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Abstract Oil recovery prediction and field pilot imple-

mentations require basic understanding and estimation of

displacement efficiency at the microscopic level. Glass

micromodels are commonly used to determine microscopic

sweep efficiency and to visualize the flow behavior. In this

paper, we investigate the fingering phenomena during

immiscible displacements as well as the relationship

between capillary number, oil recovery, and wave charac-

teristics of developed fingers. An etched glass micromodel

with three layers of large permeability contrasts was used

in this work. The fluids used include a filtered deionized

water and two field oil samples. Waterflood recovery to

residual oil saturation was measured through image tool

analysis techniques. The results showed that the low-per-

meability layer resulted in higher displacement efficiency

compared to the medium- and high-permeability layers. At

the microscopic level, fingering phenomena are attributed

for the latter finding. An early occurrence and growth of

multiple fingers were observed for high-permeable layers,

whereas finger growth was delayed in layers with low

permeability. Peter and Flock equation was used to draw a

relation between oil recovery and finger characteristics,

where the increase in capillary numbers leads to a decrease

in both instability scaling index and incremental oil

recovery. Moreover, the limitations of Peter and Flock

equation were also highlighted for strongly water-wet

systems. This paper helps field operators to gain more

insight into microheterogeneity and fingering phenomena

and their impact on waterflood recovery estimation.

Keywords Fingering phenomena � Micro-heterogeneity �
Glass micromodels � Conformance control � Waterflood

recovery

List of symbols

C* Wettability constant

D Core diameter (ft)

Detc Average depth of etching (lm)

g Acceleration due to gravity (981 cm/s2)

k Absolute permeability (Darcy)

kr Relative permeability

keff Effective permeability (Darcy)

kwor Permeability to water at the residual oil

saturation Sor (Darcy)

M Mobility ratio

Nc Capillary number

Nc
* Critical capillary number

Pc Capillary pressure (Pa)

PBDetc Pore body depth of etching (lm)

PTDetc Pore throat depth of etching (lm)

Q Flow rate (ft3/day)

R Radius of etching (cm)

Soi Initial oil saturation (%)

Sor Residual oil saturation (%)

Swirr Irreducible water saturation (%)

U Injection Darcy’s velocity (m/s)

VB Bulk volume (ml)

Vp Pore volume (ml)

W Width of the layer in glass micromodel (ft)

Dh Difference between the height of water in both

the micromodel and the beaker (cm)

DP/L Applied pressure gradient (Pa/m)
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Dq Density difference between water and air (g/cc)

lw Viscosity of water (cP)

l0 Viscosity of oil (cP)

r Interfacial tension (dynes/cm)

re Effective interfacial tension (dynes/cm)

rair–water Air and water surface tension (72.8 mN/m at

20 �C)
kw Mobility of the displacing fluid (water) (Darcy/

cP)

ko Mobility of the displaced fluid (oil) (Darcy/cP)

Abbreviations

CDC Capillary desaturation curve

EOR Enhanced oil recovery

IFT Interfacial tension

IOR Improved oil recovery, incremental oil recovery

ISI Instability scaling index

PB Pore body

PT Pore throat

Introduction and background

Oil recovery efficiency is an interplay between different

factors at the pore scale as well as at macroscale of the

hydrocarbon-brine-rock system (Agbalaka et al. 2009).

During different stages of oil recovery processes, unless

gravity forces are predominant, the capillary and viscous

forces are major driving forces of the fluids and are in

competition with each other. Capillary forces are respon-

sible for fluid entrapment, while viscous forces of the

displacing phase act against capillary forces and help with

oil mobility. The magnitude of capillary force is governed

by interfacial tension (IFT), rock wettability, and pore

geometry in which the trapped phase exists. On the other

hand, viscous forces are governed by permeability of the

porous medium, applied pressure drop, and viscosity of the

displacing phase (Delshad et al. 1986). Review of related

experiences indicates that microscopic and sweep dis-

placement efficiencies are major factors for successful

improved oil recovery (IOR) processes. Microscopic dis-

placement efficiency is a function of capillary number. The

latter is defined as the ratio of viscous-to-capillary forces,

Eq. (1).

