ABSTRACT
STEFANSKI, DOUGLAS LAWRENCE. Development of a Regional Structured and
Unstructured Grid Methodology for Chemically Reactive Turbulent Flows. (Under the
direction of Drs. Jack R. Edwards and Hong Luo).

A finite volume method for solving the Reynolds Averaged Navier-Stokes (RANS)
equations on unstructured hybrid grids is presented. Capabilities for handling arbitrary
mixtures of reactive gas species within the unstructured framework are developed. The
modeling of turbulent effects is carried out via the 1998 Wilcox k —w model. This
unstructured solver is incorporated within VULCAN — a multi-block structured grid code —
as part of a novel patching procedure in which non-matching interfaces between structured
blocks are replaced by transitional unstructured grids. This approach provides a fully-
conservative alternative to VULCAN’s non-conservative patching methods for handling such
interfaces.

In addition, the further development of the standalone unstructured solver toward
large-eddy simulation (LES) applications is also carried out. Dual time-stepping using a
Crank-Nicholson formulation is added to recover time-accuracy, and modeling of sub-grid
scale effects is incorporated to provide higher fidelity LES solutions for turbulent flows. A
switch based on the work of Ducros, et al., is implemented to transition from a monotonicity-
preserving flux scheme near shocks to a central-difference method in vorticity-dominated
regions in order to better resolve small-scale turbulent structures. The updated unstructured

solver is used to carry out large-eddy simulations of a supersonic constrained mixing layer.
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Chapter 1

Introduction

Computational Fluid Dynamics (CFD) has become an important research and design
tool in many areas of engineering involving fluid flow. The ability to quickly simulate flows
for multiple design configurations helps to reduce costs associated with the production and
testing of physical models, as unfavorable concepts can be identified earlier in the design
process. CFD also provides support during the testing process, as simulations can be used to
determine appropriate locations to place instrumentation for gathering flow data, as well as to
further investigate unexpected test results. Naturally, this usefulness in the design process
has led to a desire to develop simulation capabilities for increasingly complex systems,
including tip-to-tail analysis of aircraft and propulsion flow fields. An important step in the
simulation of such systems is the discretization of the physical domain of interest. CFD
solvers are generally classified in the manner in which the discretization is carried out —
typically Cartesian, structured, or unstructured. @ Each method has advantages and
disadvantages.

Cartesian grid methods offer simplicity in grid generation, as gridlines are aligned
with the Cartesian coordinate axes. Some other benefits of Cartesian grids include increased
simplicity of the basic flow solver and use of higher-order accurate numerical schemes [1].
However, Cartesian meshing necessarily results in the generation of irregular cells where
grid lines intersect physical boundaries, as seen Fig. 1.1. Such cells may be small compared

to the rest of the domain, and present stability concerns for time accurate simulations.



Methods for handling physical boundaries and the small cell problem are discussed in [1-3].
Uniformly spaced Cartesian meshes may also be problematic, as certain regions of flow
require greater grid resolution to accurate capture the local physics. This disparity may result
in either loss of accuracy due to inadequate grid resolution, or loss of efficiency due to
unnecessary refinement in regions where the flow is simple. The resolution issue may be
handled through localize mesh refinement as in [1] and [4], or by a grid stretching approach

asin [2].
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Figure 1.1: Sketch of Cartesian grid near solid boundary [1]
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For high speed internal flows characteristic of ramjet and scramjet systems, resolution
of thin viscous layers requires grid refinement in the transverse direction to a much greater
extent than in the primary flow direction. In these situations, Cartesian meshes may be non-
optimal, as greater efficiency is gained through the use of body-fitted structured grids, which

employ high aspect ratio quadrilateral (in two dimensions) and hexahedral (in three



dimensions) cells near no-slip surfaces to fully resolve viscous boundary layers while
eliminating unnecessary refinement in the primary flow direction. This structured grid
method also preserves a straightforward ordering, allows higher order schemes, and permits
simpler and generally more accurate treatment of solid boundaries than a Cartesian grid
approach. Use of structured grids is not without drawbacks though, as generation of body-
fitted grids can be very costly and require significant user interaction, particularly for
complex geometries. For this reason, alternative methods based on the use of primarily
triangular elements in two dimensions and tetrahedral elements in three dimensions have
become increasingly popular.

Unstructured grid methods generally make use of advancing front or Delaunay
triangulation techniques to discretize the domain. The advancing front method [5-9] starts
from a prescribed boundary and marches into the void space by generating new elements in
an iterative fashion. The advancing front method has the benefit of maintaining boundary
integrity by default, but encounters difficulty in generating high aspect ratio cells needed to
resolve viscous flows. Generally this issue is addressed through the use of structured or
semi-structured mesh generation techniques in boundary layers. By contrast, Delaunay based
methods [10-15] begin from a set of points defining an initial triangulation. New points are
added one at a time and the triangulation is updated after each insertion. Because points may
be placed at specified locations, Delaunay methods present an advantage over the advancing
front technique when dealing with viscous flows. However, the resulting mesh may not
satisfy the constraints prescribed by boundary surfaces. While the boundary recovery issue

has been successfully resolved in two dimensions [16,17], investigation is ongoing for the



three dimensional analogue. Nevertheless, Delaunay based methods have been successfully
implemented in three dimensions with a high degree of automation. Thus, unstructured
methods may reduce much of the cost associated with generating structured meshes on
complex domains. Unfortunately, the lack of a simple ordering and the arbitrary nature of
elements complicate solver algorithms compared to Cartesian and structured mesh methods.
While a single mesh based on one of these basic methods — Cartesian, structured, or
unstructured — may be sufficient for simpler flows, the weaknesses inherent in each approach
tend to be amplified when applied to problems of increasing size and complexity. Instead, a
discretization consisting of several separate blocks each meshed individually may be used to
more efficiently resolve the flow field. These so-called multiblock strategies fall into several
categories [18-20]. In overset methods, grids are allowed to overlap in an arbitrary manner,
and an interpolation scheme is used to transfer information between blocks. Overset methods
using structured grids have been well developed using the Chimera approach [21-23]. While
overset interpolations are non-conservative, Meakin [22] and Chan [23] have shown that
accuracy can be maintained despite conservation loss. However, loss of conservation may
result in the generation of erroneous physical solutions despite preservation of formal
accuracy. To address this issue, Wang [24] and Wright and Shyy [25] have developed fully
conservative interface methods for overlapped structured grids based on mesh manipulation
and composite grid procedures. Composite grids are a special case of patched multiblock
meshes, in which gridlines are continuous across distinct, non-overlapping block interfaces.
In a general patched multiblock mesh, gridlines need not be continuous across these

interfaces. That is, hanging nodes may exist on either side of a block-to-block interface. The



VULCAN code (Viscous Upwind aLgorithm for Complex flow ANalysis) [26,27] developed
at NASA Langley employs a patched multiblock structured mesh approach. As in overset
methods, non-C° continuous patch interfaces, that is, patches in which gridlines are not
continuous across the interface, may generate conservation errors. Illustrations of the

different multiblock mesh types are shown in Fig. 1.2.

Figure 1.2: Multiblock meshes: (a) overset, (b) patched, (c) composite [20]



A natural extension of multiblock methods is the incorporation of unstructured block
domains within the multiblock framework. The desire to use these hybrid grid methods
arises from the balance between the strengths and weaknesses of structured and unstructured
meshes. Structured mesh methods enable efficient solver algorithms but incur higher costs
during grid generation. Unstructured meshes required a more complicated and expensive
solver, but enable rapid and automated grid generation. Advantageous use of both structured
and unstructured grids allows for a faster grid generation process and retention of efficient
structured grid solver algorithms for much of the domain. Weatherill [28] provided an early
investigation into the use of a hybrid approach for mesh quality improvement, meshing of
complex geometries, and mesh adaptivity. ~ More recently, a hybrid solver for
turbomachinery flows, TRACE, has been developed at the German Aerospace Center (DLR)
[29,30]. The TRACE code uses a conservative patch interface approach to coupling the
structured and unstructured solvers, and has also been coupled with DLR’s unstructured
TAU solver for external flows using a Chimera interpolation technique [31]. Tsung and
Loellbach et al. [32] also developed a hybrid solver for turbomachinery flows, but instead
used an overlapping approach to achieve hybrid coupling due to the differences in the
unstructured solver (cell-centered finite volume approach) and structured solver (vertex-
based finite difference scheme). Shaw and Peace [33] provide guidelines for using hybrid
grids and present a hybrid grid, vertex-based finite element method for simulating external
flows over full airframe configurations. Similar external flow simulations are carried out
using a hybrid grid approach based on mismatched abutting grid interfaces and the elsA

structured flow solver in the work of Puigt et al. [34]. The Helios software for rotorcraft



simulation [35,36] makes use of an alternative dual-mesh approach that couples semi-
structured strand meshes in the near-body region with Cartesian meshes in off-body regions
via overset methods.

While the above methods may vary in their implementation of the hybrid mesh
approach, the underlying concept is the same: the fluid domain is meshed using a
combination of structured and unstructured grid generation techniques allowing for more
efficient meshing, and appropriate algorithms are then used to resolve the flow over the
hybrid mesh, resulting in savings compared to the generally higher costs of fully unstructured
solvers. However, hybrid mesh methods offer another interesting possibility. Multiblock
structured grids using overset and patched interface approaches are generally non-
conservative; but unstructured meshes may be used to formulate a new patching approach
capable of recovering conservation between blocks. The DRAGON (Direct Replacement of
Arbitrary Grid Overlapping by a Nonstructured grid) grid method [37,38] is such an
adaptation of the Chimera framework. The DRAGON method replaces overlapping in the
overset Chimera grid approach with unstructured meshes, eliminating the need for non-
conservative interpolation schemes for information transfer across block interfaces. In this
study, a similar hybrid approach based on the VULCAN structured solver and patched rather
than overset grids is developed and used to solve high speed reactive flows.

NASA’s VULCAN code is a patched multiblock structured mesh Navier-Stokes
solver for general reactive flows, and is considered state of the art for the numerical
simulation of high speed internal flow fields in airbreathing propulsion systems. Typically,

structured meshes are near optimal for such flows, but as geometric complexity increases, the



time required to conduct a tip-to-tail analysis of new configurations is dominated by the cost
of generating a good quality structured mesh. Resolution of injector ports, for instance, may
require very fine mesh spacing, whereas nozzles or straight combustor sections do not. To
handle these situations economically, VULCAN employs a mismatched patching approach in
which adjacent structured blocks can have dissimilar mesh spacing.  However,
implementation of the patching procedure is non-trivial and may require significant user
intervention during pre-processing. Furthermore, conservation is not guaranteed across
patched interfaces. Implementation of an unstructured patching procedure recovers
conservation at these interfaces, while at the same time facilitating greater automation of the
patching process. Additionally, limiting unstructured meshes to very small transitional
regions between mismatched structured blocks ensures that increased computational costs
associated with the unstructured solver are kept to a minimum.

