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Abstract. This paper contributes to apply both the direct Eulerian and Lagrangian
generalized Riemann problem (GRP) schemes for the simulation of compressible fluid
flows in two-dimensional cylindrical geometry. Particular attention is paid to the treat-
ment of numerical boundary conditions at the symmetric center besides the zero ve-
locity (momentum) enforced by the symmetry. The new treatment precisely describes
how the thermodynamical variables are discretized near the center using the conser-
vation property. Moreover, the Lagrangian GRP scheme is verified rigorously to sat-
isfy the properties of symmetry and conservation. Numerical results demonstrate the
performance of such treatments and the symmetry preserving property of the scheme
with second order accuracy both in space and time.
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1 Introduction

The simulation of compressible fluid flows in cylindrical symmetric geometry has been
received great attention due to practical demands [2,10,11] and numerical difficulties as
shown in [1, 6,12, 16-18,24, 35,36]. The difficulties lie in the prevention of wall-heating
phenomenon near the center [31], the alleviation of the large distortion of Lagrangian
mesh [33], the symmetry and positivity preserving [16-18,35], and the conservation of

*Corresponding author. Email addresses: ruichen@bupt.edu.cn (R. Chen), 1i_jiequan@iapcm.ac.cn (J. Li),
Tian baolin@iapcm.ac.cn (B. Tian)

http:/ /www.global-sci.com/ 1523 (©2018 Global-Science Press



1524 R. Chen, J. Li and B. Tian / Commun. Comput. Phys., 24 (2018), pp. 1523-1555

momentum and total energy [28] etc, besides the accuracy requirement [30]. There are
quite a few works about this issue in literature. For example, in [16] Cheng and Shu
propose a cell-centered Lagrangian scheme with preservation of symmetry and conser-
vation properties, using an equal-angle-zoned initial grid. The area-weighted method
is widely used in spherical symmetry preservation in two-dimensional cylindrical co-
ordinates with the sacrifice of strict momentum and total energy conservation [14, 28].
In [35,36], Vichal and Wendroff study a staggered grid Lagrangian scheme to maintain
spherical symmetry exactly on an qual-angle-zoned grid. For numerical boundary con-
ditions at the symmetric center, people mostly set zero velocity and use a symmetric
extension for thermodynamical variables by using the property of symmetry [16,35,36],
in addition that the conservation laws are adopted to derive the boundary conditions for
spherical cases in [24]. High order WENO type methods are also available [30].

This paper applies the generalized Riemann problem (GRP) solver both in the Eule-
rian and Lagrangian versions to simulate the cylindrical compressible fluid flows [9,24].
The GRP solver, a second order temporal-spatial coupled Godunov-type solver, was orig-
inally derived in [5] and has been applied extensively since then. This paper contributes
the following: (1) The method in [24] is extended for the cylindrical case to derive the
boundary condition at the symmetrical center both theoretically and numerically. This
newly derived boundary conditions are consistent with the conservation laws of mass,
momentum and energy. (2) The geometrical source term is discretized using an inter-
face method [8], for which the interface values by the GRP solver are adopted together
with the numerical flux approximation. Such a discretization can keep the well-balancing
property, as shown in [8] besides the algorithm simplicity. (3) The symmetry property is
automatically preserved due to the feature of the GRP scheme, which is verified rigor-
ously by using the almost the same approach as in [16]. The resulting scheme could be
useful even in the study of flow transition problems [15,21,22].

We organize this paper as follows. In Section 2, the compressible Euler equations are
described both in cylindrical coordinate and local coordinate, the direct Eulerian GRP
scheme is given over equal angular polar grid, and the data reconstruction is provided,
including gradient computing and limiter constraints. In Section 3, the numerical bound-
ary conditions at the center are derived. In Section 4, we construct a Lagrangian GRP
scheme with the symmetry and conservation properties for Euler equations in cylindri-
cal coordinates, and give the numerical boundary condition at the center in Lagrangian
formulation. We carry out several numerical examples in Section 5 to demonstrate the
accuracy, the efficiency and the performance of the two types of GRP schemes, and the
effectiveness of the numerical boundary condition at the center.

2 The GRP scheme for 2-D cylindrical Euler flows

As is well known, the compressible Euler equations in two-dimensional cylindrical ge-
ometry are written in the form,
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(rU)i+(rF(U)):+(rG(U)), =¥ (U), (2.1)
with
Y gu ov
U= ‘p’;‘}, Fu=| 0P | cw=| 2T
pE u(pE+p) v(pE+p) 22)

0
¥(U) = g
0

where z and r are the axial and radial directions respectively, the total energy E=e+ (u?+
v?) /2, the variables p, p, ¢, u, v are density, pressure, internal energy, velocity components
in the z and r directions, respectively. The geometrical source term ¥(U) results from
the transformation from the Cartesian coordinates to the radially symmetric coordinates.
This system (2.1) is closed by the equation of state (EOS) p=p(p,e). For polytropic gases,
the equation of state has a simple form p=(7y—1)pe, where 7y >1is a constant representing
the ratio of specific heat capacities of the fluid.

We follow the notations in [16] and are concerned with the cylindrical geometry (z,7),
as indicated in Fig. 1, which shows an equal-angle-zone grid with k- lines radially out-
ward and /- lines in angular direction. For such an equal-angle-zone grid, the cell has the
property that the angles between ¢ and the two equal sides of the cell are the same, where
¢ is the radial direction passing through the cell center and the origin, and 6 is the angu-
lar direction orthogonal to ¢. To perform this local coordinate transformation in each cell,
the Euler equations in cylindrical coordinates (2.1) are rewritten in the following form

(%0)+(E%F(0)):+(2°G(0))s =¥ (0), (2.3)
with
p (pl)lzg pup
F | U | elug) +p Yy puglg
U= pug |’ F(U)= pugug |’ GU)= p(ug)*+p |’
pE . uz(pE+p) ug(0E+p) 2.4)
¥(0)=2¢| 0 |,

o

where the coordinate transformation is

r=¢_sinf, z=¢_cosH. (2.5)
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Figure 1: The equal-angle-zone grid.

