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Abstract

In this paper, we develop a second-order well-balanced central-upwind scheme for
the Euler equations of gas dynamics with gravitation. The proposed scheme is capable of
exactly preserving steady-state solutions expressed in terms of a nonlocal equilibrium vari-
able. A crucial step in the construction of the second-order scheme is a well-balanced piece-
wise linear reconstruction of equilibrium variables, which is combined with a well-balanced
evolution in time, achieved by reducing the amount of numerical viscosity (present at the
central-upwind scheme) in the areas where the flow is at (near) steady-state regime. We
show the performance of our newly developed central-upwind scheme and demonstrate
importance of perfect balance between the fluxes and gravitational forces on a number of
one- and two-dimensional examples.

Key words: Euler equations of gas dynamics with gravitation, well-balanced scheme, equilib-
rium variables, central-upwind scheme, piecewise linear reconstruction.
AMS subject classification: 76M12, 65M08, 35165, 76N15, 86A05.

1 Introduction

We consider the Euler equations of gas dynamics with gravitation, which can be written in the
two-dimensional (2-D) case as

q:+ F(q). + G(q), = S(q), (1.1)
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where
p
pU
q:= (1.2)
pU
E
is a vector of conservative variables, and
pU pv
2
pu® +p puv
F(q) = and G(q) := ) (1.3)
puv pv-+Dp
u(E + p) v(E +p)
are the fluxes in the z- and y-directions, and
0
S(q) = (1.4)
_p¢y
_pu¢x - P’U¢y

is the source term. Here, p is the density, v and v are the x- and y-velocities, F is the total
energy, p is the pressure and ¢ is the time-independent linear gravitational potential.
The system (1.1)-(1.4) is closed using the following equation of state (EOS):

E = thg(uz—l—vz), (1.5)

where ~ stands for the specific heat ratio. Here, we consider a physically relevant case, in which
the gravitational potential is taken in the y-direction only, that is, ¢, = 0 and ¢, = g.

The system of balance laws (1.1)—(1.5) is used to model astrophysical and atmospheric
phenomena in many fields including supernova explosions [16], (solar) climate modeling and
weather forecasting [3]. In many physical applications, solutions of the system (1.1)—(1.5) are
small perturbations of the steady states. Capturing such solutions numerically is a challenging
task since the size of these perturbations may be smaller than the size of the truncation error
on a coarse grid. To overcome this difficulty, one can use very fine grid, but in many physically
relevant situations, this may be unaffordable. Therefore, it is important to design a well-
balanced numerical method, that is, the method which is capable of exactly preserving some
steady state solutions. Then, perturbations of these solutions will be resolved on a coarse grid
in a non-oscillatory way.

Well-balanced schemes were introduced in [14] and mainly developed in the context of
shallow water equations, for details, see, e.g., [1,2,4,6,8-11,15,17,20,23,28-31,37]. Some of
these schemes have been extended for the Euler equations with gravitational fields. In [24],
quasi-steady wave-propagation methods were developed for models with a static gravitational
field. In [3], well-balanced finite-volume methods, which preserve a certain class of steady states,
were derived for nearly hydrostatic flows. In [26,34,38], gas-kinetic schemes were extended to the
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multidimensional gas dynamic equations and well-balanced numerical methods were developed
for problems, in which the gravitational potential was modeled by a piecewise step function.
More recently, higher order finite-difference methods for the gas dynamics with gravitation were
introduced in [36].

Our goal is to develop a well-balanced numerical method capable of exactly preserving
the steady state solutions, which can be derived as follows. Consider, for simplicity, a one-
dimensional (1-D) version of the system (1.1)—(1.5):

a+G(q), = S(q). (1.6)
where
p pu 0 )
— — 2 — __p pv
ga=|p|, G@):=|p’+p |, S@=|-pg |, E= po— +5 (1.7)
E v(E + p) —pug

The steady-state solutions of (1.6), (1.7) can be obtained by solving the time-independent
system G(q), = S(g). To this end, we first incorporate the source term —pg into the flux,
introduce a new global variable w,

w=p+R, Ryt) =g / plE.1) dE. (18)

and rewrite the system G(q), = S(q) as
=0, (1.9)

It then immediately follows that the simplest steady state of (1.9), (1.8) is the motionless one,
for which
v=0 and w = Const. (1.10)

