain roughness in this region to trip the
flow to turbulent. For each case, the Cebeci-Smith result is just below the 15% mea-
surement uncertainty bounds, with agreement within 20%. The better agreement by
the Baldwin-Lomax model is fortuitous, since its deviation from the Cebeci-Smith
result is due to deficiencies in the Baldwin-Lomax model. The better agreement
provided by the Baldwin-Lomax deficiencies cannot be expected to extend flight
conditions. These comparisons help further justify the choice of the Cebeci-Smith
turbulence model for RLVP, which is consistent with the earlier comparisons shown

49



0.5 -
- - Balligtic Range(RN =0.76 cm)

—RLVP (R =11cm)

Figure 54: Comparison of similitude parameters between EES peak heating and Wilder and Prabhu cases.

Table 13: Free-stream conditions for the Wilder and Prabhu measurements.

k;attem at Test Velocity Velocity Density  Temp.  Wall Temp. Roughness
s/Ry = 1.7 # Launch (m/s) Mid (m/s) (kg/m?) (K) (K) Height (m)
2019 Test:
34.4 2812 3117 2870 1.80e-1 295 640 1.05e-5
61.6 2813 3112 2861 1.80e-1 295 641 1.88e-5
70.9 2810 3247 29084 1.80e-1 295 690 1.97e-5
2020 Test:
72.0 2834 3243 2980 1.80e-1 295 678 1.89e-5
83.0 2851 3547 3211 2.37e-1 295 785 1.76e-5
87.0 2852 3546 3211 2.37e-1 295 782 1.84e-5
90.0 2850 3542 3209 2.37e-1 295 785 1.92e-5

in Sections 4.1.2 and 4.1.1.

The remainder of this analysis of the Wilder and Prabhu measurements fo-
cuses on the roughness augmentation. Only the 3SMDCP patterned roughness mea-
surements are considered because they capture the roughness pattern expected for
RLVP, therefore ignoring the sand-grain roughness measurements.

The measurement uncertainty and parametric uncertainty are required to eval-
uate the model form uncertainty. According to Wilder and Prabhu [110], the mea-
surement uncertainty is £15%. The parametric uncertainty was computed for the
2813 case using the approach discussed in Section 2.2.2. The resulting upper limit
uncertainty and the dominant parameters contributing to this uncertainty are pre-
sented in Fig. 57. This figure shows that the parametric uncertainty peaks at 21%,
with the turbulent Prandtl number being the dominant contributor on the flank.
This parametric uncertainty will be used to evaluate the model form uncertainty.

To evaluate the model form uncertainty implied by these measurements, Fig. 58
compares the rough wall heating for the 2019 cases, where the Cebeci-Smith tur-
bulence model and Dahm roughness model are applied for the simulations. The
nominal simulations are near the lower bound of the measurement uncertainty bars
for each case. Adding the parametric uncertainty to the simulations brings them
to within 5% of the upper measurement bound for s/Ry values below 2.0. For the
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Figure 55: Comparison of boundary layer parameters between RLVP and Wilder and Prabhu cases.
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Figure 58: Comparison of rough wall heating between Wilder and Prabhu measurements and simulations.

2812 and 2810 cases, this difference increases to 9% above s/Ry values below 2.0.
However, the slight bump in the measured heating above an s/Ry of 2.0 is consid-
ered anomalous, so the 5% value is used for the model form uncertainty resulting
from these measurements.

Figure 59 summarizes the pattern roughness comparison for s/Ry=1.7 for the
2019 and 2020 cases, and includes the various roughness augmentation models. The
four higher k' values are the 2020 cases, for which surface distributions are not
available, which is why they were not included in Fig. 58. These 2020 measurements
all compare better with simulations than the 2019 measurements , and therefore did
not contribute to the model form uncertainty. Note that the under-prediction of the
Dahm model for the three lower k* values is inconsistent with the the Langley Mach
6 measurements presented in Fig. 49, where the Dahm model provided essentially
an upper bound on the measurements.
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4.5 Hollis Langley Mach 6 Measurements

Hollis (unpublished) obtained convective heating measurements on 70-degree sphere
cones at 16 degrees angle of attack with a patterned roughness surface. An example
of this patterned roughness surface is shown in Fig. 60. These measurements were
made in the NASA Langley Mach 6 facility [98], and are therefore similar to the
3MDCP Mach 6 test presented in Section 4.3, except for the different model geom-
etry and surface pattern. Even if they are less relevant to RLVP than the SMDCP
test, they still provide valuable insight into the impact of a pattern roughness surface
on the heating augmentation at RLVP-relevant k* values.
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Figure 60: Example of the patterned roughness surface for the Hollis measurements.

Figure 61 compares the scaled model geometry with the RLVP heatshield. Al-
though the measurements are made on a 70 degree sphere cone at 16 degrees angle
of attack, the leeside of the model is at a similar angle relative to the free-steam
as the RLVP 45 degree sphere cone flank. Table 14 presents the free-stream condi-
tions for the range of cases considered in this test campaign. This table also lists
the peak-to-valley roughness height (k) for the patterned roughness, and the corre-
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sponding kT values based on the simulations. Note that the simulations apply the
same models and assumptions as the RLVP simulations, including the application
of the Cebeci-Smith turbulence model and Dahm roughness model. The bound-
ary layer is not tripped for these measurements, so that transition occurs sooner
for the larger roughness heights and higher Reynolds numbers, and no smooth wall
turbulent measurements are obtained.
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Figure 61: Comparison of scaled RLVP and Hollis geometry at 16 degrees angle of attack.

Table 14: Free-stream conditions for the Hollis measurements.

kT at Reso Velocity Density  Temp.  Wall Temp. Roughness
z=005m (1/ft) (m/s) (kg/m3) (K) (K) Height (m)
72 2.0e+6 939.5 3.25e-2 61.9 333 5.1e-4
50 3.0e+6 939.5 4.88e-2 61.9 333 2.5e-4
80 5.0e+6 939.5 8.13e-2 61.9 333 2.5e-4
50 6.5e+6 939.5 1.06e-1 61.9 333 1.3e-4
55 7.2e+6 939.5 1.17e-1 61.9 333 1.3e-4

The relevance of these measurements to RLVP is assessed based on the same
boundary layer parameters considered in the previous subsections. This comparison
of the boundary layer parameters with RLVP is presented in Fig. 62. While the
obvious difference in geometry between the model and RLVP heatshield lead to
expected differences in the distributions of the various boundary layer parameters,
the magnitude of these parameters agree within a factor of two in the downstream
region (near s/Rp=1.0), except for Rep s and Mg. This downstream region is
where the comparison between the turbulent simulations and measurements are
made, since the transition to turbulence has occurred by this point.

Comparisons between the measured and simulated C'y values are presented in
Fig. 63 for the Hollis measurements. The shaded region represents the fully turbulent
region that is appropriate to compare with the simulations. The Dahm roughness
model is applied for the roughness augmentation in the simulations. These com-
parisons show excellent agreement between the measurements and simulations with
roughness augmentation. Figure 64 presents a summary of the roughness augmenta-
tion factors resulting from these measurements, which again shows good agreement
with the Dahm roughness model.
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Figure 62: Comparison of boundary layer parameters between RLVP and Hollis cases.

To assess the model form uncertainty implied by these measurements and sim-
ulations, the measurement uncertainty and parametric uncertainty are required.
The measurement uncertainty is £15%, as reported by Hollis [98]. The parametric
uncertainty was computed for the Re,,=2e+6 1/ft case, which showed the largest
disagreement between measurements and simulations in Fig. 63, using the approach
discussed in Section 2.2.2. The resulting parametric uncertainty along the centerline
is presented in Fig. 65, with a peak value of 12%. This parametric uncertainty is ap-
plied to simulations in Fig. 66, which also applies the measurement error bars. The
upper limit of the measurement error bars are 5% higher than the upper limit of the
parametric uncertainty simulation. This 5% represents the model form uncertainty
implied by these measurements.

4.6 Holden Measurements

A drawback of the measurements considered so far in this section is that the Mach
number at the roughness height (based on the smooth body simulation) is less
than 1.0. This is unfortunate because for the RLVP case this Mach number at the
roughness height is greater than 1.0 along over half of the conical flank region, which
is a result of the 45 degree sphere cone geometry. This supersonic Mach number is
demonstrated for the 73 s RLVP case in Fig. 67, which presents the Mach number
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Figure 63: Comparison of roughness heating ratios between Hollis measurements and correlations.
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Figure 64: Comparison of roughness heating ratios between Hollis measurements and correlations.
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Table 15: Free-stream conditions for the Holden measurements.

kT at Reso Velocity Density ~ Temperature  Wall temperature Roughness

z=03m (1/m) (m/s) (kg/m?3) (K) at stag. point (K)  height (m)
120 3.2e+7 1014 1.5%e-1 60.0 300 1.0e-4
220 2.9e+7 1758 8.45e-2 60.0 300 1.0e-4

for a body normal line at the near shoulder location. Because of the impact of
shocks forming potentially on roughness elements, the presence of supersonic flow
at the roughness height could have a significant impact on the convective heating
augmentation [111], and therefore experimental data that contain this behavior is
required. Fortunately, the measurements made by Holden [112,113] actually do
contain supersonic Mach numbers at the roughness heights, and therefore provide
valuable validation data for RLVP. In fact, Holden presents the Schlieren shown
in Fig. 68, which demonstrates the small shocks formed off of individual roughness
elements.

