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known as forced displacement either by centrifuging, as originally
Abstract proposed by Amot, or by waterflooding). If the increase in
Of the many methods of characterizing wettability of avater saturation by forced displacemenh&;, the Amott wetta-
porous medium, the most commonly used are the Amott test aRtfty index to water, J, is then defined as
the USBM test. The Amott test does not discriminate adequately

between systems that give high values of wettability index to _  AS,
water and are collectively described as very strongly water-wetw ~ AS,. +AS,
The USBM test does not recognize systems which achieve resid- ™ " @

ual oil saturation by spontaneous imbibition. For these condi-
tions the measurement of imbibitions rate provides a useful If nearly all of the oil recovery occurs by spontaneous imbibi-
characterization of wettability. tion, 1, is close to 1.0 and the system is described as very strongly

Methods of interpreting spontaneous imbibition data arwater-wet. Systems are increasingly less water-wet as for smaller
reviewed and a new method of quantifying wettability from ratealues of |,. Similarly, an Amott oil wettability index,,) can be
of imbibition is proposed. Capillary pressure is the driving forcelefined by measuring spontaneous imbibition of oil, followed by
in spontaneous imbibition. The area under an imbibition curve ferced displacement of water by oil. A continuous wettability
related to the work of displacement that results from a decreaseale from -1 to 1, known as the Amott-Harvey wettability index,
in surface free energy. Imbibition rate data can thus be compdny, is given by the difference betwegpand |.
sated for differences in interfacial tension, viscosity, pore struc- In the USBM tes®, after spontaneous imbibition starting gt S
ture, and sample size. Wettability, the remaining key factor iis complete, the sample is then subjected to forced displacement
determining the capillary driving force and the related imbibiof oil by centrifuging with the speed increased by increments. A
tion rate, can be used to plot the difference in saturation ascapillary pressure curve is derived from the centrifuge data and
function of time. These data are then used to obtain pseutte area under the forced imbibition curg;, is determined. The
imbibition capillary pressure curves and a wettability indexore sample is then submersed in oil. After spontaneous imbibi-
based on the relative areas under these curves is defined astiive of oil is complete, the centrifuge method is used to measure
relative pseudo work of imbibition. The method is applied tahe drainage curve for displacement of water by oil. The area
two crude oil/brine/rock systems. The method is compared witlmder the drainage curve is designafgd The USBM wettability
the Amott wettability index for different wettability states in number is then defined by the logarithm of the ratio of the areas.
cores with crude oil. Correlations of wettability indices with
waterflood recoveries are presented. Oy, O

of

Nysu = IOQBEH

Introduction
Both Amott test the and the USBM test have limited applicabil-
Reservoir wettability is a critical parameter in many types of ql; with respect to discriminating between systems that fall within
recovery processes. Recovery of oil by spontaneous imbibitionc@ktain ranges of wettability. Relationships between drainage and
water into the matrix of fractured reservoirs is a frequently citebibition displacement curvature and contact angle, obtained by
example. Many methods of characterizing wettability have begsrrelation of experimental results for air/liquid displacements in
proposed. The Amott téStand USBM tesd are the most com- a porous media of low surface endfgyare shown in Figure 1.
monly used methods of characterizing wettability of oil/brine/rockhis type of system is commonly described (relative to obvious
systems. Both tests depend on capillary pressure and microscegises of heterogenous wetting such as mixed-wett&itityfrac-
displacement efficiency. In application of either test, it is commajpnal wettability?) as having uniform wettabilitys corresponds
to first displace water by oil to reach an initial water saturatiogy contact angles measured at smooth surface§,ataladvanc-
Sui- This step in the test is important because the wettabilityg contact angles measured at roughened surfaces. Drainage
index, in addition to core treatment such as aging time and tefirves in the contact angl@s, range of 0° to 55° are not signifi-
perature, is strongly dependent on the value of the initial watgintly affected by wettability but there is a systematic decrease in
saturatiof?. The next step is to immerse the sample in water apgbibition capillary pressure with an increase in the contact angle.
measure t_he oil reg:overed by spontaneous imbibition. The conferapping of the nonwetting phase is complefewill be unity,
sponding increase in water saturatioAgs. because forced displacement is not expected to reduce the trapped
In the Amott test, the sample is then subjected to whatrissidual nonwetting phase, except at high capillary numbers. Thus
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FIGURE 1: Effect of contact angle on imbibition capillary
pressures.
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FIGURE 2: Examples of effect of contact angle on spontaneous
imbibition.

the Amott index does not discriminate between systems wh
attain residual non-wetting phase without change in sign of im
bition capillary pressure. A comparable problem arises with t
USBM test. For contact angles ranging from 0° to &% js zero.
Thus the USBM index does not recognize the existence of
type of variation in wetting behaviour shown in Figure 1.

