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A b s t r a c t  

Mass transfer between fractures and matrix blocks is critical to oil recovery by waterflooding in fractured reservoirs. A 
scaling equation has been used for rate of oil recovery by spontaneous imbibition and presented their results as oil recovery 
vs. dimensionless time. Many conditions apply to this scaling equation, including identical core sample shapes and fluid 
viscosity ratios. Recent investigation by experiment of these two factors has resulted in a more generalized scaling equation 
for strongly water-wet systems with a general definition of characteristic length and a viscosity ratio term included in the 
definition of dimensionless time. In this paper, published data on oil recovery by imbibition have been analyzed and 
correlated through application of the new definition. These data sets were for different porous media, core dimensions, 
boundary conditions, and oil and water viscosities. All of the systems were strongly water-wet. The generalized correlation 
was fitted closely by an empirical mass transfer function with the new definition of dimensionless time as the only 
parameter. © 1997 Elsevier Science B.V. 
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1. I n t r o d u c t i o n  

Spontaneous imbibition is an important phe- 
nomenon in reservoir engineering, especially with 
respect to oil recovery from fractured reservoirs. The 
problem of  scaling imbibition and two-phase flow 
phenomena in general is of widespread interest 
(Rapoport, 1955; Miller  and Miller, 1956; Graham 
and Richardson, 1959; Mattax and Kyte, 1962; 
Kazemi et al., 1976). 

* Corresponding author. Tel.: + 1-307-7662838, fax: + 1-307- 
7666777. 

Mattax and Kyte (1962) published a widely ap- 
plied paper on scaling of  oil recovery by imbibition 
from fractured reservoirs. A scaling group was pro- 
posed for systems with different rock and fluid prop- 
erties. Many conditions were set for the derivation of  
the scaling equation, including identical core shapes, 
viscosity ratios, and initial water saturations (Sw~). 
Two sets of imbibition data were used to test the 
scaling equation (see Tables 1 and 2). One set was 
for two cylindrical sandstone core samples with all 
faces open (AFO) to imbibition (Fig. la); the 
o i l / w a t e r  viscosity ratio was about 176. The other 
set was for four alundum cylindrical cores of  differ- 
ent lengths with only one end open (OEO) to imbibi- 
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a) All-faces-open (AFO) 

(c) Two-ends-open (TEO) 

(b) One-end-open (OEO) 

(d) Two-ends-closed (TEC) 

i ! 
Fig. 1. Boundary conditions used by Mattax and Kyte (1962), 
Hamon and Vidal (1986) and Zhang et aI. (1996). 

tion (Fig. lb); the o i l /water  viscosity ratio was 
about 9. In all cases except one, the water viscosity 
was 0.9 cP. The two sets of  data, therefore, provided 
examples of  boundary conditions, o i l / w a t e r  viscos- 
ity ratios, and porous media that were all different. 

Independent correlations were presented for each set 
of data. 

The effect of core length and boundary conditions 
on imbibition rate was studied later by Hamon and 
Vidal (1986). The cores were made of aluminum 
silicate with lengths ranging from about 10 to 85 cm 
and boundary conditions (as shown in Fig. 1) of 
all-faces-open (AFO), two-ends-open (TEO) and 
one-end-open (OEO). The same water and oil phases 
were used for all of these experiments (Table 3). 

In order to develop improved scaling of sponta- 
neous imbibition, an extensive experimental study 
was performed by Zhang et al. (1996). Twenty Berea 
cores were prepared with core lengths ranging from 
1.17 to 10.24 cm and boundary conditions of AFO, 
TEO, OEO, and two-ends-closed (TEC). In these 
experiments, oil viscosity ranged from about I to 
156 cP. 

In this paper, the data of Mattax and Kyte (1962), 
Hamon and Vidal (1986) and Zhang et al. (1996) are 
analyzed and compared. All of the systems are con- 

Table 1 
Boundary conditions covered in this study 

Reference Boundary conditions Porous media 

Mattax and Kyte, 1962 AFO OEO alundum and sandstone 
Hamnn and Vidal, 1986 AFO OEO TEO aluminum silicate 
Zhang et al., 1996 AFO OEO TEO TEC Berea sandstone 

AFO = all-faces-open, OEO = one-end-open, TEO = two-ends-open, TEC = two-ends-closed. 

