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Summary from crude oil. Variations in the crude oil/brine/rodCOBR)
Previous studies of crude oil/brine/roé€OBR) and related sys- ensembles that were studied included the crude oil, brine, initial
tems showed that wettability and its effect on oil recovery depeneater saturatior§,,;, aging temperature of the rock in crude oil
on numerous complex interactions. In the present work, the wét;, and rate of flooding. The aging tintg, was standardized at
tability of COBR systems prepared using Prudhoe Bay crude ollp days. From the results for over 50 waterfloods, a correlation
a synthetic formation brine, and Berea Sandstone was varied Wwgs obtained between oil recovery and wettability defined by the
systematic change in initial water saturation and length of agimgmott-Harvey wettability inde%’ I,,.,, with the oil recovery
time at reservoir temperatuf88°C). All displacement tests were peaking at close to neutral wettabilifgeeFig. 1). For all wetta-
run at ambient temperature. Various degrees of water wetndslity conditions belowl,.,=0.9, with two exceptions, produced
were achieved and quantified by a modified Amott wettabilityater was accompanied by a small and decreasing fraction of oil.
index to water, the relative pseudowork of imbibition, and a newlyhis mode of production was postulated by Salathtel result
defined apparent advancing dynamic contact angle. from a bi-continuous distribution of oil and water within the rock.
Pairs of spontaneous imbibitiofoil recovery by spontaneous Jadhunandan and Morréwlso investigated factors influencing
imbibition of watey and waterflood(oil recovery vs. pore vol- the rate of oil recovery by spontaneous imbibiti@®i). Two sets
umes of water injectedcurves were measured for each of thef imbibition and waterflood WF) data measured under compa-
induced wetting states. Several trends were observed. Imbibiti@ble conditions showed that the systems with the lower, but still
rate, and hence, water wetness, decreased with increase in agimite, imbibition rates gave higher waterflood oil recoveries. De-
time and with decrease in initial water saturation. Breakthroughrmination of the circumstances under which there are systematic
recoveries and final oil recovery by waterflooding increased witielationships between oil recovery by spontaneous imbibition and
decrease in water wetness. Correlations between water wetnigg$orced displacemeritvaterflooding would be of special value
and oil recovery by waterflooding and spontaneous imbibition ane evaluating possible methods of improved oil recovery.
presented. The objective of the present work was to obtain data for a
COBR combination in which wettability was varied systemati-
cally. The selected system was Prudhoe Bay crude oil/synthetic
Introduction formation brine/Berea Sandstone. In laboratory studies related to

Wettability is an important factor in the performance ofrediction of reservoir performance, choicetgfis mainly gov-

waterfloods: Final recovery of oil by waterflood is expressed irff™Med by the need to provide sufficient time to achieve adsorption
this paper aR,;, the fraction of the original oil in placéOOIP) equilibrium. This condition is sometimes assumed to match the

recovered. Review of the literature showed variationsRif reservoir wettability. Vall%esdgon the order of two to six weeks
could be very large and were strongly dependent on how wet@f€ commonly adoptett.” For investigation of relationships be-
bility was established? The wettability state induced by adsorp-We€n wettability and oil recovery, variation of provides a con-

tion in the presence of an initial water saturatf®y) is referred to Venient method of obtaining systems with graded wettabifity, -
as mixed. The main characteristic of mixed wettability is that onljy"ile holding other variables constant. This approach was used in

the areas of rock surface exposed to crude oil undergo change'f Present work to obtain 23 sets of spontaneous imbibition and
wetting that are significant to the displacement process. The tefft€flood data for differert, at three levels o8,; (nominally,
mixed wettability was adopted by SalatHieb describe this form 19 20, and 25% . N
of wettability distribution with strongly water-wet and strongly SPecial attention is given to using spontaneous imbibition

oil-wet surfaces. However, a wide range of wetting states can B%(ves(on_ recovery vs. imbibition timpto quantify wettapility.
induced by contact with crude oil and adsorption of oil compol NS requires that the effect of wettability on imbibition rate be
separated from the effect of interfacial tension, liquid viscosities,
differences in permeability and porosity, and the size, shape, and
undary conditions of the core samples. These effects have been
rrelated for very strongly water-wet conditions by a definition

