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Summary
For water-wet reservoirs, several expressions may be used to
relate capillary pressure, or height above the free water level,
the water saturation. These correlations all feature a vertical
ymptote at the residual water saturation where the capillary p
sure goes to plus infinity.

We have developed a general capillary pressure correlation
covers primary drainage, imbibition, secondary drainage, and
teresis scanning loops. The graph exhibits an asymptote a
residual saturation of water and of oil where the capillary press
goes to plus and minus infinity, respectively. The shape of
correlation is simple yet flexible as a sum of two terms, each w
two adjustable parameters and is verified by laboratory exp
ments and well-log data. An associated hysteresis scheme is
verified by experimental data.

The correlation can be used to make representative capi
pressure curves for numerical simulation of reservoirs with va
ing wettability and to model and interpret flooding processes.

Introduction
Many capillary pressure correlations have been suggested in
literature,1-5 and they typically have two adjustable paramete
One parameter expresses the pore size distribution and henc
curvature of thepc curve, the other the actual level of the capilla
pressure, i.e., the entry or the mean capillary pressure.

Most of the correlations are limited to primary drainage a
positive capillary pressures. Huanget al.5 extended their correla
tion to include all four branches of the bounding hysteresis lo
spontaneous and forced imbibition, and spontaneous and fo
secondary drainage. They employed the same primary drain
expression to each branch, scaled to fit the measuredpc50 axis
crossing.

We have chosen to base the general capillary pressure cor
tion for mixed-wet reservoir rock on the simple power-law for
of Brooks and Corey2,3 for primary drainage capillary pressur
from Sw51 to SwR . The classical expression for a water-wet co
may be slightly rewritten to facilitate the extension of scope,

pcd5
cwd

S Sw2SwR

12SwR
D awd

, ~1!

wherecwd is the entry pressure, 1/awd the pore size distribution
index,6 and SwR the residual~irreducible! water saturation. The
main reason for choosing this basis is the experimental verifi
tion of Eq. 12,3 and its simplicity.

According to Morrow,7 there is now wide acceptance of th
view that most reservoirs are at wettability conditions other th
completely water-wet. To our knowledge, however, no comp
hensive, validated correlation has been published for mixed-
reservoirs. The lack of correlation makes it difficult to prope
model displacement processes where imbibition is of importa
and data are scarce, e.g., bottom water drive and water-alter
gas injection.
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In this article, we present a general capillary pressure corr
tion and an associated hysteresis loop scheme. We try to dem
strate the applicability of the correlation by fitting data from
series of membrane and centrifuge experiments on fresh co
and we show that the correlation is well suited to represent m
sured capillary pressure curves over a wide range of rock ty
Also, by analyzing well-log data from the same well in a bottom
water driven North Sea sandstone reservoir at several point
time, we are able to model the transition from the initial prima
drainage saturation distribution to the later observed imbibit
profile.

The correlation crosses the zero capillary pressure axis at
points for the imbibition and the secondary drainage branch
These points, together with the residual saturations, define
Amott-Harvey wettability index.7 Thus, variations in wettability,
e.g., with height, could be incorporated into the correlation.

We adopt the terminology of Morrow7 to characterize the cap
illary pressure curve,Fig. 1: ‘‘drainage’’ denotes a fluid flow
process where the water saturation is decreasing, even for an
wet porous medium; ‘‘imbibition’’ denotes a process where t
oil saturation is decreasing; ‘‘spontaneous’’ imbibition occurs
positive capillary pressure, ‘‘forced’’ imbibition for negative cap
illary pressure; ‘‘spontaneous’’~secondary! drainage occurs for
negative capillary pressure, and ‘‘forced’’~secondary! drainage
for positive capillary pressure; ‘‘primary’’ drainage denotes t
initial drainage process starting fromSw51.0; and, for complete-
ness, ‘‘primary’’ imbibition denotes a imbibition process startin
from So51.

