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Abstract. The purpose of this work is to develop a methodology that achieves high order
spatial discretization for compressible aerodynamic flows based on the spectral finite volume
method for hyperbolic conservation laws. High order methods are necessary on the analysis
of complex flows to reduce the number of mesh elements one would otherwise need if using
traditional second-order schemes. In other words, high order methods can potentially
achieve a higher level of accuracy than low order ones given the same computational
resources. The spectral finite volume method was developed as an alternative to k-exact
high order schemes, ENO/WENO and discontinuous Galerkin methods. Its main objective
18 to allow the implementation of a simpler and more efficient scheme, while still achieving
high order spatial accuracy. The 2-D FEuler equations are solved numerically in a finite
volume, cell centered context on unstructured meshes. An implicit time march algorithm
15 employed to advance the solution to steady-state. The treatment of discontinuities is
also discussed. Several applications are performed in order to assess the method capability,
which is compared to data available in the literature and also compared to results from an
weighted essentially non-oscillatory (WENQO) scheme. The latter comparison data can
also be used to assess the present method computational performance
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1 INTRODUCTION

Over the past several years, the Computational Aerodynamics Laboratory of Insti-
tuto de Aerondutica e Espago (IAE) has been developing CFD solvers for two and three
dimensional systems®!*. One research area of the development effort is aimed at the
implementation of high-order methods suitable for problems of interest to the Institute,
i.e., external high-speed aerodynamics. Some upwind schemes such as the van Leer flux
vector splitting scheme!®, the Liou AUSM+ flux vector splitting scheme? and the Roe
flux difference splitting scheme®® were implemented and tested for second-order accuracy
with a MUSCL reconstruction!. However, the nominally second-order schemes presented
results with an order of accuracy smaller than the expected in the solutions for unstruc-
tured grids®. Aside from this fact, it is well known that total variation diminishing (TVD)
schemes have their order of accuracy reduced to first order in the presence of discontinu-
ities due to the effect of limiters.

This observation has motivated the group to study and to implement essentially non-
oscillatory (ENO) and weighted essentially non-oscillatory (WENO) schemes in the past?3.
However, as the intrinsic reconstruction model of these schemes relies on gathering neigh-
boring cells for polynomial reconstructions for each cell at each time step, both classes
of methods were found to be very demanding on computational resources for resolution
orders greater than three, in 2-D, or anything greater than 2nd order, in 3-D. This fact
motivated the consideration of the spectral finite volume method (SFV), as proposed by
Wang and co-workers116:19722 “ag 4 more efficient alternative. Such method is expected
to perform better than ENO and WENO schemes, compared to the overall cost of the
simulation, since it differs on the reconstruction model applied and it is currently extended
up to 4th-order accuracy in the present work. The SFV method is already in use by the
authors and, previously, numerical results have been published*. Although the expect
order of accuracy is obtained for the 2nd, 3rd and 4th order SF'V methods, a significant
deterioration in convergence rate for the fourth order simulations is observed, especially
in the presence of shock waves. Hence, it is expected that such behavior can be overcome
by the use of an implicit time march algorithm.

The numerical solver is currently implemented for the solution of the 2-D Euler equa-
tions in a cell centered finite volume context for triangular meshes, with a lower upper
symmetric Gauss-Seidel (LU-SGS) scheme for time integration. The paper, as here or-
ganized, presents the theoretical formulation of the spatial and temporal discretization
methods for the Euler equations. The reconstruction process of the high-order polyno-
mial is described next. Afterwards, the flux limiting formulation is presented followed by
the numerical results and conclusions.
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2 THEORETICAL FORMULATION
2.1 Governing Equations

In the present work, the 2-D Euler equations are solved in their integral form as

%/Vde+/‘/(v-ﬁ)dV:0, (1)

where P = Ei+ Fj. The application of the divergence theorem to Eq. (1) yields

8 D o —
a/Vde+/S(P-n)ds_o. (2)

The vector of conserved variables, (), and the convective flux vectors, £ and F', are given

by

p gu pU
pu pu” +p puv
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€t (er +p)u (er +p)v
The system is closed by the equation of state for a perfect gas
1
p= 0= 1) e gola? + %) (@)

where the ratio of specific heats, ~, is set as 1.4 for all computations in this work. The
flux Jacobian matrix in the 7 = (n,,n,) face-normal direction can be written as

or or
B=n,— —
nI@Q+ny3Q (5)

The B matrix has four real eigenvalues A\ = Ay = v,, A\3 = v, + a,\y = v, —a, and a
complete set of right eigenvectors (rq,72,73,74), where v, = un, + vn, and a is the speed
of sound. Let R be the matrix composed of these right eigenvectors, then the Jacobian
matrix, B, can be diagonalized as

