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Summary

A two-phase relative permeability correlation for mixed-wet rock
is presented and validated. It includes provisions for bounding
drainage and imbibition processes and scanning hysteresis loops,
and is inferred from a capillary pressure correlation.

The well-known Corey-Burdine relative permeabilities were
developed for water-wet rock from a Brooks-Corey power-law
capillary pressure correlation and a bundle-of-tubes network
model. We have extended this correlation to mixed-wet rock and
now propose the ensuing relative permeability correlation for
mixed-wet reservoirs. The functional form is symmetric with re-
spect to fluid-dependent properties, because neither fluid has pre-
cedence in a mixed-wet environment. It reverts to the standard
Corey-Burdine correlation for the completely water- or oil-wet
cases, and exhibits the following characteristics in agreement with
reported experiments: first, water-wet behavior at low water satu-
rations and oil-wet behavior at low oil saturations; second, an
inverted S-shape oil relative permeability curve with an inflection
point; and, third, closed hysteresis scanning loops.

Introduction

Earlier,! we presented a capillary pressure correlation for mixed-
wet reservoirs and suggested an extension of the Corey-Burdine*?
relative permeability relationship from water-wet to mixed-wet
conditions. We now develop this idea further and include hyster-
esis logic. The main design constraints are:

e The functional form is symmetric with respect to oil and
water. That is, the functional form is invariant to interchange of
subscript o with subscript w.

e The hysteresis loops are closed.*

* The hysteresis loops of the capillary pressure and the relative
permeabilities form a consistent set.>-°

¢ Imbibition oil relative permeability curves may exhibit a
characteristic inverted “S” shape.””'?

e The validity of the relative permeability correlation and the
hysteresis scheme is tested on published relative permeability mea-
surements* and simultaneously measured hysteretic relative per-
meability and capillary pressure curves.” The hysteresis scheme is
easy to program and could replace the Killough'* scheme in nu-
merical reservoir simulators.

* There is wide acceptance of the view that most reservoirs are
mixed-wet, and network models'> allow for this fact. However, to
incorporate mixed-wet rock properties into a numerical reservoir
flow simulator, validated correlations are required.'®~'®

Review of Capillary Pressure Correlation

The relative permeability correlation is inferred from the capillary
pressure correlation,’ and a review is given here. A sketch of the
capillary pressure curve correlation for mixed-wet rock is shown in
Fig. 1. It is an extension of the Brooks and Corey'®-?° correlation
for primary drainage of a completely water-wet reservoir, which
may be written as
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where c,,,=the entry pressure, 1/a,,,=the pore size distribution
index,? and S, , =residual (or irreducible) water saturation.

For primary imbibition of a completely oil-wet rock (i.e., the
process of reducing the oil saturation from S,=1), the capillary
pressure may also be represented by Eq. 1, with subscript w re-
placed by o. For the intermediate cases, the capillary pressure
correlation is the sum of the two extremes

p.= cw + ca
¢ <Sw B SwR>aw (So - S{)R>ﬂo ’
1= SwR - SoR
where a,, a, and c, =positive constants, while c¢,=a negative
constant. There is one set of constants for imbibition and another
for drainage. We use the term “drainage” if S|, is decreasing, and
“imbibition” if S,, is increasing, irrespective of wettability preference.

Hysteresis Loop Logic. The design constraints follow from ex-
perimental evidence®'~2%:

* A saturation reversal on the primary drainage curve, before
reaching the residual water saturation S, (Fig. 2), spawns an
imbibition scanning curve aiming at a residual oil saturation de-
termined by Land’s trapping relation.

e Reversal from the primary drainage curve at S, starts an
imbibition scanning curve down to S . This curve is labeled (b) in
Fig. 1 and is the bounding imbibition curve.

* The secondary drainage curve, labeled (c) in Fig. 1, is de-
fined by a reversal from the bounding imbibition curve at S,.
Together, the bounding imbibition and the secondary (bounding)
drainage curves constitute the closed bounding hysteresis loop.

e All drainage scanning curves that emerge from the bounding
imbibition curve scan back to S, (Fig. 3), and all reversals from
the bounding drainage curve scan to S, (Fig. 4).

* A scanning curve originating from S, [j], the j’th reversal
saturation, will trace back to S, [j—1] and form a closed scanning
loop, unless a new reversal occurs.

e If a scanning curve tracing back from S, [j] reaches S, [j—1]
before any new reversal (i.e., forms a closed scanning loop), the
process shunts to the path of the [j—2] reversal as if the [j—1]
reversal had not occurred, Fig. 5.

 The shape of a scanning loop is similar to the bounding loop be-
cause the a and ¢ parameters are constants for a given rock-fluid system.

