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ABSTRACT

A study of imbibition processes in micromode] geometries that mimic a matrix-fracture system was
undertaken. Experiments in glass micromodels and pore network simulation were conducted.

It was observed that, at low capillary number values the wetting fluid preferentially invaded
the matrix. Two critical capillary numbers were identified, one for the start of penetration in
the fracture when the viscosity ratio was much less than one, and another for which the rate of
propagation of the front in the fracture is the same with that in the matrix, when the viscosity
ratio was greater than one. These critical capillary numbers were well matched with the results
of a pore network simulation. ;VVe also developed a simplified theory for both critical numbers.
Free imbibition in fractured system was investigated and compared favorably with pore network

simulation. This process first involves the rapid invasion of the matrix, followed by the subsequent

penetration of the fracture.




1 Introduction

Steam injection is a potentially effective method for the recovery of heavy oil from reservoirs. There
are large accumulation of heavy crude and tar sands subject to steam injection in certain parts of
the world, especially in western Canada, central Venezuela and in California and Utah in U.S.[18].
Steam injection can also be used to recover light crude much more effectively than waterflooding
[18]. Naturally fractured reservoir may contain 25-30% of the world supply of oil [20]). Thus, steam
injection in fractured reservoirs has a high potential importance in oil production.

Unfortunately, the understanding of steam injection in fractured systems is currently based
mostly on phenomenology and typically consists of applying a double porosity formalism to steam
simulators [4] [11] [14]. Most of these simulators use capillary imbibition as a mechanism for the
exchange of fluids between the matrix blocks and the fracture network. Such a purely numerical
approach offers little to further our insight into the process. A reasonable alternative is tobcon-
duct experiments in model geometries that mimic fractured systems. Glass micromodels can be
constructed to mimic there. In this research, steam injection experiments in these models was
conducted. |

Since steam is non-wetting when in the vapor phase, but becomes wetting when condensed,
steam injection involves béth drainage and imbibition mechanisms in addition to the temperature
effects on displacement and phase change. Therefore, to understa,nd its effects the mechanisms
isothermal displacement in fractured systems must first be studied. For this, based on visualization
experiments we developed theories for Both drainage and imbibition. A pore network simulator
was also used to compare the experimental results and confirm the theory. Previously, we reported
results on drainage processes [8]. In this report, we shall present our findings on imbibition. Steam

displacement will reported in future reports.

1.1 Literature Review on Immiscible Displacement in Fractured Systems

Immiscible displacement in disordered porous media [iroceeds by different mechanisms, depend-
ing on the nature and history of the displacement (drainage or imbibition, primary or secondary
process). These mechanisms have been clearly elucidated in recent years, notably by Lenormand

-

who conducted careful experimental studies in micromodel geometries [15]. The local displacement




mechanics are not expected to change when a fracture-matrix system is considered. Thus, primary
displacements will proceed by a frontal advance of the menisci, the conditiohs for which vary de-
pending on whether the process is drainage or imbibition, the latter including the possibility of flow
along the surface roughness. Secondary imbibition will involve in addition film flow, film thickening
and snap-off, resulting at low rates in displacements different than frontal. In a fracture-matrix
system, or in a system containing a streak of high permeability, the presence of fractures (or high
permeability streaks) adds an element of large-scale correlation. These large scale features affect
the composite process and introduce important flow rate effects.

Mattax and Kyte [17] who studied imbibition in fractured water-drive reservoirs, experimented
with a single matrix block and studied the effect of the matrix block size to predict the recovery

behavior for a reservoir matrix block from an imbibition test on a core sample. They introduced

ty = t\/g[“:p] (1)

They also introduced the concept of a “critical rate”, in connection with water advance in fractured-

the following scaling equation -

mratrix reservoirs. This was defined as the rate for which the water advance level in the fracture
is the same to the water level in the matrix. For rates less than the critical, the water level in the
matrix is above that in the fractures. Thus, all the recoverable oil will be displaced from the matrix
block before the water in the fractures reaches the top of the block. Inversely, at rates greater than
the critical, the water level in the fracture moves ahead of the water in the matrix and the matrix
block is completely surrounded by water before imbibition is completed.

