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Porous media transport-from geo to bio
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Porous media transport-from geo to bio
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Applications
Drug delivery
Tissue engineering
Physiology and pathology

Length Scales
Ltissue = ~1 cm
rpore = 10 nm-100 um
rfiber = 10-100 nm
Inherently two length scales
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Porous media analogs

Lenormand & Zarcone, PRL(1985)

272 HOMSY 

are not fully understood. However, one feature in common in these 
examples is the fact that the physical conditions of the experiments allow 
a wide spectrum of length scales to occur. Below we provide a detailed 
discussion of the mechanisms that govern these flows, which we refer to 
as shielding, spreading, and splitting, that will enable us to at least quali- 
tatively understand these fascinating patterns. 

Such phenomena are important in a wide variety of applications, includ- 
ing secondary and tertiary oil recovery, fixed bed regeneration in chemical 
processing, hydrology, and filtration. Indeed, the phenomena are expected 
to occur in many of the myriad of fields of science and technology in which 
fluids flow through porous materials, and thus the literature is a diverse 
one. Many combinations of configurations, important fluid-mechanical 
forces, and boundary conditions have been studied. Thus, we cannot 
provide an exhaustive review, and many important areas of research are 
omitted from our discussion. In addition, recent activity in the field has 
been explosive to such an extent that this review is destined to be out of 
date, perhaps seriously so, by the time it has appeared. Luckily, the editors 
of this series have provided me with both a time deadline and a page limit, 

Figure 1 Examples of viscous fingering in Hele-Shaw cells: (a) miscible flow in a five-spot 
geometry (E. L. Claridge, personal communication, 1986) ; (b) immiscible flow in gravity- 
driven fingering (Maxworthy 1986) ; (c) miscible flow of a non-Newtonian fluid in radial 
source flow (Daccord et al. 1986). With permission. 

www.annualreviews.org/aronline
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Homsy, Ann Rev Fluid Mech (1987)

where dm is mean size of the solid matrix that creates pores
and channels and q is the porosity of each micromodel.

2.2. Colloidal Particles

[15] The colloids employed consisted of carboxylate-
modified latex polystyrene microspheres with a very narrow

size distribution (Duke Scientific Corporation, Palo Alto,
California) labeled with a green fluorescent dye (Excitation/
Emission = 468/508 nm). Four different sizes of micro-
spheres (2, 3, 5, and 7 mm in diameter) were used. These
microspheres have been employed in previous studies
reported in the literature [e.g., Palmer et al., 1999; Huettel
and Rusch, 2000]. Given that our work focuses only on
transport of colloids such as microorganisms in the absence
of attachment and growth, microspheres with precise
diameters and known surface chemistry can be used as
surrogates. The microbeads employed were negatively
charged because of the carboxyl groups grafted on their
surface. They were slightly hydrophobic, had a density of
1.05 g/cm3 and a refractive index of 1.59 at 589 nm
(according to manufacturer data sheet).
[16] The colloids were suspended in a solution buffered at

pH 7.8 to minimize colloid adhesion to each other. Micro-
sphere concentrations in the suspensions were determined
by filtration through 25 mm membrane filters (Whatman)
and counting with epifluorescent microscopy. The range of
the colloid concentrations used in our experiments was
106–107 colloids per mL.

2.3. Experimental Setup and Procedures

[17] To inject the colloidal suspension, a 10 mL glass
syringe (number 1010, Hamilton Co., Reno, Nevada) was
used, with 1 mm external diameter polyethylene tubing
(Intramedic 427410) and an adapter (Intramedic 427565
gauge 23) connecting the syringe to the horizontally
mounted micromodel. The micromodel was placed under-
neath the objective of an epifluorescent microscope (Nikon
Optiphot-M) equipped with a Charged-Coupled Device
(CCD) camera (Optronics Engineering) capturing at a
frequency of 60 frames/s. The signal from the camera
was fed to a Sony Trinitron monitor that allowed display-
ing real-time movement of the colloids and to a digital
camera (Sony Digital Handycam) for monitoring and
recording the experiments.
[18] The study was conducted under water-saturated