R'BR = A, (6)
where A is the diagonal matrix containing the eigenvalues,
A = diag(vp, vp, v, + a,v, — a). (7)
In the finite volume context, Eq. (2) can be rewritten for the i-th control volume as

0Q; 1 =
& ——Vi/&w-mds, (®)

where @); is the cell averaged value of () at time ¢ and V; is the volume, or area in 2-D,
on the ¢-th control volume.
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2.2 Spatial Discretization

The spatial discretization process determines a k-th order discrete approximation to
the integral in the right-hand side of Eq. (8). In order to solve it numerically, the com-
putational domain, 2, with proper initial and boundary conditions, is discretized into N
non-overlapping triangles, the spectral volumes (SVs), such that

N

Q=|[Jsv. (9)

=1

One should observe that the spectral volumes could be composed by any type of polygon,
given that it is possible to decompose its bounding edges into a finite number of line
segments ['x, such that

Si=JTx - (10)

In the present paper, however, the authors assume that the computational mesh is always
composed of triangular elements. Hence, although the theoretical formulation is presented
for the general case, the actual SV partition schemes are only implemented for triangular
grids.

The boundary integral in Eq. (8) can be further discretized into the convective operator
form

Q) ;/S_(ﬁ-ﬁ)dszzf (P 7)dS, (11)

where K is the number of faces, or edges in 2-D, of S;, and A, represents the r — th edge
of the SV. Given the fact that 77 is constant for each line segment, the integration on the
right side of Eq. (11) can be performed numerically with a k —th order accurate Gaussian
quadrature formula

K J

/A (Pi)dS =33 e PQUrgs 9rg)) - i Ar + O(A,BE). (12)

r=1 gq=1

where (2,4, yrq) and w,, are, respectively, the Gaussian points and the weights on the r-th
edge of SV, J = integer((k + 1)/2) is the number of quadrature points required on the
r — th edge, and h will be defined in the forthcoming discussion. For the second-order
schemes, one Gaussian point is used in the integration. Given the coordinates of the end
points of the element edge, z; and zy, one can obtain the Gaussian point as the middle
point of the segment connecting the two end points, G; = %(zl + 25). For this case,
the weight is w; = 1. For the third and fourth order schemes, two Gaussian points are
necessary along each line segment. Their values are given by

1 1 1 1
Glz\/g—_'—Zl—l-(l—\/g—i_ )22 and Gzzﬁ—+22+<1—\/§+ >217 (13)

2v/3 2v/3 2v/3 2v/3
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and the respective weights, w; and wy, are set as w; = wy = % Using the method described
above, one can compute values of (); for instant ¢ for each SV. From these averaged values,
it is possible to reconstruct polynomials that represent the conserved variables, p, pu, pv
and e;. Due to the discontinuity of the reconstructed values of the conserved variables
over SV boundaries, one must use a numerical flux function to approximate the flux values
on the cell boundaries.

The above procedures follow exactly the standard finite volume method. For a given
order of spatial accuracy, k, for Eq. (11), using the SFV method, each SV, element must
have at least

k(k+1)

m=——— (14)

degrees of freedom (DOFs). This corresponds to the number of control volumes that
SV; shall be partitioned into. If one denotes by C; ; the j-th control volume of SV;, the
cell-averaged conservative variables, g, at time ¢, for C; ; are computed as

_ 1

0,0 = - [ alopit)dody, (15)
i?j Cl,]

where V; ; is the volume of C; ;. Once the cell-averaged conservative variables, or DOFs,

are available for all C'V's within SV, a polynomial, p;(z,y) € P¥1, with degree k — 1,

can be reconstructed to approximate the ¢(z,y) function inside SV;, i.e.,
pi(z,y) =gz, y) + O(W*),  (2,y) € SV;, (16)

where h represents the maximum edge length of all CVs within SV;. The polynomial
reconstruction process is discussed in details in the following section. For now, it is
sufficient to say that this high-order reconstruction is used to update the cell-averaged
state variables at the next time step for all the CVs within the computational domain.
Note that this polynomial approximation is valid within SV; and some numerical flux
coupling is necessary across SV boundaries.

Integrating Eq. (8) in C; ;, one can obtain the integral form for the CV averaged mean
state variable time evolution

dg,; 1 —

7 VMZ/A(f-ﬁ)dszo, (17)

W=

where f represents the £/ and F' fluxes, K is the number of edges of C; ; and A, represents
the r — th edge of the CV. The numerical integration can be performed with a k — th
order accurate Gaussian quadrature formulation, similarly to the one for the SV elements
in Eq. (12).

