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FVEG methods have been developed over the last dozen years to approximate
unsteady hyperbolic equations in several space dimensions. In this survey the
algorithmic origins of the methods are described. Then a detailed derivation
of the methods is given, followed by evidence of their stability and accuracy.
Finally several examples of their application are given.
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1. INTRODUCTION

Finite Volume Evolution Galerkin (FVEG) methods have their origin in two main

algorithmic developments, and a third technique of lesser importance. Finite ele-
ment and finite volume approximations are critical starting points for the methods;
and characteristic Galerkin ideas are crucial to the evolution algorithms that are
used; while the third ingredient comes from the predictor-corrector schemes that
are common in the approximation of ordinary differential equations. We shall con-
centrate on the development of FVEG methods for the approximation of systems
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of unsteady hyperbolic equations, though they may be used more widely; and we
need to start with elliptic equations.

Finite element methods came to dominate the approximation of elliptic dif-
ferential equations from the early 1970’s, and their origins in engineering stress
analysis can be seen much earlier. For hyperbolic equations, and particularly for
unsteady problems, they have however taken much longer to make an impact. So
we start with a self-adjoint, second order elliptic problem in two space dimensions
posed on a polygonal domaihwith zero boundary conditions. We seek a finite el-
ement approximation by means of triangulating the domain and constructing piece-
wise polynomial functions which are continuous across the triangle boundaries and
satisfy the boundary conditions. It turns out that this gives an optimal approxima-
tion in a certain sense: and this objective of optimal approximation forms a guiding
principle in all of the algorithmic developments that we will describe.

From our equation written in the conventional foim = f, with u the exact
solution andf the data, the first step is to set up the weak form of the equation:
we multiply by a test functiom, integrate by parts and hence obtain the solution
u € H} (), the Hilbert space of functions with square integrable first derivatives
and which are zero on the boundary of the domain, given by

a(u,v) = (f,v) Vv e Hy (), (1.1)

wherea(-, ) is a symmetric bilinear form. If we denote 8§ C H}(2) ourtrial
spaceof piecewise polynomial functions, then the finite element solutioa S}
is given by

a(U,V)=(f,V) VVesh (1.2)

Then it is easy to deduce tloptimal approximation properfyin the energy
norm (a(v,v))'/2,
a(u—Uu—U) <alu—W,u—W) YW e Sh (1.3)
This is the starting point from which all the powerful properties of finite element
approximations are derived.

However, if the equation is not self-adjoint, and hen¢e-) is not symmetric,
this property is lost. It can be retrieved, though, as follows. The so-c@lerkin
equationg1.2) are generalised by use of tRetrov-Galerkin methoth which the
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trial space is matched withtast spacd?, so that/ € S% is given by

a(U, V) = (f,V) VYV TP (1.4)

In [2] itis shown how the test space can in principle always be matched with the
trial space to retrieve the optimal approximation property. In practice this is often
difficult to achieve, but a formula for the extent to which it is lost is also given in
that paper.

Convection-diffusion problenae a much studied example of these situations,
see [20, and also lead us towards the consideration of hyperbolic equations. A
simple example is

—eV2u+V - (au) = S, (1.5)

in which e and the components of are positive constants; in particular, we will
consider the one-dimensional case. Suppose we use a piecewise linear trial space,
with a typical basis function as shown on the left of Figure 1. Then appropriate test
functions araipwinded that is with their emphasis shifted to the left. The optimal
choice is theHemker test functigras shown on the right of Figure 1 for the case in
which the mesh Peclet numberdaz/e = 20. In the hyperbolic limit, in which

the diffusion can be neglected, the test function is a piecewise constant confined to
the interval upwind of the corresponding node, which corresponds to the use of the
finite volume method

The term finite volume method was first used to describe methods developed in
the 1970’s to approximate the system of hyperbolic conservation laws that model
the flow of compressible fluids — see [19] and [29] for early references and [23]
for a recent survey. To apply it to the convection-diffusion equation (1.5) in two
dimensions, we divide the domain into a system of triangular or quadrilateral cells
C;, and take our test spade" to consist of piecewise constants on these cells.
Then, taking advantage of the fact that the equations are in conservation law form,
we integrate over each cell of the mesh, apply Green’s theorem to obtain a boundary
flux and hence obtain the following equation for the approximatioa S*,

a(U,V) = Zvj}[ [a-nU—e({;jS} dl = /SVdQ VW eT!  (1.6)
J

whereV/; is the value oft” on C;. Various choices for the normal derivative of the
trial function “OU/on” are used in applications.
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Figure 1.1: Piecewise linear test function and the Hemker test function.

The convection-diffusion equation represents part of the transition from elliptic
to hyperbolic problems; another crucial part is the greater emphasis on unsteady
rather than steady problems. There is yet a further feature which arises from the
objective of seeking a best approximation to the solution, part of the finite element
viewpoint that does not arise with finite difference methods. In elliptic problems,
the unknown is typically a potential, while the physically important quantity is the
field given by its gradient. Thus for elliptic problems the most important approx-
imation space is piecewise linear. However, for hyperbolic conservation laws the
most important quantities are spatial integrals of the unknowns: so piecewise con-
stant functions can play an important role in the choice of trial spaces as well as for
test spaces.
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Let us begin our consideration of hyperbolic problems with the following scalar,
one-dimensional example,

Ou + Oy f () = dpu + a(u)dpu = 0. (1.7)

Suppose that this is posed on the whole real line, with initial d&ta0) =
u®(x) given for allz. Then its exact solution is well knowm:is constant along the
characteristicelz /dt = a(u), which are therefore straight lines, so that

u(z,t) = u(z —a(u)t,0) Vt>0. (1.8)

We leave on one side for the moment the possibility that the characteristics may
envelope and hence give multivalued solutions at later times.

