o
UNIVERSITE ;
UNIVERSITE 2=Gealech

On the numerical entropy production as
a useful mesh refinement parameter:
application to wave-breaking.

Mehmet Ersoy !, Frédéric Golay? and Lyudmyla Yushchenko 3
The Third BCAM Workshop on Computational Mathematics

Bilbao,
July 17-18, 2014

1. Mehmet.Ersoy@univ-tin.fr
2. Frederic.Golay@univ-tin.fr
3. Lyudmyla.Yushchenko®@univ-tin.fr


mailto:Mehmet.Ersoy@univ-tln.fr

OUTLINE OF THE TALK
ONLINITME OF LHE IOIVIK b

@ PuyYSICAL MODELING AND NUMERICAL MOTIVATION
© 2D AND 3D APPLICATIONS

@ CONCLUDING REMARKS& PERSPECTIVES

M. Ersoy (IMATH) Application to wave-breaking



OUTLINE

ONLTTUE

o PHYSICAL MODELING AND NUMERICAL MOTIVATION

M. Ersoy (IMATH) Application to wav



o Shallow water equations : fast but unable to simulate wave breaking
> Zaleski, Popinet, Diaz, Dutykh, ...
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SIMULATION OF WAVE PROPAGATION AND WAVE BREAKING

o Shallow water equations : fast but unable to simulate wave breaking
» Zaleski, Popinet, Diaz, Dutykh,
@ Multi-phase Navier-Stokes equations :
» FV, FE, VOF, level set, ... — accurate but expensive
* Nkonga, Lubin, Caltagirone ...

—m

) SW  (e) Nkonga (FluidBox) (2009)
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SIMULATION OF WAVE PROPAGATION AND WAVE BREAKING

o Shallow water equations : fast but unable to simulate wave breaking
» Zaleski, Popinet, Diaz, Dutykh, ...
@ Multi-phase Navier-Stokes equations :
» FV, FE, VOF, level set, ... — accurate but expensive
* Nkonga, Lubin, Caltagirone ...
» Lattice Boltzmann — accurate but expensive
* Janssen, Grilli, Krafczyk, ...

|l

(g) SW  (h) Nkonga (FluidBox) (2009)
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SIMULATION OF WAVE PROPAGATION AND WAVE BREAKING

o Shallow water equations : fast but unable to simulate wave breaking
» Zaleski, Popinet, Diaz, Dutykh, ...
@ Multi-phase Navier-Stokes equations :
» FV, FE, VOF, level set, ... — accurate but expensive
* Nkonga, Lubin, Caltagirone ...
> Lattice Boltzmann — accurate but expensive
* Janssen, Grilli, Krafczyk, ...
» SPH — difficult to implement and very expensive
* Monaghan, Lattanzio, De Padova, ...

ol

(j) SW (k) Nkonga (FluidBox) (2009)
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SIMULATION OF WAVE PROPAGATION AND WAVE BREAKING

o Shallow water equations : fast but unable to simulate wave breaking
» Zaleski, Popinet, Diaz, Dutykh,
@ Multi-phase Navier-Stokes equations :
» FV, FE, VOF, level set, ... — accurate but expensive
* Nkonga, Lubin, Caltagirone ...
> Lattice Boltzmann — accurate but expensive
* Janssen, Grilli, Krafczyk, ...
» SPH — difficult to implement and very expensive
* Monaghan, Lattanzio, De Padova, ...

@ Low-Mach models (Euler equations) : good compromise between physical
modeling accuracy and cost

._I -

) SW  (n) Nkonga (FluidBox) (2009) (o) Golay & Helluy (2005)
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We focus on general non linear hyperbolic conservation laws

{ 8—w+ag(;v)=0, (t,x) eRT xR

ot
w(0,2) = wo(z), z € R

weR? : vector state,
f . flux governing the physical description of the flow.
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HYPERBOLIC EQUATIONS AND ENTROPY CONDITION.

We focus on general non linear hyperbolic conservation laws

{ ow  Of(w)

= =0, (¢ R* xR
ot ey =0 (o) eRT X
w(0,z) = wo(x), z € R

Weak solutions satisfy
g ds(w)  O(w) = 0 for smooth solution

o + 5 = 0 across rarefaction
z < 0 across shock

where (s, 1)) stands for a convex entropy-entropy flux pair :

(Vip(w))" = (Vs(w))" Dy f(w)
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HYPERBOLIC EQUATIONS AND ENTROPY CONDITION
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We focus on general non linear hyperbolic conservation laws

{ ow  Of(w)

= =0, (¢ R* xR
ot ey =0 (o) eRT X
w(0,z) = wo(x), z € R

Weak solutions satisfy
g ds(w)  O(w) = 0 for smooth solution

o + 5 = 0 across rarefaction
z < 0 across shock

where (s, 1)) stands for a convex entropy-entropy flux pair :

(Vi (w))" = (Vs(w))" D f(w)
Entropy inequality ~ “smoothness indicator”
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HYPERBOLIC EQUATIONS AND ENTROPY CONDITION

