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ABSTRACT

Spontaneous imbibition is important in oil recovery from fractured and low
permeability tight gas reservoirs. Gaswater spontaneous imbibition experiments
were conducted using low permeability heterogeneous limestone core plugs. The
interfacial tension was changed by adding differing amounts of acohol to water. It
was observed that the true residual saturation of gas is very small for al cases. A
much larger pseudoresidual saturation was achieved early in the imbibition stage but
gas continued to be produced at extremely low rates until the true saturation was
reached. The gaswater spontaneous imbibition performance was modeled using a
mathematical model where the porous medium is represented as a bundle of equal but
tortuous capillary tubes. Input data for this model was obtained from seria thin
sections using a state of the art image processing system and a computerized
microscope. The gaps between the thin sections were constructed using geostatistical
techniques. It was observed that the model successfully explained the imbibition
process in samples where pores with varying circularity were present. Average
number of pore throats meeting a one pore in the pore skeleton (coordination
number) was less than six for all cases.

INTRODUCTION

Spontaneous imbibition is perhaps the most important phenomenon in oil recovery
from fractured reservoirs. For such reservoirs the rate of mass transfer between the
rock matrix and fractures usually determines the oil production [1]. Imbibition is also
essential in evauation of the rock wettability [2]. For spontaneous imbibition, the
main driving force is capillary suction. Because of the strong capillary forces, the
smallest pore bodies which are next to the interface are usualy invaded first. The
displacement takes place at small but finite capillary numbers [3]. The rate of
imbibition is usually a function of porous media and fluid properties such as absolute
and relative permeability, viscosity, interfacial tension, and wettability [4]. Most
experimental work on imbibition behavior has concentrated on the scaling aspects of
the process in order to estimate oil recovery from reservoir matrix blocks that have
shapes, and sizes different from those of the laboratory core samples [5].

In mathematical modeling of imbibition, two approaches are practiced. The first
approach uses a sugar-cube type matrix- fracture system proposed by Warren and Root
[1] where the communication occurs at the matrix-fracture interface [6]. The second
approach is based on a representative elemental volume averaged fracture- matrix
system [5, 7]. Both approaches use empirically determined mass transfer functions.



Kazemi et a. [6] presented numerical and analytical solutions of oil recovery using
empirical, exponentia transfer functions based on the data given by Aronofsky et al.
[8] and Mattax and Kyte [9]. They proposed a shape factor thatincluded the effect of
size, shape, and boundary conditions of the matrix. Later, this shape factor was
generalized by Maet al. [10] to account for the effect of viscosity ratio, sample shape,
and boundary conditions. They proposed the following equation:

t =t\/E > m =/mm, W
f mlL

To date, much of the focus on imbibition has centered on carbonaceous rocks. Thisis
a result of the importance of the North Sea Chalks [11], the California Diatomites
[12], the West Texas Carbonates [13], and the Middle Eastern Limestones. Even
though the literature is vast on recovery of oil by water imbibition, the number of
studies conducted on imbibition in tight gas reservoirs is limited [14]. This study
presents basic core analysis data and the results obtained from experimental
spontaneous imbibition in low permeability vugular and fractured limestone samples.
The imbibition data is scaled via the equation proposed by Ma et a. [10]. The gas-
water spontaneous imbibition performance was modeled using a mathematical model
where the porous medium is represented as a bundle of equal but tortuous capillary
tubes. Input data for this model was obtained from seria thin sections (three per
zone) taken from the top, middle and the bottom of the core plugs using a state of the
art image processing system and a computerized microscope. The gaps between the
thin sections were constructed using 3D kriging.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

Experiments were performed with 3 limestone core plugs obtained from different
wells in a carbonate field located in Southeast Turkey using distilled water and
alcohol with concentrations of 20% and 40% alcohol by volume. The rock samples
were cylindrica with a length of 2.88cm and a radius of 1.27cm with varying
porosities and permeabilities (Table 1). The cores were sealed with epoxy on the
sides parallel to the flow direction to obtain one-dimensional imbibition. Each sample
core was suspended by means of a Plexiglass and sted frame directly from aweighing
balance in an aaylic container filled with water was connected to a water reservoir
leveled to bottom of the core plug This ensured to eliminate evaporation effects. The
core weight measurements were recorded by a personal computer. After the
experiments, the cores were dried in an oven and thin sections were collected from
top, middle and bottom of each core. Color images of the thin sections were captured
using a camcorder connected to a personal computer. Using a servo controlled tray
mechanism [15] multiple images that cover the whole section were acquired from
thesethin sections which then were analyzed using an image processing software at a
magnification level of 40X. Finaly the images were converted to 8-bit grayscale and
binary forms respectively. These images formed a single wide, high resolution image
(between 3200x5040 pixels and 4480x5760 pixels) of the corresponding thin section.
Porosity, pore size distribution, and circularity of the core plugs were then obtained.



