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Flow coupling during three-phase gravity drainage
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We measure the three-phase oil relative permeability kro by conducting unsteady-state drainage experiments in
a 0.8 m water-wet sand pack. We find that when starting from capillary-trapped oil, kro shows a strong dependence
on both the flow of water and the water saturation and a weak dependence on oil saturation, contrary to most
models. The observed flow coupling between water and oil is stronger in three-phase flow than two-phase flow,
and cannot be observed in steady-state measurements. The results suggest that the oil is transported through
moving gas-oil-water interfaces (form drag) or momentum transport across stationary interfaces (friction drag).
We present a simple model of friction drag which compares favorably to the experimental data.
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When the single-phase Darcy equation is generalized to
multiphase flow in porous media, it is assumed that each phase
flows due to the pressure gradient within that phase, albeit
with a reduced permeability [1,2]. Conceptually, each phase
flows in a capillary-stable reduced network compared to single
phase flow. The change in permeability is parameterized by
the relative permeability kri that is assumed to be a function
of the phase saturation Si [the local volume fraction of the
pore space filled by the phase i, where i = o (oil), w (water),
g (gas)]. Mathematically this is expressed through the Darcy-
Buckingham equation [1]

qi = −k
kri(Si)

μi

(
dPi

dz
+ ρig

)
. (1)

Here, qi , μi , ρi , and Pi are the flux, viscosity, density,
and pressure of phase i flowing through porous media of
permeability k. While this multiphase flow equation is widely
used due to its simplicity, it is known to break down at high
capillary numbers (the network is fluid) [3], unstable flow [4],
high viscosity ratio (due to viscous coupling between the
mobile phases) [5], and three-phase flow (the network for the
intermediate phase depends on the other two phases) [6].

Here we concentrate on the combined effects of three-phase
flow and viscous coupling. Three-phase flow occurs when
three mobile fluid phases coexist in a porous media; typically
water is the most wetting phase and oil the intermediate wetting
phase. Three-phase relative permeability has been measured
using steady-state experiments [6], and many empirical models
of the oil relative permeability kro have been introduced
[7]. These models have a dependence on both saturations
kro(So,Sw), based on the idea that the connected oil network
depends on the amount of water. From observations in
micromodels [8,9] and capillary stability arguments based on
geometry [10] and thermodynamics [11] various three-phase
pore level fluid configurations and flow mechanisms have been
recognized. These mechanisms have been incorporated into
network models to predict three-phase relative permeability
and saturations path [12–14], under the ansatz of each phase
flowing independently in its own network.
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Viscous coupling, where the pressure gradient of a par-
ticular phase affects the flow of the other phase, has been
investigated for two-phase flow through experiments [15–17],
analytical calculations [18,19], and simulations at the pore
scale [20].

In this Rapid Communication we conduct three-phase
gravity drainage experiments with different initial conditions
and measure the in situ saturations versus space and time (see
schematic in Fig. 1) from which we obtain kro and krw. The
observed dependencies of the relative permeabilites suggest
that flow coupling dominates kro for a significant portion of
three-phase flow. We propose a simple physical model from
which the flow coupling can be solved for exactly, and find
that the dependencies of this solution qualitatively matches
the experiments.

The porous medium consisted of an 80-cm column of sand
pack (dry continuous pack) inside a rubber sleeve with an
inner diameter of 7.5 cm. The confining pressure of 50 psi
was provided by water to prevent flow near the edge. The
mean particle size, average porosity, and permeability of the
water wet sand pack were 0.25 mm, 0.3, and 6 × 10−12 m2,
respectively. A 10 wt% aqueous solution of NaBr, n-octane,
and air were used as water, oil, and gas, respectively. The
density and viscosity of the oil phase is 703 kg/m3 and
0.51 cP and that of the aqueous phase is 1069 kg/m3 and
1.23 cP. The interfacial tensions (mN/m) between fluid pairs
are σgo = 21.4, σgw = 72, and σow = 51.5 yielding an initial
spreading coefficient of the oil on water of S = −0.8 and a
final spreading coefficient (after the three phases equilibrate)
of S = −1.9 [21]. Theoretical arguments backed with mi-
cromodel observations show that nearly spreading oils like
n-octane form intermediate layers in the crevices of the pore
space [22].

The initial condition of tests 1 and 2 were oil filled with
residual water saturation. These were produced by injecting
one pore volume of oil from the top of the column fully
saturated with water (test 1) and saturated with water and
trapped gas (test 2). The initial condition of tests 3 and 4
were water filled with residual oil saturation. These were
produced by injecting one pore volume of water from the
bottom of the column saturated with oil, trapped gas, and
residual water. The initial condition of test 5 was produced by
co-injection of oil (5 mL/min) and water (8 mL/min) from the
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FIG. 1. Schematic illustration of the experimental setup and pore
level displacement mechanisms. Center: Gas invades the column,
initially saturated with oil and water, from the top, and oil and water
are produced from the bottom. Left: The two curves indicate the
macroscopic saturation of oil and water in space at a particular time.
Right: Microscopically, oil layers are sandwiched between water and
gas, and the layers are stabilized by capillary forces. Momentum is
transferred to oil through friction and form drag.

top of the column. The drainages began by opening the bottom
valve and the system drained naturally under the gravity. For
tests 1 through 3 the drainages began 24 hours after the last
flood, and for tests 4 and 5 the drainages began immediately
after setting the initial condition.