All properties of the j’th scanning curve are labeled by [j]. The
capillary pressure is denoted by p_,[j], where o denotes the pro-
cess type and is either i for imbibition or d for drainage. By
convention, j is an odd number for imbibition and even number for
drainage, 0 denoting the primary drainage process. The asymptotes
of the scanning curves are denoted by S, x[j] and S_x[j], and the
water reversal saturation is denoted by S, [j]. The smallest, “glob-
al” residual saturations of the largest bounding hysteresis loop are
denoted by S, and S, .

All scanning curves are modeled by the same constants a and
¢ as the bounding curves. As an example of the notation, the
primary drainage capillary pressure is denoted by p_,[0], and its
value at the first reversal, S, [1], is given by p_,[0]1(S,,[1]).

First Reversal. A saturation process history of the fluid-rock
system is required to enter the hysteresis loop system. We will
assume that the rock initially is completely water-saturated. The
first process will then be primary drainage. A reversal from pri-
mary drainage spawns an imbibition scanning curve p_[1], scan-
ning toward S_.[1]. At the point of saturation reversal, S, [1], the
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Fig. 1—Capillary pressure curves for (a) primary drainage, (b)
bounding imbibition, and (c) secondary drainage.

imbibition scanning capillary pressure curve is equal to that of the
primary drainage curve

PN LD =po OIS L1y v 3)
where p_,[0](S,,[1]) is given by

OIS 1] = e 4)

T (Sw[l] - SWR>“‘”
1- SwR
and p,[11(S,,[1]) by
_ cwi Coi
P11, [1]) = < STi= SwR[l]>“wf + ( ST=S 1])”01‘ e (®
1-8,41] 1=58,41]

To satisfy Eq. 3, we adjust the “water asymptote” S, x[1] and let
the scanning curve aim at the “oil asymptote” S, .[1], determined
by Land’s equation

1 1
S, (117 S,[11°

where C=Land’s trapping constant of the porous medium, and
S,[1]=1=S,[1]. In the limit, if the first reversal from the primary
drainage curve starts at S, [1]=3S,,,, the imbibition scanning curve
is identical to the bounding imbibition curve. Fig. 2 shows scan-
ning curves originating at two different values of S, [1], as well as
the bounding hysteresis loop where S, [1]=S, -

Second Reversal. A reversal on the scanning imbibition curve
p.l1] at S, [2] initiates a scanning drainage capillary pressure

Gy o (©)

Fig. 3—Drainage capillary-pressure scanning curves originat-
ing on the bounding imbibition curve.
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Fig. 2—Capillary-pressure scanning curves originating on the
primary drainage curve.

curve p_.,[2] back to S, [1] to form a closed loop. At the two
reversal points, the capillary pressures of the two scanning curves
are equal:

Ped21(S,[1]) = p.[11(S,[1]),
Ped21(S,[2]) = po[11(S,[2]).

The reversal at S, [2] may occur for any saturation between S,,[1]
and 1-S_,[1]. The oil and water scanning curve asymptotes S, [2]
and S, ;x[2] are the two unknowns in Eqs. 7 and 8, which are solved
iteratively. A few iterations suffice.

Third Reversal. The p_,[2]-process scans from S, [2] back to
S, [1]. Any new reversal S, [3] occurring before S, [1] is reached
initiates an imbibition process back to S, [2] again (i.e., p_[3] is
equal to p_,[2] at S, [3] and S, [2]). If, however, S, [1] is reached
without any new reversal, the process is shunted from a p_,[2]-
curve to a p_,[0]-curve (i.e., up the primary drainage curve), and
the process history is erased.

More Reversals. Fig. 5 shows details of a set of enclosing
scanning loops inside the bounding hysteresis loop. The first re-
versal (not shown) took place on the primary drainage curve p,_,[0]
at the global residual water saturation S, , (i.e., at S, [1]1=3S, ),
initiating the bounding imbibition curve p_[1], which in turn was
reversed at S, [2] =1-S,, at the global residual oil saturation, and
the secondary (bounding) drainage curve p_,[2] was spawned. The
scan from S, [2] back to S, [1] is now interrupted by the third
reversal at S, [3], the first reversal point shown in the figure. The
imbibition scan p_,[3] from S, [3] is aimed back at S, [2], but is
interrupted at S, [4] with a drainage process p,,[4] that aims back

o

Fig. 4—Imbibition capillary-pressure scanning curves originat-
ing on the bounding drainage curve.
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Fig. 5—Closed capillary-pressure scanning loops.

at S,[3]. Two more reversals occur, at S, [5] and S, [6]. From
S,,[6], the drainage curve p,_,[6] scans back to S, [5] and continues
on the drainage process p_,[4] to S,,[3]. Further drainage from
S,,[3] follows the bounding drainage curve p_,[2] back to S, g,
unless a new reversal occurs.

