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Outline (emphasis on theoretical
aspects)

® Introduction: background, multiple-scale, averaging
® One-Phase Flows:
— Phenomenology:
* Departure from Darcy’s law
* Weak inertia regimes
* Strong Inertia regimes
* Transitions
* Turbulence: pore-scale or large-scale?
— Upscaling?
® Two-Phase Flows: introduction to several models
® Conclusions
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Examples:

Structured and Packed bed
reactors, nuclear safety,
fractured media, karsts, ...

Packed Bed
Reactor Porous Medium

Macro Pores

Financial support
from Air Liquide,
[FPen, TOTAL, ....!
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Upscaling

® Separation of scales:
ll, <L
® Objectives of a macro-

scale theory?

—Smoothing operator —
Pore-Scale Local-Scale macro-scale equations
and BCs

— Link between micro- and
macro-scale

— Effective properties
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Upscaling: different point of

VIews ’_P_o_rg Scale Local-Scale
S
..0.0"‘..
NGy
icti v 1) ‘
® Heuristic: Darcy's law (1856)! LTS U

® Upscaling with closure: homogenization theory (Sanchez-
Palencia, Bensoussans et al.,...), volume averaging (Whitaker,
.. and variants),

pPp = <pﬁ>ﬁ +pp pg ;f ((p;;}ﬁ ,V<p,3>ﬁ , )
® Stochastic theories (Matheron, Dagan, Gelhar, ...), ...

® Mixture theories: volume averaging + irreversible
thermodynamics (Marle, Hassanizadeh and Gray, Bowen, ...)

® Other point of views...: dual-phase-lagging heat conduction
(Wang et al., 2008; Vadasz, 2005...); mixed models;
fractional derivatives (Néel,...); CTRW; ...

today emphasis
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Macro-scale variables: Example of
volume averaging

/3 A
<¢B> lp<rg<lpy<Ry<xL

Need microheterogen.
separation of :

: . macroheterogen.
scales! :

non-linearities

*z }
* B-phase Volume Fraction Eg = <7ﬁ>

with y, = phase indicator function

1
(g, = m=vp =~ 5 f bp(x+y)dv J e (lﬁﬁ) = &p <lﬁﬁ>ﬁ Intrinsic phase average

Vi
1 MEVIB
VB =
0 MgV
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Upscaling with closure: a schematic
view for diffusion in a heterogeneous
medium

V.(k(x).Vc) =0

— DNS

o aver.

Macro-scale Equation <—

—

\

© \Macro

\

c={(c)+¢C

Micro

V.(k(x).V({c)+¢))=0

Closure:
F=b.V{c)+O(?*/L?

V.(kVe) = -V. (k.V(c))

Tomography
Reconstruction
Geostatistics

N
L

fid
1

+V.(k.V¢é)

y

V. (Kerr.V(c)) =

Note: high performance computing — up to 2048° voxels

s

Effective Properties

(k) + (k.Vb)

Keg =

M. Quintard
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One-Phase Flow: Phenomenolgy

® Pore-scale equation v.;-o
ov

B 2
pﬁ? + PBVp - VV,B = —Vplg + ppg + ,ulgV A7 B.C.1 Vp = 0 at A,BO'
psUrls . pplp Uy v, o Reg _n
= s Pg = Fr = = Re|l—+vV,-V =-Vpi+ —=2+V
s p 15U, Toe e( 5 TV VY P; P g Vv,

® Pore-Scale regimes
— Creeping (Re— 0): leads to Darcy’s law
—Laminar

} Various regimes and transitions
— Turbulent

M. Quintard Transport in Porous Media 8/49



Upscaling One-Phase Flow

® Averaging 7= (ps) +p: ve={vs) +
V.(vg)=0
B.C.1 Vﬁ = —<Vﬁ>’8 at A,BO'

P Sﬁ +pp (V) - ¥ (va) + V- (pp (%)) =

_8,8V <pﬁ>'8 + EPRE T /Jﬁvz <V’3> — ,uﬁVa‘ﬁ.V <V5>’8 +% f ngs - (—]551 + ,u,gVVﬁ) dA

Brinkman terms Apo

Remark: ¥ ~ <vﬁ>ﬁ
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Various Reglmes Creeping Re~0

Time (s)

Linear relationship between average velocity
and pressure drop!