Thus we obtain the Euler equations in spherical coordinate form.

The two-dimensional spatial domain () is discretized into K x L quadrilateral cells
I¢. The four vertices of I, are (zx_1/2,0-1/2/"k-1/2,—1/2), (Zk41/2,0-1/2/ k+1/2,6~1/2),
(Zkt1/2,041/2, Tkt1/2,0+172) and (Zxk—1/2,0+1/2,7k—1/2,0+1/2) When k> 1, or triangular cells
around the center (k=1). Denote by Vj , the volume of the cell I; . Assume that a par-
tition of the time interval [0,T] is given as {t,+1 = t,+Aty;to =0,At, > 0,n € N}, with
the time step size At,, determined by the stability condition in practice, and denote by a
control volume Cy = Ii y X [ty,t,41) with m lateral faces A{% shown in Fig. 2, where m=3

or4and j=1,---,m. The boundary of I; s is l{;’(, j=1,---,m. The neighbor cells of I ,; are

{I,]d,j: 1,2,3,4} when1<k<K,1</<L. Xt o= (Z,7)} 0/ X;af = (z,r)?d are the center points
of the cell I y and the side l{{’ ¢, respectively.

In the framework of cell-centered scheme in the finite volume method, all the vari-
ables are stored as cell averages at the cell center of I,

_ 1 _ _ _
ar,=—— [ 0(&0,t,)&2dedo, U= (p,puz,piig,pE)", Viy= / 2dzde.  (2.6)
Vie I 1y

We write (2.3) over the control volume Cj ¢ as

m .
-y, - Lyt /A ,. ;(ﬁ).n;ddsjuvi | ¥(@dzdoar, m=3ors, @7
k,{

Vie io k.6 J Crg
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Figure 2: The control volume C, (a=(k,{)).

where F = ¢%(F(U),G(0U)), x=(z,r), and n{d is the unit outward normal vector of the

boundary li ;- Assume that the data at time =t is piecewise linear
ﬁ(x,tn):U]ZZ—FCBZ/[(X—X](,E), X61k+%’€+%, (2.8)

in which ce}, is the gradient of U in the cell i ;. Using the mid-point rule, the numerical

flux through A{{’ ,in (2.7) is approximated as

/A | F(U)-n) dS~F(T" ) nl AL, (2.9)
k,[

]
kt

where | Ai, =] l{(’ ¢|Aty is the area of A{{’ ,»and ]liﬂ is the length of side l{w The value UZZ;

is defined in the center of A{{’ ;- The source term in (2.7) is approximated as follows

1
Vie

~ Atnm ~n+l
Y(U)dxdt~ Y(U .2%2), m=3or4, 2.10
/Cm (0) e LY (2.10)

j kt

using the interface method [8].

21 The generalized Riemann problem (GRP) solver

Now we use the generalized Riemann problem (GRP) solver to approximate the value

il
Uzr2 by solving the following generalized Riemann problem [7,9,25] in the normal di-
194

rection,
PNy ai H(T; ;( =5(0), H= (FG)nu,
U;?L, 1 <0, (2.11)
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where 1 :x-n{{r .+ S(U) is the source term, the notations U;, Ug, I~J;7 1-and I~J;7 R are

(7- = 1T j 7 ol j

UL UIk,Z (xk’g/tn)/ U?ﬂ: = mk,( : nk,é’ (2 12)
Ox=0; (x Sl :
Ur Ulilf(xkf’t”)’ UUR_(Ek,E.nk,K'

With the standard Riemann solver [34], we obtain the value INJZJ» . The GRP solver serves
(¥4
to obtain (0U/ at)zj . Once these values are available, we can immediately define a “cen-
k0

troid” value on the interface A{'{ , wWith the formula

] n
Sty e ‘ Aty a_U
UAi,;; _UA{C,RL 2 <at A (2.13)

which is used in numerical flux (2.9) and source term (2.10). Thus we can implement the
GRP scheme in the following three steps.

ol
Step 1. Given piecewise linear initial data (2.8), calculate the centroid value UZTZ for each

kt
cell Iy  with formula (2.13) by solving the local generalized Riemann problem (2.11).

Step 2. Evaluate the new cell averages U,’:’Zl using (2.7), (2.9), and (2.10).

Step 3. Update the gradient ]} with a monotonicity algorithm-slope limiter that will be
introduced in the next Subsection.

2.2 Data reconstruction

In the finite volume framework, the data reconstruction is a necessary step to obtain cell-
wise polynomials with desired accuracy. If the structural meshes are preferred, the gra-
dients can be updated together with the solution in the framework of the GRP methodol-
ogy. However, the cell I; ; is unstructured in coordinate (z,r) in Fig. 1. There are various
methods, such as (weighted) least squares method [25,29], Green-Gauss method [3] and
multislope method [13], to compute the gradients mZ’ng. In the current study, we adopt
the following method.

Note that the gradient oefzl is in symmetry at the local ¢ axis, thus we compute the
gradient (g¢,46)x¢ of a physical variable ¢ in local coordinate (¢,0). Firstly, we obtain the
value of the physical variable at each side of cell by the GRP solver and the Riemann
solver

8 8 dU\"
Unfl,fo”_ +At, (E)A , ]:1/,4 (214)
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Then we can obtain the gradient of data over I ; in local coordinate (¢,0) approximately
(see Fig. 1),

Ijn+l,— _ Ijn+l,— ﬁn+1,— _ [‘jn—i-l,—
- - A2 A4 A3 Al
OEZ,?l’_=(Ug,U9)Z,‘,fl"%< B T > (2.15)
[ o =G o] [ o =5 ]

In order to suppress local oscillations near discontinuities, we need some limiters to

correct the gradients oewl’f. Here we adopt a monotonicity algorithm-slope limiter to

implement on ce} T,

cn+l  pn+l
U —Uliy

r+1 ryn+1
(I‘j )n+1 —minmod | & ( > )n+l,f Q Uk+l,€ _Uk,é
St [ o =% (Il Skt |10 =Xl
Ij”'H _ﬁn—&-l [jn+1 _ﬁn—&-l
- . k.l kl—1 ~ 1,— kl+1 k.t
(UQ)Z,}fl:mland <1X—HXC —XC’ ||/( Q)Z’Z ’ HXC as —XC’ H)/
k0 k-1 k0+1 k0
_ _ \hH1
1= (0 00) (2.16)

with the parameter a € [0,2). This monotonicity algorithm corresponds a non-sawtooth
case for  €]0,1] and a sawtooth case for a € (1,2). In our scheme, « is taken in [1.5,2), and
the minmod function can be found in [5,19].

