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ABSTRAK
Informasi tentang permeabilitas air - minyak dari batuan reservoar memainkan peranan yang penting 

dalam kegiatan pemodelan yang berhubungan dengan pemodelan reservoar dan peramalan produksi. 
Permeabilitas relatif dalam skema imbibisi - skema yang merupakan tema dari tulisan ini - berpengaruh 
besar atas berbagai proses dinamis di reservoar. Proses injeksi air dan masuknya air dari akuifer ke reservoar 
merupakan dua contoh yang membutuhkan data tersebut. Studi ini menggunakan model permeabilitas 
relatif Corey sebagai model permeabilitas relatif imbibisi yang digunakan. Data laboratorium dari 340 
percontoh - batupasir dan batugamping- dengan berbagai permeabilitas dan wetabilitas yang diambil dari 
berbagai lapangan minyak di Indonesia digunakan. Kegiatan pemodelan yang dilakukan menunjukkan 
perlunya untuk menambahkan dua faktor empiris yang berhubungan dengan wetabilitas batuan dan 
hambatan diluar pembasahan ke dalam model. Peran kedua faktor tersebut dalam model senyara nyata 
meningkatkan kemampuan dari model, dan nilai-nilai yang dianggap paling baik untuk kedua faktor 
juga dihasilkan sesuai dengan jenis wetabilitas dan kategori permeabilitas batuan. Perbandingan antara 
hasil pemodelan sebelum dan sesudah modifi kasi menunjukkan perbaikan dalam validitas dari keluaran.
Kata Kunci: Permeabilitas relatif air - minyak, wetabilitas, minyak terperangkap, perbaikan model

ABSTRACT
Water-oil relative permeabilty information of hydrocarbon reservoir rocks plays important roles 

in various modeling activities related to reservoir modeling and production forecast. The imbibition 
relative permeability scheme - the process of concern in this study – affects many dynamic processes in 
reservoir. Water fl ooding and water encroachment form aquifer to oil zone in the reservoir are two two 
examples which representation in reservoir model requires the data. This study uses the standard Corey relative 
permeability model as a tool to study and model imbibition relative permeability behaviour of some reservoir 
rocks in Indonesia. Laboratory data from as many as 340 rock samples - sandstones and limestones - of 
various permeability and wettability from various oil fi elds in Indonesia is used. Activities in the modeling 
has pointed out the need to introduce two new empirical factors that relate to rock wettability and non-
wetting fl ow hindrance to the model. The two factors appear to have signifi cantly improved the ability of 
the model to agree and match to the measured data. The modeling also produces suggested values of the 
factors for rock groups based on rock wettability type and strength, as well as on permeability categories. 
Comparison between modeling results before and after modifi cation has shown signifi cant improvement 
in validity of output.  
Keywords: Imbibition water-oil relative permeabilities, wettability, oil trapping, model improvement
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I. INTRODUCTION

Fluid movements in porous and permeable rocks 
are largely governed by a petrophysical property 
referred to as the relative permeability. This includes 
fl uid movements in hydrocarbon reservoirs, be them 
sandstones, limestones, or others. Different rocks 
with their different pore features and fl uid-rock, as 
well as fl uid-fl uid, interactions tend to have different 
characteristics of relative permeability. These differ-
ent characteristics are further infl uenced by relative 
volumes of the reservoir fl uids and saturation history 
in the form of drainage process - e.g. the encroach-
ment of non-wetting gas from gas cap into oil zone 
- and imbibition process, in which displacement by 
the wetting formation brine from aquifer on the oil 
phase in the reservoir is one of the examples. De-
tailed discussion on the factors and their interaction 
in micro scales can be found in references such as 
Blunt (2017). Different relative permeability shapes 
and end-points caused by all these factors determine 
exploitation path and recovery factors in the hydro-
carbon production from the reservoirs. 