Measurements to Holden’s sharp cone model are considered in this analysis
(blunt cone models were also considered by Holden, however the sharp cone models
result in more RLVP-relevant boundary layers and higher Mach numbers near the
surface). Figure 69 shows that, beyond the sharp nose, the scaled model geometry
is similar to RLVP. The two free-stream conditions considered in this analysis are
presented in Table 15. Figure 70 compares the resulting boundary layer parame-
ters for the 3.2e+7 m~! case with the RLVP cases before and after peak heating.
The agreement between the Holden and RLVP parameters is not good, except for
the k/6. Note that, as shown in Table 15, these similar k/¢ values correspond to
significantly larger k™ values for the Holden case, with values of 120 compared to
40 - 65 for the RLVP case. Regardless of the lack of boundary layer similarity be-
tween these Holden measurements and RLVP, the presence of supersonic flow near
the roughness elements makes these measurements uniquely relevant to RLVP, and
therefore require consideration.

Figure 71 compares the laminar, smooth turbulent, and rough turbulent simu-
lations with their respective measurements. For both cases, the smooth and rough
turbulent simulations are accurately simulated. This comparison provides the only
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Figure 68: Example of shocks forming on roughness elements extending into the supersonic region of the
boundary layer. Taken from Holden [113].
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Figure 69: Comparison of scaled RLVP and the Holden geometry.
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Comparison of boundary layer parameters between RLVP and Holden cases.
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Figure 72: Parametric uncertainty results for the Holden Re., = 3.2e+7 1/m, Mach 6.5 case.

available confirmation that the roughness height extending into supersonic flow
does not noticeably change the roughness heating augmentation, meaning that the
present heating augmentation model remains valid for this type of flow.

To assess the model form uncertainty implied by these measurements and simu-
lations, the measurement uncertainty and parametric uncertainty are required. The
measurement uncertainty is £5%, as reported by Holden [113]. The parametric un-
certainty was computed for the Reo,o=3.2e4+6 1/m case, which has the more RLVP-
relevant kT values, using the approach discussed in Section 2.2.2. Figure 72 presents
the resulting parametric uncertainty and sensitivities. As with the other turbulent
cases presented throughout the previous subsections, the turbulent Prandtl number
uncertainty is the largest uncertainty contributor. Applying this parametric uncer-
tainty to the simulated values and measurement error bars results in the comparison
shown in Fig. 73, which allows the model form uncertainty to be assessed at 3%.

Note that supersonic flow at the roughness height has not been present for any
NASA entry vehicle, except for perhaps Pioneer-Venus. Therefore, this issue de-
mands further investigation beyond considering the limited Holden measurements
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mentioned in the previous paragraph. To accomplish this investigation, both a
computational and experimental path are being pursued. The computational ef-
fort is presented in the next subsection (Section 4.7), presents roughness-resolved
CFD simulations. The patterned roughness and axisymmetric smooth body flow
for RLVP make this tasks feasible, along with recent advances made in the flowfield
solver numerics.

4.7 Grid-Resolved Roughness (GRR) Simulations

The analysis of experimental measurements relevant to the impact of patterned
roughness on the turbulent convective heating presented in the previous subsections
are limited to ground test conditions that do not capture the thermodynamic, finite-
rate chemistry, or radiation effects that are present for RLVP near peak heating. To
provide a link between the ground test measurements, which are used to establish the
validity and model form uncertainty, and the RLVP flight environments, the grid-
resolved roughness (GRR) simulations developed in this section were pursued. The
developed simulation approach is presented in subsection 4.7.1. Validation of this
approach with the SMDCP Mach 6 measurements is presented in subsection 4.7.2,
and the application to RLVP is presented in subsection 4.7.3.

4.7.1 GRR Simulation Approach

The combination of the 3SMDCP’s patterned roughness and RLVP’s axisymmetric
nominal forebody flowfield make the grid-resolved roughness simulations pursued in
this section feasible. As discussed in Section 4.3, the patterned roughness for RLVP
may be approximated by Eqgs. (19) and (20), with the roughness height and peak-to-
valley spacing listed in Fig. 43. This roughness pattern allows a periodic boundary
condition to be applied along the edges of the axisymmetric flowfield slice shown in
Fig. 74. For the simulations presented in this section, a single roughness element is
resolved with a 15x15 surface grid. This periodic boundary condition prevents the
simulation of the full, half or quarter body grid, which reduces the number of cells
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from 1.65B to 4.5M for a typical case. The simulations presented in this section
were performed with a roughness patch significantly larger than this.
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Distorted aspect ratio: z = y/10 Undistorted aspect ratio

Figure 74: Overview of the periodic roughness pattern applied to an axisymmetric flowfield slice.

To enable the flowfield simulation on this tightly spaced three-dimensional grid
with periodic boundary conditions, a novel solution methodology was developed.
The roughness resolved grid (one-degree axisymmetric slice) is first reconstructed
from the coarse-grid half body surface solution. This serves as an initial solution for
the axisymmetric slice simulation as well as a boundary condition for the nose region.
Imposing the stagnation region as an upstream boundary condition bypasses numer-
ical stability issues that would arise with extremely fine grid resolutions around the
stagnation point in the nose region that are inevitable in typical block-structured
meshes. Then a three-dimensional periodic boundary condition is applied along the
two sides of the axisymmetric slice in azimuthal direction until a converged solution
is reached. The flow is assumed to be fully turbulent using the Spalart-Allmaras
(SA) model [114], which is used here instead of the Cebeci-Smith model to better
capture the vortical flow in the roughness valleys. When evaluating the roughness
augmentation factor, the grid-resolved roughness simulation obtained with the SA
model is divided by the smooth wall simulation also computed with the SA model
(instead of Cebeci-Smith), therefore capturing the impact of only roughness and not
the turbulence model. Note that the larger surface area of the GRR simulation is
accounted for in the roughness augmentation factor. This results in an increase of
roughly 1.05x in the augmentation factor.

4.7.2 Establishing GRR Validity With 3AMDCP Mach 6 Measurements

The present application of a Reynolds Averaged Navier-Stokes (RANS) flowfield
solver with a one equation turbulence model is questionable for capturing the impact
of roughness on the heating in a turbulent boundary layer. While limited parallel
efforts to reproduce the present simulations with both Direct Numerical Simulations
(DNS) and Large Eddy Simulations (LES) are being pursued, their applicability for
a 19 species reacting gas simulation at RLVP peak heating conditions has yet to
be established. In the absence of these higher fidelity simulations, some level of
validation for the present RANS approach may be achievable through comparisons
with experimental data. This validation is pursued in the present subsection using
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the SMDCP Mach 6 measurements presented in Section 4.3.

The GRR approach discussed in the previous subsection was applied to the
2e+6 1/ft case with a roughness height of 0.38 mm (0.015 in) and the nominal P/k
of 3.0, which results in RLVP-relevant k™ values around 55. This represents the
largest roughness height considered, which for the same P/k, results in the largest
peak to valley spacing. Figure 75 compares the resulting averaged heat transfer
coefficient obtained from the GRR simulation with the measured values for both
pattern orientations 1 and 2. The smooth wall simulation and result of the baseline
Dahm roughness model are also presented in this figure for reference. Note that
the measured values for orientation 1 show that the flow remains transitional along
the flank, which degrades the comparison with the simulations slightly. However,
considering only the measurement and GRR results beyond a radial distance of 5.5
cm, where the flow is closer to fully turbulent, shows agreement within 5% for both
orientations.
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Figure 75: Comparison between 3MDCP Mach 6 measurements and grid-resolved roughness simulations at
2e+6 1/ft and £=0.38 mm (0.015 in).

Considering now a higher Reynolds number case at 3e+6 1/ft but with a smaller
roughness height of 0.24 mm (0.010 in) (P/k of 3.0) to maintain an RLVP-relevant
k™ value of around 55. Figure 76 presents the resulting comparison between the
measurements and GRR simulations. For both orientations, the GRR simulations
provide excellent agreement with the measurements.

The excellent agreement between the GRR simulations and measurements pre-
sented in this subsection provides a level of validation for the present GRR approach,
which will be applied in the next subsection to RLVP flight cases. The apparent
success of the present RANS modeling is perhaps a result of the relative smooth
topology of the current patterned roughness, where the flow remains attached ex-
cept for a small region in the valley of each roughness element (this will be shown
in the following discussion for the RLVP flight cases). The attached flow that pro-
duces the high heating on the peak of each element, which dominates the averaged
heating, is appropriate for the RANS modeling. This would not be the case, for
example, for spherical roughness elements that produce vortices off the peak of each
element that interact with the downstream flow.
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Figure 76: Comparison between EES Mach 6 measurements and grid-resolved roughness simulations at 3e+6
1/ft and £=0.24 mm (0.010 in).

4.7.3 GRR Simulations for RLVP

The velocities of over 8 km/s for these RLVP flight cases are beyond the limits of
turbulent convective heating from ground test facilities, meaning the GRR results
provide the best available insight into the impact of patterned roughness on the
convective heating at these conditions.

The first case considered is the RLVP at 73 s, with the resulting Mach number
and pressure contours along a slice through the center of the roughness elements
presented in Figs. 77 and 78. Figure 77 shows that the supersonic region is pushed
above the roughness elements, so that the supersonic region does not directly in-
teract with the roughness. However, Fig. 78 does show noticeable pressure waves
emanating from each roughness element into the supersonic region of the flow.

Figure 77: Mach contours resulting from grid-resolved roughness simulations (color contour is cut off below
Mach 1).

