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The manual volume mesh generation process for body-fitted CFD codes can be a time-intensive process,
particularly for complex flight vehicles. The work shown here presents a hybrid body-fitted/Cartesian overset
CFD solver capable of automatic volume mesh generation capabilities and accurate surface heating predictions.
The solver uses a body-conformal near body solver for capturing boundary layer effects and an off-body
Cartesian solver with adaptive mesh refinement for shock and wake tracking within the CHAMPS CFD code.
The formulated near body Cartesian solver is the first of its kind to be applied within the context of low
and high enthalpy, hypersonic viscous flows. The developed solver is validated on a Mach 9.47 Mars Science
Lander and a Mach 6 Orion Crew Exploration Vehicle in a low-enthalpy flow at various non-zero angles of
attack followed by a Mach 25.2 AS-202 capsule at a 17.8-degree angle of attack for Earth re-entry. Validation
is shown based on grid convergence studies as well as good agreement to available numerical and experimental

data in consideration of surface heating and surface pressure predictions.

1. Introduction

Heating loads during re-entry and ballistic environments can be
extreme, causing significant thermo-chemical ablation on the thermal
protection shield (TPS) and high-temperature effects to occur in the
post-shock region. Simulating the coupled interaction between the
high-enthalpy flow-field and the TPS requires a robust coupling infras-
tructure and accurate numerical methods for capturing the boundary
layer profiles in a hypersonic viscous flow. Important considerations
need to be made regarding mesh alignment with the shock front,
grid quality, low-dissipation numerical schemes, correct modeling of
high-temperature effects, and efficient mesh motion algorithms when
designing a fluid solver for simulating ablative environments.

As far as the authors are aware, all currently available fluid abla-
tion interaction (FAI) solvers employ manually generated body-fitted,
volume grids for the entire fluid domain to accurately capture surface
heating loads efficiently. Body-fitted codes allow for the use of high
aspect ratio stretched grids in the vicinity of the surface which becomes
particularly effective when seeking to reduce the total number of
grid points required for a given geometry. However, even for simple
geometries, mesh generation that employs both shock alignment and
wall orthogonality may prove challenging while also ensuring high grid
quality. For 3D geometries, this process can be an exceptionally time-
consuming manual process. In consideration of FAI solvers, thought
must also be given to mesh motion algorithms as the TPS ablates.
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The additional requirement of maintaining a high quality grid, shock
alignment, and wall orthogonality after undergoing significant levels of
surface recession is critical to ensuring heating loads are still accurately
captured after significant surface topology changes have occurred.
Automatic meshing capabilities are essential to avoid much of the
previously mentioned challenges. This need for a more automated case
setup and simulation process has been expressed as part of the CFD
Vision 2030 [1]. Cartesian grid and Immersed Boundary (IB) solvers are
readily available to meet this task for automatic meshing functionality,
however, Cartesian grids severely under perform in regards to overall
computational cost for hypersonic viscous flow applications. The need
to resolve the strong near-wall gradients for viscous flows requires cell
Reynolds numbers on the order of unity at the surface. With the lack
of body alignment from the Cartesian grid, near-wall cell aspect ratios
are generally restricted to around 1 resulting in the need for millions or
tens of millions of cells for even the most simple 2D/3D geometries [2].
To date, Cartesian grids have seen limited applications to high-
speed viscous flows, and when used for such applications, they require
prohibitively more computational resources versus more traditional
body-fitted approaches. Some past work include Brahmachary et al. [3],
Sekhar et al. [4], and Arslanbekov et al. [5] which both employed
Cartesian grids to capture heating loads for various geometries, how-
ever, these cases were generally limited to either non-blunt geometries
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and/or low Reynolds numbers which resulted in thicker boundary
layers than generally seen on hypersonic vehicles. In the work of
Baskaya et al. [6], two immersed boundary method (IBM) solvers are
employed to simulating high-speed viscous flows and for a 2D ablator
test case. The INCA solver employs a finite-volume IBM solver with a
cut-cell framework at the surface to ensure a fully conservative method-
ology while the CHESS solver employs a finite-volume scheme with a
ghost-cell convective scheme which is known to be a non-conservative
approach. Significant heat flux under-predictions are shown for the
CHESS solver versus both INCA and US3D as seen by other Cartesian
grid solvers for similar high-speed, blunt body geometries. The work
demonstrates that a conservative convective and viscous scheme is
essential to correctly capturing heating loads, however, the drawback
of low aspect ratio cells at the surface continues to raise significant
concerns on the viability of Cartesian grids for viscous applications.

The work presented here seeks to extend the current application
of Cartesian grid solvers to high-enthalpy viscous flows via a hybrid
Cartesian/body-fitted solver. The formulated solver employs a near
body solver (NBS) which automatically generates a body-conformal
grid for capturing near-wall gradients efficiently and coupling this solu-
tion with an off-body Cartesian solver for simulating high-speed flight
regimes. The so-called CHAMPS NBS-Cart (short for NBS-Cartesian)
solver introduced in this work has demonstrated high levels of accuracy
in heat flux predictions for high-enthalpy environments as well as a
robust infrastructure for coupling into the Kentucky Aerothermodynam-
ics and Thermal Protection System (KATS) material response solver
for simulating TPS thermal response, surface recession, and surface
thermo-chemistry while simultaneously under-going topology changes.
All aspects of the volume mesh generation process for both solvers is
fully automatic, requiring only a surface mesh, and with the use of
adaptive mesh refinement (AMR), the shock, surface topology changes,
and wake structure are also automatically tracked. The implemented
NBS-Cart solver in CHAMPS provides order of magnitude savings in
computational costs versus a fully-resolved Cartesian/IB solver ap-
proach and approaches a more comparable computational cost to a
body-fitted solution in terms of the total number of grid points.

The use of an NBS or strand grid solver for assisting Cartesian grid
solvers in simulating high-speed viscous flows is a relatively new and
emerging technology being developed by some research teams. In the
work of Meakin et al. [2], the NBS NSU3D is coupled to the block-
structured Cartesian solver SAMARC to simulate the vortex-shedding
of a sphere at a Reynolds number of 300. The NBS is able to cor-
rectly capture the separation point on the cylinder and the AMR is
used to track the turbulent wake structure. Strand grid solvers have
also been employed to simulate isolated rotors in hover by Wissink
et al. [7] and was compared back against fully unstructured and mixed
unstructured-Cartesian methods. The strand-Cartesian solver with AMR
showed superior performance in preserving the vortex core coming off
the rotor tip versus the other two methods which may be due to better
quality grid in the boundary layer due to the strand grid solver and the
ability to easily implement higher order schemes in the off-body regions
due to the use of Cartesian grids. In terms of computational cost, for
increasingly large problems, strand grid/NBS solvers compose only a
small fraction of the total computational cost for a given problem,
especially for cases where significant off-body resolution is required for
resolving shock structures or wake features [8]. Significant work in the
implementation of coupled NBS codes is also being done as part of the
CREATE-AV program such as the coupling of the NASA FUN3D code
as the unstructured NBS to the SAMARC Cartesian solver [9] as well
as the KCFD/SAMAir solver which uses the KCFD solver in Kestrel as
the NBS and the SAMAir Cartesian solver [10] as the off-body solver
to name a few. Both solvers also use an overset coupling approach
between the NBS and Cartesian solvers, although the functionality of
the interpolation differs from the approach used in this work. The vali-
dation work from these coupled solvers primarily targeted rotor and/or
rotor-fuselage configurations. None of these prior works, however, were
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tested within the supersonic or hypersonic flow environments, leading
to the primary motivation for this work; to provide a more automated
CFD solver capable of accurate heating predictions under extreme re-
entry conditions. The NBS-Cart solver shown in this work seeks to
extend the application of these solvers to accurate heat flux predic-
tions and ablative flight regimes while accounting for high-temperature
effects and multi-component fluid models.

The CHAMPS NBS solver used here has been employed in the
past for various coupling frameworks. The NBS solver coupling to
the CHAMPS IBM solver via a wall-model formulation was demon-
strated and validated for various perfect gas and high enthalpy flows
in Ref. [11]. The NBS provided surface viscous fluxes to the IBM
solver at grid line intersection points on the surface for closure of
the viscous scheme while employing a ghost-point convective scheme
for the convective fluxes. The NBS was then switched to an overset
coupling approach (NBS-Cart solver) to enhance robustness for moving
boundary problems. The NBS-Cart solver was then validated for a vari-
ety of low and high temperature ablator problems in Refs. [12-16]. The
validation against Camphor (low-temperature ablator) demonstrated
the high levels of accuracy that was achieved with the NBS-Cart solver
while undergoing massive levels of surface topology changes. Graphite
ablation was also simulated to showcase the high-enthalpy capabilities
of the NBS-Cart solver while also capturing surface production due
to thermo-chemical ablation as well as the solver robustness while
undergoing significant surface heating. The prior works show that the
current coupling of the NBS-Cart solver to KATS is efficient and able to
accurately capture surface recession time histories.

The objective of this work is to extend the NBS-Cart solver into
three-dimensional applications and validate the methodology for low
and high-enthalpy flows seen in real-world re-entry problems. The ex-
tension of the CHAMPS NBS into 3D requires a more generalized frame-
work for grid generation and numerical flux calculations due to the
unstructured nature of the surface grids employed here. Wall-normal
structured layouts are retained for efficient line implicit methods to
allow for rapid convergence to steady-state solutions.

This work will proceed as follows. First, the governing equations
surrounding a perfect gas and a fluid in thermo-chemical
non-equilibrium are discussed in Section 2. Next, the CHAMPS NBS-
Cart solver implementation is given in Section 3. Then, validation
results of the CHAMPS NBS-Cart solver for various low and high-
enthalpy test cases is shown with comparison against experimental and
numerical sources in Section 4.

2. Governing equations

In this work, both perfect gas and multi-component fluid models are
employed for validation of the NBS-Cart solver. The governing equa-
tions for a multi-component fluid in thermo-chemical non-equilibrium
(TCNE) are shown here with the perfect gas equations being obtained
by omitting the TCNE source term and assuming a single species
mixture. To simulate Earth re-entry, a 5-species air model (N,, O,,
NO, N, and O) was employed in this work. Thermal non-equilibrium is
modeled using the two temperature model by Park [17] which assumes
that the translational and rotational models are in equilibrium at a
single temperature T while the vibrational and electronic modes are
modeled separately by T,,. Ionization and radiative effects within the
fluid flow field are neglected in this work to reduce the computational
cost of the employed gas model and so T,, = T,. A chemically-reacting
flow in TCNE may be modeled using the compressible Navier—Stokes
equations as in Eq. (1)

‘L—I{+V~<F—Fd)=w, 6))
where U is the conservative state vector, P is the primitive state vector,
F is the convective flux, F, is the viscous flux and W is the thermo-
chemical source term. The primitive and conservative state vectors are
given in Eq. (2) where p, is the species density, p is the total fluid
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density, V = {u,v,w}T is the fluid velocity vector with its specified
components in the Cartesian reference frame, and E and E, are the
total energy and vibrational energy components per unit volume
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Eq. (3) gives the convective and viscous flux vectors such that & is
defined as the contravariant velocity, p is the mixture pressure, J is the
mass diffusion flux vector of species s, t is the viscous stress tensor, q;,
and q,, are the heat flux components for the translational/rotational
and vibrational energy modes respectively, and A, is the enthalpy of
species s.
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For a perfect gas assumption, a Prandtl number of 0.72 is assumed
with the viscosity being computed using Sutherlands law. Mixture
transport properties for 5-species air is computed using the Gupta mix-
ing rule [18]. Further details on the TCNE transport property modeling
can be found in Appendix B.

