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Summary

The four chapters that are described in this report cover a variety of subjects that not
only give insight into the understanding of multiphase flow in fractured porous media, but
they provide also major contribution towards the understanding of flow processes with in-
situ phase formation. In the following, 2 summary of all the chapters will be provided.

Chapter I addresses issues related to water injection in water-wet fractured porous
media. There are two parts in this chapter. Part I covers extensive set of measurements for
water injection in water-wet fractured porous media. Both single matrix block and multiple
matrix blocks tests are covered. There are two major findings from these experiments: 1)
co-current imbibition can be more efficient than counter-current imbibition due to lower
residual oil saturation and higher oil mobility, and 2) tight fractured porous media can be
more efficient than a permeable porous media when subjected to water injection. These
findings are directly related to the type of tests one can perform in the laboratory and to
decide on the fate of water injection in fractured reservoirs.

Part II of Chapter I presents modelling of water injection in water-wet fractured
media by modifying the Buckley-Leverett Theory. A major element of the new model is the
multiplication of the transfer flux by the fractured saturation with a power of 2. This
simple model can account for both co-current and counter-current imbibition and
computationally it is very efficient. It can be orders of magnitude faster than a conventional
dual-porosity model. Part II also presents the results of water injection tests in very tight
rocks of some 0.01 md permeability. Oil recovery from water imbibition tests from such at
tight rock can be as high as 25 percent.

Chapter II discusses solution gas-drive for cold production from heavy-oil reservoirs.
The impetus for this work is the study of new gas phase formation from in-situ process
which can be significantly different from that of gas displacement processes. The work is of
experimental nature and clarifies several misconceptions in the literature. Based on
experimental results, it is established that the main reason for high efficiency of solution gas
drive from heavy oil reservoirs 1s due to low gas mobility.

Chapter III presents the concept of the alteration of porous media wettability from
liquid-wetting to intermediate gas-wetting. The idea is novel and has not been introduced in
the petroleum literature before. There are significant implications from such as proposal.
The most direct application of intermediate gas wetting is wettability alteration around the
wellbore. Such an alteration can significantly improve well deliverability in gas condensate
reservoirs where gas well deliverability decreases below dewpoint pressure. Part I of Chapter
III studies the effect of gravity, viscous forces, interfacial tension, and wettability on the
critical condensate saturation and relative permeability of gas condensate systems. A simple
phenomenological network model is used for this study. The theoretical results reveal that
wettability significantly affects both the critical gas saturation and gas relative permeability.
Gas relative permeability may increase ten times as contact angle is altered from 0° (strongly
liquid wet) to 85° (intermediate gas-wetting). The results from the theoretical study
motivated the experimental investigation described in Part II. In Part IT we demonstrate
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that the wettability of porous media can be altered from liquid-wetting to gas-wetting, This

part describes our attempt to find appropriate chemicals for wettability alteration of various
substrates including rock matrix.

Chapter IV prowdes 2 comprehensive treatment of molecular, pressure, and thermal
diffusion and convection in porous media. Basic theoretical analysis is presented usmg
irreversible thermodynamics. The developments presented in Part T are used to estimate
thermal diffusion factors and to calculate compositional vatiation in hydrocarbon reservoirs,
both fractured and unfractured media. The ultimate goal is to characterize fractured
reservoirs through analysis of PVT data.

Part II uses the concepts presented in Part I to estimate thermal diffusion factors —a
key parameter for the calculation of compositional vatiation in hydrocarbon reservoirs. For
the first time, we present a model for the estimation of thermal diffusion coefficients in 2

ternary and higher component mixtures. We were pleasantly surprised that the estimated
coefficients describe measured data well. -

Part IIT presents features of convection and diffusion in porous media for a bmary
mixture. It is interesting to note that permeability affects the composition variation in
different ways.

Part IV studies the compositional variation in a rectangula.r two-dimensional (x,9)
fractured porous medium. The wotk examines the effects of various fracture parameters:
fracture permeability, fracture aperture, fracture intensity, and connectivity. Numerical
results show that due to high fracture permeability, 2 pronounced convection motion within
the fracture network takes place. As a result, composition in the entire media can be very
uniform above a certain permeability.

Part V is the study of compositional vatiation in porous media for 2 multicomponent
mixture. Both bma.ry and multcomponent mixtures are considered. The results include
compositional variation calculation in a field in Colombia which is in good agreement with

"data. Various cross effects are rigorously accounted for in our multicomponent study.
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Chapter I — Water Injection in Fractured Porous
Media

Part I — Experimental Study of Water
Injection in Water-Wet Fractured Porous Media

MEHRAN POOLADI-DARVISH AND ABBAS FIROOZABADI

Summary

For predicting the performance of water injection in naturally fractured reservoirs, scale-up of the recovery data from immersing an
otl-satnurated core into water is commonly used. Ol recovery from some of the naturally fractured reservoirs of the North Sea has
been better than what is predicted using the immersion laboratory experiments. In the field, the matrix blocks do not become
surrounded by water at once; they experience an advancing fracture-water level (FWL).

In this paper, the results of experiments of water injection in fractured porous media comprising a number of water-wet matrix
blocks are reported for the first time. The blocks experienced an advancing fracture-water level (FWL). Immersion-type
experiments were performed jfor comparison; the dominant recovery mechanism changed from co-current to counter-current
imbibition when the boundary conditions changed from advancing FWL to immersion-type. We performed single block
excperiments of co-current and connter-current imbibition and found that co-current imbibition leads to more efficient recovery.

Kansas chalk and Berea sandstone were investigated. A column of three blocks of Berea sandstone (¢ =0.22, k=0.62 pnf,
pore volume (PV)=8800x10° #’) and a stack of 12 blocks (4 rows and 3 columns) of an outcrap Kansas chalk (¢ =0.30,

£=0.002-0.005 pnf, PV'=13,900x10° n’) were used. Breakthrough recoveries were 0.2-0.4 for the Berea and 0.2-0.6 of
PV for the chalk experiments. Corresponding nltimate recoveries were around 0.5 and 0.65 of PV} oil recovery from low
permeability chalk was better than that of high permeability Berea. Fracture apertures in all the above experiments were in the
range of 150-200 L.

An approximate mathematical model was develgped for counter-current imbibition. It was found that the late-time matrix-
Jracture trangfer function simplifies to an exponential function. Hence, the physical significance of the empirical transfer function
of Arongfiky et al. was demonstrated. The exponential transfer function was incorporated in a model, which was used to match
the water injection experiments performed on a stack of very low permeability Austin chalk (¢ =0.05, £=0.00001-0.00005

Unt', PV'=287x10° n’). These experiments were dominated by connter-current imbibition.

Introduction

Water injection is known as an important method for oil recovery from some fractured reservoirs. In water-
wet fractured reservoirs, the capillary pressure contrast between the fracture and the matrix media provides
the main driving force for water imbibition, which can be an efficient recovery mechanism'. Field
application of water injection in fractured reservoirs has been implemented since the early fifties”. Many
issues, however, remain unresolved in the understanding of this process. Since the eatly studies, it was
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understood that recovery behaviour from a block totally covered by water is different than the same block in
contact with water from some faces and with oil from other faces®. However, the majority of studies have
centred on immersion-type boundary conditions’. Intuitively, if a block is surrounded by water, oil is forced
to flow in the opposite direction of water flow, hence by counter-current imbibition. If the block is partially
covered by water, water is imbibed into the rock and oil can flow downstream of the water-front and
through the faces which are in contact with oil. In the latter case, water and oil might flow in the same
direction and the process is called co-current imbibition. Experimental” and modelling studies® have
indicated that boundary conditions other than immersion change the dominant flow mechanism from
counter-current to co-current imbibition, and that the latter mechanism can be more efficient than the
former. In a detailed experimental study, Bourbiaux and Kalaydjian® reported that the half recovery time for
co-current imbibition was 7.1 hr., and that for counter-current imbibition was 22.2 hr. for one set of
experiments. In the modelling studies of Pooladi-Darvish and Firoozabadi® it was found that recovery by co-
current imbibition was 4 to 8 times faster than that by counter-current imbibition.

In a fractured reservoir subjected to water injection, the fracture network does not become flooded at once —
the fracture-water level has an advancing behaviour. Some of the early studies have examined the recovery
performance of 2 matrix block under advancing fracture-water level””. Differences were observed between
tising water level and immersion experiments. These studies do not use a stack of blocks. Despite the
differences observed between behaviour of the imbibition process with advancing fracture-water level (FWL)
and those with immersion boundary conditions, recent studies have focused on the latter process. We are
unaware of any experimental study of water imbibition in a stack of matrix blocks with advancing FWL.

In this work, the results of water injection in an aggregate of matrix blocks are reported. Berea sandstone and
Kansas chalk outcrops were used. In these laboratory experiments, the fracture-water level is advancing and
the matrix blocks experience the two types of boundary conditions mentioned earlier, i.e., partially covered
and immersion type. By increasing the injection rate, the velocity of the FWL is increased and the effect of
changing the contribution of each boundary condition is examined. Immersion-type tests are performed and
the results are compared with advancing FWL experiments.

The paper is presented along the following sequence. The experimental apparatus and procedute are first
described. Experimental results and their interpretation follow. Development of a mathematical model for
counter-current imbibition is then presented, and a set of experimental data dominated by this process is
modelled. A physical and mathematical basis for the empirical model of Aronofsky ¢ 2", i.e. exponential
transfer function is also presented. _

Apparatus

Figure 1 shows the schematic diagram of the apparatus. The central part is the visual core-holder that
houses the matrix blocks. Its body is made of 12-mm thick clear polycarbonate sheet that is pushed against
the rocks using an external frame. The rocks and the polycarbonate sheets are sandwiched between two 25-
mm thick aluminium caps. The inlet and cutlet, as well as vacuum and fluid charge fittings are mounted on
the two caps. The application of clear polycarbonate sheets permits measurement of fracture-water level
data, and identification of the active imbibition mechanisms, discussed later.

In addition to the multi-block apparatus, which was used for advancing FWL experiments, two single-block

apparatuses were built to study the differences between immersion-type boundary condition and advancing
FWL. The roughness of the rock surface created 2 small gap of 150-200 [m between the rock surface and
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the body of core-holder and/or another rock surface that it came in contact with. These gaps act as
fractures. Hence, the column of Berea sandstones had four vertical and four horizontal fractures, and the
multi-block chalk column had six vertical and five horizontal fractures. For the immersion tests, spacers
were used to allow a larger fracture width and to assure complete coverage of the matrix block by water (see
Figure 1b).

A unique feature of the apparatus used in our advancing FWL experiments was small fracture width; the
fracture PV was around 0.5% of the total fracture and matrix PV. The importance of small fracture volume
can be understood by realising that under a constant rate of water injection, the rate of FWL advance is
determined by the rate of water imbibition inside the matrix. The smaller the fracture width the more
pronounced the change in FWL, when the imbibition rate in the matrix changes. In our experiments,
measurement of the FWL provides the rate of water imbibition in the matrix block. This was not possible in
the previous studies,”® where fracture width was very large.

Rock and Fluid Data

Three matrix-fracture assemblies were made, one comprising three blocks of Berea sandstone, another
twelve blocks of Kansas chalk, and the other a single block of Kansas chalk. The Kansas chalk blocks are
from the Upper Cretaceous Niobrara Formation, northern Ellis County, west-central Kansas. The chalk
sample is white and appears homogeneous, lacking evidence of stratification. Analysis of the samples
indicate 99% calcite and 1% quartz, which resembles that of “clean” North Sea chalks, which lacks significant
chert and clay minerals. Kansas chalk shows close similarities with reservoir chalk from some of the North
Sea reservoirs with regards to capillary pressure behaviour. The main difference between the two rock-types
is that the Kansas chalk does not show evidence of tectonic structures such as fractures.

Figure 2 shows the rock assemblies and the dimensions of the blocks. The permeability and porosity of the
Berea sandstone blocks were approximately 0.620 um?® and 22 percent'. The chalk permeability is in the
0.002-0.005 pm?® range with porosity close to 30 percent.

In order to estimate the properties of vertical fractures, the total permeability of the fracture-matrix media
was calculated by measuring the single-phase flow rate of normal decane (nC,o) under gravity force. The
fracture permeability and aperture were calculated knowing the matrix and total system permeability. All
fractures were assumed to be of equal aperture, and the cubic law was assumed valid'?. Fracture apertures
were in the range of 150-200 Wm.

The total volume of the horizontal and vertical fractures including the dead volumes was estimated after each
test by measuring the volume of liquid drained from the system during a short period of time. Table 1 gives
the rock and fracture data.

Deareated solution of 1 w% NaCl in distilled water and normal decane were the aqueous and oleic phases,
respectively. In this paper, the term water is used to refer to the brine solution.




.Test Procedure

We first removed the in-situ fluid and the adsorbed material on the pore surface by exerting 2 high vacuum
for one to two weeks. The matrix-fracture system was then saturated with normal decane, and a period of
two days was allowed for saturation at atmospheric pressure. The volume of nC,, was recorded for pore
volume measurement. In the advancing FWL experiments, gravity driven single-phase flow of nC,, was
performed for permeability measurement.

Each test started by injection of the brine solution using a constant flow rate pump, and the mass of the
produced oil was measured and was continuously recorded. The outlet valve was at the same level as the top
of the blocks'and was opened to the atmosphere. In our tests, the compressibility effect is negligible and the
oil production rate before breakthrough is equal to the injection rate. Before water breakthrough, the data of
primary importance are the fracture-water levels. A fine interface curvature was detected at the water-oil
contact in the four edge fractures, which was recorded as the fracture-water level.

As the test progressed, the FWL rose to the top of the column. Breakthrough was detected when water
appeared in the outlet tubing at the top of the column. The produced fluid was then directed to a separator
and the water-oil interface in the separator was recorded by a video camera. Brine injection was continued
until production rate dropped to very low values. The injection was then stopped, and was started after 2
period of 24 to 48 hrs, to measure the oil produced, if any. The collected data were FWL before
breakthrough and oil production data at all times.

For the immersion-type tests, spacers were used to increase the fracture aperture to about 0.01 m, ensuring
complete coverage of the block by water. After complete saturation of the matrix-fracture system with nC,
water was flowed through the system, and the oil in the fracture was displaced upward. Water flow was
continued untl all the oil around the block was displaced and the water-oil interface rose to the top of 2
graduated cylinder -which was connected to the top of the core-holder using an acrylic pipe with large
diameter (see Figure 1b). At this time water flow was stopped. The total time required for displacing the oil
in the fractures by water was approximately four minutes. As soon as water came in contact with the block,
the imbibition process became active. However, almost all of the oil that was expelled during this early time
remained attached to the rock surface. The total volume of oil separated from the rock before oil
production rate could be measured, is estimated to be less than 0.1% of matrix pore volume and is neglected.

Oil production was measured by monitoring the oil-water interface in the graduated cylinder. The large
diameter of the connecting pipe permitted free flow of produced oil blobs from the top of the core-holder
into the graduated cylinder. At the end of the test when oil production rate had reduced to nearly zero, air
was flowed through the fracture spacing to remove the oil blobs remaining on the surface of the block.

Scoine of Experimental Study

The objective of the experimental study is the examination of the effectiveness of oil recovery by water
injection in water-wet fractured porous media. A stack of multiple blocks with small fracture width is used to

represent realistic conditions. Berea sandstone (4 = 0.620 pm®) and a Kansas chalk (& = 0.002-0.005 pm®)
are employed. Water injection rate is changed from one run to the next. When the injection rate increases,
the FWL rises faster. This in turn creates a latger surface area between the matrix and the water in the
fracture, and the rate of matrix oil production increases. As injection rate is increased further, there will be
little time for imbibition before the blocks are covered by water. After blocks are covered, oil production is
through the two-phase region by counter-current imbibition. In our tests, this is confirmed by visual
observation. An infinitely high injection rate is equivalent to immersing 2 block in water. Immersion



experiments are performed on the single block set-up. In one test, by tilting the column of twelve chalk
blocks to an angle of 60 degrees from the vertical axis, the gravity effects were evaluated.

In the following, first the test results performed on Berea are presented. Then, the single-block and multi-
block chalk tests follow.

Experimental Result and Analysis

a- Berea Experiments (3 Blocks)

Test 1 ~ Injection rate = 190x10° m’/hr (0.022 PV/hr) A low flow rate was chosen for the first test.
Upon injection, oil production started from the top of the column, and water started to rise in the fractures.
The rate of FWL rise was high for about half of the height of the first block. Once enough exchange area
between the matrix and the water in the fracture was established, the rate of FWL advance declined. Figure
3 shows the FWL for Test 1 (as well as Tests 2 to 4). The horizontal lines show the location of the
horizontal fractures. The data for each test include multiple readings from different fractures around the
column. Figure 3 indicates that the FWL along the four edges of the column are nearly the same. Careful
study of PFigure 3 suggests that the velocity of FWL seems to increase after the level passes a horizontal
fracture. (For example, see the change in the slope at 1.215 m.) When this happens and water covers the
lower block, water will be imbibed into the rock from all the faces and o1l is produced through the two-phase
region by counter-current imbibition. At an earlier time some of the boundaries of the block are in contact
with the oil, and the oil production can be through the single-phase region, by co-current imbibition. One
explanation for the increase of the rate of FWL rise after it passes a horizontal fracture is that oil production
by counter-current imbibition is slower than that by co-current imbibition, leaving more water to rise in the
fracture. This is in line with the modelling studies of Pooladi-Darvish and Firoozabadi®.

Water breakthrough in Test 1 occurred at about 0.38 PV water injected at t = 17.5 hrs, corresponding to an

average velocity of FWL 2.5 m/day. Figure 4 shows the recovery data of Tests 1 to 4. Ultimate recovery
after 66 hours was about 50%.

Test 2 and 4 — Injection rate = 380x10° m’®/hr (0.043 PV/hr) Tests 2 and 4 were duplicates and were
performed at the same injection rate. Figures 3 and 4 indicate that the two tests are in agreement.

At this flow rate, as the FWL was rising, small blobs of oil, comparable to the grain size, could be observed
below the FWL on the rock surface. This oil flowed opposite to the direction of water flow into the matrix.
_ Visual observation indicated that the contribution of this amount of oil to the total production was
negligible.

Figure 3 shows that similar to Test 1, a fast rise was followed by a slower period; although in Tests 2 (and 4)
the injection rate was double of that in Test 1, little difference between the recovery behaviour vs. PV
injected was observed (see Figure 3, also Figure 4). Recovery at breakthrough was roughly the same for the
three tests while FWL velocity doubles from Test 1 to Tests 2 (and 4). For the injection range of 190x10° -
380x10° m®/hr, the imbibition rate is high and the performance is not sensitive to the injection rate. Note
that about 20% of the recoverable oil for both injection rates is recovered after water breakthrough. Hence,
these two tests are performed above the critical rate of Kleppe and Morse®. The recovery performance is

not, however, adversely affected by increasing the injection rate from 190x10° to 380x10° m®/hr.
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Test 3 — Injection rate = 840xX10™° m®/hr (0.095 PV/hr) The high injection rate resulted in a high velocity
of the fracture-water level, and little time for oil production from the blocks before they were immersed in
water. Extensive flow of discontinuous oil blobs was observed below the FWL. This was significant before
breakthrough and remained active afterward. Oil recovery at breakthrough is only half of the other runs. It
is interesting to note that even at a high velocity of FWL of about 22 m/day imbibition is very efficient, and
oil recovery at 1 PV injection is 45%. The high recovery is believed to be related to blocks with 2 small
width. The recovery at the end of all the tests was around 0.5 of PV (see Figure 4).

b- Chalk Experiments (Single Block) ' .

A single block of Kansas chalk was placed in a visual core-holder. The block was surrounded by top,
bottom, and four side-fractures. Five tests were performed. In three of the tests the injection rate was
varied and the last two tests were immersion experiments. The same core was used for all the tests, but the
core-holder for the immersion tests had a much larger fracture width. The results are presented next.

Test 5 — Injection rate = 22x10° m®/hr (0.021 PV/hr) In the first test on the single chalk block, water
was injected at a low rate of 22X10° m®/hr. Figure 5 shows the plot of oil recovery vs. PV of injected water.
Before breakthrough, nC,, production and water injection rates are the same. Oil recovery at breakthrough
is 60 percent. Very little oil was produced after water breakthrough.

Figure 6 depicts the FWL in the vertical fractures between the chalk blocks and the polycarbonate sheets. As
the figure shows, the FWL moves faster initially in two of the fractures. For PV of injected water > 0.15, the

FWL in all four fractures advances with the same speed. FWL reaches the top at PV = 0.6 at an average
velocity of 0.24 m/day, and afterwards only water is produced. Before breakthrough, except in the
beginning of the test, water was observed to be moving on the surface of the matrix about 0.005 m (0.5 cm)
above of the FWL. Before and after breakthrough, we did not observe any oil production below the FWL.
Both observations imply that the imbibition is co-current.

Test 6 — Injection Rate = 140x10° m*/hr (0.13 PV/hr) In Test 6, the rate of injection was increased to
140X10° m®/hr, which resulted in an average FWL velocity of 2.4 m/day. Figure 5 depicts the recovery data;
breakthrough occurred at 0.39 PV injection. Oil production rate decreased continuously after breakthrough
and recovery at 1 PV injection was close to 60 percent. The FWL data are shown in Figure 6, which shows
that similar to the previous tests, FWL moves fast initially and rises slowly afterwards.

In this test, while the FWL was rising, very small droplets of oil were visible forming on the matrix surface,
and then flowing towards the water-oil contact in the fracture.

Test 7 — Injection Rate = 276x10”° m*/hr (0.26 PV/hr) The injection rate in this test was set at twice the
rate in Test 6, which roughly quartopled the average rate of FWL. Figure 5 shows the recovery data. The
breakthrough occurred at 0.20 PV injection. Oil production rate decreased continuously after breakthrough.

The ultimate recovery is 60 percent — very similar to the previous two tests. Recovery is over 50% at 1 PV
injection.

Figure 6 shows the FWL vs. PV injected. Initially the FWL moves very fast; the level moves to 0.15 m
height at 0.04 PV injection. The FWL then moves at a lower speed. At this high injection rate, very small
droplets of oil were visible, forming on the rock surface. We also observed oil production in the form of
small droplets underneath the block flowing to the FWL. When the injection rate is increased the FWL rises
fast and water covers a large portion of the block surface before much of the oil is produced. As time




passes, water-front moves inward and displaces the oil. When the level is already high in the fracture, before
being able to displace the oil in the inner-lower parts of the block, the capillary pressure driving force may
not be enough to push the oil to be produced above the FWL. In turm, oil may be produced below the FWL
in the opposite direction of water flow. This explains why in all of our tests with increased injection rate,
more oil was produced below the FWL. Detailed discussion and modelling of this phenomenon is given
elsewhere®.

Tests 8 and 9 — Immersed Block In these duplicate tests, the block was immersed in water in a short time.
Water was imbibed into the rock and oil was expelled from all the surfaces. Oil blobs formed and grew on
the rock surface. The process was very similar to sweating. Once the blobs were large enough they detached
from the surface and moved towards the oil-water contact. Figure 7 shows the oil recovery vs. time for
Tests 6 to 9. The initial rate of imbibition for the immersion tests is very high. This is due to the large
contact area between the block and the fracture water. Later on, however, the production rates for Tests 8
and 9 is much slower than those of Tests 6 and 7 (see Figure 7). Immersion leads to counter-current
imbibition, whereas oil production under rising FWL is dominated by co-current imbibition. The low
producuon rate by counter-current imbibition as evidenced by Figure 7 is an experimental verification of our
previous modelling study®, and is in line with experimental data of Bourbiaux and Kalaydjian®.