?ledimensionless tim& Reduction in imbibition rate relative to

nents does not necessarily result ins@ongly oil-wet surface.
Nevertheless, the geometric description of mixed wettability e
visaged by Salathiel is still appropriate and in this paper is appli
to all possible types of mixed wetting that depend on the locati
of bulk water in the rock at the time of adsorption. The term bu ; o
water is used here to identify water retained by capillary forces correlation for very strongly water-wet conditions can result
distinct from water retained by adsorption at solid surfaces as tHfM decrease in water wetness. In the present work, relationships
films. The fraction ofS,; existing as surface films is very small@'e Presented between wettability and oil recovery by spontaneous
except at extremely low water saturations. imbibition and waterflooding.
Jadhunandan and Morréwhowed that wettability can be var-

ied in Berea Sandstone by changing the conditions for adsorptigmﬁg;inlegtridhoe Bay, Alaska, crude ai'93) was used as the

oil phase. The crude oil was evacuated before use to reduce the

*Now at Westport Technology Center Intl. possibility of gas evolution during the course of an experiment.
** Now at Exxon Production Research Co. The evacuated crude oil had a viscosity of 39.25 cP and den-
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cores for which there was no aging at elevated temperature and
contact time with the crude oil before initiation of the test was
minimal (nominal aging time of O houys

o
@
r

Spontaneous Imbibition. The rates of spontaneous imbibition
into the aged cores were measured at ambient temperature. A core
was suspended in degassed brine by a monofilament line attached

Rwf (OOIP)
o
3
&

0.6+ O Moutray crude oil to an electronic balancéccuracy to 0.(_)001)9 The change in_
& ST-86 crude ol weight of the core suspended under brl_ne was repordgd vs. time.
o5t ¥ Refined oi N The amount of oil expellt_ed was deter_mlned gravimetrically. Be-
(after Ref. 5) % fore weighing, expelled oil that was still attached to the core was
0.4 . . L s . . . removed with a polytetrafluorethyleri@eflon) rod.
‘06 -04 -02 0 02 04 06 0.8 1

lw-0 Waterfloods. The waterflood apparatus used in this study was
designed for either constant rate or constant pressure waterfloods
Fig. 1-Waterflooding recovery at 20 pore volumes ~ (PV) of brine  at ambient temperature. All of the waterflood tests were per-
injection VS. Amott‘HarVey Wettabl“ty index for different oils. formed at leW rates US|ng a constant pressure drop of 5 pSL O|I
production vs. time was determined from volumetric measure-
ments. The waterflood was stopped after 4 to 15 PV of brine
injection when the water-oil ratio was greater than 99 to 1. This
criteria provided an operational definition for final waterflood re-
g/L KCl, 0.2 g/L MgCh*6H,0. The brine, with viscosity,, of COVeryRy.
0.967 cP and density,, of 1.012 g/cc at 25°C was evacuated for ) .
about 4 hours before use. The interfacial tension between fREplicate and Reused Core PlugskFor core samples witls,,
brine and the evacuated crude oil was- 24.2 dyn/cm measured ~25%, after completion of the spontaneous imbibition tests, the
by du Nouy ring tensiometer. The ring was flamed and immers&@ré samples were flushed with about 5 to 10 PV of the crude oil
in brine. Crude oil was poured on the brine and the tension wak 30 psi to re-establish the initial water saturation. The duration
measured for the ring passing from the brine to the oil phase. ©f oilflooding and the magnitude of the displacement pressure
depended on the amount of water production. First and second
Preparation and Properties of Core SamplesA total of 41 core initial water saturations agreed within 1%, and so for initial water
plugs were cut from several blocks of Berea Sandstone. Diametg@éurations of 25%, core plugs were re-used for the waterflood
and lengths of the cores were in the range of 3.80 to 3.82 and §\¢asurements. Difficulty was encountered in re-establishing ini-
to 7.8 cm, respectively. After cutting the plugs, the core samplé§! water saturations of 20 and 15%. Duplicate cores, one for
were washed and dried at ambient temperature for two days. T3Rontaneous imbibition and the other for waterflood tests, were
cores were then dried in an oven at 105°C for at least two dafj¢refore used.
and cooled in a vacuum chamber. Nitrogen gas permeakjjitf
the cores was measured using a Hassler-type core holder abexults and Discussion

