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1. Numerical Method Hyperbolic Balance Laws

Hyperbolic Balance Laws

%JFV.F(Q)ZS(Q), x€EQCR%tc R}

where

Qe Qo CRY — state vector
F=(fg) —  flux tensor

S(Q) —  vector of algebraic source terms

Walter Boscheri On Lagrangian One—Step Finite Volume Schemes 2/21



1. Numerical Method Hyperbolic Balance Laws

Hyperbolic Balance Laws

Moving mesh

Ng E:E(I—IHI)
g=UT y TNy T=ag(t—t")
i=1 3
x o= X+ (X2n,i - Xln,i) &+ (X3n,i - Xln,i) n ? ’
y = Y+ (an,i - Yln,i) &+ (Y£i - Yl”,i) n 1
T 1 2 f
~_
.
Data representation
n 1 n
Q! = 7 /. Q(x,y,t")dV
! i
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High Order Accuracy in Space

Some spatial basis functions (&, n) are used to write the reconstructed polynomials wj:

M
wh(x,y, t7) = Y (& W] = ()WY

=1
Integral conservation
s = Uty
j=1
[ /¢, EnWw)Tdv=Qf, VT €S M = (M+1)(M+2)/2
ne = 2M
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1. Numerical Method High Order WENO Reconstruction on Unstructured Meshes

High Order Accuracy in Space

Some spatial basis functions (&, n) are used to write the reconstructed polynomials wj:

M
wh(x,y, t7) = Y (& W] = ()WY

=1
Integral conservation
Ne
U,
j=1
Ll /w (EmWPdV =Q), VT e M = (M+1)(M+2)2

ne = 2M

WENO polynomials

M
wp(x,y,t") = ZM(& MW ;s with Wiy = Z“’Swf,’is

=1

nonlinear WENO weights oscillation indicators

. As Qs 80‘+B'¢'1(E n) 8‘”5%1(& n) ~N,5 NS
Ws_(g-ere)” ws—zqwq ( Z / . d§d7] - W, w

atB<M dganPs dgxons Ami
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High Order Accuracy in Time

RZ(X’y’t) 52(577777—) _ _
x = (x,y) €= (&) 0= 0/(€) = 01(&,m, 7)

physical coordinates reference coordinates space—time basis functions

Isoparametric approach

gqn = qh(§7 7, 7—) = 0/(57 7, 7—)a/,i Sh= Sh(€7 m T) = 91(57 , T)/S\/’i
fr = fh(gv 7, T) = 9/(57 7, 7—)f/,i gh = gh(£7 m T) = 6/(57 m T)gl’i
4
X(fﬂh T) = 01(677777_))/(\/,i7 }’(577777') = 9/(577]77—)5/\/7“ t(ﬁ’”’T) = 9/(57777 7-)?/
Jacobian

% Xe Xn Xr . 8£ §x Ey ft
Jo = ? = Ye Yn Yr Ji = % = x My Mt
3 0 0 A 0 0 &
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High Order Accuracy in Time

Weak formulation of the PDE

oQ oQ of of _
Br +A [875& o 77t+6£§ “r%’ﬂx affy 3 77y:| = At5(Q)

Let define

[f, 8] / F(E,m, )& (€, T)dEdn,  (F.g) = / / F(&,7,7)& (€, 1, 7)dEdndT
Te

0 T
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High Order Accuracy in Time

Weak formulation of the PDE

oQ oQ of of _
Br +A [875& o 77t+6£§ “r%’ﬂx affy 3 77y:| = At5(Q)

Let define

[f, 8] / F(E,m, )& (€, T)dEdn,  (F.g) = / / F(&,7,7)& (€, 1, 7)dEdndT
Te

0 T

Integration over a moving space—time control volume T, x [t", t""!] yields
90, 90, 00, ~
(o yan + aef (o Gge)ans (o0 G
[ 0,
+ A < 8g§>fh+<9k7a 7}x>fh]

[ 00 ~ 0 ~ =
+ At <6k, ag’g >gh -+ <0k, 877’]’77y> gh:| = <0k,9/> Sh

~
>
x
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High Order Accuracy in Time

K:q,; + At (Ktal,i + Kx?/,i + Ky@/,i) = AtMgl,i

Let define a unified term P as

P:=5(Q) — (Qc&e + Qe + fe&uc + Fyne + 8c&y + 8n1y)
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High Order Accuracy in Time

