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Abstract

For waterwet reservoirs, several expressions may be used to
correlate capillary pressure, or height above the free water
level, with the water saturation. These correlations all feature a
vertical asymptote at the residual water saturation where the
capillary pressure goes to plus infinity.

We have developed a general capillary pressure correlation
that covers primary drainage, imbibition, secondary drainage,
and hysteresis scanning loops. The graph exhibits an asymp-
tote at the residual saturation of water and of oil where the
capillary pressure goes to plus and minus infinity, respec-
tively. The shape of the correlation is simple yet flexible as a
sum of two terms, each with two adjustable parameters and is
verified by laboratory experiments and well-log data. An asso-
ciated hysteresis scheme is also verified by experimental data.

The correlation can be used to make representative capil-
lary pressure curves for numerical simulation of reservoirs
with varying wettability and to model and interpret flooding
processes.

Introduction

Many capillary pressure correlations have been suggested in
the literature,'” typically with two adjustable parameters. One
parameter is expressing the pore size distribution and hence
the curvature of the p.-curve, the other the actual level of the
capillary pressure, i.e., the entry or the mean capillary pres-
sure.

Most of the correlations are limited to primary drainage
and positive capillary pressures. Huang ef al.’ extend their
correlation to include all four branches of the bounding hys-
teresis loop: spontaneous and forced imbibition, and spontane-
ous and forced secondary drainage. They employ the same

primary drainage expression to each branch, scaled to render
the measured p. = 0 axis crossing.

We have chosen to base the general capillary pressure cor-
relation for mixed-wet reservoir rock on the simple power-law
form of Brooks and Corey’ for primary drainage capillary
pressure from S,, = 1 to S,,,. The classical expression for a wa-
terwet core may be slightly rewritten to facilitate the extension
of scope,

C
Dy = wd pal I —— (1)
SW - Swr
1 - Swr

where c,, is the entry pressure, 1/a,,, the poresize distribution
index,® S,,, the residual (irreducible) water saturation. The
main reason for choosing this basis is the solid experimental
verification of Eq. 1.>*

According to Morrow,7 there is now wide acceptance of
the view that most reservoirs are at wettability conditions other
than waterwet. To our knowledge, however, no comprehen-
sive, validated correlation has been published for mixed-wet
reservoirs. The lack of correlation makes it difficult to prop-
erly model displacement processes where imbibition is of im-
portance and data are scarce, e.g., bottom water drive and wa-
ter-alternate-gas injection.

In this paper, we present a general capillary pressure cor-
relation and an associated hysteresis loop scheme. We try to
demonstrate the applicability of the correlation by fitting data
from a series of membrane and centrifuge experiments on
fresh cores, and we show that the correlation is well suited to
represent measured capillary pressure curves over a wide
range of rock types. Also, analyzing well-log data from the
same well in a bottom-water driven North Sea sandstone res-
ervoir at several points in time over five years, we are able to
model the transition from the initial primary drainage satura-
tion distribution to the later observed imbibition profile.

The correlation crosses the zero capillary pressure axis at
two points, for the imbibition and the secondary drainage
branches. These points, together with the residual saturations,
define the Amott-Harvey wettability index.” Thus, variations
in wettability, e.g., with height, could be incorporated in the
correlation.

We adopt the terminology of Morrow’ to characterize the
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capillary pressure curve, Fig. 1: ‘drainage’ denotes a fluid
flow process where the water saturation is decreasing, even for
an oilwet porous medium; ‘imbibition’ denotes a process
where the oil saturation is decreasing; ‘spontaneous’ imbibi-
tion occurs for positive capillary pressure, ‘forced’ imbibition
for negative capillary pressure; ‘spontaneous’ (secondary)
drainage occurs for negative capillary pressure, and ‘forced’
(secondary) drainage for positive capillary pressure; ‘primary’
drainage denotes the initial drainage process starting from S, =
1.0; and, for completeness, ‘primary’ imbibition denotes a
imbibition process starting from S, = 1.

