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Abstract: In this paper, the counter – current imbibition
phenomena in a heterogeneous porous media is studied
with the consideration of two types of porous materials
like volcanic and �ne sand and Adomian decomposition
method is applied to �nd the saturation of wetting phase
and the recovery rate of the reservoir. A simulation result
is developed here to study the e�ect of heterogeneity, cap-
illarity and relative permeability on saturation rate and to
obtain an optimum recovery rate of the reservoir with the
choices of some interesting parametric value.
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1 Introduction
This paper discusses imbibition phenomena in a heteroge-
neous porous media with the consideration of two di�er-
ent porous materials like volcanic and �ne sand.When the
reservoir oil (non –wetting phase) comes into contactwith
water (wetting phase) then there is a spontaneous �ow of
the wetting phase (Water) into the medium and a counter
�ow of the resident �uid i.e. non wetting phase (oil) from
the medium initiated by imbibition due to the di�erences
in viscosities of water and oil.Many researchers studied
this phenomenon with di�erent approaches.
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Aronofsky et al. [2], �rst proposed an empirical function

R = R∞
(
1 − e−γT

)
(1)

to study the recovery rate of the reservoir, where T =
K pd
ϕµwL2 t be the dimensionless time used for studying the re-
covery rate with dimensionless time.
Meng, Liu & Wang [8] presented a critical review on
the fundamental mechanisms of spontaneous imbibition,
counter – current imbibition and the impact of boundary
condition, �uid viscosity and wettability on co–current
and counter current imbibition. Kashchiev and Firooz-
abadi [6] presented an analytical study for one dimen-
sional counter – current �owofwater andoil in porousme-
dia and obtained an expression for the time dependence
of the water saturation pro�le and for the oil recovered
during spontaneous counter – current imbibition. Pooladi
– Darvish and Firoozabadi [11] predicted experimentally
the performance of water injection in a naturally fractured
reservoirs with the consideration of a number of water wet
matrix blocks and revealed that the dominant recovery
mechanism changed from co – current to counter – cur-
rent imbibition when the boundary conditions changed
from advancing FWL to immersion type and concluded
by performing a single block experiments of co – cur-
rent and counter – current imbibition that the co – cur-
rent imbibition leads to faster oil recovery as compared to
counter current imbibition. Saboorian– Jooybari, Ashoori,
and Mowazi [17] studied the �uid saturation distribution
analytically in a fractured reservoir within a matrix block
and derived the saturation pro�les by solving the capil-
lary – di�usion equation under di�erent imposed bound-
ary conditions for the processes where counter – current
imbibition is the dominant oil drive mechanism. Saboo-
rian – Jooybari, H., Ashoori, S., and Mowazi, G.H. [18] for-
mulated the three – dimensional distribution of �uid sat-
uration within a matrix block and time-dependent matrix
fracture shape factor formulation and analytically derived
the saturation pro�les by solving the saturation di�usion
equation in the counter – current imbibition process by in-
cluding both capillary and gravity forces.
Zeybek et al. [19] performed a numerical simulation and
studied the capillary imbibition in porous structures with
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the e�ect of heterogeneity, permeability andwettability on
counter – current and co – current imbibition. Hughes and
Blunt [4] found that the pattern of displacement and the
rate of imbibition depends on the relationship between
capillary number, contact angle and initial wetting phase
saturation. Pooladi – Darvish and Firoozabadi [10] mod-
elled the co – and counter – current imbibition in wa-
ter – wet rocks and found that the �ow is dominated by
co – current imbibition when the porous media are par-
tially covered bywater, and concluded that the oil recovery
from co – current imbibition is higher than the one from
the counter – current. similarly, Karpynet al. [5] identi�ed
three distinct �ow intervals in spontaneous imbibition in
a layered sandstone with a single longitudinal fracture,
where counter – current �ow was dominant at early and
intermediate times; while both co – current and counter
– current �ow mechanisms coexisted at late times. Meher
et al. [7] discussed this phenomenon in a homogeneous
porous media with the consideration of capillary pressure
and concluded that the saturation of water increases ex-
ponentially with distance X for any time T > 0 while Pa-
tel et al. [16] studied this phenomenon in a heterogeneous
porous media and concluded that the saturation rate be
more in homogeneous porous matrix as compared to het-
erogeneous porous matrix. Similarly Patel and Meher [12]
studied the Fingering phenomena in a fractured porous
media with the consideration of inclination and gravita-
tional E�ect and developed a simulation result for the sat-
uration of wetting phase with andwithout considering the
inclination e�ect and concluded that the saturation ofwet-
ting phase be increases with time and it is more for zero
and small inclination while (Patel and Meher [15], Meher
[13, 14]) considered Corey’s model and discussed this phe-
nomenon in a heterogeneous porous medium with capil-
lary pressure and in an inclinedheterogeneous porousme-
dia with the consideration di�erent porous materials.
Here the main objective of this work is to study the ef-
fects of two di�erent types of porous materials like vol-
canic and �ne sand on initial water saturation and the
e�ects of capillary pressure, porosity and relative perme-
ability on saturation rate during imbibition phenomena in
�uid �ow through heterogeneous porous media. Analyti-
cal solution for the �ow equations has been obtained by
using Adomian decomposition method to study the satu-
ration of wetting phase and a simulation result is devel-
oped here to study the recovery rate of the reservoir.The ef-
fect of capillary pressure, porosity and relative permeabil-
ity on saturation rate can be veri�ed from the expression
obtained for saturation.It is of great signi�cance in oil re-
covery, where it can be responsible to increase the oil pro-
duction up to 40 % - 50 % in some cases.