K:q,; + At (Ktal,i + Kx?/,i + Ky@/,i) = AtMgl,i

Let define a unified term P as

P:=5(Q) — (Qc&e + Qe + fe&uc + Fyne + 8c&y + 8n1y)
U

T = AtP Ph - Ph(§7777 7—) = 0/(57777 7-)/Isl,i

U
Kear' = AtMP;
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Evolution of Vertex Coordinates

Local evolution:

dx

i V(Q,x,t), Vi = 0,(&,7)V);

[}
Kixi; = [0k(€,0),x(&, t")]° + AtM \7/,i
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Evolution of Vertex Coordinates

Local evolution:

dx

i V(Q,x,t), Vi = 0,(&,7)V);

[}
Kixi; = [0k(€,0),x(&, t")]° + AtM \7/,i

Global evolution:
Yy

4‘ — node solver
v" de sol

Tz
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Node Solvers

1) NSc (Cheng and Shu [3])
1

o ]. v . i <7
Vk = MJ; Vk,j with Vk,j = /el(ge,m(k)ﬂ']e,m(k)ﬂ')dT V/,_,'
k 0
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Node Solvers

2) NS (Maire [7])
Vi=M"> " (LejPnj + MpV))
JEVK
with

M = Zzi,fLi,f ("if ® "{m)v My = Z Mijs Zi,f = PG
fej =

Walter Boscheri
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1. Numerical Method Mesh Motion

Node Solvers

3) NS, (Balsara et al. [1])
Vi =V

It resolves the multidimensional Riemann problem in the neighborhood of vertex k.
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1. Numerical Method Mesh Motion

Rezoning

o Lagrangian coordinates

X UL = LV A

@ Rezoned coordinates
X, —x X X
Fexi) = S K(J;), 3= Tkt Tk Tke1 T %k
J;Vk ' ' yl]<+1_ylj< YL_l—yL

xg2 = min{Fe(xx)}

e New coordinates (relaxation algorithm ! )

n+l _ n+1,Lag rez n+1 Lag o n _n+l,Lag
X} X + wi | X} X , wi = F { xg, X,

'Galera et al., JCP 2010
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1. Numerical Method Solution Algorithm

Finite Volume Scheme

The starting PDE system can be rewritten as
Vip-Q=5(Q)
with

. o a 9\ ~
= (pmen) - Q-(FO-(&Q)

Integration over the space-time control volume C" = Ti(t) x [t"; t""!] yields

i1 i1
//ﬁ-édxdt:/ /dedt
£ Ti() £ Ti()
gt
/Q ndS—//dedt
8C" tn
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Finite Volume Scheme

Walter Boscheri Step Finite Volume Schemes 8/21




Finite Volume Scheme

ALE-type One—Step Finite Volume Scheme

11 tn+1
et = (miar - Y [ [106518y - Aydvar+ [ [ S(an) dxae
TiENi 9 0 tn Ti(t)
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Finite Volume Scheme

1 1 tn+1
T = TR - S / / 10C;|Qy - iy dxdr + / / S(an) dxdt
TiENi 9 " Ti(t)

Rusanov numerical flux

N a1 -
Qj-ij = > (Q(Qh )+ Q(Qh )) SN — Esmax (q; ~Qp )

AL(Q) = 9(F-n)/0Q — (V -n)I

~ ~ T ~
with ne o)y v

NG NG BN
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Finite Volume Scheme

1 1 tn+1
T =1TQT - Y //Iacfléij'ﬁifdxdTJr/ /S(m)dxdf
T,eN: 5 0 nTi()
Osher numerical flux
1 1
Qs = 5 (@Gai) + Q@) 7~ 5 | [ [Ancwsn|es | (ai -~ ai)
0
W(s)=a, +s(a5 —a,) 0<s<1
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The Euler equations

Qt+fx+gy :S(vav t)

with
p PVx PVy
Q- | 7= | pEte - PVy Vx
pvy |’ PVxVy ’ pvf +p
pE vx(pE + p) vy (pE + p)
p — fluid density
1
v = (vx, vy) — fluid's velocity vector p=(y—1) (PE - EP(Vf + Vy2)>
S — vector of source term (S = 0) .
p — fluid pressure equation of state
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Convergence studies: Shu Vortex

IC: (p, v, vy, p) = (L4 0p, 1 + vy, 1 +6vy, 1+ 6p)