Correlation
The design idea for the correlation is as follows: Eq. 1 is valid
a completely water-wet system and, if indexw for water is sub-
stituted by indexo, it is equally valid for a completely oil-wet
system. For other cases between these limits, a correlation sh
be symmetrical with respect to the two fluids since neither do
nates the wettability. One way to achieve a symmetrical form t
is correct in the extremes is to sum the two limiting expressio
i.e., to sum the water branch given by Eq. 1 and a similar
branch, resulting in the general expression,

pc5
cw

S Sw2SwR

12SwR
D aw

1
co

S So2SoR

12SoR
D ao

. ~2!

The a’s andc’s are constants and there is one set for imbibiti
and another for drainage. An imbibition curve fromSwR to SoR is
modeled by Eq. 2 and the four constants~awi , aoi , cwi , coi!, and
a secondary drainage curve fromSoR to SwR by the constants
~awd , aod , cwd , cod!.

The constraints on the constants are thataw , ao , cw are posi-
tive numbers andco is a negative number. The plot of Eq. 2, bo
for imbibition and drainage, therefore consists of two branche
positive water branch with an asymptote atSw5SwR and a nega-
tive oil branch with an asymptote atSo5SoR , Fig. 1. Depicted in
Fig. 1 are~1! the primary drainage curve starting atSw51, mod-
eled by Eq. 2 withco50 andcw equal to the entry pressure;~2!
the primary imbibition curve from Eq. 2 withcw50 andco equal
to the entry pressure of water into a 100% oil saturated core;
~3! the bounding~secondary! imbibition and secondary drainag
curves forming the largest possible hysteresis loop.

It should be noted that we have not performed any system
study to check if the primary drainage constantscwd and awd in
1094-6470/2000/3~1!/60/8/$3.5010.15
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Eq. 1 may have the same values as those in the secondary d
age curve, Eq. 2 with the constants~awd , aod , cwd , cod!, or if
two different sets of~awd , cwd! are necessary. For simplicity
unless challenged by data to the contrary, we will assume th
single set suffices.

For imbibition, the graph crosses the zero capillary press
axis atSw0i , i.e., pc(Sw0i)50, giving the following expressions
for coi from Eq. 2:

coi52

cwiS 12Sw0i2SoR

12SoR
D aoi

S Sw0i2SwR

12SwR
D awi

, ~3a!

and for secondary drainage,pc(Sw0d)50, gives

cod52

cwdS 12Sw0d2SoR

12SoR
D aod

S Sw0d2SwR

12SwR
D awd

. ~3b!

The wettability index to water,I ww , is given by7 Iww5(Sw0i
2SwR)/(12SoR2SwR), and to oil, Iwo5(1-Sw0d2SoR)/(1
2SoR2SwR), and the Amott-Harvey wettability index7 is I wAH
5I ww2I wo . For a completely water-wet system,I ww51 and
I wo50 giving Sw0i5Sw0d5(12SoR), and from Eqs. 3,coi50
andcod50. That is, Eq. 2 is used with only the water branch f
both imbibition and drainage.

Wettability may vary with depth and be correlated withSwR ,
as discussed by Jerauld and Rathmell.8 Incorporating such varia-
tions into the capillary pressure correlation would require ad
tional functional relationships between the parameters in Eqs
e.g., if the reservoir becomes more water-wet as the wate
contact is approached from above, both zero point crossings,Sw0i
andSw0d , should approach (12SoR), andcoi andcod go to zero.
Also, if the interfacial tension is reduced for some displacem
process, thec’s should go to zero proportionally, andSoR andSwR
should approach zero.

One could consider putting Eq. 2 into dimensionless form
an extendedJ function,9 but it is not clear if this approach is valid
for an imbibition process, as discussed earlier by Hamon
Pellerin.10 From their Fig. 8, it seems that the water branch of E
2 could be scaled by theJ function, but that the oil branch is
almost independent of permeability and would require a differ
scaling group.