The corresponding 2-D steady state is
u=v=0 and w = Const. (1.11)

In this paper, we develop a new well-balanced central-upwind (CU) scheme for the Euler
equations with gravitation. CU schemes were initially introduced in [21] for hyperbolic systems
of conservation laws, further developed in [18,19,22] and extended to systems of balance laws
in [2,4-7,17,20]. The CU schemes are Godunov-type finite-volume methods that are efficient,
highly accurate and do not require any (approximate) Riemann problem solver (the latter makes
the CU schemes applicable in a “black-box manner” to a wide variety of multidimensional
hyperbolic systems of conservation and balance laws). In the CU schemes, the numerical
solution is realized in terms of cell averages of the conservative variables (q := (p, pv, E)T
or q := (p, pu, pv, E)T for the 1-D and 2-D Euler equations, respectively). The cell averages
are used to construct a global piecewise polynomial approximation of the numerical solution,



4 A. CHERTOCK, S. Cul, A. KurgaNov, S. N. OzcaN & E. TADMOR

which is then used to evolve the computed solution in time. Unfortunately, the CU schemes
implemented using a reconstruction procedure of the conservative variables do not posses the
well-balanced property. We therefore modify the reconstruction step and introduce a special
reconstruction based on the equilibrium variables, (p, pv,w)T (or (p, pu, pv,w)T in 2-D) rather
than the conservative ones. This results in a well-balanced CU scheme for the Euler equations
with gravitation.

The paper is organized as follows. In §2 and §3, we develop the well-balanced CU schemes
for 1-D and 2-D Euler equations with gravitation. Special 1-D and 2-D well-balanced recon-
structions are presented in §2.2.1 and 3.1.1, respectively. In §4, we present a number of 1-D
and 2-D numerical examples.

2 One-Dimensional Numerical Method

In this section, we first (§2.1) briefly describe the semi-discrete CU scheme from [19] and then
(§2.2) derive its well-balanced modification for the 1-D Euler equations with gravitation.

2.1 Second-Order Semi-Discrete Central-Upwind Scheme

For simplicity, we partition the computational domain into finite-volume cells C := [yk—% s Y +%]
of size |Cy| = Ay centered at yr = kAy, k =k, ..., kg, and the cell interfaces are denoted
by yprr == (K £1 /2)Ay. We assume that at time level ¢, the cell averages of the numerical
solution, g, (t) := Aiy ka q(y,t) dy, are available.

A semi-discrete CU scheme from [19] applied to (1.6), (1.7) is the following system of ODEs:

- g, =_-——"2 ~"3 2.1
where
by 1G(ai) — b, 1 G(a}y) b 1by,
k+3 k k+3 k+1 k+1 k+1
gk+% = 2 b+ — b72 + ﬂkJr% (q]§+1 - qllc\l) ) 5k+% = #7 (22)
k+i  Tk+3 k+i  Tk+3

are numerical fluxes, and _
Sk = (07 _gﬁkv _g(p_v>k)T
are approximations of the cell averages of the source term.
In (2.2), g and g}, are the one-sided point values of the computed solution at cell interfaces
Y= Ypyl- To construct a second-order scheme, these variables are to be calculated using the
piecewise linear reconstruction

ay) = > @+ @)y = ) - Xe, (), (2.3)

k

where X, is a characteristic function of the interval Cy. We then obtain

~ _ Ay ~ _ Ay
@ =AWy — 0 =@+ 5 (D) T = AWy +0) =Gt = 5 (@) (24)
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To avoid oscillations, the vertical slopes in (2.4), (g,), are to be computed using a nonlinear
limiter applied to the cell averages {g;}. In all of the numerical experiments presented in §4, we
have used a generalized minmod limiter (see, e.g., [25,27,33,35]) applied in the component-wise
manner:

: Qri1 — 9k Qe — Qo1 , Dk — D1
(gy), = minmod (0 Ay Ny 0 Ay ) , (2.5)
where the minmod function is defined by
min(zy, 29,...), if z >0 Vi,
minmod (21, 22, ...) := { max(zy, 22,...), if 2z, <0 Vi, (2.6)
0, otherwise,

and the parameter 6 € [1,2] controls the amount of numerical dissipation: The use of larger
values of 6 typically leads to less dissipative, but more oscillatory scheme.
Finally, the one-sided local speeds of propagation, bF ,, are estimated using the smallest

1
ktd
and largest eigenvalues of the Jacobian %:
+ N, N S S - _ (N N S S
bk+% =max (v + ¢y, Upyy + Gy, 0), bk+% =min (v; — ¢, Uy — Chyrs 0) (2.7)

where the velocities, vy and vy, are obtained using the identity v = (pv)/p, ¢} and ¢}, are
the speeds of sound defined by ¢* = vp/p, and the pressures, p) and pj_,, are obtained using
the EOS (1.7).