Relative Permeability Functions

We have developed a procedure similar to that of Corey and Bur-
dine, reviewed in Ref. 27, to construct a relative permeability
correlation for primary drainage and bounding drainage and imbi-
bition curves for both oil and water, exemplified in Fig. 6. The
development is based on Corey-type relative permeability func-
tions, which are inferred from the Brooks and Corey capillary
pressure correlation for water-wet porous medium, and the as-
sumption of a bundle-of-tubes model for the pore network.

The general expression for capillary pressure, Eq. 2, consists of
two Brooks-Corey type expressions (i.e., the water branch)

Pew = W R T T S AN (9)
1- SwR
and the oil branch
o 10
Peo= S - S(,R>“0 e (10)
1 =S,z

Each of these branches may now be combined with a Corey-
Burdine integral over the capillary-tube size distribution®” to ren-
der the wetting and nonwetting phase relative permeability func-
tions. Note that the two branches in Egs. 9 and 10 are valid for both
drainage and imbibition, for four cases in all. When performing the
integral over the capillary tubes, with the water branch for drainage
and imbibition (i.e., with p_,, and p_,.,), we get, in terms of the
normalized saturations defined below,

Kgsa = S0, and k

_ SZa‘1,,l_+l+mw[
rwwwd — Pnw

rw,wwi

for the relative permeabilities to water, with water as the wetting
phase, and

= (1= S50 = 8,

roowwd —
Ky = (1 = S (1 =8 Y™ (12)

for the oil-relative permeabilities, with water as wetting phase.
If the same integration is performed with the oil branch for
drainage and imbition (i.e., with p_ , and p_,;), we get

krw,owd = (1 - Sﬁ?'ﬁl)(l - Sna)MWJ’

k =(1- 8200i+1)(1 - Sno)mm

rwowi T ( no
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Fig. 6—Relative permeability curves for [0] primary drainage, [1]
bounding imbibition, and [2] secondary (bounding) drainage.

for relative permeabilities to water in an oil-wet medium and

= SZaU,' +l+mg;
ro,owi no

— Q2aod +1+mod
kro,owd - S no ’ k

for relative permeabilities to oil in an oil-wet medium. Here m,,,
m,, m,, and m,, are tortuosity exponents. Burdine® estimated a
tortuosity exponent of 2.0 from experimental data. For primary
drainage, k.., and k,, .., are used with S_,=0, and corre-
spondingly for primary imbibition.

Normalized Saturations. The normalized saturations

S Sw ) wR 15
TS (15)

and
1-S,—S,x

w

Sm’ - 1= SWR - SaR ’

in the relative permeability expressions, Eqs. 11 through 14, are
different from the normalized saturations in the capillary pressure
correlation (Eq. 2). However, the a-values are the same in both
correlations, as can be seen by multiplying both the numerator and
the denominator of the water branch term in Eq. 2 by

<i>aw .................................. amn
1-8Sx—Sx/)
and the oil branch by
=S \%
<m> PP (18)
to render an adjusted Eq. 2 in the form
¢, c,
pPe= S 5. \» + S S e (19)
(1 — Sk~ Sme) ( 1=Sr— SwR)
with c¢,, redefined to ¢’,, by
¢ =c,- <i> .......................... 20)
N e T
and, correspondingly,
=S \%
c,=c, <m> e (21)

Tortuosity Exponent. With all tortuosity exponents m equal to 2,
as offered by Burdine, the Corey-type relative permeability ex-
pressions are strictly monotonic functions of saturation; they have
no inflection points. Several researchers®’-'%->>-28739 have ob-
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Swr (1-S.9
Fig. 7—Limiting oil-imbibition relative-permeability curves and
resulting mixed-wet relative permeability k.,

served, however, inverted S-shape oil relative permeability curves
with an inflection point, especially for the bounding oil imbibition
curve if oil is the nonwetting phase. There is almost no hysteresis
in the wetting-phase properties.