One of the most affecting factors that shape 
the relative permeability characteristics is wetting 
tendency of reservoir rocks by reservoir liquids, i.e. 
water or/and oil, or universally known as wettabil-
ity. The importance of this rock property on relative 
permeability has been acknowledged and therefore 
been studied in depths accordingly. As early as late 
1920s had the petroleum industry acknowledged the 
importance of wettability on multiphase fl ow (Fatt & 
Klikoff, 1959), and since then an abundant volume 
of study results has been reported on the issue. Some 
researchers in their various laboratory studies (e.g. 
Schneider & Owens, 1970; Owens & Archer, 1971; 
Donaldson & Thomas, 1971; Morrow et al, 1973; 
McCaffery & Benion, 1974; Wang, F.H.L., 1988; 
and Chang et al, 1997) revealed that rock wettability 
types have strong infl uence on relative permeability 
characteristics while others also did similar studies 
for the same objective through wider angle of views 
and more varied observation tools (e.g. Amaefule & 
Handy, 1982; Heaviside et al, 1987; Jadhunandan & 
Morrow, 1995; Pedrera et al, 2002; Masalmeh, 2003;  
Rao et al, 2006; Cinar et al, 2007; Zhao et al, 2010; 
and Falode & Manuel, 2014). In conjunction with 
the laboratory works efforts have also been spent 
to improve our further understanding on the issue 
through theoretical/modeling works (e.g. Heiba et al, 
1983; Bradford et al, 1997; Huang et al, 1997; Øren 

& Bakke, 2003; Nguyen et al, 2005; and Gharbi & 
Blunt, 2012).

The issue of establishing a relatively simple 
relative permeability model for practical application 
in various activities using dynamic fl ow models is 
always actual. A relatively simple but reliable model 
is always desired. With regard to that aim a series of 
studies have been performed on laboratory-derived 
imbibition water-oil relative permeability and wet-
tability data of a large set of sandstone and limestone 
core samples obtained from various reservoirs 
in Indonesia. Attempts have been made to apply 
existing relative permeability model – the Brooks-
Corey model in this case – on the data. A series of 
disagreements has been readily observed from the 
model’s application on the data which is notably due 
to infl uence of rock wettability. This paper presents 
the  attempt to introduce modifi ed parameters on the 
model, which in the end to provide a better imbibition 
three-phase relative permeability model that takes 
into account rock wettability strength.   

II. METHODOLOGY

A. Relative permeability model

Relative permeability has long been recognised 
as a reservoir petrophysical property that governs 
movements of reservoir fl uids – usually two or three 
– under reservoir condition. This emphasizes its 
importance in the attempts to understand and model 
reservoir’s fl uid fl ow mechanisms in their relation to 
hydrocarbon production. Although laboratory direct 
measurement in core laboratory has been established 
as the standard method for obtaining the data but, 
nevertheless, models (i.e. mathematical models) are 
always required both as a means for the purpose of 
understanding over the mechanism and as a means 
for overcoming data scarcity.

Early researchers such as in A.T. Corey in 1954 
established oil-gas relative permeability based on 
Burdine’s variation in pore sizes and fl uid saturation 
distribution model. Later the model was expanded in 
Corey et al (1956) and Brooks & Corey (1964). Other 
approaches in modeling relative permeability have 
also been taken such as the fl exible LET approach 
(e.g. Lomeland & Ebeltoft, 2013; and Lomeland, 
2018), empirical (e.g. Honarpour et al, 1982), and 
pattern recognition (e.g. Guler et al, 2003). In this 
work, however, the classic Corey three-phase relative 
permeability model is used to analyse the relative 
permeability data due to its relative simplicity.
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obtained from laboratory measurements on the sand-
stone and limestone core samples. A correlation of
      vs          is to be established, and it was originally 
planned to determine the most representative     
    values for the reservoir rocks examined.

B. Relative permeability and wettability data

For laboratory imbibition relative permeability 
measurements, two huge sets of data have been used. 

