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about 20 microns, ranging from 5 microns to 50 microns. Crystal
size tends to be coarser around pores.

Pore Network: Two quite distinct pore networks:
(a) Intercrystalline porosity; average size of molds about 10
microns, unevenly distributed but well interconnected. This forms
a subordinate (25%?) of the total porosity.
(b) Fossil moldic porosity; average size of molds about 300 microns,
ranging from 100 microns to 500 microns. Unevenly distributed, and
not well interconnected. This forms the majority (75%7) of the total
porosity.

Comments: A highly heterogeneous rock which shows layering (of moldic
porosity layers 1-2 mm wide, separated by non-moldic porosity

layers) on a microscopic scale.

Rock Type C (Fig. 12) (Note: black = pore space)

Well: Samuel #22, South Dome Oregon Basin, MWyoming.

Depth: 4487 ft.

Formation: HMadison "F" Zone.

Porosity: 11.2%. Permeability: 2.39 md.

Formation 1ithology: Crystalline dolomite, average and very uniform
crystal size of about 40 microns. Ranges from 25 microns to 70
microns, and tends to be coarser grained near pores. Late-stage
“calcite crystals (up to 1 mm across) and anhydrite crystals (up
to 0.5 mm across) partially plug the existing pore structure.

Pore Network: Two distinct pore networks:
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FIGURE 12.
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THIN SECTION PHOTOMICROGRAPHS OF MADISON FORMATION
DOLOMITE, TYPE C.
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(a) Intercrystalline; average size about 20 microns, fairly

evenly distributed, but poorly interconnected. JPartial]y plugged

by late minerals. Forms about 50% of the total porosity.

(b) Fossil moldic porosity; average size of molds about 150 microns,

ranging from 100 microns to 200 microns. Unevenly distributed,

and poorly interconnected. Form about 50% of the total porosity.
Comments: Fairly homogeneous dolomite, with a regular pore network

which is irregularly plugged by Tate-stage minerals. The lack of

pore interconnection is probably the cause of Tow permeability.

(ii) Capillary Pressures and Relative Permeabilities

Graphical presentation of the capillary pressure and relative per-
meability curves for the different rock types appears on Figures 13

and 14. Listing of the same data appears in Table 3 of Appendix 2.

(d) DESCRIPTION OF COMPUTER RUNS

For all of the computer runs, imbibition was simulated by square
blocks of rock (region 0) of varied block and node size, immersed in a
highly porous and permeable water-saturated medium (region 1). The
reservoir parameters of region 0 varied, but those of region 1 were

uniformly as follows:

¢ = 51%.

k = 10,00C md.
krw = ].O.'(
kro = 1.0. \
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FIGURE 14. CALCULATED RELATIVE PERMEABILITY EURVES USED IN
COMPUTER MODELING STUDIES.
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Pe = 0.

An example of the grid arrangement (runs 1-29) is shown below.

Region 0 is cross-hatched in the figure.

9.0
>
! S
:‘é
> o -
9 % *
- 120 <
S
3 (@]
14.0

FIGURE 15. EXAMPLE OF GRID ARRAY FOR COMPUTER MODELING STUDIES.

On all runs subsequent to 1A-3A, only a 1/8 model was used, since
by symmetry, no flow occurs across the cross-hatched boundary shown in
Figure 16. On runs 1A-3A, identical results were obtained when this
arrangement was compared with the full three-dimensional version version.

This 1/8-sized model saved a considerable amount of computer time.

A Tisting of the node and block sizes for all computer runs appears in
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|__— Only this part of the imbibing
block studied.

'FIGURE 16. PERSPECTIVE VIEW OF MATRIX BLOCK
USED IN COMPUTER MODEL.
Table 2. Type of capillary pressure, relative permeability, and values
of ¢ and k also appear on this table. .

The basic data extracted from the computer printout was total satu-
ration”change for the imbibing block with time. At each time step, the
MUFFS program generates a complete array, node-by-node, of saturation
and pressure. An example page of computer printout is included as QE;
pendix 4.

“ For the purposes of presentation, only the total saturation change
for the entire imbibing block is considered. Saturation changes of in-
dividual nodes were examined in the early computer runs, but it was

found that an adequate description of the imbibition process can be

obtained by examining only the total saturation change. The series of
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NODE AND BLOCK SIZES, POROSITIES, PERMEABILITIES, AND CAPILLARY PRESSURES

Run
1-29
1A-3A
1B-58
1c
1D-2D
1E-3E
1F-2F
16

TH

11

1
1K-8K
I

M

N

10

1P

1Q
1R-2R
1S

FOR ALL COMPUTER RUNS

Node Block Volume
Size Size of Imbibing ¢
(ft)  (ft) Sample (ft3) (%
1 3 .027 17
5 2.5 15.6 17
5 2.5 15.6 17
5 2.5 15.6 17
20 120 1728x10° 17
10 120 1728x10° 17
20 120 17286103 17
10 120 1728x103 17
5 120 1728x10° 17
2 12 1728 17
5 8 512 17
1 1 1 17
1 1 1 17
1 1 1 5
1 1 1 1.2
1 1 1 17
1 1 1 17
1 3 27 1.2
1 1 1 17

Capillary

k Jﬁg Pressure

(md) ¢ (Type) Comments
32.5 13.8 A
32.5 13.8 A

32.5 13.8 A

2-Node Model

32.5 13.8 B

32.5 13.8 A Same as 1G
32.5 13.8 A Same as TH
32.5 13.8 A
32.5 13.8 A

32.5 A Too large to
32.5 13.8 A
32.5 13.8 A
32.5 13.8 A

0.5 1.7 A
32.5 25.5 A

2.39 4.6 C

2.39 3.7 C

32.5 13.8 C

2.39 4.6 C

32.5 13.8 C
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diagrams (Figures 17a to 17c) shows these saturation changes with time,
plotted on log-normal graph paper. The apparent time for the imbibing
rock to reach 100% water saturation varied from abou£ one day to 104
days, depending mainly upon the size of the matrix block. Arrays of
the following runs were too large for saturation changes greater than
10% to be seen within reasonable amounts of computer running times (see
also Table 2):

1K-8K - total saturation change of 0.10 only could be calculated.

11 - entirely too large to run.

As can be seen for the remaining runs, there is an approximate
linear trend of changing saturation with the logarithm of time. It is
significant that none of the runs shows any effect as irreducible water
saturation is reached. All computer runs were made starting at SW =0,
and including, for computational purposes, an erroneously high capil-
lary pressure for Sw < Swi‘ This high Pc was linked with a zero rela-

tive permeability to 0il whenever Sw < S In the computer program,

wi®
flow of water is still permitted even when krw > 0. There is experi-
mental evidence (Parsons and Chaney, 1966, p. 26) which indicates that
in the Taboratory it makes 1ittle difference to total time of imbibi-
tion whether or not one starts the experiments with the rocks saturated
with 100% oil, or saturated with oil at Swi' Appendix 3 includes satu-
ration data for Sw > Swi; times of imbibition for Sw < Swi are extremely
small.