2 Mathematical model
For the sake ofmathematicalmodel: here it is considered a
piece of porous matrix of an oil formatted region of length
‘L’ having heterogeneity in pore size distribution that con-
tains viscous oil and is completely surrounded by an im-
permeable surface except for one end (common interface)
that is labelled as the Imbibition face and it is exposed to
an adjacent formation of ‘injected’ water. Due to the di�er-
ences in viscosities of water and oil, thewater saturates on
the right side of imbibition face and it travel only a small
distance ‘l’ due to the capillary pressure e�ect(without ex-
ternal force) initiated by imbibition as shown in �g-1.

Fig. 1: Schematic diagram of the problem under consideration

The conservation equation of mass for two phase �ow
with respect to volume can be formulated as

∂
∂t
(
ϕ(x)Siρi

)
+∇. (viρi) = 0 (2)

Where i = o, w, x ∈ <3, t ≥ 0, ϕ(x) denotes the porosity
of the porous medium, Si is the saturation for each phase
i, ρi is its speci�c mass and vi is the Darcy velocity, given
by

vi = −K(x) kiµi
(∇pi) (3)

Where K(x) denotes the absolute permeability tensor of
the porous medium, pi is its pressure, ki is its relative per-
meability, and µi is its viscosity.
If the compressibility of the injected �uid is neglected,
then ρ’s are constant and the conservation equation be-
comes

∂
∂t
(
ϕ(x)Si

)
+∇. vi = 0, i = o, w (4)
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The condition for seepage velocity and capillary pressure
in counter – current imbibition can be expressed (Patel et
al. [16]) as

vw = −vo (5)

Pc = po − pw (6)

According to Oroveanu [9] and Patel et al. [16], the laws of
variation in the porosity andpermeability of a uniformhet-
erogeneous medium can be de�ned as a function of x only
and for the de�niteness of the problem, it can be de�ned
as

ϕ(x) = 1
a − bx

K(x) = Kcϕ(x)
(7)

Where a, b and Kc are constants.
The most famous Pc − Sw relationships (Brooks and Corey
[3]) can be expressed as

pc (Sw) = pdS
− 1
λ

e = pd
(
Sw − Swr
1 − Swr

)− 1
λ

(8)

Similarly, the relative permeability, kw of the wetting and
non – wetting phases in the domain are governed by the
following equation

k0 = S
2+3λ
λ

e (9)

