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ABSTRACT
Surface tension driven flow in which one fluid displaces an-

other is of importance in microfluidic devices for diagnostics, lab
on chip devices and flow in oil reservoirs. Spontaneous impreg-
nation of a preferentially wetting phase displacing an existing
non-wetting phase in a homogeneous porous medium is known to
follow diffusive dynamics. However, in a heterogeneous porous
medium the hydrodynamic interaction between the narrow and
the wide pores significantly alters the impregnation behavior.
Previous studies have shown that the imbibing fluid interface
leads in the narrow pores contrary to the predictions from the
diffusive dynamics of homogeneous porous medium. This is due
to the higher suction pressure in the narrow pores which draw
fluid from the wide pores. The effect of fluid properties and rel-
ative flow properties of the pores with respect to other poreson
the non-wetting fluid displacement in the heterogeneous porous
medium is still unknown. In the current work, we develop a
quasi one-dimensional, lubrication approximation model,which
predicts the spontaneous imbibition in a heterogeneous porous
medium. We explore all the possible relative fluid properties and
flow properties of the layers in the heterogeneous porous medium
and show that our model is able to predict the flow behavior in all
the cases. We also present the results of the spontaneous imbibi-
tion experiments, which agree with our model. The experiments
show that the two phase interface progresses faster in the narrow
pores as predicted by the one-dimensional model. The resultis

∗Address all correspondence to this author.

important for predicting and controlling the flow behavior in a
heterogeneous porous medium.

NOMENCLATURE
L Total length of the hydrodynamically interacting porous

medium
µw Viscosity of the invading fluid
µnw Viscosity of the resident fluid
φ Porosity of the medium
γ Interfacial tension
A Cross-section area of each layer
di Diameter of glass beads in the layeri(= s,m, l)
Pci Capillary pressure in layer filled with beads of diameterdi

c Proportionality constant in determining the capillary pressure
η Ratio of the small and large bead diameters in a two layered

porous medium
xi Length of impregnation in layeri(= s,m, l)
Xi Dimensionless length of impregnation in layeri
vi Velocity of fluid in layeri at the inlet and outlet
Ki Permeability of layeri
Λ Proportionality constant in determining the permeability
dxi
dt Interstitial velocity of layeri
(

dP
dx

)

k

∣

∣

x j

xi
Pressure gradient ofµk(k=w,nw) in the length(x j −

xi)
dXi
dT Dimensionless interstitial velocity of layeri
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dq Volumetric fluid exchange between the layers at the inter-
faces

P0 Atmospheric pressure at the inlet and outlet
Pw(xi , t) Pressure of wetting phase at a distancexi from the inlet

at timet
Pnw(xi , t) Pressure of resident phase at a distancexi from the

inlet at timet

Introduction
Surface tension driven flows can be found in varied systems

of nature which include root water uptake [1], blood flow in hu-
man capillaries [2, 3], seepage of rain water through the sedi-
mentary layers of earth [4], microfluidic devices [5], diagnos-
tics [6] and recovery from oil reservoirs [7, 8]. The early studies
of surface tension driven flow in an empty capillary was done
by Lucas [9] and Washburn [10] using Hagen-Poiseuille’s law.
By analogy, the spontaneous imbibition of a wetting fluid into a
homogeneous porous medium follows diffusive dynamics sim-
ilar to the Lucas-Washburn law. The diffusive law states that
l2 = Dt, wherel is the length invaded by the wetting fluid in time
t, and the constant of proportionalityD = 2KPc

µ , whereK is the
permeability,Pc is the capillary pressure of the medium and the
viscosity of the invading liquid isµ . The permeabilityK ∝ d2

by Kozeny-Carman relation and the capillary pressurePc ∝ 1
d ,

whered is the diameter of the grains in the homogeneous porous
medium [11]. This indicates that the progression of the invading
fluid front in a porous medium increases with the increase in per-
meability although the capillary pressure decreases. If the porous
medium is initially filled with a viscous liquid, the flow behav-
ior is altered, as shown by an analogous equation for capillaries
given by Hultmark et al. [12].