2.1. Source terms

The thermo-chemical non-equilibrium source term used in this work
is given as

T
W ={w Wy 0 0 0 0 Sp,+Sa) s 4

where w, is the net chemical production rate of species s, S,,, is the
translational to vibrational energy exchange, and S, is the chemical
to vibrational energy exchange. The chemical source term used in this
work contains 5 reactions; 3 dissociation reactions and 2 exchange
reactions. The complete list of reactions being modeled is

. N, +M=N+N+M
0, +M=20+0+M
NO+M=N+0+M
0,+N=NO+0

. N, +#0=NO+N

R N

For the chemical source term, u,, is the chemical production rate of
species s in reaction r and is given by
ns ! ns "
i P j Vip P j Vip
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and the source term, w,, by
nr

W =M, Y i, 6
r=1

where, for a given reaction r, v/ is the stoichiometric coefficient for the
reactants, v’ is the stoichiometric coefficient for the products, ky, is the
forward reaction rate, k,, is the backward reaction rate, and nr is the
number of reactions. Further details on the equations used to compute
the forward and backward rates as well as the reaction rates used in
this work has been provided in Appendices A-C, respectively.
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2.2. Surface boundary conditions

To simulate the AS-202 capsule and compare against the results
of the DPLR solver [19], a diffusion-limited fully catalytic surface
must be included into the NBS structure with a radiative equilibrium
temperature boundary condition. The energy balance at the surface
may be written as

drad = Gr + 9o t Qaif s> @

where g,,, is the radiative heat flux back to the freestream, g, is the
translational/rotational heat flux, g, is the vibrational energy heat flux
and g, is the enthalpy diffusion flux. Expanding the terms yields

T-T T, -T, < Y, - Y,
4 4 _ w v w s S,
€o (Tw - Tref) = Kir <A—’1> +K, <A—'I> + zlprshSA—n’
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where ¢ is the surface emissivity, o is the Stefan-Boltzmann constant,
T,.s is the reference temperature which is set equal to the freestream
temperature, and 4y is the distance from the wall surface centroid to
the first element centroid off the wall where the temperature and mass
fractions are taken to compute the necessary wall-normal gradients.
The two temperatures are assumed to equilibrate at the wall and all
transport properties are computed based on the wall state. The solution

to Eq. (8) is found via Newton solve given as
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A Ay
such that the transport properties are assumed constant in the near-wall
region to simplify the derivative computation. The solver is iterated on
index, k, until a residual of 1 x 10~'? is reached. The fully catalytic
wall in this work models a diffusion-limited recombination of atomic
nitrogen and oxygen at the surface. From Park [20], the recombination
rates for atomic species may be given as

_ RnT,
ON w = ~"YNPNw o = (12)
and
RoT,
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The above equations give the recombination rates of atomic nitrogen
and oxygen based on the species gas constant R,, wall temperature 7,,,
species density at the wall p; ,,, and catalytic efficiency y, which is set to
1 for the AS-202 test case. Based on the molecular dissociation reactions
for 5-species air, the atomic recombination rates must exactly balance
the molecular recombination rate. Then, from the surface mass balance
equation

PwD; LYo A:*”’ = @y, a4
it is shown that the species diffusion flux to the wall must balance the
recombination rate at the surface. From these equations, a system of ns
by ns equations can be solved for the new wall mass fractions. Within
each Newton iteration of the radiative equilibrium solver, the wall
mass fractions are recomputed to ensure the two boundary conditions
mutually converge on the correct state at each instant in time.
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Fig. 1. NBS-Cart solver overview for a 2D cylinder test case (left) and a hypersonic capsule test case (right) with a detached shock front.

3. CHAMPS NBS-Cart solver

A brief overview of the CHAMPS NBS-Cart solver algorithm is pro-
vided here before outlining specific details regarding the formulation of
the NBS including the mesh generation process, governing equations,
and numerical treatment as well as the coupling of the NBS solution
with the off-body Cartesian grid. The numerical treatment employed
in this work for the Cartesian solver is also briefly described for
shock-capturing on non-aligned grids at high Mach numbers.

3.1. NBS-Cart overview

The NBS-Cart solver employs a overset mesh topology to leverage
the algorithmic efficiencies related to both Cartesian grid and body-
fitted grid solvers. The CHAMPS Cartesian grid solver is capable of
automatic mesh generation via adaptive mesh refinement (AMR) such
that a surface mesh is provided to CHAMPS and a block-structured
Cartesian grid is generated around it based on user-supplied settings at
the initialization phase. The Cartesian grid is then adaptively changed
during run time for shock and wake tracking as required to ensure
adequate grid resolution in regions of importance (see Section 3.7 for
more details). The Cartesian grid will be under resolved within the
boundary layer region and, hence, a NBS is employed in this area. The
NBS automatically extrudes out a volume grid based on the provided
surface mesh to the Cartesian solver which is used to resolve the near-
wall gradients. At the surface, the NBS employs a traditional wall
boundary condition (no-slip, isothermal wall for example) while at the
tip of each ray, denoted as the NBS overset interface, the NBS is coupled
into the Cartesian solver solution. Image points are placed at the tip
of each ray emanating from the surface and the Cartesian solution is
sampled onto each image point. This image point state is held fixed
and used in combination with the NBS interior flow state to extrapolate
flow conditions into guard cells located on the opposite side of the NBS
overset interface.

A two dimensional schematic of the NBS-Cart solver layout is shown
in Fig. 1(a) for a cylinder test case. The figure shows the body-fitted
NBS grid that has been extruded out from the surface with the green
point at the tip of one NBS ray denoting the image point used at the
overset interface. The image point and interior point states are then
used to extrapolate conditions into the marked red cells which are
used as guard cells at the overset interface to facilitate higher-order
schemes. Fig. 1(b) shows a similar layout for a capsule geometry with
the detached shock marked as the blue curve ahead of the vehicle.
The Cartesian AMR is used to refine blocks in the vicinity of the shock
front with the green curve representing the location of the NBS overset
interface relative to the shock interface. The overset interface couples
into the Cartesian solution within the shock layer for all cases in this
work. A second overset interpolation is used to transfer near-wall data

R

2

R R
AR
R
ST

Fig. 2. NBS grid generation on a sample MSL capsule with a quadrilateral surface
topology.

from the NBS to the Cartesian solver. This second overset interpolation
injects updated flow state data into the first 3-4 layers of Cartesian cells
located right at the geometry surface, effectively removing any need for
irregular point treatments typically used by IBM solvers.

3.2. NBS grid generation

As part of the CHAMPS Cartesian grid solver, a surface mesh com-
posed of any arbitrary set of polyhedrals is provided as an input at
start-up. This surface mesh is used as the basis for the NBS grid gener-
ation procedure. The surface grid is first partitioned before proceeding
with the grid generation. Since the NBS is solved in a sequential manner
with the Cartesian grid solver, the surface grid is partitioned equally
across all processors to maintain load balancing and strong scalability
to large-scale models. Each processor identifies neighboring surface
elements to its own partition to facilitate the MPI exchanges of various
data at each iteration or during linear solver iterations. The number of
identified neighboring surface elements is dependent on the order of the
employed numerical scheme. Next, surface node normals are computed
as a distance weighted average of all surface elements that share
that surface node. Then, an identical wall-normal node distribution is
applied for all surface nodes to generate the body conformal grid layout
as depicted in Fig. 2.

To minimize reconstruction errors at the NBS overset and surface
boundaries caused by rapid changes in cell sizes, the cell size distri-
bution in the wall-normal direction is modified from a pure stretching
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Fig. 4. Sample Cartesian grid block-structure around the Orion CEV showing variable
boundary refinement to resolve the fore and aft-body. Shock front is colored via a
Ducros sensor from numerical simulations shown later and the red box denotes the
region in which the shock tracking AMR is active.

function. Maintaining the interior schemes formal order of accuracy at
boundaries requires a sufficient number of guard cells to avoid order re-
duction due to a reduced stencil size. At the NBS overset interface, to re-
main consistent with the last several layers of cells in the interior of the
grid, the cell size is mirrored over the interface such that the first guard
cell centroid is equidistant from the interface as the last interior cell.
Similarly, the second guard cell centroid will be equidistant from the
NBS overset interface as the second last interior cell and so on. At the
geometry surface, the cell size is held fixed at the user specified first cell
size for as many cells as there are guard cells. A schematic of this proce-
dure is shown in Fig. 3 for a sample 1D grid generation assuming four
guard cells are specified. The grid stretching is exaggerated for clarity
and all cases in this work use two guard cells for consistency with the
stencil width of a third order MUSCL reconstruction on the NBS grid.
In consideration of aft body modeling, significant computational
costs can be incurred by maintaining a constant boundary refinement
on the Cartesian grid. Fine mesh spacing is maintained on the fore body
to properly capture the shock and to ensure sufficient resolution exists
between the shock front and fore body, however, the aft body sees no
such restriction and can be captured well with coarser Cartesian cells.
The CHAMPS solver is capable of employing variable boundary refine-
ment AMR capabilities to provide more targeted grid resolution [21]
as shown in Fig. 4. The NBS grid generation is formulated to perform
variable extrusion heights based on the detected local Cartesian cell size
at the surface. This methodology allows for the NBS height to scale pro-
portionately with the Cartesian resolution to facilitate a stable coupling.
During the grid generation process, the NBS identifies the local
Cartesian grid block at the base of its ray protruding from the surface
and computes the minimum grid spacing in that block. Each NBS ray
then independently computes its own extrusion height as a function
of the identified minimum Cartesian spacing as outlined later in Sec-
tion 3.6. This leads to the resulting NBS structure shown in Fig. 5(a).
Discontinuities in the NBS extrusion height are expected and so a

smoothing operation is performed next to gradually grow the NBS grid
from regions of smaller Cartesian spacing to regions of larger Cartesian
spacing as shown in Fig. 5(b). The resulting grid structure provides an
ideal grid for capturing both the fore and aft body boundary layer pro-
files with smooth transitions in grid cell sizing. It is important to note
that the extrusion height smoothing operation only modifies the growth
rate of the stretched point distributions and the total extrusion height
and do not modify the first cell height at the surface or degrade the wall
orthogonality sought from prior steps of the grid generation process.

The smoothing process itself is a relatively simple process and
is fully parallelized across all processors. Each processor identifies a
subset of interior, exchange, and domain boundary surface elements
from which to build its grid (can be seen in Fig. 6). Based on this subset
of surface elements, an associated list of surface nodes is identified,
with many nodes being claimed by several processors due to the
overlapping grid structure (for MPI communications of flow-field data).
The local NBS extrusion height is a data quantity stored at every surface
node. To parallelize this smoothing process, a separate nodal partition
is generated such that every surface node involved in the NBS grid
generation is owned by only one processor. For each smoothing step, a
box filter is applied to the current extrusion height set at each node
followed by a nodal exchange of the node extrusion heights to all
neighboring processors. This smoothing is iterated for a set number of
user-defined steps to achieve smooth grid transitions across the NBS.