Eka and Ershaghi [7] considered gas injection in naturally fractured reservoirs. This process
was simulated using a mathematical model that included both gravity and capillarity forces. They
concluded that recovery of oil from low permeability matrix block can be improved by temporarily
shutting in production wells when the gas-oil ratios are high. Labastie [13] discussed the capil-
lary continuity between the matrix blocks during the gravity drainage in fractured reservoirs. He
showed both experimentally and numerically that the oil recovery by a gravity drainage process
in a naturally fractured reservoir strongly depends on the total height and capillary continuity.
Rossen and Shen [19] proposed pseudo-capillary pressure curves for both the matrix and fracture
to represent gravity drainage mechanism, which they used in a dual porosity simulator.

In theoretical studies on displacements in fractured systems, the main emphasis has been on



deriving some representation of the matrix imbibition rate, either by solving an appropriate initial
boundary value problem or by introducing various simplifying assumptions. For example, Aronofsky
et al. [1] defined a simple exponential relation between recovery and time for a single matrix block
due to water invasion in fractured reservoirs. de Swaan [6] presented a theory in which the matrix
blocks downstream are exposed to a varying water saturation resulting from the water imbibition
upstream blocks. He used as a convolution integral a solution in terms of a known solution with a
unit-step boundary condition proposed by Aronofsky et al. [1].

In the first visualization study in fractured systems, Handy and Datta [10] provided visual
evidence of water imbibing in an artificially-fractured sandstones and in a heterogeneous sand pack.
In the case of fractured sandstone, they observed that the water moves preferentially through the -
fracture, due to the low capillary pressure, while in the heterogeneous sand pack water imbibes into |
the fine sand because of capillary forces stronger than in the coarse sand. As rates increased, the
water was seen to move preferentially through the more permeable regions. Handy [9] proposed
a rate equation for imbibition and discussed the validity of the use of the diffusion equation with
a nonlinear diffusion coefficient as a model for imbibition. Babadagli [2] conducted a series of
forced imbibition experiments in model fractured sandstones, visualized by CT scanning, which
demonstrated that effective relative permeabilities of the composite system (fracture and matrix)
are strong functions of flow rate and the properties of the matrix and fracture, such as matrix

permeability and fracture aperture.

2 Imbibition

Imbibition is among the processes that may be involved in steam displacement in fractured systems.
Imbibition mechanisms in the presence of fractures have not adequately been studied in the past.
Previous work was concentrated on experiments with core or on simulation using a double porosity
simulator. Notably lacking are flow visualization using transparent 2-D micromodels and simulation-
of the matrix-fracture interaction. In this chapter, our objective is to provide a better insight on
the recovery mechanisms in fractured systems during forced and free imbibition (both primary and
secondary). To achieve this goal, pore level and larger scale visualization were first performed in

a glass micromodel of a fracture-like structure, and a parametric experimental study of the effects




of capillary number, mobility ratio, and gravity was undertaken. Next, we developed a simplified
theory to predict the observed mechanisms. Subsequently, a pore network simulation of primary
and secondary imbibition was used in order to compare the experimental results with the numerical

output, and provide more details of the process.

2.1 Experiments

The experimental set-up in this chapter is the same as that for drainage. We used both triangular
and square pattern micromodels. The values of the network and fracture parameters are shown in

Table 1.

Table 1: Micromodel characteristics

Network Square | Triangular
Length 11.2 cm 12.5 cm
Width 5.7 cm 7.5 cm
Number of squares 51x26 75%x45
Ma.ximum bond width | 0.1 cm 0.04 cm

- Minimum bond width | 0.04 cm 0.04 cm
Average bond width 0.07 cm 0.04 cm
Fracture wfdth 0.2 cm 0.2 cm
Fracture depth 0.018cm || 0.01 cm
Network depth 0.009 cm 0.01 cm

Forced experiments were carried out at constant rate by the use of a syringe pump. A video
camera with a close-up kit provided the desired visualization. The front movement were also
recorded under a microscope for clearer visualization. The following four fluid pairs were used in

the experiments:
1. Distilled water-air.

2. Distilled water-kerosene.

3. Distilled water-heav.y mineral oil.




4. Distilled water-Dutrex 2621 (a synthetic oil, product of Shell Company with a measured
viscosity of 10000 cP at 25°C).

In all experiments, kerosene and mineral oil were dyed with Fat Red 7B, and water was dyed
with either Methylene Blue or Fluorescein. We used the measured value of 70 dynes/cm for the

interfacial tension of water-air, and the approximate value of 35 dynes/cm for all water-oil systems.