If the initial data is approximated by an expansion in local basis functions,
{#i(z)}, we need to define a similar expansion at later times. Irethler charac-
teristic Galerkinmethods developed in [5] this is achieved as follows: from a given
expansion at time,, = nAt, with coefficients{U;" }, the projection at the next time
step is given by

(U™, ) = / U @)diy)dy, y =2 +aU"(@)AL  (L9)

Representing the projection onto the space spanned by the basis functions by
Py, and the evolution step achieved through tracing the characteristi€g bthis
relation can be represented by the equaliGri! = P, EAU™.

If, as suggested above, the basic approximation is given by an expansion in
piecewise constants, it is usually desirable to have a higher order approximation be-
fore carrying out the evolution step, for example piecewise linear. This is achieved
by means of aecovery stepdenoted byR;, for which it is important to always
ensure tha?, R,U = U. The complete procedure for one time step can then be
written

Ul = P,EAR,U". (1.10)

Suchcharacteristic Galerkiror, more generallyevolution Galerkinmethods
have quite a long history — see [5], [10] and [21] for references. In these references
it is shown how the above formulation continues to be valid even when shock-
formation takes place, so thataU" or Ea R, U™ forms anoverturned manifold
by making use of the transport collapse operator introduced in [3].
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There is a very large literature on systems of first order conservation laws in
one space dimension, such as (1.7), and their numerical approximation by finite
difference and finite volume methods — see [8] and [9] for references. Solutions
are not always unique and need also to satisfy an entropy condition. For numerical
schemes this leads to criteria sucheasropy stabilityandTVD(Total Variation Di-
minishing)conditions. The TVD properties of the FVEG schemes to be described
in this paper, when applied to conservation laws of the form (1.7), have been estab-
lished in [22] under natural CFL stability conditions, together with standard TVD
conditions applied to the recovery stage based on discontinuous linear functions.

However, the wave equation, in two space dimensions and written as a first or-
der system, provides the best example to introduce the methods and the problems
which are the subject of this survey. Indeed, the papers [4], [27] and [28] which ini-
tiated this whole development were brought to the second author’s attention when
he was visiting Bangalore.

In terms of a pressure variabfe and two velocity components, v, the first
order wave equation system has the form

¢ + c(ug +vy) =0,
us +cpr =0, v+ cpy =0. (1.112)

The solution to such a system is now given by means of a characteristic cone,
rather than individual characteristic lines. The classical formula is due to Kirchoff
and involves integrals over the initial data in terms of a singular kernel — not a very
convenient basis for a numerical algorithm. However, Butler in [4] developed a nu-
merical scheme based on a new evolution operator, which involves integrals around
the perimeter of the characteristic cone and also its curved surface, or mantle. His
numerical schemes were superceded by those of [7], but the evolution operator has
formed the basis of the methods developed in [11] and subsequent papers.

The various evolution-Galerkin schemes developed in this first paper used the
Butler evolution operator in the same way as the one-dimensional operator based
on characteristics, in a procedure of the form (1.10). However, the awkward inte-
grals over the mantle, involving intermediate times, limit both the accuracy and the
stability of the resulting schemes. Thus the final component of the FVEG schemes
is the introduction of a predictor-corrector framework for the complete algorithm.
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The hyperbolic systems that we shall consider are generally of the form
w + fi(u), + fo(u)y, =0, (1.12)

that is, in complete conservation form. So we can apply a finite volume formulation
in both space and time. The result is a cell-averaged approximation to the solution
at the new time level, in terms of that at the old time level plus space-time averages
over the sides of the cell. In effect, this is a predictor-corrector format. The space-
time finite volume integral is the corrector step; and the Butler formulation is used
in the predictor step that provides the integrals over the sides of the finite volume
cells. Moreover, while the conservation form of the differential equations is appro-
priate for the corrector step, a characteristic form in terms of primitive rather than
conserved variables, is used in the predictor step.

In the next section the detailed derivation of a second order accurate FVEG
scheme is given. Its key property is that it takes into account information propa-
gated in all bicharacteristic directions. This is followed in Section 3 by evidence of
the stability and accuracy of the scheme. Finally, some applications are described
in Section 4 which demonstrate the accuracy with which two-dimensional wave
structures are modelled.

2. DERIVATION OF FVEG METHODS

From both an historical and presentational viewpoint the wave equation system
(1.11) provides the most appropriate starting point for developing evolution Galerkin
methods. Forming a linear combination of the equations with weightss 6,

—sin @), corresponding to a bicharacteristic direction as sketched in Figure 2.1,
gives

%(qﬁ—ucos@—vsin@) = -8S. (2.2)

The so-called source term is given by
S(t,0) = clux(Z,7,t)sin? 0 — (uy (&, 9, 1) + v (F,9,1)) sin O cos 0 2.2)
+uy (F, 9, 1) cos? 4], .

where(z,9) = (v +c(t+ At —1t) cos 0,y +c(t+ At —t)sin ) andt € [t, t + At].
Integration along the bicharacteristic then gives

P
(815 — [u]gy cos O — [v]§; sind = —/Q S(t,0)dt, (2.3)
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Figure 2.1: Bicharacteristics and the straight bicharacteristic cone thiBwayid

Q(0).

whereP = (z,y,t + At) and@ = (z + cAtcosf,y + cAtsind,t). Further
integration ovep gives
1 2

o(P) = [6(Q) — u(Q) cos 8 — v(Q) sin 6]d8

27 0
1 t+AL 27

S S(Z,0)d6dE. (2.4)
2 t 0

Similarly, differently weighted combinations will give expressions i)
andu(P).

The occurrence of spatial derivatives in the source term is particularly awkward
when used to evolve a piecewise constant approximation. However, an integration
by parts yields the following useful lemma, see [11]:

Lemma2.1 — Supposev € C'(R?), andp € C*(R) is 2r-periodic. Then
integrating round the circle of radiug with a general point denoted by =
(acosf,asinf), gives

27 21
/ P (0)w(Q)d0 — a / p(0)[ws(Q) sin 6 — w,(Q) cosf)dd = 0. (2.5)
0 0

Settingp = sinf,w = v andp = — cos 0, w = v with ¢ = cAt, and combin-
ing with a rectangle rule for the time integration, this yields the following approxi-
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mate evolution formula fop

1 27

o(P)=— [ [6(Q) - 2u(Q) cos — 20(Q) sin 0]d0 (2.6)

:2770

with similar formulae foru, andv. This is the simplest approximate evolution
operator that can be derived in this way and led to a numerical algorithm called
EG1.