Measurements of imbibition capillary pressure curves provid
a possible general approach to characterizing systems that
different degrees of water wetness, but they are difficult a
tedious to make, especially for crude oil/brine/rock systen
Characterization of wettability by measurement of spontaned
imbibition rate$-11) is a more practical alternative and is the sul
ject of the present work.

Scaling of Spontaneous Imbibition

(after Ref. 15)
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FIGURE 3: Imbibition curves for refined oil/brine/rock and crude
oil/brine/rock systems that both have very high Amott indices to
water (2%CacCl, brine).

The rate of increase of the wetting phase saturation is dep\%

dent on the interfacial tensioa, viscosities of the water and oil
phasesy,, andy,, core geometry, the exterior core surface boun

ary conditions, the detailed pore structure, and microscopic
boundary conditions that determine wettability. An averaq\%‘r
|

microscopic pore radius can be defined which is proportiona
the square root of permeability over poro€Ry Based on the
work of Rapopoft3), Mattax and Kyté4 defined dimensionless |
time, , as

k

t, =1.8849x107°t

TABLE 1: Properties of liquid/air/PTFE systems.

ere tis in minutes, k in md; in dynes/cmy,, in cP, L, a char-

g_cteristic length in cm, anglis the fractional porosity.
Correlation of results by Equation (3) to give a single recovery
 curve is restricted to systems which have geometrically sim-
shape and boundary conditions, the same relative permeabili-
ties, scalable capillary pressure curves, and the same wettability
and viscosity ratio. Increase in contact angle decreases capillary
imbibition pressure with a corresponding decrease in rate of spon-
taneous imbibition. Examples of dependence on imbibition rate
due mainly to differences in wettiftfgare presented in Figure 2
and Table 1 for systems that can all be expected, from the results
shown in Figure 1, to give an Amott indey, of 1.0.

Imbibition by Crude Oil/Brine/Rock Systems

A further example of the ambiguity in wetting that can arise for

Liquid H(cP,23°C) o(dyn/cm,26°C) 6  8,* systems with high Amott index to water is provided by the results
i X for the crude oil/brine/rock systef# shown in Figure 3. For this
Heptane 0.404 18.9 22 1 particular crude oil, designated ST-86, the value,dbt several
Decane 0.92(20°€) 234 Sal ai brine compositions (see Table 2) was essentially the same as that
Dodecane 1.420 24.9 42 41 obtained for recovery of refined oil under very strongly water-wet
Dioctyl Ether 3.520 27.3 49" 55 conditions. However, the spontaneous imbibition behaviour
* at roughened surfaces (Figure 3) shows that the rate of recovery.of crqde oil was mych
slower than the rate of recovery for two refined oils, one of which
TABLE 2: Crude oil/brine/rock systems with High| |, (T, =26° C, t, = 10 days, S; = 25%).
Brine (%) Ho Ow-o
NacCl CaCl, Oil (cP) (dyn/cm) | w Wg
0 2 Refined oil 4.62 29.33 1.0 1.0
0 2 Refined oil 11.05 29.50 1.0 0.90
0 2 ST-86 13.01 24.60 0.97 0.75
4 1 ST-86 13.01 23.80 0.96 0.79
6 1 ST-86 13.01 24.59 0.96 0.79
2 1 ST-86 13.01 24.28 0.97 0.78
4 0.5 ST-86 13.01 23.78 0.94 0.78