Table 2 
Experimental parameters from Mattax and Kyte (1962) 

No. 

I 2 3 4 5 6 

Rock Alundum Alundum Alundum Alundum Sandstone Sandstone 
B.C. OEO OEO OEO OEO AFO AFO 
L (in.) 2 4.35 3.05 4.35 2.06 1.1 
D (in.) 1.5 1.5 1.5 1.5 1.97 1 
L / D  1.333 2.9 2.033 2.9 1.046 1.1 
kg (darcy) 1.475 1.545 0.075 1.545 0.12 0.12 
& 0.291 0.289 0.223 0.289 0.181 0.181 

~k ~/~b 2.2514 2.3122 0.5799 2.3122 0.8142 0.8142 

/x o (cP) 8.5 8.5 8.5 116 158 158 
/z w (cP) 0.9 0.9 0.9 12.9 0.9 0.9 
/z r =/xo/p~ w 9.444 9.444 9.444 8.992 175.556 175.556 
cr (dyn/cm) 35 35 35 36 35 35 
R ..... (%OOIP) 66 65 64 65 48 47 
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Table 3 
Experimental parameters from Hamon and Vidal (1986) 

167 

No. 

1 2 3 4 5 6 7 8 

B.C. AFO TEO TEO TEO OEO OEO OEO OEO 
L (cm) 20 19.8 40 85.2 9.8 19.7 40 84.7 
k o (rod) 2300 3200 4400 4070 3520 3430 3550 3000 
~h (%) 45.8 45.6 48 47.6 46.6 45.3 47,8 47.8 

1/c~,,/& 70.9 83.8 95.7 92.5 86.9 87 86.2 79.2 

S,~ i (%) 13.2 16.4 13.6 18.9 19.8 18.7 17.2 16.4 
Rm~ ~ (%OOIP) 83.3 86.5 84.6 87.6 85.2 83.2 85.4 81 

Porous media: Aluminum silicate cores of diameter 7.6 cm. Oil: Purified refined oil with viscosity of 11.5 cP and density of 0.835 g / c m  3. 
Water: Degassed water with viscosity and density assumed to be I c P  and 1 g / cm 3, respectively, in this study. Interracial tension was 49 
dyn/cm (Vidal, 1986). 

sidered to be very strongly water-wet (at, or very 
close to, spreading of  water). The porous media and 
boundary conditions are listed in Table 1. In all, 
these data include different porous media, boundary 
conditions, core sample geometry, permeability, 
porosity, aqueous phase, and oil viscosities and vis- 
cosity ratios. A generalized correlation of  all results 
is presented. 

2. The Mattax and Kyte scaling equation 

Mattax and Kyte (1962) presented an equation for 
scaling of imbibition data under the following condi- 
tions: (1) the sample shapes and boundary conditions 
are identical; (2) the o i l /water  viscosity ratio is 
duplicated; (3) gravity effects can be neglected; (4) 
initial fluid distributions are duplicated; (5) the capil- 
lary pressure functions are directly proportional; and 
(6) the relative permeability functions are the same. 
Their equation is expressed as: 

tD MK = c t  i 2 ,  (1) 

where tD.MK is a dimensionless time. C, a units 
conversion factor, is equal to 0.018849 if the imbibi- 
tion time t is in minutes, k the permeability in rod, 
05 the fractional porosity, o- the interfacial tension in 
d y n / c m ,  /z W the water viscosity in cP, and L a 
characteristic length in cm. The characteristic length 
L was not further defined by Mattax and Kyte (1962). 