To pursue these ideas further it is more instructive to consider a general hyper-
bolic system ind space variables

d
W+ Y Apug, =0, uz = (z1,...,24)" €RY, (2.7)
k=1

whereu = (uy,us,...,uy) € R™, with the coefficient matricesl;, € R(mxm),

The hyperbolicity of the system implies that any matrix penptih) := Zf npAg
hasm real eigenvalues\; and corresponding right eigenvectarsfor any unit
vectorn € R?. In the case of constant coefficient matrices we can introduce char-
acteristic variablesr = R~'u, whereR is the matrix of right column eigenvectors
corresponding to the directiam. Then by multiplying the equation system from
the left byR~! we obtain its characteristic form

d
wi+ Y Bpw,, =0, (2.8)
k=1

whereB;, = R~ A, R. Now the key point that is exemplified by the wave equation
system is that in general the coefficient matrices do not commute, so they are not
all diagonalised by this transformation. Thus if we decomggseto its diagonal
partD;, and its off-diagonal pas;,, we follow the derivation of [25] to obtain the
following quasi-diagonalised system

d

d
w; + ZD’“WW = — ZB;WM =:S. (2.9)
k=1 k=1

It is this source term on the right that necessitates our use of the whole bichar-
acteristic cone to define an evolution operator, with the integrals over its mantle
being particularly difficult to approximate. The simplest approximation is to apply
the rectangle rule to the time integration, as in the algorithm EG1. As there, this
can be integrated over the bicharacteristic direcfiamcombination with the term
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from the foot of the characteristic; a difference in this derivation from the general
theory is that there is a term evaluated at the ceRtre: (x,y, ¢) of the cone base.
The resulting scheme is called EG3:

1 2

¢(P):= — [6(Q) — 2u(Q) cos§ — 2v(Q) sin H]db, (2.10)

:27T0

1 , 1 2m 5 )
u(P) := iu(P )—i—/o [—20(Q) cos 0+u(Q)(3 cos” 0—1)+3v(Q) sin 6 cos H]db,

27
(2.11)
Lo, L™ . . -
v(P) = 2U(P)+2/ [—2¢(Q) sin 0+3u(Q) sin 6 cos +v(Q) (3 sin” 6—1)]d6.
T Jo
(2.12)

We have shown in [11] that this is both more accurate and has much improved
stability properties compared with the EG1 scheme.

To make further improvements to the treatment of the mantle integrals one
might be tempted to turn to some form of the predictor-corrector approach. An
alternative that is pursued in [13] is to consider the form of these terms for special
initial data. In particular, if the initial data consists of a one-dimensional wave the
resulting solution is given by the d’Alembert formula. So the mantle integrals in
these cases can be calculated exactly; and the result is formulae in which the mantle
integrals can be combined with those round the base of the bicharacteristic cone.
For example, for piecewise constant initial data one obtains the formulae

2
oP) = o [ 16Q) = w(Q) sen(cost) — v(Q) sen(sin®) v, (213)
u(P) = % 027r [—ng(Q) sgn(cosf) + u(Q) (; + cos? 0> +v(Q) sinf cos 9] de,
(2.14)
2
v(P) = % ; [—qb(@) sgn(sind) + u(Q) sinf cosf + v(Q) (; + sin? 9)} dé.
(2.15)

In the reference given above the following similar formulae are derived for
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continuous, piecewise bilinear data:

op) = o)+ % [ 6@ —oP]
= 1],
1 [ .
- / [u(Q) cos O + v(Q) sin 6] d6, (2.16)
T Jo
3
u(P) = u(P) - /O (6(Q) cos 6] do
L2 . Lo
—|—1 /0 [S(u(Q) cosf + u(Q)sinf) cos§ — u(Q) — iu(P )] de,
(2.17)
3
WP) = o(P)- /0 (6(Q) sin 6] 6
1 [ . . 1 /
+1 /0 [3(u(Q) cosf + v(Q)sinf)sinfh — v(Q) — §U(P )] de,
(2.18)

Note that though these formulae are only first order accurate for general data,
they have been designed to be of higher accuracy for certain classes of data.

We need to introduce a recovery stage, as in the evolution-Galerkin method
(1.10), and a predictor-corrector plus finite volume framework to derive a higher
order accurate scheme. Such schemes have been developed in [13] and applied to
a variety of problems in [13], [6], [17] — see Section 4 below; their accuracy and
stability are discussed in Section 3.

Suppose then we apply a finite volume scheme to a system of hyperbolic equa-
tions in the conservation form (1.12). Using a basic piecewise constant approxi-
mation on a rectangular mesh, new cell averggé&s™!} are generated from those
at time leveln by means of space-time averages of fluxes through the sides of the
cells. It is to approximate these that we use a recovery stage and then apply the
approximate evolution operators. Recovery by a continuous bilinear approxima-
tion is easily achieved by defining vertex values as simple averages of the values in
the four neighbouring cells. However, such a recovered approximation would not
preserve the average in each cell, which is a crucial property. Preserving these aver-
ages necessitates the use of a discontinuous bilinear approximation at the recovery
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stage. To complete the algorithm we need to compute the fluxes through the sides
of each cell.

Altogether the FVEG method has the following predictor-corrector form

1 bt * *,T
UZJL.J'_I ~ Uln - — / |:f1(U ’T) n1+f2(U’ )n2:|deT
%] Je,  Joou,
U*T =~ E-(R,U"). (2.19)

Here we have used a standard notati®f is an approximate solution at,
t, = nAt, |Q;;| denotes the area of a finite volufig; having an outer normal :=
(n1,n2) and U™ is the solution predicted at cell interfaces by the approximate
evolution operatoi®.. In the FVEG schemes referred to above these space-time
integrals are approximated by the mid-point rule in time and various quadrature
formulae in space — the midpoint rule, the trapezoidal rule and Simpson’s rule.

