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Modelling and simulation issues : a wide range of scales must be taken into account

» DNS would be unconceivable,
> two main regimes of flow : separated phases and disperse phase,
> two categories of Eulerian reduced-order models :

+ two-fluid models (and methods for locating gas-liquid interface),
« spray models and kinetic theory basis. !

Design a unified approach using reduced-order models, with specific numerical strategies
applicable on HPC resources.
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@ Numerical schemes
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« first results.

Two-fluid models for .
© 2D /3D interfacial flows. TWOjﬂllld models for
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+ AMR framework, >
+ results for simple > Hierarchy of models as simple as possible,
interfacial flows.

> associated numerical schemes,

> adapted to highly parallel simulations.
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TWO-FLUID MODELS

Why choosing two-fluid models ?

2. D. A. Drew and S. L. Passman. Theory of Multicomponent Fluids. Applied Mathematical Sciences. Springer, 1999

3. S. Gavrilyuk and R. Saurel. Mathematical and numerical modeling of two-phase compressible flows with micro-inertia. Journal of
Computational Physics, 175 :326-360, 2002
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TWO-FLUID MODELS
Why choosing two-fluid models ?

> widely used for separated phases :

« incompressible for free surface flows / low-Mach
« compressible for cases with pressure waves or shocks

> use for cases of disperse phase :

« multiphase flows simulation
« dispersion of bubbly media

How to derive two-fluid models ?
Two approaches :

> Description of physics at micro-scale and averaging procedure.?
= Issues of closures and well-posedness.

Opmy + Vo (muy)

Oy my + V - (mpuy

Op (muy)  + V- (mug @ u) +aVpy

By (mpug) + V. (muy ®uy) + (11— a)Vpy

O (mhy) 4+ V- (mhjuy) — o (Opy + 1wy - Vpp)

O (mhy) — + V- (mhuy) — (1= a) (8py +uy - Vi)
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How to derive two-fluid models ? 0
Two approaches : °022 ° 5
> Description of physics at micro-scale and averaging procedure. O >

= Issues of closures and well-posedness.

» Mathematical way : variational principle and mathematical

entropy. 3
Well-posed systems of equations ?

> hyperbolicity,

> entropic dissipation.

2. D. A. Drew and S. L. Passman. Theory of Multicomp Fluids. Applied Mathematical Sciences. Springer, 1999
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Computational Physics, 175 :326-360, 2002



Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
O@00000 0000 00000000

LEAST ACTION PRINCIPLE

Derivation of a two-fluid models for flows with micro-inertia (associated to bubbles pulsation for
instance) :



Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
0000000 0000 00000000

LEAST ACTION PRINCIPLE

Derivation of a two-fluid models for flows with micro-inertia (associated to bubbles pulsation for
instance) :

Procedure Example



Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
O@00000 0000 00000000

LEAST ACTION PRINCIPLE

Derivation of a two-fluid models for flows with micro-inertia (associated to bubbles pulsation for
instance) :

Procedure Example
» Choice of kinetic and potential energies, > Lplul? pf(p,Y, @), ju(a) Diaf?




Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
O@00000 0000 00000000

LEAST ACTION PRINCIPLE

Derivation of a two-fluid models for flows with micro-inertia (associated to bubbles pulsation for

instance) :
Procedure Example
» Choice of kinetic and potential energies, > Lplul? pf(p,Y, @), ju(a) Diaf?

» Lagrangian functional : Ey;,, — Epor > L= %plu\z ¥ %#(a)|Dta|2 — pf(p, Y, )




Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
O@00000 0000 00000000

LEAST ACTION PRINCIPLE

Derivation of a two-fluid models for flows with micro-inertia (associated to bubbles pulsation for

instance) :
Procedure Example
» Choice of kinetic and potential energies, > Lplul? pf(p,Y, @), ju(a) Diaf?
» Lagrangian functional : Ey;,, — Epor > L= %plu\z ¥ %u(a)|Dta\2 — pf(p, Y, )

» Variations v of ways from initial to final > A e), plat,v)
- ythv), plx,t,v),
states, s. t. W(x,t,v = 0) = W(x, 1) Y(x,t,v), a(x, b, v)




Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
O@00000 0000 00000000

LEAST ACTION PRINCIPLE

Derivation of a two-fluid models for flows with micro-inertia (associated to bubbles pulsation for

instance) :
Procedure Example
» Choice of kinetic and potential energies, > %p\u|2, of (p, Y, ), Lu(a) |Diar?
» Lagrangian functional : Ey;,, — Epor > L= %plu\z ¥ %u(a)|Dta\2 — pf(p,Y, @)
» Variations v of ways from initial to final > A e), plat,v)
states, s. t. W(x, t, v = 0) = W(x, ) Y(x,t,v), a(x, b, v)

> Action of the Lagrangian : > AW) = [, LG8, 5, Y, &)dxdt
=Ja 05 Y,




Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
O@00000 0000 00000000

LEAST ACTION PRINCIPLE

Derivation of a two-fluid models for flows with micro-inertia (associated to bubbles pulsation for

instance) :
Procedure Example
» Choice of kinetic and potential energies, > %p\u|2, of (p, Y, ), Lu(a) |Diar?
» Lagrangian functional : Ey;,, — Epor > L= %plu\z ¥ %u(a)|Dta\2 — pf(p,Y, @)
» Variations v of ways from initial to final > A e), plat,v)
states, s. t. W(x, t, v = 0) = W(x, ) Y(x,t,v), a(x, b, v)