2.2 Forced Primary Imbibition

Primary imbibition is the displacement of a non-wetting fluid by a wetting fluid in the absence of
prewetting. Systematic primary imbibition experiments were carried out for each fluid pair at four
different capillary numbers (Table 2).

In this set of experiments, we used the micromodel With triangul#r pore pattern, of coordination
number 6. It was found that in experiments with water displacing air, and for a capillary number
2 x 10~% and lower, the water invaded the matrix first. At the pore level, both in the inlet of
the model and in the matrix, two different and simultaneous mechanisms were clearly observed: 1-
‘Water flow along the roughness of the walls (’Figures 1-6); 2- Meniscus movement (Figures 7-9). The
flow of water along the surface roughness causes accumulation of water on the walls (Figures 1 and
2). With sufficient accumulation on one wall only, the radius of curvature of the interface increases,
until it touches the opposite wall pore and the adjacent channel is invaded instantaneously. When
there is sufficient accumulation of water on walls, only the channel ié filled. At capillary numbers
below 2 x 10~8, both mechanisms were at work (Figure 3 and 4), resulting into a rough-shaped front
(Figure 5). However, at capillary numbers above 2 x 10~7, only the first mechanism was operating
and no channel filling was observed; thus, the water invaded the network in a frontal movement
that proceed line-by-line (Figure 6). Both these mechanisms are in agreement with earlier studies
[15]. At the capillary number of 2 x 1075, water invaded the fracture at the same time that invaded
the matrix. In this regime, we observed meniscus movement only during which the viscous forceé
dominate the capillary forces. It follows, therefore, that a critical capillary number exists, where
viscous forces are equal to capillary forces. In such cases, fracture and matrix are invaded at the
same time. In our experiment, this critical capillary number lies between 2 x 10~% and 2 x 10~
for water-air system (Figure 7).

While the water-air experiments showed indeed that the wetting phase preferentially invades the




Table 2: Conditions for forced primary imbibition experiments

Fluid Displacing Fluid | Mobility | Volumetric Capillary

Pair Viscosity (cP) Ratio | Rate (cc/min) | Number
Water-Air 1 0.018 | 0.00052 2x 10-8

“ » “ 0.0052 2% 10~7

« » « 0.052 2x 107
« » « 0.52 2x 10~
Water-Kerosene 1 “ 0.00052 4x 108
“ K 1.50 | 0.0052 4% 107

“ ” “ 0.052 4x 1078

“ ” “ 0.52 4x107°
Water-Mineral oil 1 100 | 0.00052 4%10°8
“ K “ 0.0052 4x1077

“ K “ 0.052 4x 107

“ ” “ 0.52 4x10°°
Water-Dutrex 1 10000 | 0.00052 4.x 1078
“ " « 0.0052 4x1077

“ ” “ 0.052 4% 1078

“ " “ 0.52 4x 1075




matrix block, this was not observed for a water-oil primary imbibition. At a capillary number lower
than 4x 1078, only the fracture was invaded. At higher values of the capillary number, water started
to also invade the matrix similarly to drainage processes. Figures 8 and 9 show water-kerosene and
water-Dutrex at a capillary number of 4 x 106, At these experiments, water moves through the
fracture only. We believe that this is due to the change of wettability in the micromodel. When
the glass is first exposed to it, the micromodel is contaminated with polar compounds existing in
oil [5] These components tend to adsorb on the micromodel roughness and render them oil-wet
and the process turns out to be like drainage. For future work, it is recommended, as a solution
of this problem, to use non-oil fluids such as air-mercury, or to perform imbibition tests using an

oil-wet model.

Figure 1: Primary imbibition (water-air) showing roughness flow.
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Figure 2: Primary imbibition (water-air) Ce = 2 x 1078, showing discontinuous invasion of the

model through roughness flow.

Figure 3: Primary imbibition (water-air) at Ca = 2 x 10~8, showing both pore invasion and channel

filling (snapshot 1).
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Figure 4: Primary imbibition (water-air) at Ca = 2x 1078, showing both pore invasion and channel

filling (snapshot 2).

Figure 5: Primary imbibition (water-air) at Ca = 2 x 10~8 (snapshot 3).
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Figure 6:

Figure 7: Primary imbibition (water-air) at Ca = 2 x 10~%, showing simultaneous invasion of the

fracture and the matrix.




Figure 8: Primary imbibition (water-kerosene) at Ca = 4 x 10~ showing that water moves through

the fracture only.

