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R. TOUMA, U. KOLEY, AND C. KLINGENBERG

ABSTRACT. We consider the Euler equations with gravitational source term and propose a new
well-balanced unstaggered central finite volume scheme, which can preserve the hydrostatic
balance state exactly. The proposed scheme evolves a non-oscillatory numerical solution on a
single grid, avoids the time consuming process of solving Riemann problems arising at the cell
interfaces, and is second-order accurate both in time and space. Furthermore, the numerical
scheme follows a well balanced discretization that first discretizes the gravitational source term
according to the discretization of the flux terms, and then mimics the surface gradient method
and discretizes the density and energy according to the discretization of steady state density
and energy functions, respectively. Finally, several numerical experiments demonstrating the
performance of the well-balanced schemes in both one and two spatial dimensions are presented.
The results indicate that the new scheme is accurate, simple, and robust.

1. INTRODUCTION

1.1. The model. Many interesting physical phenomena are modeled by the Euler equations with
gravitational source terms. These equations express the conservation of mass, momentum and
energy, which take the form in two dimensions

pr + (pu)s + (pv)y =0,

(pu)e + (pu? +p), + (puv)y = —pes,

(pv)t + (puv)e + (p0? + 1), = —pdy,

Ey + (E +p)u), + ((E +p)v), = —pugs — pudy.

(1.1)

Here, p denotes the fluid density, (u,v) is the velocity field, p represents the pressure, and E =
1p(u® +v?) + p/(y — 1) is the non-gravitational energy which includes the kinetic and internal
energy of the fluid. Furthermore, « is the ratio of specific heats and ¢ = ¢(z,y) is the time
independent gravitational potential. When the variation of the unknowns in the y-direction are
negligible, one may find the one-dimensional version of by setting v and all the derivatives
in the y-direction to zero, thus obtaining the system

Pt + (pu)w = 07
(1.2) (pu)i + (pu® +p), = —pba,
Ei+ (E+pu), = —pup,.

Equation has been used to study the atmospheric phenomena that are essential in numer-
ical weather prediction[2], and in climate modeling as well as in a wide variety of contexts in
astrophysics such as modeling solar climate or simulating supernova explosions|[I1] [7].

The Euler equation with gravitation amounts to a system of balance laws,
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where
p pU pU 0
2
U= | . F= pu” +p . G= p;w and S = PP
pv puv pu=+p pby
E (E+pu (E+p)v pudy + pvo,

Here U denotes the vector of unknowns, F and G are the flux vectors, and S is the source vector.
The special case of S = 0 reads

(1.4) U, + F(U), + G(U), =0,

which is termed a system of conservation law.

It is well-known that solutions of conservation law , and likewise, solutions of the balance
law , can develop shock discontinuities in a finite time, independent of whether the initial
data is smooth or not. Hence the solutions of balance laws are considered in the weak sense
and are well-defined as long as source S remains uniformly bounded. Furthermore, these weak
solutions may not be unique. Additional admissibility criteria or entropy conditions need to be
imposed in order to select the physically relevant solution.

1.2. Steady States. An important issue which arises in connection with balance laws such as
the Euler equation with gravitation is the simulation of their steady states. A steady state
for is a solution that is constant in time, in which the source term is exactly balanced by the
flux gradient. The importance of near steady state flows occurs in astrophysics, in particular in
the simulation of core-collapse supernova explosions, where the nascent neutron star slowly settles
to an equilibrium albeit the explosion, taking place in a highly dynamic environment just above
the nascent neutron star, does not set in for another few hundreds of ms [7]. Here, the interest is
in accurate long term simulations of near stationary states.

For the static gravitational potential ¢(x), we are interested in preserving the following station-
ary solution for : The velocity is zero, i.e. © = 0 and the pressure exactly balance gravitational
force

(1'5> Dy = — PPy

The above steady state models the so-called mechanical equilibrium and is incomplete to some ex-
tent as the density and pressure stratifications are not uniquely specified. Another thermodynamic
is needed (e.g. entropy or temperature) to uniquely determine the equilibrium. Two important
classes of stable hydrostatic equilibria are given by constant entropy, i.e. isentropic, and constant
temperature, i.e. isothermal, respectively. As a concrete example, we will concentrate on the
isothermal case [17].

In what follows, we consider a special steady state solution to

(16) p= P(x), u=0, Pz = _p(ba:a
with a constant temperature and zero velocity. For an ideal gas, we have the relation
(1.7) p = pRT,

where R is the gas constant, and T is the temperature. Substituting (|1.7) in the steady state
equation p, = —po, yields

(1.8) p(z) = poexp <—;}>,
which essentially leads to the special steady state

_ ¢ _ _ _ ¢
(1.9) p(z) = poexp <— w7 ) =0, p=pRT=RTpoexp |7z |

The simplest and most commonly encountered case in literature is the linear gravitational potential
field, i.e. d¢/dx = g, with the corresponding hydrostatic balance

(1.10) p(x) = poexp (—92213), w=0, p=pRT =pyexp <_ggzz>.
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The importance of steady states such as the above equilibrium lies in the fact that in many
situations of interest, the dynamics is realized as a perturbation of the steady states. As examples,
consider the simulation of small perturbations on a gravitationally stratified atmosphere such as
those arising in numerical weather prediction [2] and the simulation of waves in steller atmospheres
11} 6]

1.3. Well-Balanced Schemes. A challenge in the numerical analysis of balance laws is to main-
tain these steady states, and to compute their perturbations accurately. Indeed, if a scheme
cannot balance the effects of convective fluxes and source term, it may introduce spurious oscil-
lations near equilibria, unless the mesh size is extremely refined. Many astrophysical problems
involve the hydrodynamical evolution in a gravitational field, therefore it is essential to correctly
capture the effect of gravitational force in the simulations, especially if a long-time integration is
involved, for example in modeling star and galaxy formulation. Standard numerical schemes with
naive discretizations of the source term might not preserve the steady state. This implies that the
scheme does not keep a discrete form of stationary in time. The error can be at least of
the order of truncation error for each time step and can lead to large deviations from the steady
state for long time scales. Furthermore, computing small perturbations of is not possible
due to lack of balancing. A numerical scheme which preserves a discrete version of a steady state
like is termed well-balanced with respect to the steady state. Well-balanced schemes are
essential for computing perturbations of steady states.

Well balanced schemes for system of balance laws are still undergoing extensive develop-
ment. In fact, the pioneering paper of LeVeque[I2] was one of the first to propose a well-balanced
scheme for the shallow water equations with bottom topography. Then a variety of well balanced
schemes have been designed to approximate the ocean at rest steady state that arises in the shal-
low water equations with non-trivial bottom topography. A very limited list of references includes
[111 1, B 9, 10, 15] and other references therein. Furthermore, LeVeque and Bale[I3] proposed the
quasi-steady wave propagation methods for an ideal gas object to a static gravitational field. A
Riemann problem is introduced in the center of each grid cell such that the flux difference exactly
cancels the source term. A different strategy for the construction of well-balanced discretizations
with respect to dominant hydrostatics has been proposed by Botta et al.[2] for the nearly hydro-
static flows belonging to a certain class of solutions. Well-balanced scheme that preserve a discrete
version of some hydrostatic steady states of has been presented in [6l [T} 13} [17].

The key principle underlying the design of most of the aforementioned well-balanced schemes
consisted of replacing the piecewise constant cell averages, used to inputs to finite volume schemes,
with values constructed from a local discrete hydrostatic equilibrium. This results in a first-order
scheme. The design of a second-order scheme requires using a well-balanced piece-wise linear recon-
struction with respect of the local discrete hydrostatic equilibrium. Recently, in [8], well-balanced
high-order finite volume schemes were designed which preserve discrete equilibria, corresponding
to a large class of physically stable hydrostatic steady states.

Finally, we mention the paper by Desveaux et al. [5]. They developed an approximate Riemann
solver using the formalism of Harten, Lax and van Leer, which takes into account the source term.
The well-balanced solver is based on a finite volume method, where the source term is somehow
incorporated into the Riemann solver. The resulting numerical scheme was proven to be robust,
to preserve exactly the hydrostatic atmosphere and to preserve an approximation of all the other
steady state solutions.

1.4. Aim of this paper. We aim to develop a new unstaggered central scheme which is a unstag-
gered adaptation of the Nessyahu and Tadmor [I4] scheme. Briefly, this new method is based on a
careful projection of the numerical solution obtained on the staggered cells, back onto the original
cells. In this paper we construct, analyze and implement a new unstaggered, well-balanced, non-
oscillatory, and second order accurate central scheme for the one and two-dimensional systems
of Euler equations with gravitation. Two main features characterize the proposed well-balanced
schemes: first a special discretization of the source term according to the discretization of the
flux divergence, and second, a proper projection of the numerical solution obtained on the dual
cells, back onto the original cells. The latter step is performed according to the surface gradient
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method discussed in [I8, 4]. Note that in contrast to conventional data recontruction methods
based on conservative variables, the steady state conservative variables are chosen as the basis for
data reconstruction.