Most of the measurements indicate that the bounding oil drain-
age curve lies below the bounding oil imbibition curve.*!0-2>-29-30
Illustrations by Honarpour®' and measurements by Eikje et al.,**
however, indicate the opposite behavior. To allow for both possi-
bilities and the inverted S-shape curve, we introduce the tortuosity
exponent m as a generalization of the Burdine® empirical tortuosity
exponent of 2.0. Burdine introduced this parameter to compensate
for the fact that the porous medium is not a bundle of straight,
noninteracting capillary tubes. We will use four tortuosity expo-
nents: m,,, and m,, for drainage and m,,; and m,, for imbibition.

wd od

Mixed Wettability. The relative permeability expressions, Egs. 11
through 14, are for the limiting wettability states (i.e., completely
oil-wet or completely water-wet). In a mixed-wet system, each
phase moves partly as a wetting phase and partly as a nonwetting
phase. Therefore, the expression for mixed wettability should be
symmetric. That is, if subscript w is swapped with o, the functional
form should remain the same (i.e., the oil relative permeability
function should look the same whether oil is considered to be
wetting or nonwetting). Weighted summation of Eqs. 12 and 14 is
consistent with a concept of parallel coupling of the oil-wetting
and the water-wetting parts of the mobility of each phase. The
weighting scheme should reflect the wettability state, and it seems
reasonable that the mixed-wettability curve is between the two
limiting curves, as in Fig. 7 for the imbibition case.

Weighting With p_. Earlier' we proposed to weight the limiting
relative permeability expressions by the c-parameters in Eq. 2.
This procedure presupposes constant wettability, independent of
saturation. However, the wettability probably varies with pore ra-
dius and, therefore, saturation. A thinner water film in a pore will
enhance adsorption of surface-active agents and make the pore
more oil-wet.'* The weight function imposes a continuous change
in wettability with saturation—a gradual change from water-wet
conditions in the smaller pore channels to oil-wet behavior in the
larger pores. For example, water imbibing from S, , will invade
the small, water-wet pores and give a relative permeability change
as for a water-wet system. At the other end, near S, the relative
permeability curves should vary as for a completely oil-wet me-
dium. Such a wettability-dependent weighting of the water relative
permeability functions, Eqs. 11 and 13, may be achieved by using
the respective water and oil branches of the capillary pressure
function, Egs. 9 and 10, to give

p L'wdkrw, wwd — p L'odkrw, owd
Pewd = Peod

krwd =
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Fig. 8—Example of wettability functions; ww: water-wet; nw:
neutral-wet; ow: oil-wet.

for mixed-wet drainage relative permeability to water, and, from
Egs. 12 and 14,

p cwzlkm, wwd p codkm, owd
krz)d = _
Pewd — Peod

for mixed-wet drainage relative permeability to oil, with unity
endpoint values. The expressions have to be adjusted by the end-
point values k2, and k°, at the residual saturations S, and S, ,
respectively. With subscript i replacing d, the equations are also
valid for the imbibition process. In these expressions, the a- and
c-parameters all have the same values as in the corresponding capil-
lary pressure correlation. The tortuosity exponents m, however, are
additional parameters just for the relative permeability functions.

The wettability is no longer given by a single number, an index,
but is a wettability function, (P, ;4P coa) P cva—Peoq)> €Xemplified
in Fig. 8. It approaches completely water-wet conditions (+1 or
ww) in the limit of S, , and completely oil-wet conditions (-1 or
ow) in the limit 1-S_,. There is one wettability function for drain-
age and another for imbibition. We have also tried other weighting
procedures (e.g., p>-averaging), but p_-averaging seems to be the
best alternative.

Primary drainage relative permeabilities may be modeled by
Koy vowa a0 KO K, 0 With a,,,, from a fit of the primary drainage
capillary pressure, if such data are available. The default value of
the tortuosity exponent m is the Burdine-value of 2.

Matching Measured Data. We have tested the relative perme-
ability correlation on a consistent set of capillary-pressure and
relative-permeability measurements published by Honarpour et al."°
The as and cs are found by curve-fitting the capillary pressure data,
Fig. 9, and with all ms equal to the default value of 2, we can
predict the relative permeability functions. As an estimate of the
endpoint value £, values from neighboring core plugs or from
analogous porous media may be used. If no such information is
available, it seems reasonable to assume that the bounding imbi-
bition relative permeability at S, should be greater or equal to the
primary drainage curve.?® If no primary drainage data are known,
an approximate value is k,,,, .., With a,,,; from the capillary pres-
sure match. The estimate of k,, then is K, ,a(S,z)-

The first set of estimated relative permeability curves from the
capillary pressure data may deviate from the measured relative
permeability data, if available. Adjustments of m, k%, and k%, may
be needed. We used the Solver function of the Microsoft Excel
spreadsheet to curve-fit relative permeability data by minimizing
the sum of errors squared between the calculated and measured
values. Each squared error was weighted by the inverse k,-value.
The fit is shown in Figs. 10 through 12. The fitted curves in
Figs. 11 and 12 match the data better at low relative permeability
because the squared errors are weighted by the inverse. In Fig. 13