Figure 9: Close-up of primary imbibition (water-Dutrex) at Ca = 4 x 1078, showing that water

moves through the fracture only.




2.3 Secondary Forced Imbibition

Next, we considered secondary imbibition, in which the wettability was preserved by preventing
any oil contact with the surface of the micromodel because of prewetted conditions. In secondary
imbibition, the model was first saturated with water. Then, the non-wetting phase was injected at
capillary number values greater than 10~% (in excess of the critical value) in order to displace most
of the wetting phase. This regime causes the least amount of trapping although trapped wetting
phase still remains. Obviously, the precise way drainage has taken place substantially affect the
subsequent mechanism of secondary imbibition. This set of experiments pertained to an initial
drainage at relatively high capillary numbers. Here, the resulting residual water films were not
interconnected. This has significant effects on the secondary imbibition. Table 3 shows the various
parameter values used in the different runs.

During the experiments involving the fluid pair water-air, water invades the matrix block fol-
lowing a mechanism different than for the case of primary imbibition. Now, the displacement is
a succession of rapid invasion jumps that occur along the existing water films, left behind at the
conclusion of primary drainage (Figures 10 and 11). This mechanism operates at low capillary
numbers. At higher values, the typical meniscus displacement of the previous process was also
observed.

For the experiments involving the fluid pair water-kerosene, a secondary imbibition mechanism
similar to the water-air system was observed at the capillary number 4 x 10~ (Figures 12 and 13).
Water was found to enter the fracture first. Then, the matrix block was invaded with a chain of
rapid jumps as soon as the injecting water started to communicate with the previous water film
along the roughness of the network. Oil was trapped in the pores, while adjacent channels wére
occupied with water at the conclusion of the snap-off process. At capillary number values lower
than 106 this mechanism was not observed. Rather all water were found to enter the fracture
first, and then pores adjacent to the fracture started to be invaded slowly (Figures 14 and 15). We
attribute this lack of spontaneous imbibition to the lack of connectivity between the residual water
films.

In the experiments with heavy oil, where the mobility ratio was higher than 100, water moves to
the fracture first. However, before water breakthrough in the fracture, it also invaded the matrix.

We will analyze this process later in theory section. The mechanism of displacement both in the

13




Table 3: Conditions for secondary imbibition experiments

Fluid Displacing Fluid | Mobility | Volumetric Capillary
Pair Viscosity (cP) Ratio. Rate (cc/min) | Number
Water-Air - 1 0.018 | 0.00052 2 x 10™8
“ » “ 0.0052 2x 10"
“ ' ” “ 0.052 2x 1078
H « ; » “ 0.52 2x10°°
Water-Kerosene | 1 “ 0.00052 4x10°8
“ ” 1.50 | 0.0052 4x10°7
« | » « 0.052 4 x 10-6
“ ” “ 0.52 4x10°°
Water-Mineral oil | 1 100 | 0.00052 4x1078
« | " “ 0.0052 4% 10”7
« “ 0.052 4x10°®
@ ; » “ 0.52 4x107° “
| Water-Dutrex 2621 | 1 10000 | 0.00052 4%10°8
“ ” “ 0.0052 4x10°7
« . ” “ 0.052 4 x 10-¢
, u “ i “ 0.52 4x10°°

14




pore throat and in the fracture is a slow, uniform meniscus movement. In these experiments, we
observed that if a relatively heavy oil is used for drainage, the water film left behind is apparently
very thin, such that spontaneous imbibition will not take place. However, as it is shown in Figures
(16-19), secondary imbibition is a very slow process. For example, in water displacing heavy mineral
oil, the complete imbibition requires about 100 pore volumes of water injection. Also, as shown in
Figures 17-19, because of the slowness of the process, at lower capillary numbers, we experience a

higher displacement efficiency.

Figure 10: Secondary imbibition (water-air) at Ca = 2 x 1078 (snapshot 1).
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Figure 12: Secondary imbibition (water-kerosene) at Ca =4 x 107" (snap )
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Figure 14: Secondary imbibition (water-kerosene) at Ca = 4 x 1077,
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Figure 16: Secondary imbibition (water-heavy oil) at Ca =4 x 107,
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Figure 18: Secondary imbibition (water-heavy oil) at Ca = 4 x 1076,
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Figure 19: Secbndary imbibition (water-heavy oil) at Ca = 4 x 1075.




