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Résumé — Nouvelle méthode pour la normalisation des courbes de pression capillaire — Une nou-
velle méthode pour la normalisation de données de pression capillaire d'un réservoir a été développée.
Celle-ci incorpore les effets de géométrie de pore (distribution de taille de pores et indicateur de zone
d'écoulement), de lithologie et de saturation irréductible en eau. L'approche par zone d'écoulement a été
utilisée pour classifier le réservoir en zones de géomeétrie de pore constantes. Lafonction de Leverett a été
aors corréée ala saturation en eau normalisée pour chague zone de réservoir pour grouper les données
de pression capillaire de cette zone sur une courbe de tendance. La méthode nécessite des mesures de
pression capillaire, de saturation irréductible en eau, et des données classiques de pétrophysique telles que
laperméabilité et laporosité.

Afin de vérifier lavalidité de la méthode proposée, les données de pression capillaire, saturation irréduc-
tible en eau, et des données classiques de pétrophysique de grés argileux dans le golfe de Suez (Egypte)
ont &¢é obtenues et utilisées pour déerminer la précision des relations dével oppées. Les calculs ont mon-
tré que le réservoir éudié possede quatre zones de géométrie de pore constantes. Un excellent accord
existe entre les données mesurées et celles calculées avec des erreurs relatives moyennes de — 5,8, — 4,3,
3,7 et 4,4 % respectivement pour les zones de d'écoulement 1, 2, 3 et 4.

Abstract — A New Method for Normalization of Capillary Pressure Curves — A new method for nor-
malization of capillary pressure data of a reservoir was developed that incorporates the effects of pore
geometry (pore size distribution index and flow zone indicator index), lithology index and irreducible
water saturation. The hydraulic flow unit’s approach was used to classify the reservoir formation into
constant pore geometry units. The Leverett J-function was then correlated with the normalized water
saturation for each reservoir unit to group the capillary pressure data of that unit into one curve. The
method requires the measurements of capillary pressure, irreducible water saturation, and routine core
data such as permeability and porosity.

To check the validity of the proposed method, capillary pressure data, irreducible water saturations, and
routine core data of a shaley-sandstone reservair in the Gulf of Suez (Egypt) were obtained and were
used in determining the accuracy of the developed equations. The calculations showed that the studied
reservoir has four constant pore geometry units. An excellent agreement existed between the measured
data and the calculated ones with average relative errors of — 5.8, — 4.3, 3.7 and 4.4% for flow unit-1,
unit-2, unit-3 and unit-4, respectively.
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NOMENCLATURE

a constant, Equation (7), Pa
a,, a, congant, Equation (5)

A constant, Equation (8), Pa

b saturation exponent, Equation (7)

B saturation exponent, Equation (8)

C constant, Equation (5)

Fzl  flow zoneindicator, m

g gravity acceleration, m/s?

h height above oil/water contact, m
Leverett J-function for capillary pressure
J* Lithology index

K permeability, m2

P pressure, Pa

r pore entry radius, m

RQI reservoir quality index, m

S saturation, pore volume fraction

Greek Letters

0 contact angle

p density, kg/m®

o interfacial tension, N/m

O] porosity, fraction

A pore size distribution index
Y constant, Equations (17, 18)
Subscripts

c capillary

n normalized

nw  non-wetting phase

o] oil

w water

wn normalized water saturation
Wr irreducible water saturation.

INTRODUCTION

The capillary phenomenon occurs in porous media when two
or more immiscible fluids are present in the pore space. The
capillary pressure is defined as the difference in pressure
between the non-wetting and wetting phases[1].
P.=P.,,—P, Q)
For oil and water:
P.=P,-P, 2
Since the gravity forces are balanced by the capillary
forces, capillary pressure at a point in the reservoir can be

estimated from the height above the oil-water contact and the
differencein fluid densities. For an oil-water system:

P.=gh(p,—p,) ©)

Capillary pressure curves are usually determined in the
laboratory by three methods: mercury injection, restored
state cell (porous plate) and centrifuge. The description of
these methods can be found in the reservoir text books[1, 2].

