Aerodynamic Analysis of ADEPT
SR-1 Forebody

A project presented to
The Faculty of Department of Aerospace Engineering
San Jose State University

in particular fulfillment of the requirement for the degree
Master of Science in Aerospace Engineering

By
Zijing Zheng

August 8, 2023

Approved by

Dr. Derek Lang
Faculty Advisor



© 2023
Zheng Z. Oriented
ALL RIGHTS RESERVED



Abstract

Aerodynamic Effort of ADEPT Forebody Analysis
Zheng Z. Oriented

The Adaptable Deployable Entry Placement Technology Sounding Rocket One
(ADEPT SR-1) experienced an unexpected spike in roll rate during reentry. A computational
study was undertaken to analyze the aerodynamic effects on the ADEPT forebody at the peak
Mach condition of the SR-1 experiment. The ANSYS Fluent program was employed to
simulate the spacecraft's aerodynamic performance. An investigation was carried out through
a series of 2D axisymmetric, and 3D model Computational Fluid Dynamics (CFD)
simulations in ANSY'S Fluent, focusing on the SR-1 forebody geometry. The obtained CFD
results were subsequently compared with the dynamic stability data from SR-1 flight articles.
This project aims to determine the potential occurrence of unforeseen aerodynamic effects
demonstrated by the forebody of the SR-1 at Mach 3..
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1. Introduction

1.1 Motivation

The Adaptive Deplorable Entry and Placement Technology (ADEPT) from NASA
introduces a novel semi-rigid, low-ballistic coefficient acroshell entry concept for executing
Entry, Descent, and Landing (EDL) in upcoming planetary entry missions. This innovative
approach empowers engineers to devise a foldable, umbrella-like aeroshell that can be
accommodated within the spacecraft during space travel, subsequently transitioning into a
deployed, nearly rigid, low-ballistic coefficient configuration prior to the EDL phase, as
depicted in Figure 1. The ADEPT architecture is scalable, catering to scientific payload
deployment or human planetary exploration missions spanning the Im to 20m diameter class
size [1]. A compact ADEPT variant can be integrated as a secondary payload, bolstering
primary missions or standing alone in interplanetary endeavors. Alternatively, a full-scale
ADEPT could facilitate interplanetary supply delivery for scientific payloads or vehicle
deployment. A pivotal objective of ADEPT is furnishing a dependable entry system for in-
situ probes, landers, orbiters, and orbiting constellations. The foldable heat shield enhances
the vehicle's payload volume capacity. Notably, the NASA Sounding Rocket 1 (SR-1)
mission undertook a 0.7m diameter nano-ADEPT system flight experiment, which effectively
validated the technology's capabilities through successful deployment and landing [2][3].

In this experiment, ADEPT SR-1 showcased aerodynamic stability sans active
control, descending to Mach 0.8 from an altitude of 100 km. It impeccably achieved all
mission objectives, encompassing full deployment and acquisition of data required for
reconstructing the ADEPT 6-Degree of Freedom model descent trajectory.
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Figure 1. ADEPT SR-1 concept of operation [2]



During the process, ADEPT experienced an unexpected increase in spin rate during
supersonic deceleration after reaching peak Mach. This behavior was not predicted in the SR-
1 preflight simulation, which could lead to unstable landing or positioning during the EDL
phase when ADEPT deploys at higher altitudes for future missions.

The ADEPT flight was predicted by NASA using an Aerodynamic Database (ADB)
generated from wind tunnel tests and Computational Fluid Dynamics (CFD) simulations.
NASA believes that the unexpected flight dynamics were due to ADEPT's faceted shape.
Further calculations and data are required to update the ADB with non-axisymmetric
assumptions applied in Computational Fluid Dynamics (CFD) simulations to estimate the
rolling moments.

ADEPT SR-1 ADEPT SR-1 ADEPT SR-1
Stowed Deployed, Forebody View Deployed, Afthody View
D =0.6878 m

Figure 2, ADEPT SR-1 body view



1.2 Literature review

1.2.1 Reentry Vehicle Heat Shield Geometries

Depending on the mission objective, the design of the heat shield will be determined
by the conditions of the planet's atmosphere or the chosen method of entry (i.e., ballistic or
lifting). Ballistic entry allows the vehicle to perform a "free fall" entry, which does not
require guidance and control, whereas lifting reentry requires active controls using
aerodynamic surfaces or propulsive systems.

For a ballistic entry system like ADEPT, the target location needs to be calculated
during the orbit before initiating the EDL stage of the mission. However, the vehicle requires
a low ballistic factor for direct entry, which necessitates achieving a larger reference area,
high drag coefficient, and low mass [5]. These different geometric shapes serve different
purposes and offer distinct advantages. The geometry of the spherically blunted cone is
defined by the half-angle 6., shoulder radius Rs, base radius Ry, and nose radius Rnose as
shown in Figure 3. The ratio Rnose / Rd is @ common characteristic in heat shield design. An
optimal Rnose exists that minimizes the heat transfer of the vehicle, as decreasing the radius of
a blunt body leads to an increase in convective heat transfer while maintaining radiative heat
transfer. This ratio provides designers the advantage of maintaining the same base radius
without restricting the nose radius.

I R,

Shoulder I~

& L0,
5

£ R,
Nose
RH

X

Figure 3, Basic geometry of the spherically blunted cone [6]

As an example, the 70-degree half-angle sphere cone has become a standard geometry
for Mars entry vehicles following the success of the Viking mission, as well as for the Mars
Exploration Rovers and Mars Science Laboratory, all sharing the same dimensions of 6.
=70°, Rnose/ Rb =0.25 [7][8]. A study on the geometry of the 70-degree sphere cone
concluded that the local surface pressure can be directly affected by the discontinuity at the
junction between the spherical nose and the 70-degree conical frustum. The blunted nose
helps shift the discontinuity towards the leeward shoulder [6].
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Figure 4, Viking entry capsule

The Stardust Sample Return Capsule performed a successful return with interstellar
dust and cometary material collected in space, and created a record of the fastest Earth entry
speed of any space missions, 12.6 km/s enter speed and encountered peak deceleration of 34
g. In the meantime, the capsule presented sufficient aerodynamic stability with a true angle of
attack of 5° or less when it down to Mach 12 region. The Stardust SRC has a similar design

but a smaller size to Viking with a smaller 6. of 60° sphere cone and over all 0.81 m diameter

[9].