—_—

We focus on general non linear hyperbolic conservation laws
6’11) . + d
{ S +dv(F(w) =0, (o) ERT xR
w(0,2) = wo(z), v € R?
Weak solutions satisfy

Ds(w) = 0 for smooth solution
T +div(yp(w)) < = 0 across rarefaction
< 0 across shock

S =

where (s, 1) stands for a convex entropy-entropy flux pair :

(Vihi(w)" = (Vs(w))" Dy fi(w), i=1,....d

Entropy inequality ~ “smoothness indicator”
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FINITE VOLUME APPROXIMATIO

|C| = hy

Lge— 1/2 Tk $k+1/2

A
\/

FIGURE : a cell Cy
Finite volume approximation :

wZH =W — h_: (Fk+1/2 - Fk—1/2>

with

1
wp ~ — w (tn,x) do
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FINITE VOLUME APPROXIMATION -

|C| = hy

Lge— 1/2 Tk l‘k+1/2

A
\

FIGURE : a cell Ck

Finite volume approximation :

wZH =W — h_: (Fk+1/2 - Fk—1/2>

with L
wp ~ — w (t,, ) do
Iy

The numerical density of entropy production :

n+1
Sk

— sy n Vit12 — Vio1y2 <0

Sk = Oty hy,
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MESH REFINEMENT INDIC

o Compute wy
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o Compute wy

o Compute S} : S; # 0 = the cell is refined or coarsened
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e Compute wy
o Compute S} : S # 0 = the cell is refined or coarsened
e More precisely :

> Si < apinS = the cell is refined with S = |_S12| /9 Sk
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MESH REFINEMENT INDICATOR : P-;

e Compute wy
o Compute S} : S # 0 = the cell is refined or coarsened
e More precisely :

— . e 1 n
> Sp < minS = the cell is refined with S = ﬁ /Q Sk

> S > amaxS = the cell is coarsened
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MESH REFINEMENT INDICATOR : PRINC-‘

e Compute wy
o Compute S} : S # 0 = the cell is refined or coarsened
e More precisely :
> S < apinS = the cell is refined with S = ﬁl| /9 Sk
> S > amaxS = the cell is coarsened

» Dynamic mesh refinement :

* Dyadic tree (1D)
* hierarchical numbering : basis 2

Cr,

Croo Cror

Chano Chon Chon
|

Choos 1Chono 1Chonns [

-
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MESH REFINEMENT INDICATOR : PRINCIPLE & ILLM

e Compute wy
o Compute S}; : Sy # 0 = the cell is refined or coarsened
e More precisely :

- . . L= 1 n
» Sp < minS = the cell is refined with S = @ /9 Sk

» S5 > amaxS = the cell is coarsened
» Dynamic mesh refinement :

* Non-structured grid : macro-cell

* Dyadic tree (1D), Quadtree (2D)

* hierarchical numbering : basis 2,4

Cr,
10 11
Ie ¢/ 0 120[121
“koo, “ko1
122]123 13
Chono Chaos Choy
/\ 2 3
I
Coan Crooio 1Choors Chr
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MESH REFINEMENT INDICATOR : PRINCIPLE & ILLM>

e Compute wy
o Compute S}; : Sy # 0 = the cell is refined or coarsened
e More precisely :

- . . L= 1 n
» Sp < minS = the cell is refined with S = @ /9 Sk

» S5 > amaxS = the cell is coarsened

» Dynamic mesh refinement :
* Non-structured grid : macro-cell
* Dyadic tree (1D), Quadtree (2D), Octree (3D)
* hierarchical numbering : basis 2,4,8

C,
10 11
Ie C 0 120[121
“koo, “ko1
122]123 13
Chano Choos Choy
/\ S
|
Coan Crooio 1Choors Chr
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MESH REFINEMENT INDICATOR : P-

e Compute wy
o Compute S} : S # 0 = the cell is refined or coarsened
e More precisely :

- . L= 1 n
> Sp < minS = the cell is refined with S = @ /9 Sk

> SP > amaxS = the cell is coarsened

Ch,
Fy,— F,
ky—1/2 W;b ky+1/2
i’ Wi = wWp
P —_— (S &y r
Fio-1/2=Fp,1/2 Ko ky Fryi12=Frp12
c Frpgr1/2 = Fry 172 I
kbo = f(w}) L2
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MESH REFINEMENT INDICATOR : PRINC-‘

e Compute wy

o Compute S} : S # 0 = the cell is refined or coarsened

e More precisely :

- . . L= 1 n
> Sp < minS = the cell is refined with S = @ /9 Sk

> SI' > amaxS = the cell is coarsened

M. Ersoy (IMATH) Application to wave-breaking

Cr,
Fr,—1/2 Wi Fryr1/2
Ky
i’ Wi = wWp
Wl o= w ky k.
Fro12=Fr,1y2 ko ko Fryr12=Fr, 12
s Fror1/2 = Fiyy—1/2 o
— flun
0 = f(w}) n
Cr
Fr,172= Fryoo1/2 wp, = m Fipr1/2 i Fipt1/2
-
wi Wi,
k b1
Frp-1/2 . Fryit1/2
Fk 1/2 Fk —-1/2
Co wo1/2 Frao1/ @,
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ONE-DIMENSIONAL GAS DYNAMICS EQUATIONS FOR(u>

dp  dpu p(t, ) density
% om = 0 u(t, ) velocity
2 p(t, ) pressure
Opu + M =0 where v:=14 : ratio of the specific heats
ot Oz E(e,u) total energy
OpE + 0 (pE +p)u =0 € internal specific energy

ot ox E _ e

p=(y—1)pe ?

