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Abstract: In this work, a simple two-phase flow model based on Buckley Leverette theory was developed and the model was validated
using the analytical solution of the equation. The model was then upgraded to implement water flooding operation using a previous
work as a case study. Finally, the model was applied to an experimental enhanced oil recovery process that was previously carried out to
establish that it can be applied in real life situations. The result from the model showed a good agreement with the result of the

experimental work.
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1. Introduction

Petroleum production from oil reservoirs involves three
distinct phases namely primary, secondary and tertiary (or
enhanced) recovery. During the primary oil recovery, the
natural pressure of the reservoir drive oil into the bored well
from where the oil is brought to the surface (Petal et al.,
2015; Zeng, 2021). The secondary recovery usually involves
water flooding and/or gas flooding. Typically, two thirds of
the original oil in place (OOIP) in a reservoir is not
produced by primary and secondary oil recovery methods
and is still pending for recovery by efficient enhanced oil
recovery methods (Tunio et al., 2011; Mandal 2015; Petal et
al., 2015; Keshtkar et al., 2016). Reservoir rock and fluid
properties must be well studied and understood if maximum
oil recovery is to be obtained from the oil reservoir.

Rock properties are determined by performing laboratory
analyses on cores from the reservoirs. The properties
normally evaluated include porosity, permeability,
saturation, capillary pressure, relative permeability,
wettability, surface and Interfacial tension, etc., (Ahmed
2006; Alfazazi et al., 2019; Gbadamosi et al., 2019).

Previous studies have demonstrated the enhanced oil
recovery (EOR) potential of controlled salinity and enzyme
process. The use of enzyme aids the recovery of oil by
lowering the interfacial tension between oil and brine and
altering the wettability on rock grains to a more water-wet
condition.  (Naziriet al., 2009;Khusainova, 2016).
Rahayyemet al., (2019) carried out an experimental study
using micro scale approach to investigate the effect of
enzyme enhanced oil recovery andmore oil recovery was
observed with the use of the enzyme.

Also, Udoh and Vinogradov (2021) compared the result of
controlled salinity brine to controlled salinity brine with
biosurfactants(greenzyme and rhamnolipids) during a core
flooding experiments. The results further confirm a greater
oil recovery when enzyme was introduced during the

process. Although some experimental work had been done
on combined controlled salinity enzyme enhanced oil
recovery, the mechanisms involved in the process have not
been fully unraveled due to the complexity of the processes
involved. More so, experimental works are very expensive
and time consuming. There is therefore a need for numerical
modelling of the process which will ameliorate these
challenges. A proper modelling of the process will help in
the interpretation and understanding of the recovery
mechanisms and to obtain relevant parameters which may be
used in subsequent enhanced oil recovery (EOR) process at
laboratory and reservoir scales.

The aim of this work is to develop a numerical model to
simulate a controlled salinity enzyme enhanced oil recovery
process at a laboratory scale otherwise known as core
flooding process. Numerical modeling translates problem
from an application area into mathematical formulations
whose theoretical and numerical analysis provides insight,
answers, and guidance useful for the originating application
(Neumaier, 2004). The core flooding numerical modeling
consists of a set of differential equations that describe the
flow of fluids together with an appropriate set of boundaries
and/or initial conditions. Solving these equations with the
use of the boundary conditions will help to describe the fluid
flow inside a porous rock system.

2. Methodology

The continuity and momentum equations were used to
describe the two phase-flow in a porous medium for each
phase. In writing the equations for fluid flows, several
quantities peculiar to multiphase flow, such as saturation,
capillary pressure and relative permeability were introduced.
To obtain the analytical solution to the equations, a one-
dimensional model with homogeneous rock properties was
considered. The temperature was constant, the fluids were
biphasic and incompressible, and the capillary pressure as
well as gravity were ignored. When there is no mass transfer
between phases in the immiscible flow, mass is conserved
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within each phase, Mass conservation (Continuity) equation
for each phase (o) is given as:

0(¢Sapa)

5t a=o,w, D

+ V. (0o Ue) = Ga»

where ¢is the porosity of the porous medium and
Se, Pa, Ua, and o are the saturation, density, Darcy velocity
and mass flow rate respectively. The Darcy velocity for each
phase is defined as

kk,,
I (Vpoe = PagV2), (2)

a

Uy = —

whereu, is dynamic viscosity, k is the absolute
permeabilityof the porous medium, k,, is the relative
permeability, p, is thepressure in each phase and gis the
gravitational acceleration vector. As two fluids jointly filled
the pores, the saturation is given as

Swt+Ss, =1, 3)
wheres,, and s,are the saturations of the water and oil
phases, respectively.The pressure difference between the
two phases was expressed in terms of the capillary pressure

as stated in equation 4 where p,is the pressure of oil and p,,
is the pressure of water.

