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We present a three-dimensional higher-order-accurate finite volume algorithm for the
solution of steady-state compressible flow problems. Higher-order accuracy is achieved by
constructing a piecewise continuous representation of the average solution values using the
k-exact reconstruction scheme. The pseudo-transient continuation method is employed to
reduce the solution of the discretized system of nonlinear equations into the solution of a series
of linear systems, which are subsequently solved using the GMRES method. We consider
several preconditioning methods in conjunction with different matrix reordering algorithms,
and show that our proposed preconditioner based on inner GMRES iterations can enhance
the convergence speed and reduce the memory cost of the solver. Moreover, when starting
from a lower-order solution as the initial condition, we show that ramping up the CFL number
accelerates the convergence rate. Finally, we verify the developed finite volume algorithm
by solving a set of test problems, where we attain optimal solution convergence with mesh

refinement.
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= enthalpy
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Ma = Mach number

n = time step index

Nrec = number of cells in the reconstruction stencil

P = pressure

Pr = Prandtl number

Pry = turbulent Prandtl number

Prod = production term in the Spalart-Allmaras turbulence model
LST(s) = CPU time spent on the linear solver

0 = viscous flux matrix

Q = numerical flux function

R = discrete residual operator

Re = Reynolds number

S = source term vector

T = temperature

TST(s) = total computational time

Trip = trip term in the Spalart-Allmaras turbulence model
u = solution vector

Uy = vector of average solution values

uy, = discrete solution function

v = velocity vector

Xp—y Xp = reference locations of the adjacent control volumes
B = CFL growth factor

vy = specific heat ratio

Aty = time step size for control volume «

ou, = change in the solution average values

n = jump term

K = control volume index

KLS = parameter in the line search algorithm

flux Jacobian in «

Jii = viscosity
ur = eddy viscosity
% = turbulence viscosity



P = density

T = viscous stress tensor

PL(x) = ith basis function for control volume «
Q, = volume of control volume «

w = under-relaxation parameter

Or = matrix transpose

I. Introduction

Despite the significant advancement of computational fluid dynamics, there is still a high demand for computational
resources when complicated problems are of interest. The high performance computation community believes that the
employment of high-order solution schemes—as opposed to the traditional second-order accurate methods—has the
potential to significantly reduce the computational costs [1-3]. Higher-order accurate methods can attain a practical level
of accuracy on coarser meshes, which can be more efficient both in terms of solution time and memory consumption.
Various approaches have been devised for achieving higher-order accuracy for aerodynamic flow problems, most notably:
continuous [4] and discontinuous [5] Galerkin finite element methods, the correction procedure via reconstruction
formulations of the discontinuous Galerkin and spectral volume methods [6], and finite volume schemes [7] (see
reference [8] for a detailed comparison of the numerical results). We are interested in the finite volume method because
it is a physically intuitive and mathematically straightforward approach, while providing the most obvious upgrade path
to higher-order accuracy for the existing second-order industrial solvers. Furthermore, our emphasis is on unstructured
meshes for the flexibility they offer in terms of mesh adaptivity and handling complex geometries.

In the presence of shock waves (discontinuities), during the transient state or at the steady state, high-order methods
lose their monotonicity and would experience oscillations that violate the physical constraints. The intrinsic dissipation
level in the numerical scheme is not sufficient to eliminate the high-frequency modes in the solution; therefore, for
these problems, some shock capturing scheme such as a slope limiter [9] or artificial diffusion [10] should be used in
conjunction with the k-exact reconstruction method to ensure convergence to the correct solution.

In two dimensions, unstructured high-order finite volume methods have been successfully applied to a range of
aerodynamic problems: the Euler equations [11,/12], laminar Navier-Stokes equations [3, 13], and turbulent Reynolds
Averaged Navier-Stokes (RANS) equations [7]. Three-dimensional results, however, are scarce and limited to the
solution of the Euler and laminar Navier-Stokes equations [13, 14]. In the long run, we are interested in developing a
high-order three-dimensional finite volume solver for the solution of both inviscid and viscous (laminar and turbulent)
flow problems, which provides approximate error bounds on target unknowns such as lift and drag. The results obtained

from solving the RANS equations contain two types of errors: modeling error and numerical error. While eliminating



the unknown modeling error is out of our control, higher-order methods help us to decrease the numerical error and
reduce computational costs. In this paper, we take the first steps towards our goal by considering the solution of some
well-known three-dimensional benchmark problems. Moreover, due to high memory requirement of three-dimensional
problems, we seek a memory-lean yet effective preconditioning scheme for the linear systems that must be solved during
the simulation process.

High-order discretization schemes require high-order representations of curved boundaries [15] to maintain their
nominal order of accuracy. In turbulent flow simulations, however, merely curving the boundary faces is not sufficient,
for the mesh consists of highly anisotropic cells near the walls, and if we do not curve the interior faces according to the
curvature of the boundaries, we will end up with self-intersecting, invalid cells. To propagate the boundary curvature
into the interior mesh in 2D, we currently use a solid mechanics analogy and model the faceted mesh as an elastic solid
subject to boundary deformation [7]. The same approach could be extended to handle fully three-dimensional meshes
with highly anisotropic cells.

To achieve high-order accuracy, we use the k-exact reconstruction method. On anisotropic meshes, using the
Cartesian coordinate system for the k-exact solution reconstruction causes numerical problems, which leads to inaccurate
solution. To prevent this issue for highly anisotropic cells in 2D, we reconstruct the solution on a curvilinear coordinate
system [7]. In 3D, however, the choice of this new coordinate system is not trivial, and a new technique should be
devised to reconstruct the solution.

This paper begins by reviewing the Euler and turbulent RANS equations, followed by an introduction to our numerical
discretization scheme, the k-exact reconstruction finite volume method. We then present the solution procedure for the

discretized system of equations and report the numerical results.

II. Governing Equations
The compressible RANS equations can be written in divergence form:

u

i + V- (F(u) - QO(u, Vu)) = S(u, Vu), (1)

where u is the solution vector, F the inviscid flux matrix, Q the viscous flux matrix, and S the source term vector. In this

work, the negative Spalart-Allmaras (S-A neg) turbulence model [16] is used in conjunction with the RANS equations.