The computer runs were designed to examine the effect variations

in the following parameters had on the time of imbibition:
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CAPILLARY PRESSURE TYPE A

Node Block k/(#
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CAPILLARY PRESSURE TYPE B
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FIGURE 17 RECOVERY VERSUS LOG TIME, COMPUTER MODEL.
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(a) Runs with Capillary Pressure Type A.
(b) Runs with Capillary Pressure Type B.
(c) Runs with Capillary Pressure Type C.

46



T-1514 47

block size.

node size:block size ratio.

¢ ks Pc’ krw’ kro'

Figure 17(a) (capillary pressure type A) shows that, for any one
value of recovery, time of imbibition generally increases as block size
increases. If only these runs with aQ[%-of 13.8 are compared, this
trend is always maintained. This is to be expected--the larger the
block which is imbibing water, the longer imbibition will take. There
is apparently some effect of the ratio of node:block sizes, as evidenced
by differen;es between runs 1G and 1H. In these cases, the run with a
large ratio of these parameters (1H) changed saturation less quickly
than the run with a smaller ratio (1G). Because of excessive computer
running time for 1H, only a 30% saturation change was computed. Over
most of this saturation range, this run had about 6% greater oil satu-
ration, at any given time value, than run #1G. This may be due to rela-
tive permeability differences between the inside nodes, as compared with
the outside. As the outside nodes become "watered out," it becomes
progressively more difficult for oil to flow outwards. When the block
is divided into a greater number of nodes, it is possible that these
effects are more pronounced, causing imbibition to slow down. If the
differences shown on Figure 15 are reptesentative, then this effect is
apparently not very significant.

Two runs with a\/%:different from 13.8 are displaced on the general

trend of increasing time with increasing block size. These runs are:
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™ V/§-= 1.7 (node size and block size = 1) which superimposes
almost exactly with run 1J (node size 2, block size 12).

1N qu= 25.5 (node size and block size = 1) which falls to the
1).
These two exceptions clearly must be a function Of:Jé; their posi-

[

left of run 1L (node size and block size

tions on the graph can be rationalized by considerations of relations
between capillary pressure and other reservoir parameters, described in
the next section.

Figure 17(b) shows the only run in which Type B capillary pressures
and relative permeabilities were used as input. If this run is compared
with Type A capillary pressure runs, it can be seen that the time for
any given saturation change is significantly less than that for the run
with equivalent block size, but with Type A capillary pressure (run 1B).
This is a fupgtjgn of higher capillary pressures in the Type B curve
(;;M;dﬁﬁééed with Type A) at any one water saturation.

Figure 17(c) shows the four computer runs made with Type C capil-
lary pressures. For the two runs with ay/%jof 4.6, the run with a
larger block size (IR) took longer to change saturation than the run
with a smaller block size (19). The other two runs have very different
values Ofv/%-(3'7 for run 1P and 13.8 for run 1Q). As for the other

computer runs, these differences are a.direct function of k and ¢ and

can be readily accounted for.

(e) SCALING FACTOR

In a previous section, the work of Mattax and Kyte (1962, p. 177)
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énd Parsons and Chaney (1966, p. 26) concerning scaling laws of water-
oil flow models was described. These authors demonstrated, both theo-
retically and experimentally, that the following function correctly
scales between a Taboratory model and a geometrically similar reservoir

matrix block:

k o k o
t [ ——= =t [— [9]
¢ y L2 ¢ y L2

matrix block

where:
t = time for a given saturation change.
¢ = porosity.
k = permeability.
o = interfacial tension of the saturating fluids.
Wy T viscosity of water phase.

L = characteristic Tength.

Reservoir wetting must be the same as laboratory wetting for the

scaling Taw to hold. In addition, the model and matrix blocks must
~have identical values of the Leverett-J function (and also, therefore,

comparable capillary pressures).

The length term, L, is clearly very critical since it appears as a

square term. As discussed on Page 21, the value of L accepted was con-

sistently exactly one-half the block size. Comparison between indivi-

dual computer runs is considered on this basis.
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In Figure 18 is illustrated the computer data organized by incor-
porating the scaling factor (Table 4 in Appendix 3 lists the results).
For all computer runs, an interfacial tension of 35 &ynes/cm is accepted.
This is the value for toluene/water, the laboratory fluid system used
to measure the capillary pressures. Viscosity of water used, both in
the laboratory and also as input to the model, was 1.0 cp.

In order to interrelate éomputer runs and also to compare with ex-
perimental data, the scaling factor was compared with the amount of o0il
recovered (Sw - Swi) rather than Sw. This seems to be a more realistic
comparison, since in oil reservoirs there is always an irreducible water
saturation present, and it is the amounts of 0il recovered by imbibition
which are of interest.

The computer runs are subdivided to investigate the effects of ¢,

k, Pc’ and krw on the results. A1l computer runs with type A capillary
pressure are included in Figure 19. Two of the runs (1M and 1N) have k
and ¢ different from the remaining runs. One of these runs (1M) that

has a very low value ofv/%jis displaced some distance above the other

runs. The other run (IN) with a high value ofq/%jfa1ls within the gen-
eral grouping. For the remaining runs, the absolute difference of Sw - Swi
at any one value of the scaling factor is about 0.10. The run with a

ratio of block:node of 1.0 (1L) generally falls to the left of the other
runs (for values of Sw - Swi above 0.10). The remaining runs are closely
comparable, and there does not appear to be any trend with respect to

node or block size or the ratio between node and block size. From this,



T-1514

I 1 | 1 I !

CAP
RUN PRESS. vk/¢
¢ |-29 A 13.8
v IA,IB A 13.8
5 + 10-20 B 13.8
I0F ¢ IE,IG A 13.8 -
x |J A 13.8
¢ |G A 13.8
e |M A 1.7
¢ IN A 25.5
°o ¢ C 4.6
4] ® |IP C 3.7
IOfF o 1IQ C 13.8 ]
¢ IR C 4.6

t x

| ! ]
0] 10 20 30 40 50 60 70
Sw- Swi

FIGURE 18. RECOVERY VERSUS SCALING FACTOR, ALL COMPUTER
MODEL RUNS.
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———¢ 1-29
10 ——-— e |A-3A 13.8 .
------ aIE-IG 13.8
— e IV 13.8
—_————— L 13.8
= M 1.7
o IN 25.5
I | 1 | | |
0 10 20 30 40 50 60
Sw"Swi

70

FIGURE T19. RECOVERY VERSUS SCALING FACTOR, COMPUTER RUMNS
WITH CAPILLARY PRESSURE TYPE A.
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one might infer that there is some minor effect on the model results
for a node:block ratio of 1.0, but that if a ratio in excess of 1.0 is
used, the size of block that is accepted is not critical.