10

Computational domain
Q(0) = [0;10] x [0; 10]

Convective velocity
ve =(1,1)

0 10

[ Ovx ] _ Lel’z’z [ —(y—5) } P = (x—=5)+(y—5) radius
oL 2 (=13} e = b vortex strength
S = 0 . e
2 v = 1.4 ratio of specific heat
5T = _b=Ye g
8ym?
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Convergence studies: Shu Vortex

N3a NS NS,

h(Q(tr)) €L, O(L) €L, O(Ly) €L, O(Lp)

o1
3.73E-01 6.9161E-02 - 6.9535E-02 - 7.0045E-02 -
2.62E-01 5.0030E-02 0.92 5.0715E-02 0.82 5.1427E-02 0.99
1.76E-01 3.4607E-02 0.92 3.5310E-03 0.90 3.5513E-02 0.95
1.36E-01 || 2.5724E-02 1.14 2.6151E-03 1.11 2.6277E-02 1.07
02
3.49E-01 4.0451E-02 - 3.9160E-02 - 3.9585E-02 -
2.49E-01 || 2.6261E-02 1.28 2.5787E-02 1.34 2.5758E-02 1.44
1.69E-01 || 1.5884E-02 1.29 1.5721E-03 1.24 1.5625E-02 1.24
1.28E-01 || 1.0355E-02 1.55 1.0300E-03 1.58 1.0258E-02 1.54
O3
3.28E-01 || 1.6140E-02 - 1.6172E-02 - 1.6206E-02 -
2.51E-01 6.9455E-03 3.16 6.9570E-03 3.10 6.9638E-03 3.15
1.68E-01 || 2.2904E-03 2.75 2.2913E-03 2.74 2.2925E-03 2.75
1.28E-01 9.2805E-04 3.33 9.2763E-04 3.34 9.2806E-04 3.33
O4
3.20E-01 || 4.4613E-03 - 4.4636E-03 - 4.4627E-03 -
251E-01 || 1.7186E-03 3.54 1.7189E-03 3.53 1.7188E-03 3.55
1.68E-01 || 4.2840E-04 3.43 4.2834E-04 3.44 4.2845E-03 3.43
1.28E-01 || 1.3480E-04 427 1.3477E-04 4.27 1.3483E-04 4.27
05
3.20E-01 || 4.4850E-03 - 4.4811E-03 - 4.4823E-03 -
251E-01 || 1.2711E-03 4.65 1.2705E-03 4.63 1.2705E-03 4.66
1.68E-01 || 2.2531E-04 428 2.2516E-04 428 2.2520E-03 427
1.28E-01 5.7869E-05 5.02 5.7821E-05 5.02 5.7838E-04 5.02
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The Kidder Problem

2 2 F—1
IC 0) — Feo — 1 v—1 r fio v—1 !
po = p(r7 )_ r2 r2 pl,O r2 r2 e,0
e,0 i,0 e,0 e,
0
So = p,y—].
Po
po(r) = sopo(r)?

re(0) = 1.0 external radius
r;(0) = 0.9 internal radius
v = 2.0 ratio of specific heat
pio = 1.0 initial internal density
peo = 2.0 initial external density
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The Kidder Problem

Analytical Solution [6]
p(RE 0. = (0 10 | )]

ur (R(r,t),t) = fi,h(t) [f?(r,t)]

dt h(t)
p(R(r,t),t) = h(t)_jjlpo [R/S(rt)t)]

2 2
t2 —1(rZo— 1

h()=\1- 5. 7=4/75~ Yoo = 1io)

T Ceo — Cio

and the internal and external sound speeds ¢; and c. defined as

¢ = ,/7&,
pi
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The Kidder Problem

1.05~ Ri: exact so
1 p: 5 101520 2530 35 40 45 50 55 60 I ° ALE WE
1+ 50 o - = — - :exact s
N e . Re: ALE WE
0.9F 0.95F
0sf 09f
o7k 085
E 08
0.6F [
g 5 orsf
E k-] [
> 05k & orf
04fF 065
osfF 06|
F 0.55
0.2F [
F 05F
0.1:— 1 0.45:_
ob b gl
0 04 02 03 04 05 06 07 08 09 1 “0.05 0 005 0.1 015 0.2
X Time

NS NS NS,
€nt | 7.72443E-06 | 7.72460E-06 | 7.73181E-06
€ext | 1.01812E-05 | 1.01811E-05 | 1.01867E-05