Remark 2.1. It must be careful to compute the gradient for the cell near the boundary.
That is, there is at least one side of the cell along the boundary. As /=1 or /=L, we have

e =)}, @'=cll, k=2, K-1 2.17)
When k=K, we also have
e =it (=1L (2.18)

When k=1, we let

ﬁnil,f_ﬁn-}-l

Az, 1,/ .

U ”“—mmmod<zx 2 (O ”“),

( é)lﬂ Hxig_xl,€| ( Q)Z,E

~ ~ o n—+1

(O} = (U0, ol = (0 o) £=10 L. (219)

3 Boundary conditions at the symmetry center

We use the transmission boundary condition at the 6-direction boundary

GZ,JlrlzﬁZ,;rl’ ﬁz,?l ZGZ,;Ell k:2/"'/K_1/ (31)
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and the outer boundary
1 1
U =0, =1L (3.2)

However, there are two major difficulties for the boundary at the center (z,7)=(0,0). One
is the numerical boundary condition, and the other is the singular nature proportional to
1/¢. The latter is relatively easy to deal with such as the CFL restriction, or an implicit
strategy, even or a weighted average strategy [30]. The former is more inherent and a
common strategy is to set zero velocity and exert an extension of thermodynamical vari-
ables symmetrically. In the current study, we extend the method in [26] to deal with the
boundary condition at the symmetry center. We will theoretically derive such a boundary
condition in the following proposition.

Proposition 3.1. For the cylindrical symmetric flow, at the symmetry center » =0, the
velocity component in the r direction must vanish, i.e. v(0,z,/) =0. The mass and total
energy satisfy

(), 2(2) (), o

ot /o or 0z (3.3)
d(pE d(pE d(pE
(1402252 (2£5:2) o
and the momentum satisfy
d(pug) d 9(pu?
(o)) a(dmly (o .
) .
() 2257, (H52), o

provided that the flow is smooth, where the subscript 0 stands for the flow state at the
center.

Proof. According to the symmetry of cylindrical flow, the velocity component in the r
direction at the center =0 must be zero.
The mass conservative law for any domain () can be written as,

a = gy4 —
E/deV—k/anv%dS—O, (3.5)

where 7 is the velocity vector, 7i is the outward unit vector pertaining to the domain
boundary 0Q). For a cylindrical symmetric flow, Q) is taken as a cylinder of a radius
Ar centered at the origin. With the cylindrical coordinate transformation, (3.5) can be
rewritten as

2w pAr 27 Ar
/ / drd<p+/ Arpv(Ar,z,t) d¢+/ / (rpu),drdp=0. (3.6)
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Using the mean value theorem of integration, the above equation can be reduced to

0o(bAr,z,t) _pv(Ar,z,0,t)  dpu(EAr,z,t)
ot 2 Ar + 0z

=0, (3.7)
where b, ¢€[0,1]. Sending Ar to zero yields the first equation in (3.3). The same argument

applies for the energy equation to yields the second identity in (3.3).
For the momentum equation, we have

d [ I
%/vadV—F/aQ(pv@v%—pI)ndS—O.

For a cylindrical flow, with the cylindrical transformation, and with the symmetry argu-
ment, the above equation can be rewritten as

27 rAr a
/ / at drd¢+ Arpuv(Arz t)de

271 Ar
+/ / r(pu+p).drdp =0, (3.8)

Ar 0
/0 /o (g drd¢+/ Ar(pv*+p) (Ar,z,t)d¢
21 rAr 21 rAr
+/0 /0 r(puv)zdrdq):/o ; pdrde. (3.9)

Using the mean value theorem of integration, we have

opu(bAr,z,t) +2puv(Ar,z,t) N d(pu?+p)(é1Ar,z,t)

ot Ar 0z =0, (3.10)
opv(baAr,z,t)  (pv*+p)(Ar,z,t)  (puv)(&Dr,zt)
5 +2 Ar + 5 = p(dzAr z,t), (3.11)
where by, by, ¢1, &, dy €10,1]. Sending Ar to zero yields the two equations (3.4). O

When the cylindrical form (2.1) is transformed to the spherical form (2.3), the bound-
ary conditions must satisfy the flowing proposition.

Proposition 3.2. For the spherical symmetric flow, at the symmetry center (z,r) = (0,0)
(or (¢,0)=(0,0)), the velocity must vanish, i.e. uz(0,0,t) =0, u4(0,6,t) =0. The mass and
total energy satisfy

d(puz) d(pE+p)
G5 (e, en
and the momentum satisfy
<a(g?§)>o+3(8(gg§)>ozol <a(g§te))0+3<3(pgéue))ozol (3.13)
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provided that the flow is smooth, where the subscript 0 stands for the flow state at the
center.

Proof. According to the symmetry of spherical flow, the velocity at the center must be
zero.
The mass conservative law for any domain () can be written as,

9
2 /Q pdV + /a _pE7ids =0, (3.14)

where 7 is the velocity vector, 7i is the outward unit vector pertaining to the domain
boundary dQ). For a spherical symmetric flow, () is taken as a sphere of a radius A cen-
tered at the origin. With the spherical coordinate transformation, (3.14) can be rewritten
as

27 T rAC ap 27 T
/ dg / / e2sinoLdzdo+ / dp / (AZ)2sinfpuz (AG,0,6)d0=0.  (3.15)
0 0 Jo 0 0
Using the mean value theorem of integration, the above equation can be reduced to
9(bALH,1) | Lpuz(ATH1)
ot Ag

where b € [0,1]. Sending A¢ to zero yields the first equation in (3.12). The same argument
applies for the energy equation to yields the second identity in (3.12).
For the momentum equation, we have

=0, (3.16)

d [ DU
%/vadV%—/m(pv@v—ka)ndS—O.