Fig. 1–Schematic of bounding curves, capillary pressure p c as
a function of water saturation Sw : „a… primary drainage; „b…
„secondary … imbibition; „c… secondary drainage; „d… primary im-
bibition.
Skjaevelandet al.: Capillary Pressure Correlation
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Hysteresis Loop Logic

Introduction. The hysteresis loop logic of Killough11 is often
employed in reservoir simulators. Its limitations have recen
been discussed by Tan,12 by Kriebernegg and Heinemann,13 and
by Kleppeet al.14 who point out that Killough’s method often is
inadequate since it was formulated for the case where the drai
and imbibition curves meet at the residual oil saturation. To re
edy this, it is suggested,13,14 with some modifications,14 to apply
Land’s15 expression,

1

SoR@1#
2

1

So@1#
5C, ~4!

whereSo@1# is the start saturation of an imbibition process, on t
primary drainage curve, andSoR@1# is the end saturation of the
imbibition process, andC is Land’s trapping constant.

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

Design Constraints.We consider the following design con
straints for capillary pressure hysteresis loops to be gener
accepted based on experimental evidence.16-20

1. A first saturation reversal from the primary drainage cur
before reaching the residual water saturationSwR , starts an imbi-
bition scanning curve down to a residual oil saturation which i
certain fraction ofSoR , as determined by Eq. 4.

2. If the reversal from the primary drainage curve occurs
SwR , the scanning curve scans toSoR and is denoted the boundin
imbibition curve.

3. A second reversal fromSoR defines a~secondary! drainage
bounding curve that scans back toSwR . Together, the bounding
imbibition and drainage curves constitute the closed bound
hysteresis loop.

4. All scanning curves originating on the bounding imbibitio
curve scan back toSwR , and all reversals on the bounding drai
age curve spawn scans back toSoR .

5. A scanning curve originating atSw@k#, the water saturation
at the start of thekth reversal curve, will scan back toSw@k-1#
and form a closed scanning~hysteresis! loop, unless a new rever
sal occurs.

6. If a curve scanning back fromSw@k# reachesSw@k-1# be-
fore any new reversal, i.e., it forms a closed scanning loop,
process continues by retracing the scan of thek22 reversal as if
the k-1 reversal had not occurred.

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

Procedure.Let Sw@k# denote the water saturation at thekth re-
versal and let@k# also label properties of the scanning curve af
the kth reversal with the convention that odd numbers den
imbibition and even numbers drainage. We will use the asym
totesSwR@k# andSoR@k# as scanning loop residual saturations a
SwR andSoR as the bounding loop residual saturations.

First Reversal.The historic two-phase flooding process of
reservoir rock sample is usually primary drainage fromSw51.
The first reversal will then be an imbibition curve denoted
pci@1# originating from the primary drainage curve,pcd@0#, Eq.
1. The reversal saturationSw@1# is a point on both thepcd@0# and
the pci@1# graph, that is,

pcd@0#~Sw@1# !5pci@1#~Sw@1# !, ~5a!

and where explicitly, from Eqs. 1 and 2,

pcd@0#~Sw@1# !5
cwd

S Sw@1#2SwR

12Sw
D awd

, ~5b!
SPE Reservoir Eval. & Eng., Vol. 3, No. 1, February 2000 61
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pci@1#~Sw@1# !5
cwi

S Sw@1#2SwR@1#

12SwR@1# D awi

1
coi

S So@1#2SoR@1#

12SoR@1# D aoi
. ~5c!

To honor Eq. 5~a!, we have to choose one parameter to be
justed. Considering the design constraints, we keep alla’s andc’s
constant for a given rock fluid and adjust the water branch asy
tote of the scanning curve, i.e.,SwR@1#. The oil branch asymptote
SoR@1#, is determined by Land’s expression, Eq. 4. With th
choice, the scanning curve will have a similar shape as the bo
ing imbibition curve since~awi , aoi , cwi , coi! are the same. The
scanning curve may be considered to be part of a compressio
the bounding imbibition curve between the two new asympto
SwR@1# andSoR@1#.