Walter Boscheri
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2. Test problems The Saltzman Problem

The Saltzman Problem
Computational domain
Q(0) =[0;1] x [0;0.1]

Piston velocity
VP = (17 0)

Mesh size
100 x 10

O T oS T 0E 0% 03 0% 04

IC:
po=1vp= 0, ¢ = 1074

Analytical solution

l \ Left state \ Right state ‘

p 1.0 1.0 final time: tr = 0.6
u 1.0 -1.0 shifting: d=up-tr
v 0.0 0.0 final shock location: x =0.8
p|667-107° | 6.67-107° exact density: pe=4.0

Walter Boscheri On Lagrangian One—Step Finite Volume Schemes 12 /21



The Saltzman Problem

Saltzman Test
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Saltz2D.swf
Media File (application/x-shockwave-flash)


The Saltzman Problem

Exact solution
= ALEWENO (03)

G T T T T T T T T T

0_%_A.A.uJ.A.

X

055 06 065 07 075 0.8 085 09 095 1

035 055

1.2
1.1

1
0.9
08
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

-0.1

2. Test problems The Saltzman Problem

Exact solution
ALE WENO (03)

N FWEEE FRREY FRWEE FERRY FRNES FERTS FRRNS S |

06 065 07 075 08 085 09 095 1

X

3 order numerical results of density and velocity for the Saltzman problem.

Walter Boscheri
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The ideal MHD equations?

Qt+fx+gy :S(Xaya t)

with
Q = (p, pvs, pvy, pE, Bx, B, , W), S =0,
PVx pVy
PVxVx + Ptot — BZEX PVxVy — BZEY
v Bx BBy
PVyVx — —zx PVyVy + Ptot = 4~
F=| (PE+pror) ve = 2B |0 8= | (pE + prot) vy — 2B |
Byvy — By + WV Byvy, — v«B,
By vy — v, By Byvy —v,B, +V
c,%BX CﬁBy

(33+B§)>.

_ . 71 2 2y
p=(y 1)(/JE 5PV + ) o

2divergence cleaning approach is used [Dedner et al., JCP 2002].
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2. Test problems The ideal MHD equations

Convergence studies: MHD Vortex

IC: (p, v, vy, P, Bx, By, V) = (1,1 + dvy,1 4+ 6vy, 1 + 0p, 6By, 0B,,0)

) -
Sv e (5-y)

Svy £ e2(1=)(x — 5)

op = | & (#) A -t~ (£)% el
5By 1 e3(1-r) (5 — y)

0By I e e2(1-")(x — 5) |
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2. Test problems The ideal MHD equations

Convergence studies: MHD Vortex

p: 0,988 0991 0.994 0.997

2 14 16

Parameters

Computational domain _ 512 512 radi
Q(0) = [0; 10] x [0; 10] ro= =5+ (- 5) radius
€ = 1 vortex strength
Convective velocity b= ;/H
ve =(1,1) ¥ = 3 ratio of specific heat
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Convergence studies: MHD Vortex

NSa NS NS,
h(Q(tr)) H €L, O(L) €L, O(L,) €L, O(L)
o1
3.26E-01 2.7330E-03 - 2.7059E-03 - 2.7381E-03 -

2.37E-01 2.0111E-03 0.96 2.0173E-03 0.90 2.0173E-03 0.93
1.64E-01 1.3081E-03 1.17 1.3055E-03 1.20 1.3113E-03 1.20
1.28E-01 9.5497E-04 1.26 9.5150E-04 1.30 9.5617E-04 1.28
02

3.26E-01 4.8091E-03 - 4.7707E-03 - 5.5971E-03 -
2.35E-01 2.8382E-03 1.61 2.8571E-03 1.58 2.7874E-03 213
1.64E-01 1.4212E-03 1.91 1.4239E-03 1.88 1.3789E-03 1.94
1.28E-01 6.4686E-04 3.24 6.4610E-04 3.26 7.2141E-04 2.67
O3

3.25E-01 1.1417E-03 - 1.1376E-03 - 1.1265E-03 -
2.36E-01 1.8935E-04 5.57 1.8930E-04 5.56 1.8632E-04 5.56
1.63E-01 7.1734E-05 2.65 7.1740E-05 2.65 7.1912E-05 2.60
1.28E-01 3.1651E-05 3.38 3.1653E-05 3.38 3.1738E-05 3.38
04