Correlation

The design idea for the correlation is as follows: Eq. 1 is valid
for a completely waterwet system and, if index o for oil is sub-
stituted for index w, it is equally valid for a completely oilwet
system. For other cases between these limits, a correlation
should be symmetrical with respect to the two fluids since
neither dominates the wettability. One way to achieve a sym-
metrical form which is correct in the extremes, is to sum the
two limiting expressions, i.e., to sum the water branch as given
by Eq. 1 and a similar oil branch, resulting in the general ex-
pression,

c, c,
pc = a , + a e eeseiiiesescseinns (2)
Su=8u | " [Se=Su]|”
I_Swr l_Snr

The a’s and ¢’s are constants and there is one set for imbi-
bition and another for drainage. An imbibition curve from S,,,
to S,, is modeled by Eq. 2 and the four constants (a,;, @i, Cyis
C,i), and a secondary drainage curve from S,, to S,,, by the con-
stants ((lwd, Aods Cyds ng).

The constraints on the constants are that a,, a,, c, are
positive numbers and ¢, is a negative number. The graph of
Eq. 2, both for imbibition and drainage, therefore consists of
two branches, a positive water branch with an asymptote at S,,
= S, and a negative oil branch with an asymptote at S, = S,,,
Fig. 1. Depicted in the figure are (1) the primary drainage
curve starting at S,, = 1, modeled by Eq. 2 with ¢, = 0 and ¢,
equal to the entry pressure; (2) the primary imbibition curve,
from Eq. 2 with ¢,, =0 and ¢, equal to the entry pressure of
water into a 100% oil saturated core; and (3) the bounding
(secondary) imbibition and secondary drainage curves forming
the largest possible hysteresis loop.

It should be noted that we have not performed any system-
atic study to check if the primary drainage constants c,, and
a,q in Eq. 1 may have the same values as in the secondary
drainage curve, Eq. 2 with the constants (a4, @ogs Cyas Cod)s OF
if two different sets of (a,q, c,,) are necessary. For simplicity,
unless challenged by data, we will assume that a single set
suffices.

For imbibition, the graph crosses the zero capillary pres-
sure axis at S,,q;, 1.€., p(Syo) = 0, giving the following expres-
sions for ¢,; from Eq. 2,

a .
1 B Sw()i - S ”

C.. or
wi 1— Sm
c, =- S (3a)
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SwOi - Swr

I_SWV

and for secondary drainage, p.(S,0s) = 0, gives

aad
1 - SWOd - Snr
c,y = SN e P — (3b)
Sw()d - S

wr

I_SWV

The wettability index to water, I,,, is given by7 I, = (S0
Swl (1-8,,-S,,,), and to oil, 1, = (1-S,0,~S,)/(1-S,, =S,,»), and
the Amott-Harvey wettability index’ is Iny = I,~1,. For a com-
pletely waterwet system, /,, = 1 and 1, = 0 giving S,0; = Sy =
(1-3S,,), and from Eq. 3, ¢,; = 0 and ¢,; = 0. That is, Eq. 2 is
used with only the water branch for both imbibition and drain-
age.
Wettability may vary with depth and be correlated with
S, as discussed by Jerauld and Rathmell.® Incorporating such
variations into the capillary pressure correlation would require
additional functional relationships between the parameters in
Egs. 3, e.g., if the reservoir becomes more waterwet as the
water-oil contact is approached from above, both zeropoint
crossings, S,; and S04 should approach (1-S,,), and c,; and
Coq g0 to zero. Also, if the interfacial tension is reduced for
some displacement process, the ¢’s should go to zero propor-
tionally, and S,, and S,,, should approach zero.

It could be considered to put Eq. 2 into dimensionless form
by an extended J-function,’ but it is not clear if this approach
is valid for an imbibition process, as discussed by Hamon and
Pellerin.'® From their Fig. 8, it seems that the water branch of
Eq. 2 could be scaled by the J-function, but that the oil branch
is almost independent of permeability and would require a
different scaling group.

Hysteresis Loop Logic

Introduction.