Unfortunately, the CU scheme (2.1)—(2.7) is not capable of exactly preserving the steady-
state solution (1.10). Indeed, substituting (1.10) into (2.1)—(2.2) and noting that b;% =—b

Vk, we obtain the ODE system

k+37

(

dpy  Bras (PR = 2k) = Bros (0 — o)
dt Ay ’
dpo)i _ (P +Pk) — (PR + Pk o) 2.8)
dt 2Ay ’ '
dEk B _BH%(}?EH - pg) - ﬁm%(pi - pllj—l)
o dt (v —1DAy ’

whose RHS does not necessarily vanish and hence the steady state would not be preserved at
the discrete level. We would like to stress that even for the first-order version of the CU scheme
(2.1)-(2.7), that is, when (g,)r = 0 in (2.3), (2.4), the RHS of (2.8) does not vanish. This
means that the lack of balance between the numerical flux and source terms is a fundamental
problem of the scheme. We also note that for smooth solutions, the balance error in (2.8) is
expected to be of order (Ay)?, but a coarse grid solution may contain large spurious waves.

2.2 Well-Balanced Central-Upwind Scheme

In this section, we present a well-balanced modification of the CU scheme from §2.1. The new
scheme will be developed by first introducing well-balanced reconstruction performed on the
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equilibrium variables rather than the conservative ones and then deriving modified formulae for
the numerical fluxes and sources.

To this end, we once again incorporate the source term —pg into the flux and rewrite the
system (1.6)—(1.7) as follows:

pi+ (pv)y =0,
(pv)e + (pv* + w), = 0, (2.9)
By + (0(E + p))y = —pug,

which can be put into the vector form (1.6) with

p pu 0
qg=|pv|, G@):=|p?+w |, Sl@:=]| 0 |,
E v(E +p) —pvg

where w is given by (1.8).

2.2.1 Well-Balanced Reconstruction

We now describe a special reconstruction, which is used to derive a well-balanced CU scheme.
The main idea is to reconstruct equilibrium variables (p, pv,w) rather than (p, pv, E). For
the first two components we still use formula (2.3) to obtain the same piecewise linear recon-
structions as before, p(y) and (pv)(y), and compute the corresponding point values of p~*° and
(pv)NS, and then obtain v™S = (pv)N:S/pNS,

To reconstruct the third equilibrium variable w, we first compute the point values of R by
integrating the piecewise linear reconstruction of p,

py) =D (x+ (p)ely = 9r)) - X, (¥,

k

which results in the piecewise quadratic approximation of R:

Y

R(y) =g / pE)dE =g [Ay iﬁi 0y = Ypo1) + <p§)k(y —yp-1)(y — yk%)] “Xe, (4)-

i=kp,

Then, the point values of R at the cell interfaces and cell centers are

gAy _  g(Ay)?

k k-1
Rk+%:gAyZﬁi and Rk:gAyZﬁi—l-

| | h - B ) (210)
i=ky, i=kr,
respectively, and the values of w at the cell centers are set as
wy = pr + Ry, (2.11)

where pp, = (7v—1) (Ek - %vi) is obtained from the corresponding EOS (1.5) and v, = (pv)/py,.
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Equipped with (2.11), we then apply the minmod reconstruction procedure to {wy} and
obtain the point values of w at the cell interfaces:

Ay Ay
wy = wy, + 7(“@)1@7 wI§+1 = Wkt+1 — T(wy)kﬂ’

where

. Wr41 — W W41 — Wg—1 Wg — Wg—1
(wy), = minmod <0 Ay , Ay , 0 Ay ) )

Finally, the point values of p and E needed for computation of numerical fluxes are

P = Wy Rk+%a P = w,f R, 1
and ) )
v o i) ek (o))
ST Y 0 TR TS o
respectively.