Journal of Canadian Petroleum Technology



had a viscosity comparable to that of the crude oil. results showed that Equation (4) was valid for up to 80% oil
Reservoir core samples are generally believed to have mixedovery by concurrent imbibition except that the exponent of t
wettability which is strongly related to the distribution of connateas 0.45 rather than 0.5. For countercurrent imbibition, they
water within a coré). Freshly recovered cores are commonlfound that the model held during the first hours of the test and
observed to expel oil by spontaneous imbibition when immersal$o reported that Kisilenko and Ryz@#k had obtained results
in brine. Copious production of oil is regarded as evidence that theich were fitted by Equation (4).
reservoir is very strongly water-wet with contact angles close to
zero. However, wetting conditions under which crudpPseydo Imbibition Capillary Pressure
oil/brine/rock systems exhibit spontaneous imbibition of water are
not well understood. Systems which exhibit contact angles highedmbibition rate is proportional to imbibition capillary pressure,
than 90° to brine at smooth mineral surfaces are often capablé®gfwhich is dependent on saturation. Examples of linear imbibi-
imbibing water. These observations suggest that measuremertiasf have been reported for which the main change in saturation
spontaneous imbibition rates of water for crude oil/brine/rock sysecurs at a well-defined frd@ 24, Thus R and relative perme-
tems is a more widely applicable method of measuring wettabilapilities to water and oil ahead and behind the imbibition front are
than is indicated by results for uniformly wetted systems. (Fromughly constant. However, if a cylindrical core plug is immersed
in Figure 1, spontaneous imbibition is limited to systems with wetting phase, as in common practice, the imbibition process
equilibrium contact angles of less than about 62°). will be far from linear. Water will invade the core by spontaneous
Measurement of rates of spontaneous imbibition of oil alsmbibition from all directions. The manner in which the water sat-
offer a method of quantifying the wettability of oil-wet systemsiration increases may range from frontal to global. Once an imbi-
Obviously neither imbibition rate methods nor the Amott test cdaition front reaches the center of the core sample, the imbibition
discriminate between systems which do not imbibe either oil eapillary pressure will then decrease globally as the wetting phase
water in significant quantity. For such cases the USBM tesaturation increases. Theoretical solutions for nonlinear imbibition
should be used. The present work is focussed on characterizatioh not available. Considering Darcy’s law, and the model
of systems which spontaneously imbibe water. expressed by Equation (4) for rate of imbibition, the following
relationship defines a pseudo capillary pressyg(tF)

Theory P :
Imbibition Rate and Time D e (6)

From the results of laboratory imbibition experiments reportgghere a and b are constants anits defined in Equation (3). This
by Mattax and Kyt@4, Bokserman et & presented the follow- e \,qq capillary pressure, which is dimensionless, depends on the
'“97 relationship between imbibition rate, q(t), and imbibition timefect of wettability on both capillary pressure and the mobilities
tan of the wetting and nonwetting phases. A plot of water saturation
vs. R pdtp) will be referred to as the,pcurve.

R S @seudo Work of Imbibition

The imbibition recovery, R(t), can then be derived as It can be shown that the area under an imbibition capillary
’ ' pressure curve corresponds to work done by the system. This

. work is closely related to, but less than, the decrease in surface
1 J, (t)dt = 2C4t energy of the syste®. The change in surface free energy that
0

Rm(t) = m V.S, accompanies spontaneous imbibition would provide a useful glob-
P P (5) al measure of wettability, but there is no convenient method of
measurement. An alternative measure of wettability, the area
where C is a constant,;Sand §; are initial water and initial oil under the P, curve, W, can be obtained directly from measure-
saturation respectively, and, 6 pore volume. ments of spontaneous imbibition. Although W is based on a pseu-
The results reported by Mattax and Kytewere for open- do pressure and does not have a thermodynamic basis, by analogy
surface sandstone cylinders and for alundum cylinders with oMith the area under a capillary pressure vs. displacement curve,
the bottom face open. For the alundum samples, the imbibitit§ quantity W will be referred to as pseudo work of imbibition
was therefore countercurrent and linear. The water viscosity was

0.9 cP and the oil viscosity was 8.5 cP for most of the tests. T 1-Sorim 1S im

viscosity ratio of about 9.4 was held constant when liquids '\w= (P, dS, =a a5y

higher viscosity were tested (aqueous phase 12.9 cP and oil pt P tg

121 cP). Relationships similar to Equation (4) have been derivew. ™ W )

for capillary pressure dominated countercurrent imbibition by

combining Darcy’s law and the material balance equétinl® where §;;, is the residual oil saturation remaining in the core

Schechter and Zho@ fitted the model with imbibition data mea-after the capillary pressure falls to zero and imbibition ceases.

sured for low permeability chalks reported by Cuiec, €PdReis Because B,sis dimensionless [Equation (6)], W is dimensionless.

and Cilt9 tested the model against the measurements reported b%trongly water-wet systems will usually have the maximum