For a spherical flow, with the spherical transformation, and with the symmetry argument,
the above equation can be rewritten as

21 T rAC 5 . a(Pu(j) 2 T 5 . 5
/O do /O /O e2sing =L L dgdo+ /O do /O AZ2sinfp(u)2(AZ,0,t)d6
27 T Ag
- /O do /O < /O 2gpsin9dg—Agzsin9p>d9, (3.17)

27 T pAC ) . a(pug) 27 T ) .
/ d(P/ / ¢“sinf d@'d@—i—/ d(])/ Ag"sinfp(ugug)(AE,0,t)do
0 0 Jo ot 0 0
=0. (3.18)
Using the mean value theorem of integration, we have

douz(MAEG,t)  puz(AC6t)
apu9 (bzAC,G,t) +3pugu9(A§,9,t)
ot AE

where by,b; € [0,1]. Sending A¢ to zero yields the two equations (3.13). O

=0, (3.20)
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Proposition 3.3. For the spherical symmetric flow, the numerical boundary condition

uil }rl = (p,pug,puq,pE )”Jrl at the center can be expressed as follows
At 1
n+l__ n o 2 n+s
pl/ P1,e ||XipH( g)Aié,
At +1
(pue)i7t = (pug)i,— 'ﬁ( %)2%;,
v (3.21)
n+i
(Pug) —pue)u H ||(pu Mg)Azz,
1€
(pE)n+1 (pE)l/ 3 || H(ué(p +P))Az s f:],.../L/
1(

where the middle-point value U 2 can be obtained using the GRP solver in Subsection
1 0

2.1.

Proof. Proposition 3.2 shows that u#(0,6,t) =0, u¢(0,6,t) =0.

For the evolution of mass, we apply the finite volume formulation for (2.3) over the
control volume Cg= Ig X [ty tn11],

/g P geagdt+ / ( s ”5)+a(ézg”9)>d§d9dt=o, (3.22)

where f=(1,/) and the factor ¢ plays an important role of the Jacobian in the transforma-
tion from the cylindrical coordinates to the spherical coordinates. Then a direct numerical
integration formally tells

3
A 2L agdoa = L0 (1) 0(a0)?), (3.23)
where pg is the average value of p(¢,0,t,) over the cell I B/

.3
b= aaeyiae /IﬁpédedG. (3.24)

We take the integration by parts for the second term in the left hand side of (3.22) to
obtain

o(&pug) | o(Zpu ) w1 (41/2)A e
/Cﬁ( + dCdet—/ /E C pug (1) dodt

o¢ 00 1/2
ntl (£+1/2)A6
+/ / Czpu(?’ g+1§2 Agdgdt
tap1 (04+1/2)A0
— (A7) /  puzdodt, (3.25)
ty -1/2)A
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where the angular symmetric property ug(¢,(£—1/2)A6,t) =ug (&, ({+1/2)A6,t) is used.
As the mass, momentum and energy equations of (2.3) are considered separately, we
obtain by incorporating (3.22) and (3.23),

+1 3 [l pL/2A AZ0,1)d0d 3.26
nrl— t t .
p‘B pﬂ SACAG ' /é 1/2)6 pué(s C/ s ) s ( )
ntl 3 [l (VDAY o AE 6,0)d0d 3.07
(pué)‘[} (p ff)ﬁ EACAG , /f 1/2 Ad Pug(S C/ ’ ) s ( . )
ntl 3 [l pLEH/DA0 AZ0,4)dodt 3.28
(pue)ﬁ = (pug)g— SACAG ’ /g /2000 pugug(eAg,0,t)dodt, (3.28)
E)itl = (pE)" — e LEHIDA0 (0E AZ,0,6)d0dt.  (3.29

Then the mid-point rule is used to evaluate the single time integrals and obtain (3.21)
within second order accuracy. O

Remark 3.1. In literature, a reflection boundary condition for density and pressure is of-
ten used at the center directly, and the velocity is assumed to be zero. Thus, the source
term does not take effect on the center cells. This leads to the inconsistency with govern-
ing Eq. (2.3). We will show the effect of these boundary conditions when they are applied
to examples in Section 5.

At last we summarize the GRP scheme on the equal angular polar grid in the follow-
ing.

Step 1. At t, =0, initial Equal angular polar grid of the domain (), the initial data U},
in (2.8), and the initial gradient oe;{”g are given, where k=1,--- , Kand /=1,---,L.

P
Then the centroid value UZ?2 for each cell I, is calculated with formula (2.13)

k.t

by solving the local generalized Riemann problem (2.11), where k=2,--- , K—1 and
£=2,---,L—1.

Step 2. Evaluate the new cell averages U”Jrl using (2.7), (2.9), and (2.10), where k =

-, K—=1land ¢=2,---,L—1, and then obtain the new boundary cell averages U”Jrl
by applying the boundary conditions (3.1), (3.2), and (3.21).

Step 3. Update the gradient m”“ with a monotonicity algorithm-slope limiter which is
discussed in Section 2.2.

Step4. Goto Step1ift, 1 <T.
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4 A Lagrangian GRP scheme with preservation of spherical
symmetry in cylindrical coordinates

4.1 A Lagrangian formulation in cylindrical coordinates

In terms of Lagrangian coordinates, the compressible Euler equations are written as

4 / Udv + / Fds—o, 4.1)
dt Jo I(t)
with the geometry conservation law
d
y / qv = / u-nds, 4.2)
where ()(t) is a Lagrangian control volume, U = [p,ou,0E], F=[0,pn,pu-n], T'(t) =9Q(t)

and n is the outer unit normal of I'(t). In this paper, we aim to study the cylindrical
symmetry compressible Euler system. Its specific form in the cylindrical coordinates
takes

4 / Urdrdz+ / Frds= Ydrdz, (4.3)
dt Ja) I(t) Q(t)
with the geometry conservation law
4 rdrdz= / u-nrds, (4.4)
dt Jo(r r(t)

where the source term ¥ = [0,0,p,0], and u,v are velocity components in the z and r direc-
tions for u=(u,v) respectively, and n=(n,n,) is the unit outward normal to the boundary
I'(t) in the z—r coordinates. The geometry conservation law (4.4) is compatible with the
local kinematic equations

= X(0)=x, (4.5)
where X = (z,r) are coordinates defining the control surface at time t >0 and x are the
coordinates at time t=0. Thus, X=X(x,t) are implicitly defined by the local kinematic
equations, or called the trajectory equations.