Most of the naturally occurring flow phenomena are not in
homogeneous porous media, like the dermatological layers of the
skin [13] or the geological strata in the oil reservoirs [14]. These
heterogeneities can be encompassed by describing such a porous
medium as consisting of separate homogeneous layers, which
hydrodynamically interact with each other. The experimental
studies on such interacting nature of porous media [8, 15–18]
suggest that the flow behavior in the layered porous medium is
significantly different from the Lucas-Washburn law. Numeri-
cal models developed to predict the position of fluid fronts in
the interacting system of pores by Bico andQuéŕe [17], Dong et
al. [19–21], Ruth and Bartley [22], Unsal et al. [15,16], Ashraf et
al. [18] show that the interface in the small pore(s) leads, which
is contrary to the Luas-Washburn’s law. Ashraf et al. [18] also
showed that in a multilayered system, the arrangement of lay-
ers also impacts the flow behavior. The interface advance in the
surface tension driven flow into a multilayered porous medium
initially filled with a viscous liquid is still unknown.

In this work, we consider capillary driven flow of a wetting
fluid in a layered porous medium initially filled with a viscous,

FIGURE 1. SCHEMATIC OF THE EXPERIMENTAL SETUP.

non-wetting fluid. We focus on two-layered porous medium in
the present study. We develop a quasi one-dimensional lubrica-
tion approximation model to predict the interface advance in the
interacting layers of the two layered porous medium. We use the
one-dimensional model and the anticipated pressure gradients in
the layers to establish the validity of the predictions. This analy-
sis helps us in arriving at the final predictive model for capillary
driven flow in the two layered porous medium. The model as-
sumes quasi-static front and does not account for the dynamic
nature of the menisci at the front. Therefore, we supplement
our model by experiments, which show the similar invasion pat-
tern in the two layered porous medium as predicted by the one-
dimensional model.

Mathematical Model

To develop a quasi one-dimensional lubrication approxima-
tion model, we consider beads of two diametersdl andds such
thatdl > ds(subscriptl =large,s=small), to make a two layered
porous medium of lengthL as shown in fig. 1. The permeabilities
of the layers areKi = Λd2

i (i = l ,s) and the capillary pressure is
Pci =

cγ
di

, wherec is a consant andγ is the interfacial tension [11].
The porous medium is filled with a non-wetting fluid of viscosity
µnw initially. One end of the porous medium is bought in con-
tact with a wetting fluid of viscosityµw. According to Ashraf et
al., [18], in a two layered porous medium initially filled with a
zero viscosity fluid, the interface in the small permeability layer
leads.

In the current work, we develop a mathematical model for
the invasion pattern in the two layered porous medium which are
later verified by the anticipated pressure gradient graphs.Let the
interface advance in the large and the small permeability layers
bexl andxs in time t. The two possibilities arexs > xl andxl >

xs. First, we assume thatxs > xl similar to Ashraf et al., [18]
and develop a suitable numerical model. This is followed by
developing a numerical model forxl > xs.

Consider the case where the interface in the small perme-
ability layer leads, i.e.,xs > xl , as shown in fig. 2. Consider that
the surface tension driven flow causes a superficial velocityof
vl (t) in the large permeability layer andvs(t) in the small per-
meability layer, in the length precedingxl . According to Darcy’s
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law, the pressure drop from the inlet to the interface atxl is,

Pw(xl , t)−P0 =−
µwxl

Kl
vl (t), (1)

where,P0 andPw(xl , t) are the invading phase pressures at the
inlet and atxl , respectively, as shown in fig. 2. In developing the
quasi one-dimensional model, we assume that the pressure gra-
dient from the inlet tillxl is the same for both the layers, which
implies vl (t)

Kl
= vs(t)

Ks
. At xl , the pressure jump across the interface

is (Pnw(xl , t)−Pw(xl , t))=Pcl as shown in fig. 2, wherePnw(xl , t)
is the non-wetting phase pressure atxl . The sudden surge in pres-
sure causes some liquid to flow into the small permeability layer
at the first interface. The fluid transfer occurs due to the high
capillary force in the fine pores. Same as Ashraf et al., [18],we
assume that the fluid transfer occurs just before the interface atxl

and by lubrication approximation, we consider it to occur atthe
interface. After the fluid transfer, the velocity of the interface is,

