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ABSTRACT An empircal method for the evaluation of
capillary pressure data is presented. This method, an
exlension from Wright and Wooddy (1955), relate water
saturation, permeability and capililary pressure in one equation.
The methed is well suited for computer processing.

Water saturations, as functions of permeability and
capillary pressure, are compared with the corresponding
predictions from a similar method by Johnson (1987}, from the
Leverett J-function and from the Caplog method (multilinear
regression) used by Alger i al. (1989)

Capillary pressure data from 120 core samples frem 6
difierent reservoirs were used in the comparison.

Based on each methods capability to predict the observed
relationship between input parameters and the raw capiliary
pressure data it was found that the new method was superior
to the Leverelt J-function in all cases, in general superior to the
Caplog method and equal to the Johnson method.

INTRODUCTION

In the evaluation of oil and gas fields the combination of well-log
and core analysis data is usually used. One of the most important
core analysis dala is capillary pressure data. With these data and
the hydrocarbon/water contact it is possible to describe the water
saturalion in the reservoir. However, the log data can be used
independently to determine original waler saturations. The iwo
methods, water saturations from capillary pressure data and from
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FIGURE 1 Capillary pressure curves determined on samples
from well 8.

log data can be compared so as to ensure proper log evaluation.

In Figure 1 diflerent capillary pressure curves determined ¢n
samples from the same well, (well 9), are presented. As capillary
pressure data are oblained on small core samples that represent
an extremely small part of the reservoir, it is necessary to combine
all the capillary pressure data to classify a particular reservoir.
Since capillary pressure is inversely proportional to the pore radius,
it would be expected that the core plug with the highest mean pore
radius also would have the highest permeability. 1t thereiore
becomes necessary 1o evaluate the various sels of capillary
pressure data with respect to the permeability of the core sample
from which they were obtained. From Figure 2 we find that the
endpoint water saturation for the well 9 data decreases with
increasing permeability.

Methods for correlation of capillary pressure data

Different methods of correlating capillary pressure data for a
reservoir exist.
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FIGURE 2 Endpoint water saturation versus permeability, well
9.

Leverett Method, J-funclion

The first method is that propeosed by Leverett (1941) wherein a
correlation function commonly referred to as the J-function is used.

The J-function correlation term uses the physical properties of
the rock and the fluid and is expressed as,

p [K
Js.,=—-f— 1
(Sw) = {1

where J(S,,) is experimentally determined as a function of water
saturation, S,

Alger et al. Method, Caplog

Another methed is one proposed by Alger et al. (1989}, the Caplog
method, an extension of Heseldin {1974). Alger et al. {1989) and
Heseldin (1974) chose to relate porosity to bulk volume of
hydrocarbon instead of water saturation with a family of parametric
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(Vi) curves of constant capillary pressure:

Vi, = 0-(1-S) (2)

They relate the V,, 1o capillary pressure and porosity by mullilinear
regression.

Vi =a+bIn(P,) + c¢ (3)
Alger et al. (1989) have also included permeability in the equalion.
Voo = a + bIn(P,) + c-¢ + d-In{K} (4)

Johnson Method.

Johnson (1987) shows that the relationship between water
saturation and permeability on a log/log plot is reasonably linear
and could be described by an equation ol the form:

In(S,)) = AIn(K} + b (5)
or
S,, = B-KA where B = exp(b) (6)

He found that the lines defining the water saturation/permeability
relationship at the various capillary pressure were approximately
parailel wilh varying intercepis. The slopes of the line were
averaged to give a constant value. The intercepts decrease
monetonically with increasing capillary pressure. Lines ol constant
slope were then fitted through the centroid of each capillary
pressure data set to generate a new set of intercept, B. A
relationship was found belween the intercept, B', and the capillary
pressure P, by use of a bi-logarithmic plot of B' versus P, A
straight line relationship was found of the form:

In{B"} = C-In(P,) +d (7
or
B'=D-P.C where D = exp(d) (8)
The final equation using Equation 6 and 8 is

Sy = D-P.C-KA (9)
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Before the relationship between Sw,K.¢ and P_ defined in Equation
1,4, and 9 above can be applied in petrophysical analysis the
capillary pressure has o be related o height above free water
level,

- Pc(Sw)'}’r
Ap-g-y

h {(10)

Capillary pressure instead of height above free waler level is used
in this paper. Using Equation 10, P, can easily be converled to
height above free water level.

The main objeclive of this study was 1o evaluate the existing
methods for evaluation of capillary pressure data and to develop a
new and beiter method.