In the following sections, an unstructured flow solver, FVFLO-NCSU (Finite Volume
FLOw-NCSU) is presented. The FVFLO-NCSU code has been developed to include a
subset of prioritized VULCAN capabilities [39-42], such as explicit and implicit integration,
a high-resolution upwind differencing scheme, allowance for arbitrary mixtures of frozen or
chemically reacting thermally perfect gases, and turbulence via Wilcox’s k — w model. To
reduce the redundancy between the unstructured and structured solvers, FVFLO-NCSU
makes use of VULCAN’s pre-existing point-based routines when possible. These routines,
which are predominately dependent on VULCAN’s database files, include procedures to
compute thermophysical flow properties, transport properties, and chemical kinetics source

terms. The hybrid coupling of VULCAN and FVFLO-NCSU is discussed. Results are



presented to characterize both the standalone FVFLO-NCSU solver and the hybrid
VULCAN/FVFLO solver. Additionally, further updates to the FVFLO-NCSU code are
made. Specifically, a dual time-stepping procedure is used to recover time-accuracy, and
large eddy simulation techniques for resolving turbulence are put in place. Simulations of
constrained supersonic mixing layers are carried out using the upgraded FVFLO-NCSU

solver.



Chapter 2

Governing Equations

2.1 Navier-Stokes Equations

The governing equations of fluid flow — namely the Navier-Stokes equations — are a
set of equations for mass continuity, conservation of momentum, and conservation of energy.
For an arbitrary mixture of m =1,2,...,NS gas species, NS many species continuity

equations must be included in the system. For a species m, the species mass fraction is

Y, =2 2.1)

NS
p= Z Pm (2.2)
m=1
so that
NS
Z Y, =1 2.3)
m=1

In this mixture framework, the Navier-Stokes equations can be represented in tensor notation

as

10



a(Y)+a(Y +D; )=d (2.4)
ot Prm ox; PrmlU; im) = Wm .

d d 0ty;
5¢ (U + a—xj(puiuj +6,p) = Tx (2.5)
ar [P\ T3t )| + g [P\ gt )| = g Wit — 4 (2.6)

where u is the fluid velocity, p is pressure, and the internal energy per unit mass, e, is given

by
p
e=h-—-. 2.7
P (2.7)

For a thermally perfect gas mixture, pressure is computed as

NS v
= T Yy = 2.8
m=

where R,, is the universal gas constant and M, is the molecular weight of species m. The

mixture enthalpy is

h= Z Y, R, 2.9)

and the individual species enthalpies are given by

11



T

hm = hyey, + f Cp,, AT (2.10)
Tref

The species specific heats at constant pressure, ¢, , and enthalpies are computed using curve

fits and data from McBride, et al. [43]. For example, c,, is found using the following:

C
P =a, tay, T+as, T>+a, T3 +as, T (2.11)

m

|

where the species gas constant R,, = R,/ My,.

The viscous stress tensor t;; is given by the relation

1 auk
tij = 2Umix (Sij - §a_xk§ij): (2.12)

with strain-rate tensor S;; defined by

Sy = (L 4 0 213
U_Z ax] aui | ( )

Fick’s Law is used to compute the laminar species diffusion D; and the heat flux vector is

modeled using Fourier’s law:

HUmix aYm
D, =-— (2.14)
tm Sc dx;
aT NS
q; = _kcmixa—i_ Z hinDjyy- (2.15)
T m=1

12



Here Sc denotes the Schmidt number, taken to be 0.72 for the purpose of this study, and

ke, 1s the thermal conductivity of the mixture, computed by

C . .
k. . _ Cpmipttmix (2.16)

Cmix Pr

with Pr denoting the Prandtl number (also 0.72 in this study) and the mixture specific heat,

c computed using a formula analogous to Eq. (2.9). The mixture thermal conductivity

Pmix’®
may also be determined by first calculating the thermal conductivity of each individual

species via Sutherland’s formula:

3
m =T\ Ty ) T+ Sy

and then applying Wassiljewa’s formula, given by

NS

k Kickey (2.18)
Cmix £ jVS1 X]¢k] '
where X, is the mole fraction of species m, and
1 112
ey \? (24 )
1+ (k—> (%)
J (2.19)

brj = 1

o1 +3¢;)]

The molecular viscosity of the mixture, p,, 1S found in a similar manner using Wilke’s

formula [44]:
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NS ¥

kMK
Umix = _ (2.20)
mix ?E1Xj¢kj

where ¢, ; has an analogous form to Eg. (2.19).

Finally, the species chemical source terms, w,, are computed using the law of mass
action (LMA), which sums the production rate for species k of from an individual reaction

over the total number of chemical reactions, NR, in the reactions system. The LMA is given

by

NR NS , NS "

. 17 ’ Vim Vin

Dy = Mkz(vjk — ) [kfj | | Com — ke, | | cV ] 2.21)
j=1 m=1 n=1

where v, and vj;, are the stoichiometric coefficients of species k on the reactant and product

sides, respectively, of reaction j. C, denotes the concentration of species k, and is defined as

Pr

Cp, =—.
LV

(2.22)

The forward reaction rate coefficient of reaction j in the absence of temperature fluctuations

is modeled using the Arrhenius equation:

n; Fa;
kfj = A]T 7 exp [— RuT]’ (223)

with reaction-dependent constants 4;, n;, and €q;- The backward reaction rate is given by

ky = kf/keq, Where
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aG (2.24)
. .

keqj = (:RuT)_(m}’_m}) exp [_ R
u

Here, m]'- and m]'-’ are the sums of the stoichiometric coefficients of all reactant and all

product species, respectively, in reaction j, and AG; is the total change in Gibbs free energy

for the reaction, found by summing the change in species Gibbs free energy as follows:

NS

AG; = Z (v,’(’J - v,ij) Ik (2.25)

k

where the species Gibbs free energy, g, is computed using a polynomial curve fit similar to
Eq. (2.11).

The system outlined above represents the set of governing equations for reactive,
multi-species fluid flows. However, solving these equations to directly simulate turbulent
flows (an approach known as direct numerical simulation, or DNS) requires the use of very
small time steps and grid scales, which can result in high and even prohibitive computational
costs. Instead, this work uses alternate approaches for resolving turbulence based on the time
averaging and spatial filtering of the governing equations, which are detailed in the following

sections.
2.2 Reynolds-averaged Navier-Stokes Equations

Many turbulent flows of interest in engineering are stationary — that is, on average,
they do not vary with time [45]. For such a flow, the time average of an instantaneous flow

variable Q(x;, t) is defined by
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_ 1
Qx) = T f Q(x;, t)dt. (2.26)
T

By introducing a fluctuating component Q’(x,t) such that Q’(x,t) = 0, the instantaneous

variable can be expressed by

QCxi, ) = Q(x) + Q' (xi, ©). (2.27)

Substituting the above form for the instantaneous flow variables into Egs. (2.4-2.6) and
taking the time average results in the introduction of new terms involving the product of
fluctuating components. For example, in Eq. (2.5), the time average of the product pu;

becomes

(p+p)@ +w) =pu; +puj, (2.28)

where the mean value of the product of the fluctuations, p’u!, may be non-zero. This holds
true for other such products of fluctuating components, resulting in additional terms which
increase the complexity of establishing suitable closure approximations [45]. However,
introducing a density-weighted averaging can greatly reduce these complications.

The so-called Favre averaging process is given by

1 Qi Dt (2.29)
- ,

é(xi) =

or, more simply
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Q(x) = % (2.30)

Furthermore, the Favre-averaged variables can represented as containing a fluctuating

component Q" (x,t) in a manner similar to the Reynolds-averaged variables:

Qxit) = Q(x) + Q" (x;, ©). (2.31)

In this framework, taking the Favre average of pu; yields

pu, = pil; + puy’, (2.32)

which, combined with Eq. (2.30), reveals that pu!” = 0. That is to say, the Favre average of
the fluctuating velocity vanishes [45]. However, the Reynolds average of the fluctuating
velocity is not equal to zero in this case, i.e. u)” # 0.

For the purpose of mass averaging the conservation equations governing fluid flow,

the flow properties are decomposed as

Uu; ﬁi +u{'
Ym = Vu+Yn
p = p+p
= P !
P otp (2.33)
h = h+h"
e = é+e”
T = T+T"
q = qu;+4q;

where q; denotes the laminar heat transport term. Substituting the above decomposed flow

properties into Egs. (2.4-2.6) and carrying out the averaging process then yields the Favre-
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averaged conservation equations:

9 .
= (me) o (meul + Dy, + puV) = G (2.34)

0 J ,_
(p L) + ] (pulﬁ] + SUP) = %(tll - pu]”u{’) (235)

adl_r. 1_ _ pu'u; ad |__ (-~ 1__ _pu'u
5|7 (e 370) +5 a—x,.f’“f(“z”iuj) i | T
- 2.36
g —pu'h"" +t, ul’ —1 w'u'u) +i[u-(t u)’ )] ( )
ax] CIL] p ] y“ Zp g Bt Mt} an i\‘ij — Y

Here, the mean-flow state and mixture equations as well as the laminar species diffusion and
heat flux terms take on analogous forms to their previously described instantaneous
counterparts. However, several new terms have been introduced as a result of the averaging
process and must be dealt with to close the system. The turbulent kinetic energy per unit
volume appears in both terms on the left side of Eq. (2.36), and is defined as

T
pu Uy

o (2.37)

pk =

and will be determined from the solution of a turbulence model equation to be discussed

later. The only new term in Eq. (2.35), is the Favre-averaged Reynolds-stress tensor:

ptTi; = —pw'u;. (2.38)

Letting ur represent the eddy viscosity, the Reynolds-stress tensor is determined via the
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Boussinesq approximation:

_ 101, 2 _
pTij = 2Ur (Sij - §E5ij> - §pk6ij' (2:39)

For flows outside of the hypersonic range (M < 5), pk is small compared to P, and the
contribution of the turbulent kinetic energy to the Reynolds-stress may be neglected [45], an

approximation which is made in this work. A similar simplification may be made for the

molecular diffusion and turbulent transport of turbulent kinetic energy, t,,u;’ 7 and = 5Py Tul'u)

respectively, which appear on the right side of Eq. (2.36). In this work, these terms are
indeed neglected in simulations carried out by the standalone unstructured solver; however,

the regional structured and unstructured solver makes use of the following approximation:

1 dk
El — 5 P = (i + o) =, (2.40)
]

where oy, is a constant defined in the turbulence model. The remaining unaccounted for

terms, pw;'Yy;; and pu;"h", represent the turbulent species and heat transport, and are thus

modeled in a manner similar to their laminar analogues.

pr 0¥,

Dr, = = pul'Yy = " Ser ox, (2.41)
2
j— 173 ’LLTCmeC aT
qrj =ty = =75 ax; " Z hanDr ), (2.42)

using values of 0.5 and 0.9 for Sc; and Pr,. Note also in Eq. (2.34) that the species source
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terms are computed based on the mean flow properties only. While turbulent fluctuations
may impact the chemistry of the system, these turbulence-chemistry interactions have been
neglected for the sake of simplicity in this work. The above approximations, while helpful,
still fail to provide full closure to the system of time-averaged governing equations, also
called the Reynolds-averaged Navier-Stokes (RANS) equations. Full closure is achieved
through the use of an appropriate turbulence model; in this study, a variation of the Wilcox

(1998) k — w two-equation model [46] is used.

