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[1] Centrifugal methods are gaining increased attention for
use in hydrologic experiments within partially saturated
media. Through use of a Modified Invasion Percolation
(MIP) model, we examine the influence of a stabilizing
centrifugal (buoyancy) force on the invasion of a light non-
wetting fluid (e.g., air) into a heterogeneous porous media
initially saturated with a denser, wetting fluid (e.g., water).
Results show that while capillary heterogeneity controls
phase structure outside of a centrifugal field, the influence
of capillary heterogeneity varies with angular velocity in a
centrifugal field. As the angular velocity is increased, the
invasion processes and phase structure become increasingly
insensitive to heterogeneity, regardless of its style or
orientation. Because phase structure critically influences
flow processes and petrophysical properties (pressure-
saturation, relative permeability, electrical resistivity, etc.),
the design of centrifugal experiments must carefully
consider this interplay between capillary heterogeneity and
centrifugal force. INDEX TERMS: 1875 Hydrology:

Unsaturated zone; 1829 Hydrology: Groundwater hydrology;

1894 Hydrology: Instruments and techniques. Citation: Holt,

R. M., R. J. Glass, J. M. Sigda, and E. D. Mattson, Influence of

centrifugal forces on phase structure in partially saturated media,

Geophys. Res. Lett., 30(13), 1692, doi:10.1029/2003GL017340,

2003.

1. Introduction

[2] Centrifugal methods are capable of greatly reducing
equilibrium times in experiments conducted within partially
saturated porous media. Thus, a variety of small-scale
centrifugal methods have been developed for measuring
hydraulic properties, including pressure-saturation relation-
ships [Hassler and Brunner, 1945; Forbes, 1994], relative
permeability [Nimmo et al., 1987; Conca and Wright,
1992], and transport parameters [Conca and Wright, 1990;
Gamerdinger and Kaplan, 2000]. These methods, particu-
larly those for measuring pressure-saturation and relative
permeability, are being increasingly applied in practice.
Additionally, large-scale geotechnical centrifuges are gain-
ing popularity for studies of multiphase flow and transport
processes in dimensionally scaled systems [e.g., Savvidou

and Culligan, 1998; Griffioen and Barry, 1999; Levy et al.,
2002].
[3] The assumption that centrifugal forces are similar to

gravity forces [e.g., Hassler and Brunner, 1945; Nimmo et
al., 1987; Levy et al., 2002] is implicit in many centrifuge
applications. Both gravity and centrifugal forces create
buoyancy effects that can stabilize or destabilize the dis-
placements of immiscible fluids having differing densities.
However, unlike gravity forces, centrifugal forces are non-
linear, increase with the square of radial distance from the
axis of rotation, and vary with the applied angular velocity.
Under unsaturated or two-phase flow conditions, the struc-
ture of the phases within a porous media critically controls
many processes (e.g., flow pathways, solute transport, etc.)
and petrophysical properties (e.g., pressure-saturation, rela-
tive permeability, electrical resistivity, etc.). For understand-
ing gained from experiments in centrifuges to have
relevance or be properly interpreted, one must consider
the influence of centrifugal forces on phase structure.
[4] In this paper we illustrate the influence of centrifugal

forces on phase structure in the simplest of two-phase
experiments, the stabilized displacement of a denser wetting
phase (e.g., water) by a lighter non-wetting phase (e.g., air)
within a heterogeneous porous medium. Such an experi-
ment, run to equilibrium, is often used to measure drainage
curves in samples taken from the field. We model this
displacement by adapting a Modified Invasion Percolation
(MIP) approach, such as used by others [e.g., Kueper and
McWhorter, 1992; Ioannidis et al., 1996; Ewing and Ber-
kowitz, 1998; Glass et al., 2001], to include both capillary
forces and a stabilizing centrifugal force. In addition to a
simple random, uncorrelated, heterogeneous capillary field,
we also consider the additional influence of spatial structure
in context of the ubiquitous layering found in nature. Our
results show that both the invasion order and the resulting
phase structures vary significantly with centrifugal force. At
low angular velocities, the phase structure is similar to that
produced by capillary invasion alone and is critically
controlled by capillary heterogeneity. However, as the
angular velocity increases, the invading front becomes
increasingly smooth and insensitive to capillary heteroge-
neity. This strong influence on phase structure has profound
implications for the design and interpretation of centrifuge
experiments.

2. Modified Invasion Percolation Model

[5] An MIP approach is used to simulate invasion of a
light non-wetting fluid (air) into a medium initially saturated
with a dense wetting fluid (water) under the combined
influence of capillary and centrifugal driven buoyancy
forces. Besides the inclusion of centrifugal forces, the
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current MIP differs from Invasion Percolation (IP) [e.g.,
Wilkinson and Willemsen, 1983] through the definition of
macro, near-pore scale capillarity. Here, individual pore
throats and necks are not considered. Instead, a near pore-
scale block is defined and characterized by a local threshold
spanning pressure (a local block-scale breakthrough pres-
sure) that represents the behavior of the subscale network
[e.g., Glass et al., 2001]. The model domain is discretized
into an array of grid blocks with assigned spanning pres-
sures. An invasion pressure for each block is then deter-
mined by the sum of spanning pressure and centrifugal
forces:

PI* ¼ Ps*þ
�rw2

2
r2 ð1Þ

where Ps* is the capillary spanning pressure (ML�1T�2),
�r = rdefender � rinvader is the difference in densities of the
defending and invading phases (ML�3), w is the angular
velocity (T�1), and r is the grid-block radial coordinate (L).
For non-wetting phase invasion, Ps* is intrinsically positive.
[6] In a centrifugal system configured to measure drain-

age curves (Figure 1), both the inflow face at ri (L), and the
outflow face at ro (L), are open. Water exits the outflow face
by ‘falling’ through air, and thus the capillary pressure at the
outflow face is constrained to be zero so that the last term in
(1) becomes �rw2(r2 � ri

2)/2. For this situation, we can
write a dimensionless invasion pressure equation as:

PI ¼ Ps þ AV

R Rþ 2ð Þ
l l þ 2ð Þ ð2Þ

where spanning pressures have been normalized by the
mean value hPs*i, radial position is given by R = (r � ri)/ri,
system length by l = (ro�ri)/ri, and AV is the dimensionless
angular velocity number defined as:

AV ¼
�rw2 r2o � r2i

� �

2 Ps*h i ð3Þ

and reflects the strength of the centrifugal pressure that
drives invasion. Like the Bond number in gravitational
fields, AV is a ratio of buoyancy to capillary forces for a
centrifugal field. However it increases with radial position ri
and applied angular velocity w.

[7] MIP is implemented on a field (or network) of
prescribed capillary spanning pressures. Non-wetting phase
invasion proceeds from the system inlet toward the outlet
according to an IP algorithm that implements equation (2).
The IP algorithm selects the block connected to the growing
cluster with the lowest invasion pressure and invades it. This
process continues until blocks along the active interface no
longer can be can be invaded at the imposed external
capillary pressure or centrifugal force. In absence of cen-
trifugal forces (AV = 0), the invasion pressure history under
imposed external capillary pressure directly determines the
capillary pressure-wetting phase saturation [Pc(Sw)] relation-
ship for drainage. However, when AV 6¼ 0, this is not the
case.

3. Illustrative Simulations

[8] To illustrate the influence of centrifugal forces on
phase structure in context of capillary heterogeneity, we
consider the case l = 1 (i. e., ro = 2ri), representative of many
sample scale experiments. We populate a two-dimensional
field of gridblocks (128 by 128) with Ps chosen from a
logarithmic distribution (geometric mean of 1.0, variance of
ln(Ps) of 1.0). The field (Figure 2 column A) is either
spatially uncorrelated or is correlated to form microlayering
using a FFT method and a standard two-dimensional,
anisotropic, exponential covariance with a correlation
length of 200 and 10 grid blocks in the direction parallel
and perpendicular to layers, respectively. We consider both
orthogonal orientations of the microlayering within the
centrifugal field, parallel and perpendicular. We implement
a network connectivity of 8 (communication is allowed with
all surrounding blocks) to approximate three-dimensional
behavior within context of a two-dimensional network, and
assume that water can drain via film flow and so do not
include the trapping of the defending, wetting phase. Each
simulation begins with the domain completely saturated by
the wetting phase with a specified AV ranging from 0 to
1000. For AV = 0, we impose a dimensionless capillary
pressure at the outer surface that is sufficient to completely
drain the system (Pc = 57). Side edges are prescribed as no
flow.
[9] Non-wetting phase invasion under imposed external

capillary pressure produces complicated phase structures
that are nearly entirely dependent on capillary heterogeneity
(Figure 2 column B). Note that color variations from dark to
light in Figure 2 show the invasion order and reflect
heterogeneity in the invasion process. As invasion begins,
the non-wetting phase deeply penetrates along layers in the
parallel system, whereas high Ps layers limit penetration
into the perpendicular system. This influence of layering
heterogeneity is also seen Pc (Sw) in the curves built from
the simulation (Figure 3a). The parallel system drains at
small Pc as continuous low Ps layers are well connected to
the inlet, while the lack of continuity limits invasion in the
random system and high Ps layers limit invasion in the
perpendicular system. Drainage in the perpendicular system
is controlled by a critical, high Ps grid block that must be
spanned, after which the wetted phase saturation drops over
60% as lower Ps grid blocks drain in a large, conglomerate,
cascade event. Such large cascade behavior has been
observed experimentally by Mortensen et al. [2001], also

Figure 1. Centrifuge system geometry for measuring
drainage curves. Inlet and outlet faces are open to the
atmosphere. All other faces are closed and are considered no
flow boundaries.
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in context of perpendicular layering, where it caused non-
uniqueness in the measurement of two-phase hydraulic
properties. As invasion proceeds, the parallel domain is
spanned first, followed by the random system, and then the
perpendicular system. In all systems, isolated regions of
high Ps drain after the non-wetting phase spans the domain.
[10] In the stabilizing centrifugal field, buoyancy increases

linearly with AV but varies with the square of the distance
from the inlet face. Therefore, equilibrium phase structures
and invasion histories produced during centrifugal drainage
vary with and distance from the inlet face. At a low AV
(Figure 2 column C), centrifugal invasion is similar to
capillary invasion, and phase structures tend to follow
heterogeneity. As AV increases (Figure 2 column D), inva-
sion becomes less sensitive to variability in Ps, particularly
in regions close to the domain outlet. At high AV (Figure 2
column E), buoyancy effects dominate the invasion pres-
sure, and phase structures tend to be similar for all systems.