As previously stated, the flux integration across SV boundaries involves two discontin-
uous states, to the left and to the right of the edge. This flux computation can be carried
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out using an exact or approximate Riemann solver, or even a flux splitting procedure,
which can be written in the form

f(CI(xrm yrq)) T R fRiemann(QL($rqa yrq)> qR(me yrq)a ﬁr)a (18)

where ¢, is the conservative variable vector obtained by the p; polynomial applied at the
(%rq, Yrq) coordinates and ¢g is the same vector obtained with the p,, polynomial in the
same coordinates of the edge. Note that the nb subscript represents the element to the
right of the edge, whereas the ¢ subscript denotes the CV to its left. As the numerical
flux integration in the present paper is based on one of the forms of a Riemann solver,
this is the mechanism which introduces the upwind and artificial dissipation effects into
the method, making it stable and accurate. In this work, the authors have used the Roe
flux difference splitting method!® to compute the numerical flux, i.e.,

fRiemann = f’/‘oe(qLa 4R, ﬁ) = % [f(QL) + f(QR) - |§‘ (QR - QL)] ) (19)

where ‘E‘ is Roe’s dissipation matrix computed in the direction normal to the edges as
|B|=R|A|R7". (20)

Here, |K‘ is the diagonal matrix composed of the absolute values of the eigenvalues of the
Jacobian matrix, as defined in Eq. (7), evaluated using the Roe averages.

Finally, one ends up with the semi-discrete SF'V scheme for updating the DOFs at
control volumes, which can be written as

Gy 1 g~y .
dt’J - _V ZZqufRiemann(QL(x’l’myrq)aqR(zrqaqu)vnT)AT' (21)

Jor=1 ¢=1

where the right hand side of Eq. (21) is the equivalent convective operator, C(g; ;), for
the j-th control volume of SV;. It is worth mentioning that some edges of the CVs,
resulting from the partition of the SVs, lie inside the SV element in the region where the
polynomial is continuous. For such edges, there is no need to compute the numerical flux,
as described above. Instead, one uses analytical formulas for the flux computation, .e.,
without numerical dissipation.

2.3 Temporal Discretization

The convergence behavior of high-order methods, such as the SFV method, is generally
poor with explicit time marching approaches. In order to obtain the steady state solution
of the flow from an initial condition, a relaxation scheme is necessary. The approach
typically used in the present research group has been to resort to explicit, multi-stage,
Runge Kutta time-stepping methods. The main advantages of such an approach are
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that it is easy to implement and the memory requirements are quite modest. Hence,
the previous “production” version of the code used a 3-stage TVD Runge-Kutta scheme
for time integration®. However, adequate solution convergence characteristics, especially
for the higher-order implementations, dictate that an implicit time integrator should be
implemented. Therefore, an implicit LU-SGS scheme is implemented in the context of
the present work.

Equation (2) can be recast in the semi-discrete form as

g

Vi— =
ot

R, (22)

where R; is the right-hand side residual and it tends to zero as the simulation converges
to a steady-state solution. Using Euler implicit time-integration, Eq. (22) can be written

in discrete form as
oq;'

At

where At is the time increment and 6¢" = ¢"*' —¢". The above equation can be linearized
in time as

Vi =R (23)

oqr OR}
Vi — _R™ LY 4
1 ﬁt 1 aq 6q1 (2 )

The term OR/Jq represents the Jacobian matrix. Writing the equation for all elements,
one obtains the delta form of the backward Euler scheme

ASqg=R (25)
where v 9B
A= —1 2
At * dq (26)

and I is the identity matrix.

In order to reduce the number of non-zero entries in the Jacobian matrix and to sim-
plify the linearization process, only a first-order representation of the numerical fluxes is
linearized. This results in the fact that the graph of the sparse matrix is identical to the
graph of the unstructured mesh. Hence, the Jacobian matrix entries can be computed
and stored over a loop on the mesh edges. Therefore, the residual operator can be written
as

Ri(qi, 45, 1ij) = % [fais i) + flag,705) — [Nijl (a5 — @) (27)

for an edge that shares volume i and j. A scalar dissipation model is used,
Aijl = [ - 7| + ag; (28)

where 77;; is the unit vector normal to the edge, vj; is the velocity vector normal to the edge
and a is the speed of sound. One should note that the dissipation on the flux function is

7
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approximated by the Jacobian matrix spectral radius. The linearization of Eq. (27) yields

OR; 1
- =5 (J(@)+ My 1)
dq; 2
OR, 1 (29)
Jg, 2 (J(g5) = [Xij| 1)

where J = 0F/0q is the Jacobian of the inviscid flux vector.
As stated before, using an edge-based data structure, the Jacobian matrix is stored in
lower, upper and diagonal components, which are computed as

—_

L =S [=J(gj, 1) — |A] 1]
[J(gs: 7iij) — |Aij| T (30)

1% 1 -
D= EI—}-;§[(}(qz‘7nzj)+ il T].