Pc = Po ~ Pw- (4)
For two-phase flow, the velocity was expressed in terms of
the total velocity (u) which is the sum of the oil and water

velocities, expressed as
u=u, +1u, (5)

For the incompressible fluids,
Vu=gq (6)

When the mass conservation equation was applied into
momentum equation,

0($SePa kk,
% +V [pa (K (Vpe — PagVZ)>] =q, (7)

Considering the assumptions as stated above,equation (1) is
written for the two phase system as

V.u=gq,+q, (8)

Subtracting continuity equation for the two phases produces
¢6i+ Vu=gq, (9)
at
This leads to the total velocity as follows
u = —k[AVp — 4,,Vp. — (AwPw + AaPa)gVz] (10)
When p, was neglected in total velocities equation, then

u= _k[/lvp - (Awpw + Aapa)gvz] (11)

For water and oil flowing in one directional homogeneous
incompressible medium, the equation of flow was written as;

(@), = () a2
dt/g, A¢\ds,

whereu is the total flow rate, £, is the fractional flow of
water. This is the Buckley Leverette advanced equation. The
Galerkin finite element procedure was used to perform the
finite element discretization for Buckley Leveret problem
(Arabzai and Honma, 2013). For water and oil flow in one
directional homogeneous incompressible medium, the
equation of flow was written as;

sw

d opy\ _ $0S,
5 T) =55 19
d ap, ¢as,
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where,
Sy +5, =1,
Pc = Po — Pw

Neglecting the capillary pressure, then
replaced by a single p

p, and p,, was

9 ap\  $3S,
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By adding Equations (15) and (16), the equation of two-
phase flow becomes

0 (K/l 6p)+ g (K/l 0p> -0
ox Y ox) Ox °9x)

This is the pressure equation in one directional flow. The
boundary conditions are given as

17)

k1, P =0 18
wox A Y*T (18)
p=p at x=L (19)

The Galerkin finite element procedure was used to perform
the finite element discretisation for the Buckley Leveret
problem. Applying Galerkin’s criterion to Equation (17)
leads to

f —N{a (k2 ap)+ 9 ka ap}dR—O 20
e o \" ™ ax) T ax 0 ox =0 (20
whereN; is the linearly independent weighing function.
Applying the Green’s theorem Equation (20) becomes

f aN’(KA P K ap)dR f N,qdB = 0 (21
. dx w dx 0 dx B 19 - ( )
wheregq is the outward normal finite on the boundary.

Introducing the following form of finite function

p(x,t) = N;(x)F (8) (22)

and subdividing the region R into n finite elements,
Equation (21) is written in matrix form as
n

D e Py = i{R}e
i=1 i=1

whereK +% was the time step interval selected for the
computation of P.

(23)
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Elements [E]¢ and {R}¢ were given by
$ N, N
Zl:zf k, (A, +/1)a—a—dR

RO = [ ML 421 a8
BE

(24)
(25)

Similarly, finite element formulation for Equation (17) was
performed by applying Galerkin method.

fy Nifo- (K2, 2
Applying the Green theorem Equation (26) became
f Nl{a (1( L )}dR
. 0xax \" " ax

B

o ar

The trial functions

p(x,t) = Ny (x)P (t) and s,, (x,t) = N, (x)swl (t)were
introduced and the region R was subdivided into n finite
elements. Equation (27) was written in matrlx form as

Z[F] s = Z{U}e (28)

=1
In which the elements [F]e and {U}¢were glven by

—922)}dR = 0 (26)

e = @
[F] _Le Ny oo NijdR (29)

and
Wy = (£, 2 nmar) S

1
—(Fo ket ) (5252 Ny dR) T4, N,q“‘dB (30)
The appropriate solver was used to solve Equatlons (26) and

: : k+=
(30) until successive changes of p, *ands, " *'were

settled.
2.1 Buckley Leverette Simulation

The numerical flow model was first applied to Buckley
Leverette problem in a homogenous medium with rock and
fluid properties detailed in Table 1 and zero capillary. A
one-dimensional 1 m core sample that was initially saturated
with 100% oil was considered. At the commencement of the
displacement process, water was continuously injected at
constant rate into the core at one end to displace oil through
the other end. The model was validated with known
analytical solutions.