3. A shape factor 

Starting from the work of  Warren and Root (1963) 
and Kazemi et al. (1976), Kazemi et al. (1992) 
presented a shape factor, F s, to compensate for the 
effect of  shapes and boundary conditions, 

1 f i A  i 

i=1 

where V b is the bulk volume of  the matrix, A i the 
area open to imbibition with respect to the ith direc- 
tion, sa, the distance from A i to the center of  the 
matrix, and n is the total number of  surfaces open to 
imbibition. A characteristic length, L s, that corre- 
sponds to this shape factor is defined by 

L s = = (3) 
E,~= I A i /SA~  

The Mattax and Kyte scaling equation, Eq. (1), 
can then be modified to 

tD, = t - -  ~ . (4) 
/z,~ Ls 

The shape factor, Eq. (2), was tested using the 
two sets of data reported by Mattax and Kyte (1962). 
Recently, using the same sets of  data, Gupta and 
Civan (1994) applied the shape factor in an attempt 
to characterize wettability by an effective contact 
angle. Mattax and Kyte's  data have also been used to 
test mathematical models of  spontaneous imbibition, 
such as an empirical imbibition rate model (Torsa~ter 
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et al., 1987) and theoretical models of  imbibition 
(Reis and Cil, 1993). Because the two sets of data 
contain errors and a distinct possibili ty for misinter- 
pretation (Niven, 1974), these data first need to be 
examined in detail. 

4. The Mattax-Kyte experimental results 

Detai ls  of  the two sets o f  imbibi t ion  data reported 

by Mattax and Kyte  (1962) are presented in Table  2. 

The condi t ion that initial f luid distr ibutions be identi- 
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Fig. 2. Oil recovery vs. (a) imbJbition time and (b) dimensionless time (after Mattax and Kyte (1962). (c) shows the comparison between the 
data from (a) and that calculated based on information from (b) and Niven (1974). 



s. Ma et al. / Journal of Petroleum Science and Engineering 18 (1997) 165-178 169 

cal was satisfied by having all cores initially 100% 
saturated with oil. The lengths of the OEO alundum 
cores, L, ranged from 2 to 4.35 in., gas permeabili ty,  
kg, from 75 to  1545 md, and porosity from 22.3 to 
29.1%. The water viscosity was 0.9 cP, and the oil 
viscosity was 8.5 cP. In one case, the viscosity of the 
aqueous phase was raised to 12.9 cP and the oil 
phase to 116 cP, thus keeping the viscosity ratio, /x r, 
almost constant at about 9. The final oil recoveries 
by imbibition, R ...... for the alundum cores were all 
close to 65%. 

The two sandstone cores used to obtain the sec- 
ond data set were geometrical ly similar within about 
5% (see the ratio of L / D  in Table 2). Boundary 
conditions were AFO (see Fig. la). The o i l / w a t e r  

viscosity ratio was 175.6. Final oil recoveries by 
imbibition for these two sandstone cores were very 
close (47% and 48%). 

4.1. The f i rs t  set o f  data: a lundum cores 

Imbibition results for the four alundum cylindrical 
cores (hereafter identified by A1 through A4) are 
presented, as reported by Mattax and Kyte (1962), in 
Fig. 2. From Fig. 2a and Table 2, it can be seen that 
core A1 imbibes the fastest because of its small 
value of  L / D ,  high permeabili ty,  and low oil and 
water viscosities. Core A4 imbibes the slowest be- 
cause of the high oil and water viscosities ( /z  o = 116 
cP and /x,~ = 12.9 cP, compared with /z,, = 8.5 cP 
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Fig. 4. Relationship between oil recovery and imbibition time for the four alundum cores (Fig. 2a) and the two sandstone cores (Fig. 3b). 

and /x w = 0.9 cP for the other three samples). The 
permeability of core A3, which was about 1/20th of 
that for the other three alundum cores (75 rod, 
compared to 1545 md for A2), caused imbibition for 
core A3 to be slower than for A2. 

Mattax and Kyte (1962) used the sample length, 
L, as the characteristic length for the four alundum 

cores in obtaining the scaled data shown in Fig. 2b. 
Even though these cores do not meet the scaling 
requirement of being geometrically similar, the re- 
sults can be expected to scale with core length 
because imbibition is linear and countercurrent. If 
the diameter of cores with the same boundary condi- 
tion were varied, correlation of results with L would 
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Fig. 5. Oil recovery vs. dimensionless time given by applying the shape factor, E,, to the data of Mattax and Kyte (1962). In using Mattax 
and Kyte's data (Fig. 2b and Fig. 3a) to generate this plot, it was assumed that the time scales in both cases were 10 × too large and that L 

is equal to the core length for both data sets. 
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still be expected; differences in volume of liquid 
imbibed at any time, t, will be proportional to the 
area of the core face open to imbibition. 

