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Summary In this article, we present a general capillary pressure correla-
For water-wet reservoirs, several expressions may be used to ¢mn and an associated hysteresis loop scheme. We try to demon-
relate capillary pressure, or height above the free water level, witrate the applicability of the correlation by fitting data from a
the water saturation. These correlations all feature a vertical agries of membrane and centrifuge experiments on fresh cores,
ymptote at the residual water saturation where the capillary presid we show that the correlation is well suited to represent mea-
sure goes to plus infinity. sured capillary pressure curves over a wide range of rock types.
We have developed a general capillary pressure correlation tidso, by analyzing well-log data from the same well in a bottom-
covers primary drainage, imbibition, secondary drainage, and hygater driven North Sea sandstone reservoir at several points in
teresis scanning loops. The graph exhibits an asymptote at thee, we are able to model the transition from the initial primary
residual saturation of water and of oil where the capillary pressutleainage saturation distribution to the later observed imbibition
goes to plus and minus infinity, respectively. The shape of theofile.
correlation is simple yet flexible as a sum of two terms, each with The correlation crosses the zero capillary pressure axis at two
two adjustable parameters and is verified by laboratory expepieints for the imbibition and the secondary drainage branches.
ments and well-log data. An associated hysteresis scheme is dlbese points, together with the residual saturations, define the
verified by experimental data. Amott-Harvey wettability indeX. Thus, variations in wettability,
The correlation can be used to make representative capillaryg., with height, could be incorporated into the correlation.
pressure curves for numerical simulation of reservoirs with vary- We adopt the terminology of Morrofsto characterize the cap-
ing wettability and to model and interpret flooding processes. illary pressure curvefFig. 1. “drainage” denotes a fluid flow
process where the water saturation is decreasing, even for an oil-
wet porous medium; “imbibition” denotes a process where the
oil saturation is decreasing; “spontaneous” imbibition occurs for
positive capillary pressure, “forced” imbibition for negative cap-
Introduction illary pressure; “spontaneous{secondary drainage occurs for

Many capillary pressure correlations have been suggested in firgative capillary pressure, and “forced$econdary drainage
literature™® and they typically have two adjustable parameteréQr positive capillary pressure; “primary” drainage denotes the
One parameter expresses the pore size distribution and henceiftifEal drainage process starting fro&),= 1.0; and, for complete-
curvature of thep curve, the other the actual level of the capillaryn€ss, “primary” imbibition denotes a imbibition process starting
pressure, i.e., the entry or the mean capillary pressure. from Sp=1.

Most of the correlations are limited to primary drainage and
positive capillary pressures. Huartjal® extended their correla- .
tion to include all four branches of the bounding hysteresis looOrelation o S
spontaneous and forced imbibition, and spontaneous and forddie design idea for the correlation is as follows: Eqg. 1 is valid for
secondary drainage. They employed the same primary draing@ggompletely water-wet system and, if indexfor water is sub-
expression to each branch, scaled to fit the measpye axis Stituted by indexo, it is equally valid for a completely oil-wet
crossing. system. For other cases between these limits, a correlation should

We have chosen to base the genera| Capi"ary pressure Corré]g_symmetrical with reSpeCt to the two fluids since neither domi-
tion for mixed-wet reservoir rock on the simple power-law fornfiates the wettability. One way to achieve a symmetrical form that
of Brooks and Core@3 for primary drainage Capi”ary pressure!S correct in the extremes is to S.Um the two IImItlng eXp.re.SSion.S,
from S,,=1 to S,r. The classical expression for a water-wet corée., to sum the water branch given by Eq. 1 and a similar oil
may be slightly rewritten to facilitate the extension of scope, branch, resulting in the general expression,
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wherec, is the entry pressure, d/4 the pore size distribution Thea’s andc’s are _constants_anq t_h_ere is one set for imbi_bition

index® and S, the residual(irreducible water saturation. The and another for drainage. An imbibition curve fr@pg to Syr is