confining pressure of 300 psi. Imbibition and Waterflood Recovery Curves. Waterflood and
The dry core samples were vacuumed and saturated with theiffbibition results are presented for nominal values of initial water
brine. Porosity¢ was determined from the change in weight. TheaturationS,,; of 15, 20, and 25% irFigs. 2, 3, and 4 respec-
saturated cores were left immersed in brine for about 10 daystigely. Test conditions for 23 spontaneous imbibition tests and 27
establish ionic equilibrium between the rock constituents and theaterfloods are summarized in Table 1. The aging times ranged
brine. The original brine was then displaced with about 10 pofeom 1 to 240 hours.
volumes(PV) of fresh brine during the course of measuring brine Figs. 2a, 3a, and 4a show the effect of aging time on the rela-
permeabilityk, . Values of porosity, gas permeability, and bringionships between oil recovery by imbibitidR,,, and imbibition
permeability are listed iTable 1 time t. Imbibition rate decreases systematically with increase in
aging time. Oil recovery by imbibition exhibited a maximum at 4
Initial Water Saturation. The brine was displaced by 3 to 5 PVhours aging time for all three data sets. Increase in recovery by
of the A’93 crude oil at 25 to 30 psi pressure drop to give nominahbibition over that for very strongly water-wet conditions has
initial water saturationss,; of 25%. With the oil injection pres- been attributed to increased microscopic displacement
sure reduced to 20 to 25 psi and the amount of oil injected iefficiency®*
creased to 5 to 10 P\§,,; values of close to 20% could be ob- The effect of aging time on the relationships between oil recov-
tained consistently. Initial water saturations of about 15% weegy by waterfloodingR,, and pore volumes of brine injected at
established by oilflooding at 5 psi initially. The pressure drop wasitial water saturations of 15, 20, and 25% is shown in Figs. 2b,
then gradually increased up to 55 psi. Oil flow was continued f@b, and 4b, respectively. Oil recovery by waterflooding increases
up to 15 pore volumes until the required water content was estafith increase in aging time. Comparison of recovery curves by
lished. Initial water saturations for each experiment are listed imbibition (Figs. 2a, 3a, and 4awith recovery curves by water-
Table 1. During oilflooding, the direction of oil flow was reversedlooding (Figs. 2b, 3b, and 4bshows that, as imbibition rate de-
to alleviate possible end effects. creases, oil recovery by waterflooding increases. Results for re-
covery of Soltrol 220 by waterflooding and A’93 crude oil for a
Core Sample Aging.After establishing an initial water satura-nominal aging time of zero shows water breakthrough to be earlier
tion, the core samples were removed from the core holder, ifor the crude oil. The crude oil was more viscous than Soltrol 220
mersed in the crude oil, and aged at 88°C for 1 to 240 housy a factor of 10. Final recoveries were almost identical.
(Table 1. The beakers were covered with aluminum foil and The effect of initial water saturatio§,; on oil recovery by
sealed with a high-temperature glue to minimize loss of water aidbibition and waterflooding is shown iRigs. 5a and 5bfor an
light ends from the crude oil during the aging period. After agingaging time of 240 hours. Both imbibition rate and final recovery
cores were allowed to cool for at least 6 hours. Comparison b§ imbibition decrease with decrease in initial water saturation,
core weight before and after aging showed essentially no changkereas oil recovery by waterflooding increases.
in initial water saturation. The oil that was in the core during Aging Time, Initial Water Saturation, and Oil RecovenQil
aging was displaced with 8 to 10 PV of evaporated stock crude eglcovery by waterfloodin®,; vs. oil recovery by imbibitiorR;,
at 10 to 15 psi injection pressure prior to making the spontaneoissshown inFig. 6. At each initial water saturatiorR;,, passed
imbibition and waterflood measurements. Tests were also run tmough a maximum in recovery that corresponds to about 4 hours
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TABLE 1- EXPERIMENTAL CONDITIONS, OIL RECOVERY, AND WETTABILITY
Core ¢ kg Ky Sy t, R