Niven (1974) pointed out that the dimensionless 
time scale (Fig. 2b) is 10 X too large. An error of 
this size could have resulted from misnumbering the 
scale or might be related to conversion of the units; 
the units conversion factor, C, in Eq. (1) will be 
equal to 0.092389 (i.e. l / C =  10.824) if t is in 
minutes, k in darcy, ~b fractional porosity, o- in 
d y n / c m ,  /~w in cP, and L in inches as reported by 
Mattax and Kyte (1962). When the scale was cor- 
rected by a factor of  10 as proposed by Niven 
(1974), the original data (Fig. 2a) and the data 
back-calculated from the scaled data shown in Fig. 
2b are close, but inconsistencies still remain (Fig. 
2c). 

From Fig. 2c, it can be seen that the back-calcu- 
lated data points for sample A1, the one that imbibes 
the fastest, show systematic differences from the 
original data shown in Fig. 2a. Furthermore, for all 
four alundum cores, the early time data points of the 
dimensionless time curves do not match the original 
data. The magnitudes of  the differences are indicated 
by arrows in Fig. 2c. In further application of the 
results for alundum cores in this paper, the original 
data shown in Fig. 2a are used. 

4.2. The second set of data: sandstone cores 

Results for the two sandstone cylindrical cores 
were presented by Mattax and Kyte (1962) as oil 
recovery vs. dimensionless time, as shown in Fig. 3a. 
Original data were not provided. Thus the correlated 
data cannot be checked against the original data. 

Niven (1974) stated that the scale was correct for 
this data set, but there was a possibility for misinter- 
pretation. The symbol, L, was used as the character- 
istic length in the expression for dimensionless time, 
but the selection of  the characteristic length had not 
been explained. For the alundum cores, L was the 
core length. However, for the sandstones, Niven 
(1974) stated that core radius, r, had been used as 
the characteristic length. With radius as the charac- 
teristic length, the imbibition recovery curves were 
back-calculated and are shown in Fig. 3b. The origi- 
nal and back-calculated imbibition data for both 
alundum and sandstone cores are presented in Fig. 4. 

4.3. Test of the shape factor 

Kazemi et al. (1992) showed that the two data 
sets of Mattax and Kyte (1962) could be correlated 
as shown in Fig. 5 through use of  the Mattax and 
Kyte scaling equation (Eq. (1)) and the characteristic 
length defined by Eq. (3), using the scaled data 
(Figs. 2b and 3a). From comparison with Mattax and 
Kyte's  results, it was implicitly assumed that the 
dimensionless time scales were 10 × too large for 
both data sets, rather than only for the alundum 
cores. Furthermore, the core length was taken as the 
characteristic length for both sets of data. This was 
the possibility for misinterpretation of  the value of L 
for sandstone cores that had been pointed out by 
Niven (1974). With these assumptions, a correlation 
for the two sets of data presented by Mattax and 
Kyte (1962) was obtained (Fig. 5). 

5. Revised definition of  characteristic length 

Because of  the difference in viscosity ratios and 
the confusion in reporting and interpretation of  the 
data of Mattax and Kyte (1962), results reported by 
Hamon and Vidal (1986) for different core lengths 
and boundary conditions, but constant viscosity ratio, 
were examined (Table 3 and Fig. 6a). These data 
were used to test the applicability of the characteris- 
tic length defined by Eq. (3). It can be seen from 
Fig. 6b that the AFO and TEO systems correlate 
well, but the OEO systems form a distinctly separate 
group. 