The hysteresis loop logic of Killough'' is often employed in
reservoir simulators. Its limitations have recently been dis-
cussed by Tan,'? Kriebernegg and Heinemann,"® and Kleppe et
al."* who point out that Killough’s method often is inadequate
since it was formulated for the case where the drainage and
imbibition curves meet at the residual oil saturation. To rem-
edy the deficiency, it is suggested,">'* with some modifica-
tions,'* to apply Land’s" expression,

1 1
e = ) e )
S, 01 S,

where S,[1] is the start saturation of an imbibition process, on
the primary drainage curve, and S,,[1] is the end saturation of
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the imbibition process, and C is Land’s trapping constant.

A further limitation of Killough’s procedure is that on the
third reversal, an artificial jump back to the first reversal curve
is made to ensure that the reversal scanning curves proceed
back to the point where the original bounding curve was left,
an experimental fact.

Design Constraints. We consider the following design con-
straints for capillary pressure hysteresis loops to be generally
accepted based on experimental evidence:'**

1. A first saturation reversal from the primary drainage
curve, before reaching the residual water saturation S,,,,
starts an imbibition scanning curve down to a residual oil
saturation which is a certain fraction of S,,, as determined
by Eq. 4.

2. If the reversal from the primary drainage curve occurs at
S, the scanning curve scans to S, and is denoted the
bounding imbibition curve.

3. A second reversal from S,, defines a (secondary) drainage
bounding curve that scans back to S§,,. Together, the
bounding imbibition and drainage curves constitute the
closed bounding hysteresis loop.

4. All scanning curves originating on the bounding imbibi-
tion curve scan back to S,, and all reversals on the
bounding drainage curve spawn scans back to S,,,.

5. A scanning curve originating at S,,[k], the water saturation
at the start of the k’th reversal curve, will scan back to
S,[k-1] and form a closed scanning (hysteresis) loop, un-
less a new reversal occurs.

6. If a curve scanning back from §,,[k] reaches S, [k-1] before
any new reversal, i.e., forms a closed scanning loop, the
process continues by retracing the scan of the k-2 reversal
as if the k-1 reversal had not occurred.

7. The shapes of the scanning loops are similar to the shape
of the bounding loop.

Procedure. Let S,[k] denote the water saturation at the k’th
reversal and let [k] also label properties of the scanning curve
after the k’th reversal with the convention that odd numbers
denote imbibition and even numbers drainage. We will use the
asymptotes S,,[k] and S, [k] as scanning loop residual satura-
tions and S,,, and S, as the bounding loop residual saturations.

First Reversal. The historic two-phase flooding process of
a reservoir rock sample is usually primary drainage from S,
= 1. The first reversal will then be an imbibition curve denoted
by p.[1] originating from the primary drainage curve, p.,[0],
Eq. 1. The reversal saturation S,[1] is a point on both the
P40] and the p.;[1] graph, that is

P 101(S, 1) = Pal1I(S I1) 5 e (52)

and where explicitly, from Eqs. 1 and 2,

C
P [01(S,[11) = —! e (5b)
SW[I] — Swr !
1-S,
C .
pLI(S, [11) = e
S,1=S8,,011 "
1-S,.01
C .
+ o e (5¢)

a .
S,m=5,011)
1-S§, 111

To honor Eq. 5a, we have to choose one parameter to be ad-

justed. Considering the design constraints, we keep all a’s and

¢’s constant for a given rock-fluid and adjust the water branch

asymptote of the scanning curve, i.e., S,,[1]. The oil branch

asymptote, S,,[1], is determined by Land’s expression, Eq. 4.

With this choice, the scanning curve will have a similar shape

as the bounding imbibition curve since (a,;, dyi, Cis Co;) are the

same. The scanning curve may be considered to be part of a

compression of the bounding imbibition curve between the
two new asymptotes S,,,[1] and S,,[1].

In summary, the first reversal imbibition curve p.[1](S,,)
starts on the primary drainage curve at the reversal point S,,[1]
and scans down towards the asymptote S,,[1], as shown in
Fig. 2 for three values of S,,[1]. Also shown in the figure is the
bounding imbibition curve from S,,, which is the minimum
value of S,[1], back to S,,. All curves in the figure are pro-
duced with a constant set of parameters. Only the residual
saturations (asymptotes) are varied. These manufactured
curves nicely reproduce the features of the many experimental
curves presented by Wardlaw and Taylor."