> Action of the Lagrangian : > AW) = [, LG8, 5, Y, &)dxdt
=Ja 05 Y,

<%> —0
o ),

» Least Action Principle for continuum :

v
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> Action of the Lagrangian : > AW) = [, LG8, 5, Y, &)dxdt
=Ja 05 Y,

> <%> —0
o /=

> definition of infinitesimal displacement in eulerian coordinates,

» Least Action Principle for continuum :

> postulation of mass cosnervation,

= conservative system of equations :

Op + V - (pu) = 0
oa(pY) + V- (pYu) = 0
o(pw) + V-(uew+V(p+iye)?) = 0

Y

Orax + u-Va = prw

Vi
ow + u-Vw = s — i

PY /1
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SECOND PRINCIPLE OF THERMODYNAMICS

Homogeneous barotropic two-fluid model (conservative) :

Op + V - (pu) = 0
alpy) + V- (pYu) - 0
o(pw) + V-(uew+V(p+ipyw?) = 0

Y

o+ u-Va - 2

NG
ow + u-Vw = Ps — i
PY1

4. H. Godlewski and P-A. Raviart. Numerical Approximation of Hyperbolic Systems of Conservation Laws. Springer, 1996
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SECOND PRINCIPLE OF THERMODYNAMICS

Homogeneous barotropic two-fluid model (conservative) :

Orp +
o(pY) +
O (pu)  +

Orav +

ow —+

V - (pu) = 0
V - (pYu) = 0
V-(pu@u)+V(p+%(pr)2) = 0
pYw
u-Va = —
m
u- Vw N
PY1

Add of dissipative structures through entropy inequality :

> Entropy of the system *

4. H. Godlewski and P-A. Raviart. Numerical Approximation of Hyperbolic Systems of Conservation Laws. Springer, 1996 8/°

> pon = iplul’ + JulDial® + of (p, Y, @)
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SECOND PRINCIPLE OF THERMODYNAMICS

Homogeneous barotropic two-fluid model (conservative) :

Orp +
o(pY) +
O (pu)  +
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ow —+

V - (pu) = 0
V - (pYu) = 0
V-(pu@u)+V(p+%(pr)2) = 0
pYw
u-Va = —
m
u- Vw N
PY1

Add of dissipative structures through entropy inequality :

> Entropy of the system *
» Entropy inequality

> Development of inequality and grouping of

terms

4. H. Godlewski and P-A. Raviart. Numerical Approximation of Hyperbolic Systems of Conservation Laws. Springer, 1996 8/°

> pn = plul’ + LulDiaf® + pf (p, Y, @)
> On+u-Vn <0

1 of w
> (Yi\/ﬁa +th)-(;)§0
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Homogeneous barotropic two-fluid model (conservative) :

Orp + V - (pu) = 0
apY) + V- (pYu) = 0
o(pw) + V-(uaw+V(p+iye)?) = 0
pYw
Orax + u-Va = —_—
NG
Oyw + u- Vw - hkn
PYVi
Add of dissipative structures through entropy inequality :
> Entropy of the system * > pn = 3plul® + ulDial® + of (p, Y, @)
> Entropy inequality > Om+u-Vn<0
» Development of inequality and grouping of > ( ! if + Dw) - (K) <0
terms Y/ O no-
» Introduction of dissipative parameters to _ € Ps — P
ensure inequality > Diw = — ;w + 7pY\/ﬁ , €>0

4. H. Godlewski and P-A. Raviart. Numerical Approximation of Hyperbolic Systems of Conservation Laws. Springer, 1996 8/°
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SECOND PRINCIPLE OF THERMODYNAMICS

Homogeneous barotropic two-fluid model (conservative) :

Op + V - (pu) = 0
alpY) + V- (pYu) = 0
d(pw) + Ve(uew+V(p+ievw?) = 0
Y
Bta + u-Va = l
NG
Ow + u- Vo = STl
Iz pY /I
Add of dissipative structures through entropy inequality :
> Entropy of the system* > pn = plul’ + FuDiaf® + pf (p, Y, @)
> Entropy inequality > Om+u-Vn<0
> Development of inequality and grouping of > ( 1 ﬁ + D) - (ﬂ) <0
terms Y/t Oc no
> Introduction of dissipative parameters to _ € Ps — P
ensure inequality > Diw = Y + pY R €>0

Mathematical properties of the system :

> Hyperbolicity of the conservative part,
> characteristic sound velocity : ¢ = Yc; + (1 — Y)¢f + p(Yw)?,

> dissipative source terms.

4. H. Godlewski and P-A. Raviart. Numerical Approximation of Hyperbolic Systems of Conservation Laws. Springer, 1996 5 /50
/3
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DERIVATION OF A HIERARCHY OF MODELS. °

hyp : homogeneous, isothermal, micro-
inertia, dissipative
— 5-equation model

Op + V - (pu) = 0
B (pY) + V - (pYu) = 0
9 (pu) + V - (pu ® u)
+9 (r+ Lerw)?) = 0
pYw
Ot + u- Va = —
VE
g _
Oqw + u- Vw = 77w+Pg7P71
© Y/

4. F Drui, A. Larat, V. Le Chenadec, S. Kokh, and M. Massot. A hierarchy of simple hyperbolic two-fluid models for bubbly flows. in
the process of writing

5. G. Chanteperdrix, P. Villedieu, and J.P. Vila. A compressible model for separated two-phase flows computations. In ASME Fluid Eng.
Div. Summer Meeting 2002, 2002
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hyp : homogeneous, isothermal, micro-
inertia, conservative
— 5-equation model