Nc ¼
u lw
r krw

¼ kDP
rL

: ð1Þ

For convenience, the concept of capillary desaturation

curve (CDC), the relationship between the capillary

number and the residual oil saturation, has been

established for various reservoir conditions. The general

observation is that with increasing capillary number, the

incremental oil recovery increases at both laboratory and

field scales (Foster 1973; Abrams 1975; MacDonald et al.

1979; Jamaloei et al. 2010). Higher microscopic

displacement efficiency is achieved by increasing

capillary number (Nc) over the critical capillary number

(Nc
*) which helps in mobilizing increased amount of

trapped or residual oil.

In stable displacement conditions, a high-permeability

formation usually leads to higher oil recovery compared to

that of low permeability. Considering homogenous reser-

voir rock, higher permeability normally facilitates higher

initial oil saturation, larger pore throats, and greater chance

of having high primary recovery (Latil 1980). Increasing

the permeability of the porous media leads to the shifting of

Nc
* to a lower value, which in turn helps in mobilizing

trapped oil blobs (Donaldson et al. 1989).

In spite of being the most popular secondary recovery

methods, waterflood recovery has a major drawback of

developing fingers like channels in the displacement front,

which result in bypassing oil. In majority of the waterflood

recovery projects, fingering/channeling phenomenon is the

main cause of poor sweep efficiency and low recovery

factor. This phenomenon starts to dominate the displace-

ment process when there is a significant difference of

mobility ratio between the displacing and displaced fluids

(Dushin et al. 2014). The mobility ratio (M) is the ratio of

the mobility of the displacing fluid (water) to the mobility

of the displaced fluid (oil) and defined as:

M ¼ kw
ko

¼ keff;w lo
keff; o lw

; ð2Þ

and the mobility of a phase a (ka) is defined as:

ka ¼
keff; a

la
¼ k:kra

la
for a ¼ water or oil: ð3Þ

In immiscible displacement, occurrence of viscous

fingering is believe to be due to the instability of the

interface between the displacing and the displaced fluid

when the mobility ratio is usually greater than 1 (Chuoke

et al. 1959). This might occur when the viscosity of the

displaced fluid is much larger than the viscosity of the

displacing fluid or/and when the effective permeability of

the displacing fluid is larger than the effective permeability

of the displaced fluid. The differences in physical

properties between two immiscible phases are the main

trigger for frontal instability. The forces exist at the

interface affecting the frontal stability includes gravity,

viscosity, and (for immiscible fluids) surface or interfacial

tension (Homsy 1987).

Lenormand (1985) proposed a phase diagram in which

different regimes of instabilities are depicted based on

mobility ratio and capillary number. It is observed that for

immiscible displacement when the displacing fluid is less

viscous compared to the displaced fluid, fingers form,
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spread across the whole network, and grow in all directions

at low injection rates. The latter behavior can be best

characterized using the invasion percolation (IP) theory

upon which capillary fingering is dominant. On the other

hand, very thin and more dendritic fingers form at higher

injection rates and can be best described using the diffu-

sion-limited aggregation (DLA) theory upon which viscous

fingering is dominant.

Based on the initial work of Chuoke et al. (1959) and

others, Peter and Flock (1981) proposed a numerical region

to quantify the frontal instability of the interface using a

dimensionless number, called the instability number (Isr)

and defined as:

Isr ¼
ðM � 1Þu lwD2

C� rkwor
; ð4Þ

the value of C* depends on the rock wettability and

indicates the effect of imbibition on the growth of viscous

fingers. It should be noted that C* can be determined

experimentally and is considered as the constant of

proportionality between the effective interfacial tension

(re) and the oil/water interfacial tension (r), Eq. (5) (Peter
and Flock 1981).

re ¼ C�r; ð5Þ

where the effective interfacial tension is a term describes

the interfacial tension for a macroscopic displacement

between parallel plates. In core plugs, there is less potential

for fingers to grow due to the small core diameter.