The dimensionless solution vector and the flux matrices for the RANS + S-A neg equations are given as

P pv’ 0
PV pvw! + PI Mar
u= F = 0= , (2)
E (E + PWV' (E+P)Tv+y+l(%+ ,*;—TT)VT
Py 7pv’ — 20 (u+ pr)Vy

where p is the fluid density, v the velocity vector, ¥ the S-A neg turbulence working variable, E the total energy, P the
fluid pressure, T the fluid temperature, T the viscous stress tensor, Ma the Mach number, Re the Reynolds number, Pr
the Prandtl number, Prr the turbulent Prandtl number, I the identity matrix, y the specific heat ratio, o a parameter
in the S-A neg model, and (.)” denotes matrix transpose. The emphasis is on air as the working fluid, so the values

v =14, Pr=0.72, and Prr = 0.9 are used. The pressure is related to the other variables via the following formula:
P=tr-nE- g0 v). G)
Similarly, temperature is related to pressure and density in the following form:
T="—. “4)

In Equation (2), u is the viscosity, and is found from Sutherland’s law; ur is the eddy viscosity, and is found from the

S-A neg model [16]. Finally, the stress tensor 7 is found via the following equation:

1 1
T =2(u+ ur) (5 (VV + (VV)T) - §tr(VV)I) . 4)
The source term vector for the RANS + S-A neg equations is

0

0
S= , (6)

0

Diff +p(Prod — Dest + Trip)

where Diff, Prod, Dest, and Trip represent diffusion, production, destruction, and trip terms, respectively, and are found

from the S-A neg model [16].



By neglecting the turbulence model equation, the viscous flux matrix, and the source term vector in Equation (2),

the Euler equations are recovered. The Euler equations govern the flow of inviscid fluids and are characterized by

P pvh
u=|pv|, F=|pw! +PI| 0=0, S=0. (7
E (E + P)vI

II1. Discretization Scheme

A. The Finite Volume Method

The finite volume method seeks the vector of average solution values inside every control volume, denoted as Uy,.
First, a discrete solution function, u;, = u,(x, Uy,), is constructed corresponding to every set of average solution values,
which is known as solution reconstruction. Herein, we use the k-exact reconstruction method that will be introduced in
Section III.B. After employing a solution reconstruction method, by casting equation (1) into the integral form, and

replacing u with uy, a system of ordinary differential equations is derived for Up,:

dUp «

+ L/ (F(uj, ;) — Q(u;, Vuy, v, Vuy)) dS — 1 /S(uh, Vu,)dQ = 0, (8)
dt QK Ok QK K

for every control volume «. Here, Uy, . is the sub-vector of average solution values, Q, the volume of k. Although the
discrete solution uy, and its gradient Vuy, have to be continuous inside every control volume, they can be discontinuous
on the control volume boundaries d«. These discontinuous values are shown using the (.)* and (.)” notations. ¥ and Q
represent the numerical flux functions, and are designed to imitate the product of the original flux matrices and the
normal vector, while taking into account the discontinuity of the discrete solution. Proper quadrature formulas should
be used to numerically compute the integrals in Equation (8) to a certain order of accuracy. To find the quadrature point
locations, we start by mapping each element to its reference version which resides in a nondimensional space. The
mapping is a polynomial of degree / that must guarantee geometric continuity across neighboring elements; thus it is
usually constructed from Lagrangian basis functions (polynomials). The quadrature rules for different orders and types
of reference elements are tabulated in the literature, and by a change of variables they can be constructed for elements in
the physical space. Note that for meshes with curved anisotropic cells near the boundary, the quadrature point locations
get updated when we solve the linear elasticity problem to propagate the boundary curvature into the domain [7].

Looking back at Equation (8), we can derive the following system of ODEs for control volume averages:

du,, B
7 + R(Uh) =0. 9)



Although only the steady-state solution is of interest in this work, the unsteady term can be used to improve the robustness
of the solver with respect to the initial solution guess. This method, known as pseudo-transient continuation (PTC), will

be discussed in Section IV.A.

B. K-exact Reconstruction
In this work, higher-order accuracy is achieved using the k-exact reconstruction scheme [17], which results in a
nominal discretization error of order O(h**1) [18]. In this method, the solution in every control volume is defined as

the superposition of a set of basis functions in the following form:

NICC
(% Up)lvex = Wie(x Up) = > al(Up)i(x), (10)

i=1
where ¢ (x) and al. represent the ith basis function and reconstruction coefficient for every control volume «, respectively.
Commonly, the basis functions are chosen as monomials in Cartesian coordinates with origin at the control volume’s

centroid of volume, x,. Therefore, the set of basis functions can be expressed as

1 -
el (x1 = X1)%(x2 = %2)P(x3 = x3)C|la+ b+ ¢ < k} ) (11)

($iX)i=1.. Nee} = {

Here, N is the number of cells in the reconstruction stencil, and this particular choice of basis functions has the
advantage that the discrete solution u;, will resemble the Taylor expansion of the exact solution u, which is particularly
useful in theoretical analysis [19].

The k-exact reconstruction requires uy , to closely predict the average values of a specific set of the neighbors of
K, Stencil(k). Moreover, the discrete solution must satisfy the conservation of the mean constraint; the reconstruction

coefficients are thus found from the following constrained minimization problem:

1 2

minimize Z (— / uy, (x)dQ — Uy &
o

T
a...a, " o eStencil(k) 7 (12)

1
subject to —/uh(x)dQ =Up,
QK K

which is first transformed into an unconstrained optimization problem by a change of variables [19], and then solved
using the singular value decomposition (SVD) algorithm [20]. To construct Stencil(k), all the neighbors at a given
topological distance from « are added to the stencil until the number of stencil members exceeds 1.5N;.. This strategy
ensures that the minimization problem of Equation (12) does not become undetermined or ill-conditioned. Although it
is possible to increase the number of stencil members, it would make the minimization process unnecessarily expensive.

On curved anisotropic meshes, using the Cartesian coordinate system for the k-exact solution reconstruction



(Equation (11)) leads to two related numerical issues: first, the least-squares system of Equation (12) becomes terribly
ill-conditioned, and as a result, the error in estimating the reconstruction coefficients becomes of order O(1). Second,
the reconstruction scheme is not k-exact any more, and the discretization error is not of order O(h**!). To alleviate
these issues in two-dimensions, we use a new curvilinear coordinate system around which the geometric entries in the
least-squares system are calculated, so that the system is well-conditioned for highly anisotropic control volumes [7].
Furthermore, we use column scaling to reduce the condition number of the left-hand side matrix in the least-squares
system. In three-dimensions, however, the choice of the new coordinate system is not trivial, and one might design

another method to properly reconstruct the solution on anisotropic cells.

C. Numerical Flux Functions

We evaluate the inviscid flux function using a computationally efficient formulation [21] of the approximate Riemann
solver of Roe [22] because of its effectiveness and simplicity.

The viscous flux functions are evaluated using an intermediate state u;, such that Q = Q(u;, Vu;)n. Finding
the intermediate state as the numerical average of the left and right states, u; = % (u;; + u;), results in a sufficiently
accurate solution [23]. When evaluating the intermediate state gradient, however, simple averaging may lead to spurious

solutions and instabilities. Nishikawa [24] suggested the following modified formula:

1 ut —u;
V' = — (Vu' +Vu;) +n|—2—"|n, 13
i, = 5 (Vui + Vu) "(nxﬁ—xk_uz " (13

where x,_ and X, are the reference locations of the adjacent control volumes, and 7 is a heuristic damping factor,
known as the jump term. Jalali and Ollivier-Gooch [25] have numerically tested different values of 7 in high-order finite

volume simulations, and have recommended a value of 7 = 1, which is also used in this work.