Automatic mesh generation around complex vehicles would require
more sophisticated grid generation algorithms such as node normal
smoothing as shown by Meakin [2] et al. or the hyperbolic mesh
marching method as shown by Secco et al. [22].

3.3. NBS-Cart parallelization

The NBS solver first identifies all surface elements contained within
the fluid domain and then partitions the grid based on the surface
mesh. Partitioning is performed using the METIS library with a k-way
partitioning approach to maintain good load balancing across all pro-
cessors [23]. The NBS and Cartesian solvers are solved in a sequential
manner and so the NBS partitioning occurs across all processors being
used for a given simulation. The overset interpolation algorithm (shown
next) is performed on the surface partition computed by METIS due
to better load balancing than the volume-based surface partition from
the Cartesian solver. Only a fraction of the processors on the Cartesian
volume partition touch the surface, hence, any manipulation of solution
data near the surface is better handled by the NBS partition. Data
transfers between the two solvers may then exchange data between the
two partitions for purposes of a fully parallelized solution coupling. A
schematic of a sample surface partition using METIS is shown in Fig. 6
for a 10 processor grid on the fore-body of the MSL capsule.

Once each processor has been given a list of surface elements that
it now owns (shown as blue cells in Fig. 6), the process of generating
the grid data structure can proceed. This begins first with the iden-
tification of two layers of neighboring elements on the surface grid
and the differentiation of these cells between domain boundary surface
elements and exchange elements (elements owned by other processors).
Upon identification of the complete list of cells (interior, exchange,
and domain boundary if any), each processor generates its own local
grid based on the computed variable extrusion height. Next, the unique
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Fig. 6. NBS surface partition for the MSL capsule on 10 processors with the right image depicting a single processor zone with its interior elements marked in blue and exchange

elements marked in red.

numbering of all local partition nodes, faces and cells is performed as
well as the necessary computation of relevant geometric quantities of
all faces and cells and the associated point clouds for computing finite
volume cell and face gradients.

3.4. NBS overset interface

The coupling of the Cartesian off-body solution to the NBS overset
boundary condition located at each ray tip is applied through image
points. From each surface element centroid, image points are projected
along the surface element normal for a distance equal to the height of
the NBS grid extrusion. This places the image points directly on the
shared face between the last interior cell of each surface ray and the
first guard cell at the NBS overset interface (Fig. 7). A surface ray is
denoted as the collection of wall-normal cells protruding from a given
surface element. The flow-field at the image points is sampled from
the surrounding Cartesian cells using a weighted least-squares (WLSQR)
interpolation with the weighting being based on the distance from the
Cartesian cell to the image point. The NBS in this work is used to resolve
the entire boundary layer which implies that the NBS overset interface
is located beyond the boundary layer edge. For all cases shown in
this work, the image point interpolation requires only second order
accuracy since the image points are located within smooth flow regions.
Higher order accuracy has negligible impact on the final solution for
the cases tested in this work.

NBS Overset Interface

Interior Cells ! Guard Cells
.4 : .3 : ’2 : x 1: n I 1 : } 2: ‘3 : 4
ny- Ny ny- ny- y = ny+ ny+ ny+ ny+
’Image Point

Fig. 7. NBS 1D stencil schematic of grid cells located within the vicinity of the overset
interface as well as the location of the Cartesian grid image point with n, denoting the
number of wall-normal cells.

Due to the partitioning strategy employed on the Cartesian grid,
not all processors own surface elements, hence, the volume-based
surface partition of the Cartesian solver and that of the NBS rarely
align. Fig. 8(a) shows the volume-based surface partition which clearly
follows a block-structured topology and also highlights the idea that
not all processors own surface elements. Every surface element has an
associated image point which can be used to set boundary conditions
(for IBM simulations) or NBS overset interface conditions (for the
NBS-Cart solver) with the ownership of the image point data being
represented by the Cartesian surface partition. The interfacing NBS
surface partition is also shown on the right in Fig. 8(b) which shows
the misaligned communication structure. A communication interface is
required to send the image point interpolation data from the Cartesian
partition onto the NBS partition before the overset boundary condition
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Fig. 9. NBS-Cartesian solver layout for the MSL capsule with the near body grid overlayed on top. Note that each block on the Cartesian mesh contains n, x n, x n, grid points.

can be applied. After the exchange, the overset boundary condition
uses a Dirichlet condition on all quantities to fix the state at the image
point quantities. The interior and image point data is used to fill each
subsequent layer of guard cells using the following stencil

brp = % (D7 + bay g1 ) + O, (15)

where ¢, denotes the image point state, n, is the number of wall-
normal interior cells, and j is the guard cell layer which ranges from
1 to n, such that n, is the number of guard cells required to satisfy
the interior scheme order of accuracy. The use of this stencil is made
possible due to the mirroring of the cell sizes over the overset interface
as previously described which also helps to enhance the NBS robustness
versus a non-uniform stencil. The complete Cartesian to NBS overset
interface coupling may then be shown in Fig. 9. Similarly, the red points
in Fig. 9 denote image points at the NBS overset interface and the
shaded red region refers to the image point interpolation cloud used to
sample the Cartesian volume solution for application of the NBS overset
boundary condition.

3.5. Overset interpolation algorithm

The use of an NBS negates the need for an immersed boundary for
the Cartesian grid solver because of the use of an overset interpolation
algorithm. The near-wall Cartesian flow-field is set via an overset
interpolation from the NBS solution into several layers of Cartesian
cells which removes the need for high levels of grid resolution on the
Cartesian grid. Furthermore, no irregular schemes are required on the
Cartesian solver which helps alleviate robustness and accuracy issues
typically found in the vicinity of immersed boundaries.

The overset interpolation begins by identifying an upper and lower
bound for the overset region on the Cartesian grid. The lower bound

in this work is taken as the geometric surface position while the upper
bound is located approximately ndx away from the lower bound such
that Ax is the local minimum grid spacing near the surface. The upper
bound is not taken as a fixed limit for this overset algorithm; its primary
purpose is for visualization of the underlying methodology. It is shown
in Fig. 10(a) that in regions of no grid alignment with the boundary, all
required overset cells are clustered well below the approximate upper
bound than regions of increased grid-boundary alignment. Four layers
of cells are employed to ensure no regular convective stencils attempt
to access data stored in invalid cells behind the boundary.

Upon identification of all overset Cartesian cells, each cell must be
mapped to an NBS donor point. An NBS donor point is defined as the
NBS cell center that has been associated with a given overset cell and
will be used as the central point in the overset interpolation cloud, from
which all remaining cloud points will be referenced to. To identify the
donor point for each overset cell, a kd-tree is built from the surface
grid. Then, each overset cell identifies the nearest n surface elements
as potential candidates as shown in Fig. 10(b) for a sample three
point nearest neighbor identification. Each candidate is then checked
to ensure it resides within the NBS fluid domain. Multiple candidates
are identified from the kd-tree to ensure we fine the closest in-domain
element, since for more complicated geometries, the closest surface
centroid is not necessarily equivalent to the closest in-domain surface
centroid. The partitioning of the overset interpolation is based on which
candidate surface element each overset cell selects. In general, all
processors claim a subset of the overset Cartesian cells to interpolate
into (based on the NBS surface partition), however, this distribution is
rarely perfectly load balanced. The overall cost of this interpolation is
negligible in comparison to other more intensive operations (such as
right-hand side evaluations or implicit solves) and so the efficiency of
this algorithm is acceptable.
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Fig. 10. Overset Cartesian cell map showing all identified overset Cartesian cells (left) and a sample 3-point kd-tree mapping approach for the green overset cell to identify the

closest in-domain surface element.

The final step of the overset interpolation setup after the overset
cells have selected a candidate surface element, and hence partitioned
themselves, a 1D look-up operation is performed to find the NBS donor
point. This operation is performed by comparing the distance function
of the Cartesian cell and all wall-normal NBS cells associated with
this surface element to find the nearest NBS cell center on this ray.
With an identified donor point, a cloud of cells built from three wall-
normal layers of the NBS grid is built (with the NBS donor as the
central layer). The number of points in the cloud is a function of the
number of neighbors a given cell has. In this work, quadrilateral surface
elements are used which have eight neighbors within a given NBS
layer (including diagonal neighbors) for a total of 27 NBS points in
the interpolation cloud. Interpolation coefficients are computed using
a second order WLSQR routine, similar to the overset interface.

For perfect gas simulations, the primitive variables are interpolated
into each Cartesian cell, whereas for high-enthalpy cases, the solver
interpolates the fluid pressure, ns — 1 mass fractions, velocities, and
temperatures onto each Cartesian cell. From this interpolated state,
the species densities may be computed. The final species density for
species ns can be reconstructed from the interpolated pressure, tem-
perature, and the other ns — 1 mass fractions. Interpolating pressure
and mass fractions as opposed to species densities reduces pressure
artifacts in the Cartesian flow-field that appear immediately after the
interpolation due to difficulties in accurately capturing the strong
species density gradients in the near-wall region and helps to enhance
solver robustness and stability. It has been noted by the authors that
pressure oscillations (resulting from the overset interpolation) have
a much more significant impact on solver stability than oscillations
in other quantities. It is assumed that the pressure generally sees
more significant interpolation errors than other quantities when using
the primitive state since the interpolation error from all the species
densities and temperature would be cumulative when computing the
mixture pressure with p = Y'° p RT versus directly interpolating
pressure. For the 3D cases studied in this work, artifacts caused by the
overset interpolation algorithm are not a concern. Artifacts are only
realized when interpolating within the boundary layer, however, for all
cases in this work, the Cartesian cell size at the surface is larger than the
local boundary layer thickness resulting in the interpolation happening
in low-gradient regions. However, to demonstrate this issue, a sample
2D reentry capsule at Mach 7.9 is simulated such that the Cartesian
grid may be refined sufficiently until the first few layers of cells at the
surface reside inside the boundary layer.

Fig. 11 shows the comparison of directly interpolating the mixture
pressure near the wall and reconstructing the mixture pressure at the
wall using the interpolated primitive variables. Clear pressure artifacts
are shown within the first layer of cells at the surface when trying to
reconstruct the pressure using the interpolated primitive variables. By
directly interpolating the pressure into these cells, the pressure artifacts
are completely removed. The interpolation of other variables within
the near wall region are shown in Fig. 12. Minimal artifacts are shown
in the velocity contours, however, interpolation errors are picked up
in the mass fraction and temperature values in the first two layers of
cells. This Cartesian grid is over-resolved for this 2D test case which
leads to the overset interpolation occurring deep into the boundary
layer whereas a typical 2D test case would use coarser grid cells at the
surface to avoid this issue and still be able to obtain a grid converged
solution.