March 2002 SPE Journal



il D,

40 .
+ Drainage

t Imbibition

0

30

20

10+

-20 -

Fig. 9—Capillary pressure correlation fitted to data measured
by Honarpour et al.'®

are shown the measured oil drainage data, together with the fitted
k,,,-curve and the limiting k,., .., and k -curves for oil- and
water-wet systems, respectively.

ro,owd

Relative Permeability Hysteresis Logic

Relative permeability hysteresis has been considered of signifi-
cance only between the primary drainage and the imbibition
curves. Many measurements have been made of these pro-
cesses.”2%28-3% Hysteresis between secondary drainage and imbi-
bition curves has also been recognized by several au-
thors,*'9-25-2%-39:32 hyt there are few published data on relative
permeability scanning curves. The most extensive set of such data
is that of Braun and Holland,* who used a pseudosteady-state
method. A series of oil relative permeability scanning curves were
measured, originating on the bounding imbibition or bounding drain-
age curve. These measurements are illustrated in Figs. 14 and 15,
modeled by the hysteresis logic described below:

* The suite of oil drainage scanning curves that originate on the
bounding imbibition curve scan back toward the point (S, £2,),
the last reversal point, approaching the bounding drainage curve
(Fig. 14).

¢ The suite of oil imbibition scanning curves spawned on the
bounding drainage curve scan back toward the point (S,z,0), ap-
proaching the bounding imbition curve (Fig. 15).

These observations are similar to those of Morrow and Harris?'
for the capillary-pressure scanning curves. The data* also show

Ky

0.1
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Fig. 11—Detail of Fig. 10, water relative permeability.
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Fig. 10—Relative permeability correlation fitted to measured
data by Honarpour et al.'®

that the scanning loops are closed. A scanning curve from S, [j]
will scan back to S, [j—1] and form a closed loop. Unless inter-
rupted by another reversal, the process will shunt to the [j-2]
curve, as if the [j—1] reversal never had occurred, as illustrated in
Figs. 16 and 17.

Braun and Holland* find the relative permeability scanning
curves to be reversible. The saturation intervals of the scanning
loops are so small, however, that hysteresis, if present, would
experimentally be difficult to detect (e.g., the modeled results in
Figs. 16 and 17 which closely resemble some of the measured
cases). Also, we expect both water- and oil-relative permeability in
a mixed-wet system to show similar hysteretic behavior, and that oil
relative permeability in an oil-wet system will exhibit negligible hys-
teresis, as does water relative permeability in a water-wet system.

Procedure. The suggested procedure for modeling relative perme-
ability scanning curves is consistent with the procedure for mod-
eling the capillary pressure scanning curves. The same convention
for labels is used: all properties of the jth scanning curve are
labeled by [j]. The relative permeability functions are denoted by
kyodlils kpnpalils k,0:7], and k,,;[/1, and saturation reversals occur at
S,,[7]. For imbibition curves, defined by increasing water satura-
tion, all properties are odd-numbered, and they are even-numbered
for drainage curves.

The first imbibition relative permeability scanning curves,
k,.;[1] and k,, ;[1], start on the primary drainage curve, labeled [0],
at S, [1] and scan toward a residual oil saturation S, [1] as deter-

kro
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Fig. 12—Detail of Fig. 10, oil relative permeability.
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Fig. 13—Limiting and predicted drainage oil-relative permeabil-
ity curves, together with measured data.

mined by Eq. 6. The normalized saturations S,,, and S,,,, are now
generalized and redefined to
S Sw - SwR 24
ST DS 1] (24)
and
S, =Sl
A (25)

T = Sy — Sl

If the first reversal from the primary drainage curve occurs at
irreducible water saturation (i.e., S, [1]=S, ), then S x[1]=S r
and S, and §,,, revert to their previous definitions. With normal-
ized saturations from Eqs. 24 and 25, the Corey-type relative per-
meabilities for completely oil- or water-wet rock are still given by
the expressions in Eqs. 11 through 14.

The wettability weighting scheme, Eqs. 22 and 23, also needs
to be generalized to include cases in which the first saturation
reversal from the primary drainage curve occurs before the process
reaches S, (i.e., if S, [1]>S,). In the expression for p.,, the
imbibition oil-branch weight of Eq. 10, we replace S, by S, x[1]
and denote the result by p! .. And likewise, in the expression for
Peows We Teplace S, by S, .[1] and denote the result by p!_, the
oil-branch weight for a second (drainage) reversal from S, z[1]. No
changes are made in the water-branch weights (Eq. 9). With these
adjusted weights, the scanning relative permeability curves will be
mixed-wet near S, [1] and completely oil-wet at S [1], which

Fig. 15—Modeled oil-imbibition scanning curves originating on
the bounding drainage curve.
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Fig. 14—Modeled oil-drainage scanning curves originating on
the bounding imbibition curve.

seems reasonable. If we assume that primary drainage occurs at
water-wet conditions, the porous medium will be subject to aging
before any reversal occurs. It is therefore perhaps reasonable with
a discontinuity in wettability at S [1].