Therefore, the effect of instability is more prominent in real

reservoir than in a linear core system. Various published

data including Peter and Flock (1981) showed that when

the Isr is less than 13.56, the displacement front is stable.

As Isr value of the system increases, the displacement front

become progressively unstable and onset of viscous fin-

gering occurs.

To explain the recovery efficiency from unconsolidated

porous media, Peter and Flock (1981) focused on the

number and characteristics of the viscous fingers on the

displacement front. The characteristic wavelength of the

growing fingers for a rectangular porous medium is pre-

sented as:

kc ¼ 2p
ffiffiffiffiffiffi

C�
p kr

ðlo � lwÞu

� �1=2

; ð6Þ

the major assumption in the above equation is that the

endpoint permeabilities are approximately equal to the

absolute permeability (k) of the porous media. Finally some

boundary condition for the stability of the interface was

drawn based on the kc/D value (termed as instability

scaling index) where D is the diameter of the core. Through

unconsolidated coreflood experiments, they have proposed

that the displacement is stable for kc/D[ 1.71, unstable for

kc/D\ 0.20, and the transition zone is defined in the range

of 0.20\ kc/D\ 1.71. At low range of kc/D values, many

small fingers are observed and the flood front is highly

unstable, whereas at higher kc/D values, the number of

fingers or waves reduces and the flood front becomes rel-

atively stable.

Although physical interpretation of the above is obvious,

Peter and Flock could not draw definite conclusion

between the instability scaling index (ISI) and oil recovery.

At low range of ISI, the recovery sounds to be less sensitive

to kc/D values, whereas within the boundary values, the

recovery is found to be highly sensitive to the scaling index

(Peter and Flock 1981).

In this study, we investigate the fingering phenomena

during an immiscible displacement process in a rectangle

transparent porous medium as well as the relationship

between capillary number, oil recovery, and wave charac-

teristics of developed fingers. An etched glass micromodel

with three layers is used to conduct the two-phase immis-

cible displacement experiments. The transparent porous

media helped with real-time visualization and under-

standing the finger growth and propagation.

Materials and methods

Materials

The porous media used for the study are a chamber-and-

throat planar pore network fabricated by photo-etching

technique (Avraam and Payatakes 1995; Ibrahim 2009;

Ghazanfari et al. 2010; Mohammadi et al. 2013). The model

has three bedding layers of low to high permeabilities sep-

arated by impermeable barriers. The desired channels are

etched on a glass plate using hydrofluoric acid. Then, inlet

and outlet ports are drilled on the etched glass plate, which is

fused on to another flat glass plate at 725 �C. The dimension

of each layer of the pore network is 13.6 cm 9 2.8 cm

representing the length and width, respectively (Fig. 1). The

depth and diameter of pore bodies and pore throats were

measured using a computerized optical stereo microscope

(Fig. 2), and the standard falling head method is used to

measure the pore properties (Fig. 3). For visualization aid,

the pores were filled with colored water. Example of the 2D

and 3D images analyzed and computed to determine the pore

characteristics is shown in Fig. 2b, c.

In falling head drainage method, the glass micromodel

was 100% saturated with colored water, held vertically,

and the rate of gravity drainage and the corresponding level

height of the individual layers were measured at varying

hydrostatic head difference (Fig. 3). The radius of the pore

throat was measured for a strongly water-wet system using

the following equation (Amyx et al. 1960):
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Pc ¼
2rair�water

r
¼ Dq � g � Dh: ð7Þ

Porosity of the porous beds was measured from the

difference of dry and water filled weight and also using a

commercially available image analysis software, which

provided the total area of the pores considering the color

contrast between grains and pores. Permeability was

measured by falling head method as well as normal

horizontal flow using Darcy’s equation. The experimental

setup used in measuring permeability is shown in Fig. 4.