Otp + V - (pu) = 0
8 (pY) + V - (pYu) = 0
8t (pu) + V - (pu ® u)
+V (r+ Forw)?) = 0
pPYw
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w2
. = k=T
dw + u- Vo = eV

e—0

DERIVATION OF A HIERARCHY OF MODELS. °

hyp : dissipation through pressure relaxa-

tion

— 4-equation model
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I
coco

Pg —P1

nw—0
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BUBBLY FLOWS

Application to bubbly flows :
> bubbles are a case of disperse phase,
> important compressible effects,
> many experimental works in this domain.
Further assumptions on the microstructure of the flow :
> Bubbles have all the same radius R and a/(x, t) = 4/37n(x, H)R(t)%,
> the number of bubbles is conserved : 9yn + V - (nu) = 0,
> liquid is almost incompressible : p; ~ p}.
= equation on bubbles radius :
3a - 3 u'(a)) R? R
pg — P = s?R + 3ap <3+ EQT) ﬁ + 304[L§
Identification with Rayleigh-Plesset equation leads to :
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3« 3«
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BUBBLY FLOWS

Application to bubbly flows :
> bubbles are a case of disperse phase,
> important compressible effects,
> many experimental works in this domain.
Further assumptions on the microstructure of the flow :
> Bubbles have all the same radius R and a/(x, t) = 4/37n(x, H)R(t)%,
> the number of bubbles is conserved : 9yn + V - (nu) = 0,
> liquid is almost incompressible : p; ~ p}.

= equation on bubbles radius :

3% 4 sap (34 2ol RZ+3 R
—p=e— [eY —ao——— | — ap—
pg —pr=¢ R © 5 L R KR
Identification with Rayleigh-Plesset equation leads to :
co o _ PR
3o’ 3a

= we propose here physical values for the mathematical parameters !
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> Measure of phase velocity and spatial attenuation for different sizes of bubbles and different
volume fractions of gas,

> comparison of the dispersion relations of the systems of equations (after linearization),

> comparison with Drew’s model.
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COMPARISON WITH MEASURES AND REFERENCE MODEL

Measures of acoustic waves dispersion in bubbly media :

> Measure of phase velocity and spatial attenuation for different sizes of bubbles and different
volume fractions of gas,

> comparison of the dispersion relations of the systems of equations (after linearization),
> comparison with Drew’s model.
Model of Drew and Passman :

100 10t
= Drew-model O 0 R=198e03 m
OO0 R=19e03m
10| A A R=207e03m
o = 5.84e-04 _
. e _ <& <& R = 2.50e-03km
! €= 1.85¢+03 E
= u = 3.57e+00 @
E = 0
= s
g E
® g
B 10° s o
£ 2
g
107
10?
1
107 107 107 107 10° 0% Rt 107 107 107 10° 10°

frequency (Hz) frequency (Hz)
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COMPARISON WITH MEASURES AND REFERENCE MODEL

Measures of acoustic waves dispersion in bubbly media :
> Measure of phase velocity and spatial attenuation for different sizes of bubbles and different
volume fractions of gas,
> comparison of the dispersion relations of the systems of equations (after linearization),
> comparison with Drew’s model.

Model of Drew and Passman and 3-equation model :

108 10t
= Drew-model © O R=19803m
= 3-equation OO0 R=19e03m
10} A A R=20703m
o = 5.84e-04 —
ol | RE25850 © © R = 250e03fm
! € = 185+03
1t = 3.57e400 .
107

10!

2}
10°

107!
107 107 107 107 10° 0% 107 107 107 10% 10° 10°

frequency (Hz) frequency (Hz)

10

£
2
S
5
2
b
2
£
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spatial attenuation (dB/m)
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COMPARISON WITH MEASURES AND REFERENCE MODEL

Measures of acoustic waves dispersion in bubbly media :

> Measure of phase velocity and spatial attenuation for different sizes of bubbles and different

volume fractions of gas,

> comparison of the dispersion relations of the systems of equations (after linearization),

> comparison with Drew’s model.

Model of Drew and Passman and 3-equation and 4-equation models :

phase velacity (m/s)

17

10t

10

10*

107 107 107 107 10° 1

= Drew-model
—— 3-equation
== 4equation-€

frequency (Hz)

spatial attenuation (dB/m)

10t

© O R =1098e03
O 0 R=19%2e03
100} A& A R=207e03
< <& R = 2.50e-03

33 3 3
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COMPARISON WITH MEASURES AND REFERENCE MODEL

Measures of acoustic waves dispersion in bubbly media :

> Measure of phase velocity and spatial attenuation for different sizes of bubbles and different
volume fractions of gas,

> comparison of the dispersion relations of the systems of equations (after linearization),
> comparison with Drew’s model.

Model of Drew and Passman and 3-equation and 4-equation and 5-equation models :

5

10t
= Drew-model © O R=198e03m
= 3-equation O O R =192-03Im
== 4equation-& 108} A& A R=207e03Im
ﬁj;ggggg —  S-equation-u < <& R = 2.50e-03)im
£ =185+03
1 =3.57e+00
10%

spatial attenuation (dB/m)

o
100

10-1
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COMPARISON WITH MEASURES AND REFERENCE MODEL

Measures of acoustic waves dispersion in bubbly media :

> Measure of phase velocity and spatial attenuation for different sizes of bubbles and different
volume fractions of gas,

> comparison of the dispersion relations of the systems of equations (after linearization),
> comparison with Drew’s model.

Model of Drew and Passman and all models :

100 10t
== Drew-model O O R =198e03m

41 — 3-equation O O R =192-03m
+ | == 4equation-e 100 A A R=207e03m
o = 5.84e-04 " — B jon-.
- e s 5-equation-p _
& =185e+03 " == bequation-y-& E
= 1 = 3.57e400
E = 10
£ =
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<] "
2 3
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Measures of acoustic waves dispersion in bubbly media :

> Measure of phase velocity and spatial attenuation for different sizes of bubbles and different
volume fractions of gas,

> comparison of the dispersion relations of the systems of equations (after linearization),

> comparison with Drew’s model.