main reason for choosing this basis is the experimental verifig@odeled by Eq. 2 and the four constafdg; , a,;, Cwi, Coi), and

tion of Eq. £ and its simplicity. a secondary drainage curve froBg to S,r by the constants
According to Morrow! there is now wide acceptance of thel@wd: @od: Cwd, Cod)-

view that most reservoirs are at wettability conditions other than The constraints on the constants are #at a,, c,, are posi-

completely water-wet. To our knowledge, however, no compréive numbers and, is a negative number. The plot of Eq. 2, both

hensive, validated correlation has been published for mixed-wét imbibition and drainage, therefore consists of two branches, a

reservoirs. The lack of correlation makes it difficult to properlypositive water branch with an asymptoteSgf= S,z and a nega-

model displacement processes where imbibition is of importanti¥e oil branch with an asymptote &= S,r, Fig. 1. Depicted in

and data are scarce, e.g., bottom water drive and water-altern&tig- 1 are(1) the primary drainage curve starting&$= 1, mod-

gas injection. eled b_y Eq. _2 vv_|th(_:0=0 andc,, equal to t_he entry pressuré)

the primary imbibition curve from Eq. 2 witb,,=0 andc, equal

to the entry pressure of water into a 100% oil saturated core; and
Copyright © 2000 Society of Petroleum Engineers (3) the bounding(secondary imbibition and secondary drainage
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Fig. 1-Schematic of bounding curves, capillary pressure

a function of water saturation S, : (a) primary drainage;
(secondary ) imbibition; (c) secondary drainage;
bibition.

Hysteresis Loop Logic

Introduction. The hysteresis loop logic of Killoudh is often
employed in reservoir simulators. Its limitations have recently
been discussed by TaA by Kriebernegg and Heinemanhand

by Kleppeet 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 this, it is suggestetd;** with some modification? to apply
Land's'® expression,

1 1
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whereS,[ 1] is the start saturation of an imbibition process, on the
primary drainage curve, ang§,g 1] is the end saturation of the
imbibition process, an€ 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

Eg. 1 may have the same values as those in the secondary draiitepted based on experimental evidefi&a.

age curve, Eqg. 2 with the constan(es,q, ayq, Cwd, Coq), OF if

1. A first saturation reversal from the primary drainage curve,

two different sets of(a,q, Cwg) are necessary. For simplicity, before reaching the residual water saturaiyg, starts an imbi-
unless challenged by data to the contrary, we will assume thapigion scanning curve down to a residual oil saturation which is a

single set suffices.

certain fraction ofS,g, as determined by Eq. 4.

For imbibition, the graph crosses the zero capillary pressure2, |f the reversal from the primary drainage curve occurs at
axis atSyo; , i-€., Pc(Swoi) =0, giving the following expressions g, -, the scanning curve scans$g and is denoted the bounding

for c,; from Eq. 2:
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and for secondary drainagp,(S,oq4) =0, gives
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The wettability index to water),,,, is given by l,,=(Suoi
—SurR)/(1-Ser=Syr), and to oil, },,=(1-Syoq Sor)/(1
—S,r— Syr), and the Amott-Harvey wettability indéxs I,y
=lww—lwo. FOr a completely water-wet systerh,,=1 and
lwo=0 giving Sy0i=Swoa=(1—S,r), and from Egs. 3c,;=0

imbibition curve.

3. A second reversal frorS,g defines asecondary drainage
bounding curve that scans back $gr. Together, the bounding
imbibition and drainage curves constitute the closed bounding
hysteresis loop.

4. All scanning curves originating on the bounding imbibition
curve scan back t8,r, and all reversals on the bounding drain-
age curve spawn scans backSgx.

5. A scanning curve originating &,[ k], the water saturation
at the start of thekth reversal curve, will scan back §,[k-1]
and form a closed scannirffysteresisloop, unless a new rever-
sal occurs.