Note that if the data of Test 5 were plotted in Figure 7, they would fall below the recovery data of the other
tests; always a low enough injection rate can be chosen such that the oil recovery rate from co-current
imbibition is less than counter-current imbibition. Of course, such an injection rate will not be operationally
attractive.

c- Chalk Experiments (12-Blocks)

We conducted five tests on a stack of 12 matrix blocks, which were placed in four rows and three columns
(see Figure 2 and Table 1). The blocks were the same size and type as that in single-block tests. In the first
four tests the column was vertical and water was injected from the bottom. Water injection rate was varied
by more than one orer of magnitude from 0.011 to 0.16 PV/hr. In the last test, water was injected at the
high rate of 0.16 PV/hr and the column was at 60 degrees angle from the vertical axis. In the following,
Tests 10 to 13 are presented collectively, and then Test 14 is discussed.

Tests 10 — 13 — Injection rates 151x10™° — 2200x10™° m*/hr (0.011 — 0.16 PV/hr) Test 10 was performed at
a low injection rate of 151x10° m®/hr. The advance of FWL was very uniform in all the fractures at a
velocity of 0.49 m/day as depicted in Figure 8. Before breakthrough, the rock surface was wet 0.005 to 0.025
m (0.5 — 2.5 c¢m) above the FWL. The oil displaced by water is produced above the water level in the
fracture, i.e., by co-current imbibition. Furthermore, it was observed that the distance between the FWL and
the water-front on the block surface reduced to about zero, when the water level approached the top of each
block. In other words, flow of water from one block to the one above the horizontal fractures was limited
during the time available.

At this low injection rate, the blocks had enough time for imbibition and after FWL reached the top of the
block at about 64% recovery (matrix recovery = 60%), there was no more oil production (see Figure 9).

For Test 11 the injection rate was increased to 445x10° m®/hr, which resulted in an average FWL velocity of
1.5 m/day. Similar to what was observed in Tests 1 and 2, increasing the injection rate had little effect on
the recovery behaviour in the range of 15110~ 2200x10"° m*/hr.
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In the stacked blocks, there are three blocks in each row; each block will see one third of the total injection

rate, in average. This is nearly equal to the condition of Test 6 on the single block (Injection rate = 150%10™
m’/hr) which resulted in about 40% oil recovery at breakthrough.

Figure 8 indicates that FWL reached the top of the first row of blocks at about 0.12 of total PV injection.
Accounting for the dead volume at the inlet, and the fracture volume, matrix recovery at this time is about
40%, equal to that of Test 6. Figures 8 and 9 indicate that by the time of water breakthrough at the top of
the column, oil recovery is 0.63 (average matrix recovery of 0.6). This indicates that before water
breakthrough, oil recovery behind the FWL increases with injected pore volume. It is interesting to note
that this behaviour is different than what is experienced in the Buckley-Leverett solution of oil displacement
in 2 homogeneous medium, where average water saturation behind the front is independent of injection
time. In water injection in fractured porous media, however, the rock left behind the FWL may continue to
imbibe water and to enhance recovery. This of course does not happen if the water injection rate has been
slow enough that ultimate recovery is achieved as the FWL advances (Test 10).

In Test 11, some oil flow in the form of droplets patched between the rock surface and the body of the
core-holder below the FWL was observed. Contribution of this oil to the total produced oil was very small.
Oil production after breakthrough was less than 2% of total recovery.

In Tests 12 and 13, the water injection rate was increased to 1114x10° and 2200%10" m*/hr (0.08 and 0.16
PV/hr), respectively. Figure 8 shows the FWL advanced fast initially and slowed down subsequently. Figure
9 indicates that breakthrough recovery for Tests 13 and 14 was 0.55 and 0.45 at average FWL velocity of 4.4
m/day and 11 mm/day, respectively. Ultimate recovery for all the tests at 1.5 PV injected and beyond was
around 0.64. '

Test 14 — Injection rate = 2200x10° m’/hr, tilted In Test 14 the stacked-block system was tilted 60
degrees from the vertical axis; the effect of the gravity was reduced by half. The tilt was such that one of the
edges of the column was closest to the ground, two of the edges were at the same height from the ground
and the last edge was at the highest point. The outlet at the top of the column was close to the highest edge
such that the volume of the rock at the very top corner of the column, which was not contacted by water at
the end of the test, was very small. The water injection rate in this test was equal to that of Test 13. Figure 8
shows very similar recovery behaviour between Tests 13 and 14. Breakthrough recovery was 0.43
(breakthrough recovery of Test 13 was 0.44).

Figure 10 depicts the FWL of Tests 13 and 14. For Test 14, the distance of oil-water contact in four edges
from the base is plotted. The behaviour of FWL in the middle edges is very similar to that of Test 13. FWL
in the lower edge showed a faster advance and that in the high edge showed a slower advance. The recovery
and the FWL data cleatly indicate that gravity effects are not important.’ '

Summary of Experimental Results

The experimental results reveal that oil recovery By water injection in the Berea and chalk tests reported in
this paper was governed by very efficient capillary-dominated flow, and the effects of gravity and viscous
forces during the course of the tests were minimal. The negligible effect of viscous forces can be

demonstrated by calculating the pressure drop across the blocks knowing the permeability of the vertical
fractures and the velocity of the FWL.
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The tests showed that depending on the injection rate, both mechanisms of co-current and counter-current
imbibition could be active. However before a block is fully covered by water, the dominant recovery
mechanism is co-current imbibition. As the injection rate increases, the rate of matrix oil recovery increases
due to increased contact area between the matrix and the water in the fracture. With further increase in
injection rate, water breakthrough occurs earlier, and the portion of oil to be recovered by counter-current
imbibition increases. Tests 8 and 9 showed that when injection rate approaches infinity, (immersion case) oil
recovery is dominated by counter-current imbibition and this is slower than oil recovery from Tests 6 and 7
which are dominated by co-current imbibition. The fact that Tests 6 and 7, in which contact area between
the rock and the water was less than (or equal to) the contact area of Tests 8 and 9, resulted in a more
efficient recovery, suggests that for equal area of water contact, co-current imbibition is more efficient than
counter-current imbibition, provided everything else is the same. Another interesting feature of the tests is
the high recovery efficiency of low permeability chalk compared with the high permeability Berea sandstone.
This is believed to be due to high imbibition capillary pressure of the outcrop chalk. The results of the tests
also show that in contrast with the Buckley-Leverett displacement in homogeneous porous media, where oil
recovery behind the front is independent of the injected PV, in fractured porous media, oil recovery behind
the front increases with the injected PV.

Mathematical Modelling

Recently, Terez and Firoozabadi® presented 2 mathematical model that was based on an extension of the
Buckley-Leverret solution for two-phase flow in fractured porous media. A source term was incorporated in
the model to account for fluid transfer between the matrix and the fracture. Based on the experimental
results presented in this paper and fine grid simulation, the authors included two transfer functions to
account for co-cutrent and counter-current imbibition. The transfer terms were in the form of exponential
function. The solution was based on the method of characteristics, and the model solved for fracture water
saturation.

In the following, the physical significance of the exponential transfer function is demonstrated in terms of
late-time solution of the counter-cutrent imbibition. The function is then incorporated in a simple
mathematical model to calculate the fracture-water level and the imbibition rate. The model is then used to
match 2 set of experimental data of water injection in fractured porous media, which were dominated by
counter-current imbibition.

Formulation and Approximate Solution
Counter-current imbibition can be described by 2 nonlinear diffusion equation®, given in Appendix A. The
Heat Integral Method (HIM)™ is used to find an approximate solution for saturation (see Equations A-10 to

A-12) The solution is obtained for a constant diffusion coefficient, i.e. the diffusion equation was assumed
linear. Later, it is shown that the results for the linear problem may apply for the nonlinear problem.

Using the saturation profiles of Equations A-10 to A-12, one can calculate water imbibition rate,
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3 1

2o ey = %p tp < 24 @

DoV =70 4 ot 2l ®
where,

‘ %o _ 1 2:0)

=5, o™ GiD-5, —50 3)

In the above equations, ¢p and #, are dimensionless production rate and dimensionless time, respectively.
Patameters-4,, A,, Ap, and Ap, are defined in appendix A.

The éarly-time production rate in the above finite system is similar to that in 2 semi-infinite medium. The
difference between the exact solution for the semi-infinite problem for all times, 1/./m, , and Equation 1 is
8.3%. Using Equations 1 and 2 the dimensionless cumulative volume of water imbibed can be calculated as,

’St 1 .
(0)) (tD)early = 2D Ip=s g (4)
A rnty _ A2 st 1
Q Co)ime = . Sl A )
™ Ao Z ®
where,
_ > - o
00(e= | o0 =5 ©

The definition of @, is the same as recovery with respectl to total recoverable oil in place, R(#,). By writing
the RH.S. of Equation 4 in conventional units one obtains,

3D ¢t I?
R(E = |—— t<—— . , (7)
©cary 2 12 \ 24D

Equation 7 implies that recovery during the early-time is proportional to the square root of time, and is
inversely proportional to the length. .In other words, the time corresponding to a specific recovery is

proportional to the square of the length, which is in line with the results from the previous scaling
studies.'****

At the beginning of the late-time regime the ratio of the first exponential function to the second exponential
term in the RHLS. of Equation 5 is only 1/20, and decreases very rap1d1y with time. Upon neglectlng the
first exponential function one obtains, :

A, 1
R{p)iare -I—Ee ~roro 21 @
where for a linear problem .4, and Ap, are constant and do not depend on the length of the system.
Equation 8 has the same form as’ Aronofsky e @/’s' exponential function. One can readily show from
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Equation 8 and definition of #; that, similar to the early-time behaviour, the time corresponding to a specific
recovery is proportional to square of the length.

Figure 11 shows a comparison between the exact and the HIM solutions of the linear diffusion problem.
Recoveries based on the one-term and two-term exponential functions, Equations 5 and 8, are shown.
Figure 11 indicates that the HIM solution is in agreement with the exact solution, and that the one-term
exponential function is 2 good approximate solution.

Equations A-10 to A-12 were obtained for a constant diffusion coefficient. When the HIM is used to solve
the nonlinear problem, a similar solution can be obtained, where parameters A4,, A, Ap,, Ap, are a function
of the shape of the diffusion coefficient with respect to saturation. Of course, the solutions are approximate
and account, only partially, for saturation dependency of the diffusion coefficient. However, if we do not
derive the solution but assume that the form of the solutions does not change, the following hold for the
nonlinear case.

1. The plot of recovery vs. ¥¢/L? during the ealy-time is a straight line, passing through the origin (see
Equation 7).

2. The recovery at which the data deviate from straight line is independent of length.

3. The plot of (1- R(#)) at the late-time vs, #/L? on 2 semi-log scale is 2 straight line with a negative slope,
which will not necessarily pass through the point £ =0, R = 0 (see Equation 8).

Model Verification

The exponential function proposed by Aronofsky et 2/ has been widely accepted as an empirical
equation, which approximates the oil production due to spontaneous imbibition with a step change in the
boundary condition reasonably well. Some authors attribute a physical meaning to the solution and others
do not®. In light of the discussion presented in the above section, here the physical significance of the
exponential function is discussed as the late-time solution of the nonlinear 1-D counter-current imbibition,
and its validity for experimental data is presented. This is done by verifying the three conclusions we inferred
from our approximate solution.

A one-dimensional matrix block with absolute permeability of 0.020 um?® and length of 0.20 m is considered.
Oil and water viscosity are assumed to be 1 mPas. The relative permeability and the imbibition capillary
pressure functions are expressed as

k= Ao(l—SD),w 5 kny = AwSan (9)

F,(Sp)=-Cln(sp) (10)

where Sp, is defined by Equation A-7. The parameters A, A,, 7, 7, and C are constant. Table 2 gives the

values considered in this study. The detailed method of solution of the above problem is presented in
reference 6. Here, we present the results.

Figures 12 and 13 depict the behaviour of the numerical solution of the counter-current problem at the

early- and late-times. Figure 12 indicates that the early-time recovery is proportional to v#/L*, and Figure 13

shows that the late-time recovery may be approximated by an exponential function, especially that of
Equation 8 with 4,/4,, #1.
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This shows that items 1 and 3 suggested above, based on the HIM solution of the linear problem, might
apply to the nonlinear problem of counter-current imbibition. In Figures 12 and 13 the behaviour of the
exponential function of Aronofsky ez 2" is also shown, where an exponent of A;, = 0.01 was chosen. It can
be observed that Aronofsky’s solution, if selected to match the overall behaviour, under- and over-predicts
the early- and late-time solutions, respectively.

Next, we use the counter-current data from references 20 and 21 to examine the validity of items 1 to 3
above. Figure 14 shows of the eatly-time solution. The experimental data follow a straight line, and deviate
from the straight line, independent of core length, at around 0.8 recoverable oil. The physical properties of
the rock and fluids used in references 20 and 21 are different, leading to two distinct lines in Figures 14 and
15. These properties are given in Table 3. The last recovery data point reported in references 20 and 21 was
considered as the ultimate recovery. In Figure 14 the data corresponding to the 0.0248-m sample® is not in
agreement with the rest. This could be due to the error in the oil production data of a very small sample.

Figure 15 shows the plot of the above imbibition data on a semi-log scale. It can be noted at late time, each
data-set can be approximated by a single straight line. Note that the straight line passing through the late-
time data of Figures 15, if extrapolated to zero time, predlcts a non-zero recovery. If an exponential solution
similar to that of Aronofsky ez 4/ is chosen such that it predicts 2 zero recovery at the initial time, 2
behaviour similar to that in Figures 12 and 13 will be observed; an exponent larger than that obtained from
the slope of -the semi-log straight line will be needed to predict the overall behaviour of the system. The
latter solution, then would under- and over-predict the early- and late-time behaviour, respectively. Ma e
al” also observed the same behaviour when they used an exponential function to match experimental data
of counter-current imbibition (see Figure 9 of Ref. 22).

Modelling of Rising FWL of Counter-Current Imbibition

In the previous section, oil production due to counter-current imbibition with a step change in boundary
conditions was considered. It was found that the late-time recovery could be apptroximated by an

exponential function. In this section we use the following exponential function, to find oil production for
rising fracture-water level.

R(®)=R.A-e™) ‘ (11)
where®,

R.=¢(1-S,—5,.) (12
and |

R'() = ¢(S,,(8) = S, (13)

Parameter A is 2 constant that determines the rate at which the recovery approaches its maximum value.

Similar to Parsons and Chaney’ one can account for the effect of the rising water level in a fracture adjacent -
to a single matrix block,

o= R;A,ml: J‘Ot” e~ A7) -a-azri-d‘c ] 7 (14)
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where Qf?) is the cumulative oil produced at time 7, A, is the cross-sectional area of the matrix perpendicular
to the direction of water level rise, and Z, is the location of the water oil contact in the fracture, FWL.

Eqﬁation 14 assumes that imbibition occurs transverse to the direction of water-level rise in the fracture.
Hence, the effect of horizontal fractures is neglected and a stack of matrix blocks is assumed to behave
similar to 2 tall matrix of equivalent height.

References 10 and 24 are based on the assumption that Z, is known in Equation 14. Often instead of Z,,

the injection rate is known. In Appendix B, the material balance equation for the fracture water is combined
with Equation 14, and the solution for the oil production rate and the water level in the fracture are obtained
for a known injection rate, Equations B-6 and B-4, respectively. The above model, developed for counter-
current imbibition, cannot be used for our experimental data, mainly because co-current imbibition had a
large contribution. Instead, we use our simple model to match the experimental data recently presented in
reference 25, where oil recovery was dominated by counter-current imbibition. Very tight Austin chalk
blocks were used. The cylindrical blocks stacked on top of each other had a permeability of 0.00001 —
0.00005 wm? (0.01 — 0.05 td) and porosity of about 5%. The total PV was about 290x10° m>. As a result of
imbibition, about 20 to 25 percent of the oil was produced over a period of two to four and half months.
Figure 16 shows the cumulative oil production as a function of time for one of the tests in reference 25.
After breakthrough, water injection was stopped several times while imbibition proceeded. When water
injection was resumed, the oil in the fracture was produced first, until the next breakthrough occurred. The
experimental data show that the first breakthrough occurred after a very short time. Beyond this point, the
blocks are covered by water and oil production is due to counter-current imbibition. We used the rising
fracture-water level model with the counter-current transfer function developed above to match the oil
recovery data. Figure 16 shows the comparison between the experimental data and the model for Test “a”
of Terez and Firoozabadi®. Parameter A was used as a matching parameter and was found to be 0.053 day™
Maximum oil recovery was set equal to 23%. We did not try to use different A for different blocks. After

breakthrough all the matrix blocks contribute to oil production, and an average A was used to match the
tests.

In summary, Figures 13 and 15 show that the late time recovery data by counter-current imbibition can be
represented by an exponential function. In Figure 16, the exponential function was successfully used to
match the experimental results of water injection in a stack of matrix blocks, where recovery was dominated
by counter-current imbibition. The importance of such a model is that once parameter A is estimated by
matching the experimental data on small samples, A can be estimated for larger blocks. Comparison of
Equations 8 and 11 suggests that Ae< 1/L?, which is in line with previous scaling studies."”

Conclusions

We performed water injection experiments in fractured porous media composed of a stack of water-wet
chalk and Berea matrix blocks, where the matrix blocks were subjected to rising fracture-water level (FWL).
Single block tests of immersion-type and rising FWL were performed for comparison. The unique features
of the experiments, in addition to implementation of a stack of blocks were: low fracture pore volume,
quantitative data on FWL prior to water breakthrough, and visual observations enhancing the identification
of the active imbibition mechanism. Based on the results of these tests, the following conclusions can be
made.

1. Water injection in water-wet fractured porous media can be a very efficient recovery mechanism.
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2. Depending on the injection rate, both mechanisms of co-current and counter-current imbibition can
contribute to recovery. '
3. Before a block is fully covered by water, the dominant recovery mechanism can be co-current imbibition;
this mechanism often leads to more efficient oil recovery compared with counter-current imbibition.
~ An approzimate analytical model was also developed for counter-current imbibition, which showed the
physical significance of the exponential transfer function. The model was successfully used to match the
experimental results of water injection in a stack of low permeability Austin chalk.

Nomenclature

Latin I etters

A Cross Sectional Area, 77 |

A Constant (see Equations 9, A-18 and A-19)
B Constant, 57 (see Equation B-5)

C Constant, kPa (see Equation 10 and Table 2)
D Diffusion Coefficient, #7/s

L Half Length, »#

P Pressure, N/ 7

q Production Rate, 77 /s

0 Cumulative Production, 7’

R Recovery w.r.t. Maximum Recoverable Oil (R,,..=1)
R’  Recovery w.r.t. Total Volume, (R’,.=¢(-S, —S..))
S Saturation

Z Height of Water Level, 7

& Permeability, u»’

t time, §

Greek Letters

¢ Porosity

A Exponent, 57

U Viscosity, Pas

T Variable of Integration

Subscripts

BT Breakthrough

¢ Capillary

D Dimensionless
b Fracture

earyy  Eartly-Time

H Injection

late  Late-Time

ma  Matrix

0 Oil

or Residual Oil

r Relative

w Water
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we

Connate Water

Symbols

[~ =]

Infinite Time
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Appendix A: Approximate Solution of 1-D Counter-Current Imbibition Problem

In an incompressible one-dimensional system with negligible gravity force, counter-current imbibition can be
described by the following nonlinear diffusion equation®,

d as,, \_ 95,
— - A-1
ox (D( w ox ) o A1)
where,

1 k,, k dP.

D(S,)= £ A-2

( W) 1+.kﬂ...ﬂ'_ﬁ. K, ¢ dSw ( )

/‘LO k"W

Consider a water-wet core of length L initially at connate water saturation, coated by an impermeable
material such that only one face of the core is open to flow. When the open face is contacted with water,
continuity of capillary pressure requires P, = 0 at the inlet (see footnote’). The other end is closed; ¢, = 0 at
x = L. The initial and boundary conditions can be expressed as,

S.=5, 0<x<L  £=0 (A-3)
S,=1-5, x=0 £20 (A4)

B _o =1L £>0 (A-5)

ox

The diffusion coefficient defined by Equation A-2 is a strong function of saturation. However, if
temporarily we assume a constant diffusion coefﬁc1ent, Equaﬁon A-1 with the initial and boundary
conditions A-3 to A-5 can be solved analytically®,

. (2n-1
4 T m-1Y ,

. . -2 A-
Sp =1 72 S P ( 5 )n tp (A-6)
where,

S,—S
S - W WC A_
P I-Sor"'ch ( 7)
P4

== A-8
Xp I ( )

Dt
Ip ) (A-9)

We use the Heat Integral Method (HIM)" to provide an appropriate solution to the above linear diffusion
problem. The advantage of using the HIM is that its application can be extended to solve nonlinear
problems. The Heat Integral Method, one of the variations of the Method of Weighted Residuals®, was
previously used to solve diffusion-dominated problems in thermal recovery processes’’. In this method, a

! In simple experiments, we examined oil expulsion from rock, in counter-current imbibition by visual observations. The
diameter of the produced oil blobs on the rock surface was much larger than the pore diameter. This observation justifies the
boundary condition of P, = 0%,
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trial function is assumed, which in addition to satisfying the.initial and boundary conditions, is forced to
satisfy the integrated form of the original differential equation. Hence, the method is an appropriate choice
for studying the problem of interest, since the total water imbibed into the system, which is an integral
characteristic of the system, is obtained with high accuracy. For increased accuracy of the solution at eatly
time, the concept of penetration depth is introduced which corresponds to the extent of the medium
beyond which there is no effect of the diffusion process. For a linear diffusion problem, any change at the
boundary is instantaneously transferred through the whole domain, where the effect is negligible beyond 2
certain limit. The penetration depth is analogous to the radius of investigation in well-testing. Barenblatt et
al.!® showed that for the initial condition of Equation A-3, the saturation at the front drops to connate water
saturation and there is no effect of saturation change downstream of the front. This further justifies using
the concept of penetration depth.

Pooladi-Darvish et al.”” solved Equation A-1 approximately with the initial and boundary conditions given by

Equations A-3 to A-5 using HIM, where the diffusion coefficient was assumed constant, and found the
following solution,

3
Xp 1
Sp =|1- tp <L A-10
D { r—24tD] D 24 ( )

Sp =1+b(tp)xp +cltp)xs Osxp<i 2t { (A-11)
Sp =1+b(tD)(—i-+2xD -x2 )+c(tD)(—%+2xD - ,2,) (A-12)
7Sxp £1 tp 2o
where,
b(tp)=-A4, e‘zm‘p - Aze'loz‘o (A—13)
RN AT (e »
Ang =-27i(5-3ﬁ) (A-16)
54342
A= 6‘4‘/5 e 7 (A-17)
5-342
4y = 6*4‘/5e 7 ' (A-18)

Equations A-10 to A-12 are used in the text to study imbibition.
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Appendix B: Solution to Rising FWL Problem
By writing the material balance equation for water in the fracture, one obtains,

t N N t oz
J.oq, )dr = Afo +R;Am[ Z; —Joe‘l(t—f) a_;d,r] (B—l)

where the left side is the total volume of water injected, and the right side represents the volume of water in
the fracture, and the volume of water imbibed into the matrix represented by Equation 14 of the text. The
water flow in the fracture is assumed to follow piston-like displacement with zero residual saturation, and the

intrinsic fracture porosity is assumed to be one. If A is known, Z,(r) is the only unknown in Equation B-1,
and can be solved for using a proper initial condition.

