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 =g*(x ) Pore-Scale Local-Scale  Separation of scales: l β ,l σ ≪ L  Objectives of a macroscale theory? -Smoothing operator → macro-scale equations and BCs -Link between micro-and macro-scale -Effective properties L V β lβ lσ σ Transport in Porous Media 8

See Sanchez-Palencia (homogenization), Whitaker, ... Manwart et al. 2002;Piller et al. 2009;Guibert et al., 2015; ... -Periodic media:

K intrinsic permeability

Note: minimal bias if large sample and anisotropy along the axis

F ∥ ~v2
-Periodic media+reversibility: Wodié et Lévy, 1991;Mei et Auriault, 1991;Firdaouss et al., 1997….. revisited by Pauthenet et al., 2017 Whitaker, 1986;Auriault, 1987;Lasseux et al., 1996; ... (Chella et al., 1998;Moyne et al., 2000;Quintard et al., 2001;Davit et al., 2010;~Brenner's 

x / L x / L x / L 1 N g = 0 .1 1 N g = 0 .65 1 N g = 0 1 N g =1.

Conclusions:

 1-Eq asymp. not valid in all circumstances  2-Eq robust for dealing with transitions recover a 2-eq. model drawback: h must be a solution not an assumption! 

 if k σ =E(l/L) 2 k β (

  & Whitaker (Chem. Eng. Science, 93; TiPM, 94) 

-

  Re ~ 0: weak inertia, F.〈v β ~ v 〉 〈v 〈 β 〉 ~ 〈v 3 (Levy, Mei & Auriault, Firdaouss, ...) -Re > 0: strong inertia, F.〈v β ~ v 〉 〈v 〈 β 〉 ~ 〈v 2



  need K app for all fiber directions and V β /∂z -ρg -µU/K ) / (µU/K ) 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 -Spatial averaging of RANS models → generalized Forchheimer equation, F not necessarily ~ v 〈 β 〉 ~ 〈v or v 〈 β 〉 ~ 〈v 2 Porous media turbulence models (beyond the scope of the lecture)? -Pedras & De Lemos, Masuoka & Takatsu (1996), Nakayama & Kuwahara (1999), ... note: useful for fluid/porous medium interface (D'Hueppe et al.Penalization (work with a phase indicator for the solid phase also; Raeni et al., 2012; Horgue et al., 2012)...



  Schulenberg and Muler (1987) (Heuristic and ⛐ )  Upscaling (Lasseux et al., 2008) Similar to theory for fluidized beds Ergun, Fourar, Lenormand, ... from Clavier et al. (2015), Chikhi et al. (2016) see also Taherzadeh & Saidi (2015) using Tutu et al. experiments Case V β =0 :

•

  impact of ∂S/∂t, V α , a v ...: -Quintard & Whitaker (1990, from large-scale heterogeneity effects and multi-zone) -Hilfer (1998, multi-zone) -Panfilov & Panfilova (2005, meniscus) -Hassanizadeh and Gray (Irr. Therm., a v as state variable, 1993), also Kalaydjian (1987)... -Phase field, Cahn-Hilliard (Cueto-Quasi-static rules → Percolation theory: vast literature and important results about flow patterns, etc. • Used also to estimate k r , P c • Drawback: structural properties are lost for other phases (e.g. solid phase) (reviews: Dullien, 1992;…; Jockar-Niasar & Hassanizadeh, 2012) rules (analytical: e.g. Poiseuille) • Time dependent solution, solve for pressure field with approximate solutions for describing flow in connections • Used to estimate k r , P c and other relations (hysteresis) (See review: Jockar-Niasar & Hassanizadeh, 2012)



  see Moyne et al. for relation with homogenization theory

  . mean of the remaining eigenv.

  , 1976; …..) (if homogenization theory use k  =E 2 k  )

(

  Davarzani et al., 2010; Davit & Quintard, 2014) 

-

  The more conductive material has not necessarily the highest average T  Note: Good test for the theory for both h 2eq and ξ Validity conditions may be broken during the same process! -See Vafai, Nield, Vadasz, Jiang, ... MANY others! → depend on 3D, various Bcs and ICs, heterogeneity, … Better

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Transport in Porous Media 27/132 M. Quintard Other version of closure: Other version of closure: permeameter-like problems permeameter-like problems

  

=0, Darcy regime 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, ... Note: also suitable for non-linear problems (non-newtonian flows, etc...)

Transport in Porous Media 28/132 M. Quintard Keff Calculation of the permeability Calculation of the permeability  Periodicity : good for anisotropy  Making image periodic? -I: Percolation problem -II: Loss of anisotropy -III: potentially various bias

  See discussion inGuibert et al., 2015 Case of "diffusion" problem: e.g., permeability, effective diffusion

			• thin layers
			• Eff.
			Medium
	I	II	III
	Transport		

in Porous Media 29/132 M. Quintard Calculations over non-periodic Calculations over non-periodic images (cont.) images (cont.)