The Hypersonic Inflatable Aerodynamic Decelerator (HIAD) involves different
diameter inflatable balloon rings with special fabric stacking each other to forma a spherical
cone heat shield for the payload, and the concept result was demonstrated in the Inflatable
Re-entry Vehicle Experiement-3 in the spring of 2012. The IRVE-3 experienced force up 20
G with a recorded temperature of 1,000 °F and entered Earth’s atmosphere at Mach 10.
Figure 5 shows the configuration of the IRVE-3 with a diameter of 3m and 6. of 60°. [10]

Launch Configuration

Entry Configuration

Cameras

Entry Mass = 281 kg

Aeroshell Diameter =3 m

GLN-MAC Aft Centerbody

Aeroshell

Pressure Ports and
Heat Flux Gauges

Figure 5. IRVE-3 configuration



The Slotted Compression Ramp (SCRAMP) presents a unique design in which the
payload is located in the long cylindrical forebody with a hemispherical nose. It is attached to
a 0c of 70° aft flare with a high half-cone angle, similar to the rest of the vehicle. Within the
aft flare, the compression ramp leads to flow recirculation, producing drag force for the
vehicle. Additionally, some slots are placed within the aft flare to minimize flow
recirculation, which increases the overall drag for the vehicle [11]. This design is similar to
the IRVE-3 but with a different position for performing its entry function.

1.2.2 ADEPT Heat Shield Geometry

The ADEPT is a decelerator with a rigid ribbed structure covered by a 3D-woven
carbon fabric, which deploys outside the atmosphere before reentry. The basic structure of
the ADEPT is outlined in Figure 6 and contains four primary structural components: nose
cap, ribs, struts, and the main body. The lower and upper rings of the main body are
connected by a truss structure. The lower ring provides support for the lower end of the rib
support structures and acts as an outer structure for the secondary payload, while the upper
ring serves as an attachment slot for the nose cap. The nose cap functions as the leading edge
of the ADEPT with a shape of a sphere-cone to facilitate flow transition for the vehicle. The
geometry of the aeroshell determines the number of ribs for the entire structure of the
tensioned fabric framework. The struts are installed in pairs to support the ribs and transfer
the aerodynamic load from the carbon fabric to the main lower ring [12].

Main Body

Payload Area

Figure 6, Basic structure of ADEPT

The design of the ADEPT SR-1 heat shield consists of an eight-sided, faceted cone
with a 70-degree half-angle and a spherical cone as the nose cap, as shown in Figure 7. When
viewed from the aft body of the deployed ADEPT, the main payload is exposed to the
environment without significant protection, unlike most space capsules. Due to its use for a
3U CubeSat payload, the diameter of the aeroshell is 0.69 m from rib tip to rib tip, with a
reference area of 0.37 m?. The vehicle's ballistic coefficient is approximately 20 kg/ m?, with
a total mass of 11 kg [2].
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Figure 7, ADEPT SR-1 geometry [2]

Figure 8. ADEPT coordinates frame [2]

The conventional blunt body heat shield has a more uniform flow field and heat
distribution than the ADEPT due to its unique structural design and material. As shown in
Figure 9, the flow of the forebody of a conventional heat shield is evenly spread out, whereas
in comparison, the flow field of the ADEPT is directed and guided by the structure's ribs.
This implies that the design of the ribs, including their length, width, and number, becomes
crucial for the overall flow field and heat flux distribution. With flow separation caused by
the structure, the discontinuous flow field can indirectly create pressure differences that lead
to aerodynamic instability for overall vehicle control at different angles of attack and speeds.
The ADEPT SR-1 is not axisymmetric, which makes CFD simulations less predictable and
accurate, given the insufficient data for non-axisymmetric heat shields and a wide range of
angles of attack.



a) b)
Figure. 9 Aeroshell Comparison of 1) conventional aeroshell geometry flow field 2) ADEPT
aeroshell geometry flow field. [22]

1.2.3 SR-1 Pre-Flight Simulation Result

The flight simulation is based on NASA's ADB, which covers different flight regimes
including freestream, subsonic, and supersonic. NASA utilized the unstructured Three-
Dimensional (US3D) CFD program for the supersonic regime aerodynamic solution,
resulting in expected unsteady results due to the separated wake flow in the aft body. Figure
10 clearly demonstrates the dominant influence of forebody pressure on the vehicle's
aerodynamics. As no ground test data for the faceted ADEPT SR-1 shape under such flight
conditions was available, this CFD supersonic regime solution was used as the static
aerodynamic database in the trajectory simulation. Figure 11 presents the nominal continuum
supersonic static acrodynamic data with three different angles of attack (AOA). Due to the
ADEPT SR-1's faceted shape, the CFD coefficient of drag (Ca) value is slightly lower than
that of the 70° sphere-cone forebody [25]. Additionally, the forebody's dominance has a
slight effect on the overall CA.

Prior to the SR-1 launch mission, pre-flight simulation is necessary to ensure the
vehicle performs as expected. The Program to Optimize Simulated Trajectories II (POST2)
simulation program is used to characterize the vehicle's behavior in the SR-1 mission. It is a
6-degree-of-freedom flight mechanics simulation program with multivehicle capabilities for
trajectory integration in translational and rotational equations of motion, as well as trajectory
optimization [23]. Since there are no strong indications of autorotation at different angles of
attack or side slip angles, and the rolling rate is expected to remain between 40 and 70 deg/s,
[24]. An axisymmetric congruity assumption was included in the simulation due to the lack
of SR-1 ground test data for the supersonic regime and stable performance observed during
the subsonic ground tests of the subscale SR-1. This assumption allows the simulation to
reduce the number of variables by parameterizing the total angle of attack instead of using
individual matrices for side slip angle and angle of attack. The results of the nominal pre-
flight simulation are presented in figures 12 and 13.
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Figure 10. Freestream Mach number contours and forebody surface pressure contours for
Mach 3 conditions
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1.2.4 SR-1 Flight Result

The SR-1 flight experiment is the first end-to-end test to demonstrate the possibility
of the ADEPT for future application with a nano-ADEPT class as a scale down test
equipment. Figure 4 shows the operation concept of SR-1, the ADEPT deploys at the altitude
of 110 km and marches toward to the ground with no parachutes. It hits its peak Mach
number of Mach 3 at altitude of 70 km and strikes the ground with the impact speed of 25
m/s after a 15 min flight.