Consideration of the mechanism of counter-cur- 
rent imbibition and examination of the correlation 
shown in Fig. 6b led to a modification of  the charac- 
teristic length, L c (Ma et al., 1995a), 

L C = 27=1Ai/IA, (5) 

where IA~ is the distance that the imbibition front 
travels from the imbibition face to the no-flow 
boundary. For the boundary conditions shown in Fig. 
la, c and d, the terms in Eqs. (3) and (5) are 
identical, and hence, L c = L s. However, for OEO 
(Fig. lb), la, = 2Sa, or L c = VC2-Ls . 
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With L c as characteristic length, a dimensionless 
time, t m ,  can be defined as, 

tD2 = C t  - -  . 
/~w L2c 

(6) 

Application of  this scaling group to the data of 
Hamon and Vidal (1986) gives a close correlation 
(see Fig. 6c). (For the OEO cores, the imbibition 
measurements were performed with the open end 

facing downward; this may have caused the slightly 
slower rate of  imbibition for these cores.) 

From Fig. 6a, it may be noted that the oil recov- 
ery curves for the three TEO cores with 20 cm, 40 
cm and 85 cm lengths fall very close to those of the 
three OEO cores with lengths of  l0  cm, 20 cm and 
40 cm. The OEO cores were about half the length of 
the TEO cores. These results confirm that the no-flow 
boundary for the TEO cores is the circular plane 
through the center of the core. Detailed discussion of 
the relationship between boundary conditions and 
no-flow boundaries is given by Zhang et al. (1996). 

100 

89 

60 

4 0 -  

0) 
> 
O 2O 
© 

c~ 

0 

O 

E 
- -  100 

,g3 

80 ~ > 
O 

(1) 
n," 

6 0 -  

( a )  • 2" 

j h  . / . t ,  ,-/, 

oo " ",,= ' h  

• # 

3 10 30 I00 300 1,000 

tDz = t ~ p(-~L c 

(b) 

O 

4 0 -  

o- i - - ; ? ; /  

1 3 10 30 100 2,00 

._A_ 1 
tD = t ~ . ~  c 

Fig. 7. Relationship between oil recovery and dimensionless time using data from Fig. 4, (a) before and (b) after inclusion of a term whicl ~ 

compensates for the effect of viscosity ratio. 



174 S. Ma et al. / Journal qf  Petroleum Science and Engineering 18 (1997) 165-178 

6. Generalized scaling equation 

If the definition of dimensionless time from Eq. 
(6) is applied to the two data sets of Mattax and Kyte 
(1962) as presented in Fig. 4, the results fall into two 
distinct groups (Fig. 7a). One group, given by the 
alundum cores, had oi l /water  viscosity ratios of 
about 9, whereas for the experiments with sandstone 
cores, the viscosity ratio was 175.6. 

One of the assumptions in deriving Eq. (1) was 
that viscosity ratios are identical. Experimental study 
of the effect of oil viscosity on the rate of sponta- 
neous imbibition (Ma et al., 1995b) showed that 

imbibition time, t, is proportional to the geometric 
mean of water and oil viscosities. This empirical 
relationship has also been found to hold for increase 
in aqueous phase viscosity from 1 to 15 cP, but does 
not hold if the nonwetting phase is a gas. Thus Eq. 
(6) can be further modified to include the effect of 
viscosity ratio, 

t D = C t  , . (7) 

Application of this equation to the two sets of 
data reported by Mattax and Kyte (1962) gives a 
satisfactory correlation (Fig. 7b). 
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Results of Zhang et al. (1996) for 20 experiments 
on Berea sandstone that included different core sam- 
ple lengths, boundary conditions, and oil viscosities 
are shown in Fig. 8a. Scaling of the results as a 
percentage of total oil recovered by imbibition vs. 
dimensionless time, t o, defined by Eq. (7), gave 
close correlation of all results (see Fig. 8b). For these 
experiments, refined oils identified as Soltrol 130 
and Soltrol 220 were cleaned by flow through silica 
and alumina gel to remove polar components that 
might exist in the oils. In combination with Berea 
sandstone, these liquids were considered to give very 
strongly, if not perfectly, water-wet conditions. 

A comparison of the correlated data of Mattax 
and Kyte (1962), Hamon and Vidal (1986) and 
Zhang et al. (1996) is presented in Fig. 9. Consider- 
ing the diversity of the systems, experimental tech- 
niques, and conditions, the correlation is remarkably 
close. 