> 41 has been well identified, e identified as viscous damping is not sufficient,

> each model of the hierarchy can be associated to a certain regime of acoustic perturbations,

> the limits from one model to the other in the hierarchy is not uniform over all frequencies.
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COMPARISON WITH MEASURES AND REFERENCE MODEL

Measures of acoustic waves dispersion in bubbly media :

> Measure of phase velocity and spatial attenuation for different sizes of bubbles and different
volume fractions of gas,

> comparison of the dispersion relations of the systems of equations (after linearization),

> comparison with Drew’s model.

Conclusion

> 41 has been well identified, e identified as viscous damping is not sufficient,
> each model of the hierarchy can be associated to a certain regime of acoustic perturbations,

> the limits from one model to the other in the hierarchy is not uniform over all frequencies.

To go further

By defining relevant energies for the system, one can complete the hierarchy to comes closer to
spray models.
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A NUMERICAL SCHEME FOR THE WHOLE HIERARCHY ?

— 4-equation model
OiWy + OxF(Wy) = S(e, Wa)

Characteristic speed :

CFrozen = \/ YC% aF (1 - Y)C%

— 5-equation model with dissipa-
tion

OWs + OxF(Ws) = S(u, €, Ws)

Characteristic speed :

Cputs = \/ Crozen + P(YW)?

7. S. Jin. Efficient asymptotic-preserving (ap) schemes for some multiscale kinetic equations. SIAM Journal on Scientific Computing,
21(2) :441-454, 1999 o
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— 4-equation model
OiWy + OxF(Wy) = S(e, Wa)

Characteristic speed :

CFrozen = \/ YC% aF (1 - Y)C%

AP scheme :”

lim lim W§, A,

. . v
lm | Hm Warar = Jim  lm

At,Ax—0£—0

— 5-equation model with dissipa-
tion

OWs + OxF(Ws) = S(u, €, Ws)

Characteristic speed :

Cputs = \/ Crozen + P(YW)?
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ASYMPTOTIC PRESERVING SCHEMES : THEORY
Equations with stiff source term® : &;W + 8,F(W) = S(¢, W)

8. C.Chalons, M. Massot, and A. Vié. On the eulerian large eddy simulation of dispersed phase flows : an asymptotic preserving scheme
for small stokes number flows. submitted on March 2014

9. G. Gallice. Positive and entropy stable godunov-type schemes for gas dynamics and mhd equations in lagrangian or eulerian coordi-
nates. Numerische Mathematik, 94 :673-713, 2003
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Aim : being consistent for a system and its asymptotic limit :

lim  lim WX = lim Lm W3
ALAY0E—0  ALAY T 0 Af A0 ALAX

Application to the 5-equation model when ¢ — 0 and p» — 0.
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ASYMPTOTIC PRESERVING SCHEMES : THEORY
Equations with stiff source term® : &;W + 8,F(W) = S(¢, W)

Aim : being consistent for a system and its asymptotic limit :

lim  lim WX = 11m lim WS
ARAX—0E—0  AhAY S0 ALAx—0 | AhAX

Application to the 5-equation model when ¢ — 0 and p» — 0.

Classical integration of source term:

> Godunov splitting :
Wi + F(W)x =0
Wy = S(g, W)

> explicit integration of source terms may
lead to strong CFL constraints (so as to
ensure « € [0, 1] for instance),

> not always accurate for large time steps
when £ is small,

> for our models, constrainton o : @ € [0, 1]

8. C.Chalons, M. Massot, and A. Vié. On the eulerian large eddy simulation of dispersed phase flows : an asymptotic preserving scheme
for small stokes number flows. submitted on March 2014

9. G. Gallice. Positive and entropy stable godunov-type schemes for gas dynamics and mhd equations in lagrangian or eulerian coordi-
nates. Numerische Mathematik, 94 :673-713, 2003
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ASYMPTOTIC PRESERVING SCHEMES : THEORY
Equations with stiff source term® : &;W + 8,F(W) = S(¢, W)

Aim : being consistent for a system and its asymptotic limit :

lim  lim WX = 11m lim WS
ARAX—0E—0  AhAY S0 ALAx—0 | AhAX

Application to the 5-equation model when ¢ — 0 and p» — 0.

Classical integration of source terms : A more consistent way (i

well-balanced schemes) :

ued from

> Godunov splitting :
> modification of Riemann solver to integrate

Wi+ F(W)x =0 source terms with fluxes,
Wi = S(&, W)

> satisfying integral consistency ’
> explicit integration of source terms may
lead to strong CFL constraints (so as to / /t (W + FOW)x — (6, W) dtdx =0
ensure « € [0, 1] for instance), i

> use of generalized jump relations across the

> not always accurate for large time steps waves®

when £ is small,

F(WR) — F(W) — AxS = A (W, — W)
> for our models, constraint on «c: @ € [0, 1] K - zk: e g

8. C.Chalons, M. Massot, and A. Vié. On the eulerian large eddy simulation of dispersed phase flows : an asymptotic preserving scheme
for small stokes number flows. submitted on March 2014

9. G. Gallice. Positive and entropy stable godunov-type schemes for gas dynamics and mhd equations in lagrangian or eulerian coordi-
nates. Numerische Mathematik, 94 :673-713, 2003