φ
dxl

dt
= vl (t)−

dq
A
. (2)

In Eqn. (2),dq is the volumetric transfer of fluid from the large
pores to the fine pores,A is the cross-sectional area of the layer,
dxl
dt is the interstitial velocity of the interface andφ is the porosity

of the layer. The fluid transfer causes the interstitial velocity in
fine poresdxs

dt to increase, which can be written as,

φ
dxs

dt
= vs(t)+

dq
A
. (3)

The fine pores are filled with invading liquid tillxs. The pressure
drop in the small permeability layer fromxl till the interface atxs

is,

Pw(xs, t)−Pw(xl , t) =−
µw(xs−xl )

Ks

(

vs(t)+
dq
A

)

. (4)

In Eqn. (4),Pw(xs, t) andPw(xl , t) are the pressures of wetting
phase atxs andxl , respectively, as shown in fig. 2. The large per-
meability layer is filled with the resident, non-wetting fluid from
xl to xs. The pressures atxs andxl are different in the small and
the large permeability layers as they are occupied with different
fluids as shown in fig. 2. The pressure drop of resident fluid in
the large permeability layer is given as,

Pnw(xs, t)−Pnw(xl , t) =−
µnw(xs−xl )

Kl

(

vl (t)−
dq
A

)

, (5)

FIGURE 2. PRESSURE VS DISTANCE GRAPH FOR A TWO
LAYERED POROUS MEDIUM FORxs > xl . THE SOLID LINE IN-
DICATES THE INTERFACE POSITION IN THE LARGE PERME-
ABILITY LAYER WHILE THE DASHED LINE SHOWS THE IN-
TERFACE IN THE SMALL PERMEABILITY LAYER AT A TIME
t.

where, Pnw(xs, t) and Pnw(xl , t) are the non-wetting phase
pressures atxs and xl respectively. The pressure jump across
interface in the small permeability layer atxs is equal to its cap-
illary pressure which is the difference between the pressures of
resident and wetting phases, i.e.,(Pnw(xs, t)−Pw(xs, t)) = Pcs as
shown in fig. 2. The sudden jump in pressure across the interface
causes some resident fluid to escape into the large permeability
layer immediately afterxs. Considering lubrication approxima-
tion, the resident fluid transfer occurs at the interfacexs. The
pressure drop in the large and the small permeability layersis the
same after the resident fluid transfer, which is given by,

P0−Pnw(xs, t) =−
µnw(L−xs)

Kl
vl (t), (6)

where,L is the total length of the porous medium andP0 is the
atmospheric pressure at the exit. By combining Eqns. (1) to (6)
and substituting the capillary pressures asPcl =

cγ
dl

, Pcs=
cγ
ds

, we
obtain,

cγ
dl

=
µwxl +µnw(L−xs)

Kl +Ks
φ
(

dxl

dt
+

dxs

dt

)

+
µnw(xs−xl )

Kl
φ
(

dxl

dt

)

,

(7)

cγ
(

1
ds

−
1
dl

)

= (xs−xl )φ
(

µw

Ks

(

dxs

dt

)

−
µnw

Kl

(

dxl

dt

))

. (8)
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The Eqns. (7) and (8) are reduced to dimensionless forms as,

1=
Xl +M(1−Xs)

1+η2

(

dXl

dT
+

dXs

dT

)

+M(Xs−Xl )

(

dXl

dT

)

, (9)

1
η
−1= (Xs−Xl )

(

1
η2

(

dXs

dT

)

−M

(

dXl

dT

))

. (10)

In Eqns. (9) and (10), the permeabilities areKl = Λd2
l , Ks= Λd2

s

and the dimensionless parameters areXl =
xl
L , Xs =

xs
L , η = ds

dl
,

M = µnw
µw

andT = t Λcγdl
φ µwL2 . Eqns. (9) and (10) are the governing

equations for the dimensionless interface positions with time.
Now, we develop the governing equations ifxl > xs as shown

in fig. 3, however in earlier studies, this case is never observed,
therefore validation of this case is needed. In this, we consider
that the pressure gradient in both the layers is the same tillthe
first interface atxs as shown in fig. 3. The pressure drop from
inlet to the interface atxs is,