Remark 2.1 In practice, it is convenient to compute the point values of R, 1 and Ry recur-
sively, that is, replacing (2.10) with

Rk-‘r% = Rk—% + gAyﬁkv

RkL*% = O, gAy_ g(Ay>2 k= k’L,...,kR. (212)

Ry, = Rk—% + 9 P 3 (py)kv

2.2.2 Well-Balanced Evolution

The cell-averages of g are evolved in time according to the following system of ODEs:

d _ _gk+% - gk—% —

—q, = . 2.1
dtQk Ay + Sk (2.13)

Here, the second and third components of the numerical fluxes G are computed the same way
as in (2.2):

b;_% (pE@Ilj)Q + wllj) - b;;r% (/)24-1 (UI§+1)2 + wl%—i—l)

2
Qki)l = e + Bt () = (p0)}) 5 (2.14)
’ kel T Pkl
b+ 1UN(EN _|_pN> _b— US (ES _l_pS )
3 k+1 k k k k+l k+1 k+1 k+1
Q,fﬁ; = —2 T bi + Bz (Ep — EY), (2.15)
’ k+3 k+3

while the first component should be modified in order to preserve the steady state (1.10):

N - S
G0 b:*é(/)v)k - kar%(pU)k-H CBH <|wk+1 —wi| Ykat+l — ykL;) (ps o)
p— l . — .
k+3 b;% — b’;% ta Ay maxy {wy } S

(2.16)
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Notice that the last term in (2.16) is now multiplied by a smooth function H, designed to be
very small when the computed solution is locally (almost) at steady state, that is, at the cell
interfaces where [2hti=el 0, and to be very close to 1 elsewhere. This is done in order to
guarantee the well-balanced property of the scheme as we show in Theorem 2.1 proved in §2.2.3.
On the other hand, the modification of the original CU flux is quite minor since H (1)) is very
close to 1 unless v is very small.

A sketch of a typical function H is shown in Figure 2.1. In all of our numerical experiments,

we have used (C)
H(y) = T+ (Co)m

with C' = 200 and m = 6. To reduce the dependence of the computed solution on the choice of
ykR_,_% 7ykL _%
Tmaxp{wn}

(2.17)

particular values of C' and m, the argument of H in (2.16) is normalized by a factor
which makes H (1)) dimensionless.

0.8

0.6

0.4r

0.2

Figure 2.1: Sketch of H(v).

Finally, the cell averages of the source term are approximated using the midpoint quadrature
rule as follows: B
S, = (0,0, —g(pv)e)" . (2.18)

2.2.3 Proof of the Well-Balanced Property

Theorem 2.1 The semi-discrete CU scheme (2.13)—(2.18) coupled with the reconstruction de-
scribed in §2.2.1 is well-balanced in the sense that it preserves the steady state (1.10).

Proof: Assume that at certain time level, we have

vy =vp =0y =0 and wy =wp = Wi = 0, (2.19)
where @ is a constant. To show that the proposed scheme is well-balanced, we need to show
that the right-hand side (RHS) of (2.13) is identically equal to zero for the data in (2.19). Since
the source term (2.18) vanishes for v, = 0, it is enough to prove that the numerical fluxes are
constant for the data in (2.19).

Indeed, the first components of the numerical flux, (2.16), vanish since v} = v}, = 0 and

Wy = Wgp1 = W (the latter implies H <|w’““_w’“| : ykR%_ykr%) = H(0) = 0). The second

Ay maxy, Wy,
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components of the numerical flux, (2.14), are constant and equal to @ since vj = vj,; = 0 and
wy = wj, = ©. Finally, the third components of the numerical flux, (2.15), also vanish:

Bk—l— 1

I(i)l 6k-+ (El§+1 - Ellj) Til (p§+1 —pg) = Tgl [( W1 Rk+ ) ( Ilj_ Rk+%)] =0,

. N_ S o
since wy = wyp,; = W. n

3 Two-Dimensional Numerical Method

In this section, we describe the well-balanced semi-discrete CU scheme for the 2-D Euler equa-
tions with gravitation. Similarly to the 1-D case, we rewrite the system (1.1)—(1.5) as follows:

Pt + (pu)x + (p'U)y =0,

(pu)e + (pu? +p)z + (puv), =0,
) (3.1)
(pv)e + (puv)s + (pv* +w), =0,
Ei+ (u(E +p))a + (0(E +p))y = —pvg
This system can also be written in the vector form (1.1) with
p pu pv 0
2
puU pus +p puv 0
q:= , Flq) = , Gl(q):= ) S(q) == :
pv puv pu° +w 0
E uw(E + p) v(E +p) —pug
where
Yy
wimp+ R Rt =g [ plog.0)de 3.2

