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to yield the geometric scaling factors in a self-consistent way.

Additionally, the order of the scheme is not fixed during the derivation of the basic algo-
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Compressible flows can be derived from our general formulation. Finally, we demonstrate the correctness of
General rectangular grids this second order scheme through application to several numerical experiments.
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1. Introduction

Numerical methods for the solution of systems of hyperbolic conservation equations of the form:

ou

5+V-F(u)_0 (1)
are very important for many areas of physics. Here the spatial integral of u corresponds to a conserved quantity and F(u) is
the corresponding nonlinear advection flux. The quantity u can be either a scalar (e.g., the density in the hydrodynamic con-
tinuity equation) or a vector quantity (momentum in the corresponding evolution equation), which in general depends on all
three spatial coordinates. Below we will investigate the case where - due to symmetries of the corresponding problem - u
only depends on two rectangular coordinates.

To solve this system of equations many numerical methods have been developed. As will be discussed later, it is necessary
for these numerical methods to conserve the quantity corresponding to u in order to correctly capture discontinuities
appearing in the solution (see, e.g., [20]). Traditionally, most of these numerical methods have been derived for Cartesian
coordinates. For many applications, however, the geometry of the problem demands for other sets of coordinates. For exam-
ple numerical investigations of stellar structure, geophysical models, simulations of accretion disc flows and analyses of po-
sitive columns can most efficiently be performed by making use of spherical or cylindrical coordinates.

To derive a scheme for curvilinear orthogonal coordinates we state the explicit form of Eq. (1) for a general rectangular
grid. For two spatial dimensions (with x and y denoting arbitrary non-Cartesian coordinates) this is:

S (% (hafi () + % (hlfz(u))> — 5(x.y) 2)

* Corresponding author. Tel.: +49 70712977683.
E-mail address: ralf.kissmann@uni-tuebingen.de (R. Kissmann).

0021-9991/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcp.2008.11.030


mailto:ralf.kissmann@uni-tuebingen.de
http://www.sciencedirect.com/science/journal/00219991
http://www.elsevier.com/locate/jcp

2120 R. Kissmann et al./Journal of Computational Physics 228 (2009) 2119-2131

possibly including some geometrical source terms S(x,y) on the right. These source terms can arise, when u is a vectorial
quantity. In this case the divergence of the tensorial flux function F(u) can yield (inertial) terms, which do not contain
any derivatives of u, when evaluated in non-Cartesian curvilinear coordinates. Since these source terms can be included
more or less trivially into the algorithm, we will concentrate only on the hyperbolic part of the base scheme. Additionally,
h; and h, are the geometrical scale factors, which depend on the coordinates under consideration, and f; and f, are the two
individual components of the flux function F(u).

In the present paper we will focus on finite-volume central schemes due to their generality, which make them basically
independent of the eigenstructure of the system of equations to be solved. This has to be seen in contrast to upwind schemes
(like, e.g., the Godunov scheme - see [10]), where a Riemann solver and a characteristic decomposition is applied. Therefore,
central schemes can be implemented in a universal way and can then be applied without change to different systems of
equations. The basis of these central schemes is the well-known Lax-Friedrichs method [9]. Over the years this scheme
has been improved by the development of higher order methods (see, e.g., [26,25,6] or [21]). Corresponding multi-dimen-
sional versions of these schemes were developed, e.g., in Refs. [1,3,2,5,17,23] and [22]. These, again were implemented
for unstructured grids, e.g., in Refs. [4,18].

One remaining problem with the early central schemes is that they cannot be used with an arbitrarily small time-step.
This is due to an accumulation of numerical dissipation (see, e.g., [16] for a discussion), leading to the problem that these
schemes are not suitable for steady state simulations. The solution to this problem was an integration over Riemann fans
of variable width, which is determined by the maximum local signal propagation speed. Thereby, a non-staggered fully dis-
crete scheme could be derived, which was then transformed into a semi-discrete form (meaning a scheme, which was devel-
oped for the limit At — 0). As is extensively discussed in [19], this form of the scheme has the advantage of a reduced
dissipation as compared to the fully discrete schemes. This is due to the fact that the fully discrete schemes obey a restricted
CFL stability condition (see [8] for a general discussion of the time-step limit), At ~ (Ax)?, which leads to an accumulation of
numerical errors due to the high number of time-steps. In contrast, the time-step of a semi-discrete scheme is determined by
the convective CFL limit, thus, allowing for much larger time-steps. An extension of this scheme to third order was presented
in [15], and the extension to multi-dimensions is discussed in Ref. [16].

All these schemes have in common that the change of the cell averaged conserved quantities is given as a function of their
point values on the cell boundaries. In order to compute these point values a reconstruction from the cell averages is re-
quired, the order of which basically determines the order of the resulting scheme. This reconstruction has to be chosen care-
fully to suppress spurious oscillations at steep gradients in the resulting flow. Here, different strategies may be applied, for
example the application of limiters such as minmod.

