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What is a Vortex Method ?

Particle method involving vorticity and underlying grids

» Navier-Stokes equations:
% + div(pu ® u) — div(uD) =f—Vp, D= (Vu+ vu)T/2, divu =0,

w=curly Ow

a—t+u-Vw =w-Vu+y,p_1Aw,
where u = curl¥ and —AV = w

Robust Semi-Lagrangian
Flexible Lot of codefo do High order
N7 Fast, scales N 4 9 ) interpolation for

as O(nlog N) of consistency Grid <> Particles

M. El Ossmani and P. Poncet, Efficiency of multiscale hybrid grid-particle vortex methods, SIAM Multiscale Modeling &

Simulation 8(5), 1671-1690 (2010).
R. Chatelin and P. Poncet, Hybrid grid-particle methods and Penalization: A Sherman-Morrison-Woodbury approach to
compute 3D viscous flows using FFT, J. Comput. Phys. 269, 314-328 (2014).
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g ) Whatis a Vortex Method ?

Particle method involving vorticity and underlying grids

» Navier-Stokes equations:
% + div(pu ® u) — div(uD) =f—Vp, D= (Vu+ Vu)T/2, divu = 0,

= Lol
« curlua—7+u-VuJ =w-Vu+y,p_1Aw,

where u = curl¥ and —AV = w
> A particle is defined by a triplet Vortex-Location-Volume (wp, Xp, Vp), p = 1..N :

dwp/dt = [w -Vu+ up“Aw] o)’ dxp/dt = u(xp(t)), dvp(t)/dt = vpdiv(u(xp)) =0

Robust Semi-Lagrangian
Flexible Lot of codefo do High order
N7 Fast, scales N 4 g N interpolation for

as O(nlog N) of consistency Grid <> Particles

M. El Ossmani and P. Poncet, Efficiency of multiscale hybrid grid-particle vortex methods, SIAM Multiscale Modeling &

Simulation 8(5), 1671-1690 (2010).
R. Chatelin and P. Poncet, Hybrid grid-particle methods and Penalization: A Sherman-Morrison-Woodbury approach to

compute 3D viscous flows using FFT, J. Comput. Phys. 269, 314-328 (2014).
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g ) Whatis a Vortex Method ?

Particle method involving vorticity and underlying grids

» Navier-Stokes equations:

% + div(pu ® u) — div(uD) =f—Vp, D= (Vu+ Vu)T/2, divu = 0,
w=curlu%¢;’+ulvw =w-VU+up_1AQJ,

where u = curl¥ and —AV = w
> A particle is defined by a triplet Vortex-Location-Volume (wp, Xp, Vp), p = 1..N :
dwp/dt = [w -Vu+ up“Aw] o’ dxp/dt = u(xp(t)), dvp(t)/dt = vpdiv(u(xp)) =0

Xp

» This method is able to transport any passive/active tracer defined by a field C :
oc

5; HAV(uC) —div(eVC) = F(C) => dCp/dt = F(Cp) + [div(cVC)]

xp(t)
Robust Semi-Lagrangian
Flexible Lot of codefo do High order
N7 Fast, scales N 4 9 N interpolation for

as O(nlog N) of consistency Grid <> Particles

M. El Ossmani and P. Poncet, Efficiency of multiscale hybrid grid-particle vortex methods, SIAM Multiscale Modeling &
Simulation 8(5), 1671-1690 (2010).

R. Chatelin and P. Poncet, Hybrid grid-particle methods and Penalization: A Sherman-Morrison-Woodbury approach to
compute 3D viscous flows using FFT, J. Comput. Phys. 269, 314-328 (2014).
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g ) Whatis a Vortex Method ?

Particle method involving vorticity and underlying grids

» Navier-Stokes equations:

1
% + div(pu ® u) — div(uD) + Bu=r_ vp, D= (Vu+ Vu)T/2, divu = 0,
[
= il + u-Vw + curl <1—Bu) =w - VUu+pp 'Aw,
ot pe
where u = curl¥ and —AV = w
> A particle is defined by a triplet Vortex-Location-Volume (wp, Xp, Vp), p = 1..N :
dwp/dt = [w -Vu+ up“Aw] o’ dxp/dt = u(xp(t)), dvp(t)/dt = vpdiv(u(xp)) =0
Xp

» This method is able to transport any passive/active tracer defined by a field C :
oc