No. (%) (md) (md) (%) (hours) Test (% DOIP) I, We €0S 0Oy

1 21.3 639 358 15.5 0 WF 41.6 0.73 0.35 0.25

2 22.2 666 359 16.0 1 WF 43.3 B B e

3 21.8 640 365 15.8 4 WF 47.4 0.70 0.16 0.027

4 21.3 661 366 16.3 6 WF 50.8 -

5 21.1 625 353 16.8 12 WF 52.2

6 21.3 625 354 15.0 24 WF 55.2 e e e

7 21.3 649 353 16.2 48 WF 58.0 0.50 0.051 0.0047

8 21.6 627 343 15.2 72 WF 60.2 0.42 0.021 0.0012

9 21.1 641 361 15.7 240 WF 63.1 0.19 0.0066 0.00074
10 21.7 667 360 15.4 0 Sl 30.7 0.73 0.35 0.25
11 215 625 355 15.1 4 SI 333 0.70 0.16 0.027
12 21.4 614 365 15.9 48 Sl 29.0 0.50 0.051 0.0047
13 225 585 300 16.9 72 Sl 254 0.42 0.021 0.0012
14 21.7 617 364 15.4 240 Sl 11.8 0.19 0.0066 0.00074
15 21.8 536 351 20.2 0 WF 38.2 0.84 0.37 0.3
16 225 540 373 19.7 1 WF 39.1 0.80 0.28 0.17
17 22.4 510 388 20.2 4 WF 41.1 0.92 0.19 0.036
18 224 601 372 21.5 6 WF 48.2 0.76 0.17 0.029
19 21.8 454 202 20.0 12 WF 50.7 0.70 0.12 0.012
20 219 467 194 20.3 24 WF 51.7 0.68 0.073 0.0053
21 21.4 467 216 20.0 48 WF 54.8 0.59 0.048 0.0046
22 21.6 525 216 19.8 72 WF 57.8 0.47 0.03 0.0018
23 21.8 566 355 21.2 240 WF 59.2 0.23 0.0093 0.00079
24 223 562 365 19.6 0 Sl 32.1 0.84 0.37 0.3
25 22.0 500 363 19.0 1 Sl 314 0.80 0.28 0.17
26 22.6 542 360 19.9 4 Sl 37.7 0.92 0.19 0.036
27 22.0 532 336 20.5 6 Sl 36.7 0.76 0.17 0.029
28 225 565 343 19.5 12 SI 35.3 0.70 0.12 0.012
29 22.6 594 374 19.5 24 Sl 35.1 0.68 0.073 0.0053
30 22.0 522 357 20.4 48 SI 32.8 0.59 0.048 0.0046
31 22.3 581 367 20.1 72 Sl 27.2 0.47 0.03 0.0018
32 21.8 566 355 20.6 240 Sl 13.7 0.23 0.0093 0.00079
33 22.1 509 343 25.4 0 WF & SI 36.3 0.95 0.41 0.36
34 22.2 523 381 24.7 1 WF & SI 37.3 0.98 0.37 0.63
35 22.1 469 308 25.2 4 WF & SI 41.8 0.96 0.24 0.057
36 21.8 534 359 25.0 6 WF & SI 40.3 0.88 0.18 0.040
37 22.2 521 394 26.0 12 WF & S 39.4 0.81 0.16 0.034
38 22.1 501 354 25.9 24 WF & SI 36.1 0.73 0.13 0.025
39 20.5 525 315 25.1 48 WF & SI 35.1 0.71 0.15 0.021
40 22.0 521 352 26.1 72 WF & SI 323 0.66 0.058 0.0080
41 20.8 552 347 25.1 240 WF & SI 24.2 0.45 0.031 0.00072

aging. At longer aging times, waterflood recovery increases wiscaling of Spontaneous Imbibition.Imbibition data for very

decrease iR, . strongly water-wet conditions can be scaled through use of a di-
Oil recovery by waterflooding at breakthroudty, is a key mensionless time, defined by®

parameter in economic evaluation of waterflod®g; may not be

achievable in practice because the required volume of injected

water is unrealistic. Effects of aging timg and initial water
A . . k o 1
saturationS,;; on oil recovery by waterflooding at breakthrough o=t \/— 1)
; ; . X >
Rp: and final waterflood oil recoverR,; are summarized in b ‘/MwMo L

Fig. 7. From Fig. 7 it can be seen that bd®; andR, increase
with aging time. The final oil recoveries by waterflooding, shown
in Fig. 7, are compared iRig. 8 with oil recovery by imbibition
as a function of aging time.

Fig. 8 shows that, for any aging time;,, decreases with de-
crease in initial water saturation. This decreas®ip is consis-
tent with reduced water wetness; 8g; decreases, more of the
rock surface is exposed to wettability alteration by adsorption
from the crude oil. Quantitative analysis of the effect of exposed Lc=
solid surface and contact angle on imbibition pressures has been
presented for pores of polygonal cross sectins.

whereL ¢ is a characteristic length determined by the size, shape,
and boundary conditions of a sample;

)
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Fig. 2—(a) Qil recovery by imbibition vs. imbibition time and (b)
oil recovery by waterflooding vs. pore volumes of brine in- . . R o
jected for crude oil /brine/rock (COBR) systems at different ag- Fig. 4—(a) Oil recovery by imbibition vs. imbibition time and ~ (b)
ing times  (S,,;=15%). oil recovery by waterflooding vs. pore volumes of brine in-
jected for COBR systems at different aging times (S,i=25%).