IV. Solving the Discretized System of Equations

A. Pseudo-Transient Continuation (PTC)

In finding the steady-state solution of the semi-discrete system in Equation (9), time accuracy is not of interest; the
stability of the time advance scheme, on the other hand, is crucial, which makes the backward Euler method an appealing
choice. For the backward Euler method to be stable, all eigenvalues of the flux Jacobian matrix should reside on the
left-half plane. To study this in our solver, Jalali et al [26] performed an eigenanalysis for diffusive fluxes on isotropic
and anisotropic meshes, and showed that, for the simplified cases considered, the eigenvalues lie on the left-half plane.

The PTC method is a modification of backward Euler with nonuniform time-stepping to accelerate the global



convergence. Using PTC, we can write the fully discrete version of Equation (9) as

ve (U - up) + ROUGT =0, (14)
where 7 is the time step, R the discrete residual operator, V" a diagonal matrix with coefficients given by V' = ﬁ,
corresponding to each control volume x. A Newton-iteration algorithm gives the linear version of Equation (14):
OR
vie | Joup = Ry, 15
(v g |y ) o0 = —Raop 15)

where 6Uj is the change in the solution average values between the current and next iterations, and CFL is the

Courant-Friedrichs-Lewy number. Moreover, ;Tlf |U" is the residual Jacobian matrix at the nth time step and is
h

evaluated using the algorithm proposed by Michalak and Ollivier-Gooch [27]. For local time advance, at each nonlinear

step n, we set a global CFL number and calculate the nth time step for each control volume «:

hi

max’
Ay

At} =CFL" (16)

where h, is the hydraulic diameter of «, and A7** the maximum eigenvalue of the inviscid flux Jacobian over all the

surface quadrature points of . After 6U} is solved for, we update the solution:
Uyt = U + w"oUy, (17)

where, serving as a step size along the direction §U”, w" € (0 1] is an under-relaxation parameter calculated by a
line search algorithm at each nonlinear iteration. Every time, we initialize ™ with a physical under relaxation factor
Wphys» computed by imposing the physical constraints on pressure and density. If wp,y satisfies the residual decrease
condition and the new solution state is physical, then we continue with w" = wppys; if not, we halve w" repeatedly until
both conditions are satisfied. The residual decrease condition ensures that at each nonlinear step, the residual does not

increase beyond a certain limit:
[w"V"6U} + RU; + w"6UR)||, < &sIRUY)L2. (18)

Here, x5 controls the strictness of the line search algorithm, and ;5 = 1.2 performs well for both viscous and inviscid
flows [28]. In the presence of turbulence, the residual of the turbulence working variable is usually ill-scaled and may
accordingly affect the efficiency of the line search algorithm [28]. To enhance convergence, one potential approach is to

leave out the vector entries corresponding to the turbulence working variable [29] in the evaluation of the norms in



Equation (18). This we shall explore in Section V.A.

The backward Euler scheme is unconditionally stable for all time steps, and, in contrast to explicit methods, time
advance is not limited by the CFL condition. Using large time steps can potentially lead to fast convergence. At transient
states of the nonlinear system, however, a small time step is desirable to accelerate the convergence of Newton’s method.
Finding a balance between these two conflicting objectives is one of the challenges in developing efficient implicit
techniques. With small CFL numbers, many time steps are required for convergence; large CFL numbers, on the other
hand, may lead to breakdown of the iteration process. There are two possible reasons for the breakdown. First, too much
time has been elapsed in the corresponding time step so that some flow features could not be resolved correctly, and
the iteration process diverges towards a non-physical state. Second, the condition number of the coefficient matrix in
Equation (15) is too large such that the linear solver cannot solve the corresponding system within a prescribed number
of iterations [30].

Updating the global CFL number during nonlinear iterations helps to resolve transient states at earlier stages and enhance
the convergence rate near the steady-state by recovering Newton’s method. A common CFL evolution strategy is based

on the value of the under-relaxation parameter used for updating the solution at each nonlinear step:

B-CFL" for B>1 if o"=1
CFL™! = { cpL” i Win <@ <1 - (19)

a-CFL" for a <1 if 0" < wmin

Here, we use w,,i, = 0.01 and @ = 0.1. The initial CFL number will be denoted as CFL? in this work. As mentioned
earlier, we increase CFL gradually to avoid non-physical states. At the beginning of the solution process, if we use
free-stream initial conditions, the approximate solution is far from its physical steady-state; small CFL numbers would
then prevent divergence by making the approximate solution follow a physical transient path. Therefore, for higher order
cases (k = 3) starting from free-stream initial conditions, we use 8 = 1.5. Although it increases slowly here, CFL still
becomes large enough to recover Newton’s iterations near the steady-state. On the other hand, when we run the solver
sequentially and use the converged solution of lower-order schemes as the initial conditions for higher-order ones, since
a physical solution is already at hand, we can increase CFL dramatically and still avoid divergence. In any case, CFL
will be capped at 10'° in this work. In Section V.A, we will study the effect of increasing 3 on the convergence rate for

sequential runs.
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B. Linear Solver

Every PTC iteration requires the solution of the linear system Ax = b, where

OR
Uy

A= (V” + U")’ x=6U;, b=-R(Uj)). (20)
h
We use the generalized minimal residual (GMRES) method [31] to solve this system because of its successful history in
solving various aerodynamic problems [28, 32-34]; it is also readily available as a black box solver in many numerical
computation libraries, such as our library of choice: PETSc [35]. The behavior of the GMRES method is strongly
dependent on the eigenvalue spectrum of A—the more compact the eigenvalue spectrum, the fewer iterations required
for convergence. As the left-hand-side (LHS) matrices arising from a k-exact finite volume discretization usually lack a
compact eigenvalue distribution, the performance of GMRES can be greatly improved by means of preconditioning.
For right preconditioning, we need a matrix P such that the condition number of the product matrix AP is smaller

than that of A. Then, the original equation is changed to
APy =b x=Py. 21

Here, we first solve for the vector y and then use it to find x. The preconditioning matrix can be constructed either directly
from A, or from the LHS matrix of a lower-order discretization scheme. The matrix from which the preconditioner is
constructed will be denoted as A*. Also, note that the GMRES solver only requires the matrix-by-vector product of P
and does not need P in its explicit form.