Second Reversal From Residual Oil Saturation. The three
(secondary) drainage scanning curves from the three S, [1]-
values and the bounding drainage curve from S, are also
shown in Fig. 2, forming 4 closed loops with their respective
imbibition curves. The drainage scanning curves are generated
by setting

P 121(S,111) = Py T01(S T11) 5 oo (62)

that is, the drainage curve following the second reversal,
Peql2], has to scan back to the first reversal point to make a
closed loop. Here,

C
P 12105101 = M
SWUJ—Sme "

1-S,,12]
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So[l] — Sor[z]
( 1-5 2] J

+

and S,,[2] = S,,[1]. The only unknown in Eq. 6a is then S,,[2],
which can be calculated and the scanning curve is defined.

Second General Reversal. If a second reversal should oc-
cur at a point S,[2] on the p.[1](S,)-curve, before reaching
S,[1], a reversal drainage scanning curve, p.[2](S,), is
spawned,

C
Pal21(S,) = nd

s, =S, 021) "
1-S [2]

wr

C

od e )

+
S —S [2] “ou
1 - Sor [2]

scanning back to S,[1]. The imbibition scanning curve p.[1]
from S,[1] and the drainage scanning curve p.4[2] back again
from §,,[2] have to be equal at the two reversal points to form
a closed loop, i.e.,

PSS, = Py (2108 111) 5 oo (8a)

and

DS 121) = Py (2108 121) - o, (8b)

These two equations determine the two new asymptotes
S,[2] and S,,[2] of p.4[2] in Eq. 7. As for the previous cases,
we consider the a’s and the ¢’s to be invariant and adjust the
vertical asymptotes of the scanning curve to get a closed loop.
Thus the second scanning curve will be part of a compression
of the secondary drainage curve between the two asymptotes
Sw[2] and S,,{2].

Numerically, Egs. 8 can be solved as follows: Let the first
estimate of §,,[2] be the previous value, S,,[1], and estimate
S,/[2] from Eq. 8a. With this estimate fixed, make a new esti-
mate of S,,[2] from Eq. 8b, and flip-flop until convergence.
Usually a couple of iterations is sufficient.

Third General Reversal. The p.,[2]-process is now scan-
ning from §,[2] and back to S,[1]. If a new reversal occurs at
S,,[3] before reaching S,[1], a p.;[3]-process is set up, scanning
from S,[3] and back again to S,[2]. If the p.J[2]-process
should reach S,[1], however, and the water saturation contin-
ues to decrease, the process reverts from a p.4[2]-curve to a
peal0]-curve, i.e., it continues on the primary drainage curve.

More Reversals. The formalism can easily be generalized.
Fig. 3 shows another example of a set of enclosing scanning
loops between the bounding curves. Let us say that the history
started with a primary drainage from §,, = 1 to S,,,; then a first
reversal, S,[1] = S,,, and the process traced the bounding im-

bibition curve until S,, = 1 — §,,, where the second reversal
occurred, S,[2] = 1 — S,,. Then the process followed the sec-
ondary drainage bounding curve until a third reversal at S,[3],
the first reversal marked in the figure. The process now scans
back on the p[3]-curve towards S,,[2] but experiences a fourth
reversal at S,[4]. Then two more reversals occur, S,[5] and
S,[6]. After the sixth reversal, the process scans back on the
peal6]-curve to S,[5], passes through this point, and continues
on the p., [4]-curve back to S,[3] where it progresses on the
Peal2]-curve, which, for this example, is the secondary drain-
age bounding curve.

Suite of Reversals From Bounding Curves. Several ex-
perimental papers'®'? report series of reversals from the imbi-
bition and drainage bounding loops with features described
above in the design constraint No. 4. Figs. 4 and 5 demon-
strate that these features are well reproduced by the proposed
hysteresis loop logic.