5; HAV(uC) —div(eVC) = F(C) => dCp/dt = F(Cp) + [div(cVC)]

xp(t)
Robust Semi-Lagrangian
Flexible Lot of codefo do High order
N7 Fast, scales N 4 9 N interpolation for

as O(nlog N) of consistency Grid <> Particles

M. El Ossmani and P. Poncet, Efficiency of multiscale hybrid grid-particle vortex methods, SIAM Multiscale Modeling &
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High resolution Newtonian flow in sandstones

Simulations at 10243



Newtonian flow around bead stacks

Permeability estimation of real rock sample
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_div<2p,D) +Xp K lu="f—Vp
where D= (Vu + VuT) /2 and divu=0

MicroCT scan provided by DMEX Team at UPPA.

L. Hume, F. Guerton, P. Moonen and P. Poncet, Experimental and numerical cross-validation of flow in real porous

media, ICTMS, Lund, Sweden (2017).



Rheology and shear-thinning flows

Miscible heterogeneous Xanthan tranport
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Viscosity 1 (Pa: 5)

_div(2u(c, D) D) + Xp K u=1—Vp

gc | div(uc) — oAc =0, where D= (Vu + VuT) /2 and

ot q(c)—2
1(c, D) = poo + (10(€) — poo) (14 28(c)?|DJ?)" 2

D. Sanchez, L. Hume, R. Chatelin and P. Poncet, Three-dimensional non-linear Stokes problem coupled to

transport-diffusion for shear-thinning heterogeneous microscale flows: Applications to digital rock physics and

mucociliary clearance, Submitted.
R. Chatelin, D. Sanchez and P. Poncet, Analysis of penalized variable viscosity 3D Stokes equations coupled with
transport and diffusion, ESAIM: Math. Model. Numer. Anal. 50:2, 565-591 (2016).
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Reactive flow using superficial velocity

CaCO, + 2HCl = CaCl, 4+ H,CO, = CaCl, + H,0 + CO,
or
CaCO, + 2H" = Ca’* 4+ HCO, + H* = Ca** + H,0 + CO,

Calcite in Hydrochloric Acid



Reactive flow using superficial velocity
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vVvyVvyVvyy

From Quintard & Whitaker (1993), ..., Soulaine et al. (2017) :

dpu 1-¢)?
g1 % +eldivie'puu)+ Vp—c\uAu+p #Koqu =f
g

. —_—
divu = Kozeny-Carman law
Oe
871‘ = Kd(1 - E)C—K,{UCzC;;
ac . . .
T +div(e7'uC) — div(o(e)VC) = —€/v

—

Archie law
+ adequate initial and boundary conditions

e is porosity, v molar volume of calcite,

u is superficial velocity, p is pressure, D = (Vu + Vu')/2

p and p are liquid density and viscosity,

Ky is dissolution rate, K), is the precipitation rate,

C is acid concentration, o(g) = eDy (Wakao & Smith 1962) is acid diffusion.



New trends in
Vortex Methods for

reactive flows — H H — _
R u(x,t) = s_l:r+n°° Ue(x, t, s) with uze(x, t,0) = u(x,t—4t) and
OUe 1—e)7, 4
Zortm" mct%[w)o‘cs — HAue + I_LizKo Ue = E:(f — Vp)
omplex 3D flows .
divu=0
Oe
Reactive flows —
Reactive model 8 E - Kd(1 - E)C

Conclusion and

ac
perspectives E + diV(E:_1 u C) — diV(O'(E)VC) = —é/’U

+ adequate initial and boundary conditions

» e is porosity, v molar volume of calcite,
» u is superficial velocity, p is pressure, D = (Vu + VuT)/2
» pand p are liquid density and viscosity,

LMAP — France >
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Ky is dissolution rate,
C is acid concentration, o(g) = €Dy (Wakao & Smith 1962) is acid diffusion.
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AN

Vortical formulation
Time-splitting method

Ow —1 (1 — 6)2
B3 nAw + pKy curl (Tu 0 «—
where u =curl¥ — V¢ and — AV =w

ou K_1 (1 — 6)2 _

ps o T U=0

u=curlA~'w — V¢

oc

w(t) = curlu(t)

5¢ +Aiv(ETuC) — div(o(e)VO) = —¢/v

———u=-V(...
g2 (

: Exact solution
: Straightforward FD scheme

: FD or Fast solver based of pure FFT
:FFT +FD

: Lagrangian + Interpolation

Computational time still scales as O(N log N)

M. El Ossmani and P. Poncet, Efficiency of multiscale hybrid grid-particle vortex methods, SIAM Multiscale Modeling &
Simulation 8(5), 1671-1690 (2010).

