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The workflow of computational fluid dynamics (CFD) solvers traditionally involves a labor-

intensive pre-processing stage, which includes case setup and mesh generation, followed by the

solver phase and subsequent data post-processing. Particularly in hypersonic applications, mesh

generation has predominantly been a manual and cumbersome process, significantly hindering

the scalability of large-scale simulations. The time needed for mesh creation escalates with in-

creasing geometric complexity, posing a substantial bottleneck. This PhD research project has

developed innovative numerical methods aimed at addressing these challenges to enhance the

efficiency and feasibility of complex simulations.

This dissertation outlines the creation of the hybrid CHAMPS near body-Cartesian (NBS-

Cart) solver framework, designed for automatic volume mesh generation. This new approach has

been tested over a wide range of hypersonic heating scenarios and fluid-ablation interaction cases.

It integrates a Cartesian grid solver with adaptive mesh refinement to effectively track off-body



wake and shock structures, while the NBS component accurately captures strong boundary layer

gradients. The efficacy of the Cartesian higher order shock-capturing scheme was studied for a

canonical 2D hypersonic cylinder flow and a full 3D Mars Science Lander configuration. This

testing confirmed the scheme’s ability for efficient shock capturing on non-aligned grids which

is desirable for accurate NBS heat flux predictions within the coupled solver paradigm. Further-

more, the solver was integrated with the external KATS material response solver to simulate both

steady-state and transient graphite ablation processes. The fluid-ablation coupling approach was

validated against existing numerical models and arc-jet test data, showing excellent agreement

in predicted surface heat fluxes, thermal responses within materials, and morphological changes

resulting from thermo-chemical ablation processes.

The final stage of this work focused on the development of low dissipation, higher-order

numerical schemes that leverage the NBS structure targeting scale-resolved turbulence flow sim-

ulations. A key application involved simulating the Boundary Layer Transition (BOLT-II) flight

vehicle at its Mach 6 descent condition. This simulation served as a verification exercise against

other CFD codes and existing flight data. The NBS demonstrated its proficiency in accurately

capturing the dominant curved shock-induced vortices at the vehicle’s leading edge, as well as

the outboard cross-flow vortex structures. The heat flux predictions from the NBS aligned closely

with published data, underscoring the effectiveness and robustness of the CHAMPS NBS-Cart

solver in complex aero-thermodynamic conditions.

This newly developed capability provides users with a fully-automated volume mesh gen-

eration CFD platform suitable for both low and high-enthalpy hypersonic flight environments.

This advancement represents a significant stride towards enhancing CFD workflow automation,

facilitating design and production-level simulations for real-world applications. This innovation



not only streamlines processes but also increases the accuracy and reliability of simulations in

complex aerodynamic scenarios.
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Chapter 1: Introduction

1.1 Motivation

The initial introduction of CFD capabilities into the engineering design and analysis pro-

cess was a pivotal change in industry; providing an alternative solution to aerodynamic analysis

that avoided expensive experimental test campaigns and designs based purely on empirical cor-

relations. While CFD has come a long way from its inception, high-�delity simulations are often

restricted to academic and research endeavors rather than production level use for aerospace

applications. Many challenges yet remain, however, two prominent ones include the computa-

tional costs required for scale-resolving simulations of high Reynolds number applications where

breakdown to turbulence occurs and the other challenge results from mesh generation. Compu-

tational power has rapidly advanced over the years, providing pathways to exascale computing,

while mesh generation bottle necks continue to be a signi�cant concern. According to the NASA

CFD vision 2030 [9], improved automation in the CFD work�ow process, from mesh generation

to data analysis and post-processing, continue to provide signi�cant dif�culties in porting CFD

capabilities into the design process of emerging technology.

The quality of the grid provided to a CFD code has a strong impact on the accuracy of

the solver. Poor quality grids can generate numerical artifacts or degrade the accuracy of recon-

struction algorithms. Mesh generation is historically a manual process, relying on the knowl-
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edge of the user to place grid resolution in the required regions, ensure shock-alignment (for

supersonic/hypersonic test cases), adequate wall-orthogonality for viscous �ows, etc [10]. These

considerations make it dif�cult for new users to quickly produce high quality grids and cre-

ates a knowledge barrier within the CFD community, ultimately slowing down both academic

and industrial-related pursuits. Continued pressure is placed on CFD practitioners to reduce

turn around times on CFD results such that they may better inform the design and analysis pro-

cess [10].

Mesh generation may generally be broken into three classi�cations: structured curvilinear,

unstructured grids, and Cartesian grids. Structured curvilinear grids seek to transform body-�tted

grids (grids whose grid lines coincide with the geometry surface) from the physical domain into

a computational domain (see Fig. 1.1a). This transformation changes the grid topology from

one with high degrees of curvature and grid stretching to a fully equidistant grid in the compu-

tational domain. This mapping provides an ideal test bed for higher order numerical schemes to

be formulated. The drawback is that this mapping requires the grid to have three identi�able and

unique indexing directions to represent the basis vectors for the computational domain which

is a dif�cult task for complex geometries, hence the creation of unstructured grids. Unstruc-

tured grids (see Fig. 1.1b) provide an improved test bed for simulating complex geometries in

which structured curvilinear grids would struggle, however, the unstructured nature translates to

an unstructured memory layout on computing hardware. Without a structured layout, gradient

reconstruction methods must revert to unstructured point clouds which can require signi�cant

memory overheads to store both point clouds and interpolation/gradient coef�cients for every

grid point in a simulation. Additionally, higher order numerical schemes are more challenging

to implement and can be signi�cantly more expensive than the structured variants when imple-
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mented. The bene�t of unstructured grids is the ease in which the mesh generation process may

be automated and purely triangulated grids have been reasonably effective for low-speed inviscid

�ows. When considering viscous effects, the lack of wall normal mesh alignment has been known

to degrade the solution quality in the near-wall region. Hence, the advent of in�ation layers close

to the geometry (see Fig. 1.1c) which allowed for improved viscous �ow solutions while transi-

tioning to some form of arbitrary polyhedral volume mesh (a triangulated mesh is shown in the

�gure) to maintain a high level of automation. This new mesh paradigm is still classi�ed as an

unstructured method and while it yielded improvements for unstructured grids for viscous �ows,

concerns about memory layout and higher order accuracy are still problematic.