In this paper we will not discuss the fine aspects of the reconstruction - this has already been done by several authors
(see, e.g., [11,12,34,27,26,28,24,14,22] or [15]). We rather intend to develop the extension of the multi-dimensional semi-
discrete schemes to general orthogonal geometries. The resulting algorithm has a very general form: It is still possible to
choose the desired reconstruction, thus, leaving the choice of the order of the scheme to the user. In order to minimise the
numerical dissipation we stick to the idea of an integration over locally varying Riemann fans. The paper is organised as
follows: in Section 2 we start by deriving the scheme in a way that is independent of the resulting geometry and the
reconstruction. To enhance readability we will, however, derive the scheme only for two spatial dimensions. This deriva-
tion is easily extensible to higher dimensions (the results for the three-dimensional scheme are given in Appendix A). In
Section 3 we will consider the derivation of the special cases of plane polar and cylindrical coordinates from the general
scheme in detail, which is followed by a discussion of numerical experiments in Section 4. We end with the conclusion of
this paper.

2. General form for the semi-discrete scheme

Our starting point for the derivation of the general two-dimensional scheme for arbitrary orthogonal coordinates is Eq.
(2). Here we choose t" = nAt for the temporal grid and x; = hi(x,y)iAx, y; = ha(x,y)jAy for the spatial grid, where h;(x,y)
and h;(x,y) are the scale factors for the corresponding orthogonal coordinate system, which in general are given by the rela-
tion h; = \/g;. Here g; are the diagonal elements of the corresponding metric tensor. Thus, the individual cells C;; have the
extent x; & hy (x;,y;) 3¢ A and Y ha(x,¥))3 & leading to the cellular area:

ICyl = / / (& ndédn 3)

For every time—step we obtain a piecewise polynomial reconstruction of the desired order from the cell averages obtained at
the end of the previous time-step 7} := fi(x;, y;,t"). This reconstruction is given by:

w'(x,y) = Y Pl V)1 @
ij

where y;; is the characteristic function of the same cell and p;;(x,y) is the reconstruction polynomial for the same cell. The
reconstruction polynomial has to fulfil:
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= 1 [ [ e (e mdzd 5

Uj =167 pii (& mhi (& mha (& m)dédn (3)
Cul )y,

This piecewise polynomial interpolant may be discontinuous only at the cell boundaries x = x;,; ory = Vi In a short time At
these discontinuities can propagate a small distance, which depends on the local signal propagation velocity. The regions, in
which such discontinuities can occur are highlighted in Fig. 1, where a cell for a non-Cartesian grid is visualised. Their extent
is determined by the local maximum of the signal propagation velocity. Here the dark grey areas may contain discontinuities
in both of the grid directions, whereas the light grey areas may only contain such in one of the grid directions. In this work
we will be using the following estimate for these sub-regions of the cell Cj;:

— + -
Dij+% = [hl (xi—%7yj+%)xi—% + ai %J+%At7 h1 (X”%J’H%)XH% - ai%,ﬂ%Aq

x Mo (X, Y1)V = bij A Mo(%0, 30051 + b AL 6)
Di+%J = [ (Xi+%7yj)xi+% - ai;%J‘At? hy (Xi%?yj)xhr% + a;%jAt]
% [h2 (X g Yj )Yy + by sAL ha(Xiyy, Y)Y = by Al (7)
Disggeg = (g Vg hisg = Gigg A g, Yy iy + 61y, A]
X [hZ (Xi+%7yj+%)y1‘+% - b;%]+%At’ h2 (XH%’ijr%)ijr% + b:r% +%At] (8)

Here a* and b* are the maximum physical propagation velocities of any signal to the right (+) and left (—) in the x- and y-
directions, respectively. These can also be specified by a mathematical expression:

, 9 , of
), = max {Am (a%(u; %J)> , max (a*fl}(”fgj)) , 0} (9)
. 9 , ofi, _
a;.,; = —min {/lmm (a—ﬁ (ug%j)) » Amin (£ (ui%j)) ; O} (10

where Znqx and A, are the largest and smallest eigenvalues of the Jacobian of; /du, respectively. The corresponding propa-
gation velocities b7, ; in the y-direction are defined in a similar way. Here uilj are the left-/right-handed pointvalues at cen-
1,

i+
tre of the cell faces, which can be obtained from the polynomial reconstruction by:
ui:,%_j = pi+],i(xi+%7yj) and ”,1%; = pi,i(xi+%>yj) (11)
With the above definitions for the possibly non-smooth regions the smooth central region is given as:
Dij = [hy (Xi—%7yj)xi—%7 h (Xi+%7yj)xj+%] x [hy (Xi7yj—%)yi—%? hy (thj}%)y]#%} \ U[Di.ji% U Dii%j U Dii%.ji%] (12)
+