Combining eq. (3), (5) and (6), it obtains

vw = K(x) kokw
kwµo + koµw

[
∂pc
∂x

]
(10)

Hence the conservation eq. (4) with eq. (10) can be written
as

ϕ∂Sw∂t + ∂
∂x

[
K(x) kokw

kwµo + koµw
∂pc
∂Sw

∂Sw
∂x

]
= 0 (11)

By using eq. (8) and (9) with eq. (11), it yields

ϕ∂Sw∂t + Kc pdµ0
∂
∂x[

ϕ
(
Sw − Swr
1 − Swr

) 2+3λ
λ ∂
∂Sw

(
Sw − Swr
1 − Swr

)− 1
λ ∂Sw
∂x

]
= 0 (12)

Where kokw
kwµo+koµw ≈

k0
µ0 (Patel et al. [16])

Simplifying eq. (12), it becomes

∂Sw
∂t + Kc pdµ0[
∂
∂x

((
Sw − Swr
1 − Swr

) 2+3λ
λ ∂
∂Sw

(
Sw − Swr
1 − Swr

)− 1
λ ∂Sw
∂x

)

+
(
Sw − Swr
1 − Swr

) 2+3λ
λ ∂
∂Sw

(
Sw − Swr
1 − Swr

)− 1
λ ∂Sw
∂x

1
ϕ
∂ϕ
∂x

]
= 0

(13)

Using the dimensionless variables

X = x
L and T = KcpdµoL2

t

And simpli�cation of 1
ϕ
∂ϕ
∂X as

1
ϕ
∂ϕ
∂X = ∂

∂X (log ϕ) = ∂
∂X

[
b
a LX − log a

]
(Neglecting higher order term of X )

= bL
a (14)

It gives the dimensionless forms of eq. (13) as

∂Sw
∂T + ∂

∂X

[(
Sw − Swr
1 − Swr

) 2+3λ
λ ∂
∂Sw

(
Sw − Swr
1 − Swr

)− 1
λ ∂Sw
∂X

]

+ bLa

(
Sw − Swr
1 − Swr

) 2+3λ
λ ∂
∂Sw

(
Sw − Swr
1 − Swr

)− 1
λ ∂Sw
∂X = 0 (15)

Eq. (15) describes the equation of imbibition phenomena
in a heterogeneous porous media for two di�erent porous
materials for di�erent values of λ.

3 Analysis of the Method
For the purpose of illustration of the Adomian decomposi-
tion method (Adomian [1]), we consider eq. (15) in an op-
erator form as

LTSw(X, T) + LX (NSw) +
bL
a [NSw] = 0 (16)

Where NSw =
(
Sw−Swr
1−Swr

) 2+3λ
λ ∂

∂Sw

(
Sw−Swr
1−Swr

)− 1
λ ∂Sw
∂X and Sw0 can

be found from the initial condition S(X, 0) = f (X) = e−X.
Operating the inverse operator L−1T and by using the anal-
ysis of Adomian decomposition method, the recursive re-
lation of eq. (16) can be expressed as

∞∑
n=0

Swn(X, T) = e−X + L−1T

[
LX

( ∞∑
n=0

An

)]

+ bLa L
−1
T

[ ∞∑
n=0

An

]
(17)

This gives the recurrence relation as

Sw0 = Sw (X, 0) = e−X

Sw,k+1 = L−1T [LX (Ak)] +
bL
a (Ak) , k ≥ 0

(18)
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Using eq. (18),an approximate analytical solution of
eq.(15) can be written in series form up to four terms as

Sw(X, T) = Sw0 + Sw1 + Sw2 + · · ·

Sw(X, T) = e−X +
(bLλ − 3aλ − λ)

(
e−X
) 1
λ e−3X

λ2 (1 − Swr) a
T

+

(
e−X
)2λ e−5X (5b2L2λ3 + 2b2L2λ2 − 40bLaλ3 − 31bLaλ2

+75a2λ3 − 6bLaλ + 85a2λ2 + 32a2λ + 4a2

)
λ5(1 − Swr)2a2

T2

2!