3.1 Well-Balanced Central-Upwind Scheme

We consider a rectangular computational domain and partition it into the uniform Cartesian
cells Cjy, := [z;_1, xj+%] X [yk_%,yk%] of size |C} ;| = AxAy centered at (z;,yx) = (jAz, kAy),
] =JL,---sJr, kK = kr,...,kg. Similarly to the 1-D case, we assume that at a certain time
level ¢, the cell averages of the computed numerical solution,

q; () : Ax Ay // x,y,t)dx dy, (3.3)

are available.
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3.1.1 Well-Balanced Reconstruction

Similarly to the 1-D case, we reconstruct only the first three components of the conservative
variables q (p, pu and pv):

7 y) =30+ @)a(e —2) + @ aly —w), (9) € Cope i=123,  (34)

and compute the corresponding point values at the cell interfaces (.1, yx) and (z;,y;.1):

i ~(i ) Az
(q( ))Ek =g )(f’fj+% —0,41) —q};i + 7( ;(E))j,lw
i ~(i _) Az
(q( ))Xvk =gl )(ch,% +0,9:) = qj(,) - T(Clg(g))j,k,
i=1,2,3,

i ~(4 —(i Y, G
(@)% =T s = 0) =0 + = (65

(q(i))ik =g (wj,yk,% +0) = 45k — (qéi))jvk’

where the slopes (qg(c)) &, and (qy )k are computed using a nonlinear limiter, for example, the

generalized minmod limiter:

~ () —(i) —(9) ~ (1) —(i) _ =(3)
(¢®). . = minmod | 6 Qv — ke D+1,6 — 41k 0 4k — 95 1k
T gk Ax ’ 2Ax ’ Az ’ .
) _ =6 =6 _ =) =) _=() 1=123.
(q(i)) — minmod [ 6 Qik+1 — Dk Dir+1 — k-1 0 ik — 95k
y ik Ay 2Ay ’ Ay 7

We then estimate the one-sided local speeds of propagation in the z- and y- directions,

respectively, using the smallest and largest eigenvalues of the Jacobians %I; and ?951;
+ E E W w - _ [ E E W w
jp1y = AX (Wi + s U1k + G140 0) @y = WD (Wi = Gk Wk — s 0)
+ N N S s - _ (N N S s
bipey = max (5 + s Viksr + G 0) 5 bk = min (V5% = Gk Vi1 — Grans 0

where the velocities uf,, u)y, ,, v, and o3, | are obtalned from the identities u = (pu)/p and

v = (pv)/p and the speeds of sound cEk, ﬂl ks E\Ik and cj w41 are computed from the definition
¢ =p/p.

The calculation of the point values for the forth conservative variable F requires a special
treatment, which is different in the horizontal (z) and vertical (y) directions.

In the z-direction, we first compute the point values of p at the cell centers using the EOS

(1.5): ., .,
pik=(y—1) <Ej,k - (p“)j,;;:pv)j,k) :

and then compute the cell interface values of p using a nonlinear limiter, for example, the
generalized minmod one:

Ax Ax

—(Pa)jkr Pk = Pik — = (Pa)jiks

pEk = Pjk T 5 5
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where

. Pj+1,k — Pk Pj+1.k — Pj-1,k Pik — Pj—1k
. = minmod | 0 .
(Pa) ( Az ’ 2Ax ’ Az >

Equipped with these values, we then compute the required cell interface values of E:

pEk PEk 2 2 p% P% 2 2
B = 2+ ()" ()7) Bl = S () ())

Remark 3.1 As an alternative approach, one can compute the point values EJEk and EJV\,Q using
a piecewise linear reconstruction of the conservative variable E rather than p and still obtain a
well-balanced reconstruction. However, our numerical experiments (not reported in this paper
for the sake of brevity) indicate that reconstructing E in the z-direction leads to the loss of
symmetry in the computed solution.