Imbibition process is a condition in which the non-
wetting phase fl uid - usually taken as hydrocarbon 
- is displaced by the wetting-phase fl uid (i.e. water). 
This process is usually made to represent conditions 
in reservoirs such as aquifer water encroachment 
to oil/gas zone or displacement of water on oil in 
waterfl ood. As the imbibition process is explained 
and presented in Standing (1975), the wetting-phase 
relative permeability         for imbibition process - 
which is essentially the same for drainage process 
(i.e. is not affected by saturation direction) is 
expressed in the form of 

While   is accordingly denoted as ‘trapping 
constant’. The       constant can theoreticaly be determined 
from laboratory fl uid displacement test, even though 
Standing proposed the use of values between 1 
and 3. The   constant is regarded important since it 
controls the shape of the non-wetting phase curve. 
In this study, the values of  are not calculated but are 
chosen within the range of 1-3.

For the non-wetting (i.e. oil) relative permeability.
     , Corey established that provided it is governed 
solely by the free oil phase saturation (normalized,
       ) - the oil volume that is not trapped by incoming 
water in the larger pores - then it can be expressed as

(1)

with       is normalized water saturation of

and      and       as water saturation at one point during 
wetting-phase saturation process and ir-reducible 
water saturation, respectively. Lambda      in 
Equation (1) is defi ned as ‘pore distribution index’, 
a parameter that describes the complexity of the 
pore system. It has positive dimensionless values of 
which the smaller the values the more complex the 
pore confi guration of a rock (i.e. more varied pore 
sizes). Standing (1975) suggested values of between 
0.5 and 4 for sandstones and limestones, which were 
later in this study proved not to be entirely accurate.   

Unlike in drainage scheme, in imbibition 
displacement the concept by Corey puts that during 
the saturation process some of the non-wetting 
phase - oil in this case - is trapped in larger pores, 
while the smaller pores remain fully water saturated, 
hence does not contribute to oil relative permeability 
at some water saturation values. In regard to the 
imbibition displacement, Land (1968) found 
relationship between normalized initial and residual 
oil saturations (       and      , respectively) as

(2)

with 

(3)

with      represents a normalization factor that 
converts oil relative permeability from basing on in-
trinsic rock permeabilty (represented by air 
permeability,             ) to basing on oil maximum effective 
permeability (                  ). The two permeability values 
for producing the ratio are available in any imbibition 
relative permeability laboratory measurement, and 
since the ratio is closeley linked to irreducible water 
saturation (          ) correlation between the two is to 
be established for model application purposes carried 
out in this study.

As presented in Standing (1975) the concept 
of ‘free oil saturation’ is imaginary in nature, and 
therefore it is approximated through the use of

for every          in equation (4), which in turn can 
be estimated using

(4)

In this study, equations (1) and (3) are applied to 
model the water-oil imbibition relative permeabilities 

(5)
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The fi rst set consists of  water-wet core samples of 
various wettability strengths (170 sandstones and 29 
limestones) whereas the second set is made up by 141 
oil-wet and mixed-wet samples (121 sandstones and 
20 limestones) of various wettability strengths. The 
one and 1.5 inch-diameter core samples have been 
drawn from oil reservoirs through 61 oil wells in 38 
oil fi elds located in seven productive sedimentary 
basins mostly in Western Indonesia. The mostly 
Tertiary sandstone and limestone reservoir rocks 
encompass various types, fl ow facies, and depositional 
environments. They also represent the wide arbitrary 
ranges of permeability, from poor-fair permeability 
(from around one mD to roughly 150 mD), moderate/
good permeability (roughly from around 150 to 400-
500 mD), and high permeability (> 500 mD). The lowest 
permeability measured through air permeability 
measurement is 1.1 mD and the highest being 13,185 
mD. Table 1 presents summary of wells with quantity 
of core samples drawn from and Table 2 exhibits 
some examples of core basic data.  