Intel(R) Core(TM) i5-2500 CPU @ 3.30GHz
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ONE-DIMENSIONAL GAS DYNAMICS EQUATIONS FOR IDEAL GAS

dp  dpu p(t, ) : density
e + o 0 u(t, x) . velocity
2 p(t, ) . pressure
Opu + M =0 where v:=14 : ratio of the specific heats
ot Oz E(e,u) . total energy
OpE + 0 (pE +p)u =0 € :internal specific energy

ot ox E _ e

p=(y—1)pe ?

o Conservative variables
t
w = (p, pu, pE)
@ convex continuous entropy

s(w) = —pln <;> of flux ¥ (w) = u s(w) .

Intel(R) Core(TM) i5-2500 CPU @ 3.30GHz
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SOD’S SHOCK TUBE PROBLEM

Mesh refinement parameter qpax 0.01,
Mesh coarsening parameter aqin 0. 001
Mesh refinement parameter S |Q\ E ks
CFL 0.25,
Simulation time (s) 0.4,
Initial number of cells 200,
Maximum level of mesh refinement Loy -

N 5 L] 4

06 3

08 4 02 I

b N - a5 a 05 \"

o. 2 N

02 1

¢ LU 0— s o 05 1
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ACCURACY

12 - 14 5 01
ponadaptivemeshwithL o = 4 — level
pon uniform fixed mesh N = 681 125 458" - 5
i Py | — 8 I-Ped 0088
S 1B 4 B
5 3 5
08 088 235 .
7 5 2 H
z 065 & 3 5
o 06 2 % >
042 525 004z
2 ¢ S
04 023 2 8
0.02
£ £
02 0 = 15 4
-1 -05 0 05 170»2 1-1 05 0 05 1 0
x X

(a) Density and numerical density of en- (b) Mesh refinement level, numerical
tropy production. density of entropy production and local
error.

FIGURE : Sod’s shock tube problem : solution at time t = 0.4 s using the AB1M scheme
on a dynamic grid with Ly,ax = 5 and the AB1 scheme on a uniform fixed grid of 681
cells.
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CFL :0.219,
Simulation time (s) o 0.18,
Initial number of cells : 500,
Maximum level of mesh refinement : L. = 4.

T= o000 T= om0

5 10 s 10
Derily oty
Eriropy preduct or Sntropy oreducicn
Refirement level & Number ofcels 500 —— 4 8
3 6
2 4
1 2
o 0
o 07 0 e o5 1
T= oo
5 : 10
Areccute ——
Sniropy production
4 8
3 6
2 4
1 2
3 0 o 0
o 02 04 06 08 1 o 07 0 e o5 1
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REFERENCE SOLUTION&NUMERICAL(-)

7 12
4.6
6l AB2 &
108 44
RK2 — §
5r ., rderer?ﬁes)luti 5 42
5, for reference solttion 8z
z 4 5 2!
& 65 3§
8.l S s
4 ‘S 36
2F | ]
| E 34
i ‘ Nt
I N I IR - -
0 0.2 04 0.6 08 1 0.56 0.58 0.6 0.62 0.64 0.66 0.68 0.7
X X
(a) Density and numerical density of en- (b) Zoom on oscillating region.

tropy production.

FIGURE : Shu and Osher test case.
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o Explicit adaptive schemes : time consuming due to the restriction

d .
||w||ﬁ <1, h= n}clnhk

Miiller S., Stiriba Y., SIAM J. Sci. Comput., (07); Ersoy M., Golay F., Yushchenko L., CEJM, (13);
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o Explicit adaptive schemes : time consuming due to the restriction

)
< = mi
||w||h <1, h min hy;

o Local time stepping algorithm : save the cpu-time
» Sort cells in groups w.r.t. to their level

Miiller S., Stiriba Y., SIAM J. Sci. Comput., (07); Ersoy M., Golay F., Yushchenko L., CEJM, (13);
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TIME RESTRICTION, LOCAL TIME s_

o Explicit adaptive schemes : time consuming due to the restriction

) :
||w||ﬁ <1, h= n}clnhk

o Local time stepping algorithm : save the cpu-time

> Sort cells in groups w.r.t. to their level
» Update the cells following the local time stepping algorithm.