The stability and accuracy properties of these choices will be discussed in Sec-
tion 3. The results given in [13] and [16] show that both accuracy and stability
depend on how the recovery stage is implemented. Indeed, the approximate evo-
lution operator (2.13)—(2.15) applied on piecewise constant dataRj.e= Id in
(2.19), yields the first order FVEG scheme. In order to obtain second order accu-
racy we need to employ a bilinear recovery. Using the evolution operator (2.16)—
(2.18) and the continuous piecewise bilinear recovléﬁ/yields a second order
FVEG scheme, denoted by FVEG-B in [13]. As already mentioned above such a
recovery does not preserve the cell averages. As a consequence this yields the re-
duced stability as well as accuracy of the FVEG-B scheme [13]. The best scheme,
denoted by Scheme A in [13], applies (2.16)—(2.18) to the continuous bilinear re-
covered approximation and (2.13)—(2.15) to the piecewise constant approximation
that maintains the conservation property. Then the predictor step in (2.19) reads

U™ 2 quzzlanhCUn + ch_onst(l . Milui)Un’ (220)

where E¢"st and Eb" denote the approximate evolution operators (2.13)—(2.15)
and (2.16)—(2.18), respectively, apd, 1, are the standard averaging difference
operators inc— andy—directions. Where below we refer to the FVEG scheme we
shall mean the above choice.
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3. ACCURACY AND STABILITY

For any numerical scheme fundamental theoretical questions concern its stability
and accuracy. These topics were particularly important for the development of
FVEG schemes and have been investigated in [12], [13], [16] as well as in [18].

In this section we will briefly summarize the main results and point out some open

guestions.

3.1Error analysis

In [12] the accuracyof the FVEG scheme for a linearized, constant coefficient
system of hyperbolic conservation laws in two-dimensions has been investigated.
Let us rewrite the FVEG scheme in the following compact form

U™t = VR, U, (3.1)

whereV;, denotes the FVEG update (2.19) aRg is a conservative piecewise
bilinear recovery. Further, l&) be theL?-projection given by integral averages
onto a spac§2 of piecewise constant step functions,

Qu=3 <h12 / ) u(x,y>dxdy> we (L2C)", 32)

1,J€ R4

)

where;; is the characteristic function for the square mesh@gll Denote by - ||
the L2-norm. The global error between the exact soluticand the approximate
solutionU is then defined as

en+1 = u(-, tn+1) - RhUnJrl.

The error can be decomposed into a projection er@ord an evolutionary error

&

" = (u(tny1) — RBpQutnin)) + (RQultngr) — RyU™Y) =t et
(3.3)

Firstly, it is clear, that the projection error onto piecewise bilinear functions is
of second order, i.€|n"*!|| < ch?. Now we derive an evolution equation foiby
introducing the terniz;, N}, R, Qu as follows,

& = Rp(Qu(tny1) — NpRpQu(tn)) + (RpNy RyQu(t,) — RpN, Ry U™).
(3.4)
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We need to show that the operaf®g.\}, is strongly stable, i.e.

HRhNhH <1. (3.5)

This question has been studied in particular for constant coefficient systems,
e.g. the wave equation system in [16]. It has been proved that the approximate
evolution operator (2.13)-(2.15) derived in [13] yields an FVEG method having a
natural stability limit of CFL=1.

Now it is clear form the strong stability condition (3.5) that the evolutionary
erroré™ 1 is in fact determined only by the recovered truncation error

T : !

= E(Qu(trﬂrl) *NthQu(tn))v (3.6)

through the recurrence relatidig™ || < [|€"|| + At||R,T™||. This yields

€™M < 1€ + At Y (| R TY].
j=0

In [12] we have proved thatU’|| = O(At#?), which implies second order
accuracy for the FVEG scheme based on bilinear recovery. The stability of such
schemes is discussed in the next section.

Table 1 presents the experimental order of convergence and confirms second
order accuracy of two FVEG schemes. For a smooth solution of the wave equation
system we have compared the accuracy of the rotated Richtmyer Lax-Wendroff
scheme (LW) with an FVEG scheme using the EG3 approximate evolution opera-
tor (2.10)-(2.12), denoted by FVEG3, as well as the second order FVEG scheme.
We have set the CFL number to 0.9 for the FVEG scheme and for the Lax-Wendroff
scheme; for the FVEG3 scheme only the CFL=0.55 has been used due to the re-
duced stability range. The final time was sefite= 10.

We can clearly see much better accuracy of both FVEG schemes in comparison
to the Lax-Wendroff scheme; the FVEG scheme is at least 5 times more accurate
than the standard finite difference method. We should point out that the supe-
rior accuracy of the FVEG scheme in comparison to standard dimensional splitting
schemes is even more crucial for nonlinear systems, cf. Figure 4.4,
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Figure 3.1: Entropy glitch problem in the first order FVEG method; results with
entropy correction (solid line), without correction (stars), cf. [18].
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Figure 3.2: Entropy glitch problem in the second order FVEG method; results with
entropy correction (solid line), without correction (stars), cf. [18].
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| N | FVEG | FVEG3 | LW

20 |0.386944 | 1.419723 | 1.294829
40 1 0.087802 | 0.335918 | 0.383314
80 | 0.021017 | 0.062675 | 0.098100
160 | 0.005196 | 0.013484 | 0.024551
EOC| 2.02 2.22 1.99

Table 1:Accuracy test, giving the errdjn(7') — U™|| for the FVEG schemes on grids with
N x N mesh cells.