Wilcox (1998) k — w Two-Equation Model

The Wilcox (1998) k — w two-equation model closes the RANS equations through
the introduction of w — the specific dissipation rate of k — and two additional conservation
equations (one each for k and w). Using the closure approximations detailed in the previous

section along with this k — w turbulence model, the full set of closed RANS equations are

o, o , _
5t (PTm) + 5 (PVmtls + Dy, +Dr, ) = Gom (2.43)
J0 o ,__ _ 0 ,_ _
a(pui) + a—xj (puluj + 6UP) = a—x] (tij + pTij) (244)
2o+ hae ) 5+ b ] -
e [P\& Tt ax; 1P\t Tt -
; (2.45)

ok 0 _ _
ax; —q1; — qr; + (Umix + Oklr) ox, + %, [wi(Eij + bij)]
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a(-k)+a(-~k)— 57— B ook + -2 (tmix + )ak 2.46
5 P ox; pijk) = pr B pw 5%, Hmix T+ Okl 5%, (2.46)

0 _ 0 ,__
50 P + 5, (PT0) =
Sg2 s0? + 0 ( N )aw N 0.C p 0k dw (2:47)
YpS® — Bpw o, |mix + ki) 5|+ max |0, Ca Soma )
where the eddy viscosity is defined as
pk

Note that in the standalone unstructured solver, the contributions of turbulence kinetic energy
to Eq. (2.45) are neglected as previously discussed. In the standard form of the Wilcox

(1998) k — w model, the source term is given by

1
’ (2.49)

ot; 0%, 0% 0t 2 (aai)z
axi

However, this work makes use of an alternate version in which the magnitude of the vorticity
replaces the source term S in the k and w equations (i.e. S = |Q]) [47], where the vorticity Q

is given by

0=Vxi, (2.50)

The remaining constants for this k — w turbulence model are listed in Table 2.1.
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Table 2.1: k — w Model Constants

B 0.072 O 0.5
B 0.09 Gy 0.5
y 0.52 C, 0.125

Wall Matching

Wall-matching methods for turbulence are included based on the work of Wilcox
[48]. Wall-matching provides a means of determining the flow variable data in the first
interior cell analytically (given that the point of interest is located within the log layer of
turbulence), thus reducing the computational costs involved in fully resolving turbulent
boundary layers through integration to the wall.

Following the procedure outlined by Wilcox [48], the law of the wall in the presence
of a stream-wise pressure gradient is assumed to hold on the first interior cell adjacent to the

wall, so that

u
u} = u, [K_l log (;_771) + B + u, ¢k

w

-1 uTﬂl:l

w

, (2.51)

where v = u/p is the kinematic viscosity and the subscript w denotes the value at the wall.
The parameter k = 0.41 is von Karman’s constant and B is a model term based on surface
roughness and set equal to 5 for smooth surfaces and the purposes of this study. The friction

velocity u, is defined as the ratio of wall shear stress to density:
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U =+ Tw/pw' (252)

where 1, is computed based on the derivative of the tangential velocity with respect to the

surface normal direction (n) at the wall:

ou*
w = Hw ( an )W- (2.53)

The quantities u; and n, are the tangential velocity and normal distance to the wall at the

first interior cell center, where

du* =./p/p. du. (2.54)

¢ is a non-dimensional parameter introduced to account for the effects of a stream-wise
(denoted by the direction &) pressure gradient and defined by

(dP/df)_

- (2.55)
pu3

Vw

In the near wall region, the thermodynamic properties of the flow are given by [48]:

P P
T=TW—< rqu>u_< 7 )uz (2.56)
CpmixTW Zcpmix
P=P, (2.57)
. (2.58)
P=pPu -
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Substituting Egs. (2.56) and (2.58) into (2.54) then leads to the following relation for

determining uj:

. 1{__1[2a2u—bl+ __1[ b ]} (2.50)
u, = —5SIn —_ Sin —— .
'Ta VbZ + 4a? VbZ + 4a?
where
Pr Pr
a?=—71  p—__TTw (2.60)
Cpmix TW Cpmix TW Tw

The wall matching procedure is carried out by obtaining initial approximations for 7,
and u, based on Egs. (2.53) and (2.52). A Newton method is then used to iterate on these
parameters until both Egs. (2.51) and (2.59) are satisfied, and the resulting values are used to
determine the other flow variables in the cell. The turbulence kinetic energy and dissipation
are computed by

k1¢>u1771]

k = %Wug(ﬁ*)‘% [1 +2E0 (2.61)

© = \pulp el (JF ) 1+ 22 262)

where * has the same value as in Table 2.1, and k; and w, are 1.16 and —0.3, respectively.
For greater flexibility in handling arbitrary grids, provision has been made for

instances when the first interior cell may lie within the laminar sub-layer. In such instances,

the sub-layer value for turbulent kinetic energy is derived starting from a van Driest mixing

length model:
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* 0
ve = (en)*(1 = expl—5]) 5 (263)

where n* is given by n* =u.n,/v,. A series expansion on the term containing the

exponential then yields

nt ? 9u
Ve = (KT]l)Z <%> % (264)
Since the point is assumed to be in the laminar sub-layer, it is therefore assumed that

ut =n*, so that

U Uy
o, (2.65)
Taking the derivative of Eq. (2.65) yields
ou_ur (2.66)
m vy '
Then,
2
_ 2 ufnl)zu_f_ﬁ 2.67
ve = (K1) (261/W vy, g (2.67)

Here, the subscript sl denotes the sub-layer value, and the above expression can be solved to
give a relation for the turbulent kinetic energy for cells in the laminar sub-layer:

2.,4,,4
Knlu‘r

kg =
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2.3 Filtered Navier-Stokes Equations

In contrast to RANS simulations, in which the mean effects of turbulence are
modeled, large eddy simulations (LES) actually compute the larger turbulent structures and
only resort to modeling the smallest scale turbulent effects. In this way, the LES approach
allows for higher-fidelity, time-accurate solutions of turbulence while reducing
computational costs compared to DNS.

LES requires that the governing equations be expressed in a filtered form so that the
smallest scales may be separated for modeling. As with time averaging, a flow property Q
may be decomposed as Q = Q + Q', where Q denotes the filtered property on a scale
resolvable by the grid and while Q' is the subgrid-scale (SGS) component. A generalized

filter is given by [45]:

0G0 = || 66— &m0 0%, (2.69)

where the filter function G is normalized by requiring

fff Glx; — &A)d3E =1, (2.70)

where A denotes a filter width. Noting that, as with time averaging, the filter in Eq. (2.69)

has the Favre-filtering counterpart [49,50]

- pQ
0= (2.71)
p
the compressible, filtered Navier-Stokes equations are as follows:
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9, o, . _
7 (PPm) + 2 (p il + Dy + Dsl.m) = o, (2.72)

l

i(—a-)+i(—a-a-+5--P)—i(f--+ 5Ts,,) (2.73)
ot pU; ax]_ p [Red] lj _axj ij p Sij .

ot [P\& T2t ) | Ty [P T M) T
5 (2.74)

AR RE 2 IR

Again, state and mixture equations have forms analogous to the original equations, and the

SGS stresses, species diffusion and heat transport are defined as

i 101,
PTs;; = 207 (Sij - §a—xk5ij) (2.75)
_ 0Py (2.76)
Sim Scr dx;
_ ‘uTCpmix a’f N i i.': D (277)
qu - PFT ax]' m Sjm'
m=1

For the purposes of this study, full closure is achieved through the use of a Smagorinsky

model [45] for the eddy viscosity:
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The Smagorinsky constant Cg is taken to be 0.01. The filter width A for a general
unstructured element is computed as the ratio of the element’s volume to its surface area and
IS given by:

Vi

A = —1
DN 1YY

(2.79)

where V; is the volume, the index j covers all elements surrounding i, and I3; is the area of

the face connecting elements i and j. Finally, S is as defined in Eq. (2.49).
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Chapter 3

Numerical Methods

3.1 Finite Volume Method

In the presented work, a cell-centered finite volume method is used to discretize the
governing equations detailed in Chapter 2. The fluid region if interest is divided into a set of
distinct control volumes Q, consisting of a combination of the following element types:
tetrahedral, (triangular) prismatic, pyramidal, and hexahedral. ~Global conservation is
ensured through enforcement of the governing conservation equations on each control
volume. For an arbitrary control volume Q; with boundary I' = d{;, the integral form of the

governing equations can be expressed as a vector equation as follows:

0
—J UdV+] F-ndF=J G-ndI‘+JSdV. (3.2)
at Jq, 09, 09, o

Here, n denotes the outward unit normal of the boundary surface. The vectors U, F, G, and S

contain the conserved variables, inviscid flux contributions, viscous flux contributions, and

source terms, respectively and are given by

Pyl\‘ / pYiu; \ ( —D1]- \l d)1\|
U=| pYns F = PYysu; | —Bst S=| wyns |, (3.2)

G = |
Puj/ kpuiuj + P5ij/ k o / 0 /
pE pwiH —Gj + 1 0
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where the total energy (E) and enthalpy (H) per unit mass are

1 1
E=e+ Euiui, H=h+ Euiui- (3.3)

Note that, although the ~and ~ accents have been dropped, the flow variables still represent

the appropriate time-averaged (RANS) or filtered (LES) quantities. Furthermore, for

simplicity the accent " has been introduced to indicate a combined laminar and turbulent
(or filtered and subgrid) quantity. For RANS simulations, the vectors contain additional
entries corresponding to the k and w equations, Egs. (2.46) and (2.47); and the total energy
and enthalpy include contributions from the turbulence kinetic energy in the regional
structured and unstructured solver.