Table 1 Permeability and porosity of the limestone core plugs.

Plug 5 9 14

Thin 1 2 3 Helium 1 2 3 Helium 1 2 3 Helium
Section

f, 0.28 | 0.27 | 0.22 022 (023|034 ]| 0.27 023 | 027 | 027 | 0.24 0.27
fraction

ki, md 4.6 0.1 116

RESULTS
The weight gain data collected from imbibition experiments are expressed in terms of
dimensionless time versus recovery plots (Fig. 1) using Eq.1. Repeatability of the
experiments was checked using water as the imbibing fluid in core plug #9. An error
of maximum 0.5% was observed (Fig. 1a). None of the core plugs showed similar
characteristics in the imbibition plot. The differences in permesability of the samples
affect the duration of imbibition Visual observations indicated that the lowest
permeable core plug, #9 contained more non-circular vugs that are probably not
interconnected to each other. An S-shaped imbibition recovery curve was obtianed for
this sample. The highest permeable limestone, #14 on the other hand deviated
enormously from the expected line of curvature showing a possible heterogenity
effect. Image analysis of thin sections revealed tiny hair like vertical fractures
providing pathways for faster imbibition. Less permeable matrix continued to imbibe
and this resulted in a change in the recovery curve observed as a slope change. For the
remaining time sope was again the same. In generd, thin section analysis of both
core plugs showed similar pore characteristics. Seven different pore types were
identified from the image analysis. Approximately 50% of core plug #9 was
dominated by pores sized 10 mand less, which probably served as a fine screen that
resulted in low permeability. Core plug #5 was more concentric around 20 msized
pores, and low on 10 msized ones (Fig. 2).
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Figure 1: Imbibition plots for different core plugs (a) and different imbib ing fluids (b).

The interfacial tension was changed by adding differing amounts of acohol to water
(Fig. 1b). As the interfacial tension was lowered the amount of fluid imbibed has
increased. Thisis expected since addition of alcohol decreases the dersity. There are
several phenomena taking place including changes in capillary forces, buoyancy
forces and the dimensionless time; much better analysis is required. Moreover, the
square root viscosity product in Eg. 1 increases that in turn decreases the
dimensionless time. The addition of alcohol to the limestone core plugs might have
created a partial wetting effect.
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Figure 2 Pore size distribution (left) and circularity (core plug #5) plots (right).

Another interesting aspect of these experiments was the very low trapped gas
saturation. The strong capillary forces and the small pore throat to body aspect ratio
[15] of the carbonates analyzed here suggests much snap-off and trapped gas.
However, for snap-off to occur, pore corners and crevices must fill with wetting liquid
and sufficient liquid for snap-off must accumulate at pore throats before the pore is
filled completely by the advancing imbibition front. It could be speculated that
trapped gas saturation was low because the advancing front fills pores with water
(bulk flow) at least as rapidly as pore corners fill with water (film flow). Indeed,
recent pore-level network modeling of imbibition shows that in the absence of flow in
pore corners the displacement pattern is a flat front with little or no trapping of the
nonwetting phase [16].

In order to relate imbibition rates to pore structure, effective medium approximation
(EMA) that has been previously used to predict the electric, hydraulic conductance
and also permeability was used. For straight cylindrical throats of length y and
circular cross-section of radius r, the hydraulic conductance, g is given by, pr¥8y
[17]. As a criterion to fix effective conductance, Qe it was required that the
incremental pressure changes induced when the individual conductances g; were
replaced by g« in this medium should average to zero. A throat channel with radius r;
in the heterogeneous pore structure was replaced by a throat with radius rg:. The self
consistency condition could be used to obtain rg as the solution of the following
implicit equation:
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where z is the spatial average coordination number that is defined as the average
number of branches meeting at one node in the skeleton Using a generalized reduced
gradient method for finding the zero of a function, Eg. 2 can be solved for the g,
thereby obtaining the characteristic throat radius rgr. Using rg the water adsorption
coefficient, C which is essentialy equivalent to sorptivity parameter in soil physics,
may then be obtained using the following equation [18]:

C=fr {@'2% 3)

wheref is porosity, r isdensity, gisinterfacial tension, mis the viscosity of the fluid,
g is the contact angle, d is the pore shape factor defined as the deviation from
circularity of the cross-section of the haydraulic radius, t is turtuosity which was
assumed to be equal to 3 [18]. The capillary imbibition kinetics shows two parts. a
first part that define water adsorption, and a second part defining the saturation. The




slope of the curve during water adsorption is the water adsorption coefficient C. Since
pore shape plays an important role on imbibition performance, a further improvement
on predicting throat radius was made by dividing the areas by circularity since a
tubular would be less efficient than elongated cross-sections. Finaly, the missing
radius and circularity data was obtained by 3D kriging [19] .

Effective radius and water adsorption coefficient values obtained using Eg. 2 and 3
for different coordination numbers and different thin sections are given in Table 2 and
plotted in Fig. 3 Due to the heterogeneous nature of the core plugs different values
were observed at different parts of the core plugs. When z=2, the effective radius
reaches the lowest value in comparison with mean radius for all core plugs Thisis
due to the fact that g, which has been defined from the throat size distribution and
the spatial average coordination number, is not a real radius of the rock pores but
rather it is a statistical effective radius. Therefore the effective hydraulic radius not
only contains information on the effective pore space but aso the topology of the
fluid flow. On the other hand, when the coordination number is high (i.e. 100) or 8
the effective radius reaches the highest value and the adsorbed water per unit area
increases The calculated water adsorption coefficients for z=6 and z=12 are much
closer to the experimental data then are the z=2 and z=100 values. This implies that
capillary imbibition takes place essentially in more than one dimension and the flow
has a 3D character. In samples with more connectivity between the throats an
increase of coordination number has been observed. Stand aone analyses of the thin
sections also show that different parts of the core plugs show different imbibition
characteristics. This in accord with the heterogeneous nature of the core plugs. When
kriged data is used the results improved significantly. This is expected as kriging
provides a smooth change between low connectivity and high connectivity regions.
The addition of acohol on the other hand clearly reduces the adsorbed water. Asthe
amount of alcohol increases the interfacial tension decreases and the effective pore
throat radius decreases. This effect can be attributed to partial wetting effects.

Conclusions

Gaswater with and without alcohol spontaneous imbibition experiments were
conducted using heterogeneous limestone core plugs. It was observed that the true
residual saturation of gasis very small for cases where water and water with alcohol
imbibed. Thin section analysis of both core plugs showved similar pore characteristics
and seven different pore types were identified. The mathematical model developed
using EMA approach successfully explained the imbibition process in samples where
pores with varying circularity were present but had difficulty in a core plug where
hairline fractures were present. Average number of pore throats meeting at one pore
in the pore skeleton (coordination number) was more thansix showing 3D character
for al cases.

Table2 Water Adsorption Coefficient Comparison
z2\C 51 52 53 91 92 93 14 1 14 2 14 3
2 1.45 07 0.58 159 095 0.73 0.76 0.74 0.63
6 217 1.26 1.11 1.16 22 1.46 1.89 1.63 1.2
12 2.86 1.73 1.51 1.59 3.18 2.04 2.86 2.36 1.63
Z%OO 7.14 4.29 3.08 366 832 5.11 7.66 6.36 393
I f
2 6.93 1.88 2.04 2.23 2.45 2.13 2.52 231 197
6 10.37 3.38 3.85 163 567 4.26 6.26 5.08 3.74
12 13.67 4.65 5.23 223 819 5.95 9.48 7.35 5.09
100 4499 1582 1457 7.05 3097 2081 3841 28.69 16.65



# C (exp) R (mean)

o

{14 55842 17.4 0 ®

5 15326 5.3 x

9 13378 388 o =

{9-%20 07268 21 x -t

9-9%40  0.6029 176 ° e
o

IS

°#14

x #5

= #9 Repeatability
* #9

X #9-%20

+ #9-%40

Adsorbed water/area, kg/m2
N w

[

0 2 4 6 8
Square root time, hrl/2

Figure 3 Experimental water adsorption coefficient plot.
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