Cartesian solvers (see Fig. 1.1d) do not align grid lines with geometry surfaces. Alleviating

this grid requirement yields a framework that can employ high quality, block-structured grids

which are readily extended to adaptive mesh re�nement (AMR) algorithms. To use Cartesian grid

solvers with geometry representation, a special class of solver called immersed boundary methods

(IBM) may be employed. By immersing a geometry on top of a Cartesian grid and by using

AMR to resolve towards the surface, the immersed boundary (IB) may be formulated in a variety

of ways to numerically recreate a wall boundary via forcing terms, cut-cell methods, or sharp

interface representations. For viscous �ow applications, sharp IBM solvers are the method of

choice since they provide better boundary layer solutions at the surface and may be formulated via

ghost-point representations [11] and/or via immersed interface methods (IIM) [12,13]. Cartesian

AMR solvers provide automated CFD test beds for arbitrarily complex geometries and have

been used for a wide range of applications from rotorcraft aeroacoustics [14], space craft launch

environments [10], and supersonic parachute in�ation [11] to name a few. While effective for

automated mesh generation and moving boundary problems, they fall short in consideration of
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(a) Structured (b) Unstructured

(c) Unstructured with in�ation (d) Block-structured Cartesian

Figure 1.1: Grid schematics of some of the most common grid topologies which include struc-
tured (top left), unstructured (top right), unstructured with in�ation layers (bottom left), and
block-structured Cartesian (bottom right).
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viscous interactions as the Reynolds number increases [15, 16]. Cartesian grid solvers are often

limited to isotropic grid sizes and are unable to use high aspect ratio, stretched grids of the prior

two grid variants because the grid isn't aligned with the boundary. With viscous length scales

for real �ight conditions being on the order of1 � 10� 6 m, employing Cartesian grids for these

simulations is not feasible [17].

One possible solution to enhancing mesh automation capabilities is a hybrid CFD frame-

work which combines the advantages of body-�tted grids in resolving near-wall viscous effects

and the higher order accuracy and automation of Cartesian grid solvers in simulating complex

�ight vehicles with minimal user intervention. This hybrid framework would provide the ideal

paradigm to enhancing volume mesh automation while providing accurate hypersonic heat �ux

predictions to inform the aerothermodynamics analysis process.

1.2 Background

The hybrid CFD framework to be explored in this work considers the two-way coupling be-

tween strand grid/near body solvers (NBS) which are body-�tted solvers well-suited to resolving

boundary layer gradients and off-body block-structured Cartesian solvers for adaptively track-

ing moving boundaries as well as shock and wake structures. These solvers generally require a

surface grid to be provided which is then used by the Cartesian solver for setup of the level set

function and as the basis for the NBS wall-normal grid extrusion. The surface grid is extruded in

the normal direction into prismatic grid layers for improved gradient reconstruction. NBS have

been explored in several prior works, primarily related to subsonic rotorcraft and rotor-fuselage

simulations [16, 17]. The strand grid solvers used in these works were shown to be effective in
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Figure 1.2: Hypersonic re-entry environment highlighting some of the numerical modeling chal-
lenges of simulating real-world �ight trajectories for entry vehicles.

simulating vortex-shedding on spheres and wake structures off isolated rotors in hover. Airfoils

can be tricky geometries to mesh around using strand grids due to the need to wrap grid points

around the sharp trailing edges. Solutions included normal smoothing for the wall-normal node

extrusion process or multi-strand extrusions at sharp corners [18]. The CREATE-AV program is

also advancing automated meshing capabilties through Cartesian-NBS couplings, including the

FUN3D-SAMARC solver [19] or even the KCFD-SAMAir coupling [20] to name a few.

The use of these solvers for hypersonic applications is an open area of research. Heat �ux

predictions are numerically challenging to produce consistently, especially in consideration of

high-temperature effects which add additional sensitivities due to the reaction mechanisms. Fig.

1.2 gives an overview of a typical hypersonic re-entry environment and a subset of some of the
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physical mechanisms which need to be considered at these conditions such as high-temperature

effects, transition to turbulence, wake dynamics and the resulting coupled interaction to the ve-

hicle thermal protection shield (TPS) including in-depth thermal response, surface catalysis, and

thermo-chemical ablation. Heat �ux is selected as the ideal indicator for solution accuracy in this

work since it is one of the primary drivers for design considerations at hypersonic speeds and

due to its importance when considering �uid-ablation interaction (FAI) effects. Heat �ux is an

extremely sensitive quantity to capture reliably, hence, any solver which seeks to do so must be

designed carefully in terms of both mesh quality and numerical methodology.

Only one other prior work has employed strand grids for hypersonic applications in the

work of Atkins [21]. This work presented the �rst use of these hybrid solvers for hypersonics but

was limited to 2D geometries. No hybrid solvers to date have been employed for 3D hypersonic

heat �ux predictions and/or �uid-ablation interactions (FAI) which provides a logical path for-

ward for the application of the current work to demonstrate the effectiveness of hybrid solvers in

these research areas.

The extension of the NBS to 3D geometries is a signi�cant challenge in terms of imple-

menting ef�cient numerical schemes. To provide �exibility and automation in the mesh gen-

eration framework, an unstructured grid is the obvious candidate. Unstructured grids suffer

from inaccurate gradient evaluation [22] and high memory overhead limiting large-scale com-

putations. Higher order accuracy for �nite-volume solvers requires better integral quadrature

approximations which non-linearly increases the computational cost. Improved accuracy is often

obtained by increasing the order of variable or �ux reconstruction onto the face while retaining

the standard second order �ux divergence form for the integral approximation [23]. While the

formal order of accuracy is still second order, the higher order reconstruction does yield a scheme
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with reduced dissipation. Unstructured grids, speci�cally triangulations, have garnered signi�-

cant interest in formulating new methods to improve heat �ux predictions and it was identi�ed

that the inviscid �ux was the main culprit to poor heating predictions rather than any viscous

scheme de�ciency [24, 25]. New methods included multi-dimensional �ux reconstructions [26]

or augmenting the Navier-Stokes equations with an additional �rst order heat �ux equation [27]

to name a few. A potentially promising new approach is discontinuous Galerkin (DG) methods

which are a �nite element discretization approach. The local �ow state within an element may

be represented by an order adaptive polynomial to provide subcell resolution of �ow features.