The mixed-wet relative permeability functions of the bounding
scanning processes originating at S, [1] that correspond to the
global bounding curves of Eqs. 22 and 23 are denoted by

kL., kL. kL, and k! , and given by
1
Pewi * krw,wwi ~Peoi * kmxowi
kpi(S,,) = 1 IR (26)
Pewi = Peoi
1
Pewa * knu,wwd ~Peod * krw,uwd
kpu(S,,) = 1 e @7
Pewd — Peod
1
p ewi ” kru,wwi - p coi km,nwi
kLS, = l e (28)
Pewi — Peoi
and
1
Pewa * kru,ww ~Peod * kro,owt
kLoy(S,) = =22 4 cod L (29)

1
Pewd = Peod

We now stipulate that within the bounding scanning loop initiated
at the reversal S, [1], all relative permeability scanning curves may
be represented by a simple linear expression of the corresponding
relative permeability function in Eqs. 26 through 29. That is, for

ke
02]
S.[3]
0.1 S.[2]
o5 o6 S,

Fig. 16—Modeled closed scanning loop originating on bound-
ing imbibition curve.
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Fig. 177—Modeled closed scanning loop originating on the
bounding drainage curve.

imbibition processes following an odd-numbered reversal, starting
atj=1,

k. Lj1(S,) = k?wi[j] ) kil'wi(sw) + kL,

kol 7105,) = Ko /1 * Kiui(S,0) + KoL,

and for drainage processes following an even-numbered reversal,
starting at j=2,

krwd[j ](S w) = k(r)wd[j ] : klwd(sw) + k;wdl:j ]’

kmd[j](sw) = k(r)ud[j] ' klod(sw) + k’rodl:j]' """""""""" (33)

In these expressions, k(,)pa[]'] and kj,,,[j] are constants for a given

J- Subscript p denotes phase and is equal to w or o, and « denotes
process type and is equal to i or d. The constant k;,,[j] is a ficti-
tious threshold relative permeability value—the scanning relative
permeability value at endpoint saturation of the bounding scanning
loop. Fig. 18 illustrates the k., ,[j]-value for a drainage reversal
from an imbibition curve. It is the vertical shift of the relative
permeability function k!, (S, ) which has been scaled by the factor
k2 .ljl. Each of Egs. 30 through 33 therefore has two constants,
k‘r)pa[j]and k,.lj]. They are determined by the two equations that
enforce closed scanning loops (i.e., by requiring that the two scan-
ning curves have the same relative permeability values at the start
and end of the loop).

ke

Sw

Fig. 19—O0il relative-permeability scanning curves originating
from reversal [1] on the primary drainage curve, k,,[0].
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Fig. 18—Drainage scanning curve originating on bounding im-
bibition curve. Horizontal line represents the value of k% [j].

First Reversal. A first saturation reversal at S, [1] on the primary
drainage curve labeled [0] spawns an imbibition process labeled
[1], which scans toward S_g[1] (Figs. 19 and 20). For the case
when S, [1]=S,, the imbibition scanning curve is the global
bounding imbibition curve, and S_.[1] is equal to S, .. Consistent
with the hysteresis logic for the capillary pressure curves, S, z[1] is
determined by Land’s** trapping relation (Eq. 6).

Oil Relative Permeability. At the reversal point S, [1], the rela-
tive permeability value on the imbibition scanning curve is equal
to that of the primary drainage curve,

kmi[ 1 ](Sw[l ]) = krodl:o](Sw[ 1 ])s

and at the other endpoint, at S,_,[1], by definition, k,,[1](S_x[1]) =
0. At this endpoint, S,,,=1 and S, , =0, from Eqgs. 24 and 25; from
Eq. 12, k,, ,,,.;=0, and from Eq. 14, k,,, ,,,,=0. Therefore, from
Eq. 28, k.,[1(S,£[11)=0, and finally, from Eq. 31, the constant
ki,:[11=0. Therefore, Eq. 34 is solved with respect to the con-
stant k2 [1].