The convective heating resulting from this simulation is presented in Fig. 79,
which shows the higher heating on the peaks of each roughness element and the re-
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Figure 78: Pressure contours resulting from grid-resolved roughness simulations.

duced heating in the valleys. The resulting surface averaged heating, which accounts
for the increased surface area for the rough surface, is presented as the red dashed
line in Fig. 80. This figure compares this result with the simple Dahm correlation
used to provide the nominal RLVP environements. Surprisingly, unlike the Mach
6 cases, the GRR simulation predicts a negligible level of roughness augmentation.
This negligible roughness augmentation is assumed to be a result of the relatively
low Reynolds number for this 73 s case, which leads to a more laminar-like flow,
where laminar heating has been shown to have similarly low roughness augmenta-
tion factors. To check this assumption, the higher Reynolds number case at 80 s
was simulated with the GRR approach. The resulting heating values are presented
in Fig. 81, which shows 8 to 20% augmentation, although this is significantly lower
than the nearly 40% augmentation resulting from the Dahm model. These GRR
simulations suggest that the Dahm model is conservative at RLVP conditions. Al-
though the Dahm model is still recommended for RLVP until further validation
of the simulations is available, this valuable insight prevents further margin to be
added to cover uncertainties in the roughness augmentation model.

4.8 Summary of Turbulence and Roughness Measurement Com-
parisons

The previous subsections compared the smooth and rough wall turbulent simula-
tions with the best available measurements. The Cebeci-Smith model is shown
to provide good agreement with smooth wall measurements for the Wilder and
Prabhu, CUBRC, and AEDC measurements. This provides the justification for
using the Cebeci-Smith turbulence model as the standard for the RLVP database.
The smooth wall comparisons, however, do not feed into the margin analysis since
the rough wall turbulent environments are ultimately what will be encountered by
RLVP and used for design. Figure 82 presents a summary of these roughness aug-
mentation factors for all the cases considered in this analysis. These measurements
all consider patterned roughness surfaces similar to that expected for RLVP. The
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Figure 79: Convective heating contours resulting from grid-resolved roughness simulations.
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Figure 81: Surface averaged convective heating values for the 80 s case.

Dahm correlation, which is used as the baseline for RLVP, provides the best compar-
ison with the measurements, especially for the RLVP-specific Mach 6 test, which is
the most RLVP relevant. The data scatter above the Dahm correlation is captured
in the margin analysis presented in Section 6, and discussed through the preceding
sections in the assessment of the model form uncertainty.
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Figure 82: Summary of roughness heating ratios from all considered measurements.
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5 Impact of Ablation on Heating

The aerothermal analysis provided so far in this report focuses on the radiative
and non-ablating convective heating. These heating values are used by the mate-
rial response code to determine the thickness of the ablator required to maintain
the bondline temperature below a specified limit. (These heating values may also
be used to check that they are below the tested heat flux limit of the heatshield
material.) Although the material response analysis and ablator sizing is beyond
the scope of the aerothermal analysis documented in this report, two major as-
sumptions are made within the material response code to account for the impact of
ablation on the aerothermal environment and heating values. The impacts of these
assumptions, which will be defined below, are assessed in this section. Note that
the convective and radiative heating parametric uncertainties are computed for the
coupled ablation simulations (with finite-rate surface properties) presented in this
section.

This section is organized as follows. In subsection 5.1, the approximations ap-
plied within the material response code to account for the impact of ablation on
the convective heating and surface energy balance are presented. Note that in this
discussion, the term ablation is used to indicate the injection of both char and py-
rolysis gases from the surface into the flowfield. Subsection 5.2 then applies the
so-called coupled ablation approach, which accounts for the blowing wall and abla-
tion species in the flowfield simulation, and compares it with the approximate, or
uncoupled, approach described in subsection 5.1,. Subsection 5.3 pushes this cou-
pled ablation simulation further by removing the chemical equilibrium assumption
at the surface, which provides a higher fidelity simulation of the char rate. Sub-
section 5.4 presents the impact of ablation on the radiative heating. To provide
experimental validation of the uncoupled design approach and these coupled sim-
ulations, subsection 5.5 considers the Orion-sponsored CUBRC measurements that
include both blowing and roughness. Finally, subsection 5.6 discusses the poten-
tial for cross-hatching patterns to form on the heatshield surface due to differential
recession.

5.1 Approximations for Modeling Impact of Ablation on Aerother-
mal Environment

The aerothermal assumptions made within the material response code are based
on writing the non-ablating convective heating (gc0) in terms of the heat transfer
coefficient:

Cro = 40/ (Hr — huwyp) (12)

where Hr is the total enthalpy and A, is the wall enthalpy for the non-ablating
simulation, which is provided by the aerothermal database. The impact of a given
char mass flux, ., and pyrolysis gas mass flux, 7y, on Cy o and the elemental com-
position at the wall (which defines the wall species assuming chemical equilibrium)
is assessed through the following two approximations:

1. Approximation #1: The material response code accounts for the influence of
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m. and 7y on the heat-transfer coefficient as follows:

2AB)

exp(2AB)) — 1 (13)

Cu =Chyo
where Cpr is the non-abating heat-transfer coefficient, A is assumed equal
to 0.3 for RLVP, and Bj, = (1. + my)/Ch,0. This approximation has been
assessed by Thompson and Gnoffo [115] and Martinelli et al. [116] for perfect
gas flows. To obtaining the convective heating with ablation from this Cyy,
the wall enthalpy that accounts for ablation species is required, which requires
the next approximation.

. Approximation #2:

To determine the wall enthalpy that accounts for the chemical species intro-
duced by ablation, the mixing between the ablation species and boundary
layer edge species must be approximated. Assuming equilibrium chemistry at
the wall, only the mixing of the elements can be considered. The elemental
diffusion mass flux at the surface is approximated as [117]

Ji = Car(Co ke — Co) (14)

where it is assumed that Cj; = Cy. This approximation allows the elemental
mass balance at the wall to be solved algebraically for the elemental mass
fractions at the wall: [117]

ée,k + Bééc,k + B;ég,k
1+ B+ B,

Cw,k =

(15)

where By, = 1y /Cy, B, = 11./Ch, Ce is the elemental mass fraction of the
boundary layer edge gas (for Venus: 0.263 C, 0.702 O and 0.035 N), &, is
the elemental mass fraction of the char (1.0 C), and &, is the elemental mass
fraction of the pyrolysis gas (0.44 C, 0.14 H, 0.41 O, and 0.01 N for 3MDCP).
Note that the C'y values in the denominator of the B’ definition apply Ap-
proximation #1 to convert Cr o to Cy. A discussion of this approximation is
presented by Bianchi et al. [118] for graphite ablation.

After applying these approximations, the elemental mass fractions at the wall are
converted to species mass fractions through an equilibrium computation at the wall
temperature and pressure. More importantly, this equilibrium computation provides
the ablating wall enthalpy h,,. The ablating convective heating can then be written
using Cy from Approximation #1 and this value of h,, (from Approximation #2)
as follows:

dc = CH(HT - hw) (16)

This ablating convective heating value is applied within the material response code
to solve the surface energy balance, which is written as:

Qe + QQrad — (mc + mg)hm — €O'Tw4 + mghg + mchc — qcond = 0 (17)
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The terms in red are the quantities of interest in the present work, as they are
obtained from either the aerothermal simulations or Approximations #1 and #2. As
just discussed, ¢. and h,, are obtained from ¢. o and h,, o and the two approximations,
while the radiative heating, ¢,qq is discussed in subsection 5.4. The —eoT,* term is
the re-radiation from the ablator surface. The 7i4hy + mche term is the enthalpy of
solid char (h.) and pyrolysis gas (hg) entering the surface control volume, while the
—(1h¢ +11g) by term is the enthalpy of material leaving the control volume. Finally,
the heat conducted into the surface, qqong, represents the inability of the previous
terms from relieving the incoming convective and radiative heat fluxes. In summary,
the material response code computes qc, hy, Tw, g, hg, M, he, and geong for a
given time history of ¢,qd, qc,0, and hy 0. For the RLVP nominal trajectory, these
outputs from a material response code are presented in Fig. 83 for the stagnation
point and near shoulder location. The input values g.o and g,4q are also included
in these figures for completeness. As required by Eq. (17), the sum of all the terms,
excluding g, 0, equals zero at each time point.

Figure 83 shows that the reduction in the convective heating due to ablation and
the — (i, + 174 ) hyy terms, which both depend on Approximations #1 and #2, are of
the same order-of-magnitude as the re-radiation term, and are therefore significant
components of the surface energy balance. The goal of this section is to assess the
accuracy of Approximations #1 and #2 for converting g.o and hy,o to g. and hy,.
This assessment is made by modeling the specified . and 7, rates within the
Navier-Stokes flowfield model, as discussed in the next subsection.
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Figure 83: Comparison of surface energy balance terms for RLVP.

5.2 Coupled Ablation RLVP Results for an Equilibrium Surface

Details of the coupled ablation approach used in this discussion are presented by
Johnston et al. [9]. Given a Ty, 14, 1., and elemental composition of the pyrolysis
gas, the coupled ablation capability in LAURA applies these surface boundary con-
ditions within the flowfield simulation, therefore allowing Approximations #1 and
#2 discussed in the previous subsection to be removed. For the present coupled sim-
ulations, the following 11 species were included in addition to 19 species presented
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Figure 84: Specified injection rates and wall temperatures applied in coupled ablation analysis.

in Section 2.1: Cg, H, H+, Hg, CH, CQH, CQHQ, CH4, CH3, CH2 and HCN. This
results in a total of 30 species in the flowfield, which are modeled using the rates
presented in Section 2.2.2. The Krogstad modification to the turbulence model to
account for roughness is applied by these coupled ablation simulations, which is re-
quired to capture the impact of applying the Dahm roughness augmentation factor
to Cp,o in the uncoupled approach. The Krogstad model was shown in Section 4 to
provide good agreement with the Dahm roughness augmentation approach.