From the reconstructed flight result, the SR-1 coefficient of normal force Cx, and side
force coefficient Cy were under-predicted while yaw moment coefficient Cm and pitch
moment coefficient Cn were over predicted. This causes the total angle of attack to oscillate
between 0 to 20 degrees before the vehicle reaches Mach 0.5 in figure 12. The sideslip angle
and angle of attack shows a sign of affecting the overall result independently, and it may
create a larger rolling moment than the simulation selected database. In the meantime, the Ca
was underpredicted at Mach 3, and the aft body pressure shows a significant contribution
factor for the total Ca which its CFD simulation result error could cause the unpredictability
of the pre-flight simulation.
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Figure 12. ADEPT SR-1 Comparison between preflight nominal, reconstructed, and
reconciled aerodynamic force and moment coefficient [4]

In the meantime, the ADEPT experienced extreme roll angular rate increase after
reaching the peak Mach speed as shown in figure 13, and this was not predicted from the
preflight simulation. The roll rate between peak Mach and transonic speed was estimated
around 40 to 70 deg/s from the preflight simulation but SR-1 roll rate exceeded 218 deg/s
when the spacecraft reached Mach 2 during the experiment from the reconstruction data
which over 300% difference from the simulation. The reconciliation simulation was created
based on the pre-flight data with updated changes such as environment condition on the day
of flight and center of gravity adjustment for any possible roll moments changes. The large
radial center of gravity due to the faceted shape rib tip was taken into reconciliation
consideration where possible shift of the radial center of gravity offset can occur.
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Figure 13. ADEPT reconstructed altitude dynamics profile comparison with Mach number

[4]

However, the large roll rate increase was not predicted in the pre-flight simulation nor
the reconciliation simulation with changes according to the SR-1 experiment as shown in
figure 14. The Mach 3 supersonic condition becomes a critical event and time frame for
future SR-1 analyses as vehicle perform unexpectedly than the pre-flight simulation. Korzun
et al noted that the angle of attack and sideslip angle each can create moments larger than the
original ADEPT ADB where axisymmetric assumption is applied in the preflight simulation
[12]. The axisymmetric assumption is that moments created by the slip angle and angle of
attack are assumed equivalent in the pre-flight simulation as shown as the nominal data in
figure 12. Because of the unique design of the ADEPT, there is not enough data or
knowledge to explain the cause of this phenomenon since most of the entry technologies are
blunt bodies with axisymmetric shape. The pre-flight simulation axisymmetric assumption
related to total angle of attack and faceted shape related data in supersonic condition are the
two main focus for the future ADEPT investigation [4]. These flight measures can be an
uncertainty factor for estimation of the flow field encountered by the heat shield during entry
which means the geometry design or the trajectory of the aeroshell can be critical for the
survivability of the vehicle [5].
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Figure 14. Roll rate comparison between prediction and reconstructed values
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1.3 Project Objective

The objective of this project is to investigate the aerodynamic phenomenon of
ADEPT during SR-1 experiments and identify the possibility of ADEPT pre-flight simulation
axisymmetric assumption error. The result of this report will be carried out by the ANSYS
Fluent CFD module. Specifically, ADEPT models will be compared in CFD simulations to
assess whether axisymmetric modeling contributes to the underprediction of moments and
spin rates experienced during flight.

1.3.1 Methodology

This project aims to achieve its results using the ANSY'S Fluent CFD module in
conjunction with Computer Assisted Design software Solidworks to collect data from a
similar flight environment. The SR-1 geometry, provided by the ADEPT program of NASA,
will serve as the basis for the simulation settings, which will be adjusted accordingly based
on the SR-1 model results. The forebody model will be simulated under specific conditions to
recreate a realistic SR-1 experiment environment during reentry, particularly between Mach
3, where the unusual roll rate occurs.

The analysis will be divided into three parts. Initially, the SR-1 model CFD
simulation will be conducted using the 2D axisymmetric setting to create a more accurate
CFD model. The 2D axisymmetric models will be used to validate the 3D model and
simulation settings by comparing them with NASA's simulation data, serving as the baseline
criteria. Once the initial criteria are met and the 2D axisymmetric models provide a reliable
baseline, the same simulation settings will be applied to the next phase involving steady-state
simulation on 3D faceted and 3D axisymmetric rotated model (rotate model). In the
meantime, the 2D axisymmetric simulation will attempt to recreate similar SR-1 performance
from its flight experiment result to confirm the axisymmetric assumption error. However, 2D
axisymmetric simulation can only be done on 0° AOA due to AOA specific flow cannot be
simulated in an axisymmetric flow field which 3D rotated model is required. Simulations
with 3D faceted models with different roll angles and 3D rotated model will be performed
and compared with similar environment condition and setting to study the flow reaction on
the shield in Mach 3. Any possible aerodynamic differences between the SR-1 geometry and
3D axisymmetric rotated geometry can be found in the simulation result if it is caused by the
forebody. Through these simulations, valuable insights into the aerodynamic behavior of SR-
1 during its reentry phase, especially with regards to its unusual roll rate and unique
geometry, will be gained.
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1.3.2 Assumption and Constrains

The project's geometry will be based on the original test subject SR-1, featuring a
simplified aft body and a more detailed forebody to investigate the unanticipated roll moment
and characterize the aerodynamic performance. The detailed geometry of the SR-1 can be
reviewed in figure 7, with rib parameters subject to adjustments based on simulation and SR-
1 flight test results.

The SR-1 roll rate begins to accelerate after it reach the peak Mach which marks this as
crucial event of the experiment. The CFD simulation will focus on the period where SR-1
reaches its peak Mach period which at the speed of Mach 3 in table 1. The project's
environmental assumptions and constraints will be based on the SR-1 experiment conditions
such as altitude and dynamic pressure, allowing for meaningful result comparisons and
serving as a reference for future models.

Table.1 Trajectory condition as key test events

Event Time from launch, s Altitude, m  Mach  Dynamic pressure, Pa_ Angle of attack, deg
ADEPT SR-1 separation 96.31 93,240 22267 0.1825 170.7872
ADEPT SR-1 deploy 1347 107,760  0.8429 0.0016 —171.7977
Apogee 156.18 109930  0.4421 0.00030829 99.6279
ADEPT SR-1 reentry 229 84,945 2655 1.3248 15.8879
Peak Mach 254.37 64,602  3.0954 66483 —2.473

Peak dynamic pressure 281.9 40871 20536 818.4003 —0.493
Mach 0.8 306.63 31454 08 473.9746 —10.9537

1.3.3 Test Models

The 2D axisymmetric models are used to create directed comparison with SR-1 result
to identify the axisymmetric assumption error and used a baseline model setting for future
simulation. The testing models will consider various angles of attack and roll angles in their
CFD simulations to account for the non-axisymmetric characteristics of the SR-1 vehicle.
Each individual 2D axisymmetric model meshes consisted of different roll angles to identify
aerodynamic difference between roll angles in SR-1. The range of roll angles to be tested is
from 0° to 22.5° aligned with rib-to-rib angles of 45° from figure 15. For each individual roll
angle, a 2D axisymmetric mesh will be generated with the same flow field dimensions.
Additionally, the baseline simulation will include a 3D faceted model and a 3D rotated model
with a 0° roll angle, as specified in Table 2. All simulations will be performed at 0° AOA and
Mach 3 condition, representing the peak Mach phase of SR-1's flight.