Figure 20 shows the type C capillary pressure runs. Using the
same argument as employed for the type A runs (previous paragraph), it
is reasonable to assume that run #1Q (block:node ratio = 1) gives values
of the scaling factor--at any one SW - Swi--anomalous1y high, and that
run #IR is probably closer to a "correct" result (i.e., a computer re-
sult that is relatively insensitive to changes of block and node sizes
and ratios).

For type A capillary pressures, run #1A is fairly representative
of all runs with a ratio of block:node greater than 1, while run #IR is
the only run for capillary pressures type C where block:node ratio is
not unity. The results of these two runs are quite close to one another
(Figure 21). At any value of the scaling factor, Sw - Swi is never more
than 5% different. An average of these two curves is presented as Fig-
ure 22. This curve is the best estimate of all computer runs, and is
used as comparison for all experimental data,discussed in the next sec-

tion.
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103

RUN +/k/¢ Block Length

10 v 1Q 4.6 1.0
e IP 3.7 1.0
a IQ 13.8 1.0
| IR 4.6 3.0
I L | | ] ] !
0) 10 20 30 40 50 60
Sw - Swi

FIGURE 20. RECOVERY VERSUS SCALING FACTOR, COMPUTER RUNS
WITH CAPILLARY PRESSURE TYPE C.
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CAPILLARY

RUN PRESSURE +k/¢
A A 13.8
IR C 4.6

] ] ] | |

FIGURE 21.

20 30 40 50 60 70
Sw - Swi

RECOVERY VERSUS SCALING FACTOR, "AVERAGE" DATA
FROM CAPILLARY PRESSURE TYPES A AND C.
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FIGURE 22. RECOVERY VERSUS SCALING FACTOR, "AVERAGE" OF

ALL COMPUTER RUNS.
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CORRELATION BETWEEN MODEL RESULTS AND EXPERIMENTAL RESULTS

(a) GENERAL DISCUSSION

Published experimental imbiktition data (Fig. 8) can now be compared
with results from the computer modeling studies (Fig. 23). Considerable
variation exists in different sets of data points. For "reliable" ex-
perimental data--i.e., Parsons and Chaney (1966), Mattax and Kyte (196€2),
Owens and Archer (1966)--and for the computer modeling results, the
slopes of the scaling factor/SW - S; curves are similar. They rank,

Wi
with increasing values of the scaling factor at any one value of Sw - S

]

W1

as follows:

Lowest - dolomites
Mattax and Kyte - Highly permeable alundum cores
Owens and Archer - Highly permeable sandstones

Highest- Parsons and Chaney - Variably permeable dolomites

The remaining experimental data cannot be compared quantitatively
with that listed above, due either to inexact records of times of imbi-
bition or to experimental difficulties.

By concentrating on the more reliable data, quantitative compari-
sons can be made. Input data to the modeling studies were from the
Madison carbonates, and therefore, Tpdel studies should be compared
with the experimental Madison data (Parsons and Chaney, 1966). However,

the scaling factor determined from the model results is about two orders

57



T-1514 58

2
T T T T T T
. ¢ ¢
7 ¢ -
10 N
. "
M)
LEGEND
e
108 |- . -1 ¢ | BROWNSCOMBE &
0 . o J DYES (1952)

v
} PARSONS & CHANEY (1966} -
v

A
} LACEY {1969)
A

MATTAX & KYTE (1962)
OWENS & ARCHER (1966)
MADISON DATA

[]

SN _AVERAGE COMPUTER MODEL

/

1 i
0 100 20 30 40 50 60 70
Sw - Swi

FIGURE 23. RECOVERY VERSUS SCALING FACTOR, ALL EXPERIMENTAL
DATA AND "AVERAGE" COMPUTER DATA.
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.) than that experimen-

of magnitude smaller (at any one value of Su ~ Sw1

tally determined. There are three possibilities for this difference:
i) Capillarity and relative permeability effecfs were not com-
parable in the experimental data with that used as input for the com-
puter model. The explanation is not particularly convincing. Parsons
and Chaney (1966) used a mineral oil/water combination for their exper-
iments, while the remaining Madison experimental work used a crude oil/
brine combination. Even with those very different fluid systems, with
presumably some differences in capillary phenomena, the experimental
data all fall on a single general trend. Toluene/water capillary pres-
sure experimental-data were used as input to the computer, a closely

comparable fluid system to the mineral oil/water system used by Parsons.

ii) In most of the computer studies, a confining pressure of 200 psi
was imposed on the entire system, in order to make the programs run.
This might have some influence on the results, and run #1S (confining
pressure, 5000 psi) was made to examine this problem. As can be seen
from Table 4 of Appendix 3, the influence of confining pressure is negli-
gible. A1l the experimental work was run at atmospheric pressure, but

this should compare directly with the computer data.

iii) The third explanation, outlined below, is thought to be the
most likely. In laboratory studies of imbibition (e.g., Lacey, 1969,
p. 40), it has been noted that water imbibition takes place into the

less permeable fractions of the rock surface, whereas o0il droplets form
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‘contemporaneously on the more permeable fractions. Therefore, flow of
water into the sample occurs along different, and more tortuous, paths
from the flow of 0il out of the sample. The rate oflwater imbibition
controls the rate at which oil can flow out of the system. Permeabili-
ty, measured under unidirectional flow on the same sample, probably re-
flects mainly the behavior of those flow channels where the o0il is con-
centrated during the imbibition process.

If this interpretation is correct, then "effective" permeability
during imbibition is less than "gross" permeability measured on the
same sample. For the same reasons, the relative permeability and cap-
illary pregsure characteristics of the imbibing sample may be quite
different from the characteristics predicted from laboratory measure-
ments. Therefore, the values of the scaling factors calculated may have
only indirect significance in relation to comparing rates of imbibition
in different samples. Because permeability used in the scaling factor
is, according to this argument, too large, then values of the scaling
factor may also be too Targe for any sample that has a heterogeneous
pore network.

The model results were calculated by simulating an entirely homo-
geneous porous medium, even though it is known that the Madison carbon-
ates are highly heterogeneous. Therefore, the model results should be
expected to show smaller values of the scaling factor as compared with

the equivalent experimental results.
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(b) DIFFERENCES IN LABORATORY DATA

As described above, there are significant differences between the
various sets of experimental data. In the subsequent argument, we shall
only be concerned with the following sets of data, which satisfy both
conditions of: 1) good experimental procedures and reproducibility;
and ii) good records of the time of imbibition. '

The runs are:

(i) Mattax and Kyte, 1962 (alundum cores).

(ii) Owens and Archer, 1966 (sandstone cores).

(ii1) Parsons and Chaney, 1966 (carbonate cores).

For these runs, the quantitative relations between Sw - Swi and
the scaling factor can be accepted with some degree of confidence. Each
set of data is significantly displaced from the other, and it does not
appear to be reasonable to explain these differences by invoking experi-
mental error.