14 /30



Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
0000000 0000 00000000

ASYMPTOTIC PRESERVING SCHEMES : TECHNICAL ASPECTS

Following the method used in (Chalons et al., 2013) 10 the finite volume scheme is made of :

10. C. Chalons, M. Girardin, and S. Kokh. Large time step and asymptotic preserving numerical schemes for the gas dynamics equations
with source terms. SIAM Journal on Scientific Computing, 35(6) :A2874-A2902, 2013
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ASYMPTOTIC PRESERVING SCHEMES : TECHNICAL ASPECTS

Following the method used in (Chalons et al., 2013) 10 the finite volume scheme is made of :

» a Lagrange-projection decomposition (1D) :

Orp + uOxp + pOU = 0 U — ¢ tal
oY + ud Y = 0 ‘ Ur + Cr
O(pu) + ud(pu) +  pudi+ Op = 0 W -
O + uora = kn :;7, t :
WL Wr
x

10. C. Chalons, M. Girardin, and S. Kokh. Large time step and asymptotic preserving numerical schemes for the gas dynamics equations
with source terms. SIAM Journal on Scientific Computing, 35(6) :A2874-A2902, 2013
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ASYMPTOTIC PRESERVING SCHEMES : TECHNICAL ASPECTS

Following the method used in (Chalons et al., 2013) 10 the finite volume scheme is made of :

» a Lagrange-projection decomposition (1D) :

Orp + uOxp +
oY + ud Y

pOxuU

O(pu) + udi(pu) +  pudiu + Op

Ora + Uy

> Suliciu’s relaxation scheme for the acoustic part :

Ot —  Opu =
oY =
Btu + 67,, IT =
Bt (0% =

oIl + a?0uu =

0

0

0
Pg—p1

Ap = 1)

(=N

Pg—rI
PPl

ur, — Cr
Ur + cr
Wi Wi
Wi Wr
X
—a t

a

Wi Wi
WL Wr
X

10. C. Chalons, M. Girardin, and S. Kokh. Large time step and asymptotic preserving numerical schemes for the gas dynamics equations

with source terms. SIAM Journal on Scientific Computing, 35(6) :A2874-A2902, 2013
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ASYMPTOTIC PRESERVING SCHEMES : TECHNICAL ASPECTS

Following the method used in (Chalons et al., 2013) 10 the finite volume scheme is made of :

» a Lagrange-projection decomposition (1D) :

Orp + uOxp + pOU = 0 U — ¢ tal
oY + udyY = 0 Ug + Cr
O(pu) + ud(pu) +  pudi+ Op = 0 W W
Orx + udya = [n :;7,
> Suliciu’s relaxation scheme for the acoustic part :
T —  Ouu = 0 Wi Wr
oY = 0
ou  + O 11 = 0 X
o _ Pg—Pi
Il + a*du = Ap-—10) a t
> integration of source terms wile computing Suliciu’s fluxes : W W ’
L R
—AmS (Am, At, e, ap, ag) = —a(a) — ar) +a(ag — ay)
WL Wk
x

10. C. Chalons, M. Girardin, and S. Kokh. Large time step and asymptotic preserving numerical schemes for the gas dynamics equations
with source terms. SIAM Journal on Scientific Computing, 35(6) :A2874-A2902, 2013
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ASYMPTOTIC PRESERVING SCHEMES : TECHNICAL ASPECTS

Following the method used in (Chalons et al., 2013) 10 the finite volume scheme is made of :

» a Lagrange-projection decomposition (1D) :

Orp + uOxp + pOU = 0 U — ¢ tal
oY + ud Y = 0 Ur + Cr
O(pu) + ud(pu) +  pudi+ Op = 0 W W
Orx + udya = [n :;7,
> Suliciu’s relaxation scheme for the acoustic part :
T —  Ouu = 0 Wi Wr
oY = 0
ou  + O 11 = 0 X
o _ Pg—P1
Il + a*du = Ap-—10) a t
> integration of source terms wile computing Suliciu’s fluxes : W W ’
L R
—AmS (Am, At, e, ap, ag) = —a(a) — ar) +a(ag — ay)
> (implicit) integration of source terms wile computing Suliciu’s
fluxes : Wi Wk
—AmS (Am, At, e, af ,op) = —a(e) — ar) +a(ar — of)
x

10. C. Chalons, M. Girardin, and S. Kokh. Large time step and asymptotic preserving numerical schemes for the gas dynamics equations
with source terms. SIAM Journal on Scientific Computing, 35(6) :A2874-A2902, 2013
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Behavior of pressure waves for different wavelengths.
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AP SCHEMES : VERIFICATION TESTS (1)

Behavior of pressure waves for different wavelengths.

» Wave propagating inside bubbly medium :

Influence of € :



p2-test7-epsilon.mp4
Media File (video/mp4)
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AP SCHEMES : VERIFICATION TESTS (1)

Behavior of pressure waves for different wavelengths.

» Wave propagating inside bubbly medium :

Influence of 1 :



p2-test7-mu1.mp4
Media File (video/mp4)
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AP SCHEMES : VERIFICATION TESTS (1)

Behavior of pressure waves for different wavelengths.

» Wave propagating inside bubbly medium :

Influence of 1 :



p2-test7-mu2.mp4
Media File (video/mp4)
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AP SCHEMES : VERIFICATION TESTS (1)

Behavior of pressure waves for different wavelengths.

» Wave propagating inside bubbly medium :

» Numerical dissipation is different between 4-eq and 3-eq models,

> 4-eq model tends to 3-eq model when € — 0.
> 5-eq model tends to 4-eq model when p — 0.