+ · · ·
(19)

Eq. (19) represents the saturation of wetting phase dur-
ing counter – current imbibitionphenomena in aheteroge-
neous porous media for two di�erent porous materials for
di�erent values of where the heterogeneity of the porous
medium depends upon the values bLa since the porosity ϕ

has been approximated by bLa in eq. (14).

Table 1: Parametric value of parameters (Brooks and Corey [3])

Property λ Swr pd
(
N/m2) K

(
µ2
)

ϕ

Volcanic sand 2.29 0.157 16 18 0.351
Fine sand 3.70 0.167 41 2.5 0.377

4 Numerical results and Discussion

4.1 E�ect of inclination on initial water
saturation

Fig. 2 and 3 discusses the variation of saturation rate in
heterogeneous porousmedia in volcanic and �ne sand at a
�xed distance X = 0.5. It shows that the saturation rate be
more in homogeneous porous media as well as in volcanic
sand as compared to heterogeneous porous media and in
�ne sand.The numerical values of the saturation rate have
been discussed in Table 2 to Table 5.

4.2 E�ect of capillary pressure and
heterogeneity on saturation rate

Fig. 5 discusses the variation of capillary pressure and het-
erogeneity on saturation rate in volcanic and �ne sand. It
shows that the e�ect of capillary pressure be more in het-
erogeneous as compared to homogeneous porous media

Fig. 2: Saturation of water vs. Dimensionless time

Fig. 3: Saturation of water vs. Dimensionless time

and in �ne sand.The numerical value of the saturation rate
has been discussed in Table 6.

4.3 E�ect of relative permeability on
saturation rate

Fig. 7 discusses the variation of relative permeability on
saturation rate in volcanic and in �ne sand. It shows that
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Fig. 4: Saturation of water in Volcanic Sand and Fine Sand for Homogeneous and Heterogeneous Porous Media

Table 2: Numerical values of Saturation ratein Volcanic Sand in Homogeneous Porous Media

Volcanic Sand
Sw(X, T) T = 0.001 T = 0.002 T = 0.003 T = 0.004 T = 0.005 T = 0.006 T = 0.007 T = 0.008 T = 0.009 T = 0.010

0.1 0.906099 0.907362 0.908624 0.909887 0.911149 0.912412 0.913674 0.914937 0.916199 0.917462
0.2 0.819626 0.820521 0.821416 0.822311 0.823207 0.824102 0.824997 0.825893 0.826788 0.827683
0.3 0.741453 0.742088 0.742722 0.743357 0.743992 0.744627 0.745262 0.745897 0.746532 0.747167
0.4 0.670770 0.671220 0.671670 0.672121 0.672571 0.673021 0.673471 0.673922 0.674372 0.674822
0.5 0.606849 0.607169 0.607488 0.607807 0.608127 0.608446 0.608765 0.609085 0.609404 0.609723
0.6 0.549038 0.549264 0.549490 0.549717 0.549943 0.550170 0.550396 0.550623 0.550849 0.551076
0.7 0.496745 0.496906 0.497067 0.497227 0.497388 0.497548 0.497709 0.497869 0.498030 0.498191
0.8 0.449442 0.449556 0.449670 0.449784 0.449898 0.450012 0.450126 0.450240 0.450353 0.450467
0.9 0.406650 0.406731 0.406811 0.406892 0.406973 0.407054 0.407134 0.407215 0.407296 0.407377
1.0 0.367936 0.367993 0.368051 0.368108 0.368165 0.368223 0.368280 0.368337 0.368394 0.368452

Table 3: Numerical values of Saturation rate in Volcanic Sand in Heterogeneous Porous Media

Volcanic Sand
Sw(X, T) T = 0.001 T = 0.002 T = 0.003 T = 0.004 T = 0.005 T = 0.006 T = 0.007 T = 0.008 T = 0.009 T = 0.010