In the y-direction, we follow the same idea as in the 1-D case. First, we compute the values
of R at the cell interfaces and cell centers in a complete analogy with (2.12):

Rj,k:Jr% = Rj,kfé + gAYP; ks

R, 1=0 2 | = Jr...-,Jr, Kk =kr,...,kp.
JkL—5 ’ gAy_ Q(Ay) J JL, y JR» L, sy VR
i Rik = Rjpy + =5 Pik = =5 (Py)in;

We then compute w;, as follows:
Wik = Pjjk + Ljk
Next, reconstructing w in the y-direction yields

Ay Ay
w}\jk = Wik + T(wy)j,ka sz',k = Wjk — 7( y) ks

where

( . ale Wikl — Wik Wjkr1 — Wjik—1 ) Wy — Wjk—1
wy);x = minmo ) ) :
Ay 2Ay Ay

Finally, the obtained point values of w are used to evaluate the corresponding point values p
from (3.2):

N _ , N S _ .S
Pik = Wip — Bjpets Pip =W — Rjp1,

and E from (1.5):

p?,lk I ((pum) + ((pv)%)

pe | ((0ws)" + ()]
N + )
v—1 2pj7k

EN,C —
’ v—1 QPJS',k

J

S
) Ej,k_

3.1.2 Well-Balanced Evolution

The cell-averages of g are evolved in time according to the following system of ODEs:

Ao T Fige Gy =Gy g (3.5)
dat Tk = Az Ay e .
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Here, F and G are numerical fluxes. Introducing the notations

+ - + -
a’,,a; bT b
it Ek Gtk d B gkt ikt
Qi+l = at —a- an ks T ht b )
Jtgk Titgk Gkts  ikts

we write the components of F and G as

+ E - W
}_(1)1 _ aj_,_%,k(pu)j,k - aj+%7k(pu)j+1,k
. —7k + _ —
ak ik = %iplk
| wjs1e — Wikl Thrti ~ Tri-4 W E
O H : LA 2 2 , — o
+ 04]4_%7]@ ( Ax maxj,k{wj,k} (p]—i-l,k p],k) ;
(2) a;éx(@30502 Pix) = +lJ?ﬂLﬁ“ﬂL02+pﬂmﬁ
S, = at
27 1, — a.
@ivlk 1k
Ty ((PU) i1,k (pu)j,k> ;
3) GL%,kPEkUEkvfiﬁ - a;%,kl)ﬂmuﬁm”ﬂl,k W -
-7‘—j+%7k = ot e + A1k ((pv)jJrl,k - (PU>j,k) )
J+3.k j+%,k
() a;lz, (Ej x T D k> + k J+1 k(EW1 k "‘pﬂm)
Lk T at . —a T Lk (B — Eji) -
J+3.k j+3.k
+
G B = B 0

Gk T bt b_
Jik+3 Jik+3

|wj,k+1 - wj,k| Yep+dl — Yp, 1 S N
+/6]1k+%H ( . 2 2 (pj’k—‘rl . p‘]’k) 7

Ay max; g {w;}
+ N, N - S S S
(2) bg k+3 py,kuy,kvmk bj,k+%pj,k+1uj,k+lvj,k+1 g N
gjyk% = F = + 5j,k+% ((pu)j,k-H - (pu)j,k) )
2 gktd T ikl
+ - S S 32 S
e b]’kJr (,0], (v}3)? 4w} )~ bj,k% (Pj,k;+1(“j,k;+1) + wj,k:-i—l)
kel -
S bj,k+% bj,k+§
+ ﬂj,k—i—% ((/)U)Js',kﬂ - (pv)ik) )
n bj’kJr%U;‘\,Ik(Efk + p?fk) - b;k+%vjs,k+1(EjS,k+l + p?,k—&-l) S
g kel = E—— +5j,k+% (E k1 — B k:)

b
dkts  ikts

where the function H in the first components of the z and y numerical fluxes is as before defined
n (2.17). The cell averages of the source term in (3.5) are approximated using the midpoint
quadrature rule as follows:

§j,k = (Ov 0,0, _g(p_v>j,k)T
Finally, we state the following well-balanced property of the proposed 2-D CU scheme.
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Theorem 3.1 The 2-D semi-discrete CU scheme described in §3.1.1 and §3.1.2 above is well-
balanced in the sense that it preserves the steady state (1.11).

Proof: The proof is similar to the proof of Theorem 2.1. |

4 Numerical Examples

In this section, we present a number of 1-D and 2-D numerical examples, in which we demon-
strate the performance of the proposed well-balanced semi-discrete CU scheme.