This paper first presents the basis of a new method. Results
from this method are then validated by comparison with existing
methods. Capillary pressure curves have been determined on core
plugs in 11 wells, from 6 different North Sea reservairs, (five
sandstone reservoirs and one chalk reservoir), using the parous
plate method. Single cere holders were applied. 120 capillary
pressure curves are used in the comparison of different methods
for evaluation of the data. The permeability of the samples is
between 0.05 mg and 25000 md. The permeability of the core
plugs from well 1 is between 0.05 md and 50 md. For the other
wells the samples varied with a factor of 10 to 500 from the lowest
to the highest permeability. The samples were drained for water
using nitrogen and refined ail, increasing the capillary pressure in 4
1o 8 steps, depending on the well.

PRESENTATION OF A NEW EVALUATION METHOD

The new method is an extension from Wright and Wooddy (1955).
Wright and Wooddy plotted water saturation versus the logarithm
of permeability for a constant value of capillary pressure. A straight
line could be fitted to the data for each value of capillary pressure
and an average capilfary pressure curve computed {rom
permeability distribution data for the field. The resulting siraight line
equation takes the general form of:
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S,, = An(K) + B (11)

In the Wright and Wooddy methed an equation for each capillary
pressure is necessary.

In the method by Johnson (1987) a relationship was found
belween ihe intercept B and the capillary pressure. The slopes A
were averaged. We propose to plot both the siope A and the
intercept B against capillary pressure on a log/log plot. Both the
slope and the intercept have a straight line relalienship in a log/log
plot.

In(A) = CIn(P_) + d (12)
and
In(B% =E-In(P,) + f (13)
or
A'=D-P.C where D = exp(d) {14)
and
B'= F-P.E where F =exp(f) (15)

The final equation has the following relationship:

S, = D-PCIn(K} + F-PE (16)

COMPARISON OF THE DIFFERENT METHODS

To compare the different methods for evaluation of the capillary
pressure data, evaluations of data from well 9 are presented in
detail while for the other wells only the regression data for all
methods are presented. In Table 1 the rock properties for the
samples from well 9 are presented.

Leverett J-function

In Figure 3 the capillary pressure curves from Figure 1, converled
to J-function versus water saluralion using Equation 1, are plotied
on a logflog plot. A relationship was found belween the water
saturation and the J-function by use of bi-logarithmic plol of Sy,
versus J. One straight
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FIGURE 3 The capillary pressure curves from well 9 averaged
to Leverett J-tunction vs. water saturation.

line relationship may be found of the form:
In(S,) = A-n{J) + b (17}

or
S, = JA-B where B =exp(b) (18)

TABLE 1-Rock propetrties lor samples trom well 9

Sample K @
{mdl  Ifraction]

1 552 0.245
2 311 0.241
3 53 0.215
4 59 0.212
5 267 0.2119
6 454 0.223
7 56 0.186
8 39 0.185
9 24 C.175
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FIGURE 4 The capillary pressure curves from well ¢ averaged
to Leverett J-function vs. water saturation for each formation.

Using the capillary pressure data from Figure 1 the resulling
equation that fits the data is

S, = 0.751.J-0.234 (19)

This equation fits the capillary pressure curves from Figure 1 with a
correlation coefficient (R2) of 0.80 and the standard deviation, o, of
0.070.

If a J-function is used for each of the 4 different formations in
this Brent reservoir the standard deviation is 0.05 and the
correlation coefficient (R2) is 0.88 (Figure 4).

Cap log method

Using the capillary pressure data from Figure 1 evaluated by the
Caplog method the resulting equation (Equation 4) that fits the data
is,

Vph = -0.091 + 0.017-In(P) + 0.706 +0.015:n(K)  (20)
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having a correlation coelficient (R2) of 0.92 on S,,.

TABLE 2. Correlalion coefiicienl lor difterent formation in well 9.

Formaiion | RS

Fm 1 0.90
Fm2 0.93
Ffm3 0.78
Fm 4 0.97
Total 0.88

Johnson Methed

In Figure 5 the capillary pressure data from Figure 1 are evealuated
according lo the method by Johnson (1987). In Table 3 the slopes,
A, the intercepts, B, and the regression coefficient {R2) using
Equation S for each P, are listed. The slope A of the lines in Figure
5 were averaged to give a constant value A* of -0.234. Lines of
constant slope were then fitted Ihrough the centroid of each
capillary pressure data set to generate a new set of infercepis, B',
Table 4. The new intercepts B’ versus capillary pressure are
presented in a log/log plot in Figure . A straight line relationship
(Equation 8) is found:

B' = 1.109-P-0-185 (21)
The new intercepts B' and regression coefficients R2 are presented
in Table 5. The final results of the above averaging process is the
following relationship (Equation 9):

Sy = 1.109-P¢ 0185 .K-0.234 (22)

Equation 22 fits the data in Figure 1 with a correlation coeflicient
(R2) of 0.92 and a standard deviation (c) of 0.058 on S,,.
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FIGURE 5 P_ derived Sw at different capillary pressure versus
permeability, Johnson method.