Pw(xs, t)−P0 =−
µwxs

Ks
vs(t). (11)

In Eqn. (11),Pw(xs, t) is the pressure of invading phase atxs and
vs(t) is the superficial velocity in the small permeability layer
till xs. As the pressure gradient in both the layers is same tillxs

as shown in fig. 3,vs(t)
Ks

= vl (t)
Kl

, implying vl (t)
vs(t)

= Kl
Ks

> 1. The
pressure jump across the interface atxs is equal to the capillary
pressure of the small permeability layer as shown in fig. 3. At
the interface, the fluid may transfers from the small permeability
layer to the large permeability layer which will increase the ve-
locity in the large permeability layer. However, the capillary suc-
tion in the small permeability layer is larger for the wetting fluid,
therefore, fluid can transfer from the large permeability layer to
the small permeability layer as long as the velocity of interface
in the large permeability layer is greater than the velocityof the
interface in the small permeability layer. As the volumetric fluid
transfer from the small permeability layer to the large permeabil-
ity layer is considereddqwhich may be positive or negative. The
velocity of the interfaces in the small and in the large permeabil-
ity layers can be given as,

φ
dxs

dt
= vs(t)−

dq
A
. (12)

φ
dxl

dt
= vl (t)+

dq
A
. (13)

The pressure drop of resident fluid in the small permeabilitylayer
after the fluid transfer till the second interface can be given as,

Pnw(xl , t)−Pnw(xs, t) =−
µnw(xl −xs)

Ks

(

vs(t)−
dq
A

)

. (14)

The pressure drop in the large permeability layer after the fluid
transfer fromxs to xl is,

Pw(xl , t)−Pw(xs, t) =−
µw(xl −xs)

Kl

(

vl (t)+
dq
A

)

. (15)

At the interface in the large permeability layer(xl ), the pressure
jump equals capillary pressure in the large permeability layer,
Pcl < Pcs. For this, the pressure gradient of the resident phase in
the small permeability layer afterxs should be sufficiently high
as shown in fig. 3. Fromxl to L, the pressure gradient of non-
wetting fluid in both the layers is same. Now, the pressure drop
of the resident phase fromxl to L in both the layers is,

P0−Pnw(xl , t) =−
µnw(L−xl )

Ks
vs(t). (16)

From Eqns. (11) to (16), we obtain the governing equations by
eliminating the unknown fluid transfer and by substituting the
velocities from Eqns. (12) and (13),

cγ
dl

=
µwxs+µnw(L−xl )

Kl +Ks
φ
(

dxl

dt
+

dxs

dt

)

+
µw(xl −xs)

Kl
φ
(

dxl

dt

)

,

(17)

cγ
(

1
ds

−
1
dl

)

= (xl −xs)φ
(

µw

Kl

(

dxl

dt

)

−
µnw

Ks

(

dxs

dt

))

.

(18)
The Eqns. (17) and (18) are reduced to dimensionless forms as,

1=
Xs+M(1−Xl )

1+η2

(

dXl

dT
+

dXs

dT

)

+(Xl −Xs)

(

dXl

dT

)

, (19)

1
η
−1= (Xl −Xs)

((

dXl

dT

)

−
M
η2

(

dXs

dT

))

. (20)

Validation of Mathematical Model
Now, we validate the occurrence of each of the casesxs >

xl and xl > xs by verifying the equations with the anticipated
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FIGURE 3. PRESSURE VS DISTANCE GRAPH FOR A TWO
LAYERED POROUS MEDIUM FORxl > xs. THE SOLID LINE IN-
DICATES THE INTERFACE POSITION IN THE LARGE PERME-
ABILITY LAYER WHILE THE DASHED LINE SHOWS THE IN-
TERFACE IN THE SMALL PERMEABILITY LAYER AT A TIME
t.

pressure vs distance graphs and by obtaining suitable conditions
that predict the flow behavior in a two layered porous medium.
First, we consider the casexs > xl and in Eqn. (10), we see that
the left hand side of the equation is positive, indicating that the
right hand side should always be grater than zero.