Differentiating Equation B-1 with respect to #results in
3Z; ‘ oz
(0= Ay SLt AR A [ 0 Ly ]
q; ()= Ay P o€ 5.4 B-2)

By eliminating the right integral from Equations B-1 and B-2, one obtains,

3Z, RLAL)s a4® A ¢
M1pm=Tme 7 2L 2| g.)d -
x [ A } T 4, +Af .“o 4T B-3)

For a constant injection rate and initial condition of Z,(t=0)=0, Equation B-3 can be integrated to obtain 2
simple closed-form solution for the fracture-water level,

5 edi (122 Yien

2,0 oy [(1 B\}l e )+;u] (B-4)

where,

B=(1+%‘:}1 B-5)
Ag

Equation B-4 is valid before breakthrough. During this interval, oil production rate is equal to injection rate.
_After breakthrough, the water level stays at the top of the block, and the oil production rate can be
expressed as,

t 32
q, =AR. Am[ JOBT e~ Aar—) _a»;f-df ] e~Me—tar) (5_6)

where 2z is the breakthrough time. For a variable injection rate, Equation B-2 can be solved numerically,
similar to that proposed in reference 23. Alternatively, Equation B-3 can be solved numerically, for example
using the Runge-Kutta method. Note that Equations B-2 and B-3 are valid when injection rate is more than
the imbibition tate, i.e. water level is rising, and also when the injection rate is less than imbibition rate, 1.e.
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water level is dropping. The above solutions are used in the text to model water injection in a stack of
Austin chalk matrix blocks.
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Table 1: Rock and Fracture Data for Advancing FWL Tests

Berea Sandstone Chalk (12 Chalk (single
blocks) block)

Total Pore 8800 13900 1050
Volumex10® (m®)
Total Fracture 250 700 40
PVx10%, (m®)
Including dead
volumes
Fracture  aperture 155 190 170
(pem)
Effective 9.5 17 16
Permeability ((Lm?)
Matrix Permeability 0.620 0.002-0.005 0.002-0.005
(um®)
Matrix Porosity 22 29.6 29
(percent)
Matrix  dimensions | 0.1471X0.1471X0. | 0.635X0.1875%0. | 0.635X0.1875%0.3
(m) 6047 3048 048

Table 2: Rock and Fluid Data for the Counter-Current

Study
L 0.20 m S 0.01
k& 0.020 m® 7, 4.0
U, 1 mPas n, 4.0
U, 1 mPas A, 0.75
[} 0.3 A, 0.2
C 10 kP2

Table 3: Counter-Current Imbibition Data

Reference Length, | Permeability,
m Lm?
Graham and Richardson 0.125 0.236*
(G_R)Zl
Graham and Richardson® 0.1008 0.236
Graham and Richardson® 0.0756 0.236
Graham and Richardson® 0.0502 0.236
Graham and Richardson® 0.0248 0.236
Hamon and Vidal (H-V)® | 0.852 4.070
Hamon and Vidal® 0.40 4.400
Hamon and Vidal® 0.198 3.200

a- Permeability was assumed constant
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Figure 1. Schematic digram of the apparatus Figure 2. The rock assembly for SB and SS tests
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Part IT — Water Injeétion in Water-Wet Fractured Porous Media:
Further Experiments and a New Model for Water Injection in
Water-Wet Fractured Porous Media

IVAN E. TEREZ AND ABBAS FIROOZABADI

Summary

This study examines water injection in water-wet fractured porous media and its modeling using the Buckley-Leverett theory.
New experimental data on water injection in Berea and Austin chalk matrisc block(s) are presented. Water injection in
Austin chalk with a permeability of 0.01-0.04 md and porosity of 5% results in abont 20% recovery from the rock matrix.

In the second part of the paper, we use the Buckley-Leverett displacement in a dual-porosity model to simulate the Lteratnre data
as well as experimental data from this work. A new model is devised for the simulation of water injection in fractured porous

media. A major element of the new model is the multiplication of the transfer flux by the fracture saturation with a power of
1/2. This simple model can account for both co-current and counter-current imbibition and computationally it is very efficient.

The results of the proposed model and the fine-grid simulation are in good agreement with the experimental data.

Introduction

Water injection has been an efficient recovery process in some naturally fractured hydrocarbon reservoirs.
Despite the success, the understanding of the true mechanisms and the numerical simulation have to be
advanced further. In fact, accurate simulation of water injection in fractured porous media is 2 real challenge.
Fine-grid simulation can provide proper results when fracture capillary pressure and relative permeability are
appropriately described; computationally, however, it is very expensive. Dual-porosity models have the
advantage of computational efficiency but may be less accurate. A third alternative which can be extremely
efficient is the use of the Buckley-Leverett displacement theory' in a dual-porosity model. Here, matrix
blocks feed into the fracture network through a transfer term; flow in the fractured media is represented by
the Buckley-Leverett displacement. In an early paper, de Swaan® modeled water displacement in fractured
porous media on the basis of the Buckley-Leverett displacement theory. De Swaan’s work is based on certain
assumptions; these include: 1) the fracture fractional flow function is equal to the fracture saturation (i.e.,

fl =5/, see the Nomenclature), and 2) the effect of gravity is negligible. The assumption of fJ =S/ is
valid only when oil and water phases have equal viscosities and the fracture relative permeability is equal to
saturation. Later, Chen and Liv® relaxed the assumption of fJ =S/. Kazemi, Gillman and Elsharkawy*
gave examples for the Buckley-Leverett flow in a 1D fractured porous media using 2 model similar to de

Swaan’s. These authors reported good agreement with experimental data using an empirical transfer term
between the fracture and the matrix. Kazemi ef 4/, however, changed the oil viscosity from 4.6 to 0.25 cp to
match the laboratory data. The A parameter of the empirical transfer term was based on the general
imbibition recovery data (see Fig. 1 of Ref. 4).

The basic idea behind the transfer term in the literature is the use of counter-current imbibition data for a
single matrix block. Pooladi-Darvish and Firoozabadi* have shown that counter-current imbibition may not

39

e =, e v et e T
R A 2 4 T A A

TR TR IITT AT .,




describe recovery from a matrix block when the water level advances in the fracture. The soutce term in the
flow equations in the Buckley-Leverett expression for a dual-poros1ty model is in fact based on 2 moving -
fracture water level with saturation change (we will discuss the equations shortly). The moving water level
may imply that co-current imbibition should also be considered.

The major goal of this study is to model water injection in water-wet fractured porous media considering
both co-current and counter-current imbibition in the Buckley-Leverett flow. The model will be used to
analyze the laboratory data. (A large portion of some fractured reservoirs in the North Sea are strongly
water-wet and, therefore, water injection in water-wet fractured media is of practical interest.)

In this work, we first report experimental data on water injection in matrix blocks. Two types of rock were
used in the experiments: 1) Berea sandstone, and 2) Austin chalk. In the second part, we present
mathematical formulation for flow in fractured porous media; water imbibition in a single matrix block for
various injection rates is also examined. Using the transfer term from a single block, water imbibition in an
aggregate of several matrix blocks is then predicted.

Experimental Results

An extensive set of data on water injection in Berea sandstone and Kansas outcrop chalk for an aggregate of
matrix blocks is presented in Ref. 5. The rock assemblies used in those expetiments are shown in Figs. 1a, 1b
and 1c. In addition to the stacked block experiments, Ref. 5 also provides experimental data on imbibition
performance of a single matrix block of the Kansas outcrop chalk shown in the right side of Fig. 1a. In this
work, we have performed water injection experiments on 1) a single Berea slab (see Fig, 1b, the right side), 2)
a single Berea block (see Fig; 1c, the right side), and 3) a stack of Austin chalk blocks (see Fig. 1d). The
experimental setup is similar to the one used by Pooladi-Darvish and Firoozabadi’. The purpose of water
injection tests in a single slab or a block is to further improve the understanding of co-current and counter-
current imbibition. For the tight Austin chalk of about 0.01 md permeability, the goal is to find out if any oil
can be recovered from a very tight rock.

In all the experiments, 1% brine was used as the injection water, and the porous media was saturated with
normal decane (Austin chalk was saturated with normal hexzane), and the water was injected from the
bottom. We did not establish initial water saturation in our experiments. The effect of the initial water
saturation (S,,;) is, in general, as increase in the imbibition rate for a water-wet porous medium at eatly time,

followed by 2 decrease in recovery at late stages. Extensive set of tests show that the variation of initial water
saturation in the range of 0 to 40 percent does not have a significant effect on the imbibition performance of
strongly water-wet Berea (The results will be published later). Viskund et al’, also report 2 small variation in
the oil recovery with change in initial water saturation for Berea. For chalk, these authors report an overall

tendency for imbibition rate to first increase with increase in S,; and then decrease slightly with increase in

S,; of about 34 percent. In view of the fact that in some of the water-wet fractured reservoirs with a tight

rock matrix, the initial water saturation is low, around 5 to 10 percent’, we have conducted all of our
experiments without initial water saturation. In the following, we present the results.

- Berea sandstone. Two tests were conducted using the single Berea slab (dimensions are glven in Fig, 1b): 1) an
immersion test, and 2) an injection test at a rate of 2.7 PV/day. The porosity of the matrix was 22%, and the
matrix PV was 684 . The average vertical and horizontal permeabilities for the slab weré 630 and 730 md,
respectwely These values are based on minipermeability measurements. In the setup used for the single
matrix slab, the fracture aperture surrounding the slab was 4.7 7, and the corresponding fracture PV was
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880 c#. The imbibition results are presented in Fig., 2. Note that the data in the figure are based on the
matrix PV. Also note that the last data point in Fig. 2b and some other plots shows final recovery beyond
the time scale of the plot.

Two tests were also conducted using the single Berea block (dimensions shown in Fig. 1c): 1) an immersion
test, and 2) an injection test at a rate of 0.75 PV/day. The porosity of the matrix rock was 22%, and the
matrix PV was 2860 ¢, The average permeability for the block was 650 md. In the setup used for the single

matrix block, the fracture aperture surrounding the slab was 130 U and corresponding fracture PV was 46
o, Fig. 3 shows the oil recovery (i.e, normal decane recovery) in terms of PV of the matrix vs. time. For all
four tests, we performed duplicate runs with excellent reproducibility. Unique features of the immersion and
injection tests are: 1) the residual oil saturation is higher for the immersion tests (ie, counter-current
imbibition), and 2) unlike the results from the Kansas chalk (see Ref. 5), the rate of imbibition is slower for
water injection tests than for that of the immersion tests. The rate is related to the surface area of the
flooded matrix, and in the immersion test, the whole block is flooded instantaneously. The imbibition in the
immersion test is only due to counter-current while in the injection test both co-current and counter-current
contribute to imbibition. Residual oil saturations for the immersion tests were higher than that from the
injection tests. Ref. 5 also reports higher residual oil saturation for the immersion test for the Kansas chalk.
Austin chalk. The setup used to perform water injection on the Austin chalk is shown in Fig. 1d. Three water
injection tests were carried out on the assembly of six cylindrical cores. The length, permeability, porosity,
and PV of the cores are shown in Table 1. The diameter of each core was 8.54 e The total PV of the
matrix was around 287 7. The space between the core and the coreholder provided the vertical fracture.
Special design allowed 2 hydraulic aperture of 38 7. The fracture PV around the matrix was estimated as 4
e, and the effective permeability of the combined matrix/fracture system was measured as 150 md using
liquid #C; . Water injection recoveries are presented in Fig. 4. In the first two tests, the cores were saturated
with #Cs and then water was injected. In the third test, about 1 weight percent of a 35 API crude was added
to #C, and the cores were saturated with the mixture. When a small amount of a crude is diluted into normal
alkanes such as #C; and #C, the waterflood performance may become essentially the same as that of the
original reservoir crude (see Ref. 9). In all three tests, the imbibition rate was so slow that water injection
was stopped several times in order to allow water imbibition into the tight matrix blocks. The injection rates
of 0.17 and 0.25 PV/day for the three test are close; therefore, the effect of rate on recovery performance
cannot be studied. Fig. 4 shows that water injection in the tight Austin chalk results in 19-23 % recovery.

Model Formulation

In the following, we will present expressions for water displacement in fractured porous media using the
Buckley-Leverett flow. Similar expressions have been derived by Chen and Liu’.

Modjfied Buckley-Leverett Model (BLM). We consider one-dimensional flow with the vertical upward direction £
Darcy’s law for water and oil phases in the fracture medium is:

Kk 9
u, = 'W( 1,8 +rrreeeee e e e e e e e e e e it e et e et aee e e (1)
ap
u, =— s o 128 ) LU OT NP ORRUPRPI 2
#0 P Po8) @

where #, is the velocity of water phase, P, is water density, L, is water viscosity, k; is water relative

permeability in the fracture, #, is the velocity of oil phase, p, is oil density, 1, is oil viscosity, k;fais oil relative
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permeability in the fracture, p is the pressure in the fracture medium, and gis the acceleration of gravity.
Note that the fracture capillary pressure is assumed zero.

Continuity equation for water phase is:

ou oS’ .
LA E o e ——————————————— 3

where ¢, is the transfer term representing the fluid exchange rate per unit matrix pore volume, and ¢/ is the

effective fracture porosity: The effective fracture porosity is defined as the fracture volume divided by the
bulk volume of the total matrix and fracture. °

The fluids are assumed incompressible, therefore:
Uy FUy =T (E) oo et @

- where i, () =i(t)/ A is_the injecﬁon rate i(#) normalized by the cross-sectional atea .4 of the matrix and
fracture media.

Combining Egs. 1 to 4, one obtains:

\ ot , sy . as!
G.OF SIH)—(p, —p,)eF (S o +¢f >t =Y | R (5)
where

kf
F(S ) = S kT o oo (6)
and ] )

k.f

S =AY e

F(8,)=1/( P _ ©)

In Eq. 5, the symbol “” “ represents derivative with respect to S7.

Next we discuss how to obtain the transfer term ¢, . Aronofsky ez /' have shown that the cumulative
. production per unit pore volume of the matrix block for counter-current imbibition can be expressed by

W,#)=N,(1- e ™), where N »a 15 the ultimate cumulative production per unit pore volume, and A is an

imbibition parameter. In general, prior to the time that a block is immersed in water, the oil recovery is a
result of both co-current and counter-current imbibition®. After 2 block is completely immersed in water,
counter-current imbibition is the only imbibition process. We may, therefore, need to modify the expression

for the cumulative imbibition to W,(f)=N,, —Rie™ —Rye™ (ie, N,, =R, + R,). The first exponential
term may represent co-current imbibition and the second one can account for counter-current imbibition.

This expression with three empirical parameters also provides a better representation of the counter-current
imbibition and is similar to that of Civan™ except for the coefficients of the exponential terms. (In the work

of Civan, the coefficients of the exponential terms are related to 4, and A,.) The transfer rate is given by
g, =dW, /dt ,when the water saturation is keptat S ,f =1. However, with a constant saturation less than

unity, ¢, is assumed to be (S7)"dW »/dt . In previous models™; it has been assumed that the transfer

term is proportional to the fracture saturation (ie. #=1); the reasoning is that for a partially saturated
gridblock only the portion that water has invaded can only contribute to imbibition (i.e., counter-current
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imbibition). As we will see later, the oil production from a matrix block can be from co-current imbibition;
there is no need for water to be in contact with oil in the matrix for oil production from the block. We
performed various sensitivity calculations by assigning different values to # in the range of 0 to 1. These
calculations revealed that #=0.5 may appropriately desctibe the transfer term. This particular choice of 7 will

be discussed shortly. Let us write the expression for the transfer term ¢,(2,2) for the variable fracture
saturation using Duhamel’s principle:

4y (2:9) =[S, (2:2,)" R e ™7 + (8, (2:)]" =[S, (2.2, 1" )R Ay e ..

(S, (22, )" =[S, (&1, )I")R Ay e 4

[S, (2,2,)1" Ry Ay ™% + (S, (2.2)]" =[S, (2.2, )] )R, Ay ™27 ...

et (IS, (22, )™ IS, (22, )T IR, A €™ ) e ®)

In the above and subsequent equations, the superscript f is dropped for the sake of brevity. The time period
from 2, to t,is divided into # parts. Letting # — o and using the definition of an integral and integrating
by parts, one obtains:

g, =R (S, @ -4 [IS, @O - e de) +
0
Ry2y (IS, (01" = 24 [[S, @)™ - €dT) oo ©
0

The substitution of Eq. (9) into Eq. (5) completes the problem formulation. Eq. (5) is a quasi-linear
hyperbolic equation with a source function given by Eq. (9). It can be solved using the method of
characteristics. The system of characteristic equations are:

‘Z =0, (O, (S.)— (P, — P,)gF (S, )8,

S et e (10)
45y _ 9w

a9,

The boundary and initial conditions are:
S,(tz=0)=8, =1

S, (B=0,2) =8, T0 e e e 11)
Fracture relative permeabilities for water and oil phases are given by:

Ky T RS et e et et e e et e e e aaaen (12)

Ky =k (L ) et e 13)

Model Results

In the following, we will use fine-grid simulation to study imbibition in 2 single block and to obtain matrix
relative permeabilities. The fine-grid simulation is also used to study counter-current and co-current
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imbibition. The BLM is then used in order to examine the features of imbibition in a single block and to
predict water injection in the multiblock systems. In all fine-grid simulations, we use the Eclipse simulator'
with the implicit option.

Kansas outcrop chalk. First we perform fine-grid simulation of water injection in the single block of the
Kansas outcrop chalk. The recovery data for the three injection tests (at the injection rates of 0.5, 3.2 and 6.3
PV/day) and the immersion test are provided in Ref. 5. The permeability and porosity of the Kansas outcrop
chalk are 2.5 md and 29%, respectively. Other relevent data are also provided in Ref. 5. We use 51 unequal
gridblocks in the vertical direction and 3 gridblocks in x and y directions (A2=3x 0.0022, 3 X 0.08, 3 X 0.1667,
3 X 0.3333, 27 X 1.0, 3 X 0.3333, 3 X 0.1667, 3 X 0.08, 3 X 0.0022 ¢, A y=9.0, 0.25, 0.125 e, Ax=3.0, 0.137,
0.037 ¢ex) to simulate one half of the single block. Finer grids gave essentially the same results. The following
expressions are used for the matrix capillary pressure and relative permeabilities:

Po(S,) ==BI(S,) cvvevererrereeereeeeseeseseesesessessessessensossessesesseesesseesseesenm (14)
Ky S0 S™ ettt ettt (15)
R L ¢ C 0 OO RU SO (16)

The parameter of the matrix capillary pressure B =1.76 a4 is estimated from the measured data on the chalk
from Ref. 13. The recovery of the single block was matched using #w=4, #n0=2, k,,=0.1 and k; =1.0 for all

three injection rates. For the immersion test, the recovery was matched using #»=3, n0=3, k;, =0.08 and

k;=0.8. The oil relative permeability for counter-current imbibition is less favorable for recovety
perfomance than that for co-current imbibition. The difference in matrix relative permeablities for counter-
cutrent and co-cutrent imbibition has been observed by other authors®™. The fracture relative permeabilities
are assumed to be proportional to saturation, and the fracture capillary pressure P, is assumed zero. The
intrinsic fracture porosity is assumed to be one. These assumptions continue throughout this study. The
empirical transfer function with two exponential terms described eatlier was used to match recovery. The
match was performed manually using the exponential parameters R, and A, for the first part of the
recovery curve, and then the tail portion was matched by varying parameter A, (note that R, =N v —R).
Other procedures such as regression-based methods may also be used. We examined transfer fluxes of
individual gridblocks in the g direction using the fine-grid simulation. The transfer fluxes are nearly the same
for all the gridblocks. The parameters R, , R, , 4; and A, in the empirical transfer function are: R, =0.57, R,
=0.06, and A,*=11 hr which are independent of the injection rate. Only A, varies with the rate (see Table 2).
Note that the immersion test is also described by the two exponents. The parameters 4, and A, represent

the imbibition rate of the matrix blocks. These parameters can be estimated using fine grid-simulation of 2
single field-size block, and then perform a field study.

Single Block. Let us now compare- the fine-grid simulation and the BLM results for the single block, and
examine the contribution of co-current and counter-current imbibition. In the fine-grid simulation, we use
A '=2.4 hr for all the tests; this value represents an average. The recovery results (not shown) from the BLM
and the fine-grid simulation show good agreement with the experimental data, as expected. The calculated
fracture saturation profiles, and water and oil fluxes from the fine-grid simulation are shown in Fig. 5 atan
injection rate of 0.5 PV/day. This figure shows that at both 0.1 and 0.3 PV injection, most of the oil is
produced by co-current imbibition. In previous studies™* the transfer term has been assumed to be
proportional to the fracture saturation, i.e. #=1 in expressing the transfer flux (see Eq.(9)). Using #=1 in the
BLM, the fracture saturation profiles are diffused at the low injection rate of 0.5 PV/day (see Fig. 6a). We




carried out several calculations with different values of 7 parameter in the range of 0.1 to 1.0. Using #=0.5 in
the BLM, we obtain fracture saturation profiles shown in Fig. 6b. (Note that in the BLM, the oil flux is not
calculated). At the low injection rate (7=0.5 PV/day), the BLM model provides fluid segregation close to
the fine-grid simulation. The water transfer flux also has the same features as in the fine-grid simulation. At
the injection rate of 3.2 and 6.3 PV/day (experimental results available in Ref. 5) and using #=1, the BLM
produces an unrealistically high saturation front speed. Using #=1, the breakthrough times were orders of
magnitude less than those measured in the experiments and in the fine-grid simulation. Using #=0.5, the
position of the saturation front is in good agreement with the fine-grid simulation. The shapes of the fracture
saturation profiles and water fluxes are, however, different from that of the fine-grid simulation. (The results
at 3.2 and 6.3 PV/day ate not shown.)

Stack of Blocks. 'The Buckley-Leverett model and the fine-grid simulation are used to predict the recovery
performance of the Kansas chalk multiblock experiments (reported in Ref. 5). The single block transfer
functions obtained in the previous section are used to predict the results. Fig. 7 (left panel) presents the
predicted recovery performance at different injection rates; the predicted recovery performance from the
Buckley-Leverett model is in good agreement with the experimental data and the fine-grid simulation. The
computation for the BLM is orders of magnitude faster than the fine-grid simulation. Here parameter R, was
adjusted to match the predicted ultimate oil recovery with the experiments. In the experiments (see Ref. 5),
the ultimate oil recovery varied from 67% to 63% depending on the water injection rate. Fig. 7 (right panel)
shows the predicted fracture water-oil contact position vs. PV injected. There is good agreement between
the experimental data and the predicted results using the modified Buckley-Leverett model.