6. If a curve scanning back frorg,[k] reachesS,[k-1] be-
fore any new reversal, i.e., it forms a closed scanning loop, the
process continues by retracing the scan ofkhe2 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 tk#h re-

versal and lefk] also label properties of the scanning curve after
the kth reversal with the convention that odd numbers denote

andc,y=0. That is, Eq. 2 is used with only the water branch foimbibition and even numbers drainage. We will use the asymp-

both imbibition and drainage.
Wettability may vary with depth and be correlated wij)g,

as discussed by Jerauld and Rathriéficorporating such varia-

totesS,,r k] and S, k] as scanning loop residual saturations and
Swr and S, as the bounding loop residual saturations.

First Reversal.The historic two-phase flooding process of a

t@ons into the capilla(y pressure correlation would requ_ire addizservoir rock sample is usually primary drainage frég= 1.
tlonal_functlonal relatlonshlps between the parameters in Eqs.-ﬁ},e first reversal will then be an imbibition curve denoted by
e.g., if the reservoir becomes more water-wet as the Water-elcli[l] originating from the primary drainage curve,4 0], Eq.

contact is approached from above, both zero point cross®gs,
andS,,oq, should approach (£S,g), andc,; andc,q4 go to zero.

1. The reversal saturatid®,[ 1] is a point on both th@. 0] and
the p.i[1] graph, that is,

Also, if the interfacial tension is reduced for some displacement

process, the's should go to zero proportionally, ar8lg andS, g
should approach zero.

One could consider putting Eqg. 2 into dimensionless form by o
an extended function? but it is not clear if this approach is valid and where explicitly, from Egs. 1 and 2,
for an imbibition process, as discussed earlier by Hamon and

Pellerin® From their Fig. 8, it seems that the water branch of Eq.
2 could be scaled by thé function, but that the oil branch is
almost independent of permeability and would require a different

scaling group.
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Ped 01(Su[ 1)) =Pal 11(Sul 1)), (58

0 1 —$ 5b

Pe 01(Sul ])‘(sN[l]sNR)aWd' (5b)
1-s,
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Fig. 2—Scanning loops with first reversal on the primary drain- S.[41

age curve and second reversal at the respective residual oil

saturation.
Fig. 3—Family of scanning loops spawned from a reversal point
Cco on the secondary drainage bounding curve.
[11(Sy[1]) = = .
pCI[ ](S\N[ ]) Sw[l]_sz[l])aWI
1-Sur 1] Second General Reversdf a second reversal should occur at
Coi a pointS,[ 2] on thep[ 1](S,) curve, before reachin§,g[ 1], a
+ = (50 reversal drainage scanning cungeg 21(S,), is spawned,
So[l]_ SOR[ 1] o!
1-S,H1 Cwd Cod
OR[ ] pCd[Z](S\N): Sw_ SWW[Z] awd+ S _Sc;[z] aoq’ (7)
To honor Eq. Ba), we have to choose one parameter to be ad- (—R) (L)
1-Syrl2] 1-S:r 2]

justed. Considering the design constraints, we keeg'slhndc’s
constant for a given rock fluid and adjust the water branch asymgsanning back t8,[1]. The imbibition scanning curve.[1]
tote of the scanning curve, i.&,/ 1]. The oil branch asymptote, from §,[1] and the drainage scanning curpg2] back again
Sor[1], is determined by Land’s expression, Eq. 4. With thigrom S,[2] have to be equal at the two reversal points to form a
choice, the scanning curve will have a similar shape as the bourgtbsed loop, i.e.,

ing imbibition curve sincda;, a,i, Cwi, Co;) are the same. The

scanning curve may be considered to be part of a compression oPcil11(Sw[1])=pcd 21(Sul1]) (83