Outcome of these measurements is given in Table 1. From

visual observation, the wettability of the pore surface is

seen to be strongly water-wet (Fig. 5). Thus, throughout

the experiments, water is considered as the wetting phase

and the oil represents the non-wetting phase.

By using a high-precision syringe pump, the wetting

phase (water) was injected in the pore network at con-

stant flow rate through the inlet ports. Flow rates were

predetermined to maintain certain minimum capillary

number (Nc) at certain viscosity ratio of the fluids. The

absolute pressure of the wetting phase at the inlet was

measured continuously with the aid of high-precision

pressure transducers. Images of the pore-fluid-grain

systems were captured during and after the experiments

to facilitate saturation determination through image

analysis.

The fluids used in this study include a filtered deionized

water and two oil samples. A low-viscosity oil sample (4.3

cP) and a medium oil viscosity sample (53.6 cP) were

chosen to mimic the stable and the instable displacements,

respectively. The oil samples were collected from a nearby

field, degassed, and filtered prior to use. Properties of the

experimental fluids are given in Table 2. Because of lim-

itations of space, only the results of the 4.3-cP oil sample

are discussed in detail.

Experimental procedures

Saturation

The first stage of saturation was conducted with colorless

water, followed by oil at irreducible water saturation. In

this case, the oil filled pores generated black color image.

The water filled pores along with transparent grain areas

gave rise to white color in the image. Measurement of the

area covered by the respective fluids helped in calculating

the pore properties of the porous media as well as the initial

oil saturation for each bedding layer.

Waterflooding and capillary desaturation curves (CDCs)

The procedure used to establish capillary desaturation

curves during oil displacement with water is as follows:

1. All three layers at high initial oil saturation (1-Swirr)

were flooded with water at constant and low capillary

number using a precision syringe pump until residual

oil saturation (Sor) is reached. This was ensured

through constant vigilance on the produced oil volume

and movement of the trapped oil blobs. The flow is

stopped, and magnified displacement images were

obtained for calculation of residual oil saturation.

2. Recovery measurements were further initiated at

higher capillary number and flow continued until no

further oil is produced. Flow is stopped, photographed,

and next recovery stage is initiated. This process is

continued until the pressure drop reached the higher

limit prescribed for the micromodel. Seven data points

were obtained from low to high Nc values, and the

corresponding residual oil was measured. Darcy’s flow

velocities of the displacing fluid, which were used later

to calculate capillary numbers, were calculated using

Fig. 1 Schematic diagram of

the experimental glass

micromodel
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the following equation:

ui ¼
qi

Ai

¼ qi

W :Detc;i

� � ; ð8Þ

where ‘‘i’’ is the layer index and Detc,i is the arithmetic

average of both pore body (PBDetc) and pore throat

(PTDetc) depths of etching. It should be noted that in the

experimental setup, a single pump was used to supply the

water to all three layers (Fig. 1), and hence, there are dif-

ferent fluid velocities in each layer, which result in dif-

ferent capillary numbers in each layer. The flow rate in

each layer (qi) was calculated using material balance and

measuring the fluid volume obtained from each layer at a

certain time. Moreover, the cross-sectional area of each

layer (Ai) varies due to the different depth of etching

(Table 1).

Fig. 2 a Computerized optical stereo microscope, b pore body and

pore throat size measurement, and c etching depth and diameter

measurement

Fig. 3 Standard falling head method

Fig. 4 Permeability measurement of the three bedding layers of the

glass micromodel
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Results and discussion

Capillary number effect

Capillary desaturation curves (CDCs) of the three layers

using the 4.3-cP oil are presented in Fig. 6. These CDCs

show the decreasing trend in residual oil saturation (Sor) at

the end of each waterflood displacement as the capillary

number of the displacing fluid increased. The decrease in

oil saturation is also evident from the glass micromodel

images as shown in Fig. 7 for the same oil sample (4.3 cP).