3.6. NBS extrusion limitations

The user specified settings that control the NBS grid generation are a
function of the freestream conditions and of the coupling methodology.
The number of wall-normal cells and the cell size at the surface of the
NBS is determined based on the required boundary layer resolution
to achieve grid convergence and based on the cell Reynolds number,
respectively. The final variable is the NBS extrusion height, however,
which is dependent on the employed coupling methodology and in
particular, the local Cartesian cell size in the vicinity of the NBS grid.
It is easier to discuss the extrusion factor, «, instead of an extrusion
height, hy g, such that the extrusion factor in 1D may be defined as

o= lnBs (16)
AxCurt

where Ax,,, is the local Cartesian grid spacing at the wall. To maintain
solver stability, a lower bound on the NBS extrusion height must be
set such that well-posed overset interpolation stencils may be found
which do not access data stored in the NBS guard cells at the overset
interface. By avoiding any data access from the NBS overset interface
guards, the Cartesian and NBS solutions allow for some feedback and
stabilization to occur between the competing fluid solutions which be-
comes especially important in subsonic regions as seen behind detached
shock structures from the various cases shown later in this work.

In general, the minimum extrusion factor that is capable of retaining
a stable coupling is around 4 based on the test cases used in this
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Fig. 11. Close-up of the mixture pressure flow-field in the nose region of a Mach 7.9 re-entry capsule showing the overset interpolated state via reconstructing the pressure (left)

and via interpolating the pressure directly (right).
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Fig. 12. Close-up of various interpolated quantities in the near-wall region of a Mach 7.9 re-entry capsule to highlight overset interpolation difficulties in high-gradient regions.

work. The upper bound on the extrusion factor is arbitrary, however, a
smaller extrusion factor requires less wall-normal cells to achieve grid
convergence on the NBS. For multi-dimensional flows, the lack of a
wall-aligned Cartesian grid needs to be accounted for when comput-
ing the extrusion height and so 4x,,, is replaced with 4%,, which
represents the cell diagonal length of the Cartesian cell near the wall.
For 3D flows, this is given as

h h
— A{\IBS — \/ NBS ) a7
XCart sz

2 2
+ 4y, +4z

Cart Cart

Based on the test cases in this work, an extrusion factor between 4 and 6
yielded good accuracy and stability. For the MSL and Orion test cases,
an extrusion factor of 6 was used while an extrusion factor of 4 was
used in the AS-202 capsule due to the smaller shock standoff distance.
Allowing the shock to interact with the NBS overset boundary condition
can pose stability issues and so this interaction is avoided in this work.

3.7. Cartesian adaptive mesh refinement

The Cartesian solver grid generation employs an adaptive mesh
refinement algorithm (AMR) when CHAMPS initializes to automatically
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generate a grid based on the user provided settings. Different regions of
an imported geometry can be assigned a different identifying compo-
nent number (set within the mesh generation program, i.e. Pointwise in
this work). The user may then specify different target grid resolutions
for each component number on the Cartesian grid. The AMR algo-
rithm will then recursively split blocks isotropically in all three dimen-
sions until the target grid resolution is achieved. This generated block
topology represents the initial Cartesian grid for a given simulation.
During runtime, the AMR is periodically called (at a user-specified fre-
quency) to locally identify blocks for refinement or derefinement as the
flow-field evolves. The refinement strategy may be based on any num-
ber of target criteria, however, only two are used in this work.

The Cartesian AMR does flow feature refinement via pressure gra-
dient tracking. A refinement function, ¥, is defined as

Vp

Y= 18
max|, (Vp) 18)

With the normalized pressure gradient across the entire block-
structured Cartesian grid, AMR refinement and derefinement is handled
based on user provided threshold values such that if ¥ < ¥, is true
for any point in a block, the block is coarsened while if ¥ > ¥,, the
block is refined with refinement taking priority over derefinement [24].
To remove any influence of the grid spacing on the computed pressure
gradient, the lower and upper bounds on the refinement function are
scaled based on the grid level

Y=

! 2Lmax_ .

) | with n € [1, L] - 19)
.‘Uu = 2Lpax—n "

¥;' and ¥ represent the respective lower and upper bound AMR
thresholds scaled for a given grid level n and L,,, is the user set
maximum number of refinement levels. In this work, the lower and
upper bound on the refinement function has been set to 0.05 and 0.1,
respectively.

To facilitate wake tracking in the AS-202 capsule (shown later), an
additional refinement criteria is added in to track subsonic flow regions
and apply targeted refinement. The AMR computes the Mach number
in all grid cells and any block which is found to contain subsonic flow
regions is refined up to a user-specified maximum refinement level LY
where L < L.

3.8. Spatial and temporal discretization schemes

The CHAMPS block-structured Cartesian solver in this work uses
the WENO-Z scheme of Jiang and Shu [25] with smoothness indi-
cators proposed by Liu et al. [26]. It was shown in Ref. [27] that
WENO-Z provides a good compromise between accuracy and cost; it
eliminates order reduction at critical points, but it is more expensive
than a mapped WENO scheme. The smoothness indicators detect local
discontinuities and reduce the formal order of accuracy to a third order
scheme. For flow-fields with strong shocks on non-aligned grids, even
the reduced order WENO scheme can produce pre- and post-shock
artifacts and so the WENO scheme is augmented with a characteris-
tic variable reconstruction based on the Roe-averaged state and the
convective flux is computed with Steger—-Warming flux splitting which
is employed for all cases in this work. On non-aligned grids, shock
artifacts can present themselves under certain conditions which impact
the accuracy of the heat flux profile on the surface. This issue is
corrected by fully reducing to a first order convective scheme in the
presence of strong shocks. This is achieved by using the classical Ducros
sensor [28] to formulate a numerical flux as

T == f 1KLY +af17} . (20)

where @ is the Ducros sensor value, f |gr11 ’ is the right face flux
computed using a first order scheme and f |,”+’IE/12" O is the right face

flux computed using a fifth order WENO flux reconstruction with
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characteristic variable transformation. The scheme is able to efficiently
detect shocks and remove artifacts that would otherwise deteriorate the
predicted heat flux profile with a minimal increase in computational
overhead.

The NBS solver uses a finite-volume formulation with a third order
MUSCL reconstruction [29] to obtain the left and right flow states
on a given face with the convective flux being computed with a
modified Steger-Warming flux function to reduce dissipation within the
boundary layer. The left and right states at the face are reconstructed
as

1
L —
Gsip=4+ 7

I [(1 —)p(dr) (g = gi_y) + A+ )p(Vr) (441 — a;) | (1)

and

1
qﬁl/z =441 — Z [ (I =)p(Vripp) (q[+2 - q[+1)

+ (1 + x)p(Ariyy) (‘1i+2 - ‘1i+1) ] > (22)
where ¢(r;) is a flux limiter to handle non-smooth solution reconstruc-
tions and « controls the order of accuracy on the solution reconstruc-
tion. Setting k = —1 yields a second order scheme while x = 1/3 yields a
third order scheme (which is the method used in this work). A minmod
style limiter is employed where

¢ (4r,) = max <o, min <1, %)) (23)
i~ 4i-1

and

& (Vr;) = max <0,min<l,%>>. 24)
i+1 ~ 4

The formulation of the modified Steger-Warming flux is detailed
next. The Steger-Warming scheme employs a flux splitting approach
into upwind and downwind components as

- R

7 _ L
Tlivip = AT 0+ AL G0 25

where A = 3—5 is a diagonalizable Jacobian matrix of the convective

flux, F, in the face normal direction, 5, evaluated at the cell center.
The splitting of matrix A into its upwind and downwind components is
performed as

A* = RA*L, (26)

where R is the matrix of right eigenvectors of A and L is the inverse
of R. Appendix D gives the left and right eigenvector matrices used
for the perfect gas simulations while Appendix E gives the matrices for
the TCNE solver. Steger and Warming [30] proposed eigenvalues of the
form

W= <,1,. + \/,1,?+e2>

where A; = {@, ..., 4, 4+a,4—a,0)7 is the eigenvalue vector for the TCNE
convective flux, A; = {4,4,8,4 + a,0 — a)T is the eigenvalue vector for
the perfect gas convective flux, and ¢ is used to add dissipation into the
flux scheme as

(27)

e=03(lal +a). (28)

The modified Steger-Warming scheme shifts the evaluation of A*
onto the cell face and computes the matrix using an averaged state
q,- The modified scheme needs to revert to the original formulation
(matrix evaluation at the cell center) when approaching discontinuities
to maintain stability. Therefore, a switching of the form

q; =1 -w) qu:I-I/Z + qulil/z (29
and
4, = wqil;-l/Z +-w) ‘751/2’ (30)
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where ¢* is used to compute A* and w is a shock sensor given as

1

w= 1 (31)
2 (oth)2 +1
and
Vp = |.17i = Pitil ) (32)
min (1’[, Dit1 )

The parameter « is used to control the sensitivity of the shock sensor
and is set to 6 in this work. In smooth flow regions, the shock sensor
will approach 1/2 such that A* will be computed using the average
of the left and right reconstructed states, while at shocks, the sensor
approaches 0 such that A* is computed using the left or the right state,
respectively.

Due to the discrepancy in spatial scales between the two grids,
solution oscillations may exist if the respective CFL numbers differ by
a significant magnitude. Therefore, the Cartesian solver is advanced
with a two stage, second order RK scheme while the NBS solver takes
advantage of the structured wall-normal memory layout to employ the
DPLR [31] implicit algorithm for rapid convergence of the wall-normal
boundary layer gradients. The NBS also solves the full set of governing
equations shown in Section 2 to remain consistent with the off-body
solution. The full time advancement algorithm for the NBS-Cart solver
is given in algorithm 1.

Algorithm 1 NBS-Cart solution advancement procedure

1: Interpolate to Cartesian solver image points.

2: Cartesian to NBS partition exchange of image point data.

3: Set boundary conditions on NBS.

4: Solve governing equations on NBS and advance solution forward in

time.

5: Compute surface data on NBS (if this is an output step).

: Overset interpolation of NBS near-wall flow-field onto Cartesian
overset cells.

7: NBS to Cartesian partition exchange of overset cell data.

: Apply overset cell interpolation onto relevant Cartesian cells.

9: Set boundary conditions on Cartesian solver

10: Advance Cartesian solver forward in time.

[}

o]

4. CHAMPS NBS-Cart solver validation

Validation of the CHAMPS NBS-Cart solver will be shown for both
perfect gas and high-enthalpy flows for various capsule geometries at
non-zero angles of attack. The perfect gas NBS-Cart solver is validated
using a scale Mars Science Lander (MSL) capsule against experimental
and numerical data for surface heat flux measurements along the
capsule center line for a range of angles of attack from 0-degrees
to 16-degrees. Additional validation of the perfect gas solver is then
performed on the Orion Crew Exploration Vehicle (CEV) at higher
angles of attack of 16-32 degrees. Validation of the Orion CEV is
achieved via comparison to published experimental results and the
numerical solution from LAURA for surface pressure and heat flux on
the fore-body. The TCNE NBS-Cart solver in this work is validated
on the AS-202 capsule against the solution from DPLR for a single
trajectory point at an angle of attack of 17.8 degrees as well as against
available flight data.