The main advantages of the proposed schemes are

(a) It is a second-order accurate approximation of the one and two dimensional syatems (1.2))
and (L.1)).

(b) Tt avoids the time consuming process of solving the Riemann problems arising at the cell
interfaces.

(¢) Tt is well-balanced; exactly maintains the steady state requirement at the discrete level.

The proposed well-balanced scheme is successfully applied and classical Euler equations with
gravitation problems are solved, both in one and two-space dimensions. The steady state re-
quirement is exactly satisfied at the discrete level and the obtained numerical results are in good
agreement with corresponding ones appearing in the recent literature, thus confirming the poten-
tial of the proposed method.

The rest of the paper organized as follows: The well-balanced, unstaggered, finite volume one
dimensional scheme is presented in Section [2] and two dimensional scheme is presented in Section
[Bl Numerical results are presented in Section [] and finally a brief summary of this paper is
presented in Section [5]

2. SCHEMES FOR ONE-DIMENSIONAL EULER EQUATIONS WITH GRAVITATION

In this section we develop a second-order accurate central unstaggered well-balanced finite
volume method for the Euler with gravity systems that preserves the steady state requirement of

type (1.9) in the case of a linear gravitational field ([1.10)):

(2.1) p=exp(—gzx), u=0, p=exp(—gx).

Remark 2.1. Note that, in general, the steady state requirement (1.10) can be recast as follows:
For any o, 8 > 0,

p=aexp(=fgr), u=0, p= %exp (=Bgx).

In this presentation we have chosen to work with a = 8 =1 to avoid unnecessary redundancy.

We first rewrite the source term following the approach proposed in [I7] and reformulate the
Euler with gravity system (1.2 as follows

{ut + f(u), =S(u), z€Q, t>0,

(22) u(z,0) = ug(x),

where (2 C R is a bounded spatial domain, and

p pu 0
u=|pu|,f(u)=|(pu®+p)|,andS(u) = | pexp(gz) (exp(—gz)),
E (E+p)u puexp(gz) (exp(—gz)),

Here we have replaced the gravitational source term —pg by pexp(gz) (exp(—gz)),, and also the
term —pug is treated in a similar fashion. The main advantage of such a change is to let the source
term and the corresponding flux term enjoy similar form in case of a steady state solution.

2.1. The grid and notation. We start by introducing some notation needed to define the fully-
discrete finite volume schemes. Throughout this paper we reserve Az and At to denote small
positive numbers that represent the spatial and temporal discretization parameters, respectively,
of the numerical schemes. Given Az, At > 0, let D4, Dy denote the discrete forward, backward
and central differences, respectively, in spatial direction, i.e.,

Dagla) =+ (gl % Ax) — g(x)).

Dogla) = & (Dyg(x) + D_g(a)).
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for any function ¢ : R — R admitting point values. For i € Z, we set x; = iAxz and for
n=1,---, N, where NAt =T for some fixed time horizon T > 0, we set t" = nAt.

For any function g = g(z) admitting point values we write g; = g(z;), and similarly for any
function h = h(x,t) admitting point values we write h?* = h(z;,t™). Moreover, we introduce the
spatial and temporal grid cells

Ci = [wiv172:Tiv1y2],  Digiye = [T, iga], and Ry jp = Diy1yn X [ttt
where 41/ = ¥; & Az /2 with Av = 2;41/0 — %172 = Tig1 — ¥;.

Furthermore we introduce the jump, and respectively, the average of any grid function p across
the interfaces z;, 1 and z;

_ pi +pis1 Pitt +Pi—1
Pivy == Pi= o [plig = pici —pis [li =Py —picy

Finally, we shall slightly abuse the notation to denote the following:

Ly 1o= (o) - (o)

2.2. One-dimensional scheme. To this end, we construct a unstaggered central scheme which
preserves the steady state requirement . This method we develop computes the numerical
solution on a single grid but uses “ghost” staggered cells to avoid the resolution of the Riemann
problems at the cell interfaces when updating the numerical solution. Piecewise linear reconstruc-
tions of the numerical solution defined at the center of the ghost cells send back the updated
solution to the original grid.

In what follows, without any loss of generality, we assume that the numerical solution u} to
system is known at time t™ at the centers x; of the control cells C;. To construct the numerical
solution u** at time ¢"*' = ¢" + At on the control cells C;, we shall follow a standard finite
volumes procedure; we first define the piecewise linear interpolants £;(x, t™) that approximate the
exact solution u(z,t™) on the cells C; as follows

[oD7 == pisr —p

1
2

(ui’)’
(2.3) Li(z,t") =ui + (z — ;) A’ , Yz e G
x
where (ul')’/Az is a limited numerical gradient that approximates the spatial partial derivative
%u(m,t")|x=xi. Throughout this paper, we have used van Leer’s monotonized centered limiter

(MC-0), where the slope of the reconstruction is chosen as

—u
D) - 17 9[[11]];1% )

where 6 is chosen such that 1 < 8 < 2, and minmod function is defined by

(u}")’ = minmod [9[[u]]?17 Yt
2

sign(a) min{|al, |b|, |c if sign(a) = sign(b) = sign(c),
minmod(a. b, — 4 SE(@) minlal. [l e}, if sign(a) = sign(t) = sign(c)

0, otherwise.
It is worth mentioning that to overcome disadvantage of excessive numerical viscosity, present in
case of first order piecewise constant interpolants, we use high resolution MUSCL-type interpolants
(2.3). We now integrate the balance law (2.2)) on the rectangle R? and apply Green’s theorem

i+1/2
to the integral to the left to obtain

/] SR /] | Stwan

gn+l

7{ (f(u)dt —udz) = /zi+1 S(u)dzdt
R, e,

tn

1
2
Performing elementary calculations, we obtain

tn+1

(2.4) —/:Hl u(x,t”)dx—f—/tn

k3

Ti+1

fa(xigr,t)dt+ / u(z, " dzr

T4



6 TOUMA, KOLEY, AND KLINGENBERG

gntl g1

7/tn F(u(as, ) dt — / /M w)dadt

Assuming that the solution u(x,t"*!) ~ L(z,t"*1) is a piecewise linear function defined at the
centre of the cells D;/2; the Mean-Value theorem leads to

Ti4+1
/ u(z, " dr = Az L(x Tyl AT = Az u?j:
x

On the other hand the solution u(z,t") ~ L(z,t") is a piecewise linear function defined at the
centre of the cells C;; the Mean-Value theorem leads to

Tit+1 Tit1/2 Ti4+1
(2.5) / u(zx, t™)dz :/ u(x,t")dx+/ u(z,t")dz

2 Tity1/2
Ax ny Az n n
=5 Li(x Tyt )—&—7 £i+1($i+%,t )= Ax ul

Therefore, the forward projected solution u at time t™ is calculated as follows

1
z+§

1 Ax Ax . 1
(2.6) U?JF% =3 (ﬁi <33z + 4715”) + Lit1 <$i+1 - 4715”)) = :L+2 g[[(un)/]]’H*%'

Substituting in equation (2.4]), we obtain

(2.7
1 tn+l tn+1 1 L+1
n+l _ ..n _ . _ . _
ull =, - /tn f(a(xiq,t))dt /tn f(a(zg,t))dt| + s /t / u)dxdt

We see from equation (2.7) that the numerical solution u;fj, computed at time t"*!, is obtained
2

at the centre of the control cells Diyq/.
On the other hand the flux integrals in equation (2.7) are approximated with second-order of
accuracy using the midpoint quadrature rule, leading to

$,+1
(2.8) u?_r;:uﬁl/z AtD, f(u; "*2 / / t))) dzdt,

where the predicted solution values at time t"*1/2 are obtained using a first-order Taylor expansion
in time as well as the balance law as

) PN o A
w(as, ) ~ e ) + Sl ) =g+ 5 (= L@ + S m)
(2.9) /
At n+i
zu?—i——( )'— u, °,
>\~ Az

where f!/Ax is an approximate flux derivative and S ~ S(u}") is a second-order approximation
of the source term at time t™ on the cell C; and is defined using a sensor function as follows:

(2.10) St zSi’fLﬁ—S{fR%—S{jC,
with
W s2(1—s)(2—s,) 0

L= 5 0p; exp(gx;)D_(exp(—gw;)) ,
Opfui exp(gz;)D_(exp(—gz;))

0
n 812 1+5;)(2—s;
r= SEC ) [ e D, (exp(—ga)) | .
Ot exp(g,) D (exp(—ga)
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0
p} exp(gzi)Do(exp(—gzi))
piug exp(gai) Do(exp(—gz;))
Note that the sensor function s;, appearing in the discretization of the source term, forces the

discretization of the term “(exp(—gx)),” to follow the same discretization of the term p, appears
in the flux function and is defined by:

n_ Si(sit+1)(si—1)
,C — 6

-1 if p; =60 D_p;,
1 if p;=6Dyp;,
0 if p, =0,

2 if p; = Dopi,

(2.11) i =

where 1 < 6 < 2 is the parameter of the MC-0 limiter.
As for the integral of the source term in equation (2.8]), it is also approximated with second-order
of accuracy using centered differences and the midpoint quadrature rule as follows

gttt 1+1 . L
/ / 1)) da dt = At Az S(u] "2l ?)
with
0
(2.12) STty = | T2 explga)|, s D exp(—gai)

P72 explga)|, 1ul+1D+exp( 97;)

n+1

Finally, we proceed with a backward projection step of the obtained numerical solution u"y /2

+1

back onto the cells C; and generate the numerical solution u; ™" as follows

1
(2.13) wtt =artt - éﬂ(u”“)’]]i,

n+1
i+1/2
ative %u(x, ") | i+l . This finishes the descr1pt1on of the central finite volume scheme.