the bounding imbibition curve between the two new asymptotesd

Sur[1] and S 1]. 110S 127 = 0. (21(S.[2 o
In summary, the first reversal imbibition curvye,[1](S,) Peil 11(Sul2]) = ped 21(Su[2]). (8b)
starts on the primary drainage curve at the reversal &}l | These two equations determine the two new asymptotes

and scans downward towards the asymp®fg 1], as shown in 5 2] andS,g[2] of p. 2] in Eq. 7. As for the previous cases,
Fig. 2 for three values of5,[1]. Also shown in Fig. 2 is the we consider thea’s and thec’s to be invariant and adjust the
bounding imbibition curve fromS,g, which is the minimum vertical asymptotes of the scanning curve to get a closed loop.
value of §,[1], back toS,g. All curves in Fig. 2 are produced Thus the second scanning curve will be part of a compression of
with a constant set of parameters. Only the residual saturatiche secondary drainage curve between the two asym@Eqt¢2 |
(asymptotepare varied. These manufactured curves nicely reprand S,g[ 2].
duce the features of the many experimental curves presented byNumerically, Egs. 8 can be solved as follows: Let the first
Wardlaw and Taylot estimate ofS,g[ 2] be the previous value&§, g 1], and estimate
Second Reversal From Residual Oil Saturatiolihe three Sord 2] from Eq. 8a. With this estimate f'xed' make a new esti-
(secondary drainage scanning curves from the th&g[ 1] val- m”ate OfSNRl[z] ;rpm Eq. 8b, andﬁfllp-flop until convergence. Usu-
ues and the bounding drainage curve fr8gg are also shown in ally a couple of iterations is sufficient.
Fig. 2, and they form four closed loops with their respective im- Third General ReversalThe p 4 2] process is now scanning
bibition curves. The drainage scanning curves are generatedftgm S,[2] and back tc5,[1]. If a new reversal occurs &,[ 3]
setting before reaching,[ 1], ap.i[ 3] process is set up, scanning from
S,[3] and back again t&,[2]. If the p.4q 2] process should
Ped 21(Sw[1]) = Pcdl 01(Sul1]), (68 reachs,[1], however, and the water saturation continues to de-

that is, the drainage curve following the second reversgf,2], Ccrease, and the process reverts from.g 2] curve to ap.0]
has to scan back to the first reversal point to make a closed lo§H!Vve, i-€., it continues on the primary drainage curve.

Here, More ReversalsThe formalism can easily be generaliz&d.
c 3 shows another example of a set of enclosing scanning loops
Ped 21(Su[1]) = wd - between the bounding curves. Let us say that the history started
Sul1]— Sy 2] *wd with a primary drainage frorS, =1 to S, ; then a first reversal,
1-S,rl 2] S.[1]=S,r, and the process traced the bounding imbibition

curve until S,=1-S,g, where the second reversal occurred,
n Cod (6b) S.[2]=1-S,r- Then the process followed the secondary drain-
So[1]— S, 2] 2od’ age bounding curve until a third reversalSf 3], the first rever-
T['L’]) sal marked in Fig. 3. The process now scans back orpth&]
oR curve towardsS,[ 2] but experiences a fourth reversalg{ 4].
and S;r[2]=S,r[1]. The only unknown in Eg. 6a is then Then two more reversals occ8,[5] andS,[6]. After the sixth
SwrL2], which can be calculated, and the scanning curve is deeversal, the process scans back onphg 6] curve t0oS,[5],
fined. passes through this point, and continues onphf4] curve back
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Fig. 4—Series of drainage scanning curves initiated at different
reversal points on the imbibition bounding curve. FWLin S
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(05,(3] where i progresses on 2] cuve, which, o s %, &-Sataton dsutons an sssoed s for o
example, is the secondary drainage bounding curve. initial conditions. The fZV)VL value is at zero height and thepsatu-
Suite of Reversals From Bounding CurveSeveral experi- ration distribution follows the primary drainage curve; (2) the
mental papeﬂgvlg report series of reversals from the imbibitiondotted line shows the FWL at 57 m and the dotted curve shows
and drainage bounding loops with features described abovetf§ corresponding saturation distribution with an intermediate
design constraint No. 4Figs. 4 and 5demonstrate that theseShape between primary drainage and imbibition bounding
features are well reproduced by the proposed hysteresis 08¢
logic.
Validation
A capillary pressure correlation should have a minimum number
Bottom-Water Drive of adjustable parameters yet be sufficiently flexible to fit a variety
The initial saturation distribution with height in a reservoir is usuof measured datasets. Brooks and Céféyave shown that this is
ally determined by the primary drainage capillary pressure. Whéase for the water branch of Eq. 2, and we will try to corroborate
oil production starts, the free water levéfWL)—the elevation the full form of Eq. 2.