Berea sandstone. Similar to the Kansas chalk block, we use 51 unequal gridblocks in the vertical direction and
3 gridblocks in each of the horizontal directions (A ¢ = 3x 0.0133, 3 X 0.0332, 3 X 0.133, 3 X 0.929, 27 X
1.99, 3 X 0.929, 3 X 0.1329, 3 X 0.0332, 3 X 0.0133 c», A y=7.0, 0.45, 0.025 om, A x=17.0, 0.45, 0.025 e for the
single slab and A £=3 x 0.0133, 3 X 0.025, 3 X 0.1,3 X 0.7, 27 X 1.6, 3 X 0.7, 3 X 0.1, 3 X 0.025, 3 X 0.0133 ¢z,
A y=1.0, 0.45, 0.025 cm, Ax=2.0, 0.4, 0.045 e for the single block) to simulate one half of the single block

and slab. Egs. 14 to 16 were used to represent the matrix capillary pressure and relative permeabilities. The
parameter of the matrix capillary pressure B =0.098 a# is estimated from the measured data of Berea from

Ref. 14. The recovery of the single slab was matched using nw=4, n0=2, k;,=0.19 and %k, =0.85 both for the
immersion and the injection test ata 2.7 PV/day rate (see Figs. 22 and 2b). The simulated recovery of the
single block for the injection test was also matched with the experimental data using the above parameters of
the relative permeabilities. The immersion test for the Berea single block was matched using mw=4, n0=2,
k,,=0.15 and k; =0.6 (see Fig 3a). Therefore, the difference between the counter-current and co-current
imbibition relative permeabilities for Berea is insignificant. The parameters of the transfer function are: R, =
. 0.47, R, = 0.08, A, = 5.0 hr, A", = 23.0 hr for the single slab and R, = 0.53, R,= 0.08, A*, = 4.5 hr, A7, =
17.0 hr for the single block. These values are for the injection tests.

Single Slab and Block. The recovery performance data and the calculated results of the single slab and the
single block of Berea are shown in Figs. 2b and 3b, respectively. Results from the Buckley-Leverett model
and the fine-grid simulation are in good agreement with the experimental data due to the history match.

Stack of Siabs. The BLM is used to predict the recovery performance of the Berea multislab system reported
in Ref. 5, using the transfer function from the single slab. Fig. 8 (left panel) presents the recovery
performance results at two injection rates. The predicted recovery performance from the BLM is in good
agreement with the experimental data for the intermediate injection rate of 1.0 PV/day. Fig. 8 (right panel)
shows the fracture water-oil contact position at the intermediate (1.0 PV/day) and high (2.3 PV/day)
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in]ectton rates. There is good agreement between the calculated results and the experimental data at the
injection rate of 1.0 PV/day. At the high injection rate of 2.3 PV/day, the model overesttmates breakthrough

time and recovery petformance; an approptiate A, can improve predictions.

Stack of Blocks. We use the transfer function for the single block discussed earlier to predict the imbibition
performance of the multiblock system of Ref. 5. Fig, 9 presents the recovery performance at three injection
rates. The predicted recovery performance from the BLM shows good agreement with the experimental data
for 0.5 and 1.0 PV/day injection rates. Fig, 9 shows (the right panel) the fracture water-oil contact position at
three injection rates. There is good agreement between the calculated results and the experimental data at the
low (0.5 PV/day) and intermediate (1.0 PV/day) injection rates. Similar to the stack of slabs, the model
overestimates breakthrough time and recovery at the high injection rate of 2.3 PV/day.

Discussion and Conclusions

We can now compare water injection performance between the same size stacked blocks of Berea and
Kansas outcrop chalk using the BLM. Let us choose the aggregate size cotresponding to the setup in Fig. 1b
with corresponding porosity, permeability, capillaty pressure and relative permeabilities of Berea and Kansas
chalk. Fig. 10 shows the recovery vs. the injected PV using the BLM at an injection rate of 2.3 PV/day. The
breakthrough recoveries are 22 and 45% for Berea and Kansas chalk, respectively. As Fig. 10 shows, the
recovery performance of Kansas outcrop chalk is very efficient. Kansas outcrop chalk is more than 2 orders
of magnitude less permeable than Berea. The efficient imbibition in Kansas chalk fractured media makes it
an ideal candidate for water injection. The main reason for the high imbibition efficiency in Kansas chalk is
the strong capillarity and favorable oil relative permeability. Grawty has 2 negligible effect. We have simulated
the case correspondmg to an injection rate of 3.8 PV/day in the stacked block system of Fig. 1a with 1)
normal gravity, 2) no gravity, and 3) an exaggerated gravity term with the density difference between the oil
and water increased by a factor of 5. There is no difference between the normal and no gravity cases.
Recovery performance is slightly better in the exaggerated gravity case but the difference is very small. These
results are in agreement with the experimental data for the tilted stacked blocks reported in Ref. 5. There is 2
substantial difference between co-current and counter-current imbibition performance of Kansas chalk,
when co-current imbibition is more efficient. For Berea, the data on the single slab and block shows the
converse. However, simulation results of 2 large Berea matrix block showed that the difference between the
. immersion and injection processes becomes small as the matrix size increases.

The main conclusions of this study are:

1. The experimental data on Berea reconfirm that the residual oil saturations from the counte-current and
co-current imbibition are not the same. The residual oil saturation is higher for counter-current imbibition.

2. Water injection in very tight fractured media of Austin chalk with a permeability of 0.01 md and porosity
of 5% may result in about 20% recovery.

3. Water injection in fractured porous media is governed by both co-current and counter-current imbibition.
The Buckley-Leverett displacement model can account for both processes. A major element of the BLM for
application to water injection in fractured porous media is the exchange term. The multiplication of this term
by fracture saturation with a power of 1/2 drastically improves the predictions. The computational time from
the BLM is orders of magnitude less than that of the fine-grid simulation.
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Nomenclature

A = cross-sectional area of the matrix block

f= fractional flow

£ = gravity component

{ = injection rate

£,= injection rate normalized by A4
& = permeability, md

k=relative permeability

N,,= ultimate oil recovery

P = pressure

P_ = capillary pressure

4o = transfer term

4, = oil production rate

R = recovery parameter

§ = saturation
¢ = time, hours
# = velocity

W, = cumulative water produced
g = coordinate, cm
A = imbibition parameter, hour™
[ = viscosity, cp
p = density
O = matrix block scaling parameter
¢ = porosity

Subscripts
¢ = effective
m = matrix
0=oil
w = water
r = residual

Superscripts
J= fracture
0 = endpoint value
{ = initial
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TABLE 1 - AUSTIN CHALK CORE DATA
core L (cm) & (md) ¢ (%)
1 18.5 0.612 4.8
2 14.7 0.017 4.7
3 18.0 0.034 4.8
4 15.5 0.007 5.3
5 15.3 0.042 4.7
6 20.0 0.013 5.0

TABLE 2 - FLUX PARAMETERS FOR THE KANSAS
CHALK SINGLE BLOCK
R,=0.06, A, = 11.0 hr
X (bo) R,
7=0.50 PV/day 3.7 0.57
W=3.2 PV/day 2.0 0.57
W=6.3 PV/day 2.0 0.57
immersion 5.5 0.51
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Fig. 1 - Rock assemblies for various experiments.
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c) Berea stack of blocks
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Fig. 1 - Rock assemblies for various experiments (continued).
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Fig. 6 — Fracture water saturation and water flux from BLM .
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Chapter II — Solution-Gas Drive in Heavy-Qil
Resetvoirs

MEHRAN POOLADI-DARVISH AND ABBAS FIROOZABADI

Summary

Different hypotheses have been made to explain the highly favorable bebaviour of some of the beayy oil reservoirs under solution-gas
drive. The main reasons however remain unclear. Using experiments in an unconsolidated sand-pack, we examined the solution-
&gas drive process in a light model oil and a beayy oil. Pressure and volume measurements along with visual observation of the
Jloring fluid at the in-situ pressure for the heayy oil system revealed that: critical gas saturation was low (5% or less), the gas
Dhase swas not made of microbubbles flowing with the oil stream, liquid mobility did not imgprove upon either nuclkation or growth
of the gas bubbles, and nonequilibrium ¢ffects were not dominant. It seems that the main reason for the desirable performance of
such systems is low mobility of the gas phase in the heavy oil

Introduction

Production from some of the heavy oil reservoirs in Canada and Venezuela has led to unexpectedly high oil
rates and recoveries under solution-gas drive. In an early paper, Smith' reported this behaviour in the heavy
oil reservoirs of the Lloydminster area, Canada. Analysis of the field data showed production rates much in
excess of that predicted by the Darcy law'. Similarly, Loughead and Saltuklaroghu® and Metwally and Solanki®
reported solution-gas drive oil recoveries as high as 14% and flow rates of one order of magnitude larger than
the predictions of the Darcy radial flow. These and other authors reported coproduction of large volumes of
sand and the delayed liberation of gas from the welthead crude samples in open vessels. More recently, similar
behaviour was reported in some of the heavy oil reservoirs in Venezuela. Mirabal et al.* presented examples of
high flow rates under solution-gas drive from one of the heavy oil reservoirs of the Orinoco Belt. In addition
to the unexpectedly high production rates, the reservoir pressure was nearly maintzined during the 12 years of
production history.

The economic advantages of the initial development of many of these reservoirs under solution-gas drive are
clear; the high costs involved in the traditional thermal methods are avoided®”.

To explain the above behaviour, 2 number of mechanisms have been suggested which can be divided into two
main categories; geomechanical effects such as sand dilation and development of wormholes comprise the first
category. ‘The second category, which is the subject of the current research, suggests that the special
properties of the flowing fluids, the gas and the heavy oil, are the main reasons for high production
performance.

The effect of many of the pressure maintenance mechanisms, such as an active aquifer and reservoir
compaction, have been found small in these reservoirs"**. Due to production, the pore pressure drops below
the bubblepoint pressure to a critical supersaturation pressure, and then gas evolves in the reservoir. If the
evolved gas is retained in the reservoir, two-phase compressibility will be high*?, and the reservoir pressure
declines slowly®. A number of mechanisms have been proposed to explain the gas holdup in the reservoir.
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Kraus, McCaffrey, and Boyd® proposed that below bubblepoint, the evolved gas is retzined in the porous
media until the pressure reduces to a lower pressure called pseudo-bubblepoint pressure. Below the pseudo-
bubblepoint pressure, some of the evolved gas forms a continuous gas phase as in the conventional view of
solution-gas drive. Clandge and Prats’ in a similar analysis suggested that all of the evolved gas below the
bubblepoint pressure is kept in the form of small bubbles in the porous media and does not form a
continuous free gas phase. Formation of a “semi-tigid coating” of asphaltene components at the gas-oil-
interface was proposed to explain the discontinuity of the gas phase.

In contrast to the above reasoning in relation to the pressure-dependent properties of the oil, Sheng et al."’
proposed a model for time-dependent physical properties of the fluids. The authors used their proposed
model to match the volume behaviour of a live oil sample when its pressure was reduced from 700 pst to 350
psi. Smith' and other authors have reported that the volume of the produced crude in the tank at the well site
reduces considerably with time. Huetra et al."* discussed time-dependent behaviour when they increased the
volume of a live oil sample in a cylinder in discrete steps. Following each expansion, it took twenty four hours
before the pressure increase became negligible The time—dependent behaviour under field conditions with
time-scales much larger than those pertaining to laboratory experiments has not been fully addressed yet. It
seems unhkely, however, that time-dependent properties, with time-scales of the order of a few hours™ to 24
hours™ are the primary reasons for the unusual performance of heavy oil reservoirs under solution-gas drive.

Smith' suggested that the evolved gas below the bubblepoint pressure forms very tiny bubbles which are
catried with the flowing oil phase; these bubbles do not coalesce to form a continuous gas phase. The idea of
microbubble generation and flow with the oil through the pore space has been reiterated in a number of other
papers on the subject. Maini, Sarma, and George'® suggested 2 somewhat different mechanism to explain high
gas saturation in the porous media. The authors performed steady state solution-gas drive experiments in a 1-
D sandpack; the inlet pressure was kept at the bubblepoint pressure and the outlet pressure was dropped in
steps of 48 psi. The authors observed production of gas-oil mixture in the form of foam at the outlet and
sugested that 2 non-aqueous foam is generated inside the porous media, in which the oleic phase is the
continuous phase. The foamy behaviour was used to explain the existence of high gas saturation in their
experiments. Firoozabadi and Anderson® performed solution-gas drive experiments in an 8” long Berea
sandstone housed in a transparent coreholder. Presence of an open window at one end of the core permitted
visualization of the producing fluid at the flowing pressure. The authors observed appearance and growth of
the gas bubbles on the core surface. A discrete flow of gas streams into the window, which was accompamed
with large pressure fluctuations, was observed. Based on this observation, they rejected the notion of
simultaneous flow of tiny gas bubbles with the oil stream. The gas saturation at which gas flow occurred, i.e.,
critical gas saturation was 2.5-3% for two tests on an 11-API crude. It was concluded that the critical gas
saturation for heavy oil systems may be in the range of light crudes. Upon further expansion, more oil was
recovered, until gas saturations as high as 10% were developed in the core. Based on this observation, the
authors suggested that gas mobility may remain low in a heavy oil system. Huerta et al.!* used 2 heavy-oil
saturated sand-pack and performed solution-gas drive experiments at a constant production rate. The authors .
reported 2 “mobile gas saturation” of 10%, apparently inferred from the plot of GOR vs. pressure. In 2
recent study, Bora, Maini, and Chakma™ reported solution-gas drive experitents in a micro-model. They did
not observe simultaneous flow of a large number of microbubbles with the oil stream.

The emphasis of the majority of the above studies is on the gas phase; its behaviour and interaction with the
heavy oil are used to explain the high production performance of heavy ol reservoirs under solution-gas drive.
In contrast, some other authors have suggested that improved liquid phase mobility may lead to unusual
performance of solution-gas drive in heavy oil reservoirs. Claridge and Prats’ proposed that asphaltene
components of the heavy oil separate from the oil and concentrate at the gas-oil interface; the asphaltenes
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separation from oil Jeads to a much lower oil viscosity and enhanced oil mobility. Shen and Batycky®
suggested that lubrication effects due to the presence of the nucleated gas at the pore walls enhances oil
mobility. They proposed an equation for the effective viscosity of the foamy oil incorporating the lubrication
effect, which was used to match the experimental data of Maini et al."* To address the issue of liquid mobility
below bubblepoint pressure, Huerta et al." used a 6 m long slim tube for solution-gas drive under constant
production rate; no significant change in pressure drop was observed until the gas saturation approached the
critical saturation. Close to the critical gas saturation, pressure drop increased gradually by as much as 40-70%,
indicating no improvement in the oil phase mobility.

The above review indicates that there are many unresolved issues concerning the dominant mechanisms in
heavy oil reservoirs under solution-gas drive. Specifically, there are different opinions on critical gas saturation,
existence of microbubbles, and liquid-phase mobility improvement. In this work, we measure the critical gas
saturation in an unconsolidated sandpack saturated with a light model oil and a heavy crude. We define the
critical gas saturation as the minimum gas saturation at which gas flow can be sustained, which differs from the
definition by Maini et al.”? based on continuity of the gas phase. We also study gas evolution in a2 heavy oil-
saturated unconsolidated sand and examine the nature of the flowing fluids at the experimental pressure, as
they flow into a visual window at the outlet of the sandpack. Another objective of this work is to study the
liquid phase mobility below the bubblepoint pressure.

Experimental

Figure 1 shows the schematic diagram of the experimental setup. The main component is the visual
coreholder. An ISCO pump is used for saturating the porous medium and producing the oil during the
depletion. Other components are; a high pressure cylinder used for preparation of the live oil, pressure and
temperature sensors, and 2 video camera for detecting the onset of gas flow. All of the above components are
housed in an air bath which is controlled within 0.1 F of the experimental temperature of 75 F. Acquisition of
the pressure data, and control of the temperature of the bath is performed by a PC, and the video image is
stored using a recorder.

The body of the coreholder is made of an acrylic tube with a wall thickness of 12 mm. The top components
of the coreholder were especially designed to provide the seal while exerting pressure on the sandpack. This
would ensure that the seal displaces the space from the compaction of the sand during different stages of the
experiment. The top components are two stainless steel disks with a2 12-mm thick rubber sandwiched between
them (see the exert in Figure 1). The lower disk which sits on the sand has a stainless steel screen to avoid
sand flow, and a set of groves to facilitate production of the fluids. A 6-mm OD stainless steel tubing, welded
to the lower disk, passes through the rubber and the upper disks and ends in 2 window made inside an acrylic
rod. The fluid produced from the sandpack enters the window and flows out through a 3-mm hole drilled
through the acrylic rod. The window is graduated to measure the gas volume. Connections between the
coreholder, the pressure transducers and the pump are made of 3-mm OD stainless steel tubing. The total
dead volume at the top of the ISCO pump, in the tubings, and transducers is about 16 cm’.

Rock and Fluid Data: Clean Ottawa sand with a grain size of 212 - 355 ?m comprised the porous medium.
The top of the sandpack was covered with 6-mm layer of coarse sand grains (600 - 800 ?m). The openings of
the screen at the top of the sand were 425 Pm. This configuration was used to avoid sand flow through the
screen, and to prevent gas holdup below the stainless steel screen. The sandpack was prepared by pouring
small batches of clean sand into the coreholder and pounding on it. The thin layer of the coarse sand was
then added to the top of the pack and the components were assembled. By tightening the screws at the outlet
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cap, 2 uniaxial pressure was exerted on the sand column. The pressure caused expansion in the rubber disk to
provide the seal. Some of the relevant data are provided in Table 1.

Methane was used as the gas phase in all of the expetiments. Normal decane and an 11-API crude'® were used
for the light model oil and heavy oil runs, respectively. Table 2 gives some of the physical properties of the
- fluids. A small amount of water was present in the heavy crude. The GOR for the light and heavy oils was 13
and 6.5 vol/vol, respectively. 4 :

Test Procedure: The live oil was prepared in 2 high pressure cylinder by mixing the gas and the dead oil. For
the preparation of the heavy oil, heating at 120 F and mixing was applied for many days. The GOR of the live
oil was used as a measure of uniformity of the fluid in the cylinder. The coreholder, which was assembled on 2
frame that could rotate 180 degrees, was put under vacuum. The syringe pump was then filled with the dead
oil, and the entire system was saturated. The remaining oil in the pump was removed and the pump was filled
with the live oil at a pressure twice of the bubblepoint pressure. The-dead ol in the lines and in the core were
then displaced with at least 1.5 PV of live oil. This took about five hours for the light oil and about three days
for the heavy oil. The lowest pressure in the system was at least 30% above the bubblepoint pressure. The
system was allowed to stabilize for at least one day before the depletion test was initiated.

Depletion started by operating the pump at a constant rate of withdrawal. The pressure decreased to below
the bubblepoint pressure; at the critical supersaturation pressure gas evolved in the porous media. The onset
of gas-bubble nucleation was evidenced from the pressure behaviour as will be discussed later. Expansion of
the gas bubbles were observed on the surface of the sandpack. Pressure data, total production and gas
production data were recorded. The gas production was read from the graduations of the window at the top
of the coreholder. After the window was filled, the additional volume of the gas which had entered the pump
was estimated by measuring the compressibility of the fluid mixture in the pump. It took only 2 few minutes
to isolate the core from the pump and measure the compressibility and return the system to the conditions
prior to isolation.

With the completion of one experiment, the extra gas in the pump was released, the coreholder was rotated
180 degrees and oil from the pump was injected into the core. The gas in the window, now at the bottom,
was displaced into the core and was dissolved in the oil. When the single phase fluid was established in the

core, the pump was filled with fresh live oil and the fluid in the core was displaced again with at least 1.5 PV of
the live oil. ’

Results

Two light model oil runs were performed using a C,/C,, mixture in which the mole fraction of C,, was 0.905.
These tests were performed under similar conditions as duplicate runs. The coreholder was in the vertical
position with the window at the top. We also performed three heavy oil runs. In two of the runs, the
coreholder was in the vertical position with the window at the top. The third experiment was run in a
horizontal position. In the following, the results of one of the light model oil experiments, and the horizontal
heavy oil run are discussed in detail, and the differences from the other runs are pointed out.

Light-Model Oil Experiments: Figures 2 and 3 show pressure vs. expansion for the light model oil runi. The
pressure is from the readings of the bottom transducer. Expansion was started from an initial pressure of 302
psig- The rate of expansion was 0.432 cm®/day, corresponding to 1% of PV every 6.25 days. The rate of
- pressure drop in the single phase liquid was about 48 psi/day. Due to the low viscosity of the oil, the
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differential pressure transducer did not detect a pressure difference. The resolution of the differential pressure
transducer was about 0.02 psi and that of the main transducers about 0.5 psi. Upon expansion, the liquid
pressure decreased to a value of 272 psig at 0.28 cm® expansion, when the pressure trend reversed. The
pressure increased to 2 maximum of 280 psig in about 10 hours. At this time, the pressure started to decrease
at a2 much lower rate compared to the single phase region. The critical supersaturation pressures of the two
runs were 2-3 psi apart.

During the course of the experiment, the rate of withdrawal was increased at two different times. The data
with other relevant information are given in Table 3. Every time the rate of expansion increased, the P-V
curve became steeper, indicating an increase of 1 to 2 psi in supersaturation. This is estimated by comparing
the extrapolation of the pressure curve, for a few hours after the rate increase, with the actual pressure data.
Despite this temporary increase in supersaturation, the steepness of the P-V curve has 2 reducing trend from
the beginning to the end, suggesting a reduction in supersaturation.

Gas evolution in the pack and recovery performance: At a gas saturation of 0.1% (0.5 cm® expansion), two
small bubbles were observed in the lower half of the core. Each bubble covered a few grains. The number

and the size of the bubbles increased during the 10 days of depletion. For example, at 1.67 and 5.7 cm®
expansion (gas saturation of 0.6 and 1.6%), 7 and 16 bubbles were visible on the core surface, respectively.
Some of these bubbles may have been connected from within. By the end of the experiment 20 gas bubbles
could be observed, when some of them had grown to about 3 cm in height.

At a gas saturation of 1.5%, 50 small bubbles flowed within 2 minutes into the window and occupied 2 volume
of about 0.5 cm®. The saturation at which gas flow occurred is considered as the critical gas saturation. At this
stage, gas flow into the window continued at a frequency of 2 to 4 times per day. Hence the critical gas
saturation was 1.5%. The critical gas saturation of the duplicate run was 1.3%. Figure 4 shows the increase of
gas saturation in the core. With further expansion gas saturation increased to 2 maximum of 2.9%, when gas
was the only producing fluid for three days. The maximum gas saturation for the duplicate run was 2.6%. To
obtain the gas volume in the core, the gas volume in the window and pump was subtracted from the total
expansion beyond bubblepoint pressure. Errors due to the expansion of the coreholder, and the effect of
hydrostatic pressure are insignificant. Since the changes in formation volume factor are negligible, the gas
saturation in the core is equal to oil recovery.

Although not identical, the data of the two runs and the observed behaviour are close enough to provide a
basis for comparison between the light oil and heavy oil experiments, which is discussed next.

Heavy Oil Experiments: The heavy oil runs were performed at a constant expansion rate of 0.984 cm®/day,
corresponding to 1% of PV every 2.5 days. The rate of pressure drop in the single liquid phase was 130
psi/day. Figures 5 and 6 show the variation of pressure vs. volume expansion for the horizontal run. In
addition to the pressure, the pressure drop across the core is also shown. At the onset, the pressure
differential increased from zero to about 0.1 psi. The pressure data clearly show that the transient effects due
to initiation of flow die out in 2 short time, and a constant differential pressure of about 0.1 psi is registered.

