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ABSTRACT

This thesis presents the results of an experimental 

study performed to investigate the effect of reduced 

interfacial tension (IFT) in the oil/water/rock system 

on oil recovery by spontaneous imbibition and gravity 

segregation.

The results of the static imbibition experiments, 

in which a matrix block was surrounded by the imbibing 

fluid, showed that a minimum Ng"1 (ratio of capillary to 

gravity forces) was required to increase the final oil 

recovery. However, the reduction of the IFT in the 

oil/water/rock system may increase or decrease the rate 

of imbibition substantially depending on the relative 

contribution of capillary and gravity forces. The 

results of the experiments performed on three ranges of 

permeabilities using four different IFT solutions 

showed that imbibition can occur in three different 

regimes : capillary dominated, gravity dominated, and a
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regime in which both forces affect the imbibition 

process.
In order to examine the effect of IFT on oil 

recovery rate on the same core, core wettability has to 
be restored after each test. Several cleaning 
procedures were investigated to reproduce original core 
wettability. As an outgrowth of this thesis research, a 
core cleaning technique for restoring core wettability 
has been developed. Firing the core after toluene 
cleaning for seven hours at 950°F was found to be an 
effective procedure to restore core wettability. The 
same procedure also proved effective for restoring the 
original core wettability after surfactant solution 
imbibition test.

A dimensionless production function has been 
developed to scale oil recovery performance for all 
permeability ranges. The dimensionless production 
function was obtained by combining gravity and 
capillary dimensionless groups.

iv
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1. INTRODUCTION

1.1 Background

Waterflooding has been used since 1865z and is by 

far the simplest secondary recovery method. Previous 

laboratory investigations of the imbibition process 

were mainly concerned with combination of capillary 

imbibition and displacement. Tight, highly fractured 

reservoirs do not respond to conventional water 

flooding techniques because capillary forces rather 

than differential pressure forces are the major 

contributors of reservoir energy. An understanding of 

capillary imbibition as a separate phenomenon is 

necessary for future development of the process. This 

thesis was designed to investigate capillary imbibition 

independently.

Water imbibition process is the process by which 

water flows into porous media by capillary forces.

These forces allow the water to flow from the fractures
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into the water-wet, oil-saturated matrix blocks, which 

causes the oil to be displaced from the matrix into the 

fracture. Unfortunately, water imbibition is 

inefficient in recovering oil, often leaving more than 

half of the original oil-in-place unrecovered.

A surfactant solution static imbibition process is 

designed to recover residual oil by reducing the 

surface forces between the oil and the displacing 

fluid. The aim of the surfactant imbibition is to 

reduce the interfacial tension of the oil/water system 

in order to release the residual oil. On the other 

hand, by reducing the interfacial tension, the 

capillary forces that cause imbibition are reduced.

1.2 Objectives of the Work

The objectives of this static imbibition work are 

to investigate the following :

1) Effect of reducing interfacial tension (IFT) in 

oil/water/rock system on final oil recovery.

2) Effect of reducing IFT on oil recovery rate.
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3) Effect of cleaning the core with toluene on core 

wettability.

4) Possibility of re-using the core after surfactant 

solution imbibition test.

1.3 Methods of Investigation

Sets of experiments were performed by using a 

specially designed static imbibition apparatus which 

was built by Ghedan1. Each experiment consisted of 

exposing an oil-saturated Berea sandstone core to water 

imbibition (base case), cleaning and saturating the 

core with the same oilz and exposing it to surfactant 

solution imbibition. Oil recovery by imbibition from 

water and surfactant solutions from each core are 

compared.
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2. LITERATURE REVIEW

The objective of this chapter is to review the 

background and the knowledge which are related to this 

thesis work. This chapter is divided into three main 

sections.

2.1 Imbibition in Porous Media.

2.2 Core Preparation Process.

2.3 Effect of Interfacial Tension on Imbibition.

2.1 Imbibition in Porous Media

Imbibition has been recognized as an important 

factor in recovering oil from water-wet fractured 

reservoirs subjected to water flood or water drive 2,3. 

Imbibition is defined as the spontaneous taking up of a 

liquid by a porous solid. It occurs when a fluid-filled 

solid is immersed or brought in contact with another 

fluid which preferentially wets the solid. Common 

examples of this phenomenon are dry bricks soaking up 

water and expelling air, a blotter soaking up ink and
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expelling air and reservoir rock soaking up water and 

expelling oil4. Consider a capillary tube which 

contains a wetting/non-wetting liquid interface, as 

shown in Figure 2.1. If the two ends of the capillary 

are connected to equal pressure fluid reservoirs, the 

preferential attraction of the wetting phase to the 

solid surface will cause the liquid to flow to the 

right. In this situation, the liquid which wets the 

capillary tube will displace the non-wetting liquid.

The rate of fluid flow will depend on the radius of the 

capillary, the viscosities of the fluids, interfacial 

tension of the fluids, the contact angle, and the 

dynamic potential of the fluids. For petroleum 

reservoirs, the capillary forces are expressed in terms 

of wettability and interfacial tension5.

The imbibition fluid flow in the porous media is 

defined as a counterflow, which is a type of fluid flow 

distinguished by the following characteristics :

1) The applied forces at the injection and the
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WETTING FLUID NON-WETTING FLUID.

DIRECTION OF SPONTANEOUS IMBIBITION

Figure 2.1 Imbibition in Capillary Tube (After Ghedan1)

production faces are equal.

2) Total flow rate of zero (Qw = -Q0) .

Two cases of counterflow exist: Imbibition 

counterflow (counter-current), which is dominated by 

surface forces ; and gravity segregation counterflow 

(co-current), which is dominated by gravitational 

forces.
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2.1.1 Rock Wettability

Wettability is defined as the tendency of one fluid 

to spread on or adhere to a solid surface in the 

presence of other immiscible fluids6,7. In a rock/oil/ 

water system, it is a measure of the preference that 

the rock has for either the oil or water7. In this 

system, the rock is water wet if the water occupies the 

small pores and contacts the majority of the rock 

surface. On the other hand, if the oil occupies the 

small pores and contacts the majority of the rock 

surface, the rock is oil wet1.

The wetting preference can be demonstrated by the 

imbibition process7. If water is allowed to imbibe into 

a preferentially water-wet, oil-saturated core, the 

water will displace the oil from the rock surface, 

indicating that the rock surface prefers to be in 

contact with water rather than oil. Similarly, a core 

saturated with water is oil-wet if oil will imbibe into 

the core and displace water from the rock surface1.
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The wettability of the rock/fluid system is 

important, because it is a major factor controlling the 

location, flow, and distribution of fluids in a 

reservoir7. Changes in wettability have been shown to 

affect the system properties, such as capillary 

pressure, relative permeability, irreducible water 

saturation, and residual oil saturation, etc.6,8,9'10

Wettability has often been considered a homogeneous 

property of the reservoir rock. However, heterogeneous 

forms of wettability can exist. Rock wettability can be 

altered by absorbable crude oil components1. In this 

case, a variation in wettability should be expected, 

since the internal surface of the reservoir rock is 

composed of many minerals with different surface 

chemistry and adsorption properties11. Brown and Fatt12 

proposed the idea of fractional wettability, in which 

crude oil components are strongly adsorbed in certain 

areas of the rock, which makes these areas strongly 

oil-wet while the rest is water-wet.



T-4753 9

2.1.2 Capillary Pressure

Consider the case of capillary tubes wherein the 

internal diameter of the tube is extremely small. If 

the tube is placed in a beaker containing oil and 

water, water will rise in the capillary tube above the 

height of the water in the beaker. This rise is due to 

the attractive forces (adhesion tension) between the 

tube and the liquids and the small weight represented 

by the column of water in the tube. Water will rise in 

the tube until the total adhesion tension force is 

balanced with gravitational pull on the column of 

water. The pressure existing in the water phase beneath 

the oil-liquid interface (Pw) is less than the pressure 

in the oil phase above the interface (P0) . This 

difference in pressure is called capillary pressure 

(Pc)13. The capillary pressure is expressed in terms of: 

Pc = P0 - Pw = ( Pco - Po ) 9 h (2.1)

A general expression for capillary pressure as a 

function of interfacial tension and the curvature of
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the interface is due to Plateau14 :

Pc = (Tow ( l/Ri + l/Rz ) (2.2)
where and R2 are the principal radii of the curvature

and (l/Ri +1 /R2) is defined as the mean curvature. A

special form of equation 2.2 can be written as15:

Pc = aow ( 2 COS 0 /rp ) (2.3)

where 0 is the contact angle and rp is the pore radius.

Assuming constant interfacial tension, the 

capillary pressure at one point in the rock matrix,

Pcl, will be greater than the capillary pressure at 

another point, Pc2, when the mean curvature at point 1 

is larger than the mean curvature at point 2. This 

implies that the radii of curvature at point 1 are 

smaller than at point 2; therefore, the capillary 

pressure in the fine pores will be greater than in 

large pores. In general, interfacial tension between 

water and oil causes the water to be drawn into the 

finer, water-wet capillary openings and to drive the 

oil out of them.



T-4753 11

The low permeability rock matrices tend to be 

constructed of grains of small diameter10. Therefore, we 

can assume that capillary phenomena will move oil from 

low permeability, low porosity sections of the rock 

matrix into sections of relatively greater permeability 

and porosity. This movement will occur both at the 

fracture face and within the matrix itself. The same 

capillary forces will move water into the low 

permeability-porosity sections to replace the oil 

removed. The procedure for determining oil recovery by 

capillary imbibition assumed a linear, counter-current 

flow of oil and water across a flat fracture face of 

the matrix.