In summary, the first reversal imbibition curvepci@1#(Sw)
starts on the primary drainage curve at the reversal pointSw@1#
and scans downward towards the asymptoteSoR@1#, as shown in
Fig. 2 for three values ofSw@1#. Also shown in Fig. 2 is the
bounding imbibition curve fromSwR , which is the minimum
value of Sw@1#, back toSoR . All curves in Fig. 2 are produced
with a constant set of parameters. Only the residual saturat
~asymptotes! are varied. These manufactured curves nicely rep
duce the features of the many experimental curves presente
Wardlaw and Taylor.17

Second Reversal From Residual Oil Saturation.The three
~secondary! drainage scanning curves from the threeSoR@1# val-
ues and the bounding drainage curve fromSoR are also shown in
Fig. 2, and they form four closed loops with their respective i
bibition curves. The drainage scanning curves are generate
setting

pcd@2#~Sw@1# !5pcd@0#~Sw@1# !, ~6a!

that is, the drainage curve following the second reversal,pcd@2#,
has to scan back to the first reversal point to make a closed l
Here,

pcd@2#~Sw@1# !5
cwd

S Sw@1#2SwR@2#

12SwR@2# D awd

1
cod

S So@1#2SoR@2#

12SoR@2# D aod
, ~6b!

and SoR@2#5SoR@1#. The only unknown in Eq. 6a is the
SwR@2#, which can be calculated, and the scanning curve is
fined.

Fig. 2–Scanning loops with first reversal on the primary drain-
age curve and second reversal at the respective residual oil
saturation.
62 Skjaevelandet al.: Capillary Pressure Correlation
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Second General Reversal.If a second reversal should occur
a pointSw@2# on thepci@1#(Sw) curve, before reachingSoR@1#, a
reversal drainage scanning curve,pcd@2#(Sw), is spawned,

pcd@2#~Sw!5
cwd

S Sw2SwR@2#

12SwR@2# D awd
1

cod

S So2SoR@2#

12SoR@2# D aod
, ~7!

scanning back toSw@1#. The imbibition scanning curvepci@1#
from Sw@1# and the drainage scanning curvepcd@2# back again
from Sw@2# have to be equal at the two reversal points to form
closed loop, i.e.,

pci@1#~Sw@1# !5pcd@2#~Sw@1# ! ~8a!

and

pci@1#~Sw@2# !5pcd@2#~Sw@2# !. ~8b!

These two equations determine the two new asympto
SwR@2# andSoR@2# of pcd@2# in Eq. 7. As for the previous cases
we consider thea’s and thec’s to be invariant and adjust the
vertical asymptotes of the scanning curve to get a closed lo
Thus the second scanning curve will be part of a compressio
the secondary drainage curve between the two asymptotesSwR@2#
andSoR@2#.

Numerically, Eqs. 8 can be solved as follows: Let the fi
estimate ofSwR@2# be the previous value,SwR@1#, and estimate
SoR@2# from Eq. 8a. With this estimate fixed, make a new es
mate ofSwR@2# from Eq. 8b, and flip-flop until convergence. Usu
ally a couple of iterations is sufficient.

Third General Reversal.The pcd@2# process is now scanning
from Sw@2# and back toSw@1#. If a new reversal occurs atSw@3#
before reachingSw@1#, a pci@3# process is set up, scanning from
Sw@3# and back again toSw@2#. If the pcd@2# process should
reachSw@1#, however, and the water saturation continues to
crease, and the process reverts from apcd@2# curve to apcd@0#
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 lo
between the bounding curves. Let us say that the history sta
with a primary drainage fromSw51 to SwR ; then a first reversal,
Sw@1#5SwR , and the process traced the bounding imbibiti
curve until Sw512SoR , where the second reversal occurre
Sw@2#512SoR . Then the process followed the secondary dra
age bounding curve until a third reversal atSw@3#, the first rever-
sal marked in Fig. 3. The process now scans back on thepci@3#
curve towardsSw@2# but experiences a fourth reversal atSw@4#.
Then two more reversals occur,Sw@5# andSw@6#. After the sixth
reversal, the process scans back on thepcd@6# curve toSw@5#,
passes through this point, and continues on thepcd@4# curve back

Fig. 3–Family of scanning loops spawned from a reversal point
on the secondary drainage bounding curve.
SPE Reservoir Eval. & Eng., Vol. 3, No. 1, February 2000
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to Sw@3# where it progresses on thepcd@2# curve, which, for this
example, is the secondary drainage bounding curve.