3.2 Stability and Entropy Stability

Stabilityof the FVEG schemes has been investigated theoretically as well as exper-
imentally for a linear two-dimensional wave equation system by the von-Neumann
analysis in [16], [13]. Using the Fourier transformation we have derived in [16]
amplification matrices for the first and second order FVEG schemes applied to the
wave equation system (1.11). In order to evaluate their spectral radius the standard
matlab routine has been used. We have shown that the first order FVEG scheme
based on (2.13)-(2.15) is stable up to CFL=1.00 if the trapezoidal rule is used for
flux integration along cell interfaces. If the Simpson rule is used instead the stability
limit is CFL=0.75. Integrals along the sonic circle, i.e. the base of bicharacteristic
cone, are computed exactly for given piecewise smooth data. For the second order
FVEG method the stability limit using the trapezoidal quadrature is slightly reduced
to CFL=0.94. If the Simpson rule is used to evaluate cell interface integrals in the
second order FVEG method the stability limit remains at CFL=0.75. We note that
for the FVEGS the stability limit was only CFL=0.56. It is the approximate evolu-
tion operators (2.13)-(2.15) and (2.16)-(2.18) representing one-dimensional planar
waves exactly that yield the improved stability ranges of the FVEG schemes.

For nonlinear hyperbolic conservation laws weak solutions might be non-unique
and the entropy inequality has to be used in order to pick up a physically relevant
solution. In [18] theentropy stabilityof the semi-discrete FVEG scheme, cf. (3.10)-
(3.12), has been investigated for one-dimensional hyperbolic conservation laws.
Following Tadmor [30, 31] we study the entropy stability of this FVEG scheme
using the comparison approach with the so-called entropy conservative scheme.
Since the numerical viscosity of the entropy conservative scheme is known explic-
itly, see [30], we need to compute the numerical viscosity of the FVEG scheme
and show that it is larger than or equal to that of the entropy conservative scheme.
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This implies directly the entropy stability of the FVEG scheme. As a consequence
a semi-discrete form of the cell entropy inequality is fulfilled:
F-F
<0

d
aU(u,,(t))—l— Az, =0 (3.7)

hereU (u) is the convex entropy function arfd:= F' (u,(¢), u,+1(t)) is the cor-
responding consistent entropy flux function.

Now let us consider a one-dimensional hyperbolic system with a symmetric Ja-
cobian matrixA and use the orthogonal shock-based Riemann{m&ﬁljzleH
that connects two neighbouring discrete statg@ndu, ;. Thus we resolve the
interface through a series of shocks and have

F(wt) —f (W) = & (W —w), j=1...,N. (3.8)

Let us denote by/, j = 1,2, ..., N, unit vectors in the direction of the inter-
mediate states/, i.e.r/, := (uﬂfl _ “i) /Wt~ |. Further, lef{#/};_y  n
be the corresponding orthogonal systemutd} j—1 v, i.e. (rd 0%y = ;i Denote
the wave strengths along the sub-pathswby

of == (0 a1 —u,). (3.9)

To guarantee the entropy stability of the FVEG scheme we employ the numer-
ical flux

H=H(u,,u,41) :=f(u*) - J, (3.10)

which involves the intermediate stai& predicted by the approximate evolution
operator. Indeed, for one-dimensional systems bicharacteristics reduce to charac-
teristics and we can interpret the evolution operator as

ui=u, + Z a’rd. (3.11)

In order to guarantee the entropy stability we add an entropy correctionferm
that is given by

N
J = ’;; M adrd, W] = max{N,0}. (3.12)
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Here,  is an amplitude to be tuned later on, apd] ™
the jumps in eigenvalues along the sub-paths

is thepositive partof

[(M] =N (A/Th) = N (A(w)) . (3.13)

First we need to specify the numerical viscosity of the FVEG scheme (3.10),
see [18].

Lemma3.1 — The FVEG scheme (3.10) admits in one space-dimension the
following viscosity form

d 1

Su(t) = —m[f(u,,ﬂ)—f(uy,l)} (3.14)

1 N N
It od i — It ol 03
+2A% ]Z;q fe% ;q Qv

with viscosity coefficients
. . L1+
7} = |sh +x [¥]

Using this result it can be shown, cf. [18], that if the viscosity parameter
k > 1/4 theng). > ¢%*, whereq]" is the numerical viscosity of the entropy
conservative scheme We should point out that the entropy correction tefris
indeed necessary in order to obtain entropy stability of the FVEG scheme. If it
is not used, i.ex = 0, then the scheme can produce solutions violating entropy
inequality. The concept presented in [18] can be generalized to nonsymmetric hy-
perbolic systems easily, see [30]. Applying dimensional splitting a generalization
to multidimensional systems can be developed, too.

In order to demonstrate the influence of entropy correction tértat us con-
sider a well-known dam break test [9]. The so-called shallow water system, cf. (4.4),
models the wave propagation of two uniform water levels, both at rest initially, sep-
arated by awall at = 0

h=0.1, u=0, |z| >0,

3.15
h=1, wu=0, |z| < 0. (3.19)

1To be more precise we can show that the inequality holds in the leading order terrq$,*i:g.
J _ 2
¢ +efupr —w|® .
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We approximate the shallow water system by the first and second order FVEG
scheme, cf. (2.19), (2.20) and (4.7)-(4.8), [17]. After the wall collapses the solution
exhibits the left propagating depression wave (rarefaction) and the right propagat-
ing bore (shock). Within the depression wave there is a critical point, where the
Froude numbeF'r := |u|/c = 1. Many numerical schemes that are based on the
solution of a linearized Riemann problem yield an incorrect entropy glitch at the
critical point. Itis the small discontinuity jump, unphysical entropy violating shock,
within the depression wave. This can be seen very well also in our experiments, see
Figures 3.1, 3.2 for the first and second order FVEG method, respectively. Here we
have plotted the water depthas well as the Froude numbgi- for the first and
second order FVEG schemes, respectively. In the second order method the min-
mod limiter was used, cf. [9]. If the entropy correction teffrhas been added we
obtain correct resolution of the rarefaction wave.