2.2 Core Preparation Process

2.2.1 Effect of Firing on Berea Sandstone Cores

Berea sandstone was first identified in the 1950s 

as a model rock for production research on oil 

recovery. It has consistent properties which are 

essential in the interpretation of experiments.
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Cores are fired as a preliminary step in many 

laboratory studies. Usually, cores are fired for one or 

more of three main reasons16:

1) To ensure a strongly water-wet mineral surface by

burning off organic contaminants.

2) To stabilize clay minerals and thus reduce problems

of clay swelling and fines migration.

3) To minimize problems arising from ion exchange.

The general objectives of firing are to improve

reproducibility and reduce the number of variables that 

may affect the results of a displacement test.

Firing temperatures reported by various researches 

ranged from 3 50 to 1000oC, and firing times ranged from 

1 to 4 8 hours. Morrow and Shouxiang16 performed a series 

of experiments on Berea sandstone cores and concluded 

that firing temperature has a much stronger influence 

on core sample than firing time, important 

mineralogical properties changes including clay 

dehydration up to about 6 0 0°C, porosity and
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permeability increase with firing temperature, and 

firing temperature above 4 0 0°C resulted in increased 

waterflooding displacement efficiency.

Casse and Ramey17 mentioned that 505°C (941°F) was 

generally high enough to oxidize any organic matter and 

to deactivate swelling clay. Sydansk18 and Shawet, et 

al.19 found 1000°C to be an adequate temperature to 

stabilize clay. Potts, et al.20 found that waterflooding 

residual saturations of mineral oil were decreased by 

the firing treatment.

2.2.2 Effect of Cleaning on Berea Sandstone 

Cores

Extraction is known as one of the best ways to 

clean a core from hydrocarbons, using toluene as a 

solvent. In many laboratory studies, toluene is used as 

a extracting solvent due to its solubility in oil and 

low boiling point.

Lacey21 performed a series of static imbibition 

experiments on five Spraberry core plugs to investigate
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the imbibition phenomena. He cleaned the core plugs at 

the end of each imbibition experiment in a soxlet 

extractor with toluene as a solvent for a period not 

less than eight hours. He showed that the cleaning- 

resaturation process between series of test runs caused 

a decrease in imbibition capabilities of the core 

plugs. For this reason, he could not correlate the 

static imbibition recovery data with each other.

Fred22 restored the original wettability for a batch 

of Berea sandstone core plugs (150 md) by extraction. 

The core plugs were left in bottles of crude oil at a 

low water saturation for eight years and during that 

time the plugs had become partially oil wet. He 

developed an effective core-cleaning method to clean 

such contaminated cores to a strongly water-wet 

condition. The method is a two-step extraction, first 

using toluene and then a chloroform/ methanol 

azeotrope (having a volume ration of 78/22) as the 

solvent.
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Unfortunately, not enough consideration has been 

given to the reaction of toluene with clays, and how 

this reaction could change the wettability of the core.

Few experimental studies have been done to 

investigate the effect of toluene on clays. Laboratory 

evidence, presented by Olhoeft and Trude23 using the 

geophysical technique (complex resistivity), showed 

that toluene in contact with clay is physically 

adsorbed onto the surface of the clay, coordinated with 

the exchangeable cation on the clay surface, and 

polymerized on the surface of the clay.

Raymond24 also investigated the effect of toluene on 

clays using complex resistivity. The results of his 

experimental work showed that toluene interacted with a 

clay surface by cation exchange and instead of forming 

complexes with clay surface it exits as separate 

organic phases that fill the interlayer and pore spaces 

of the clays.
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2.3 Effect of Interfacial Tension (IFT) on 

Imbibition

Interfacial tension is defined as the energy 

required to increase the area of the interface by one 

unit15. In a water/oil system, an interface will be 

formed if they are put in contact with each other. A 

water molecule which is remote from the interface is 

surrounded by other water molecules, thus having a 

resulting net attractive force on the molecule of zero. 

However, a water molecule at the interface has a force 

acting upon it from the oil lying immediately above the 

interface and water molecule lying below the interface. 

The resulting forces are unbalanced and give rise to 

what we call interface tension1. The high interfacial 

tension (IFT) associated with a water/oil system 

inducing a correspondingly high capillary pressure 

which, in turn, provides the driving force for 

spontaneous imbibition into the matrix blocks25. Some of 

the techniques by which interfacial tension can be



T-4753 17

measured are the ring tensiometer, sessile drop, 

pendant, and spinning drop.

The goal of using a dilute surfactant solution is 

to reduce the interfacial tension of the water/oil 

system to low values in order to release the residual 

oil. The force which drive imbibition is the capillary 

pressure, which, according to the Equation 2.3, is 

proportional to the interfacial tension between the 

fluids. Since the surfactant solution decreases the 

capillary forces, the question arises as to whether oil 

produced by imbibition is reduced as a result of such 

solution.

Several laboratory studies were published using 

different fluid systems and different methods of 

imbibition ( e.g., imbibition from one end only or from 

all sides, etc.).

Some early laboratory work was performed by Mannon26 

on both linear and counter-current flow at both 

constant and variable rates. His work only indicated
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some qualitative trends in imbibition flow rates, and 

offered no quantitative analysis of the process.

The first real work on imbibition offering some 

description of the process was made by Mattax and 

Kyte27. They reported results of experiments performed 

with fixed IFT showing that the imbibition time depends 

on the matrix geometry and physical properties of the 

fluids. They argued that for a given rock type (k,̂ ), 

block size (L2) , and fluid properties ( ĵQ, a), the time 

scale for imbibition is given by:

T ° '  = 'Vr[ ̂G i 2 ] (2-4)

where :

TD1 - Dimensionless time 

t - Imbibition time, sec. 

k - Core absolute permeability, cm2 

(|) - Core porosity, fraction 

a - Interfacial tension (IFT), dyne/cm
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fi - Oil viscosity, cp 

L - Core sample length, cm

According to the scaling implied by this equation, 

displacements in which values of TD1 are equal should 

show equivalent recovery at any given time. According 

to Equation 2.4, if the IFT (a) is reduced, the time 

required to recover a given fraction of the oil 

increases. Hence, recovery rate decreases with the IFT 

when capillary imbibition dominates the flow. A key 

assumption for this scaling relation is that the flow 

is governed by capillary forces, and gravity forces are 

negligible.

Parsons and Chaney28 showed that a second scaling 

factor may be important in imbibition :

Td2 - 1 ̂ [7r_r] (2-5)
where :

TD2 - Dimensionless time
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t - Imbibition time, sec.

k - Core absolute permeability, cm2

(|) - Core porosity, fraction

Apg - Difference in fluids specific weights, gm/cm3 

jl i - Oil viscosity, cp

L - Core sample length, cm

In both of these cases laboratory data were 

correlated with scaling laws which were defined for 

static conditions or steady state flow conditions. The 

scaling laws, however, are independent of relative 

permeabilities and capillary pressures as defined. 

Therefore, they can be correlated, but their 

theoretical foundations are not solid and they may not 

reflect the phenomena of moving interface.

Naar29 proposed an imbibition model derived from 

drainage data. They compared their model to laboratory 

data and had a very poor match. This work was later 

modified by including an arbitrary partial wetting term 

to obtain a better match, but with little success.
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DeFour30 has done the most extensive work on 

vertical counterflow. He studied the flow of oil and 

water in an oil saturated sand pack, investigating the 

effect oil viscosity, oil density and interfacial

tension on the counterflow. Among his results, he found

that classical multiphase techniques will not 

accurately describe fluid saturation distribution, 

because the counterflow is an unsteady and an unstable 

process. DeFour proposed megascopic equation which 

reflects macroscopic flow properties and which can be 

scaled to a gigascopic scale. Dimensionless time, TD, 

and dimensionless production rates, QD, are given by:

7 = -^_[Ap - 4.5(i-)°'5— ] (2'6>
jj. L k L

Qd = Exp. [-5.769 + 13.2(Td) + 0.952 In (TD) ] (2.7)

The dimensionless production is a combination of 

the gravity and the capillary effects. DeFour 

multiplied the interfacial effects by a factor of 4.5
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to get the best match between his experiments results 

and the dimensionless production.

Snow31 extended DeFour's work using different fluid 

properties. He found that the flow process cannot be 

described by current classical fluid flow equations 

because these do not account for dynamic interfacial 

behavior and instabilities in the flow process. His 

results showed that the counter-current z two phases 

flow rate increase with decreasing viscosities and 

increasing interfacial tensions. While, the ultimate 

recoveries increase with increasing viscosities and 

decreasing interfacial tension. However, he showed that 

there is a critical

point for interfacial tension below which no additional 

recovery will be realized.

Cuiec, et al.32 performed various experimental 

studies of spontaneous imbibition of oil by different 

IFT values in low-permeability porous medium using 

chalk samples. They found that lowering the IFT between
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the imbibing brine phase and the oil phase reduced the 

rate of recovery, in accordance with the scaling theory 

of Equation 2.4. However, their experimental data 

showed the final oil recovery increases with lowering 

the interfacial tension.

Keijzer and Vries33 presented experimental results 

which were performed on Berea sandstone plugs. They 

showed that lowering IFT has no effect on ultimate oil 

recovery but has some effect on the imbibition rate 

(Figure 2.2). They found that by lowering the IFT by a 

factor of 12, the surfactant solution was imbibed at a 

rate half that of water imbibition, and by lowering the 

IFT by factor of more than 3 000, the surfactant 

solution imbibed at rate one fifth that of water 

imbibition, showing that the driving force was 

certainly not proportional to the interfacial tension.