0=-¢egV <P,8>ﬁ +Eppps + H,BVM
1 - ~
+$ f nlgo- . (—p’gl + ,uBVVﬁ) dA >’8 \O(<vﬁ>ﬁ

ABO‘ O Vﬁ

52

x10™ [ i i

34l Average Velocity ]

3.2 .

3 4

2.8 .

2.6 .

2.4 .

/2‘! Pore-Scale Velocity (given point) .

2K i

2/ 1.8H E
/v 1.6 -
B 1.4} .

1.2H -

1H _

0.8 4

0.6 11 .

0.4 .

0.2H _

0 1 | 1 1 H

0 0.2 0.4 0.6 0.8 1
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Various Regimes: Laminar

Inertial
gg i [ Avlerage Velocityl
80}
75+
70+
65
5sh Re~90
50H
454
40H
35H
30+
25H
%g I /\ Pore-Scale Velocity (given point)
1g:
° 0 0I.2 0!4 OI.6 0!8 I
Time (s)
) B _ ° . .
Still  0=—-e5V(ps) +epppe But non-linear relat10n§h1p
1 between average velocity
+— f 11’30- . (—]5,31 + ,u’gvvlg) dA
YV and pressure drop!
Ao
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Various Regimes: towards
turbulence
® (v)=steady-state ® Macro-Scale

Turbulence? (see Jin
et al., 2015, DNS)

100 1 —Localized turbulence
ool City 1 (nearly periodic over
288‘ 1 N-U C) need <v,3>

~ool Pore-Scale Velogity (given point) 1 —Macro-scale

200/ 1 turbulence? Ex.:

ol \ | entrance regions
§M | (D’Hueppe et al., ...)
400 0 0.2 01.4 . Oi6 0.8 1

M. Quintard Transport in Porous Media 12/49
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More...

® Various types of bifurcations:

A

ampl.

supercritical
unsteady

steady

2
g
<

A

0

Re.

Re

>
>

beritical .
T Ex.: array of cylinders — not same
Re_for flow // or L to axis
/\\\\_ \Y
0 Re Re;

® Bifurcations depends on Re and number of UC (Agnaou et al., 2016)...and
topology! — REV size=f({v;)#)

® Difficult to estimate order of magnitude when fully non-linear — rely on DNS
® RESULT: ‘ 3 (oY’

— ppg) and <Vﬁ> nearly constant over REV! ‘

and up to localized turbulence one has

‘ V <p,3>ﬁ — ppg) and <Vﬁ> nearly constant over REV'! ‘

M. Quintard

Transport in Porous Media
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Closure: Darcy regime (Stokes
problem=creeping flow) .
® PDEs for deviations .

- - 1 - -
0=-Vpg + gV - gﬁl$ f ngo - (—ppl + 1pVip) dA

Ago

V.(¥p) = V. {vg) ~ 0 B.C.1  ¥=—{vs) at Ag,

® Closure in the linear case (3 elementary
solutions for e)

M. Quintard Transport in Porous Media 14/49



Closure and Macro-Scale
Equation (Darcy regime)

VB =0

1
Vb + VB =gl —

5w | meo-(-1b+VB) dA

Aﬁo-

B=-1 atAg, ,(b’ =0

b(r+1;) = b(r) B(r+1;,)) =B(r)
K =-¢2? 1 ng, . (-Ib + VB) dA
— 8,8 =Y, Bo -
Age

K intrinsic permeability

See Sanchez-Palencia (homogenization), Whitaker, ...

M. Quintard Transport in Porous Media 15/49



Other version of closure:
permeameter-like problems

Note: also suitable for non-linear problems (non-newtonian flows, etc...)

pgVg - VVg = =Vpg + V- (N,B (V{'ﬁ + V{'E)) B (V <p'8>’8 - ’O’Bg)
H_j

=0, Darcy regime V.(ffﬁ) =0 V=- <VI3>'8 at A,Ba

BCs (see Guibert et al., 2016)?