These polynomial formulations are dependent on the selected element topology, however, mak-

ing it more challenging to generalize to arbitrary topologies and there are still robustness and

ef�ciency concerns to be addressed [28].

For the NBS, the wall-normal extrusion provides an advantage over pure unstructured grids

since it creates a quasi-unstructured framework. The wall-normal direction may be treated as

structured while the surface tangential directions remain unstructured. Prior works have sought

to develop schemes speci�c to strand grid solvers which take advantage of this layout to pro-

vide better gradient evaluations in the wall-normal direction since boundary layer gradients are

strongest in this direction [29]. Similarly to before, these methods have yet to be studied for heat

�ux predictions where the solution is highly sensitive to the employed numerics.

1.3 Objective of this thesis

The objective of this thesis is two-fold. The primary objective is to develop the NBS

within the Cartesian Higher Order Adaptive Multi-Physics Solver (CHAMPS) framework for
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both 2D and 3D, low and high enthalpy applications. The NBS utilizes the underlying surface

grid provided to the CHAMPS Cartesian solver and automates its volume mesh extrusion process

to limit the required user intervention in the case setup. The highly sensitive nature of the surface

heat �ux provides an ideal solution metric for judging solver accuracy and will be the metric used

for validation/veri�cation purposes in all test cases in this work. The extension of the NBS to 3D

geometries requires suf�cient generalization of the numerical schemes and parallelization to be

compatible with arbitrary grid topologies and employed physical models. Since Cartesian solvers

are seldom used to study hypersonic heat �ux predictions, the implications of using grids that do

not align with the shock front is explored in terms of its impact on surface viscous quantities

and how these de�ciencies may be overcome through improved shock-capturing schemes. These

improved capabilities are demonstrated for a range of re-entry vehicles at non-zero angles of

attack to simulate complex �ight environments, including aft body heat �ux predictions within

recirculating, subsonic wakes.

The second objective is to design and test higher order numerical schemes that take advan-

tage of the underlying NBS structure to both reduce the memory overhead of the unstructured

grid and improve wall-normal gradient reconstructions. This would provide the NBS with a

low-dissipation numerical scheme that can be used for scale-resolving simulations such as the

laminar to turbulent transition process. These simulations are of high importance to the hyper-

sonic research community which makes this capability a necessity for demonstrating the NBS

effectiveness as the next generation hybrid CFD framework.
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1.4 Contributions/Impacts from the thesis

The overall contributions to the research community from the current work are:

1. Developed a new solver framework that can be used for steady and unsteady, scale-resolving

hypersonic simulations with signi�cantly increased volume mesh automation in the CFD

process.

2. Developed a quasi-structured, higher order accurate numerical scheme for strand grid/near

body solvers for hypersonic heat �ux predictions in low and high enthalpy �ight environ-

ments.

3. Developed a new �uid-ablation simulation approach in the context of near body-Cartesian

grid solvers which addresses many of the challenges associated with mesh motion and

gas-surface interaction couplings.
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Chapter 2: Governing Equations

This chapter outlines the governing equations to simulating a non-reacting, single species

�uid as well as a multi-component mixture in thermo-chemical non-equilibrium via the com-

pressible Navier-Stokes equations (CNE). The equations used to model the mixture transport

properties as well as the �nite-rate chemical kinetics are provided as well.

2.1 Perfect Gas

The compressible Navier-Stokes equations for an ideal, single species, non-reacting gas is

used to model hypersonic conditions in low enthalpy environments. The governing equations are

provided in the Cartesian reference frame for three-dimensional problems as

@U
@t

+ r � (F c � F d) +
m
y

(H c � H d) = 0 ; (2.1)

whereU is the conservative state vector,F c is the convective �ux vector,F d is the diffusive �ux

vector,H c is the convective axisymmetric source term,H d is the diffusive axisymmetric source

term, andm is an integer such thatm=0 yields the three-dimensional CNE whilem=1 yields the

two-dimensional axisymmetric formulation. The conservative and primitive,P , state vector is

given as
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In Eq. (2.2), � is the �uid density,V T = f u; v; wg is the �uid velocity vector in the

Cartesian reference frame,E is the total energy per unit volume,p is the �uid pressure that is

assumed to follow the ideal gas law, andT is the �uid temperature. The convective and viscous

�uxes may then be de�ned as

F i
c =

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

� û

�u û + p� xi

�v û + p� yi

�w û + p� zi

(E + p)û

9
>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>;

andF i
d =

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

0

� xi

� yi

� zi

� xi u + � yi v + � zi w � qi

9
>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>;

; (2.3)

wherei denotes the Cartesian direction in which the �ux is evaluated in,û is the contravariant

velocity, � is the viscous stress tensor, andq is the �uid heat �ux vector. The de�nition of the

contravariant velocity is dependent on the discretization method employed. For a �nite-volume

method, the contravariant velocity is identical to the face normal velocity and may be written as

û = V � n ; (2.4)
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wheren is the face normal vector of unit magnitude. For the generalized curvilinear formulation

used in this work, the metric terms are stored in such a way where they are normalized by the cell

jacobian already. The governing equations (when given explicitly in a �nite-difference formu-

lation) follow this metric term format. The computational space is de�ned by a� = � (x; y; z),

� = � (x; y; z), and� = � (x; y; z) coordinate system. Hence, the contravariant velocity is based

on the computational direction a face is pointing in, so a contravariant velocity in the� direction

may be written as

û = V � � = u
� x

J
+ v

� y

J
+ w

� z

J
; (2.5)

where the� = f � x=J; � y=J; � z=Jg = f �̂ x ; �̂ y; �̂ zg direction vector is used with the grid transfor-

mation jacobian,J . The total energy and enthalpy,H , of a perfect gas mixture may be computed

as

E =
p


 � 1
+

1
2

�
�
u2 + v2 + w2

�
(2.6)

and

H =
E + p

�
=

a2


 � 1
+

1
2

�
u2 + v2 + w2

�
; (2.7)

where
 = 1:4 is the speci�c heat ratio for air anda is the speed of sound.

The use of an axisymmetric source term is particularly useful for Cartesian grid solver

applications since it allows a user to approximate the three-dimensional relieving effects without

requiring a three-dimensional grid. Provided the test case is symmetric about the rotation axis,
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geometrically and in terms of the freestream conditions, the source term may be derived by

transforming the CNE into the cylindrical reference frame and extracting the radial source term.