For microscopic displacement, CDC is a useful experi-

mental observation that can predict displacement efficiency

at the microscopic level (Abeysinghe et al. 2012). For

homogeneous porous media, a typical CDC shows constant

Sor at low Nc. As Nc increases and exceeds the critical value

(Nc
*), Sor starts to decrease rapidly. It is important to know

this Nc
* to mobilize trapped residual oil, which is critical for

EOR and reservoir modeling. In the present case, it is

evident that the critical capillary number was exceeded at

the lowest water injection rate of 0.1 ml/min as the Sor (for

all three layers) is in a decreasing trend with increased Nc

of the floodwater. It is interesting to note that there is a

clear trend of Sor at certain Nc value showing that the Sor of

the low-permeability layer is always the least among the

three layers. Thus, it is evident that even at the microscopic

level there exists a difference in displacement efficiency

even at the same Nc value. Tables 3 and 4 show the dis-

placement efficiency of the three layers for the 4.3-cP and

53.6-cP oil samples, respectively. Also, Fig. 8 shows the

oil recovery versus water injected pore volumes for all

three layers and 4.3-cp oil sample. The latter tables and

figure support the previous observation by showing higher

displacement efficiency for the low-permeability layer

compared to that of high permeability.

To justify this observation, the initial-residual curves

(IRCs) were established for the three layers, which help in

investigating the effect of heterogeneity and initial oil

saturation on residual oil saturation (Stegemeier 1977).

Figure 9 depicts the IRCs for the 4.3-cP oil sample where

the effect of heterogeneity on residual oil saturation is more

pronounced compared to initial oil saturation. The IRCs

show that the high-permeability layer is the most hetero-

geneous among the medium- and the low-permeability

layers.

Hence, the reason could be attributed to viscous/capil-

lary fingering which takes place at the microscopic level.

Photographic evidence for the growth of viscous fingers

with time is captured and presented in Figs. 10, 11, and 12.

These figures show that fingering is taking place faster in

the high-permeability layer compared to the medium- and

low-permeability layers at a particular capillary number of

displacing fluid. The justification for this fingering phe-

nomenon is related mainly to the adverse mobility ratio

between the displacing and displaced fluids as well as the

microheterogeneity of the glass micromodel used, which is

Table 1 Physical properties of glass micromodel pore network

Layer L (cm) W (cm) PTDetc (lm) PBDetc (lm) k (D) PB diameter (lm) VB (ml) Vp (ml) u (%)

High k 13.6 2.8 134 334 42.2 1059 1.02 0.52 51

Medium k 13.6 2.8 120 300 18.5 768 0.85 0.28 33

Low k 13.6 2.8 90 226 6.1 633 0.65 0.15 22

Fig. 5 Enlarged image of part of the micromodel (high-permeability

layer) at Sor condition showing strongly water-wet medium. The

brown color represents oil, originally filling pore bodies and pore

throats, while the white color represents both water and gains

Table 2 Properties of the fluid systems (at 25 �C)

System System 1 System 2

Non-wetting fluid (crude oil)

Oil viscosity (lo) (cP) 4.3 53.6

Oil density (qo) (kg/m
3) 811 866

Oil API gravity 39.3 26.3

Wetting fluid (water) 4% NH4Cl 4% NH4Cl

Water viscosity (lw) (cP) 0.99 0.99

Water density (qw) (kg/m
3) 995 995

O-W interfacial tension (r) (mN/m) 23.39 26.37
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represented by the variable pore body, pore throat, and

depth of etching within the layer (Table 1).