Note that L, U and D represent the strict lower, upper and diagonal matrices, respectively.
Equation (25) represents a system of linear simultaneous algebraic equations that needs
to be solved at each time step. The iterative LU-SGS solution method is employed, along
with a mesh renumbering algorithm®, and the system is solved in two steps, a forward
and backward sweep

(D+L)og" =R (31)

(D +U)dq = Ddq".
It is found that the CPU cost of one LU-SGS step is very close, if not cheaper, than that
of the 3-stage Runge Kutta explicit step for these inviscid analyses.

3 SPECTRAL FINITE VOLUME RECONSTRUCTION
3.1 General Formulation

The evaluation of the conserved variables at the quadrature points is necessary in
order to perform the flux integration over the mesh element edges. These evaluations
can be achieved by reconstructing conserved variables in terms of some base functions
using the DOFs within a SV. The present work has carried out such reconstructions
using polynomial functions. Let P,, denote the space of m-th degree polynomials in two
dimensions. Then, the minimum dimension of the approximation space that allows P, to

be complete is
+1 +2
N,, = (m )2(m ) (32)
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In order to reconstruct ¢ in P,,, it is necessary to partition the SV into NV,, non-overlapping

CVs, such that
N,

Svi=J G (33)

j=1
The reconstruction problem, for a given continuous function in SV; and a suitable parti-
tion, can be stated as finding p,, € P,, such that

J.

With a complete polynomial basis, €;(z,y) € P, it is possible to satisfy Eq. (34). Hence,
Pm can be expressed as

pm(%y)dS:/ q(z,y)dS. (34)

J Ci,j

Nm
Pm = Z blel(xa y)7 (35)
=1

where e is the base function vector, [e1,--- ,ey], and b is the reconstruction coefficient
vector, [by, -+ ,by]T. The substitution of Eq. (35) into Eq. (34) yields

N
1 m
b [ alo)as =g, (36)
Vi 12:; Cij !
If § denotes the [; 1, -+ , G ny)  column vector, Eq. (36) can be rewritten in matrix form
as
Sb =17, (37)
where the S reconstruction matrix is given by
V:Ll,l fCM er(z,y)dS - vll me en(z,y)dS
S = : . : (38)
ﬁfci,N 61(x7y)ds leNfcin GN(xuy)dS

and, then, the reconstruction coefficients b can be obtained as
b=S"'g, (39)

provided that S is non-singular. With the substitution of Eq. (39) into Eq. (35), p., is,
then, expressed in terms of shape functions L = [Ly,--- , Ly]|, defined as L = ¢S, such

that one could write N

pm =Y Li(x,9)7,, = Lg (40)

j=1
Equation (40) gives the value of the conserved state variable, ¢, at any point within the
SV and its boundaries, including the quadrature points, (Z,q, Yrq)-

9



Carlos Breviglieri, Joao Luiz F. Azevedo and Edson Basso

Table 1: Polynomial base functions.

Reconstruction Order e
linear [lzy]
quadratic [1xyz?ay y? |
cubic [1zy2? xy y? 2 2%y xy? 3P |

The major advantage of the SF'V method is that the reconstruction process does not
need to be carried out for every mesh element SV;. One can compute these coefficients
as a pre-processing step and they do not change along the simulation. This is a major
difference when compared to methods such as ENO and WENO, for which every mesh
element has a different reconstruction process at each time step. The polynomial base
functions for the linear, quadratic and cubic reconstructions are listed in Table 1. Clearly,
the linear, quadratic and cubic polynomial reconstructions will yield, respectively, 2nd-,
3rd- and 4th-order spatial discretization numerical schemes.

3.2 Linear Reconstruction

For the linear SFV method reconstruction, m = 1, one needs to partition a SV in
three sub-elements, as in Eqgs. (14) and (32) and use the base vector as defined in Table
1. The partition scheme is given for a standard element. The partition for this case is
uniquely defined. The structured aspect of the CVs within the SVs is used to determine
neighborhood information and generate the global connectivity data considering a hash
table search algorithm”.