The desired numerical scheme can now be obtained in a three-step procedure. First Eq. (2) is integrated over the individual
sub-areas of the cell introduced above and over one time-step [t", t"*!]. This yields local cell averages for the next time-step

Tit1

Fig. 1. Cellular structure for a non-Cartesian grid. Here we show nine cells, where only for the central one C;; the regions that possibly contain
discontinuities are highlighted by the grey areas. D;;, at the same time, indicates the smooth central sub-region of cell Cj;.
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t"*! (denoted as @] for Djj, w”*il, for D;j.y a)””J for D;.;; and @[, for Dy,y;.4). Secondly a piecewise polynomial recon-

struction is obtained from thesecell averages. This is written in a Sirhilar way as in Eq. (4):

(bnﬂ(x,y) = Z {wnﬂlu + a)wlx,ﬁé + C!)Hr J}/Hl + (l)Hr ﬁl)m Hz] (13)
ij

Finally this reconstruction polynomial is projected back to the original grid (as was done for the first time in [13]) to yield cell
averages again:

= \C\/ / @™, mhy (&, )y (€, mdedy o
ij

So far we have essentially discussed the derivation of the fully discrete scheme. As discussed in the introduction, we aim to
derive a semi-discrete scheme. Taking, thus, into account that we will from now on be using At — 0, we find for the area of
the corner regions: Dy, ;.| = O(At?) - in the following we will indicate areas by the use of vertical bars. Due to the fact that
the area of the other regions which may contain discontinuities are of order At, the corner regions can be neglected in the
semi-discrete version of the scheme. Keeping only terms up to the order of At, we thus find, for the regions possibly contain-
ing discontinuities defined by Eqgs. (6) and (7):

1J+1 [hl( z__7y1+ )Xl—-: hl (xi+;-:yj+%)xi+%} X [hZ (xiv.ijr%)ijr% - b;H%Atv h2 (xi7yj+%)yj+;— + beSJr%Aﬂ (15)
D;.; 1" = [hi(x thj) i1~ ,;%_J-Af» hl(XH%-,}’j)XH%-Fa;%JAﬂ X [hZ(XH%’yj—%)yj—%v hz(xi+%7yj+%).}’j+%} (16)

For the intersection of the regions D;,; and Dj,,; with the cell Ci; we now introduce the notation:
Si‘ji%:CiJmDiji% and Sii%.j:CiJmDii%.j (17)
Making use of this notation we find for the relation between @' and @™ in the different regions:

/ w”“(c M (& mha (&, mdédn =[Sy |07 + O(AL) (18)
S

/ / O (&1 (& e ) =[Sy |1 + 0(A2) (19

i3,

In the semi-discrete limit we will neglect any quantities of order ¢’(At?). For the smooth central region of the cell, however,
we find without any approximation due to the conservation property of the reconstruction:

/ / L E MR (& mha (&, pydedn = Dylof! (20)

Thus, the only ingredients that are still missing for the computation of the scheme are the areas of the sub-regions and the
local cell averages at the next time-step. In the semi-discrete limit the area of the non-smooth regions is approximately:

s

‘Si.ji%

o~ a,ﬂ AL hy (X1, ¥;) Ay (21)
~ B (45 Y3.)Ax b AL (22)

Together with Eqgs. (18) and (19), we thus find:

ha (X1, ;) Ay
@l _ 2’7 F ool n+1
limar o At|Cu| // lil hi(&mha (& m)dédn = Ci] a[izj i%%wii%j (23)
hy (xi,y;.1) AX
n+1 JE5 ¥ : n+1
limy o~ At|Cu| / / %yhl (& mha (& mdedn = ——="r—b;j.y lim o) (24)

The local cell averages are now obtained by integrating Eq. (2) over one time-step and over the corresponding sub-domains.

The temporal and spatial integration yields for cu"“ (the cell average for the region D, i
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n+1 .y”% —  n
(( i+l +a1+ J)hz( H»17yj)Ay) i+l = K/ ( i+l JpH»]j( i+] ’1) +ai+%_jpi‘j(xi+%7n)
g
(AP Kigo 1) = 2 (P X)) Yoy, 1) (25)
and for the region D,
Xil _ . .
((b::/+l + bl_H )hl (xhyj+ ) )w,n;:r]% = /x ’ (b:;+%p1n1+1(57yj+%) + bl]+%p?](€7yj+%) - (fz(p?‘/+1(§y]+%))
(>
— Fa (P& Yp)) ) Y (€ yyp) e (26)