The imbibition water-oil relative permeability 
measurements have been overwhelmingly performed 
using unsteady-state fl ow relative permeability method 
(94%) while the remainders were carried out using 
steady-state fl ow relative permeability and centrifuge 
methods. Typically, in conducting an unsteady-state 
imbibition relative permeability test, the cleaned 
core sample is saturated with synthetic brine under 
vaccumed condition for the most appropriate time. 
In the relative permeability measurement itself the 
sample is then fl ushed with synthetic oil - in most 
tests under ambient condition - until irreducible brine 
saturation is reached. Viscosities of the synthetic 
oil were arranged following viscosities of the oil 
in reservoir condition and brine’s salt contents was 
arranged following actual formation brine.  During the 
imbibition displacement tests volumes of brine and oil 
are taken at selected intervals, hence facilitating the 
determination of effective permeability. Using pre-
determined air permeability or effective permeability 

Table 2
Examples of basic data for sandstone and limestone core samples used in the study

Table 1
Sources of core samples
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at respective maximum saturations relative 
permeabilities to both water and oil are determined 
for selected water saturations. Table 3 presents an 
example of results from an imbibition unsteady-state 
relative permeability measurement.

Rock wettability measurements are performed on 
fresh core plug samples prior to core cleaning and 
relative permeability measurements, or alternatively, 
the wettability tests are made using plug samples 
from locations adjacent to the plug samples assigned 
for the relative permeability measurements. The 
standard Amott method has exclusively been used 
for determination of wettability. Briefl y, the method 
is based on spontaneous imbibition and forced 
displacement of oil and water out of tested core 
plug(s). Through the process two indexes are 
produced, the oil wet index (Io) and water wet index 
(Iw), with  

 whereas Vwi  and Vwd are volume of displaced 
water resulted from slow imbibition process and 
volume of displaced water (includingVwi) yielded 
through the forced displacement by oil following the 
imbibition process, respectively. The step is followed 
on the now oil saturated sample with irreducible 
water saturation by a succession of oil displacements 
using water imbibition and forced displacement 
resulting in Voi and Vod, respectively. See Amot (1959) 
for more details regarding the method. 

For wettability determination, Amott-Harvey 
index (AI) that is defi ned as

Table 3
An example of imbibition unsteady-state water-oil relative permeability measurement

(6)

is used, of which values of between -1and -0.3, 
between -0.3 and 0, 0 , between 0 and 0.3, and 
between 0.3 and 1 are defi ned as oil wet, weak oil 
wet, neutral, weak water wet, and water wet. In this 
study, AI values of zero, or around zero, as results of 
roughly equal water and oil inces are termed ‘mixed 
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wettability’. Tables 4 presents some 
examples of wettability tests.

III. RESULTS AND DISCUSSION 

A.       versus          correlations 

In Equation (3), the permeability 
ratio of      used for conversion is 
obtained from ratio between oil
effective permeability at irreducible 
water saturation (Ko@Swirr) and air 
permeability (Kair). The data is available 
for each plug sample, and plot between 
the ratio and irreducible water saturation 
was made. Attempts were initially 
made to plot the entire data population 
but the resulting data scatter has led 
to no solid conclusions and reliable 
correlation(s) over relationship between 
the two parameters. Divisions were 
made following rock wettability and 
permeability classifi cation have resulted 
in correlations between the two 
parameters become more apparent. 
Results are presented on Figures 1 
through 4.

On Figures 1 through 4, it was 
obvious that some degree of data scatters 
are also observed. However, since 
the maximum value of      is unity at
Swirr value of zero correlation curves 
are therefore observable. This results 
in presence of dual curves for 
e a c h  d i v i s i o n .  F o l l o w i n g 
permeability classifi cation of ‘poor-
fair’ (K < 150 mD) and ‘moderate-high’ 
(K > 150 mD) - the ranges of classifi cation 
appears to be effective enough to produce 
distinctive trends - the water wet rock 
samples yield

Figure 1 
Kr vs Swirr correlations for water-wet sandstones and 

limestones with poor-fair permeability (roughly from  1 
through 150 mD). The upper and lower curves are suggested 

for approximate Swirr ranges of 0.25-0.55 and 0.20-0.40, 
respectively.