To verify if the right hand side of Eqn. (10) is greater than
zero, we explore the relative pressure gradients in the two lay-
ers using fig. 4. From the inlet, tillxl the pressure gradient in
both the layers is the same given as

(

dP
dx

)

w

∣

∣

xl

0
. After the invading

fluid transfer atxl , the flow rate in the large permeability layer
decreases, implying for the large permeability layer

1
µw

(

dP
dx

)

w

∣

∣

∣

∣

xl

0

>
1

µnw

(

dP
dx

)

nw

∣

∣

∣

∣

xs

xl

. (21)

We note from Eqn. (21) that depending on the viscosity ratio,
the pressure gradient in the large permeability layer fromxl to
xs can be greater than, less than or equal to the pressure gradient
from inlet toxl as shown in fig. 4. We know that after the fluid
transfer atxl , the pressure gradient in the small permeability layer
increases, i.e.,

(

dP
dx

)

w

∣

∣

xs

xl
>

(

dP
dx

)

w

∣

∣

xl

0
. Comparing the wetting and

non-wetting phase pressure gradients fromxl to xs, we find the
following conditions.

FIGURE 4. PRESSURE VS DISTANCE GRAPH FOR A TWO
LAYERED POROUS MEDIUM SHOWING THAT THE PRESSURE
GRADIENT OF THE INVADING PHASE IN THE SMALL PER-
MEABILITY LAYER IS ALWAYS GREATER THAN THE PRES-
SURE GRADIENT OF THE RESIDENT PHASE OF THE LARGE
PERMEABILITY LAYER FROM xl TO xs FOR xs > xl . THE
CIRCLES SHOW THAT THE PRESSURE GRADIENT OF THE
NON-WETTING PHASE IS MORE THAN THE WETTING PHASE
PRESSURE GRADIENT OF THE LARGE PERMEABILITY LAYER,
WHILE THE TRIANGLES REPRESENT THAT THE PRESSURE
GRADIENT IN THE LARGE PERMEABILITY LAYER FILLED
WITH NON WETTING FLUID IS SAME AS THAT FILLED WITH
WETTING FLUID.

(i) If µnw ≤ µw, then, from Eqn. 21,

(

dP
dx

)

w

∣

∣

∣

∣

xs

xl

>

(

dP
dx

)

w

∣

∣

∣

∣

xl

0

>

(

dP
dx

)

nw

∣

∣

∣

∣

xs

xl

. (22)

(ii) If µnw > µw, then,
(

dP
dx

)

w

∣

∣

xs

xl
≤

(

dP
dx

)

nw

∣

∣

xs

xl
is also be possible.

However, if it were to be true, then from fig. 4, the capillary
pressure jump in the small permeability layer will be less than
or equal to the capillary pressure jump in the large permeabil-
ity layer, which is a contradiction. Therefore, the only possible
condition for pressure gradients in the layers fromxl to xs is,

(

dP
dx

)

w

∣

∣

∣

∣

xs

xl

>

(

dP
dx

)

nw

∣

∣

∣

∣

xs

xl

. (23)

By Darcy’s law, Eqn. (23) can be written as,

µw

Ks

(

dxs

dt

)

>
µnw

Kl

(

dxl

dt

)

, (24)
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which can be written in dimensionless form as,

(

dXs

dT

)

−Mη2
(

dXl

dT

)

> 0. (25)

We know thatXs>Xl and from Eqn. (25), it can be observed that
the right hand side of Eqn. (10) is positive at all times irrespective
of the viscosities of the fluids and the bead diameters used. As
the velocities of the interfaces are always positive the right hand
side of Eqn. (9) is always positive. This concludes that the case
xs > xl is possible.

Now, we consider the casexl > xs and we observe that both
the left hand and right hand side of Eqn. (19) are positive as
the velocities of the interfaces are positive. The right hand side
of Eqn. (20) should be greater than zero, as the left hand side
is positive. In developing the quasi one-dimensional lubrication
approximation model for the case where the interface in the large
permeability layer leads, therefore,(Xl −Xs) > 0, implying that
dXl
dt >

dXs
dt . The different cases of fluid transfer are,

(i) dq> 0, i.e., fluid transfers from the small permeability layer
to the large permeability layer. The flow rate in the small per-
meability layer decreases after the fluid transfer atxs, which can
be written as 1

µw

(

dP
dx

)

w

∣

∣

xs

0
>

1
µnw

(

dP
dx

)

nw

∣

∣

xl

xs
from Darcy’s law. If

µnw≤ µw, then
(

dP
dx

)

w

∣

∣

xs

0
>

(

dP
dx

)

nw

∣

∣

xl

xs
as shown by circles in fig.