Even though we have the advantage that the central region does not contain any discontinuity, the corresponding expression
is nonetheless the most complex to arrive at. Integration of the expression du/dt over the central part (in the semi-discrete
limit, where this region is assumed to be of the same shape as the cell) and averaging over one time-step At yields:

_ 1 _ B Vil
AeDyl(@f — ) ~ 5 (Dulw"” (cuu;’JaH%J-At [ by et g
yj,%

—a; At j'fpfj<xi_%7n)hz(xf_%,n)dnfbiﬁ%At / Py (6 i) dé

2

~bjj At / Fpyle &Y (E,y;y) dé )) (27)

X1
)

where | D;; | is the area of the central region of the cell D;;. Integration of Eq. (2) over D;; together with an averaging over one
time—step then results in the following expression:

ot Ml 1 o(h 57 1 ahl éy P
oDyl (@3 — ) :—/ TG m((z( a’? W), A (az)Z(u))>h1(€,ﬂ)hz(cﬂ1)dédﬂ

Vi1
~ - / " (o (s M (P (s 1) = Mg (P iy, 1)) )
Y.

- /xXH% <h1 (Y2 (Pij (& Y5p) — (& yy) 2(pi.j(5vyjf%))) dc e

The combination of Egs. (27) and (28), thus, leads to the following result for the central smooth area of the cell:

+

|Du‘ —n+l _ an a":f%J Y
llmAtﬂo |C | CL) - uij = = ‘Cij| pij(xi+%7 ﬂ)hz (Xl ’7) d” |CU|
Jl Jy.

1 -1
L) 2

pu( 3 Mha (X, 1) dn

bu+2

‘Cl‘]| / pl] C y]+—)h1(g yj+2)dé - |(I:‘-I”T / pl] gayjf-)hl(é yj——)d

e / (Mo gy By (%30 ) — ooty 1 B3y %) )

e / (M YhPy(Eyy) — ME Y h(Py(Ey;y) ) de (29)

Finally we have to join all the above to find the evolution equation for the individual cell averages. Evaluating Eqs. (13) and
(14) in the semi-discrete limit we find for the temporal evolution of the cell average ii;;:

d — n+1 n+1 3 3
0 = Iim e (Z /] [ ofgimie e mdsdn + / / @1 (& mhaE, mded

P |D1J| n+l _ gn
+i‘t§%m<\c,j|w i (30)

Inserting all relevant quantities, yields - after a little algebra - the following result:
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d 1 il 4 n
a0 = ey [ (@ Pl g 1) = Pl 1) ooy
i+ i3
1 y’+l
et | (O P ) B g ) s
i3 : ny%
L[ e b " h (&, de
bﬁl‘ci.j‘ e ( ij+} ij+%(pij+1(§7yj+%)+pi.j(57yj+%))> 1(—7yj+%) S
2 T
LI R n( h de
bji]‘cu‘ | ( ij— % ij— %(pu(f y}——) P,J,l(c,yj,%))) 1(673’}'—%) <
4lG,
1 yj+% = n h d
&) (G431 (g 1)) + @ F (P 3 ) ) Pz (g ) i
2 i
1 yﬁ%
a ‘Ci,i| (‘11 %fﬂ(pu( 1—7717 +a Jf1 pz 1j Xxﬂv”l)))hZ( 17%777)‘1'7
i3 Yig
LI e N X e bE (o (Eyi) d
_bﬁﬂfu\ - ( ij+17f2(pi_j+1(g7yj+%))+ ij+%f2(pi,j(g>yj+%))) 1(57}’,4;) 4
20 i
1 il _ . .
bji:] ol Je 12 (bij,%fz(P?J(Qyj,%)) + bi:;%fZ(pqu(f»yifl))>hl(éyyi7%) d¢ (31)
11Ci,
where we introduced the abbreviations:
Oy =a,; + a5y, (32)
= b+ by (33)
Whenever the area of the cell can be approximated to a sufficiently high degree by:
|Cijl = h1(xi, y;) A hy(xi, y;) Ay (34)

we can derive a convenient form of the evolution equation. By the introduction of the functions F and G this is:

Fiai(t) —F;1;(t Gi»lt—Gi-,lt
d i (6) = 1 1i(0) 1 )+ 33 (6) = Gy (E) 35)
dt hi (x:,y;)ha (xi, ;) Ax Ay
where F and G are given as:
1 yj+%
Foas®=gegy [ (GO 10) 6 B y) (36)
2 ]’7
fa:%ja;lxp?j(xi,h M) = Pl (g 1) ) ha (i _y, 1)
1 X+2
G0 =5 i, ) (s Pl (E1)) + by o (P (E31p) (37)
_buf% i‘j—%(pyj(évyjf%) —P?j71(57}’17%)))h1(573/];%)‘15
We note:

e The CFL condition to satisfy the stability criterion for the above explicit scheme is given the constraint that the regions
containing the Riemann fans must not intersect. This is ensured by:

At < min (hl(xii%’yj)AX 1 oY) Ay 1 ) (38)

2 max(a;, + 29)’ 2 max(bfi% +19)

o Be aware that the functions F and G are no direct approximations to the physical flux functions. This is due to the presence
of the scale factors in the corresponding equations, because these are in general dimensional quantities. To obtain approx-
imations of the physical flux functions, the order of the scheme has to be specified, thus determining how the integrals in
Egs. (36) and (37) are to be evaluated. Thereafter the scale factors can be included into the evolution equation itself.

e The scheme is also valid for a Cartesian mesh. In this case all geometrical scale factors are unity. Thus Eq. (35) is trans-
formed into the same form as Eq. (3.30) in [16]. The same is true for the corresponding flux functions given in Egs.
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(36) and (37), which are reduced to the corresponding Eqs. (3.34) and (3.35) in [16] when the integrals are evaluated using
the second order midpoint rule.

Eqgs. (35)-(37) represent a general form for the multi-dimensional central scheme for arbitrary grid-geometries. The
important point is that the geometric factors are introduced self-consistently. Thus there is no discussion as to where they
have to appear. Apart from that, the scheme was derived in a most general way. To derive an actual workable scheme one has
to choose the desired order of the scheme and the grid geometry. The order is fixed by the choice of a corresponding recon-
struction polynomial, which then also determines the form of the integrals over the cell boundaries. To illustrate this behav-
iour we will derive a scheme for plane polar coordinates in the next section.

3. Special form of the numerical scheme

Many problems in physics have inherent symmetries, which suggest the use of a plane polar grid geometry to solve these
problems. Therefore, we will illustrate the derivation of a working scheme from the general results given in Section 2 using
the example of plane polar coordinates. For these we have the following coordinates and geometrical factors:

*y)=(r.¢), (hhy)=(1r) (39)

Obviously the geometrical factors only depend on the first coordinate (and, thus, only on the index i). Apart from that, Eq.
(34) is the exact form for the area of a cell in plane polar coordinates. Therefore, we can use Eq. (35) to derive the scheme in
plane polar coordinates, yielding:

d_ Fiyj(6) = Fi5(6) - Gijpa(t) = Gyja(8)
a0 =- Ar B riA¢ (40)
together with the order independent numerical flux functions evaluated from Egs. (36) and (37):
rlf_ d’vl
Figy(t) = — wd )y, ( F O ) Ay m) — 0y ar By ) = Py ) dn (41
1 il _
Gi\if%(t) bi1AT / (bu -fz(pu(‘f d’lﬁ)) + bx] fZ(pu 18 (/)]——)) IJ—lbu—-(pz](g ¢]——) p?j—l (& ¢]7%))) d¢ (42)

To be able to evaluate the above integrals we chose the resulting scheme to be of second order. Thus, the midpoint rule is
sufficient for the computation of the integrals. In this case we find for the numerical fluxes:

1,_

F.
ai r,

1—%,}‘(’:

( W_;fl pz] rlfﬂd)j +a ffl p1 14 rzﬂvqu)) a._ 1j 177‘/(pu(r1777¢1) p?—lj(rif%vqﬁj))) (43)

G, a(t) =

ij—3

bi (bl,/ _f2(p1,/(r1> (,15]7,)) + bu fl(pl,/ l(rH d) )) bzflbu——(pu(rl ¢) ) - p?j—](rh d)j—%))) (44)

For the reconstruction polynomial we use the following prescription in order to guarantee the non-oscillatory behaviour.

n 1 _ 1 . .
pu(r,;%,q&j) = zAr ug; pi ”(rlf_, ¢;) = Ui +§Ar u; ;; with
U? 1j u1n+1J uln—l.j u:1+1] u;".lj
up; = m1nmod< AT SAT ,0 AT (45)

with corresponding definitions for the ¢ direction. Here a larger 6 € [1, 2] corresponds to a less dissipative but still non-oscil-
latory limiter. This limiter was already discussed in Ref. [34]. It is explicitly defined by:

sign(a) min(|al, |b|,|c]) if sign(a) = sign(b) = sign(c)

46
0 else (46)

minmod(a, b, c) := {
For this limiter it can be shown that the reconstruction is not only non-oscillatory but also total-variation diminishing (TVD)
(see, e.g., [16]). This reconstruction guarantees oscillations to be suppressed at steep gradients as will be shown when the
different tests are discussed.

Finally, for the time integration we use a third order TVD Runge-Kutta scheme as is given in Refs. [30,31], which com-
pletes our algorithm. We will use this scheme to demonstrate the feasibility of this approach by several test-cases in the next
paragraph. Since one of these numerical experiments is actually using cylindrical coordinates, we will, however, first intro-
duce the corresponding scheme.