V is the bulk volume of the core samplg, the area perpendicular d oil vi o f i f imbibition d d

to theith imbibition direction, and,; the distance fromd,; to the and oll viscositiesugp for scaling of imbibition data was deter-

no-flow boundary mined by experiment at very strongly water-wet con_dltlb‘ﬁs.
The driving force for imbibition is proportional to the interfa- The term\Kk7 ¢ is proportional to a microscopic radius, usually

cial tensiono. Applicability of the geometric mean of the Waterknown from the parallel bundle of equal cylindrical tubes model
as the Leverett radius,

0.4 ' 0.3
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Fig. 5—Examples of the effect of initial water saturation on re-
Fig. 3—(a) Qil recovery by imbibition vs. imbibition time and (b) lationships between (a) oil recovery by imbibition vs. imbibition
oil recovery by waterflooding vs. pore volumes of brine in- time and (b) oil recovery by waterflooding vs. PV of brine in-

jected for COBR systems at different aging times (S,i=20%). jected.
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Fig. 8—Final oil recovery by imbibition R;, and final waterflood
oil recovery R, vs. aging time at different initial water satura-
tions.

rn=\-—- ©)
¢ termined separately. A slightly modified Amott index to waltgr

Use of Jk/¢ in Eq. 1 provided close correlation of results for as defined by the ratio of these two measurements, is given by
limited number of types of strongly water-wet porous média.

This aspect of the correlation has been found to be satisfactory forI ' Rim w )
a wider variety of rock types. Yo Rt

Imbibition data from Figs. 2 through 4 are presented as plots of . , , ,
oil recovery, normalized with respect to final recovery, ys. [N this study, only the value dfy, was measured,, andl,.,

(Fig. 9). A reference curve oR;, Vs. tp for very strongly water- ¢an be defined by analogy with the definitionsigfand .., .

wet (VSWW) Berea Sandstone cores of different sizes and bourfgtom previous experience, displacement of water by spontaneous
ary conditiond® is included in Fig. 9. Differences between thigmbibition of oil, if observed at all, is very small except for very
curve and the data identified by various aging times are ascribé@akly water-wet systenisThus, whenl,, is positive and not
mainly to wettability. very low, I, andl,, , are equivalent and correspond closely o

Characterization of Wettability. Amott Wettability Index.The @"dlw-o- - o .
Amott wettability index is defined as the ratio of saturation change PSeudowork of Imbibition.The application of spontaneous im-
by spontaneous imbibitiod S, , to the total saturation change by ibition data to characterization of wettability has been summa-
both spontaneous imbibition and forced displacenef};. The

Amott wettability index to watet,, can then be expressed as

ASimw (a) Swi=15%
ly=re—— - 4 = osf
ASim,wJr AS\Nf g
.. L . . = Standard — o
Similarly the Amott wettability index to oil , is defined by s 5[ vSWw curve
[
ASim 0 § 04
lo=e— (5) 5]
ASim o+ ASy¢ € o
E
The difference betweeh, andl, gives the Amott-Harvey wetta- ' - . DA
bility index’ feo 1E+1 1€72 1E3 1E+4 1645
lw-o=lw=lo. ©® [b) sw20%
In the original method proposed by AmaktS,,; was measured 3 os Standard
by centrifuging the core after allowing spontaneous imbibition fc2 VSWW curve ™

20 hours. Jadhunandan and Morrasubstituted waterflooding for
the centrifuge step as proposed by CU2t? Small variations in
wettability, as operationally defined, that depend on the sequer
of displacements have been discussed by Jadhun&hdarthe T o2l
present work, recovery by imbibition and waterflooding were de¢g

(Recoverabl

i TE+ 1Es2 1E+3 e 1E+5
1
~ (©) Swi=25%
3 osf
% Standard
@ 081 VSWWcurve
—_ @
o 3 o4l
o 8 o
Q Q
o e
~ Rwif E 02t
o o] ¢ " )
El o 1E+1 12 1E+43 1E+4 1E+5
. . ‘ t=t,[— -2
0.1 1 3 0 100 300 o % ugm_ll.'{

10 3
ta, hrs.
Fig. 9—Effect of aging time on relationships between normal-
ized oil recovery by imbibition and dimensionless time for sys-

Fig. 7-Oil recovery by waterflooding at breakthrough ~~ Rp; and  tems with nominal initial water saturations of ~ (a) 15%, (b) 20%,
final waterflood oil recovery R, vs. aging time at initial water and (c) 25%.