* Periodicity conditions: good for
anisotropic media, but percolation
problem if “periodized” media

* Permeameter (various types: classical,
Bamberger, ...)

* Bordering media: fluid or porous
layer, ...

a

M. Quintard Transport in Porous Media 16/49



Non Darcean regimes (Re>1)

0

= —VPﬁ + Ppg — ,ung_IV5 — p’gn_l HV,BHVIB with Vﬁ = <V,3> ; Plg = <p,3>'8
e3d? d t
K = 5 n = r\Z;iarlr(le Seg?nmi 1
hg (1 —¢g) hy (1 -¢) 10° . — .
(passability) quadati
10" Dar.cy egime E
. Upscaling? S 02 g‘_ transition regime i
0=V (ps) + p - KL, - (vg) M
107
U
0=-5(ps) +psg-psK" () =-F () (%) " e w
Rek
M. Quintard Transport in Porous Media 17/49
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Non Darcean regimes (Re>1)

® laminar inertia effects: theory — generalized
Forchheimer equation

0= (ps) + g~ usK" - (v5) = F ((v5)) - ()

—Re — 0: Darcy, F=0

—Re ~ 0: weak inertia, F.{v;) ~ (v’ (Levy, Mei &
Auriault, Firdaouss, ...)

—Re > 0: strong inertia, F.<(vy) ~ {vy)? (Whitaker, 1996;
Lasseux et al., 2011;...)

M. Quintard Transport in Porous Media 18/49



Weak Inertia

® Solution following asymptotic

. . {
expansions in Re 6= v =Re
V*:‘~775+/1 p* —535 V*:Vg+5v>f+6zvz+0(63)

p* = py+06p; +8°ps + 0 (8°)

® 1st correction?
— Periodic media: F~?
— Periodic mediatreversibility: ;) = F|" = 0

Wodié et Levy, 1991; Mei et Auriault, 1991; Firdaouss et al., 1997
... revisited by Pauthenet et al., 2017

M. Quintard Transport in Porous Media 19/49



Strong Inertia

® Solution for  v{(u) -ose = (55, vs) = () =va

0=-V <pﬁ>ﬁ + ppg — 1Ky, - <V,8> l

0=-V <P,8>'8 + ppg— g (I1+ FP) - K- <V,8> P: rotation
5 F': non-linear scaling
or V<p3> — P8 = —ERUB (KI_JI A+ f) V

f = K/{l (Fyjd + F (cos (w) n; + sin (w) mp))
A-f

n;xmy = A Fi=—5 Ky' =1IKp - All
K/l
B
f Vips) — ppg
Fi=[I-24)  —|| w=|I-22)- < > ——, 1
K/l SﬁluﬁK/lv
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Transition to inertia regimes:
which Re number? ;

Re = <V'8> ‘
VB

® Literature discussion (see polemic in Lage et Antohe,
2000; etc...)

®e=\K?
— K=ed?/32 for a bundle of tubes (transition would change

with porosity! — better X
{ = \/; — Rek

® Topological problem: array of cylinders — transition
depends on the orientation — need a topological
information!

M. Quintard Transport in Porous Media 21/49



Transition to inertia effect: effect

of topology (Pauthenet et al., 2017)
® If Re,

® Re,

10° 10° X.:
1071 ¢ 10-1 4 X{lé—
!
1072 1072 | s i? DRA |
& = i& SRA
# o CD1
10_4 | 8 10—4 1 X CD2 -
¢ 2DROCK o ¢ 2DROCK
= 3DROCK Xd - 3DROCK
1072 ‘ ‘ 10~5> ‘
1073 1072 1073 10t 102
Rec,n=4
(various media, rocks, ...: Re K c
. . C T — — /l
Muljadi et al., 2016; etc...) R
M. Quintard Transport in Porous Media 22/49



Topology effect (Ex.: array of Cylinder)