In the original work of Mattax and Kyte (1962, p. 178) concerning

the parameters within the scaling factor, these authors specify that the

Leverett-J function which is defined as

k 1
J(S ) T ng/;jx cos 6 [2]

W

©

must be the same in each of the blocks which are to be compared. For

the three sets of experimental data described above, there is no record
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of the capillary pressures; however, a large amount of experimental
capillary pressures exists on material from the same reservoir that
Parsons and Chaney used (Madison Formation carbonateg). In addition,
capillary pressures are available from a sandstone reservoir with simi-
lar porosities and permeabilities as those of the sandstone cores used
by Owens and Archer; additional experimental work on porcelain cores
may be comparable with the alundum cores.

To compare these different sets of data, a modified J function is

proposed, which is defined as:

p
_ ¢ Jk 1
J(Sw - Sy) o \/;X cos © [2a]

In every case, cos6 has been taken as 1.0 (entirely water-wet). There
appears to be considerable merit in calculating the J function on the
basis of Sw - Swi:

(i) The curves all become asymptotic at the same position.

(i1) At Swi all pores below a certain uniform size are probably
blocked (Holmes et al, 1971, p. 1). Using Syi as @ reference point in
each core, and comparing pore sizes upwards from here, rather than
downwards from an arbitrary and variable pore entry size, is intuitively

more satisfying.

(iii) By examining a number of different reservoirs published in

the literature, both on the traditional J function and the modified J
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function (Figure 24, taken from Amyx, Bass, and Whiting, 1960, p. 156),
it is clear that the modified J function serves to group rocks better
than the standard ways of defining this parameter.

In Figures 25 through 28, both the normal Leverett-J function as
well as the modified J-function are shown for four different systems:
porcelain cores (Fig. 25), Robinson sandstone (Fig. 26), Edwards Forma-
tion limestones (Fig. 27), and Madison Formation dolomites (Fig. 29).
Average curves for the modified J-function for each system are compared
on Fig. 29. As can be seen, there is distinct separation, with the por-
celain cores having highest values of the J-function at any one SW - Swi’
Robinson sandstone and Edwards limestone intermediate values, and Madi-
son dolomites the lowest. This separation is a direct consequence of
fundamental differences in pore configurations and distributions in each
of the different groups of materials.

When the experimental imbibition data of Figure 23 are considered,
it is possible to rationalize the differences in results. Each of the
different systems studied have different Leverett-J functions, analogous
to the experimental work described above. Direct comparison through the
scaling factor is not valid (as stated in the original paper of Mattax
and Kyte, 1962). If the Leverett-J function is known, then it can be
incorporated in the scaling factor and direct comparison made between
different lithologic systems. This cannot be done quantitatively for

the data presented here. However, it appears that, if the experimental

data can be ranked as follows,
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FIGURE 24. LEVERETT-J AND MODIFIED LEVERETT-J FUNCTIONS, VARIOQUS
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FIGURE 25. LEVERETT-J AND MODIFIED LEVERETT-J FUNCTIONS,
PORCELAIN (CERAMIC) CORES.
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FIGURE 26. LEVERETT-J AND MODIFIED LEVERETT-J FUNCTIONS,

ROBINSON SANDSTONE, ILLINOIS (Holmes, Dreher,
and Eloy, 1971, p. 1).
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EDWARDS FORMATION LIMESTONES (from Chilingar,
Mannon and Reike, 1972, p. 242; and Brown,
1951, p. 67).
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Porcelain equivalent to alundum,
Robinson sandstone equivalent to Torpedo sandstone,
Madison dolomite equivalent to Madison carbonéte,
then the ratio of the modified Leverett-J functions compared with a
standard might serve to normalize the data and make the various sources
superimpose.
From this argument, it is probable that a scaling factor could be

defined as

]
K S S Jrock dSw

w
Jstandard dSw

where SJrock is the integrated Leverett-J function of the rock, while
SJstandard is the integrated Leverett-J function of a standard group
of rocks, whose imbibition properties are precisely defined.
Finally, from the arguments presented on Page 60, it is possible
that some of the differences between carbonates and sandstones on Fig-
ure 23 are due to the application of incorrect effective permeabilities

in the scaling factor.
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RECOMMENDATIONS FOR FUTURE STUDIES

Major difficulties encountered in these studies were:

1. Calculation of accurate scaling factors for the experimental
imbibition data. Time and characteristic length, L, were the parameters
most in doubt.

2. None of the publications quoted capillary pressure or relative
permeability data. Consequently, Leverett-J functions could not be com-
puted. Since the scaling factor, as previously published, requires
equivalence of the J-function, exact comparison of experimental data

cannot be made.

As a consequence of these problems, the following recommendations
concerning future Taboratory imbibition studies are suggested:

1. Capillary pressures should be measured and incorporated into
the analysis, on the basis of the modified scaling parameter, as indi-
cated in the previous section. The Leverett-J function itself might be

redefined as:

P
- _C k 1
J(Sw - Swi) B 5_'XV/;_X cos 6

and then incorporated with other variables as a modified scaling factor:
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S:w = Sui
J d(SW -S.)

rock wi

)

d(Sw " S

standard

2., Relative permeability effects have not been examined in the
imbibition process, and might merit additional attention. Their effects
have not been isolated in any of the published material.

3. Some standardization of sample shape (e.g., cubes or cylinders)
as well as‘the mode of imbibition (e.g., into all sides, or from one end
only) would make comparisons between different sets of data much easier.
The length term (L) in the scaling factor would be much more reliable.

v4. Exact records of time of imbibition are an essential. It is
not valid to leave the rocks for a set time period and then record total
saturation change.

5. The effects of confining pressure and temperature on imbibition
have not been examined systematically. A recent paper by Sinnakrot et al
(1971, p. 13) suggests that significant changes of capillarity with tem-
perature occur, and the results of Lacey (1969, p. 3) also support this
view.

6. Discussion of differences between model and laboratory results
of imbibition, presented on Pages 5¢ and 60, indicated that, in rocks

with a heterogeneous distribution of permeability, it is the permeabi-

lity of the tightest fractions that controls rate of imbibition. MNone
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of the publications on imbibition has considered this problem, and per-
meability of the total sample has always been applied to the sca]ﬁng
factor. This is probably the explanation for the greater data dispers-
ion of carbonates (e.g., Parsons and Chaney, 1966, p. 31) compared with
sandstones (e.g., Mattax and Kyte, 1962, p. 180). Additional experi-
mental work could be directed towards considering rock heterogeneity on
rates of imbibition; the same problem could also be studied using a
mathematical model.

7. The problem of extrapolating laboratory results to reservoir
conditions was emphasized by Parsons and Chaney (19€6). It is probable
that reservoir wetting, particularly in carbonates, is not the same at
the surface as it is in the reservoir. If wetting changes, then the
Leverett-J function will change. If reservoir wetting is towards
neutrality (e ~ 90°), a lower in-situ capillarity will exist than that
seen at the surface; times of imbibition will be correspondingly Tonger
(as compared with laboratory predictions). Imbibition studies directed
towards examining the effects of wetting change should yield useful data
which would have importance in estimating amounts of in-situ reservoir

imbibition.
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SUMMARY AND COMCLUSIONS

This thesis considers the phenomenon of imbibition of a wetting
phase (water) into porous media saturated initially mainly by a non-
wetting phase (0il1). Except where specifically mentioned, only two-
phase systems have been considered.