For a perfect gas, the axisymmetric source terms may be written as

H c =

8
>>>>>>>>>><

>>>>>>>>>>:

�v

�uv

�v 2

(E + p)v

9
>>>>>>>>>>=

>>>>>>>>>>;

andH d =

8
>>>>>>>>>><

>>>>>>>>>>:

0

� � xy

� �� � � yy

� u� xy � v� yy + qy

9
>>>>>>>>>>=

>>>>>>>>>>;

; (2.8)

where� �� is the azimuthal component of the viscous stress tensor.

2.1.1 Transport Properties

The viscous stress tensor for a Newtonian �uid may be written in index notation as

� ij = �
�

@ui
@xj

+
@uj
@xi

�
+ � ij � r �

@uk
@xk

� m� ij �
2
3

u2

y
; (2.9)

and

� �� = � �
2
3

�
@u
@x

+
@v
@y

�
+ �

4
3

u2

y
(2.10)

where� is the �uid viscosity,� ij is the kronecker delta, and� is the second viscosity coef�cient.

To close this expression, Stokes hypothesis is used such that

0 = � +
2
3

�: (2.11)
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Then, the �uid heat conduction may be modeled using Fourier's law as

q = � � r T ; (2.12)

where� is the �uid thermal conductivity. The �uid thermal conductivity is computed as

� =
�C p

Pr
; (2.13)

with Cp=1005J=kg � K being the �uid speci�c heat at constant pressure andPr being the Prandtl

number held constant at 0.72 unless speci�ed otherwise.

In this work, only air is modeled within the low-enthalpy, hypersonic environment, hence,

only a single closure model is provided. The viscosity for air is assumed to follow Sutherland's

law given as

� = � ref
T3=2

T + Tref
; (2.14)

with a reference viscosity,� ref , of 1:45151376745308� 10� 6 and a reference temperature,Tref ,

of 110.4 K.

2.2 Thermo-chemical Non-equilibrium

To model multi-component mixtures in thermo-chemical non-equilibrium, the CNE must

be expanded to ensure conservation of each �uid species,s, and must include the thermo-

chemical source term to model the �nite-rate chemical kinetics experienced at high temperature

conditions. Additionally, at high temperatures, the energy transfer rates between different internal
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energy modes may differ. This physical process needs to be accounted for to accurately capture

high temperature effects for real-world hypersonic �ight. As such, a two temperature model

is assumed such that the translational and rotational internal energy modes are in equilibrium

while the vibrational and electronic internal modes are handled separately and mutually equilib-

riated [30]. No �uid radiative effects are modeled in this work. The CNE for a multi-component,

reacting mixture may be recast as

@U
@t

+ r �
�

F c � F d

�
+

m
y

(H c � H d) = W ; (2.15)

whereW represents the thermo-chemical source term. Similarly, the conservative and primitive

state vectors may be written as

U =

8
>>>>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>>>>:

� 1

...

� ns

�u

�v

�w

E

Eve

9
>>>>>>>>>>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>>>>>>>>>>;

and P =

8
>>>>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>>>>:

� 1

...

� ns

u

v

w

T

Tve

9
>>>>>>>>>>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>>>>>>>>>>;

: (2.16)

From Eq. (2.16),� s is the density of speciess, Eve is the total energy for the vibrational

and electronic internal energy modes per unit volume,Tve is the temperature for the vibrational

and electronic energy mode, andns is the total number of species in the mixture being simulated.
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The convective and viscous �ux vector for directioni is given next as

F i
c =

8
>>>>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>>>>:

� 1û

...

� ns û

�u û + p� xi

�v û + p� yi

�w û + p� zi

(E + p)û

Eveû

9
>>>>>>>>>>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>>>>>>>>>>;

andF i
d =

8
>>>>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>>>>:

� J1;i

...

� Jns;i

� xi

� yi

� zi

� xi u + � yi v + � zi w � (qtr;i + qve;i ) �
P ns

s=1 Js;i hs

� qve;i �
P ns

s=1 Js;i eve;s

9
>>>>>>>>>>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>>>>>>>>>>;

;

(2.17)

whereJs;i is the mass diffusion �ux for speciess, qtr;i is the translational/rotational heat �ux,

qve;i is the vibrational/electronic heat �ux,hs is the species enthalpy, andeve;s is the species

vibrational/electronic energy. The convective and viscous axisymmetric source terms are given

next as
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H c =

8
>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>:

� 1v

...

� nsv

�uv

�v 2

(E + p)v

Evev

9
>>>>>>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>>>>>>;

andH d =

8
>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>:

� J1;y

...

� Jns;y

� � xy

� �� � � yy

� u� xy � v� yy + ( qtr;y + qve;y) �
P ns

s=1 Js;yhs

qv;y �
P ns

s=1 Js;yeve;s

9
>>>>>>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>>>>>>;

: (2.18)

The total energy for a multi-component mixture may be decomposed into the summation

of its various internal energy modes plus the �uid bulk kinetic energy as

E =
nsX

s=1

� s (et;s + er;s + ev;s + eel;s + ho
s) +

1
2

� (u2 + v2 + w2): (2.19)

Eq. (2.19) is split into the internal energy contribution (�rst term) de�ned by the species

translational energy mode,et;s , species rotational mode,er;s , species vibrational mode,ev;s,

species electronic mode,eel;s, and species formation energy,ho
s. The second term de�nes the

bulk �uid kinetic energy. The �uid total enthalpy may be de�ned as

H = E + p; (2.20)

wherep is now the mixture pressure. Dalton's law of partial pressures dictates that the total

mixture pressure of a �uid is the summation of the partial pressures of each individual species as
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p =
nsX

s=1

ps; (2.21)

with ps being the partial pressure of speciess. Each species is assumed to be an ideal gas with

ps =

8
>>><

>>>:

� s
Ru
M s

T for molecules and atoms,

� s
Ru
M s

Tve for electrons.

(2.22)

In Eq. (2.22),Ru is the universal gas constant de�ned as 8314.462 J/kmol�K, M s is the species

molecular weight in kg/kmol, andRs = Ru=Ms is the species gas constant.