Miiller S., Stiriba Y., SIAM J. Sci. Comput., (07); Ersoy M., Golay F., Yushchenko L., CEJM, (13);

-

M. Ersoy (IMATH) Application to wave-breaking



ILLUSTRATION

C’ff'" Croo Chono Croo

t=t, " Wi-1y Wi VieoooWkoot

FIGURE : t =t,
with
OF k1 == (sz+1/2(wk,wk+1) - Flzl—l/z(wk—lywk))
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with

Cr1, Croo Crooo Croot
Wi, - Wi WiogoWios
WanaVkoo:
w =w?l Otn SF!
kooo — " kooo h koo,k000,k001
kooo
ni  __ n 6t'ﬂ n
koor — Wkooy h 6Fk000,k001,k+1b
koo1

FIGURE : tn, =t + 6ty

5FI?—1,k,k+1 = (FI:L+1/2(wk7wk+1) . F£_1/2(wk—1,wk)>
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ILLUSTRATION

Cr-1, Croo  Crooo Croot
" n e
t=t, 4 W1, Whog Wicaon Wkoot

\J v n o
TR —— Lo Wi W]
Wh—1p = W15 [Whoo = Whoo{—koool Tkoos

n ny |oona
Whoo | Whooo[Vkoor

FIGURE : tn, = tn + 26ty
with

f-

n2 _ ni 6tn 5Fn1

—19,k00,k
hkoo 0,K00,%000
ot
ne o __ M1 n n1
Wiooo = Whooo hi Fk007k0007k001
000
ne o Oty

wpl - —§F
koo — " kool hy kooo,koo1,k+1p
001

5F1?—1,k,k+1 = (F1:L+1/2(wk,wk+1) . FI?—l/Q("“k—ly"”k))

<“
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Cr-1, Croo  Crooo Croot
" n e
t=t, 4 W1, Whoo Wicaon Wkoot
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000
v 5t
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001

FIGURE : tn, =t + 30tn
with

5FI?—1,k,k+1 = (F1:L+1/2(’wk,wk+1) . F£_1/2(wk—1,wk)>
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Cr, Croo Ck’em Cﬁum
=ty Wi, Wi Wikooo Whoos 5 ¢
n+1 _ ns n ns
W1, = Wiy OF2 k10 k00
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Oty
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FIGURE : tp41 = tn, + 40t,
with
OF) 1 g1 == (F£+1/2(wk,wk+1) - FI:L—l/Q(wk—l,wk))
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LOCAL TIME STEPPING ALGORITHM

foreach i € {1,2"V} do ‘

Let j be the biggest integer such that 27 divides 4

foreach interface xj.11/2 such that Ly 1,2 > N — j do
@ compute the integral of Fy;1/2(t) on the time interval 2%~ “+1/25¢,,,
Q distribute Fj, 11 /5(t,) to the two adjacent cells,
@ update only the cells of level greater than N — j.

end
end
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EFFICIENCY OF THE LOCAL TIME STEPPI-

| | P | llp—prefllir | cpu-time | Np.. | maximum number of cells |
ABI [00288] 47410 2 | 181 | 1574 | 2308

TABLE : Shu and Osher test case : comparison of numerical schemes of order 1
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EFFICIENCY OF THE LOCAL TIME STEPPI_,

| | P | llp—prefllir | cpu-time | Np.. | maximum number of cells |
AB1 0.288 4741072 181 1574 2308
ABIM | 0.288 4801072 120 1572 2314

TABLE : Shu and Osher test case : comparison of numerical schemes of order 1
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EFFICIENCY OF THE LOCAL TIME STEPPING M_

| | P | llp—prefllir | cpu-time | Np.. | maximum number of cells |
AB1 0.288 4741072 181 1574 2308
AB1IM | 0.288 4801072 120 1572 2314
AB2 | 0287 | 27510 2 | 170 | 1391 | 2023

TABLE : Shu and Osher test case : comparison of numerical schemes of order 1 and 2
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EFFICIENCY OF THE LOCAL TIME STEPPING METH_

\ | P [ llp—preslln | cpu-time | Nz, | maximum number of cells |
AB1 0.288 4741072 181 1574 2308
AB1IM | 0.288 4801072 120 1572 2314
AB2 0.287 2751072 170 1391 2023
AB2M | 0.286 2.741072 108 1357 1994

TABLE : Shu and Osher test case : comparison of numerical schemes of order 1 and 2

M. Ersoy (IMATH) Application to wave-breaking
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EFFICIENCY OF THE LOCAL TIME STEPPING METHOD

| P [llp—preslln | cpu-time | Ny | maximum number of cells
AB1 0.288 4741072 181 1574 2308
AB1IM | 0.288 4.8010~2 120 1572 2314
AB2 0.287 2751072 170 1391 2023
AB2M | 0.286 2741072 108 1357 1994
RK2 0.285 2.0810°? 299 1375 2005

TABLE : Shu and Osher test case : comparison of numerical schemes of order 1 and 2

M. Ersoy (IMATH)
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PROPERTIES

In particular, one has :

THEOREM

Consider a pth convergent scheme. Let S} be the corresponding numerical

density of entropy production and At = Ah be a fixed time step where h
stands for the meshsize.

Then
O(AtP) if the solution is smooth,
lim S7 = 1 . .. .
e Ok 0] (E) if the solution is discontinuous.
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PROPERTIES

In particular, one has :

THEOREM

Consider a pth convergent scheme. Let S} be the corresponding numerical
density of entropy production and At = Ah be a fixed time step where h
stands for the meshsize.