  

			classical	P 2
	-All methods have bias		⇒	
	-⟨v x ⟩ β ≠0 -K xy ≠K yx	y	Bamberger	P 1 P 2
			⇒ x	
	See discussion in:			P 1

 "permeameters"

Carman (Carman, 1937)

  

										07/02/18 07/02/18
	Permeability : K~d Permeability : K~d p p 2 2 , 1 Darcy =10 , 1 Darcy =10 -12 -12 m m 2 2 Boundary Conditions Boundary Conditions Klinkenberg Effect (1941) Klinkenberg Effect (1941) Non Darcean regimes Non Darcean regimes (Re>1) (Re>1)
	10 -20  Heterogeneous media 10 -16 Continuum mechanics Continuum mechanics with slip flow Transitional 10 -11 region	10 -7 Free molecular flow	m 2 Kn
	Rocks : shale Soils: clay	A i	silt A 	sandstone sand A s	gravel	fluid	weak regime	strong porous medium regime	1
	A e p		p≈0 (passability)						quadratic regime
							2		
								transition regime
	Seff Generalization: See literature on upscaling with slip Beavers & Joseph...+ many variants (Ochoa-Tapia, Le Bars, ...) General Navier BC condition :
	M. Quintard M. Quintard	Transport in Porous Media Transport in Porous Media		31 32 33/132

M. Quintard

Transport in Porous Media  Kozeny- Rough surfaces  fluid/porous medium M. Quintard Transport in Porous Media Example: Sampath and Keighin (1982), N 2 where b (Klinkenberg factor) depends on media.

 Heuristic: Forchheimer, Ergun, …

 Upscaling?

Transport in Porous Media 36/132 M. Quintard Strong Inertia Strong Inertia  Solution for Transport in Porous Media 37/132 M. Quintard Transition to inertia regimes: Transition to inertia regimes: which Re number? which Re number?  Literature discussion (see polemic in Lage et Antohe, 2000; etc...)  ℓ=√K ? -K=εd 2 /32 for a bundle of tubes (transition would change with porosity! → better  Topological problem: array of cylinders → transition depends on the orientation → need a topological information! Transport in Porous Media 38/132 M. Quintard Transition to inertia effect: effect Transition to inertia effect: effect of topology of topology (Pauthenet et al., 2017) (Pauthenet et al., 2017)  If Re k  Re C

  

	10 0						10 0			
	10 -1						10 -1			
	10 -2					DRA	10 -2			DRA
	F ∥					SRA	F ∥			SRA
	10 -3					DSA SSA	10 -3			DSA SSA
	10 -4					CD1 CD2 2DROCK	10 -4			CD1 CD2 2DROCK
	10 -3 10 -5	10 -2	10 -1	Re k	10 0	10 1 3DROCK 10 2	10 -3 10 -5	10 -2	Re C , n = 4 10 -1 10 0	10 1 3DROCK 10 2
	(various media, rocks, …:				
	Muljadi et al., 2016; etc...)				

Transport in Porous Media 39/132 M. Quintard Topology effect Topology effect ( ( Ex.: array of Cylinder) Ex.: array of Cylinder) from Darcy closure  Tentative (open question)

  

Quintard Estimation of multiphase parameters? Estimation of multiphase parameters? Ex. from IRSN experiments Ex. from IRSN experiments

  1

	Obtained correlations Comparison to various models: Comparison to various models: Obtained correlations pressure drop (dP) pressure drop (dP)
		w Macro Equations 1.2  8 unknowns 1			Simplified Macro Equations → 5 unknowns ⛐ : No-	Exp Clavier et al.
		0.8				dependence of f lg
	g	0.6	e x		Inertia Terms	Viscous Terms with velocities?
		Macro Equations → 3 unknowns 0.4		4 mm beads	〈 v l =0 〉=0
		0.2		 major assumption: ~ non-correlated terms
	0 adapted Buckley-Leverett theory 0	0.2	with flow regime! 0.4 0.6	0.8
	Inertia (Pasquier et al., 2017) Viscous Terms Terms		
		M. Quintard M. Quintard	Transfert de chaleur Transfert de chaleur Transfert de chaleur	57/132 58/132 59/132

M.