The conservative variables are represented at cell centers by a volume average:

1
U= f udv, (3.4)
i Jo,

and the boundary integrals in Eqg. (3.1) are approximated using the midpoint rule at the

boundary faces, resulting in the following semi-discrete vector equation:

U,
ek Z F;j-ny;l; = Z Gij -yl + VS, (3.5)
] ]

Vi

with the boundary sums computed over all control volumes j adjacent to the current control
volume i and the subscript ij denoting the shared face of i and j having area I;;. Defining

the residual R; as
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R; = z Fij-my;l; — 2 Gij - my L, (3.6)
j

J
Eq. (3.5) may be expressed simply as

ou;

Vig;

The remainder of this chapter will detail the methods used for solving this finite

volume representation of the conservation equations.

3.2 Flux Discretization

Solution of the equation system represented by Eq. (3.7) requires that the discrete
fluxes contributing to the residual must be resolved at the cell interfaces. These fluxes are
classified as either inviscid (vector F) or viscous (vector G) and are discretized accordingly,

as follows.

Inviscid Fluxes

The inviscid fluxes are computed using the low-diffusion flux-splitting scheme
(LDFSS) of Edwards [51]. In this approach, the inviscid fluxes are separated into convective

and pressure components, so that the flux through face ij can be expressed in general form as
Fj -0l = T (FC + F?) = T;;(pMU° + PUP), (3.8)

where
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_ Y1 - o 0 E
Yns 0
u=| v |, u"=|prn, (3.9)
v Pny
w Pn,
Ly [ o |

and M = %(unx +vn, + an) is the contravariant Mach number. The interface fluxes are

then computed based on a splitting of F¢ and F” between cells i and j. The convective

portion of the interface flux takes the form
Ff/2 = pl-al/ZC*’uf + pja1/2C"ujC (3.10)
with interface sound-speed a1 /y = %(ai + a;), and the pressure contribution is defined as
Ff/z = DU + b/ U;. (3.11)
The terms C* and D* are functions of the Mach number. D¥ is as follows:

DY = aif(1 - Bij) — Bl (3.12)

where the pressure splitting is given by

1
Py =7 My £ 1)°(2F My). (3.13)

For the convective fluxes,

C* = af (1+ BIM; — piM{" — M, (3.14)
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and
C* = aj (1+B;)M; — B;M; + My, (3.15)

Here, M; ; are the contravariant Mach numbers for cells i and j based on the interface speed

of sound, and the additional split Mach numbers are defined as follows:

1 2
Mazzzwkjil) (3.16)
2
— 4 Limz 4 w2 (317)
P, — P; |P; — P;|
+ i 1 i 1
MA—M%<L%H+%+2 7 D (3.18)
_ P —P |P; — P
Mh—M%<L¢H+%—2 ) (3.19)

In the above definitions, a;fj and g; ; are

a;fj = %[1 + sgn(Mi_j)] (3.20)
Bij = —max(0,1 — int[|My[]). (3.21)

These definitions ensure the use of the appropriate upwinding direction for the interface

fluxes.
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Viscous Fluxes

Computation of the viscous flux terms requires the determination of flow variable
gradients at the cell interfaces. This is achieved by first evaluating the gradients at cell
centers using an inverse-distance-weighted Green-Gauss formulation. In this approach, the

gradient of a flow variable Q in a particular cell i is approximated by

1 X; —X;i|Qi + [X; —X;|0Q;
20 :_Z [%j — x| Qi + [x: — x4 Q; n;T;, (3.22)
Vis [x)

where x; and x; are the locations of the cell centers of i and j, and x;; is location of the

midpoint of face i, as demonstrated in the sketch in Fig. 3.3.

Figure 3.3: Sketch of neighboring cells for gradient computation

Reconstruction of the gradients at the interface is then carried out through a modified

averaging process. The simple average of the cell-centered gradients, i.e.

1
Vo, ==(VQ; +VQ)), (3.23)
2
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is modified by a correction along the direction €;;, where

? Xj — X;
A T 3.24
T - xil (3.29
The reconstructed gradient at the interface is then given by
SN — Q- Q
Vo =VQ, —|VQ, - ;- ljﬁ : (3.25)
j i

These reconstructed gradients are then used to compute the discretized viscous fluxes at each

face.

Second-Order Extension

From Egs. (3.8-3.10), it is evident that the discrete fluxes returned by the LDFSS
routine depends on the interface variable states used to form U ; and U} ;. Naturally, use of

the cell-averaged values results in a first-order accurate approximation of the interface fluxes.
In this study, second-order accuracy is obtained through linear interpolation of variables to

the cell interfaces via a slope-limited MUSCL approach [52], whereby

o
U =u; + Zl [(1—ko)A] + (1 + ko) (U; —U,)] (3.26)

W =y - Z[(1 - kap)f + (1 +kop) (U — )], (3:27)

The parameter k is taken to be 1/3, and the forward and backward difference operators are

computed as
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A7 =2VU; - (x; —x;) — (U —U;) (3.28)

A =2VU; - (x; —x;) — (U —Uy). (3.29)

The parameter o is a limiter designed to retain monotonicity of the solution, particularly in
near-shock regions where oscillations are otherwise prone to occur due to the use of higher-

order methods. This study makes use of a van Albada limiter, defined by:

207 (U; —U;) + €
o; = max |0, 5 (3.30)
A2+ (U —U;) +e
20 (U, —U;) +
0 = max |0,—— (W -w) 26 (3.31)

where € is a small number included to prevent division by zero.

Ducros Blending

While beneficial for accurately capturing shocks, the monotonicity-preserving
interpolation scheme outlined in Egs. (3.26-3.31) can have a negative impact on LES of
turbulent flows. In such cases, the limiter does not discriminate between spurious numerical
oscillations developing around shocks and physical oscillations due to turbulent effects. To
obtain greater resolution of these small-scale turbulent structures, the interface variables are
obtained via a blending of the monotonicity-preserving interpolation with a volume-weighted

average state as follows:
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U =UF + (s* — DU —UAE) (3.32)

U =U; + (s — D(U; —UuYe) (3.33)
where
ViU, + ViU,
uAve = 1 J 7T .
7 (3.34)

The switch s* = max(s;, s;) is computed based on the work of Ducros, et. al. [53]. In this

study, the following form is used:

s; = max[sDi,sPi], (3.35)
where
(V- u;)?
= 3.36
T WVou)l+ Q2 te (3.30)
and
opP |
A "\ Xk — Xk
Sp, = max 0% ( d l) (3.37)

+ K'Pi

YT ||9R
axk (ij in)
The switch sp is designed to allow the interpolation to approach the second-order accurate
central difference approximation in the limiting case when vorticity is much greater than the

divergence of the velocity, in an effort to better capture turbulent structures that may

otherwise be numerically dissipated by the monotonicity preserving scheme. The second
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switch, sp,, is implemented as a safeguard against using the central difference formulation

when steep local gradients in the pressure exist, which may destabilize the solution. The
parameter k in Eq. (3.37) may be selected based on the desired sensitivity of the switch to

local pressure gradients, and should take a value 0 < k < 1.

3.3 Time Integration

Steady-State

Steady-state solutions to Eq. (3.7) are generated by discretizing the time derivative

with a forward difference approximation, i.e.

AU ! !
ViA—tf = —R} +V;SP, (3.38)
2

where AU; = (U — U?). The time step At is determined locally in each cell as

Aty = - (3.39)

where A; is the characteristic length of the cell (also used as the filter width) computed using
Eq. (2.79) and |A;;] is a measure of the eigenvalues of the system over all faces of element i,
given by

o T
|31 = Z,r,{gf;(lvnml + am +p—mi)- (3.40)

- m Vm
J

The parameter v is the Courant number, set on a case-by-case basis to ensure solution
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stability. For steady state solutions, the use of this locally determined time step allows for
faster solution convergence, as smaller cells — with correspondingly smaller characteristic
lengths and thus smaller required time steps for stability — may be handled separately without
limiting the time step used in larger cells.

To obtain an explicit formulation, n’ in the right-hand side of Eq. (3.38) is set equal
to n. However, for chemically reactive flows, inclusion of the species source terms results in
a stiff system whereby implementation of a fully explicit scheme requires a much smaller
time step than otherwise necessary for resolving the bulk flow. To avoid this loss in
efficiency, a semi-implicit treatment of the source terms is carried out by replacing S}* with

S which is in turn linearized as:

aS
SPtt = ST + =L AU, (3.41)
Then, the semi-implicit equation is given by
V; as
[A—Zl —-V; W] AU; = —R" + V;S?, (3.42)

Where I denotes the identity matrix. In this work, the solution of the semi-implicit system of

Eq. (3.42) is advanced by a multi-stage Runge-Kutta scheme given by

v = ur

v, as1™" _
v = U?+ap[A—;l—Vim] (-RP*+vSP), p=1,2,...m (343
urtt o= U

The values for the parameter a,, used in this study are listed for m = 1, ..., 5 in Table 3.1.
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Table 3.1: Multi-stage Runge-Kutta coefficients

m a, a, as ay as
1 1.0 0.0 0.0 0.0 0.0
2 0.5 1.0 0.0 0.0 0.0
3 0.5 0.5 1.0 0.0 0.0
4 0.25 0.3333 0.5 1.0 0.0
5 0.25 0.1667 0.375 0.5 1.0

Alternatively, selecting n’ =n + 1 in Eq. (3.38) yields a fully implicit formulation
for advancing the solution. In this case, both R?** and SI*** are linearized in the manner of
Eq. (3.41), so that the fully implicit system has the form

[%1 + Z—E — Vig—z AU; = —R? + V;S™. (3.44)
The FVFLO-NCSU solver has the option to employ a Lower-Upper Symmetric Gauss Seidel
(LU-SGS) method or a Generalized Minimal RESidual (GMRES) method to solve this
implicit system.