The Point Gauss-Seidel (PGS) iterative solver is a reliable preconditioner for solving linear systems arising from
spatial discretization on isotropic meshes [36]. Therefore, PGS is used for the solution of Euler equations in this
work, where an isotropic mesh correctly captures the solution. Nevertheless, resolving viscous flow problems requires
anisotropic meshes and is a more challenging problem. In this work, we first use the incomplete lower-upper factorization
of fill level p (ILUp) to form the matrix P for preconditioning the linear system in viscous turbulent problems. In this
method, a lower triangular matrix, L, and an upper triangular matrix, U, are constructed based on A*. These matrices
have small nonzero structures and satisfy A* ~ LU [31]. The preconditioner matrix is then set to P = (LU)™'. A
larger fill level results in L and U matrices with bigger nonzero structures but is likely to construct a more effective
preconditioner. Since the ILU preconditioner is based on matrix factoring, its performance is dramatically affected by
the ordering of the unknowns in the matrix A*. Quotient minimum degree (QMD) and reverse Cuthill-McKee (RCM)
are among the reordering methods we consider in this work. QMD reduces the fill of the factored matrices, RCM the
bandwidth of the matrix A" itself. Furthermore, we will demonstrate in Section V.A that lines of control volumes with

strong coupling can make an effective basis for matrix reordering.
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Jalali and Ollivier-Gooch [7] observed that a fill level of three or larger is required for preconditioning of two-
dimensional viscous turbulent flow problems if the L and U matrices are factored from the higher-order LHS matrix.
Although this method is a practical preconditioner for two-dimensional problems, its memory cost soars drastically in
three dimensions, hindering its implementation for such problems. An alternative is to factor the L and U matrices
from the LHS matrix of the 0-exact (first-order) discretization scheme [32-34]. Hereinafter, the ILU preconditioner
of fill level p will be denoted as LO-ILUp if factored from the 0-exact LHS matrix, and as HO-ILUp if factored
from the full-order LHS matrix. Despite being conservative on memory, LO-ILUO may behave poorly for high-order

reconstruction schemes [37]. This motivates us to seek more effective preconditioners.

C. Improved Preconditioning Schemes

To improve the poor performance of the ILU preconditioning method for large higher-order problems, some strategies
will be introduced: a preconditioning method based on inner GMRES iterations, (complete) LU factorization of the
0-exact LHS matrix, and LO-ILUp with larger levels of fill. Moreover, alongside these preconditioners, we introduce
and examine a matrix reordering method based on lines of control volumes with strong coupling (l/ine reordering, in

short).

1. Inner GMRES Iterations

The 0-order LHS matrix, some researchers have argued, can construct an effective preconditioner compared to its
full-order counterpart because the structure of the 0-order LHS matrix only includes the immediate neighbors of every
control volume [32-34]. Nevertheless, as will be shown in Section V.A, the LO-ILU method can behave poorly for
high-order reconstruction schemes applied to viscous flow problems. To mitigate this issue, we conjecture that the exact
inverse of the lower-order LHS matrix, P = (A*)™! rather than P = (LU)~', makes a more efficient preconditioner. In

this case, the matrix-by-vector product z = Pv can be found by solving the following system:

A*z =v. (22)

The linear system of Equation (22), however, can be as large as the original linear system Ax = b, and it might be
expensive, in time and memory, to carry out the solution exactly. Instead of seeking the exact solution, the proposal
is to use further inner ILU preconditioned GMRES iterations to find an approximate solution for Equation (22). The
resulting preconditioners will be referred to as LO-GMRES-ILUp in this work, and their performances will be examined
in Section V.A. It must be noted that when a nonlinear operator such as an inner GMRES solver is used as the
preconditioner, the outer solver has to be replaced with a Flexible GMRES (FGMRES) solver [38]. The FGMRES

solver can only be right preconditioned.
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Finding the exact inverse matrix in P = (A*)~! is thought to be cumbersome—especially for large problems; thus
LO-GMRES-ILUp preconditioners attempt to find an approximation of (A*)~!. To evaluate the efficiency of these
preconditioners, it would then be helpful to introduce another preconditioner that uses (complete) LU decomposition to
find the exact value of (A*)™'; that is, P = (A*)™! = (LU)~!. We call this preconditioner LO-LU. In serial runs, PETSc

implements the LU decomposition.

2. Lines of Control Volumes with Strong Coupling

Forming non-overlapping lines that contain control volumes with strongly coupled degrees of freedom is beneficial
in constructing effective preconditioners. Mavriplis [39] introduced the concept of lines in anisotropic unstructured
meshes to enhance the performance of multigrid solvers via implicit smoothing. His approximate algorithm for finding
such lines was purely geometric-based, and only considered control volume aspect ratios. Thus, his method only
captured coupling through diffusion. Okusanya et al [40] later developed an algorithm that considered both the advection
and diffusion phenomena. Such an algorithm, Fidkowski et al [41] proved, results in a set of unique lines; they used the
lines for nonlinear p-multigrid solution of the Euler equations. Diosady and Darmofal [42] showed that reordering
the unknowns, such that members of a line have consecutive numbers, is an effective reordering strategy for the ILU
preconditioner. We implement the line reordering method of Diosady and Darmofal to study its effect on the speed and
robustness of the linear solver.

In the first step of the line creation algorithm, a weight is assigned to every face inside the mesh. This weight is

derived from the Jacobian of the 0-exact discretization of the advection-diffusion equation,

V.-(vu—pu,Vu) =0, (23)

where u is the unknown variable, v the velocity taken from the initial conditions, and g an input parameter that controls

the sensitivity of the lines to mesh anisotropy. The weight of a face f is then defined as

24
Our’ Ouy 24

W(f) = max (aR{T aRT),

where W is the weight of the face, o~ and 7 the adjacent control volumes of the face, and R the residual vector. If a face
is located on the boundary, Equation (24) will not directly be applicable to it. Thus, a mirrored ghost control volume is
placed adjacent to every boundary face. After finding the face weights, calling Algorithm 1 will construct the lines. In
this algorithm, F(7) is the set of faces of the control volume 7, and o = C(7, f) the control volume which has the face f
in common with the control volume 7. This algorithm ensures that two adjacent control volumes are connected to each

other if and only if they have their first or second highly weighted face lying between them [41].
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Algorithm 1 Line creation

function CREATELINES > Calling this function creates all lines.
Unmark all control volumes.
while there a exists an unmarked control volume 7 do

MAKEPATH(T) > Forward path creation

MAKEPATH(T) > Backward path creation

function MAKEPATH(T) > Helper function.
repeat

For control volume 7, pick the face f € F(7) with the highest weight, such that control volume o = C(7, f)

is not part of the current line.

if f is a boundary face then
Terminate

else if o is marked then
Terminate

else if f is not the first or second ranked face of o in weight then
Terminate

Mark o.

Add o to the current line.

T 0o

until Termination

To illustrate the performance of Algorithm 1, an anisotropic mesh for the geometry of a NACA 0012 airfoil is
considered, as shown in Figure 1. The velocity has been taken from the 2-exact solution of the flow resulting from a
Mach number of 0.15, a Reynolds number of 6 x 10°, and an angle of attack of 10 degrees. The parameter y; is set
to the heuristic value of 10; this value is chosen based on the ratio % to get an estimate of the boundary layer. As
desired, the lines follow the direction of mesh anisotropy near wall boundaries; their pattern changes and follows the

flow direction in other parts of the geometry.