Next, we seek to de�ne the form for each internal energy mode. The energy contributions

for each mode is based on the species classi�cation as a molecule, atom, or electron. Beginning

with the translational and rotational internal energy modes as

et;s = Ct
v;sT (2.23)

and

er;s = Cr
v;sT; (2.24)

whereCt
v;s andCr

v;s are the speci�c heats at constant volume for the translational and rotational

energy modes, respectively. These speci�c heats are constant valued functions de�ned as

Ct
v;s =

3
2

Ru

M s
(2.25)

and
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Cr
v;s =

8
>>><

>>>:

Ru
M s

for molecules,

0 for atoms and electrons.

(2.26)

The vibrational and electronic energy modes follow a harmonic oscillator model which

captures the non-linearity of a species speci�c heat as the temperature increases. The total vibra-

tional/electronic energy of the mixture is given by

Eve =
nsX

s=1

� s (ev;s + eel;s) ; (2.27)

such that

ev;s =

8
>>><

>>>:

P m
i =1 gv

s;i
Ru
M s

� v
s;i

exp(� v
s;i =Tve )� 1 for molecules,

0 for atoms and electrons

(2.28)

and

eel;s =

8
>>><

>>>:

Ru
M s

P 1
i =1 gel

s;i � el
s;i exp(� � el

s;i =Tve )
P 1

i =0 gel
s;i exp(� � el

s;i =Tve )
for molecules and atoms, and

0 for electrons.

(2.29)

Polyatomic molecules may have multiple vibrationally activated states wheregv
s;i is the de-

generacy of speciess for energy leveli , � v
s;i is the characteristic vibrational temperature, with the

species having a total ofm vibrational energy levels. Similarly, the electronic energy modes of

a given species may be de�ned by the degeneracy,gel
s;i , and the characteristic electronic tempera-

ture,� el
s;i . Any given species is de�ned by an in�nite number of electronic energy states with the
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temperature at which they become active being represented by the energy levels characteristic

temperature. Only a discrete number of energy levels is modeled since energy levels at very high

temperatures will have a negligible impact on the test cases in this work given the temperature

range of interest. For electrons, a linear temperature function is used to represent its collective

vibrational/electronic energy given by

eve;electron = Ct
v;electron Tve; (2.30)

where the electron speci�c heat at constant volumeCt
v;electron may be computed with Eq. (2.25).

Appendix A.1-A.3 gives a list of basic species data, vibrational data, and electronic data for all

species used in this work. The derivatives of the vibrational and electronic energy with respect

to the vibrational temperature is an important quantity to be used later in the linearization of the

CNE residual function for the implicit system. These speci�c heats may be de�ned as

Cv
v;s =

8
>>><

>>>:

P m
i =1 gv

s;i
Ru
M s

(� v
s;i =Tv )2 exp(� v

s;i =Tv )

(exp( � v
s;i =Tv )� 1)2 for molecules,

0 for atoms and electrons,

(2.31)

and
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Ce
v;s =

8
>>>>>>>>>><

>>>>>>>>>>:

Ru
M s

 
P 1

i =1 gel
s;i (� el

s;i =Tve )2 exp(� � el
s;i =Tve )

P 1
i =0 gel

s;i exp(� � el
s;i =Tve )

�

� P 1
i =1 gel

s;i � el
s;i exp(� � el

s;i =Tve )
�� P 1

i =0 gel
s;i (� el

s;i =T2
ve ) exp( � � el

s;i =Tve )
�

(
P 1

i =0 gel
s;i exp(� � el

s;i =Tve )) 2

!

for molecules and atoms, and

0 for electrons.

(2.32)

The derivative of Eq. (2.30) with respect toTve is given simply as

Cve
v;electron = Ct

v;electron : (2.33)

2.2.1 Transport Properties

The viscous stress tensor for a multi-component mixture is de�ned on the bulk composition

and follows the same equation and Stokes hypothesis given previously (Eq. (2.9) and Eq. (2.11)).

The heat �ux is computed with Fourier's law, decomposed into the two energy groups as

qtr = � � tr r T (2.34)

and

qve = � � ver T ve (2.35)

where� tr and� ve are the mixture thermal conductivities for the translational/rotational and vi-

brational/electronic energy modes, respectively. The two temperatures are assumed to reach an
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equilibrium at solid boundaries. The mass diffusion �ux is assumed to be governed by Fick's law

which relates the species diffusion velocity to its mass fraction gradient by

I s = � �D sr Y s; (2.36)

with I s being the species mass diffusion �ux,Ds being the species diffusion coef�cient, and

Ys = � s=� the species mass fraction. Depending on the selected mixture model, some modeling

inaccuracies may be realized when the mass diffusion �uxes do not sum to 0 [31]. This de�ciency

can result in errors in mass fraction boundary layer predictions which will translate to heat �ux

prediction errors. Hence, Sutton and Gnoffo (1998) have proposed a modi�ed Fick's law to

correct for this error with

J s6= e = I s � Ys

nsX

r 6= e

I r : (2.37)

Eq. (2.37) does not include the electron,e, in the summation since it must be accounted

for separately. Charge neutrality in the �ow-�eld is enforced through the electron mass diffusion

�ux by assuming an ambipolar diffusion model [32] as

J e = M e

X

s6= e

J sGs

M s
; (2.38)

whereGs is the species charge.

The model employed to compute the mixture transport properties has a strong impact on

the accuracy of a given simulation. Once ionization effects kick in, generally above 10,000 K,

long-range (electrostatic) and short-range (intermolecular) forces begin to in�uence the interac-
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tions for ion-ion collisions. Additionally, Coloumbic shielding of free electrons will also impact

collision cross-sections and change the transport properties of the overall mixture [33]. The mix-

ture viscosity can be solved for via the Boltzmann equation yielding an accurate representation

of the mixture transport properties even in highly ionized �ow-�elds [33–35]. Lower �delity

mixture models are often employed as a trade-off between accuracy and cost. Two such models

are used in this work, namely the Blottern-Eucken-Wilkes model for non-ionized �ow-�elds and

the Gupta-Yos model for weakly ionized �ow-�elds.