Table 1: Dataused for Buckley Leverette problem
| Properties | Values | Units |

Length(L) 1 m
Relative Permeability(k) 1e? m?
Porosity(¢) 50 %
Initial Water Saturation (s,,;) 0

Viscosity of water (u,,) 0.001 Pa.s
Viscosity of oil (i) 0.001 Pa.s
Injection rate (u,,) 0.001 m/s
Density of oil (py) 1000 kg/m?
Density of oil (p,,) 1000 kg/m?

2.2 Water Flooding Simulation

Thereafter, the model was used to simulate displacement
process in which oil was displaced at constant pressure at the
outlet. In this process, a core sample with 0.25 m length was
considered and a constant water injection flow rate of
3.53e % m/s was used. The rock and fluid properties used
for the simulation were adopted from the work of Diaz-
Viera and Ortiz-Tapia (2015).

The details of the parameters used are presented in Table 2.
The capillary pressure and the relative permeability to oil
and water were determined based on Brooks and Corey
model (Li and Horne, 2006; Szymkiewicz 2007; Diaz-Viera
et al, 2008; Diaz-Viera and Ortiz-Tapia, 2015).

Pe = Pe(se) ™" (31
where p, is the entry capillary pressure and y is the pore
size distribution index and s, is the effective or normalized
wetting phase saturation.

243y
Kyw=(se) 7 (32)
24y
koo = (=502 (1= 67 ) G33)
wheres, is defined as
Sw ~ Swr
Se = (34)

1- Swr — Snwr

The model was upgraded and used to simulate flow
behaviour during secondary water flooding process at the
laboratory scale.

Table 2: Data used for model upgrading

Properties Values Units
Length(L) 0.25 m
Porosity (¢) 22.95 %
Relative permeability(k) 326 mD
Residual water saturation 0.2
Residual oil saturation 0.2
Density of oil (pg) 1000 kg/m?
Density of water (p,,) 1000 kg/m?
Viscosity of oil (g 0.01 Pa.s
Viscosity of water (u,,) 0.001 Pa.s
Injection rate 3.53e7° m/s
Pore size distribution (y) 2
Entry Capillary Pressure 10 KPa
Production pressure 10 MPa

2.3 Simulation of Experimental EOR Process

Following the successful application of the model to water
flooding processes, the model was applied to experimental
laboratory core flooding process. The case study considered
in this work is the previous work by Udoh and Vinogradov
(2021) in which a detailed experimental study was
conducted on EOR applications of controlled salinity brine
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and biosurfactants (greenzyme and rhamnolipids). The
model was used to simulate the experimental work with
possibility of replicating the work and possibly carry out
further investigations on the process.

Table 4: Data used for experimental simulation

Properties CSB |CSBSB-R| CSBSB-G| units
Length(L) 0.076 | 0.076 0.076 m
Porosity(¢) 28 31 30 %
Relative permeability(k) | 132 127 130 mD
Residual water saturation | 0.39 0.41 0.43
Density of water(p,,) | 1000 | 1000 1000 | kg/m?®
Density of oil (pg) 906 906 906 kg/m?
Viscosity of water(y,,) | 0.001 | 0.001 0.001 Pa.s
Viscosity of oil () 0.006 | 0.006 0.006 Pa.s
Injection rate land3| 1and3 | land3 | ml/min
Pore size distribution (y) 2 2 2
Entry Capillary Pressure | 10 10 10 KPa
Production pressure 10 10 10 MPa

3. Result and Discussion

The two-phase flow model based on Buckley Leverette
theory was developed and the result of the model validation
with the analytical solution of the equation is shown in
Figure 1. The result of the developed model as implemented
on secondary flooding process is also demonstrated. Finally,
the upgrading and the application of the model to
experimental enhanced oil recovery process is clearly
presented.

3.1 Buckley Leverette Simulation Result

The result of the model developed reveals the displacement
of oil by water. The solid line shows the saturation profile of
water from the model developed. This demonstrates the
solution of two-phase flow equations. The dotted line shows
the saturation profile as computed from the analytical
solution of Buckley Leverette equation (Figure 1). The
solution of two phase flow equation is in good agreement
with the solution of the Buckley Leverett equation. The
result therefore validates the model.
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Figure 1: Solution of two-phase flow equation in a porous
medium (solid lines) and analytical solution of the Buckley
Leverette equation (dotted lines)

3.2 Results of the Model
Flooding Process

Performance on Water

The result for water flooding simulation is as shown in
Figures 2. From the result, there is a formation of water front
that displaces the oil which can be removed at the
production end of the core. The oil is completely removed
from the core after three hours of water saturation.
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Figure 2: Water saturation profile for water flooding