The linear partition is presented in Fig. 1(a). It yields a total of 7 points, 9 edges (6 are
external edges and 3 are internal ones) and 9 quadrature points. The linear polynomial
for the SFV method depends only on the base functions and on the partition shape.
The integrals of the reconstruction matrix in Eq. (38) are obtained analytically!® for
fundamental shapes. The shape functions, in the sense of Eq. (40), are calculated and
stored in memory for the quadrature points, (2,q,yrq), of the standard element. Such
shape functions have the exact same value for the quadratures points of any other SV
of the mesh, provided they all have the same partition. There is one quadrature point
located at the middle of the every CV edge.

3.3 Quadratic Reconstruction

For the quadratic reconstruction, m = 2, one needs to partition a SV in six sub-elements
and use the base vector as defined in Table 1. The partition scheme is also given in this
work for a right triangle. The nodes of the partition are obtained in terms of barycentric
coordinates of the SV element nodes in the same manner as the linear partition. The
structured aspect of the CVs within the SVs is used to determine neighborhood infor-
mation and generate the connectivity table. The ghost creation process and edge-based

10
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data structure is the same as for the linear reconstruction case. The partition used in
this work is shown in Fig. 1(b). It has a total of 13 points, 18 edges (9 external edges
and 9 internal ones), 36 quadrature points and it has Lebesgue constant value of 3.075.
The shape functions, in the sense of Eq. (40), are obtained as in the linear partition.
The reader should note that, in this case, the base functions have six terms that shall be
integrated. Again, these terms are obtained exactly and kept in memory!®. In this case,
two quadrature points are required per CV edge.

3.4 Cubic Reconstruction

For the cubic reconstruction, m = 3, one needs to partition the SV in ten sub-elements
and to use the base vector as defined in Table 1. The ghost creation process and edge-
based data structure is the same as for the linear and quadratic reconstruction cases.
As a matter of fact, the same algorithm utilized to perform these tasks can be applied
to higher order reconstructions. The partition used in this work is the improved cubic
partition'” presented in Fig. 1(c) and it has a total of 21 points, 30 edges (12 external
edges and 18 internal ones), 60 quadrature points and it has a Lebesgue constant value
of 4.2446. The shape functions, in the sense of Eq. (40), are obtained as in the linear
partition in a pre-processing step. As with the quadratic reconstruction, each CV edge
has two quadrature points?.

(a) (b) (c)

Figure 1: Triangular spectral volume partitions for (a) linear, (b) quadratic and (c) cubic reconstructions.

4 LIMITER FORMULATION

For the Euler equations, it is necessary to limit some reconstructed properties in order
to maintain stability and convergence of the simulation, if the resulting flowfield contains
discontinuities. The limiters are applied in each component of the primitive variable vector
(p,u,v,p)T, derived from the conserved variable vector evaluated at quadrature points.
For each CV, the following numerical monotonicity criterion is prescribed:

(_]ZZ‘WL S qi.j (x’rqa yrq> S q?}azu (41>

11
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—min —max

where g/ and ;"' are the minimum and maximum cell averaged property values among
all neighboring CVs that share a edge with C; ;. If Eq. (41) is strictly enforced, the method
becomes TVD®. This method, however, is first-order accurate and it may compromise
the general accuracy of the solution. To maintain high-order accuracy away from discon-
tinuities, small oscillations are allowed in the simulation, as in TVB methods!®. If one
expresses the reconstruction for the quadrature points as a difference with respect to the
cell averaged mean,

AQTq = pi(xrqv yrq) - qz’,ja (42>

then no limiting is necessary if |Ag,,| satisfies Eq. (41) for every quadrature point of the
CV edges. If it does not, then, the solution is limited for this CV and linearly reconstructed
as

G j(T,y) = q;; + Vg ;- r, (43)

where Vg; ; is the gradient at the CV centroid, and r is the position vector of the quadra-
ture point with regard to the CV centroid. The original high order polynomial in the CV
is used to compute the gradient, i.e.,

N Op; Op;
quJ = (a, a_y> . (44)

The reconstructed property value from Eq. (43) may not satisfy Eq. (41) and, therefore, it
is limited by multiplying the increment in the CV average value by a scalar ® € [0, 1], that
can be computed following the general orientation of the literature, such that it satisfies
the monotonicity constraint. In this work, the superbee limiter is used®.

5 NUMERICAL RESULTS

The results presented here attempt to validate both the implementation of the data
structure, temporal integration, numerical stability and resolution of the SFV method.
The overall performance of the method is compared with that of a WENO scheme im-
plementation. For the presented results, density is made dimensionless with respect to
the free stream condition and pressure is made dimensionless with respect to the density
times the speed of sound squared. For the steady case simulations, the CFL number is
set as a constant value and the local time step is computed using the local grid spacing
and characteristic speeds. For both test cases, the CFL number is set to 1.0 x 106.