Critical supersaturation pressure was detected at an expansion of 1.0 cm® and 305 psig pressure. Subsequently,
the pressure increased to 343 psig. Figure 5 shows that upon evolution of the gas phase in the porous media,
the differential pressure increased slightly, and then stayed constant. In none of the runs did we observe 2
liquid mobility enhancement suggested in the literature by some authors™".
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After formation of gas in the porous media, inferred from the pressure rise, a few gas bubbles were observed
on the surface of the sandpack. The size and the number of the bubbles increased with time. For example,
for one of the vertical runs, at 1.9, 2.9, 3.6, and 10.6 cm® expansion, 1,2,6, and 40 to 50 bubbles were visible on
- the core surface, respectively Generally, the bubble density for the heavy oil runs was larger than that of the

light oil runs. Later in the experiment, some of the gas bubbles close to-the outlet had grown in length and
had many branches.

At a gas saturation of about 3.5% (9 cm”® expansion), some pressure fluctuations were observed in the readings -
of the differential pressure transducer (see Figure 6). While in the two vertical runs, the pressure fluctuations

corresponded to the detection of the gas in the window, the gas phase was not detectable in the window until

a saturation of 4.8% was established in the core. At that time, the volume of. the gas in the window was

estimated 0.5 cm®. Critical gas saturation of 4.8% is more in line with those obtained from the two vertical

runs. The critical gas saturation of the two vertical runs were 4.8 and 5%.

The observations pointed out above, can be used to reject the argument of simultaneous flow of gas in the
form of microbubbles with the oil through the pore space. Our observations are; an enlargement of gas
bubbles in the form of patches which cover many grains on the surface of sandpack, and an accumulation of
gas in the window only after gas saturation in the core had build up to 4.8 to 5%. -

Another point is that the pressure drop across the core at the critical gas saturation is more than the single
phase pressure drop. The data for the three runs suggest that the end-point oil relative permeability under
solution-gas drive is around 0.6 to 0.8.

Upon further expansion, the gas volume increased in the window. Figure 7 shows the variation of the gas
saturation in the sandpack vs. expansion. Gas saturation increased to 2 maximum of 6.6% at expansion of 30
cm’. In this interval the readings of the differential pressure transducer are dominated by oscillations. Figure
8 shows the detail of the pressure fluctuations during one day of expansion. The readings decrease to a value
between 0.0 and 0.10, before returning to 0.15 to 0.25 psi every one and half hours or so. The oscillations are
believed to relate to the intervals of gas flow, when very small pressure drops are sufficient. Later in the
experiment, the frequency of the fluctuations increased to as many as 3 to 5 cycles per hour duting some
intervals. The frequency of the pressure oscillations in the vertical runs was much smaller, and they were of 2.
larger magnitude. '

At the end of the experiment, the pump was stopped, and the core was isolated from the pump. The readings
of the differential pressure transducer reduced from 0.1 psi to zero within about 10 minutes. In the next
twenty hours, no increase was detectable in the readings of the main transducers. This indicates that by the
‘end of experiment, the initial supersaturation had nearly vanished. In other words, in the course of one
month of the experiment, with an average two-phase rate of pressure drop of 4.5 psi/day, the time-dependent
behaviour had ceased. It is expected that under field conditions, with lower rates of pressure drop, the
importance of nonequilibrium effects would be even smaller.

In the above experiment, some segregation on the core surface was noticed. However, this was not of

importance as the results of the other two vertical experiments were nearly the same; 2 maximum gas
saturation of 6.5 - 7% at the end of the experiment and no detectzable supersaturation at 30 cm® expansion.
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Discussion

Let us assume that we were to simulate our experiments, and were to use the same relative permeability curves
and capillary pressure function (accounting for the effect of surface tension) for the heavy oil and light model
oil systems. During the single phase flow period, the oil phase pressure gradient in the heavy oil experiments
is four to five orders of magnitude larger than that in the light oil experiments (based on the flow rates and
viscosities). If the liquid phase pressure gradient were to translate to gas phase pressure gradient using capillary
pressure function, as it does in the conventional formulation of multi-phase flow, the ratio of the gas flow rate
to the liquid flow rate in the heavy oil runs had to be roughly four to five orders of magnitude larger than that
of the light oil experiments. The experimental observation are in clear contradiction to what the above
numerical simulator would have predicted.

One flaw in the above scenario and usage of the relative permeability concept is that, at low gas saturations,
the gas phase is not continuous. The experimental observations indicate that gas flow is intermittent, and
during the intervals of gas flow, pressure drop across the core decreases drastically. One way to force the
simuylator to predict more realistic results is to reduce the gas mobility. In fact, the gas phase, when
discontinuous, has 2 lower mobility. This behaviour is commonly seen in foam flow, where the mobility of
the gas phase, which is discontinuous because of the liquid lamella, is much lower than the mobility of

continuous gas phase. The mobility of the gas phase in the foam is a direct function of number of lamella per
unit volume®’.

To obtain a tangible picture of the effect of the number of lamella on gas mobility, and to examine the effect
of viscosity on the low mobility of gas in the heavy oil systems, tests similar to those reported by Sheng et al."’,
were performed. A silicone oil of viscosity of 30,000 cp was saturated with methane at 2 GOR of 6.5. Usinga
needle valve, about 42 g of the live oil was expanded into a graduated cylinder at atmospheric pressure. The
same experiment was repeated for the heavy oil. In the silicone oil test, gas bubbles formed and coalesced
very quickly, creating larger and larger bubbles which floated to the surface and broke away. Within 30
minutes virtually all of the gas had escaped the silicone oil. The behaviour of heavy oil was different. It took
about two orders of magnitude longer, 50 hours, for the volume of the oleic phase (oil and the dispersed gas

phase) to decrease to its final value. Figure 9 shows the apparent volume of the oleic phase for the silicone oil
and the heavy oil.

Close observation of the surface of the graduated cylinder indicated that in the case of the heavy oil, the gas
bubbles were very small (smaller than 1 mm), and the rate of coalescence (if any) was much smaller than the
silicone oil. Gas mobility in the graduated cylinder is mainly governed by the liquid viscosity and the bubble
size, and is a balance between the buoyancy and the drag forces (Stoke’s law). Using this criterion, the limiting
velocity of 100 ?m and 1 mm gas bubbles in a 30,000 cp liquid is 1.6 cm/day and 6.5 cm/hr, respectively.

These simple experiments showed that the gas bubbles in the heavy oil sample remained smaller, and their
mobility was much Jower than that in the silicone oil.

The presence of surface active material and high viscosity of the liquid are often suggested as reasons for
stability of gas bubbles in heavy oil systems. The above experiments showed that, at least in the graduated
cylinder, the high viscosity of the silicone oil was not enough for stability of the liquid lamella. It should be
noted, that the forces acting in porous media are not limited to drag and buoyancy, and the effect of
geometry-capillarity may alter the governing mechanism. Results of these experiments should be used mainly
for designing more realistic experiments, similar to those presented in this paper.
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Conclusions

1. In our experiments in a sandpack, many of the previously proposed mechanisms for describing cold
production of heavy oil were examined and were found absent. It was found that:

Critical gas saturation was low (5% or less)

Oil phase mobility was not improved upon formation of the gas phase in porous media

Gas flow was not in the form of simultaneous flow of gas microbubbles; it flowed intermittently
Within 30 days of the experiment, time-dependent, i.e. nonequilibrium effects had nearly vanished

1. Gas mobility in the heavy oil system may remain low. This could be explained by the presence of 2 large
number of liquid lamella per unit volume.

2. Assuming that the heavy oil viscosity did not change upon liberation of the gas phase in the porous media,

oil relative permeability at critical gas saturation (end-point oil relative permeability) was in the range of 0.6
to 0.8.
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Table 1. Sandpack and coreholder data
Lightoil | Heavy oil
run

run
Porosity, %o 36 36
Diameter, cm 6.36 6.35
Height, cm 235 21.5
Pore Volume, cm® | 270 245
Volume of the 3.9 8.2

window, cm®

Table 2. Fluid data
Light Heavy o1l

model oil
Densityat 75 F, 0.724 0.9854*
g/cm’
Molecular Weight | 142 455 - 468
Viscosity at 75 F, | 0.9 56000
cp
GOR, vol/vol 13 6.5
Table 3. Data of the light and heavy oil experiments
Light model | Heavy oil
oil runs runs
Initial rate of 0.018 0.041
expansion, cm’ /hr
Second rate of 0.054 (at
withdrawal, cm® /hr | 0.58 cm®)
Third rate of 0.108 (at
withdrawal, cm® /hr | 3.22 cm®)
Rate of pressure 50 130
drop in the single
liquid phase,
psi/day
Critical gas 1.3-15 4.8-5
saturation, %
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Figure 1. Schematic diagram of the setup
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Figure 2. Pressure vs. volume expansion for the light model oil run

73

— SR— cgea wgpaer - — e, . e I
PRttt el ¥ iie Sasaish < -te: A RTINS R L P2 huld A I AR RGP A 3 S O AL e M it A



Gas saturation, %

310
300
290
280
270

psig

260
250

Pressure

240

230

3.5

5 20

1 % ) 15
xpansion, cc
Figure 8. Pressure vs. volume expansion for the light model oil run

25

25

1.5,

0.5

»

5 10 N 15 20
Expansion, cc ,
Figure 4. Gas saturation in the sand pack for the light model oil run

74

25



440 0.18
420 T+ 0.15
(=]
@ 400 .\ + 0.12
v 380 NCAN TR A :
5 PIRIRL S + 0.09
@ 360 )
9 4 T 0 06
o 340 * :
b 4 - o —
320 % \ / Pressur? : 1 0.03
3 \/ x Differential Pressure
300 % ' ! 0.00
0 1 2 3 4 5 6
Expansion, cc
Figure 5. Pressure vs. volume expansion for the heavy oil run
440 I | Y 0.27
jgg —~—Pressure i + 0.24
o 380 —x— Differential Pressure % R =+ 021
2 } = 0.18
a 360
3 1 0.15
o 340
2 320 T+ 012
o 280 £ Nl ‘ 1 0.06
260 § X g X 1 0.03
240 : ; X 1 0.00
220 * | z -0.03
0 5 10 15 20 25 30 35

Expansion, cc
Figure 6. Pressure vs. volume expansion for the heavy oil run

75

P e B T ae v moear mon e R o R L

Pressure drop across the core, psi

Pressure drop across the core, psi



L
| I l;l.r

.

i~

© U <t O N ~ O

% ‘uoljein)es ser)

15 20 25 30 35

- 10

Expansion, cc
Figure 7. Gas saturation in the sand pack for the heawy oil run

Te)
N
o

[aV} 10 - [Te)
o . o <
o o

1sd ‘@100 ey} ssosoe doip einssald

14.2 144 14.6 14.8 15 156.2

14

Expansion, cc
Figure 8. Pressure drop vs. volume expansion for the heavy oil run

13.8

76



Volume of the oleic phase, cc

(o))
o1
O

931
(6)]

B
(42}

(]
(4)}

N —a—Heaw Ol

\ —o— Silicone Oil

|
|
;V

(@

10 20 30 40 50 60 70
Time, hour

Figure 9. Volume change of the Silicone and heavy oils vs. time

71

80



Chapter III — Intermediate Gas-Wetting and Its
Significance for Gas Condensate Reservoir

Part I — Phenomenological Modeling of Critical Condensate
Saturation and Relative Permeabilities in Gas Condensate Systems

KEWEN LI AND ABBAS FIROOZABADI

Summary

The effects of gravity, viscous forces, interfacial tension, and wettability on the critical condensate saturation and relative
permeability of gas condensate systems are studied using a phenomenologécal simple network model. The results from the simple
model show that wettability significantly affects both critical condensate saturation and gas phase relative permeability. Gas phase
relative permeability at some saturations may increase ten times as contact angle is altered from O (strongly liquid-wet) to 85°
(intermediately gas-wet). The results suggest that gas well deliverability in condensate reservoirs can be enbanced by wettability
alteration near the wellbore.

Introduction

Much attention has been paid to the study of in-situ liquid formation and fluid flow mechanisms in gas
condensate systems in recent years. When gas condensate reservoirs are developed by pressure depletion, gas
well deliverability is affected by the amount and the distribution of the condensate formed around the
wellbore. The understanding of the parameters that affect the distribution and the amount of condensate
saturation (§) in the wellbore and the effect of these parameters on gas and liquid flow are important
towards the development of the methods for increased gas deliverability.

There are numerous field examples of gas condensate reservoirs that experience a sharp drop in gas well
deliverability at high pressures due to the condensation near the wellbore."> There are examples that the
condensation may even kill gas production.? The sharp reduction in gas deliverability may be due to the
shape of gas phase relative permeability (&,); the mechanisms of gas productivity impairment are not yet
clear. Two main parameters affect condensate recovery and gas well deliverability. These two parameters are:
1) critical condensate saturation (5,), and 2) gas phase relative permeability.

Vatious authors*® have measured S, and 2 wide range of observations are reported. The measured values of
S, are generally in the range of 10 to 50%. Gravier et al.* (1986) measured S, in carbonate low permeability
.cores with permeability in the range of 0.5 to 40 md and interfacial tension (0) variations from 0.5 to 1.5
dynes/cm. S, varied from 24.5 to 50.5% with an average of 35.0%. These measurements were conducted in
the presence of connate water. Morel et al’ (1992) reported a critical condensate saturation of less than 1%
for o0 = 0.05 dynes/cm and connate water saturation of 20%. The critical condensate saturation was
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measured in a vertical dolomite core. The measured S, is apparently related to various effects including
gravity and interfacial tension.

Some authors have accounted for the effect of gravity by conducting flow experiments both in horizontal
and vertical directions. Danesh et al.”® (1991) studied the effect of gravity on S, in water-wet micromodels
and sandstone cores. They found that S in a vertical core was lower than that in a horizontal core; their tests
showed that gravity reduced the critical condensate saturation. These authors also examined the dependence
of critical condensate saturation on O. As expected, S, increases with an increase in ©. Ali et al™ (1993)
observed an improved condensate recovery of 17.2% in a vertical gas injection compared with that in a
horizontal injection. Their experiments were conducted with a high interfacial tension for gas condensates (o
= 0.92 dynes/cm). Sandstone cores and a synthetic six-component fluid were used by these authors. When
G was decreased to 0.04 dynes/cm, condensate recovery improved to 27.5% with vertical injection.
Henderson et al.*? (1993) also reported a significant reduction of the critical condensate saturation in long
vertical core samples in comparison to those in horizontal cores. Munkerud® (1989), however, did not find
significant difference in condensate recovery and saturation between horizontal and vertical pressure
depletion. He used Berea cores and a synthetic six-component fluid.

A number of authors have studied gas phase relative permesbility of gas condensate systems. Gravier et al.*
(1986) found an abrupt decrease in £, close to §,. Chen et al° (1995) measured £, at reservoir pressures with
reservoir rock and reservoir fluids from two North Sea gas condensate resetrvoirs. The interfacial tension ©
varied from 0.01 to 0.42 dynes/cm. The results showed that &, reduced about ten-fold due to condensation
when S, reached 20% for Reservoir A core and fluid. Reduction of &, with the increase of S, for Reservoir B
core and fluid is less pronounced but an abrupt decrease of 4, close to S, was also observed. Chen et al°
(1995) showed that £, is rate dependent; it increases with the increase of flow rate. Henderson et al.*®
measured gas-condensate relative permeabilities using a long Berea core and a 5-component synthetic gas
condensate fluid; & varied from 0.05 to 0.40 dynes/cm. They found that the relative permeabilities of both
gas and liquid phases decreased with the increase of ¢ and increased with the increase of flow rate. Gas
relative permeability was more sensitive to ¢ and flow rate than liquid relative permeability. The results from

the work of Munkerud® (1989) and Haniff et al.** (1990) differ from the other authors. They did not observe
the abrupt decrease of &,

The brief review above points out that there are many unresolved issues in the study of critical condensate
saturation and gas-condensate relative permeability. The sharp decrease in gas relative permeability close to
S, that was observed experimentally has not yet been studied theoretically. The dependence of S, £, and £,
on interfacial tension, viscous force, and gravity are not clear from the experimental data. The question
remains how to measure S, &, and £, in the laboratory and how to scale them to field conditions. The
conclusions drawn from the experimental results are sometimes not consistent. A theoretical understanding
of the effect of g, gravity, viscous force, and wettability on S, &, and £, helps give insight into the recovery

of liquid condensate from rich gas condensate reservoirs, and gas well deliverability from both rich and lean
gas condensate reservoirs.

Theoretical work on the critical condensate saturation and relative permeabilities of gas condensate systems
is very limited. Mohammadi et al.*® found that the relative permeabilities in gas condensate systems follow the
conventional displacement process. These authors used percolation theory in their work for hotizontal
porous media. The effect of interfacial tension, viscous force, gravity, and wettability on critical condensate
saturation and gas-condensate relative permeability was not included in the work of Mohammadi et al.*.
Fang et al.™ (1996) developed 2 phenomenological network model for critical condensate saturation. The
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main results from this model are that critical condensate saturation is a function of 1) interfacial tension, and
2) contact angle in gas-oil-rock systems. The model of Fang et al.'® is based on the assumption of negligible
viscous forces and limited tube length.

In this work, we first modify the S, model of Fang et al.*® for predicting critical condensate saturation to
include the effect of viscous forces and to relax the assumption of large tube length. We then develop a
relative permeability model (&, model) for gas condensate systems using a renormalization technique. Using
the model, the effects of interfacial tension, flow rate, and contact angle hysteresis on the critical condensate
saturation and gas or condensate relative permeabilities are investigated. The results from the modified 5,
model and the &, model show that S, and &, are significantly affected by interfacial tension, gravity, flow rate,
and wettability. Wettability may have the most pronounced effect on both S, and 4,

Network Model for Condensation in Porous Media

‘The porous medium used in this study is represented by a simple 2D pore network with circular capillary
tubes of the length L and cubic intersections of side width 4 we assume 4 to be equal to the maximum
diameter of the capillary tube in the network. There are four tubes connected to each intersection; therefore,

the coordination number is four. A log-normal size distribution is assumed with a standard deviation of 5.74

and an average radius of 23 [im for the capillary tubes. The size distribution of the network with 200 20
intersections is sketched in Fig. 1. In this sketch, the tube diameter is proportional to the thickness. The
total pore volume of the network with a tube length of 6000 pm is 8.93 mm® the total volume of the
intersections in the network is 0.03 mm® and the estimated permeability of the network is about 1 darcy.
Note that the simple network just described is basically selected for some sensitivity studies.

Critical Liquid Height and Critical Condensate Saturation in a
Single Capillary Tube

Fang et al."* developed 2 phenomenological model for the critical condensate saturation in 2 porous medium
represented by 2 network. Their model is based on two assumptions: 1) viscous forces are negligible and 2)
the critical liquid height (4,) from liquid formed in-situ in the capillary tubes is less than the tube length (the
critical height is the maximum length before the liquid column becomes mobile). In this work, we extend the
model of Fang et al."° to include the effect of viscous forces, and provide the option for 4, > L. When 2
liquid is first formed in 2 capillary tube, we assume that it appears in the middle part of the tube in the form
of 2 liquid bridge. During its growth, interfacial tension, gravity, contact angle hysteresis, viscous force and
the size of capillary tubes are the main factors that affect the stability of the new liquid phase.

The critical height 4, of liquid formed in-situ in 2 circular capillary tube of radius 7 is expressed as (see Fig.
2a):*

20 Pr—P
h, = 6, —cosf,) — B4 1
“ = Apgr (cosB; —cosb,) Aoz @

where p,is the pressure at the top and p, the pressure at the bottom of the liquid column; 6 is the receding

contact angle and 6, the advancing contact angle; Ap is the density difference between gas and liquid phase.
The equation above is derived on the basis of the balance between capillary pressure, viscous force and

gravity. In this study, for simplicity it is assumed that the gas density P, is equal to zero (that is, Ap = p).
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Liquid will flow downward to the bottom of the tube when the height of the liquid column exceeds 4, The
advancing contact angle will then change to 90°. At this time, the critical height of the liquid column will
increase and can be calculated from Eq.1. Once 4, is determined, the ctitical condensate saturation in a single
capillary tube is calculated as 4,/L.

Process of Condensate Formation, Growth and Flow for A, >L

Liquid condensation may take place in capillary tubes of smaller diameters based on the thermodynamics of
curved interfaces.” The condensation process in 2 network is represented by discrete steps.’® When pressure
decreases below dewpoint pressure, the gas in those tubes with radius 7 < 7, is allowed to condense. The
process of in-situ condensate formation, growth and flow when 4, > L is presented in Fig. 3. For the study
of viscous effect, it is assumed that gas is injected from the top of the network.

As the pressure in the system decreases below the dewpoint pressure, liquid condensate is assumed to
condense in the middle of tube 3 (r; < 7,) in the form of a liquid bridge as shown in step 1. The top receding

contact angle 8z (measured through the liquid phase) will be less than the bottom advancing contact angle 6,
due to gravity and viscous effects.

Continuous condensation increases the liquid height in tube 3. Assuming the critical liquid height 4, > L, the
advancing contact angle will increase and reach 90°. This is shown in step 2. With further condensation, the

advancing contact angle will exceed 90°. The receding contact angle at the top will also increase and reach 90°
(see step 3).

If both the advancing and the receding contact angles reach 90° at the same time, the liquid column becomes
unstable and will flow downward. The advancing contact angle will then exceed 90°. The receding and
advancing contact angles will continue to increase with further condensation in tube 3 (see step 4). Given 7,
< Min (7, 7, 7;), the condensate formed in-situ will contact the corner point “4” shown in step 5. The
interface has the maximum radius, 7. At this stage, the condensate becomes unstable and forms two new
interfaces, one in tube 2 and another in the intersection as shown in step 6. Because the radius of the
interface in tube 2 is smaller than that in the intersection, the liquid pressure in the intersection is higher than
that in tube 2. The liquid will be pulled into tube 2 as a result. The new configuration is shown in step 7.

Now, the liquid interface in tube 2 serves as a new condensation site. After tube 2 is filled by the condensate,
the contact angle at the left end of tube 2 will increase until it reaches 90° (i.e. flat interface); then there will
be no further condensation. However, the condensation will continue at the right end of tube 2; as a result, a
new liquid interface in the intersection will develop. The liquid interface will touch the corner point “D” with
further condensation (see step 8).

The liquid interface will then break into two new liquid interfaces, one in tube 1 and another in tube 4 as
shown in step 9. Given that 7 is less than 7, the liquid in tube 4 will be pulled into tube 1. The condensation
will continue in tube 1 until it reaches the critical height (4y,,). The liquid formed later in tube 1 will flow

downward into tube 4. The liquid height in tube 1 remains the same. The critical height 4,,, is calculated
from: '

_ 20 (COSGR _cosGA)_pR—PA @

P = Rpg 7 7 Apg
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After tube 4 is filled, the contact angle at the right end of tube 4 will increase until it reaches 90° (dashed line
shown in step 9). Then, the contact angle at the left end of tube 2 will start to increase. Because 7, is larger
than 7,, the condensate will flow into the intersection connecting tubes 4, 8, 9, 10 (see step 10). The contact
angle at the left end of tube 2 will exceed 90° with further condensation.