Bottom-Water Drive

The initial saturation distribution with height in a reservoir is
usually determined by the primary drainage capillary pressure.
When oil production starts, the Free Water Level [FWL]—the
height where p. = 0—slowly moves upwards. Each saturation
in the capillary transition zone between oil and water becomes
a reversal saturation S,[1] that spawns a scanning imbibition
curve aiming at an S,,[1]-value given by Eq. 4. A sample cal-
culation is shown in Fig. 6. Initially, the free water level is at
height FWL,. After it has risen to about 57 m, the saturation
distribution follows an imbibition curve at low water satura-
tions and exhibits a drainage-imbibition transition zone at high
water saturations. This transition zone is a trapped feature that
does not change as the water table continues to rise. The effect
has been discussed by Kriebernegg and Heinemann. "

Validation

A capillary pressure correlation should have a minimum num-
ber of adjustable parameters yet be sufficiently flexible to fit a
variety of measured datasets. Brooks and Corey™ have shown
that this is case for the water branch of Eq. 2, and we will try
to validate the full form of Eq. 2.

Centrifuge Bounding Curve Data. Figs. 7 and 8 show the
results of curvefitting the correlation to centrifuge data for two
fresh core samples. The data are recorded from a forced imbi-
bition and a forced secondary drainage process, i.e., half the
water branch and half the oil branch are measured. This is a
standard procedure by core laboratories. The curvefitting fol-
lows these steps:

1. When S,,—~1-S,,, the oil branch dominates in Eq. 2, and a
plot of log(-p.) vs. log((S,-S,,)/(1-S,,)) according to

log(-p.) =log(-c,,)—a,, log[i"—SS(”]

yields estimates of c,; and a,;. The lowest measured S,-value is



SPE 39497

CAPILLARY PRESSURE CORRELATION FOR MIXED-WET RESERVOIRS 5

used for S,,,.

2. With no data available from spontaneous secondary
drainage, we assume that a,, = a,; = a,, the inverse poresize
distribution index at low oil saturations.

3. Since S,,; is the known start saturation for forced imbi-
bition, c,, is found from Eq. 3a.

4. In the same manner are determined estimates of c¢,,; and
a,y from datapoints where S,—S,,, and S, is set equal to the
lowest measured water saturation, and c¢,; is found from
Eq. 3a.

5. It is assumed that a,, = a,; = a,, the inverse pore size
distribution index in the low water saturation range.

6. With these estimates of the parameters, an expression
for the total error is made by summing the errors squared be-
tween a measured capillary pressure and the correlation value,
Eq. 2. The errors are weighted by the factor (1/p.).> The total
error is simultaneously minimized with respect to a,, a,, C,i
and c,, by a standard optimization package, and c,; and c,,; are
found by Egs. 3.

The match in Figs. 7 and 8 is good, which is also the case
for all the other centrifuge results we have investigated.

Micropore Membrane Loop Data. We have matched a re-
ported'® series of capillary pressure experiments on a fresh,
oilwet reservoir core to further check the applicability of the
correlation and the hysteresis loop logic.

The core was not cleaned. It was saturated with dead crude
oil and formation water and the last preparatory flow was a
waterflood until no more oil was produced. Then the experi-
ment followed this sequence (capillary pressures in millibar,
mb):

(a) drainage to +350 mb

(b) spontaneous imbibition, +350 — +1 mb
- bounding curve

(c) forced imbibition, 0 —» -350 mb
- bounding curve

(d) spontaneous drainage, -350 — -1 mb
- bounding curve

(e) scanning loop, -1 - -5 - -1 mb

- small

(f) scanning loop, -1 - -10 - -1 mb
- medium

(g) scanning loop, -1 - -20 - -1 mb
- large

(h) forced drainage, 0 — +350 mb
- bounding curve.

In measurement series (a), an attempt was made to drive the
system to S,,, to ensure that the rest of the steps are all within
the bounding hysteresis loop.

First we fitted the bounding curves as described above for
the centrifuge data, assuming a,,; = a,,; and a,; = a,4. This gave
a reasonably good overall match with some discrepancy for
measurement series (d). The fit improved when the a’s for
drainage and imbibition were allowed to be different. Still, the
match for the drainage part of the scanning loops could have

been better. Since, by assumption, the a’s and ¢’s are the same
for all the curves, we decided instead to match the largest
scanning loop and predict the medium and small scanning
loops and the bounding loops.