conditions and under four total pressure differences: 100,
500, 1000 and 1500 Pa. Total pressure difference was
induced by gravity and controlled by the height of the open
glass syringe relative to the micromodel. Flow rate was
measured at the inlet, using a digital flowmeter (Fischer
Scientific Model 1000).
[19] Distilled water was used to fully saturate the micro-

model before an experiment began. At least 10 pore
volumes of distilled water were flushed through the model
to remove any air bubbles. After steady state flow was
established, each colloidal suspension was injected into the
saturated micromodel. Monodisperse suspensions of homo-
geneous colloid size were injected separately, to monitor
their transport behavior independently. The movement of
the colloids was observed at 5X and 10X magnification and
recorded in real time on the digital camera.
[20] Since the focus of this study was colloidal migration

and dispersion processes, we did not focus on either
filtration or attachment mechanisms. Thus we exclude
reporting here on experiments in which colloids became
attached in pore throats. These trapped colloids by their
mere presence reduce pore space to the flowing colloids and
consequently alter the streamlines and pressure field. Actu-
ally a number of our experiments had to be repeated due to

Figure 1. Optic microscope images of the polymer replica
obtained from the silicon wafer, containing a pattern of
channels for (a) micromodel A, (b) micromodel B, and
(c) micromodel C. The inlet and outlet ports are placed on
each side of the network from left to right or right to left in
this image. The scale bar gives an indication of the width of
the pore space.

W03503 AUSET AND KELLER: COLLOID DISPERSION AT PORE SCALE
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Auset & Keller, Water Resource Res (2004)
Fig. 1. Structure of collagen fibers. (a) Reflectance confocal image of 0.3% collagen. (b) Fluorescence confocal image of 0.3% collagen. Fluorescence confocal images of (c) 0.8%
(d) 1.0%, (e) 1.5%, and (f) 2.0% collagen. The images in (a) and (b) were of the same sample at the same location. Images are single, horizontal planes in hydrated, TRITC-
labeled collagen gels acquired using a 63!, 1.4 NA oil immersion lens with pinhole ¼ 1 Airy unit. Scale bars ¼ 20 microns.

Fig. 2. Quantification of fiber density and thicknesses in line scans from images in Fig. 1. Representative line scans across a 70 mm length of confocal fluorescence images from
(a) 0.3%, (b) 1.0%, and (c) 2.0% uniform collagen. (d) Line scans from confocal reflectance (black line) and reflectance (grey line) images in Fig. 1a and b. The same lines were
used for both the fluorescence and reflectance images. Local scans passed over a single fiber, perpendicular to its long axis. Intensity profiles were fit to a Gaussian
distribution and full widths at half max (fwhm) are reported. (e) Extended scans across five essentially parallel fibers at the same location in images in Fig. 1a and b.

V.L. Cross et al. / Biomaterials 31 (2010) 8596e8607 8599

Neeves et al., Biophys J (2010)
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Next generation porous media analogs
Real geometry reconstructed 
from imaging
-Realistic
-Limited resolution
-No control over geometry
-Empirical correlations
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Modeled stochastic geometry
-Not real
-Precise control over geometry
-Many samples with the same 
statistics can be generated 
-Derive fundamental porosity-
permeability relations
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Geometry algorithm
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A.  Poisson points

B.  Voronoi tessellation 
(coord. number = 3)

C.  Perturbation in 
coordination number 

D.  Edges given a finite 
width
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Introducing a second length scale 
Randomly remove 
10% grains

Randomly remove 
zones of grains

Φ = 0.2Φ = 0.1
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Device specifications

~600 grains
5 mm x 5 mm  (3 X lo)
Pores: w=10 µm, h=50 µm
Ø = 0.1 (Porosity)

Fabrication
Silicon masters by DRIE
Soft lithography PDMS
PDMS-glass bonding
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Fig. 1. Porosity and representative elementary volume. 

can define any property (partial saturations, pressures) at each mathematical 
point. This approach leads to the classical notions of relative permeabilities, 
generalised Darcy's laws and capillary pressure curves. 