The effects of gravity-driven flow have been 

largely ignored in the analysis of the low IFT flow. A 

balance between gravity and capillary forces was



T-4753 24

surfactant imbibition 

water imbibition

I "
s.
o

I

0 10 zo 30 *0 so so Time (min). water
1 I I I 1 I I
0 s io is to 25 30 Time (min). surfactant

Figure 2.2. Vries33 Imbibition Test Data

examined by Du Prey34. A centrifuge was used to increase 

the relative magnitude of gravity to capillary forces 

during imbibition. The ratio of the capillary to 

gravity forces is given by the inverse Bond number :

G

N  B l =  C  T  "'rj- (2.8)A p g H

where C =0.4 for capillary tube model, and H is the 

height of the medium. When NB_1 is large, capillary
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forces dominate and as NB-1 approaches zero, gravity 

forces dominate the flow. The numerator of Ng’1 is a 

measure of the capillary entry pressure, and the 

denominator is the gravity head that arises over 

length, H, for a given density difference. At high 

values of Ng’1, Du Prey's results scaled according to 

Equation 2.5, but at low values, the agreement was 

poor. His results indicate that centrifuge tests on 

small samples are not reliable for reproducing the 

recovery curves of a big matrix block. Du Prey explains 

this from the fact that above certain gravity level, 

the local properties of two phase flow change.

Van Golf-Racht35 suggested that gravity may govern 

the displacement for large matrix blocks or low 

capillary pressure.

Orr et al.25 reported that both gravity and 

capillary forces are important when IFT and Ng’1 are 

moderately low, and that there is a transition from 

capillary-dominated flow to gravity-dominated flow as
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the Nb 1 is reduced in an oil/water/alcohol system. They 

reported that for cores with low permeability (15 md) 

and high IFT (38.1 dyne/cm) between the wetting 

and non-wetting phases (Figure 2.3.A ) , capillarity 

initiated counter-current imbibition and oil was 

produced from lateral faces. At intermediate IFT value 

(1.07 Dyne/cm), oil drops were observed to exit the 

core from both the lateral and the top faces. The final 

oil recovery was slightly higher than that of the high 

IFT case although the imbibition occurred more slowly. 

At low IFT value (0.1 dyne/cm), there was a substantial 

increase in total oil produced but imbibition 

completion required longer time than the high or the 

intermediate IFT fluids imbibition. The recovery curves 

for 100 md permeability core (Figure 2.3.B), showed 

that the high IFT brine imbibed more slowly than either 

the intermediate or the low IFT brines and the final 

oil recoveries were increased as the IFT values were 

reduced. In this case an important change in the flow
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IFT = 38.1 mN/m 
Repeat of High IFT 
IFT = 1.07 mN/m 
IFT = 0.10 mN/m0.8

œ>  0.6 
I
O
O  0.4

Li.

0.2

0.0
0.001 10 1000.1 10.01

Time (Days)

Figure 2.3.A. Orr25 Imbibition Test Data(15 md Core)

IFT = 38.1 mN/m 
IFT = 1.07 mN/m 
IFT = 0.10 mN/m

0.8

O  0.4

0.2

0.0
0.001 0.10.01 1 10

Time (Days)

Figure 2.3.B. Orr25 Imbibition Test Data (100 md Core)
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behavior was observed for the intermediate and low IFT, 

oil was no longer produced from all faces as was the 

case at high IFT, but the oil droplets exited the core 

only from the top face. A similar trend was reported 

for the 50 0 md core (Figure 2.3.C).

Effects of variations in NB_1 on imbibition have 

been investigated by various authors. Ranges of Ng"1 

for which experiments were performed by previous 

investigators, along with the method of reduction NB 1, 

and with their oil rate and recovery results, are 

summarized in Table 2.1.

IFT = 38.1 mN/m 
IFT = 1.07 mN/m 
IFT = 0 10 mN/m 
Repeat of Low IFT0 8  _

I%cr
CL

8
s
LL

0.2

0.0 110 '
Time (Days)

Figure 2.3.C. Orr25 Imbibition Test Data (500 md Core)
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Table 2.1 

Results of Previous Investigators

Investi
gators

Fluids Method of 
varying Ng’1

Range of 
Nb"1

Results

Du Prey34
1978

Oil-water Centrifuge 0 . 05-16 . 5 GÎ,OrT,REÎ

Homan36
1986

Oil-water Varying 
core height

4 . 76- 
14 .41

HÎ,ORi,RES

Cuiec32
1990

Oil- 
brine- 
alcohol.

Reducing
IFT

95 . 7- 
119 . 3

IFT^ , OR'l, ReT

Vries33
1990

Oi 1 - 
water- 
surf.

Reducing
IFT

0 . 01-0 .1 IFTi, ORDRES

Orr25
1994

Oil- 
brine- 
alcohol.

Reducing
IFT

0.03-25 . 7 IFT^ORÎjREÎ

G - Centrifugal acceleration. H - Height of the medium. 

= - Almost equal. OR - Oil Recovery Rate.

RE - Final Oil Recovery.
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From the discussions in the previous sections, it 

is clear that rate and amount of imbibition in natural 

porous media will depend on a variety of factors. These 

factors are listed bellow:

- Porosity.

- Permeability.

- Relative Permeability.

- Capillary Pressure :

* wetting angle.

* interfacial tension of saturating fluid.

* pore geometric configuration.

- Viscosity of imbibing and displacing fluids.

- Size and shape of imbibing sample.

- Methods of imbibition : ( e.g., imbibition from one

end only or from all sides, etc.).

All these factors should be considered in the 

analysis of the imbibition phenomenon.
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3. CORE PREPARATION AND EXPERIMENTAL FLUIDS

3.1 Preparation of the Cores

Berea sandstone cores were cut from two 12"xl2"xl2" 

blocks, which were obtained from Cleveland Quarries 

Company37. The porosity and permeability ranges were 

21.0-23.1% and 292.9-1910.0 md, respectively. A low 

permeability core, which was cut from 6"x6"x6" block, 

has a porosity and permeability values of 15.3% and 2.6 

md, respectively . All the cores were cut in a 

cylindrical shape having dimensions of approximately 2 

inches (= 5 cm) in diameter and 5.2 inches (= 13 cm) in 

length.

3.1.1 Firing the Cores

The cores were fired up to 95 0°F (510°C) . During 

this process, the oven temperature increased to a 

maximum of 95 0°F in seven hours. The maximum oven 

temperature was maintained for three hours. The oven
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was then turned off to permit the cores to cool down 

overnight.

The purpose of firing the cores is to stabilize 

clay minerals to reduce problems of clay swelling and 

fines migration. This provides an internal rock surface 

of as near constant properties as possible. Another 

purpose is to ensure a strong water-wet mineral surface 

by burning off organic contaminants. Treating the core 

to be strongly water-wet will allow comparing the tests 

done with different cores without allowing the core 

wettability to be a strong factor in the process.

3.2 Preparation of Experimental Fluids

3.2.1 Deionized Water (DI)

Distilled water was used as the base displacing 

phase in the imbibition tests. This fluid was selected 

because the fluid density as a function of temperature 

is widely published and because with distilled water no 

possibility of precipitate formation exists. Saturation 

tests on the cores showed that swelling clays were not
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present; and, therefore, no reduction in permeability 

would occur in the presence of distilled water.

3.2.2 Surfactant Solution

Surfactant solution was used to reduce the 

interfacial tension in the oil/water system. The 

surfactant used in these experiments is a commercial 

surfactant (Bio-Terge Pas-8s), which is a product of 

Stepan Company (Technical Service, 22W. Frontage Road, 

Northfield, IL., Tel : 800-745-7837) . DuNouy Ring 

Tensiometer was used to measure the IFT between the oil 

and the DI-water, it was found to be 23.4 dyne/cm. 

Interfacial tension (IFT) measurements were performed 

on the oil/surfactant solutions system to find the 

Critical Micelle Concentration (CMC) by using the 

spinning drop tensiometer. To measure the IFT between 

each surfactant solution concentration and the oil two 

values were obtained from the spinning drop tensiometer 

the oil drop diameter and the spinning drop tensiometer 

spinning speed. These two values were used to measure
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IFT by substituting them in the spinning drop 

tesiometer equation (presented in Appendix A). Figure

3.1 shows the IFT data which was measured for different 

concentrations of surfactant solutions. The point at 

which surfactant concentration has no effect on the IFT 

(CMC) was found to be approximately 0.75%. Large 

quantities of different IFT surfactant solutions were 

prepared for the imbibition experiments, the IFT of the 

solutions were measured before every set of experiments 

and no change in the IFT was found (no aging effect).

3.2.3 Oil Phase

The oil which was used in these experiments was 

100% normal-decane. Since decane is colorless, a drop 

of red hydrocarbon dye was added to differentiate 

between the decane and the DI-water. Two imbibition 

test runs were performed without the dye in the decane. 

These runs were performed to investigate the effect of 

the dye on the wettability, and final oil recovery. The



IFT
 

(d
yn
e/
cm
)

T-4753

IFT MEASURMENTS 
Bio-Terge-Pas.8s (Stepan Surfactant)
9

8

7

6

5

4

3

2
C M C

1

0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
SURFACTANT CONCENTRATION (Wt.%)

Figure 3.1. IFT Measurements of Surfactant Solut
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results showed no change in the final recoveries with 

and without using the dye.

Density and viscosity of oil and DI-water were measured 

at lab temperature(68°F) using specific gravity bottle 

and cannon-fenshe viscosimeter, respectively. Table 3.1 

presents a summary of the physical properties of the 

fluids.