Suite of Reversals From Bounding Curves.Several experi-
mental papers16,19 report series of reversals from the imbibitio
and drainage bounding loops with features described abov
design constraint No. 4.Figs. 4 and 5 demonstrate that thes
features are well reproduced by the proposed hysteresis
logic.

Bottom-Water Drive
The initial saturation distribution with height in a reservoir is us
ally determined by the primary drainage capillary pressure. W
oil production starts, the free water level~FWL!–the elevation
where pc50 –slowly moves upwards. The saturation at ea
height in the capillary transition zone between oil and water
comes a reversal saturationSw@1# for a scanning imbibition curve
each aiming at anSoR@1# value given by Eq. 4.

A sample calculation is shown inFig. 6. The initial free water
level, FWLin , is at height 0 m and the corresponding saturatio
distribution is given by the primary drainage curve. Along th
curve, a series of heights are selected for computational purpo
The saturation at each height will follow a unique scanning im
bition curve when the water level rises. When the FLW h
reached 57 m, indicated by the dotted line in Fig. 6, the capill
pressure has decreased by the corresponding amount at ea
lected height. The saturation values are calculated from the i
vidual imbibition scanning curves, rendering the new saturat
distribution~dotted curve!. This is an intermediate curve betwee
primary drainage and the bounding imbition curve. If the wa
level continues to rise, the intermediate curve will exhibit a p
manent shape at high water saturations caused by residua
saturations and will approach the bounding imbition curve at l
water saturations. This effect has been discussed by Krieber
and Heinemann.13

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 differ-
ent reversal points on the secondary drainage bounding curve.
Skjaevelandet al.: Capillary Pressure Correlation
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Validation
A capillary pressure correlation should have a minimum num
of adjustable parameters yet be sufficiently flexible to fit a vari
of measured datasets. Brooks and Corey2,3 have shown that this is
case for the water branch of Eq. 2, and we will try to corrobor
the full form of Eq. 2.

Centrifuge Bounding Curve Data. Figs. 7 and 8show the re-
sults of curve fitting the correlation to centrifuge data for tw
fresh core samples. The data are recorded from a forced imb
tion and a forced secondary drainage process, i.e., half the w
branch and half the oil branch are measured. This is a stan
procedure by core laboratories. The curve fitting follows the
steps.

1. WhenSw→12SoR , the oil branch dominates in Eq. 2, an
a plot of log(2pc) vs. log((So2SoR)/(12SoR)) according to

log~2pc!5log~2coi!2aoi logSSo2SoR

12SoR
D, ~9!

yields estimates ofcoi andaoi . The lowest measuredSo value is
used forSoR .

2. With no data available from spontaneous secondary dr
age, we assume thataod5aoi5ao , the inverse pore size distribu
tion index at low oil saturations.

Fig. 6–Saturation distributions and associated FWLs for two
values of the FWL: „1… the solid line and curve correspond to
initial conditions. The FWL value is at zero height and the satu-
ration distribution follows the primary drainage curve; „2… the
dotted line shows the FWL at 57 m and the dotted curve shows
the corresponding saturation distribution with an intermediate
shape between primary drainage and imbibition bounding
curves.

Fig. 7–Capillary pressure correlation fitted to forced imbibition
and forced drainage centrifuge data from special core analysis.
SPE Reservoir Eval. & Eng., Vol. 3, No. 1, February 2000 63
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3. SinceSw0i is the known start saturation for forced imbib
tion, cwi is found from Eq. 3a.

4. In the same manner estimates ofcwd andawd are determined
from data points whereSw→SwR , and SwR is set equal to the
lowest measured water saturation;cod is found from Eq. 3b.

5. It is assumed thatawd5awi5aw , the inverse pore size dis
tribution index in the low water saturation range.

6. With these estimates of the parameters, an expression
the total error is made by summing the errors squared betwe
measured capillary pressure and the correlation value, Eq. 2.
errors are weighted by the factor (1/pc).