0.3 :
® . . 0.25 |
Tentative (open question) |
from Darcy closure S 015 |
0.1+
ve vk 1-Ki -2
C, = £V, 0) \/ D1 ol -
B K~ &
V*V* :T V* * pl oot O |
o 7 vy;)
ﬁl/n 03 | Re; |
£(vg - V) = (IIvg - Vi) O
ﬁ“: : : :
e 02|
04 | ..
0=0, L to cyl. “ o 015+
S 02 e 01
*. 0.05 | ' ‘(E: 30(;
: : : : PNEe) } |7 60
0O 20 40 60 80 1071 100 10' 102
OL(O) Re ¢
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Example: canopy flow

Honami generation (Pauthenet, 2017)
...heed Kapp for all fiber directions and VB

U X
1.15e+03

750
500
250

=402 O

M. Quintard Transport in Porous Media




Experimental Evidence: inertia
regime

100.0%

(-0P/oz - pg - nU/K) / (uU/K)

0.1%

10.0% -

1.0% -

Weak 1nertia

4x4 mm prisms - Water flow f

y=0.0002x""

y=0.0064x""*

o Weak Inertial

= Transition

10
Re

pU? | (-0P/0z - pg - nU/K)
(m)

0.0E+00

Clavier et al., 2014

Note the importance of transition regimes!

Strong inertia

Non-spherical particle beds - Air flow

o ¢5x5
%ﬂmﬂ:u:lgﬂ'ﬂ":‘m o0 c5x8

¥ K X ¥ ¥ ¥ ¥ C8X12

© p4x4
X pbx6

500 1000 1500

M. Quintard
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Turbulent flows in porous media (Re>>1)

® Turbulence: time and spatial averaging (see book De Lemos, 2006; ...)
—Time and spatial averaging commute!
—However: not necessarily the same result if sequential closure!?

I.vg — <V,3> — <V,3>
I vg — Vg (RANS,...) - (V)

— For one-phase flow: scheme “II” seems preferable: contrary to Antohe & Lage
(1997), Getachew et al. (2000), see discussion in Nakayama & Kuwahara
(1999), Pedras and de Lemos (2001), etc...

® Open: Simultaneous closure over [R3XRt]? More complex sequential
closures (t - x —» t — ...) depending on the hierarchy of scales?

® Open question for multiphase flow?

M. Quintard Transport in Porous Media 26/49



Turbulent flows in porous media (continued)

® Localized Turbulence: i.e., nearly periodic (see Jin et al., 2015 for DNS results)

— Slow unsteady flows — generalized Forchheimer for time averaged pressure
and velocity  (vg)or (V5)

— Spatial averaging of RANS models — generalized Forchheimer equation, F not
necessarily ~ {v;) or {(v;)?

Example: structured packings
] Ko
K* =
> 1+ viIVRe

® Porous media turbulence models (beyond the scope of the lecture)?
— Pedras & De Lemos, Masuoka & Takatsu (1996), Nakayama & Kuwahara (1999),

*

1
Ki = — L
Yy 1+ ﬁtRe

(laminar) ; (turbulent)

Soulaine an rd, 2014

— note: useful for fluid/porous medium interface (D'Hueppe et al., 2012), deep
inside the p.m. one may recover Darcy-Forchheimer regimes

M. Quintard Transport in Porous Media 27149



Example for Structured Packings

1 . -8 T T T T T
10 weak strong | 90107 M
regime  regime .
) R R 1 N 85107 r K,y from simulation ——
O E K,y from Eq (87) --------
| . £ 8.010° f
% /quadratlc g
_ regime T
L 101! g -8 75408}
transition regime =
8 7.0108 |
£
—o— Fsmooth o
8|
—o— Frougha 6.510
- ~~4--  F .
1073 | ‘ + rec . 6.010° ' ' ' ' :
‘ 2400 2800 3200 3600 4000 4400 4800
10° 102 Reynolds number
Ko
—_— 0 0
Rey 1 + BiRe
T K*(Re, 0) = 0 Ko
Averaging of NS; Pasquier et al., 2016 1+ BiRe
0 0 0