4. APPLICATIONS

The aim of this section is to demonstrate robustness, good multidimensional be-
haviour, high accuracy, stability and efficiency of the FVEG schemes through a
series of numerical experiments. In order to illustrate the flexibility of the FVEG
scheme we present applications to different systems of conservation laws; the non-
linear Euler equations of gas dynamics, the shallow water equations with bottom
topography and the wave equation with a discontinuous wave speed.

4.1 Euler EquationsA classic example of hyperbolic conservation laws arises
from gas dynamics. Conservation of mass, momentum and energy of an inviscid
compressible fluid is governed by the so-called Euler equations. The finite volume
formulation that automatically implies the conservation property, works with the
conservation form of the Euler equations

u; + fi(a)e + f2(u)y =0, (4.1)

where the vector of conservative variables and the fluxes are

P pu pv
2
U U + UY
we=| " = TP =] f
pv puv puve+p
e (e +p)u (e +p)v

Here e stands for the total energy, i.e. = p/(y — 1) + p(u® + v?)/2. In
order to evaluate fluxes along cell interfaces in the FVEG scheme (2.19) we need
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to evaluate integrals along the cell interface and around the Mach cone. There are
generally two possibilities to do this; integrals can either be evaluated exactly or
by means of a suitable numerical quadrature. The favoured approach with respect
to stability and accuracy is to use exact integration around the Mach cone and nu-
merical integration of fluxes along cell interfaces. For the latter the Simpson rule
and the trapezoidal rule has been used in order to take multidimensional corner ef-
fects into account. The midpoint rule would reduce the FVEG scheme to a standard
dimensional splitting FVM. However, we should point out that for problems with
non-zero advection velocities the use of the trapezoidal rule would yield an uncon-
ditionally unstable method, see 13; so we use in what follows the Simpson rule to
integrate cell interface fluxes.

Applying the general procedure as described in the Section 2 the following
exact integral equations can be derived for the locally linearized system of Euler
equations around the stdte v, ¢), where(u, v) denotes the velocity vector ands
the wave speed:= vp/p, see [13]. Evolution takes place along the bicharateristic
cone, see Figure 4.1. Here = (x,y,t, + 7) is the peak of the bicharacteristic
cone,P’ = (x — ur,y — o7,t,) denotes the center of the sonic circle at titpe
P =(zx—a(ty+7—1),y — 0ty +7—1),1),Q = (x — u(ty + 71 — 1)+ &(ty +

—t)cosO,y—v(t,+7—1t)+(t, + 7 —1)sind,t) denotes an arbitrary point on
the mantle and)(6) = Q(6, E)’~ is a point at the perimeter of the sonic circle at

=tn
timet,. Thus we have

/ 21 —~
p(P) = p(P)— p(_P) 17r/0 [p(?) — g (u(Q) cos 6 + v(Q) sin «9)} do

2 2 c
— 27 tn—‘rT
2L / Q) di do, 4.2)
c2m
1 27
u(P) = Py [_p(_@) cos O + (u(Q) cosf + v(Q) sinh) cos 0] de
T
2T tn+T 1
/ cosﬁdtd@—i—zu(P)
tn
tn+7' _ B
2P ” ( )) ( )

where the so-called source tel§rthat arises from multidimensionality of the sys-
tem is given analogously to (2.2) by 6{) := ¢[u,(0,%)sin?0 — (u,(6,%) +
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v (0, ) sin 6 cos 0 + v, (0, ) cos? 6].
Similar equations hold for thg—velocity v and pressurg.

Now, the crucial step for stability as well as accuracy of the FVEG scheme is
the approximation of the mantle integrals, i.e. the time integrals fypto¢,, + 7 in
the above integral equations. Applying approximations analogous to (2.13)-(2.15)
we derive approximate evolution operators for the Euler equations with the CFL
number close to a natural stability limit of CFL=1. In what follows we present the
approximate evolution operator for piecewise constant data; in a similar way the
approximate evolution operator for higher order polynomials can be derived, too,
cf. [13].

o(P) = p(p) - L2
21 —~
—l—% ; [p(cg) — % (u(Q) sgn(cosf) + v(Q) sgn(sin 0))} do,
2T
u(P) = % ; [—pig) sgn(cos 0)+ u(Q) (—i— cos? 9)4—7}(@) sinf cos G]dH

with analogous formulae far andp.

Probleml1 — In this example we would like to demonstrate good multidimen-
sional behavior of the FVEG scheme by solving the well-known Sod-2D test prob-
lem with discontinuous initial data

p=1 u=0, v=0, p=1, |=z[<04,p=0.125 u=0,
v=0, p=0.1, else.

We consider this initial-value problem as a cylindrical explosion problem. The
computational domain is a squdrel, 1] x [—1, 1]. The mesh is uniform square,
and initial data are implemented by taking the integral average on each cell, i.e., by
projecting them onto a piecewise constant functio§jjn We set the CFL number
to 0.7 and take a mesh with 460400 cells.

The solution exhibits a circular shock travelling away from the center, a circular
contact discontinuity travelling in the same direction, and a circular rarefaction
wave travelling towards the origin &2, 0). Within the rarefaction fan, a secondary
shock is created; it travels inwards and focuses at the origin creating a peak in
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pressure and density at tifie= 1.7. In Figures 4.2, 4.3, we have plotted three-
dimensional graphs of density&t= 0.2 andT = 1.7 as well as two-dimensional
graph of isolines at tim& = 0.2, respectively. Both results were obtained by the
second order FVEG scheme and demonstrate good multidimensional resolution of
all significant structures.

P= (& 4ta+T)

; L
Téfx

Figure 4.1: Slanted bicharacterestic cone.