To avoid the plugging problem in the core due to 

the solids which are present in the concentrated 

surfactant, a test was performed using a 6 microns 

filter. A 4.04 dyne/cm surfactant solution was passed 

through the filter, with no solids precipitation on the 

filter paper.
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Table 3.1 

Fluids Physical Properties

Density (am/cc)

Fluid at 6 8eF

100% n-Decane 0.728

Di-Water 0.998

Bio-Terge Pas-Bs Surfactant

Physical form at 25°C - Liquid 

Solids (Nad) - 39.0-42.0%

Density - 9.2 lbs/gal

Alcohol, as Isopropanol - 5.0% MAX

Sodium Sulfate - 5.0% MAX

viscosity 

(cp) 

at 68qF

0 . 97 

1 . 00
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4. THE STATIC IMBIBITION EXPERIMENTAL PROCEDURES

This chapter is divided into two main sections, 

namely : Apparatus Description and Experimental 

Procedure

4.1 Apparatus Description

The apparatus which was used in static imbibition 

experiments was designed by Ghedan1 in 1989. The 

apparatus was designed to investigate the amount of oil 

recovery from oil-saturated cores being exposed to 

imbibing fluids. This apparatus consists of three parts 

(Figure 4.1): the main body, the base, and the scraper.

The following apparatus description is given by 

Ghedan1: "The main body was constructed by taking a 

piece of Lucite tubing, 6 inches in outside diameter, 

1/8 of an inch in wall thickness, and 5 inches in 

height and gluing its upper part to the wide mouth of a 

glass funnel to which a graduated burette was 

glassblown to the narrow mouth. A Lucite disk,
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GRADUATED BURETTE

GLASS FUNNEL

SCRAPER

LUCITE TUBING 

TEST CORE 

BASE 

OUTER RING

PRODUCING OIL

IMBIBITION SOLUTION

INLET VALVE

Figure 4.1. A Diagram of the Static Imbibition 

Apparatus (After Ghedan1)
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8 inches in diameter and 1 inch in thickness, was 

machined to form an outer ring which was fitted and 

glued to the lower part of the main body. This outer 

ring was built to serve two purposes. The first is to 

attach the main body to the base, and the second is to 

provide a port for the imbibing fluid entrance into the 

apparatus. This port has a 1/4 inch NPT fitting 

connected to a valve (inlet valve) to control the 

imbibing fluid flow from the reservoir to the 

apparatus. The base is a Lucite disk, 8 inches in 

diameter, and 1/2 inch in thickness. This base forms 

the bottom part of the apparatus when bolted to the 

main body through the outer ring. An 0-ring is used 

between the base and the main body to prevent fluid 

leakage from the apparatus. The scraper is a tool that 

can fit outside the test core with some clearance 

between and its function is to release the oil drops, 

which tend to stay stuck to the core surface because of 

the surface tension, by manual up and down movements of
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its handle. The scraper is composed of four aluminum 

rings whose inside diameter is slightly bigger than the 

outside diameter of the test core. These rings were set 

on three threaded stainless steel rods with equal 

distance in between. The top ring was attached to a 

thin stainless steel wire of 1/8 inch diameter and 3 5 

inches in length. This wire acts as a handle for the 

scraper".

4.2 Experimental Procedure

The static imbibition experiments were performed in 

three sequential stages. These stages are :

4.2.1 Preparation of the Cores and Physical 

Properties Measurements Stage

4.2.2 The First Water Imbibition stage

4.2.3 The Following Solution Imbibition Stage

4.2.1 Preparation of the Cores and Physical

Properties Measurements stage 

The physical properties and preparation of the
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cores for the imbibition tests were performed as

follows :

1) The core was cut into a cylindrical shape, fired up 

to 95 0°F, during this process the oven temperature 

increased to a maximum of 950°F in seven hours. The 

maximum oven temperature was maintained for three 

hours.

2) Core's dimensions (radius and length) were measured, 

and the bulk volume was determined.

3) The dry core was weighed, placed in a desiccator, 

vacuum was applied, and DI-water was permitted to 

saturate the core 100%. Pore volume and porosity of 

the core were measured from the weight of fluid in 

the core.

4) The permeability was measured by placing the 100%

DI-water-saturated core in the core holder. A 200 

psi confining pressure was applied on the core 

holder rubber sleeve, DI-water was injected through 

the core at three different rates, and the
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stabilized pressure drop across the core at each 

rate was measured. A plot of injection rates vs. 

corresponding pressure drops was generated, and the 

absolute permeability was determined from the 

straight line slope using Darcy's Law:

Q = k A dP / jLiy L (4.1)

Where :

Q - Injection Rate, cm3/sec 

k - Absolute Permeability, darcy 

A - Cross-sectional Area, cm2 

(I* - Water Viscosity, cp 

dP - Pressure Drop, atm 

L - Length, cm 

5) The core was oven dried at 4 0 0°F for seven hours.

4.2.2 The First Water Imbibition Stage

1) Epoxy was applied to the top and the bottom of the 

core to establish radial flow geometry which 

facilitate analytical calculations, leaving the
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radial face to be the only face open to the flow 

during the imbibition stage. A diagram of the radial 

imbibition is shown in Figure 4.2.

2) The sealed core was placed in a desiccator and 100% 

saturated with normal-decane.

3) After saturation, the core was placed on the base of 

the apparatus and the apparatus was bolted into 

place.

4) The DI-water was permitted to fill the apparatus 

through the inlet valve to a specific level in the 

graduated burette, approximately three minutes 

were required to fill the apparatus.

5) The imbibition time was recorded as soon as the 

water touches the bottom of the oil-saturated core. 

The amount of oil recovered by water imbibition was 

recorded as a function of time until the oil 

recovery ceased.

4.2.3 The Following Solution Imbibition Stage

To remove all liquids from the core and to insure
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Sealed Faces Radial Face Open 
To Flow

Figure 4.2. Radial Imbibition Core Sample



T-4753 46

the repeatability of the first water static imbibition 

(wettability restoration) behavior three different 

cleaning procedure were used to determine the best one 

and will be discussed in chapter 6 :

4.2.3.1 Cleaning Procedure #1

1) After the first water imbibition stage, the core was 

placed in the extractor for 4 8 hours using the 

toluene as a solvent.

2) The core was oven dried at 400°F for seven hours to

evaporate toluene.

3) The sealed core was placed in a desiccator and 100%

saturated with normal-decane.

4) The core was placed on the base of the apparatus and

second imbibition test was performed.

5) For further imbibition tests, steps 1 to 4 were

repeated.

4.2.3.2 Cleaning Procedure #2

1) After the first water imbibition stage, the core was
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placed in the extractor for 48 hours using the 

toluene as a solvent.

2) The core was oven dried at 4 0 0°F for seven hours to 

evaporate toluene.

3) The sealed core was placed in a desiccator and 100% 

saturated with DI-water, and oven dried at 400°F for 

seven hours to evaporate the DI-water.

4) The core was then 100% saturated with normal-decane, 

placed on the base of the apparatus and second 

imbibition test was performed.

5) For further imbibition tests, steps 1 to 4 were 

repeated.

4. 2. 3.3 Cleaning Procedure #3

1) After the first water imbibition stagez the core was 

placed in the extractor for 4 8 hours using the 

toluene as a solvent.

2) The core was fired up to 950oF, during this process 

the oven temperature increased to a maximum of 950°F 

in seven hours. The maximum oven temperature was
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maintained for three hours. The oven was turned off 

to permit the core to cool down overnight.

3) Epoxy was applied to the top and the bottom of the 

core to establish radial flow geometry, the sealed 

core was placed in a desiccator and 100% saturated 

with normal-decane.

4) The core was placed on the base of the apparatus and 

second imbibition test was performed.

5) For further imbibition tests, steps 1 to 4 were 

repeated.

The pore volume and the porosity of the core were 

measured (confirmed) between every imbibition 

experiment. The absolute cores permeabilities were 

remeasured at the end of the sets. The change in the 

high permeability cores was approximately 8-10% of the 

original permeability, while the low and intermediate 

permeability cores had only 2-4% change in their 

permeabilities. The change in the porosity and the 

permeability are within the experimental error and
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there is no evidence that the core has changed 

properties after successive cleaning processes. 

Therefore, the porosity and the permeability of the 

cores were assumed to be constant through the 

experiments.
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5. PRESENTATION OF RESULTS

A total of seven sets of static imbibition 

experiments were performed on seven different Berea 

sandstone cores. Core properties are given in Table 5 

and fluids which were used in each set of experiments 

are shown in Table 5.2.

The first two sets of the experiments were 

performed to examine the repeatability of the first 

water static imbibition behavior. Two different 

cleaning procedures were performed on two different 

permeability cores. Application of cleaning procedure 

#1 on core #1, resulted in poor repeatability of 

imbibition tests (the second and the third water 

imbibition experiments did not behave the same as the 

first water imbibition experiment).

The second set of the experiments were performed 

core # 2 with procedure #2. The same behavior was 

found; the second and the third water imbibition
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Table 5.1 

Measured Properties of the Cores

Set
Number

Core
Number

Diameter

cm
Length

cm
Bulk Vol. 

cm 3
Pore Vol. 

cm 3

Porosity

%

Abs.Perm.
md

1 1 5.1 12.9 262.5 60.7 23.1 452.8

2 2 5.1 12.8 265.2 61.1 23.0 605.9

3 9 5.1 12.6 256.2 39.3 15.3 2.6

4 3 5.1 13.2 266.7 56.0 21.0 292.9

5.1 13.3 270.2 57.0 21.1 293.5

5.1 12.9 263.3 60.0 22.8 1910.0

7 8 5.1 13.2 269.9 58.6 21.7 1190.0
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Table 5.2

Fluids Used in the Static Imbibition Experiments

Set # Core # Experiment Fluids IFT with Decane
Number Used dyne/cm

1 Di-Water 23.4
1 1 2 Di-Water 23.4

3 Di-Water 23.4

1 Di-Water 23.4
2 2 2 Di-Water 23.4

3 Di-Water 23.4

1 Di-Water 23.4
3 9 2 Di-Water 23.4

3 Surfactant Solution 1. 08
4 Surfactant Solution 0.05

1 Di-Water 23.4
4 3 2 Di-Water 23.4

3 Di-Water 23.4
4 Surfactant Solution 4 .04

1 Di-Water 23.4
5 4 2 Di-Water 23.4

3 Surfactant Solution 1.08
4 Surfactant Solution 1. 08
5 Surfactant Solution 0.05

1 Di-Water 23.4
6 7 2 Di-Water 23.4

3 Surfactant Solution 1.08
4 Surfactant Solution 1.08
5 Surfactant Solution 0. 05

1 Di-Water 23.4
7 8 2 Di-Water 23.4

3 Surfactant Solution 4 . 04
4 Surfactant Solution 0. 05
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experiments did not match the first experiment. The 

explanation for this behavior will be presented in 

Section 6.2.