The range of roll angles for the 3D faceted models will correspond to the series tested
in the 2D axisymmetric models, while the 3D rotated model with a 0° roll angle will also be
selected to align with the axisymmetric assumption due to the absence of z-direction flow in
the 2D axisymmetric simulation. Furthermore, transient simulation will be used to observe
the vehicle's aerodynamic stability with additional time dependency, which cannot be
captured in the steady-state simulation. The transient simulation will focus on an angle of
attack of 2.3°, corresponding to the AOA at which SR-1 experienced its peak Mach during
the SR-1 flight experiments key event in Table 3 [5].
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Figure 15. Model roll angle distribution

Table.2 list of 2D test models

Simulation # 2D /3D Roll angle Mach
#1 2D 0° 3
#2 2D 11.25° 3
#3 2D 22.5° 3
3D faceted 3D 0° 3
3D rotated 3D 0° 3

Table.3 List of 3D test models

Simulation # | 3D Faceted / 3D Rotated AOA Encounter angle / roll angle
Al 3D Faceted 0° -

A2 3D Rotated 0° 0°

Bl 3D Rotated 5° 0°

B2 3D Faceted 5° 6°

B3 3D Faceted 5° 11.25°
B4 3D Faceted 5° 16°
B5 3D Faceted 5° 22.5°
B6 3D Rotated 5° 0°

Cl 3D Faceted 10° 0°

C2 3D Faceted 10° 6°

C3 3D Faceted 10° 11.25°
C4 3D Faceted 10° 16°
C5 3D Faceted 10° 22.5°
C6 3D Rotated 10° -

D1 3D Faceted 15° 0°

D2 3D Faceted 15° 6°

D3 3D Faceted 15° 11.25°
D4 3D Faceted 15° 16°
D5 3D Faceted 15° 22.5°
D6 3D Rotated 15° 0°
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2. Simulation Set Up

The test models will be considered as axisymmetric and 3D models, with speed, angle
of attack, and side slip angles as testing variables, as shown in Table 2. The symmetric model
simulations are created to better understand the flow and encounter different angles of attack
and roll angles in the geometry.

2.1 General

The selection of the density-based solver is based on its high-speed stability compared
to the pressure-based solver. As the mission involves high-altitude environments and the
entry stage, gas compressibility must be considered. The pressure-based solver becomes
unstable beyond Mach 0.3, leading to increased computational power and time requirements
due to smaller time steps for energy and turbulence model calculations. In contrast, the
density-based solver was designed specifically for high-speed compressible flow,
determining pressure from the equation of state without solving pressure correction
equations. Hence, it was the preferred choice for this simulation. Both steady and transient
time solutions will be employed to understand how the aeroshell's geometry influences the
flow field at instantaneous moments and steady stages. However, the transient time solution
will receive greater focus due to the significance of capturing time-accurate phenomena.

The energy equation model was chosen for all simulations as it enables the
incorporation of energy or heat transfer functions within the model and couples the velocity
with static temperature for compressible flow. This is a requirement in Fluent for ideal gas
incorporation.

The Density-Based Solver offers both implicit and explicit coupled methods. The
implicit method, chosen for this simulation, provides greater efficiency and larger time scales
for the main flow perturbations while still delivering accurate results, especially for large
flow fields. The Advection Upstream Splitting Method (ASUM) was selected as the
numerical flux function for this simulation.

For this simulation, the flow characteristics correspond to the altitude of the flight
trajectory depicted in Table 4, specifically when the spacecraft reaches its peak Mach
condition. Assuming a standard atmosphere, the initial condition of the free stream is given in
Table 1. These choices were made to ensure the simulation accurately represents the real-
world conditions during the SR-1 mission.

Table 4. Initial free stream conditions corresponding to 64km altitude

Altitude (km) 64
Mach Number 3

Free stream Velocity (m/s) 960
Free stream Temperature (K) 254.6
Free stream Density (kg/m3) 0.000683
Dynamic Viscosity (Pa-s) 0.000017234
Free stream Pressure (Pa) 50

14



The ANSYS Fluent offers a range of turbulence models based on the Reynold-
averaged Navier-Stokes equation, as represented in Eq. (1). Due to the averaging procedure
in the RANS momentum equations, the presence of the Reynold Stress term introduces
additional unknowns, necessitating modeling to close the system of state equations. One
popular approach is the eddy viscosity model, which employs the Boussinesq hypothesis to
relate the Reynold stress to an eddy viscosity.

T = a - R 5

For this specific project, the one equation Spalart-Allamaras (SA) turbulence model is
selected as the turbulence model due to its numerical robustness and simplicity, making it
well-suited for the analysis of the forebody. The SA model is based on the RANS equations
and has demonstrated stable performance, allowing for reduced computational costs and
faster convergence of CFD solutions. NASA's US3D simulation for the SR-1 preflight test in
the supersonic regime also successfully utilized the SA model. The governing equations are
discretized using the finite volume approach. In this simulation, second-order accurate
viscous fluxes and turbulent source terms are employed, along with a least squares cell-based
gradient approach to obtain a steady solution. A no-slip wall condition is applied at the
boundaries. The flow properties are set to represent calorically perfect air, and the viscosity is
modeled using Sutherland's law, following the ADEPT SR-1 preflight simulation [2].
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2.2 Model Mesh Setup

There are three types of models meshes being used in this simulation: the original 3D
SR-1 faceted model, 2D axisymmetric model, and 3D rotated model, depending on different
roll angles. As shown in figure 16, the SR-1 2D axisymmetric is created by a slice of a
selected roll angle of the SR-1 model, and 3D rotated model is a revolved SR-1 slice with
certain roll angled according to Table 2 and 3. The difference between the 2D axisymmetric
model and 3D rotated model is z-direction force or moment is included in the 3D model
where 2D model does not consider.

0.000 0.500 1,000 (rry
I .

b)

0.000 0.300 (m)

0.000 0.250 0.500(r)

0150
0125 0375

Figure 16. Model overview
a) 2D axisymmetric model; b) 3D rotated axisymmetric model c¢) 3D faceted model
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Each 2D axisymmetric model is assigned and created according to the roll angles
listed in Table 2. The top tip of the vehicle is located at the global origin, pointing towards
the flow field entry as shown in figure 17. A fake aft body connects to the edge of the model
and is surrounded by the pressure far field or outlet (shown in yellow). This extra feature
does not affect the forebody's results but allows for a stable convergence process during
simulation testing. In the 2D model, as shown in figure 17, the flow will enter the pressure far
field (shown in blue) by moving towards the positive x-axis direction and exit out of the flow
field when it passes the SR-1. The axis is placed at the center of the SR-1 as an axisymmetric
axis (shown in red) for the software.