4.2 The GRP scheme in Lagrangian formulation

In analogy with that in Eulerian coordinates, we also focus on an equal-angle-zone grid
and construct a second-order scheme preserving the spherical symmetry and conserva-
tion properties in the cylindrical geometry. Thus in each cell I} , we obtain the equivalent
Euler system by performing the local coordinates transformation,

Urdrdz+ Frds= | Y¥drdz, (4.6)
dt 1y, olye L
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where U=|p,pu¢,pug,pE], F=[0,png, png, pu,], and ¥= 0, psing, pcos¢,0], and n=(n¢,ny)
is the unit outward normal of the cell boundary dI;, and ¢ is the angle between the
radial direction passing through the corresponding point and the axial coordinate z. In
the framework of cell-centered finite volume methods, all variables are stored at the cell
center of I ; in the form of cell averages. Thus the cell average Uy ;= (p,piiz,ptig, pE )i ¢ i,

- 1
Uk’g = V— Urdrdz, (47)
ke J Iy

where Vj , = f Ik[rdrdz. The mass over the cell I;  is denoted by My ;= px ¢ Vi ¢. Thus, the
fully discretized scheme for (4.6) can be written as

- - LIS S A
ay vt =ag Vi = Aty (— Z;F(UZZ; )AL +s>, (4.8)
]: 7

where the numerical flux and the discretized source term are

0,
jrynJr% n+% 0
Nty : . . 1 1
- e P, | (P Fsingo) s
e B P F PP PR
B '9 o IA]k,z X (Pe)yo *cos(e)y 25y,
td jn+d ntd
w" R 0
kt
and (pc)ke, (Pe)k ¢ in the source term denote
o1, 3 > L oo, 4
(Pelke=5 P +p°), (Pere=5(p"+1"). (4.10)

Here pl, p2, p3 and p4 are the values of the pressure at edges 1, 2, 3 and 4 of cell I, in
Fig. 1, (n]é,né) and 7. are the unit normal direction and the r coordinate of the middle

intl intl  jn+l ;o
point of edge j, respectively; the velocity TUAMEIT equal to (ué’n+2,u]9’”+2)-(n]§,né). The

N
local GRP solver in the Lagrangian type for U:r * can be obtained in the same way in [23].
k.t
The trajectory equations (4.5) can also be discretized as follows

XZ+1 XZ n+%
—_—= , 4.11
AL, Uy (4.11)

where o = (k+1/2,(+1/2) is the one of vertexes on the boundary of the control volume

I k(-
In the following we will verify that the GRP scheme (4.8) can keep the spherical sym-
metry property on the equal-angle-zoned initial grid in Fig. 1.
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Theorem 4.1. If the initial data U , and the gradient o} , have one dimensional spherical sym-

metry on the equal-angle zoned initial grid, then the computational solution U,:’Zl of the GRP

scheme (4.8) and the gradient a,:‘jl will keep the one dimensional spherical property with the time

going. That is, the solution and the gradient depend only on the radial distance ¢.

Proof. In fact, we only need to prove U,’:’Zl and a,?jl keep the spherical symmetry by
assuming C[,’j/ ¢ and 07, are in spherical symmetry. “Spherical symmetry” means that the
grid is a polar grid with equal angles (see Fig. 1) and the cell averages of the conserved
variables and their gradient are symmetry on the grid, namely these variables in the cells
with the same k are identical. For simplicity, we omit the subscript “¢” for the variables,

uy, =, of,=0r, k=1,--K, (=1L, (4.12)

where Uy = (py, pitg, ,pitg,,0E;) " = (px,piiz,,0,0E,) " and oy is the gradient of Uy. The proof
is similar to the way in Cheng and Shu’s paper [16], including two steps. In the first step,
we need to verify the grid at (n+1)—th time step is symmetrical. In the second step, we
should prove that the conserved variables L—l,’fzrl and the gradient U,’fzrl keep the spherical
symmetry. / /

First we define some variables relating to the grid geometry. For simplicity, we omit
the subscript “(k,£)” for the quantities corresponding to the cell edge if no confusion is
caused. Denote A¢ as the angle between any two neighboring ¢ lines which is a constant
for the equi-angular polar grid. Since the grid is symmetrical, the middle point of the
edge & and the length of the edge A¥/, for j=1,4, are independent of the ¢ index. Thus
we obtain

Go=C=C C=Cir1/a Co=Cky2 (4.13)
AP =AC =N, AP =Ni1/0, M=MNy_q ). (4.14)

Moreover, the outward normal direction n = (ng,1¢) of the four edges of the cell in the
local ¢ —6 coordinates are the following,

(ng,mp)! = (—sin <%A(p),—cos (%mp) > (ng,m9)%=(1,0), (4.15)

(ng,ne)*= (—sin (%Agb) ,COS (%Agb) ) ., (ngmg)*=(-1,0). (4.16)

Next we will prove the symmetry of the grid at the (n+1)—th step.