0.1 0.906048 0.907259 0.908470 0.909681 0.910892 0.912103 0.913314 0.914525 0.915736 0.916947
0.2 0.819589 0.820448 0.821307 0.822166 0.823024 0.823883 0.824742 0.825601 0.826460 0.827319
0.3 0.741427 0.742036 0.742645 0.743254 0.743863 0.744472 0.745081 0.745690 0.746299 0.746908
0.4 0.670751 0.671183 0.671615 0.672047 0.672479 0.672911 0.673343 0.673775 0.674207 0.674639
0.5 0.606836 0.607143 0.607449 0.607755 0.608062 0.608368 0.608674 0.608981 0.609287 0.609593
0.6 0.549028 0.549246 0.549463 0.549680 0.549897 0.550114 0.550332 0.550549 0.550766 0.550983
0.7 0.496739 0.496893 0.497047 0.497201 0.497355 0.497509 0.497663 0.497817 0.497971 0.498125
0.8 0.449438 0.449547 0.449656 0.449765 0.449875 0.449984 0.450093 0.450202 0.450312 0.450421
0.9 0.406647 0.406724 0.406802 0.406879 0.406957 0.407034 0.407111 0.407189 0.407266 0.407344
1.0 0.367934 0.367989 0.368044 0.368099 0.368154 0.368209 0.368264 0.368318 0.368373 0.407344

the e�ect of Relative permeability ismore in homogeneous
porous media as compared to heterogeneous porous me-

dia and in volcanic sand.The numerical values of the satu-
ration rate has been discussed in Table 7.
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Table 4: Numerical values of Saturation rate in Fine Sand in Homogeneous Porous Media

Fine Sand
Sw(X, T) T = 0.001 T = 0.002 T = 0.003 T = 0.004 T = 0.005 T = 0.006 T = 0.007 T = 0.008 T = 0.009 T = 0.010

0.1 0.905602 0.906367 0.907132 0.907897 0.908662 0.909427 0.910193 0.910958 0.911723 0.912488
0.2 0.819282 0.819834 0.820385 0.820937 0.821489 0.822040 0.822592 0.823144 0.823695 0.824247
0.3 0.741216 0.741613 0.742011 0.742409 0.742807 0.743204 0.743602 0.744000 0.744398 0.744796
0.4 0.670606 0.670893 0.671180 0.671467 0.671754 0.672041 0.672327 0.672614 0.672901 0.673188
0.5 0.606737 0.606944 0.607151 0.607357 0.607564 0.607771 0.607978 0.608185 0.608392 0.608598
0.6 0.548960 0.549109 0.549259 0.549408 0.549557 0.549706 0.549855 0.550004 0.550153 0.550302
0.7 0.496692 0.496800 0.496907 0.497015 0.497122 0.497230 0.497338 0.497445 0.497553 0.497660
0.8 0.449406 0.449484 0.449561 0.449639 0.449716 0.449794 0.449871 0.449949 0.450026 0.450104
0.9 0.406625 0.406681 0.406737 0.406793 0.406849 0.406905 0.406961 0.407016 0.407072 0.407128
1.0 0.367919 0.367960 0.368000 0.368040 0.368081 0.368121 0.368161 0.368201 0.368242 0.368282

Table 5: Numerical values of Saturation rate in Fine Sand in Heterogeneous Porous Media

Fine Sand
Sw(X, T) T = 0.001 T = 0.002 T = 0.003 T = 0.004 T = 0.005 T = 0.006 T = 0.007 T = 0.008 T = 0.009 T = 0.010

0.1 0.905569 0.906302 0.907034 0.907766 0.908499 0.909231 0.909963 0.910696 0.911428 0.912160
0.2 0.819258 0.819786 0.820314 0.820842 0.821371 0.821899 0.822427 0.822955 0.823483 0.824011
0.3 0.741198 0.741579 0.741960 0.742341 0.742722 0.743102 0.743483 0.743864 0.744245 0.744625
0.4 0.670594 0.670869 0.671143 0.671418 0.671692 0.671967 0.672241 0.672516 0.672791 0.673065
0.5 0.606728 0.606926 0.607124 0.607322 0.607520 0.607718 0.607916 0.608114 0.608312 0.608510
0.6 0.548954 0.549097 0.549239 0.549382 0.549525 0.549668 0.549810 0.549953 0.550096 0.550239
0.7 0.496688 0.496791 0.496894 0.496997 0.497099 0.497202 0.497305 0.497408 0.497511 0.497614
0.8 0.449403 0.449477 0.449551 0.449625 0.449700 0.449774 0.449848 0.449922 0.449996 0.450071
0.9 0.406623 0.406676 0.406730 0.406783 0.406837 0.406890 0.406944 0.406997 0.407051 0.407104
1.0 0.367918 0.367956 0.367995 0.368033 0.368072 0.368110 0.368149 0.368188 0.368226 0.368265