All numerical simulations were carried out on a dual-core 1.6 GHz PC Intel64 archi-
tecture, with Linux OS. The code is written in Fortran 95 language and the Intel Fortran
compiler@®with optimization flags' is used. For the performance comparisons which are
presented in this section, all residuals are normalized by the first iteration residue. More-
over, the Lo, norm is used in all residuals here reported.

!Compiler flags: -O3 -assume buffered_io -parallel

12
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5.1 Wedge Flow

The computation of the supersonic flow field past a wedge with half-angle 8 = 10
deg is considered. The computational mesh has 816 nodes and 1504 volumes and it is
shown in Fig. 2, along with the density contours obtained with 4th-order SFV method.
For comparison purposes, the second, third and fourth order SF'V methods were utilized
along with WENO schemes. The leading edge of the wedge is located at coordinates
xr = 0.25 and y = 0.0. The computational domain is bounded along the bottom by the
wedge surface and by an outflow section before the leading edge. The inflow boundary is
located at the left and top of the domain, while the outflow boundary is located ahead
of the wedge and at the right of the domain. The analytical solution gives the change
in properties across the oblique shock as a function of the free stream Mach number and
shock angle, which is obtained from the 6 — 3 — Mach relation. For this case, a free
stream Mach number of M; = 5.0 was used, and the oblique shock angle /3 is obtained as
19.5 deg. For the analytical solution, the pressure ratio is ps/p; =~ 3.083 and the Mach
number past the shock wave is My ~ 3.939. For these simulations the use of the limiter
was necessary in order to keep the high order reconstruction away from the shock wave.

The numerical solutions of the SF'V method are in good agreement with the analytical
solution. In Fig. 3 we compare the numerical solutions of the SFV and WENO schemes,
in terms of pressure coefficient values, with the analytical one. Note that the SFV scheme
is the one that better approximates the jump in pressure on the leading edge. The
pressure ratio and Mach number after the shock wave for the fourth order SFV scheme
were computed as ps/p; &~ 3.047 and My ~ 3.901. As expected, the fourth order SFV
scheme achieved results closer to the analytical one. Also, the Cp results for the second
and third order WENO solutions are very similar. On the other hand, only the SFV
method achieved a solution, for the fourth-order methods, because the 4th-order WENO
scheme diverged.

Figure 2: Supersonic wedge flow unstructured mesh with density distribution obtained with 4th order
SEV.

13
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Figure 3: Supersonic wedge flow analytical and numerical wall pressure coefficient distributions.

5.2 NACA 0012 Airfoil

For the NACA 0012 airfoil simulation, the mesh is shown in Fig. 4, along with the
Mach number contours. The mesh has 8414 elements and 4369 nodes. Flow conditions are
the same as in the experimental data!?, that is, freestream Mach number of M., = 0.8 and
0 deg. angle-of-attack. Figure 5 shows the Cp plots of the numerical simulations for both
WENO and SFV methods of different orders. Their agreement with the experimental
data, in terms of shock position and pressure coefficient (Cp) values, is very reasonable.
The main difference between the methods occurs for the fourth order simulation where the
SEF'V method better approaches the experimental data and gives more consistent values
for Cp after the shock wave. For these simulations, the use of limiters is also necessary.

The Cp curves indicate that the SF'V method captures the shock wave, over the airfoil,
usually with a single SV element in it, as shown in Fig. 6, which validates the limiter
formulation and the suitability of the method to our needs. The Cp distributions in the
post-shock region show that the influence of the limiter operator reduced the fourth order
scheme resolution. Also, the fourth order simulation of the WENO scheme presented
large oscillations along the airfoil chord, as seen in Fig. 6(c). This can be explained given
the fact that the cubic polynomial reconstruction process of the WENO scheme, which
involves neighbor data processing, is limited near boundaries and it must work with the
available data. Hence, it produces an oscillatory interpolation polynomial. It is important
to emphasize that the present computations are performed assuming inviscid flow. One
should observe, however, that the pressure rise across the shock wave, in the experimental
results, is spread over a larger region due to the presence of the boundary layer and the
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Figure 4: Mesh and Mach number visualization for 4th-order SF'V numerical simulation of flow over
NACA 0012 airfoil (M, = 0.8).

consequent shock-boundary layer interaction that necessarily occurs in the experiment.
For the numerical solutions, the shock presents a sharper resolution, as one can expect
from an Euler solution.