The coupled ablation analysis discussed in the previous paragraph was applied
to cases between 60 and 90 s of the nominal RLVP trajectory presented in Table 1.
The Ty, 1y, and, 112, values from the uncoupled material response computation [119]
are applied as fixed values throughout this analysis. Examples of these values at
the stagnation point and near shoulder location are presented in Fig. 84. Note that
the q., hy, and wall species composition resulting from the coupled simulations
no longer enforce the surface energy balance or char equilibrium constraint. A
self-consistent coupled ablation analysis would therefore require further iterations
with the material response code. However, this is beyond the scope of the present
analysis, which seeks to confirm that Approximations #1 and #2, which represent
the “uncoupled” approach, result in conservative ¢. and h,, values relative to the
coupled simulations.

5.2.1 Impact of Approximation #2

The first aspect of the uncoupled approach that may be evaluated from the coupled
solutions is Approximation #2. The impact of this approximation can be isolated
from #1 by evaluating Eq. (15) for the elemental composition at the wall using the
Cy and B’ values from the coupled simulation, and then comparing these with the
actual elemental composition from the coupled simulation. The result of this analysis
for the t=73 s is presented in Fig. 85, which compares the elemental composition at
the wall between the coupled solution and the result of Eq. (15) using the B’ values
from this same solution. Agreement within 5% is seen along the entire forebody
surface, which is considered favorable. This same comparison is made through
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the trajectory at the near shoulder location in Fig 86, which also provides the
resulting B’ values applied for the uncoupled results. Agreement within 15% is
seen throughout the trajectory, suggesting that Approximation #2 is adequate for
RLVP. These results confirm that the elemental diffusion approximation of Eq. (15)
is accurate for RLVP cases. The next step is to confirm the accuracy of the blowing
correction of Eq. (13), which was bypassed in the current results by applying the
Cyr from the coupled simulation.
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Figure 85: Impact of Approximation #2 on the elemental carbon at the wall for t=73 s.
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For reference, the species mass fractions through the boundary layer at the
stagnation point and near shoulder location are presented in Figs. 87-89 for a range
of cases. These figures demonstrate the complex chemistry and diffusion processes
occurring in the near wall region, which Approximation #2 was shown to capture
surprisingly well. Note that the nominal roughness height of 0.7 mm extends beyond
the bounds of the horizontal axis on these figures, which focuses on the near wall
region. Recall that these simulations include the Krogstad addition to the turbulence
model to account for roughness.
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5.2.2 Impact of Approximation #1

Approximation #1 determines the decrease in the non-ablating heat transfer coeffi-
cient (C ) due to ablation through Eq. (13). The present uncoupled results apply
this equation using the same Ty, g, and, 7. applied for the coupled analysis. Note
that Cp includes the impact of roughness augmentation, which is significant be-
cause it reduces the resulting B’ value applied in Eq. (13). For consistency both the
non-ablating and ablating simulations apply the Krogstad roughness augmentation
model in these comparisons.

The resulting comparison between the coupled simulation and the uncoupled
value resulting from Approximation #1 is shown in Fig. 90 for the t= 73 s case.
The non-ablating values are also shown for reference. This figure shows that the
uncoupled approach does not predict the same level of heating reduction due to
ablation as the coupled approach. This difference is seen throughout the trajectory
for both the stagnation point and near shoulder location in Fig. 91. Note that some
of the difference between the coupled and uncoupled values is likely due to the A
of 0.3 being applied for the uncoupled approach. Figure 92 presents the A values
required for the uncoupled Cp values to match the coupled results. This figure
shows that mostly values over 0.8 are needed to reproduce the coupled results.
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Figure 90: Impact of Approximation #1 on Cpy for t=73 s (case 5a).

5.2.3 Combined Impact of Both Approximations

Combining the C'y resulting from Approximation #1 with the elemental mass bal-
ance of Approximation #2, allows the uncoupled values for the elemental compo-
sition at the wall and h,, to be computed. Fig. 93 compares the uncoupled values
for the elemental mass fraction of carbon with the result of the coupled simulations.
Differences of up to 20% in the elemental mass fraction of carbon are seen at the
stagnation point and near shoulder locations considered in these figures. These dif-
ferences are slightly larger than those shown in Fig. 86, because that comparison
applied the Cpr value from the coupled solution to isolate the impact of Approxima-
tion #2, while this comparison applies the C'y from Approximation #1 (these dif-
ferences would be larger except for the fortuitous cancellation of errors between the
two approximations away from peak heating). This confirms that the inaccuracies
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in Approximation #1 lead to the disagreement shown in Fig. 93. The consequence
of this difference in the elemental composition is a difference in the resulting h,,,
which is based on an equilibrium chemistry composition at the wall elemental com-
position, temperature, and pressure. Figure 94 compares the h,, resulting from the
uncoupled approach with the results of the coupled analysis. Note that the same
pressures and temperatures are applied to the uncoupled and coupled analysis, with
the only difference being the elemental composition. Note that h,, influences the
surface energy balance (Eq. (17)) through both g. and the — (1. +174)h,, term. The
impact on this latter term is presented in Fig. 95, which results in differences of less
than 100 W/cm?.

Combining Fig. 91 with Fig. 96 results in the convective heating comparison
presented in Fig. 97. This comparison shows that the uncoupled approach is conser-
vative for both the stagnation-point and near shoulder throughout the trajectory.
Figure 98 presents this comparison along the surface for a single case near peak
heating at =73 s, which shows similar disagreement over the entire surface. Com-
parison of the integrated heat load along the surface is presented in Fig. 99, which
presents the coupled convective heat load divided by the uncoupled convective heat
load. The coupled convective heat load is seen to be around 40% lower than the
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Figure 97: Comparison between uncoupled and coupled convective heating along the nominal RLVP trajectory.

uncoupled value. This suggests that the uncoupled approach contains a significant
level of conservatism for the TPS sizing for RLVP, assuming equilibrium ablation.
The next subsection will show that this equilibrium ablation model, even when cou-
pled to the flowfield, misses the potential impact of hydrogen catalysis, which may
drive the heating above the uncoupled predictions.

5.3 Coupled Ablation Approach for a Finite-Rate Surface

For equilibrium ablation, the solution of the species mass balance at the surface re-
duces to solving for the elemental mass balance, which was discussed in the previous
subsection. The present subsection removes the equilibrium chemistry constraint at
the surface by treating the individual finite-rate surface reactions, which provide the
individual species mass fluxes due to surface reactions (ri.;). Expressions for 7 ;
are provided in the following discussion. With these expressions, the species mass
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balance at the surface is written as:

Jit | ) e +1itg | i — 1 — ritgeg; =0 (18)
j

where 7, represents the pyrolysis rate and ¢4 ; are the species composition of the
pyrolysis gases. The cy; values are computed assuming chemical equilibrium, for
the given elemental composition of the pyrolysis gas, at the surface temperature and
pressure.

Recent advancements in finite-rate surface recession models provide the opportu-
nity for enhanced simulation fidelity of an ablating heatshield’s aerothermodynamic
environment. Application of a finite-rate surface recession model, instead of an equi-
librium ablation model, allows processes such as oxidation, sublimation, and surface
catalysis to be modeled in detail, instead of relying on the assumption of chemical
equilibrium at the surface elemental composition, pressure, and temperature. The
rate model compiled for this work, and presented in the following subsections, is
based on values proposed by Park et al. [68] and Driver and Maclean [19], with
additional sublimation reactions proposed by Keenan and Candler [120] and the
addition of H catalysis. The choice of these rates is intended to provide a model
that is applicable over a wide range of conditions, ranging from the low-temperature
rate-limited oxidation regime to the high-temperature sublimation regime.

5.3.1 Oxidation

The forward rate for the primary carbon oxidation reaction, O + C(s)—CO, is

written as:
RT
k = —_— 19
1.0 =70\ 5 Vo (19)

where vo = 0.63e~ as suggested by Park et al. [68]. For the secondary oxida-
tion reaction, Oy + 2C(s)—2CO, the forward rate is written as:

RT
k = 2
1,02 = Y024/ 5 Vo (20)

where 70 = (1.43x 1073 40.01e~1450/T) /(14-2.0 x 10~4e13090/T) a5 proposed by Park
et al [68]. Note that the temperature dependence of this term results in rate-limited
oxidation at low temperatures, whereas if a constant is applied, such as the value of
0.01 suggested by Driver and Maclean [19], significantly larger oxidation values are
obtained at low temperatures. The resulting species mass fluxes (kg/m?/s) resulting
from these processes are written as follows:

1160/T

) Mco Mco
= —k 2——k 21
mco Mo f,0P0 + Moy 1,02P02 (21)
mo = —kf,o0po (22)
mo2 = —k,02002 (23)

where p; are the species densities (kg/m?3) and M; are the species molecular weights
(kg/mol).
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Table 16: Coefficients for sublimation rate equations.