This approach, however, does not seem suitable for describing some kinds of 
two-phase displacements in porous media. For instance, the scaling of various 
free imbibition experiments does not fit (Lefebvre du Prey, 1978), and visualisa- 
tions in transparent media show large-scale heterogeneities (or fingers) in the 
fluid patterns (Chuoke et al., 1959; Paterson, 1983; Paterson et al., 1984). This 
fingering may be due to various causes, especially viscous instabilities (Saffman 
and Taylor, 1958; Lenormand and Zarcone, 1985a) or capillary mechanisms. 

The purpose of this paper is to describe experimental displacements in a 
two-dimensional permeable medium when capillary forces are important, and 
then to discuss a theoretical model. In this case, all the displacement mechanisms 
are linked to capillary forces and to the random sizes of the pores in a porous 
medium. 

The first part of this study presents the set-up (a two-dimensional etched 
network) and the experimental results. In the second part, we show how these 
results can be described by a statistical theory known as invasion percolation (IP). 
In this approach, the shape of the fingers can be characterized by one parameter 
called the fractal dimension and, in the final part, we present a technique for 
measuring the fractal dimension of the injected cluster. 

Continuum
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Device specifications
Corner-to-CornerEdge-to-Edge

Fabrication
Silicon masters by DRIE
Soft lithography PDMS
PDMS-glass bonding

~600 grains
5 mm x 5 mm  (3 X lo)
Pores: w=10 µm, h=50 µm
Ø = 0.1 (Porosity)

ΔPΔP

Tuesday, September 27, 11



Measuring hydraulic permeability

Darcy’s Law
v = (k/µ)rP

v = fluid velocity
k = permeability
µ = viscosity
P = pressure

k = �3/Cs2
Kozeny Relation

ø = porosity
C = shape factor
s = surface area/pore volume

�P/L
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Hydraulic permeability on stochastic networks

Homogeneous Heterogeneous

Experimental Conditions
ΔP = 5, 10, 15 psi
μH2O = 1 cP
Least squares fit to Darcy’s Law (n = 5)
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Drainage in homogeneous networks
Experimental Conditions
ΔP = 5 psi
Ca = 10-5

M = 100

Invasion Percolation and 
Trapping (IPT)

Ca = v2µ2/γ 
M = µ1/µ2

Phase 1 = Oil
Phase 2 = Water

Drainage: Non-wetting 
fluid displacing wetting 
fluid
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Drainage in heterogeneous networks
Experimental Conditions
ΔP = 5 psi
Ca = 10-5

Viscosity Ratio = 100 
(o:w)

Invasion Percolation and 
Trapping (IPT) to anti-
DLA type displacement

Ca = v2µ2/γ 
M = µ1/µ2

Phase 1 = Oil
Phase 2 = Water
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Displacement efficiency in drainage experiments
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Displacement efficiency in imibition experiments
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Displacement is spontaneous 
and yields discontinuous 
capillary domains
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Future work:  Transport in nanoscale pores

Smooth Walls

Porous Wall

Rough Wall

Nanopores
~100 nm

10 μm

10 μm

Nanoscale Roughness
~100 nm

10 μm

How do nanoscale features effect 
solute transport?
Do we see the same multiphase 
phenomena in pores <10 nm?
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Summary

Porosity-permeability correction for 
heterogeneous media based on conductive 
porosity

Novel geometry generation algorithm for 
stochastic porous media based on Vornoi 
tessellation
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Heterogeneities can alter displacement 
patterns in drainage, but not imbibition
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