4.1. Case 1 - Mach 9.47 MSL Capsule

Validation of the formulated NBS-Cart solver for low-enthalpy flows
is performed on a scale MSL capsule at various angles of attack ranging
from 0-16-degrees in increments of 4-degrees. This allows for valida-
tion of the heat flux prediction capabilities for complex flow fields of
a capsule at non-zero angles of attack. The MSL capsule is tested at
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Table 1

Freestream conditions for the Mach 9.47 MSL capsule test case.
P (Pa) u,, (m/s) T, (K) T, (K) Ma Re, (1/m)
167.9 1405.59 54.8 294.44 9.47 432 x 10°

Mach 9.47 and was initially run experimentally by Hollis and Collier
(2008) [32], namely run 3021 which is the lowest Reynolds number
case to maintain laminar flow on the capsule fore-body. Numerical
results are also available from the work of Chen et al. [33] using a
body-fitted solver. Freestream conditions for this case are provided in
Table 1.

A surface grid is generated for the MSL capsule which is provided
to the NBS-Cart solver for generation of the NBS and Cartesian volume
grids during start-up. A 180-degree capsule section of the fore-body
is simulated to capture the angle of attack effects on the surface
heating and since no side-slip angle was measured in the experimental
campaign. The 0-degree angle of attack, however, employed only a 90-
degree section of the capsule. A visualization of the employed surface
grid for the MSL capsule as well as the overall NBS-Cart grid structure is
shown in Fig. 13. The surface grid is entirely composed of quadrilateral
elements and the NBS extrusion is performed well into the shock layer
to facilitate the coupling between both solvers.

Initial analysis of this test case is targeting the impact of the Carte-
sian convective scheme treatment on the computed surface heating
profile while the NBS convective scheme treatment remains fixed (em-
ploying a 3rd order MUSCL scheme with a modified Steger—-Warming
flux). Four methods are tested on the Cartesian solver. Method 1
employs a WENO-Z scheme with a Rusanov flux splitting as shown in
Eq. (33)

j',i =fix4U;, (33)

while method 2 employs a global Rusanov flux splitting in the WENO-Z
scheme such that 1 is taken as the maximum value of the spectral radius
across the entire WENO-Z stencil as in Egs. (34) and (35) (as suggested
in Shu and Osher [34])

F1 = i max(d), 10U, 34)
and
.?,_ = fi —max(4);_y.;.3U;. (35)

Method 3 employs a Steger-Warming flux with the WENO-Z scheme
while method 4 employs the method presented in Section 3.8 which
employs a Ducros sensor for shock detection and locally reduces the
WENO-Z scheme to a first order numerical scheme at the shock front.
Fig. 14 shows the computed heat flux profile on the MSL capsule at an
8-degree angle of attack since this angle of attack was the most chal-
lenging for the Cartesian solver to obtain artifact free heating profiles.
Also shown is the U-velocity contour extracted at the symmetry plane of
the capsule to highlight the incoming velocity streaks generated at the
shock front while using higher order methods in this region (methods
1-3).

Methods 1-3 show velocity streaks coming in from the shock which
then get interpolated to the NBS interface and imprint themselves onto
the surface which generates a significant heating artifact. The Ducros
sensor effectively identifies the shock front and reduces the WENO-Z
scheme to a first order treatment and removes any velocity streaks from
negatively impacting the surface solution, although it does produce a
slightly more diffused shock. It is assumed that this issue is a result of
the Cartesian grid not being aligned with the shock front as is typically
done for body-fitted codes to avoid numerical artifacts. Therefore, all
subsequent results will employ method 4 as previously mentioned.

Validation of the solver is limited to surface heating extracted
along the symmetry plane to compare both the windward and leeward
side heating on the fore-body only. A grid convergence study was
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(b) NBS-Cart

Fig. 13. NBS-Cart computational model schematic for the MSL capsule at a 16-degree angle of attack. The MSL capsule and surface grid is visualized (left) as well as the NBS

volume mesh and Cartesian block-structure with the Cartesian domain colored by temperature (right).

(a) Method 1

(b) Method 2

(c) Method 3

(d) Method 4

Fig. 14. Comparison of various Cartesian solver convective scheme treatments in terms of computed U-velocity contours and surface heat flux profiles at an 8-degree angle of

attack on the MSL capsule.

performed at the highest angle of attack. The Cartesian grid for each
case employed roughly 2.5 million cells with a cell size of Ax =
8.33 x 107* m at the surface. The NBS grid used for the results

this section (upon conclusion of the grid study) used 100 points

in
in

12

the wall-normal direction and about 5200 cells on the capsule surface
for a total of 500k cells. The cell size at the wall was held at Ax =
1x 10® m. The total combined cost of each case was around 3 million
points with the 0-degree model employing half as many points due
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Fig. 15. Heat flux profile along XY plane for the MSL capsule at 16-degrees from the NBS grid resolution study (left) with a close-up view at the nose (right). Solid lines denote

heat flux profiles while dashed lines denote pressure profiles.
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Fig. 16. Surface pressure and heat flux profiles on the MSL capsule at Mach 9.47 and a O-degree angle of attack.

to the use of a 90-degree section. The results from the grid study at
the 16-degree angle of attack condition is shown in Fig. 15 with the
solid and dashed lines representing the heat flux and pressure profiles,
respectively. Good grid convergence is achieved for all cases in terms
of the surface pressure profile. Focusing exclusively on the prediction
of the stagnation point heating, slight differences are noticed upon
reducing the cell size at the surface with Ax = 2 x 10° m under-
predicting the magnitude by a small amount, however, smaller cell sizes
of Ax = 1x10~® m and 4x = 5x10~7 m show good agreement. In terms of
wall-normal resolution, no variation in heating is shown, demonstrating
grid convergence. Therefore, the NBS grid with 100 wall-normal points
and a cell size of 4x = 1 x 10~% m is used for all subsequent MSL cases.

Beginning with the 0-degree angle of attack, the surface pressure
and heating contours on the capsule are shown in Fig. 16.

The computed surface pressure contour shows a peak pressure of
about 20 kPa with a smooth profile as expected. The surface heating
profile, shown in Fig. 16, is more sensitive to the numerical treatment
and overall mesh quality of the solver, however a smooth profile is
shown here as well. Looking at a profile extracted just offset from the
XY plane, a comparison against published data can be made. Based
on Fig. 17, good agreement is shown versus the experimental and
numerical data with only a slight under-prediction of the heat flux at
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Fig. 17. Heat flux profile along XY plane for the MSL capsule at 0-degrees.

the stagnation point on the order of about 3%. An otherwise smooth
heat flux profile is captured along the entire length of the capsule
as well as an accurate capturing of the localized heating peak at the
shoulders. Differences in the solution captured by the NBS-Cart solver
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Fig. 19. Heat flux profile along XY plane for the MSL capsule at 4-degrees.

and the body-fitted results of Chen et al. [33] have been attributed to a
few potential sources. One potential reason could be the reduction to a
first order convective scheme used on the Cartesian solver in this work.
This reduction helps to remove undesirable artifacts in the post-shock
and surface solutions, however, it can cause slight adjustments to the
final heating profile due to a more diffused shock front. Additionally,
grid independence of the heating profile was not shown in the work of
Chen et al. [33] and a cell size at the surface of Ax = 5 x 10™° m was
used which could result in an under-resolved boundary layer solution.

Moving to the 4-degree angle of attack test case, the surface pressure
and heat flux profiles are shown in Fig. 18. A very slight downward
shift is observed in the surface pressure profile, shifting towards the
windward side of the capsule as the stagnation point shifts downwards
as well. The heating profile shows reduced heating on the leeward,
fore-body conical section as a result of the non-zero angle of attack
and a slightly stronger heating peak on the windward shoulder than
the leeward shoulder.

The slight angle of attack shifts the peak heating point onto the
windward side of the capsule. Good agreement is still shown against
the available experimental data and the profile remains mostly within
the experimental uncertainty for the given conditions (see Fig. 19).
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Surface pressure and heat flux profiles on the MSL capsule at Mach 9.47 and a 4-degree angle of attack.

At 8-degrees, the surface pressure and heat flux profiles shift further
towards the windward side with an increasingly large local heating
peak on the windward shoulder. Some asymmetry can again be seen
in the heating profile on the leeward side and windward side in the
vicinity of the symmetry plane. The pressure profile is artifact free and
shows a smooth surface profile as expected (see Fig. 20).

Investigating the heat flux extraction by the symmetry plane, good
agreement is again shown versus the experimental and numerical data.
The heat flux shows particularly good agreement on the windward side
and at the stagnation point, however, a very slight over prediction is re-
alized on the leeward side of the fore-body. The over-prediction on the
leeward side has been partially attributed to the first order reduction at
the shock front. A pure WENO-Z scheme on the Cartesian solver shows
a heating profile that falls just below the upper uncertainty bound on
the experimental data, however, a significant heating artifact manifests
itself near the nose on the windward side as a result (see Fig. 21).

At 12-degrees, the shock standoff distance is significantly smaller
on the windward shoulder versus the leeward shoulder resulting in a
very significant increase in surface heating. The peak pressure profile
has now been completely shifted onto the windward side at this angle
of attack and the heat flux profile for these conditions show improved
symmetry versus the 4 and 8-degree cases (see Fig. 22).

The predicted stagnation point heating is about 5% higher than that
predicted by the body-fitted solution of Chen et al. [33]. Regardless,
the predicted heat flux is still within experimental error from the test
campaign and the local heat flux peak at the windward shoulder is now
shown to be nearly equal in magnitude to the stagnation point heating
(see Fig. 23).

At the final angle of attack, the relative pressure difference between
the leeward and windward sides of the capsule is quite significant with
the peak pressure at the stagnation point shifted a considerable distance
onto the windward fore-body conical section as expected. A significant
decrease in surface heating is shown on the leeward side of the capsule
as the flow expands around the capsule nose resulting in a slightly
thicker boundary layer (see Fig. 24).

Final comparison of this test case versus the measured experimental
data shows excellent agreement in the prediction of the heat flux
magnitude. For the first time, the heating at the windward shoulder
shows a higher magnitude than that of the stagnation point, owing to
the closeness of the shock to the surface at this flight configuration (see
Fig. 25).
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Fig. 20. Surface pressure and heat flux profiles on the MSL capsule at Mach 9.47 and a 8-degree angle of attack.
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Fig. 21. Heat flux profile along XY plane for the MSL capsule at 8-degrees.

4.2. Case 2 - Mach 6 Orion CEV

The second validation case for the perfect gas 3D NBS-Cart solver
involves the modeling of the Orion Crew Exploration Vehicle (CEV). A
scaled down model was tested at the Langley Research Center (LaRC)
20-inch Mach 6 air tunnel at various Reynolds numbers and angles of
attack. The extracted experimental data allows for validation of the sur-
face pressure profile and surface heating of the capsule fore-body with
additional numerical validation provided by Hollis using LAURA [35].
To demonstrate the capabilities of the 3D NBS-Cart solver for automatic
mesh generation around the full vehicle and the capturing of the wake
flow-field, a 180-degree model is simulated here including the aft-
body. Geometric sizing of the capsule is provided from the work of
Hollis [35].

Several Reynolds numbers based on the capsule diameter, Re, p,
were simulated for each angle of attack where the capsule diameter
has been scaled to 0.1778 m. At the highest Re, , = 4.3 x 105, signs
of transition to turbulence on the leeward fore-body were noted via a
local increase in the surface heat flux. Therefore, the conditions used
here are from the second highest Re,, , = 3.44 x 10° since validation
under laminar flow conditions is sought for this work. The freestream
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Table 2

Freestream conditions for the Mach 6 Orion CEV test case.
P Pa)  u, (m/s) T, K T,E Ma Re,p H,-H, J/kg)
1677 955.9 63.4 300 6.0 344 x 10° 220 x 10°

conditions for the selected test case is given in Table 2 with the angle
of attack varying from 16 to 32 degrees in 4-degree increments.