¥
0.000 0500 1.000 rm)
RN SR ¢
0250 0.750

X

Figure 17. 2D model boundary condition

As for the 3D faceted and rotated model in figure 18, the model is placed in the center
of the flow field as well as point toward the negative x-direction. The flow will come in from
the inlet (shown in blue) with a specific direction vector to simulate different angles of attack
(AOA) and exit out of the outlet boundary or its pressure far field (shown in red). To simulate
the AOA, only the axial and normal forces are used in this simulation to avoid data deviations
in the side force and roll moment calculations caused by angled flow. Since the unique SR-1
octagon-shaped shield has different radii with different roll angles, each roll angle between
ribs should be simulated to ensure aerodynamic effect difference caused by the different radii
can be observed in this simulation.
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For each roll angle, the model mesh will rotate accordingly before each simulation to
allow different shield radii to directly encounter the free stream flow. To simplify the data
procession, the z direction force should be remained at zero since no side force is included
other than axial force and normal force in this simulation. In this simulation, regional
meshing methods are employed to streamline the meshing process and reduce the required
computational power in the CFD simulations. For both the 2D axisymmetric and 3D mesh
models, regions were named accordingly in figure 20 and 21, with different cell sizes listed in
Tables 5 and 6. Additionally, surface meshes are applied to the 3D mesh to enhance the
simulation's accuracy.

0.000 0.500 1.000(rmj
I S

0.250 0.750

Figure 18. 3D Model overview
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]
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Figure 19. 3D model boundary condition

18



0.000 0.500 1.000 ()

0.250 0.750

Figure 20. 2D Model mesh region
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Figure 21. 3D Model Volume Mesh Region



The choice of mesh model depends on several factors, including accuracy, cell count,
convergence rate, overall memory usage, and required time per iteration. For this project, the
tetrahedron mesher is selected for both mesh regions due to the complex curvature between
the cap and the shield, where only one method is allowed in a single body in Fluent. The
tetrahedron mesh provides stability and accuracy in regions with complex curvature,
especially around the cap curvature and shield edge, where other methods may result in a
high number of low-quality cells. Although the tetrahedron mesh may increase the cell count,
it significantly improves the accuracy of the model simulation, especially for complex
geometries. Surface meshing is applied to create triangular faces and vertices on the model,
resulting in a better-structured face mesh for the incoming volume mesh process. This
function allows the model to re-triangulate any poor-quality surface mesh and optimize it for
building a more efficient nearby volume mesh. It is particularly beneficial for the 3D faceted
model surface and 2D model, ensuring higher accuracy and a consistent grid surface
throughout the simulation.

Before implementing the 2D axisymmetric mesh in the simulation, a mesh refinement
process was undertaken to verify grid convergence (i.e., ensure the mesh design does not
significantly affect results) and enhance efficiency by selecting the appropriate size mesh.
The mesh settings used for the 2D axisymmetric model will also be applied to the 3D model
mesh. Table 5 outlines the various mesh sizes and combinations considered during the
selection process for this project. To account for computational power limitations, simplified
SR-1 simulations were conducted using different mesh sizes and settings. Figure 22 shows a
short simulation result comparison between ideal meshes size and mesh combination. For
mesh selection, the mesh converges is the priority factor for simulation. From the result, the
medium and fine mesh combination shows a more stable and converged result compared to
the 0.01m and 0.05 m mesh result especially in the gap area between the cap and shield
shown in figure 22b. At the same time, computational power is a cortical limitation with
0.005m size mesh required a significant amount of computational power more than medium
and fine mesh combination in simulation. Ultimately, the medium mesh combination was
chosen for its optimal balance between computational efficiency and validity, and the final
mesh product shown in figure 23.

Table 5. 2D Axisymmetric Mesh Generation Parameter

Uniform Mesh Size Mesh Combination

0.05m 0.0l m 0.005 m Coarse (Simple) | Medium Fine
Region 1 0.05m 0.01 m 0.005 m 0.02 m 0.01 m 0.005 m
Region 2 0.05m 0.01 m 0.005 m 0.008 m 0.004 m 0.002 m
Region 3 0.05m 0.01 m 0.005 m 0.004 m 0.002 m 0.001 m
Tager skewness 0.9 0.9 0.9 0.9 0.9 0.9
Element Quality 0.97171 0.9685 0.96069 0.97073 0.96462 0.93642
Aspect Ratio 1.1709 1.1791 1.2073 1.1717 1.1933 1.2929
Skewness 0.042476 | 0.047435 | 0.05912 0.044011 0.053248 0.096778
Orthogonal Quality | 0.97379 0.97078 0.96344 0.9729 0.96718 0.94043
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Figure 23. 2D model mesh overview
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Parameters used for 3D faceted mesh generation are shown in Table 6. The outcome
of applying these parameters generated a mesh that had 3,768,976 tetrahedral cells, 7,604,422
interior faces, and 665,733 vertices. The mesh overview is shown in Figure 24.

Table 6. Parameter Used for Final 3D Mesh Generation

Region 1
Target Size (m) 0.015
Growth Rate 1.2
Max Size 0.003
Target Skewness 0.9

Region 2
Base Size (m) 0.01
Growth Rate 1.2

Forebody Surface

Base Size 0.005
Growth Rate 1.2

“T

0.000 0400 0.800(m) ®
I .

0.200 0.600

Figure 24. 3D model mesh size view
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3. Test Result
3.1 2D test result

The objective of the 2D axisymmetric test is to establish reliable simulation settings for
future simulations, aligning them with NASA's results. The adjustment of simulation settings
will be based on comparing the outcomes obtained from this 2D axisymmetric simulation
with NASA's results. By achieving a similar simulation outcome to NASA's, this simulation
gains more reliability, minimizing the risk of potential errors.

NASA provided a series of simulation results as the baseline of this project simulation
including pressure contour at 0° AOA as shown in figure 25b, and simulation result of

different AOA in Table 7. The 2D axisymmetric model pressure distribution of the shield
shows similarities in figures 25 which provide confidence of the 2D axisymmetric model
simulation accuracy as well as simulation setting. Additionally, the accompanying figure 25
illustrates the flow distribution spreading equally throughout the shield, indicating that the
flow does not guide to any specific area as a flow stream. This observation first suggests that
the rib parameters does not exert any additional force on the front shield by the current result.

b)

| 6.248e-01

1 4.697e-01
| 3.145e-01
1.594e-01
4.214e-03
-1.509¢-01

Figure 25. Pressure coefficient contour comparison
a) Simulation pressure coefficient contour
b) NASA pressure coefficient contour [21]

The calculation of SR-1 coefficient results is based on the forces acting along specified
vectors and the moments around a designated center along a specific axis of the SR-1 section
wall. The total force of SR-1 is obtained by summing the dot products of the pressure and
viscous forces on each face of the wall with the specified force vector. The force coefficient
is defined as the sum of the total force and the dot product of the viscous force, divided by the
reference value of 2pvi?A, where p represents the freestream density, vris the freestream
velocity, and A is the reference area. To compute the moment about the center of gravity, the
cross product of the pressure and viscous force vectors for each face is summed with the
moment vector ras, which represents the vector from the center of gravity A to the reference
point B. The moment coefficient is then defined as the total moment sum divided by the
moment constant of Y2pviAL, where the reference length is represented by L.