The performance analysis is carried out for this test. The time for solution of the SFV
3rd order implicit and explicit methods can be seen in Fig. 7 along with the number of
iterations. For the explicit run, a CFL value of 0.2 was used. The total iteration number
is limited to thirty thousand iterations. Despite the relative low residual drop, for the
explicit simulation, the lift coefficient of the airfoil reached a steady value at about 10000
iterations. Next, a comparison of the implicit WENO and SFV schemes is presented for
the third order spatial resolution case. As one can observe in Fig. 8, the SF'V method
is able to reduce the residual several orders, whereas the WENO case seems to stall the
convergence. Nevertheless, for both schemes, the lift coefficient plots show a constant, or
zero value for this case, after the first 500 iterations on the SFV scheme and after 1000
iterations for the WENO scheme.

The performance achieved on the third order case is carried over to the fourth order
simulation as numerical experimentation showed. However, as one should expect, for flows
with discontinuities such as the present test case, there is a small performance degradation
for the 4th-order scheme due to the limitation process. There are more limited control
volumes, which increases the overall cost of the method, since these elements must be
linearly reconstructed and, then, limited.
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Figure 5: Experimental and numerical Cp distributions for NACA 0012 airfoil.

6 CONCLUSIONS

The second, third and fourth order spectral finite volume methods are successfully im-
plemented and validated with the proposed numerical tests. The method behavior for
resolution orders greater than second order is shown to be in good agreement with both
experimental and analytical data. Furthermore, the results obtained show that the current
method can yield solutions with the same or better quality, at a much lower computa-
tional resource usage, than other high order schemes, as demonstrated by the comparison
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Figure 6: Detail of shock region.

with computations performed with a WENO scheme. Further improvements in the SE'V
method capabilities are achieved by addition of an implicit time march algorithm.

The method seems suitable for the aerospace applications of interest to IAE in the sense
that it is compact, given the fact that the stencil for polynomial reconstruction is always
known, geometrically flexible, by supporting unstructured meshes, and computationally
efficient.

7 ACKNOWLEDGMENTS

The authors gratefully acknowledge the partial support provided by Conselho Nacional
de Desenvolvimento Cientifico e Tecnolégico, CNPq, under the Integrated Project Re-
search Grant No. 312064/2006-3. The authors are also grateful to Fundacao de Amparo
a Pesquisa do Estado de Sao Paulo, FAPESP, which also partially supported the present
research through the Project under the Process No. 2004/16064-9.

References

[1] W. K. Anderson, J. L. Thomas, and B. van Leer. Comparison of finite volume flux
vector splittings for the euler equations. AIAA Journal, 24(9):1453-1460, 1986.

[2] J. L. F. Azevedo, L. F. Figueira da Silva, and D. Strauss. Order of accuracy study
of unstructured grid finite volume upwind schemes. Journal of the Brazilian Society
of Mechanical Sciences and Engineering. to appear, 2010.

[3] E. Basso, A. P. Antunes, and J. L. F. Azevedo. Three dimensional flow simulations
over a complete satellite launcher with a cluster configuration. In Proceedings of the

17



Carlos Breviglieri, Joao Luiz F. Azevedo and Edson Basso

log( L2 rhs(1) )

convergence history convergence history
T T T T 1 T T T T T T T T
2 . 2
ot o
A PR S NP SV S
-2+ 2+
4 = aft
w
£
-6 | v 6
k=]
8 2 8L
o0 b RK3 sfv 3rd —— N 1oL RK3 sfv 3rd ——
LU-SGS sfv 3rd —— LU-SGS sfv 3rd ——
A2 . A2t
44 4 1 1 1 1 1 14 1 1 1 1 1 1 1
0 5000 10000 15000 20000 25000 30000 0 2000 4000 6000 8000 10000 12000 14000
(a) iterations (b) time (sec)

Figure 7: Convergence history for NACA 0012 airfoil with implicit and explicit 3rd-order SFV methods.

18th AIAA Applied Aerodynamics Conference and Exhibit, pages 805-813, Denver,
CO, Aug. 2000. ATAA Paper No. 2008-7182.

C. Breviglieri, E. Basso, and J. L. F. Azevedo. High-order unstructured spectral finite
volume scheme for aerodynamic applications. In 26th AIAA Applied Aerodynamics
Conference, Honolulu, HI, Aug. 2008. AIAA Paper No. 2008-7182.

Cuthill and J. McKee. Reducing the bandwidth of sparse symmetric matrices. In
Proceedings of the 2/th National Conference of the ACM. Brandon Systems Press,
1969.