The overall grid structure employed for the Orion CEV is shown
in Fig. 26. Similar to the MSL capsule, a quadrilateral surface grid is
employed for this test case. The Cartesian grid is allowed to coarsen
by one grid level in the aft-body region as shown through the block
structure resulting in a variable NBS extrusion to be performed by
CHAMPS.

A preliminary look at the converged solution for the Orion CEV
capsule at a 16-degree angle of attack is shown in Fig. 27. The Cartesian
AMR is used to track the shock structure in front of the fore-body of
the capsule and is allowed to coarsen out beyond the shoulder extent of
the CEV. The solution on the Cartesian grid is captured with a WENO-Z
scheme. The wake structure also appears to be well captured, however,
no heat flux and pressure measurements are available in the aft-body
region and so its investigation is left as a strictly qualitative insight for
this case.

The comparison of the heat flux data has been normalized using the
laminar heating correlation of St(Re,, p)'/> which is a function of the
Stanton number, S7, and the Reynolds number based on the capsule
diameter to be consistent with the published data of Hollis [35]. The
Reynolds number used for normalization has been provided in Table 2.
The Stanton number is computed as

dw
Poolloo (HO -
where g, is the wall heat flux, and H, — H,, is the difference between
the total enthalpy and the wall enthalpy. This value was provided by
Hollis [35] for each set of experimental conditions and has also been
provided in Table 2.

For the Cartesian grid, the cell size at the surface was set to around
Ax = 7.8 x 10~ m on the fore-body and Ax = 1.56 x 1073 on the
aft-body for all cases shown here. The total number of grid points is
case-dependent due to the changing shock shape in combination with

St = , (36)

Hy,)
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Fig. 22. Surface pressure and heat flux profiles on the MSL capsule at Mach 9.47 and a 12-degree angle of attack.
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Fig. 23. Heat flux profile along XY plane for the MSL capsule at 12-degrees.

the AMR tracking, however, each case contained roughly 10 million
Cartesian points.

To gauge the correct grid resolution required for an accurate pre-
diction of the boundary layer solution, a grid study is performed on
the NBS grid. The Cartesian grid resolution is assumed to have min-
imal impact on the fore-body heating profile provided that sufficient
resolution is employed to allow for the NBS extrusion procedure to
be performed. The NBS grid study was focused on the effects of the
wall-normal resolution and of the cell size at the surface, whereas, the
streamwise spacing is assumed to have a relatively negligible impact.
Five grids were tested as shown in Fig. 28 where solid lines denote heat
flux profiles and dashed lines denote pressure profiles. Both the surface
pressure and surface heat flux were insensitive to variations in the wall-
normal resolution and first cell size showing great grid convergence.
Therefore, the final NBS grid employed a wall spacing of Ax = 1 x107°
m with 100 wall normal points and 16,640 points on the surface for a
total grid size of 1.7 million. In total, each Orion CEV test case involved
roughly 11.7 million grid points to capture a 180-degree section of the
capsule.

Looking at the computed surface data for all test cases, plots of
surface pressure and heat flux for the fore-body are provided in Fig. 29.
The error associated with the heat flux measurements on the experi-
mental model had been estimated to be + 12% [35]. Comparison of
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the surface pressure agrees very well against the solution with LAURA.
Similarly, good agreement is shown on the computed heat flux along
the entire capsule fore-body. The experimental data shows a localized
increase in the heat flux measurement around a position of z/R = —0.5.
This artifact has been attributed to real, non-laminar, or unsteady flow
phenomenon occurring in the test section and has been observed in
other experimental campaigns according to Hollis [35]. At the higher
angles of attack of 20, 24, 28, and 32 degrees, good agreement is again
shown for both the surface pressure and heat flux in comparison to the
data by LAURA and the experimental measurements. The experimental
data again sees a localized increase in heating at the 20-degree angle
of attack, however, this artifact vanishes at the highest three angles.
The CHAMPS NBS-Cart solver solution consistently remains within the
estimated experimental uncertainty for all conditions.

At the highest angle of attack tested for the CEV vehicle, no heat flux
measurement artifact is shown in the experimental data on the wind-
ward side. Without this phenomenon present, very good agreement is
shown between all three data sets on the windward side. Overall, only
minor disagreements in the final heat flux are shown between both sets
of numerical data.

4.3. Case 3 - AS-202 capsule

Validation of the TCNE solver will be performed on the AS-202 re-
entry capsule [36]. Numerical data is available for comparison from
the work of Wright et al. [19] using the DPLR code with a grid study
at the 1 = 4510 s trajectory point. The same trajectory point is simulated
here to test the NBS-Cart solvers ability to accurately capture the wake
heating profile on the capsule aft-body. Results are also presented for
the fore-body pressure and heating profiles which has been confirmed
by a grid study on the current solver. The freestream conditions for this
trajectory point are listed in Table 3. A freestream mixture composition
of 76.7% N, and 23.3% O, is assumed in this work. To save on
computational cost, the published DPLR solution [19] did not account
for the side slip angle for the grid study and trajectory sweep with the
exception of one case to demonstrate the impact of the mild side slip
angle on the heating profile. Since comparison against the DPLR grid
converged solution at 1 = 4510 s is sought, no side slip angle is modeled
in this work either.



J.A. McQuaid and C. Brehm

Pressure (kPa)
18
16
14

(a) Surface Pressure

Temperature (K)

1000
900
800
700
600
500

Computers and Fluids 269 (2024) 106121

(b) Surface heat flux

Fig. 24. Surface pressure and heat flux profiles on the MSL capsule at Mach 9.47 and a 16-degree angle of attack.

Table 3

Freestream conditions for the AS-202 re-entry vehicle at the + = 4510 trajectory point.
Time (s) Alt. (km) Re) U, (km/s) M Poo T, a (deg) p (deg)
4510 66.0 32 x 10° 7.80 25.6 1.69 x 107 230 17.8 2.5

Heat flux (W/cm?)
Pressure (kPa)
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Fig. 25. Heat flux profile along XY plane for the MSL capsule at 16-degrees.

The surface boundary condition is a diffusion-limited, fully catalytic
surface to N, and O, recombination with a radiative equilibrium tem-
perature boundary condition. The wall is assumed to have an emissivity
of 0.89 to align with DPLR [19].

Flow visualization of the temperature, vibrational temperature, N,
mass fraction, and O, mass fraction around the capsule are shown
in Fig. 30. Volume slices were extracted at the Y = 0 and Z = 0
planes with both temperature contours set to the same contour limits.
Significant levels of thermal non-equilibrium is realized, especially as
the flow expands around the capsule shoulder where the temperature
rapidly cools down to around 2500 K while the vibrational temperature
remains around 6000 K. In the expansion region, oxygen is almost
completely dissociated and nitrogen has dissociated substantially as
well resulting in a region dominated by atomic species and hence,
raising the vibrational temperature relaxation time to give way to
significant thermal non-equilibrium. In the subsonic recirculation zone
behind the capsule, the lower flow velocity and higher concentration
of molecular species results in temperatures closer to equilibrium.
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Good shock and wake structure resolution is realized with the use
of the CHAMPS Cartesian-AMR solver. The shock front is tracked only
within a limited range in front of the capsule fore-body and is allowed
to deresolve away beyond the shoulder extents. The peak temperature
is predicted to be on the order of 13,000 K, however, due to the first
order reduction at the shock front to remove unphysical artifacts, the
true peak temperature is expected to be slightly higher. Ionization
effects could be expected to occur given these post-shock conditions,
however, they are not modeled in this work. A better look at the shock
and wake tracking by the AMR is shown in Fig. 31. Shock tracking
is performed on the finest grid level due to the close proximity of
the shock front to the surface while wake tracking is performed on
the second finest level to be consistent with the resolution used on
the aft-body. This setup avoids having coarse-fine interfaces close to
the surface within the wake flow region which could inhibit the final
surface solution.

A grid study was performed on the NBS grid resolution to ensure
adequate capturing of relevant surface quantities. Since the aft-body
heating can be sensitive to the accurate modeling of the shear layer
coming from the leeward shoulder and off the aft apex, the surface
resolution (SR) is also allowed to vary in this grid study in combination
with the wall-normal resolution and surface cell size. Fig. 32 shows the
grid convergence study on the fore and aft-body heating and pressure
profiles taken at the symmetry plane. Employing 75 wall-normal grid
points on the NBS solver shows an under-resolved surface heating
profile which quickly grid converges upon additional wall-normal res-
olution. In terms of the cell size at the surface, the heating profile is
invariant for both the fore and aft-body profiles. Minor adjustments
are shown upon increasing the surface resolution by about 30%, par-
ticularly in the aft-body wake region. Overall, good grid convergence
is shown and no variations in surface pressure were observed for any
grid model. Taking the second grid to be the reference solution for the
NBS-Cart solver, 4.24 million grid points were used on the Cartesian
solver while the NBS used approximately 11,000 surface elements with
100 wall-normal points for a total of 1.1 million elements. The total
model size was then set at 5.3 million grid points.
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(b) NBS-Cart

Fig. 26. NBS-Cart computational model schematic for the Orion CEV at a 16-degree angle of attack. The Orion CEV and surface grid is visualized as well as the NBS volume
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Fig. 27. Pressure and u-velocity contours around the Orion CEV at a 16-degree angle of attack.
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of surface pressure and heat flux. Solid lines denote heat flux profiles while dashed
lines denote pressure profiles.

The heat flux to the surface was broken down into its three con-
tributions from the translational/rotational mode (Q,,), vibrational
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component (Q,), and enthalpy diffusion component (Q,; 7 f). The vi-
brational energy flux contributes the least to the total heat flux (given
in red) while the other energy modes contribute roughly equal contri-
butions to the total heat load. The significant heating caused by surface
catalysis highlights the importance of modeling the catalytic surface for
these conditions. The wall temperature reaches a peak value of around
2200 K and closely follows the heat flux profile as expected. Looking at
the aft-body heating, a comparison to the computed solution of Wright
et al. [19] is provided showing generally good agreement on both the
windward and leeward side of the vehicle (see Fig. 33). Some differ-
ences in the overall heating profile shape are shown in the wake region
which has been attributed to differences in the numerical modeling
employed by both codes. The DPLR grid was generated to maintain
both shock and wake alignment for every trajectory point which may
provide slightly improved capturing of the wake flow structure versus a
non-aligned Cartesian grid. Furthermore, both sets of results employ a
final grid structure that is close to fully grid converged, but some trade
off is made for a reduced computational cost in exchange for reduced
accuracy.
The AS-202 capsule aft body was also fitted with 23 calorimeters
of which 19 were properly functioning during flight [36]. In Ref. [19],
a best-fit line was computed based on the measured flight data (and
excluding spurious measurements) and uncertainty bounds of + 20%
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Fig. 29. Computed data for surface pressure and surface heat flux for the Orion CEV at all angles of attack against LAURA and the experimental data.

were then applied to the best fit line [37]. Calorimeter locations have
been labeled and schematically shown in Fig. 34. Full details of the
calorimeter positions in the Cartesian reference frame (assuming the
nose of the capsule to be at the origin) are given in Table 4 as well as the
extracted lower and upper uncertainty bounds on each probe, the DPLR
heat flux, and the CHAMPS NBS-Cart heat flux at each probe position.
In general, the agreement with DPLR and with the flight data is good
for most probe locations with some exceptions. The probes located in
the attached flow region (probes a-d, f and g) see good alignment with
the flight data with only probe f over-predicting the measured heating,
similar to DPLR. It was shown in Ref. [19] that inclusion of the side-
slip angle in the CFD simulation would improve the predicted heat
flux prediction for calorimeter f. Flight data for this trajectory point of
calorimeter i was not obtained and so comparison is made exclusively
to DPLR. The largest disagreement in computed heat flux occurs for
calorimeter s located just upstream of the capsule apex within the
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separated flow region. Similar low heating levels are predicted in this
region by the current work and DPLR with the heat flux magnitude
being similar to all other calorimeters in the wake region. The cause
of this error is unknown and appears to not be linked to the side slip
angle [19].