Averaging of RANS model; Soulaine & Quintard, 2014 /

M. Quintard Transport in Porous Media 28/49



Two-Phase Flow

® Pore-scale V. ve

0, ]
+ V. (paVaVae) =

= VDo + pag + ﬂavzva in Vg a =0,y

B.C. 1 vz =0 at A@

B.C. 2 v, =0 at Ay (1)

I
-

B.C. 3 Vg =V, at Ag, (1)

T
B.C. 4 —Ngypp + pphpy - (V"ﬁ +(Vvg) )

T
—Ngy Py + UyNgy - (VVY + (VVY) ) + ZO'ngyIlﬂy at Algy(t)

M. Quintard Transport in Porous Media 29/49



Note: potentially unsteady flows

® Front propagation is in general
time dependent!

® Specific features: Haines jumps,
snhap-off, ...
® Boiling, ...

— _/
V

U

® Common practice: quasi-static
approximation... (¢) and not (¢)

Justification: Ergodicity (not
validated)?

See paper
Gourbil et al.

Sapm et al. , 2016

M. Quintard Transport in Porous Media 30/49



DNS

® VOF, LBM, Cahn-Hilliard, SPH, ....: spurious velocities &
convergence for high density and viscosity ratios, problems "

with wettability and Capillary number.

® Penalization (work with a phase indicator for the solid phase |
also; Raeni et al., 2012; Horgue et al., 2012): work in progress

® Achieving numerical convergence is very difficult, though E s
averages (e.g. effective properties) may be good for statistica 2
reasons (one phase flow: Romeu & Noetinger, 1995; may E
contribute to some success stories for kr,Pc estimations) E

® Need large computational resources -

-

® Alternative to DNS? . -
—Macro-scale models (Various types) Fig. 6. Simulation of drainage with spurious currents
—PNM (pore network models), dynamic PNM, Hybrid PNM 3?331_%&_ ;ﬁ;‘iﬂfﬁfﬁ?ﬁfvg?fc]ﬁ;rfﬂo:m;jn(gi pres.

Horgue et al., 2012
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Upscaling: quasi-static theory
Whitaker, 1986; Auriault, 1987; Lasseux et al., 1996; ...

® Example: Case of B.C. 4
ngy (Py|, = Pol,) + sy - (VP - py8) = (VPs|, - ppe))
L2 A (py ~ Pﬁ) g+...="Ngy (57 _ﬁﬁ>
T T
+ UyNgy - (Vvy + (VV),) ) — UpNgy - (Vvﬁ + (VVB) )

+ 20'Hﬁynﬁy at Aﬁy

\
Ca = ur Uy
o
2

- r

B0=|(p’8 P)’)g| 0 >,1sz: PVX_ P,BXZZO-H,B)/
g

+ Re, (We=RexCa) numbers

+ Dynamic Bond number ) Hg, = Constant over REV
1.e., the classical capillary pressure theory!
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Macro-Scale Models : Quasi-Static
Va:<Va>;Pa:<pa>a;8a:35a cx:,B,y
® Heuristic (Muskat): generalized Darcy’s laws

0eS, 1
£ L VNV, =0:V, = ——K,.(VPy — pag)
ot Ha

P, — Pg = P.(Sp) K, =K k-,(S,)

.. A Capillary pressure Relative permeability

kA

w = wetting phase

—_ drainage

M. Quintard Transport in Porous Media
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Macro-Scale Models : Quasi-
Static, viscous coupling

® Model with viscous coupling (upscaling, also
heuristic models,...) ,
Va = Aaﬁ° <Vﬁ> + Aa)/' <Vy>y a = ﬁ,)/

(Ex. : Whitaker, 1986)
po= (a0 (v5) + - (w))

Vo :_ﬂ%Ka~(VPa—pag)+K%K.VK a,Kk = B,y a + K
Phase interaction”
Ex. : Two-Phase Poiseuille Flow 2 Hs ¢ ?\ v
_ l '
Ky ~ Ko Ko~ /:j a aa) IL;: s, y
Koo~ Ka? Ko~ —2
l -« -