Water Relative Permeability. The water relative permeability
curve scans from the reversal point on the primary drainage curve,
which requires that ,,,,[11(S,.[1]) =k,,,,[01(S,,[1]), as in Eq. 34. At
the other endpoint, at S .x[1], we have that k, [1]1(S z[1])=
k2 (S, x[11), where k2, is a certain function of the residual oil
saturation (cf. discussion in Standing’s report®). To our knowl-
edge, no study has been published on this relation. We have there-
fore chosen to use linear interpolation between k,,, (S, ), endpoint

for the global bounding imbibition curve, and k,,,,[0](S,,=1)=1

1 krw

0.5+

1-S,4(1]

Fig. 20—Water relative-permeability scanning curves originat-
ing from reversal [1] on the primary drainage curve k,,[0].
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Fig. 21—Modeled scanning loops for oil relative permeability.

to estimate k°,(S,[1]). The same method is used by Killough'*

and Eikje et al.*?

Second Reversal. A second reversal will start a drainage process
labeled [2] from the reversal saturation S, [2], aiming back at S, [1].

Oil Relative Permeability. To have closed scanning loops, oil
relative permeabilities of the two scanning curves have to be equal
at the new reversal point, k,,,,[2](S,.[2]) =k,,,,[11(S,,[2]), and at the
previous reversal point labeled [1], k,,,,[2](S,,[1]) =k, ,,[11(S,,[1]).
The k,,,[2]-curve is shown in Fig. 19.

Water Relative Permeability. The corresponding equations for
the water relative permeability scanning curve are k,.,,,[2](S, [2]) =
k,...111(S,,[2]) and k,,,,[2](S, [1]) =k, [11(S, [1]), and the k,,,[2]-
curve is shown in Fig. 20. The drainage process [2] will scan back
to reversal point [1] and subsequently follow the primary drainage
curve, labeled [0]. Any new reversal will thereafter be equivalent
to a first reversal. A third reversal may, however, occur before the
process reaches back to reversal point [1].

Third Reversal. A third reversal before the process reaches back
to [1] will start an imbibition process from saturation reversal
S,.[3] scanning back to S, [2]. If this process, labeled [3], passes
through reversal point [2], it will retrace process [1].

Oil Relative Permeability. The third oil-imbibition relative-
permeability curve scans from k,,[31(S,,[3]) = k,,,[21(S,,[3]) at the
new reversal point, to k, ;[3](S,,[2]) = k,,,[2](S,,[2]) at the previ-
ous reversal point.

Water Relative Permeability. The corresponding equations for
the water relative-permeability scanning curve are k,,,,[31(S,,[3]) =
krwd[z](sw[3]) and krwz[3](sw[2]) = krwd[z](sw[z])

General Reversals. The methodology for creating scanning
curves may easily be generalized from the observations that they
form closed loops (i.e., a process with reversal at S, [j] will return
to S, [j—1]). Figs. 21 and 22 show one closed scanning loop
[/1-1j+1]-[j], inside of an outer scanning loop [j-2]-[j—1]-[j-2].
The outer loop has an imbibition process from [j-2] to [j—1],
where the saturation change is reversed. The drainage curve scans
back to [j—2] but is interrupted by the inner loop’s imbibition
process from [j] to [j—1]. This process is interrupted at [j+1], with
a drainage scan back to [j]. Continued drainage after reaching [J]
causes tracing of the drainage scanning curve from [j—1] to [j-2].

Imbibition Oil Relative Permeability. The general oil imbibi-
tion relative permeability curve scans from

kol J1SLTD) = ko J = LISIGD) oo (35)
at reversal point [j] to
kol ST = 1D =kl J = LIS L= 1D oo (36)

at reversal point [j—1].
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Fig. 22—Modeled scanning loops for water relative permeability.

The two unknown parameters k°,[j] and k',

scanning curve labeled [j] may be expressed by

[/] of imbibition

‘(&M%—@@U—H?
K[ 1] e Tredtel A 37
bl 1= ke ]{mmmh kLS, Li— 1D e
and
k);ml:.]] = k d[] - 1] + k od[] 1] kmd Sw[.]])
— KTk AS D e (38)

when Egs. 31 and 33 are introduced in Egs. 35 and 36.

Imbibition Water Relative Permeability. The general equations
for water relative permeability curves are k., [j1(S,.[j]1) =k,...lj—
11(S,,[7]) at reversal point [j] to k,.,..[j1(S,.[j—11) =k, [j—11(S,.[j—
1]) at reversal point [j—1], and

‘GM%‘ﬁUﬂﬂ
L= K0, — 114 == e ST 39
Gl = kel ]{m@mp kLS, 1D &
and
mt[]] krnd[j 1]+k’nd[] 1] krnd Sw[.]])
,W,[j] km,(S LD e (40)

If the is and ds are swapped, the equations are equally valid for
general drainage scanning curves.