Figure 2
Kr

o vs Swirr correlations for water-wet sandstones and 
limestones with moderate-high permeability (roughly >150 

mD). The upper and lower curves are suggested for Swirr 
ranges of approximately 0.07-0.25 and 0.15-0.30, respectively.
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(7)

for the lower curve with suggested 
range of   Swirr validity of 0.20 – 0.40, 
and

(8)

for the upper curve with suggested 
range of  validity of 0.25 - 0.55, both are 
for the ‘poor-fair’ permeability group 
(Figure 1). For the ‘moderate-high’ 
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permeability group, the corresponding 
correlations for the lower and upper 
curves are respectively (Figure 2)

Figure 3 
Ko  vs         correlations for oil-wet/mixed-wet sandstones 

and limestones with poor-fair permeability (roughly from 1 
through 150 mD). The upper and lower curves are suggested 

for          approximate ranges of 0.26-0.45 and 0.20-0.30, 
respectively.

r Swirr

Swirr

Figure 4 
K   vs        correlations for oil-wet/mixed-wet sandstones and 

limestones with moderatehigh permeability (roughly >150 
mD). The upper and lower curves are suggested for     

ranges of approximately 0.008-0.22 and 0.15-0.30, respectively.
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(9)

(for  range of 0.15 – 0.3)  
and

(for  range of 0.07 – 0.25)  
 For the oil-wet/mixed wet rocks 
similar correlations are also obtained. 
For the low-fair permeability rocks the  
correlations (Figure 3) are

(10)

(11)

(for  range of 0.26 – 0.45)   
and

(12)

(for  range of 0.2 – 0.3)  
 Whereas for the moderate-high 
permeability rocks the corresponding 
correlations (Figure 4) are

(13)

(for  range of 0.15 – 0.3)  
and

(14)

(for  range of 0.08 – 0.22)   

All equations in Equations (7) through 
(14) have been obtained through poly-
nomial regression that is in combination 
with visual fi tting and a series of trial-
and-error in which all curves are set 
to lead to  equal to unity (Figures (1) 
through (4)). 

Although presented in the form of
       vs Swirr correlations the irreducible 
water saturation as the intended input 
parameter for determining  Swirr is strongly 
infl uenced by the intrinsic permeability 
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of the rocks. For practical purposes, permeability -  
Swirr correlations are therefore required, and references 
such as Widarsono (2016) can be of use. 

One of the most immediate question regarding the 
use of Equations (7) through (14) is the overlapping 
nature of equations for each permeability category. 
For a certain Swirr value two correlations may be ready 
for use. For instance, for a Swirr value of 0.3 in the 
category of poor-fair permeability water wet rocks 
two correlations are usable, the ‘lower’ correlation of 
equation (7) (Swirr validity range of 0.28 - 0.55) and 
the ‘upper’ correlation of equation (8) (Swirr validity 
range of 0.23 – 0.36). Which one is to be used?.

Conceptually, correlations between          and Swirr  have 
to go through          equals to unity at zero Swirr, assuming 
that the Kair can truly represent the rock’s permeability. 
This leads to presence of two correlations for 
each category in the form of úpper’ and ‘lower’ 
correlations, which in turn leads to the Swirr overlapping. 
Through examining the data that makes the 

correlations of the data plots presented on Figures (1) 
through (4) it must be accepted that there are some 
ambiguities in the determination of the permeability 
ratio (used for converting Kr data from Kair domain to   
Ko@Swirr domain) from irreducible water saturation.

Table 5 presents overlapping Swirr range for each 
category and the percentages of samples that belong 
to either the ‘upper’ or ‘lower’ correlations. From the 
investigation the problem does not appear to be over-
whelming since fi rstly, ‘lower’ correlation (Equation 
7) seems to prevail for the water poor-fair permeability 
water wet rocks with 83.3%, and secondly, from the oth-
er three categories with almost fi fty-fi fty percentages 
the two oil wet/neutral/mixed categories show 
relatively narrow  Swirr overlapping which means 
that most Swirr values for the two correlations do not 
overlap, even though some overlapping  Swirr values 
are still there. These all leave the moderate-high 
water wet category as the remaining problem with its 
relatively wide Swirr overlapping range of 0.15 - 0.25. 