The final match for the large scanning loop is shown in
Fig. 9, the predicted medium loop in Fig. 10, and the predicted
small scanning loop in Fig. 11. All three scanning loops and
the measured data are shown together in Fig. 12. The scanning
drainage curves for the medium and small loops are predicted
by the hysteresis loop logic explained above. The only adap-
tion is the choice of reversal points for the start of the drainage
curves of the medium and small loops. In Fig. 13 are shown
the predicted bounding curves together with the measured data
and Fig. 14 summarizes the bounding and scanning curves
together with the measured data. Although further fine tuning
could have been performed and the data contain some drift due
to the ramping speed,'® the capillary pressure correlation and
the hysteresis loop logic model the experiments satisfactorily.

Well Log Data From a Bottom-Water Driven Reservoir. In
Fig. 15 is shown a plot of height above the free water level vs.
water saturation for a well from a sandstone reservoir in the
North Sea. The data are logged in 1989 before the reservoir
was put on production and follow a primary drainage drainage
curve, Eq. 1. Data from tight shale stringers have been deleted
from the match and J-function normalization has not been at-
tempted.

After production start, the well was logged again in 1992,
1993, and 1994. The signal-to-noise ratio is worse for the
completed well. In 1994, the FWL had risen about 85 meters
and the portion of data above the transition from primary
drainage to imbibition may be fitted with a pure imbibition
curve. The result is shown in Fig. 16, where all the datapoints
have been included, also those “masked” while matching. The
position of the FWL is now an additional matching parameter.
From knowledge of the residual saturations S, and S,, from
the match, Land’s trapping constant was determined from
Eq. 4.

With all parameters fixed except FWL, which was adjusted
separately, the saturation distribution with height was pre-
dicted by the capillary pressure correlation for the 1992 data in
Fig. 17 and the 1993 data in Fig. 18, all datapoints included.
Although there is a wide spread in the data, and the matching
procedure surely could be improved, the correlation fairly well
predicts the rise of the water table.

Relative Permeability Functions
The Corey-type® or powerlaw expressions are popular correla-
tions for relative permeabilities of waterwet reservoirs. They
may be predicted from the primary drainage capillary pressure
curve or fitted to measured relative permeability values. It
seems reasonable that an extension to mixed-wet reservoirs
would require a symmetrization with respect to the two fluids,
possibly along the following lines:

Let k,,,,,« denote the drainage relative permeability to water
in a completely waterwet system, i.e., derived solely from the
water branch of the general capillary pressure correlation,
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Eq. 2, and let k,,,, denote the corresponding oil relative per-
meability. Then the Corey-Burdine®*' expressions are

Knpa = Sn™ "+ kg = (1= S0 "H(A= ),
where
— SW — Swr
™o1-8 -8

for secondary drainage and with S, dropped for primary
drainage.

For a completely oilwet system, solely from the oil branch
of the capillary pressure correlation, we may write for the oil
and water relative permeabilities, respectively

Krgod = o+ Ko = (1= S0 (1 =8,,)".
where
S, =S
v T1os -8

For a mixed-wet system, the water phase could be perceived to
move partly as a wetting phase and partly as a nonwetting
phase with relative strengths c,, and c,,4, the weight factors on
the water and oil branches of the capillary pressure correlation,
Eq. 2, implying the following expression for the drainage wa-
ter relative permeability of the mixed-wet system,

k _ de krwwd - Cnd krwod 8
wd = ) e s (8a)
de - Cod
and
P Kua = oKt e (8b)
de - Cod

for the drainage oil relative. Of course, Eqs. 8 represent just an
educated guess of the shape of the correlations. Validation and
possible modifications are needed based on consistent meas-
urements of capillary pressure and relative permeability func-
tions. For instance, endpoint relative permeability values at
residual saturations for each of the Corey-Burdine expressions
could be introduced as a modification.

A relative permeability hysteresis loop logic should be de-
signed to honor measurements® and be consistent with the
capillary pressure hysteresis loop logic.