where p,=0-slowly moves upwards. The saturation at each ) ) )
height in the capillary transition zone between oil and water b&entrifuge Bounding Curve Data. Figs. 7 and 8show the re-

comes a reversal saturatis| 1] for a scanning imbibition curve, sults of curve fitting the correlation to centrifuge data for_ two-
each aiming at a$,¢[ 1] value given by Eq. 4. fresh core samples. The data are recorded from a forced imbibi-

A sample calculation is shown iRig. 6. The initial free water tion and a forced secondary drainage process, i.e., half the water

level, FWL,,,, is at heigh 0 m and the corresponding saturatiofPranch and half the oil branch are measured. This is a standard
distribution is given by the primary drainage curve. Along thi®rocedure by core laboratories. The curve fitting follows these

curve, a series of heights are selected for computational purpos&§PS: _ _ _
The saturation at each height will follow a unique scanning imbi- 1- WhenS,—1— S, the oil branch dominates in Eq. 2, and

bition curve when the water level rises. When the FLW had Plot of log(—pc) vs. 10g(&—Sr)/(1—Sr)) according to

reached 57 m, indicated by the dotted line in Fig. 6, the capillary S-S
pressure has decreased by the corresponding amount at each 3gy(—p.)=log(—c,)—ay; |og(_R)’
lected height. The saturation values are calculated from the indi- 1-8k,
vidual imbibition scanning curves, rendering the new saturati . _ _ .
distribution (dotted curvé This is an intermediate curve betwee%?:é%sfgrsstlmates Ofo; anda, . The lowest measureg, value is
primary drainage and the bounding imbition curve. If the waief 2. WithOFre{o data available from spontaneous secondary drain-
level continues to rise, the intermediate curve will exhibit a per; we assume thaty=a,=a, , the inverse pore size distribu-
manent shape at high water saturations caused by residual téﬁ index at low oil saturations

saturations and will approach the bounding imbition curve at low ’

water saturations. This effect has been discussed by Kriebernegg“

©)

and Heinemani®
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Fig. 7—Capillary pressure correlation fitted to forced imbibition

Fig. 5—Series of imbibition scanning curves initiated at differ-
and forced drainage centrifuge data from special core analysis.

ent reversal points on the secondary drainage bounding curve.
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Fig. 8—Capillary pressure correlation fitted to forced imbibition Fig. 10—All data and fitted curves shown together.

and forced drainage centrifuge data for another core.
(d) spontaneous drainage,350— — 1 mbar, bounding curve,
(e) scanning loop;~1— —5— —1 mbar, small,
3. SinceS, is the known start saturation for forced imbibi- (f) scanning loop;~1— —10— —1 mbar, medium,
tion, c,,; is found from Eq. 3a. (g) scanning loop;-1— — 20— —1 mbar, large,
4. In the same manner estimateqf; anda,,4 are determined  (h) forced drainage, 6 +350 mbar, bounding curve.
from data points whers§,— S,r, and Sy is set equal to the |n measurement seriga), an attempt was made to drive the sys-

lowest measured water saturatiagy is found from Eq. 3b.  tem to S, to ensure that the rest of the steps are all within the
5. Itis assumed tha, 4= a,;=a,,, the inverse pore size dis- pounding hysteresis loop.
tribution index in the low water saturation range. First we fitted the bounding curves described above for the