In all of the examples below, we have used a third-order strong stability preserving (SSP)
Runge-Kutta method (see, e.g., [12,13,32]) to solve the ODE systems (2.13) and (3.5). The
CFL number has been set to 0.4. Also, we have used the following constant values: the minmod
parameter § = 1.3 and the specific heat ratio v = 1.4.

4.1 One-Dimensional Examples

Example 1—Shock Tube Problem. The first example is a modification of the Sod shock
tube problem taken from [26,36]. We solve the 1-D system (1.6), (1.7) with ¢ = 1 in the
computational domain [0, 1] using the following initial data:

(1,0,1), if y < 0.5,

(p(y,0),v(y,0), p(y,0)) = { (0.125,0,0.1), if y > 0.5,

and reflecting boundary conditions at the both ends of the computational domain. These
boundary conditions are implemented using the ghost cell technique as follows:

Prp—1 =Pl  Vkp—1 = Vg, W1 = Wk,

ka+1 ::kau UkR+1 = _UkRu kaJrl = kav

where N := kr — kz, + 1 is a total number of grid cells.

We compute the solution using N = 100 uniformly placed grid cells and compare it with the
reference solution obtained using N = 2000 uniform cells. In Figure 4.1, we plot both the coarse
and fine grid solutions at time 7" = 0.2. As one can see, the proposed CU scheme captures the
solutions on coarse mesh quite well showing a good agreement with both the reference solution
and the results obtained in [26, 36].

Example 2—Isothermal Equilibrium Solution. In the second example, taken from [36]
(see also [24,26,34]), we test the ability of the proposed CU scheme to accurately capture small
perturbations of the steady state

ply)=e¥, vy =0, ply)=ge™, (4.1)

which satisfies (1.10).
We take the computational domain [0, 1] and use a zero-order extrapolation at the bound-
aries:
Pry—1°=Prp> Vkp—1:= Uk, W1 := Wy,

Pkp+1 "= Prpsy  Vkp+1 ‘= Uk, Wip41 ‘= Wgp-
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Density Velocity

s N=100 ogl © N=100
—— N=2000 Il ——N=2000

0.8

0.6

0.4

0.2

if

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Energy Pressure
35 ‘ ‘ ‘ 1.4 ‘ ‘ ‘
= N=100 = N=100
1.0, —— N=2000 ||

0.87

0.67

0.47

0.2}

.

0 0.2 0.4 0.6 0.8 1

Figure 4.1: Example 1: Solution (p(y,0.2), v(y,0.2), E(y,0.2) and p(y,0.2)) computed using
N =100 and N = 2000 cells.

Note that the boundary conditions on w can be recast in terms of p and p as

pkL—l - pkL + gAyﬁk;LJ ka+1 = ka - gAyﬁkR

We first numerically verify the well-balanced property of the proposed CU scheme by solving
the 1-D system (1.6), (1.7) with g = 1 subject to the initial conditions corresponding to the
steady state (4.1). We use several uniform grids and observe that the initial conditions are
preserved within the machine accuracy.

Next, we introduce a small initial pressure perturbation and consider the system (1.6), (1.7)
subject to the following initial data:

- — — _ 2
p(y,()) =€ y’ U(y,O) = 07 p(y,()) = ge Yy + ne 100(y—0.5) )

where 7 is a small positive number. In the numerical experiments, we use larger (n = 1072)
and smaller (n = 10™*) perturbations.

We first apply the proposed well-balanced CU scheme to this problem and compute the
solution at time 7" = 0.25. The obtained pressure perturbation (p(y,0.25) — ge™¥) computed
using NV = 200 and N = 2000 (reference solution) uniform grid cells are plotted in Figure 4.2
for both n = 1072 and n = 10~*. As one can see, the scheme accurately captures both small
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and large perturbations on a relatively coarse mesh with N = 200. In order to demonstrate the
importance of the well-balanced property, we apply the non-well-balanced CU scheme described
in §2.1 to the same initial-boundary value problem. The obtained results are shown in Figure 4.2
as well. It should be observed that while the larger perturbation is quite accurately computed
by both schemes, the non-well-balanced CU scheme fails to capture the smaller one.