Mattax and Kyté4. In all cases a satisfactory fit was obtainegalue of W which can be used to normalize results for other sys-

between the model and the data. tems. If W, is taken as the normalization base, then the relative
Blair(@1) simulated radial countercurrent imbibition for a cylinpseudo work of imbibition is defined as,

drical core sample (permeability of 200 md and porosity of

32.1%) with impermeable end faces. The initial water saturatic - S im

was 9.2%, oil viscosity 5 cP, and water viscosity was 1 cP. Bl:

found that the simulated imbibition recovery,,Rvas proportion- t2
al to imbibition time on a log-log scale with a slope of 0.38; '[hLWR W _
the exponent of t was 0.62 rather than 0.5 in Equation (4). W, O Sim O
Bourbiaux and Kalaydjig?® made imbibition measurements in O TSND
which a refined oil, Soltrol 130, with a viscosity of 1.5 cP was dit E I H
placed by a barium chloride brine with a viscosity of 1.2 cP. Tt I ettt ettt ettt et e neas (8)
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FIGURE 4: Effect of aging time on oil recovery by spontaneous FIGURE 5: Qil recovery by spontaneious imbibition vs.
imbibition vs. time. dimensionless time.

The index of wettability provided by yWfor systems which oil and the brine was 30 dynes/cm.
exhibit spontaneous imbibition of water will usually range from 0 Core samples were first saturated with brine and allowed to
to 1. Use of W to discriminate between strongly wetted systemequilibrate for 10 days. The brine was then displaced by 3 to 5 PV
is illustrated by the values included in Table 2 and Figure 3. Afioil at 25 to 30 psi pressure drop as required to give initial water
analogous form of wettability index can also be defined for sysaturations close to 25%. The direction of oil flow was reversed to
tems which imbibe oil. The index reflects both amount and rateaifeviate end effects. Next, the core samples were aged at reser-
oil production with emphasis on early time recovery. voir temperature (88° C) for times ranging from 1 to 240 hours.
After aging, the core was flushed with fresh crude oil before mea-
suring rates of spontaneous imbibition. All displacement tests
Experimental Measurements were run at ambient temperature. Oil recovery by imbibition was
determined from the change in weight of the core suspended
Twenty one Berea core plugs were cut with diameters of abauider water. Expelled oil that remained attached to the core sam-
3.8 cm and lengths in the range 6.2-7.2 cm. A refined mineral gile was removed with the aid of a PTFE rod prior to recording the
Soltrol 220 (density 0.7877 g/cc and viscosity 3.35 cP), was usgnte weight. The imbibition test was run for at least four days,
to obtain results for a very strongly water-wet system. The cower which time oil production had essentially ceased for most of
were in two groups. Group 1 consisted of thirteen samples the samples. The samples were then waterflooded to determine the
which spontaneous imbibition curves, Amott wettability indices taction of oil recovered by forced displacement. Finally the sam-
water, and waterflood recovery curves were obtained. Grougpl2s were restored tq,Soy oil flooding and then waterflooded at
consisted of eight samples for which spontaneous imbibition mé&apsi injection pressure (flow rates were about 0.2 cc/s). Oil
surements were made. recovery vs. pore volumes of water injected was recorded.

Group 1 Group 2

Porosities of the core samples in Group 1 were about 22% and he eight samples that comprised Group 2 were saturated with
absolute brine permeabilities were in the range of 300 — 350 r@éo CaC} brine. Pore volume and porosity were determined gravi-
A dead anaerobic crude oil, designated Alaskan’93 was usedvetrically. Core permeabilities to brine were all close to 500 md.
the oil phase. Light ends were removed from the crude oil Bjne density of the brine was 1.01 g/cc and the viscosity was
evacuation for about 2 hours in order to minimize the possible fr9964 cP. Lagrave crude oil (density of 0.835 g/cc and viscosity
mation of gas bubbles during the course of an experiment. Tdfe7.35 cP) was used to induce core wettability change. The inter-
crude oil so treated had a density of 0.895 g/cc and a viscosityfagfial tension between the brine and crude oil was 23.1 dynes/cm.
39.25 cP at 25° C. A synthetic formation brine with density ohitial water saturation, typically about 25%, was obtained by
1.012 g/cc and viscosity of 0.967 cP was prepared. The broes/water drainage of the sample on a porous plate. The core was
composition was 21.3 g/l NaCl, 0.6 g/l Ca6H,0, 0.1 g/l KCI, then filled with crude oil and the initial water saturation was
and 0.2 g/l MgCk6H,0. The interfacial tension between the brineemeasured gravimetrically. The sample was then aged under
and the crude oil was 24.2 dynes/cm measured by du Nouy ramgde oil at 80° C for periods ranging from six hours to six weeks.
tensiometer. The interfacial tension between Soltrol 220 mine#dter aging, the sample was removed from the oven and allowed
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FIGURE 7: Relationship between relative pseudo work of
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imbibition and aging time.