Table 6: Numerical values of capillary pressure vs. saturation in volcanic sand and �ne sand

T = 0.005
Volcanic Sand Fine Sand

Homogeneous Porous Media Heterogeneous Porous Media Homogeneous Porous Media Heterogeneous Porous Media
(Sw) (pc) (Sw) (pc) (Sw) (pc) (Sw) (pc)

0.911149796 16.797406580 0.910892649 16.799908290 0.908662853 42.307355190 0.908499087 42.309880380
0.823207266 17.769717700 0.823024907 17.734080460 0.821489138 43.761545980 0.821371052 43.763680190
0.743992804 18.739758900 0.743863481 18.741562080 0.742807193 45.302955580 0.742722046 45.304766340
0.672571347 19.832084660 0.672479636 19.833625360 0.671754223 46.944554170 0.671692826 46.946097570
0.608127202 21.022841020 0.608062163 21.024164670 0.607564794 48.702373900 0.607520522 48.703696680
0.549943846 22.329476110 0.549897724 22.330620740 0.549557313 50.596594560 0.549525391 50.597735720
0.497388227 23.774325890 0.497355518 23.775323570 0.497122985 52.653129800 0.497099967 52.654122080
0.449898368 25.386625170 0.449875173 25.387503140 0.449716667 54.906019770 0.449700069 54.906890980
0.406973461 27.205624770 0.406957011 27.206406590 0.406849218 57.401177480 0.406837250 57.401951600
0.368165803 29.285623520 0.368154137 29.286330020 0.368081021 60.202516580 0.368072391 60.203214900

5 Recovery rate
Fig. 9 and 110 discusses the variation of saturation rate in
volcanic and �ne sand which shows that the recovery rate
bemore in volcanic sand and in homogeneous porousme-
dia as compared to heterogeneous porous media and in
�nd sand implies the recovery rate be optimum in the pres-

ence of volcanic sand as compared to �ne sand.Thenumer-
ical Recovery rate value for bothporousmaterials has been
discussed in Table 8.

It is found here that the dependence of the type of
porous materials and the e�ect of heterogeneity on sat-
uration rate rendered the problem highly nonlinear. The
signi�cant part of this study is to study the advantage of
the proposed mathematical expression in the determina-
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Table 7: Numerical values of relative permeability vs. saturation in volcanic sand and �ne sand

T = 0.005
Volcanic Sand Fine Sand

Homogeneous Porous Media Heterogeneous Porous Media Homogeneous Porous Media Heterogeneous Porous Media
(Sw) (kw) (Sw) (kw) (Sw) (kw) (Sw) (kw)

0.911149796 0.649599417 0.910892649 0.648741896 0.908662853 0.662858056 0.908499087 0.662339988
0.823207266 0.394346473 0.823024907 0.401431366 0.821489138 0.425750068 0.821371052 0.425478161
0.743992804 0.246109044 0.743863481 0.245899092 0.742807193 0.270527173 0.742722046 0.270385563
0.672571347 0.148897301 0.672479636 0.148794737 0.671754223 0.169707937 0.671692826 0.169634862
0.608127202 0.088771074 0.608062163 0.088721513 0.607564794 0.104848402 0.607520522 0.104811104
0.549943846 0.051998600 0.549897724 0.051974963 0.549557313 0.063603302 0.549525391 0.063584513
0.497388227 0.029817032 0.497355518 0.029805936 0.497122985 0.037740845 0.497099967 0.037731529
0.449898368 0.016660888 0.449875173 0.016655778 0.449716667 0.021799524 0.449700069 0.021794994
0.406973461 0.009018235 0.406957011 0.009015936 0.406849218 0.012178843 0.406837250 0.012176691
0.368165803 0.004691579 0.368154137 0.004690575 0.368081021 0.006524041 0.368072391 0.006523049