3 -5

x 10~ ‘ ‘ ‘ x 10 ‘ ‘ ‘
10" . ---initial state 10t R -—-initial state
- - WB, N=200 - WB, N=200
/ | —WB, N=2000 —WB, N=2000
8F - Non-WB, N=200 8r + Non-WB, N=200

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 4.2: Example 2: Pressure perturbation (p(y,0.25) — ge=¥) computed by the well-balanced
(WB) and non-well-balanced (Non-WB) CU schemes with N = 200 and N = 2000 for = 1072
(left) and = 10~ (right).

4.2 Two-Dimensional Examples

Example 3—Isothermal Equilibrium Solution. The first 2-D example was studied in
[36]. We consider the system (3.1), (3.2) with g = 1 subject to the initial data that are in an
isothermal equilibrium:

__ P09y _ POY9Y

p(xa Y, O) = po€ "o, p($, Y, O) = Poe 7o, u(xaya 0) = U(xaya O) = Oa (42)

where py = 1.21 and py = 1, and the solid wall boundary conditions imposed at the edges of
the unit square [0, 1] x [0, 1].

We compute the solution until the final time T" = 1 using the proposed well-balanced CU
scheme on 50 x 50, 100 x 100 and 200 x 200 uniform cells. On all of these grids, the initial data
are preserved within the machine accuracy. On contrary, the non-well-balanced CU scheme
preserves the initial equilibrium within the accuracy of the scheme only, as can be seen in Table
4.1, where we present the L'-errors for both p, pu, pv and E components of the non-well-
balanced solution.

Next, we add a small perturbation to the initial pressure (compare with (4.2)):

pz,y,0) = poe” o 4 e po- (@OIHE=08) ) q0-3,

In Figures 4.3 and 4.4 (upper row), we plot the pressure computed by both the well-balanced
and non-well-balanced CU schemes at time T = 0.15 using 50 x 50 uniform cells. As one can
clearly see, the well-balanced CU scheme can capture the small pressure perturbation much
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N x N

p

pU

pU

E

20 x 50
100 x 100
200 x 200

1.05E-03
4.02E-04
1.63E-04

0.00E+-00
0.00E4-00
0.00E4-00

5.72E-05
2.07E-05
7.11E-06

9.61E-05
4.10E-05
1.57E-05

Table 4.1: Example 3: L'-errors for the non-well-balanced CU scheme.

more accurately than the non-well-balanced one. When the mesh is refined to 200 x 200
uniform cells, the non-well-balanced solution becomes better, but still less accurate than the
well-balanced one, see Figure 4.4 (lower row).

x 10 x 10

. M M

0.5

NN
NN

0.5 0.5 0.5

y X y X

Figure 4.3: Example 3: Pressure perturbation computed by the well-balanced (left) and non-well-
balanced (right) CU schemes using 50 x 50 uniform cells.

Example 4—Explosion. In the second 2-D example, we compare the performance of well-
balanced and non-well-balanced CU schemes in an explosion setting and demonstrate nonphys-
ical shock waves generated by non-well-balanced scheme.

We solve the system (3.1), (3.2) with g = 0.118 in the computational domain [0, 3] x [0, 3],
subject to the following initial data:

0.005, (z—1.5)*+ (y— 1.5)* < 0.01,

p(l‘,y,O)El, U(ZL‘,y,O)EO, p(x7y70):1_gy+{0 .
, otherwise.
Zero-order extrapolation is used as the boundary conditions in all of the directions.

We use a uniform grid with 101 x 101 cells and compute the solution by both the well-
balanced and non-well-balanced CU schemes until the final time T = 2.4. At first, a circular
shock wave is developed and later on it transmits through the boundary. Due to the heat
generated by the explosion, the gas at the center expands and its density decreases generating
a positive vertical momentum at the center of the domain. In Figures 4.5 and 4.6, we plot the
solution (p and vu? + v? at times t = 1.2, 1.8 and 2.4) computed by the well-balanced and
non-well-balanced schemes, respectively. As one can see, the well-balanced scheme accurately
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0.8 0.8}

02 04 06 08 02 04 06 038

Figure 4.4: Example 3: Contour plot of the pressure perturbation computed by well-balanced (left
column) and non-well-balanced (right column) CU schemes using 50 x 50 (upper row) and 200 x 200
(lower row) uniform cells.

captures the behavior of the solution at all stages, while the non-well-balanced scheme pro-
duces significant oscillations at the smaller time ¢ = 1.2, which totally dominate the solution,
especially its velocity field, by the final time T" = 2.4.
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