3.26E-01 2.4858E-04 - 2.4864E-04 - 2.4472E-04 -
2.35E-01 7.9871E-05 3.50 7.9875E-05 3.50 7.9884E-05 3.45
1.63E-01 2.1790E-05 3.55 2.1791E-05 3.55 2.1795E-05 3.55
1.28E-01 8.2013E-06 4.03 8.2014E-06 4.03 8.1998E-06 4.03
05

3.26E-01 1.2010E-04 - 1.2010E-04 - 1.1992E-04 -
2.35E-01 2.7365E-05 4.56 2.7359E-05 4.56 2.7327E-05 4.56
1.63E-01 4.8779E-06 4.71 4.8778E-06 4.71 4.8898E-06 4.70
1.28E-01 1.3947E-06 5.17 1.3947E-06 5.17 1.3935E-06 5.18

Walter Boscheri
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The ideal MHD Blast Problem

IC: (P» Vs Vy, Ps BX? By: \U) = (17 07 07 p*a 707 0) 0)

_— 0 r>n -
"_{1000 r<rn =01

;
oo =
04f 200
E 750
03F 700
. . F 650
Computational domain 02F ]
1 Z_ 500
Q(0) = Q(r,¢) = [3,27] @
= °F 300
of 2
tr = 0.001 02F o0
C 50

-03F

04f

-0.5 ;

-0.

6EHH|HH|HH|HH|HH|‘mmuhumuummmhuu
-06 -05 -04 -03 02 -01 0 01 02 03 04 05 06
X
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Test problems The MHD Blast Problem

The ideal MHD Blast Problem

Lot d L Lol Lol Lol
%05 04 -03 02 01 0 01 02 03 04 05 04 -03 02 0.1 02 03 04 05
x

05,

Lot _ .ot TINTR TR OO}
05 04 -03 02 0. 02 03 04 05
X

Lagrangian One



The ideal MHD Blast Problem

EREL AVAVAVAVAY K SIS AVAVAVAVAVAY )
R I AR IRITRIIITNS A R S ARSI
ax L

/vavavavavaVsVAYA

I
AVAVAVAVAVAVAVAVAV/

<> < V. Y
Ay AN & A A

KN ERRX
S SRRSO R R R R I
IR RORERIRRCCLIR B B A S SN
XKL 2 SN X VAV 15 POSOGSAANTA AN 1707 N N A AV AY T AAVAVAVAVAV,VAVAY
RO e SIS X 2000 T A A N AN A N S Y
AVAVASSAVAALY . S N SO ITIETS KX SRRRRRTIRERRY
1 S VAVAWV N AU A S AV AN A ATAVAN A AN NN TN
7\ 01 R XAANATPITEOT L ILSESESSID 4\&\\\&»\\,\»&5
A A o S TSN 2 S RS XS R RRARE
RS/ A IS SIS USRI
K7 A e A I B AN AR A AN S
e SRS
el K, Do
SOOI RN X S Sy SRR
S S A A TAIARSIIREL WO A ATAVAVAN RSSO CEERE N

PAVANAVA Y, S HAVAVATAS
Y/ a SVAY
thgﬂm"' S

A
R A VYA va a i it

y
AV YAV AVAVAVAV A VAV va

EXK!
5 VAV A
O AVAVAVAYAVAVAVAV Ay o YaTav A iy

o
K
| Ve SAVAVAVAVAVAVAVA Y, g AvAYAY

N

o
TAVaA YAy N VA A VAVAY VAVAVAY
5, VAPaVAN AN A¥ AV Y, VavaVa VAV eN s
;%‘,WQ§A pAVAVAVAVAVASRAS) 5%
LK

;

K
SAARINCK DO
N AYAVAVAVAVAVAVAVA Vara Wty
N gv‘gy%g‘A AWAVAYZ <. VI

T
v Yo
SRS
SR
X
7

v
N
VA 4

AATaTS

{

R
N

N
A
N

K
T,
K
KON
Y
KRN
KKKt

(XXX
R
KRXRX )OS
RRORX

KA
s
RN
K
N
K}

o

!

kN
X
A

of

Mesh configurations for the Blast problem at time t = 0.0004 without (left) and
with (right) rezoning.