Cz Oy Az Ny Ez

C 0.14 1.486e+12  -1.487 87,110
Co 0.26 1.8399e+17 -2.318 101,715
C3 0.03 4.3197e+22 -3.459 103,339
Cs 0.015 2.6559e+15 -1.266 117,049

5.3.2 Sublimation

To accommodate the surface temperatures of up to 4000 K that may be encountered
at Venus conditions, sublimation of C, Co, C3, and Cs are treated similarly to the
work of Keenan and Candler [120] that was done for the Mars-return condition..
The rate of sublimation for these molecules, expressed as zC(s)—C,, are written as

RT
2nMc,

e, = ac, (PE.C, — PC,) (24)

where pg.c, = Ay T™exp(-E,/T) is the equilibrium vapor pressure (N/m?). The
coefficients for pg ¢, are computed from Gordon and McBride [121] data and are
listed in Table 16. The a¢, values are taken from Keenan and Candler [120].

5.3.3 Nitridation and Ny Recombination
The rate of nitridation, N + C(s)—CN, is written as

RT
2w M N

kﬁN = YN (25)

where the value of yx is set to 0.001 as derived by Driver and Maclean [19], which
is significantly smaller than the 0.3 value proposed by Park et al [68]. For the Ny
recombination process, N 4+ N(s)—Ng, the forward rate is written as:

RT
21w M N

k¢ Ny = YN (26)

where the value of vy, is set to 0.05 as derived by Driver and Maclean [19]. The
mass fluxes resulting from the nitridation and recombination processes are written

as follow: M
) CN
— k 2
men = kNN (27)
iy = —(kyn + kfne)pN (28)
mn2 = kf.NrPN (29)
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5.3.4 H, Recombination

The presence of elemental H in the pyrolysis gas requires that the potential for
homogeneous recombination of H to Hy occurs at the surface, analogously to N
recombining to Na. Note that C and O recombination are not modeled because these
species participate in the sublimation and oxidation processes, respectively, which
makes the impact of homogeneous recombination negligible. Past studies have not
considered the impact of H recombination on the aerothermodynamic environment.
This is due mainly to most past finite rate analyses considering a non-charring
ablator, such as graphite, which avoids the presence of elemental H. The present
analysis shows that, based on the best estimate for the H recombination efficiency,
the recombination of H provides a notable increase in the convective heating.

Analogously to the Ny recombination process, the Hs recombination rate is writ-
ten as:

RT

kg = 30
f,H = "TH om My ( )
which is related to the mass flux of H and Hy as follows:
my = —kfapa (31)
mps = kfapn (32)

The primary challenge in modeling this recombination process is the estimation of
the H recombination efficiency, vr. The assessment of this value for wall tempera-
tures above 2500 K and a carbon surface, which would make it appropriate for RLVP,
is not available. The most relevant values are presented by Kim and Boudart [20]
and Mackay et al. [21], which estimate a value of roughly 0.2 at temperatures above
2000 K, although a silica surface is assumed. This value is consistent with the
previous measurements by Wood and Wise [122] on a range of materials, such as
copper, aluminum, titanium, and nickel, which implied values greater than 0.1 at
temperatures greater than 1000 K. Based on these past studies, a value of vz equal
to 0.2 is assumed for the present work.

5.3.5 Application of the Finite-Rate Surface Model to RLVP

Application of this char rate model to the RLVP case, with the pyrolysis rate and
wall temperatures fixed to the values used in the equilibrium analysis, results in
the char rates presented in Fig. 100. These finite-rate char values are seen to be
significantly lower than the previously considered equilibrium char rates. The con-
tribution of each finite rate process to the char rate is presented in Fig. 101. This
figure shows that the peak heating region of the trajectory is dominated by oxida-
tion and Cs sublimation, while later in the trajectory oxidation alone dominates.
The slight negative contribution resulting from C sublimation implies deposition of
C back to the char surface. This negative rate is due to the abundance of C at the
wall, which causes Eq. (24) to become negative. Note that the analysis outlined
by Candler [123] for determining the equivalent surface mass flux contributions for
equilibrium ablation shows the same negative mass flux for C as the finite rate
model. Therefore, this behavior is not specific to the finite rate model.
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The resulting heating for the finite-rate char case is compared in Fig. 102 with
the equilibrium char result. The lower char rates for the finite rate model result
in higher heating values, especially at the near shoulder. The significant change in
the diffusive component of the near-shoulder heating between the equilibrium and
finite-rate char results are presented in Fig. 103. In addition to a weaker negative
contribution from Cs, the finite rate result has strong contributions from H, which
is a result of its catalytic recombination rate to He. The equivalent catalycity is
only modeled in the equilibrium result by the mass fraction of H resulting from the
equilibrium chemistry computation at the given wall elemental composition.

A significant result of Fig. 102 is that the finite-rate char simulations result in
a 10% increase in the heating above the uncoupled values, where the uncoupled
approach applies the higher equilibrium char rates. This under-prediction of the
uncoupled approach, assuming a A of 0.3, will be captured in the margin assessment.
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Figure 104: Impact of ablation on the RLVP stagnation line flowfield at 73 s.

5.4 Impact of Ablation on Forebody Radiative Heating

Both the equilibrium and finite-rate char simulations performed in the previous sub-
sections included coupled radiation in addition to coupled ablation. These coupled
radiation simulations included the radiative emission and absorption from ablation
products. The ablation product radiation models used for these simulations have
been presented by Johnston et al. [124,125]. These include molecular band systems
from CN, CO, Hy, Co, CoHs, among others, as well as atomic line and photoioniza-
tion contributions from C and H. This subsection investigates the impact of these
ablation products on the radiative heating. The curve fits for radiative heating
presented in Section 6.4 include the impact of ablation products.

Figure 104 presents the stagnation line temperatures and dominant species mole
fractions for the peak radiative heating case at 73 s. The impact of coupled ablation
is seen to noticeably increase the shock standoff distance, which is the result of the
mass flux from the wall due to ablation. The dominant ablation products at the
wall are C3 and H (CO is also a significant ablation product, although it is also a
large component for the non-ablating cases). While CN and Csq are limited to peaks
below 0.05, this abundance is large enough for the strongly emitting CN Red and
Violet and Ce Swan bands to provide noticeable boundary layer emission. This is
shown in Fig. 105(a), which presents the emission coefficient along the stagnation
line from the strongest molecular band systems. The first three band systems listed
in the legend emit below 6 eV, while the CO 4th-Positive band emits mostly above
6 eV. Figure 105(b) shows that ablation products increase the radiation below 6 eV,
but then the increased absorption above 6 eV cancels this increase. Figure 105(c)
shows this difference on the wall-directed radiative flux profile (these are tangent-slab
values, so are roughly 15% larger than the ray-tracing radiative heating presented
elsewhere). Overall, this shows that the impact of ablation on the stagnation region
radiative heating is less than 10%.

The same figures presented for the stagnation line are presented for the near
shoulder location in Figs. 106 and 107 (again, these figures present tangent-slab
radaition). While the impact of ablation on the stagnation point radiative heating
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Figure 106: Impact of ablation on the RLVP near-shoulder flowfield at 73 s.

was shown to be small, these figures show that this conclusion does not hold in the
near shoulder region of the vehicle. This is the result of both a thicker ablation layer
(due to the impact of stagnation region ablation products flowing downstream),
and due to the weaker emission from the inviscid and post-shock regions, which
makes the relative impact of the ablation product emission larger. Figure 107(b)
shows that CN Violet and Red emission provide over a factor of two increase in the
radiative heating. This would be an extremely important result if the magnitude
of the radiation was larger relative to the convective heating. However, the coupled
ablation radiative heating of 63 W/cm? is less than 5% of the 1600 W/cm? non-
ablating (or 1300 W /cm? for coupled finite-rate ablation) convective heating at the
near-shoulder for this case.

The impact of ablation on the radiative heating (these are ray-tracing values)
through the trajectory is summarized for the stagnation point and near shoulder lo-
cation in Fig. 108. The significant impact of ablation on the radiative heating at the
shoulder indicates that the impact of ablation on the radiation must be accounted
for in the nominal aerothermal environments. Therefore, the aerothermal indicators
presented in Section 6.4 combine the convective heating from non-ablating solutions
(which are corrected for ablation in the material response code) and radiative heat-
ing from coupled ablation solutions (because the material response code does not
include a correction for radiative heating).

5.5 Comparison with CUBRC Measurements with Roughness and
Blowing

The only available ground test that captures the impact of blowing and roughness
on a turbulent flow heating environment is the Orion-sponsored 69CH test in the
CUBRC facility [126]. This test campaign utilized the experience of the 39CH test,
which obtained turbulent heating measurements on a rough surface with no blowing.
These 39CH measurements are considered in Section 4.1.2. In addition to including
blowing, the 69CH measurements differ from the 39CH measurements in that the
model diameter is 2 ft for the 69 CH test instead of 4 ft.
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The present comparison focuses on a single free-stream condition, with a velocity
of 1.59 km/s, density of 3.54e-2 kg/m?, and temperature of 58.3 K. This results in a
diameter-based Reynold’s number of 9 million, which is used in the CUBRC reports.
The angle of attack is 28 degrees, and the geometry is the Orion capsule.

The first comparison made with these measurements implements the nominal ap-
proach for accounting for roughness and blowing. In this approach, the non-blowing,
smooth-wall convective heat-transfer coefficient is modified to account for roughness
using Eq. (7), which is then modified to account for blowing using Eq. (13) at the
specified blowing rate. The roughness height for these cases is 0.1 mm, which consists
of closely spaced hemispherical elements. The blowing rate is essentially constant
across the surface, which results in a spatially-varying B’ based on the spatially-
varying C. Cases with blowing rates of 0.10 and 0.26 kg/m? are considered in this
work. These blowing rates produce B’ values between 0.5 and 2.0. These B’ values
capture the range relevant to RLVP near peak heating, which Fig. 86 shows range
from 0.3 to 1.8 at the near shoulder location, and are roughly half these values at
the stagnation point.