When in-situ condensation continues (see step 10), if 7 is less than 7,, the liquid interface in the intersection
will touch the corner point F. The liquid interface will also break into two new interfaces, one in tube 8 and
another still in the intersection after the interface contacts point F. The configuration of the liquid interface
in the intersection near point F will change and adjust itself as shown in step 11. At the same time, the
contact angle at the left end of tube 2 will decrease. Because the radius of the liquid interface in the
intersection is larger than that in tube 8, the liquid pressure in the intersection is higher than that in tube 8,
and the liquid will be pulled into tube 8. After the force balance is established between the capillary force and
the gravity in the liquid column in tube 8, the liquid in tube 8 will reach critical height. With further
condensation, the liquid formed in tubes 1 and 8 will flow downward and the liquid in the intersection will
touch the corner point G.

The liquid interface in the intersection will break after it contacts the corner point G. If 7, < 7y, the liquid
formed in tubes 1 and 8 will be pulled into tube 9 until it is filled (see step 12). With further condensation,
the liquid formed in tubes 1 and 8 will flow downward into tube 10. Assuming the critical liquid height 4y, in
tube 10 is less than the tube length, the liquid will flow downward when the liquid height > A, At the same
time, the liquid in tube 8 will also flow downward into tube 10. The configuration developed is shown in step
13. With further condensation, the liquid formed in tube 1 will flow downward through tube 4 to tube 10
and then to the next element. When the liquid interface in the intersection touches point G, the liquid will
first enter tube 10, instead of tube 9 if 7, > 7,. When the liquid height in tube 10 is equal to or larger than
by, the liquid in tube 10 flows downward (see step 14).

If 3 > 1, the liquid interface will form two new interfaces after contacting the corner point G, one in tube
10 and another in the intersection. Because the radius of the liquid interface in the intersection is larger than
in tube 10, the liquid will be pulled into tube 10. The liquid formed later will also enter tube 10 instead of
tube 8. Assuming 4y, < L, the configuration shown in step 15 is established after the liquid height in tube 10
reaches critical height. With further condensation in this element liquid will flow downward through tube 4
to tube 10 and then to the next element.

As stated previously, the process of in-situ condensate formation, growth and flow when 4, < L is described
in Ref. 17.

Calculation of S_,

The first step for the estimation of S, is to determine the differential pressure in each tube. The pressure
distribution in the entire network is calculated as follows. At every intersection one can write:

EQ;' =0 ©)

i=l

where Q. is the flow rate of fluid in tube 7 The flow rate in a circular capillary tube can be calculated from
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provided that the fluid is incompressible. In the above equation, 4 is fluid viscosity, p is fluid density, Ap,and
7, are differential pressure (inlet-outlet) and radius of tube 7, respectively.

Once the pressures at inlet and outlet sides of the network are provided, Eqs.3 and 4 can be used to obtain
the pressure distribution in- the netwotk. Gauss iteration method can be used to solve the set of linear
equations. Note that for every tube / with 4, < 4, O, =0, as we will discuss later. §_ in each tube can be
calculated with the known pressure distribution according to Egs.1 and 2. Then the value of the total S, in
the network is readily calculated.

Calculation of Fluid Conductance

Consider 2 single-phase flow in a capillary tube of radius 7; and length L. According to Datcy’s law, the flow
rate across the tube is Q. = (&/UL)7r?(Ap; + pgl), where k; is the permeability of tube 7 An alternative form
of the Darcy equation is O, = G; (4p; + pel), where G, is the conductance of tube 7 Comparison of the
Darcy equation with Eq. 4 provides the expression for the fluid conductance of tube #

717'-4

G. =—— S.=1 5
gy SﬂjL’ ( J ) ()

where G and S are the conductance and the saturation of fluid /in tube 7, respectively; K is the viscosity of
phase ;. Prior to S, when there is some liquid saturation in the tube, gas may not flow, and therefore, 0=0.
The effective conductance of fluid phase j in tube 4, which is related to the effective permeability of phase j,
can be calculated using the following equation when §,< 5

G; =0, .5 . ©)

Now consider 2 tube with some liquid saturation .S, (see Fig. 2b) which is larger than . In this case, liquid is
located at the bottom of the tube and both liquid and gas may flow. The equation for calculating the gas
conductance G, of tube 7 is:

4
A H -1
G, =——[1-S_+—=571", §.>5
ig 8”: L[ ic u u:] ( ¢) (7)

8 8

where /1, and /1, are the gas and liquid condensate viscosity, respectively. S, is the liquid condensate saturation
in tube 7 Derivation of Eq.7 is provided in Appendix A. Similarly, the liquid conductance of tube 7 can be
calculated as:

4
G, =T
8u, L

(4

[s,.c+-‘l-ji(1—s,,)]'l, S.> 5) ®
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where G, is the conductance of the liquid phase for case §,> S .

The next step is to calculate the effective conductance of both gas and liquid phases in the entire network
based on conductances of individual tubes. Once the effective conductance of both gas and liquid phases in
the network is calculated, gas and condensate relative permeabilities can be readily calculated. In the
following, we will use the renormalization method™ to calculate the effective conductance of the network
from conductances of individual tubes.

Renormalization Method and Relative Permeabilities

A useful technique to study transport in disordered systems is real-space renormalization group method that
arises in condensed-matter physics®®. King** (1989,1993) has applied this technique to single- and two-phase
fluid flows. Filippi and Toledo® (1993) also used the method for heterogeneous and highly anisotropic
systems. The renormalization method is accurate and computationally cost-effective in compatison with
direct numerical simulation.

For 2 given phase and 2 known saturation distribution, the effective phase conductance is calculated in small
regions, the so-called renormalization cells, and then in larger scales. Fig. 4 shows the grid units with
different renormalization cell number 7, for 2 2D network. In this figure, renormalization cell number varies
from 2 to 5. The effective conductance of one phase in the whole system can be obtained from the repeated
application of the renormalization procedure.

Fig. 5 shows the renormalization procedure for 7, = 2. The primary network is comptised of four cell units
of n, = 2. After the first step of renormalization, the network reduces to one cell unit of #, = 2. In the last
step, the primary network is converted to two units, one in the horizontal and the other in the vertical
direction. Let us consider 2 cell unit with eight tubes (that is, #, = 2) sketched in Fig. 6a. The effective
networks in the vertical and horizontal directions are shown in Figs. 6b and 6c, respectively. The effective
conductance, G,, in the vertical direction for 7, = 2 is calculated from

6. = GiGiGs +GiG.Gy + GGG, + GG,Gy + GoG1Gs + G,G,G, +G,GsGy + GGG,
: GG, +G,G, +GG, +G,G, +G,G, +G,G, +G,G, + G,G,
©

The effective conductance, G,, in horizontal direction for #, = 2 can be calculated by

G = G,G,G, +G,G,G, +G,G,G, +G,G,G, +G,G,G; +G,G,G; + G,G,G, + G,G,G;
* G,G, +G,G, +G,G, +G,G, +G,G, + GG, + GG, +G,G,
(10

where Gy, G,, ... , G; represent the phase conductance of each tube, which are shown in Fig. 6. Derivation of
Eq.9 is provided in Appendix B. Relative permeabilities for the network presented in Fig. 1 are calculated
according to the following procedures: (1) Calculate the absolute gas conductance in the vertical direction,
G, for the whole network first saturated completely with gas. This is realized by repeating the
renormalization steps at different scales as shown in Fig. 5, (2) Calculate the effective conductance of gas G
or liquid phase, G, at a given condensate saturation S, in the vertical direction when liquid is formed in the
network due to the pressure decrease below the dewpoint pressure; (3) Calculate gas relative permeability &,
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by G,/ G, and liquid relative permeability &, by (i, G,.)/ (i, G..)- %, and 4, data at different S, provide
relative permeabilities. :

Résults

The models described above are used to calculate S, &, and &, The results and the sensitivity of the
calculation to various parameters are described in the following.

Critical Condensate Saturation. Critical condensate saturation is calculated using the modified S, model.
The results show that critical condensate saturation is a function of interfacial tension, flow rate, gravity, and
contact angle hysteresis.

Effect of Interfacial Tension and Gravity. The effect of 0 and gravity on S, is shown in Fig. 7 for two
different values of the viscous force, Ap, across the network. The results are based on 2 tube length of 6000
pm, 6 =0°and 0°< 8, <90 °. Fig, 7 shows that S increases as o increases (0 < 0 < 4.0 dynes/cm). Fang
et al.'® (1996) made the same observation for ¢ in the range of 0 to 0.45 dynes/cm. The figure shows that S,
decreases with an increase of Ap. When ©'is large enough, S, reaches the same maximum value for different

Ap values, which implies that the effect of gravity on 5, becomes negligible at high values of 6. The results in
Fig. 7 are consistent with the experimental data by Danesh et al.'° (1991), Chen et al® (1995), Ali et al*!

(1993) and Henderson et al.” (1993). These authors have observed that S, increases as © increases and the
increased gravity effect lowers §,. Various calculations from the model show that as long as 6, is not zero
(6,4 > 0), the critical condensate saturation is not affected by the magnitude of .

Comparison of Figs. 7a and 7b reveals that S, decreases when 4p increases. The effect of gravity on §,
becomes negligible at high Ap when 0 varies in the range of 0 to 2 dynes/cm (see Fig. 7b). The results
presented in Fig. 7 demonstrate that gravity may or may not affect S, When Ap is small (that is, at low flow
rates), 5. is affected by gravity whereas for high Ap, the effect of gravity is less pronounced. The results in

Fig. 7 explain the effect of gravity on S, and reveals that there may be no inconsistency in the experimental
data reported by various authors. The effect of viscous forces is discussed in more detail next.

Effect of Flow Rate, The effect of viscous force (that is, flow rate) on S, is shown in Fig. 8 for Ap = 0.1
and 0.5 g/ml. Other parameters are the same as those used previously. Ap varies in the range of 0.05 to 0.4
psi in Fig, 8. This figure shows that the critical condensate saturation decreases with the increase of the
viscous force (that is increase in pressure drop). Comparison of Figs. 8a and 8b reveals that the effect of 4p
on S is more pronounced at lower gravity when O varies in the range of 0 to 2 dynes/cm (see Fig. 8a). The

effect of Ap on S, is reduced at high o (0 > 3 dynes/cm). The calculated results shown in Fig. 8 are
consistent with the experimental data of Chen et al.’ who found that S, decreases as flow rate increases.

Effect of Contact Angle Hysteresis. In a gas-oil-rock system, oil phase is considered as the wetting phase
and gas is the non-wetting phase. It is often assumed that the contact angle through the liquid phase is zero.
‘The assumption of liquid-wetness in a gas-liquid system is valid but the assumption of 6 = 0° may be invalid.
If the wettability of the fluid-rock system in a gas condensate reservoir near wellbore could be altered to
intermediate gas-wetness by some chemicals, S, and £, may also change. Fig. 9a presents S, vs. 0 for 6; =
85° and 85° < 6, < 90°. Other parameters are the same as those used in Fig. 7. This figure shows that S,
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becomes very small and variations of 0 or Ap have very little effect on S when the receding contact angle
increases to 85° Fig. 9b shows the effect of receding contact angle; S, decreases as the receding contact

angle increases from 0 to 85° at a fixed 0. This figure demonstrates that wettability alteration to the gas phase
has the most pronounced effect on .

The observation that there may be no effect of ¢ on §, for intermediate gas-wettability (see Fig. 9) is
interesting. The critical condensate saturation is sensitive to 0 if the fluid-rock system is strongly liquid-wet as
was shown in Fig. 7. However, for an intermediately gas-wet system, the critical condensate saturation
becomes small and does not increase much even at very high o as Fig. 9 shows.

Effect of Network Size. We calculated §_ with different network sizes in order to study the sensitivity of
our S, model to the network size. The results showed that for & = 0.01 dynes/cm with or without viscous
force, S, becomes approximately constant when the network size is larger than 159 15. This demonstrates
that the network size chosen for this study, 200 20, is appropriate.

Relative Permeabilities. The major theme of this work is the study of relative permeability in gas
condensate systems. In the following we will present the results from the model.

Features of Gas Relative Permeability. Fig. 10a depicts a sketch of the measured gas-phase relative
permeability curve for low permeability carbonate rocks in gas condensate systems®. Fig. 10b presents the
calculated gas phase relative permeability curve from our model. This figure shows that the model results
reproduce the features of the experimental data. Both the model results and experimental data show an
abrupt drop in gas phase relative permeability at condensate saturation close to §,. When gas phase relative
permeability decreases abruptly, the gas well deliverability reduces sharply.

Eftect of Interfacial Tension. The effect of ¢ on gas-condensate relative permeabilities is plotted in Fig.
11. The saturation interval is selected to be for §, > S to compare model results with experimental data. ©
varies in the range of 0.01 to 0.50 dynes/cm. Fig. 1ishows that both gas and liquid phase relative
permeabilities decrease with the increase of ¢. Liquid phase relative permeability is less sensitive to o than gas
phase relative permeability. The model results are in agreement with the experimental data of Henderson et
al.”, These authors found that the relative permeabilities of both phases to decrease with the increase of ©.
The gas relative permeability reduction was, however, more pronounced.

Effect of Flow Rate. The effect of flow rate on gas and condensate relative permeabilities is graphed in Fig.
12. This figure shows that both £, and 4, increase with the increase of Ap. Our model results are in
agreement with the experimental work by Chen et al.’ who found that gas relative permeability increased as
the flow rate increased. The liquid phase relative permeabilities shown in Fig. 12 are much less sensitive to
viscous forces than the gas phase relative permeability. The model results of relative permeabilities are also
consistent with the experimental obsetvation of Henderson et al.” These authors found that the relative
permeability of both phases increased with the increase of flow rate but that liquid relative permeability
increased less than gas relative permeability.

Effect of Contact Angle Hysteresis. If the wettability of a fluid-rock system in a gas condensate reservoir
near wellbore can be altered from strongly liquid-wet to intermediately gas-wet, the gas-condensate relative
permeabilities behavior may also change. Fig. 13 depicts the model results for £, and 4, at different receding

contact angles. This figure shows that both £, and £, increase as the wettability to liquid decreases (6 = 0,
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40, 80° and 6; < 6, = 90°, ¢ = 0.4 dynes/cm). There is a significant increase in the gas phase relative
permeability over the whole saturation range when receding contact angle increases from zero (completely
liquid-wet) to 80° (intermediately gas-wet). These results suggest that if the rock wettability around wellbore
can be altered from liquid-wet to intermediately or preferentially gas-wet, gas well deliverability may increase
significantly. Gas phase relative permeability, &, reduces very rapidly for the strongly liquid-wet condition (6
= 0°) and approaches zero when S, increases to 22%. Fig. 13 gives a clear indication of the significance of
wettability and contact angle hysteresis on gas well deliverability.

To our knowledge, the effect of wettability on relative permeabilities in gas condensate systems has not been
studied before. We have embarked on an experimental research program in order to measure the relative

permeabilities of gas condensate systems under varying wettability conditions. Some preliminary data on
relative permeabilities are presented in Ref. 22.

Blocking Effect Due to In-situ Condensatmn In some gas reservoirs, 2 gas well may be blocked
completely and the gas production may stop”. The above phenomenon is 2 result of in-situ liquid formation
near the wellbore as reservoir pressure drops below the dewpoint. The liquid formed newly in the porous
medium blocks both small and large pores and reduces the effective permeability of gas phase significantly.

The distribution of the liquid condensate formed in-situ at different stages of condensation in the pore
network is presented in Fig. 14. Fig. 14a shows the condensate distribution at S, = 5.0%. The black
represents the liquid condensate and the white the gas phase. The condensate is first formed in the middle of
smaller tubes in the form of liquid bridges. The capillary tubes that contain liquid bridges are blocked
completely. As a result, the number of tubes for gas flow is reduced and the effective gas permeability
through the whole network is decreased. The gas production will, therefore, reduce when pressure drops
below the dewpoint. With further pressure decrease, more liquid drops out and condensate saturation S,
increases. Fig. 14b shows the liquid distribution at S, = 15.0 %. The liquid occupies some large capillary
tubes. The number of capillary tubes available for gas flow is-further reduced. Fig. 14c shows the liquid
distribution at the critical condensate saturation, S_ = 58.0 %; there are almost no continuous paths available

for gas flow. The effective gas permeability is almost zero; when this occurs, gas production may stop
completely.

Conclusions

The major conclusions drawn from the work are:

‘The predictions from our simple model show that gravity generally reduces critical condensate saturation; but
as interfacial tension increases the gravity effect becomes less pronounced. The effect of gravity is
pronounced when viscous forces are small. These results are in agreement with experimental data.

Viscous forces may have a pronounced effect on S, especially at a low interfacial tension. However, the
most important parameter is wettability expressed in terms of the recedmg contact angle; Wettabﬂity
alteration to intermediate gas-wetness reduces critical condensate saturation dramatically irrespective of

~ gravity and interfacial tension.

The model predicts 2 significant effect of interfacial tension and viscous forces on gas phase relative
permeabilities. These predictions are in line with expenmenml data.

88



Model results show that there is a very significant effect of gas-wetness on gas relative permeability; gas phase
relative permeability may increase orders of magnitude as the receding contact angle increases from 0 to 80°.
The results imply that the most effective method for increasing gas well deliverability may be the alteration of
wettability around the wellbore.

Nomenclature

G, = gas conductance of the network at single-phase state
G, = effective gas conductance of the network at two-phase state
G, = effective liquid conductance of the network at two-phase state
/7, height of liquid column
h,, = critical height of liquid column
I'= total electrical current through the network in the vertical direction
I, = electric current through the conductance G; (= 3, 4, 6, 7, 8)
k, = gas-phase relative permeability
k&, = liquid-phase relative permeability
L = capillary tube length
D4~ pressure at the bottom
Dr= pressure at the top
P, = capillary pressure between gas and condensate
4p = total pressure differential
Ap, = pressure differential across condensate phase
Ap, = pressure differential across gas phase
Ap, = pressure differential between two ends of the capillary tube 7
0, = flow rate of gas
L. = flow rate of fluid through the capillary tube ;
Q. = flow rate of condensate
r = radius of a capillary tube
7; = radius of the capillary tube i
7, = threshold radius
S, = condensate saturation
S, = critical condensate saturation
V, = the voltage at the top of the effective network
V, = voltage at point A
V, = voltage at point B
V, = voltage at the bottom of the effective network
6., = advancing contact angle
Or = receding contact angle
p. = condensate density
P, = gas density
Ap = density difference between condensate and gas
O = interfacial tension
U = fluid viscosity
U, = gas viscosity
U, = condensate viscosity
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Appendix A: Gas Conductance in a Single Circular Tube

When both gas and liquid phases flow in a circular tube (see Fig. 2b), the gas flow rate can be calculated by
the Poiseuille equation: :

nrtAp ¢

AT oo

where (p, is the differential pressure across gas phase, and 2, is the liquid height. The effect of gravity and
compressibility are both neglected. The expression for the liquid condensate flow rate is:

0.1 —A;l’img), (a-2)

(4

4
¢
M.

where [, is the condensate viscosity and Op, the differential pressure across the condensate phase. The
differential pressure #}p between the two ends of a tube is given by:

Ap:Apg+Apc+Pc: (‘A-?’)

where P, is the capillary pressure between gas and condensate phase. The gas flow rate is equal to the liquid
flow rate when the fluid compressibility is neglected. That is:

2, =0, (A-4)
Combining the above equations (Eqs.A-1 to A-4), the gas phase differential pressure can be obtained:

1
Ap, =———————(Ap—P.+p_gh,), (A-5)
L h
148"
By L=k,

Substituting Eq. (A-5) into Eq. (A-1):

92 -



4

r 1
Q = (A _Pc+pc hc), A~
TR (L—h) | B BT & 49
K, L—hc

The gas conductance is then determined as:
r 1

G, = s A-
5 8aug(L-hc) 1+&_~h‘: ( 7)
K, L—h,

For tube 7in the network, the condensate saturation is given by:
Si=b/L, (A-8)

Equation (7) in the text can be provided by Substituting Eq. (A-8) into Eq. (A-7).

Appendix B: Effective Conductance in Vertical Direction for 7,=2

The effective network in vertical direction for #,=2 is shown in Fig. 6c. One can write the following
equations based on the theory of electric circuits:

I,=G,(V,~-V), (B-1)
I4 =G4(Vz ""V1)> (B'?‘)

Ii=Gs(V, - Vo), B-3)

I =G,(V,-V), B-4)

I8=G8(I}i—",t), (B-s)

At points 4 and B

.1, =0, (at point A: i=4,7,8) (B-6)
i

.1, =0, (at point B: i=3,4,6) B-7)
i

The total electric current through the system, I =I;+1,, is given by
I=G,(V,-V), (B-8)

In the above equations, I (/ = 3, 4, 6, 7, 8) is the electric current through the conductance G, (¢ = 3, 4, 6, 7,
8); V, and 1/, are the voltages at the top and the bottom of the effective network, respectively; 1; and 1/, are
the voltages at points A4 and B, respectively. G, is effective conductance of the network in the vertical
direction. )

Combining Eqs.(B-1) - (B-7):

_G.(GV, +GV,)) + (G, +G, + G)(G,V, + GV,)

1%
! (G, +G, +G;)G, +G, +G,)—G? ’

(B-9)
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v. = GGV + GV) +(G, + G, +Go)(GV, + GV,

, -10

2 (G, +G, +G,)(G, +G, +G,)—G? ®-10)

Substitute Eqs.(B-3) and (B-4) into Eq.(B-9):

Gz — (Gs + G7)Vo - (G6V2 + G7V1) s ' (B..11)
Vo=V,

Equation (9) in the text can be obtained by Substituting Eqs.(B-9) and (B-10) into Eq.(B-1 1).
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Fig.4 Schematic of renormalization for different cell numbers
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(©) Primary conductance network

@ Conductance network after one renormalization step

(® Conductance network at the last step

Fig.5 Schematic of the renormalization procedures (n,=2)
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Part IT — Experimental Study of Wettability Alteration to
Preferential Gas-Wetting in Porous Media and its Effects

KEWEN LI AND ABBAS FIROOZABADI

Abstract

In a recent theoretical study, 1i and Firoogabadi showed that if the wettability of porons medsa can be
altered from preferentially liquid-wet to preferentially gas-wet, then gas well deliverability in gas condensate
reservoirs can be increased. In this paper, we present the resulfs that the wettability of porous media can
indeed be altered from preferentially lignid-wet to preferentially gas-wet. In the petroleum Lteraturs, it is often
assumed that the contact angle through liquid phase O is equal to O for gas-liquid systems in porous media.

As this paper will show, while 0 is always small, it may not always be ero as is often assumed. In
laboratory experiments, we altered the wettability of porous media to preferentially gas-wet by using two
chemicals, FC754 and FC722. Results show that in the capillary tube 6 changes from about 507 to 90
and from O to 60 afier wettability alteration by FC754 for water-air and normal decane-air systems,
respectively. While untreated Berea saturated with air has a 60% imbibition of water, its imbibition of water
after chemical treatment is almost erv and its imbibition of normal decane is substantially reduced. FC722
has a more pronounced gffect on the wettability alteration to preferential gas-wetting. In a glass capillary tube
O changes from 5G° to 120° and from O to 60 for water-air and normal decane-air systems, respectively.
Similarly, becanse of wettability alteration with FC722, there is no imbibition of either oil or water in both
Berea and chalk samples with or withont initial brine saturation. Entry capillary pressure measurements in
Berea and chalk give a clear demonstration that the wettability of porous media can be permanently altered
to preferential gas-wetting.