C. Hirsch. Numerical Computation of Internal and Ezxternal Flows. John Wiley and
Sons, New York, 1990.

D. Knuth. The Art of Computer Programming. 3:Sorting and Searching (2nd ed.).
Addison-Wesley, 1998.

R. J. Leveque. Finite Volume Methods For Hyperbolic Problems. Cambridge Univer-
sity Press, 2002.

M. S. Liou. A sequel to ausm: Ausm+. Journal of Computational Physics,
129(2):364-382, Dec. 1996.

Y. Liu and M. Vinokur. Exact integrations of polynomials and symmetric quadra-
ture formulas over arbitrary polyhedral grids. Journal of Computational Physics,
140(1):122-147, Feb. 1998.

18



Carlos Breviglieri, Joao Luiz F. Azevedo and Edson Basso

convergence history convergence history
L T T 1 T T T T T T T T
2t . 2+ .
of . of .
it ) e i N
2k - oL 4
T 4r 4 = -4t i
[} w
£ £
o -6f {9 s} |
5 WENO 3rd 5 WENO 3rd
g 4l sfv 3rd —— g 4l sfv 3rd ——
Ao | . Ao |- g
A2 | . A2 g
14 1 1 i 1 1 1 14 1 1 1 1 1 1
0 2000 4000 6000  B80DO 10000 0 2000 4000 6000 8000 10000 12000
(a) iterations (b) time (sec)

Figure 8: Convergence history for NACA 0012 airfoil simulation with implicit 3rd-order schemes.

[11] Y. Liu, M. Vinokur, and Z. J. Wang. Spectral (finite) volume method for conservation
laws on unstructured grids v: Extension to three-dimensional systems. Journal of
Computational Physics, 212(2):454-472, March 2006.

[12] J. McDevitt and A. F. Okuno. Static and dynamic pressure measurements on a naca
0012 airfoil in the ames high reynolds number facility. NASA TP-2485, Jun. 1985.

[13] P. L. Roe. Approximatte riemann solvers, parameter vectors, and difference schemes.
Journal of Computational Physics, 43(2):357-372, 1981.

[14] L. C. Scalabrin. Numerical Simulation of Three-Dimensional Flows over Aerospace
Configurations. Master Thesis, Instituto Tecnolégico de Aerondutica, Sao José dos
Campos, SP, Brazil, 2002.

[15] W. C. Shu. Tvb uniformly high-order schemes for conservation laws. Mathematics
of Computation, 49:105-121, 1987.

[16] Y. Sun, Z. J. Wang, and Y. Liu. Spectral (finite) volume method for conservation
laws on unstructured grids vi: Extension to viscous flow. Journal of Computational
Physics, 215(1):41-58, Jun. 2006.

[17] K. van den Abeele and C. Lacor. An accuracy and stability study of the 2d spectral
volume method. Journal of Computational Physics, 226(1):1007-1026, Sept. 2007.

[18] B. van Leer. Flux-vector splitting for the euler equations. In Proceedings of the Sth
International Conference on Numerical Methods in Fluid Dynamics, pages 507-512,
1982.

19



Carlos Breviglieri, Joao Luiz F. Azevedo and Edson Basso

[19]

[20]

[21]

[22]

[23]

Z. J. Wang. Spectral (finite) volume method for conservation laws on unstructured
grids: Basic formulation. Journal of Computational Physics, 178(1):210-251, May
2002.

Z. J. Wang and Y. Liu. Spectral (finite) volume method for conservation laws on
unstructured grids ii: Extension to two-dimensional scalar equation. Journal of
Computational Physics, 179(2):665-698, Jul. 2002.

Z. J. Wang and Y. Liu. Spectral (finite) volume method for conservation laws on
unstructured grids iii: One-dimensional systems and partition optimization. Journal
of Scientific Computing, 20:137-157, 2003.

Z.J. Wang, Y. Liu, and L. Zhang. Spectral (finite) volume method for conservation
laws on unstructured grids iv: Extension to two-dimensional systems. Journal of
Computational Physics, 194(2):716-741, March 2004.

W. R. Wolf and J. L. F. Azevedo. High-order unstructured essentially non oscilla-
tory and weighted essentially non oscillatory schemes for aerodynamic flows. AIAA
Journal, 44(10):2295-2310, 2006.

20



	INTRODUCTION
	THEORETICAL FORMULATION
	Governing Equations
	Spatial Discretization
	Temporal Discretization

	SPECTRAL FINITE VOLUME RECONSTRUCTION
	General Formulation
	Linear Reconstruction
	Quadratic Reconstruction
	Cubic Reconstruction

	LIMITER FORMULATION
	NUMERICAL RESULTS
	Wedge Flow
	NACA 0012 Airfoil

	CONCLUSIONS
	ACKNOWLEDGMENTS
	References