For (fully three-dimensional) cylindrical coordinates the scheme can be derived in two equivalent ways: either the
scheme is derived from the general prescription given in Appendix A, or the above scheme for plane polar coordinates is just
extended in the z-direction. Here we just state the result. Using the following coordinates and geometrical factors:

(X7y7z):(r7¢7z)v (h17h27h3):(17r71) (47)
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we find for the scheme in cylindrical coordinates:

gﬁi.jk(t) _ Fiigja®) = Figja(©  Gijgr(0) = Gijpe(6)  Hijpeiy (6) = Hiju g (6) (48)
dt Ar riAd Az
with the numerical fluxes:
Tidk /
Fiyju(t) = ﬁ (a3 us Py 65, 20) + 0y i PR Ty 65 20) (49)
2
7ait%_j1ka[_7%j,k(pgj.k(ri—%v b5 2) = P julTioy &y, Zk)))
1 _
Gij () = b (bi,j—%‘ku (Pl (Tiy b33 20)) + by fa (Pl (T, 5. 24)) (50)
=2
_brj—;—.l<bgj—%.lc (P (T, ¢j7%:zk) = Pijax(Ti, ﬁb,;%,zk)))
1
Hijp () = o <C,7_j_k,%f3 (Pl 655 2ky)) + €1 f3 (D (11 65,21 )) (51)
P 2

¢y Pliaris 83:20y) = Pl (s 3. 2.4)) )

The time integration and the reconstruction are done in an analogous way to the scheme in plane polar coordinates.
This concludes the derivation of the schemes applied in the numerical experiments to be discussed in the subsequent
section.

4. Numerical tests

To demonstrate the validity and study the accuracy of our numerical scheme we performed several numerical experi-
ments based on the so-called Euler equations. These are a system of hyperbolic equations describing compressible hydrody-
namical flows. They are given as:

op

=V (52)
@(gtu) =-V.(puu+pl)+S (53)
oe

5= V- (e+puw (54)

where p is the mass density, u is the flow velocity, p is the pressure and 1 is the unit matrix. The pressure is connected to the
total energy density via:
p 1,
e=——+=pu 55

-1t 2P (55)
Due to the tensorial character of the fluxes for the momentum equation, we have to include additional source terms to Eq.
(53). In particular, we find for our cylindrical coordinate system that we have to include source terms for the r and ¢ momen-
tum equations. Specifically, these are the inertial terms

_pvi+p —pViVy
r

S and S; = (56)
In the subsequent paragraphs we describe several numerical experiments using the Euler equations, which will serve as tests
for different aspects of the numerical scheme. For the following numerical experiments please be aware that all of the quan-

tities will be given in non-dimensional form.
4.1. The order of the scheme

To verify the order of the scheme we used two simple tests in plane polar coordinates. For the first we advected a small
amplitude sine-disturbance in the azimuthal direction for one full revolution. Setting the radial velocity to zero this test can
be shown to correspond to a Cartesian advection test and indeed yields the same results. In particular the form of the dis-
turbance is conserved by the scheme and it approaches second order for high spatial resolutions.

For the radial direction we adopted a simple advection test introduced by [33]. This test is initialised by a constant density
and a velocity field proportional to the radial distance from the origin of a cylindrical coordinate system (v, = vor). Keeping
the velocity constant with time we find for the temporal evolution of the density:

p(t) = poe ™" (57)
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As suggested in [33] we integrate the decaying density up to time t = 6, where we have chosen vy = 1. Thus, we have a
change of the density of more than five orders of magnitude.

To investigate the order of the scheme we compared the numerical results for several spatial resolutions (the radial do-
main extending from r = 0.4 to r = 2.5 was partitioned into 16-256 cells) to the above analytical solution. We show the
dependence of the corresponding normalised error on the number of grid-cells in Fig. 2. Obviously the error decreases qua-
dratically with increasing spatial resolution. Thus, the scheme is still of second order despite the presence of the geometrical
scale factors.

4.2. The Sedov explosion in plane polar coordinates

A numerical experiment which is particularly suited for the test of a code on a plane polar grid is the Sedov explosion
problem (see [29]). In this test a localised enhancement of the thermal energy is injected into an otherwise homogeneous
and static background medium. This energy enhancement evolves into a radial blast wave in a self-similar fashion. The prob-
lem is similar to the shock tube test problem used for one-dimensional tests on Cartesian grids (see, e.g., [32]) in that there
exists a semi-analytical solution. Thus, it is possible to test whether the code yields the correct shock-strength, -location and
-speed. This is a condition which has to be fulfilled by every conservative code. Therefore, it is a good indication to find out
whether the geometrical factors are correctly implemented.