At the very large AV (Figure 2 column F) required to
completely drain the system, phase structure evolution is
essentially the same for all three capillary fields and thus is
completely insensitive to heterogeneity. Invasion pressure
history-saturation curves for the perpendicular system are
particularly illustrative in showing how buoyancy effects
increasingly dominate invasion pressures at successively
higher AV (Figure 4). At lower AV (<100), the invasion
pressure-saturation curves show a sharp decrease in satura-
tion following the spanning of a critical grid block. The
magnitude of saturation change in this drainage cascade
decreases from 	60% at AV = 0, to 	 20% at AV = 5, to
	 1% at AV = 50, as buoyancy stabilization begins to
overwhelm capillary heterogeneity. At higher AV (
100),
drainage cascades disappear, and buoyancy dominates in-
vasion pressures.
[11] The differences between capillary and centrifugal

invasion can be illustrated further with the Ps (Sw) relation-
ship that records the Ps values of invaded cells (Figure 5).
Capillary invasion in the perpendicular system (Figure 5a)
proceeds through a series of cascades that follow the

Figure 3. (a) Capillary pressure-wetting phase saturation
curves for all systems. b) Angular velocity-wetting phase
saturation curves for all systems.

Figure 2. (a) Natural log of dimensionless spanning pressure for the random (top), parallel (middle), and perpendicular
(bottom) systems. In column A, log spanning pressure increases from dark to light. Invasion history for (b) capillary
drainage (AV = 0 and wetting phase saturation SW = 0.5) and centrifugal drainage with (c) AV = 1, (d) AV = 10, (e) AV = 100,
and (f) AV = 1000. In columns B–F, non-wetting phase invasion progress from early to late is reflected by the progression
of dark to light colors. Grid blocks saturated with the wetted phase are shown in red. Color contrasts at different AV illustrate
the sensitivity to capillary heterogeneity. Note non-invaded areas that appear trapped drain at higher invasion pressures.

Figure 4. Invasion pressure-wetting phase saturation
curves for the perpendicular system.
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spanning of high Ps cells and reflects the evolution of a
complicated phase structure. The Ps history during centrifu-
gal invasion at AV = 1000 (Figure 5b) reflects the row by
row invasion of grid blocks. Within each row, blocks are
sequentially spanned from low to high Ps. As a final
comparison, an angular velocity-saturation relationship [AV
(Sw)] can be built across the various simulations using the
equilibrium (final) wetted-phase saturation at a specified AV
(Figure 3b). We see that although the overall trends are
similar for Pc (Sw), the curves for AV (Sw) have a steeper
slope and reach zero saturation at a pressure difference that
is roughly two orders of magnitude greater than in the
capillary invasion case.
[12] Here we have considered large systems relative to

the centrifugal rotor arm length, e.g., ro � ri 	 ri. For small
systems (ro � ri � ri), buoyancy increases nearly linearly
with the distance from the inlet face, and phase structures
will be similar to those produced in gravitational fields.
Ioannidis et al. [1996] considered capillary drainage of
random systems in the presence of increasing gravity forces.
Their results also indicate decreasing sensitivity to capillary
heterogeneity as gravity forces are increased.

4. Conclusions/Implications

[13] Although centrifugal methods are appealing because
of greatly reduced equilibrium times, care must be taken in
the design and interpretation of centrifuge experiments. Our
results illustrate significant differences between phase struc-
tures developed in a centrifugal field and those developed
by capillary forces alone. Because equilibrium phase struc-
tures will be dissimilar, it must be recognized that petro-
physical properties (e.g., pressure-saturation relationships,
relative permeability, electrical resistivity, and transport
characteristics) of small samples measured in a centrifugal
field will not be directly equivalent to those measured in the
presence of capillary and gravity forces alone. The extent of
errors in centrifuge-measured properties remains unknown
and requires further study. However, with careful design,
appropriately scaled systems for process-based studies can
be constructed such that representative phase structure is
either preserved or controlled in a centrifugal experiment.
On the one hand, it will not be possible to construct a single
scaled system for use at a variety of angular velocities that
will maintain the same phase structure in context of capil-
lary heterogeneity. On the other hand, a single scaled system
can be used at a variety of angular velocities to vary the

intrinsic nature of the phase structure in a systematic
fashion. Finally, we note that while our simple study
considered only stabilized invasion to an equilibrium,
non-flowing state, in destabilized or flowing systems, phase
structure will also be influenced by the angular velocity and
must be properly interpreted to be of relevance to naturally
occurring situations.
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Figure 5. Spanning pressure histories for the perpendi-
cular system during (a) capillary invasion (AV = 0) and
(b) centrifugal invasion (AV = 1000).
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