The resulting uncoupled ablation simulations are compared in Fig. 109(a) for
the smooth wall measurements and Fig. 109(b) for the rough wall measurements.
Considering first the smooth wall case, the non-blowing B’=0 comparison shows
good agreement between measurements and simulations above 0.1 m, where the
measurement is turbulent The agreement in the stagnation region, which is not
impacted by turbulence, is also excellent. As the blowing rate increases above zero,
the smooth wall comparison above 0.1 m remains excellent, while the stagnation
region comparison becomes worse. For the RLVP-relevant blowing rates of B’ =
0.6 and 0.3 at x = -0.2 and 0.1 m, respectively, the stagnation region simulation
is 20% below the measurement. Turning to the rough wall case in Fig. 109(b), the
stagnation region simulations are similarly below the measurement by roughly 20%.
For the downstream turbulent regions, however, the rough wall simulations over-
predict the measurements. As the blowing rate increases, the level of over-prediction
increases. As will be shown in the next paragraph, this increased disagreement with
increased blowing is partially the result of applying A=0.3 in the blowing correction
(Eq. (13)).

The impact of A on comparisons with measurements for the rough wall cases
is presented in Fig. 110, which compares A\ values of 0.3 and 0.5 for both blowing
rate cases. While the A=0.5 results compare better in the downstream region, they
make the stagnation-point under-prediction even worse than the A=0.3 results. This
worse agreement is also seen for the coupled results presented in this figure, which
model the blowing at the surface in the flowfield solution, and therefore remove the
blowing correction and need to choose A. Ignoring the stagnation region, both the
measurements and coupled analysis support the choice of A=0.5. However, the stag-
nation region comparison shows that the choice of even A=0.3 is not conservative.
This comparison requires that both A=0.3 is applied for design, and that a margin of
at least 20% is applied at the stagnation point to account for this under-prediction.

The 20% difference at the stagnation region between the nominal measurements
and simulations is converted to a model form uncertainty component by considering
the measurement uncertainty and parametric uncertainty. The measurement uncer-
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tainty reported by Holden et al. [126] is £10%. The parametric uncertainty for this
case was obtained using the analysis presented in Section 2.2.2, which resulted in a
parametric uncertainty of roughly 10% at the stagnation point. The measurement
uncertainty and parametric uncertainty therefore cancel, resulting in a model form
uncertainty component of 20% for the stagnation region. For the downstream tur-
bulent region, the model over-predicts significantly, resulting in a negative model
form uncertainty that will not impact the margin.

While the 20% stagnation point uncertainty resulting from these CUBRC com-
parisons would be overly-conservative if these measurements were not accurate in
the stagnation region, note that the only other ground-based stagnation region heat-
ing measurements with blowing show similar under-prediction as blowing increases.
These measurements made by Feldhuhn [127] on a sphere and Kaattari [128] on
blunt nose are summarized by Thompson [115], who identifies this under-prediction
at the nose. Park [129] argues the increased stagnation region heating seen in the
measurements is due to the blowing producing a form of stagnation-region turbu-
lence, which increases the heating. However, the model proposed by Park fails to
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Figure 111: Example of a cross-hatching pattern from Canning et al. [131].

reproduce the Feldhuhn or Kaattari measurements, and degrades the comparisons
away from the stagnation point.

5.6 Assessing the Potential of Cross-Hatching Patterns Forming on
the RLVP Heatshield

This subsection assesses whether the formation of cross-hatching patterns should be
anticipated to form on RLVP’s SMDCP surface. The consequences of such patterns
are increased heating due to enhanced roughness augmentation (beyond that al-
ready considered) and changes to the aerodynamic forces, particularly increased roll
torques [130]. If cross-hatching is expected, these consequences must be addressed
in both the aerothermal and aerodynamic predictions used for design.

The formation of cross-hatching patterns has been observed on recovered ablat-
ing slender flight vehicles and on post-test ablating ground test models. An example
of this cross-hatching is shown in Fig. 111, which was taken from Canning et al. [131].
This pattern was obtained in ballistic range tests for a model with a Lexan surface.
As reviewed by White and Grabow [132], most ground-test measurements of cross-
hatching were obtained on low temperature ablators such as Lexan and Teflon. For
more RLVP-relevant graphite or carbon-phenolic materials, White and Grabow list
a total of 3 tests, which were performed in arc-jet and rocket facilities. An exam-
ple of a flight test that experienced cross-hatching is reported by Hochcrein and
Wright [133] for a graphite vehicle. Note that cross-hatching has not been seen
for any recovered NASA or JAXA vehicles, which will be discussed further in the
following paragraphs.

A definitive explanation for when and how cross-hatching patterns form is not
available in the open literature, although theories have been proposed [134-136].
Figure 112 presents Powars’s explanation for cross-hatching. In step 1 of this pro-
cess, multiple initial disturbances result in turbulent vortex pairs or a turbulent
wedge that propagate downstream at the local Mach angle. These initial disturbance
may result from surface imperfections or small discontinuities in recession resulting
from non-uniform transition. In step 2, the adjacent vortices collide, which causes a
new disturbance with another set of trailing vortices. The trailing vortices from each
of these disturbances result in increased localized heating and recession. Although
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standard RANS flowfield simulations with turbulence modeling are unable to cap-
ture these trailing vortices in the presence of turbulence, recent simulations [137]
using direct numerical simulation (DNS), coupled to a material response code, have
shown promise in simulating this phenomenon. However, these simulations remain
infeasible for RLVP-relevant cases.

Laminar flow with
increasing Re becoming
marginally stable

Roughness elements initiate trailing turbulent
vortex pairs, or turbulent wedges, which extend
downstream at Mach angle and initiate ablation
groove formation. (In some situations,
roughness elements induce streamwise
"Goertler-like" vortices that may subsequently
bifurcate into these vortex pairs.)
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On conical surfaces over which the
flow is significantly supersonic, this
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Figure 112: Mechanism for formation of cross-hatching presented by Powars [136].

Using the available measurements that experience cross-hatching, past researchers [138,
139] have identified three primary criteria required for the onset of cross-hatching.
The first is that the boundary layer edge must be supersonic, the second is that the
boundary layer must be transitional or turbulent, and the third is that the ablation
rate or recession rate must be relatively significant (this last criterion is admittedly
vague). Using these criteria, the lack of cross-hatching for Stardust [140, 141] or
Hayabusa [142,143] is explained by the laminar flow expected for both vehicles
through the heat pulse. For Genesis [144,145], the forebody TPS was not an abla-
tor, so the last criterion was not met, and the flow remained laminar except behind
3 discrete cavities.

For RLVP, however, the boundary layer edge is both supersonic and turbulent.
This leaves the vague last criteria of whether the ablation rate or recession is large
enough as the deciding factor of whether cross-hatching should be expected for
RLVP. Another complicating factor for RLVP is the woven structure of the 3MDCP
heatshield, which results in a patterned roughness surface that is similar to a cross-
hatched surface. Regarding the level of recession, the predicted nominal recession
for RLVP at the shoulder is less than 0.8 cm. Instead of making the arbitrary
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assessment of whether this recession is too small to enable cross-hatching, other
factors are considered instead. The first is that the AEDC arc-jet measurements
on a 3SMDCP wedge model, discussed in Section 2, exposed SMDCP to RLVP-
relevant aerothermal conditions. These tests captured the turbulence and supersonic
boundary layer edge, as well as RLVP-relevant levels of recession. Post-test scans
of the 3MDCP surface did not show evidence of cross-hatching. This observation
provides valuable evidence that cross-hatching will not occur for RLVP. Note that a
similar measurement in the Langley 8 ft High-Temperature Tunnel was considered
specifically to address this cross-hatching issue, since this facility has demonstrated
cross-hatching in a past test [146]. However, the resulting heat flux in this facility
is less than 30 W/cm?, which results in fundamentally different recession processes
than the flight values of over 1500 W/cm?. This test was therefore not pursued.

Another factor that supports the conclusion that cross-hatching will be negli-
gible for RLVP is the potential wavelength of the cross-hatching pattern. White
and Grabow [132] provide a correlation for this wavelength as a function of the
surface pressure, where higher pressures result in smaller wavelengths. Evaluating
this correlation for carbon-phenolic at the peak RLVP surface pressure results in a
wavelength of 6 mm. This value is close to the wavelength of the surface rough-
ness pattern resulting from the weave, which has a wavelength of roughly 5 mm.
This suggests that the cross-hatching mechanism described in Fig. 112 will be dis-
turbed by the existing weave roughness pattern. Perhaps this does not allow the
cross-hatching pattern to form, in which case it can be ignored, or the resulting
cross-hatching pattern is indistinguishable from the weave roughness. If the latter
is the case, the currently assumed roughness height of 0.7 mm is assessed from the
post-arc jet samples, which would therefore include this cross-hatching influence. Fi-
nally, note that cross-hatching has never been measured on a sphere-cone geometry
with a cone angle larger than 36 degrees, which is likely a result of the decreas-
ing boundary layer edge Mach number with increased angle. This would make its
presence on RLVP’s 45 degree sphere-cone geometry unprecedented.