4.2. Shallow Water Equations

Shallow water equations with a source term modelling bottom topography arise in
many geophysical models; for example in oceanography, river flow engineering or
climatology. Written in the conservation form they are given as

Ut + fl (U):c + fQ(U)y = b(u)v (44)
where

h hu

u = hu |, fi(u) = | hu?+Lgh* |,
hv huv

hv 0
fo(u) = huv , b(u) =1 —ghb,
hv? + Sgh? —ghb,

Here h denotes the water depth, v are vertically averaged velocity com-
ponents in thec— andy—directions,g stands for the gravitational constant and
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Density at time t =02

Density at time t=1.7

Figure 4.2: Cylindrical explosion; graphs of densityZat= 0.2 andT = 1.7.
Solution obtained by the FVEG scheme o#08 x 400 mesh, cf. [13].

rho
o

i

05

-05 " -0.5

-0.5 0 05 -0.5 0 0.5

Figure 4.3: Cylindrical explosion; isolines of the solution obtained byRhe-'G
schemel” = 0.2 on a400 x 400 mesh: the plots show density velocities(u, v),
and pressurg, cf. [13].
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b = b(x,y) denotes the bottom topography. The wave speed is given-as/gh.

This system belongs to the class of hyperbolic balance laws. For such problems
the goal is to derive a scheme that automatically preserves some physically relevant
equilibrium states. Equilibrium solutions play an important role because they are
obtained usually as a limit when time tends to infinity. The scheme preserving
equilibrium states exactly or at least with high accuracy is calked-balanced
Our aim in this section is to show how to include physical source terms in the
framework of evolution operators and approximate them in such a way that they are
preserved exactly. In particular, we will concentrate on the lake at rest equilibrium
state, i.e(h +b); =0,(h+b), =0andu =0 = v.

Applying a general procedure for the derivation of exact integral equations for
linearized systems as described in Section 2 we obtain

2 =
h(P) = % h(Q)—g(u(Q)cos0+v(Q)sin9)d0
27 tn+T1 E
/ £5(Q)aoar

2 tn+T
/ / cos0+b(Q)sm9) d6di, (4.5)

1 1 27

u(P) = U (P') + py /0 —gh (Q) cos 8 + u (Q) cos? @ + v (Q) sin 6 cos § df
g tn+T1 21 tn—‘rT B
2/ (h (P') + by dt + / / ) cos(6)dadt

27 tn"rT ~
/ ) cos® 0 + by (Q) sin 0 cos 9) dédzt. (4.6)
tn

An analogous equation holds for the second velogit§volution takes place
along the bicharacteristic cone; here we use a similar notation as in the previous
section.

In order to obtained thevell-balancedapproximation of source terms it is im-
portant to represent all terms arising in the equilibrium condition by the same inte-
grals. For the lake at rest state it is in particular important to approximate the total
water surfaceh + b in the same way. This is the main idea of the well-balanced
evolution operators. Then approximating mantle integrals in such a way that one-
dimensional waves are computing exactly, cf. Section 2, we obtain after some cal-
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culation the following well-balanced approximate evolution operator for piecewise
constant approximate functions

2 ¢
hP) = bP)+ o [ Q)+ K@) - £ ((Q) cost) +0(@) (sin0) a0

™ Jo g

2T
+% [ (@ (Q) + by (@) 0, 4.7)
2
u(P) = % ; <—‘Z(h (Q) +b(Q))(cosh) +u(Q) <cos29 + ;)

+0(Q) sinf cos 9) d. (4.8)

One can easily check thatif + b = const. andu = 0 = v at timet,, then
the same property holds alsoft, ;. The well-balanced approximate evolution
operator is used in the finite volume update in order to evaluate fluxes along cell-
interfaces. Note that in order to keep a delicate balance between sources and fluxes
the source terms have to be approximated in a suitable way in the finite volume
update, too. This is done using the interface-based approachp,j.es i, h*d,0b,
whereh* denotes the predicted solution at cell interfaces obtained by the approxi-
mate evolution operator and., §, are the standard averaging and central difference
operators.

Problem2 — The aim of this experiment is to demonstrate preservation of a
stationary steady state. The bottom topography consists of one hump

ba) = 0.25(cos(10m(x — 0.5)) + 1) if |x — 0.5] < 0.1
- 0 otherwise

and the initial data are((z,0) = 0, h(z,0) = 1 — b(x). Note that this is an
equilibrium state. The computational domain is the intefoal]. It should be
pointed out that the one-dimensional problems are actually computed by a two-
dimensional code by imposing zero tangential veloeity 0. In Table 2 theL!-

errors for different times computed with the first order FVEG method and with the
second order FVEG method are presented. Although we have used a rather coarse
mesh consisting df0 x 20 mesh cells, it can be seen clearly that the FVEG scheme
balances up to the machine accuracy also for long time computations.

In the next experiment we want to illustrate the high efficiency of the FVEG
scheme. We used smooth initial data for all components of solution as well as for
bottom topography and computed the solution for a short time instance having still
a smooth solution. Now the computational domigiri] x [0, 1] was consecutively
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Table 2: TheL!-error of the well-balance FVEG scheme usitgx 20 mesh cells.

Method t=0.2 t=1 t =10
firstorder FVEG | 1.11 x 10717 | 7.21 x 10717 | 1.33 x 10716
second order FVEG 2.77 x 10717 | 5.55 x 10717 | 4.44 x 1017

divided into25, 50, ...,800 mesh cells in each direction. We have compared so-
lutions obtained by the second order FVEG scheme as well as by the second order
and fourth order well-balanced FVM. For the second order well-balanced FVM of
Noelle et al. [24] the second order Runge-Kutta method was used for time inte-
gration, the third order Gaussian quadrature was used for cell-interface integrals of
fluxes and the second order WENO recovery was applied. The reference solution
was obtained by the fourth order well-balanced FV method, cf. [24].