2.2.1.1 Blottner-Eucken-Wilkes Model

The �uid transport properties for this model are computed using Blottner (Eq. (2.39)),

Eucken (Eqs. (2.40) and (2.41)), and Wilke's relations (Eqs. (2.42)-(2.45)). The coef�cientsAs,

Bs, andCs are presented in Appendix A.4 [36]. The species conductivities can then be related to

the species viscosity [37] using

� s = 0:1 exp
h�

As ln(T) + Bs
�

ln(T) + Cs

i
; (2.39)

� tr;s =
5
2

� sCt
v;s + � sCr

v;s; (2.40)

and

� ve;s = � s
�
Cv

v;s + Cel
v;s

�
: (2.41)

The mixture viscosity and conductivities are computed with Wilke's mixing rule as shown in Eqs.
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(2.42)-(2.45), whereX s is the molar fraction of speciess,

� s =
nsX

r

X r

"

1 +
q

� s
� r

�
M r
M s

� 1=4
#2

r

8
�

1 + M s
M r

� ; (2.42)

� =
nsX

s

X s� s

� s
; (2.43)

� tr =
nsX

s

X s� tr;s

� s
; (2.44)

and

� ve =
nsX

s

X s� ve;s

� s
: (2.45)

The diffusion coef�cient for this model assumes a single binary diffusion coef�cient based

on a constant Lewis number as

Ds = D =
� tr Le
�C tr

p
(2.46)

whereLe is the Lewis number which is set equal to 1.4 unless speci�ed otherwise (to remain

consistent with the best practices in the hypersonic community) andCtr
p is the mixture speci�c

heat at constant pressure. This speci�c heat is computed as

Ctr
p =

nsX

s=1

YsCtr
p;s =

nsX

s=1

Ys
�
Ctr

v;s + Rs
�

: (2.47)
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2.2.1.2 Gupta-Yos Model

The Gupta-Yos mixture model [38] is a better approximation to the full Boltzmann equation

and provides improved accuracy in the weakly ionized �ight regime. The mixture viscosity can

be calculated with

� =
nsX

s6= e

ms
 s
P ns

r 6= e 
 r �
(2)
sr (T) + 
 e�

(2)
se (Tve)

+
me
 e

P ns
r 
 r �

(2)
er (Tve)

; (2.48)

where the molar concentration is de�ned as


 s =
� s

�M s
(2.49)

and the mass of each species is

ms =
M s

Na
(2.50)

such thatNa = 6:022045� 1023 1/mol is Avogadro's number. Then, the translational, rotational,

and vibrational thermal conductivities may be de�ned as

� t =
15
4

kb;SI

nsX

s6= e


 s
P ns

r 6= e asr 
 r �
(2)
sr (T) + 3 :54
 e�

(2)
se (Tve)

; (2.51)

� r = kb;SI

nsX

s= mol:


 s
P ns

r 6= e 
 r �
(1)
sr (T) + 
 e�

(1)
se (Tve)

; (2.52)

and
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� ve =
nsX

s= mol:

M sCve
v;s

103Na


 s
P ns

r 6= e 
 r �
(1)
sr (T) + 
 e�

(1)
se (Tve)

: (2.53)

The constant,asr , is de�ned as

asr = 1 +
(1 � (ms=mr ))(0:45� 2:54(ms=mr ))

(1 + ( ms=mr ))2
; (2.54)

andkb;SI = 1:38064852� 10� 23 J/K is the Boltzmann constant in SI units. The collision terms

for computing the mixture properties are de�ned as

� (1)
sr (T) =

8
3

s
2M sM r

�R uT(M s + M r )
10� 20� 
 (1;1)

sr (T) (2.55)

and

� (2)
sr (T) =

16
5

s
2M sM r

�R uT(M s + M r )
10� 20� 
 (2;2)

sr (T): (2.56)

The collision integrals� 
 (1;1)
sr and� 
 (2;2)

sr are dependent on whether the collision is an ion-ion

interaction or not. The relevant equations for the collision integrals are given in Appendix A.5.

The species binary diffusion coef�cient for heavy particle collisions is computed as

Dsr =
kb;SI T

p� (1)
sr (T)

(2.57)

and for electron collisions as

Der =
kb;SI Tve

p� (1)
er (Tve)

: (2.58)

27



The species diffusion coef�cient to be used in the governing equations that accounts for all inter-

actions is then given by

Ds =

 2

t M s (1 � M s
 s)P ns
r 6= s 
 r =Dsr

; (2.59)

with


 t =
nsX

s


 s: (2.60)

2.2.2 Source Term

The thermo-chemical non-equilibrium source term for �nite-rate chemical kinetics may be

written as

W =
�

_! 1 � � � _! ns 0 0 0 0 _! v

� T

; (2.61)

with

_! v = St2v + Sc2v + Sh2e � Se2i ; (2.62)

where_! s is the chemical production rate of speciess, _! v is the vibrational relaxation source term,

Sc2v is the chemical to vibrational source term,St2v is the translational to vibrational source term,

Sh2e is the heavy particle to electron energy exchange source term, andSe2i is the electron impact

ionization source term. The reaction mechanisms used to compute this source term is dependent

on the �ight environment under study. Appendix A.7 provides the reaction mechanisms for 5-
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species air, 11-species air (ionizing), and 8-speciesCO2 atmospheres to cover the test cases in

this work.

For the chemical source term,_wsr is the chemical production rate of speciess in reactionr

and is given by

_wsr = ( �
00

sr � �
0

sr )

"

kf r

nsY

j =1

� � j

M j

� �
0
jr

� kbr

nsY

j =1

� � j

M j

� �
00
jr

#

; (2.63)

and the source term,_! s, by

_! s = M s

nrX

r =1

_wsr ; (2.64)

where, for a given reactionr , �
0

is the stoichiometric coef�cient for the reactants,�
00

is the

stoichiometric coef�cient for the products,kf r is the forward reaction rate,kbr is the backward

reaction rate, andnr is the number of reactions. The forward reaction rate is computed using an

Arrhenius curve �t for the Park two-temperature model using the empirical coef�cients given in

Appendix A.7 as,

kf r = A f r T � r
c exp

�
�

Tar

Tc

�
; (2.65)

where,

Tc = Taf Tbf
ve : (2.66)

Here,A f r and� r are coef�cients for the Arrhenius curve �t for reactionr , Tc is the forward

controlling temperature, andTar represents the activation temperature. The backward controlling
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reaction rate is a function of the forward reaction rate and the equilibrium constant,K cr , as

computed using the backward controlling temperature,Tbc,

kbr(Tbc) =
kf r (Tbc)
K cr (Tbc)