Lenormand et al. (1983) reported that chemically etched

networks on glass plates give clear observations, but the

shape of the ducts is not well defined. Moreover, according

to the proposed phase diagram by Lenormand (1985), the

applied experimental conditions of capillary number and

viscosity ratio show qualitatively that the flow regime

ranges between capillary fingering at low capillary number

and viscous fingering at high capillary number. Lenormand

(1985) also reported that capillary fingering results in

higher displacement efficiency as opposed to viscous

Fig. 6 Capillary desaturation

curve of the three layers for 4.3

cP oil. Different points in a

curve correspond to different

injection rates

Fig. 7 Displacement images of capillary number effect on displacement efficiency for low-permeability layer and 4.3 cP oil. The brown color

represents oil, originally filling pore bodies and pore throats, while the white color represents both water and gains
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fingering. Figure 6 shows that the same injection rate

results in high capillary number in the high-permeability

layer, followed by the medium- and low-permeability

layers, respectively. Hence, it is most probable that viscous

fingering occurred in the first layer, capillary fingering in

the third layer, and transition capillary-to-viscous fingering

in the middle layer.

The fingering phenomena could be observed in different

degrees (Figs. 10, 11, and 12) in all the three layers, along

with the wave characteristics of the fingers. The low-per-

meability layer has the lowest number of fingers and

longest wavelength, and consequently the highest dis-

placement efficiency. Shortest finger wavelength and lar-

gest number of fingers are observed in the high-

permeability layer that displayed least displacement effi-

ciency, in spite of the highest superficial velocity. This

observation is attributed to instability of flood front, and

further efforts have been given to explain the phenomena

using the instability scaling index (ISI) as proposed by

Peter and Flock (1981).

Instability index and recovery relation

The instability scaling index (kc/D) was calculated using

Eq. (6) for all the recovery experiments, and the results are

tabulated in Tables 5 and 6 for the 4.3-cP and 53.6-cP oil

samples, respectively. It should be highlighted the width of

each layer in the glass micromodel (W) was used instead of

(D) which corresponds to the core diameter. Detailed

analysis of kc/D values against corresponding Nc and

incremental oil recovery shows that as the capillary number

increases, the corresponding kc/D value decreases, and the

incremental recovery reduces. This observation is in an

agreement with Peter and Flock’s equation as the decrease

in kc/D, increases the instability of the front, and hence

leads to lower oil recovery. Nevertheless, the proposed

Table 3 Effect of permeability on displacement efficiency (lo 4.3

cP)

Total water injection

rate (mL/min)

Displacement efficiency (%)

First layer

(42.2 D)

Second layer

(18.5 D)

Third layer

(6.1 D)

0.1 71.20 78.14 86.14

0.2 76.34 80.31 88.72

0.3 77.43 82.24 91.20

0.5 78.40 83.80 92.50

0.8 79.20 85.20 93.32

1.0 79.80 86.50 93.70

1.2 80.10 87.01 94.02

Table 4 Effect of permeability on displacement efficiency (lo 53.6

cP)

Total water injection

rate (mL/min)

Displacement efficiency (%)

First layer

(42.2 D)

Second layer

(18.5 D)

Third layer

(6.1 D)

0.1 72.70 78.32 87.30

0.2 75.21 80.41 89.25

0.3 76.91 81.22 90.34

0.5 77.25 81.23 90.38

Fig. 8 Oil recovery versus

injected water pore volumes for

all three layers and 4.3 cP oil.

Different points in a curve

correspond to different injection

rates
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boundary conditions especially for the stable region are not

consistent as Peter and Flock suggested an upper boundary

of 1.7 instability index for a stable displacement. In our

study, we observed higher values than the upper limit

where the displacement was unstable and fingering occur-

red. This is shown clearly in Figs. 10, 11, and 12 for the

4.3-cP oil and 0.1 ml/min injection rate, where fingering

occurred in the high-, medium-, and low-permeability

layers at kc/D corresponding values of 3.16, 1.85, and 1.07,

respectively (Table 5).

Moreover, Fig. 13 shows that the calculated kc/D values

are the highest for the high-permeability layer and the

lowest for the low-permeability layer. This indicates that

the high-permeability layer is the most stable and hence

higher oil recovery is expected compared to the other

layers. This contradicts with our experimental

observations. In all our displacement experiments, the

highest displacement efficiency was obtained from the low-

permeability layer and vice versa.