16 /30
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AP SCHEMES : VERIFICATION TESTS (2)

Behavior of pressure waves for different wavelengths.
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AP SCHEMES : VERIFICATION TESTS (2)

Behavior of pressure waves for different wavelengths.

» Wave propagating from liquid to bubbly medium.

0

3-equation
-equation
5-equation-jt
S-cquation-pi-¢

- DP-model

i

i
reuency (H2)

w0

w

0
I

I
feuency ()
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AP SCHEMES : VERIFICATION TESTS (2)

Behavior of pressure waves for different wavelengths.

3

sound velocity (m/s)

» Wave propagating from liquid to bubbly medium.

— 3equation
== tequation
—  S-equation-t
- Sequationyie
+ DP-model

T i it it i i
reauency (1)

© 0 R=19803m PP

00 R=19203m -t

48 R=20703 Kl
© 0 R=25003r R

i i i i it

reauerey (He)

Pressure at low frequencies :



p2-test8-low-freq.mp4
Media File (video/mp4)
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AP SCHEMES : VERIFICATION TESTS (2)

Behavior of pressure waves for different wavelengths.

3

sound velocity (m/s)

» Wave propagating from liquid to bubbly medium.

— 3equation
== tequation
—  S-equation-t
- Sequationyie
+ DP-model

T i it it i i
reauency (1)

© 0 R=19803m PP

00 R=19203m -t

48 R=20703 Kl
© 0 R=25003r R

i i i i it

reauerey (He)

Pressure near resonance :



p2-test8-resonance.mp4
Media File (video/mp4)
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AP SCHEMES : VERIFICATION TESTS (2)

Behavior of pressure waves for different wavelengths.

sound velocity (m/s)

» Wave propagating from liquid to bubbly medium.

— 3equation
== tequation
—  S-equation-t
- Sequationyie
+ DP-model

T i it it i i
reauency (1)

© 0 R=19803m PP

00 R=19203m -t

48 R=20703 Kl
© 0 R=25003r R

i i i i it

reauerey (He)

Pressure at high frequencies :



p2-test8-high-freq.mp4
Media File (video/mp4)
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AP SCHEMES : VERIFICATION TESTS (2)
Behavior of pressure waves for different wavelengths.

0

» Wave propagating from liquid to bubbly medium.
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Observations :

» Different regimes according to frequency :
+ different models = different velocities of propagation in

bubbles,

« different models = different acoustic impedances.

» Numerical dissipation is equivalent in liquid part for all

models.
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NUMERICAL STRATEGIES FOR 2D AND 3D SIMULATIONS

3-equation model for
interfacial flows.
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3-equation model for
interfacial flows.
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CELL-BASED AMR

Use of AMR to save computational costs.

Mesh representation : Cell refinement : Tree structure equivalence :
\

N
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CELL-BASED AMR

Use of AMR to save computational costs.

Mesh representation : Cell refinement : Tree structure equivalence :
\

N

» cells are coarsened out of interesting zones,
> cells can be refined or coarsened independently (but with 2 :1 constraint),

> macro-meshes are represented by forests of trees.

> Other AMR techniques :

* block-based AMR,
+ multi-resolution techniques (using wavelets).

20 /30
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FVS AND HLLC RIEMANN SOLVER

3-equation model :

op  + V - (pu) = 0
a(pY) + V - (pYu) = 0
O (pu) + V-(pu®@u)+Vp = pg

11. E. E Toro. Riemann Solvers and Numerical Methods for Fluid Dynamics - A Practical Introduction. Springer, 3rd edition, 2009
12. C. Berthon. Why the muscl-hancock scheme is 1L -stable. Numerische Mathematik, 104 :27-46, 2006
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3-equation model :

Orp + V - (pu) = 0
a(pY) + V - (pYu) = 0
O(pu) + V- (pu®u)+Vp = pg

» First order Finite Volume Scheme,
» Dimensional splitting,

» One-direction approximate Riemann solver using
HLLC,"

11. E. E Toro. Riemann Solvers and Numerical Methods for Fluid Dynamics - A Practical Introduction. Springer, 3rd edition, 2009
12. C. Berthon. Why the muscl-hancock scheme is 1L -stable. Numerische Mathematik, 104 :27-46, 2006

71

Fijl




Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations

Conclusions
0000000 0000 O@000000

FVS AND HLLC RIEMANN SOLVER

3-equation model :

Op + V- (pu) = 0 . K
a(pY) + V- (pYu) = 0 " 3
O (pu) + V-(puu+Vp = pg Ky K;
K.
» First order Finite Volume Scheme, ”

» Dimensional splitting,

One-direction approximate Riemann solver using
HLLC,"

Work on well-balanced aspects (for gravity source
term),

11. E. E Toro. Riemann Solvers and Numerical Methods for Fluid Dynamics - A Practical Introduction. Springer, 3rd edition, 2009
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3-equation model :

Op + V- (pu) = 0 . K
a(pY) + V - (pYu) = 0 il 73

alp) + V-(u@uw+Vp = pg Ky K;
K.
» First order Finite Volume Scheme, ”

» Dimensional splitting,

» One-direction approximate Riemann solver using
HLLC,"

» Work on well-balanced aspects (for gravity source
term),

» MUSCL-Hancock space and time second-order
method :

» minmod slope reconstruction at cell interfaces,
+ Hancock prediction step. 12

11. E. E Toro. Riemann Solvers and Numerical Methods for Fluid Dynamics - A Practical Introduction. Springer, 3rd edition, 2009
12. C. Berthon. Why the muscl-hancock scheme is 1L -stable. Numerische Mathematik, 104 :27-46, 2006
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PARALLEL ALGORITHMS

p4est!® library offers parallel algorithms to treat 2D and 3D meshes.