In the LU-SGS method, the left-hand-side matrix in Eqg. (3.44) is decomposed into

lower triangular, upper triangular and diagonal components, so that

[£+ D + UJAU; = —R} + V;S}. (3.45)

Factoring this system results in the following equation:
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(D + L)D~Y(D + UAU; = —R" + V;S* + (LD~ 1U)AU;. (3.46)

By introducing an approximate factorization in which the last term on the right-hand-side of
Eq. (3.46) is neglected, the system may be solved in two steps: a lower sweep given by

(D + L)AU; = —R? + VST, (3.47)

followed by an upper sweep:

(D + U)AU; = DAU;, (3.48)

The standard LU-SGS approach then requires storage of the lower, upper and diagonal
matrices and computation of matrix vector products. As an alternative, the FVFLO-NCSU
solver uses a fast, matrix-free approach, which has been previously applied to perfect gas
flows on unstructured grids [54-56]. The matrix-free approach uses the following simplified

residual to derive the inviscid Jacobian matrix:

1
R; = ZE [F(U) + F(U)) — 12;1(U; — U)]IT1- (3.49)

Here, |4;;] is the spectral radius of the Jacobian matrix at an average state, computed as

Uij

— 3.50
pijlX; — Xl (3.50)

Mijl = |Vnij| ta;+

where the flow variables are taken as a simple average of the quantities in cells i and j. In
the matrix-free approach, the product of the inviscid Jacobian matrix J with an incremental

vector AU is approximated by computing increments of the flux vector:
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JAU ~ AF = F(U + AU) — F(U). (3.51)

Additionally, the viscous Jacobian is replaced by its spectral radius for approximating these

matrix vector products. Thus, the lower and upper sweeps are as follows:

1
AU! = D~1|—R" + V8" — z E{AF(U}‘) — |2;|AaU; ;1) (3.52)
j<i
1
AU; = AU; =D Z S{BF(U;) — |2;|aU}|T; | | (3.53)
j>i

Note that when applied to a chemically reactive system, the above approach makes use of a
further simplification in that the contributions of the source term Jacobian to the lower and
upper triangular matrices are omitted. These approximations eliminate the need to compute
and store the lower and upper triangular components of the Jacobian matrix (hence the name
‘matrix-free’), greatly reducing memory requirements. Furthermore, the computation of the
incremental flux vector is not expensive, so that the overall additional computational costs
are negligible.

The FVFLO-NCSU also includes the option to carry out implicit integration via the
GMRES method of Saad and Schultz [57]. The GMRES method is an iterative method that
minimizes the normalized computed residual over a number of orthogonal search directions.

It is important to note that the convergence of GMRES for a linear system of the form
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AAU = —R. (3.54)

is dependent on the conditioning of the matrix 4. Thus, preconditioning is used to improve
the efficiency and robustness of the method. Preconditioning allows GMRES to operate on

an equivalent linear system

AAU = —R (3.55)

generated by premultiplying the original system by a matrix 2 as follows:

P LAAU = —P1R. (3.56)

FVFLO-NCSU makes use of an LU-SGS preconditioning, that is

P=D+LDLD+UW. (3.57)

Use of the LU-SGS preconditioner allows the solver to reuse the same Jacobian matrix
developed for the LU-SGS scheme. Furthermore, because the GMRES method only requires
matrix-vector products, the same matrix-free approach used for the LU-SGS scheme may be
applied to eliminate the need to compute and store the lower and upper triangular matrices.
Although the matrix-free methods described above do not require the lower and upper
components of the Jacobian matrix, the block diagonal Jacobian must still be computed and
stored. For the multi-species system, this block diagonal Jacobian is determined by revisiting
Eq. (3.2). The unknown vector U inviscid flux vector F can be expanded and expressed as

follows:
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q1Vn

SN

Pns 4ns
U = pu = qN5+1 F = qNS+1VTI. + an , (358)
pv dNs+2 qns+2Vn + Py,
\PW \QN5+3 \qNS+3Vn + Pn,
pE dNs+a (QNS+4- + P)Vn
where v, is the velocity normal to the face, given by
Ans+1 ANs+2 ANs+3
V, = n n, + . 3.59
TN e Iae (3:59)

From Eqg. (3.58) it is clear that the vector F can be rewritten as F = v,,U + PN, with

0
i)
_ (3.60)

Then, the inviscid flux Jacobian can be computed via the chain rule of differentiation:

oF ou v, _ON QP
—=v,—4+U—"—4P—4+ N—. 3.61
ot "aut autautNau (361)

The first term in Eq. (3.61) is simply the identity matrix multiplied by the normal velocity.

The derivative in the second term of Eq. (3.61) is determined from Eq. (3.59) as follows:
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(- 1<k<NS
1=1q1
nx
T k = NS + 1
v, =1q
= n
g < & k=NS+2 (3.62)
1=1q
nZ
T k = NS + 3
1=1q
\ 0 k=NS+4

Furthermore, closer inspection of the vector N reveals that the partial derivative of N with
respect to U is zero for all but the NS + 4 term, so that the second and third terms of Eq.

(3.61) can be combined into a single term, U’ dv,,/dU, where

q1

dns
U’ = ns+1 | (3.63)
dns+2
dns+3
qns+a TP

The final partial derivative term in Eq. (3.61), dP/dU, requires a more in depth analysis.

First, from Eq. (2.8):

NS
( oT
quﬂl_‘l'RkT 1<k<NS
o )&= 0 (3.64)
dqx B NS oT - '
L Z QiR k>NS+1

Furthermore, from Eqgs. (2.7), (2.9), and (3.3):
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NS
1
qns+a = PE = Z q(hy — R,T) + Tq (GRs+1 + ARsez + Aisez)-  (3.65)

m=111m

Differentiating the above expression for qys,4 With respect to g, yields

0qns+4 _
9qyx
3.66
(hi — ReT)S; + Z q (ahl ®:) OT 0 [(@Rses +Ghsea + diises) (3.66)
k1 )0k ! JErS aqk 25N o )
where &, = 1if k < NS or 0 otherwise. Noting that

dh

(6_7"l —R ) = Cpr R =y, (3.67)

Eq. (3.66) may be rearranged to determine a form for 9T /dq;, which may in turn be

substituted into Eq. (3.64) to determine the final form of dP/dqy:

(25 iR, (q%s +QS + qise3)
_1\15‘1— (hye — R, T) — NS+1 NS+2 21v +3 +R.T ()
1=1 91Cv,1 =1 qm)
dapP R
> = Zl 1 919 ( gk > (b) (3.68)
qk Zl 1qlel Zm 19m
Z -1 Q1R
R — ©
\ 1=1 91Cv,1

where (a) is the case when k < NS, (b) is the case when NS +1 <k < NS+ 3, and (¢) is
the case when k = NS + 4. This form may then be substituted back into Eq. 3.61 along with

the previously detailed terms to generate the inviscid flux Jacobian.
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Time accuracy

For LES carried out by the standalone FVFLO-NCSU solver, a dual-time stepping
procedure [58] is used to recover time-accuracy. The unsteady residual is formed via a

second-order Crank-Nicholson time discretization as:

Un+1,k _ Un

1
n+Lk _ — (RNt+LK n 3.69
R} v + 2 (R 4+ RY), (3.69)

where At denotes a physical time step, n is the time level, and k is the sub-iteration level.
Note that for simplicity, the contribution of the source term vector S has been included within
the residual vector R. The physical time step At is global across all elements, and determines
the time spanned from time level n to n + 1. This unsteady residual then replaces the steady-

state residual in Eq. (3.38), so that

+1,k+1 +1,k
v, (U? — U? ) — _R"LE (3.70)

AT u,l

The parameter At is a pseudo-time step which is defined locally in the manner of Eq. (3.39).
The solution is advanced in time as follows:
1. The known solution at time level n (U™) is used to compute the unsteady
residual RI:* !, Note that U"*%1 and R™*! are equivalent to U™ and R",
respectively.

2. The solution at subiteration level k + 1 (U™*%k*1) is then determined by
solving Eq. (3.70). This solution is then used to compute RZ*%*1,

3. Step 2 is repeated by iterating on k until the solution U™+ converges
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to a pseudo steady-state. Note that steps 2 and 3 are carried out through
the application of one of the previously described integration methods
(Runge-Kutta, LU-SGS, GMRES) to Eq. (3.70).

4. This converged solution represents the solution at the physical time level
n + 1, and is used as the initial solution for the next time level.

5. Steps 1-4 are repeated until a desired time level n,, 4, is reached.
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Chapter 4

Hybrid Coupling

4.1 Structured/Unstructured Solver Integration

A critical component of the hybrid VULCAN/FVFLO-NCSU solver is the
communication between structured and unstructured blocks. Information must be passed
between these blocks, and common fluxes computed on structured/unstructured patch
interfaces in order to ensure proper conservation of flow variables across these patches. In
this study, reconstructed variables and associated gradients are passed across
structured/unstructured patch interfaces. A common routine is used by both the structured
and unstructured solvers to compute patch face fluxes based on the shared reconstructed
variables. Use of a common flux routine and the same set of reconstructed interface
variables ensures that the fluxes across structured/unstructured interfaces are fully
conservative. Note that this approach is based on a composite-type patch between structured
and unstructured blocks, and enables the use of hybrid grid generation methods. Such
methods speed up the grid generation process by using unstructured grids around complex
geometries and to connect distinct structured block domains. Alternatively, an unstructured
patching procedure may also be used to create hybrid meshes. This unstructured patching
allows compatibility with patched multiblock structured grids, so that pre-existing structured
grids and structured grid generation techniques for VULCAN may be used in conjunction

with the hybrid VULCAN/FVFLO-NCSU solver.
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4.2 Unstructured Patching

The patched multiblock approach used by VULCAN allows for non-C° continuous
interfaces between structured blocks. To accommodate such interfaces, VULCAN’s
structured solver uses a non-conservative patching procedure. The unstructured patching
replaces non-C° interfaces by transitional unstructured grids, which enable the fully
conservative hybrid solver. The patching procedure works as follows: first, non-C° interfaces
in the original structured grid, seen in Fig. 4.1(a) are identified; then, cells surrounding these
interfaces are removed from the structured grids to create a split mesh as in Fig. 4.1(b);
finally, gaps in the split mesh are filled by an unstructured grid to form a reconnected hybrid

mesh (Fig. 4.1(c)).