2.4 Free Imbibition

Free imbibition was experimented with water-air system. Dyed water was introduced into the clean
and dry micromodel through a plastic tubing connected to a pipette. To prevent any gravity force
resulting from the water column in the pipette at the beginning of the experimént, the plastic tubing
was closed, and the water vertical level in pipette was balanced with the level of the micromodel.
Then, the tubing was opened and water moved into the model. Since the inlet of the model is
connected to the fracture, water movement was stopped at the inlet due to the capillarity of the
fracture (Fig.20). Thus, it was necessary to raise the water level in the pipette by a few millimeters
to provide a small gravity force to overcome the capillary pressure at the inlet and to start invasion
into the network. After invasion started, the pipette was lowered to its original level. Water invaded
the network by capillary forces only. The fracture was also invaded; however, the water front in
the network was always a head of that in the fracture (Figures 21-23).

At the beginning, this test was observed to occur rapidly, but later it becomes a slow displace-
ment. The mechanism is similar to the exponential decay of water saturation versus time proposed
by Aronofsky et al. [1].

Later in this chapter, the numerical simulation of this process will be compared with experi-

mental data.

21




Figure 21: Free imbibition (water-air) (snapshot 2).
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2.5 Gravity Effects

The next set of experiments investigated effects of gravity in water displacing kerosene following two
different geometrical configurations, one with the micromodel tilted at a small angle with respect
to horizontal, and another with the model rotated to the gravity vector (vertical cross-section).
The water was not dyed in this set of experiments. All ekperiments were carried out at a capillary
number of 4 x 1075,

In the first configuration we probed effects of formation dip. Water was injected from the
bottom (updip) or from the top (downdip). For updip injection, a flat and stable displacement
front with small size oil entrapments were observed (Figure 24). In contrast, for downdip injection,
the density difference acted to destabilize the front resulting into an unstable fingering mechanism
with large size oil entrapments (Figure 25). Fingers in the fracture was more developed than in the
matrix.

In the second configuration we examined effects of gravity override. The injected water flowed

downwards towards the bottom of the model. Figure 26 shows the process at steady state.

Figure 24: Updip water injection.
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3 Theory

In the previous section, we experimentally visualized forced primary imbibition with water dis-
placing air (mobility ratio of 0.018). If the capillary number is sufficiently small, all injected fluid
initially flows along the roughness of the walls of the pore network. At higher injection rates, the
wetting fluid flows at the bulk of pore network without any fracture penetration. At higher rates,
the fracture is also invaded, but the front in the network is ahead of that in the fracture. Finally,
when the injection rate is raised above to a critical value, the front of the wetting fluid in the
fracture travels faster than that of the network. For the case of water displacing oil at any capillary
number, both fracture and matrix are invaded provided that the mobility ratio is greater than one.
Therefore, it seems that there exist two critical capillary numbers, one for the start of penetration
in the fracture and another for which the front of the wetting fluid in the fracture is the same to
that in the matrix.

To calculate the first critical capillary number for the start of penetration in the fracture, the

pressure drop at the inlet must be equal to the capillary pressure in the fracture (Fig. 27),

water

'y

L -

Figure 27: Schematic of fluids distribution after fracture penetration.
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P, - F, =z{ (2)
7‘/ : .

where ¢ is interfacial tension and ry is the fracture radius. Application of Darcy’s law for both

wetting and non-wetting phases in the matrix gives

_ qprwly
Py—Pug =3~ | 3)
and
_ qinw(L—1)
Pmuf Pe - kmkrnw . (4)

where ¢ is fluid velocity, u is viscosity, k,, is matrix permeability, k, is relative permeability and
we used subscripts w, nw and f to denote wetting, non-wetting and front. In addition, at the

displacement front in the network, the capillary pressure relationship exists

20 _
erf_Pmuf':"""' . (5)

Tm

where ry, is the average pore radius of matrix. By combining equations (3), (4), (5) and substitution

into the condition for the critical capillary number, P, — P, = '2_—‘;, we obtain
1 1 q (L - h)pnw |, hpw
20(—— —) = — . 6
t‘,.(rm ry km{ krnw + krw ] ( )

If, now, M < 1, pt,, can be neglected compared to p,,, and using the capillary number definition

Ca = £, equation (6) gives the critical value |
Ca*= T2(=~ =) ™
By assumption, ry is much greater than rp,, thus % can be neglected compared to ;‘;, hence