TABLE 3. Parameters of S, = B-KA by the meihod of Johnson {1987).

TABLE 4. Averaged slope A" and comesponding intercepl B' by the method of

Johnson (1987).

B.fbar] A a8 R<

0.1 -0.147  1.349 095
0.2 -0.207 1.220 095
0.5 -0.222 1.066 098
15 -0.247 1044 057
3.0 -0.27M1 1048 097
5.0 -0.307 11198 0.87

P.lbar] A’ g’

0.1 -0.234 1970
0.2 -0.234 1.370
0.5 -(3.234 1.120
1.5 -0.234 0990
3.0 -0.234 0.940
5.0 -0.234  0.870
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FIGURE 6 Intercept of forced In(S}/In(K) lines (B') versus Pc.

TABLE 5 A'-averaged slope and B'=1.10¢ P."0-186 from the melhod by Johnson
{1987).

Pnfbar] A g A<

0.1 -0.234 1698 085
0.2 0234 1494 093
0.5 0234 1281 091
1.5 0234 1029 098
ao -0.234 0905 097
5.0 0234 0823 095

The New Method

In Figure 7 the capillary pressure dala from Figure 1 are plotted
with a linear scale for waier saturation and logarithmic scale for
permeability. The slopes, the intercepls and the regression
coefflicients using Equation 11 are listed in Table 6. The absolute
values of the slopes and the intercepts decrease with increasing
capillary pressure. Both the slopes and the intercepts have a
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FIGURE 7 P, derived S,, at different capillary pressures
versus permeability, New method.

straight line relationship in a logdog plot, Figure 8. The
newmtercepls B', the new slopes A' and the regression coefficient
R2 are presented in Table 7. The siraight line equation from the
slope versus capillary pressure using Equation 14 takes the form

A' = 0.085-P,0.041 (22)

and the straight line equation from the intercept versus capillary
pressure (Equation 15), takes the form

=0.784-p 0117 (23)
The final equation is the following relationship (Equation 16):
8,, = 0.085-P_0-041.In(K) + 0.784-P_0.117 {24)

This equation fits the data in Figure 1 with a correlation coetficient,
{R2) ot 0.94 and a standard deviation {c) of 0.051 on S,
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TABLEG Paramelersol Sy =AlIn{K)+ B

PiBaj A B RZ

0.1 0097 1,343 095
0.2 -0.083 0910 098
0.5 0081 0788 097
1.5 0079 0711 097
3.0 0079 0706 096
5.0 0078 0687 097

TABLE 7 A'=0.085Pg 0041 and B'= 0.784-P, 0-117

P.[bar] A B ne
0.1 0093 1026 0.89
0.2 0091 0946 D94
05 0087 0850 091
1.5 -0.084 0748 098
3.0 -0.081 0689 097

5.0 0.080 0649 096
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RESULTS AND DISCUSSIONS OF THE DIFFERENT METHODS

11 wells have been evaluated. For each well the water saturations
from the capillary pressure measurements were compared with
the water saturation using the different evaluation methods (
Equation 18;4;9;16). Standard deviation and correlation coeflicient
from the 4 different evaluation methods presented above are
presented in Table 8.

The correlation coefficient from the J-function varied frem 0.72 to
0.94, with an average R2 of 0.84. The correlation coefficient from
the methed by Alger el al. (1989}, the mullilinear regression
analysis, varied from 0.82 1o 0.96 with an average R2 of 0.89. The
correlation coeificient from the method by Johnson {1987) varied
from 0.89 to 0.96 with an average R2 on 0.93. The correlation
coefficient from the proposed New Method varied from 0.88 10 0.95
with an average R2 of 0.93.

The evaluations of the capillary pressure data show that the
empirical method described above, (the New Method) above gives
better correlation coefficient and standard deviation than the
Leverett J-function for all the reservoirs tested.

Except for one well also the method by Johnson (1987} gives
better cerrelation coefficient and standard deviation than the J-
function.