Table 4
Examples of wettability test results

Table 5
Overlapping irreducible water saturation (Swirr) values for each group with percentages 

of samples belonging to ‘upper’ and ‘lower’ K   vs Swirr correlations y
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Figure 5
Three examples of agreement between observed and calculated water and oil relative 

permeabilities; (a) good agreement for both Kr  (sandstone, oil wet, K= 2,008 mD), (b) failed match 
for Krw curve (sandstone, water wet, K= 9.3 mD), and (c) failed match for  Kro curve (sandstone, 

neutral, K= 15.4 mD). Combination between cases (b) and (c) also occur.

Figure 6
Plot between Ammot-Harvey index versus Krw@Sor. The rock water wetness 

is devided into three groups; weak water wet (Io =0.0-0.2), medium water wet (Io= 0.2-0.6), 
and strong water wet (Io = 0.6-1.0)
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Figure 7
Plot between Ammot-Harvey index versus effective rediual oil saturation for water wet rocks. The 
rock water wetness is devided into three groups, weak water wet (Io=0.0-0.2), medium water wet 

(Io=0.2-0.6), and strong water wet (Io=0.6-1.0).
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This all overlapping  Swirr problem may actually be 
solved by avoiding the use of Swirr values within the 
overlapping ranges. The nearest  value to the overlap-
ping  Swirr  may be used to represent them. However, 
since the ovelapping Swirr range of the moderate-high 
permeability water wet rocks are relatively wide, 
hence this approach should be adopted with caution 
in order to minimize invalid results. 

B. Application and modifi cation of model

Application of equations (1) through (5) on the 
laboratory imbibition relative permeability data 
presents the pore distribution index or lambda () as the 
variable for achieving agreement between calculated 
and observed relative permeability values. Initially, 
apart from the imbibition relative permeability to 
water (Krw) in equation (1), a modifi ed imbibition 
relative permeability to oil (Kro) in the form of

parameter named ‘wetting-phase saturation parameter’ 
or Sm. This parameter has no physical signifi cance 
and it serves as a controlling factor on the shape of the 
Kro curve, steeper for values greater than unity and 
left-shifted for values lower than it. The introduction 
of  Sm appears to have come through a series of graphical 
trials.

Using equations (1) through (5) - as well as by 
utilizing Equation (15) - calculations have been 
performed to match the laboratory-derived relative 
permeability data through the use of varied  and  
Sm parameters. Results of model calculations have 
shown that some of the calculated effective permeability 
values (at certain wetting phase saturation values) 
show good agreement to their corresponding observed 
values but others show insufficient agreements 
hence suggesting the model’s shortcoming. Figure 
5 depicts examples for three cases; case (a) showing 
good agreement, case (b) representing failed Krw 
match, and case (c) depicting mismatched Kro curves. 
For some failures in  Krw match gaps between calculated 
and observed values appear to be fairly related to 
water wettability strength, with stronger water wetness 
tends to widen the gap. On the other hand, no effects 

(15)

has also been applied. As explained in Standing 
(1975), Equation (15) is actually a modifi cation of 
Equation (3) which takes into account an additional 
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Figure 9
Example of recalculation using the modifi ed Krw and Kro equations. Presented are the same Kr 

data sets of fi gure 5: (a) sandstone, oil wet:C =1.6, =1.3, x=1.5, and y=5; (b) sandstone, water wet: 
C=1, =4, x=2, and y=3; and (c) sandstone, neutral: C=1.5, =1, x=1.5 and y=9.
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Figure 8
Plot between Ammot-Harvey index versus effective residual oil saturation for neutral/mixed/oil wet  

rocks. The rock wettability is devided into four groups, neutral/mixed wet (Io= -0.1-0.0), weak oil 
wet (Io= -0.2-0.0)), medium oil wet (Io= -0.6-(-0.2)), and strong oil wet (Io=-1.0-(-0.6)).
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suggesting that in general wettability strength 
does not affect amount of trapped oil during water 
displacements, even though the           range for the neutral/
mixed/oil wet rocks show slightly higher value 
range. This difference in the       range may logically 
be attributed to the oil wettability effect, but since the 
Kro curves mismatch take place in both wettability 
groups, it could be nonetheles seen that it is not 
the oil wettability that affect the mismatch, and the 
Sm factor in Equation (15) appears to be unable to 
satisfactorilly solve the problem. In a way similar 
to the modifi cation of Equation (1), Equation (3) is 
modifi ed to become  