23



—=—X> + DX 3.1
My Tap Fp rap B

The 0° AOA baseline data series was chosen for direct comparison with available
NASA data and is presented in Table 7. The surface area (SA) of the 2D axisymmetric model
varies with different roll angles due to the different rib radius for the respective rib angle,
resulting in the model experiencing more force when the SA is higher. The data indicates that
the Ca for all three models remained within 5% difference from the NASA result, indicating
the forebody facets do not have significant effect on the axial forces. The Cn remained at
zero, as there were no normal forces at 0° AOA. This result was expected and provided
quantitative confidence in the accuracy of the model and simulation settings. In the
meantime, 2D axisymmetric model shows a similar result with less than 2% difference
indicate a sign of axisymmetric of any SR-1 roll angle does not affect the overall
performance of the forebody. The Ansys provided Cm of 0.442 for all three 2D models
considering only one side of the shield as shown in the figure 26b, which required other side
for overall moment calculation, and resulted in 0 for overall Cm with approval from raw data
calculation.

Table 7. 2D baseline result comparison

\ NASA | 2D 0° roll angle \ 2D 11.25° roll angle \ 2D 22.5° roll angle
0° AOA
SA 103716 0.3860 0.4002 0.4241
Ca 1.4561 1.4072 1.4009 1.4199
Cn -3.7710e-05 0 0 0
Cm | 7.3020e-06 0 0 0

consequently, received pressure, as shown in Table 7 .

In this 2D simulation, the flow moves from the negative x region to the positive region.
As the flow encounters the shield cap of the SR-1 shield located at x = 0 m, a shock wave
starts forming between x =-0.12 m to 0 m. Beyond x = 0 m, the pressure profile describes the
shield pressure distribution in the Mach 3 flow field, and result extending to the edge of the
SR-1 shield at x =0.12 m.

As depicted in figures 26 and 27, the 22.5° roll angle results in the thickest shock
standoff thickness at x = -0.12 m, while 0° roll angle model exhibits the thinnest standoff
thickness at x =-0.11 m. The only difference between runs is the model radii. The high
standoff distance occurs with the 22.5° roll angle model, representing the rib area of the
shield, while the lower standoff distance occurs with the 0° roll angle, representing the shield
panel between ribs. Analyzing the model's pressure profile in figure 26, it is evident that all
2D axisymmetric model pressure results are closely similar at 0 degrees of AOA as all model
experiencing similar flows, except for the difference in standoff distance. The difference in
surface area created by the different roll angles leads to changes in standoff distance and,
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3.2 3D Steady test result

The objective of this set of simulations is to characterize the acrodynamics for the 3D
faceted geometry in steady-state flow at various angles of attack (AOA) and roll angles. As
the simulation starts, the flow enters the flowfield towards the positive x direction and makes
contact with the shield at the center of the field. For each AOA, the shock wave forms
approximately 0.12m away from its stagnation point, and its subsonic region within the shock
wave shifts as the AOA increases, as evident in the contour figures 28 to 29.

Figure 29 presents the pressure coefficient shield contour, where each contour
displays the pressure distribution of the shield for each AOA during simulation. As the AOA
increases, the high-pressure zone (depicted in red) moves across the shield, and the pressure
is evenly spread out from the stagnation point of the shield. This diagram indicates that no
unusual pressure regions were detected on the front shield, creating extra force other than the
expected axial force and normal force.
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Figure 28. 3D faceted model pressure contour at difference AOA
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Figure 29. 3D faceted model pressure contour on SR-1 shield at difference AOA
a) 0°,b)5°c)10°,d)15°

As the AOA increases, the axial force decreases, and the normal force increases,
confirming the correctness and alignment of the flow direction simulation setup, as
anticipated as shown in figure 30. The shield experiences minimal side force in comparison
to the axial and normal forces. Specifically, the normal force coefficient ranges between 0 to

0.045 and the axial force ranges between 1.43 to 1.35, while the side force Cy is close to
ZEero.,.

Regarding the moments result, the calculation is performed around the center of
gravity with a selected axis, as shown in figure 30. Although the rolling moment exhibits
slight signs of increase with rising AOA, the range only amounts to approximately 14 x 107,
indicating minimal roll moment created by the front shield in this scenario. The Cm
coefficient consistently decreases compared to other moment coefficients, within the range of
0 to -0.035, and this shows a sign vehicle oscillation might occur and leads to higher total
angle of attack. The uniformity of the results in figures 30a, 30c, and 30f suggests that
different roll angles encountered by the flow have minimal impact on the overall behavior of
the vehicle.
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Figure 30. 3D faceted model result as a function of AOA

Figure 31 displays the flow paths for different AOAs. A notable observation is that
the 3D faceted model does not exhibit any signs of flow gathers into groups of flow paths,
like Figure 9b. The flows remain evenly distributed across the shield, and as the AOA
increases, flow starts to gather at the gap area between the cap and the shield, as expected.
This indicates that the flow maintains its course when encountering the rib area of the shield.
It is essential to note that in CFD, walls are typically assumed to be rigid, which may not
fully represent real-world scenarios. The flexibility of the SR-1 material, however, could play
a significant role in influencing flow distribution at high speeds.

To further investigate the effect of roll angle and AOA, the center of pressure (CoP)
coordinates for each roll angle were collected and depicted in figure 32. The CoP serves as a
critical indicator of the shield's stable location under different AOA and provides valuable
insights into any unusual forces acting on the shield. The CoP calculation is based on the
center of gravity, which is located at x = 0.1032 in Figure 7. The y-axis, z-axis, and center of
gravity origin at x = 0.1032 are marked to clarify the SR-1 coordinates. With an increase in
AOA, the CoP begins to shift away from the origin, reaching a maximum distance of 0.02m
in the y-direction. However, there are minimal changes observed in the z-direction, as the
simulation excludes any side forces, resulting in only minor variations in the moment within
the range of -1 x 107 to 3 x 10 m. This indicates that the roll angle does not significantly
impact the overall forebody performance of the SR-1 when the flow directly encounters any
roll angles.
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Figure 31. 3D faceted model flow path line contour on SR-1 shields at different AOA
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3.3 3D Rotated Test Result

For the SR-1 preflight simulations, NASA approximated the aerodynamic behavior
used an axisymmetric flow assumption. They attributed differences in flight data and
preflight simulations to the axisymmetric assumption not sufficiently representing the faceted
geometry of the flight vehicle. To test this assertion, a 3D axisymmetric rotated model was
created to enable a comparison of the behavior of an axisymmetric flow (which by definition
is 2D) in 3D flow to the 3D faceted model. This 3D rotated model for simulation was
generated by taking a 22.5° roll angle slice of SR-1 and rotating it around the x-axis to serve
as an axisymmetric representation. From section 3.1, the 2D axisymmetric model with
different roll angles showed under 5% difference among them, so there was no need to
change the forebody radius to represent the other roll angles.