In natural porous media, capillary phenomena control the disposi-
tion of wetting and non-wetting phases. Variations in shapes of capil-
lary pressure curves are a consequence of both fluid and rock (pore net-
work) properties. Relative permeabilities can be calculated from
capillary pressures; calculated relative permeabilities were used in
the present study. |

Mathematical studies of rock imbibition have been concerned with
models for the imbibition phenomena. Some authors present experimental
verification of their theoretical analyses. Mathematical simulation
models have been written, based on the fundamental fluid flow equations,
specifically to study the imbibition phenomenon. Single- and two-
dimensional cases, as well as considerations of radial flow, have been
studied. Another group of publications has been concerned more emphati-
cally with experimental imbibition studies on a variety of sa ‘ies--
sandstones of varying type, carbonates (dolomites), and arti i1
porous media (notably, alundum core samples). Important work .71 Mattax
and Kyte (1962, p. 177) and Parsons and Chaney (1966, p. 26) demonstrate

the utility of a "scaling" factor, defined as
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When this scaling factor is compared with oil recovery, good correla-
tion is seen to exist--approximately a linear log-normal correlation.
This relation only holds for rock samples with similar Leverett-J
functions, as emphasized by Mattax and Kyte. Rigorously, the scaling
factor can only be used to compare rocks with similar geometric dimen-
sions.

For all these experimental studies, no attempt has been made to re-
late results from one publication to results from another. In this
thesis, interrelations between publications are presented. The main
part of the thesis is concerned with the mathematical simulation of im-
bibition using a numerical reservoir model. The
geometric relations adbpted to simulate both imbibing rock and water
"reservoir" were basically a cube of oil-saturated porous material to
represenf the imbibing rock, surrounded on all sides by a highly porous
and permeable water '"reservoir". Permeability of the "reservoir" was
always 2-1/2 orders of magnitude higher than the imbibing rock. Various
computer runs were made to investigate the effects of the following
parameters on rate of imbibition:

¢ - porosity.

k - permeability.

krw and kro - relative permeabilities.
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block size geometry of the imbibing

node size porous material.

Basic data extracted from the computer printout were total satura-
tion change for the imbibing rock compared with time. Values of the

scaling factor of Mattax and Kyte were calculated,

k o
e
¢ " L2

W

and compared with the oil recovery (Sw - Swi)' A length term, L, was
accepted as one-half of the block length. The conclusion is reached
that all computer runs are compatible with one another, even though con-
siderable data dispersion exists between these separate runs. This dis-
persion is due mainly to incorrect matching of capillary pressure with
other reservoir parameters (such as porosity and permeability). From
this result, one can infer that the scaling factor does not entirely
describe a rock's properties. This was also noted by Mattax and Kyte--
the scaling factor is only valid for rocks with the same Leverett-J
function. A single curve is presented which combines all computer data
in a normalized fashion.

For all laboratory data, a comparison is made between the scaling
faétor and oil recovery. In those instances where experimental proce-
dures were good, there is very little scatter of the data. This suggests
that the different samples within any one group did have equivalent

values of the Leverett-J function.
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When all experimental data are included in one graph and compared
with the computer modeling results, there is significant separation of
the different sets of data, even for those sets in which there is con-
fidence in the experimental procedures. This means that the data sepa-
ration must be accepted as valid. The trends of each set of data are
very similar--each is, therefore, different from the next by a constant
amount. This strongly suggests that the sets of data have different
Leverett-J functions, and that all points could be made to superimpose
by correcting for the different J-functions.

Leverett-J functions of different sets of experimental data are
compared with the published experimental imbibitijon work; the conclusion
reached, by analogy, that differences in J-functions of samples used in
the experimental work would, indeed, be adequate to account for the
separation of the data.

A1l the computer data were generated using, as input, Madison Forma-
tion carbonate rock properties. This js exactly equivalent to the ex-
perimental work of Parsons and Chaney (1966), as well .as additional
Madison Formation data. At any one value of saturation, the computer-
determined scaling factor is about two orders of magnitude smaller than
that measured experimentally. It is concluded that these consistent
differences between the experimental and modeling studies are due to
the way in which imbibition takes place in natural porous media. Water
flows into the tight (non-permeable) parts of the rock, and oil is ex-

pelled through the more permeable parts. Measurements of permeability
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on the total sample are not necessarily representative of the imbibition
process, because it is rate of water imbibition into the tight (low
permeability) zones which will be the controlling factor. In the labo-
ratory experiments, however, such measurements of permeability were ap-
plied to the scaling factor, and probably account for the large values
of the scaling factor, at any value of Sw - Swi’ as compared with model-
ing data on the same formation. The effects are Tikely to be more pro-
nounced in carbonates (generally with heterogeneous distribution of
permeability) as compared with sandstones.

The suggestion is made that any future experimental work on imbibi-
tion should include the effects of the Leverett-J function. The scaling

factor would then be redefined as:

gl
J dsS
SW rock ~Tw

qu 1
S J dsS
W

standard Tw

where Sdrock is the integrated Leverett-J function of the sample being

studied and SJ is the integrated function of a sample whose

standard
imbibition characteristics have previously been defined.

In addition, some standardization.of the geometry of blocks used
in the studies (e.g., cubes imbibing from all sides, or cylindrical

cores imbibing from one end only) is recommended. By this means, dif-

ferent sets of laboratory data could be readily compared.
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An important conclusion of all this work is that, in an imbibing
system, from a knowledge of the following factors, the time (t) it will
take for any given saturation change (i.e., fractional oil recovery) to
take place can be estimated:

Permeability - k (Heterogeneity of permeability distribution must be

Porosity - ¢ known and may be difficult to determine.)