Then
O(At?) if the solution is smooth,
lim Sy = 1 . .. .
n— 00 0] N if the solution is discontinuous.

and the following property is satisfied :

PROPERTIES

Consider a monotone scheme. Then, for almost every k, every n,

M. Ersoy (IMATH) Application to wave-breaking Bilbao, July 17-18, 2014 17 / 38



PROPERTIES

In particular, one has :

THEOREM

Consider a pth convergent scheme. Let S} be the corresponding numerical
density of entropy production and At = Ah be a fixed time step where h
stands for the meshsize.

Then
O(At?) if the solution is smooth,
lim Sy = 1 . .. .
n— 00 0] N if the solution is discontinuous.

and the following property is satisfied :

PROPERTIES

Consider a monotone scheme. Then, for almost every k, every n,

Thus, even if locally S7’ can take positive value, one has S;? < CAt?, qg=p.
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EXAMPLE

Let us consider the transport equation :

{'w,g+wgc =0
w(O,x) = wO(x)
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Let us consider the transport equation :

w +w, = 0
w(0,z) = wy(x)
and the Godunov scheme :
ot
Wit = wf - 2 (wf - i)

M. Ersoy (IMATH)



Let us consider the transport equation :

w +w, = 0
w(0,z) = wy(x)
and the Godunov scheme :
wk+1 = Wi — 5z (wk - wk—l)
gntl _ s(wpth) = s(wp) | Y(s(wp)) = Y(s(wp_,))
k ot ox

with s(w) = w? and ¥(w) = w?.
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EXAMPLE —

Let us consider the transport equation :

Wy —+ Wy = O
w(0,2) = w(x)
and the Godunov scheme :
" ot
wk+1 = wy — 5z (w? - wl:l—l)

Sptt =
with s(w) = w? and ¥(w) = w?.

Substituting wit* into SPT, we get

n__ ,.n 2
5,7;“:—5(1[”“69;‘)’“1) <0with5:5x<1—§—i> >0,

M. Ersoy (IMATH) Application to wave-breaking Bilbao, July 17-18, 2014 18 / 38



CFL : 0.25,
Simulation time (s) ¢ 0.15,
Initial number of cells : 200,
Maximum level of mesh refinement : 4.

T a0 T oo
Lo . 02 3 02
oehsty
xantsohtcr —— xact sohron
Enopy producton & Number o cels 50 2
1005 015 0ls
1
1 ol o ol
1
osss 0.05 0.05
2
039 0 3 0
1 05, o s 1 X En o oz 1
T a0 T- o
oam 02 o7 02
Fred [ e p—
xactsohtcn —— omss Exact sohion
o0z
015 o7 0ls
oo o072
03 ol 07 ol
s oras
0.05 ors 005
o2s
o7
o297 0 om2 0
1 o5 o 03 1 1 0s o o5 1
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123 PROBLEM

o adapive mesh with Lo, = 3 N, = T3t — | 7

12 p on fixed mesh N = 1084
Py — 1 0.06

50

s
3

°
2

Numerical density of entropy production

0 02 04 06
1tm)

(a) Density and numerical density
of entropy production.

Pressure

on adaptive mesh with Ly = 5 (N _ = 1084) —

pon fixed mesh N = 1084

P =

03

025

02

06 04 02 02 04 06

0
1(m)

(b) Pressure.

3 P on adaptivé mesh with L = 5 (N = 1084) — 12 € on adaptive mesh with Ly, = 5 (N 1084) ——
puon fixed mesh N = 1084 - e on fixed mesh N = 1084
3 Pl — 1 d mesh with RK2 N = 5000 -
o —
1 08
E o
2 2
g0 206
: g
= H
-1 04
2 02
3 0
06 04 02 0 02 04 06 06 04 02 0 02 04 06
Itm) Im)

(¢) Momentum.
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L' discretisation error L' discretisation error
04 04
ABIU : order = 0.56573 =—@=— RK2U : order = 0.60776 =—@=—
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(e) First order scheme. (f) Second order scheme.

FIGURE : Test 2 : || — €cxl|;1 with respect to the average number of cells at time
t=0.15.
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THE BLAST WAVE PROBLEM e

P T T T - PRI SO,
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(a) Density and numerical density (b) Pressure.
of entropy production.
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" v e mes = 109 oo sk = 709
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(c) Momentum. (d) Internal energy.
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THE BLAST WAVE PROBLEM -

L' discretisation error L' discretisation error
25 26
O T — e TE—
ABI : order = 0.8015 =——+—
24 ABIM : order = 0.8067] =t
24
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g g 2
2 21 2
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2
19 1.6
1.8 14
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(e) First order scheme. (f) Second order scheme.

FIGURE : [le — €eal;1 with respect to the average number of cells at time ¢ = 0.038.
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APPLICATION TO WAVE BR.

o Main task : wave propagation and wave breaking.
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o Main task : wave propagation and wave breaking.