R. Chatelin and P. Poncet, Hybrid grid-particle methods and Penalization: A Sherman-Morrison-Woodbury approach to
compute 3D viscous flows using FFT, J. Comput. Phys. 269, 314-328 (2014).



Calcite dissolution — Snapshots

Different time scales, Re=0.24, pH=2, at resolution 512 x 256
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Different time scales, Re=0.24, pH=2, at resolution 512 x 256

% g ) Calcite dissolution — Snapshots
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Calcite dissolution — Snapshots
Different time scales, Re=0.24, pH=2, at resolution 512 x 256
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Calcite dissolution — Comparison at t = 45min

Joint work with S. Molins, C. Soulaine, N. Prasianakis and A. Abbasi.
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Cyan line is by S. Molins (Berkeley)
using Chombo-Crunch,

Red line is by C. Soulaine (JFM 827, 2017)
using OpenFOAM,

Green line is by N. Prasianakis and A. Abbasi
(PSI, Zirrich) using Lattice Boltzman,

» Dark blue line is the present method (Vortex Method),

Experimental work is from S. Roman.
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Flexibility and robustness of 3D Vortex Methods

Dissolution at Re=24, pH=1




55 g ) Flexibility and robustness of 3D Vortex Methods

Animation at Re=24, pH=1
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Isolevels of [HCI]=1.3 10" and [CaCl,]=3 107

Velocity Ux

Calcite dissolution 13
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v

v

v

v

l,rl Conclusion

Currently extended to GPU-CPU computing (library HySoP),
Still "young" methods in geo-science, but they show a good potential,

Intensive use of the method high efficiency for sensitivity analysis and
uncertainty management,
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21 Vortical formulation

Stokes-Brinkman and its vorticity
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One gets the Stokes-Brinkman equation:

u 2
——uAu+u( )K u_e(f—Vp)
E

os
U‘ w=curlu

2

Conclusion and 14 ow 1—¢

perspectives —_— — /,I,A(JJ + [I/K Cur| !
s g2

where u=curl¥ — V¢ and — AV =w
or — Au = curlw + B.C.

=VpAVe~0

If needed, — div(eVp) = pu- VK= 1(¢)

LMAP — France
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Vortical formulation

General philosophy of time-splitting —or fractional step— methods

{ y'(t) = (A+ B)y(1) implies y(t) = e(A+B)ly0

y(0) =yo

y1(0) = ¥o ¥2(0) = y1 (1)
imply  y»(t) = e®'y»(0) = e®'y;(5t) = e*'ePly,

{HO=A0 g [ )= Br)

ot?
y(ot) = <I+6t(A+ B) + 7(A2+AB+ BA + Bz)+...) Yo

5t?
y2(6t) = <I + 6t(A+ B) + 7(A2 +2AB+ B%) +.. ) Yo

finally leads to y,(5t) = y(dt) + [AB — BA|t?/2 + O(5t3)



. [) Diffusion into quasi-impermeable media

Archie law and related models
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2 1) Calcite dissolution — Benchmark setup

Joint work with S. Molins, C. Soulaine, N. Prasianakis and A. Abbasi.

New trends in
Vortex Methods for 0.1 cm
reactive flows

Philippe Poncet .plug ﬂOW. 0.05cm
v=0.12 cm/s
Non-slip, impermeable, non-reactive wall
I dissolving
. surface
— 0.05cm
Conclusion and 14
perspectives inlet 1
condition T~
. p=0
. de/dt =0 0.025 cm
I 0.02 cm
LMAP — France N - n
UMR CNRS 5142, IPRA Non-slip, impermeable, non-reactive wall

Univ. Pau & Pays Adour




	Vortex methods
	Complex 3D flows
	Complex geometries
	Rheology

	Reactive flows
	Reactive model
	Calcite dissolution

	Conclusion and perspectives

	resultado2: 
	hours: 
	minutes: 
	seconds: 
	cronohours: 
	cronominutes: 
	crseconds: 
	day: 
	month: 
	year: 
	button1: 
	button2: 
	separatordate: /
	separatortime: :
	cronobox: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 
	cronominutes: 
	separatortime: :
	crseconds: 