For this purpose, we want to find out the velocity on each cell edge and need to
determine U™ = (p/*, (pu, }*, (0E)i*) and (ouc)®, for j=1,---,4, where (pu.)* is the
tangential momentum at the two sides of edge j, (¢/, (ouy)’,(0E)’) denote density, normal
momentum and total energy at the edge which are obtained from u* through the Rie-

mann solver and the GRP solver. The pressure, normal velocity and tangent velocity at

edge j are defined as p/, u), u}, respectively, 1}, = ((ou:)/~ /o'~ + (pu. )i+ /pi*) /2.
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In order to use the local one dimensional GRP solver and Riemann solver, we obtain
the UL* and (ouc)i*, for j=2,4,

U5_ (pk+]/2/(pué)k+1/2/(pE)k+]/2)/ (P”T)z_ = (P”G)ill/z 0, (4.17)
U2+ (Pk+1/2/(P“C)k+1/2/(PE)k+1/z)r (PuT)ZJr = (Puﬂ)%j_l/z 0, (4.18)
U;P (Pk 1/2/(P“C) /(PE)k 1/2)/ (Pur)% = (Puﬂ)%:l/z =0, (4.19)
U4+ (Pk 1/2/(P”C)k 1/2/(PE)1< 1/2)/ (Pur)4+ = (Puﬂ)%fl/z =0, (4.20)

where the notations are

Upty o =Uxtoen?|[¢ —xioll, Ut = Ugpr — s 01,0 =0, (4.21)

Uiy o =Tk — 010 —xi10ll, Uty o =Ux+oen*|xi o —xz . (422)

Similarly, we can obtain ul* and (pu)*, for j=1,3, by projecting the momentum of the
neighboring cells in their local ¢, 6 directions to those of cell I 4,

U= = (o~ (pup)}sin (22).(0B)F ), (o) = (pug)}cos (a%), (429
b = ok (oup)sin (52), (GBI, (o) = (o) cos (62),
=gy~ (pue)} sin (20),(0B)Y ), (o) = (pue)} cos (a2, (425
U3 = (o2 (o)} sin (), (0N, (pue)® = (pug)} cos (a2),

where we define

(4.24)

NI‘S

(4.26)

Ul =Ui+oent|[xt —xe (||, ULT=Ue—op-n'||xt —xi -1, (4.27)
U =Up—0k 0|50 —xp o1, Uy T =U+0ien?||x0 —xi ¢ (4.28)

By the Riemann solver and GRP solver, we obtain

wy=u;=0, wy=(w)i)y, wy=—(w)i, (4.29)
Pl=r=pm, P=pl3 v=rt (4.30)

which are independent of the “¢” index since U2* and U}* are independent of the “¢”
index. The tangential velocities at each edge are obtained as follows,

A A
ui:cos(Tq))(ug),{, uizcos(%)(ug)z, u2=0, ut=o, (4.31)

where (uz)i = (u)? indicates ul =u3. By now we can conclude that all the values of the
velocity and pressure are independent of the “¢” index.
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Since the grid is equi-angular, we can easily get the velocity at the vertex (k+1/2,/+
1/2),

/ (”v)zfﬂl//zz

+1/2 _ +

“Z+1/z,z+1/z— Apy Wk+1/2,0+1/2/ (4.32)
os(=")

where ny 1,7 41,2 is a unit direction from the vertex (0,0) to (k+1/2,+1/2). The above
identity (4.32) indicates the velocity at the vertices with the same k index are identical and
their directions are taken along their radial directions. Thus we have completed the proof
of the symmetry of the grid at the (n+1)—th step by the discretized trajectory equations
@.11).

Finally we will prove that the symmetry can also be preserved for the evolved con-
served variables U,’flzrl. With the symmetry property of grid at (n+1)-th step, the area
and volume of cell I; ; at the (n+1)-th step can be read simply as follows,

s,ff =St V,gjl = (rc);jls;g“ = (&) sin(¢pe) o SPT, (4.33)

where . and ¢, are the values of 7 and ¢ at the cell center, respectively. We have omitted
the subscript “¢” of the variables since we have verified that the grid at the (n+1)-th step
is symmetrical. We also have omitted the subscript “k” and superscript “n+1" of ¢, since
it is independent of the k and 7 indices. Therefore we can rewrite the term at the left hand
of (4.8) as follows,

Qg vt =g Vi =sin(@o) [T 1 (E) S — Ui (G ) kS (4.34)

The flux term in (4.8) can be expressed as follows

0
| psin(EAL () +ptAC —plialt
j=1 kL p' AL (r; —r,)cos(=)

PPulr2 A + prulri At

Using (4.13), (4.14), (4.29), (4.30) and following expressions

ri=gsin (90~ 50), =g ysingo (436)
R=gsin((p)+ L), ri=g, ysin(g0s 437)
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we have

0

. n+l n+%A€n+% (A n+l n—&-%Agn—l-% n+1 n+%Ag

sin(@e)o(—py *&x p 2sin( ¢)+pk+%€k+% k+%_i7k7%6k7%

1 op4l
pe tSp cos(@e)s
X +1 4+l pal +1 +1 +1 1
sm(gbc)g(pZJr%z (uV)Z+§€Z+§A€:+§ _pZ—%z (ul,):_%zé -1
where &1+2 = (11421 /2, APT3 = (AL A1) /2, and p"tE, (u,)" T2 are obtained by
the local one dimensional GRP solver and Riemann solver. Using the equalities in (4.10),
the source term in (4.8) reads as follows

0 0

S\t n+i n+l o+l ont+l .
(Pe)r > sin(ge)y ZSk,gz Pr *Sy *sin(¢c)e
k

>
I

n,+l n+l ntl = n+l nel . (439)
(PC)k,eZCOS((PC) 2Sk,ez Pe 2Sp Zcos(¢c)e

0 0
Thus the Lagrangian GRP scheme (4.8) can be written
= ROy A
/t (Cc)Z+lSZ+1 , (CC)Z+1SZ+1

0
ot SR YITE S SR T ST L S e
AL, 2 sin(A¢) _Pk+%ék+% A€k+% —I—pk_% Ck—% Afk_% +7, *S,
0

n+3 n+don+d o+l n+l n+dont+i o+l
pk+% (uv)kJr% €k+% A€k+% +pk—% (ul’)kf% Ckf% AEkf1

nt+l o n
Pr 8

(4.40)

By the initial condition (4.12), we can conclude that U,:jl only depend on the k index and

are independent of the index ¢. Then we can update the gradient U,'fjrl = (Ug, Ug)zlf by
the limiters proposed in Subsection 2.2. Thus we have completed the proof of symmetry
preservation property of the GRP scheme (4.8). O

4.3 The boundary condition at the center

In the Lagrangian formulation for the Euler equation, we can obtain the following bound-
ary condition at the center.
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Proposition 4.1. At the center (z,7) = (0,0) (or (&,0) = (0,6)), the velocity must vanish,
ie. uz(0,0,t)=0,ug(0,0,t) =0, and there exist a control volume Q) () with a radius e =0,
such that the mass, energy, and momentum satisfy

d
T )prdrdz 0, (4.41)
ﬁ/m)p Erdrdzt | oy Pete) e me)rds =0, (4.42)

%/Qg(t)p(ug,ug)rdrdz—k/ms(t)p(ng,ng)rds:/ﬂ ( )p(simp,COS(p)drdz, (4.43)

€

with the geometry conservation law

d
dt /Qs(t) = /ane(t) (g ) (mg,mg)rds. (444)

Thus we can have the following numerical boundary condition at the center approx-
imately.