@ Reproduce with accuracy saving the cpu-time, previous works by Golay &
Helluy and co ...
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APPLICATION TO WAVE BREAKING -

e Main task : wave propagation and wave breaking.

@ Reproduce with accuracy saving the cpu-time, previous works by Golay &
Helluy and co ...

Jertical water heights in the reservoir H2 Vertical water heights in the reservoir H4
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- __ EXPERINENT 0
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—Kleffsman simulation |04
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M. Ersoy (IMATH) Application to wave-breaking



APPLICATION TO WAVE BREAKING -

e Main task : wave propagation and wave breaking.

@ Reproduce with accuracy saving the cpu-time, previous works by Golay &
Helluy and co ...

Kleefsmann (ComFlow) Golay G2
1.2M cells 0.8M cells

o NS+VOF+Surface tension  Bifluid Euler
MAC Fv

2days CPU M=0.1
1 day CPU M=0.2

R
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APPLICATION TO WAVE BREAKING

e Model (2D and 3D) : low mach bi-fluid euler

9p p(t, x)
o T dvipw) =0 u(t, z)
Oopu 2 N p(t, )
W div (pu® +pI) = Plihere E(e,u)
Bp B €
5 TV (B +p)u) =0 0
FE

Oy
8t+u V=20
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density

velocity

pressure

total energy

internal specific energy
fluid's fraction

2
e+ %
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APPLICATION TO WAVE BREAKING

e Model (2D and 3D) : low mach bi-fluid euler

Op p(t,x) . density
E +div(pu) =0 u(t,x)  :  velocity
dpu 9 p(t, ) © pressure
W +div (pu® + pI) = P ihere E(e,u) : total energy
Bp € :internal specific energy
o T div ((0E +p)u) =0 ) : fluid's fraction
E = e+ “72

Oy
8t+u V=20

e Mach number < 0.3 — fluid is slightly compressible
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APPLICATION TO WAVE BREAKING

e Model (2D and 3D) : low mach bi-fluid euler

Op p(t, ) . density
a +div(pu) =0 u(t, x) . velocity
dpu 9 p(t, ) © pressure
W +div (pu® + pI) = P ihere E(e,u) : total energy
Bp € :internal specific energy
o T div ((0E +p)u) =0 ) : fluid's fraction
E = &+ “72

Oy
Bt +u-Vo=0

@ Mach number < 0.3 — fluid is slightly compressible

@ easy to solve
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APPLICATION TO WAVE BREAKING

e Model (2D and 3D) : low mach bi-fluid euler

Op p(t, ) . density
a +div(pu) =0 u(t, x) . velocity
dpu 9 p(t, ) © pressure
W +div (pu® + pI) = P ihere E(e,u) : total energy
Bp € :internal specific energy
o T div ((0E +p)u) =0 ) : fluid's fraction
E = &+ “72

Oy
Bt +u-Vo=0

@ Mach number < 0.3 — fluid is slightly compressible
@ easy to solve

e Explicit scheme — easy parallel implementation (MPI)
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APPLICATION TO WAVE BREAKING

e Model (2D and 3D) : low mach bi-fluid euler (isothermal non-cv)

Op p(t, ) . density
a +div(pu) =0 u(t, x) . velocity
dpu 9 p(t, ) © pressure
W +div (pu® + pI) = P ihere E(e,u) : total energy
Bp € :internal specific energy
o T div ((0E +p)u) =0 ) : fluid's fraction
Op FE = e+ u?
=0 2
Bt +u-Vep=
with
p = potco(p—(ppw+(1=¢)pa))

e Mach number < 0.3 — fluid is slightly compressible

easy to solve

Explicit scheme — easy parallel implementation (MPI)

Equation of state with artificial sound speed — CFL less restrictive
Bilbao, July 17-18, 2014 27 /38



APPLICATION TO WAVE BREAKING

e Model (2D and 3D) : low mach bi-fluid euler (isothermal non-cv)

Op p(t, ) . density
a +div(pu) =0 u(t, x) . velocity
dpu 9 p(t, ) © pressure
W +div (pu® + pI) = P ihere E(e,u) : total energy
Bp € :internal specific energy
o T div ((0E +p)u) =0 ) : fluid's fraction
Op FE = e+ u?
=0 2
Bt +u-Vep=
with
p = potco(p—(ppw+(1=¢)pa))
e Moreover,
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APPLICATION TO WAVE BREAKING

e Model (2D and 3D) : low mach bi-fluid euler (isothermal non-cv)

Op p(t,x) . density
E +div(pu) =0 u(t,x)  :  velocity
dpu 9 p(t, ) © pressure
W +div (pu® + pI) = P ihere E(e,u) : total energy
Bp € :internal specific energy
o T div ((0E +p)u) =0 ) : fluid's fraction
Op E = 4+ ¥
=0 2
Bt +u-Vep=
with
p = potcolp—(ppw+(1—¥)pa))
@ hyperbolic system
@ Moreover,
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e Model (2D and 3D) : low mach bi-fluid euler (isothermal non-cv)