M. Quintard Transport in Porous Media
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Inertia Effects

® Ergun (Heuristic): no-phase interaction terms

0= —VPB + o8 — Up V,B — |Vﬁ||Vﬁ

® Schulenberg and Muler (1987) (Heuristic and =
Similar to theory for fluidized beds

| F;
0=-VPp+pp8~ HpTy—

_ B By
2 ﬁV,g ||Vﬁ||Vﬁ + — SIB
® Upscaling (Lasseux et al., 2008; ...)

Vo = _LKCZ° (VPQ’ - pag) —Foa - Va

Ha

+ Kow- Vi = For - Vi a,K = ,897 a # K

M. Quintard Transfert de chaleur 35/49



Importance of Cross-Terms, and

[
Non-Linear Effects
Case Vl=0
1.1
So
[y
" _|.'|
:':."—J- o ¢
—_ Xx
o 0.8 T
= 07 e
= L
XX
S 06 X
[aW
ko)
05
0.4 . .
0 0.2 04 0.€

(Vg (m/s)

from Clavier et al. (2015)

(IRSN: context of nuclear reactor  See also Taherzadeh & Saidi (2015)
severe accident)
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Importance of Cross-Terms, and
Non-Linear Effects

. [ — o0
Models without cross-terms

OPg
H ( 97 — Pp8. ez) = /JIBK (1 + FBB) V,B
e a3 K (1 K53
0.9 {eiR )
P
?D 0.8 3, ( 07 _ pyg.ez) = /’t)’K (1 + Fyy) Vy
& 3% | .
—= 07 . W ) !
= P | +iy Ky Ky (1= K i Fyp) Vg
= 06 - _'
5 o~
L 05
Case V=0 Case V=O :
0.4 | |
0 0.2 0.4 0.6 GPB }
o P A Koy (1= K5, Fpy) Vy

from Clavier et al. (2015), Chikhi et al. (2016)
see also Taherzadeh & Saidi (2015) using Tutu et al. experiments
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Impact of K, on cross-term effect

K;; = B K;j (annular 2-phase flow) (Pasquier et al., 2017)

- - Anmn. ﬂolzv p=1 I I I I
|- - - Ann. flow p=0.96 e - . oP .
0.2 ---- Ann. flow p=0.1 N ’ - U’ ox Pi§
A x| 2 =0
e Kalaydjian ; ‘ + =
i ¢ i e oP
¢ Rothman ; PR UL U; o= — P8
: TR Y4 ¥ J 6)(: J
| " Zarcone i N ]
s o 0.15 Lenormand ,: ,’ ‘\“ :
~ ~ o Dullien Dong ! lo e
— | e N SR
g+ = T
= 0.1} ,é,’ = n ] o * *
ISy Iv1 S N Kiilwi  Kjjlu;
0.05 | S Rt 1K K\ kok. -
T L= KijKji \ KiiKjifyi  Kiifu,
. ' ry = —
A A
0 *//' _i__a-——%—--i"-‘iii""?““\ti
0 0.2 : 1

0.4

Si

0.6

Ko (Pi - Pj) 8

Ng U/l_

Gravity number

M. Quintard

Transfert de chaleur

38/49



Effect of cross terms on the flow

L]
dynamic
oS 0F1 0S8
o 98 ox

b = T - = /— - -

(a) Configuration 1: Imbibition

adapted Buckley-
Leverett theory
(Pasquier et al., 2017)

S

0.5
—— with cross-terms
—— without cross-terms
0.48|
0.46
0.44
042
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More: Dynamic Models

® impact of oS/ot, V, a,...:

— Quintard & Whitaker (1990, from large-scale
neterogeneity effects and multi-zone)

— Hilfer (1998, multi-zone)
— Panfilov & Panfilova (2005, meniscus)

— Hassanizadeh and Gray (Irr. Therm., a, as state
variable, 1993), also Kalaydjian (1987)...