The results of Mattax and Kyte (1962) and those 
of Zhang et al. (1996) were for zero S,,, i. This 
satisfies condition 4 of Eq. (1) that initial fluid 
distributions be duplicated. It may be noted that the 

data of Hamon and Vidal (1986) were for Sw~ rang- 
ing from 13.2 to 19.8%. Inspection of the correlation 
given by this data does not reveal any systematic 
trend with respect to Swi within this range. However, 
study of imbibition by Berea sandstone and chalk at 
strongly water-wet conditions show the effect of Sw~ 
on rate of spontaneous imbibition to be surprisingly 
complicated. Further consideration of this subject is 
beyond the scope of this paper. For systems which 
are not very strongly water-wet, such as given by 
crude oi l /br ine/rock,  imbibition, and hence wetta- 
bility, also show distinct sensitivity to S~.~ 
(Jadhunandan and Morrow, 1995; Morrow et al., 
1996). 

The fluid mechanics of counter-current sponta- 
neous imbibition in porous media are obviously 
complex. The generalized correlation (Fig. 9) in- 
cludes systems with distinctly different porous me- 
dia: Weiler sandstone and alundum (Mattax and 
Kyte, 1962), aluminum silicate (Hamon and Vidal, 
1986) and Berea sandstone (Zhang et al., 1996). 
Different ultimate oil recoveries (percent of original 
oil in place, %OOIP) are observed for different 

1 0 0  : ,  . . . . .  

- "'2~) I'- • : from Mattax and Kyte (1962) 
' ~ + : from Zhang et al. (1996) 

co , . ~ ~  : fr:m Hamon and Vidal (1986) 

.-- 20 . . . . .  ~:~7 .... R . -o,o~ 
0 .A~': 7 -'" :--~-_-1 - e 

- ~ ,~ 'J,'__" max ! 

i 

0.1 1 10 100 1,000 10,000 

1 
tD = t ~ c ~ q 2 c  

Fig. 9. A generalized correlation of data from Mattax and Kyte (1962), Hamon and Vidal (1986) and Zhang et al. (1996) and a single 

parameter model fit to all data. 
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porous media. From Tables 2 and 3 and Fig. 8a, the 
ultimate oil recoveries were about 65% for Mattax 
and Kyte 's  alundum, 48% for Mattax and Kyte 's  
sandstone, about 85% for Hamon and Vidal 's alu- 
minum silicate, and about 55% for Zhang et al. 's 
Berea sandstone. Results of  Hamon and Vidal (1986) 
and Zhang et al. (1996) show that the ultimate oil 
recovery by imbibition is not affected by core sam- 
ple size and boundary conditions. This is consistent 
with the observations of Tors~eter and Silseth (1985). 

The different media for which the correlation in 
Fig. 9 was developed can be expected to have differ- 
ences in relative permeabilities; furthermore, the cap- 
illary pressure functions (the relevant imbibition 
curves) are not likely to be directly proportional. 
Thus, conditions 5 and 6, under which Eq. (1) was 
derived, are not satisfied. However, the close correla- 
tion of results obtained from use of  Eq. (7) indicates 
that normalizing the produced oil saturation with 
respect to ultimate recovery and use of  the term 
!/~-/&, the microscopic pore radius, compensates 
reasonably well for differences in pore structure. The 
correlation needs to be tested further by obtaining 
results for a wider range of rock types. 

7. A mass transfer function 

The correlation shown in Fig. 9 was fitted by a 
single parameter mass transfer function 

R 
1 - e ( s )  

Rmax 

where R is oil recovery by imbibition, R ..... is 
ultimate oil recovery by imbibition, and c~ is the oil 
production decline constant. For the curve shown in 
Fig. 9, the average value of  c~ is 0.05. 

Eq. (8) is of the form proposed by Aronofsky et 
al. (1958), except that the dimensionless imbibition 
time is used together with a simplified form of 
production decline constant. Obviously, a closer 
overall fit can be obtained by increasing the number 
of parameters in the mass transfer equation (Shinta 
and Kazemi, 1993). 