To show that the proposed finite volume scheme preserves steady state (| , we first
show that u In that context, we have the following theorem

where (u )" denotes a limited numerical gradient that approximates the spatial partial deriv-

z+1/2 'y
Theorem 2.1. Let the numerical solution uj of the one-dimensional Euler with gravity system

is updated using the finite volume method (2.8)) and (2.13]). Moreover, assume that at time t"™ the
steady state requirement (2.1)) is satisfied by ul}, i.e.,

(2.14) ur =0, and p; =exp(—gz;) =p;.
Then

(a) The predicted solution given by ([2.9) satisfies u""‘l/2 ur,

(b) The forward projected solution given by (2.8 . and - 2.12)) satisfies uH_l/2 :.:_1/2.

Proof. To prove (a), we first recall that the prediction step is obtained from equation . Observe
that, if for example (p,)? is discretized by the MC-0 parameter using the backwards difference,
i.e., p, = 0D_p;, then the sensor function s; takes on the value -1, and the discretized source term
becomes S;* = S7';. Furthermore, since u;' satisfies the steady state requirement, then u;' = 0
and therefore the first and third components in the flux divergence as well as in the source term

in equation (2.9) are zero. Thus the first and third components of u; "+1/2 are the same as those

of u’. The second component of un+ /2 s computed as follows:
At
n+1 n 7
(pu) ™" = (pu)} + S (=i + p} exp(gi) 9D exp(—ga;))

At
= (pu)} + — (—0D_p} + pl' exp(gx;)0D_ exp(—gz;))

2
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and since u satisfies the steady state requirement (2.14]), then

n A n n
(o)™ = (pu)} + 510 (~D_pf + D_exp(—ga1)) = (pu)},
and therefore we conclude that u nH/ 2= u? holds.
Next we move on to the proof of (b ), i.e., we show that u?j‘ll/z ul o provided the solution

u? satisfies the steady state requirement (2.14). From equation (2.8), we know that

At

1 n+3 n+ nt+t  ntd
Wi =l = o [ ]+ Al
But since U"H/ = u?, then the first and third components of the flux as well as the first and
third components of the source term are all identically zero. This means that the corresponding
first and third components of both u"jll and u’.’+1 are equal. As for the second component of

n+1/2  n41/2
=Py =

it is updated as follows (keeping in mind that p; Pl = pl = exp(—gx;))

+1’
n+1/2 o a1/9 7N
(o) = (P4 — AED P} 2 4+ AL pr+172 exp(ga))| iv1 Dy exp(—gz:)
= (Pu)i+1/2~

Thus we conclude that whenever the numerical solution u} satisfies the steady state requirement

at time ¢™, then the updated numerical solution u} +1 /2 on the staggered dual cells D; /5 remains

unchanged, i.e., u? for all 4. O

1+1/2 ul /2>

Observe that from Theorem it is easy to conclude that if the steady state requirement was
satisfied at the discrete level at time t™ at the center of the cells C;, it will remain as such at
time ¢"*1 but only at the center of the staggered cells D; /2. However, the back-projection step
prescribed in equation fails in general to fulfill the steady state requirement at time t"*' at
the center of the cells C; and therefore an additional treatment is required. In this presentation,
we extend the surface gradient method [I8] initially developed for the shallow water equations in
[16], [22], and later adapted for the Ripa system in [23], to the case of systems of Euler equations
with gravity.

Since in the steady state case the velocity component is zero, the forward and backward pro-
jection steps based on the surface gradient method will be performed to both the first component
p and and third component E of the numerical solution u}’. We first assume that the numerical
solution uj obtained at time t" satisfies the steady state requirement and we define the
steady state density function p;, /2 At the interfaces of the cells C; (or at the centers of the cells
D;41/2) needed for the forward projection of pj' and EJ'. Similarly, we define the steady state
energy function E7 | /2 needed for the forward projection of third component EI*. We first describe
the forward projection step of the first component p} and then we argue similarly for the third
component E7'. In what follows, knowing p; /2 at the points ;o we linearize the steady state
density function p° on the cells C; as

() = o 4 — 2] .
(2.15) p*(z) = pi + 1o (@ —zi)pli, Yz € C;

Note that at the cell centers the relation p{ = p{ remains valid. Since both p" : C; — R and
p° . C; — R are linear on the control cells C;, we follow the surface gradient method and define
the function H(z) = p"(x) — p*(x). The linearization H(z) = H; + H/(z — x;) on the cells C;
is obtained by using a limiting procedure of the numerical derivatives of H; = p;' — pj. We then
calculate the numerical gradient (pf")’" indirectly using both p? and H; as follows

(2.16) (07 = Hi+ - Il

n+1
i+1/2

the surface gradient method and linearize p' +1 /2 in terms of pj /2 and fIiH /2=

Similarly, for the projection step of p back onto the original cells C; at time "', we consider

n+1
Pivi/2 — Pit1/2
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and calculate the numerical gradient (p?j‘ll/Z)’ (required in equation (2.13))) as follows

~ 1
n+1 s
(2'17) (piJZ/z)l = Hz{+1/2 + EM]H%’

where p7 /2 is the corrected steady state function value on the staggered cells D; /o defined as
follows

~ 1 1
(2.18) Pf+1/2 = Pf+1/2 ) (Pfﬂ/z - ﬁ%%) =3 (Pfﬂ/z +ﬁf+%> .
The reason of this correction in the steady state density function is due to the fact the steady
state is linear only on the cells C; but not on the cells D; /.
The forward and backward projection steps of the energy component follow a similar procedure.
For the forward projection step we linearize the energy E!* using the function H; = E}' — E and
calculate its numerical gradient as follows

ny\/ __ / i s
(2.19) (B =H; + Ar [ET7,

while for the back projection step the linearization is performed using the corrected values of the
steady state energy F; /2

n 7/ 1 s
(2.20) (Ep:—ll/z)/ = ;+1/2 + EHPHH%,
where ﬁi+1/2 = Eln:ll/Q — Ef+1/2 and Ef+1/2 is the corrected steady state energy on the dual cells
s s 1 s 5 1 s s
(2:21) Eivi2 = Eiyre — 9 ( i+1/2 7 Ez’+%) 9 (Ei+1/2 + Ez‘+%) :

We are now in a position to state and prove the theorem that confirms preservation of a discrete
version of steady state ((1.10]) by the approximate solution u.

Theorem 2.2. Let the approzimate solution u} of Euler with gravity system updated using
the finite volume method and under the hypotheses of Theorem along with the surface
gradient based forward projection step (2.6, , and backward projection step ,
, and , Then the scheme (2.8) has the following properties
(a) Accuracy: It is second-order accurate approzimation of the Euler with gravity system .
(b) Well-balanced: It preserves the steady state (1.10), i.e., if ul satisfies then the
updated solution u™" also satisfies .

i
Proof. First, we mention that second-order accuracy of the scheme is guaranteed if the numerical
gradient vector satisfies

1 0
qué = %u(%t”m:m + O(Ax)

In fact, a straightforward truncation error analysis shows that the local truncation error is O(Az?)

which confirms (a). To prove (b), we first calculate the forward projected solution Pt /2 using

(2.6)

n 7n Az
(2.22) Pit1/2 = Pipl —

S0 sy,

where (pl')’ is a numerical gradient obtained using equation (2.16]). Taking into account that
p = pg, then H/ vanishes and equation (2.22)) becomes

n —n 1 S S
(2.23) Piv1/2 = Pirl — 3 ([[p]]i+1 - [[P]]z‘) )
But since pj, , , is assumed to be linear inside the control cells C;, then [p]§ = 2(pj, ,, — p}) =
2(p5 — pi_4 /2), thus equation (2.23) becomes

n —n 1 s —s
(2.24) Pivi/2 = Piy1 T B (Pi+1/2 - /’i+%) .
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Next, the back projection of pl T /2 is performed using equation (2.13) as follows

(2.25) P = = 1",
n+1 )/

where (p! is calculated using the corrected steady state density function as described in

1+1/2
equation (2.17). Note that equations (2.18) and (2.24) yield
~ 1
1 ~ — ~
(2.26) Hisry2 = piiye = Piviy2 = Pivaye = Pipae = Piyy + 5 (Pz+1/2 Pits ) — Pit1/2

=Piys = Pips = 5 (0 =p}) + 5 (Pl — i) =

Equations (2.17), (2:25), (2.24)), and (2.26)) give

il = bl %[[( n ] =0 — - ([[p]]l+l [[pﬂf,%)

1 —n 1 —s —n 1
— 5 (P +1 + = <P1+1/2 H’%) +pi,§ + = 2 (pv 1/2 zé))

. ([[p]ml I y) = 5k + e = ol

because the steady state is maintained at time ¢™ and thus p} | — pi_; = pI' — pi =
Pit1 — Piy1 = 0.