6. With these estimates of the parameters, an expression ¢@htrifuge data, assuming,;=a,q and a,;=a,4. This gave a
the total error is made by summing the errors squared betweepeasonably good overall match with only some discrepancy for
measured capillary pressure and the correlation value, Eq. 2. Theasurement serigd). The fit improved when tha’s for drain-
errors are weighted by the factor p1J.” The total error is simul- age and imbibition were allowed to be different. Still, the match
taneously minimized with respect &, a,,, Co;, andcyy by the  for the drainage part of the scanning loops could have been better.
optimization package, Microsoft Excel Solver, ang andc,; are  Since, on the assumption that this andc’s are the same for all

found by Egs. 3. the curves, we decided instead to match the largest scanning loop
The match in Figs. 7 and 8 is good, and this is also the case fftd predict the medium and small scanning loops and the bound-
all the other centrifuge results we have investigated. Ing curves.

The final match for the large scanning loop and the predicted

Micropore Membrane Loop Data. We have matched a medium and small scanning loops are shown together with the
reported® series of capillary pressure experiments on a fresh, offata points measured Fig. 9. The scanning drainage curves for
wet reservoir core to further check the applicability of the corrghe medium and small loops are predicted by the hysteresis loop
lation and the hysteresis loop logic. logic presented above. The only adaption is the choice of reversal
The core was not cleaned. It was saturated with dead crude pflints for the start of the drainage curvesFHig. 10also included
and formation water and the last preparatory flow was a wateéte the predicted bounding curves together with the three scanning
flood until no more oil was produced. Then the experiment foloops and all the data measured. Although further fine tuning
lowed this sequencgapillary pressures in mbar could have been performed and the data contain some drift due to
(a) drainage to+ 350 mbar, the ramping speetf the capillary pressure correlation and the
(b) spontaneous imbibitiont 350— +1 mbar, bounding curve, hysteresis loop logic model the experiments satisfactorily.

(c) forced imbibition, 3— —350 mbar, bounding curve, ) )
Well Log Data From a Bottom-Water Driven Reservoir. In

Fig. 11 is a plot of height above the free water level vs. water

saturation for a well in a sandstone reservoir in the North Sea. The
S, data were logged in 1989 before production started and follow a
primary drainage curve, Eq. 1. Data from tight shale stringers
were deleted from the match and &dunction normalization was
attempted.

After production had started, the well was logged again in 1993
and 1994 with a carbon/oxygen tool. In 1994, the FWL had risen
about 85 m and the data above the intermediate curve between
primary drainage and imbibition may be fitted with a pure imbi-
bition curve, as explained in the Bottom-Water Drive section. The
signal-to-noise ratio is worse for the completed well and some of
the data points have been removed. The result is showigirl2.

The height of the FWL is now an additional matching parameter.
From knowledge of the residual saturatidhg andS,r from the
match, Land’s trapping constant was determined by Eg. 4.

With all parameters fixed except the FWL, which was adjusted
separately, the saturation distribution with height is predicted by
the capillary pressure correlation for the 1993 dataFig. 13,

Fig. 9—Large, medium, and small scanning loop data and cor- including the transition from primary drainage to imbibition mod-
relation curves shown together. eled by scanning curves and the hysteresis logic. Some data points

Capillary Pressure, p, (mbar)
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function of water saturation, well data, and prediction by corre-
Fig. 11—Height above the free water level as a function of water lation, transition from primary drainage to imbibition bounding
saturation, well data, and fitted correlation, initial conditions, curve.

primary drainage.