(a) (b)

(c) (d)

Fig. 5: Comparison between capillary pressure vs. Saturation in
Volcanic Sand (Fig. (a) and (b)) and Fine Sand (Fig. (c) and (d))

tion of saturation rate and the recovery rate of the reser-
voir with the e�ect of heterogeneity and with the consid-
eration of di�erent porous materials with suitable choices
of parametric values. It is found that there is an impact of
heterogeneity and the types of porousmaterials on satura-
tion rate and it shows that the saturation rate be more in
homogeneous porous media and in volcanic sand as com-
pared to �ne sand in heterogeneous porous media.

Fig. 6: Comparison of Capillary Pressure in Volcanic Sand and Fine
Sand for Homogeneous and Heterogeneous Porous Media
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Table 8: Numerical values of recovery rate in volcanic sand and �ne sand

Recovery rate (%) for Volcanic Sand Recovery rate (%) for Fine Sand
Time (sec) Homogeneous Heterogeneous Homogeneous Heterogeneous

Porous Media Porous Media Porous Media Porous Media
1.089 × 108 6.89 2.47 5.37 2.06
2.179 × 108 13.31 4.89 10.46 4.08
3.268 × 108 19.28 7.24 15.27 6.05
4.358 × 108 24.85 9.54 19.82 7.99
5.447 × 108 30.03 11.78 24.13 9.89
6.537 × 108 34.85 13.97 28.20 11.74
7.626 × 108 39.34 16.09 32.06 13.56
8.716 × 108 43.53 18.17 35.71 15.34
9.806 × 108 47.42 20.20 39.17 17.09
1.089 × 109 51.03 22.17 42.42 18.79

(a) (b)

(c) (d)

Fig. 7: Comparison between relative permeability vs. saturation in
Volcanic Sand (Fig. (a) and (b)) and Fine Sand (Fig. (c) and (d))

6 Conclusion
Here we studied the e�ect of heterogeneity on saturation
rate as well as on recovery rate in counter – current imbi-
bition phenomena with the consideration of volcanic and
�ne sand. The simulation results for the saturation rate
shown in Table 2, 3, 4 and 5 and the recovery rate of the
reservoir is shown in Table 8 with the choices of suitable
parametric values which shows that the saturation rate be
more in volcanic sand implies the recovery rate of the oil

Fig. 8: Comparison of Relative Permeability in Volcanic Sand and
Fine Sand for Homogeneous and Heterogeneous Porous Media

reservoir be maximum in presence of volcanic sand in ho-
mogeneous porous media and it is around 51% as com-
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Fig. 9: Recovery rate vs.time in Volcanic Sand

Fig. 10: Recovery rate vs. time in Fine Sand

pared to �ne sand which is physically consistent with the
real world phenomena.

Fig. 11: Comparison of Recovery rate in Volcanic Sand and Fine Sand
for Homogeneous and Heterogeneous Porous Media

Nomenclature
Symbols Parameters

R Recovery
R∞ Ultimate Recovery
Si Saturation of each phase i
vi Darcy velocity
ϕ Porosity of the medium
pi Pressure each phase i
ki Relative permeability of each phase i
µi Viscosity of each phase i
pd entry pressure
Se e�ective saturation
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Symbols Parameters
λ grain size distribution
Swr wetting phase residual saturation
K Permeability
pc Capillary Pressure
ρi Speci�c mass

a, b and Kc Constants
An Adomian Polynomial
γ Constant giving the rate of convergence
µo Viscosity of oil
µw Viscosity of water
Sw Saturation of wetting phase (water)
So Saturation of non – wetting phase (oil)
X Dimensionless Distance
T Dimensionless Time
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