To keep the presentation fairly short we have only provided details for the component p. How-
ever, we note that the same proofs apply mutatis mutandis also for the component E. Hence, we

conclude that E'""! = EP. O

3. SCHEMES FOR TWO-DIMENSIONAL EULER EQUATIONS WITH GRAVITATION

In this section, we develop a second-order accurate central unstaggered well-balanced finite
volume method for Euler with gravitation system in two space dimensions . Note that the
hydrostatic balance we would like to preserve at the discrete level is the constant temperature and
zero velocity steady state solution:

(3.1) P = po exp (_J;})’ u=uv=0, p = pRT = RT pg exp ( ]jT)
and the steady state solution corresponding to the linear gravitational potential field:
do do
I 9 and @2927

takes the form
(3.2) p=exp(—(g1r +g2y)), u=v=0, p=exp(—(g17+ g2y))-

As before, the gas dynamics equations ([L.1)) can be reformulated in the form of a balance law as
follows

(3.3) u, + 0y f(u) + Oyg(u) = S(u), (z,y)€Q,t>0

where Q C R? is a bounded spatial domain, and

p ,20u pv
| pu | put+p . pUv
u= pv ) f(ll) - puv 9 g(u) - pU2 _|_p 9 and
E (E +pu (E +p)v
0
pexp(g1z + g2y) (exp(—g12 — g2y)),
S(u) = pexp(g1z + g2y) (exp(—g1x — g2y)), ’

exp(g12 + g2y) (pu (exp(—g17 — g29)),, + pv (exp(—g1z — gzy))y)

along with the initial condition u(z,y,t = 0) = ug(x, y), for all (z,y) € Q.
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3.1. The grid and notation. We start by introducing some notation needed to define the fully-
discrete finite volume schemes. We reserve Az, Ay and At to denote small positive numbers that
represent the spatial (in « and y directions respectively) and temporal discretization parameters,
respectively, of the numerical schemes. Given Az, Ay, At > 0, let D%, DY, D¥, D§ denote the
discrete forward, backward and central differences, respectively, in spatial directions, i.e.,

Dig(z,y) = iAix (9(x + Az,y) — g(z,y)), Dgg(z,y) = % (D%g(x,y) + D? g(x,y)),

Dig(x,y) = iAiy (9(z,y = Ay) —g(x,y)), Dig(x,y) = % (DY g(z,y) + DY g(z,y)),

for any function g : R x R — R admitting point values. For i,j € Z, we set z; = iAz,y; = jAy
and forn =1,--- | N, where NAt =T for some fixed time horizon T" > 0, we set t" = nAt.

For any function g = g(x,y) admitting point values we write g; ; = g(x;,y;), and similarly for
any function h = h(z,y,t) admitting point values we write h}’; = h(z;,y;,t"). Moreover, let us
introduce the spatial and temporal grid cells

Cij = [z 1/2a9€1+1/2] [yj71/27yj+1/2}7 Di+1/2,j+1/2 = [z4, 2i41] X [yjayj+1]7
and Ry /55012 = Digrja e x [ 07,
where Tit1/2 = T4 + Al‘/Q, Yjx1/2 = Y5 + Ay/2 with Az = Tit1/2 — Ti—1/2 = Ti+1 — T4 and
Ay =yj1/2 = Yj—1/2 = Yj+1 — Yj-
Furthermore we introduce the jump, and respectively, the average of any grid function p across
the interfaces Tip Ly Y1, Ti and y;
= _ Pt PG+ _ P tpity  — Pt TP
Pijrs = = o 0 PigiT T o o P T T o

_ Pitdj T Pi1;
Py = 5 lijey = pigrr—pigs lPlivy; = pivrs = pig,

[oli, ) = Pij+i = Pij—1s [l = Pitli —Pi-lj

3.2. Two-dimensional scheme. Following the same strategy, as explained for the one dimen-
sional scheme, we construct an un-staggered central scheme which preserves the steady state
requirement . To do that, we assume that the numerical solution u} to system is known
at time ¢™ at the centers (z;,y;) of the control cells C; ;. To construct the numerical solution

u?t! at time "' = ¢" + At on the control cells C; ;, we shall follow a standard finite volumes
procedure we first define the piecewise linear interpolants £; ;(z,y) that approximate the exact
solution of system on the cells C; ; as

n n (unv]w)/ (uTtJy '

(3.4) Lij(x,y,t") =ui; + (z — xl)Tx + (¥ —vj) Ay V(z,y) € Ci;

where (u;’}")'/Az and (u;;")’/Ax are limited numerical gradients that approximates the spatial
partial derivative %u(w, Yir t")|p=e; and a%u(xi, Yy, t")|y=y, respectively, using the van Leer’s MC-

0 limiter. Next, we integrate the balance law (3.3) on the rectangular box R, /2,j+1/2 o get
(3.5) (O + 0, f(u) + 0,g(w)) dV = / S(u)dv
R0 Ri41y41/2

Invoking Green’s theorem and taking into account that u(z,y) ~ L£; ;j(x,y) on the cells C; ;, we
obtain
tn+1
n+1
(3.6) ulls g+;_uv+21+2 AxAy/ /6D 1 ) - ng dAdt
Jtg
tn+1

dAdt u)d
AﬂjAy tn o0D. ny + A Ay ///n l it 1 V

i+l +1
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where (n;,n,) is the outer unit normal vector to dD;1/5 ;41/2. The integral of the source term
is approximated to second-order of accuracy using the midpoint quadrature rule

nty "t "tr gt
///n u)dV ~ At Az Ay S( W W5, W
z+2 y+1

Expanding the spatial flux integrals in equation (3.6)) and applying the midpoint quadrature rules
to the time integrals we obtain

u”® n+ x n+3
B7) =y =5 (DU + D)

At n+3 ntg oty oty ont
[Dy (u; *) + Dig(u z+1j)}+At S( Z Ul Wit z+f1+1)

At{

where u?+1/2,j+1/2 is the projected solution at time " on the staggered dual cells D; 12 j41/2,
and is evaluated using a Taylor expansion in space as follows

(3.8)

1
Uik1/241/2 = 5 (s + W)

BT ([[u ' ]]i+%,j + [u™ Hi+%,j+1) - ([u y]]m-;-; + [u™¥];i 11 ]+2)

The solution at time t"*! on the cells C;; of the original grid is then obtained using a back
projection step as follows:

(3.9)
= g, )
_ % ([[u"+1,x]](i)’j7% + [[u”+1,x]](i))j+%) _ % ([[un+17yﬂi—%7(j) ] (J))
where (u?:ll/’;j 112) and ( ?-:11/g,j 41/2)" denote a limited numerical gradient that approximates

the spatial partial derivative %u(x, yj+%,t o[ 1 and %u(xiJr%,y, t”“)|y=ijr1 respectively.
2

On another hand, the predicted solution values uijl/ % at the intermediate time step t"+1/2

in equation (3.7) are estimated using a first-order Taylor expansion in time and the balance law

(3-3):

n+3 At fii 9
1 2 — > s mn
(3.10) u, ;T i —y +5 ),

i, 2
where f] ./Az and g; ;/Ay are approximate flux derivatives and S7'; ~ S(u};) is a second-order
approximation of the source term at time t" on the cell C; ; and is defined using a sensor function
as follows:

S1=0
n .o SQ
(3.11) S~ Ss ;
Sy
where

P} exp(giz; + gay;)ODT (exp(—g1wi — gay;)), if s2 = —1,
0, if 9 =0,
P} exp(g17; + g2y;)ODT (exp(—g1z; — g2y5)), if s2 =1,
pi;exp(g1z; + g2y;) Df (exp(—g1xi — g2y;)),  if so =2.

(3.12) Sy
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Py exp(g12i + g2y;)ODY (exp(—gizi — gay;)), if s3 = —1,
0, if S3 = 0,
P} exp(g17i + gay;)ODY (exp(—g1zi — gay;)), if s3 =1,
i exp(gizi + g2y;) D (exp(—gizi — gay;)),  if s3=2.