For a completely oil-wet system, solely from the oil branch of
were deleted and the rest were smoothed by a moving 10-pdii¢ capillary pressure correlation, we may write for the drainage
scheme. Although the match surely could have been improvedl and water relative permeabilities, respectively, as
Fig. 13 demonstrates the ability of the correlation to forecast the _ 3+2ayg (1 _ Qg+l g _ 2
water saturation distribution as the water table rises. Kro,omd™ Sho and Krw,owa= (178, 1) (1= Sno)",

(12
Relative Permeability Functions where
The Corey-typ@ or power-law expressions are popular correla- So— Sor
tions for relative permeability functions of water-wet reservoirs. S"°:—1—SNR— Sk 13

They may be predicted from the primary drainage capillary pres- ) )

sure curve or fitted to measured relative permeability values.ipr @ mixed-wet system, the water phase could be perceived to

seems reasonable that an extension to mixed-wet reservoirs wdiileve partly as a wetting phase and partly as a nonwetting phase

require symmetrization with respect to the two fluids, possibiyith relative strengths,q and c,q, the weight factors on the

along the following lines. water and oil branches of the capillary pressure correlation, Eq. 2,
Let Ky, wwg denote the drainage relative permeability to watdMPplying the following expression for the drainage water relative

in a completely water-wet system, i.e., one derived solely from tig€rmeability of the mixed-wet system,

water branch of the general capillary pressure correlation, Eq. 2,
9 p yp q dekrw,wwd_ Codkrw,owd

and letk,, g denote the corresponding oil relative permeability. k4= (149
Then the Corey-Burdifé expressions are Cwd™ Cod
and

krw,wwd: Si\r,zaWd ) I(ro,wwd: (1- SiaWWd+ 1)( 1- Snw)zx (10 « .

where krOd:de ro,éij:zo;i ro,owd (14b)
w o
SnvFM (11 for the drainage oil relative permeability. Of course, Egs. 14 rep-
1-Swr=Sor resent just an educated guess of the shape of the correlations.

for secondary drainage, witB,g dropped for primary drainage. Validation and possible modifications are needed based on con-
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Fig. 12—Height above the free water level in 1994 as a function
of water saturation, well data, and fitted correlation, imbibition Fig. 14—Relative permeability curves for primary drainage, im-
bounding curve. bibition, and secondary drainage, data from Fig. 7.
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6.

sistent measurements of capillary pressure and relative permeabhjl-
ity functions. For instance, endpoint relative permeability value
at residual saturations for each of the Corey-Burdine expressions
could be introduced as a modification. '

As examplesFigs. 14 and 15show three pairs of relative
permeability curves for oil and watefl) primary drainage(2) 9.
imbibition, and(3) secondary drainage. Tteeandc parameters of
Egs. 10, 12, and 14 are taken from the capillary pressure correl&-
tion fit of the centrifuge data in Figs. 7 and 8.

A relative permeability hysteresis loop logic should be de-
signed to honor measuremerit&®and be consistent with the cap-;;
illary pressure hysteresis loop lodfit. '

12.
Conclusions
1. A general capillary pressure correlation for mixed-wet rock
was presented and its applicability demonstrated. 13.

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

3. The hysteresis scheme was employed to model the transit'?ozp
of the vertical saturation distribution in a reservoir from an initial’
primary drainage curve to an imbibition curve as the water table
rises.

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

Nomenclature 16.
a = constant, dimensionless 17.
¢ = constant, bar or mbar
k. = relative permeability, dimensionless
p = pressure, bar or mbar
C = Land's trapping constant, dimensionless 18.
I = wettability index
S = saturation 19.

[k] = scanning loop revers&
Subscripts 20.
¢ = capillary
d = drainage 21.
i = imbibition
in = initial 22.
n = normalized
o = oil
ow = oil-wet 23.
R = residual

r = relative

w = water 24.

ww = water-wet
AH = Amott-Harvey
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0 = zero point .=0)
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S| Metric Conversion Factors

bar X 1.0* E+05=Pa

*Conversion factor is exact.
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