TABLE 8 Standard deviation and correlation ceefficient from 4 diflerenl
evalualion method of capillary pressure data from 19 different wel's.

J-funclion Cap Johnson New
log Mathad Method
Wel  Number 5w Ky Kmae o 2 A2 RS o AR o
of core Dara el

1 25 100 Q.05 51 0.089 0.72 0BS5S 0.068 0.9 0.062 053
2 10 60 58 8700 0054 0.87 0B 0.029 D96 0.040 093
3 10 ] 153 12900 0044 091 051 0.032 095 0.040 0.92
4 10 7 79 12000 D06S 0BG 0.B3 0.041 0.94 0047 0.94
5 10 i5 | w0057 0104 D84 0B85 0.068 0.89 0.070 C.B8
[ 10 o' 1 SB6 0,033 094 055 0.051 090 0037 0.0d
7 10 74 5 1521 0.100 076  0.89 0.044 Q.95 0.045 095
8 10 74 183 25000 0.053 D94 0.B2 0.048 0.95 0.052 095
9 g ] 24 552 0070 0B0 088 0.058 0.92 0.051 084
10 a 48 23 204 0.098 0.77 0492 0043 0.9 0.042 0.92
il

10 BO 88 1183 0070 083 085 0.039 0.96 0.047 0.94
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For 3 wells the proposed New Method gives the best correlation
coefficient and for 4 other weils the method by Johnson gives the
besi correlation. For 3 wells the New Method and the methed by
Johnson give the best correlation coeflicient. For the last well the
Caplog methad gives the best correlation coefficient.

Even if a J-function was used for each formation the evaluation
of the J-function did not give better correlalion coefficient than the
proposed New Method and the method by Johnson (1987).

Evaluation of capillary pressure dala by the new method and the
method by Johnson {1987) show that the correlation coefficient,
R2, is less sensitive to porosity than the correlation coefficient from
the Leverett J-function and the Caplog methoed.

In the comparison of the different methods all the capillary
pressure data were used. In Table 9 the correlation coefficient R2
for each capillary pressure and evaluation methed is listed for well
9. The proposed New Method and the method by Johnsan give the
best correlation of waler saturation estimated from the highest
capillary pressure.

TABLES Gomparison of carrefation coellicients, R2, vs. P, (well 9).

J-funclion Cgp-Log Johnson New Method
R

P. Bar RZ R2 R2

0.1 0.47 0.03 085 0.89
0.2 0.79 0.83 0.93 0.94
0.5 0.63 057 0.91 091
1.5 065 0.92 0.98 0.98
3.0 0.39 0.91 0.97 0.97
5.0 0.30 0.82 0.95 0.96

The capillary pressure versus water saturations from twe P,
measurements (well 9) compared to the capillary pressure versus
water saturation evaluated by the different methods, are presented
graphically in Figure 9 and 10. For the highest capillary pressures,
S,, evaluated from the method of Johnson {1987), and S, from the
new method are very close to S, from the capillary pressure
experiment. S,, from the Leverett J-function, and from the Caplog
method, are not so close to S, from the capillary pressure
experiment. None of the methods give 5, close to the experimental
water saturation for low capillary pressure (< 0.2 bar).
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FIGURE 8 Pec measurements compared to P, vs. S, evaluated
by the different methods.

CONCLUSION

Based on each methods capability to predict the observed
relationship between input parameters and the raw capillary
pressure data, it was found that the proposed New Method was
superior to the Leverett J-function in all cases, in general supetrior
to the Caplog method, and equal to the Johnson method.

Evaluation of capillary pressure data by the alternative method and
the methed of Johnson (1987} show that the correlation coefficient,
R2, is less sensitive to porosity, than the correlation coefficient from
the Leverett J-functicn and the Caplog method.

The proposed new method and the Johnson method are especially
superior to the Caplog method and the J-function for high capillary
pressure.

The capillary pressure data should be correlated by both the New
Method and the method by Johnson in order to choose the one
with the best correlation coefficient.
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NOMENCLATURE
ab,c,d,i Constants
A.B,C,D,E,F Constants
h Height above free water level
J{Sw) Leverett capillary pressure function, dimensionless
K Klinkenberg correcled permeability, md

P. Capillary pressure, bar

R Correlation coefficient

S, Water saturation, fraction

Ven Bulk volume hydrocarbon, fraction

Ap Water/hydrocarbon density difference

Ph Formaticn hydrocarbon density

c Standard deviation

¢ Parosity, fraction

T Interfacial tension between the fluids at laboratory
conditions

Y. Interfacial tension between the fluids al reservoir

condilions