Ss =

Sy = quSQ + ijS;g.

Note that the above parameters so and s3 are two sensor parameters that forces the discretiza-
tion of (exp(—g12 — g2y)), and (exp(—g1z — ggy))y according to the discretizations of p, and p,,
respectively. They are defined as

_17 if (p’ij), = @D—pi,jv _15 if (pi{g)/ = GD—pl,ja

0, if (pT.) =0, 0, if(p.) =0,
(3.13) 32 = 1 (p;!.]), and 83 — % (p?y’])/ y

1, if (pf;) = O©Dipi,, L if (pi;)" = ©Dpi;,

2, if (pl_]) DO Dij- 2, if (p%/,jy :Dgpw

The parameter 1 < © < 2 appearing in the formulae for S; and S5 is the MC-O limiter parameter.
Finally, we discretize the integral of the source term in using the midpoint quadrature rule in
order to ensure second order of accuracy both in space and time

S1=0
n+i n+i  n+d ”+2 S
(314) S(uz,j ’ui—&-l,j’ ui,j-‘rl’ Z+1,j+1) 83
Sy

with
S =0

1
Sy = 3 <pn+1/2 exp(gi1x + 921/)|H_ DY exp(—g1%; — g2y;)

+ p /2 exp(giz + gzy)|i+%7j+1Di exp(—g12i — 92yj+1)>

1
S3=5 (p"“/z exp(g17 + gzy)L,H%Di exp(—g12i — g2y;)
+ pm /2 exp(grz + 923/)|¢+1,j+%D1 exp(—g1Tiy1 — 92%))
1 1/2
Si=3 (p”“/Q exp(g12 + g2y)|, 1 JUZf "2D% exp(—g12: — g2y;)

_n+1/2 ;
+ p /2 exp(gix + gzy)\i%,jHUZ%fjHDi exp(—g1%; — ga¥j+1)

—n+1/2
+ pn /2 exp(giz + 929)’i,j+2 ZLH/l DY exp(=g12i = g21;)

_n+1/2 y . ) _ )
i1+ Vi3 Pt exp(—g1it1 ngJ))

+ P2 exp(gia + g29)|
Note that special discretization of the source term will help us to show that the updated solution

?:11/2 it1/2 at time t"*! is equal to the forward projected solution ulH/2 j+1/2 At time t”. In

fact, we have the following theorem:
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Theorem 3.1. Let the numerical solution u},; of the two-dimensional Euler with gravity system
is updated using the finite volume method (3.7)) and (3.9). Moreover, assume that at time t" the
steady state (3.2)) is satisfied by uj'; at the discrete level, i.e.,

(3.15) pzj = pﬁj =exp(—g12; — g2y;), and uﬁj = v;fj =0.
Then
(a) The predicted solutions gwen by (3.10) satisfies u; +1/2 =u};.

(b) The solutions given by (3.7) and (3.8)) satisfies uiﬂ/2 12 = u;‘ﬂ/z it1/2-
Proof. To prove (a), we proceed component wise. In what follows, we first show that pn+l/ 2= =pij-

From equation (3.10) we have (keeping in mind that u’; = v'; = 0 in an equilibrium btate)

§ . At " "
Pz;rl/Q =Pij T {_ ((pw)i; ) ((pv)z’;’) + Sl} = P

Next, we show that (pu)n'H/2 (pu)};. Again from equation (3 and taking into account that

2,7
ui; = vi'; = 0 in the case of an equilibrium state, we obtain
n " At o/
()i = (o)l + 5 [ (0w +2)2) = ((puo)i) + 2]
(3.16)

" At z \/
= (pu)i; + = [_ (vig) + 52}
if (pl j)/ is discretized using the backwards difference (i.e., s = —1 in equation (3.13))), then
equation (3.12)) leads to

Sy = P?,j exp(g12; + g2y;)O DL exp(—g17; — g2y;)

Then using (3.15)), equation ) leads to (pu)"‘H/2 =0 = (pu)}';. In a similar fashion, we

show that (pu)?j'l/2 0=

n+1/2 n
(po)iy " = 0= (p0)z;.
Finally, we have to show that EnH/ 2= = E};. In fact, from equation (3.10) and (3.15) we obtain
At

BT = B+ 5 |- B o)) - (B4 + 54] —

This concludes the proof of (a).
To prove (b), we also proceed component wise. Observe that, from equation ({3.7)), , and

(3.15) we have

= (pu)i’j if sy takes other values. We argue similarly to show that

n+1 At

Pivij2,j+1/2 = p1+1/2,]+1/2 o

T n+1/2 T n+1/2
[D+<pu>m- / +D+<pu>i,j+{]

At n+1/2 n+1/2
- S DL DL + e = 02 s

Likewise we have

n A T n+1 2 x n+1/2
BAD i = Oy~ g | D 40+ D G 4 )

At n+1/2 n+1/2
-5 {Dy( v)! J+ /2 L py (pu’l))zjlg + AtSs

Keeping in mind that the predicted solution is invariant in time (u?jl/ 2= u;fj) and equilibrium

condition ([3.15)), the term Sy can be rewritten as

1/ & n+1/2 © n+1/2
Sz = 2<D+ ’Lj/+D+ ’L_]Jr{
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Therefore equation ([3.17) becomes
At +1/2 +1/2
(Pu)7:1/2]+1/2 (PU)?+1/2,J'+1/2 B (Di 7; / "‘Di 7g+{ + AtS,

= (pu)iy1/2,541/2-
Similarly, from (3.7)), we have

At n+1/2 n+1/2

(318) (pv)l.jl/Q j+1/2 (pv)z+1/2,j+1/2 2 |:Dy (pU + p) + / + Dy (pu +p)7,:1,§
At D nt1/2 |y n+1/2 ALS
Y T(pwv); ;" + DY (puv); 5147 | + 3

Again, keeping in mind that unH/ 2 u;’; and equilibrium condition (3.15)), the term Sz can be
rewritten as

1 n+1/2 n+1/2
83:2<D?szy +D<y$~ Dit1j
Therefore equation (3.18)) becomes
At n+1/2 n+1/2
(pv)z;rl/Z i1z = (PV)a 2541/ — > {D_yo.PM 24 Dipzﬂé + AtS3

= (PU)?+1/2,J'+1/2-
Finally, from (3.7)), we have

(3.19) Bl vye = Bl - % {D (B +p)u)i """ + DL((E + p)u )7;&{2}
- [ DHE i DL ] + s
Again, implies that S4 = 0, and equation becomes
:LJ:F11/2,j+1/2 /2,412

is equal to the forward projected
O

Thus, we conclude the updated numerical solution ul w /2 172

n n+1
solution at time t™ i.e. uH_l/2 12 = z‘+1/2,j+1/2'

Next, we extend the surface gradient method to two-dimensional central schemes for the Euler
with gravity systems in order to perform the forward and backward projection steps. As in the one-
dimensional case, we introduce the new function H"(z,y) = p"(z,y) — p°(z,y) where p*(z,y) =
exp(—g1% — goy) is the steady state density. Then we calculate (p;;")" and (p;"}’)’ indirectly using
the newly introduced function Hj'; as (piy) = (H'") + (pff)’ and (p;7) = (H; ) + (p7])
using a limiting procedure of numerlcal gradients. Recall that this only necessary for the forward
projection step of p;';, i.e., for the calculation of P?H/z it1/2 through equation (3.8]). We assume
that p® is initially given at the cell interfaces i.e., the p7, /2.j+1/2 are known and then we define
the cell centered values to be

S 1 —S —S
(3.20) Pij =35 (P<i>,j—1/2 + P<i>7j+1/2)
and then we define the function H(z,y) as
H"(z,y) = Hij; + (H7") (@ — @) + (H7") (y = ;)

i,j i,
numerical spatial partial derivatives of p;'; as follows

where VH"; = ((H‘""m)’, (H"y)’> is a limited numerical gradient of H}'; Next, we calculate the

7,T n,r 1
(3:21) (i) = Y + 5z (1T e + [ 1)
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and
(3.22) (i) = Y + g5 (Wl o+ V1)
Note that in the case of the an equilibrium bOluthD u;'; only the values of H;'; vanish but not

necessarily the values of H_~_1/2]_~_1/2 unless we correct the values of pz+1/21+1/2 in the back

projection step while calculating the values of pl’ ; ! using equation (B . The correction we apply
in this work is as follows:

1 Pliy.g—1/2 1 Pli),g+1/2
(3.23) p7,+1/2,]+1/2 = Pz+1/2,;+1/2 {Pz+1/2,J+1/2 : 2 :

_ g+l ~
and then we define the function Hz+1/2 jt1/2 = Pitijagii/z — Piri/2,41/2"

can now be indirectly computed using the numerical gradient of

The numerical spa-

tial derivatives of pH_l/2 4172

HZL++11/2 412 88 follows

(05 1 s2 + 1PNty 5
nt1l,z n+1l,z (4),j+1/2 (i41),5+1/2
(3.24) (P35 g412) = HS 0 0) 2Ax

and similarly

595 nity v mmity o PRt Pl g
(3.25) (Pix1)2412) = (15 11 )0) IA

Y
Note that the forward and backward projection steps of energy component are handled in a similar
way.
In the forward projection step we linearize the energy E;; at time ¢" using the function H; ; =
E'; — E; ; and then calculate the spatial numerical derivatives as follows

(B0 = (HY) + ([[E]] yg+1/2 T [[E]]fi),jﬂ/z)
and
wwuﬁﬂ+i{ms BT )
0,7 - ( i,] 2Ay i+1/2,(3) i—1/2,(3)

Here we assume that the Ez+1/2 j+1/2
at the cells corners and satisfying the equation EZ“/2 12 = Piv1)2 j+1/2/(7 —1). We define the
cell centered equilibrium state energy to be

R s
Eij=5 (Em,jfl/z + E(z’),jﬂ/z)

For the back projection step the linearization is performed using the corrected values of the
equilibrium energy defined as follows:

is the energy of the equilibrium solution and is initially given

~. . 1, 1 /s
Ei2412 = Eix12 4172 — B} [Ei+1/2,j+1/2 ) (Ez+1/2,] + Ez+1/2 ]+1):|

Then we introduce the function Hz+1/2j+1/2 = Ezn+11/2,g+1/2 Ef+1/27j+1/2 and calculate the
numerical spatial partial derivatives of En:f/z it1/2 indirectly using numerical derivatives of the
discrete functions 7—[1H/2 j11/2 and E7; as follows.

~ 1
n+1,x _ n+1l,x s s
(Ei+1/2,j+1/2)/ - (Hi+1/2,j+1/2>/ + AT ([[Eﬂ(i),jJrl/Z + [[Eﬂ(iﬂ),jﬂ/z)

and similarly
~ 1
n+1, _ n+1, s s
(Ei+1/2y,j+1/2)/ = (Hi+1/g,j+1/2)/ + 2Ay (HEHZ"H/?»U) + [Eﬂi+1/2,(j+1))

To complete the derivation of the two-dimensional well-balanced central scheme for the Euler

with gravity system we still need to show that if the numerical solution uj; corresponds to an
equilibrium state solution, then the updated solution u”jl remains as such ie. uf; = u?jl.

Regarding this, we have the following theorem:
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Theorem 3.2. Let the approxzmate solutzon u;'; of Buler with gravity system (3.3)) updated using
the finite volume method | and | and under the hypotheses of Theorem u 3.1| along with
the surface gradient based forward proyectwn step and backward projection step. Then the scheme
has following properties
(a) Accuracy: It is second-order accurate approzimation of the Euler with gravity system .
(b) Well-balanced: It preserves the steady state , i.e., if ul satisfies then the updated
solution u"Jr1 also satisfies ,

Proof. A straightforward truncation error analysis shows that the local truncation error is O(Ax?)

which confirms (a). To prove (b), we shall proceed component wise and show that p}'; = p?jl
and E'; = E"'H Note that the equations pul J = pu?jl and pvj!; = pv"'H follow immediately
because in the equlhbrlum state we have u;'; = v, = 0.

In what follows, we first calculate the forward projected solutlon Recall that for both the first
and fourth components of u}';, the forward projection step is performed using the surface
gradient method. The forward projection step of pi; at time time is performed using equations

, , and as follows
(3.26) PZ_%’H% = i (P75 + Py + Pijer + PM1 1)
-+?§(@ﬂ“> +(H)
E ([[p]]‘(gi))jfé + [[Pﬂfi)dur% + [P]]fi))j+% + [[p]]?i),j+%>)
N ?Tf ((H:ﬁ])’ + (H1 1)
o (s s + Wl is + Wiy soy + Pl rs))
+ %(cf" N+ )

2A ([[p]]l_, o) T 1P gy + LoDy 1<j>+[[/’]]f+%,(j>))

Ay n n,
TS ((Hz‘,ﬁl), + (Hi+l{,j+1)/

1
+ oy 036+ 1By oy + Dy iy + Dl o))

Since at time ¢™ the numerical solution uj’; corresponds to an equilibrium solution then the
relation H}'; = pi'; — p; ; = 0 is mamtamed for all 4, 7, and therefore all spatlal partial numerical
derivatives of H;'; in equation (3 are zero. Furthermore, equation (|3.20)) leads to

(3.27) [0y -3 + 1Dy g =2 (( Piryi—3 tPivs gt ) - QPfJ)
[['O]]fi)wr% T [[p]]?i),fr =2 (( Piv3,j+4 +pz+%,j+%> - 2,0;-”,]-“)
[]Giv1),5-1 + 1oLty g =2 (2’)’“73 ( Pitij—3 7+ p?+%=j+%)>

[ty g2 + 1Py 52 = 2 (2081540 — (pf+%,j+% + pf+%,j+%)>

and similarly using equation (3.20) we get the following relations
(3.28) Ly ) + Ly =2 (P gas +Phess0s) — 260,)
101743 ) + 1PDi1s ) =2 ((pf+%,j+% + pf+%,j+é> - 2pf+1,j>

Hp]]iféf(J#l) + [[p]]i+%7(j+1) =2 (2Pi,j+1 - (Pi%,ﬁ% + pi+%,j+%))
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651y )+ D00 .y = 2 (2080500 = (Pley oy +ig03))

gubstitgting the relations (3.27) and (3.28)) in equation (3.26)) while taking into account the H}; =
, we obtain

7 1 T 7 7 T
(3.29) Pitij+t = 7 (pi,j T Pig1,5 T Pij+1 +pi+1,j+1)

]' S S 1 S S S
16 (( 1j-1 L+ P2+%,j+%) - 2pi,j) + 16 <(pi+%’j+% + PH%JJF%) - 2pi,j+1)

1 S S 1 S S S
=15 (2t1s = Ghapimg + o) = 35 (2hin = Gy +pliiey)
1 S S 1 S

+76 (( 177,J+1 +pz+2,j+%)_2pi,j> +T6 (( 1+ J+3 +pl+2j+%)_2pi+1,j>

1 1
16 ( Pigtr — (Piog gt +/’f+§,j+§)) 6 ( Piirger = (Pt s +pf+%7j+%))

which simplifies leading to

(P35 + P g1 + Pia g + Pivajt1)

RNy

1
Piviiv =7 (P + P+ iy + i1 ge1) —

1
- s s s s s
*3 (4pi+%,j+% +pi+é7j+% t Pt -t T Pioy s +pz‘+%,j+%>

Similarly, for the back-projection step (3.9), we follow the surface gradient method Keeping in
41 41
mind that HZLH/Q it1/2 = Pitiyage1j2 — Piv1yai1/2 and using equations (3.24) and (3.25) we get

1
n+1 - n+1 n+1 n+1 n+1
(3.30) it =1 (e et )

Az +1, +1,
+ o= ((Hin—l/;,j—l/Q) + (Hzn 1/;]+1/2)/
1 S S S S
T 5As ([[pﬂ(i—l),j—% o0y oy + 1Ny gy + [[p]](i),j—s—%))

Az rrn+1l,x rrn+1l,z
T 16 <(Hi+1/2,j71/2) (Hz+1/2 ]+1/2)/

1 S S S S
* oAz (Mumf% 1Pl -3 T 1PLGy gy + ﬂpﬂ(m)%%))
Ay rrn+1, rrn+1,
+ - <(Hi—1/§j—1/2)/ + (Hi+1/2y,j—1/2)/
+5 Ay (S 7 IS 1 RS 1) R )

Ay n+1, n+1,1
<( i71/§j+1/2) (Hz+1/2yj+1/2)/

(Mz—— o) H 1Py Gy 1AL 1 ) + Dol g, (m)))

_ +1 +1 ~
Note that when H; ; = p'; — p; ; = 0, then Hiw +2 = p7+2’J+2 — prr L remains zero and

therefore (H "+2lj+ ) = (I?Zf; o L ) = 0; equation (3.30) becomes.