indicated by the results shown in Figure 3. It seems likely that the
3 to=6r 12 24 48 108 168 336 1008 correlation of imbibition data could be improved to give an
B X -0 @ e # [} + acceptable universal base curve for strongly water-wet conditions.
This would be particularly useful for application of the method to
cores that are difficult to clean.

0.1
Feps Determination of Constants a and b

o.01 To determine a relationship between pseudo imbibition capil-

lary pressure and imbibition time from Equation (6), the constants

a and b must be determined. In the earlier discussion of relation-

0.001 ships between imbibition rate and time, various estimates of b

were obtained: 0.45 by Bourbiaux and Kalaydfardetermined
by experiment; 0.5 from theory by Gatenby and Mar§den
Schechter and Zh&® and Reis and G#9; and 0.62 by Blaf?
determined from simulation. The value of b = 0.5, which falls
about mid-way in the range of previous estimates, gave the best
correlation between Wand aging time.
Since R, is proportional to the constant a [Equation (6)], the
. N . relative work, W, is independent of a [Equation (8)]. In deter-
to cool. Measu.rements of oil recovery by imbibition vs. time We[}ﬁining the pseudo capillary pressure curves shown in Figures 6a
made as described for Group 1 cores. and 6b by application of Equation (6), a value of 1 was assigned
to the constant a.
Curves shown in Figures 6a and 6b were integrated and the
Results and Discussion areas were normalized with respect to the results for a strongly
water-wet system. The normalized work of imbibition was plotted
Relationships between oil recovery and time for Alaskan’Sgjainst aging time for the two data sets given by the Alaskan’93
and Lagrave crude oil are shown in Figures 4a and 4b respectiied Lagrave crude oils (see Figure 7). For both oils, the relative
ly. There is a consistent decrease in imbibition rate with incregsgaudo work of imbibition, W decreases approximately logarith-
in aging time for both sets of data. Thus, variation of aging pr@rically as aging time increases. For each oil, there was a well
vides a method of changing wettability systematically while keegefined trend apart from one data point in each data set. In each
ing other rock and fluid properties constant. Plots of recovery Byse, departure from the overall trend appears to be caused mainly
imbibition vs. dimensionless time,, tdefined by Equation (5), are py the sensitivity of relative pseudo work,g\Mo early time
presented in Figures 5a and 5b for the two oils respectively. Tla@overy behaviour.
main difference between Figure 4 and Figure 5 is that the effect of
o on the imbibition rates was compensated. The crude oil viscogst i
ty was an order of magnitude higher than that of the Soltrol 2%%pmpanson of Wr to 1,
The effect of viscosity of refined oils on spontaneous imbibition is Figure 8 shows the two measures of wettability, relative pseudo

(b) Lagrave crude oil

FIGURE 6: Pseudo imbibition capillary pressure vs. water
saturation.
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FIGURE 8: Relative pseudo work of imbibition, Wy, and amott FIGURE 9: Maximum imbibition recovery R ,,, from Figure 4 and
wettability index to wtaer, |,,, vs. aging time, , for Alaskan '93 waterflood recovery, Ry, vs. aging time, §, for Alaskan '93 crude
crude. oil.
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imbibition, given by four hours aging time (see Figure 9), is only
slightly less than the corresponding recovery obtained by water-
flooding. Above four hours aging time, the waterflood and imbibi-
tion recoveries diverge markedly.

The decrease in oil recovery by imbibition for aging times
above four hours is mainly governed by the water saturation at
which the imbibition capillary pressure falls to zero. As aging
time is increased, cessation of imbibition occurs at increasingly
lower water saturations. Although imbibition recoveries decrease
with aging time, waterflood recoveries show a remarkable
increase (Figure 9). This implies that microscopic displacement
efficiency increases as the system becomes less water-wet.

The relationship between waterflood recovery and spontaneous
imbibition behaviour is largely consistent with results reported
previously by Morrow et al2”) Jadhunandan and Morrély and
Villard et al@® for other crude oils. Maximum waterflood recov-
eries were obtained at close to very weakly water-wet
condition$?).