appear to be shown by rock wettability variation with 
the Kro mismatches suggesting that they are most 
probably caused by disruption to oil-phase mobility 
caused by combination of different rock pore 
confi gurations, water-oil interfacial tension, water-oil 
mobility ratio, and tendency of oil phase trapping by 
the incoming water.

Investigation over the relation between water 
wetness and Krw mismatch had led to an attempt to 
plot bettwen Amott-Harvey index (equation (6)) and 
Krw@Sor representing the gap between calculated and 
observed Krw values.  As the index is roughly devided 
into weak water wet (Io= 0 – 0.2), medium water wet 
(Io= 0.2 – 0.6), and strong water wet (Io= 0.6 - 1) 
then cluster analysis on the plot shown on Figure 6 
present that strong water wetness tends to widen the 
Krw  gap (i.e. leads to higher Krw@Sor). The occurence 
on Figure 6 suggests that water wetness strength 
should have a special effect on the Krw path. Provided 
that Corey model is based on variation in pore size 
and that of water resides in smaller pores - the more 
complicated the pore confi guration the more water 
tends to stick to the rock’s wall - then the water 
wetness should have something to affect the . 
Through trials it was found eventualy that the 
equation (1) has to be modifi ed into 

       = 0.15 - 0.4  for water wet rocks, and

       = 0.2 - 0.5  for neutral/mixed/oil wet rocks.

(16)

in order to obtain the most optimum  fit, with  
replacing ‘3’ to serve as an infl uencing parameter 
that represent water wettability strength. Abundant 
trials using various values of  appeared to converge 
into a set of values of

x = 3.0 for strong water wet rocks

x = 2.0 for medium water wet rocks,

x = 1.5 for weak water wet rocks, neutral/mixed, 
and oil wet rocks.

The empirical parameter of x may therefore be 
termed something like ‘water wettability factor’.

In a serries of attempts to solve the problem of  
Kro curve mismatch on Figure 5(c), similar plots have 
been made between Amott-Harvey Index and effective 
oil saturation (      ). Figures (7) and (8) present the 
plots for water wet and neural/mixed/oil wet rocks, 
respectively. Cluster analyses on the data show that 
roughly remains within the same value ranges of 

(17)

with y as the additional parameter that serves as a 
magnifying factor to the pore size variation factor () 
in ‘partially immobilizing the oil’ for a water saturation 
value during water displacement. The y factor seems 
to vary for different permeability grouping and 
wettability types. Table 5 presents a summary of 
ranges, average, and suggested values for C, , x, and 
y factors as the results of calculations and matchings 
using Equations (16) and (17).

The summary of parameters presented in Table 6 
covers the range of values that are used in obtaining 
acceptable curve matching, average values, and 
suggested values for use in form of ranges as well 
as a single value in cases of either high certainty 
or limited data from very limited number of rock 
samples. Suggested values in form of value ranges 
are picked up to cover the most representative values 
and to cover as many values as possible. (It is also 
worth noting that value ranges do not always cover 
average values since they do not always lie amongst 
the most representative values). Variations within 
the value ranges may serve as sources of sensitivity 
tests in the attempt to obtain the most applicable and 
representative relative permeability curves in any 
practical reservoir modeling works. Considering the 
higher certainty provided by x as well as fairly high 
certainty provided by C and , therefore the least 
certain parameter is the y, which picking requires 
caution.
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C. Recalculations and suggested C, , x , and y 
values

Examples of the recalculations of the calculated 
relative permeabilities data are presented on Figure 9, 
the same samples that are presented on on Figure 5. The 
three relative permeability sets now appear to show 
fi ne agreements between observed and calculated 
relative permeabilities resulting from the use of chosen 
C, , x, and y values in Equations (16) and (17). 
In general, in order to obtain good match between 
observed and calculated values all individual set of  
Kr data has their own respective set of C, , x, and y  
values. However, as presented in Table 6, for practical 
purposes ‘average’ and ‘suggested’ values are available 
for use, from which average values may be used as 
fi rst guess whereas the suggested ranges of values 
may serve as fl exibility for fi ddling the calculated  
Krw and  Kro curves provided sources of validation 
have become available.

