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A CONSERVATIVE SPECTRAL ELEMENT METHOD
FOR THE APPROXIMATION OF COMPRESSIBLE
FLUID FLOW

KELLY BLACK

A method to approximate the Euler equations is presented. The method is a multi-
domain approximation, and a variational form of the Euler equations is found by making
use of the divergence theorem. The method is similar to that of the Discontinuous-Galerkin
method of Cockburn and Shu, but the implementation is constructed through a spectral,
multi-domain approach. The method is introduced and is shown to be a conservative
scheme. A numerical example is given for the expanding flow around a point source as a
comparison with the method proposed by Kopriva.

1. INTRODUCTION

A multi-domain, spectral method is used to approximate a variational form of the
Euler equations. The computational domain is first subdivided into non-overlapping
subdomains. By making use of the divergence theorem, the divergence of the flux
terms are not calculated. Instead, an area integral of the flux terms is approximated
and the boundary integral of the flux approximated making use of upwinding and
Gauss quadratures. The method presented here is similar to that of Cockburn and
Shu [2, 3, 4]. (The scheme has also been extended to the viscous case [1].)

A relatively small number of multi-domain high-order spectral approximations
have been developed to approximate compressible flow. Among them are the those
proposed by Hesthaven [8, 9, 10] and Kopriva [11, 12]. The method proposed by Hes-
thaven is a penalty method employing a Chebychev collocation scheme. A penalty
method is employed in which the penalty is enforced on either the viscous or the
convective terms depending on the characteristics of the convective operator.

The method proposed by Kopriva [11, 12] is also a Chebychev collocation scheme.
Rather than make use of a penalty method, the approximation is constructed on
the Chebychev-Gauss abscissa, and the fluxes on the interior are determined by
converting between three different grids. In one step, the fluxes are converted to a
Gauss/Gauss—-Lobatto grid in the z and y-directions and the flux in one direction is
averaged across the interface of adjacent subdomains. In the following step, the flux
on the remaining faces is approximated in a similar manner.
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The scheme proposed here is constructed from a variational method. It has many
of the advantages of the other methods, and like the method proposed by Kopriva,
the subdomain interfaces are calculated on the Gauss abscissa which effectively ig-
nores the corners of the subdomains and offers more flexibility in how the domain is
decomposed into its subdomains. The principle advantage of the method proposed
here is the relative simplicity of the algorithm. Their is no grid conversion, and the
fluxes at the interfaces are treated like Riemann problems and standard flux splitting
schemes can be used to approximate the interface fluxes.

To introduce the method, a brief overview of the discontinuous Galerkin method
is presented followed by an introduction into the spectral element implementation of
the method. The method is shown to be conservative, and two numerical examples
are given. The first is for the flow in an expanding nozzle which is given for a
comparison to the method proposed by Kopriva [11]. The second is for flow around
a circular cylinder.

2. DISCONTINUOUS GALERKIN METHOD

The basic idea is to express the equation to be approximated as the divergence of
fluxes and make use of the divergence theorem to express the discretization with area
integrals and surface integrals. We will take advantage of the scheme to approximate
the Euler equations of gas dynamics,

w + V- (F,G) =0, (1)
p
u=| ,
pv
pe
pu pv
_ | p+pd puv
F= puv G e |
u(pe + p) v(pe + p)

where p is the density, u is the velocity in the z-direction, v is the velocity in the
y-direction, and e is the specific energy. The pressure, p, is related by the specific
and kinetic energy, p = (v — 1) (pe — £(u*® + v?)), and v = 1.4 (a perfect gas is
assumed).

The computational domain is separated into subdomains, €. The union of
the subdomains, Uy, is the full computational domain, and the subdomains only
overlap on their boundaries. The approximation of the state is found through a linear
combination of basis functions, ¢;j(z,y), within each subdomain. For example, the
approximation for the density,

Nz Ny

pN(:L‘,y) = EZﬁij¢ij(x, Y), (2)

i=0 j=0
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is determined by finding the coefficients, p;;. The approximation of the state is
denoted upn. Since a collocation type spectral element method is implemented,
the approximation of the flux is found on the collocation points and is denoted
(Fn,GN).

The approximation for the Euler equations is enforced through a variational
method, and on each individual subdomain, €, a variational form is defined:

//n %uN Smn(z,y)dzdy (3)
= [ ] (Pr.Gr) V(o) duty

+ / (Fx,Gn) il $yun(z,y)ds = 0.
O

The area integrals are approximated by making use of the Legendre-Gauss quadra-
ture, and the approximation of each integral only requires interior points from within
each subdomain. The surface integral is approximated by finding the state on either
side of each subdomain and making use of a van Leer splitting scheme to approximate
the flux for the corresponding Riemann problem.