; (2.67)

where the backward controlling temperature is de�ned in Eq. (2.68) as

Tbc = TabTbb
ve: (2.68)

The exponentsaf , bf , ab, andbb are provided in Appendix A.7. The equilibrium constant is

computed using a NASA 9 polynomial curve �t 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 [39]. The Gibb's free energy is de�ned as

ĝs = ĥs � Tbcŝs; (2.69)

whereĝs is the Gibbs energy per unit mole for speciess, ĥs is the enthalpy per unit mole of

speciess, andŝs is the entropy per unit mole for speciess. The curve �ts for the species enthalpy

and entropy are given by

ĥs

RuTbc
= � a1s

1
T2

bc

+ a2s
ln(Tbc)

Tbc
+ a3s + a4s

Tbc

2
+ a5s

T2
bc

3
+ a6s

T3
bc

4
+ a7s

T4
bc

5
+ a9s

1
Tbc

(2.70)

and
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ŝs

Ru
= � a1s

1
2T2

bc

� a2s
1

Tbc
+ a3s ln(Tbc) + a4sTbc + a5s

T2
bc

2
+ a6s

T3
bc

3
+ a7s

T4
bc

4
+ a10s: (2.71)

The equilibrium constant is a function of the change in the Gibbs free energy between the

reactants and products and is given by

K cr = exp

"

�
nsX

s=1

�
(v

00

sr � v
0

sr )
ĝs

RuTbc

�
#

� p0

RuTbc

� vr

: (2.72)

The value ofp0 is a reference pressure set to 1 bar, while in the computational framework,

p0 is set to 0.1 andRu is set to 8.31441 to be in the centimeter-gram-second (CGS) unit system.

The coef�cients for the enthalpy and entropy curve �ts are taken from the work of Gordon and

McBride [40].

The translational-vibrational energy exchange source term,St2v, is based on the Landau-

Teller formulation [37] given by

St2v =
nsX

s= mol:

� s
eve;s(T) � eve;s(Tve)

� s
; (2.73)

whereeve;s(T) is the species vibrational energy at equilibrium which is computed using the

translational-rotational temperature,eve;s(Tve) is the species vibrational energy computed using

the vibrational temperature, and� s is the relaxation time with the summation being taken over the

molecular species only. The relaxation time is de�ned based on the molar averaged Landau-Teller

relaxation time,


� s

�
as
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� s =


� s

�
+ � ps; (2.74)

and � ps is Park's correction on the relaxation time for high-temperature effects beyond 8000

K [41]. The molar averaged relaxation time can be found with Eq. (2.75)



� s

�
=

P ns
r X rP ns

r X r =�sr
; (2.75)

where � sr 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 [42]

� sr =
p0

p
exp

h
Asr

�
T � 1=3 � Bsr

�
� 18:42

i
: (2.76)

The coef�cientsAsr andBsr are functions of the reduced molecular weight,� sr , and� v
s;1 and

de�ned as

Asr = 0:0016� 1=2
sr

�
� v

s;1

� 4=3
(2.77)

and

Bsr = 0:015� 1=4
sr (2.78)

where,

� sr =
M sM r

M s + M r
: (2.79)
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The characteristic vibrational temperature,� v
s;1, used in the vibrational relaxation model corre-

sponds to the �rst 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 de�ned based

on the effective collision cross-section,� s, the average molecular velocity of speciess, cs, and

the number density of the species,Ns, as

� ps =
1

� scsNs
; (2.80)

where,

� s = �
0

s

� 50000
T

� 2
in m2 (2.81)

and

cs =

r
8RuT
�M s

: (2.82)

In Eq. (2.81),�
0

s is an empirical factor used to correlate the numerical approximation to the

experimental data [43]. Hence, this parameter would generally be species dependent, however,

in this work,�
0

s is held �xed at a value of10� 20. The energy exchange into the vibrational energy

mode due to chemical reactions is computed using the non-preferential model as

Sc2v =
nsX

s= mol:

_! seve;s: (2.83)

The remaining two vibrational relaxation source terms are only active when ionized species

are included within the mixture model. The energy exchange between heavy particles and elec-
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trons is

Sh2e = 3Ru � e (T � Tve)

r
8RuTve

�M e

nsX

r 6= e

� r Na

M 2
r

� er (2.84)

where the subscripte denotes electron quantities and� is a collision cross-section for particle-

particle collisions. Collisions between electrons and neutral species assume a constant collision

cross-section of� er = 1 � 10� 19 m2 (following the work of Zhang [44]). For collisions between

electrons and ions, the following expression is used

� er =
8�
27

�
e2

kb;CGSTve

� 2

10� 4 ln

 

1 +
9

4�

�
kb;CGSTve

e2

� 3 1
N �

e

!

(2.85)

wherekb;CGS = 1:38064852� 10� 16 cm2g/s2K is the Boltzmann constant in the CGS unit system,

e = 4:8032� 10� 10 statC is the electron charge in statcoulombs, andN �
e is the limited electron

number density. The limited electron number density is de�ned as

N �
e = max (1; Ne) (2.86)

with

Ne = 10� 6Na
� e

M e
: (2.87)

Finally, the energy exchange during impact ionization reactions is caused by a free elec-

tron striking a non-ionized atomic species and freeing an additional electron. Only two impact

ionization reactions are modeled in this work (within the 11-species air model) and are given as
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N + e� *) N + + e� + e� (2.88)

and

O + e� *) O+ + e� + e� : (2.89)

The impact ionization source term is evaluated simply as

Se2i = MN + _! N + Î N + MO+ _! O+ Î O (2.90)

whereÎ N andÎ O is the energy required to ionize atomic nitrogen and oxygen, respectively and

the production rates are from the impact ionization reactions only. This may be taken from

the �rst energy of ionization which assumes that all of the ionization energy comes from the

electron. Prior works have mentioned that this over predicts the amount of energy necessary for

this reaction and only1=3 of the �rst ionization of energy should be used [32,44]. Therefore, the

same reduction in the ionization energy is used in this work such that Eq. (2.90) becomes

Se2i =
1
3

MN + _! N + Î N +
1
3

MO+ _! O+ Î O: (2.91)
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Chapter 3: NBS

The NBS used in this work largely operates as a standalone body-�tted CFD solver within

the CHAMPS framework and solves the complete compressible Navier-Stokes equations as out-

lined in sections 2.1 and 2.2 for consistency with the off-body Cartesian AMR solver. The volume

mesh generation algorithm is fully automatic, requiring only a handful of user settings to proceed

and it is built on top of a manually generated surface grid provided by the user to CHAMPS. This

surface grid was already a requirement for operating the Cartesian/IBM solver within CHAMPS

(to compute the level set function), hence, no additional grid inputs are required when using the

NBS.