(Cay = 22 ©

The same is true also for the case of arbitary M, but where penetration of the fracture occurs
only after the front has reached the end of the block. Equation (8) suggests that for M < 1, the
fracture penetration depends on the geometric properties of matrix, more permeable and shorter

matrix block causing earlier fracture penetration for the same fluids and injection rate.
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To calculate the critical capillary number for which the displacement front in the matrix is the
same as that in the fracture, the pressure drop in the fracture should be equal to pressure drop in

the matrix. The pressure drop in the matrix is

L ogunu(L=1) 20

— GHw
while the pressure drop in the fracture is
P, _p, = Wl | Gnw(L=1) 20 (10)
| ks ks ry
At the entrance (I = 0) equating the right side of equations (9) and (10) gives
Lapinw 2(;%; - %
P Loy (11)
Fm Ry

By substitution of the capillary number Ca = % and the viscosity ratio M = ‘ﬁ“ into (11) and
making the assumption that ﬁ and ;‘; can be neglected compared to 7:: and ;- respectively, the -
second critical capillary number is obtained

2k,

(Ca)=—0T

(12)

This critical capillary number depends on the geometric properties of matrix and the viscosity
ratio. For capillary number less than the above value, the wetting fluid front in the matrix is ahead
of that in the fracture; inversely, at capillary numbers greater than the critical value, the wetting
fluid moves ahead of the wetting fluid in the matrix. We compared the above critical capillary
number with the Mattax and Kyte [17] experiments, where they carried out a water-drive on a
fracture-matrix system and found the critical rate to be 3" /day. Their experiment was performed
on a 1.9-md sandstone with a porosity of 9.1 percent, viscosity of water 0.9 c¢P, viscosity of oil
2.7 ¢P, and interfacial tension of 35 dynes/cm. The length of the sample was 3 inches. Based on
the above data, the capillary number is calculated to be 2.3 x 10~8. The critical capillary number
from equation (12) using the Katz and Thompson formula [12] for the permeability calculation is
computed to be 0.5 x 1078, Although both numbers are of the same order of magnitude, we should
note that in deriving the theoretical formula, gravity was not considered, while in the Mattax
and Kyte experiment, water was injected at the bottom of the sample. Thus, the actual capillary
number is higher than the theoretical. Comparison of the theoretical expressions with our network

simulation and the micromodel experiments are discussed in the following section.
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4 Simulation

To compare experimental and theoretical results with a numerical simulation, we used two different
pore network simulation for imbibition developed by Xu in Ref. [3]; one for primary imbibition
which does not consider ﬁim flow or snap-off mechanisms, and another for secondary imbibition
which accounts for film flow and snap-off which are two mechanisms that occur in secondary
imbibition. In the absence of film flow, simulation of imbibition is similar to drainage with the
exception that the capillary pressure is calculated based on the pore instead of the bond radius,
and the condition for invading the adjacent bond is p; + pej > pj, where p.;; is the capillary
pressure between adjacent bonds i and j. We recall that the corresponding condition for drainage
is p; > peij + p;- We used both constant flow rate and constant pressure boundary conditions.
With a constant flow rate boundary, we were able to compare the numerical simulation with the
forced primary imbibition experiments. With the constant pressure boundary, free imbibition can
be simula,teci. In simulation of imbibition with film flow, which simulates secondary ‘imbibition,
- Xu in Ref. [3] modified the conditions used by Lenormand et al. [16]. The pressure field is
calculated based on Poiseuille’s law using an SOR method for both the bulk zone and the film
region. According to Lenormand et al. [16], when there is corner flow in non-circular cross-section
channel, an unstable state of interface is reached when the meniscus at the two adjacent corners
join and snap-off occurs. For a recﬁa.ngula.r throat with side z and y, snap-off will happen when
pc = 2,(r = min(z,y)). In our simulation, it is assumed that snap-off develops when the film
covers the circle, in a condition similar to a square shape throat. For pore filling Lenormand et
al. [16] categorized Z — 1 mechanisms for a network with a coordination number Z. For example,
they defined mechanism 71 as that when pore is surrounded by Z — 1 filled bonds, 12 when a pore
is surrounded by Z — 2 filled bonds, etc.. The pore filling conditions for the circular bonds and

spherical pores are as follows:
20

Pnn = Paw — Pw = (13)
Tp
and
0.15 1
PI2 = Prw ~ Pw = 0(— + —) (14)
T Tp

Only one event occurs based on the pressure condition at any time step. If more than one event

can happen, the pore which takes less time, first starts to fill and the time step increment is set
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accordingly. At high flow rates, the rate of fluid injected into the system is more than that by
which films can absorb; therefore, a frontal drive will prevail, similar to drainage. Further details
on the simulator are available in [21].