Principles :

> One-to-one v
transformation from

physical space to unit —_
cubes (trees), k

> Morton space-filling
curve inside each tree,

> storage of indexed cells
into one array, Root

» subdivision of the array
into MPI processes. X o

pid
T
©

.

T
T
4

0o 1 2 3 6 7 8 9
00 01 10 11

p4est algorithms are shown to scale on several thousands of MPI processes.

13. C. Burstedde, L. C. Wilcox, and O. Ghattas. p4est : Scalable algorithms for parallel adaptive mesh refinement on forests of octrees.
SIAM Journal on Scientific Computing, 33(3) :1103-1133, 2011
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Conclusions

PRESENTATION OF CANOP

p4est library is used in CanoP.
Presentation : Scaling and AMR advantages : 1*
» C/C++ code,

» FVS and approximate Riemann solvers
(HLLC, Suliciu)

> 4 systems of equations :

« scalar advection,

* 3-equation two-fluid model,
* MHD equations,

+ spray model.

> different refinement criteria (based on
gradients),
> inputs :

* specific connectivities and initial
conditions,

- use of pdest functions to read
external connectivities
(ABAQUS-type file) or initial
conditions.

> outputs : HDFS5 files, statistics.

14. F. Drui, A. Fikl, P. Kestener, S. Kokh, A. Larat, V. Le Chenadec, and M. Massot. Experimenting with the p4est library for amr simula-

tions of two-phase flows. to be published in ESAIM : Proceedings and Surveys, 2016
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gradients),
> inputs :

« specific connectivities and initial
conditions,

« use of pdest functions to read
external connectivities
(ABAQUS-type file) or initial
conditions.

> outputs : HDFS5 files, statistics.

Scaling and AMR advantages : 4

» Computation times :

1000
—e—Level_min=5
~®=Level_min=9
& Unifom

Execution time (s)
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MPI processes

14. E Drui, A. Fikl, P. Kestener, S. Kokh, A. Larat, V. Le Chenadec, and M. Massot. Experimenting with the p4est library for amr simula-
tions of two-phase flows. to be published in ESAIM : Proceedings and Surveys, 2016
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PRESENTATION OF CANOP
p4est library is used in CanoP.
Presentation :

>

>

C/C++ code,

FVS and approximate Riemann solvers
(HLLC, Suliciu)

4 systems of equations :

« scalar advection,

+ 3-equation two-fluid model,
* MHD equations,

+ spray model.

different refinement criteria (based on
gradients),
inputs :

« specific connectivities and initial
conditions,

« use of pdest functions to read
external connectivities
(ABAQUS-type file) or initial
conditions.

outputs : HDFS5 files, statistics.

Scaling and AMR advantages : 4

» Computation times :

1000
—e—Level_min=5
~®=Level_min=9
& Unifom

Execution time (s)

1 10 100 1000
MPI processes

> Strong scaling :
1000
~o=Level_min=5
~o—Level_min=9
=& Uniform
z
«!' 100

Speed-Up:t_1/
3

1 10 100 1000
MPI processes

tions of two-phase flows. to be published in ESAIM : Proceedings and Surveys, 2016
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PRESENTATION OF CANOP

p4est library is used in CanoP.
Presentation :
» C/C++ code,

» FVS and approximate Riemann solvers
(HLLC, Suliciu)

> 4 systems of equations :

« scalar advection,

* 3-equation two-fluid model,
* MHD equations,

+ spray model.

> different refinement criteria (based on
gradients),
> inputs :

* specific connectivities and initial
conditions,

- use of pdest functions to read
external connectivities
(ABAQUS-type file) or initial
conditions.

> outputs : HDFS5 files, statistics.

Scaling and AMR advantages : 1*

» Influence of refinement criterion :
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14. F. Drui, A. Fikl, P. Kestener, S. Kokh, A. Larat, V. Le Chenadec, and M. Massot. Experimenting with the p4est library for amr simula-
tions of two-phase flows. to be published in ESAIM : Proceedings and Surveys, 2016
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SIMULATION CONFIGURATIONS AND INTEREST

Simulation of interfacial flows : break of a dam.
» to test model and schemes,
> to test AMR advantages,
> possibility to compare with experimental measures.

Description : Scheme :
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SIMULATION CONFIGURATIONS AND INTEREST

Simulation of interfacial flows : break of a dam.
» to test model and schemes,
> to test AMR advantages,

> possibility to compare with experimental measures.

Description : Scheme :
» 2D dam break, 06m l§
» 2D dam break with obstacle, 01m

» 3D dam break,

> 3-equation model,
» HLLC Riemann solver,
» MUSCL Hancock second order.

» cartesian mesh,

> triangular mesh,

> all-regime schemes (low-Mach)
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2D DAM BREAK

Reference simulation : '°

Results :
» Incompressible fluids, >uU i h
niform mesh :

© 3072 x 512cells, 4.2 x 10° iterations,
® 66 h on 120 MPI processes (Intel Xeon X5650)

> Augmented Lagrangian method.