saturations of 15, 20, and 25%.
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oo Fig. 11-Amott wettability index to water /), vs. relative pseudo-
002} work of imbibition Wk
001
0.005 |- N I L
0.1 02 03 04 05 0.6
1 (©) Sw=25% A plot of Wy vs. 1, presented irFig. 11, shows a close cor-
Wi (] . .. . .
o8 Standard relation between,, andWk, for |,<0.8. Amott wettability indices
02f & VSWW curve are determined by endpoint values for spontaneous imbibition
o 04 without direct regard to imbibition rate. Use of a wettability index
oost based on imbibition rate is especially advantageous for distin-
guishing degrees of water wetness for systems that are commonly
o0zr given the single classification of very strongly water-wet when
0oty l,>0.8.
0.005 ¢ . . . : Apparent Dynamic Advancing Contact Anglé more direct
0.1 0.2 03 04 0.5 0.6 e . . . . .
Sw approach to wettability characterization is to assume that imbibi-
tion rate is proportional to the cosine of an effective dynamic
Fig. 10-Effect of aging time on pseudocapillary pressure advan_cing contact a_ngAd- This angle can be defined by anal-
curves for systems with initial water saturations of (a) 15%, (b) ogy with the cylindrical tube model. Various approaches can be
20%, and (c) 25%. taken to determinin® o4 through comparison with recovery for

very strongly water-wet conditions. If cé¥,q is defined by the
ratio of the dimensionless time for one half of the total recovery
by spontaneous imbibition for very strongly water-wet conditions

rized by Cuiec® Ma et al'® proposed a wettability index de-to the corresponding, , then

scribed as the relative pseudowork of imbibitidfy, . The results

in Fig. 9 show how the normalized rate of oil recovery by spon- ) :CosfltD,VSWW(O-s) (10)

taneous imbibition decreases with increase in aging time. The rate A9 tp(0.5)

of spontaneous imbibition depends on complex flow behavior byt , . . . .

is basically dependent on imbibition capillary pressure and micrﬁp.blbltlon data are then automatically correlated at theRQ,5

scopic displacement efficiency. From consideration of theory aRg'nt by definingtpe as

examination of experimental results, a dimensionless pseudoimbit,, =t; cos® 54 (1D
bition capillary pressur®,  was definedf from the approximate
relationship: or
Pc S:atsllz’ (8) _ k O'COS@Ad 1
) tD(~)—t g ? L_Z (12)
wherea is a constant. The pseudocapillary pressure indicates the Mwho =C
effect of wettability on the relative rate of imbibition. Differences in shapes of imbibition curves can be compared by

TheP, ¢ vs. S, curves, for systems with initial water saturationuse oftp .
of 15, 20, and 25%, are shownfiig. 10. The curves are based on  The relationship betwee® 4 and contact angles operative
changes in saturation under dynamic conditions and are obviouglithin the rock is complex. Surface roughness, pore geometry, the
not directly related to standard capillary pressure imbibitiominerals lining the relevant pore surfaces, and the location of the
curves. The pseudocapillary pressure curves for very stronghjtial and invading brine will all contribute to determining local

water-wet systems are also included in Fi_g. 10. values of contact angle that result from interactions with the crude
The area under eadb s vs. S, curve defines a pseudowork of ;).
imbibition W If curvatures and dynamic capillary pressure are defined, re-
1-Sprim spectively, as
W= PC,S dSN . (9) COS@Ad
N G (13
L

The ratio ofW to the value oW for VSWW conditions, described
as the relative pseudowork of imbibition, defines the wettabilit@nd
indexWg. 0 €0SO oq
The relative pseudowork of imbibitiow/y represents primarily Peg . (14
the rate but also the extent of spontaneous imbibition. The value L
of Wy is strongly influenced by early time behavior. tpe can be expressed as
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1 0.4 : /‘ta (hr)=0
03
= 01} Wr 4
8 0.2 .——_____./.
O o 48
0.01} ’ 12
240
% 0.15 0.2 0.25 0.3
Swi
0.001 Swi=15% 20% 25%
LIRS | . o -
n n L . Fig. 14—Effect of aging time on relationships between initial
0 0.1 0.2 0.3 0.4 water saturation and relative pseudowork of imbibition.

Wr

Fig. 12—Apparent dynamic advancing contact angle vs. relative

pseudowork of imbibition. tween wettability and initial water saturation can be strongly de-

pendent on crude oil propertié<orrelations betweeh, andS,,
for Moutray and ST-86 crude oils are shownkig. 15 Results

. ; \ﬁ P 1 15 from the present study for 48, 72, and 240 hour aging time are
DO* 5 T2 included in Fig. 15. As aging time increases, the data for A’93
b Vo Lc g g

crude oil approach the correlation obtained for Moutray crude oil.