Op p(t, ) . density
a +div(pu) =0 u(t, x) . velocity
dpu 9 p(t, ) © pressure
W +div (pu® + pI) = P ihere E(e,u) : total energy
Bp € :internal specific energy
o T div ((0E +p)u) =0 ) : fluid's fraction
Oy E = e+ ¥
=0 2
Bt +u-Vep=
with
p = potco(p—(ppw+(1=¢)pa))
@ hyperbolic system
o Moreover, @ entropy available
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APPLICATION TO WAVE BREAKING

e Model (2D and 3D) : low mach bi-fluid euler (isothermal non-cv)

Op p(t, ) . density
a +div(pu) =0 u(t, x) . velocity
dpu 9 p(t, ) © pressure
W +div (pu® + pI) = P ihere E(e,u) : total energy
Bp € :internal specific energy
o T div ((0E +p)u) =0 ) : fluid's fraction
Op FE = e+ u?
=0 2
Bt +u-Vep=
with
p = potco(p—(ppw+(1=¢)pa))
@ hyperbolic system
o Moreover, @ entropy available

@ automatic mesh refinement
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APPLICATION TO WAVE BREAKING

e Model (2D and 3D) : low mach bi-fluid euler (isothermal non-cv)

Op p(t, ) . density
a +div(pu) =0 u(t, x) . velocity
dpu 9 p(t, ) © pressure
W +div (pu® + pI) = P ihere E(e,u) : total energy
Bp € :internal specific energy
o T div ((0E +p)u) =0 ) : fluid's fraction
Op FE = e+ u?
=0 2
Bt +u-Vep=
with
p = potco(p—(ppw+(1=¢)pa))
hyperbolic system
o Moreover, entropy available

automatic mesh refinement
local time stepping
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PARALLELIZATION : MESH STRATEGY ?

@ hard and main task to handle
@ strategy : domain, block, cpu?

@ domain=block=1 cpu : “failure” — synchronization depends on the finest
domain

@ domain= n X blocks = lcpu : “good compromise” — each domain has almost
the same number number of cells — “better” synchronization
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PARALLELIZATION : MESH STRATEGY ?

o hard and main task to handle
@ strategy : domain, block, cpu?
@ domain=block=1 cpu : “failure” — synchronization depends on the finest

domain
@ domain= n X blocks = lcpu : “good compromise” — each domain has almost

the same number number of cells — “better” synchronization
@ It certainly exists better strategy ...
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PARALLELIZATION : MESH STRATEGY-

@ hard and main task to handle

@ strategy : domain, block, cpu?
@ domain=block=1 cpu : “failure” — synchronization depends on the finest

domain
@ domain= n X blocks = lcpu : “good compromise” — each domain has almost

the same number number of cells — “better” synchronization
@ It certainly exists better strategy ...

e Management of domain’s interfaces, projection step, ...
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How it works ?

@ each domain has almost the same number of cells




DOMAIN= N X BLOCKS = 1CPU e =

How it works ?
@ each domain has almost the same number of cells

@ domain are defined using Cuthill-McKee numbering
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DOMAIN= N X BLOCKS = 1CPU

How it works ?

@ each domain has almost the same number of cells

@ domain are defined using Cuthill-McKee numbering
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@ domain are defined using Cuthill-McKee numbering
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DOMAIN= N X BLOCKS = 1CPU

How it works ?
@ each domain has almost the same number of cells

@ domain are defined using Cuthill-McKee numbering
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DOMAIN= N X BLOCKS = 1CPU

How it works ?
@ each domain has almost the same number of cells

@ domain are defined using Cuthill-McKee numbering
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How it works ?
@ each domain has almost the same number of cells
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DOMAIN= N X BLOCKS = 1CPU ———

How it works ?
@ each domain has almost the same number of cells

@ domain are defined using Cuthill-McKee numbering
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How it works ?

@ each domain has almost the same number of cells
@ domain are defined using Cuthill-McKee numbering

@ more sophisticated numbering exists . ..

M. Ersoy (IMATH)



DOMAIN= N X BLOCKS = 1CPU

How it works ?
@ each domain has almost the same number of cells
@ domain are defined using Cuthill-McKee numbering
@ more sophisticated numbering exists . ..

@ main loop and parallelization (mpi)

10 Ty

[T
AMR&
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2D-3D DAMBREAK WITH AN OBSTACLE

Mesh refinement parameter aax 0.2,

Mesh coarsening parameter apin . 0.1,

Number of domain ¢ 321,

Number of processors ¢ 120,
efinement : Ly..=5.