Reservoir calculations require a normalized curve for the
capillary pressure measurements which are obtained from
severa plug samples that at different depths. Because of the
reservoir heterogeneity, no single capillary pressure curve
can be used for the entire reservoir. Attempts were made to
correlate capillary pressure curves with the petrophysical
properties of the reservoir rock. Leverett [3] was the first to
introduce a dimensionless capillary pressure correlation func-
tion. Thisfunction is defined as:

J(S,) =P, VK/¢ /(o cos6) )

The above function accounts for change of permeability,
porosity and wettability of the reservoir aslong asthe genera
pore geometry remains constant. This fact was confirmed by
Brown[4], and Rose and Bruce[5]. Guthrie and Greenberger
[1] proposed a linear correlation of the water saturation with
porosity and permeability at a constant value of capillary
pressure.

S=a¢+a,LogK+C (5)

Wright and Woody [6] applied this correlation to a group
of capillary pressure curves of different permeabilities, but
with constant porosity. Pletcher [7] suggested the use of
Equation (5) to averaging capillary pressure curves corre-
sponding to average permesbility and porosity. El-Khatib [8]
modified the J-function by introducing tortuosity and irre-
ducible water saturation for averaging capillary pressure data.

J(§,) =P VK/$ (1-8§,)/(c cos ) (6)
P.=al(§,-S,)° ()

Equation (6) requires the equdlity of the saturation expo-
nent b in the different formations to obtain a unique correla

tion. Khairy [9] proposed a power relationship between capil-
lary pressure and saturation:

P.=AS§® )]

Although the above relation correlated the data with
acceptable degree of accuracy, it fails to correlate capillary
pressure data of another formation. Donaldson et al. found
that the least square solution of a hyperbolic function can be
used to average capillary pressure data. Thus the proposed
models, discussed above, apply locally only because there
may be large differences in depositional characteristics at
other locations. Most of the models explicitly ignore the
scatter of data about the normalized capillary pressure curve
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and implicitly attribute any scatter to measurement errors,
fluctuations in reservoir characteristics, or absence of some
reservoir parameters. An improvement to J-function, Equa
tion (4), can be achieved by first identifying lithological cate-
gories of formation and then calculating regression curves for
measurements that belong to each lithology class. The proper
method to identify the different lithological categories is the
use of hydraulic flow unit technique.

1 THEORETICAL ANALYSIS

A more reasonable approach for normalizing capillary pres-
sure data is to attribute the nature of interdependency
between capillary pressure and saturation to geological varia
tions in the reservoir rock and seek functiona relationships
for capillary pressure that capture geological controls on flow
properties. Such relationships are best achieved if rocks of
similar fluid conductivity are identified and grouped together.
Each group is referred to as a hydraulic flow unit. The
hydraulic flow unit is a reservoir zone that is continuous
laterally and vertically and has similar flow and bedding
characterigtics. The hydraulic flow unit that characterized a
specific reservoir zoneis mathematically expressed by [10].

RQI=FZI &, ©)
Wherethereservoir quality index (RQI) isgiven by:
RQI = VK /@ (10)
And the normalized porosity (®,) is defined as:
P, =D /(1-D) (12)

The value of flow zone indicator (FZI) isthe intercept of a
unit-slope line with the coordinate ®, = 1, on alog-log plot
of RQI versus @ . The basic idea of hydraulic flow unit
classification is to identify groupings of data classes that
form straight lines with unit slope on log-log plot of RQI
versus ®_. From Equations (9) and (10), the term VK/® is
given by:

VKI ®=FZI & (12)

Substituting Equation (12) in Equation (4), one gets:
J§,) =P.FZI @ /(o cos6) (13)
For capillary pressure data of a constant pore geometry

(i.e. afixed value of FZI), the relationship between the values
of J(S,) and normalized water saturation (S,,)) isgiven by:

JS) = S (14)
Sin= &= S-S, (15)

The term J* is known as the lithology index and its value
isequd to J(§,) & §,,, = 1. Theterm A isthe pore size distri-
bution index which is equal to the reciprocal of the dope.