Interfacial tension - o

Wetting phase viscosity - My

Size of imbibing sample - L

Leverett-J function for the reservoir system

A major--and unsolved--problem is to extrapolate these data to the
reservoir to compute 1ikely rates of in-situ imbibition. Capillary
forces in the reservoir may be quite different from those measured at
the surface, due to changes in wetting. A change from water wet (6 =
180°) at the surface to neutral wetting (6 ~ 90°) in the reservoir will
reduce capillary pressure very significantly. This, in turn, will in-
crease the time it will take for imbibition to take place. Experimental
work needs to be performed to examine the effects of wettability change

on rates of imbibition.
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APPENDIX 1

FUNDAMENTAL FLUID FLOW EQUATIONS

AND THEIR SOLUTION

80



T-1514 81

FUNDAMENTAL FLUID FLOW EQUATIONS
AND THEIR SOLUTION

This appendix describes the fluid flow equations used in the

mathematical simulation. The text is reproduceq

from Breitenbach et al (1968, p. 1-22).
The solution of the fluid-flow equations is the heart
of the simulator. A fundamental flow equation can be derived
for each phase (oil, water, gas) by combining the law of con-
servation of mass, the law of force, and thermodynamic rela-
tionships that describe the pressure-volume-temperature be-
havior of the fluid. The law of conservation of mass simply
states that for each cell of porous media:

(net flow of gas) + (change of mass in block)
+ mass produced = 0

In other words, it is a mass or material balance that
states that no mass can be gained or lost from the system.
The Taw of force used is Darcy's law. The thermodynamic
relationships that are used are found experimentally, and
consist of the normal PVT curves (Bop, Rs, no versus P, etc).
If the following assumpsions are made:

1. Isothermal, immiscibie, Darcy flow.

2. Stock tank fluid densities remain constant with-
in a time increment.

3. Porosity changes with pressure follow the rela-
tionship:

¢ = ¢origina1[] tee lp- porigina]]

then the following equations for oil, water, and.gas can be
derived:
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ap . R. 3p
(1 ' g 3 (S 0
* ¢Vng p g} 5t *Vp3, up g—? ot
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18 g s o SW W _
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b Bg ot B, ot B, ot
Darcy's Law:
. . Akk (Efﬁkl o dz
oR b cedx T Po 3dx
Akk
q = - ___Eﬂ.(adpw P adz
wRy By o adx w adx
Akk adp
= - rg g adz
R iy Gax * g sdx) (e

A = cross-sectional area.

k = absolute permeability.

k_ = o0il, water, or gas relative permeability.
p = 0il, water, or gas viscosity.

p = 0il, water, or gas reservoir density.

z = elevation.

x subscript denotes flow in the x direction.
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B = 0oil, water, or gas formation volume factor.

Ce = formation compressibility.

p = oil, water, or gas pressure.

¢ = original or present fractional porosity.

q = oil, water, or gas flow rates according to Darcy's

law, where the subscript, R, refers to reservoir
conditions.

R = 0il or solution gas ratios.
S = o0il, water, or gas fractional saturation.
t = time.

V, = bulk volume of rock in which flow is taking place.

A1l three fundamental flow equations are organized such
that the first three terms describe the flow in the x, y, and
z directions; the fourth term is the production-injection
term; the fifth term (in square brackets) describes the com-
pression or expansion of the fluid and rock; and the sixth
term (on the right-hand side of the equation) describes the
resulting changes in saturation with time. Since flow of the
three phases can occur simultaneously, these equations have
to be solved simultaneously.

To Tink the three equations together and allow expansion
of terms, the following auxiliary equations are necessary:
Saturation:

SO + SW + Sg = 1] [4]

Capillary Pressure:

Py = Po * Pego
[5]

Pw = Po ™ Pcow

84
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The saturation equation is used to link the three funda-
mental flow equations together. Then the capillary pressure
relations are used to reduce the final, linked equation into
terms of o0il pressure only. This final equation is then
solved for pressure at each time step.

AVAILABLE OPTIONS TO THE  PROGRAM

The program solves three-phase flow equations in one-,
two-, or three-dimensions. There is no restriction (except
excessive computer running time) to the number of Tlayers
which can be simulated. In practice, a 1imit of about 10
layers is practical. The number of phases and dimensions
used to solve any problem are functions of the input data
only.

Cell, or node, size can vary from 0.1 of a foot up to
10,000 ft, and is again simply a function of input data.
Gravity effects can be either included or excluded by appro-
priate input data. Different blocks or regions can be speci-
fied.
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APPENDIX 2

CAPILLARY PRESSURE AND
RELATIVE PERMEABILITY LISTING

86
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TABLE 3(a)
TYPE A - CAPILLARY PRESSURES AND CALCULATED RELATIVE PERMEABILITIES

Relative permeabilities calculated by the technique of Corey:

_Sw 7 Swi « - 4
we 1 - Swi rw we
Kpo = (- Swe)z(] - Swez)
Capillary Pressures Relative Permeabilities
S, P_(ps) S Koy Ko S
1.0 0.2 1.0 1.0 0 0
0.95 0.2 0.95 0.72 0.001 0.05
0.90 0.25 0.90 0.52 0.006 0.10
0.85 0.25 0.85 0.36 0.02 0.15
0.80 0.28 0.80 0.23 0.05 0.20
0.75 0.29 0.75 0.14 0.1 0.25
0.70 0.30 0.70 0.08 0.16 0.30
0.65 0.31 0.65 0.04 0.24 0.35
0.60 0.35 0.60 0.02 0.34 0.40
0.55 0.40 0.55 0.008 0.45 0.45
0.50 0.55 0.50 0.002 0.57 0.50
0.45 0.70 0.45 0.0003  0.75 0.55
0.40 1.20 0.40  0.0001 0.87 0.60
0.38 2.00 0.38 0.00005 0.94 0.62
0.37 3.00 0.37 0.00002 0.96 0.63
0.36 10.00 0.3¢ 0.0 1.00 0.64

The capillary pressures were measured (using a toluene/water fluid
system) on a Madison dolomite with porosity of 17% and permeability of

32.5 md. Petrographic details of this rock appear in Figure 12.
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TABLE 3(b)
TYPE B - CAPILLARY PRESSURES AND CALCULATED RELATIVE PERMEABILITIES

Relative permeabilities calculated by the technique of Corey:

s = Sw ™ Sui K = &
we 1 - S . rw we
Wi 2 5
kro = (- Swe) (- Sue )
Capillary Pressures Relative Permeabilities
>u Plpsi) o o Ko %
1.0 1.0 1.0 1.0 0 0
0.95 1.3 0.95 0.69 0.0014 0.05
0.90 1.5 0.90 0.48 0.009 0.10
0.85 1.55 0.85 0.30 0.037 0.15
0.80 1.56 0.80 0.176 0.072 0.20
0.75 1.57 0.75 0.100 0.134 0.25
0.70 1.60 0.70 0.048 0.223 0.30
0.65 1.70 0.65 0.022 0.320 0.35
0.60 1.80 0.60 0.0081 0.445 0.40
0.55 2.10 0.55 0.0019 0.600 0.45
0.50 3.00 0.50 0.00021 0.760 0.50
0.45 4.00 0.45 0.00001 0.930 0.55
0.44 5.00 0.44 0.000001 0.970  0.56
0.43 10.00 0.43 O 1.0 0.57
0.40 20.00 0.40 O 1.0 0.60
0.35 30.00 0.35 0 0 0.65
0.30 40.00 0.30 O 1.0 0.70
0.25 50.00 0.25 O 1.0 0.75
0.20 60.00 0.20 O 1.0 0.80
0.15 70.00 0.15 0 1.0 0.85
0.10 80.00 0.10 O 1.0 0.90
0.05 90.00 0.05 O 1.0 0.95
0.0 100.00 0.0 0 1.0 1.0