2.1. Spectral elements

The method proposed is essentially a spectral-element approximation using the dis-
continuous Galerkin method. The basis functions are found from the Lagrange poly-
nomial interpolating the abscissa of the Legendre-Gauss quadrature. The method
does not make use of the Legendre-Gauss-Lobatto quadrature. Unlike other spec-
tral-element methods, it is a disadvantage to use points on the boundaries of the
subdomains to approximate the area integral in equation (3).

The Legendre-Gauss quadrature includes the abscissa, 7;, and the weights, w;,
for : = 0...N and can be used to calculate the integral of a polynomial up to a
given degree, 2N,

1 N
[ texman = Y M 4)
-1 1=0
The basis functions are defined to be the Lagrange interpolants on the abscissa,

and each basis function is a polynomial of a given degree, N. An important identity
which will be used later is that the Lagrange polynomials satisfy

N
> ¥m(z) = 1 (6)
m=0

The basis functions for the two dimensional approximation are found from a
tensor product of the interpolants:

¢mn(xy y) = ¢'m(5€) ¢n(y)- (7)



136 K. BLACK

The approximation is constructed from a linear combination of the Lagrange inter-
polants. For example, the approximation of the density is

N: Ny
PN = DD hiti(e) ¥i(v), (8)

i=0 j=0

where the unknowns are the coefficients p;;. Because the basis functions are the
Lagrange interpolants, the problem is the same as finding the value of the approxi-
mation on the grid points.

2.2. Implementation

The approximation space within a given subdomain is the space of polynomials up to
a given degree, and the approximation space is the space of piecewise polynomials.
However, the basis functions defined in equation (7) are inadequate for anything
other than the square (,¢) € [-1,1] x [-1,1].

To overcome this restriction each subdomain is mapped to a square domain, and
the approximation is found using the mapping (see Figure 1). Each subdomain must
be constructed so that it can be smoothly mapped to a square. The numerical map-
ping is found using a Gordon-Hall transformation [6]. In particular, each subdomain
is mapped to the square via the transformation

z=2z(n), y=y&n).

Fig. 1. Curvilinear mapping from a computational subdomain to a square,
(z,9) € [-1,1] x [-1,1].

The variational form of the equation, equation (3), is defined on the original
subdomain, €2k, and the numerical approximation is found on the transformed sub-
domain, Q4, and the Jacobian of the transformation,

, (9)

Iv =

e

siesle

is required. It is assumed that the mappingis a polynomial of the same degree as the
approximation, and the Jacobian evaluated at a specific point, (9;,&;), is denoted
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(J N)'-j. The discrete divergence operator, Vy, must also be defined with respect to
the coordinate transformation where

- - 1 9y _ oy - - - -
Un (¢m(n)wn(e>)=—[ % 2_;'][«p;,(n)wn(e)wm(n)w:,(e)]. (10)
IN £ an

On a given subdomain, Q, the inner product defined in equation (3) is

1 1
/£ / 1 ;’tuN T ()0 (€)Tv dde (11)
.

=-=1

1 1
i (Fi,Gx) - T (Yim(m)¥n(©)) I dndg
f=—-1Jn=~-1

—/ (Fn,GN) - i Ym(z) Pn(y) ds
O

The left hand side of this equation is approximated using the quadrature which
yields

N: N!l

ZZ gt (uN)z] ¢m(nl)¢ﬂ(£]) Jl]wiw]1 (12)

1=0 j=0

where J;; is the Jacobian evaluated at (7;, ;). The basis functions are the Lagrange
interpolants, and the left hand side reduces to

o (U ) T (13)
(the mass matrix is diagonal). Likewise, the area integral on the right hand side of
equation (11) is found through the use of equation (10) and the quadrature.

The surface integral in equation (11) is approximated by finding the values of
the numerical flux on the boundaries, which coincide with the abscissa from the
Legendre-Gauss quadrature. The flux is calculated on the interior points of a given
domain, the state at the boundaries is found. For example, the density on the

bottom boundary, £ = —1, is calculated via
N} NV
pNn(sm,—=1) = ZZp11¢z(3m)¢]( 1) = mej'/)]( 1).
1=0 j=0 j=

Once the state on the boundaries is defined, the flux is calculated using a flux-
splitting method [13, 7]. The flux is defined on the abscissa of the Legendre-Gauss
quadrature on the boundaries, and the boundary integral can be easily approxi-
mated. The abscissa do not include the corners which reduces the constraints on
the decomposition into the subdomains. For example, there are no restrictions on
having more than four subdomains meet at one corner.