(@) (b) ()
Figure 4.1: Hybrid patching procedure. () Initial non-C° mesh, (b) split mesh, (c) patched

hybrid mesh

The coupling of VULCAN and FVFLO-NCSU and the structured/unstructured

patching procedure are discussed in greater detail in the dissertation of Seth Spiegel [59].
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Chapter 5

Hybrid Solver Results

5.1 FVFLO-NCSU Results

Multiple test cases were run to validate the standalone FVFLO-NCSU solver. As the
solver was developed for integration with VULCAN to create a hybrid mesh solver, results
are compared to results generated by VULCAN. These test cases and corresponding results

are discussed below.

Reacting Inviscid Supersonic Flow into a 15° Compression Corner (1)

The first test case considers the reacting inviscid flow of a pre-mixed air mixture into
a 15° compression corner. This case was one of the first investigated during development of
the FVFLO-NCSU solver, and was selected to verify the solver’s capability to handle
multiple gas species and the implementation of VULCAN’s chemical reaction subroutines
within the FVFLO-NCSU code.

The inflow air mixture consists of N2, O, and H; at mass fractions of 0.755, 0.24 and
0.005 respectively. The reaction model for this case is the NASA Langley 7 species/7
reaction Hy-air kinetic model, with additional species OH, H,O, O and H. The reactions in
this model are listed in Table 5.1. The free stream Mach number for this case is 2.06, and the
static temperature and pressure are 700 K and 1 atm. At these conditions, a shock wave

which drives chemical reaction is formed as the flow enters the compression corner.
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Table 5.1: NASA Langley 7 species/7 reaction H»-air kinetic model

Reaction Reactants Products
1 H, + O, o OH + OH
2 H+0O; = OH+O
3 OH + H, = H,O+ 0O
4 O+H, = OH+H
5 OH + OH o H,O + O
6 H+OH+M S H,O+ M
7 H+H+M = H, + M

Solutions for this flow were computed using a 3-stage Runge-Kutta semi-implicit
time integration with a first order spatial discretization. First order methods were used to
focus on the effects of chemical reactions when comparing solutions with VULCAN.
Additionally, both FVFLO-NCSU and VULCAN solutions were computed on an identical
structured mesh consisting of 5002 points and 2400 elements. This mesh is shown in Fig.
5.1.

Contour plots of OH mass fraction and static temperature generated by FVFLO-
NCSU for this case are shown in Fig. 5.2. Note that as the temperature rises suddenly across
the shock, a combustion reaction occurs as demonstrated by the existence of product species
OH. As the flow continues downstream of the shock, the OH generated early in the reaction
is consumed as the reaction continues and H,O is produced. The FVFLO-NCSU solution is

also compared with that of VULCAN in Fig. 5.3. Computed OH mass fraction profiles along
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the grid line y = 0.3 and temperate profiles along the grid line x = 0.5 are nearly identical
between the two codes, confirming successful implementation of multi-species logic and

chemical reaction routines within the FVFLO-NCSU solver.

Figure 5.1: Mesh for supersonic reacting inviscid flow into 15° compression corner

Figure 5.2: Temperature (left) and OH mass fraction contours for compression corner
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Laminar Low Reynolds Number Flow Past a Sphere

This case has been widely studied in literature, as documented by Johnson and Patel
[60], and provides an initial qualitative assessment of the FVFLO-NCSU unstructured solver
for a viscous flow. The test case presents a sphere within a laminar flow at a Mach number
of 0.06 and Reynolds number of 100. At the prescribed flow conditions, a steady,
axisymmetric flow exists, in which a toroidal vortex sits just aft of the sphere. Because the
flow is axisymmetric, a hemisphere geometry is used with a symmetric boundary condition
on the plane bisecting the sphere. The mesh for this case consists of 200416 tetrahedral
elements and is shown in Fig. 5.4. Streamlines around the sphere computed by FVFLO-
NCSU are shown in Fig. 5.5. The observed separation lies approximately 129° from the

forward stagnation point, which agrees well with the results presented in [60].

Figure 5.4: Unstructured mesh for low Reynolds number sphere
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1.5

Figure 5.5: Streamlines for laminar flow past a sphere computed by FVFLO-NCSU

This case was also used as a baseline for testing the parallel performance of the
FVFLO-NCSU solver. The parallelization in FVFLO-NCSU follows the Single Program
Multiple Data (SPMD) model, using the Message Passing Interface (MPI) standard.
Partitioning of the computational domain is carried out using MeTiS [61]. Additional details
on the parallelization of the FVFLO-NCSU solver may be found in [59]; further discussion in
this paper is limited to simulation results.

To test the parallel implementation of FVFLO-NCSU, multiple instances of the
laminar sphere problem were simulated using varying numbers of processes up to 16. Fig.
5.6 compares the computational wall time for each of these simulations. The exponent of

1.053 on x in the curve fit indicates a speed up for this case that is slightly greater than ideal.
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Figure 5.6: Parallel speedup for the laminar sphere

Reacting Laminar Viscous Flow over a Flat Plate

The previous test cases were designed to test the chemistry routines and viscous
capabilities of the FVFLO-NCSU solver in an isolated manner. As a next step, a reacting
viscous flow is considered. In this case, an air mixture of 75.5% N, 24% O, and 0.5% H,
enters the domain at x = —0.5 at Mach 3.4, 700 K, and 0.01 atm. The low inflow pressure is
imposed to allow a thick viscous layer to develop along the surface of the plate, which runs
from x = 0 to x = 1. The increased temperature in this viscous layer initiates a chemical

reaction. Again, the 7 species/7 reaction H,-air model outlined in Table 5.1 is used.
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Results are presented as both contour plots and line plots extracted along the gridlines
y = 0.005 and x = 0.5. The Mach number distribution predicted by FVFLO-NCSU is in
very good agreement with that generated by VULCAN, as seen in Fig. 5.7. However, the
solutions for the temperature and H,O mass fractions, shown in Fig. 5.8, differ slightly
between the two codes. The disagreements arise because these parameters are sensitive to
the mixture thermal conductivity, and in this case the FVFLO-NCSU results were obtained
using Wassiljewa’s formula, whereas the VULCAN results used an approach based on the

assumption of a constant Prandtl number.

a

Wach Mo,
33 8.
3.1

Mach Na.
2.9 -
2.7

Rk e vt ~E
2@

|
ﬂ °F
3 b | r
- fvflo Mach No. b vulcan Mach No.
vulcan Mach No. 28 s fvflo Mach No.
25 F [ Fi
1 3 2r
) § -] L
Z o 4 z [
£ i 5
@ { 8 15F
= % H]
15 ;S
¥ s
1F ""2,,
. 05 |-
05
PR T N SR SR TR s Y A IS S S I S S EN S S S R S SR
0.2 0 0.2 x 0.4 0.6 0.8 0.02 0.04 v 0.06 0.08 0.1

Figure 5.7: Mach number predictions for reacting laminar flow over a flat plate
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Supersonic Turbulent Flow over a Flat Plate

To validate the implementation of the k — w turbulence model within FVFLO-
NCSU, a supersonic turbulent flow of non-reacting pre-mixed air (N2, O,, H,) over a flat
plate was investigated. The flow has free stream temperature of 250 K, pressure of 25000
Pa, and velocity of 952 m/s, corresponding to a Reynolds number of over 20000000.
Solutions are computed using three different grids. The first is a structured grid with 144
cells in both the x and y directions, for a total of 20736 hexahedral elements. The second is a
hybrid grid, constructed by the hexahedral elements for j > 100 in the original structured
grid into two prismatic elements. The resulting grid consists of 14400 hexahedral and 12672
prismatic elements. The third is an unstructured grid consisting of 1232 prismatic elements
and 5908 hexahedrals. The three grids are shown in Fig. 5.9.

Results for this case are presented as variable profiles in the y direction at the exit of
the domain (x = 1). The VULCAN solution on the structured grid is used as a baseline for
comparing the FVFLO-NCSU solutions on each of the three grids. Fig. 5.10 shows that the
x-component velocity obtained by FVFLO-NCSU for all three grids are virtually identical to
the VULCAN solution. The same is true of the temperature, seen in Fig. 5.11. Solutions for
the turbulent variables k and w, shown in Figs. 5.12 and 5.13, also demonstrate good
agreement with VULCAN; however, some discrepancies between the results generated by
the two codes are evident, particularly near the surface of the plate. These differences in the
turbulent variables can be attributed to slightly different approaches to implementation of the
k — w model. FVFLO-NCSU uses a vorticity-based method for computing the turbulence

source terms as discussed in Section 2.2, whereas VULCAN uses the standard approach.
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Supersonic Turbulent Flow over a Flat Plate with Wall Matching

The turbulent flow over a flat plate was again simulated, this time to verify the wall
matching procedure used in FVFLO-NCSU. The flow conditions and geometry used are
identical to the previous flat plate problem. However, use of wall matching allows a
significant reduction in the grid resolution required to obtain an accurate solution. So, while
the computational mesh for this case is similar to the structured mesh of the previous case, it
contains only 3600 hexahedral elements, with many fewer gridlines clustered around x = 0
than for the solve-to-wall case. Solutions generated by FVFLO-NCSU are again compared
to VULCAN results as flow variable profiles in the y-direction at x = 1.