Proposition 4.2. Iy(t) is a cell with a radius £>0 at the center. Then the numerical bound-
ary condition at the center can be expressed as follows approximately

() VI = (02, (4.45)
1
(ou)" 1= (pu)" AthpHZ n+2A€] "4 Atpr (sin<pc,cos<pc)58+2, (4.46)
=
1 H 1 .
(pE)n+1Vn+1 (pE)n+1Vn+1 Atnzpzrzuzri,nr£/”+7A€],n+%, m=3, (4.47)
j=1 ‘
with the geometry conservation law
VIt = Ve 4 Aty Zu”f2 n"TIAGYE =3, (4.48)

]_ 0

1 1
where pzrz and u?z are obtained by the local one dimensional GRP solver and Riemann

0 0
solver, and the subscript ¢ denotes the average value over the cell Iy(t) and Vo= || () rdrdz

and Sp= flo(t)drdz.

5 Numerical experiments

In this section we present several typical examples. The purpose is to illustrate the perfor-
mance of the current scheme. In the following numerical examples, v > 1 is the adiabatic
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index and the Courant number pcr; is defined as

||wZ,g||+C;z,g

A, (5.1)

= At,max

HcrL nma
where Al is the shortest edge length of the cell Iy ¢, and w}, = (u},,v},), ¢}, are the
velocity and the sound speed with this cell, respectively. Here |[w} , || =/ (u} ,)>+ (v} ,)2.

We take jicpp =0.4 for all the examples. For the verification of the present scheme, we
compare the GRP results with the corresponding exact solutions.

51 Accuracy test

We test the accuracy of the Lagrangian GRP scheme on a free expansion problem given
in [33]. The gas is initially at rest with y=5/3, having the following distribution

(o,ug,ue,p)=(1,0,0,1—(22+7%)),  (6,&)€[0,7t/2]x[0,1]. (5.2)

The analytical solution of this problem reads as follows

1 2 1 2%+ 17
(o,ug,ug,p)(z,1,t) = ( V zz—i—rz,O,ﬁ (1 — )) , R(tH)=+vV1+42¢2, (5.3)

R3'1+2£2 R2

where R is the radius of the free outer boundary.

The Lo and L; numerical errors are listed in Table 1, where free boundary condition
is applied on the outer boundary. Table 1 illustrates that the Lagrangian GRP scheme
achieves the expected second order accuracy for all the variables.

Table 1: The L and Ly numerical errors at T=1 that are computed by the Lagrangian GRP scheme for the
free expansion problem using K x L initially equi-angular polar grid cells.

K=L | Norm | Density | order | Velocity | order | Pressure | order

20 Lo | 127(-4) | — | 459¢4) | — | 754¢4) | —
Ly |265(4) | — [8160-4) | — | 9524 | —

40 Lo | 336(-5) | 1.92 | 1.24(-4) | 1.89 | 1.98(-4) | 1.93
Ly | 691(5) | 1.94 | 217(-4) | 1.91 | 2.46(-4) | 1.95

80 Lo | 852(-6) | 1.98 | 3.19(-5) | 1.96 | 5.23(-5) | 1.92

Ly | 1.76(-5) | 1.97 | 5.70(5) | 1.93 | 6.32(5) | 1.96
160 Lo | 2.24(-6) | 1.93 | 843(-6) | 1.92 | 1.35(:5) | 1.95
L, | 475(-5) | 1.89 | 1.51(-5) | 1.91 | 1.57(-5) | 2.01
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5.2 Noh problem

The second example is the spherically converging flow of a cold (zero-pressure) perfect
gas with I'=>5/3, having the uniform initial conditions

(o,ugue,p)=(1,-1,0,0), (6,6)€[0,71/2]x[0,1], (5.4)

which has been proposed by Noh [31] as a testing case having an exact (self-similar) solu-
tion. See also [27,32] for some recent simulations. The solution consists of an expanding
spherical shock (starting from the center at ¢t =0). The fluid behind the shock is quiescent
with uniform pressure p and density p. We set initial pressure to be 107° instead of zeros
pressure. We take the boundary value over the cells I, {=1,---,L,

n+1 _ tnt1 2 -6
(o, ugue,p)" " (2z,r) = <<1+ﬁ> ,—1,0,10 >, (z,r)€lxy, (5.5)
r 4z

which is the exact solution at t =t,,1. We have shown the results of the Noh problem in
Figs. 3 and 4. The results match the exact solution except for the discrepancies occurring
primarily for the density distribution near the center. The book [7] explained that this
error is due to the ”“startup” of the captured shock near the center, where the numerical
dissipation generates an entropy higher than the exact value. These discrepancies can
weakened by using the exact value of solution as the boundary data at the center [4]. We
can see that the current scheme produces a good result in Fig. 3 by comparing with those
in [27,32]. The shock location and the shock magnitude obtained by the GRP scheme
are close to the analytical solution. Moreover, the density at the center is less dissipative
than other results [16]. In contrast, there are numerical oscillations near the center if the
reflection boundary condition is applied, which illustrates that the reflection boundary
condition is not applicable for this numerical case. Fig. 4 displays the two-dimensional
results of the density, velocity and pressure which keep the symmetry.