Waterflood recovery, R, is plotted against Amott wettability
index to water, }, in Figure 10a and against relative pseudo work
of imbibition, W, in Figure 10b. For systems with high fela-
tive pseudo work of imbibition gives a distinctly better correlation
with waterflood recovery than Amott wettability index to water.
From Figure 10b, it can be seen that waterflood recoveries
increase systematically with decrease in relative pseudo work of
imbibition, a measure of wettability that is strongly related to the

W,
(b) Waterflood recovery vs. rglative pseudo
work of imbibition
FIGURE 10: Relationships between waterflood recovery and (a)
Amott wettability index to water and (b) pseudo relative work of
imbibition.

1.

work of imbibition, W, and Amott wettability index to water,,|
plotted against aging time for Alaskan’93 crude oil. All the sys-
tems with aging times of 12 hours or less gave Amott wettability
indices to water higher than 0.8. Systems with Amott indices in
this range are usually classed as very strongly water-wet. In con2-
trast, the relative pseudo work of imbibition,g\Wor systems
aged for 12 hours or less, ranged from about 0.35 to 0.9 because
of the differences in imbibition rate that arise because of wettabili-
ty differences. Thus, in differentiating between wettability states
in this range of water wetness, the use of Was distinct

advantage.
3.

Recovery Efficiency and Wettability 4

The relationship between recovery of Alaskan’93 crude oil by
spontaneous imbibition and aging time is shown in Figure 9.
Imbibition recovery first increases with aging time, but then
decreases. (The low recovery shown for two hours aging time

rate of spontaneous imbibition.

Conclusions

Results of the present study support the following conclusions:

Relative pseudo work of spontaneous imbibition can be used
to characterize wettability in a way that reflects both rate and
amount of oil production with emphasis on early time recov-
ery. The method is especially useful for discrimination
between systems that exhibit high Amott indices.

Increases in aging time provided a systematic change in wet-
tability while other core and fluid properties are held essen-
tially constant. Correlations between relative pseudo work of
imbibition, Wk, and aging time showed separate trends for
the two crude oil/brine/rock systems that were investigated.
Relationships between aging time ang Were approxi-
mately logarithmic.

Oil recovery by spontaneous imbibition was maximum at
Wg=0.5 (> 0.8).

. Direct comparison of waterflood recoveries with imbibition

rates (quantified as pseudo work of spontaneous imbibition)
shows that oil recovery by waterflooding increases as the
rate of water imbibition decreases.

does not fit the overall trend, possibly because insufficient ilNOMENCLATURE

was allowed for imbibition.) The maximum in imbibition recov-,
ery is at Wy= 0.5 (from Figures 8 and 9). Waterflood recoverie
R, are also included in Figure 9 and are shown to increase \Ifglh
aging time. |
For 1, 4, 6, and 12 hours aging, oil recovery by spontanequs
imbibition is about equal to or exceeds the waterflood recovery
obtained for strongly water-wet conditions. These results indicgte

that microscopic displacement efficiency increases as the sysighitM

both spontaneous imbibition and waterflooding is governed
complex capillary phenomena related to stability of capilla
structures and motion of three phase (oil/brine/solid) lines of con-
tact. In very strongly water-wet systems, trapping of oil is dom-

nated by snap-off. The results shown in Figure 9 imply that sngp-
off is inhibited as the systems become less strongly water-wget.
Observations on the effect of contact angle on snap-off in model
pore$®) are consistent with this conclusion. W

becomes less water-wet. Microscopic displacement efficiency'%/r

constant relating B, with ty

exponent ofg

constant relating imbibition rate with time
Amott wettability index

permeability

length or characteristic length of core samples
USBM wettability number

pressure

imbibition rate

oil (or nonwetting phase) recovery, % original oil in
place

saturation

time

temperature

pore volume

pseudo work of imbibition

Oil recovery by spontaneous imbibition depends on the COR: o

bined effect of wettability on microscopic displacement efficiency
and capillary pressure. The maximum recovery by spontanedus

6

= difference
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porosity 16.
Subscripts
a = aging 17.
A = advancing
AH = Amott-Harvey
c = capillary or characteristic
d = dynamic 18.
D = dimensionless
E = equilibrium
f = flooding
i = initial
im = imbibition 19.
(o] = oil
or = residual oil
ps = pseudo 20.
R = relative
s = spontaneous
sww = strongly water wet
w = water 21.

22.
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