The ideal MHD Rotor Problem

IC: [p, vx, vy, p, Bx, By, V] Q(0) = Q(r,¢) = [%,2%] tr = 0.25

[1,0,0,1,2.5,0,0] r>n
,2.5-7’,0,0] n<r<n

)
) (%) ,1,2.570,0] r<n

= 0.1, n = 0125

05 05
04 04F
03 03F
02 02F
0.1 01f
0 of
0.4 01 F
0.2 0.2
03 03F
04 04F
05 05F
[P SSVSTTOTIUVOT FHVUT PN TV FVUTY TOVOY TOTTY TUOIT FVNT FHPHY) [P SSVSTTURT TVOIT FHVUY TOTTY UL FRUOT TOVOY TOTVN TVOE FVNT TOPHY)
980504 03-02 01 0 01 02 03 04 05 08 060504 03-02 01 0 01 02 03 04 05 08
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2. Test problems The MHD Rotor Problem

05
04
PXRO0
RE)
SERIRIRRRENOD
KRR o
SRR ER R
KRR 0
NERROCARNREE LRRRIIAR
R IR SRR 0.2
R A R R IRRRRRADOK
R R e <SOSR
AR R o s SRR 0.
PRSSOOORRRRN A L S RRRERERIERY O
BRI AR
EERERIERIRERPNINN 7 2SN RRRERRIERIRE
RISKERIRISKISKKINNRCTS, IONRNRERSKISERIKER] 0 >
KERRERIRKRRRINNNE, RN NRRSRERERERERE]
KRR /T TS NIRRT
s O NSRRI
BRI NS I SO RRERRERERERER]
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Conclusions and Outlook

Conclusions
@ we showed high order ALE WENO FV schemes;
o three different node solvers have been used;

o for the first time MHD equations have been treated with the ALE
WENO FV method.
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Conclusions and Outlook

Conclusions
@ we showed high order ALE WENO FV schemes;
o three different node solvers have been used;

o for the first time MHD equations have been treated with the ALE
WENO FV method.

Outlook
@ extension of the algorithm to the 3D case;

@ usage of the multidimensional node solver N'S, also in the flux
evaluation.
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The Baer-Nunziato model

2 (¢1p1) + V- (¢1p1u1) =0

2 ($rp1ur) + V - (drprurur) + Voipr = pVer — A (ur — uz)

2 ($1p1E1) + V- ((1p1E1 + ¢1p1) ur) = —piOepr — Auy - (ug — up)
5 (02p2) +V - ($2p2u2) = 0

2 ($2p2u2) + V - (d2p2tauz) + Vopa = pVio — A (uz — u1)

2 (¢2p2E2) + V - ((92p2E2 + ¢op2) u2) = piOey — Auy - (uz — ug)

L1 +wVer =v(p1 — p2)

The system is closed by the stiffened gas EOS for each phase

_ Pk + YTk

ex
pr(yk —1)
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3. Conclusions and Outlook

The Baer-Nunziato model

Definitions
k —  phase
Dk —  volume fraction of phase k
ug —  velocity vector of phase k
subscripts 1 —  solid phase
subscripts 2 —  gas phase
subscripts / — interface
€k — internal energy
E, = e+ %uk2 —  specific total energy of phase k
Assumptions
P14+ P =1 volume fractions must sum to the unity
u=u interface velocity is the solid phase velocity
pr=p> interface pressure is the gas phase pressure
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3. Conclusions and Outlook

Cylindrical Explosion Problems

1 [ Qy if |x] <0.5,
Q(x,0) =
0 Q., else.
Qo
Ps us Ps Pg ug Pg Ps te
EP1 s =14, 7 =0, ~vg=14, 7, =0
Q; 1.0 0.0 1.0 05 00 1.0 04 010
Qo 2.0 0.0 2.0 15 00 20 08
EP2 s = 3.0, 75 =100, vg =14, 7, =0
Q; 800.0 0.0 500.0 15 0.0 2.0 0.4 0.10
Qo 1000.0 0.0 600.0 1.0 0.0 1.0 0.3
1 1 EP3 Ys =14, 7 =0, ~vg=14, 7, =0
Q; 1.0 0.9 25 10 00 10 09 010
Qo 1.0 0.0 1.0 1.2 1.0 20 02
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Cylindrical Explosion Problems

EP1 — t=0.15

Reference solution Reference solution
| o ALEWENO (03) o ALEWENO(03)
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——— Reference solution
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Cylindrical Explosion Problems

EP2 — t =0.15
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3. Conclusions and Outloo

Cylindrical Explosion Problems

EP3 — t=0.15
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