V. Results
First, the performance of different preconditioning methods is demonstrated in computing the flow around a NACA
0012 airfoil; these computations are carried out by a single core of an Intel i7-4790 (3.60 GHz) processor. Next, the
inviscid flow around a sphere is considered. Finally, our finite volume solution is verified for fully turbulent flows over
a three-dimensional flat plate and an extruded NACA 0012 airfoil. All the three-dimensional flow simulations are
performed using the Cedar cluster from the WestGrid computing facilities [43]. Each node of the cluster consists of two
16-core Intel Xeon E5-2683 v4 (2.1 GHz) processors, and has a minimum of 128GB memory. The wall times and

memory costs are reported when using 8 processes, each running on a separate node.
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Fig. 1 Mesh and lines of control volumes with strong coupling for the geometry of a NACA 0012 airfoil

A. Preconditioner Study

The performance of different preconditioning schemes is studied by considering the turbulent flow around a
NACA 0012 airfoil, with Ma = 0.15, Re = 6 x 10°, and an angle of attack of 10 degrees. Three nested meshes with
approximately 25K, 100K, and 400K control volumes (Ncy = 25K, 100K, and 400K) are considered, where the coarsest
mesh and its corresponding lines of control volumes with strong coupling are shown in Figure 1. The farfield boundaries
are located almost 500 chords away from the airfoil, and the chord length has a nondimensional value of one. This
problem is taken from the NASA Turbulence Modeling Resource (TMR) website [44], and has been previously studied
by Jalali and Ollivier-Gooch [7], who used a HO-ILU3 preconditioner with QMD reordering.

The different preconditioning methods tested are shown in Table 1. In all cases, the outer GMRES solver stops when
the linear residual of Equation (15) is reduced by a factor of 1073, or a maximum number of 500 iterations is performed.
For inner GMRES, we do not want to spend so much time calculating an exact approximation; thus we just perform a
few iterations (see Table 1). Furthermore, the simulation ends when the norm of the residual vector ||R(Uy,)||» is reduced
by a factor of 1078, All cases work efficiently as right preconditioners, except for case A, where left preconditioning is

superior. In preconditioners which involve inner GMRES iterations (cases D, E, D*, and E*), the inner GMRES solver
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Table 1 Preconditioning methods considered

Case Preconditioning Reordering Preconditioner Inner GMRES Number of inner
name method method side preconditioner side ~ GMRES iterations

A HO-ILU3 QMD left — —

B LO-ILUO RCM right — —

C LO-ILUO line right — —

D LO-GMRES-ILUO RCM right left 10

E LO-GMRES-ILUO line right left 10

F LO-LU QMD right — —

B* LO-ILU3 RCM right — —

D*  LO-GMRES-ILU3 RCM right left 5

E* LO-GMRES-ILU3 line right left 5

is better off with a left ILU preconditioner. Note that other combinations of preconditioner and reordering schemes that
are not considered in Table 1, either had inferior performances or did not result in convergence even for the coarse mesh.

The residual history of the solver for each preconditioning scheme is shown in Figure 2, where the highest-order
discretization scheme (3-exact) is considered, starting from free-stream initial conditions with 5 = 1.5 and CFL? = 1072,
here the residual entries of the turbulence working variable are excluded in the line search process (Equation 18). For the
cases plotted in Figure 2, Table 2 shows the number of PTC iterations (N-PTC), the number of outer GMRES iterations
(N-GMRES), total memory consumption, CPU time spent on the linear solver (LST), and total computational time
(TST). On the coarse mesh (Ncy = 25K), most preconditioners work alike in terms of the number of PTC iterations,
but cases B* and D* run in shorter times, and show a speed-up of three compared to case A. There is approximately
a twofold reduction in memory consumption for the cases using the 0-order LHS matrix rather than full-order. This
reduction in the required memory is also evident from the data acquired on the medium mesh.

It is the medium mesh (Ncv = 100K) results that reveal more about the differences between all these preconditioners.
Here, cases B and C fail to converge; these two LO-ILUO cases apparently lack enough information to sufficiently
reduce the condition number of the coefficient matrix in the linear system. On the other hand, cases D, E, B*, and D*
converge and are on a par in terms of PTC iterations, while cases B* and D* stand out with regard to timing: case B*
runs approximately eight times faster than case A, case D* five times faster.

Strikingly, Case F takes more PTC iterations to converge compared to LO-GMRES-ILU cases (except E*), which are
trying to get an approximation of (A*)~!, not the exact value. Case B* is a modification to case B with three levels of
fill, and it performs almost twice as many total linear iterations as D*, but still is faster. Linear iterations are cheaper for
B* because each GMRES iteration at case D* comprises five inner iterations itself. We suspend our judgment about the
best preconditioning scheme until we see the convergence history for sequential runs over the medium mesh and the

results on the fine mesh (Ncy = 400K).
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Fig.2 Comparison of residual histories obtained using different preconditioning schemes (NACA 0012 problem,
1 process)

Using the line reordering method, case E outperforms its corresponding preconditioner with RCM reordering (case D)
in speed, but still comes short compared to cases B* or D*. The inner ILU preconditioner uses a fill level of zero in case
E and three in case D*; thus case D* provides a better approximation of (A*)~!, requiring a smaller number of inner
iterations, which in turn makes it faster. Case E*, which combines the line reordering and an inner ILU3 preconditioner,
struggles to converge and requires many PTC iterations—but is still faster than case A after all. We might conclude that
line reordering has some shortcomings when a higher level of fill is required.

The turbulence closure equation is not usually well-scaled. Hence, the residuals of the turbulence working variable
may have different magnitudes compared to those of the other variables. In evaluating the residual in the line search
algorithm (Equation (18)), therefore, it might be beneficial to omit these ill-scaled residual components. Figure 3
depicts the behavior of different preconditioning schemes when omitting or considering ¥ residuals in the line search. In
most cases, the advantage of omitting those residuals is evident both in number of PTC iterations and in wall time. We
therefore continue to exclude ¥ residuals in the line search algorithm.

Gradually increasing the CFL number helps ensure the solution follows a physical path towards the steady state. On
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Table 2 Performance comparison for different preconditioning schemes (NACA 0012 problem, 1 process).
Cases with entries marked by “—”’ did not converge to the steady state solution.

k=3 CFL? = 0.01 B=15 Initial condition: Freestream
Preconditioner N-PTC N-GMRES Memory(GB) LST(s) TST(s)
Ncy = 25K
A 44 1,104 1.55 1,254 1,582
B 44 12,360 0.72 452 818
C 44 9,963 0.73 363 744
D 41 2,193 0.90 246 591
E 41 2,163 0.84 234 584
F 41 1,752 0.88 289 632
B* 41 2,759 0.74 102 449
D* 41 1, 868 0.84 147 491
E* 41 1,904 0.86 158 501
Ncv = 100K
A 86 11,272 5.81 14,756 17,444
B - - 2.73 - -
C - - 2.80 - -
D 54 7,130 3.18 3,362 5,264
E 57 4,987 3.26 2,210 4,226
F 66 3,309 3.66 2,357 4,011
B* 55 6,803 3.74 745 2,077
D* 55 3,833 3.22 1,275 3,166
E* 115 6,432 3.67 2,163 6,992

|I<= 3|IC:Freestream | CFL®=0.01| B =1.5 | Ncy = 100K

T
(;ase D

Case D —include b
Case E

CaseE —include
Case F

Case F —include ¥
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CaseE"