8. Application of generalized correlation to char- 
acterization of wettability 

Many systems that are not strongly water-wet still 
exhibit spontaneous imbibition. If all other factors 
are equal, or can be compensated for through Eq. 
(7), or are of relatively minor importance, the differ- 
ence in imbibition rate between strongly water-wet 
porous media and some other wettability state can be 
used to characterize wettability (Bobek et al., 1958; 
Ma et al., 1994; Morrow et al., 1996). For oil-re- 
servoir core samples, imbibition-rate measurements 
can be made on fresh reservoir cores recovered 
under carefully controlled conditions or on restored 
state cores (Cuiec et al., 1994). Evaluation of  the 
effect of  wettability requires that the imbibition 
curves for the same cores under very strongly water- 
wet conditions be known. Measurement of such 
curves requires that essentially all adsorbed hydro- 
carbons be removed. Numerous core cleaning proce- 
dures involving solvent extraction have been pro- 
posed, but there is no method of  ensuring removal of  
all organic material while leaving the rock pore 
structure essentially intact. Strong solvents, such as 
pyridine, will displace hydrocarbons through prefer- 
ential adsorption, but the pyridine will then be more 
strongly adsorbed than the material it replaced 
(O'Meara et al., 1988). A further condition for ob- 
taining a rock sample which is completely water-wet 
is that the rock is free of  significant hydrophobic 
minerals. Thus, in many instances, the correlation 
shown in Fig. 9 may provide a more reliable estimate 
of  an imbibition curve for very strongly water-wet 
conditions than is given by measurements obtained 
after attempting to clean a reservoir core. Alterna- 
tively, the correlation can be used to assess the 
effectiveness of core cleaning processes, because it 
can be used to estimate an imbibition curve for very 
strongly water-wet conditions. Comparison of the 
measured imbibition curve for recovery of clean 
mineral oil from a cleaned core with the estimated 
curve will provide a useful test of  the effectiveness 
of  core cleaning. 

9. Conclusions 

(1) Previously reported data on oil recovery from 
strongly water-wet media by spontaneous imbibition 
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can be correlated by plotting percent of ultimate oil 
recovery by imbibition vs. dimensionless time de- 
fined by 

(2) The effect of differences in sample size, shape, 
and boundary conditions are correlated by a general- 
ized characteristic length, L c. Differences in viscos- 
ity ratio are correlated by the geometric mean of the 
water (aqueous) and oil viscosities. 

(3) The general correlation is fitted closely by an 
equation for exponential decay with dimensionless 
time, t D, as the only parameter. 

(4) The correlation implies, for the porous media 
studied to date, that the term vrk--/4,, a microscopic 
pore radius, provides a satisfactory correlation for 
the effects of pore structure and transport properties 
for two-phase counter-current flow. 

(5) For systems which are not very strongly wa- 
ter-wet, wettability can be assessed from the reduc- 
tion in imbibition rate relative to the predicted result 
for very strongly water-wet conditions. 

Acknowledgements 

Support for this study was provided by Arco, 
British Petroleum, Chevron, Conoco, Dagang, ELF, 
Exxon, Marathon, Mobil, NorskHydro, Phillips, 
Shell, Statoil, Unocal, the Enhanced Oil Recovery 
Institute of the University of Wyoming, and the 
Western Research Institute/US DOE jointly spon- 
sored research program. 

n 

R 
s 

t 

V 

Greek 

o/ 

/x 

P 
o" 

4, 

number of surfaces available for imbibition 
oil recovery 
distance from a surface to the center of the 
matrix 
time 
volume 

modified oil production rate decline constant 
viscosity 
density 
interracial tension, IFT 
porosity 

Subscripts 

A i ith surface 
b bulk 
C characteristic 
D dimensionless 
D1 dimensionless time defined by shape factor 
D2 dimensionless time defined by characteristic 

length without considering the effect of fluid 
viscosity 

g gas 
i ith direction 
max maximum 
MK Mattax-Kyte 
o oil 
r ratio 
S shape 
w water 
wi initial water 
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