Based on these considerations, the impact of cross-hatching on the aerothermal
and aerodynamic models for RLVP is assumed negligible.
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6 Heatshield Margins

The approach adopted for the RLVP heatshield convective and radiative heating
margin was presented in Section 2.2. This approach converts the margin evalua-
tion into determining the model form uncertainty (based of experimental compar-
isons), fesp, and parametric uncertainty component, fpgram, which are described in
Sections 2.2.1 and 2.2.2, respectively. As shown in Fig. 7, these components are
summed to obtain the final margin (fiotar):

ftotal = fea:p + fpamm (33)

Recall from Section 2.2 that fe;, is evaluated as the difference between the upper
measurement error bar and upper limit of the simulation’s parametric uncertainty for
the measurement case. This process removes the impact of parametric uncertainties,
which may be different between the measurement and RLVP, from the measurement
comparison, which isolates the model form uncertainty. This model form uncertainty
is due to inadequacies in the model formulation and governing equations, whereas
the parametric uncertainty is due to lack of knowledge of the modeling parameters
that go into these equations.

Because the dominant heating mechanisms in the stagnation and flank regions
are so different, a spatial variation of both f.; and fperem are included in the
analysis. While the spatial variation of fparam comes directly from the parametric
uncertainty analysis, the spatial variation of f.;, is captured by evaluating the
disagreement between measurements and simulations at the stagnation point (fstag)
and downstream of the stagnation point (fgqnk), and then applying the distribution
function presented in Fig. 113. This distribution function blends the stagnation
point margin along the spherical nose cap to the constant value on the flank.

s 2y
fstag / f;axp = \[f;ztag + (Z_l) (fle nk _fs%ag)
fexp ‘
/ ﬁexp = f}"lank
fflank
Stag. point z4 shoulder

Figure 113: Surface distribution function for the measurement-based margin factor, fe.p.

In addition to being spatially-varying, this margin may vary between trajectory
points because fparam is reevaluated for each trajectory point (while fep, remains
constant). This spatial and trajectory point variation of the margin is captured
by including this varying margin in the margined heating indicators presented in
Section 6.4. The following subsections provide details of these fporam and fez com-
ponents for convective and radiative heating.
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Table 17: Summary of model form uncertainties (f.p) resulting from convective heating measurements and
their relevant physics. Values in parentheses are for cases with blowing, while those without parentheses are
non-blowing.

CUBRC Wilder Holden LAL
Orion Ballistic EES
Range Test

Laminar/Stagnation qeony
Rough Turbulent geony
Chemistry Impact on geonv

Blowing Impact on geony

Model form uncertainty resulting from comparison between

measurements and simulations:
Qeony - Stagnation 5 13 0 - 5 20%
non-blowing (blowing) (20) = = - .
Qeonv: NEAr-shoulder - 5 5 3 5 5%
non-blowing (blowing) 0 - = -

6.1 Convective Heating

The dominant physical processes impacting the convective heating at the stagnation
point and on the flank are discussed in Sections 3 and 4, and are condensed into
four categories in Table 17. The ability of the experimental campaigns considered
in those previous sections to engage these physics is noted with a green box in this
table. The more green boxes for a given measurement, the more it represents the
RLVP flight environment. Note that the chemistry impact for Venus entry is not
captured by any of these measurements.

The lower half of Table 17 presents a summary of the model form uncertainties
assessed for each measurement. This assessment, which is presented in the section
discussing each measurement in Sections 3 and 4, is made separately for the stag-
nation point and a representative downstream location. For the limited cases where
a blowing wall is included, the resulting values are listed in parenthesis. A value of
zero in this table indicates that the model form uncertainty was less than zero. The
last column at the right of Table 17 lists the largest model form uncertainty for that
row, which are used to define fstqy and fgonip. These values of 20% and 5% for fsqeg
and fpank, respectively, are applied to the distribution function defined in Fig. 113
to obtain fezp.

A meaningful assessment of the convective heating parametric uncertainty re-
quires simulations that include turbulence, roughness, and ablation, which allows the
uncertainties in modeling parameters associated with these phenomena to impact
the parametric uncertainty. This analysis is challenging because of the computa-
tional expense of coupled ablation simulations and the large number of uncertain
parameters, which are both due to the large number of species required for a cou-
pled ablation simulation. To address this challenge, West [12] developed an efficient
parametric uncertainty approach that minimizes the number of simulations required
for the uncertainty assessment. This approach is integrated into the LAURA cou-
pled analysis and applied to the coupled ablation simulations with finite-rate char
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presented in Section 5.3. Uncertainties in the flowfield chemical rates, roughness
modeling parameters, turbulent Schmidt number, diffusion cross sections, as well
as many other modeling parameters are included in the analysis were presented
in Section 2.2.2. Full details of the application of this approach are presented by
West [12].

The RLVP TPS design and sizing will likely use the uncoupled ablation ap-
proach described in Section 5, which corrects the non-ablating convective heating
(or heat transfer coefficient) with the blowing correction. Therefore, the upper
parametric uncertainty bound resulting from the present coupled ablation para-
metric uncertainty analysis must be assessed relative to the uncoupled convective
heating (instead of the nominal coupled ablation heating). This parametric uncer-
tainty component is defined as the multiplier required for the non-ablating heat
transfer coefficient (fparamCH,0) so that when it is applied to the material response
code for TPS sizing, the resulting C'y obtained within the material response code
(using the blowing correction) is equal to the upper parametric uncertainty limit
(CH upper)- Note that Cy ypper is obtained for a finite-rate char coupled ablation
simulation. Therefore, some of the resulting fyaram captured in this process is due
to the parametric uncertainty in the coupled ablation simulation and some is due
to the different surface model (equilibrium vs. finite-rate) between the coupled and
uncoupled simulations.

The process for evaluating fpsram described in the previous paragraph leads to
the following equation, which is solved iteratively for fparam:

zk(mcfparam + mg)/[CH,Ofpamm]
exp(2)\(mcfpa7’am + mg)/[CH,Ofpamm]) -1

Solving this equation requires that 7. and i, are assigned values that are as close
to the values anticipated within the material response code as possible (obtaining
exact values is not possible without knowing the exact trajectory). This is done by
obtaining the uncoupled equilibrium ablation values for 1. and 1y on the nomi-
nal trajectory using the nominal Cp o, and then recognizing that i, is relatively
insensitive to small changes in Cy and 1, is proportional to Cy o because Bl is
relatively insensitive to small changes in Cpr 9. Therefore, 1, is fixed to the nominal
equilibrium ablation result and . is varied linearly with f4rm, which results in
the fparam multiplying . in Eq. (34). This equation is solved separately for each
point on the surface to obtain a surface-dependent distribution for fperem, which is
also obtained for various trajectory points to make fpqram time-dependent.

Figures 114-116 present the nominal coupled ablation C'y values and the upper
limit coupled ablation C'yy values resulting from the parametric uncertainty analysis.
Also presented in these figures is the nominal uncoupled ablation result, which is
the result likely used for TPS design. Recall that the coupled ablation simulations
apply the finite-rate char model, while the uncoupled result applies the equilibrium
char model. As discussed in the previous paragraph, the change in Cp o required
for the nominal uncoupled ablation result to match the parametric uncertainty is
defined as the parametric uncertainty, which is presented in (b) of these figures. For
cases where the nominal uncoupled ablation convective heating is higher than the
upper limit, this difference is set to zero, such as in Fig. 114.

CHmpper = fpammCH,O (34)
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Figure 117: Final convective heating margin compilation for three cases.

The convective heating or Cy margin is evaluated using Eq. (33), where the
feap values are defined by Fig. 113 and Table 17 (and are constant through the
trajectory), and the fpgrem values are presented in Figs. 114(b)-116(b). These two
components and the resulting margin are presented for three cases in Fig. 117. These
surface dependent margins (defined by the “fiy4”) curve in each figure, are seen
to vary from the 5 to 65% depending on the surface location and case. These final
convective heating margin distributions are computed for a range of database cases
and interpolated to other cases based on free-stream velocity. The resulting surface
dependent margins are included in the margined heating indicators presented in
Section 6.4.

6.2 Radiative Heating

This subsection discusses the evaluation of the model form uncertainty (fes) and
parametric uncertainty (fperam) for radiative heating, which are combined using
Eq. (33) to obtain the radiative heating margin.

The fez values assessed for the radiative heating are based exclusively on EAST
measurements utilizing the STIB approach discussed in Section 3.2.2.

In addition to the f. values for radiative heating obtained from the STIB
approach, the current margin framework represented by Eq. (33) requires the ra-
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Figure 118: Radiative heating parametric uncertainty and combined margin components for the 65 s case
(10.95 km/s, 1.24e-4 kg/m?).
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Figure 119: Radiative heating parametric uncertainty and combined margin components for the 73 s case
(9.07 km/s, 1.22e-3 kg/m3).

diative heating parametric uncertainty. This uncertainty is computed using the
approach and uncertainty values for various parameters presented in Section 2.2.2.
These parametric uncertainty analyses were performed on the coupled ablation sim-
ulations, so that uncertainties in the ablation product radiation are captured. Fig-
ures 118(a)-120(a) present the dominant uncertainty contributors for two cases near
peak radiative heating. The large uncertainty contribution from the CO dissociation
rate is the result of its strong impact on post-shock nonequilibrium emission. The
resulting radiative heating parametric uncertainty is presented as the red dashed
line in Figs. 118(b)-120(b). This is seen to vary from 60-128% in both the stagna-
tion and flank regions. Also shown in these figures is fep, which is the STIB result
discussed in Section 3.2.2, as well as the combined parametric and experimental
components obtained using Eq. (33).