Case E* —include ¥
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Fig.3 Effect of excluding the 77 residual in the line search algorithm on convergence using different precondi-
tioning schemes (NACA 0012 problem, 1 process)
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Fig. 4 Effect of increasing CFL growth factor on convergence for 2- and 3-exact discretizations starting from
a lower-order converged solution (NACA 0012 problem, 1 process)

the other hand, running the high-order solver sequentially helps preserve the robustness of the scheme; that is, first
running a lower-order scheme to the steady state, and then using the lower-order solution as the initial condition for the
higher-order scheme. In the sequential run, since a physical solution is available as the initial conditions for 2- and
3-exact schemes, we argue that the CFL growth factor (8) can be increased to boost up the convergence rate. Figure 4
shows the effect of increasing 8 on the convergence of the 2-exact scheme starting from the 1-exact solution, and the
3-exact scheme starting from the 2-exact solution. In both cases, the solver converges faster as we increase S—a fourfold
increase with 8 = 1000 compared to 8 = 1. In the 3-exact case, the combination of CFL? and g drives the solution to a
more challenging path, but the solver is sufficiently robust to eventually converge to the steady state.

The sequential run histories in Figure 5, for B* and D* preconditioners, show that although the case B* is faster for
the 1-exact portion, starting from free-stream initial conditions, the overall wall time is less for case D*. Furthermore,
Figure 6 demonstrates the superior performance of case D* on the fine mesh, where case B* fails to converge to the
3-exact steady state. Our speculation is that case B*, since it only performs an incomplete factorization on the lower-order
matrix, lacks enough information to reduce the condition number of the coefficient matrix for the finest mesh, whereas
case D*, since it approximates the exact inverse of the lower order matrix, extracts more information from the matrix,
which in turn reduces the condition number more effectively. Now is the time to make an informed judgment about
the most promising preconditioning method, and use the case D* preconditioner for the three-dimensional problems

accordingly.
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Fig.5 Sequential convergence history for B* and D* preconditioning schemes (NACA 0012 problem, 1 process)
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Fig.6 Comparison of Sequential residual history for B* and D* preconditioning schemes (NACA 0012 problem,
1 process)
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Fig.7 Symmetric cut of the coarsest mesh near the sphere surface

B. Inviscid Flow Over a Sphere

The second test problem is the inviscid flow around a sphere with unit radius. The Mach number is equal to
Ma = 0.38, and the free-stream flow is in the x; direction. This problem is chosen as a three-dimensional extension
of the inviscid flow around a circle, the higher-order solution of which was studied by Bassi and Rebay [15]. Three
prismatic grids (64K, 322K, and 1M control volumes) are used, where the farfield is located at a distance of 100
dimensionless units from the sphere center. A symmetric cut of the coarsest mesh near the sphere surface is shown
in Figure 7. The faces and control volumes adjacent to the wall boundaries are curved using second-order Lagrange
polynomials. To ensure that numerical quadrature does not introduce additional error in the solution, a quadrature
scheme accurate up to order k + 1 is employed.

As the flow does not contain any discontinuities, the entropy must be constant throughout the domain. Therefore, the
L, norm of the entropy relative to the free-stream conditions, ||S — Sw||2, has an exact value of zero. The convergence of
this quantity versus mesh refinement is shown in Figure 8, where the mesh length scale is defined as 4 = (Ncy)'/3, and
Ncvy is the number of control volumes. The k = 1 solution converges even faster than its expected ratios of 2, k = 3
faster than the ratio of 4. The convergence ratio for the k = 2 solution, however, is half an order smaller than its expected
value of 3.

The effect of the reconstruction order k on solution accuracy is also evident from the qualitative Mach contours on
the x3 = 0 symmetry plane, which are plotted in Figure 9 for the finest mesh. Not surprisingly, only the k = 3 solution
has been able to capture the symmetry of the flow to a great extent. Furthermore, the artificial wake behind the sphere

seems small for the £ = 2 solution compared to that of k = 1.
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Fig. 9 Computed Mach contours on the x3 = 0 symmetry plane for the sphere problem on the 1M control
volume mesh
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Fig. 10 Coarsest mesh for the flat plate problem

C. Turbulent Flow Over a Flat Plate

Now, we consider a three-dimensional extension of the flat plate verification case from the NASA TMR website.
The computational domain is Q = [-0.33,2] x [0, 1] x [0, 1], the nondimensional parameters are Re = 5 x 10® and
Ma = 0.2, and the flow is in the x; direction. The flat plate is located on the (0 < x; < 2) A (x = 0) boundary, where
adiabatic solid wall conditions are imposed. Symmetry boundary conditions are imposed on the (x3 = 0), (x3 = 1), and
(=0.33 < x; £ 0) A (x = 0) boundaries, while other boundaries are considered as farfield. Since we use symmetry
boundary conditions on all the boundaries normal to the x3-axis, the exact solution of this problem must be constant in
the x3 direction. Therefore, the solutions obtained in this section can be compared to the two-dimensional results from
the NASA TMR website, which are obtained using the CFL3D solver [45] on a 544 x 384 grid.

The two-dimensional meshes provided by the NASA TMR website are extruded in the x3 direction to construct a
series of nested three-dimensional grids with the following dimensions: 60 x 34 x 7, 120 x 68 x 14, and 240 X 136 x 28.
The coarsest mesh is depicted in Figure 10. The medium and fine meshes are uniform refinements of the coarse and
medium meshes, respectively. An anisotropic mesh is necessary to correctly capture the flow pattern in the boundary
layer and at the plate leading edge. On each mesh, the problem is solved sequentially, first for k = 1, then k = 2, and
finally £ = 3. The free-stream conditions are used as the initial conditions for k = 1, while the initial solution for each
k > 2 is taken from the converged solution of the (k — 1)-exact scheme. For better performance, here we combine the
preconditioning method of case D* with a block Jacobi preconditioner, for the domain is decomposed between eight
processes. Moreover, § = 1000 is used for k = 2 and k = 3 portions of the sequential run.