The remaining five sets of experiments were 

performed with cleaning procedure #3. They were 

performed to investigate the repeatability of water 

static imbibition behavior, and the effect of IFT and 

core permeability on the final oil recovery and oil 

recovery rate.

The steps of the experimental procedure for these 

sets were presented in Section 4.2.

The amounts of oil recovered during the water 

imbibitions and surfactant solution imbibitions are 

presented in Figures 5.1 through 5.14. The experiments 

number in Table 5.2 indicate the historical order of 

the experiments in each set.
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CORE #1
K =452.8 md

Cleaning Procedure #1 <D =23.0%
70
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1 ) Water  Imbibition

2) Water  Imbibition
3) Water  Imbibition

1000100101

I M B I B I T I O N  T I M E  ( MI N )

Figure 5.1. The Repeatability of Base-Case Water

Imbibition (Set# 1)
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CORE #2
K =605.9 md

C lean ing  Proc edure  #2 0  = 23.0%70
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1 ) Water  Imbibition

2) Water  Imbibition

3) Water  Imbibition

20
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Figure 5.2. The Repeatability of Base-Case Water

Imbibition (Set# 2)
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CORE #9
k = 2.6 md

Cleaning Procedure  #3 0  =15.3%70

60

50

40

30

20
1 ) Water  Imbibition

2) Water  Imbibition

10 10001 100
I M B I B I T I O N  T I M E  ( MI N )

Figure 5.3. The Repeatability of Base-Case Water

Imbibition (Set# 3.1)
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C O R E #9
k = 2 .6  md

^  Cleaning Pro ced ure  #3 0 = 1 5 . 3 %

60

503

40 

30 

20 .

10 .

0 .
1 10 100 1000 

I M B I B I T I O N  T I M E  ( M I N )

Figure 5.4. The Imbibition Tests Data for Different IFT

Systems (Set# 3.2)
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CORE #3
K =292.9 md

Cleaning Procedure #3 0 = 2 3 .0 %
70

60

50

40

30

20
1 ) Water Imbibition

2) Water Imbibition
3) Water Imbibition

1000100101
I M B I B I T I O N  T I M E  ( MI N )

Figure 5.5. The Repeatability of Base-Case Water

Imbibition (Set# 4.1)
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CORE #3
K =292.9 md

Cleaning Pro ced ure  #3 0=23.0%70

60

50

40

30

20 3) Water Imbib. 
23.4 Dyne/cm"

4) Surf. Imbib. 
"4.04 Dyne/cm'

10

0
1 10 1000

I M B I B I T I O N  T I M E  ( MI N )

Figure 5.6. The Imbibition Tests Data for Different IFT

Systems (Set# 4.2)
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C O R E #4
K =293.5 md

Cleaning Procedure #3 0 = 2 1.1%70

60

50

40

30

20
1 ) Water Imbibition

2) Water Imbibition

10001 10 100
I M B I B I T I O N  T I M E  ( MI N )

Figure 5.7. The Repeatability of Base-Case Water

Imbibition (Set# 5.1)
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CORE #4
K =293.5 md

Cleaning Procedure #3 0 = 2 1 . 1%70

60

50

40

30

2) Water Imbib.
"23.4 Dyne/cm'
3) Surf. Imbib.
"1.08 Dyne/cm' 
5) Surf. Imbib.
"0.05 Dyne/cm'

20

10

0
1000100101

I M B I B I T I O N  T I M E  (M in)

Figure 5.8. The Imbibition Tests Data for Different IFT

Systems (Set# 5.2)
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Figure 5.9. The Repeatability of Surfactant Imbibition

Tests Data (Set# 5.3)
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Figure 5.10. The Repeatability of Base-Case Water

Imbibition (Set# 6.1)
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Figure 5.11. The Imbibition Tests Data for Different IFT

Systems (Set# 6.2)
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Figure 5.12. The Repeatability of Surfactant Imbibition

Tests Data (Set# 6.3)
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Figure 5.13. The Repeatability of Base-Case Water

Imbibition (Set# 7.1)
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Figure 5.14. The Imbibition Tests Data for Different IFT

Systems (Set# 7.2)
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6. EXPERIMENTAL DATA ANALYSIS

In this section, the imbibition data were analyzed 

in order to understand the reasons for different 

behaviors of the imbibition curves under different 

conditions. The analysis is focused on: (1) The effect

of cleaning procedures on cores, (2) The effect of 

firing on core imbibition repeatability, and (3) The 

effect of interfacial tension (IFT) on oil recovery.

6.1 Experimental Errors

Four main experimental errors were considered in 

this experimental work : 1) Interfacial tension error,

2) Temperature variation error, 3) Oil recovery rate 

error, and 4) Final oil recovery error.

The error in the IFT values as measured by the 

spinning drop tensiometer is attributed to the accuracy 

of the oil drop diameter measurement and the spinning 

speed. The range of this error was approximately 2-3% 

of the reading.
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The uncertainty in the imbibition experiments 

temperature was due to the variation in the lab 

temperature (67-70°) . This variation may cause a slight 

change in the fluid viscosities, and, consequently, 

cause a change in the final oil recovery and the oil 

recovery rate. The fluid's physical properties were 

measured at 68°, and the same temperature was prevalent 

in the lab while performing all the experiments.

The oil recovery rate and final oil recovery errors 

occurred while performing the static imbibition 

experiments. Oil drops were observed to stick on the 

inside surface of the apparatus, because of partial oil 

wettability of the apparatus surface. Fewer oil drops 

were observed to stick on the apparatus surface in low 

IFT solutions compared to high IFT solutions. The error 

in the oil recovery rate was considered to be 

approximately 2-4%. A scraper was used to mobilize the 

oil drops attached to the apparatus surface. As a 

result, the final oil recovery error was reduced. This
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error was considered to be in range of 0.5-1.5%.

6.2 Effect Of Cleaning Procedures on Imbibition 

Tests

Tests are typically performed on the same core to 

investigate process variables other than rock 

properties. Unfortunately, this is very difficult 

because of possible wettability alteration on the core 

as a result of the cleaning process.

There is considerable confusion in the industry 

regarding the repeatability and comparison of tests 

performed on the same core.

Many investigators choose to use different fresh 

core samples to avoid the controversy of wettability 

alteration. However, the inherent problems with 

changing the rock sample may produce difficulty in 

comparing the data obtained for different cores. In 

both cases, isolating the rock variables is not solved. 

As a result of the effort of this thesis, a possible
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solution is suggested and proven successful in solving 

this problem.

The first two sets of the experiments were 

performed to investigate the effect of extracting the 

cores with toluene and its effects on water static 

imbibition repeatability. Each set of experiments was 

conducted on the same core to evaluate the static 

imbibition repeatability of the experiments.

In the first set of the experiments (Figure 5.1), 

the second and the third water imbibition tests did not 

behave the same as the very first water imbibition 

test. Final oil recovery was the same for all three 

imbibition tests ; however, a time delay was found in 

second and third imbibition tests. To confirm these 

observations, a second set of experiments was performed 

(Figure 5.2) in which a time delay was also found.

Water did not imbibe into the core after cleaning as it

did in the very first water imbibition. This means the

core is no longer strongly water wet and the
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wettability of the core is no longer the same. Since 

the oil used in the imbibition experiments was a light 

oil (normal-decane), the cores were cleaned directly 

after the tests and dried immediately after cleaning. 

The possible cause of the delay in both sets was due to 

extracting the core with toluene. This was found to 

agree with the experimental evidence presented by 

Olhoeft and Trude23 that toluene is physically adsorbed 

onto the surface of the clay, which tends to decrease 

the wettability of the core to water. Kazemi et al.38 

found that for the particular rock/fluid system they 

studied, there is a considerable lag between the time 

water contacts the matrix surface and the time 

imbibition becomes fully effective in a 100% oil 

saturated core. However, they did not find the same 

phenomena in cores with irreducible water saturations. 

There is no clear indication, however, whether the core 

was cleaned with toluene or not.

Handy39 investigated the effect of adsorbed material
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on the imbibition process. He compared the imbibition 

process of freshly fired cores with cores on which 

material vapor had been adsorbed before imbibition. His 

results showed that the effect of adsorption of 

material on the rock surface was considerable. He 

suggested that adsorption of an organic material on the 

rock surface may alter imbibition behavior either by 

affecting water-air interfacial tension or by affecting 

the water-solid contact angle. His data indicated that 

the effect on contact angle was more important.

Therefore, we can conclude that cleaning the core 

with toluene after each experiment decreases the 

wettability of the core to water and that explains the 

cause of the delay in the second and the third tests.

6.3 Effect of Firing on Imbibition Repeatability

Considering possible wettability change in the core 

after cleaning, it was not possible to compare between 

the water imbibition oil recovery and the surfactant 

solution oil recovery experiments.
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A core cleaning technique has been developed and 

proved to be effective to restore the original core 

wettability and to reproduce the same behavior of water 

imbibition, even after the core was cleaned with 

toluene several times. Firing the core at 950°F for 

seven hours was performed on several cores after 

cleaning with toluene. The imbibition data (Figures 

5.3, 5.5, 5.7, 5.10, and 5.13) show that repeatability 

of the water imbibition with this technique is 

excellent. The possible advantage of firing is that all 

the hydrocarbon (Decane) molecules will be evaporated 

and the rock surface is restored oil free. However, 

this method has not been tested for crude oil with 

different compositions.