It is worth mentioning that there is a major difference in

the experimental setup between the two cases. Peter and

Flock has validated their proposed theory through 1D

corefloods in unconsolidated porous media, whereas the

experiments conducted here are in consolidated media in a

2D flow setup. Also, the major assumption made in Eq. (6)

of replacing the water endpoint permeability with the

absolute permeability (k) of the porous media is not valid

here. In strongly water-wet systems, the water endpoint

relative permeability is usually about 0.1 or lower, hence

assuming that the effective permeability is equal to the

absolute permeability would introduce erroneous and

misleading results. As we discussed earlier, visualization

images show that the glass micromodel used in this work is

a strongly water-wet medium (Fig. 5).

Summary and conclusions

The relation between finger characteristics and oil recovery

has been investigated experimentally using a heteroge-

neous etched glass micromodel in two-phase immiscible

flow systems. The findings of this work can be summarized

as follows:

• Visual examination and quantitative measurements

showed higher displacement efficiency from low-per-

meability layers compared to that of medium and high

permeability.

Fig. 9 Initial-residual curve for 4.3 cP oil

Fig. 10 Viscous fingering

phenomenon in glass

micromodel at time 1 (15 s) for

4.3 cP oil and 0.1 ml/min

injection rate. The brown color

represents oil, originally filling

pore bodies and pore throats,

while the white color represents

both water and gains
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Fig. 11 Viscous fingering

phenomenon in glass

micromodel at time 2 (30 s) for

4.3 cP oil and 0.1 ml/min

injection rate. The brown color

represents oil, originally filling

pore bodies and pore throats,

while the white color represents

both water and gains

Fig. 12 Viscous fingering

phenomenon in glass

micromodel at time 3 (45 s) for

4.3 cP oil and 0.1 ml/min

injection rate. The brown color

represents oil, originally filling

pore bodies and pore throats,

while the white color represents

both water and gains. The black

curve shows the displacing

waterfront

Table 5 Instability scaling index and corresponding IOR for lo 4.3 cP

Permeability Crude oil (4.3 cP and 23.39 mN/m)

42.2 D Nc 5.12 9 10-6 1.02 9 10-5 1.54 9 10-5 2.56 9 10-5 4.09 9 10-5 5.12 9 10-5 6.14 9 10-5

kc/D 3.16 2.23 1.82 1.41 1.12 1.00 0.91

IOR (%) – 5.14 1.09 0.97 0.80 0.60 0.30

18.5 D Nc 4.23 9 10-6 8.45 9 10-6 1.27 9 10-5 2.11 9 10-5 3.38 9 10-5 4.23 9 10-5 5.07 9 10-5

kc/D 1.85 1.31 1.07 0.83 0.65 0.59 0.53

IOR (%) – 2.17 1.93 1.56 1.40 1.30 0.50

6.1 D Nc 2.75 9 10-6 5.51 9 10-6 8.26 9 10-6 1.38 9 10-5 2.20 9 10-5 2.75 9 10-5 3.30 9 10-5

kc/D 1.07 0.76 0.62 0.48 0.38 0.34 0.31

IOR (%) – 2.58 2.48 1.30 0.82 0.38 0.32
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• The reason behind this finding is the instability of the oil/

water interface and early occurrence of fingering.On visual

observation, early occurrence and growth of multiple

fingers were observed for high-permeable layers, whereas

finger growth was delayed and more piston-like displace-

ment was observed in layers with low permeability.

• Peter and Flock equation was used to draw a relation

between oil recovery and finger characteristics, where the

increase in capillary numbers leads to a decrease in both

instability scaling index and incremental oil recovery.

• The limitations of Peter and Flock equation were also

highlighted for strongly water-wet systems, where the

use of the equation might lead to erroneous and

misleading results.
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