The oil recovery model to investigate the amount of oil
produced during water flooding was upgraded. This result
could be compared to the work of Diaz-Viera and Ortiz-
Tapia (2015) (Figure 3(a) and (b)). The point graphs
represent the percentage of oil recovery during water
flooding. In both cases, about 74% recovery was observed.
In the model, oil recovery was related to time, but in real life
processes, oil recovery is usually related to injected pore
volume. The relationships as represented in Equations 34
and 35 was applied and the results are as shown in Figure 4.

py =2 34
= Z (34)
L =0V (35)

p
where IPV is the injected pore volume, t is the time, u is the
flow rate, V, is the pore volume, ¢ is the porosity and Vj is
the bulk volume.
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Figure 3: Oil production curve from (a) the model and (b) previous work of Diaz-Viera and Ortiz-Tapia (2015)
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3.3 Result of Experimental EOR Process Simulation

by Udoh and Vinogradov (2021). The result of the model
could be compared with the result of the experimental work.
In the experimental work, there was a switch from the flow
rate of 1ml/min to 3ml/min during the flooding process but
the model did not accommodate that. The flow rate in the
model was fixed.

The results of the model at the flow rate of 1ml/min and
3ml/min using the data of CSB obtained from the
experimental work are as shown in Figures 5(a) and (b). The
experimental result is as shown in Figure 5(c). The result
simulation, at 3ml/min could be compared with the
experimental result as shown in Figure 5(d). Oil recovery in
the experimental and the simulation work using the model
was observed to be about 77%.

The oil production model developed was applied to replicate
a real life experimental work. This was shown from the
experimental result of controlled salinity EOR as carried out
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Figure 5: (a) Qil recovery during simulation of CSB injection at 1ml/min (b) Oil recovery during simulation of CSB
injection at 3ml/min (c) Experimental result of CSB injection (d) Simulation result (solid blue line) and experimental result
(dotted green line with squares) of CSB injection at 3ml/min.
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Similarly, when the data of the experimental work on core
flooding experiment using controlled salinity bio-surfactant
brine with rhamnolipids (CSBSB-R) was used, lower oil
recovery of about 61% was observed when the flow rate of
Iml/min was used

Oil Recovery During CS858-R

Oil Recavery(%)

Tmbimin | 3 mLimin

Qil recovery (%OIIP)
Qil Recovery(%)

—&— Recovery

oP

10 .15 20 ]z»s 3B a4
Injected pore volume

(©)

il Recovery(%)

(Figure 6(a)) and about 80.5% of oil recovery was observed
when 3ml/min flow rate was considered (Figure 6(b). The
experimental result is shown in Figure 6(c). The model
result at 3ml/min also agrees with the experimental result as
shown in Figure 6(d).
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Figure 6: (a) Oil recovery during modeling of CSBSB-R injection at 1ml/min (b) Oil recovery during modeling of CSBSB-R
injection at 3ml/min (c) Experimental result of CSBSB-R injection (d) Modeling result (solid blue line) and experimental
result (dotted green line with triangles) of CSBSB-R injection at 3ml/min

From CSBSB-G simulation, the same data for its experimental work were used. The simulation result at Lml/min is as shown
in Figure 7(a) and about 62.5% oil recovery is observed. Higher oil recovery of about 82% was observed when the flow rate
of 3ml/min was used (Figure 7(b)). Experimental result is as shown in Figure 7 (c). The simulation result at 3ml/min can also
be compared with the experimental work as shown in Figure 7(d).
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Figure 7: (a) Oil recovery during simulation of CSBSB-G injection at 1ml/min (b) Oil recovery during simulation of
CSBSB-G injection at 3ml/min (c) Experimental result of CSBSB-G injection (d) Simulation result (solid blue line) and
experimental result (dotted green line with circles) of CSBSB-R injection at 3ml/min

From the above analysis, lower oil recoveries were observed
when the simulation was done at 1ml/min injection in
comparison to the experimental result at the same rate. This
can be due to the limitation of the model developed. The
model could not replicate the experimental work exactly. In
the experimental work, there was a switch from the flow rate
of Iml/min to 3ml/min during the flooding process, but the
model did not accommodate that. The flow rate in the model
was fixed. However, the results of the higher flow rate of
3ml/min agree with the experimental results. The results
obtained from the simulation and the experimental work at
3ml/min suggest that the model can be applied but there is a
need to improve on the model to accommodate its
deficiencies.

4. Conclusion

The model developed can be used to investigate controlled
salinity EOR and other EOR processes. This can reduce the
stress that is usually associated with laboratory experimental
works.However, it can be improved to accommodate the
deficiency for a better performance.
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