We first run the simulator to simulate forced imbibition (absence of film flow) with the same
pore structure and flow parameters used in the experiments. The simulations with the results from
the corresponding experiments are shown in Figures 28-30. In this set, we used the square pattern
micromodel in order to compare experiment with network simulations.

Figure 28 shows water displacing air in the micromodel and corresponding simulations for
a capillary number of 1.8 x 10~°. In this experiment, water moves only in the matrix and no
penetration in the fracture is observed (the corresponding capillary number is below the critical
capillary number for the start of penetration in the fracture). The network simulaﬁons of the
experiment show that except for a few pores, the fracture is also not penetrated, and a generally
good match with the experiments is obtained. In Figure 29, the water injection rate is increased
to a capillary number of 5.4 X 10~°. As shown on the left side of Figure 29, the fracture is now
penetrated; however, the water front in the fracture is always behind the water front in the matrix.
The simulation of this experiment, shown on the right side, also indicates fracture penetration as
well. The critical capillary number for the start of invasion in the fracture was calculated to be
1.08 x 1075, From both simulation and experiment, this ‘number must be between 1.8 x 10~% and
5.4 x 10™° which is of the same order of magnitude as the calculated. Figure 30 shows experiment
and corresponding simulation for a capillary number of 5.4 x 10™4. In this experiment, fracture and
matrix were penetrated at the same time showing that the capillary number has exceeded its second
éritical value. Recall that the latter was defined as that dictating competition between the front
in the fracture and that in the matrix, and for our experiment was calculated as 5.4 x 10™%. The
interactions between fracture and matrix in the experiment and the simulation were generally well
matched. The critical capillary number derived is applicable both for experiments and simulations.

Subsequently, we run simulations for secondary imbibition namely by considering film flow and
snap-off mechanisms. Figures 31-34 show the simulation results. In- this set of figures, the left
side shows the beginning of the process, the right side shows the steady state condition reached;
invaded pores are shown with open circles, filled bonds following snap-off events are shown with

dashes. First, we examined the low capillary number 5.4 x 10~8. Film flow and snap-off are the
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Figure 29: Comparison between experimental and numerical results for water-air, Ca = 5.4 x 107°

32




e d XL 8 ¢ Ty
<
et i s
- e e
b i
b 0 )OO
b ) o
..... § '8 008
L&
»
P
rI >
F >
H G
7 50088
)
A )‘3
O
‘ ®
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dominant mechanisms under this condition (Figure 31). The capillary number was next increased
to 1.8 x 107%, and the results are shown in Figure 32. Now, in addition to film flow, we have pore
filling mechanisms as well; however, the fracture is practically not invaded. Then, the simulation
was run at Ca = 5.4 x 107¢ (Figure 33). In this case, the fracture starts to be invaded; however,
at steady state, the full fracture penetration was arrested. This result is comparable to a previous
set (Figure 29) at Ca = 5.4 x 107%, where film flow did not take place. Because of the order of
magnitude difference between the two results, this is supporting the fact that in the experiments a
film flow mechanism did not exist. The final run is at a capillary number of 5.4 x 1075, At these
conditions, pore filling is the dominant mechanism. This is similar to a previous set (Figure 30) at
Ca = 5.4 X 10~%. Comparison between the two indicates that if there is film flow, the start of the
fracture invasion and the competition between displacement fronts in the fracture and the matrix
occur sooner.