— Phase field, Cahn-Hilliard (Cueto-Felgueroso &
Juanes, 2009)...
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Examples of dynamic equations

® Quintard & Whitaker,
1990

V= Lk (VP ) -u 9¢5p

0es, 1
~Up -V B _
ot Hp

Mﬁ . VVPﬁ

1 1
——®; - —Rz: VP
Hp . Hp g g

5853 )

Pe=F (Sﬁ, (py - pﬁ) g, Vplg, 57 0

® Kalaydjian,

Hassanizadeh & Gray, ...

8853
ot

® _.see also Petroleum
engng literature on
pseudo-functions!

® Usefulness for highly
prmeable media?

P, —Pg=p.— L
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PNM (Pore Network Model)

(reviews: Dullien, 1992;...; Jockar-Niasar & Hassanizadeh, 2012)

* Quasi-static rules — Percolation theory: vast
literature and important results about flow
patterns, etc.

* Used also to estimate k , P

* Drawback: structural properties are lost for other
phases (e.g. solid phase)

Phase repartition according
to capillary equilibrium
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PNM - Dynamic (See review: Jockar-Niasar & Hassanizadeh, 2012)

* Time dependent solution, solve for pressure field
with approximate solutions for describing flow in
connections

» Used to estimate k , P_and other relations

(hysteresis)

Pore-scale rules
(analytical: e.g. Poiseuille)
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Example: application to the interpretation of
tomographic images in the inertia regime

e T gy = bressure

——PNM (viscous/inertial_expansion)
1500 | —PNM (viscous_channel+contraction/expansion) | 7/

wa| OP
= f(R
=R

Larachi et
al., 2014

velocity
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Mixed or Hybrid Models

® Network models — a meso-
scale representation!

® |f low Re, Ca, Bo —
percolation theory

Trickle Bed (X-ray, IFP)

® Otherwise: Coupling s SRR B
network model and Dynamic :jd ’ b}25ocrm.n c:50ccrm d}1cin
rules (which may come from
local VOF simulations)

Melli & Scriven, 1991; Horgue et al. (PhD
CIFRE/IFP/IMFT), 2012

Micromodel experiments

a) 0.035ms  b)0.135ms  ©)0200mis  d)0.250 mis 0.300 mis
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xed or Hybrid Models

4 1.) Mass and

' momentum
balance for the
network

2.) Dynamic rules
coming from local
VOF simulations
(or from
experiments)

P R e
4 3 T AL e,
S . B2 3 ey
R o Y X0 i
"N 2 s B
0O Y
[ ;' Y O
B | 5 S|
N
& ..i;'-.'_.'
2 ELR
'. o . " L
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Macro-Scale Models with Phase
“Splitting”

. G“""”‘ | Liquid inlet
| Ll
® Example: Flow through ~ + "™ ™ ",
Structured Media A ——

integral z*:‘:!_‘l

B Sl

= | _‘

A b i

Mahr and Mewes (2007) — !
MellaPak (Sulzer Chemtech) e

_LJQI.H”-MH

Fourati et al. (2012) experiments
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Macro-Scale Models with Phase
“Splitting”

Model with liquid
o . aS LV U = 0 phase splitting, no-
ot ’ +3 exchange
6S
651 +V.Ug, =i, momentum
! equations
8 Sﬁz V U B t=1s
+ .
at ﬁZ 0 5 10 15 20 25 3

® Comparison with Fourati et al.
(2012) experiments (Soulaine et al.
2014) — calibration of exchange
term on the 1st stack
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Conclusions

® One-Phase Flow:

— Generalized Forchheimer equations — a practical model for
laminar inertia regimes or localized turbulence

— Porous Media Turbulence models
® Two-Phase Flow:

— Importance of cross-terms, Experimental determination?
— Extensions to more dynamic flows:
* Extended generalized Darcy’s laws
* Models with phase splitting
* Hybrid models
— Highly transient effects, complex time and space averaging?

® Coupling with other transport mechanisms (dispersion, heat
transfer, ...)?
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