6.4 Effect of Interfacial Tension (IFT) on Oil 

Recovery

The effect of reduced interfacial tension on the

oil recovery by spontaneous imbibition and gravity

segregation was experimentally investigated. A total of
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five sets of experiments were performed on five Berea 

sandstone cores, with three different ranges of 

permeabilities and four different values of interfacial 

tensions (0.05-23.4 dyne/cm). In all sets, water 

imbibition experiments (base-case) were run more than 

once to confirm the repeatability of the experiments. 

The experimental procedure for these sets is explained 

in Section 4.2, and cores' properties are shown in 

Table 5.1.

6.4.1 Effect of IFT on Oil Recovery in Low 

Permeability Core

A total of four imbibition experiments were 

performed on a 2.64 md core. These experiments are 

presented in Figures 5.3 and 5.4. The figures 

demonstrate the repeatability of high IFT imbibition 

(base-case), and show that as the IFT decreases, the 

time required to recover a given fraction of oil 

increases. Therefore, the rate behavior is in 

qualitative agreement with the dimensionless time
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function (Equation 2.4). The final oil recoveries by 

imbibition of both high (23.4 dyne/cm) and intermediate 

(1.08 dyne/cm) IFT fluids were found to be practically 

the same (approximately 42% of the original oil-in- 

place) . In the high IFT imbibition experiments, oil 

droplets were observed to exit uniformly from the 

radial face of the core, while in the intermediate IFT 

value experiments, approximately 5-10% of the oil drops 

were produced from the top edge of the core and the 

remaining 90-95% were produced from the lower part.

This implies that the most oil displacement in these 

experiments occurred because of the capillary forces.

At the low IFT value experiment (0.05 dyne/cm) 

there was substantial increase in the total oil 

produced (52% of OOIP compared to 42%). In this case 

most of the oil was observed to exit from the top edge 

of the core, which implies that the displacement 

of the oil in this experiment was due to gravity 

forces.
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6.4.2 Effect of IFT on Oil Recovery in Intermediate 

Permeability Cores

The recovery curves for intermediate permeability 

cores (= 300 md) are shown in Figures 5.5 through 5.9. 

The base case imbibition repeatability curves are 

demonstrated in Figures 5.5 and 5.7 for core #3 and 

core #4. The trends of the oil recovery rate behavior 

in both cores differ from that predicted by Equation 

2.4. In this case, the high IFT fluid (base-case) 

imbibed at a slower rate compared to the intermediate 

IFT fluids. The final oil recoveries in each core by 

imbibition of high and intermediate IFT fluids were 

found to be practically the same (at 57% of OOIP). The 

low IFT experiment (0.05 dyne/cm) showed a lower oil 

recovery rate than the high IFT cases, but a larger 

fraction of the oil originally in place was eventually 

recovered. An important change in the flow behavior 

was observed in both cores for intermediate and low IFT 

values experiments. In the case of high IFT, oil was
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produced from all over the radial face of the core, but 

when the IFT was reduced, more than approximately 70% 

of the oil was produced from the top of the radial face 

and the remaining from the lower face. This shows that 

oil imbibition displacement occurred because of two 

different regimes, namely, the capillary and the 

gravity forces.

A second experiment was performed on core #4 using 

the same surfactant solution (1.08 dyne/cm) to 

investigate whether or not it is possible to re-use the 

core after the surfactant solution imbibition tests. 

Figure 5.9 shows the repeatability of the surfactant 

solution imbibition tests is excellent (the same final 

oil recovery and oil recovery rate were found (56.5% of 

OOIP)). These imbibition results show that firing the 

core after the surfactant imbibition test eliminates 

the effect of surfactant adsorption which allows the 

reuse of the core for further tests.
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6.4.3 Effect of IFT on Oil Recovery in High 

Permeability Cores

Two sets of experiments were performed 

to evaluate gravity effects in a low IFT system and 

high permeability cores (Figures 5.10 through 5.14) .

In the high and the intermediate IFT experiments, 

the imbibition fluid rapidly imbibed into the corez 

with 50% oil recovery occurring after approximately 

three minutes. And since three minutes were required to 

fill the apparatus, it was not possible to observe the 

difference in the rate of oil recovery between the 

water imbibition and surfactant solution imbibition. At 

the end of the experiments, the final oil recovery by 

imbibition of the high and the intermediate IFT fluids 

were found to be practically the same in both cores. In 

the low IFT experiment, the oil recovery rate was slow, 

but the final oil recovery was significantly higher in 

comparison with the intermediate and high IFT fluids 

oil recovery. During all the low IFT experiments, more
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than 90% of the produced oil was observed to exit from 

the top edge of the radial face of the core, which 

indicates gravity dominated flow. While performing 

these two sets of experiments, it was observed that 

gravity forces are the dominant forces for imbibition 

in these cores.

6.5 Discussion

Interpretation of imbibition data generally 

considers capillary pressure as the driving force 

behind imbibition. For low IFT fluids, one would expect 

a decrease in the capillary forces and therefore slower 

mobilization of the non-wetting phase during 

imbibition, as Equation 2.4 indicates. According to the 

experimental results outlined here, this is not 

necessarily the case. The reduction of IFT apparently 

enhanced the final oil recovery and the oil recovery 

rate in some cases.

6.5.1 Imbibition Rate

Imbibition is dominated by capillary forces at high
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values of Ng’1, which is the ratio of the capillary to 

gravity forces, and hence counter-current flow occurs 

at the radial face of the core (Figure 6.1.a).

Because the flow is counter-current, relative 

permeabilities of both phases are low. Thus, the rate 

of imbibition represents a balance between the 

relatively large capillary pressure force that is 

driving imbibition and the flow resistance created by 

the two phases.

As Ng"1 is reduced by lowering IFT, gravity forces 

become more important. Hornof40 found that gravity 

segregation takes place if IFT is reduced sufficiently. 

In the limit of very low IFT, the flow is completely 

dominated by gravity. In this case, the relative 

permeabilities of the fluids are higher because flow is 

co-current (Figure 6.1.b). The relative permeability 

data of Bourbiaux41 showed that co-current relative 

permeabilities are much higher than counter-current.

With co-current flow, the resistance to flow is
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a) Capillary Pressure b) Gravity Dominated
Dominated Flow Flow

c) Capillary and Gravity Dominated Flow 

(After Orr et al.25 with Modifications) 

Figure 6.1. Imbibition Dominated Forces
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lower, but there are no strong capillary forces to 

drive imbibition. The imbibition rate is set by the 

density differences and the permeability of the core.

For the intermediate values of Ng’1, the gravity 

contribution is strong enough to cause considerable 

segregation of the flow, which keeps relative 

permeabilities high, and capillary forces are still 

strong enough to boost the driving force of fluid flow. 

This situation is illustrated in Figure 6.I.e. The 

imbibition rate for intermediate IFT can be higher than 

the rate for either capillary-dominated or gravity- 

dominated limits.

It can be concluded that the oil recovery behavior 

is explained by the transition from capillary dominated 

to gravity dominated flow as the IFT or Ng’1 are 

reduced.

6.5.2 Data Analysis with Handy's Model

Handy39 performed static imbibition experiments 

using sandstone and limestone cores. He proposed an
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imbibition model in which water (wetting phase) was 

displacing air (non-wetting phase). Three assumptions 

were made to derive the imbibition model: 1) the water 

imbibes in a piston-like manner, 2) the pressure 

gradient in the air phase ahead of the water front is 

neglected and, 3) the gravity forces are much less than 

capillary forces.

Handy derived the following relationship for water 

displacing air :

Q  w = (-- c- ^ ---- ~ ) t  (6.1)
H' w

where :

Qw - Total water volume imbibed 

Pc - Capillary pressure 

kw - Water permeability 

(|) - Sample porosity, fraction

A - Cross-section area of sample 

Sw - Fraction water content of the pore spaces 

- Water viscosity
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According to the above relationship, a plot of Qw2 

versus imbibition time for fired cores resulted in 

reasonably straight lines plots as shown in Figure 6.2. 

The imbibition rate is more rapid in cores with the 

highest permeability. The slope of the line (which is 

equal to 2 Pc kw (|) A2 Sw / ) can be used to obtain Pckw.

32

k = 1100 md28
k = 1224 md

k = 528 md24

20

k = 318 mdI 6

I 2

8

4

0
300600 1200I 0002000

Time - sec

Figure 6.2. Handy's39 Experimental Data
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Since the effective permeability (kw) can be measured 

independently, the capillary pressure can be derived 

from the imbibition data (slope of Qw2 versus time).

The imbibition data have been analyzed based on 

Handy's theory and are shown in Figure 6.3. The 

following conclusions are made based on Figure 6.3:

1. The general trend of imbibition rate vs. rock 

permeability follows Handy's observations 

(decreasing recovery rate as permeability 

decreases).

2. Earlier imbibition performance shows a straight line 

until a point beyond which the imbibition oil 

recovery is no longer following the straight line 

performance as shown by Handy.

As mentioned earlier, if the imbibition process is 

capillary dominated, then it is expected that the Qw2-1 

plot would result in a straight line. A departure from 

the straight line relationship may be explained as 

follows :
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Figure 6.3. Qw2 vs. Imbibition Time for the Static

Imbibition Results
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1. The imbibition process is dominated or affected by- 

forces other than capillarity.

2. The process of counter-current imbibition does not 

agree with Handy' s model which describes a co

current imbibition process.

3. At the end of the straight line portion, there is a 

transition to the final oil recovery which 

eventually leads to a horizontal recovery line (zero 

slope).