The fluxes are calculated at the boundaries are the same on either side of a
subdomain interface, and the resulting scheme is conservative. In particular, the rate
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of change of the conserved variable in one domain, 2} can be found by integrating
over the whole subdomain,

0 0
//ﬂ b—tuNdzdy = //ﬁ auNJNdndf.

This can be expressed as a sum of the basis functions since the Lagrange interpolants
are used (from equation (6),

N, Ny

)P / / = NP ()P (€) I dndE. (14)

m=0n=0
The integral is approximated by making use of the quadrature which is

x N!I N: Nll

5 35S (L) B 1) g i 05)

m=0.n=04=0 j=0

Equation (14) is the left hand side of equation (11) and is the sum over all of
the basis functions and represents the rate of change of the conserved quantities. It
will be shown that this sum is zero by examining the area integral given in the right
hand side of equation (11). The corresponding sum of the discrete approximations
on the right hand side of equation (11) is

N Nll N: Nll

D302 S E N (G)yg) - I (m()dnl@)),

m=0n=04=0 j=0

=ni, €=, (JN)’-J- wiwy. (16)

The sum can be broken into one part that only includes the flux in the z-direction,
Fy, and a part that only includes the flux in the y-direction, Gnx. We will concen-
trate on the flux in the z-direction and show that its contribution sums to zero:

N. Ny N. Ny

YT (), (¢' (1)) (32 ) ¢m<n.->¢:,<e,->(§—g)ﬁ) wiwj,

m=0n=04=0 j=0

where ( ae) is the derivative of the mapping evaluated at the point (7;,&;).

The sums can be divided into two parts which expand to

N. Ny N. Ny
Z Z E Z (FN)IJ '/)m(nt) ¢'n(€]) ( ) N Wiwj
1

m=0n=01=0 j=0

N: Ny N, N,
=Y DN S (F )i o ’7:)%(6;)( ) wiwj,

m=0n=04=0 j=0
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and the sums can be rearranged,

Ny N, Ny Nz
3y ((FN),, () (—) wiw; (E «Z:,,(n.-))> (17)
n=04=0 ;=0 1 =
N: N: Ny
—ZZZ ((FN)|J 1/’m(’h)( ) Wi w; (Z'/’I (f] )) .
m=01i=0 =0 1

The derivative within the inner sums can be factored to give

Ny N. Ny
222 ((FN),J wn(a,)( ) ( Zv)m n)) ) (18)

m=0 i=0 j=0

N: N: N!l d NV -
=Y NS (Fw)sj om(m) < ) wiw; (E > 1/)n(f))
1 n=0

§=¢;

The inner sum is a sum of the Lagrange polynomials and can be reduced to

D ((FN),, In(6s) (—) wiw; (%(1)))

n=04=0 5=0

SWN> ((FN),, ) (52), wios (5 (1)))

m=01=0 ;=0

which is zero (from equation (6)). The sums for the flux in the y-direction also sum
to zero which can be shown in the same manner.

An upwinding scheme is used to calculate the fluxes at the boundaries, and the
flux on either side of a subdomain interface is identical. The only difference be-
tween the surface integrals on the interface between two adjacent subdomains is the
sign of the normal vector. When the contributions from the boundary integrals are
added up over the computational domain, the result sums to zero over the subdo-
main interfaces leaving only the boundary integrals. The change in the conserved
variables given in equation (15) depends only on the boundaries, and the scheme is
conservative.

3. NUMERICS

Two numerical trials are examined. The first is the flow within an expanding nozzle
and the second is for the flow around a circular cylinder. The first example, the
nozzle flow, is used as a comparison to the numerical trials of Kopriva [11, 12].
The second flow is used to demonstrate the method in a domain that is not simply
connected.
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3.1. Nozzle flow

The domain for the first flow, the nozzle flow, is taken to coincide with an expanding
flow from a point source (see Figure 4). The top and bottom sides of the domain are
constructed to coincide with streamlines of the flow. The level curves of the density,
mach number, and pressure are circles centered at the origin. The true solution for
the steady, irrotational flow can be calculated through a Hodograph transformation

[5).

L2 Errors - Steady State Nozzle

10 T T T —T T T T T T
10° | 4
107 | E
o
x
+
s
w10° | 4
N_l
o
10° | * E
+
o
107k 5
x
* ]
10'" 1 1 1 1 L 1 L 1 1
6 7 8 9 10 1 12 13 14

Polynomials Degree Withing Each Subdomain

Fig. 2. L? errors for the flow within an expanding nozzle. The regular grid is denoted
with x, the bulged grid a +, and the wedged grid an o.