Figs. 5.14 and 5.15 contain the profile plots for the x component of velocity and
temperature. As with the solve-to-wall solutions, FVFLO-NCSU and VULCAN return
nearly identical results for these variables. In Fig. 5.16, the turbulence kinetic energy profiles
are again shown to be in good agreement. Unlike the integrate-to-wall case, computed w
values are also nearly identical between the two codes, as seen in Fig. 5.17. This is due in
part to the fact that the cells demonstrating the most significant difference in computed w
values in the solve-to-wall case lie within the sub-layer, and are not within the domain
considered with wall matching. The results of this case further demonstrate the capability of

FVFLO-NCSU to replicate turbulent solutions produced by VULCAN.
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Figure 5.17: Outlet profiles of w for wall matching flat plate
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Supersonic Turbulent Reactive Flow over a Zero-Thickness Splitter Plate

This test case presents a zero-thickness splitter plate separating two incident flow
streams. The first inflow stream, which enters the domain above the splitter plate, contains
pure H,. The inflow stream that enters the domain below the splitter plate is an air mixture
of species N, and O, with respective mass fractions of 0.7685 and 0.2315. Both inflow
streams have a free stream static temperature of 1000 K and a free stream static pressure of 1
atmosphere. The inflow velocity of the fuel stream is 3800 m/s, corresponding to a local
Mach number of 1.6, while the air mixture inflow velocity is 1200 m/s, corresponding to a
local Mach number of 1.9. The computational domain, shown in Fig. 5.18, consists of 41666
points and 20480 elements, and is included with the sample cases distributed with the

VULCAN code.
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Figure 5.18: Mesh for supersonic reacting splitter flow

This test case provides a quantitative comparison with VULCAN for a turbulent
reacting flow. Temperature contours computed by FVFLO-NCSU and VULCAN are shown
in Fig. 5.19. Additionally, outlet boundary profiles of H,O mass fraction and the ratio of

eddy viscosity to molecular viscosity generated by the two codes are compared in Fig. 5.20.
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Figure 5.19: Splitter plate temperature contours. FVFLO-NCSU (left); VULCAN(right)
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Figure 5.20: Splitter plate outlet boundary profiles. H,O mass fraction (left) and eddy

viscosity ratio (right)
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The results shown in Figs. 5.19 and 5.20 demonstrate good agreement between the
FVFLO-NCSU and VULCAN solutions. The H,O mass fraction profiles verify successful
integration of VULCAN’s chemical reaction routines within FVFLO-NCSU; similarly the
eddy viscosity ratio profiles verify the implementation of the Wilcox 1998 k — w model
within FVFLO-NCSU. Note that these solutions were generated using only first-order
methods to eliminate any differences resulting from differences in second-order variable
reconstruction between the unstructured and structured codes, to emphasize the successful

use of the chemistry and turbulence routines within FVFLO-NCSU.

Turbulent Rectangular-to-Elliptical Shape Transition Scramjet Inlet

The next case presented is a Rectangular-to-Elliptical Shape Transition (REST)
scramjet inlet with isolator, and represents a typical problem of interest for VULCAN
[62,66]. REST-class inlets are initially designed using inviscid streamline tracing on a
rectangular-like capture area to achieve a desired operating Mach number and pressure ratio.
To account for a reduction in core flow area entering the combustor due to boundary layer
growth in the inlet and isolator, a viscous correction is applied to the initial REST inlet which
results in the final inlet model that can be seen in modular form from multiple views in Fig.
5.21. The computational domain for this case consists of one half of one modular inlet,

contains 4,199,337 points and 4,086,400 elements, and is shown in Fig. 5.22.
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Figure 5.22: Computational mesh for REST inlet. Only one-quarter of grid points shown.

The REST inlet case was run using the FVFLO-NCSU code in an attempt to
reproduce results given by VULCAN for an actual engineering application. This case
provides validation of the wall matching procedure for turbulence in the unstructured solver
as well as a fully three dimensional comparison between FVFLO-NCSU and VULCAN. The
case is modeled at a Mach number of 6.64 and a Reynolds number of just over four million
using a single species, thermally perfect representation of air. All solid boundaries are

treated as isothermal, with a constant wall temperature of 400 K.
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Results generated by FVFLO-NCSU and VULCAN for the REST case are presented
in contour plots generated on various slices throughout the domain. Fig. 5.23. compares the
static temperatures, static pressures, and eddy viscosity ratios on the symmetry plane of the
inlet. Fig. 5.24 shows contours of static temperature, Mach number, and eddy viscosity on
cross-sectional slices at multiple axial locations. Solutions of the non-turbulent variables
between the two codes are in close agreement and demonstrate the ability of FVFLO-NCSU
to reproduce results from VULCAN. However, some visible differences in the solutions of
turbulent variables do exist. These differences arise in part from the implementation of wall
matching for turbulence. When the first interior cell off a wall lies in the viscous sub-layer,
VULCAN uses a blending based on additional data from the second interior cell to determine
the appropriate wall matched variable values. Such a method is impossible in FVFLO-
NCSU, as arbitrary unstructured grids generally do not have a well-defined second interior
cell, as is the case for cell geometries such as triangular, tetrahedral, pyramidal, and
prismatic. Thus an alternative approach for handling such scenarios is necessary. FVFLO-
NCSU employs a blending based on the van Driest mixing-length model, as described in
Section 2.2. As previously discussed in the flat plate test cases, the methods used to compute
turbulence source terms also differ between the two codes. While these inconsistencies do
lead to slightly different results for turbulence properties, their overall impact on the

solutions is minimal.

71



Stalic Temparature, K
1700
150357
I' 1307.14
119071
914 786
B Ti7EsT
| 521420
] 125

Static Pressure, kPa
150

131625
113.2%
04 BTS

76.5
B se2s
R 38.75

21375
-

Eddy Viscosity Ratic

Figure 5.23: REST inlet symmetry plane contours. From top: static temperature, static
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The REST inlet case was also used to further characterize the parallel performance of
the FVFLO-NCSU solver. While the laminar sphere was run using up to 16 processes, the
REST inlet simulations were carried out on up to 128 processes. Fig 5.25 compares the
average wall time per iteration to number of processes used. The curve fit for the collected

data is of the form y = 1/x%84 + B, indicating that the speedup is slightly less than ideal.
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Figure 5.25: Parallel speedup for the REST inlet
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5.2 Hybrid VULCAN/FVFLO-NCSU Results

In this section, results generated by the integrated VULCAN/FVFLO-NCSU solver
on hybrid meshes are presented. The developed unstructured patching procedure is

compared to the original VULCAN structured patching method.

Reacting Inviscid Supersonic Flow into a 15° Compression Corner (1)

The first hybrid case presented is a simple test designed to demonstrate the basic
integration of the FVFLO-NCSU code within VULCAN. In this case, the flow of an Hj-Air
mixture — comprised of 75.5% N,, 24% O,, and 0.5% H, — at Mach 3.4 into a 15°
compression corner is modeled. The free stream static temperature and pressure are 700 K
and 1 atmosphere, respectively. At these flow conditions, an oblique shock wave attached to
the wedge is formed, and a combustion reaction follows. The reaction model used for this
case was again the NASA Langley 7 species and 7 reaction Ho-Air kinetic model.

The mesh for this case consists of a single structured block for a half-wedge
geometry. The structured block is reflected about the x-axis to create a full wedge; however,
the reflected block is treated as unstructured in this simulation. The mesh is shown in Fig.
5.26, with the structured block colored in red, and the unstructured in blue. The boundary
between the two blocks is treated by the solver as a structured/unstructured interface as
described in Section 4.1. Note that the interface in this case is trivial as it lies on a plane of
flow symmetry. This simplistic interface was selected to demonstrate the integrated
structured and unstructured solvers using second-order methods for a chemically reactive

flow, while minimizing any possible influences of the hybrid coupling on the solution.
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Figure 5.26: Hybrid mesh for supersonic compression corner

Contour plots of Mach number, static temperature, and OH mass fraction are shown
in Fig. 5.27. The plots demonstrate very good agreement between the results on the
structured block and those on the unstructured block. The solution on the unstructured block
replicates the shock angle and location predicted by the structured solver. The results in the
chemical reaction zone in both the structured and unstructured blocks are also in agreement,

as demonstrated by the OH mass fraction contours.
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Figure 5.27: Contour plots for hybrid reacting wedge. Clockwise from top left: Mach

number, static temperature, OH mass fraction
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Inviscid Supersonic Flow over Two Bumps in a Channel

This test case presents an inviscid supersonic calorically perfect air flow over two
consecutive bumps in a channel with a free stream Mach number of 2.0, a free stream static
temperature of 256 K, and a free stream static pressure of 5637.5 Pa. This is very similar to a
case that is included in the suite of sample cases distributed with VULCAN. The geometry
for this test case consists of a channel containing two consecutive bumps along the lower
surface.

To test the unstructured patch generator, the channel was divided into two blocks,
with the downstream block modified to create a non-C° patch boundary between blocks.
This was done in two ways: the first version changed the number of cells in the y direction
only (referred to as the “patch-y” case) while the second changed the number of cells in both
the y and z directions (“patch-yz”’). Both of these grids were subsequently run through the
unstructured patch generator to create an unstructured mesh to facilitate a seamless transition
between the structured blocks (“hybrid-y” and hybrid-yz”). Representative grids for the
patch-yz and hybrid-yz cases are shown in Fig. 5.28, while close up images of the
unstructured patches for the hybrid-y and hybrid-yz cases are shown in Fig. 5.29. Although
these grids are three-dimensional, the third dimension is trivial and the solutions represent a

two-dimensional flow.
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Figure 5.28: Bumps in channel mesh for the patch-y (top) and hybrid-yz (bottom) cases

Because of the number of cells differs in two directions, the hybrid-yz case requires
the use of pyramidal and tetrahedral elements to transition smoothly between the structured
blocks, while the hybrid-y case only requires hexahedral and prismatic elements. Also note
that in both cases the first layer of the unstructured patch consists of hexahedral cells to allow

the structured solver access to the required stencil for higher order schemes.
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Figure 5.29: Unstructured patch for hybrid-y (left) and hybrid-yz (right) cases

Contours of Mach number, static pressure, and static temperature for the patch-y case
are shown in Fig. 5.30, with the hybrid-y results superimposed below in the same images for
comparison. Again, the results indicate that the hybrid solver is capable of replicating
solutions generated using the original structured methods of VULCAN. Furthermore this test
case demonstrates successful implementation of the hybrid coupling for a non-trivial
patching. The patch-yz and hybrid-yz results, shown in Fig. 5.31 present an even more
complex patching case. Again, the hybrid solution agrees well with the structured results;
however, some fluctuations do exist in the patched area of the hybrid-yz case. These
fluctuations arise from the introduction of faces with normal vectors containing nonzero z-
directional components. Because the test case is a three-dimensional representation of a two-
dimensional flow, the inclusion of such faces leads to small errors in the z-direction. A
comparison of the residual convergence for all four cases is also included in Fig. 5.32, which

shows that implementation of the hybrid patching does not adversely affect convergence.
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Figure 5.30: Solution contours for patch-y and hybrid-y cases. From top: Mach number,
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Figure 5.31: Solution contours for patch-yz and hybrid-yz cases. From top: Mach number,
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Figure 5.32: Residuals for the two bumps in a channel test cases

Laminar Supersonic Flow over a Flat Plate

To test the hybrid VULCAN/FVFLO-NCSU solver for a viscous flow, a calorically
perfect air flow over a flat plate at a free stream Mach number of 3.4 and Reynolds number
of approximately 1.9x10" was examined. More specifically, the free stream static

temperature of the flow is 1000 K and the free stream static pressure is 101.325 Pa.
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As with the patch-y bump case, the initial grid for the flat plate consists of two
structured grids of differing resolution in the y-direction separated patched together by a non-
C? interface. The grid for the patched flat plate case is shown in Fig. 5.33 along with the
analogous hybrid grid, which has been superimposed below the original patched grid. The
hybrid grid again contains a layer of hexahedral elements adjacent to the
structured/unstructured interfaces, and prismatic elements are used to transition between the
two blocks. A close up view of the unstructured block for the hybrid grid is shown in Fig.

