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Prediction of imbibition in unconsolidated granular materials
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Abstract

A new way of modeling imbibition is proposed in this paper. It combines two elements. One is a physically consistent, dynamic criterion
for the imbibition of an individual pore originally suggested by Melrose (SPEJ (November 1965) 259-271). The other is the use of a simple
but physically representative model of porous media: a dense random packing of spheres that is geometrically predetermined. This approa
allows truly a priori predictions of imbibition curves (saturation vs capillary pressure) for different values of contact angle, different initial
conditions (e.g., different drainage endpoints), and different macroscopic sample geometries (the ratio of external to internal pores). It alsc
provides a mechanistic basis for understanding the influence of pore-scale phenomena such as “snap-off” of nonwetting phase in the pol
throats due to the coalescence of pendular rings. The simulations show that the capillary pressure curve for this unconsolidated packing
very sensitive to the wettability parameters (such as contact angle), whereas the influence of different initial conditions and snap-off is almos
negligible. Predicted capillary pressure curves are compared to experimental data presented in the literature, and are consistent with them.
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1. Introduction describe the behavior of the desired unknowns (i.e., rel-
ative permeabilities, residual NAPL saturation, dissolution
The properties of porous media have a great impor- rates, etc.). These network models have been used to study
tance for the modeling and understanding of different flow @ wide range of the properties in different flow processes,
processes in the subsurface, such as oil recovery, drainagéuch as relative permeabiliti¢s5,50} residual nonwetting
and imbibition, infiltration from surface water, and flow, phase[35]; capillary pressure hysteredi26,27,31,42] re-
transport, adsorption and dissolution of contaminants. Be- lationships between capillary pressure, saturation and inter-
cause of the great influence of these processes on the envifacial area$6,51]; non-Darcy behaviof62]. Unfortunately,
ronment and industry, there have been numerous attempts tahe predictive capability of this approach is limited by the
model them at the microscopic scale and to predict the be-presence of prescribed parameters, which usually cannot be
havior of the subsurface. Many of these attempts model thedetermined independently of the phenomena of interest.

porous medium as metwork with sites (pore bodies) and The approach considered in this work is similarly de-
bonds (pore throats) and some parameters prescribed to thevoted to the pore-scale modeling of the flow and transport
network in advance, for instancegordination number of processes in the subsurface, but it differs significantly from

the sites osize distribution of pore bodies and pore throats. network modeling. The idea is to extract a faithful represen-
By simulating transport processes in such networks one cantation of the actual pore space geometry of a simplghys-
ically representative model porous mediuti®,10-12,37,38]
TP . The model is a random packing of equal spheres for which
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mines the grain space and the void space in the packing. It is
also possible to simulate the results of geologic processes in
the sphere pack, such as cementation and compaction, thus
creating simple models of sedimentary rocks with predeter-
mined pore space geomef{;10,12]

This class of models has been shown to capture some
of the key features of real sediments and sedimentary rocks
[7-9,17,37,6Q0]Other methods of obtaining detailed, realis-
tic, quantitative models of pore space have been developed,
along with sophisticated techniques for computing proper-
ties of those modelf,3,4,19,28,30,34,47-49,53,54,59,61]
The imbibition mechanism studied here can be applied in
any member of this class of geometrically determinate mod-
els. Our purpose is to test the macroscopic implications of
a pore-level imbibition mechanism. Sphere-pack models are
well suited for this purpose. They are a computationally con-
venient framework for making priori predictions of macro-
scopic behavior. Because there are no prescribed parameters,
testing the predictions against experiments provides physical
insight.

If the predictions do not explain experimental observa-
tions, we can conclude that the model does not account for
some essential aspect of the physical situation, and then seek
a more realistic model. On the other hand, a successful pre-
diction allows some confidence that the model can be taken
as a reasonable approximation of reality, and thus has a pre-
dictive capability and can be used to examine other phenom-
ena. This capability, rather than understanding the behavior
of a particular sample(s), is the focus of this paper.

The model of imbibition presented in this paper is based Fig. 2. Random dense packing of equal spheres.
on the methodology developed [#A—9,17,37] Knowledge
of the pore space geometry and wettability conditions (the tial features of the pore space of real sedimehigs. 1
value of the contact angle, assumed uniform throughout theand 2 The most important of these is the randomness in lo-
medium) allows computing the configuration of two fluid cations of grains, pores and pore throats. Thus, the “ideal
phases in porous media under the control of capillary forces. soil” model allows constructing simple, bphysically rep-
Then the quasi-static imbibition of a wetting phase in this resentative sediments. Moreover, the geometry of pore space
model porous medium is simulated by means of the dynamicis determined by the geometry of the grains making up the
Melrose criteriof41]. To our knowledge, this criterion has  porous medium. It is this dependence that enables the suc-
not been tested in a geometry representative of granularcessful predictions described above.
media. An attractive feature of the Melrose criterion is its This approach offered useful qualitative insights in the
purely mechanistic nature. Knowledge of grain scale geom- decades after its introductidii8,21-24,56-58]No quan-
etry is the only prerequisite for its application. In this way titative applications involving genuinely random packings
we hope to provide some insight into the long-standing fun- were possible, however, until Finn¢¥4] measured spatial
damental problem of how imbibition occurs in a single pore. coordinates of the centers of about 8000 randomly packed
The approach also allows a quantitative understanding of equal spheres, in order to build a model of the liquid state.
how different macroscopic processes and parameters (forThe power of Finney’'s data for the modeling of porous me-
example, capillary pressure—saturation curve) depend on thedia was quickly recognized and applied by Ma§a#]. Later
physical (e.g., wettability) features of porous media during Mellor presented a method (described below) for extract-

imbibition. ing a network model of the pore space in the Finney pack-
ing [39].
The common way of constructing a network model of
2. Pore-scale description of an unconsolidated medium porous media as a lattice of sites (pores) connected by bonds

(pore throats) assumes random assignments of network at-

In 1899 Slichter{55] suggested the random packing of tributes, such as pore throat and pore body sizes. In real

equal spheres as an “ideal soil.” Though this approach is porous media such features are not randomly distributed
surely oversimplified, it nevertheless captures many essen-[8,11] and are difficult to measure. A completely differ-
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