Credit S. Vincent

15. S. Vincent. Modélisation d’ I incomp ibles de fluides non-miscibles. PhD thesis, Université de Bordeaux, 1999
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2D DAM BREAK

Reference simulation : '°
Results :

> . .
Incompressible fluids, > Refinement in liquid phase :

> Augmented Lagrangian method. .
— - * ~ 4.0 X 10° cells (~ 75% compression rate),
* 22 hon 120 MPI processes (Intel Xeon X5650)

1l

Credit S. Vincent

15. S. Vincent. Modélisation d’ I incompressibles de fluides non-miscibles. PhD thesis, Université de Bordeaux, 1999
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2D DAM BREAK

Reference simulation : '° Results :
» Incompressible fluids, > Refinement near interface (Ac) :

> Augmented Lagrangian method. * from1.1 x 10* t07.8 x 10% cells (> 95%

compression rate),
* 5hon 120 MPI processes (Intel Xeon X5650)

Credit S. Vincent

15. S. Vincent. Modélisation d’ I incompressibles de fluides non-miscibles. PhD thesis, Université de Bordeaux, 1999
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2D DAM BREAK

Reference simulation : '° Results :
> Incompressible fluids, > Refinement near interface (Aa) :
> Augmented Lagrangian method. ¢ from 1.1 x 10% t07.8 x 10% cells (> 95%

compression rate),
5h on 120 MPT processes (Intel Xeon X5650)

Credit S. Vincent

Observations :

» the refined solution is far from the uniform solution,
» and far from the incompressible solution.

> We suspect a low-Mach problem in the coarsest cells!

= test with a triangular mesh...




Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
0000000 0000 00000800

2D DAM BREAK

Reference simulation : 1°
» Incompressible fluids, Results :
> Augmented Lagrangian method. > Triangular mesh and refinement near

interface (A«
H
[

):
]

Credit S. Vincent

15. S. Vincent. Modélisation d’ incomp ibles de fluides non-miscibles. PhD thesis, Université de Bordeaux, 1999



Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
0000000 0000 00000800

2D DAM BREAK

Reference simulation : *°
> Incompressible fluids, Results :
> Augmented Lagrangian method. > Triangular mesh and refinement near

interface (Aa) :

Credit S. Vincent

Observations :

> the solution with the triangular mesh is much better!
> very probably low-Mach difficulties !

= use the low-Mach regime strategy ¢

16. S. Vincent. Modélisation d’écoul. inc

p ibles de fluides non-miscibles. PhD thesis, Université de Bordeaux, 1999
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2D DAM BREAK

Reference simulation : '° Results :

> Incompressible fluids, > Triangular mesh and refinement near

interface (Aa) :
> Augmented Lagrangian method. interface (Aa)

Credit S. Vincent

15. S. Vincent. Modélisation d’ incompressibles de fluides non-miscibles. PhD thesis, Université de Bordeaux, 1999
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2D DAM BREAK WITH OBSTACLE

Experiment : 16 Simulations :

Credit F. Golay

16. S. Koshizuka, H. Tamako, and Y. Oka. A particle method for incompressible viscous flow with fluid fragmentations. Computational
Fluid Dynamics Journal, 4(1) :29-46, 1995

26 /30



Introduction Models Numerical methods Numerical strategies for 2D and 3D simulations Conclusions
0000000 0000 00000000

2D DAM BREAK WITH OBSTACLE
Experiment : 16 Simulations :

» Forest of 498 quadtrees :

EN
S
S}

o
S}

!
K
E

0-

F

> Refinement on pressure gradient and near interface.
» Computation characteristics :

+ Min number of cells : 5.5 x 10*
 Max number of cells : 5.5 x 10°
Number of iterations : 5.6 x 10*
Machine : Igloo (ECP Mesocenter)
MPI processes : 120

Computation time : 35 min

Credit F. Golay

16. S. Koshizuka, H. Tamako, and Y. Oka. A particle method for incompressible viscous flow with fluid fragmentations. Computational
Fluid Dynamics Journal, 4(1) :29-46, 1995
26 /30
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2D DAM BREAK WITH OBSTACLE

Experiment : 10 Simulations :

Credit F. Golay
Conclusion :

> Cost of computation could be reduced using criterion on interface only,
> but numerical problems have to be solved before!

16. S. Koshizuka, H. Tamako, and Y. Oka. A particle method for incompressible viscous flow with fluid fragmentations. Computational
Fluid Dynamics Journal, 4(1) :29-46, 1995
26 /30
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3D DAM BREAK

Description :

>

>
>
>
>

Unit cube,

artificially low sound velocities (in pressure laws : ¢y = c/100),
refinement on volume fraction gradient (Va),

up to 8 levels of refinement (equivalent mesh is 256%),

512 MPI processes, 4h of computation.
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3D DAM BREAK
Description :
» Unit cube,
artificially low sound velocities (in pressure laws : ¢y = c/100),
refinement on volume fraction gradient (Va),
up to 8 levels of refinement (equivalent mesh is 256%),
512 MPI processes, 4h of computation.

Simulation performed on Jade (former CINES supercomputer)



theMovie.avi
Media File (video/avi)
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CONCLUSION AND FUTURE WORK

In conclusion, we have developed :

> a general model taking into account subscale effects of interface dynamics,

> subsystems related to the general model by parameters,

» amodel for monodisperse bubbles with simple topological assumption. = go
further in modelling with the same derivation methods to get closer to spray
models.

» anumerical strategy for managing multiple physical scales :

+ numerical scheme adapted to all models of the hierarchy,
+ 2D/3D tools using an AMR strategy.

= solve for the last difficulties, = finish the implementation of the presented (and
future) models, = perform a simulation in a real configuration.

29/30
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Conclusions

Thank you for your attention!

Papers

F. Drui, A. Larat, V. Le Chenadec, S. Kokh, and M. Massot. A hierarchy of simple
hyperbolic two-fluid models for bubbly flows. in the process of writing

F. Drui, A. Fikl, P. Kestener, S. Kokh, A. Larat, V. Le Chenadec, and M. Massot.
Experimenting with the p4est library for amr simulations of two-phase flows. to be
published in ESAIM : Proceedings and Surveys, 2016
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