1 =S =S
n+l __
Pij = (Pu),jf% T P(i)ﬁ%)
1 S S S S
+t3 (A NP 1 AT 7 Ay
1 S S S S
~ 3 (M](w i—3 T 1l oy + D05 g + M(m)d%)

T3 (Hpﬂz—f oo DUy )+ Doy oy + Doy )



WELL-BALANCED SCHEMES 19

1 S S S S
T 32 ([p]]i—%,m el g Gy H 1oL 1) + [[pﬂi+%,(j+1))

which reduces to

n 1 /= =5
(3.31) ot = 5 (Pa-s +Paes)
1/, . s s
16 (p(i,l)j,l T P—1),5+3 T Pli41),5-1 +/’<z‘+1>,j+%)
1 —S
16 (pu)u—— Pliyj+s TPy -3 TP ),J+§)

— i (ﬁé +*S _i_fs +—s )
16 \Pi-3.G-0 T Pitd -1 T Pi-1.() T Pitd.()
1

+E( Piet) TPy TPi-L0) +Pz+2,<]>)

But from equation ([3.20)) we know that

1/ s ,
Piy1y = B} (Pfiﬂ),jf% +P?¢+1),j+§) P =
1/ _
Pijr1 =3 (/’f—é,ml) +p§+%,(j+1))

Thus equation (3.31]) becomes

s 1 —s —s s 1 —s
(3.32) ohi =5 (Plos + 7o) Pt =5 (Plicnyimy T Plmnses)
1
5

( Pi-t.G-1) T Pitrs,G- 1))

1 /=s —s 1
(3.33) piyt = (p(i),jfé + P(i),j+%> 1 (Pfq,j +pipy TP P — 4Pf,j)'
On the other using equation ([3.23)) we write the following equations
Pit1/2,5+1/2 (4pf+%,j+é P ggrs TPy TPt TP
Pi-1j2,j-1j2 =

s S S S S S
Pi-1/2,5+1/2 = (4/’1-,1’]#; RGPS o VS U U o VI TN W oV W T

Q0| = 00| — 00| = 00| =
I
)
-~
-
<
|
=
+
RS
=T
|
-
<&
+
=
+
RS
|
=
<
|
I
+
RS
Njw
&,
|
-
+
=
+
|
<&
|
[N

— —— " ~—

s S S S S S
Piv1/2,j-1/2 = (4pi+%,j7%+pi+%7j+%+pi+%,jf%+pi7%’j*%+pi+3

Adding together and using the relations in (3.32)), we obtain

=S =S
(p(i)7lj—% + p(i),j-{-%) 16 (401,] 1 + 4pz 1,5 + 4/)1 ,J+1 + 4pz+1 7 + 1601 ])

Therefore equation (3.33]) becomes

1
p:tj 32|:4p"J 1+4p2 1J+4plj+1+4pl+1j+16pzj]
1
3 (pf,j,l F i1y TPt iy 4Pf,j)
(3.34) = Pf,j = P?,J*
This means that if the numerical solution p;'; at time " is an equilibrium state solution, then the
updated solution p""'1 is such that p"+1 = pﬁj.

To keep the presentatlon fairly short we have only provided details for the component p. How-

ever, the proofs for the component E are similar and we omit the proofs for brevity in the expo-

sition. Hence, combining all the results, we conclude that u "+1 =uy,.

O



20 TOUMA, KOLEY, AND KLINGENBERG

4. NUMERICAL EXPERIMENTS

The fully discrete finite volume schemes developed in Section [2] and Section [3] has been tested
on suitable numerical experiments in order to demonstrate its effectiveness.

4.1. One-dimensional experiments. We first validate the one-dimensional well-balanced cen-
tral scheme for the Euler with gravity equations and solve some classical problems from the recent
literature. In what follows, we compare our results with the numerical results of a fifth order
well-balanced finite difference WENO method given in [I7]. Note that, as it is the case in central
finite volume methods, and for stability purposes of the numerical scheme, the time step At is
dynamically calculated using the eigenvalues A\g,k = 1---p of the jacobian matrix df(u)/0u as

follows A

At=CFL— -2
max(|A|)
where 0 < C'FL < 0.5 is the stability parameter.

4.1.1. Shock tube under gravitational field. We consider for our first numerical experiment Sod’s
standard shock tube problem with gravitational field as considered in [I7]. The computational
domain is the interval [0, 1], and the initial conditions feature two constant states U; = [1,0, 1] if
x <0.5and U, =[0.125,0,0.1] if x > 0.5, where U = [p, u, p]. The gravitational field ¢ is such that

—— 100 cells
— — —200 cells
— 400 cells

o a
0.5 0.5
0 0
0 0.5 1 0 0.5 1
0.8 1
0.6
0.5
5 0.4
a =}
0.2
0
0
-0.2 -0.5
0 0.5 1 0 0.5 1

FIGURE 4.1. Solution of the one-dimensional shock tube problem with gravity at
time t=0.2.

¢, = g = 1 and the gas adiabatic constant v is equal to 1.4. The well-balanced scheme is applied
with reflective boundary conditions, and the numerical solution is computed at time t = 0.2 on
100, 200, and 400 grid points. The obtained results are reported in figure where we plot the
pressure, density, momentum, and velocity. It is worth mentioning that the obtained numerical
results are in good agreement with those presented in [I7] in the sense that we also see that due to
the gravitational force, the density distribution is pulling towards the left direction, and negative
velocity appears in some regions. In order to validate the proposed numerical scheme we solved
this same shock tube problem but with zero gravity; the resulting problem is the classical Sod
shock tube problem. The obtained numerical at the final time time ¢; = 0.164 using the proposed
scheme (dotted curve) are compared to the exact solution (solid curve) of the Riemann problem
and are reported in figure [4.2]
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Exact solution Exact solution
- Numrical solution 2 - Numerical solution

Pressure

FIGURE 4.2. Solution of the one-dimensional Sod shock tube problem without
gravity at time t=0.164.

4.1.2. Isothermal equilibrium solution. In this experiment, we validate the well-balancing property
of the proposed scheme. This test case was initially proposed by LeVeque and Bale in [21] and
later considered in [19] and [20] in order demonstrate the capability of the numerical scheme to
capture small perturbations of a steady state. The computational domain is the interval [0, 1],
and a linear gravitational field is considered with ¢, = ¢ = 1 . Furthermore, we assume an
ideal gas with constant v = 1.4; the corresponding isothermal equilibrium solution is therefore
plx,t) = po(x) = exp(—x), p(x,t) = po(x) = exp(—x), and ug(z) = 0 for all , ¢ > 0. The initial

x 10
1 2
~
,'. a ‘e V,f’#
» )
TS 7 > T %
>S5 % ",
a 0.6 a ;
-2 >
0.4 P
0.2 /) .
0 0.5 1 0 0.5 1
2.5 1
2 0.8
w 1.5 o 0.6
1 0.4
0.5 0.2
0 0.5 1 0 0.5 1

FIGURE 4.3. Solution of the one-dimensional equilibrium state problem at time
t = 0.2 on 200 gridpoints.

conditions are taken to be exactly as the steady state solution; we compute the numerical solution
on 200 gridpoints until the final time ¢t = 0.25. Figure shows the profile of the density p (top
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left), momentum (top right), energy (bottom left), and pressure (bottom right) obtained using the
proposed well-balanced scheme (dotted curve); the reference solution (solid curve) is the graph of
the exact solution (steady state solution). The numerical solution remains in perfect match with
the reference solution, thus confirming the well-balancing property of the proposed scheme. From
the graph of the momentum, we see that the solution curve remains stationary with a velocity
does not exceed the 2 x 107 in absolute value. The L' error and the order of convergence of the
mass density and pressure on an increasing mesh were computed; the obtained results reported
in Table validate the order of convergence of the numerical scheme. Moreover, we see that L'
errors are comparable with the L' errors presented in Table 5.1 of [17].

TaBLE 4.1. L! errors

N || Lierror p | Order || Lierror pu | Order || Lierror pE | Order
100 || 3.48E-15 1.90E-15 7.22E-13
200 || 9.39E-16 | 1.89 5.25E-16 1.86 1.97E-13 1.87
400 || 2.33E-16 | 2.01 1.34E-16 1.97 5.01E-14 1.98

4.1.3. Perturbation of an equilibrium solution. Our next experiment features a perturbation of the
equilibrium state to demonstrate the effectiveness of our scheme. The perturbation is imposed on
the initial pressure and the initial conditions are set as follows

p(z,t =0) = po(x) = exp(—z), p(x,t=0)=po(x) = exp(—z) + nexp(—100(z — 0.5)?),

and the initial velocity is u(xz,t = 0) = ug(z) = 0. As in [I7] we set n = 0.01 and compute
the numerical solution until time ¢ = 0.25 on 200, 400 gridpoints. The disturbance due to the

15 T T T
O 100 grid points
200 grid points
— — —initial perturbation

_5 I I I I I I I I I

FIGURE 4.4. Perturbation of an equilibrium state; profile of the pressure distur-
bance at time ¢ = 0.2 on 100 and 200 gridpoints.

perturbation splits into two waves propagating towards the endpoints of the computational domain
where simple transmissive boundary conditions are set. The obtained results are shown in figure
where we plot the pressure perturbation. Moreover, these results confirm that our method
is good enough to capture small as well as big perturbations with a coarse mesh of 200 mesh
points. We have also compared the numerical results obtained using our proposed scheme to those
obtained using the solver proposed in [5] on 20,000 points. The comparison is reported in figure
where we show the graph of the pressure perturbation on 100 grid points (dotted-dashed curve),
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200 grid points (dotted curve) and the reference solution obtained on 20,000 grid points (solid
curve). An almost perfect match between the results is observed in figure

15 T T
—— 100 grid points
200 grid points
— — —initial perturbation
Reference solution

_5 I I I I I I I I I

FI1GURE 4.5. Perturbation of an equilibrium state; profile of the pressure distur-
bance at time ¢ = 0.2 on 100 and 200 gridpoints. The reference solution was
obtained using a fine grid in the method described in [5].