The Sedov problem is initialised via a localised pressure enhancement at the origin of the form:

€ 3e
Cinit = Vi (0 2)mor1 (58)
Here, y is the adiabatic exponent, which is chosen to be y = 1.4 for all Sedov tests in this work. € is the energy to be added to
the simulation domain and V,; is the volume of the region, into which the energy is added. On the right hand side we state
the expression in an explicit form for an arbitrary number of spatial dimensions, where r denotes the distance from the origin
of the coordinate system. Here v = 1 corresponds to the two-dimensional (planar) Sedov explosion and v = 2 to the genu-
inely three-dimensional case.

We solved the Sedov problem for cylindrical coordinates on a radial grid from O to 0.5, which was decomposed into 200
equidistant cells in the radial direction. For the azimuthal direction and the vertical direction we only used a single cell in
this test. Hence it is a one-dimensional test of the plane polar coordinate system. The background thermal energy was chosen
as ey, = 107° and the blast was initialised with an energy of € = 1, which was distributed over the three inner grid-cells. The
time-step for the simulations was adapted such that the CFL number never exceeded 0.4.

The results of the corresponding simulations are compared to the semi-analytical solution in Fig. 3 for the normalised
time t = 0.1. Obviously the numerical solution for the density and the velocity perfectly fits to the analytical results. This
leads to the conclusion that the pressure part of the source term S, and also the geometrical factors are indeed given correctly
in our formulation. The correctness of the other directions will be tested by further simulations, which take more general
geometries into account.

4.3. Sedov explosion in cylindrical coordinates
Naturally the above test can be made for any grid geometry. After having shown that the radial part of the Euler equa-

tions is working correctly, we now have to take care of the other components. For the first of these tests we again make
use of the Sedov problem. This time, however, we investigate the Sedov problem in three spatial dimensions. We are using

10°L

-
Ce
S
Ty
PR |

10°® I
10 100

Grideells

Fig. 2. Dependence of the relative numerical error of the density on spatial resolution. The solid line corresponds to a quadratic decrease of the numerical
error.
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Fig. 3. Results for the Sedov explosion problem in plane polar coordinates at time t = 0.1. On the left the density is shown as a function of the radius. On the
right the velocity is shown in a similar fashion. In both figures the analytical solution is superimposed as the solid line.

cylindrical coordinates, thus yielding a test-case for which the evolution of the shock is not aligned to either the r or the
Zz-axis.

The simulations were done with a resolution of 200 grid-points in the radial and the z-direction. For the azimuthal direc-
tion we again took only one grid-point into account (the correctness of this direction will be confirmed by the next test-prob-
lem). Results of these simulations are depicted in Figs. 4 and 5. In the former of these we show contours for the thermal
energy and the density. Obviously the spherical nature of the problem is nicely captured by the code. Now we have to check
whether the speed and the strength of the radial shock wave are also computed correctly.

To show this we computed a scatter plot for the different quantities, i.e., we plot the value of the individual quantities
over the distance to the origin of the blast wave for each individual cell in the computational domain. The corresponding
results for the density are given in Fig. 5. Also in this numerical test the data nicely follow the analytical solution. As in
the preceding test the shock again can be seen to be at the correct position with the correct strength.

Thus, we can conclude that on one hand, the geometrical terms are correct for the radial and the z-direction, and on the
other hand, the code is still sufficiently conservative to yield the correct shock solutions, even though the inclusion of the
additional source terms might disturb this feature of the code. Now we finally come to a numerical experiment, which
can be used to demonstrate the correctness of the code also for the azimuthal direction.

00 01 02 03 04 05 00 01 02 03 04 05

Fig. 4. Results for the Sedov explosion problem in cylindrical coordinates at time t = 0.08. On the left we show the thermal energy distribution and on the
right the density. These quantities are shown for a given ¢, where the radius goes to the right and z to the top.
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Fig. 5. Scatter plot for the density for the Sedov problem. The individual data-points indicate the density at all grid-points in the numerical domain. The
density values are plotted as a function of the distance from the origin of the explosion. The data are given for the time t = 0.08.

4.4. A general problem

The most general problem to be investigated as a test here is the classical Shock tube problem, which was already men-
tioned above. This test can be used as a strictly one-dimensional problem in Cartesian geometry. Here, however, we will ap-
ply this test to plane polar coordinates, which are clearly not adapted to the problem.