Introduction

In 2 theoretical work', we have modeled gas and liquid relative permeabilities for gas
condensate systems in a simple network. The results imply that when one alters the
wettability of porous media from strongly non-gas-wet to preferentially gas-wet or
intermediately gas-wet, there may be a substantial increase in gas well deliverability. The
increase in gas well deliverability of gas condensate reservoirs is our main motivation for
altering the wettability of porous media to preferentially gas-wet.

Certain gas condensate reservoirs experience a sharp drop in gas well deliverability when the
reservoir pressure drops below the dewpoint™. Examples include many rich gas condensate
reservoirs that have a permeability of less than 100md. In these reservoirs, it seems that the
viscous forces alone cannot enhance gas well deliverability. One may suggest removing
liquid around the wellbore via phase behavior effects through CO, and propane injection.
Both have been ttied in the field with limited success; the effect of fluid injection around
the wellbore for the removal of the condensate liquid is temporary. Wettability can be a very
important parameter for the enhancement of gas well deliverability. If one can alter the
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wettability of the wellbore region to mtermedlate gas-wetness, gas may flow efficiently in
porous media.

As early as 1941, Buckley and Leverett’ recognized the importance of wettability on water
flooding performance. Later, many authors studied the effect of Wettabihty on capillary
pressure, relative permeability, initial water saturation,- residual oil saturation, oil recovery,
electrical properties of reservoir rocks, and reservest B, I 1959, Wagner and Leach’
reported that it might be possible to improve oil d1splacement efficiency by Wett:a.blhty
adjustment during water ﬂooding In 1967, Froning and Leach® reported 2 field test in
Clearfork and Gallup reservoirs for improving oil recovery by wettability alteration.
Kamath® then reviewed wettability detergent flooding, He noted that it was difficult to draw
a definite conclusion regarding the success of detergent floods from the data available in the
literature. Penny et al.”” presented 2 technique to improve well stimulation by changing the
wettability for gas-water-rock systems. They added a surfactant in the fracturing fluid. This
yielded impressive results; the production following cleanup after fracturing in gas wells
generally was 2 to 3 times greater than field averages or offset wells treated with
conventional techniques. Penny et al'? believed that increased production was due to
wettability alteration. However, they did not demonstrate that wettability had been altered.

Recently, Wardlaw and McKellar" reported that only 11% pore volume (PV) water imbibed
into the Devonian dolomite samples with bitumen. The water imbibition test was
conducted vertically in' a dry core (saturated with air). Based on the imbibition experiments,
they hypothesized that some gas reservoirs in the western Alberta foothills of the Rocky
Mountains were partially dehydrated and their wettability altered to a2 somewhat
hydrophobic condition due to bitumen deposits (that is, weakly water-wet or strongly oil-
wet).

All the studies described above, except those in Refs 12 and 17, were conducted on oil-
water-rock systems instead of gas-liquid-rock systems (gas-oil- or gas-water-rock systems).

Refs 12 and 17 do not provide a direct measurement of wettability. In the petroleum
literature, gas is often assumed to be the non-wetting phase and liquid the strongly wetting
phase. For gas-liquid systems in porous media, it is commonly assumed that the contact
angle, 6 equals 0° and cos@ equals 1 (contact angle is measured through the liquid phase)

While the contact angle for gas-liquid systems may be small, it may not be zero as is often
assumed in the literature. When 2 small amount of liquid is put inside a capillary tube and it
is held in the vertical posttton the liquid does not flow. Analysis of this simple experiment
using the following equation

h= A::;r (cosf, —cos0,), @
reveals that the contact angle is not zero. Eq.1 is derived from the balance between the
gravity and capillary forces. The symbols are: 4, the liquid height in 2 circular capillary tube
of radius 7, 6 the receding contact angle and 6,, the advancing contact angle, Ap the density -
difference between the gas and liquid phase, and © the surface tension. There are also
indications that in porous media the contact angle may not be zero in gas-liquid systems; it
is of the order of several degrees or more but not intermediately gas-wet. Al-Siyabi et al.*®
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measured the gas-oil contact angles of four binary mixtures (C,/#C,, C,/#C,, C,/2C,,, and
C,/#Cy,,) at reservoir conditions. Their results showed that the gas-oil contact angles were
about 20° for surface tension values greater than about 0.2 dynes/cm. It is also often
understood that the contact angle for a gas-liquid system may not be altered substantially in
rocks. In this paper, we present the results for the wettability alteration to preferential gas-
wetness with or without initial water saturation and study its effect on the characteristics of
liquid (oil and water) imbibition, oil drainage, permeability, and relative permeability. We
also study the thermal stability and longevity of the rock in which wettability was altered.

Theory

To the best of our knowledge, wettability alteration to preferential gas-wetness in rocks has
not been suggested in the petroleum literature. Consider the sketches in Fig. 1. When the
contact angle 6 < 90° the liquid will rise in the circular capillary tube inserted vertically in the
liquid, as shown in Fig. 1a. If 8 = 90°, there will not be liquid rise, and the gas-oil interface
will be flat (that is, P=0, see Fig. 1b). When 6 > 90°, the liquid level will go down in the
circular capillary tube as sketched in Fig. 1c. The rise and fall of the liquid level are given by

_ 20 cos@

hl 3
Apgr

@

Eq. 2 can be used to estimate 8in a capillary tube, once 4, 0, Ap, and rare known.

According to Eq. 2, for a gas-liquid system, one may define preferential liquid-wetting when
6 < 90°, and preferential gas-wetting when 6 > 90°. However, this definition is related to the
geometry of the substrate. Let us consider a capillary tube with an equilateral triangle cross
section. The gas-liquid interface will be flat when 8 = 60° for this geometry (Fang et al.”).
Therefore, one may define preferential liquid-wetting when 6 < 60° and preferential gas-
wetting when € > 60°. For a capillary tube of square cross section, the gas-liquid interface
will be flat when 6 = 45°, which implies preferential liquid-wetting for 6 < 45° and
preferential gas-wetting for 6 > 45°. When the capillary tube assumes triangular curved
interfaces and rough wall surfaces, other complications arise so that the contact angle looses
some of its significance. The contact angle for the gas-liquid-rock system due to complex
geometry and surface roughness may have a qualitative definition. A simple definition is
adopted here from the expression for capillary pressure

ocosf
k

¢

PC=

; 3)

where £ and ¢ are permeability and fractional porosity, respectively.

One can measure entry capillary pressure (that is, threshold capillary pressure), and then
infer 6 from Eq. 3, when 0, £ and ¢ are available. The contact angle calculated from Eq. 3
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may not have the same physical meaning as the contact angle in Eq. 2. In order to

emphasize the difference, we will represent the contact angle in Eq. 3 by 6,, and call it the
pseudo contact angle.

Experimental

In the experimental work, brine, distilled water, and normal-decane were used as the liquid
phase, air as the gas phase, and glass capillary tube, Berea, and chalk (from Kansas outcrop
and from a North Sea reservoir) as the substrate. Two types of chemicals were employed to
alter the wettability of the substrates. The experiments were conducted at a room
temperature of around 20°C.

Fluids: Normal-decane was used as the oil phase; its specific gravity and viscosity are 0.73,
0.95¢cp at 20°C, respectively. The surface tension of air-normal decane is 23.4 dynes/cm at
20°C. Brine of 1.0 percent (wt) NaCl was used as the water phase in the Berea and chalk
experiments; its specific gravity and viscosity are 1.01 and 1.0cp at 20°C. Distilled water was
used as the water phase for the experiments in the capillary tube; the surface tension of ait-
distilled water is 72.1 dynes/cm at 20°C.

Core and Capillary Tube: In order to study the alteration of wettability to preferential gas-
wetting, we used two different substrates: 1) capillary tube, and 2) rock (Berea and chalk).
The glass capillary tube used in our work has an internal diameter of 0.23 mm. The relevant
data for Berea and chalk samples are summarized in Table 1.

Chemicals: In our work, two chemicals with brand names, FC754 and FC722, were used to
alter the wettability: 1) FC754 (inexpensive) and 2) FC722 (more expensive). FC754 is a
cationic surfactant and is water-soluble. Its specific gravity (at 25°C) and flash point ate 1.15
and 23°C, respectively. FC722 is a polymer with molecular weight of about 100,000; it is
neither water nor oil soluble. FC722 can be dissolved in a fluorocarbon-type solvent in a
wide temperature range; the specific gravity of the solvent is around 1.7 at 25°C.

Procedure: The chemicals FC754 and FC722 were dissolved in water, and the solvent in
various concentrations, respectively, and the glass capillary tube, Berea, and chalk were aged
in them. The aging period depends on temperature arid can vary from several minutes to .
several hours. After saturation with the chemical, the capillary tube, the Berea, or the chalk
was evacuated for a certain period and then dried in order to remove the extra liquid
chemicals. A very small amount lingers in the substrate as an adsorbed layer; as a result of
adsorption the surface energy decreases and the solid surface is rendered to preferentially
gas-wet.

Prior to wettability alteration, we measured the capillary rise of liquid (both oil and water) in
the tube and the imbibition of water and oil into the air-saturated Berea and chalk samples.
We repeated the same measurements after wettability alteration, and performed oil gravity
drainage tests on the Berea cores with and without wettability alteration. After wettability
alteration, we also measured the entry capillaty pressure of oil and water in the air-saturated
Berea and chalk samples in order to demonstrate the preferential gas-wetting,
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The following describes the procedure for establishing initial water saturation. First, Berea
was saturated with water (1.0%wt NaCl brine) and initial water saturation was established by
wet air displacement. We used wet air instead of dry air because it was found that the
distribution of initial water saturation established by dry air may not be uniform. Wet air was
prepared by forcing air to pass through a 1.0%wt brine before entering the core sample.
The initial water saturation was determined by direct weighing.  Since it is difficult to
establish low initial water saturation (say 10%) in Berea by only wet air displacement, we
used dry air displacement following wet air displacement in order to establish a low initial
water saturation. Then, wet air displacement was implemented again and the water
saturation in the core increased slowly. The displacement direction was changed from time
to time in order to make the distribution of initial water saturation more uniform. We
stopped air displacement only after the desired initial water saturation had been established.
Following that, the core was saturated with FC722 in the presence of initial water saturation.
After a certain aging period, the chemical was removed by wet air displacement at 2 velocity
less than that for establishing the initial water saturation. Care was taken to avoid water
production. The imbibition tests were then performed using the apparatus shown in Fig. 3.

For measuring gas phase relative permeability before and after wettability alteration, the core
was first saturated with oil (normal decane). The absolute permeability of the core was
measured. The air displacement in the core without the chemical treatment was then carried
out in the vertical direction at room temperature with a confining pressure of 500psi. The
air was passed through the oil before entering the core sample and its pressure at the inlet
was kept at 3.0psi while the outlet was open to the atmosphere. Oil recovery, residual oil
saturation, and end-point value of gas phase relative permeability were measured. The oil
relative permeability was also calculated at low oil saturations. After the air displacement
without chemical treatment, the core was cleaned, dried, and treated by 2.0%wt FC722.
Following that, the core was saturated with oil. Air displacement was performed again. Oil
recovery, residual oil saturation, and gas phase relative permeability were then measured.

Imbibition and Drainage: Traditionally, spontaneous imbibition tests are conducted by
immersing the core samples saturated with one liquid in another one. This type of
imbibition is countercurrent imbibition. For water imbibition in oil-water systems, the
traditional method for performing imbibition has an unavoidable disadvantage; one may
have to remove the produced fluid on the rock surface from time to time. Berea and chalk’
without chemical treatment are strongly liquid-wet in gas-liquid systems. The early
spontaneous imbibition may also be too rapid to record the data accurately. This classic
method is difficult to implement in gas-liquid systems due to the limitation described above.
The schematic of the apparatus used in our study for the measurement of liquid
spontaneous imbibition into an aif-saturated rock (Berea or chalk) is shown in Fig. 2. The
core sample was kept in a vertical direction. When the bottom of the rock touched the
liquid (oil or water), the liquid was spontaneously imbibed into the rock. The scale then
recorded the change in weight of liquid with imbibition time. The average liquid saturation
in the rock was calculated using the data from the scale. After the imbibition test, the core
sample is weighed and the final average liquid saturation in the core can be obtained from
the weight of the core. The experimental imbibition data recorded by the scale was in
agreement with the final liquid saturation determined by weighing. The readability of the
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scale was 0.01g. When the Wettébility of the rock is altered to neutral-wet or preferentially
gas-wet, there should be no imbibition of liquid into the rock.

In order to avoid errors due to evaporation, especially for water imbibition measurements,
in the setup shown in Fig. 2, we developed a different approach to perform liquid
imbibition into the air-saturated core samples; the schematic is depicted in Fig. 3. The core
samples pressed strongly by the heat shrink tubing were kept vertically. The liquid level in
the container is about 2 mm higher than the bottom of the core. The tubing from the valve
to the container is filled with liquid while the section from the valve to the bottom of the
core is empty. The liquid (oil or water) will rise and touch the bottom of the rock and
imbibe into the rock spontaneously after the valve is opened. The time when liquid touches
the rock bottom can be identified from the plot of the weight change of the container vs.
time; an abrupt change in the reduction rate of liquid weight occurs when liquid touches the
rock bottom due to liquid imbibition into the rock. The average liquid saturation and the
amount of liquid imbibed into the core is readily calculated through the data recorded by
the scale.

The equipment used to measure air permeability, liquid permeability, end-point gas phase
relative permeability, and gravity drainage performance is shown in Fig. 4. A confining
pressure of up to 3000psi may be applied in the Hassler type core holder. For air
permeability measurement in Berea, the differential pressure between top and bottom ends
is measured using a U-shape tube. A Validyne differential pressure transducer was used for
the chalk with an accuracy of £0.25% FS. Both drainage and imbibition tests may be

performed in the same setup. A pump is used to apply a confining pressure to the core
holder. ' '

Entry Capillary Pressure: The schematic of the setup for measuring entry capillary
pressure is shown in Fig. 5. When entry capillary pressure is small, it is measured by
adjusting the height of the liquid level referenced to the bottom of the core sample; in this
case compressed air is not required to pressurize the liquid. Otherwise, the entry capillary
pressure is measured by applying air pressure to the liquid (see Fig. 5); the pressure is
determined using a Validyne differential pressure transducer with an accuracy of +£0.25% FS.
Other components in Fig. 5 are similar to those in Fig. 4.

Results

We have conducted different tests in a capillary tube as well as in Berea and chalk samples.
Following text discusses our experimental results.

Capillary Tube Tests: Fig. 6a shows liquid rise vs. the concentration of FC754 (from the
treatment process) for both the gas-oil and gas-water systems; the liquid rise in the capillary
tube decreases with an increase of the concentration and then stays constant when the
concentration reaches around 0.2%wt. The reduction in the water rise due to wettability
alteration is much more pronounced than that of the oil. The contact angle can be
calculated using Eq. 2. Fig. 6b plots the computed contact angle vs. the concentration of
FC754 for the gas-oil and gas-water systems. Note that the contact angle prior to treatment
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is about 50° for the gas-water system and about 0° for the normal decane-air system. This
figure shows that the contact angle increases with the increase of the concentration; the
contact angle of the gas-water systems increases to about 90° at 2 concentration of about 0.1
percent. This implies that wettability of the gas-water-glass system has been altered to
intermediate gas-wetting by FC754. The contact angle of gas-oil increases to about 60° at a
concentration of 0.1 percent. The wettability alteration in the gas-water system by FC754 is
more pronounced than that in the gas-oil system.

The effect of the concentration of FC722 on the liquid level is shown in Fig. 7a for both
the gas-oil and gas-water systems; liquid level in the capillary tube decreases with an increase
of the concentration. The effect of the chemical concentration on the liquid level is reduced
when the concentration is higher than about 0.1 percent. The interesting observation in this
figure is the fall of the water level to negative values in the capillary tube, which confirms
the wettability alteration instead of the decrease of the surface tension. It is definitely
determined from Eq. 2 that the liquid height in a circular capillary tube shown in Fig. 1
cannot be negative by reducing the surface tension. The only means to have a fall of the
liquid level is to alter wettability from preferential liquid-wetness (8 < 90°) to preferential
gas-wetness (6 > 90°). Fig. 7b depicts the computed contact angle vs. the concentration of
FC722 for both gas-oil and gas-water systems; the contact angle is calculated using Eq. 2.
This figure shows that the contact angles of both gas-oil and gas-water in the capillary tube
increases with the increase of the concentration. The contact angles of gas-water and gas-oil
increase to about 118° and 60° at 1.0 percent concentration, respectively. The wettability
alteration in the gas-water system by FC722 is much more pronounced than that in the gas-
oil system.

Berea Imbibition Tests: We measured both imbibition of oil and imbibition of water into
a Berea core saturated with air. The measurements included Berea before and after chemical
treatment with FC754 and FC722, and with or without initial water saturation. We
conducted the tests in the setup shown in Fig. 2.

Fig. 8 plots the gas recovery by both oil and water spontaneous imbibition in an air-
saturated Berea before and after treatment with FC754 and FC722 chemicals, respectively.
The gas recovery is represented by the fraction of GOIP (gas originally in-place). Note that
the residual gas saturation to oil is not the same as the residual gas saturation to water for
the untreated Berea; the residual gas saturation to oil is about 38%, and to water is about
44% (see Fig. 8). The residual oil saturation of Berea from water imbibition is about 45
percent®. The properties of the rock samples (Berea) used here are about the same.
Therefore, the main factor that influences gas recovery by spontaneous liquid imbibition is
wettability. There is no related literature on the effect of wettability on recovery in gas-liquid
systems. O1l recovery in oil-water-rock systems may increase when the wettability varies
from oil-wetting to water-wetting in uniformly-wet porous media as summarized by
Anderson™. Other experimental results for rocks with heterogeneous wettability show that
oil recovery in weakly water-wet reservoir rocks is sometimes greater than that in strongly
water-wet rocks™. Compared with oil-water systems, it seems reasonable to assume that the
gas recovery by liquid spontaneous imbibition is greater when rocks are more liquid-wet.
Based on the above analysis, one possible explanation for the lower residual gas saturation
to oil is that the oil wettability in gas-oil-Berea (GOB) systems is stronger than the water
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wettability in gas-water-Berea (GWB) systems. This hypothesis seems to be consistent with
the previous contact angle measurements in gas-oil and gas-water systems with capillary
tubes. Our results showed that the contact angle through liquid phase in gas-oil systems is
less than that in gas-water systems.

Gas recovery by water imbibition in Berea treated (sample No.1) by FC754 is much less
than that in Berea without the chemical treatment (see Fig. 8). The spontanéous imbibition
is related to wettability; gas recovery by spontaneous water imbibition decreases from liquid-
wetting to preferential gas-wetness. Therefore, Fig. 8 demonstrates that the wettability of 2
GWB system has been altered from strong liquid-wetting to somewhat intermediate gas-
wetness by FC754. The gas recovery by spontaneous oil imbibition in Berea (sample No.1)
when treated with FC754 is also less than that without the treatment for 2 GOB system,
demonstrating that the wettability of the gas-oil-rock (Berea) system has been altered to less
liquid-wet after treatment by FC754. Similar to the glass tube, the wettability alteration by
FC754 in 2 GWB system is more pronounced than that in 2 GOB system.

Neither oil nor water imbibes into Berea (sample No.2) when treated by FC722 due to
wettability alteration. It can be seen from Fig. 8 that the wettability in both GOB and GWB
systems has been altered from strong liquid-wetting to intermediate wetting or preferential
gas-wetting by FC722. We will soon confirm that the wettability was altered to preferential
gas-wetting by measuring the entry capillary pressure. It can be seen from the results shown
in Fig. 8 that FC722 is more effective than FC754 for altering the wettability in gas-liquid-
Berea systems. ‘

The rate of spontaneous imbibition for both oil and water in gas-oil and gas-water systems
is shown in Fig, 9 in units of GOIP per minute. It can be seen from this figure that the rate
of spontaneous oil imbibition is somewhat higher than that of water imbibition in Berea.
‘The process shown in Fig. 9 may be because of the stronger liquid- wetting in GOB systems

than in GWB systems. We will discuss liquid imbibition rates in more detail later.

As described above, the Berea cores were treated without initial water saturation. In order
to examine the influence of initial water saturation on wettability alteration, we treated the
core after establishing different initial water saturations. The experimental results depicted in
Fig. 10a show that there is no water imbibition in Berea (sample No.3) after wettability
alteration by FC722 with initial water saturation ranging from 0 to 40.1 percent. The
imbibition process was completed after approximately 20 minutes. The same imbibition
results were obtained when we extended the test time to about 1000 minutes. Fig. 10a
shows that FC722 could alter rock wettability in the presence of initial water saturation in
gas-water systems.

Gas recovery by water imbibition decreases with the increase of initial water saturation as
shown in Fig. 10a. The effect of initial water saturation on imbibition rates was also studied.
Fig. 10b shows that imbibition rate increases with the increase of initial water saturation at
an early stage of imbibition. We did not find literature data on the effect of initial water
saturation on imbibition recovery and rate in gas-liquid systems. Viksund, et al.® reported
that the rate of spontaneous water imbibition in strongly water-wet rocks saturated with oil
might increase or decrease with an increase in initial water saturation for sandstones and
chalks; the trend depends on the range of initial water saturation. Our experimental results,
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as discussed above, show a consistent increase of initial rate with increasing initial water
saturation (see Figs. 10 and 11). Oil and water imbibition tests at the initial water saturation
of 50% were also performed without chemical treatment. The same phenomenon as
described above was found (results are not shown in Figs. 10 and 11).

Fig. 11a shows that there is no oil imbibition in Berea (sample No.4) after wettability
alteration by FC722 when initial water saturation ranges from 0 to 40.5 percent. This implies
that FC722 would also alter rock wettability in the presence of initial water saturation in gas-
oil systems.

Gas recovery by oil imbibition also decreases with the increase of initial water saturation as
shown in Fig. 11a. The effect of initial water saturation on oil imbibition rate is shown in
Fig. 11b. The relationship between oil imbibition rate and initial water saturation at the early
and late stage of oil imbibition in gas-oil systems is the same as in gas-water systems. From a
comparison of Figs. 10b and 11b, it seems that in Berea the water imbibition rate is more
sensitive to the initial water saturation than the oil imbibition rate.

Chalk Imbibition Tests: In order to verify that FC722 can alter the wettability of different
rock types, Kansas chalk was used to perform liquid (oil and water) imbibition tests with
and without chemical treatment using the setup shown in Fig. 2. The gas recovery by
spontaneous oil and water imbibition in Kansas chalk (sample No.5) with and without
chemical treatment by FC722 is shown in Fig. 12. Neither oil nor water imbibes into
Kansas chalk due to the wettability alteration after the treatment with FC722. It can be seen
from this figure that the wettability in a gas-water-chalk (GWC) or a gas-oil-chalk (GOC)
system has been altered from strong water-wetness to intermediate wetness or preferential
gas-wetness by FC722. The state of wettability alteration will be determined more precisely
later.

The imbibition characteristics of oil and water in Kansas chalk is different from that in
Berea as shown in Fig. 13 (see also Fig. 9). Gas production rate by spontaneous water
imbibition in a GWC system is higher than that by spontaneous oil imbibition in 2 GOC
system at the early stage of imbibition. The process observed in Fig. 13 may be due to the
pore structure of the chalk. The feature of oil and water imbibition is opposite at the late
stage. It can also be seen from Fig. 12 that the ultimate gas recovery by spontaneous oil
imbibition in 2 GOC system is greater than that by the spontaneous water imbibition in a
GWC system. This may be due to the difference in wettability of liquid phase in GOC and
GWC systems.