In another set of simulations, the imbibition in the water-oil pair was studied. A network of size
60 x 20, with fractures in the side of the model is considered. Here, injection is through the entire
inlet-face. The viscosity ratio is 100, while bond and pore radii of the fracture are five times larger
to those in the matrix. The pore radius is ten times the bond radius.” No film flow is assumed.
The critical capillary number (when the front in the matrix and the fracture are the same) was
0.67 x 10~* (Figure 35). The calculated value from equation (12) is 0.12x 104, which is a relatively
good match despite the simplifications in deriving the formula. Then, the simulator was run for the
same network, but with a bond radius one half of the previous. Now, the resulting critical capillary
number becomes 0.75 x 10~¢ (which is % smaller of the previous). This is expected from Eq.
(12), which shows that the cross section area and the matrix permeability are proportional to the
second power of the bond radius. This indicates that the critical capillary number is proportional to
matrix permeability. We also run the simulator for different lengths and viscosity ratios and found
the critical capillary number to be inversely proportional to the length and viscosity ratio. This
set of simulations confirmed the proposed relationship (Eq. 12) for the critical capillary number.
Finally, the simulator was run for a different mobility ratio. Figure 36 shows the effect of viscosity
ratio on both critical capillary numbers. At mobility ratio values smaller than one, the effect of
the mobility ratio on the first critical capillary number is relatively small (Fig. 36a). At mobility

ratio values higher than one, on the other hand, the slope obtained is close to 1 (Fig .. 36b). This
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Figure 32: Numerical simulation of secondary imbibition (water-air) Ca = 1.6 x '10~6 (left: early

time, right: steady state).
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Figure 33: Numerical simulation of secondary imbibition (water-air) Ca = 5.4 x 107° (left: early
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Figure 34: Numerical simulation of secondary imbibition (water-air) Ca = 5.4 X 10~° (left: early

time, right: steady state).
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Figure 35: Numerical simulation of primary imbibition (water-air) Ca = 0.67 x 1074, M = 100.
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figures actually confirm the inverse proportionality of the first critical capillary number on mobility
ratio, and show that the second capillary number is almost independent of the mobility ratio.
Finally, we simulated water-air free imbibition experiment. Now, the boundary condition was
changed from constant flow rate to constant pressure, and we set both inlet and outlet pressure to
be atmospheric. The primary imbibition simulator was used. Figure 37 shows four snapshots of the
results obtained. Similar to the experiment, water moves into the matrix first and no substantial
trapping is observed. When substantial matrix invasion develops, water starts to invade the fracture
as well. We note that the water saturation versus time curve for this simulation is linear, the
Afbnofsy et al. [1] findings predict an exponential curve. The two, of course, are consistent at early
times. Possible reasons for the discrepancy at later times are the assumption of no film flow and

snap-off mechanisms in this simulation.

5 Conclusions

In this chapter, primary imbibition at the pore level was visualized. Two dominant mechanisms
wére identified are based on instantaneous invasion of a pore and its adjacent throat as the radius
of curvature of meniscus increased, and another based on throat filling, when there is sufficient
accumulation of water on the two walls of a throat. These mechanisms are comparable to the
mechanism J1 and I2 defined by Lenormand et al. [16). It was observed that at low capillary
' numbers the wetting fluid preferentially invaded the matrix. In secondary imbibition, a succession
of rapid invasion jumps (sna.p—dﬁ events) also occurred along the existing water films. However,
water films in displacement of the heavy oil are very thin, resultiﬁg in the lack of spontaneous
imbibition. Free imbibition was also investigated. This process was shown to be a rapid invasion
first of the matrix followed by a subsequeht invasion of the fracture. Gravity effects on forced
imbibition were also experimentally studied. With the use of a simplified theory, two critical
capillary numbers were identified, one for the start of penetration in the fracture, and one for
which the displacement front in the fracture is the same as that in the matrix. Expressions were
developed for the former when the viscosity ratio was less than one, and for the latter when the
viscosity ratio was greater than one. These values were well matched with experimental results

and with results from numerical simulation. Pore network simulations matched the experimental
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Figure 37: Numerical simulation of free imbibition (water-air). Four consecutive snapshots. Ex-

perimental results are shown in Figures 20-- 23.
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results and confirmed the two formulations of the critical capillary number. For M > 1, the critical
capillary number is inversely proportional to the viscosity ratio while for M < 1 the effect of the
viscosity ratio is small. Other than the viscosity ratio, the critical capillary numbers also depend
on the geometric properties of the matrix. These critical capillary numbers allow us to identify
three possible regimes:

1- There is no fracture penetration. In this case, the fractufe actually does not piay any role in
. the displacement process, and only the matrix relative permeability should be considered for the
composite system.

2- The fracture front is ahead of the matrix front. Now, the matrix block will be surrounded
by water and no imbibition occurs in the matrix. Therefore, the matrix relative permeability is of
lesser importance in the composite behavior.

3- Fracture penetration exists and the fracture front is behind the matrix front. In this situation,

a composite relative permeability consisting of both fracture and matrix exists.
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