The following figures 33 and 34, represent the 0° AOA pressure profile comparison
between the 2D axisymmetric, 3D faceted, and 3D rotated models. The 3D rotated model
shows a greater shock standoff distance compared to other models. In the meantime, the 2D
axisymmetric model with 22.5° roll angle has a similar standoff as the 3D faceted model
while both model shock wave started on x=-0.13m and 3D rotated model started on x= -
0.14m. All models experienced similar pressure on the shield according to the shield profile
in figure 33.
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A comparative analysis of the CFD results between the 3D faceted model and the 0°
roll angle rotated model was conducted and presented in figures 35 and 36, revealing some
differences in aerodynamic behavior. In figure 35, the rotated model's Ca exhibited a similar
decrease rate as the faceted model, with only a 1% difference in the results. The Cn increased,
and the Cm decreased as the AOA increased, with both results aligning as expected. However,
at an AOA of 5°, the Ci and Cn began to show a divergence between the models result.
Nevertheless, the difference in simulation results was around 5 x 10, which is a negligible
value that would not significantly impact the overall vehicle performance.
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In Figure 36, the comparison of CoP coordinates revealed significant changes as the
AOA increased. Although the z-direction differences were small within the range of 107, the
trend showed the CoP shifting further with the 3D faceted model. This indicates that the SR-1
model experienced more force on its forebody, even on a smaller scale, compared to the
rotated model. The differences observed in the coefficients and CoP coordinates suggest
variations in aerodynamic performance, but the overall impact on the vehicle's behavior
appears to be relatively small.
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Figure 36. Faceted model vs rotate model on center of pressure location

When comparing the NASA baseline results in Table 8, the 3D faceted model overall
simulation Ca result has less than a -5% difference, while Cn and Cm show differences within
+7% at all of the AOA. In contrast, the 3D rotated model result exhibits a consistent
percentage difference compared to NASA baseline, with an approximate 3% difference.
Although the 3D faceted model has a higher overall aerodynamic effect by the forebody than
3D rotated model, these force and moment would not be able to create a significant effect on
the vehicle. This indicated the extended flow from forebody to aft body would be critical to
estimate the aerodynamic effect on the vehicle.

Table 8. 3D model result comparison table

| NASA | 3D faceted | % difference | 3D rotated | % difference
0° AOA
Ca 1.4561 1.4319 -1.6% 1.4059 -3.4%
Cn -3.7712e-05 | -1.6940e-05 | -50.0% 5.0367E-05 -233.5%
Cnm 7.3020e-06 -5.71e-06 -21.7% 2.8534E-05 +289.9%
10° AOA
Ca 1.4271 1.3919 -2.4% 1.3837 -3.0%
Cn 0.0268 0.02862 +6.9% 0.0260 -2.8%
Cn -0.0223 -0.0241 -6.6% -0.0149 -33.6%
20° AOA
Ca 1.3435 1.291 41 -4.9% 1.2880 -3.0%
Cn 0.0540 0.05826 +7.3% 0.0519 -2.8%
Cnm -0.0455 -0.04893 -7.0% -0.0394 -33.6%
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3.4 3D Transient Simulation Result

During the SR-1 experiment, the ADEPT SR-1 achieved its peak speed of Mach 3 at t
= 250s and subsequently decelerated to Mach 0.8 within 30 seconds of flight. This rapid
change in spacecraft environment necessitated a timed simulation to obtain a more accurate
response of the SR-1 shield. The transient state simulation enables the model to simulate flow
with time-dependent characteristics and observe the spacecraft's behavior over the given time
frame. Considering the sudden change of force can create strong moments and lead to other
chain reactions, the objective of this simulation is to ensure no dramatic force changes when
the vehicle reaches a certain within a short time. For the simulation, a time frame of 1 second
with 200 time-steps was set, and each time step underwent approximately 300 iterations to
ensure reliable results. Figure 37 displays the outcome of the SR-1 front shield in a 1-second
Mach 3 flow field, incorporating the previous steady-state results. Due to the limited
availability of public SR-1 data, the information presented below represents an average
estimated result at its peak Mach state based on figure 12.

In Figure 37, the model experienced the most force and moment spike at 0.05 seconds
and tended to become stable after 0.5 seconds of the simulation. The Careached to 2.1 att =
0.05s and remained at 1.52 for 0.1 second. Within this 0.2 second, the faceted model reached
a higher result than SR-1 at the same position and speed, this indicated the spike of flow
change could happen and able create a small pitch moment in this short period of time as
shown in figure 37f. The Cn shows a negative spike at 0.05 seconds, corresponding to the
axial force spike. The transient simulation result shows slightly different Cn and Cm compared
to the steady result, which is expected since it falls within the range of 0° and 5° AOA.
However, other CFD steady-state results match the transient simulation result, and NASA's
estimated results are similar as well. The Ci and Cm values fluctuate between 3 x 10 and -3 x
1073, indicating that these two moments were not significant enough to impact the
aerodynamics of the shield significantly.

Testing the SR-1 forebody revealed that the aerodynamic performance of the front
shield alone cannot generate enough side force or moment to induce vehicle auto rotation. In
the meantime, there are no extreme force changes when the vehicle first contacts the flow
within a short time which means the unpredict roll rate increase is unlikely caused by a
sudden change in force. However, the uncertainty of the aft body flow generated by the
octagon-shaped edge will be critical for the overall acrodynamics of the vehicle, and it is
recommended to include a simulation that encompasses the complete aft body flow.
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3.5 Aft body Transition Test Result

Given the absence of significant results from the forebody of the SR-1 shield, it is
possible that the aft body aerodynamics is a more critical factor contributing to the
unexpected increase in roll rate during the SR-1. Further analysis of flow transition between
the forebody and aft body may provide more insight into the effects of the forebody geometry
on the aft body aerodynamics.

3.5.1 0° AOA result

All the test results from the previous simulations were revisited to investigate the flow
conditions at the outlet of the forebody model which would be in the inlet conditions for an
aft body analysis. For the 2D results, the data ranged from the nose of the shield at x =0.12m
and y = 0 m, along the surface of the forebody, to the end of the flow field and a similar set of
data from a position 0.01m further aft, as illustrated in Figure 38. In the case of the 3D
results, the data spanned from one side to the other of the flow field, excluding the model
surface data. The data range was also situated at x = 0.12m and 0.13m, as depicted in Figure
39.