Where,

Substituting Equation (11) in Equation (13), one obtains;
P,=0cosBJ* §, YA/ (FZI D) (16)
Equation (16) can be rewritten asfollows:
P.=ws, Mo, a7

Wheretheterm W is congtant for each hydraulic flow unit,
and is defined by:

W= gcosh J* IFZI (18)

Equation (17) is the normalized capillary pressure equa-
tion for aflow unit of areservoir, and the number of the nor-
malized curvesis equd to that of the hydraulic flow units.

Calculations Procedure

Given the routine core data (k and @), capillary pressure data

(P,—S,), andirreducible water saturation (S,,), the following

steps are proposed for normalizing the capillary pressure

Ccurves.

— Calculate the values of RQI and &, from core data using
Equations (10) and (11), respectively.

— Plot RQI versus @, on log-log plot, determine the opti-
mum number of hydraulic flow units using the iterative
multi-linear regression clustering technique (10), and then
determine the values of FZI for each unit.

— ldentify the capillary pressure data of each flow unit, not-
ing that the capillary pressure data of aflow unit are corre-
sponding to the core data of that unit.

— Use the capillary pressure data and core data to calculate
the vdues of J-function and normalized water saturation
from Equations (4) and (15), respectively.

— Plot the values of J-function against normalized water sat-
uration on log-log scale, and then determine the values of
lithology index (J*) and pore size distribution index (A),
for each flow unit.

— Determine the normalized curve equation for each unit,
using Equations (17) and (18).

2 APPLICATION TO FIELD DATA

In this study, routine core data (k and @), capillary pressure
data (P,— S,), and irreducible water saturation (S,,) were
obtained from a shaley-sandstone reservoir in the Gulf of
Suez, Egypt. The reservoir thickness is 70 m (229.66 ft),
including 56 m (183.73 ft) shaley-sandstone and 14 m
(45.93 ft) shale. The routine core data were 344 measure-
ments and 44 data-sets of capillary pressure data and irre-
ducible water saturation. The method used for measuring
capillary pressure and irreducible water saturation is the
restored state cell (porous plate), which relies on the selection
of asuitable porous plate (porcelains) to provide a barrier that
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TABLE1

Statistical analysis of reservoir parameters

Item Permeability, mD Porosity (fraction) Irreducible water
(1.013 x 10°m?) saturation (fraction (pv))

Mean 3514 0.137 0.114
Standard error 21.9 0.003 0.004
Median 148.9 0.123 0.112
Mode 105.3 0.197 -
Standard deviation 406.9 0.052 0.024
Sample variance 165576.8 0.003 0.001
Kurtosis 35 0.119 -1.160
Skewness 18 0.730 0.068
Range 21514 0.280 0.080
Minimum 14.3 0.02 0.08
Maximum 2165.7 0.30 0.16

Sum 120879.1 47.112 5.026
Count 344.0 344 44
Largest (1) 2165.7 0.298 0.159
Smallest (1) 14.3 0.022 0.076
Confidence level (95.0%) 432 0.005 0.007

permits the passage of the wetting phase which is the smu-

lated formation brine (i.e drainage process). The following

procedure was proposed by International Core Laboratories

[11] for measuring the capillary pressure by restored state

cell (porous plate).

— Clean, dry core samples are evacuated and pressure satu-
rated with the smulated formation brine.

— The porous plate is saturated with the simulated formation
brine.

— The saturated core samples are placed on the porous plate
with a suitable material (tissue paper and diatomaceous
earth) to aid in establishing a good capillary contact
between the rock surface and porous plate.

— The pressure applied to the assembly isincreased by small
increments, and each sample is allowed to approach a
state of static equilibrium at each pressure level. This aids
in controlling the wettability of the rock sample.

— The saturation of the core is calculated at each point
gravimetrically.

The routine core data (k and @) and irreducible water satu-
ration (S,,) were statistically analyzed and the results are
given in Table 1. The capillary pressure data are plotted in
Figure 1. It shows alot of scatter which clearly indicates the
existence of more than one rock type. A normalization of
these data was attempted using J-function (Eg. (4)). The
normalized curve is overlaid on the capillary pressure datain
Figure 1, and the average relative error between the measured
data and those calculated from the normalized curve equation
was found be 37.6%. The existence of more than one rock
type or simply pore geometry in the studied reservoir can
also be confirmed by plotting log k versus @, as shown in
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Capillary pressure data of the studied reservoir.