Furthermore, from Fig. 3 we can see that the density distribution result of two-
dimensional case matches better to the exact solution than that in one-dimensional case.
Because the cells in the center in two-dimensional case are smaller than that in one-
dimensional case, the dissipation in the center is weaker than that in one-dimensional
case. In addition, we show the Lagrangian results in Fig. 5. It shows the final grid at
T =0.6 with 300 x 20 cells and the density as a function of radius at T=0.6. From the left
part of Fig. 5, we observe that the two-dimensional grid is symmetric at T =0.6. From
the right part of Fig. 5, we find that there is no spurious oscillation near the shock region.
The shock location and the shock magnitude are close to the analytical solution.

5.3 The Sedov-Taylor blast wave problem

In the third test, we choose the Sedov-Taylor blast wave problem to simulate strong shock
propagation. There exist numerical difficulties in the low density and high temperature
near the center. Sedov [33] gave the analytical solution under the assumption that the
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Figure 3: Numerical results for Noh problem by the Eulerian GRP scheme: 300x20 grids are used for the
two-dimensional case.
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Density

Velocity

Pressure

Figure 4: The contour of p, u, p at T=0.6 for Noh problem by the Eulerian GRP scheme: 300 x 20 grids are
used.
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Figure 5: The result of the Noh problem at T=0.6 by the Lagrangian GRP scheme. Left: final grid with 300 x 20
cells; Right: exact solution and computational solution for the density.

atmospherical pressure relative to the pressure inside the explosion is negligible. The gas
is initially at rest with v =1.4, having the following initial conditions,

(1,0,0,0.3406808), (r,z)€l,, (=1L,

(g ug,p)(r,z) = { (1,0,0,1079), "

else.

The initial computational domain is a 1/4—circle region defined in the polar coordinates
by [0,77/2] % [0,1.2] consisting of 300 x 20 equi-angular polar grids. The analytical solu-
tion is a shock at =1 at T =1. Fig. 6 demonstrates that the numerical results from GRP
scheme are in quite satisfactory agreement with the analytical solution without any spu-
rious oscillations. In addition, the reflection boundary condition at the center supports
this numerical test. We also find that the numerical results are symmetrical from Fig. 7.
Fig. 8 shows the Lagrangian results of the Sedov problem. We find that it preserves
symmetry for the two-dimensional grid at T =1. In addition, we observe that the posi-
tion of shock and peak density are quite satisfactory in comparison with the analytical
solution without any spurious oscillations, which demonstrates the good performance of
the Lagrangian GRP scheme in symmetrical, non-oscillatory and accuracy properties.

5.4 The numerical simulation of spherical explosion in air

Brode [11] analyzed the spherical explosion model, which was investigated experimen-
tally in [10] and simulated in [26]. The gas is initially at rest with 7 = 1.4, having the
following initial conditions,

(21.7333,0,0,15.514), /r2+22<5,

5.7
(2,0,0,1), 5< V2422 <50. 67)

(o,ug,ug,p)(r,z) = {
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Figure 6: Numerical results for the Sedov-Taylor blast wave problem by the Eulerian GRP scheme: 300 x 20
grids are used for the two-dimensional case.
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Density

Velocity

Pressure

Figure 7: The contour of p, u, p at T=1 for the Sedov-Taylor blast wave problem by the Eulerian GRP scheme:
300 x 20 grids are used.
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Figure 8: The result of the Sedov-Taylor blast wave problem at T=1 by the Lagrangian GRP scheme. Left:
final grid with 300 20 cells; Right: exact solution and computational solution for the density.

As shown in Fig. 9, the second shock has formed and is moving inwards to the location
about ¢ = 6.0, which matches the numerical results in [24]. It seems that the different
boundary conditions at the center are both applicable for this numerical case. The nu-
merical results in Fig. 10 also have the symmetrical property.

We also present the Lagrangian GRP results for this problem. Fig. 11 shows that the
grid is symmetrical at T =15 and the positions of the shock and the contact discontinuity
computed by two-dimensional Lagrangian GRP scheme are quite in agreement with the
results computed by the one-dimensional GRP scheme.

5.5 A steady flow in a converging-diverging nozzle

Here we adopt the examples in [7] to test the ability of our scheme. The computational
domain is (r,z) € [0,1]x[0,1]) and the cross-sectional area function A(z) is defined as
follows,

Alz)= Ainexp(—ln(Ai,,si.nzz(btz))), 0<2z<0.25, 5.8)
Apvexp(—In(Aesin®(271(1-2)/3))), 025<z<1,
where A;, =4.8643 and A., =4.2346. The initial condition is
,0,0,p0), 0<z<0.25,
u(r,z,0)=(p,u,v,p)(r,z,0)= (o Po)l/ “ (5.9)
(0o(py/p0)*'7,0,0,p5), 025<z<1,

where pg = po=1 and p; is a constant value determined by the steady state solution at
z=1.
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Figure 9: Numerical results for the spherical explosion by the Eulerian GRP scheme: 30020 grids are used for

the two-dimensional case.
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Figure 10: The contour of p, u, p at T=15 for the spherical explosion by the Eulerian GRP scheme: 300 x 20
grids are used.
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Figure 11: The result of the spherical explosion at T=15 by the Lagrangian GRP scheme. Left: final grid with
30020 cells; Right: 1D GRP solution and computational solution for the density.

The index y=1.4 is denoting a perfect gas and the Mach number M(z) is determined
by A(z) through the following relation

-

+

A(z)2= le(z> [vi (1+ 7;11\42(2))] " (5.10)

2

Jn

Two cases are considered:
(A) A smooth flow where p(1) =0.0272237 and M(1)=3.

(B) p(1) =0.4 leads to a discontinuous state solution, as shown by the solid line in
Fig. 13.

We adopt the same boundary conditions at z=0 and 1 proposed in [7]. We use the
Eulerian GRP 2D scheme to test the two cases, and we find that our GRP solution is in a
quite good agreement with the steady solution. For case (A), its solution is continuous,
while for case (B) there exists a shock. Thus different boundary conditions will lead to
the different solutions.
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Figure 12: Numerical results for Nozzle Flow problem by the Eulerian GRP scheme at time t=15.5: 100x 20
grids are used for the two-dimensional case.
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Figure 13: Numerical results for Nozzle Flow problem by the Eulerian GRP scheme at time t=15.5: 100x 20
grids are used for the two-dimensional case.
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