As examples, Figs. 19 and 20 show three pairs of relative
permeability curves for oil and water: (1) primary drainage,
(2) imbibition, and (3) secondary drainage. The a and ¢ pa-
rameters in Eqgs. 8 and the corresponding expressions for im-
bibition are taken from the capillary pressure correlation fit to
the centrifuge data in Figs. 7 and 8.

Conclusions
1. A general capillary pressure correlation for mixed-wet

rock is presented and its applicability demonstrated.

2. An new hysteresis scanning loop scheme is developed
and validated by comparison with measurements.

3. The hysteresis scheme is employed to model the tran-
sition of the vertical saturation distribution in a reser-
voir from an initial primary drainage curve to an imbi-
bition curve as the water table rises.

4. An extension of the Corey-type relative permeability
correlation is suggested for mixed-wet rock.

Nomenclature

a = constant, dimensionless

¢ = constant, bar or mbar

k. = relative permeability, dimensionless

p = pressure, bar or mbar

C = Land’s trapping constant, dimensionless
I = wettability index

S = saturation

[k] = scanning loop reversal No. k

Subscripts

¢ = capillary

d = drainage

i = imbibition or initial
n = normalized

o = oil or oilwet

r = residual or relative
w = water or waterwet

AH = Amott-Harvey
0 = zero point (p. =0)

Acronyms
FWL= Free Water level
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P.

Fig. 1—Schematic of bounding curves: (a) primary drainage; (b)
(secondary) imbibition; (c) secondary drainage; (d) primary imbi-
bition.

Fig. 2—Scanning loops with first reversal on the primary drainage
curve and second reversal at the respective residual oil satura-
tion.

S,13]
S,[5]

0]
S,.[4]

Fig. 3—A family of scanning loops spawned from a reversal point
on the secondary drainage bounding curve.
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Fig. 4—Series of drainage scanning curves initiated at different
reversal points on the imbibition bounding curve.

Fig. 5—Series of imbibition scanning curves initiated at different
reversal points on the secondary drainage bounding curve.

m

100+

6ol FWL

FWL;
1

0 02 04 0'6 0'8
Fig. 6—Height above free water level (FWL) as a function of water
saturation for two values of FWL; transition from a primary drain-
age curve at FWL,; over to an imbibition dominated curve at FWL.

bar
0.4,

0.2+

-0.46
Fig. 7—Capillary pressure correlation fitted to forced imbibition
and forced drainage centrifuge data from special core analysis.

bar
l,

0.5¢

-l
Fig. 8—Capillary pressure correlation fitted to forced imbibition
and forced drainage centrifuge data for another core.

mbar

0,8

20+

Fig. 9—Capillary pressure correlation fitted to the large scanning
loop data.
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mbar
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- - - Fig. 13—Predicted bounding curves and measured data.
Fig. 10—Predicted medium scanning loop and measured data. 9 9
mbar
mbar 30+ |
27 —+
20+
0.3
0
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0 i
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_20,,
-6
_30,,
gl Fig. 14—All data and fitted curves shown together.

Fig. 11—Predicted small scanning loop and measured data.
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mbar 100!
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0
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Fig. 15—Height above the free water level as a function of water
Fig. 12—Large, medium and small scanning loop data and correla- saturation, well data and fitted correlation, initial conditions, pri-

tion curves shown together. mary drainage.
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Fig. 16—Height above the free water level in 1994 as a function of o g O R 4

water saturation, well data and fitted correlation, imbibition
bounding curve.
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Fig. 177—Height above the free water level in 1992 as a function of
water saturation, well data and prediction by correlation, transi-
tion from primary drainage to imbibition bounding curve.
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Fig. 18—Height above the free water level in 1993 as a function of
water saturation, well data and prediction by correlation, transi-
tion from primary drainage to imbibition bounding curve.

Fig. 19—Relative permeabiliiy curves for.primary drainage, imbibi-
tion, and secondary drainage, data from Fig. 7.
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Fig. 20—Relative permeability curves for primary drainage, imbibi-
tion, and secondary drainage, data from Fig. 8.