Figure 2. This figure shows a poor correlation between
porosity and permeability (r2 = 0.339), and consequently a
wide variation in pore geometry existed in this reservoir. The
variation in pore geometry can best be quantified by using
hydraulic flow unit the technique.

3 RESULTS AND DISCUSSION
By applying iterative multi-linear regression clustering [10]

to the core data given in Figure 2, the optimum number of
hydraulic flow units is four. Core data of each flow unit is
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Routine core data of the studied reservoir.
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Capillary pressure data of the four flow units reservoir.
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Reservoir quality index vs normalized porosity.
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Vaues of J-function vs normalized water saturation.

assigned to a regression line with a fixed value of flow
zone indicator, and is also characterized by a constant pore
geometry, as shown in Figure 3. The flow zone indicators are
3.25, 5.6, 9.2 and 24.3 micron for unit-1, unit-2, unit-3 unit-4,
respectively. Based on the core data of each flow unit and
plug-depths, the capillary pressure data and irreducible water
saturations are sub-grouped into four sets of data. These four
sets of data are plotted in Figure 4. To determine the values
of lithology index (J*) and pore size distribution index (A)
from capillary pressure data and irreducible water satura-
tions, the vaues of J-function (Eqg. 4) and normalized water
saturation (Eq. 15) are calculated and plotted in Figure 5.
This figure ensures the existence of four different pore
geometry rocks and the values of J* and A are given in Table
2. The table shows that the results of pore size distribution
and lithology index are consistent with those plotted in

Figure 3. However, unit-4 represents the highest rock quality
and a good pore size distribution. Using the results of Table
2, the four equations of the normalized curves for four sets of
capillary pressure data are given in Table 3. These equations
were used to calculate capillary pressure data in each reser-
voir unit using the same flow unit’s characteristics. Figure 6
shows a cross-plot between the measured capillary pressure
data and calculated ones. The figure indicates an excellent
agreement between the measured and those caculated from
Equation (17) with average relative errors of -5.8, 4.3, 3.7
and 4.4% for capillary pressure data of flow unit-1, unit-2,
unit-3 and unit-4, respectively. The results ensure the reliabil-
ity of the proposed technique for normalizing capillary pres-
sure data which in turn enhances reservoir description and
simulation studies.
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TABLE 2

Characteristics of the reservoir four flow units

Flow unit Flow zoneindicator (FZI) (micron) Lithology index (J*) Pore distribution index (A)
Unit-1 3.25 .069 .258
Unit-2 5.6 .075 .386
Unit-3 9.2 .040 467
Unit-4 24.3 .030 .593

TABLE 3
Normalized equations of the capillary pressure data

Flow unit Normalized curve equation, psi (0.145 kPa)
Unit-1 P* =0.223/(S,,25%®,)
Unit-2 P, =0.139/(S, 25 ®,)
Unit-3 P.=0.046/(S, 21 @)
Unit-4 P, =0.013/(S,,, %" ®,)

*The value of (o cos ) is equal to 72 dyne/cm for air/brine system.
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Figure 6
A crossplot between measured capillary pressures and
calculated ones.
CONCLUSIONS

A new method for normalization of capillary pressure data,
using Leverett J-function and hydraulic flow unit approach,
was developed. The method incorporates the effects of pore
geometry, lithology variation and fluid saturations.

The proposed technique is successfully applied to field
data of a shaley-sandstone reservoir in the Gulf of Suez,
Egypt. The average relative errors between measured data
and the calculated ones were 5.8, —4, 3.7 and 4.4% for flow
unit-1, unit-2, unit-3 and unit-4, respectively.

The devel oped equations can be used to correlate capillary
pressure data of different zonesin aformation in the different
wells according to the value of flow zone indicator (FZI) as
determined from core data measured on plug samples taken
from different wells.
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