2 The total error is simul-
taneously minimized with respect toao , aw , coi , andcwd by the
optimization package, Microsoft Excel Solver, andcod andcwi are
found by Eqs. 3.

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

Micropore Membrane Loop Data. We have matched a
reported18 series of capillary pressure experiments on a fresh,
wet reservoir core to further check the applicability of the cor
lation and the hysteresis loop logic.

The core was not cleaned. It was saturated with dead crud
and formation water and the last preparatory flow was a wa
flood until no more oil was produced. Then the experiment f
lowed this sequence~capillary pressures in mbar!:

~a! drainage to1350 mbar,
~b! spontaneous imbibition,1350→11 mbar, bounding curve
~c! forced imbibition, 0→2350 mbar, bounding curve,

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

Fig. 9–Large, medium, and small scanning loop data and cor-
relation curves shown together.
64 Skjaevelandet al.: Capillary Pressure Correlation
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~d! spontaneous drainage,2350→21 mbar, bounding curve,
~e! scanning loop,21→25→21 mbar, small,
~f! scanning loop,21→210→21 mbar, medium,
~g! scanning loop,21→220→21 mbar, large,
~h! forced drainage, 0→1350 mbar, bounding curve.

In measurement series~a!, an attempt was made to drive the sy
tem to SwR to ensure that the rest of the steps are all within
bounding hysteresis loop.

First we fitted the bounding curves described above for
centrifuge data, assumingawi5awd and aoi5aod . This gave a
reasonably good overall match with only some discrepancy
measurement series~d!. The fit improved when thea’s for drain-
age and imbibition were allowed to be different. Still, the mat
for the drainage part of the scanning loops could have been be
Since, on the assumption that thea’s andc’s are the same for all
the curves, we decided instead to match the largest scanning
and predict the medium and small scanning loops and the bo
ing curves.

The final match for the large scanning loop and the predic
medium and small scanning loops are shown together with
data points measured inFig. 9. The scanning drainage curves fo
the medium and small loops are predicted by the hysteresis
logic presented above. The only adaption is the choice of reve
points for the start of the drainage curves. InFig. 10also included
are the predicted bounding curves together with the three scan
loops and all the data measured. Although further fine tun
could have been performed and the data contain some drift du
the ramping speed,18 the capillary pressure correlation and th
hysteresis loop logic model the experiments satisfactorily.

Well Log Data From a Bottom-Water Driven Reservoir. In
Fig. 11 is a plot of height above the free water level vs. wa
saturation for a well in a sandstone reservoir in the North Sea.
data were logged in 1989 before production started and follo
primary drainage curve, Eq. 1. Data from tight shale string
were deleted from the match and noJ-function normalization was
attempted.

After production had started, the well was logged again in 19
and 1994 with a carbon/oxygen tool. In 1994, the FWL had ris
about 85 m and the data above the intermediate curve betw
primary drainage and imbibition may be fitted with a pure imb
bition curve, as explained in the Bottom-Water Drive section. T
signal-to-noise ratio is worse for the completed well and some
the data points have been removed. The result is shown inFig. 12.
The height of the FWL is now an additional matching parame
From knowledge of the residual saturationsSwR andSoR from the
match, Land’s trapping constant was determined by Eq. 4.

With all parameters fixed except the FWL, which was adjus
separately, the saturation distribution with height is predicted
the capillary pressure correlation for the 1993 data inFig. 13,
including the transition from primary drainage to imbibition mo
eled by scanning curves and the hysteresis logic. Some data p

Fig. 10–All data and fitted curves shown together.
SPE Reservoir Eval. & Eng., Vol. 3, No. 1, February 2000
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were deleted and the rest were smoothed by a moving 10-p
scheme. Although the match surely could have been improv
Fig. 13 demonstrates the ability of the correlation to forecast
water saturation distribution as the water table rises.

Relative Permeability Functions
The Corey-type6 or power-law expressions are popular corre
tions for relative permeability functions of water-wet reservoi
They may be predicted from the primary drainage capillary pr
sure curve or fitted to measured relative permeability values
seems reasonable that an extension to mixed-wet reservoirs w
require symmetrization with respect to the two fluids, possib
along the following lines.