(top left : mesh, top middle : p, top right : S}, bottom left : level, bottom right :

]' mn
|D|/DS“
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VERSUS EXPRIMENTAL (KOSHIZUKA, TAMAKO, OKA, 95)

T=02s
T=03s
T=04s
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@ 10h cpu (instead of 1 day)
@ 48 cpus, 48 domains, 3628 blocks
o transfer and post-processing take more time!

il
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JUST FOR FUN : VISUALISATION TOOL

@ povray = Persistence Of Vision RAYtracer : high quality and realistic picture
o Povray postprocess is expensive but the results are beautiful ! ']

o first movie (Shallow water equations with a moving bed) :

> each picture =~ 6Mo
> time to generate 1 picture = 10 min
> here 500 picture ...
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JUST FOR FUN : VISUALISATION TOOJ.}

o A second movie (bifluid Euler equations) :

4 level

20 domains

100 time step

Qmin = 0.02, amax = 0.2
172 215 — 587763 cells
7h computation

Yy VY VvV VvV VvYY
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JUST FOR FUN : VISUALISATIC

@ speed-up vs proc number

M. Ersoy (IMATH)
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@ cpu time vs proc number

5000
4000 T

—t—rk2
23000 —tr—ab2m
2000 -+
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WENDROFF, 01)

@ Riemann data :

(p1,p1,u1,v1), if >05 and y>0.5

) (p2,p2,uz,v2), if <05 and y>05

(p’P’Ua ’U)(O,.’L',y) - (p ,03,U3, 3), lf T < 05 and y < 05
)

(p4, pa,ug,vq), if >05 and y <05
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2D EULER RIEMANN PROBLEM : A c-

WENDROFF, 01)

@ Riemann data :

(p1,p1,u1,v1), if >05 and y>0.5

) (p2,p2,uz,v2), if <05 and y>05

(p, 9,0, 0) (0, 2,y) = (p3, p3,us,v3), if <05 and y<0.5
)

(p4, pa,ug,vq), if >05 and y <05

@ 19 possible configuration : forward or backward 1 D waves (rarefaction, shock
and contact discontinuity)
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2D EULER RIEMANN PROBLEM : A COMPUTATIONAL CHALLENGE (LISKA,

WENDROFF, 01)

@ Riemann data :

(P, p,u,v)(0,2,y) =

M. Ersoy (IMATH)

Application to wave-breaking

if
if

x> 0.5
z < 0.5
x<0.5
x> 0.5

and
and
and
and

y > 0.5
y > 0.5
y < 0.5
y <0.5
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2D EULER RIEMANN PROBLEM : A COMPUTATIONAL CHALLENGE (LISKA,

WENDROFF, 01)

@ Riemann data :

(1,1,0,-0.4), if 2>05 and y>05
(1,2,0.,-0.3), if <05 and y>0.5
(P, 0) (0,2, 9) = 3 (04]1.0625,0,0.2145),  if x<05 and y< 05
(0.4,0.5197,0,—1.1259), if x>0.5 and y <05

e Two standing contacts on the line x=0.5
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ACHIEVEMENTS AND PERS %

@ low mach bi-fluid model 1D, 2D and 3D
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@ low mach bi-fluid model 1D, 2D and 3D
o Bi-fluid Euler equations with other pressure law

@ For each model "Efficiency” = accuracy and save the cpu time
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ACHIEVEMENTS AND PERSPECTIVEs-

@ low mach bi-fluid model 1D, 2D and 3D

o Bi-fluid Euler equations with other pressure law

@ For each model "Efficiency” = accuracy and save the cpu time
@ New 3D AMR meshing tool implemented
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ACHIEVEMENTS AND PERSPECTIVES IN CM2 Em——

low mach bi-fluid model 1D, 2D and 3D
o Bi-fluid Euler equations with other pressure law

o For each model "Efficiency” = accuracy and save the cpu time

New 3D AMR meshing tool implemented
Others models have been validated : interfacial erosion model with DDFV
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low mach bi-fluid model 1D, 2D and 3D
e Bi-fluid Euler equations with other pressure law

o For each model "Efficiency” = accuracy and save the cpu time

@ New 3D AMR meshing tool implemented

@ Others models have been validated : interfacial erosion model with DDFV
e Todo

» optimization of the parallel processing
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e Bi-fluid Euler equations with other pressure law

o For each model "Efficiency” = accuracy and save the cpu time
@ New 3D AMR meshing tool implemented
@ Others models have been validated : interfacial erosion model with DDFV
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ACHIEVEMENTS AND PERSPECTIVES IN CM2 e

low mach bi-fluid model 1D, 2D and 3D
o Bi-fluid Euler equations with other pressure law
@ For each model "Efficiency” = accuracy and save the cpu time

@ New 3D AMR meshing tool implemented
@ Others models have been validated : interfacial erosion model with DDFV
e To do

> optimization of the parallel processing

» GCPU

» Application to Shallow water equations :
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ACHIEVEMENTS AND PERSPECTIVES IN CM?2 E—E—

low mach bi-fluid model 1D, 2D and 3D
o Bi-fluid Euler equations with other pressure law
@ For each model "Efficiency” = accuracy and save the cpu time

@ New 3D AMR meshing tool implemented
@ Others models have been validated : interfacial erosion model with DDFV
e To do

> optimization of the parallel processing

» GCPU

> Application to Shallow water equations :

M. Ersoy (IMATH) Application to wave-breaking Bilbao, July 17-18, 2014 37 /38



Thank you

—E
for your

o L0

attention

=Pt ==




	Physical modeling and numerical motivation
	2D and 3D applications
	Concluding remarks& perspectives