This numerical experiment is initialised by the introduction of a contact discontinuity at x +y = 0.5, with different den-
sity- and pressure-values on both sides of the discontinuity. In particular we choose for the initial conditions:

10,100] if 05
[P(X),p(x)]:{[ ,100] if x+y <

59
[1,1] ifx+y>05 (59)

where the adiabatic exponent is again chosen to be y = 1.4. This is a modified version of the original problem, which yields
even stronger shocks (see, e.g., [7]). Like in the preceding tests there exists a semi-analytical solution for this problem. Thus,
we can investigate the results in a similar manner as done above. We used the analytical solution to prescribe the boundary
conditions at ¢,,;, and ¢ At Tmin and rme We used extrapolating boundaries. We decided to use the analytical solution at
the ¢-boundaries in order to avoid any spurious oscillations, which might be introduced by an extrapolation procedure near
the resulting shock wave. The simulation was run with a spatial resolution of 200 grid-points in the radial and the azimuthal
directions. The time-step was changed adaptively so that the CFL number never exceeded 0.2.

Due to the fact that the geometry of the numerical grid does not fit to the problem this setup constitutes a test for all the
geometrical factors and also all the momentum source terms included in the scheme. Due to the presence of the resulting
shock wave we can also test the conservation properties of the code.

In Fig. 6 the resulting thermal energy contours are shown. It is obvious that the shock front is very straight even though
the coordinates are not adapted to the problem. Also there are no apparent spurious oscillations. As in the previous tests,
however, we have to quantify the results in order to make sure the shocks are correct with regard to their strength and posi-
tion. To this end we show a scatter plot for the resulting density in the same figure. The individual data-points are given as a
function of their perpendicular distance to some reference line parallel to the initial contact discontinuity. In this plot the
initial discontinuity was at x = 0.5. The comparison to the analytical solution (shown in red) demonstrates the excellent
agreement of the numerical results to the analytical predictions. As in the previous tests the shocks are again at the proper
position with the correct strength. Moreover, there are no spurious oscillations.

The same test was run with a similar configuration for a 3D system in spherical coordinates. The results were similar to
the ones shown for plane polar coordinates. Again, the shock was in the correct position with the correct strength. To keep
this presentation concise, however, we refrain from discussing this numerical experiment.

After this test, we can conclude that the numerical scheme has been derived and implemented correctly. There are no
problems originating from the geometrical factors or the source terms in the numerical scheme. Obviously the resulting
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Fig. 6. (Left) colour contours for the results of the shock tube problem in plane polar coordinates. Shown is the thermal energy. (Right) scatter plot for the
density of the shock tube problem in plane polar coordinates. The data are compared to the analytical solution (shown in red). In both plots we see on the
left the undisturbed medium followed by a rarefaction wave. The sharp increase of the density is a contact discontinuity, which is finally followed by a
shock. Both figures are given for time t = 0.08. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

scheme is still sufficiently conservative so that shocks in the numerical experiments are reproduced correctly regardless of
their orientation with respect to the grid.

5. Conclusion

In this paper we have constructed of a numerical scheme for the integration of hyperbolic partial differential equations on
general rectangular grids. The scheme has been constructed in a most general way leaving the choice of the order of the
scheme through a choice of the reconstruction polynomial to the user. After the general derivation we demonstrated the
construction of an actual numerical scheme from the general equations. For this we used the example of plane polar and
cylindrical coordinates.

For this scheme we showed several numerical experiments, for all of which we found excellent agreement of the numer-
ical results with corresponding analytical solutions. Thus, we were able to demonstrate the correct derivation and imple-
mentation of the scheme.

The method introduced in this paper can easily be extended to more than two dimensions. The resulting scheme is a
straightforward extension of Egs. (35)-(37). It can be shown, that the intuitive extension directly yields the correct results.
We will, however, refrain from doing so in this paper due to the huge amount of algebra. Instead we will just give the cor-
responding results in Appendix A.

In realistic physical systems the conservation of quantities such as mass, energy and angular momentum plays a very
important role. The appearance of source terms in the momentum equations on the right hand side may formally destroy
these conservation properties. We point out that in the case of the important angular momentum a minor reformulation
of the equation will explicitly bring it into conservative form again.
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Appendix A. The three-dimensional scheme

The general scheme for three dimensions can be derived in an analogous way to the two-dimensional scheme. Here we
will only state the results skipping the lengthy algebra. For the temporal evolution of the cell average u(x,y,z) we find:
d_ Fiiji(®) = Figje(®) - Gijyage(6) = Gijoage(6)  Hijpea(6) — Hijp a(6)

—Uii(t) = — — — A]
ijk ijk ijk
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where the numerical fluxes F, G and H are given as:

k+2
Fl——jk ai] / / dﬂdahz( i-4 ’770')h3(xif%77170) X ( i kal(pl_]k( 17_777 O- +a kfl pl 1_1k 1—-7’1 0)) (Az)
_atl‘jkaiil)jk<p2j.k( iﬂv'/lv ) p: 1,;k 1—7 n,0 ))
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Here we indicated the volume of the cell as | Cjj |.
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