Transport in Porous Media 76/132 M. Quintard Non-Locality: a Simple Example Non-Locality: a Simple Example  Heterogeneous diffusion: Coupled micro-macro problem  Solution in Laplace space micro macro Transport in Porous Media 77/132 M. Quintard Solution in the Laplace Space Solution in the Laplace Space

  

	Transient / Steady-State Closure Transient / Steady-State Closure	
	(~asymptotic behavior) (~asymptotic behavior)	
	 Micro-scale and macro-scale equations (IC:
	uniform field)		
		micro	
		macro	
		+period., ...
	M. Quintard	Transport in Porous Media	78/132

 Closure  Macro-scale Equation  Transient Closure +period., ... with  Steady-

State closure Transport in Porous Media 79/132 M. Quintard Abnormal dispersion in Abnormal dispersion in heterogeneous media heterogeneous media

  

	Various models available Various models available (recall) Diffusion in a heterogenous (recall) Diffusion in a heterogenous system : Effective Conductivity system : Effective Conductivity Bounds Bounds
	0.07 0.08 0.09 Ex.: two-region after Wood et al., 2003 Wiener, 1912:	1000 10000	DNS
	eff  K / k	0.00 0.01 0.02 0.03 0.04 0.05 0.06 Long time/length for reaching 0 200 400 600 800 1000 1200 Time (day) ⇒ « Fickian » dispersion ! → advice: keep as much heterogeneities as possible ! Scale (m) 10 100 1-eq local equilibrium meso-scale Network model +... Maxwell, 1873 Dispersivity (m) 1 1 10 100 0.1 .01 1000 10000 100000 dependent ! (Gelhar and Axness, 1983) 1D Macro-Scale Mixed or Hybrid Network model (PNM+VOF) 3D µ-scale Mixed or Hybrid models log-normal k(x), spatialy correlated variance = 0.223 side of averaging surface / lc 0 0 5 10 15 20 25 0.2 0.4 0.6 0.8   2 / 3 1/ 3 // eff K K K   1 1 (1960) for front problems 2 2 Landau and Lifshitz Dispersivity appears length-scale { 2-equation, N-equation (multi-rate or MRMT, ... Mixed or Hybrid models 1-eq non-eq: convolution, asympt. 2-eq, frac. deriv., wave eq., CTRW,... Heat Transfer 5 Heat Transfer variance = 9.21 4 6 8 After Ahmadi & Quintard, 1996 3 4 K K // k   /k =5 See also Poisson, Mosotti, Lorenz
		M. Quintard M. Quintard M. Quintard M. Quintard	Transport in Porous Media Transport in Porous Media Transport in Porous Media Transport in Porous Media	80/132 81/132 82/132 83/132

Transport in Porous Media 84/132 M. Quintard Bounds... Bounds...

  Edited byAndreas Ochsner, Graeme E. Murch, and Marcelo J.S. de Lemos, WILEY, 2008.Hashin, Z. & Shtrikman, S. A, Variational approach to the theory of the elastic behaviour of multiphase materials, Journal of the Mechanics and Physics ofSolids , 1963, 11, 127 -140 

	Hashin & Shtrikman, 1963 (isotropic media):	d, space dimension
	Lichtenecker, 1926:	
	Bruggeman (1935):	Spherical inclusions
	...numerous literature!	

see:

Cellular and Porous Materials: Thermal Properties Simulation and Prediction,

Transport in Porous Media 85/132 M. Quintard

  

Hornung, Arbogast, ...): -mixed model -may recover 2-eq model through approx. solution (but 1st eigenvalue a very bad solution!)

  

 k σ =E(l/L) k β :

at 1st order obtain 2-Eq model see double expansion in Bertin et al., 2000 Transport in Porous Media 108/132 M. Quintard Simple coupled problems Simple coupled problems (non-linear properties, one-side (non-linear properties, one-side

  

	Non-Linear Properties Non-Linear Properties	
	coupling, ...) coupling, ...)	
	M. Quintard	Transport in Porous Media	109/132

 Approximation

 Consequence

: closure and effective properties depend on parameter ⟨T

  

β ⟩ β * * not always the case : example

Transport in Porous Media 110/132 M. Quintard Coupled problems, a simple example: Coupled problems, a simple example: transport with Soret effect transport with Soret effect

  

 one-side coupling (T β , known problem):

 Closure (

Lacabanne et al., 2002; Davarzani et al., 2010, 2011, ext. for Pe≠0):

  

	problem involves b Tβ !	etc... ! 😊!
	Transport	

in Porous Media 111/132 M. Quintard Coupled problems, a simple example: Coupled problems, a simple example: transport with Soret effect transport with Soret effect

  

	0D "experiment": example of stratified UC 0D "experiment": example of stratified UC
		1				β σ
			T β * (num.)		
		0.8	T σ * (num.) T β * (the.)			  	0.091
	Temperature	0.4 0.6	T σ * (the.)		
		0.2				  	0.61
		0			
		0	0.1	0.2	0.3	0.4
				t *		1.0
						Convective regime
						0.6	Diffusive regime
						0.2
	-0.2 -0.6 experiments (Pe=0) and DNS! -1.0 results validated against 0.01	0.1	1.	10	100
						Pe
			M. Quintard		Transport in Porous Media	118/132

 macro-equation:

 Results for Soret Coefficient:

, lr =5.97)