3. We see from fig. 3 that forPcl < Pcs,
(

dP
dx

)

w

∣

∣

xs

0
>

(

dP
dx

)

nw

∣

∣

xl

xs
is not possible. Thereforeµnw > µw for dq> 0 as shown in fig.
3.
(ii) For dq < 0, the fluid transfers from the large permeabil-

ity layer to the small permeability layer such that,vl (t)+dq
vs(t)−dq >

1. Thus, the flow rate in the small permeability layer in-
creases after the fluid transfer which can be given by Darcy’s
law as 1

µw

(

dP
dx

)

w

∣

∣

xs

0
<

1
µnw

(

dP
dx

)

nw

∣

∣

xl

xs
. If µnw > µw,

(

dP
dx

)

w

∣

∣

xs

0
<

(

dP
dx

)

nw

∣

∣

xl

xs
always. Forµnw≤ µw, then both the cases

(

dP
dx

)

w

∣

∣

xs

0
<

(

dP
dx

)

nw

∣

∣

xl

xs
and

(

dP
dx

)

w

∣

∣

xs

0
>

(

dP
dx

)

nw

∣

∣

xl

xs
are possible. However, we

see from fig. 5 that
(

dP
dx

)

w

∣

∣

xl

xs
<

(

dP
dx

)

nw

∣

∣

xl

xs
must hold, so that

Pcs > Pcl .
Therefore, in both the above cases,

(

dP
dx

)

w

∣

∣

xl

xs
<

(

dP
dx

)

nw

∣

∣

xl

xs
.

This can be written as, From Darcy’s equation, we get,

µnw

Ks

(

vs(t)−
dq
A

)

>
µw

Kl

(

vs(t)+
dq
A

)

. (26)

By substituting Eqns. (12) and (13) in Eqn. (26), we obtain,

µnw

Ks

(

dxs

dt

)

>
µw

Kl

(

dxl

dt

)

. (27)

FIGURE 5. PRESSURE VS DISTANCE GRAPH FOR A TWO
LAYERED POROUS MEDIUM SHOWING THAT THE PRESSURE
GRADIENT OF THE RESIDING PHASE IN THE SMALL PERME-
ABILITY LAYER CAN BE LESS THAN THE PRESSURE GRADI-
ENT OF THE INVADING PHASE OF THE SMALL PERMEABIL-
ITY LAYER DUE TO TRANSFER OF WETTING PHASE FROM
THE LARGE PERMEABILITY LAYER FORxl > xs

Equation (27) can be written as,

(

dXl

dT

)

−
M
η2

(

dXs

dT

)

< 0. (28)

As the interface in the large permeability layer is considered to be
ahead of the small permeability layer interface, Eqn. (28) contra-

dicts the Eqn. (20) in which
(

dXl
dT

)

− M
η2

(

dXs
dT

)

should necessar-

ily be greater than zero. Therefore, the one-dimensional model
developed forxl > xs contradicts the condition arrived from the
anticipated pressure gradients in the layers.

Experimental Methodology
To find the invasion pattern in a two-layered porous medium,

we use parallel layers of glass beads which hydrodynamically in-
teract with each other. The beads are packed into layers between
two parallel acrylic surfaces. The dimensions of the porousme-
dia are 0.1 m×0.018 m×0.0015 m as shown in the schematic of
the layered porous medium in fig. 1. Three different diameters
of glass beads, i.e., 170×10−6 m, 220×10−6 m and 350×10−6

m termed as the small(ds), medium(dm) and large(dl ) beads re-
spectively are used to make the layers. In the two layered porous
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medium, two bead sizes are used for the adjacent layers. For the
three bead sizes used in this study as mentioned, the two layered
porous media that can be formed are (i)ds anddm, (ii) dm anddl ,
(iii) ds anddl . Each layer has a width of 0.009 m and the poros-
ity of all the layers is checked separately, which comes out to be
0.35 approximately. Wetting and non-wetting phase reservoirs
are designed at either ends of the porous medium as shown in
fig. 1. In all the experiments, dodecane of viscosity 1.36×10−3