To schematically demonstrate the correctness of the solution, the distribution of the turbulence working variable
obtained from k = 3 on the finest mesh is plotted on the x3 = 0.5 plane, and shown in Figure 11a. The results for a
544 x 384 grid provided by the NASA TMR are also shown in Figure 11b. There is a close agreement between the
reference solution of NASA TMR and the solution of this work, although a few undershoots of small magnitude are
present in the latter. The next quantity of interest is the distribution of the nondimensional eddy viscosity ’% on the line

(x1 =0.97) A (x3 = 0.5), which is depicted in Figure 12 along with the reference solution from the NASA TMR website.
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(a) 3-exact: min : 7 x 1073, max : 379 (b) NASA TMR: min : 0, max : 378

Fig. 11 Distribution of the turbulence working variable on the plane x; = 0.5 for the flat plate problem
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Fig. 12 Distribution of the nondimensional eddy viscosity on the line (x; = 0.97) A (x3 = 0.5) for the flat plate
problem on the 240 x 136 x 28 grid

Our computed results agree with the reference values. Also, it is evident that a higher-order reconstruction scheme leads
to a more accurate estimate of the eddy viscosity.

To further verify the numerical solution, the convergence of the drag coefficient Cp and the skin friction coefficient
Cy at the point x = (0.97, 0, 0.5) are studied with mesh refinement. Table 3 shows the computed values on different
meshes. The computed values converge faster for a higher-order reconstruction scheme, such that only k = 3 offers an
accurate solution on the medium mesh. The reference values from the NASA TMR library are also shown in the same
table. As desired, the computed values in this work agree with the reference values of the NASA TMR website. The
convergence orders of Cp and Cy are computed using the procedure of Celik et al [46], and are shown in Table 3 along
with the cumulative convergence time for each case. All the reconstruction schemes have attained optimal convergence
rates. Nevertheless, care must be taken when interpreting the estimated convergence rates because the procedure of
Celik er al is most reliable when the error has already achieved an asymptotic behavior on the coarsest mesh, which
might not necessarily be the case here.

The sequential residual history for different mesh sizes is plotted in Figure 13. Increasing the number of control
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Table 3 Computed value and convergence order of the drag coefficient and the skin friction coefficient at the
point x = (0.97, 0, 0.5) for the flat plate problem

Cp Cr Cumulative CPU time (s)
| NASA TMR 0.00286 0.00271 —
Mo k 1 2 3 1 2 3 1 2 3
60 X 34 x 7 0.00396 0.00233 0.00233 | 0.00350 0.00228 0.00222 | 36 65 97
120x 68 x 14 | 0.00301 0.00281 0.00285 | 0.00283 0.00268 0.00271 | 401 634 1061
240x 136 x28 | 0.00287 0.00286 0.00286 | 0.00274 0.00273 0.00273 | 4614 6238 9466

Convergence order ‘ 2.8 33 5.4 3 3 5.1 ‘
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Fig. 13 Sequential residual history for different meshes (flat plate problem, 8 processes)

volumes does not affect the overall residual history with respect to PTC iterations; the cost of each PTC iteration, on the
other hand, increases as we refine the mesh. The convergence history for the sequential run on the fine mesh is shown in
Figure 14.

The specifics and resource consumption information of the flow solver for the flat plate problem are listed in Table 4.
For the &k = 2 and k = 3 cases, the results are taken when a lower order solution is used as initial condition. Note that
memory consumption increases linearly with mesh refinement. For k = 1 the majority of the total time is spent on linear
solves, but for k = 2 and k = 3, the linear solve share decreases dramatically due to the increase in 8 and the subsequent
lower number of PTC iterations. Most importantly, the benefit of higher-order methods can be observed in Table 3 and
Table 4: while the k = 3 solution on the medium mesh offers the same level of accuracy for Cp as the k = 1 solution on
the fine mesh (for Cy, the k = 3 solution on the medium mesh is even more accurate), the cumulative computational
time of the former is smaller than that of the latter by a factor of four, and the memory consumption is smaller by a

factor of three.
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Fig. 14 Sequential convergence history (flat plate problem, 8 processes)

Figure 15 shows the condition number of the linear matrix at different nonlinear iterations. The results are taken
by solving the flat plate problem on the coarse mesh, for k = 1, k = 2, and k = 3, with or without preconditioning.
Case E is used as the preconditioner, and for all cases we use CFL? = 0.1 and 8 = 1.5. Although we usually ramp
up the CFL number for higher-order cases when they start from a lower-order converged solution, but here we keep
B = 1.5 for all simulations to prevent fast convergence of the higher-order cases to keep track of the condition number.
A GMRES solver is used to report the condition number and the maximum number of linear iterations is set to 500, so
for iterations where the solver reaches this maximum without converging, as is the case for most unpreconditioned PTC
iterations, the reported condition number is not accurate. The maximum number of PTC iterations is set to 35, and none
of the unpreconditioned cases converge in this range. According to Figure 15, preconditioning dramatically reduces the
condition number of the linear system for earlier PTC iterations, but as we go forward the linear system becomes stiffer.
On the other hand, for the cases considered here, the effect of reconstruction order on the stiffness of the linear system
seems to be marginal.

To test the parallel scalability of the flow solver, a strong parallel scaling test is conducted for the flat plate test case,
i.e., the same problem is solved by using different numbers of processors ranging from 1 to 10 while the resulting
speedup is recorded. The test is done for the k = 3 scheme on the 120 x 68 X 14 mesh. The parallel speedup of
the total solution process, the Jacobian evaluation algorithm, and the linear solver scheme were computed separately,
and are shown in Figure 16. Not surprisingly, the linear solver algorithm is less scalable than that of the Jacobian
integrator mainly because the efficiency of the block Jacobi preconditioner decreases with an increase in the number of
processors. The sudden dip of the parallel speedup for 9 processors may be due to a less favorable mesh partitioning, or

communication problems on the cluster. With regard to weak scaling, where the problem size assigned to each processor
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Fig. 15 Effect of preconditioning and reconstruction order on the the stiffness of the linear system (flat plate
problem, 1 process)

is fixed and each time a larger problem is solved by more processors, our tests for the flat plate case show the weak

scaling efficiency to be approximately 94% for different number of processors ranging from 1 to 10.

D. Turbulent Flow Over an Extruded Airfoil

For the last test case, we consider a three-dimensional extension of the flow around the NACA 0012 airfoil. The
computational domain of Section V.A is extruded in the x3 direction with an extrusion length of one nondimensional
unit. Symmetry boundary conditions are imposed on the two boundaries normal to the x3-axis, while other boundaries
retain their conditions from Section V.A. The nondimensional parameters are set to Re = 6 X 10° and Ma = 0.15,
and the angles of attack and side slip are equal to 10 and zero degrees, respectively. Since the exact solution must be
constant in the x3 direction, the solutions are compared to the reference values provided by NASA TMR, which are
obtained using the FUN3D [47] solver on a 7169 x 2049 grid.

Two meshes are employed: a hexahedral mesh with Ncy = 100K, and a mixed prismatic-hexahedral mesh with
Ncy = 176K. In both cases, quadrature points are obtained from the tensor product of one-dimensional quadrature
formulas and the quadrature points of the curved two-dimensional meshes. A portion of the meshes is depicted in
Figure 17. In both cases, there are 7 layers of extruded control volumes in the x3 direction. Again, we run the solver
sequentially here, as we did for the NACA 0012 and flat plate problems, increasing S while we increase the order
of accuracy. As for the flat plate problem, the preconditioning scheme of case D* is combined with a block Jacobi

preconditioner when the domain is decomposed and the solver uses multiple processes.