Note the final margined radiative heating is less than 250 W/cm?, while the
convective heating is near 1600 W/cm?. The radiative heating margin approach
presented here is evaluated (meaning the parametric component) at a range of tra-
jectory points and interpolated to others based on velocity. This results in a margin
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Figure 120: Radiative heating parametric uncertainty and combined margin components for the 75 s case
(8.07 km/s, 1.92e-3 kg/m?).

that varies through the trajectory, analogously to the convective heating margin.
This variation allows the change in the dominant physics through the radiative heat
pulse to be captured.

6.3 Final Margined Heating

The final margined heating values for the nominal (“a”) trajectory defined in Table 1
are presented in Fig. 121 for the stagnation-point and the maximum heating value
near shoulder location. The final margined heating values are evaluated as

qfinal,margined = (1 =+ ftotal) dnominal» (35)

where fio1q; 18 the final margin defined in Section 6. These convective values in-
clude the Dahm roughness augmentation model, but do not include the impact of
ablation, whereas the radiative heating includes the impact of ablation. The peak
margined total heat rate (convective plus radiative) is 2203 W/cm? at the stagna-
tion point and 2088 W /cm? at the near-shoulder location. The margined total heat
load between 55 and 85 s is 29.3 kJ/cm? at the stagnation point and 24.8 kJ/cm? at
the near-shoulder location. Assuming a linear decrease in heating to zero within 10
s of the last considered trajectory point (55 and 85 s) brings these total heat load
values to 31.5 and 26.0 kJ/cm? at the stagnation point and near shoulder location,
respectively. Table 18 lists the margined results of the present aerothermal analysis.
The margined values include the margins developed previously in this section, which
vary along the surface and through the trajectory for the convective and radiative
heating. For shear and pressure the fi,:q is assumed to be 10%.

6.4 Aerothermal Indicators

To reduce the aerothermal simulations into a convenient format for application
within trajectory codes, the aerothermal results presented in Table 18 were corre-
lated at two locations on the vehicle surface, the stagnation point and the maximum
heating point near shoulder location. This correlation, which allows the aerothermal
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Table 18: Margined aerothermal values for the database cases defined in Table 1. Trajectories (b) and (c)
are, respectively, the lower and higher heating trajectories relative to the nominal trajectory (a).

Time Case Velocity Density qc qr Cy Pw Tw
(s) # (m/s) (kg/m?)  (W/em?)  (W/cm?)  (kg/m>-s) kPa) (kPa)

55 la 1.117E4-04 4.16E-06 3.42E402 1.09E+401 6.58E-02 1.00E+00 9.47E-03
60 2a 1.117E4-04 2.52E-05 5.23E402 5.46E4-01 1.11E-01 3.31E4-00 8.07E-03
65 4a 1.095E4-04 1.24E-04 9.06E4-02 1.12E402 1.90E-01 1.58E+01  1.16E-02
70 5a 1.018E4-04 5.21E-04 1.62E403 2.64E402  4.00E-01 5.76E401  2.34E-02
73 6a 9.066E+03 1.22E-03 1.93E4+03 2.74E+02  6.38E-01 1.07E+02  2.60E-02
75 7a 8.035E+03  1.92E-03 1.51E+03 2.31E+02  6.63E-01 1.32E+02  3.30E-02
78 8a 6.310E+03  3.24E-03 6.70E4+02 1.60E+01 5.89E-01 1.37E+02  3.02E-02
80 9a 5.213E+03 4.19E-03 3.19E+02 2.14E4-00 5.55E-01 1.22E+02  2.38E-02
85 10a  3.153E403 6.78E-03 8.29E+01  7.16E+400 3.95E-01 7.13E401  1.28E-02

- 1b 1.102E4-04 4.16E-06 4.79E402  7.80E-08 1.03E-01 1.18E+00 2.87E-02
- 2b 1.102E4+04 2.52E-05 6.49E+402 3.77E+401 1.39E-01 3.63E4-00 1.51E-02
- 3b 1.087E4-04 6.15E-05 7.30E4+02 8.91E4-01 1.60E-01 7.70E400 1.03E-02
- 5b 1.018E4+-04 2.64E-04 1.34E403 2.08E+402 3.35E-01 2.91E4+01 1.77E-02
- 6b 9.066E+03 5.66E-04 1.57E403 2.30E+02 5.24E-01 4.97E+401 2.18E-02
- 7b 8.035E+03 9.31E-04 1.19E4+03 2.21E+02 5.46E-01 6.41E+01  2.29E-02
- 8b 6.310E+03  1.62E-03 5.01E4+02 1.67E+01 4.84E-01 6.87E4+01  1.97E-02
- 9%b 5.213E+03 2.19E-03 2.37E+402 1.77E+00  4.63E-01 6.36E4+01  1.48E-02
- 10b  3.153E4+03 3.56E-03 6.76E+01  4.22E+400 3.00E-01 3.74E4+01  8.24E-03

- 1c 1.132E4-04 4.16E-06 5.27E402  8.46E-08 1.06E-01 1.06E+00 1.92E-02
- 2c 1.132E404 2.52E-05 6.61E4+02 6.78E4-01 1.37E-01 3.43E400 9.53E-03
- 3c 1.102E4-04 2.64E-04 1.48E+403 2.23E4-02 3.06E-01 3.42E401  1.94E-02
- 5c 1.018E4-04 1.17E-03 2.70E4+03 3.96E402  6.75E-01 1.29E+02 4.07E-02
- 6¢ 9.066E+03  2.45E-03 3.38E+03 3.61E+02 1.05E4+00 2.15E+02 5.43E-02
- Tc 8.035E+03 3.71E-03 2.53E+03 3.29E4+02 1.06E4+00 2.56E+402 5.64E-02
- 8c 6.310E+03 6.06E-03 1.10E+03 2.59E4-01 9.21E-01 2.57E+02  4.97E-02
- 9c 5.213E+03 7.66E-03 5.26E402 3.13E+00 8.50E-01 2.23E402  4.36E-02
- 10c  3.153E403 1.22E-02 1.04E4+02 1.01E401 5.43E-01 1.28E4-02  2.00E-02

indicators to be estimated for trajectories and points that do not match the ones
presented in Table 18, applies the following functional form:

F=ApSUS (36)
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where F represents either the convective heating (W /cm?), radiative heating (W /cm?),
Cp (kg/m? — s), wall pressure (N/m?), or shear (N/m?). The free-stream density,
Poo, assumes units of kg/m?>, and free-stream velocity, Uso, assumes units of m/s.
The coeflicients for this correlation are listed in Table 19 for the un-margined values
and Table 20 for the margined values. These correlations capture the tabulated val-
ues within +£20% near peak heating, with the percent error increasing at the wings
of the heat pulse.

Table 19: Coefficients for the un-margined aerothermal indicators defined by Eq. (36).

(a) Stagnation Point (b) Near Shoulder
Stagnation Point Near Shoulder
A B Cc A B C

Convective Heating  2.4458E-11 5.9214E-01 3.8984E+00 Convective Heating 4.0691E-10 7.8501E-01 3.7513E+00

Cu 4.0973E-03 4.8044E-01 8.5473E-01 Cu 4.7116E-02 5.8986E-01 6.5094E-01

Pw 8.7580E-01 1.0035E+00 2.0138E+00 Puw 4.4153E-01 1.0000E+00 2.0148E+00
Radiative Heating  2.1799E-18 7.5434E-01 5.5505E+00 Radiative Heating  1.6422E-37 9.6735E-01 1.0440E+01

Shear 8.9112E-05 5.9628E-01 1.8302E+00 Shear 3.2146E-02 5.4246E-01 1.6120E+00

Table 20: Coefficients for the margined aerothermal indicators defined by Eq. (36).

(a) Stagnation Point (b) Near Shoulder
Stagnation Point Near Shoulder
A B C A B C

Convective Heating 5.6602E-16 9.1889E-01 5.3580E+00 Convective Heating 6.9430E-12 9.4414E-01 4.3481E+00

Cy 1.7597E-05 6.8669E-01 1.6495E+00 Cu 5.6966E-03 7.4897E-01 1.0275E+00

Pw 9.6338E-01 1.0035E+00 2.0138E+00 Puw 4.8568E-01 1.0000E+00 2.0148E+00
Radiative Heating  5.1993E-17 8.7075E-01 5.3810E+00 Radiative Heating  1.7228E-42 1.0247E+00 1.1815E+01

Shear 9.8023E-05 5.9628E-01 1.8302E+00 Shear 3.5361E-02 5.4246E-01 1.6120E+00

6.5 Future Improvements

This report presents the most rigorous possible with current aerothermal analysis
tools, with the coupled ablation and margin assessment approach representing ad-
vances in the state-of-the-art relative to any past NASA mission. Nevertheless, areas
of possible improvement include refining the flowfield chemical rates uncertainties,
obtaining better justification for the turbulent Schmidt number, capturing transi-
tion instead of assuming a fully turbulent entry, and increasing the fidelity of the
finite-rate surface chemistry model. It is not clear whether the combined effect of
these improvements would increase or decrease the peak heating or total heat load.

While this report was mainly focused on the aerothermal analysis, surface pres-
sure and shear were also reported for completeness. For these, a flat 10% margin
was considered. Detailed aerodynamic analysis is needed to better estimate the
aerodynamic uncertainty.
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