_The correlation shown ifFig. 12 between® 4, based on a \yettapility and Oil Recovery. Oil recovery at breakthrougRy,
single point, andWg, based on the complete imbibition curve,s rejative pseudowork of imbibitioW,, and final oil recovery
shovv_s that elth_e_r of thes_e related quantities can be used to Cl}ﬁf‘waterflooding?wf vs. W, are shown irFig. 16. Both R,, and
acterize wettability for this data set. . Ry are fairly constant foWg>0.20. ForWg<0.20, there is close

FOVV},’R below 0.20, all of the values ddq are between 87° ¢ pyelation betweerR,; vs. Wy and R vs. Wy, especially for
and 90°. This does not mean that the distribution of advancifgiia| water saturations of 15 and 20%: results for 25% initial
contact angles at pore surfaces within the cores are necessgfiifer saturation are relatively scattered. This may be related to
close to these value¢This would obviously be a great coinCi- emp|oying re-used, rather than duplicate, core plugs. For mixed
dence) Imbibition can occur even for angles well in excess of 90 ettapility systems, the water saturation retained after secondary
provided water occupies the corners of the pdreBhe combined drainage is generally higher than for primary drain&h&ven
effect of the oil/water interfaces and the contact angle at thg,gh measures can be taken to achieve the same magnitude of
COBR three-phase line of contact determines the interface curyggial water saturation as for primary drainage, the distribution
ture, and hence, the capillary pressure that drives the |mb|b|t|w%Iy not be the same. Furthermore, possible desorption and/or

process. . o adsorption of crude oil components onto rock surfaces related to
As 0,4 approaches 90°, it appears that imbibition depends %; distribution of water and the re-use of cores may also affect

slow changes in wettability that accompany encroachment of the, \\sterfloods.
three-phase line of contact on surfaces that are overlain by crudgs;g 17 shows the relationship between oil recovery by imbibi-
oil. Decrease in oil/brine contact angles with time and compley,, R, and the relative pseudowork of imbibitiaffs . The cor-

phenomena related to adszgrption/dgsorption of crude oil COMPQation betweerR,,; andWg is also included in Fig. 17 for com-
nents have been reporté”® As the interface advances, the IN-harison. FolWg<0.20, there is close correlation of results for all

terface curvature remains very close to zero, but the capillagy,els of initial water saturation.
pressure is still slightly positive. This explains why COBR imbi- 14 relationships between oil recovery by waterflooding at

bition capillary pressures determined by conventional _methods YRakthrougtR,,, and final oil recovery by waterfloodirg,,; and
often observed to remain very close to zero over a wide range gf, i wettability index to watet,, are shown irFig. 18 Fig. 19
increase in water saturation. It may also explain why the CO W

imbibition process sometimes exhibits an induction period before OW,S the relatlonshlp between oil reco,vgry by |.mb|b|tm]
oil recovery begins, as shown in Figs. 9a and 9b andl,,. The correlation betweeR,; andl,, is also included in

) ) = ) - ) Fig. 19. Both the relative pseudowork of imbibition and the Amott
Aging Time, Initial Water Saturation, and Wettability. Aging ettability index to water correlate with oil recovery.
Time. Fig. 13 shows how the relative pseudowork of imbibition  The results of this study further demonstrate the highly signifi-
Wr and the wettability index to wate(, decrease with aging time cant effect of wettability on the waterflood recoveries both at and
t,. For aging times of less than about 4 houysjs not sensitive after breakthrough. The trend of increase in waterflood recovery
to t,, whereasWy decreases sharply. At long aging timé$,is with decrease in imbibition rate agrees with previous results for
more sensitive thakiVg. which wettability was varied by differences in aging temperature.

Initial Water Saturation. Fig. 14 shows thatWg decreases However, both imbibition rate and waterflood recovery were ob-

with decrease irS,;. It has been shown that relationships beserved to increase for a synthetic core material with increase in