5.34.

Figure 5.33: Grids for the flat plate patched and hybrid cases

Second-order solutions for both cases are compared in Fig. 5.35. As with the inviscid
bump case, the laminar viscous flow results for the patched and hybrid flat plate cases are
nearly identical, again demonstrating the ability of the hybrid VULCAN/FVFLO-NCSU
solver to reproduce VULCAN results using an unstructured patching procedure and hybrid
coupling in place of the original structured patching methods. A comparison of the residual

convergence of the patched and hybrid cases is shown in Fig. 5.36.
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Figure 5.34: Unstructured patch for the hybrid flat plate case
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Figure 5.36: Residual convergence for the patched and hybrid laminar flat plate

5.3 FVFLO-NCSU LES Results

Confined Supersonic Mixing Layer

The upgraded FVFLO-NCSU solver with time-accurate LES capabilities was used to
simulate laterally-confined supersonic mixing layers. Such flows have been investigated

previously by Chakraborty, et al. [64,65]. In confined mixing layers, a coupling between the
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shear layer motion and the channel acoustic wave arises, resulting in an instability in the
supersonic range that is different from the classical Kelvin-Helmholtz instability. The large
scale structures generated are predominantly two-dimensional, and it has been shown that
two-dimensional simulations are thus satisfactory for the confined mixing layer [66].

The geometry considered for the confined mixing layer is a long narrow channel
0.025 m in height and .525 m in length. The inflow plane consists of an air stream on the
lower half, and a hydrogen stream on the upper half. The details of the inflow conditions are
shown in Table 5.2. Isothermal wall boundaries with temperatures matching the associated

inflow streams are imposed on the upper and lower surfaces of the channel.

Table 5.2: Confined mixing layer inflow parameters

Stream Composition u(m/s) P({Pa) T (K

Hydrogen 100% H, 2400 21000 103

Air 76.86% Ny, 23.14% O, 3725 21000 2344

LES results were generated for the non-reacting 2-D confined mixing layer on two
grids: a structured grid containing 100000 hexahedral elements (1000 in the x-direction and
100 in the y-direction) and an unstructured grid consisting of 490115 prismatic elements.
For the structured grid, the minimal and maximal element volumes are 2.7x10® m® and
3.2x10" m?® respectively, while for the unstructured grid they are 2.7x10° m® and 1.3x10”

3

m°. In both grids, the smaller elements are clustered about y = 0, the centerline of the

channel. Zoomed views of both grids at the inflow plane are shown in Fig 5.37.
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Figure 5.37: Zoomed views of structured and unstructured grids for mixing layer
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Using 64 processes for the structured grid and 128 for the unstructured grid,
simulations were run for four total transit times of the channel: one to attain a statistical
steady state, and three more to collect data. In Figs. 5.38 and 5.39, instantaneous H, mass
fraction and temperature contours computed on the two grids are compared. In these plots,
vortical structures which facilitate the mixing of the H, and air streams are evident. The
temperature distribution is largely determined by the mixing of the hot air and cold H,
streams; however local hot spots exist in the mixing layer where vortices have pulled air

heated by viscous effects on the lower wall upward.

-0.02

EEL IEEE

H2mass fraction: 01 02 03 04 05 06 07 08 09

004

o

0@ -

jETj e | |

: 01020304 0506070809

004 -

L " 1 L L " 1 " " 1 L L 1
[ 01 02 03 04 05

Figure 5.38: Confined mixing layer H, mass fraction contours. Top: hexahedral grid,

bottom: prismatic grid
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Profiles of time-averaged values for u-velocity, temperature and H, mass fraction at
x = 0.15 m and x = 0.45 m are shown in Fig. 5.40, with blue data points representing the
structured mesh solution and red the unstructured. The plots demonstrate good agreement
between results on each grid. At x = 0.15 m virtually no mixing has occurred, and outside
of the boundary layer the flow variables reflect the inflow conditions with a sharp interface
separating near-uniform H, and air streams. By x = 0.45 m however, a significant amount

of mixing is evident, with some H, present in over two-thirds of the initial air stream.
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stations: x = 0.15mand x = 0.45m

The structured grid was also used to run a simulation for the confined mixing layer

with chemistry activated. The reaction model used in this case is again the Langley 7x7 H,-
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air model implemented in previous test cases. Inflow conditions are identical to those in the
non-reacting case. Instantaneous contours of H,O mass fractions and temperature are shown
in Fig. 5.41. Results presented by Chakraborty, et al. [64] were generated using the
SPARK?2D code developed at NASA Langley by Drummond and Carpenter [67] and are
shown in Fig. 5.42. It should be noted that in [64], fluctuations were imposed on the inflow
boundary to encourage mixing layer growth. However, in the FVFLO-NCSU simulations,
the inflow conditions are static, resulting in slower growth of the mixing layer and effectively
shifting the flow downstream slightly compared to the simulations of Chakraborty, et al.
After accounting for this shift, the contour snapshots demonstrate agreement between the
solutions, with similarly shaped flow structures appearing at analogous axial stations.
Time-averaged data for the reacting flow case are presented in Fig. 5.43. Profiles of
mean velocity, H,O mass fraction and temperature computed by FVFLO-NCSU are
compared with data for non-reacting (NR), single step chemistry (SSC), and full chemistry
(FC) cases from [64]. To account for the difference in mixing layer growth, FVFLO-NCSU
data from the outflow boundary (x = 0.535 m) are compared with the profiles at x = 0.5 m
presented by Chakraborty, et al. As with the instantaneous contour plots, the mean flow data
compare favorably between the two solutions. The FVFLO-NCSU profiles for mean
velocity and H,O mass fraction are very similar to the SSC solution, and the temperature
profiles fall between the FC and SSC cases (SSC is the outermost temperature profile). This
behavior is due to differences in the chemistry models implemented in the solutions — both
codes use the same 7 species and 7 reactions for H,-air chemistry, but the model constants

used to compute the reaction rate coefficients differ between the two. The constants used by
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each code in Eq. (2.23) for each case are shown in Table 5.3. In the table, the reaction

numbers correspond to the reactions listed in Table 5.1.

Table 5.3: Arrhenius equation constants for reactive constrained mixing layer

FVFLO-NCSU Chakraborty, et al.
Reaction

A n g4/ Ry, A n ga/Ry
1 1.70x10"® 0.00 241546  1.70x10®  0.00 24230.0
2 1.20x10"  -0.91 8309.7  1.42x10 0.00 8250.0
3 2.20x10"2  0.00 2591.6 3.16x10" 1.80 1525.0
4 5.06x10"  2.67 31653  2.07x10*  0.00 6920.0
5 6.3x10?  0.00 548.5 55x10%  0.00 3520.0
6 2.21x10% -2.00 00  221x10%2 -2.00 0.0
7 7.30x10"" -1.00 00  6.55x10" -1.00 0.0

The differences in the solutions generated by the two solvers may have several
sources other sources in addition to the reaction models used. First, SPARK2D uses a
spatially 4™ order accurate scheme compared to the 2" order scheme of FVFLO-NCSU;
second, as previously mentioned the FVFLO-NCSU results do not incorporate a fluctuating
inflow boundary condition; and finally, the SPARK2D simulations were model-free DNS,

while FVFLO-NCSU uses a LES approach with a Smagorinsky model for the eddy viscosity.
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Chapter 6

Summary and Conclusions

A cell-centered finite volume method for solving the RANS equations for flows
containing an arbitrary number of frozen or chemically reacting species on unstructured
meshes has been presented. The RANS solver uses the 1998 Wilcox k — w model for
turbulent flows. Inviscid fluxes are computed using the LDFSS scheme with a second order
reconstruction of flow variables; and viscous fluxes are computed based on a modified
averaging of gradients to the cell interfaces. Species data and chemical kinetics are included
via subroutines and data bases extracted from the VULCAN flow solver. Several options are
included for steady-state time integration: a multi-stage Runge-Kutta with a semi-implicit
treatment of chemical source terms, and fully implicit formulations utilizing the LU-SGS and
GMRES+LU-SGS schemes. The implicit schemes are implemented using a matrix-free
approach, in which matrix-vector products involving the Jacobian matrix are approximated
with incremental flux vectors. This approach eliminates the need to compute block upper
and lower triangular Jacobian matrices, significantly reducing memory requirements.

The FVFLO-NCSU solver has been tested on a variety of sample cases, with a
general focus on high-speed, reactive and turbulent flows. Computed solutions for these test
cases compare favorably with those returned by VULCAN, a well-validated and state-of-the-
art structured flow solver. In fact, a main goal in the development of the FVFLO-NCSU
unstructured solver was the capability of replicating VULCAN solutions for flows similar to

those presented in this work.
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The FVFLO-NCSU code was then closely coupled within VULCAN providing it
with capabilities for handling unstructured grids. Data structures and communication
routines were developed for transferring necessary information across structured/unstructured
mesh interfaces in order to create a fully hybrid solver. This hybrid mesh paradigm allows
for automated generation of unstructured patches between dissimilar structured block
domains. These unstructured patches maintain mesh connectivity and naturally ensure
conservation across patches. The conservative unstructured patching provides an alternative
to the non-conservative, structured grid patching originally used by VULCAN. Full details
of the hybrid coupling of the two codes and the unstructured patching procedure may be
found in [59].

Additional development was carried out on the unstructured solver to add in time
accurate and large eddy simulation capabilities. Time accuracy is recovered based on a dual-
time stepping approach using a Crank-Nicholson formulation for the unsteady residual.
Implementation of a switch based on the work of Ducros, et al. [53], allows the numerical
scheme to transition from monotonicity-preserving to a central-difference approach in
regions dominated by vorticity in order to better capture small-scale turbulent structures. To
test the augmented FVFLO-NCSU code, simulations of constrained mixing layers were
carried out. The solutions generated for these mixing layers were compared with DNS

results to demonstrate the capabilities of the upgraded FVFLO-NCSU unstructured solver.
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