The capillary pressures were measured on a Madison dolomite with a
porosity of 17% and permeability of 32.5 md. A fluid mixture of 25%
toluene, 75% madison crude was displaced by water in the measurement

of Pc' Petrégraphic details of the rock samp1e appear in Figure 12.
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TABLE 3(c)

TYPE C - CAPILLARY PRESSURES AND CALCULATED RELATIVE PERMEABILITIES

Relative permeabilities calculated by the

- S~ Swi
we 1 - Swi

Capillary Pressures

Sw Pc(psi)
1.0 0.72
0.95 0.75
0.90 0.80
0.85 0.87
0.80 0.95
0.75 1.08
0.70 1.23
0.65 1.45
0.60 1.75
0.55 2.18
0.50 2.90
0.45 4.40
0.44 4.45
0.43 5.10
0.42 5.60
0.41 6.00
0.40 7.00

The capillary pressures were measured (using a toluene/water

89
technique of Corey:
rw Swe4
ro = (1 - Swe)z(] - Swez)

Relative Permeabilities
W 5w e 2
1.0 1.0 0 0
0.95 0.704 0.0011 0.05
0.90 0.482 0.0086 0.10
0.85 0.316 0.0271 0.15
0.80 0.198 0.0616 0.20
0.75 0.116 0.1148 0.25
0.70 0.062 0.1875 0.30
0.65 0.030 0.2808 0.35
0.60 0.012 0.3956 0.40
0.55 0.0038 0.5272 0.45
0.50 0.00078 0.6746 0.50
0.45 0.000047 0.8332 0.55
0.44 0.000016 0.8662 0.56
0.43 0.0000062 0.8947 0.57
0.42 0.0000012 0.9340 0.58
0.41 0.00000008 0.9657 0.59
0.40 O 1.0 0.60