1
Swi | w_|WR
0.4 [ 5 15%] @ 6} 08 08 08
03 20%| @[ © ST-86 crude oil ta (hr)=48
WRY 25%; ® | O Jos b 0.6F4%NaCl+0.5%CaCl) 06
i ' |ta=240tws, Ta=80 C
0.21no aging O] 04 W 4| ater Rot. ) 72 Joa™
041 0.2 24 Moutray crude oil
0.2 4%NaCl+0.5%CaCly{0.2
0 : 3 m = o 0 ta=240 hrs, Ta=B0 C
" (after Ref. 5)
ta, hrs % 005 04 015 0z 025 03 038
Swi
Fig. 13—Effect of initial water saturation on relationships be-
tween aging time and Amott wettability index to water and rela- Fig. 15—Comparison of relationships between Sy and [, with
tive pseudowork of imbibition. different COBR systems.
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Fig. 16—0Qil recovery by waterflooding at breakthrough Ry and
final recovery R, vs. relative pseudowork of imbibition.
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Fig. 17-0il recovery by imbibiton  R;,, and by final recovery
R, vs. relative pseudowork of imbibition.

o
o
:

Fig. 18—Qil recovery by waterflooding at breakthrough Ry and
final recovery R, vs. Amott wettability index to water.
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Fig. 19-0il recovery by imbibition  R;,, and by waterflood R,
vs. Amott wettability index to water.
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brine pH from 4 to &% Thus, while change in imbibition rate
usually signifies a change in waterflood recovery, the direction of
change can be highly dependent on the circumstances. Additional
imbibition and waterflood data sets for variation in all three com-
ponents of COBR ensembles and testing protocol are needed to
establish a satisfactory working knowledge of the relationships
between wettability and oil recovery.

Conclusions

Based on results for which cores were aged with crude oil at

elevated temperature to provide varying degrees of water wetness
and imbibition and waterflood tests were run at room temperature,

the following conclusions can be drawn:

1. The rate of spontaneous imbibition is highly sensitive to
wettability. Correlated spontaneous imbibition data can be used to
characterize wettability either through the relative pseudowork of
imbibition, which involves the whole imbibition curve, or by an
apparent dynamic advancing contact angle based on the time re-
quired for 50% recovery by imbibition.

2. Increase in aging time resulted in decrease in water wetness
as indicated by the Amott wettability index to water, the apparent
dynamic advancing contact angle, or the relative pseudowork of
imbibition.

3. Decrease in initial water saturation in the range 25 to 15%
resulted in decrease in water wetness.

4. Oil recovery by spontaneous imbibition passes through a
maximum in recovery with decrease in water wetness from very
strongly water-wet conditions.

5. Oil recovery by waterflooding increased with decrease in
water wetness for crude oil/brine/rock ensembles in which aging
time and initial water saturation were varied and other factors
were held essentially constant.

Nomenclature

= area, 1 cn?

= constant

= Amott wettability index
permeability, 12, md

length, L, cm

dimensionless number
pressure, m/l% psi

radius, L, cm

= oil recovery

= saturation

time, t, min

temperature, °C

bulk volume, L5, cnt
pseudowork of imbibition

= distance from imbibition surface to no-flow bound-
ary, L, cm

= apparent dynamic advancing contact angle
viscosity, m/Lt, cP

porosity

density, m/l%, g/cnt

interfacial tension, m# dyn/cm

VT QD XS<H4~PUV-TVZrx=—o >
Il

Subscripts

a = aging
Ad = advancing
b = brine
bt = breakthrough
C = characteristic
cd = dynamic capillary
¢,s = pseudocapillary
C,S = characteristic for simulation
D = dimensionless

g = gas
i = ith imbibition direction or imbibition
im = imbibition
L = Leverett or length
o = oil
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of = oilflooding 16. Ma, S., Zhang, X., and Morrow, N.R.: “Influence of Fluid Viscosity

oi = initial oil on Mass Transfer between Rock Matrix and Fracturels,Cdn. Pet.
or = residual oil Tech.(July 1999 38, No. 7, 25.
R = relative 17. Leverett, M.C.: “Flow of Oil-water Mixtures through Unconsolidated
VSWW = very strongly water wet Sands,” Trans.,AIME (1939 132, 149.
w = water 18. Zhang, X., Morrow, N.R., and Ma, S.: “Experimental Verification of
wf = waterflooding a Modified Scaling Group for Spontaneous Imbibitiol§PERENo-
L vember 1995 280.
WV\(I)' B Z]rlrt:g![tWHaet\(rQ\;ey water-oil 19. Cuiec, L.: “Rock/Crude Oil Interactions and Wettability: An Attempt

Superscripts

To Understand Their Interrelation,” paper SPE 13211 presented at
the 1985 Annual Conference and Exhibition, Houston, 16—19 Sep-
tember.

" = modified Amott index 20. Jadhunandan, P.P.: “Effects of Brine Composition, Crude Oil and
Aging Conditions on Wettability and Oil Recovery,” PhD disserta-
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