Figure 38. 2D model data collection range

X=0.12m

X=0.13m

Figure 39. 3D model data collection range side view
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Figures 40 and 41 depict a comparison of static pressure contours between the two
models at positions x = 0.12m and x = 0.13m. The flow distribution around the model, as
anticipated, appears uniform, devoid of any pressure spike areas for both models and
locations. Notably, an encompassing low-pressure zone, resembling a ring, becomes apparent
around the model. This phenomenon suggests the potential onset of separation, progressively
intensifying until it converges with the end of the shock wave. This observation raises the
possibility that the aft body will be influenced by distinct forces arising from the turbulent
and uncertain flow, particularly within the vehicle's aft body region.
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Figure 40. Model 0° AOA static pressure profile top-view at x =0.12m
a) 3D Faceted Model b) 3D rotated model
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Figure 41. Model 0° AOA static pressure profile top-view at x =0.13m
a) 3D Faceted Model b) 3D rotated model

The following figures 42 to 44 describe the flow conditions for both x = 0.12m and
0.13m at 0° AOA. Considering this result at 0° AOA, force in 3D model would be
symmetrical between positive and negative region of the model in figure 18, and the
coordinate changes according to its radius. The static pressure data shows a stable and
converged trend before R/Rb of 1.8 within the shock wave for x = 0.12m, and rapid decrease
with a constant rate after R/Ry of 1.8 when it reaches the shock in figure 42a. Small
differences between models can be seen in between R/Rb of 1.8 and 2 with the 22.5° roll
angle (RA) 3D faceted model begin diverging first. Similar data between models shows in
Mach, and temperature data, and this indirectly shows a similarity within shock between RA
atx=0.12m.
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R/Rb of 1.8 and 2.1, as shown in Figure 42b. This difference in y direction shock distance is

Upon reaching x = 0.13m, the 11.25° RA 3D faceted model displays notable
differences compared to other models within the shock region between R/Rp 1 and 1.5. The
difference in envelope shock distance between different models becomes evident between

more pronounced in the Mach distribution with the change estimated around 0.02m depicted
in Figure 43b, where varying roll angles lead to distinct shock distance in the transition flow.
In the meantime, the static pressure and Mach result shows a similarity between models and
roll angles. Considering the influence of different radii for roll angles, it is plausible that

specific sections of the shield may generate a wider shock envelope, introducing more flow
perturbation in the aft flow.
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3.5.2 Test Result at 5° AOA

In the subsequent section, the collected results pertain to a 5° angle of attack (AOA)
derived from the preceding simulation. The recreation of an AOA flow necessitates the
assessment of axial and normal forces. The dataset encompasses a range from -y to +y
(illustrated by the black line), where the normal force flow traverses from the negative y
region to the positive y direction, as visualized in Figure 45b below. At the same time, the
outcomes along the z-axis (illustrated by the blue line) are also taken into account to
demonstrated possible aecrodynamic effect with AOA flow.
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Figure 45. Model data collection location with flow direction
a) Upper view b) side view

The subsequent figures present a juxtaposition of static pressure contours between the
3D faceted and rotated models at positions x = 0.12m and x = 0.13m at a higher angle of
attack. With flow entering from the negative y-direction, discernible pressure disparities
become apparent on the lower and upper sections of the shield, reflected by differing shock
distances. This contrast is visually depicted in figures 46 and 47. Notably, the low-pressure
region, akin to a blue ring encompassing the model, exhibits an augmented thickness as x
increases or extends rearward. Both sets of pressure contours notably adhere to anticipated
flow patterns and shock wave dynamics within the context of AOA-induced flows.
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Figure 46. Model 5° AOA static pressure profile top-view at x =0.12m
a) 3D Faceted Model b) 3D rotated model
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The positive or negative R/Ry region indicated the positive or negative region for
either y or z axis served as coordinate of the shield. Figure 48 underscores this notion,
wherein the model’s static pressure exhibits elevated values within a narrower R/Rb range in
the negative R/Rb region, in perfect alignment with expectations. This phenomenon directly
arises due to the anticipated entry of normal force flow from the negative direction into the
flow field. Conversely, on the opposing side of the shield, the encounter with the shockwave
prompts the shield to experience reduced force exertion over an extended R/Rp range, in
contrast to the negative region Mach and temperature result in figure 49 and 50 on y axis
shows a similar pattern with smaller “bucket” in the negative region than position region.

In regard to the z-direction results, both the negative and positive regions manifest
symmetrical outcomes for pressure, temperature, and Mach, aligning with expectations due to
the absence of lateral forces in this simulation. All models consistently exhibit similar
outcomes along either the y or z direction, regardless of changes in roll angle or the
implementation of a rotated model. This observation underscores that alterations in the
shield’s roll angle do not induce significant changes in the aerodynamic impact on the front
shield alone.

However, discernible variations in shock distances across different roll angles within
the z and y axes are evident in the findings presented in Section 3.5. These disparities
manifest within the R/Rb ratio range of 2 to 2.2, signifying that some flow emanating from
specific edges extends farther outward than others. This divergence in flow paths could
potentially lead to unexpected merging, with the marginal 0.2 ratio variance corresponding to
a mere 0.07m discrepancy. Given the elongated aft body, the implications of flow merging
within this region remain uncertain, particularly under the influence of AOA-induced flows.
Further investigation into the behavior of the SR-1 vehicle is necessary to comprehend
potential additional pressure effects along the cargo’s sides. Consequently, investigation of
the aft body flow is merited.
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4 Conclusion and Future Work

This simulation was conducted to explore the potential existence of additional forces
acting on the ADEPT SR-1 front shield which were not accounted for in NASA's pre-flight
CFD analysis. Utilizing 2D axisymmetric and 3D model simulations, the aerodynamic
investigation demonstrated that no significant unexpected forces or moments were generated
by the forebody of the SR-1 shield in supersonic conditions due to NASA’s use of
axisymmetric assumptions. Moreover, comparisons between steady and transient simulations
revealed that the rib structure of the shield had minimal influence on generating additional
side forces, and variations in the roll angle had negligible effects on overall aerodynamic
characteristics.

Upon scrutinizing the transition flow of both models, a marginal variation in shock
distances emerges within their respective results. This hints at the possibility that the aft
body's aerodynamics has a more pivotal influence on the spacecraft's stability and trajectory
estimation than its front shield. Subsequent endeavors in CFD analysis should be directed
towards comprehending the intricacies of the aft body, encompassing diverse velocities and
environmental conditions contingent on flows around differing radii edges. The suspicion
lingers that the peculiar spin rate encountered in the SR-1 flight experiment may find its
origins in the aerodynamic effects experienced by the aft body. The complexities introduced
by the octagon-shaped edge accentuate the need for an extensive-scale CFD exploration of
the SR-1's aft region. It is advised to enhance geometric precision and meticulously tailor the
computational grid to emphasize the aft body’s adjacent flow area in the CFD model.
Addressing these aspects can lead to a more precise representation of the SR-1 shield's
behavior during reentry, ensuring reliable results for future missions and spacecraft designs.
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Appendix A. 3D Steady Simulation Data
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