fluid

system) on a Madison Formation dolomite with a porosity of 11.2% and a

permeability of 2.39 md. Petrographic details of this rock appear in

Figure 13.
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APPENDIX 3

TABLE 4

SATURATION CHANGE AND SCALING FACTORS
LISTING FOR ALL COMPUTER RUNS

S S-S k x & x 1
Run No. 1-29 Time (days) “w W owi /(¢ M, 2
s, =0.36  /k/§ = 13.83 7x1077 36 0 1.15
2.6x107, .40 .04 5.6
k =32.5md o = 35 dynes/cm | 6.7x10_4 45 .09 1.4x10
1.0x10_3 50 14 2.1x10
¢ = 0.17 My T 1.0 cp 2.Ox10_3 .55 .19 4.3x10
) 3.5x1073 60 .24 7.5x10,
L =0.15ft 1/L° = 44.44 6;OX]0_3 65 .29 1.3x102
8.0x10 > 70 .34 1.7x103
1.3x10_5 75 .39 2.8x103
2.]x]0_2 .80 .44 4.5x102
4.2x]0_2 .85 .49 9.0x103
9.5x10_7 90 .54 2.0x103
3.2x10 .95 .59 6.9x10
Runs 1A-3A; 1B-5B
s, = 0.3  J/K/§ = 13.83 2.5x1075 .36 0 7.7
4.9x10_2 .40 .04 1.5x10
k =232.5md o = 35 dynes/cm | 9.5x10_; .45 .09 2.9x10
1.4x10_] .50 .14 4.3x10
¢ = 0.17 by 1.0 cp 2.3x10_] .55 .19 7.1x102
2 3.3x]0_] .60 .24 1.Ox102
L =1.25 ft 1/L" = 0.64 5.1x10_] .65 .29 ].6x102
7.5x10 .70 .34 2.3x102
1.2 .75 .39 3.7x]02
2.1 .80 .44 6.5x]03
4.0 .85 .49 ].2x]03
9.8 .90 .54 3.0x102
2.5x10 .95 .59 7.7x10
Runs 1D-2D
s,; = 0.4 /K75 = 13.83 1.0<1075 .44 0 3.1
1.3x1077 .45 .01 4.0
k =32.5md o = 35 dynes/cm | 2.3x10_5 .50 .06 7.1
4.0x10_, .55 1 1.2x10
¢ =0.17 by T 1.0 cp 6.0x10_2 .60 .16 1.8x10
) 9.0x107 .65 .21 2.8x10
L =1.25 ft 1/L7 = 0.64 1.2x]0_] .70 .26 3.7x10
1.8x10_, .75 .31 5.5x10
3.0x]0_] .80 .36 9.3x]02
6.0x10 .85 .41 1.8x10
1.2 90 .46 3.7x10%
2.5 .95 .51 7.7x10
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k o 1
‘Runs 1E-3E; 1G-3G Time (days) Sw S Swi //3 X~ x 7 xt
Swi = 0.36 vk/¢ = 13.83 5.9x10, .36 0 7.9
1.3x10§ .40 .04 1.7x10
k =32.5md o = 35 dynes/cm 2.2x102 .45 .09 2.9x10
3.4x]02 .50 .14 4.6x10
¢ = 0.17 Wy 1.0 cp 5.0x]02 .55 19 6.7x102
2 7.5x]03 .60 .24 1.0x102
L =60.0ft 1/L° = 0.00027 1.2x]03 .65 .29 1.6x]02
1.8x10 .70 .34 2.4x10
Run 1J
5, = 0.36 /K75 = 13.83 1.6x100 .36 0 2.1
3.0x107, .40 .04 4.0
k =32.5md o = 35 dynes/cm || 7.5x10 .45 .09 1.0x10
1.4 .50 .14 1.9x10
¢ = 0.17 hy T 1.0 cp 2.5 .55 .19 3.4x10
o 4.4 .60 .24 5.9x10
L =6.0 ft 1/L- = 0.0277 7.0 .65 .29 9.4x102
1.4x10 .70 .34 1.9x102
3.0x10 .75 .39 4.0x102
5 0x102 .80 .44 6.7x]03
(].Ox]Oz) .85 .49 1.3x103
(2.0x10%) .90 .54 2.7x10
Runs 1L-3L
S, = 0.36 K75 = 13.83 1.2x1073 36 0 2.3
| 3.8x107; 40 .04 7.3
k =32.5md o = 35 dynes/cm |1 1.1x10_5 45 .09 2.1x10
2.8x10 7 50 .14 5.4x10,
¢ = 0.17 My T 1.0 cp 5.4x10_2 55 .19 1.0x]02
2 9.0x10_] 60 .24 ].7x102
L =0.5ft 1/L™ = 4.0 ].4x]0_] 65 .29 2.7x102
2.2x10 70 .34 4.2x103
3.4x10_] 75 .39 6.6x]03
5.4x10_] 80 .44 1.0x103
9.5x10 .85 .49 1.8x103
2.0 .90 .54 3.8x10
Run 1M
Swi = 0.36 vk/¢ = 1.71 9.5x10:$ .36 0 2.3x10
].9x10_] .40 .04 4.5x]02
k =0.5 g = 35 dynes/cm | 8.0x10 .45 .09 ].9x]02
1.7 .50 .14 4.]x102
¢ =0.17 Wy 1.0 cp 3.5 .55 .19 8.4x103
9 5.7 .60 .24 ].4x103
L= 0.5ft 1/L° = 4.0 9.0 .65 .29 2.2x103
1.4x10 .70 .34 3.4x103
2.4x10 .75 .39 5.8x]03
3.4x10 .80 44 8.1x104
6.4x10 .85 .49 1.5x10
1.3x102 .90 .54 3.1x10%
4.5x10 95 .59 1.0x10°
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S - K T x
Run 1N Time (days W wi o " w,
S, =0.36  /K/g = 25.5 4.0x107 .36 0 1.4
8.3x103 .40 .04 3.0
k =32.5md o = 35 dynes/cm f 3.0x10_3 .45 .09 1.1x10
6.7x10_5 .50 14 2.4x10
¢ = 0.05 Wy T 1.0 cp 1.5x10_2 .55 .19 5.3x10
> 2.7x]0_6 .60 .24 9.6x102
L =0.5ft 1/L° =4.0 4.3x10_2 .65 .29 ].5x102
6.6xT0_] .70 .34 2.4x10,
1.0x10_] .75 .39 3.6x102
].5x]0_] .80 .44 5.3x103
3.0x10_, .85 .49 1.1x103
J 5.5x10 .90 .54 2.0x103
2.5 .95 .59 8.9x10
Run 19
S, = 0.40  /KT§ = 4.6 1.5x1075 .40 0 9.7
3.0x10_s 45 .05 1.9x10
k =2.39md o = 35 dynes/cm || 5.0x10_5 .50 .10 3.2x10
8.6X10_] .55 .15 5.6x10
¢ = 0.11 My o T 1 cp 1.5x10_] .60 .20 9.7x102
2 2.3x10_] .65 .25 1.5x]02
L =0.5ft 1/L" =4.0 3.7x10_4 .70 .30 2.4x10,
6.0x10 .75 .35 3.9x102
1.0 .80 .40 6.5x]03
2.0 .85 .45 1.3x103
4.0 .90 .50 2.6x]03
8.0 .95 .55 5.1x10
Run 1P
Swi = 0.40 /k/¢ = 3.75 2.5x]0:§ .40 0 1.3x10
4.5x1075 .45 .05 2.4x10
k =2.39md o = 35 dynes/cm 8.0x]0_] .50 .10 4.2x10
1.3x10_] .55 .15 6.8x10,
¢ = 0.17 Wy o 1 cp 2.3x10_] .60 .20 ].2x102
2 3.6x]0_] .65 .25 1.9x102
L =0.5ft 1/L" =4.0 5.7x10_]' .70 .30 3.0x]02
9.5x10 .75 .35 5.0x]02
1.5 .80 .40 7.9x]03
2.9 .85 .45 ].5x]03
5.5 .90 .50 2.9x]04
2.0x10 .95 .55 1.0x10
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k o
Run 1Q Time (days) Sy Sy Swi /% X ;T X 7 xt
S,; = 0.40  VK7§ = 13.83 2.5x1073 .40 0 4.8
) 3.5x10_3 .45 .05 6.8
k =32.5md o = 35 dynes/cm 6.Ox10_2 .50 .10 1.2x10
1.0x]0_2 .55 .15 1.9x10
¢ = 0.17 by 1 cp 1.7x]0_2 .60 .20 3.3x10
2 2.5x]0_2 65 .25 4.8x10
L =0.5ft 1/L" =4.0 4.3X]O_2 70 .30 8.3x]02
7.0X]O_] .75 .35 ].4x]02
1.0x107, .80 .40 1.9x105
2.0x10_ .85 45 3.9x105
5.0x10 .90 50 9.7x105
1.5 .95 55 2.9x10
Run 1R
S,; = 0.40  J/K/g = 4.6 7.4x1072 .40 0 5.3
1.2x]0_] .45 05 8.6
k =2.39md o = 35 dynes/cmj 2.2x10_4 .50 10 1.6x10
: 3.5x107, .55 15 2.5x10
¢ = 0.11 Wy T 1 cp 6 9x]0_] .60 20 4.9x10
2 9.0x10 .65 25 6.5x]02
L =1.5ft 1/L" = 0.44 1.5 .70 30 1.]x]02
2.5 .75 35 1.8x102
4.2 .80 40 3.0x102
(7.0) .85 45 5.0x102
(1.1x10) .90 50 7.9x10
Run 1S
S, = 0.40  VK7§ = 13.83 3 %1073 40 0 5.8
4.5x1073 .45 05 8.7
k =32.5md o = 35 dynes/cmjt 7.0x10_5 .50 10 1.3x10
1.4x10_2 55 15 2.7x10
o = 0.17 Wy o 1 cp 2.Ox10_2 60 20 3.9x10
2 3.5x]0_2 .65 25 6.8x102
L =05ft 1/L" =4.0 5.6x10_] .70 .30 1.1x102
1.0x10_1 .75 .35 1.9x]02
Note: Confining pressure = 5000 psi. 1.5x10_] .80 40 2.9x102
Compare results with Run 1Q 3.0x10 ] .85 45 5.8x103
(confining pressure 200 psi). 6.5x10 .90 50 1.2x103
2.7 .95 55 5.3x10
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APPENDIX 5

SATURATION CHANGE AND SCALING FACTOR LISTING

FOR ALL PUBLISHED EXPERIMENTAL IMBIBITION
DATA
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NOMENCLATURE

time (days)

permeability (md)

relative permeability to oil
relative permeability to water
porosity (fractions)
interfacial tension (dynes/cm)

wetting phase viscosity (cp)

011 viscosity (cp)

length (ft)
contact (wetting) angle

capillary pressure (psi)

P
. _ ¢ k 1
Leverett-J function =5 3 X Coso

radius of capillary (microns)

atmospheric pressure

pressure

pressure differential

wetting phase pressure

wetting phase saturation

irreducible wetting phase saturation
pore volume (total)

pore volume

length of flow path
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subscript

subscript

=

=
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cross-sectional area

flow rate

lithologic factor (in Purcell equation, 1949)
capillary pressure between 0il and water

oil saturation

residual oil saturation
So " Sor
1 - Sor

minimum 0il saturation at which the effective permeability
to water is zero.

oil volume

flow fate of water (= negative flow rate of o0il)
formation volume factor (0il)

formation volume factor (gas)

formation volume factor (water)

solution gas oil ratio

formation compressibility

= reservoir conditions

volume

0il pressure

water pressure - same as wetting phase pressure
gas pressure

bulk volume

= 071

water, or wetting



T-1514 107

subscript g = gas
Sw B Swi
average water saturation = B
wi

Swe

y4 elevation
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