In using Equations (16) and (17), and C, , x, 
and y factors in Table 6 one has to carefully choose 
the most suitable value(s). Upon having information 
regarding wettability and permeability (K) of his/her 
reservoir rocks one may determine irreducible water 
saturation (Swirr) – various literatures present how to 
determine this parameter, including from K vs Swirr 
correlations such as in Widarsono (2016) – to produce 
saturation related values (Soi, Sor,       , and       ) 
required by Equations (16) and (17). Using the two 
equations – with       values obtained from equations 
(7) through (14) – for any predetermined water 
saturation (Sw)  C, , x, and y values are required. 
The most ready factor is the x , which is determined 
by the rock’s wettability, after which average values 
may be used as the opening values for the  C, , 
x, and y. As mentioned earlier, since  is in general 
having wider ranges of values it therefore serves as 
the most uncertain parameter. Accordingly, greater 
caution has to be observed for its choice.

IV. CONCLUSIONS

In this study, data from hundreds of reservoir 
rocks-both sandstones and limestones – have been 
used for testing the modifi ed Corey imbibition water-
oil relative permeability model. A couple of new 
empirical parameters have been introduced to take 
into account the rock wettability strength into the 
model. Eventually, a set of main conclusions have 
been drawn from the results:

The introduction of ‘water wettability factor’ 
(x) and ‘non-wetting phase slowing factor’ (y) have 

enriched the Corey model into a relative permeability 
model that is not dependent only on pore size 
distribution and fl uid saturation but also on rock 
wettability and other interfacial tension related 
factors such as non-wetting phase trapping and slowing. 
Although the two parameters are fully empirical in 
nature but they appear to work well to enhance the 
model robustness.

As the results of application of the modifi ed 
model on the measured relative permeability data, 
a set of ‘trapping constant’ (C) , ‘pore distribution 
index’ (), x, and y values have been resulted for all 
rock wettability types and strength, as well as for 
poor-fair and moderate-high permeability categories. 
The values are in the form of both average and 
suggested range, using which both robustness and 
fl exibility of the model produce the most realistic and 
realistic relative permeability curves are maintained.

The use of permeability ratio of        for converting 
the oil relative permeability curves from air permeability 
domain to oil effective permeability at irreducible 
saturation (Swirr) still leave a problem, especially for 
the moderate-high permeability water wet rocks. This 
problem occurs for certain irreducible water saturation 
values for which two correlations are usable, the 
‘upper’ and ‘lower’ correlations. This ‘overlapping 
‘ Swirr  problem could be solved by avoiding the use 
of overpaping irreducible values for determining    
     , even though this may still be a problem for the 
moderate-high permeabilty water wet rocks that have 
wide range of overlapping Swirr . Caution has to be 
taken for determining the most representative      .

The modifi ed Corey water-oil imbibition relative 
permeability model is easily usable to produce the 
needed realtive permeability curves upon acknow-
ledging wettability index, permeability, and estimated
– or through assignment of values – irreducible 
water saturation of a permeable rock. For a set of 
predetermined water saturation values the needed 
relative permeability curves can be easily produced 
with assistance of the suggested  C, , x, and y values. 
Use of other sources of information related to fl uid 
fl ow in reservoir may enhance the curves’ validity.

Application of the modifi ed model is indeed 
conducted on Tertiary reservoir rocks in Indonesia, 
and the resulting   C, , x, and y  values are related to 
that. However, what matters to the use of the modifi ed 
model is simply information about rock’s permeability 
and wettability type/strength. Therefore, factors such 
as geographycal position and geological history are 
not related to any validity concern for the use of the 
model.
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