The flow for the nozzle is chosen so that it offers a direct comparison to the
example given by Kopriva [11]. The velocity field is chosen so that the mach number
at the lower left hand corner is 0.6. The numerical trials, including the geometry,
domain decomposition, and boundaries, were chosen based on the trials presented
by Kopriva [11], and the domain is subdivided into four curvilinear subdomains.
The steady state solution was found using a second order Runga-Kutta method and
time marching until the approximation reached a steady state.

Numerical trials were run for three different domain partitions (see Figure 4).
The partitions were chosen to be the same as those chosen by Kopriva [12]. The L2-
errors for the approximation are shown in Figures 2 and 3. The rates of convergence
are slightly better than that reported by Kopriva [11] using a staggered grid (see
Figure 3). However, a larger reduction in accuracy for the deformed grids was found
(see Figure 2). Like the results of Kopriva, the rate of convergence for the “Bulged”
grid is higher than for the “Regular” grid.
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Fig. 3. Comparison between L? accuracies of the staggered grid approximation and the
discontinuous-Galerkin approximation. (Staggered grid results provided by David
Kopriva.)
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Fig. 4. Mesh used for approximation of flow in an expanding nozzle. The mesh shown is
for the Legendre—Gauss abscissa on four subdomains.
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3.2. Cylinder Flow

The second set of trials is for the approximation of a flow around a circular cylinder.
The parameters used for all of these trials is given in Table 1. Here two different
trials were run. A view of the mesh is given in Figure 4. (This is not the view of
the whole mesh but of only part of the mesh.) A close-up view of the mesh is given
in Figure 6. Because the Gauss quadrature is used rather than the Gauss—Lobatto,
the close-up view demonstrates how the grid points do not extend to the edge of the
subdomains.

Table 1. Parameters used in the numerical simulation

of flow around a circular cylinder.

Inlet Height: 1m
Cylinder Radius: 0.05 m
Mach #: 0.2
Temperature: 300 K
Density: 1.2 kg/m?3
Polynomial Degree: 12
Scheme: Second Order Runga—-Kutta,
At =104,
msmo mams
i i
5 i 1]
il i st g
1 nn
smses LITTT ssse

Fig. 5. Partial view of the mesh for flow around a circular cylinder.

. The first trial was started using a symmetric initial condition. The initial con-
dition that was used came from steady-state incompressible flow around a cylinder.
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This trial was used to insure that the implementation was consistent with other re-
sults and to check that the flow remained symmetric. The level curves of the density

and mach numbers can be found in Figures 7 and 8.

Fig. 6. Close-up view of the mesh for flow around a circular cylinder.

\

—
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//\ \11

//\/ S
\ /, \g \

Fig. 8. Mach number after 5,000 time steps for symmetric initial condition.



144 K. BLACK

The second trial was run for a nonsymmetric initial condition. In this second
trial the initial condition was based on the steady-state incompressible flow around
a circular cylinder. However, the velocity in the y direction in the first quadrant
(with respect to the center of the cylinder) was taken to be the negative of the true
velocity. The numerical trial was then run to examine the steady state of this new
flow.

!/ \
— V@/’j
W=y
( S )

/
AN e

Fig. 9. Density after 200,000 time steps for non-symmetric initial condition.

/\

//(
N /

\ 4

Fig. 10. Mach number after 200,000 time steps for non-symmetric initial condition.

The small value for the time step used in these problems was chosen to reduce
errors associated with the time stepping. This was done in order to more closely
examine the properties of the spatial approximation. Numerical experiments have
been conducted with varying time steps. No theoretical results have been found yet,
but the CFL condition of the scheme appears to be consistent with those given by
Hesthaven [10, 8].
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4. ‘CONCLUSIONS

A spectral element approximation for the Euler equations describing inviscid com-
pressible flow is given. The method is similar to the discontinuous Galerkin method.
The computational domain is subdivided into separate subdomains, and a high-order
polynomial approximation is constructed within each subdomain.

The variational form and the use of the Legendre-Gauss quadrature allow for an
high-order approximation, and the influence between subdomains is accomplished
through a flux splitting scheme on the subdomain interfaces. The scheme is con-
servative. Moreover, the numerical results are similar to thos presented by Kopriva
[11, 12]. The convergence rates are slightly faster, but the accuracy of the method
is reduced for deformed subdomains.

The principal advantage of the scheme is in its simplicity. While Kopriva’s scheme
requires the translation of the conserved variables over three different grids, only
one grid is used for the discontinuous-Galerkin scheme, and the scheme is easier
to implement. Moreover, the use of only one grid reduces the operation count.
The O(N3) operation of translating to the different grids is not required for the
discontinuous-Galerkin scheme.
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