This section will outline the various algorithms for controlling the grid extrusion process

in 2D and 3D, the two-way coupling with the Cartesian AMR and/or IBM solvers (depending

on coupling method in use) as well as the parallelization strategy and scaling performance. The

numerical modeling aspects in terms of spatial and temporal discretization schemes shall be out-

lined in section 5.

3.1 Overview

To discuss the development of the NBS grid generation and coupling procedures, it may

prove useful to provide a high-level overview of the NBS-Cart/NBS-IBM solver paradigms be-
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fore discussing �ner details on the framework.

The NBS generates its volume grid via prism layer extrusion initiating from the provided

surface grid (see Fig. 3.1a and Fig. 3.1c). The elements selected for extrusion may be identi�ed

in a variety of ways depending on which regions of a given geometry require an NBS treatment.

CHAMPS by default will identify all in-domain surface elements and their corresponding vertices

and perform the extrusion process from this subset of surface nodes. The mesh is extruded into the

�uid and solid domains to form the interior NBS grid and associated sub-surface guard cells for

employing a cell-centered domain boundary condition. Several layers of guard cells are located

at the wall-normal boundaries to allow for higher order reconstructions without having to revert

to lower order closures. Streamwise domain boundaries generally reduce to �rst order treatments

unless quadrilateral surface grids are used (which allows for multiple layers of guard cells to be

easily identi�ed and provided with adequate �ow conditions). The overall grid topology in 2D is

shown in Fig. 3.1b where each grid block of the Cartesian solver representsnx -by-ny points in

2D ornx -by-ny-by-nz points in 3D.

A two-way coupling is required for data exchange from the Cartesian off-body solver to the

NBS and from the NBS back to the Cartesian off-body solver. The Cartesian to NBS coupling is

facilitated by image points placed at the NBS overset interface as denoted by the green point in

Fig. 3.1b. This image point sits on the shared face between the last interior grid point on each ray

and the �rst wall-normal guard cell on the opposite side of this interface. An NBS ”ray” is de�ned

as the collection of wall-normal cells that are all associated with the same surface element. Guard

cells across the overset interface may then be �lled via primitive variable extrapolation using the

image point �ow state (sampled from the Cartesian solution) and the interior NBS cell states.

The NBS to Cartesian coupling is achieved via one of two ways: (1) wall-model coupling where
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(a) Polyhedral element extrusion (b) NBS-Cart schematic

(c) NBS-Cart 3D MSL

Figure 3.1: NBS sample surface element extrusion for arbitrary polyhedral (left), sample grid
schematic of the NBS-Cart solver for a 2D cylinder test case (right) and 3D grid extrusion on the
MSL capsule (bottom).

the surface viscous �uxes from the NBS are provided to the IBM solver and used within the

IBM viscous scheme as the immersed boundary (IB) �ux (denoted as the NBS-IBM solver) or

(2) overset coupling where the NBS directly injects the primitive �ow state into several layers

of interior Cartesian cells near the IB (denoted as the NBS-Cart solver). The second method is

called the NBS-Cart solver since the overset interpolation effectively removes any irregular point

treatment that is characteristic of an IBM solver and reverts it to a strictly Cartesian grid solver

structure.
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3.2 MPI Parallelization

The use of two separate CFD solvers allows for some choice in the MPI parallelization pro-

cess to perform a sequential or simultaneous solve structure. Advancing the Cartesian solver and

NBS simultaneously may allow for improved performance under the right conditions, however,

careful consideration of the load balancing characteristics would need to be made to maintain op-

timal performance for both perfect gas and TCNE environments. Additionally, the Cartesian grid

partitioning algorithm would need to be adjusted to account for the computational load coming

from the NBS as well as the relative differences in computational loading as it relates to �nite-

volume and block-structured Cartesian, �nite-difference solvers. Therefore, simplicity dictates

a sequential solve as being the preferred choice that is more broadly applicable and easier to

implement.

Both the Cartesian solver and NBS are partitioned independently across all available pro-

cessors for a given simulation. This naturally raises the issue of encountering mismatched data

structure layouts when attempting to couple the solvers together. The Cartesian solver partitions

the surface grid elements in a manner which replicates the full 3D volume partition. Only pro-

cessors whose volume partition makes contact with the surface grid will own surface elements.

Since one image point is associated with each surface element, this also means not all processors

participate in the image point interpolation procedure to couple into the NBS. A sample of the

Cartesian volume-based surface partition is shown in Fig. 3.2a. A MPI communication structure

has been built to transfer the data from the Cartesian partition onto the NBS partition upon com-

pletion of the image point interpolation. The NBS surface is partitioned with the METIS library

with a k-way partitioning approach to maintain good load balancing across all processors [45].
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(a) Cartesian volume-based partition (b) NBS surface partition

Figure 3.2: Cartesian volume-based surface partition compared to the NBS surface partition.

The NBS to Cartesian coupling requires the inverse of the prior communication structure

to send viscous �uxes back onto the Cartesian partition (NBS-IBM) or a separate communication

structure to transfer overset interpolated states to each processor which owns identi�ed Cartesian

overset cells. The overset interpolation itself is performed on the NBS partition to maintain

better load balancing. Communication is also required between each processor patch on the NBS

surface which is performed with overlapping surface partitions. METIS partitions the surface grid

such that each element is uniquely owned by only one processor, this is marked as the processors

interior grid points. Then, each processor expands its patch by as many layers as is required to

avoid stencil cloud reduction in the convective and viscous schemes due to insuf�cient grid points.

These additional surface elements are marked as exchange elements and have been marked in red

in Fig. 3.3. Processors which are adjacent to a streamwise domain boundary perform a similar

procedure to pick-up multiple layers of domain boundary elements unless a non-quadrilateral

surface grid is employed. Then, only a single layer of domain boundary guards are employed due

to dif�culty in �lling domain boundary guard cells for unstructured grids.
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