27



-
o

-| ¥—¥ Lin. solve

Ideal
o—e Total
A—A Jac. int.

Speed-up

H N W S~ U1 OO N 00 O

=

4 5

6

7 8

# of processors

9

10

Fig. 16 The parallel speedup of the solver for the flat plate problem: 120 x 68 x 14 mesh and k = 3.

Table 4 Specifics and resource consumption of the flow solver (flat plate problem, § processes)

Preconditioner: Case D*

k CFL? B N-PTC N-GMRES Memory(GB) LST(s) TST(s)
60 x 34 x 7 mesh
1 0.01 1.5 33 901 0.35 12 36
2 0.01 1,000 9 351 1.13 6 29
3  0.01 1,000 6 259 1.75 5 32
120 x 68 x 14 mesh
1 0.01 1.5 35 1,578 4.57 219 401
2 0.01 1,000 445 6.45 66 233
3  0.01 1,000 662 11.47 128 428
240 x 136 x 28 mesh
1 0.01 1.5 36 3,158 32.51 3,236 4,614
2 0.01 1,000 6 618 49.48 729 1,624
3 0.01 1,000 6 955 96.05 1,510 3,228
il Wil
XSG S N
NN == NN ==
N eSS T SN
il N i )

(a) Hexahedral mesh

(b) Mixed prismatic-hexahedral mesh

Fig. 17 Meshes for the extruded NACA 0012 problem
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Fig. 18 Distribution of surface pressure coefficient on the intersection of the extruded NACA 0012 airfoil and
the x3 = 0.5 plane

The distribution of the surface pressure coefficient on the intersection of the airfoil and the x3 = 0.5 plane is
computed using the k = 1 and 3 solutions, and is depicted in Figure 18. Generally, the computed distributions are
consistent with the reference values obtained by FUN3D. Closer views of the plots are shown for four distinct points to
better compare the results. As expected, the k = 3 scheme predicts the most accurate values, particularly on the mixed
mesh. For example, the FUN3D results show that the pressure coefficient on the lower surface becomes bigger than that
of the upper surface, near the trailing edge of the airfoil. This phenomenon is captured by the k = 3 solutions, but not
observed by those of k = 1.

The computed and the reference lift and drag coefficients are shown in Table 5. It seems that the hexahedral mesh
is too coarse, as none of the schemes can obtain accurate enough solutions. For the mixed mesh, the kK = 3 scheme
gives satisfactory results with less than 10% error for all the coefficients. The solution of the other schemes, however,
is quite off, particularly for the pressure drag coeflicient Cp),. Note that the reference results are obtained using a
two-dimensional 7169 x 2049 mesh, which has approximately a thousand times more cells than the meshes in each layer
of our extruded cases.

The sequential residual history for different mesh sizes is shown in Figure 19. Convergence with respect to PTC
iterations is marginally affected by the mesh type . Moreover, the effect of increasing 8 on reducing the number of PTC
iterations for k = 2 and 3 is obvious. The convergence history for the sequential run on the mixed mesh is shown in
Figure 20.

Finally, parameters related to the iterative convergence of the solver are listed in Table 6. The linear solve time
makes up around 30% of the total computation time. The total computation time is dependent on k, but does not

differ considerably between the two meshes for the same reconstruction order, especially when measured per degree of
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Table 5 Computed drag and lift coefficients for the extruded NACA 0012 airfoil problem

k Cpp Cpy Cr
NASA TMR

— 0.00607 0.00621 1.0910
Hex mesh

0.01703 0.00582 1.0619
0.01702 0.00497 1.0507
3 0.00301 0.00472 1.0417
Mixed mesh
1 0.01129 0.00574 1.0735
0.00365 0.00565 1.0776
3 0.00550 0.00536 1.0869

Sequential run | IC; : Freestream | CFL® = 0.01 | Preconditioner: Case D*
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Fig. 19 Sequential residual history for different meshes (extruded NACA 0012 airfoil problem, 8 processes)
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Fig. 20 Sequential convergence history (extruded NACA 0012 airfoil problem, 8 processes)

Table 6 Specifics and resource consumption of the flow solver (extruded NACA 0012 problem, 8 processes)

Preconditioner: Case D*
k CFL® B N-PTC N-GMRES Memory(GB) LST(s) TST(s)
Hex mesh, Ncy = 100K

1 0.01 2.0 23 794 3.99 86 322

0.01 1,000 10 896 5.86 130 482

3 001 1,000 6 815 9.43 145 507
Mixed mesh, Ncy = 176K

1 0.01 2.0 24 1,018 7.11 179 572

0.01 1,000 10 899 8.76 188 601

3 0.01 1,000 6 1,013 20.53 352 968

freedom. Moreover, the memory consumption seems to be almost linearly increasing with both k and Ncvy.

VI. Conclusions

A higher-order solution framework was presented for steady-state three-dimensional compressible flows. The
highlights of this solution framework include the following: a k-exact finite volume discretization, a pseudo-transient
continuation (PTC) solution algorithm, and a memory-lean preconditioner based on inner GMRES iterations.

Higher-order accuracy was achieved by constructing a piecewise continuous representation of the control volume
average values. This piecewise continuous representation, also referred to as the discrete solution, was defined as the
superposition of a set of basis functions, defined as monomials of the Cartesian coordinates.

The PTC method was revisited for the solution of the discretized nonlinear equations, where each iteration required

the solution of a linear system. The challenges involved in the solution of these linear systems were addressed for
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three-dimensional problems, and a novel method was introduced to mitigate these issues. In this method, the FGMRES
linear solver was preconditioned using inner GMRES iterations, which were subsequently preconditioned by the
ILU method. The L and U matrices were factored from the LHS matrix of the 0-exact discretization scheme. By
considering the 2-D fully turbulent flow around the NACA 0012 airfoil, it was shown that the winning preconditioning
algorithm (case D*) is efficient in terms of solution time, memory consumption, and robustness, compared to the other
preconditioning methods considered. Furthermore, in higher-order schemes, our results showed that we can ramp up the
CFL number when starting from a lower-order converged solution as the initial condition. This reduces the total number
of PTC iterations and enhances the speed of convergence.

Moreover, inviscid and viscous turbulent test problems were considered, where the solution was verified against
reference values either obtained analytically or provided by the NASA TMR website. In all cases, a satisfactory
agreement was observed between the solutions of this work and the reference values. Accuracy tests were also performed
with mesh refinement, and optimal convergence order was attained for reconstruction orders k = 1 and 3. The k =2
scheme, however, was slightly inferior in performance compared to its theoretical convergence order.

Timing and memory consumption results demonstrated the benefit and practicality of using higher-order methods
for obtaining a certain level of accuracy. Compared to a higher-order discretization scheme, for the cases tested, a

second-order scheme required a finer grid and more computational time to attain the same level of accuracy.
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