A modified medical CT scanner was used to obtain fluid
saturations versus time and space during the drainage. The
length of the column was scanned at two different tube energy
levels (130 and 80 kV). Each image was integrated to get
an average CT attenuation number at each height. For each
image, the high and low energy CT values are converted into
saturations for water, oil, and gas (Sw, So, and Sg , respectively)
using the two independent linear attenuation equations [23].
The Br ions in the water phase preferentially attenuate the low
energy x rays, allowing a discrimination between the water
and oil phases. Figure 2 shows the saturation data in time and
space measured during test 4. The inset in Fig. 2(a) shows a
blow up of the oil data, and from the repeatability we estimate
we can resolve changes in So and Sw down to 0.003.

From the in situ saturations versus time and space, we use
the method first suggested by Watson [24] to calculate the
relative permeability of the water and oil. Equation (1) can be
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FIG. 2. (Color online) (a) Measured oil saturation in time and
space for test 4. (b) Measured liquid saturation So + Sw for the same
test.

rearranged to obtain the three-phase relative permeability of
oil kro as a function of the flux and corresponding driving
force ρo g + dPo/dz. We use the observation that behind
the main drainage front [40 < z < 70, see Fig. 2(b)] the gas
saturation gradient is very low, dSg/dz � 0.002 cm−1, which,
when using the static capillary pressure curve, corresponds to
d(Pg − Po)/dz � 0.03ρg. Making the typical assumption that
the gas pressure gradient is negligible, in this region dPo/dz �
ρg and can be ignored. Thus the relative permeability of oil
is simply given by kro(z,t) = (μo/kρog)qo(z,t). The flux of
oil at a particular time and location qo(z,t) is obtained by
integrating between two consecutive saturation profiles from
the top of the column.

Unlike the steady-state method which proscribes certain
flow ratios, the unsteady-state method for measuring kro and
krw allows the flow to develop organically. The saturation
path, the fluxes, and the rates of saturation change are all
allowed to affect kro and krw. Figure 3 shows the local kro

plotted versus the local So at each time and position for all
five drainages along with the curve obtained from two-phase
gas-oil drainages k

2ph
ro . Each drainage produces roughly 100

data points. Comparing the three-phase results to the two-
phase results, we observe that when draining from residual
water (tests 1 and 2) kro ≈ k

2ph
ro for So > 0.18. For So < 0.18,

kro > k
2ph
ro due to the formation of oil layers on top of the

residual water, and has been observed previously [6].
More interesting are the measured kro data starting from

two-phase oil-water residual oil So ≈ 0.18 (tests 3 and 4).
Before the gas is allowed to invade, the oil is immobile and
necessarily kro = 0. But when gas enters the column, kro

jumps to kro > 3 × 10−2. At So ≈ 0.18, kro is two orders
of magnitude greater than the measured k

2ph
ro and kro from
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FIG. 3. (Color online) Three-phase oil relative permeability
measured during gravity drainage. Each symbol depicts a different
drainage, the total number of symbols are for all of the positions and
times measured. The dashed line depicts the oil relative permeability
obtained from a two-phase gas-oil drainage. Inset: The initial
condition and saturation path related to each test is schematically
shown in the ternary plot.
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tests 1 and 2 starting at residual water saturation. As the
drainage proceeds, kro decreases rapidly, but with very small
changes in corresponding So. This is counter to most models
of relative permeability, which have the relative permeability
depending strongly on the saturation of the particular phase.
Finally, drainages that start from an intermediate oil and water
saturations (x’s), show kro between the two endpoint cases.

Figure 4(a) shows the measured kro of tests 3 and 4 as a
function of So and Sw. The open symbols are the same data
presented in Fig. 3, namely kro as a function of So, and there
is only a weak correlation of kro on So. When the same data
are plotted as a function of Sw, we observe a strong correlation
between kro and Sw. This suggests that on the remobilization
of oil, the key saturation variable is Sw and not So.

We examine this effect further in the inset of Fig. 4(a),
where we plot the same kro but as a function of krw, where
krw is basically the measured flux of water qw multiplied by
μw/(k ρw g). Here we observe a strong correlation between
kro and krw over three orders of magnitude. These data lend
themselves to the conclusion that the relative oil flow (through
kro) is influenced much more by the water flux (or, equivalently,
the water saturation as at high water saturation krw is a function
of Sw) than by the local saturation of oil. Simply, the oil flow
is coupled to the water flow. Heuristically, this coupling can be
through two different physical mechanisms depicted in Fig. 1:
(a) a double drainage mechanism where the oil is transported in
moving gas-oil-water interfaces, (b) the direct transfer of mo-
mentum from the moving water phase to the oil phase through
stationary water-oil interfaces. We will explore these in turn.