Pa.s is the non-wetting phase which occupies the porous medium
initially and colored water of viscosity 1× 10−3 Pa.s is the in-
vading phase. The interfacial tension of dodecane-water isfound
to be 41.2× 10−3 N.m−1. The preferential wetting of glass to
water is responsible for the spontaneous displacement of the res-
ident fluid initially present in the porous medium. To counter the
capillary back pressure, the non-wetting phase reservoir is filled
with dodecane. The invasion of the water begins as the porous
medium gets in contact with the wetting phase.

Results and Discussions

In all the three experiments, we observe that the invasion in
narrow pores is faster than the invasion in larger pore spaces, as
proved by the mathematical model. A customized image analysis
is performed in MATLAB to find the pixels filled with the invad-
ing fluid at different times. The imbibition patterns in the layers
as explained by the one-dimensional model forxs> xl holds true
as observed from the experiments which can be seen from the
snapshots of invasion in fig. 6. In the one-dimensional model,
the two-dimensional variations are not seen, therefore, inthe ex-
periments, we assume that the volume imbibed is proportional to
the invasion length for the wetting fluid.

The results of one-dimensional model show that invasion
into the large permeability layer begins only after the interface
in the small permeability region has reached a certain distance.
The experimental studies include a counter-current flow of resi-
dent fluid from the inlet that alter the invasion dynamics in the
large permeability layer which is not accounted in the numerical
model. Further, as the value ofη is different for all the three
porous media, suitable values of the constantc are considered. It
should also be noted that the diameter of the large beads for case
(a) shown in fig. 6 is 220×10−6 m while it is 350×10−6 m for
the other two cases. For the cases (a), (b), (c) shown in fig. 6,
the values ofc are 5, 1.5, 2.2 respectively; which are all of the
order 1. The experiment results match with the one-dimensional
model prediction of interface. Thus the one-dimensional model
sufficiently explains the positioning of fluid front in a two lay-
ered porous medium and the interface in the small permeability
layer always leads.

FIGURE 6. SURFACE TENSION DRIVEN FLOW OF COLORED
WATER IN A TWO LAYERED POROUS MEDIUM INITIALLY
FILLED WITH DODECANE. THE DIAMETERS OF THE LAYERS
ARE (a) ds, dm, (b) m, dl , (c) ds, dl , WHERE ds = 170× 10−6

m, dm = 220× 10−6 m, AND dl = 350× 10−6 m. THE IMAGES
SHOW THE INVASION AT DIMENSIONLESS TIME T = 0.5,1
AND THE GRAPH OF FRACTION OF THE POROUS LAYER
INVADED BY THE WETTING FLUID(Sw) VS DIMENSIONLESS
TIME(T) SHOWS THAT THE FRACTION VOLUME OCCUPIED
BY THE WETTING PHASE IS MORE IN THE FINE PORES AS
COMPARED TO THE LARGER PORES AT ALL TIMES.

CONCLUSIONS
A wetting fluid is known to invade fine pores in an empty

heterogeneous porous medium. In this work, we explore the pos-
sible imbibition patterns if the porous medium is initiallyfilled
with a viscous fluid. We first develop a quasi one-dimensionallu-
brication approximation model for all the possible cases ofspon-
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taneous displacement of the non-wetting viscous fluid by a wet-
ting viscous fluid in a two layered porous medium by capillary
action. We use anticipated pressure gradients in differentparts
of the layers to validate the one-dimensional model. We find that
for all permeability ratios of the layers and all the viscosity ra-
tios of the invading and the resident fluids, the invasion of the
wetting fluid in the finer pores will always be more. We con-
ducted experiments for different permeability ratios which val-
idate the predictive nature of our one-dimensional model. The
results from this study will be useful for application in thefields
of diagnoistics and microfluidic devices.
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