4.2. Two-dimensional experiments. We now validate the two-dimensional well-balanced cen-
tral scheme we developed for the Euler equations with gravity and solve classical problems from
the recent literature.

4.2.1. Two-dimensional shock-tube problem. This experiment features a two-dimensional extension
of the shock tube problem considered in [I7]. The computational domain is the square [0, 1]?, and
the initial conditions feature two constant states U; = [1,0,0,1] if z < 0.5 and U,. = [0.125, 0,0, 0.1]
if > 0.5, where U = [p,u,v,p]. The numerical solution is computed at the final time t; = 0.2
using reflective boundary conditions, and the obtained numerical results are reported in figure [4.6]
where we show the profiles of the mass density (left) and the pressure (right) along the z—axis
(solid curve); the solution of the corresponding one-dimensional problem is also shown in the
graphs and both one and two dimensional schemes show a perfect agreement.

4.2.2. Isothermal equilibrium solution. This test case is used to validate the well-balanced property
of the proposed two-dimensional scheme i.e., its capability of maintaining equilibrium states at
the discrete level. As in [17], we consider for our computational domain the unit square [0,1]?,
we set the gas constant v = 1.4, and we set the gravitational constants g; and g2 to be one. The
isothermal equilibrium state under consideration takes then the form

p(x,y) = poexp <—ZE(91$ + gzy)) . u(z,y) =v(x,y) =0,

Lo
p(z,y) = po exp <p0(91x + gzy)) ,

with the parameters pyp = 1.21 and py = 1. We set the initial conditions to be exactly the
equilibrium state solution of the problem and we compute the numerical solution on 60 x 60
gridpoints. The obtained numerical results at time ¢y = 0.25 are reported in figure showing
the profile of the pressure at the final time (left) and the pressure’s deviation from its equilibrium
state (right). Figure[4.7|(right) shows that the obtained numerical solution satisfies the steady state
requirement at the discrete level and the pressure remains within the 10~7 from its equilibrium
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FIGURE 4.6. Two-dimensional shock tube problem: comparison between a cross
section along the z-axis of the two dimensional solution versus the solution of the
one-dimensional problem, both computed on 200 gridpoints.
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FIGURE 4.7. Profiles of the pressure at the final time (left), and the pressure’s
deviation from its steady state (right) on 60x 60 gridpoints.

state value, thus confirming the capability of the proposed scheme to handle the problem of
equilibrium state solution for the Euler with gravity system.

4.2.3. Perturbation of an isothermal equilibrium solution. In this test case, we introduce a pertur-
bation to the equilibrium problem. We follow the same configuration as in the previous test case,
as well as in [I7] and we consider the pressure perturbation

100
pl,y,t = 0) = po exp (]’jgcqlx i g2y>) + nexp ( 0 (g1 — 0.3 + (020 - o.3>2>)

centered at the point (0.3,0.3), with 7 is non-zero parameter and set as 0.001 in this experiment.
We compute the numerical solution until time ¢y = 0.15 on 50 x 50 grid points and we consider
simple transmissive boundary conditions. The obtained numerical results are reported in figure [4.8]
where we show the profile of density perturbation (left) and its contour lines (right) and in figure
[4.9 where we show the profile of the pressure perturbation (left) and its contour lines (right). The
obtained numerical results are in perfect agreement with those presented in [17], thus confirming
the potential of the proposed scheme to handle small perturbations of equilibrium solutions.

4.2.4. Unidirectional perturbation of an equilibrium solution. In this test case, we consider a two-
dimensional extension of the one-dimensional perturbation problem of an equilibrium state con-
sidered previously. We consider for our computational domain the unit square which we discretize
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FI1GURE 4.8. Profile of the perturbation of an equilibrium state; density distur-
bance at time ¢ = 0.25 on 50x 50 gridpoints.
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FIGURE 4.9. Profile of the perturbation of an equilibrium state; pressure distur-
bance at time ¢ = 0.25 on 50x 50 gridpoints.

using 50 gridpoints. A unidirectional gravitational field is considered with constants g3 = 1 and
g2 = 0. The corresponding isothermal equilibrium solutions for the density and the pressure are
p(z,y,t) = po(w,y,t = 0) = exp(—g1z) and p(z,y,t) = po(z,y,t = 0) = exp(—g17), respectively.
The initial conditions are set to be the equilibrium solution for the density, u = v = 0, and a small
perturbation of the equilibrium pressure defined by
po(z,y,t = 0) = exp(—g12) + nexp(—100(z — 0.5)?),

with 7 = 0.001. The numerical solution is computed at the final time ¢ty = 0.25, and the obtained
results are reported in figure where we show the density perturbation (left) and the pressure
perturbation (right). A comparison between a cross section along the line y = 0.5 of the pres-
sure perturbation (dotted curve) and the solution of the corresponding one-dimensional problem
(dashed curve) is given in figure both curves are in perfect match and are in very good agree-
ment with the reference solution (solid line) obtained using the solver developed in [5] on 20,000
grid points, thus confirming the potential of the proposed schemes to handle two-dimensional Euler
with gravity problems.

4.2.5. Circular Riemann problem. For the final experiment, we consider a circular Riemann prob-
lem subject to a gravitational field. The computational domain is the unit square which we
discretize using 1002 gridpoints, and the initial conditions feature two constant states U, =
[p, pu, pv, E] = [1,0,0,1] and U,y = [0.125,0,0,0.1] separated by the circle centered at the point
(0.5,0.5) with a radius » = 0.1. The gravitational constants are g1 = g = 1. The numerical
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FIGURE 4.10. Profile of the pressure perturbation of the equilibrium state prob-
lem obtained at time ¢ = 0.25 on 50x 50 gridpoints.
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FIGURE 4.11. Cross section of the pressure perturbation along the line y=0.5
obtained using the two-dimensional numerical scheme (O curve); the solid curve
is the solution of the corresponding one dimensional problem with n = 0.001.

solution is computed at the final time ¢y = 0.2 using the proposed well-balanced scheme and
the obtained results are reported in figures and where we show the profiles of the mass
density at different times. The solution at time ¢t = 0.0742 (figure left) shows two circular
shocks propagating outward and a rarefaction wave is propagating towards the center of the com-
putational domain. The shock waves are further developed at time ¢t = 0.144 (figure right)
and the rarefaction is about to become a downward shock wave. We note that the oscillations
appearing on the circular fronts are main characteristics of circular Riemann problems. Figure
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t=0.0724 t=0.144

FiGURE 4.12. Circular Riemann problem: profile of the density at time t =
0.0724 (left) and ¢ = 0.144 (right) on 50x 50 gridpoints. Two circular shock
waves are propagating outward and an rarefaction wave is moving towards the
center of the computational domain to form a downward shock wave.

(left) shows the profile of the density at the final time ¢; = 0.2. Figure (right) shows
two cross sections of the mass density along the line 5 = x obtained on 60% and 2002 gridpoints.
Both curves show a perfect match and agreement thus confirming the potential of the proposed
scheme to handle Euler with gravity problems.

t=0.2

0.24 5 -
O 60° gridpoints
024 2 "
022 200° gridpoints

on 04 - 0.06

Fi1GURE 4.13. Circular Riemann problem: profile of the density at the final time
ty = 0.2 (left) and two cross sections of the density along the line y = x obtained
on 602 and 2002 gridpoints.

5. CONCLUSION

In this work we developed a well-balanced unstaggered central finite volume method for the
numerical solution of systems of Euler equations with gravity in one and two space dimensions.
The proposed method is shown to satisfy exactly the isothermal equilibrium at the discrete level
and is characterized by its simplicity. In fact the proposed method avoids the resolution of the
Riemann problems arising at the cell interfaces thanks to staggered dual cells intermediately used
while updating the numerical solution. Careful projections of the updated solutions back onto
the original cells retrieves the solution values at the cell centers. To ensure well-balancing sensor
functions are carefully used to discretize the source term of the Euler with gravity system according
to the discretization of the divergence of the flux function; furthermore a special adaptation of
the surface gradient method is employed for the forward and backward projections of the linearly
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defined numerical solution. The proposed scheme is then validated and successfully applied to
solve classical problems arising in the recent literature; the obtained numerical results are in very
good agreement with their corresponding ones appearing in the literature thus confirming the
potential of the proposed schemes to handle isothermal systems of Euler with gravity equations
for gas dynamics.
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