Figure 4.4 illustrates the CPU/accuracy behaviour graphically. On the left of
Figure 4.4 a comparison between the second order FVEG and FV methods are
presented, whereas on the right we show the comparison between the fourth order
well-balanced FVM of Noelle [24] and the second order FVEG scheme. The FVEG
schemes yields on coarse meshes still more accurate solutions. In fact, for meshes
up to approximatelyi00 x 100 cells, which are often used for practical compu-
tations, it is more efficient to use the second order FVEG scheme than the fourth
order FVM. Let us point out that high accuracy of the FVEG scheme in compar-
ison to standard dimensional-splitting FV methods is a general phenomenon that
has been observed for different hyperbolic conservation laws. We believe that the
main reason for such a property is the fact that evolution operators take all infinitely
many directions of wave propagations into account explicitly.
4.3Wave Propagation in Heterogeneous Media
The aim of this section is to present a generalization of the finite volume evolution
Galerkin scheme for hyperbolic systems with spatially varying flux functions. We
will illustrate our methodology for acoustic waves in a heterogeneous medium but
the results can be generalized to more complex systems. Written in the conservation
form the wave equation system with spatially varying wave speed reads

u; + (fi(u)), + (f2(v)), =0, (4.9
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FVEG (2nd order, CFL=0.5), FVM (2nd order, CFL=0.5)

*  FVEG
o  FVM

log(L1-Error h)

log(CPU Time)

FVEG (2nd order, CFL=0.8), FVM (4th order, CFL=0.5)

* FVEG
ok o FVM

log(L1-Error h)

-9 1 1 1 1 1 1 J
-2 -1 0 1 2 3 4 5

log(CPU Time)

Figure 4.4: Efficiency testL! error over the CPU time; the second order FVEG
and second order FV schemes (left) as well as the fourth order FVM and the second
order FVEG scheme (right), cf. [17].
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where
P cgpou cgpov
u=| pou |, fi(u)= P , fo(u) = 0 . (4.10)
POV 0 p

Herecy = \/7po/po, Which is not constant, denotes the wave spggdndpg
denote for the background pressure and density, respectively.

)

/5’/% 7 \\\%\§ }
‘»f%/ﬂf’f’lﬁ\‘}}\\\\\\\&«

i NP
%‘{ﬁ‘_“}.‘iﬁiﬁ WAL °

Figure 4.5: Characteristic conoid

The envelope of bicharacteristics passing through a fixed point in space-time
creates in general the so-called characteristic conoid, see Figure 4.5. Time evolu-
tion of the normal vecton(#(t)) and of pointgx(t), y(¢)) belonging to the mantle
of the characteristic conoid can be described by means of the extended lemma on
bicharacteristics [26]

dx dy . de .
il —co(z,y) cosb, i —co(x,y)sinb, 3 = G sin 6 4 coy cos 0,
dx dy de
== 0, Z=0, =0
dt oAt 7 de
i—i = co(x,y)cosh, i co(x,y)sin b, j—z = co Sinf — coy cos b,
6 <[0,2n]. (4.11)

Note that for the wave equation system with constant wave spgedy) =
const. the bicharacteristic equations (4.11) can be solved immediately to get the
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bicharacteristics to be straight lines and the characteristic conoid reduces to the
bicharacteristic cone, see Figure 4.1.

Since the system (4.10) is linear we can derive the exact integral equations with-
out any linearization of the wave speed. As described above we transform the wave
eguation system to a system in characteristic variables, split the Jacobians into the
diagonal and off-diagonal part and integrate frignto ¢,,; along(x(t), y(t), 0(t)).
Transformation back to the physical variables and suitable manipulations yield the
following exact integral equations, cf. [1],

2T
p(P) = % /0 (p — zoucos @ — zpvsinf) (Q)dw
]_ 2m tn+T ~ ~
T or / (20 (cozu + coyv)) (Q)dtdw
2 Jo -
]_ 2m tn+T _ B
o / (209)(Q)didw, (4.12)
2m Jo -
1 21
P) = _ )
u(P) 720(P) /0 (—p + zoucos @ + zgvsin 0) (Q) cos wdw

]_ 2m tn“r‘l' ~ .
m20(P) v did
i mz0(P) /0 /tn 20 (cozt + coyv) (Q) cos wdidw

1 27 tn+T7 - -
+ 77,20(]3)/0 /tn (2059)(Q) cos wdtdw, (4.13)

with an analogous equation for Herezy = cqpy is the impedance of the medium
andS is a source term

S = co {uy sin? @ — (uy, + v;) sin 6 cos 6 + v, cos? 6} . (4.14)

In order to derive the approximate evolution operator we firstly approximate
the base of the characteristic conoid, i.e. wave front. As follows from (4.11) the
geometry of the wavefront is described by the arfgte 6(w, ¢,,). In fact the wave
front can be approximated by a circle up to second order accuracy. This allows us
to evaluate spatial integrals in (4.12), (4.13) and use the technique already devel-
oped for linearized systems, cf. [11, 12, 13, 17]. To approximate a heterogeneous
medium the wave speefj as well as density, are approximated by piecewise
constants on a staggered grid.
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Problem3. The aim of this experiment is to illustrate capability of the FVEG
method to model a wave propagation in a heterogenous medium having complex
interface not aligned to the grid. The piecewise constant wave speed is defined as

(2.9) 1.0 if x <0.5cos(2m(y —0.4)) + 0.4
colr,Yy) = .
’ 0.5 otherwise.

p attime t=0.20 p at time t = 0.40

0.5

-0.5

-0.5 0 0.5 1

p attime t = 0.60

0.5

Figure 4.6: Solution isolines fgr at different times, cf. [1].

The computational domain is chosen to[b®.95; 1.2] x [—0.675; 1.475]. The
initial data model a circular pressure pulse

1.0 4+ 0.5(cos(nr/0.1) — 1.0) if r < 0.1
p(z,y) = .
0 otherwise,

u(z,y) =0=v(z,y),

where the radius is given byr := /(z — 0.25)2 + (y — 0.4)2. We sety = 1.0,
po = 1.0.
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In Figure 4.6 isolines of pressure are depicted at different time instances. We
can clearly observe a change in the shape of circular waves as they propagate into
the different medium. Moreover, due to the curved interface a complex pattern of
reflected waves and their superposition can be noticed.
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