Let krw,wwd denote the drainage relative permeability to wa
in a completely water-wet system, i.e., one derived solely from
water branch of the general capillary pressure correlation, Eq
and letkro,wwd denote the corresponding oil relative permeabilit
Then the Corey-Burdine6,21 expressions are

krw,wwd5Snw
312awd , kro,wwd5~12Snw

2awd11
!~12Snw!2, ~10!

where

Snw5
Sw2SwR

12SwR2SoR
~11!

for secondary drainage, withSoR dropped for primary drainage.

Fig. 11–Height above the free water level as a function of water
saturation, well data, and fitted correlation, initial conditions,
primary drainage.

Fig. 12–Height above the free water level in 1994 as a function
of water saturation, well data, and fitted correlation, imbibition
bounding curve.
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For a completely oil-wet system, solely from the oil branch
the capillary pressure correlation, we may write for the draina
oil and water relative permeabilities, respectively, as

kro,owd5Sno
312aod and krw,owd5~12Sno

2aod11
!~12Sno!

2,
~12!

where

Sno5
So2SoR

12SwR2SoR
. ~13!

For a mixed-wet system, the water phase could be perceive
move partly as a wetting phase and partly as a nonwetting ph
with relative strengthscwd and cod , the weight factors on the
water and oil branches of the capillary pressure correlation, Eq
implying the following expression for the drainage water relati
permeability of the mixed-wet system,

krwd5
cwdkrw,wwd2codkrw,owd

cwd2cod
~14a!

and

krod5
cwdkro,wwd2codkro,owd

cwd2cod
~14b!

for the drainage oil relative permeability. Of course, Eqs. 14 r
resent just an educated guess of the shape of the correlat
Validation and possible modifications are needed based on

Fig. 13–Height above the initial free water level in 1993 as a
function of water saturation, well data, and prediction by corre-
lation, transition from primary drainage to imbibition bounding
curve.

Fig. 14–Relative permeability curves for primary drainage, im-
bibition, and secondary drainage, data from Fig. 7.
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sistent measurements of capillary pressure and relative perme
ity functions. For instance, endpoint relative permeability valu
at residual saturations for each of the Corey-Burdine express
could be introduced as a modification.

As examples,Figs. 14 and 15show three pairs of relative
permeability curves for oil and water:~1! primary drainage,~2!
imbibition, and~3! secondary drainage. Thea andc parameters of
Eqs. 10, 12, and 14 are taken from the capillary pressure cor
tion fit of the centrifuge data in Figs. 7 and 8.

A relative permeability hysteresis loop logic should be d
signed to honor measurements22,23and be consistent with the cap
illary pressure hysteresis loop logic.24

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

was presented and its applicability demonstrated.
2. An new hysteresis scanning loop scheme was developed

validated by comparison with measurements.
3. The hysteresis scheme was employed to model the trans

of the vertical saturation distribution in a reservoir from an init
primary drainage curve to an imbibition curve as the water ta
rises.

4. An extension of the Corey-type relative permeability cor
lation was suggested for mixed-wet rock.

Nomenclature

a 5 constant, dimensionless
c 5 constant, bar or mbar

kr 5 relative permeability, dimensionless
p 5 pressure, bar or mbar
C 5 Land’s trapping constant, dimensionless
I w 5 wettability index
S 5 saturation

@k# 5 scanning loop reversalk

Subscripts

c 5 capillary
d 5 drainage
i 5 imbibition

in 5 initial
n 5 normalized
o 5 oil

ow 5 oil-wet
R 5 residual
r 5 relative

w 5 water
ww 5 water-wet
AH 5 Amott-Harvey

Fig. 15–Relative permeability curves for primary drainage, im-
bibition, and secondary drainage, data from Fig. 8.
66 Skjaevelandet al.: Capillary Pressure Correlation
abil-
es
ions

ela-

e-
-

ck

and

ition
al
ble

e-

0 5 zero point (pc50)
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