Taking the second NBS grid from the grid study as the reference, the
surface skin friction and heating can be plotted on the aft-body to get
a better look at the overall surface solution and the interaction of the
wake structure on the surface (see Fig. 35). The skin friction coefficient
clearly shows the initiation of the shear layer as the flow separates from
the surface on the leeward side via a rapid drop-off in shear stress. The
surface heating also drops off within the separated flow region with a
localized peak heating point on the body apex. The general trends on
the aft-body solution agree qualitatively well with the solution from
DPLR.
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Fig. 30. Temperature and vibrational temperature flow-field around the AS-202 capsule at a 17.8-degree angle of attack (top) with N, and O, mass fractions show in the bottom
row. Contours were extracted at the Y =0 and Z =0 planes.
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Fig. 32. Line extracts of surface heat flux and wall pressure along the symmetry line for a grid convergence study on the NBS solver. “SR” represents an increase in surface
resolution by 30%. Solid lines denote heat flux profiles while dashed lines denote pressure profiles.
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Fig. 33. Line extracts of surface heat flux and wall temperature along the symmetry line for comparison against Wright et al. [19] with DPLR. The heat flux solution for CHAMPS
is broken down into its individual contributions from different heating mechanisms.

Table 4

Aft body calorimeter positions in the Cartesian reference frame with comparison of measured in-flight heat flux uncertainty bounds to values
predicted by DPLR and by the CHAMPS NBS-Cart solver.

Calorimeter Flight Data DPLR CHAMPS
Name X (m) Y (m) Z (m) Lower bound Upper bound

a 1.2080 —-0.1286 -1.5638 1.4792 2.2198 2.2000 2.0037
b 1.6980 0.0437 —-1.2501 1.2965 1.9340 1.9184 1.7175
c 2.0560 0.4304 -0.9229 0.9961 1.5097 1.4086 1.4547
d 2.9480 —-0.0505 —-0.4362 1.1624 1.7360 1.7515 1.5865
e 3.4310 0.0000 0.0000 1.2630 1.8736 1.0164 1.1498
f 0.6950 1.4136 -1.2728 1.6757 2.5143 3.0922 2.8240
g 1.6150 1.0393 —-0.7888 0.6495 0.9695 1.0315 0.9784
h 0.5450 1.9551 —-0.0512 7.3712 10.995 9.9716 8.8399
i 0.5450 0.0000 1.9558 N/A N/A 4.5981 4.0829
j 0.9410 1.7419 —-0.0426 0.3340 0.5128 0.3481 0.2562
k 1.5760 1.3288 —-0.0580 0.2630 0.3909 0.3870 0.4332
1 2.2880 0.8666 0.0439 0.3268 0.4898 0.3068 0.3378
m 1.0680 1.3548 0.9592 0.2938 0.4423 0.3209 0.2818
n 0.6950 1.3333 1.3567 0.6188 0.9277 0.6110 0.4849
o 1.3660 0.9465 1.1201 0.2561 0.3839 0.3200 0.3170
p 1.5260 0.8009 1.1023 0.3281 0.4893 0.2865 0.2794
q 1.8430 —-0.1289 1.1495 0.2582 0.3932 0.2111 0.2539
r 2.0560 0.0391 1.0176 0.2375 0.3460 0.2078 0.2249
s 2.9480 0.0383 0.4374 1.2824 1.9327 0.2414 0.2430

21
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Fig. 34. AS-202 aft body calorimeter locations for all 19 functional probes.

The surface mass fractions for N, and O, are plotted on the fore
and aft-body in Fig. 36. The recombination of N, appears to follow
the opposite trend to O, recombination such that O, reaches close
to its freestream mass fraction just aft of the leeward shoulder and
appears to follow the separation line on the aft-body. Two localized
peaks in surface heating are present on the leeward aft-body region
resulting in increases in O, dissociation as denoted by a reduced mass
fraction at the surface whereas N, sees fully recovery to its own
freestream composition in this region. Looking at the fore-body profiles,
minimal recombination is seen at the surface due to the higher surface
temperature. These surface mass fraction contours highlight the level
of chemical non-equilibrium both in the fore and aft body regions.
The peak wall temperature on the windward shoulder is only slightly
higher than 2000 K which is where oxygen begins to dissociate. A
chemical equilibrium approximation would then result in oxygen fully
recombining to its freestream composition on the surface which would
increase the enthalpy diffusion flux and over-predict the total surface
heating. An equilibrium composition would also significantly affect the
level of thermal non-equilibrium in the system by enforcing more rapid
recombination of all atomic species into their molecular counterparts
resulting in lower vibrational relaxation times due to higher molecular
species content.
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(a) Heat flux
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5. Conclusion

The extension of the near-body Cartesian solver inside CHAMPS
is outlined for simulating complex three-dimensional flow-fields of
hypersonic vehicles at non-zero angles of attack. The solver was tested
on a scale Mars Science Lander and the Orion Crew Exploration Vehicle
showing good agreement for low enthalpy flows. The solver was then
tested on the AS-202 capsule in a 5-species air mixture at a 17.8-
degree angle of attack, demonstrating the efficient shock and wake
tracking capabilities of the CHAMPS Cartesian solver while efficiently
resolving the fore and aft body heating profiles in a more realistic
high-enthalpy environment. The formulated solver has been shown to
be very effective at capturing surface heating loads, which are known
to be sensitive to the employed numerical method, while retaining a
comparable computational cost to traditional body-fitted approaches in
terms of total grid points. The use of the near-body Cartesian solver
simplifies the time-to-solution process for a typical CFD workflow by
removing the need for a manually generated volume grids in place
of a simpler surface grid. Future work aims at targeting higher order,
low-dissipation numerical schemes to be used in resolved transitional
and turbulent flow structures as well as simulating more complex flight
vehicles to further highlight the advantages of the solver.
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Fig. 36. Surface mass fractions showing N, (top) and O, (bottom) recombination on the fore (left) and aft (right) body of the AS-202 capsule.

Appendix A. Governing equations

The following section provides further details on the employed
governing equations, the modeling of the transport properties, and
the evaluation of the chemical source term for a fluid in thermo-
chemical non-equilibrium. The total energy of a multi-component fluid
is described by

ns ns ns
1
E= Z psCuv,. ;T + z pseys + Z pshl + Ep(u2 +07 + ). (A1)
N N s

The translational and rotational specific heats at constant volume are
assumed to be constant and given by

3 R,
C ==— A2
Vis =5 M, (A.2)
and
R for molecules,
CUr,.v = M (AS)
0 for atoms and electrons.

where R, is the universal gas constant and M| is the molecular weight
of species s. The total vibrational energy is then defined as

ns
E, =) pee,, (A4
s

23

with,
m R, Oy £
! i+ ————=—— for molecules
e,y = Zl:l &si My exp(0,5;/Tpe)—1 ? (A.5)
0 for atoms and electrons,
where 6, ; is the species characteristic vibrational temperature for

species s and vibrational mode i, m denotes the number of vibrationally-
activated energy modes for a given species, and g ; denotes the degen-
eracy of the ith energy level of species s. Diatomic molecules can be
modeled by a single vibrational energy level with a degeneracy of unity
while polyatomic species may have several vibrational energy levels.
The specific heat at constant volume for the vibrational mode may then
be given by

de,
Coys =50
v
m R, Ousi/Ty)* expOys,/Ty)
i & M Oy Tl for molecules,
0 for atoms and electrons.

(A.6)

Appendix B outlines the various constants used for modeling the vibra-
tional effects.

The mixture viscosity, thermal conductivity, and species diffusion
coefficient is computed with the Gupta mixing rule [18]. The species
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viscosity can be calculated with

mgYs MeYe

! ; T e 1A () + 7, AZ(T,) TS A, *7
where the molar concentration is defined as
Ps
= M, (A.8)
and the molar concentration is
— (A.9)
* N,

such that N, is Avogadro’s number. Then, the translational, rotational,
and thermal conductivities may be defined as

Vs

kb ST Z (A.10)
T s 0, A (T) +3.547,40(T,)
s
K=kpsi D, (A11)
s=mol. r#e }'r (Alr)(T) + J/e (])(T )
and
Cu, Y
= kys1 - (A12)
Ry 21 B e 1oAY (T) + 1, 40T,
The constant, a,, is defined as
—14 (1 = (mg/m,))(0.45 — 2-54(”1.;/"%))’ (A13)

" (1 + (mg/m,))?
and k,, ¢; is the Boltzmann constant in SI units. The collision terms for
computing the mixture properties are defined as

8 2M.M ~
AD(T) = 5‘/—”1{ T(Z\} +’M)10 070QUD (1) (A.14)
u N r
and
2 16 2M M, 20 H(22
A2(T) = ?1/m10 7QE(T). (A.15)
u s r

The collision integrals ﬂﬂg’l) and ”ng) were taken from the work of
Wright et al. [38].