Visual observations made during imbibition tests 

performed in this study indicated that early oil 

production appears to be obtained from counter-current 

capillary imbibition. Afterward, oil is produced from 

the top edge of the core in progressively increasing 

quantities indicating that gravity is the dominant 

recovery mechanism. As the imbibition process 

progresses, additional oil recovery is attributed to 

the increasing gravity effects and to a lesser extent 

from capillarity.
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Theoretical basis for the observed behavior is 

explained as follows :

Capillary forces are at their highest value at the 

first instant the imbibition process is initiated 

because of the imbibition from the smallest 

pores/capillary tubes. The capillary forces initially 

are much greater than the gravity forces. As larger and 

larger capillaries become available for imbibition, the 

rate of imbibition decreases proportionally to the 

capillary radius as capillary pressure decreases. A 

certain transition is eventually reached where 

capillary forces are no longer the major contributing 

mechanism for oil recovery.

Another method for analyzing the imbibition data is 

shown in Figure 6.4. A Log-Log plot of cumulative oil 

recovery versus imbibition time is shown to test the 

application of Handy's model to the imbibition data. 

According to Equation 6.1, the Log-Log plot should 

yield a straight line with a slope equal to 0.5.
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Figure 6.4. Log (Qw) vs. Log (t) for the Static

Imbibition Results
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Assuming that Handy's model applies to the data, the 

expected slope for the early capillary dominated flow 

data is approximately equal to 0.5.

The following conclusions/observâtion are made 

based on Figure 6.4:

1. Early capillary-dominated flow data in the 2.6 md 

core agrees well with Handy's model (the slope is 

equal to 0.48 which compares well with 0.5 slope 

predicted by Handy). However, as fluid IFT is 

decreased (1.08-0.05 dyne/cm), the imbibition 

performance departs from Handy's model prediction. 

This may indicate that in low IFT imbibition 

experiments gravity forces have greater influence on 

the early production performance.

2. Limited early recovery data from high and 

intermediate permeability cores are available for 

the analysis of the flow performance. However, 

available evidence from high IFT data indicates a 

slope close to 0.5.
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6.5.3 Final Imbibition Recovery

This section will address the following :

1. Show and explain the effect of IFT on oil recovery 

and compare the results with other investigators.

2. Explain the effect of Permeability on oil recovery.

Inverse Bond number (Ng-1) is evaluated and 

correlated to show that the imbibition oil recoveries 

at low IFT are more efficient than those at high IFT. A 

sample calculation of the inverse bond number is 

presented in Appendix A. Figure 6.5 shows how the oil 

recovery varies as the relative importance of gravity 

and capillary forces change. When the inverse Bond 

number (Ng"1) is less than 1.0, oil recovery starts to 

increase sharply, for all cores. This relationship 

between oil recovery and inverse bond number appears to 

be similar to the ones documented by Orr25, Morrow and 

Songkran42, and Morrow et al.43.

Orr et al.25 reported the results of static 

imbibition experiments with different values of NB 1.
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Figure 6.5. Effect of NB-1 on Oil Recovery
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They found that capillary forces dominate at high NB-1 

and the flow is counter-current, while at low NB_1 

values, gravity segregation dominates the flow. This is 

in agreement with the observations made in this study. 

They reported that the oil recovery decreases for all 

tests conducted at or below a critical Ng-1 value of 

1 .0 .

Figure 6.6 shows oil recovery versus NB_1 for the 

static imbibition results of this work in addition to 

Orrz s results. The following observations are made 

based on comparing the two data sets :

1. The results of this work showed a consistent 

relationship governing oil recovery rate with NB_1. 

For a given change in NB"\ the rate of oil recovery 

increases as the rock permeability decreases. The 

same relationship is also shown by Orr.

2. At a given NB~\ oil recovery increases with 

increasing rock permeability. However, Orr7 s data 

does not reflect a consistent relationship.
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Figure 6.6. Effect of Nb’1 on Oil Recovery by Orr et

al.25
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3. In general, Orrz s data show greater oil recovery for 

most Ng’1 values and all rock permeability ranges.

In their experimental work, Orr et al. used 

cylindrical cores with all the surface area subjected 

to the imbibing fluid. Therefore, there is no 

possibility of oil trapping under a sealed surface. In 

this work, the top and the bottom flat surfaces of the 

cores were sealed with epoxy. This may cause some 

trapping of oil below the top sealed surface. In 

addition, Orr et al. used a different fluid system (ISO 

octane/IPA/Brine).

Morrow and Songkran42 conducted displacement 

experiments to investigate the trapping of non-wetting 

phase (oil) in packing of equal spheres for a wide 

range of capillary numbers (ratio of viscous to 

capillary forces) and inverse Bond numbers. They showed 

that no trapping of oil will occur when the inverse 

Bond number (Nb’1) is less than 3 (Figure 6.7). When the 

Ng"1 is greater than 200, gravity forces have no effect
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on the amount of trapped residual non-wetting phase 

saturation, and residual saturation depends only 

on the capillary number. They also suggested that for 

low IFT fluid systems, gravity may have significant 

influence on the microscopic displacement in reservoir 

rock.
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Figure 6.7. NB_1 vs. Trapped Oil by Morrow and Songkran42
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Extensive work was conducted by Morrow43 using bead 

packs to investigate the effect of gravity to capillary 

forces ratio (expressed as the inverse Bond number) on 

oil entrapment using different IFT solutions. He showed 

that as the inverse Bond number (Ng™1) decreases z the 

trapped residual oil saturation decreases (Figure 6.8).

LEGEND

BRINE - ISO-OCTANE- IRA S Y S T E M -( N c = I.O IxlO *5 )

SOLTROL OIL-AIR SYSTEM - (  N c = 2 .8 2 xIO *5) 12

SOLTROL OIL-AIR S Y S T E M ~(N r = 1.01 x IO"5-b y  in te rp o la tio n )

o  20
<
ce3
_i<3a
CO
UJ
cro
lxl
CL
CL
<X
crt-

50100 1257525 5 0

cr
INVERSE BOND NUMBER

Figure 6.8. Effect of Ng'1 on Trapped Oil by Morrow43
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Fulcher44 carried out a series of relative 

permeability measurements to investigate the effect of 

IFT on two-phase relative permeabilities. The 

experimental technique involved flowing both phases 

simultaneously through the core and calculating the 

effective permeabilities with Darcy's law applied to 

each phase. They found that at an interfacial tension 

(IFT) of 5.5 dyne/cm, a slight increase was observed in 

the wetting phase permeability (water) but not in the 

oil permeability,(Figure 6.9). However at 0.335 

dyne/cm, both water and oil relative permeabilities 

showed large increase, indicating less resistance to 

flow. At the lowest IFT value of 0.038 dyne/cm, further 

increase in permeabilities was noted. For both drainage 

and imbibition fluid flow processes, large increase in 

relative permeabilities occurred below 5.5 dyne/cm 

indicating a critical point when fluid began to move 

easily.

The observation related to the existence of a



critical IFT value, below which significant reduction 

in the oil trapping or significant increase in oil 

mobilization (oil recovery) has been documented by 

Saleh and Graves45. They correlated the IFT with the 

break up of an oil bubble in a capillary tube. This 

correlation is shown in Figure 6.10. They used a core

equilibrated fluid system to draw the following 

conclusions :

1. Oil bubbles break down into many smaller bubbles in 

a low IFT environment. The minimum IFT required to 

promote break up is approximately 2 dyne/cm. Below 

this value the oil bubbles become very unstable and 

susceptible to elongation and breakdown.

2. As the IFT decreases below a critical value of 2, 

the number of smaller oil bubbles which separates 

increases. Therefore, it becomes easier to pass 

through the pore throats and, consequently, 

increases oil recovery.

Mohanty et al.46 conducted a series of displacement
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experiments in which oil was displaced from an 

initially oil-filled porous rock by water. They 

reported that at low IFT fluid displacement the 

residual oil saturation decreases, and as IFT is 

reduced the residual oil bubbles tend to be smaller. 

Mohanty suggested that as the pore size distribution 

becomes wider (as permeability increases), a decrease 

of residual oil saturations with IFT becomes smoother.

Based on the collective evidence reported earlier, 

it appears that a critical IFT value is required for a 

significant increase in oil recovery (above the 

recovery obtained for water imbibition/displacement). 

The results shown in this work agrees well with the 

findings of other investigators.

Figure 6.11 shows that as the core's absolute 

permeability and porosity scaling factor increases, the 

oil recovery by static imbibition increases. This 

correlation can be explained as follows : As the 

permeability increases, the average core's pores size
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increases, which facilitates the oil bubbles passage 

through the pore throats. Consequently, the final oil 

recovery increases.
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6.6 Dimensionless Imbibition Performance Prediction

This section will present the dimensionless 

analysis performed to scale the static imbibition 

results. Cumulative recoveries, QD, (as a fraction of 

total recovery) were correlated with two dimensionless- 

time equations, TD1 and TD2.

These dimensionless flow equations have been 

described in the literature27,28 for predicting 

multiphase flow phenomena. These are defined as 

follows :

Experimental data for cores (4, 7 and 9) with three 

different IFT solutions correlated with each of the two 

dimensionless equations yielded scattered curves, as 

shown in Figures 6.12 and 6.13.

(6 .2 )

(6.3)
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In almost all the experiments, the role of gravity and 

the capillary forces was significant ; therefore ; it was 

not possible to scale the imbibition experimental data 

only with Equation 6.2 for capillary dominated flow or 

Equation 6.3 for gravity dominated flow.

DeFour41 combined TD1 and TD2 to derive a new term,

TD3, to describe the flow, as follows :

To] = A TD1 + B TD2 (6.4)

where: A is capillary constant 

B is gravity constant.