Discussion

Validation of Hysteresis Logic. The hysteresis model has to be
checked against measured data. It has been designed, however, to
qualitatively honor the characteristic features of the measurements
of Braun and Holland,* who did not measure capillary pressure.
The lack of consistent capillary pressure and relative permeability
measurements on the same core sample makes it difficult to de-
termine the as and cs of the capillary pressure correlation. A series
of measurements for checking the model should include the cap-
illary pressure and relative permeability of the bounding hysteresis
loop and a variety of scanning curves and loops, possibly measured
by a technique similar to that of Honarpour et al.'®

Figs.16 and 17 show that modeled scanning loops exhibit neg-
ligible hysteresis when AS, =S, [j]-S,[j—1] is small, in accor-
dance with the observations of Braun and Holland.* Furthermore,
modeled scanning curves originating on the bounding imbibition
or drainage curve all scan back to the residual phase saturation,
Figs. 14 and 15. This is also in agreement with the observations by
Braun and Holland.

No attempt has been made to model the measured scanning
curves of Braun and Holland* with capillary pressure parameters a
and ¢ determined from matching their measured bounding relative
permeability curves. This probably would not give any definite
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arguments to keep or reject the model. As discussed in detail by
Lohne,* the starting points of the scanning curves (i.e., the satu-
ration reversal points of Braun and Holland) are not properly lo-
cated on the bounding hysteresis loop, which was measured first.

Scaling. Kriebernegg and Heinemann®® chose to scale the whole
bounding drainage and imbibition curves to model the scanning
curves. We believe that scaling and vertical shifting of the kll,a-
curves is more reasonable. Then, for example, if there is no hys-
teresis between the bounding imbibition and drainage curves, a
drainage scanning curve from the bounding imbibition curve will
exhibit no hysteresis, regardless of size of the saturation interval
(S,,[j1-S,,). Otherwise, if the whole bounding drainage curve is
scaled to fit between S, [j] and S, ., the hysteresis becomes more
pronounced as the saturation interval decreases.

Implementation. Eigestad and Larsen®’ have implemented the
capillary-pressure and relative-permeability hysteresis models de-
scribed here in a fully implicit numerical reservoir model. Several
simulation runs are reported, and it is discussed how the rate of rise
of the free water table affects the shape of the capillary transition
zone. The results are compared with those from a commercial reser-
voir simulator, which employs the Killough hysteresis scheme.

Conclusions

1. A new two-phase model for mixed-wet relative permeability
curves is developed and covers primary drainage, imbibition,
and secondary drainage. The correlation is the sum of two Co-
rey-type relative permeability expressions, weighted with the
branches of the capillary pressure correlation.

2. The two Corey expressions represent completely water- and
oil-wet systems. Through the weighting, the wettability is made
saturation-dependent.

3. The relative permeability correlation is integrated and bundled
with the capillary-pressure correlation.

4. In addition to the capillary pressure, an extra set of parameters
are introduced to improve the match of relative permeability
data (i.e., tortuosity exponents).

5. Curve fitting a consistent set of capillary pressure and relative
permeability data gives good results.

6. An associated hysteresis logic treats scanning curves from pri-
mary drainage and inside the bounding hysteresis loop. Modeled
hysteresis curves exhibit the same behavior as that observed by
Braun and Holland.

7. The hysteresis logic is a unified procedure for relative-
permeability and capillary-pressure functions.

8. Further validation should be made from consistent and simul-
taneously measured datasets of capillary-pressure and relative-
permeability scanning curves.

9. A systematic study of the tortuosity exponents and endpoint
relative permeability values is needed.

Nomenclature
a = constant, dimensionless
¢ = constant, psi, bar or mbar
C = Land’s trapping constant, dimensionless
[/1 = label, saturation reversal number j and the subsequent
scanning curve

Jj = saturation reversal counter
k, = relative permeability, dimensionless
m = tortuosity exponent, dimensionless
p = pressure, psi, bar or mbar
S = saturation
Subscripts
¢ = capillary
d = drainage
i = imbibition or initial
n = normalized
o = oil
ow = oil-wet

March 2002 SPE Journal

= phase (o or w)
= relative
residual

= water
ww = water-wet

=T RS
Il

a = process (d for drainage or i for imbibition)
0 = zero point (p. = 0)
Superscripts
t = threshold
0 = endpoint

1 = associated with bounding scanning curves of first
reversal at S, [1]
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SI Metric Conversion Factors

bar x 1.0%* E+05 =
psi x 6.894 757 E+00 =

*Conversion factor is exact.

Pa
kPa
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