The mass diffusion flux is assumed to follow Fick’s first law as shown
in Eq. (A.16) where VY is the gradient of the species mass fraction and
D, is the species diffusion coefficient. The mass diffusion flux is given
as

I, =—pDVY,. (A.16)

Sutton and Gnoffo (1998) [39] have noted that Fick’s law does not
guarantee that the mass diffusion fluxes will sum to zero resulting in
errors in capturing the correct mass fraction gradients among other
errors. Modified Fick’s law is used in this work to improve the solution
accuracy and is given by

ns
e 2 I,

r#e

Js#e =1 (A.17)

where e denotes the electron species (not included in this work) since
the charge neutrality of the flow-field must be handled separately.
The species binary diffusion coefficient for heavy particle collisions is
computed as

_ fosiT (A.18)

The species diffusion coefficient to be used in the governing equations
that accounts for all interactions is then given by

M- M)
Zr#—s 7r/D:r
with

= ZJ’S'

s

) (A.19)

(A.20)

24
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The viscous shear stresses are modeled based on a Newtonian fluid
using Stokes’ hypothesis

ou;  Ju; 0u
J i k
i = — 6 ) A21
H(ax-+6xj> ij (a.21)
where,
2
A= —3;4, (A.22)
and the heat fluxes are accounted for using Fourier’s law as
4y = —x, VT (A.23)
and
qv = _KUVTv' (A.24)

Finally, looking in more detail at the formulation of the chemical
source term, the forward reaction rate is computed using an Arrhenius
curve fit for the Park two-temperature model using the empirical
coefficients given in Appendix C as,

T,
kpo=ApTY exp(—%), (A.25)
c
where,
T,=T% Tfef ) (A.26)

Here, A, and 7, are coefficients for the Arrhenius curve fit, 7, is
the forward controlling temperature, and 7, represents the activation
temperature. The values used for the Arrhenius curve fit can be found in
Table C.1. The backward controlling reaction rate is a function of the
forward reaction rate and the equilibrium constant, K., as computed
using the backward controlling temperature, T,

kfr(Tbc)
Kc(Tbc) ’

where the backward controlling temperature is defined in Eq. (A.28) as

Ky (T} = (A.27)

T, =TT (A.28)

For all dissociation reactions, the forward controlling temperature is
computed using a, = 0.5 and b, = 0.5 whereas the backward dissoci-
ation reactions are computed using a4, = 1 and b, = 0. For exchange
reactions, a; = a, = 1 and b, = b, = 0. The equilibrium constant
is computed using a NASA 9 polynomial curve fit for the normalized
entropy and enthalpy of each species which may then be used to
compute the normalized Gibb’s free energy for each species [40]. The
Gibb’s free energy is defined as

& = h, —Ty.5, (A.29)

where 3, is the Gibbs energy per unit mole for species s, i, is the
enthalpy per unit mole of species s, and §, is the entropy per unit mole
for species s. The curve fits for the species enthalpy and entropy are
given by

- 2 3
h s 1 ln(Thc ) T Tbc Tbc
—— = —aj,— +ay +as, + <+ +
RuTbc ays szc Ay aszg 45—~ 2 ass —— 3 Ags —— 4
. 1
be
+ a7 4 g, — (A.30)
: 5 STbc
and
g | 1 T T
N
- =- + as, In(T),,) + ay, Ty, + +
R, s Zsz ast a3 In(Ty,) + a4 Ty + ass—= 5 os 3
T4
+ a7x% + ayq,. (A.31)

The equilibrium constant is a function of the change in the Gibbs
free energy between the reactants and products and is given by

ns A
Py \“r
K.=exp|— ((U”—u) ) ( > .
‘ |: ; Sr RuTbE RuTbc

(A.32)
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The value of p, is a reference pressure set to 1 bar, while in the
computational framework, p, is set to 0.1 and R, is set to 8.31441 to
be in the CGS unit system. The coefficients for the enthalpy and entropy
curve fits are taken from the work of Gordon and McBride [41].

The translational-vibrational energy exchange source term, .S,,,, is
based on the Landau-Teller formulation [42] given by

SIZU = s (A33)

eu,s(T) - eu,s(Tu)
2 0 B —
s=mol. s
where e, (T) is the species vibrational energy at equilibrium which is
computed using the translational-rotational temperature, e, ((T,) is the
species vibrational energy computed using the vibrational temperature,
and 7, is the relaxation time with the summation being taken over the
molecular species only. The relaxation time is defined based on the

molar averaged Landau-Teller relaxation time, (z,) as

T, = <T:> + Ty (A.34)

and 7, is Park’s correction on the relaxation time for high-temperature
effects beyond 8000 K [20]. The molar averaged relaxation time can
be found with Eq. (A.35)

X,
(r) = 2 (A.35)
2 XF/TS"
where 7, is the inter-species Landau-Teller relaxation time which is

modeled using a semi-empirical relation by Millikan and White for
temperatures between 300 K and 8000 K as [43]

z, = %exp[AS,(T’IB - B,)- 18.42]. (A.36)

sr

The coefficients A,
weight, ug,, and 6,

and B,, are functions of the reduced molecular
and defined as

=0.00164./26)/? (A.37)
and
B, = 00154/ (A.38)
where,
_ MM, (A.39)
Hor =M, + M, :

The characteristic vibrational temperature, 6, ;, used in the vibrational
relaxation model corresponds to the first vibrationally activated energy
level as it is assumed that the relaxation rate is dominated by the
fastest energy level. The Park relaxation time correction is then defined
based on the effective collision cross-section, o, the average molecular
velocity of species s, ¢, and the number density of the species, N, as

_ , A.40
Tps O-S CS NS ( )
where,
_ 50000 .
. = (_T ) in m (A.41)
and
8R,T
¢y = . (A.42)
M

In Eq. (A.41), o! is an empirical factor used to correlate the numerical
approximation to the experimental data [44]. Hence, this parameter
would generally be species dependent, however, in this work, o is
held fixed at a value of 10720, The energy exchange into the vibra-
tional energy mode due to chemical reactions is computed using the
non-preferential model as

3 o

s=mol.

(A.43)

25

Computers and Fluids 269 (2024) 106121

Table B.1

Basic species molecular and viscosity data.
Species M (g/mol) h? (J/kg) & 0, (K)
N, 28 0.0000000EQ 1 3395.0
0, 32 0.0000000EO0 1 2239.0
NO 30 2.9961230E6 1 2817.0
N 14 3.3621610E7 1 0.0
(0] 16 1.5431190E7 1 0.0

Appendix B. Species energy state and transport property data

Table B.1 outlines the various species used in this work with their
respective molecular weights, enthalpy of formation at 0 K (taken from
Mutation++ [45]), and vibrational energy data.

Appendix C. Arrhenius curve fit coefficients

Table C.1 outlines all the dissociation and exchange reactions in-
cluded within this work as well as the relevant parameters required to
compute the forward reaction rates. The rates used here were taken
from the work of Park et al. [46] with the rates from reaction 4 taken
from Bose and Candler [47].

Appendix D. Eigenvector matrices for perfect gas Steger-Warming
flux

The right eigenvector matrix R for a non-reacting, single species
mixture is given as

z 00 w s

a‘—’z t, my # (u+any) # (u—an)

a’—; 1, m, ZL (v+an, ) # (u—any) R (D.1)
% t, m, Lz (w+an ) # (w—anz)

|z 0 @ ﬁ (H + af) ziz (H ~ ai) |

where the face normal vector is defined as n = {n,,n,.n_}, the face
tangential vectors as t = {#,.7,.1.} and m = {m,,m,,m_}, H is the total
enthalpy, 0 is the contravariant velocity associated with ¢, and  is the
contravariant velocity associated with m. The parameter a and the total
enthalpy is defined as

«= %V v (D.2)
and
2
H= +a. (D.3)
y—1

The left eigenvector is then taken as the inverse of R and is given
as (see Eq. (D.4) in Box I) where y is the specific heat ratio for air set
to 1.4.

Appendix E. Eigenvector matrices for TCNE Steger-Warming flux

The right eigenvector matrix R for a multi-component gas mixture
is given as

[ (sSI‘ YS Y§ )
a? 0 0 2a% 2a% 0
u ' ) u+;1nx u—;mx
ra Ly my 2a2 2a2 0
v v+an,, v—an,
r [y ny 242 242 0 S (E.1)
w w+an, w—an,
rz L, m, 2a2 242 0
2pa=7, N A H+ail H—ail ¢
pa? vow 2a2 2a2 T pa
e, e, 1
[ 0 00 = w oz
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Table C.1
Arrhenius curve fit coefficients for dissociation reactions.
Reaction Partner T. Ay, (cm?/mol - s) n, T, XK)
1 N +M=N+N+M Molecules VTT, 7.00E21 -1.60 1.132E5
Atoms VIT, 3.00E22 -1.60 1.132E5
2 0,+M=0+0+M Molecules VIT, 2.00E21 -1.50 5.936E4
Atoms VTIT, 1.00E22 -1.50 5.936E4
3 NO+M=N+0+M Other VIT, 5.00E15 0.00 7.550E4
NO, N, O TT, 1.10E17 0.00 7.550E4
4 0, + N=NO +0 T 2.49E9 1.18 4.010E3
5 N, + 0O =NO +N T 6.00E13 0.10 3.8000E4
a—a(y-1) r—Du r-Do r-Hw -(r-D
-0 ty 1, t, 0
—w my, my, m, 0 : (D4
a(y—1)—da an,—(—-1Du an,—(y— Do an, —(y — DHw -1
a(y—=D+ba -any—(y—-NDHu -an,—(y-Dv -an,—(y-Dw (-1
Box L.
@5, - Y7, pu, poy, puY,  —pY, -,
-0 I, / v l, 0 0
- my m, m, 0 0 (E.7)
7, —la an, — Pu an, — fv an, — fw p [}
7, +fia —an, —pu  —an,—pfv  —an, — pw p [
—e, ¥y ﬂueu Bue, ﬂweu _ﬂev a* - ¢eu_
Box II.
where §,, is the kronecker delta and s denotes a species row in the [2] Meakin RL, Wissink AM, Chan WM, Pandya SA, Sitaraman J. On strand grids for
matrix while r denotes a species column and the total enthalpy (per complex flows. In: 18th AIAA computational fluid dynamics conference. AIAA
unit mass for the TCNE solver) of a multi-component mixture is defined ggg‘;r32803(27'3834’ Miami, Florida; 2007, p. 1-18. http://dx.doi.org/10.2514/6.
as o
[3] Brahmachary S, Natarajan G, Kulkarni V, Sahoo N. A sharp-interface immersed
< P boundary method for high-speed compressible flows. In: Immersed boundary
H= Z Yies+a+=, (E.2) method: Design and applications. Springer; 2020, p. 251-75. http://dx.doi.org/
s=1 10.1007/978-981-15-3940-4_9.
and e, is the internal energy of species s given by [4] Sekhar SK, Ruffin SM. Predictions of convective heat transfer using a cartesian
grid solver for hypersonic flows. In: Fluid dynamics and co-located conferences.
e, = CU,,YST+ev‘S +h§. (E.3) 44th AIAA thermophysics conference, San Diego, CA: AIAA; 2013, p. 1-17.
. ) o http://dx.doi.org/10.2514/6.2013-2645.

Fr(?m Ref. [48], B a‘nd ¢ are defined as the par.tlal ('ierlvatlve of [5] Arslanbekov R, Kolobov V, Frolova A. Analysis of compressible viscous flow
the mixture pressure with respect to the total and vibrational energy solvers with adaptive cartesian mesh. In: 20th AIAA computational fluid dy-
respectively while 7, is defined as the partial derivative of the mixture namics conference. Honolulu, Hawaii: ATAA; 2011, http://dx.doi.org/10.2514/6.
pressure with respect to the species densities. The equations are then 2011-3381.
given as [6] Baskaya AO, Capriati MC, Ninni D, Bonelli F, Pascazio G, Turchi A, et al.

Verification and validation of immersed boundary solvers for hypersonic flows
ap R, Py with gas-surface interactions. In: AIAA aviation forum. American Institute of
B= ﬁ = 2Co ﬁ’ ED Aeronautics and Astronautics; 2022, http://dx.doi.org/10.2514/6.2022-3276.
ros=1 s [7] Wissink AM, Katz AJ, Chan WM, Meakin RL. Validation of the strand grid
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and 2009-3792.
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