Therefore, we may "tailor" this dimensionless 

variable to properly account for the relative magnitude 

of both capillary and gravity effects. The constants A 

and B can be adjusted to yield the minimum possible 

scatter in the recovery data. The same data used in 

previous plots, now plotted against TD3 (assuming,

A=B=1), are presented in Figure 6.14. In this case the 

data were spread but the spread observed was less than
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Dimensionless Production, QD 

(for Three Different IFT Solutions).
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the ones observed with either TD1 or TD2 as scaling 

parameters.

Further improvement in the correlation was achieved 

by changing the capillary and the gravity constants in 

TD3. In order to optimize the scaling parameter, TD3, 

all three cores' data sets were plotted using different 

values of A and B, versus the dimensionless production, 

Qd. Several different values of A and B were fitted to 

TD3 equation, and these values were derived by a trial 

and error process. The best TD3 function, is the one 

which shows the least scatter as judged by R2 (Multiple 

Correlation Coefficient). Then the equation which 

describes the dimensionless cumulative production, QD, 

and the dimensionless time (TD3) is determined. Such a 

relationship provides a means of scaling the laboratory 

oil production results up to field-size performance30.

Various equations for TD3 were evaluated to scale 

the combined data sets. The best results were achieved 

by the following time function (Figure 6.15):
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TD3 — 3 0 TD1 + TD2 (6.5)

and the dimensionless production equation which can 

represent an average for all three sets is given by :

where :

Qd - Cumulative recovery as fraction of pore volume 

X = 2

t - Dimensionless time, TD3

6.7 Practical Field Application

A major challenge to petroleum engineers is to 

scale the laboratory results to field scale. However, 

this effort is typically hampered by the lack of 

adequate reservoir characterization data. In a 

fractured system, the path for fluid flow is controlled 

primarily by the directional fracture permeability. 

Reservoir simulation is typically performed to scale 

lab results to the field. Basic data required for the 

simulation include the imbibition oil recovery data on
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a single unit of a rock matrix/fracture system. The 

laboratory data is then essential for calibrating or 

fine tuning the simulation. Once this is accomplished, 

the reservoir simulation is run to address multi-units 

performance which can include the effect of variation 

of fractures width, pattern, and other uncontrolled 

variables. Dimensionless scaling of the imbibition 

process results in the form of TD-function, which is 

another method for applying (at least qualitatively) 

the lab data. This scaling method requires that :

TD3 (Lab model) = TD3 (Field) (6.7)

The application of the above equation should be 

exercised with caution. The following considerations 

may complicate the validity of the above equation :

1. The effect of sample size and geometry (for example 

cubic versus cylindrical) are not understood.

2. The time scale for laboratory experiments is much 

shorter than field scale.
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3. The process of imbibition in a fractured reservoir 

cannot be adequately described by static 

imbibition. Dynamic imbibition scaling should be 

developed.

4. The determination of contacted region in a water or 

surfactant flood must be evaluated. Little if any 

published data is available to address sweep 

efficiency in a fractured reservoir.

Despite all the provisions set forth, one can 

obtain useful data to answer basic questions such as :

1. How much oil recovery is expected by water flooding 

alone?, and,

2. How much additional oil recovery is obtained from 

surfactant flood?

3. If surfactant flood is economically viable, how much 

surfactant concentration is required?

To provide answers to the above questions the 

following steps are taken :
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1. Knowing basic rock properties (k and (()) as well as 
oil/water IFT, Figure 6.12 ( vs • Oil Recovery)

can provide an approximate oil recovery for a water 

flood (% of oil in place). Also, if surfactant 

solution is used, the ultimate oil recovery is 

obtained as a function of IFT values. By selecting 

an appropriate IFT value (surfactant concentration), 

the ultimate oil recovery can be obtained.

2. The economics of a water flood and/or surfactant 

flood is governed by the following :

(A) Obtaining dynamic imbibition data on oil recovery 

as a function of pore volume injected. This data 

is derived experimentally.

(B) Run different simulation scenarios to investigate 

the sensitivity of oil recovery process.

(c) Based on simulation results (oil recovery versus 

time), the economics can be evaluated with a 

particular criteria (such as net present value).
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7. CONCLUSIONS AND FUTURE WORK RECOMMENDATIONS

7.1 Conclusions of Static Imbibition Experiments

Based on the experiments' results, the following 

conclusions are considered applicable to the rock fluid 

systems used in this study :

1) Oil recovery by static imbibition could not be 

repeated after each Toluene extraction procedure. 

This indicated a wettability change in the core 

after cleaning. A core cleaning restoration 

procedure has been developed to restore Berea core 

original static imbibition performance. This method 

was successful even after surfactant solution 

imbibition test.

2) A critical minimum Ng’1 (0.1-1.0) is required to 

achieve appreciable increase in the final oil 

recovery by static imbibition.

3) Imbibition can occur in three different regimes as 

shown in Figure 6.1: capillary-dominated, gravity-
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dominated, and an intermediate regime where both 

forces affect imbibition.

4) Reduction of IFT for imbibing fluids may increase or 

decrease imbibition rate, depending on the relative 

contribution of capillary and gravity forces.

5) Scaling the static imbibition results was best 

achieved by combining the gravity and the capillary 

dimensionless variables.

6) Handy's model applies best to early imbibition oil 

recovery data and in low permeability cores.

7.2 Recommendations For Future Work

The following recommendations concerning future

laboratory imbibition studies are suggested :

1. Scaling of gravity and capillary driven flow of two 

immiscible fluids requires additional investigation.

2. A mechanism for obtaining frequent and accurate 

recovery data is essential for simulation work.

3. Relative permeability effects and the remaining non

wetting phase saturation distributions have not been



T-4753 118

examined during the imbibition process, and might 

merit additional attention.

4. For a given rock/fluid system, a systematic study 

should be undertaken to examine the effect of core 

sample shape, size, and amount of surface exposed to 

imbibition on oil recovery process.

5. Investigating the effect of different cleaning 

methods with different solvents, heating 

temperatures and heating times on the imbibition 

rate and final oil recovery by imbibition.

6. Micromodel studies :

Special micromodels should be made from thin 

sections of real cores. The micromodel should be 

designed to observe and record in real time the 

imbibition process. Immersion of these models in 

horizontal or vertical positions can show the effect 

of gravity on the imbibition process. Color video 

recording can reveal information on the recovery 

process as well as the final phase distribution in
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the pore network for different IFT systems. The 

micromodel study should also include the effect of 

Swi on the oil recovery process.
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NOMENCLATURE

CMC - Critical micelle concentration

g - Gravity acceleration, cm/sec2

H,h - Height of a porous medium, cm

IFT - Interfacial tension

k - Porous media absolute permeability, cm2

L - Length of the porous medium, cm

OOIP - Original oil-in-place

Pc - Capillary pressure, psi

PD - Pressure in the oil phase, psi

Pw - Pressure in the water phase, psi

Rx and R2 - Principal radii of the interface

curvature 

rp - Pore radius

t - Imbibition time, sec.

Tn - Dimensionless time
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pgQ - Oil specific weight, gm/cm3

pgw - Water specific weight, gm/cm3

dp - Density differences, gm/cm3

a - Interfacial tension, dyne/cm

Pv, - Water viscosity, cp

p0 - Oil viscosity, cp

gow - Interfacial tension between oil and

water, dyne/cm 

0 - Contact angle, degree

<|) - Porosity, fraction
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APPENDIX A 

SAMPLE CALCULATIONS*

Inverse Bond Number Data

Sample Permeability

(md)

Length

(cm)

Porosity

(t)

Pore Volume 

(cm3)

Core # 9 2.6 12.6 0.153 39.3

Core # 4 293 .5 13 . 3 0.211 57 . 0

Core # 8 1190.0 13 .2 0 .217 58 . 6

Sample

Nb"1 

a = 23.4 

Dyne/cm

Nb'1 

a = 4.04 

Dyne/cm

Nb'1 

a = 1.08 

Dyne/cm

Nb'1 

a = 0.05 

Dyne/cm

Core # 9 213 .2 ~ 9 . 8 0.4

Core # 4 22.3 - 1. 0 0 . 05

Core # 8 11.3 2 . 0 - 0 . 02

* Numbers used in bold
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Sample Calculation ( core #9 ) :

CT

A p g 7/ 

where:
C (Du Prey34 constant) = 0.4 

pgw (Water specific weight) = 0 . 9 9 8 , gm/cc 

pgQ (Oil specific weight) = 0.728, gm/cc 

g (Gravity acceleration) = 980 cm/sec 2 

k (Core absolute permeability) = 0.0026 md 

(|) (Core porosity) = 0.153 

H (Core height) = 12.6 cm

Darcy to cm 2 conversion factor = 0.98x10 8

23.4 x ■ °-153
N ~ ' = 0.4 x -----v 0.0026 x 0.98 x_10—  _ 213.2

0.27 x 981 x 12.6
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Spinning Drop Tensiometer Equation :

I F T ( d y n e  / cm) = 61.483(— )2Z)3(p5 - p o)
w

where :

w (Spinning drop tensiometer speed)= 14.55 r.p.m 

ps (Surfactant solution specific weight)= 0.99775 gm/cc 

pD (Oil specific weight) = 0.728 gm/cc 

D (Oil drop diameter) = 2.4

I F T { d y n e  I cm) = Ô I A S S C ^ — )22.43(0.99775 - 0.728) = 1.08

IFT (dyne/cm) Surfactant Cone, (wt.%)

23 .4 0

4 . 04 0 . 05

1.08 0.1

0 . 05 0 . 6
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APPENDIX B

DATA FROM THE STATIC IMBIBITION EXPERIMENTS AND 

INTERRACIAL TENSION MEASUREMENTS

The floppy diskette of this Appendix contains the 

data of the static imbibition experiments and the IFT 

measurements for different concentrations of surfactant 

solution. The imbibition data are stored as Excel files 

named after the core numbers of the experiments.