Upon gas invasion, the invading gas reconnects the trapped
oil, which spreads between the gas and water. On drainage,
first the oil displaces the water followed by the gas displacing
the oil. This double drainage mechanism has been observed in
two-dimensional micromodels [8] and simulated at the pore
scale [12,13], but has not been quantified in real porous media.
One can think of this type of flow coupling mechanism as a
type of form drag as the oil is dragged with the moving gas-oil
and oil-water interfaces on drainage, and requires a change in
local saturation with time dSw/dt .

For the direct momentum transfer mechanism, consider
water stabilized by capillary forces in the corners of the pore
space, and oil in the form of layers between the gas and the
water (see Fig. 1). In the geometrically complex pore space,
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FIG. 4. (a) kro measured during tests 3 and 4, versus So and Sw .
Inset: The same kro data versus corresponding krw . (b) Calculated
transport coefficients of the oil phase from the proposed model when
So = 0.15 versus Sw . Inset: keff

ro versus keff
rw from the same model when

So = 0.15

these oil layers will be stabilized by capillary forces [12] and
the water and oil will flow through these continuous layers
by gravity. In this configuration, the oil will be dragged by the
flowing water due to momentum transfer at the quasistationary
oil-water interface as a type of friction drag. This is the model
for traditional viscous coupling studied in two-phase systems,
as the local saturation changes slowly with time [15]. This
friction type of coupling should be greater in three-phase than
two-phase systems as the oil in layers has a larger surface area
to volume than the oil in bulk.

To model this phenomenon one needs to solve the three-
phase creeping flow in capillary stable flow configurations
such as the corners of a triangle. The conductance of the
oil layers in corners has been studied experimentally and
numerically [25–27], although these numeric models explicitly
do not conserve momentum across the water-oil interface.
Instead, for simplicity, we propose an idealized capillary tube
model where the momentum can be analytically calculated.
This model consists of a single circular capillary tube with
water wetting the inner surface of the capillary, gas in the
center, and an oil layer between water and gas. This is similar
to the model of Rose [28] and Bacri [29] who derived the
generalized relative permeability coefficients for two-phase
(oil-water) flow in a circular capillary tube. Although not
necessarily capillary stable, this is the simplest calculation
of viscous coupling in three-phase flow.

We solve the above boundary value problem for water and
oil domain by neglecting the nanoscale slip effect [30] and
assuming continuity of velocity and shear stress at the water-
solid and oil-water interfaces. The shear stress at the oil-gas
interface is assumed to be zero. We consider the solution of
this problem in the following form:[

qw

qo

]
= k

[
krww krwo

krow kroo

] [
(dφw/dz)/μw

(dφo/dz)/μo

]
. (2)

Here the flux of each phase is related to the gradient of the
potential φ of both liquid phases by the transport coefficients
(krij ). By comparison between the solution of Stokes equation
and suggested coupled Darcy Eq. (2), the four transport
coefficients are given by

kroo = S2
o

[
1− 2

μo

μw

ln(1− Sw)

]
−2SoSg−2S2

g ln

(
Sg

1 − Sw

)

(3)

krww = S2
w − 2Sw(1 − Sw) − 2(1 − Sw)2 ln(1 − Sw), (4)

krow = krwo

(
μw

μo

)
= 2[So(1 − Sw) ln(1 − Sw) + SoSw].

(5)

Experimentally, the qo (and thus kro) that is measured will
be a result of contributions from both kroo and krow. We sum
the following two to get the effective relative permeability
of oil in a three-phase falling film problem keff

ro = kroo +
(ρwμo/ρoμw)krow. Figure 4(b) shows the calculated transport
coefficients for constant oil saturation of 0.15 as a function
of water saturation. The standard description of three-phase
flow states that kro will increase with increasing Sw as the oil
will move to the center of the pore space reducing the friction.
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This is observed in this simple model as kroo increases with
increasing Sw. But above Sw < 0.25, the primary contribution
to the oil flow keff

ro is through the pressure gradient in the water
(kow). Simply with increasing Sw, the water layer is thicker
and oil flows on a faster moving boundary; this causes keff

ro to
increase by two orders of magnitude at constant So.

This simple model of keff
ro can be compared to the data

presented in Fig. 4(a). They show a similar order of magnitude
and dependence on Sw. The inset of Fig. 4(b) presents the
dependence of kro on krw in the same matter as the inset
of Fig. 4(a). In a real porous media, there will be issues of
pore-size distribution, connectivity, and capillary stable fluid
arrangements that are much more complicated than this simple
model, although the comparisons between the simple model
and the results are suggestive.

As noted earlier, traditional three-phase models have
kro(So,Sw), and these results can be shoehorned into this
framework, but only if hysteresis is added to kro.

In summary, both dynamic experiments and simple physical
arguments show that for three-phase flow, the flow of the
intermediate wetting phase is strongly coupled to the flow
of the most wetting phase. Several physical mechanisms for
the flow coupling are proposed, and experiments and modeling
are continuing to delineate the exact nature of this coupling.
These results suggest that predictions of three-phase flow at
low oil saturations must take into account the flow of the other
phases.
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