The comparison of gas recovery by spontaneous water imbibition in Berea with that in
Kansas chalk is shown in Fig. 14a. This figure demonstrates that the residual gas saturation
by the spontaneous water imbibition in Kansas chalk is about four times less than that in
Berea. Fig. 14b shows that the water imbibition rate in Berea is greater than that in chalk
during the early imbibition process.

The residual gas saturation by spontaneous oil imbibition in Kansas chalk is about three
times less than that in Berea as shown in Fig. 15a, which has a similar characteristics to
those of water imbibition in Berea and chalk (see Fig. 14). Fig. 15b illustrates similar results
for oil imbibition rate as in Fig. 14b. It is noted, however, that the difference in oil and
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water imbibition rates is greater in Kansas chalk than in Berea. Our residual gas saturation
data in chalk reveal a unique feature which has not been reported in the literature.

Berea Drainage Tests: The effect of wettability alteration on oil production by gravity
drainage was studied using the apparatus shown in Fig. 4. The core sample was first
saturated with oil (normal decane). The absolute permeability was then measured. A gravity
drainage test was performed without the chemical treatment at 2 confining pressure of
500ps1. The production outlet was located 23cm below the bottom of the core because the
threshold height is about 35cm. After gravity drainage without chemical treatment, the core
was cleaned, dried, and then treated with FC722. The gravity drainage test was repeated
after the core was saturated with oil following the chemical treatment. Two sandstone cores
were used in the drainage tests. One (sample No.G) was treated with a low concentration
(0.18%wt) of FC722. The oil production by gravity drainage in this core with and without
treatment with FC722 is presented in Fig. 16a. The incremental oil recovery (OOIP) was
around 15 percent in the core treated with 0.18 % wt FC722 due to wettability alteration.

Another core (sample No.7) was treated by 2 high concentration (2.0%wt) of FC722. The
oil production by gravity drainage in this core with and without treatment with FC722 is
shown in Fig. 16b. The incremental oil recovery due to the wettability alteration in the core
with the treatment of 2.0 %owt FC722 was around 35 percent.

O1il production can be enhanced by treatment with FC722 (see Fig. 16). Incremental oil
recovery by gravity drainage increases with the increase in concentration of FC722. Not
much analysis can be made on the state of gas-wetting from the drainage tests due to
breakthrough of the gas at the core outlet. The results, however, show that drainage and
imbibition processes have different features from chemical treatment.

Preferential Gas-Wetting: The zero imbibition of oil or water in an air-saturated core after
wettability alteration shown in Fig. 8 for Berea, and in Fig. 12 for chalk does not establish
the extent of wettability alteration. A more precise test is the entry capillary pressure
measurement. Any positive pressure on a liquid entering an air-saturated core would
establish the degree of preferential gas-wetting of a treated core. Entry capillary pressures
for both GOB and GWB systems were measured after the treatment of Berea sample
(sample No.9) with 2.0%wt FC722. The porosity and permeability of this core are 19.5%
and 616.7md, respectively. The entry capillary pressure after the chemical treatment in the
GWB system was measured by using the equipment shown in Fig. 5; it is about 35cm of
water column. The pseudo contact angle calculated using Eq. 3 is around 95°. The measured
entry capillary pressure in the GOB system is about 12cm oil column; the pseudo contact
angle calculated using Eq. 3 is around 93°.

The entry capillary pressure in 2 North Sea chalk (sample No.10) after treatment with
2.0%wt FC722 in both GOC and GWC systems was also measured; the porosity and
permeability of this North Sea chalk were 29.0% and 1.47md, respectively. The measured
entry capillary pressure was about 10.28 psi in the GWC system. The pseudo contact angle
calculated using Eq. 3 was around 94°. The water phase used in the measurement was the
1%wt NaCl brine. The measured entry capillary pressure in the GOC system was about
1.49pst; the pseudo contact angle calculated using Eq. 3 was around 92°. Note that these
two pseudo contact angles in both gas-oil- and gas-water-rock systems, unlike the more
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direct measurements established before and the new one that will be discussed next, are
physically less realistic.

We can also study wettability alteration by placing a droplet of water or oil on an air-
saturated core. Fig. 17 shows the fate of a droplet of water on the surface of an air-
saturated Berea core before and after treatment. Fig. 17a shows that a droplet of water
imbibes into the rock instantaneously as soon as it is placed on a Berea core (sample No.1)
before chemical treatment. An oil droplet also imbibes. On the other hand, when 2 droplet
of water is placed on an air-saturated Berea (sample No.2) which has undergone wettability
alteration with 2.0%wt FC722, the droplet forms a shape that is compatible with its
wettability. Fig. 17b shows that a water droplet forms a contact angle of about 125°
indicating strong preferential gas-wetting. When a water droplet is placed on a Berea treated
with 0.18%wt FC722, the contact angle is around 120° (see Fig. 17c). As expected the
treated Berea does not imbibe any water. Fig. 17d shows a droplet of oil on an air-saturated
Berea (sample No.2) treated by 2.0%wt FC722; oil does not imbibe into the rock. This
figure shows that the contact angle through the oil phase is less than that in gas-water-rock
system; the measured contact angle through the oil phase is around 60°.

Fig. 18a shows a droplet of water (or oil) on the top of an air-saturated chalk (sample
No.8) without chemical treatment; water (or oil) imbibes into the rock instantaneously when
it contacts the rock. After the treatment with 2.0%wt FC722, water does not imbibe into
the rock (sample No.8) as shown in Fig. 18b; the contact angle is around 120° through the
water phase. Fig. 18c shows a droplet of oil on the chalk (sample No.8) treated by 2.0%wt
FC722; oil does not imbibe into the rock. It can be seen in Fig. 18c that the contact angle
in GOC systems is less than that in GWC systems; the measured contact angle through the
oil phase is also around 60°.

The results of the simple tests shown in Figs. 17 and 18 also provide a strong evidence
of wettability alteration to preferential gas-wetting.

Thermal Stability of Chemical: To demonstrate the thermal stability of FC722, a Berea
was saturated with FC722 at room temperature. After removing the liquid chemical, the
core was dried and then heated to a temperature of 210°F and maintained for around two
hours. Neither water nor oil imbibes into this core when saturated with air; the imbibition
tests were then performed at room temperature. Therefore, FC722 appears to possess good
thermal stability under these conditions.

Longevity of Chemical: The longevity of FC722 was studied by oil displacement and gas
displacement in the treated core. One Berea sample was treated by FC722 and saturated
with oil after it was dried. The core was dried again following 100PV of oil displacement in 2
single phase state. Then both water and oil imbibition tests were performed. It was found
that there was neither water imbibition nor oil imbibition in the core after 100PV of oil
displacement. The same procedures were repeated after about 10,000PV of gas
displacement. Neither water nor oil imbibed into the air-saturated core. The core was then
left in the air for approximately 4 months; there was still no liquid imbibition. The above
results show that FC722 might be suitable for permanent wettability alteration.

Effect of Chemical on Permeability: In order to study the effect of chemical treatment on

rock property, the permeabilities of both Berea and chalk samples before and after the
treatment with FC722 were measured using #C,,. The setup used to measure the rock
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permeability is shown in Fig. 4. The permeabilities of two Berea cores (samples No.7 and 9)
without chemical treatment were 975 and 616md, respectively; they vatied to 938 and
592md after it was treated by 0.18%wt FC722, respectively. The permeability of the Notth
Sea chalk (sample No.10) changed from 1.47md to 1.18md after it was treated by 2.0%wt
FC722. The above experimental results show that there is no significant permeability
reduction in Berea or chalk samples after treatment with FC722.

All the tests described above confirm that the Wettabihty of porous media can be altered to
preferentially gas-wet, and the wettability alteration is permanent. Furthermore, there is no
significant reduction in permeability after the wettability of porous media is altered. In the
following, we will discuss the measurement of gas and liquid relative permeabilities of the
treated and untreated Berea to confirm the results from our theoretical work presented in
Ref. 1.

Effect of Wettability Alteration on Relative Permeability: Gas well deliverability in gas-
condensate reservoirs is related to the relative permeabilities. If the relative permeabilities
can be increased by wettability alteration, the gas well production may be enhanced. Berea
(sample No.11) with length of 17.85cm and diameter of 2.48cm was used to study the effect
of wettability alteration on oil and gas phase relative permeability; the permeability and
porosity of this core sample are 632.3md and 20.5%, respectively.

The measured final oil recovery (OOIP) by gravity drainage increased from 83.8 to 91.9%;
residual oil saturation decreased from 16.2to 8.1%; and end-point gas phase relative
permeability increased from 0.54 to 0.95 after the core was treated with 2.0%wt FC722.

Gas relative permeability at an oil saturation of about 16.2% increased from 0.54 to 0.89 and
oil relative permeability at an oil saturation of about 27.1% increased from 0.025 to 0.030
after it was treated with 2.0%wt FC722. It seems that the effect of wettability alteration on
oil and gas relative permeabﬂmes supports the network modeling predictions by Li and
Firoozabadi'. An extensive effort to measure gas and liquid relative permeabilities in the
entire saturation range is currently planned.

Conclusions

In addition to new data on residual gas saturation to oil and water imbibition in strongly
liquid-wet chalk, the following conclusion related to wettability alteration can be drawn from
the work:

1. The wettability of gas-water-rock systems can be altered from strong Water-wetung to
intermediate gas-wettlng by FC754 and can be altered from strong water-wetting to
preferential gas-wetting by FC722.

2. The wettability of gas-oil-rock systems can be altered from strong oil-wetting to less oil-
wetting by FC754 and can be altered from strong oil-wetting to preferential gas- wetting
by EC722.

3. The oil recovery and gas phase relative permeability in gas-oﬂ systems could be
increased by the treatment of FC722 due to the wettability alteration.

4. FC722 is thermally stable and seems to alter gas wettability permanently.
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The gas recovery by spontaneous oil imbibition is greater than that by spontaneous.
water imbibition in both Berea and Kansas chalk.

6. The gas recovery by both spontaneous oil and water imbibition in a Kansas chalk is
larger than that in Berea.
Nomenclature

D = diameter of core

k= height of liquid column
& = permeability

L = length of core

P, = capillary pressure

PV = pore volume of core
r = radius of a capillary tube
¢ = porosity

0 = contact angle

8, = advancing contact angle
0, = pseudo contact angle
6 = receding contact angle
O = surface tension

1 = fluid viscosity
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Table 1: Data on Core Samples

Sample Permeability, | Porosity, | Length, |Diameter, [PV, Rock type
No. md % cm cm ml

1 * 20.6 5.05 5.02 20.55 | Berea

2 * 21.8 5.06 5.02 21.82 | Berea

3 * 22.8 4.93 5.00 22.07 | Berea

4 * 22.2 5.00 4.98 21.65 | Berea

5 * 25.0 5.30 3.71 14.32 | Kansas chalk
6 1089 21.9 18.9 2.64 22.65 | Berea

7 975 21.3 18.9 2.64 22.03 | Berea

8 * 24.8 5.11 5.02 25.06 | Kansas chalk
9 616 19.5 18.15 2.53 17.81 | Betrea

10 1.47 29.0 12.55 5.03 72.47 | North Sea chalk
11 632 20.5 17.85 248 17.67 | Berea

*: £ = 500md; %: & = 5md
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(a) Strong liquid-wet (6<90°)

(c) Gas-wet (6>90°)

Fig.1: Liquid level rise or fall in a capillary tube
at various wettability conditions
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Fig. 2: Instant surface contact method for measuring
liquid imbibition into an air-saturated rock
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Fig. 3: Liquid rise method for measuring liquid
imbibition into an air-saturated rock
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Fig. 4: Schematic of the apparatus used for measuring
drainage and imbibition
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Fig. 5: Schematic of the apparatus used for measuring
the entry capillary pressure
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(b) Water (treatment with 2.0% FC722 , 6=125°)

Fig. 17: Liquid droplets on the surface of the air-saturated Berea
before and after treatment with FC722
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(c) Water (treatment with 0.18% FC722 , 6=1200)

(d) Oil (treatment with 2.0% FC722 , 6=60°)

Fig. 17: Liquid droplets on the surface of the air-saturated Berea
before and after treatment with FC722(continued)
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(a) Water (without chemical treatment)

(b) Water (treatment with 2.0% FC722 , 6=120°)

Fig. 18: Liquid droplets on the surface of the air-saturated chalk
before and after treatment with FC722
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Part I - Molecular, Pressure, and Thermal
Diffusion Flux in Non-Ideal
Multicomponent Mixtures

KASSEM GHORAYEB AND ABBAS FIROOZABADI

1 Summary

A formalism based on powerful concepts of thermodynamics of irreversible processes is
derived for calculating multicomponent diffusions flux both at the critical point and away
from the critical point. The derivations are based on the entropy balance expression
combined with the phenomenological equations and the Onsager reciprocal relations. The
formalism results in a clear expression for the thermal contribution in the diffusion flux for
non-ideal multicomponent mixtures. An analysis of the diffusion flux at the critical point is
also performed. This analysis reveals that unlike isothermal and isobaric conditions where
molecular diffusion flux is zero, molecular diffusion flux is finite and nonzero at the critical
point. The thermal contribution in the diffusion flux is also finite at the critical point in
multicomponent mixtures. This analysis shows that at non-isothermal conditions, also at
non-isothermal and non-isobaric conditions, the composition gradient reaches infinity at
the critical point; therefore, the mole fraction plot vs. spatial coordinates has an inflection
point.

2 Introduction

Multicomponent diffusions (molecular, pressure, and thermal) are important in a variety
of disciplines including oceanography, geology, metallurgy, material science, geophysics,
chemical engineering, and hydrocarbon reservoir engineering [1, 2, 3, 4, 5, 6]. The share
of molecular, pressure, and thermal diffusion to the total diffusion flux depends on the
non-ideality of the fluid mixture and the imposed boundary conditions. Our motivation
for the study of the subject is the understanding of irreversible phenomena in hydrocarbon
reservoirs (cavities). An understanding of thermal, pressure, and molecular diffusion is
required to determine the distribution of various species of a hydrocarbon fluid mixture in
cavities with dimensions of the order of hundreds of meters and more. The fluid mixture
contains a number of components each having a significant amount; it can be at the
critical region in certain parts of a large cavity.

There is a vast literature on the subject of multicomponent molecular diffusion, pres-
sure diffusion (sometimes referred to as gravitational effect) and thermal diffusion (often
referred to as the Soret effect). The literature on thermal diffusion is, however, mainly
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limited to two-component mixtures. To the best of our knowledge, there are no reported
measured thermal diffusion factors (which are a measure of thermal diffusion) for a single
ternary mixture or higher mixtures. This may be due to the lack of proper formulation
of thermal diffusion flux in multicomponent mixtures.

Multicomponent molecular diffusion flux has been established to be zero at the critical
point for both binary and multicomponent mixtures at isobaric and isothermal conditions
[7, 8, 9, 10, 11] (throughout the study our focus is gas-liquid critical point). One purpose
of this work is to establish the formulation that allows the determination of molecular
diffusion flux at the critical point for 1) isothermal and non-isobaric, 2) non-isothermal
and isobaric, and 3) non-isothermal and non-isobaric conditions. We are also interested
in determining thermal diffusion flux at the critical point for multicomponent non-ideal
mixtures.

The behavior of the thermal diffusion coefficient for binary mixtures in the critical
region has been subject of several studies in the three last decades [12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28]. It has been shown using the mode-mode
coupling analysis [24, 25] that thermal diffusion coefficients of a binary mixture have a
finite value at the critical point. It is of interest to examine the finiteness of thermal
diffusion at the critical point for multicomponent mixtures. In this work we show, by
simple analysis of the diffusion flux for non-ideal binary mixtures, that the compositional
gradient becomes infinity at the critical point. We extend our analysis to multicomponent
non-ideal mixtures and show, for the first time, that the composition gradient of all the
components undergo an inflexion point.

The cross effects characterize molecular diffusion and to a larger extent thermal diffu-
sion in multicomponent mixtures. When those effects are significant, concentration gradi-
ents may change radically. Tobe specific, consider binary mixtures of methane(C})/ethane(Cs),
methane(C;)/propane(C;) and methane(C;) /n-butane(nCy), where experimental thermal
diffusion data are available [21, 27, 28]. In all those methane binaries of C;/Cs,, C;/Cs,
and Cy/nCj, methane segregates to the hot side at isobaric conditions. On the other
hand, in a ternary mixture of Cy/C,/nCy, methane may segregate to the cold side [29].
The segregation of methane in binary mixtures to the hot side and in a ternary mixture
to the cold side implies that one may not use effective thermal diffusion factors to study
thermal diffusion in ternary and higher mixtures in a non-isothermal process.

Cross-molecular diffusion coefficients have also been shown to be important in some
ternary and higher mixtures. Larre ef al. [30] investigated the stability of a horizontal
layer heated from below filled with a water-isopropanol-ethanol mixture. The authors
neglected the cross-molecular diffusion coefficients and assumed that the thermal diffusion
factor of a given component could be expressed as the sum of the thermal diffusion
factors of the binaries consisting of this component and the two others, respectively. The
model results do not, however, agree with the experimental data. A similar conclusion
has been reported by Krupiczka and Rotkegel [31] who investigated mass transfer in
ternary mixtures of isopropanol-water-air and isopropanol-water-helium. Considerable
discrepancies between experimental data and theoretical predictions were observed when
cross-diffusion terms were neglected.

The main goal of this paper is to present a consistent and clear formulation of diffusion
flux expression for multicomponent mixtures. We include diffusion processes due to 1)
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molecular, 2) pressure, and 3) thermal effects for complex near-critical mixtures. The
derivations are based on the powerful concepts of irreversible thermodynamics. Part of
our derivations are somewhat similar to those of de Groot and Mazur [32] and Haase
[7]. However, these authors have not attempted to present a complete formulation of
multicomponent diffusions. We will repeat some aspects of the work of these authors for
completeness in advancing concepts.

3 Phenomenological Equations

In a mixture consisting of N components (N > 2), where there is no heat generation,
viscous dissipation, or chemical reaction and where the only external force F is the gravity,

the entropy production strength o (entropy production per unit time and volume) can be
written as (see de Groot and Mazur [32])

1
T

- - 1 N - T - /j,k -

ST~ = J.(—V—-—F), 1
q T g k Mk T ( )

where j:, is the heat flux, T is the temperature, and My, ux, Ji are the molecular weight,

the chemical potential, and the diffusion mass flux relative to the mass average velocity

of component k, respectively. A different form of the entropy production can be obtained

by using

-ol_[,k _ - _ ﬂ -
TVT = Vi TVT (2)
. ) vT
= Vrur — (uk = ) T 3)
n,P

orT
where n = (n1, 9, ..., Tk, ---y NN ), N is the number of moles of component &, and P is the
pressure. The subscript 7" implies that the gradient is calculated at constant temperature.
The Gibbs free energy G is given by

N
G = anﬂ'k) (4)
k=1

and, the Gibbs-Duhem relation reads

N
S medpe = —SdT + VdP, (5)

k=1

where S and V are the entropy and the total volume of the mixture, respectively. From
Eq. (5)

5 Op _
Sp = 7., k=1, .., N, (6)
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where S is the partial molar entropy of component k. The partial molar enthalpy of
component k£ can be expressed by

Ek = Ug +TS—k, k=1, .., N. (7)
From Egs. (6) and (7)
7 O _
H, = ,uk—T aT s k——l, ceey N. (8)

Egs. (1), (3) and 8 imply that
o = j-3 By VT-——ZJk (Vi - F); ©)
= Mi T My

SN (Hy/M;)Jy. is the transfer of heat due to diffusion. By introducing a new heat flux
expression defined as

N -
Hy
To= 234 (10)
* -~ Eq. (9) becomes
v = T2J,_; VT——l;Jk (VTMk ) )

From ©F Ji = 0, one can write the entropy production strength as a function of the
diffusion mass flux of only N — 1 components. Eqs. (11) then reads

1= <. (Fe _ Py )
—_— —— — ’ —— Wt st——
o= - Jq VT — k}_jl IV ( M) (12)

The phenoménologica,l equations for heat flux and diffusion flux are, therefore, (see de
Groot and Mazur [32])

J o= INZ_IL VT(.E‘.“._M_) : (13)
e Lig T2 T& * " \M, My)’

- vr 1% AN
= o Y= Be BN L —

J; = 2 LS ( o MN) =1, N1, (14)

respectively. In Eqgs. (13) and (14), Ly, Lg, Li, and L;, are the phenomenological
coefficients (see Onsager [33, 34]) The fact that the entropy production strength o is
2 0, puts conditions on the sign of some, and on the relationships between some other

phenomenological coefficients. The main theme of this study is the diffusion flux and,
therefore, we will focus on J;.
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4 Diffusion mass flux expression

Let M, n and z; denote the total molecular weight (M = m/n, where m is the total
mass), the total number of moles (n = ¥i_; nx), and the mole fraction of component j
(z; = nj/n), respectively. The Gibbs-Duhem expression given by Eq. (5) can then be
written as

v L (Mep 40 (15)
Ty = — | —VP— ) z;Vpu;|. 15
o~ \ p & 3 VT Hj
Let x; and x denote
X = (xla ey Tj=1y Tj+1y "°:$N—1)
and
X= (ZL‘l, ---;Q:N—l) ’

respectively. Then §Tpk can be written as

-1

= 0
Vrue = E, af:k
J

Ope

V+8P

x;,1,P

VP k=1, .., N. (16)

Vr (e /My — pn/Mpy) which appears in Eq. (14) can be expressed as (using Egs. (15)
and (16))

N-1 N-1
T (e _ BV zj ou; =
V (Mk MN) Z (MN:IIN J) Z 6:1:1 sz

j=1 =1 x1,T,P

=~ z; Ou; 1 Opx M -
+ i 4 — VP
jgl MN:I:N oP xT Mk aP MN:ENp]
k =1, .., N—1 (17)
By combining Egs. (14) and (17), the diffusion mass flux becomes
= VT
Ji = —Ligmr T2
1 N-1 -1 ( 5k) N-1 3#' o
sz L + = - V.’L’z
Z ; M NTN Mj E 6131 x1.T,P
1 ¥ 1 3/.Lk -l z; a/.bj| M =
T Z Lok [M 3P| " 2 Myzy 0P|, . Myznp vE
i=1, .. N—1. (18)

Terms (ap,-/axj)xj,T,P and (Ou; /6P)xj’T can be written as (see Firoozabadi [6])

% = RT 361an 1=1, .., N, =1, 9 N—l’ (19)
Tjlx;, 7P Zj \x;,,P
Op; ¥, ;
- Vi i=1, .., N, (20)
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where f;, and V; are the fugacity and the partial molar volume of component %, respec-
tively; they can be obtained using an equation of state The new form of Eq. (18) after
using Eqgs. (19) and (20) is

7 _ __MRLy [MazMyanL, VT
v ]VI,;:B-,;MNQ:N MRL,;,; T?
)
Ma: Nt N Mz + Myznd; Nl 9n
LS ny Mt el 5 O o
n k=1 j=1 J =1 1 x1, T, P
M:z: -1 N-1 MN:BN- M| =
—_— Y I z;V; + ———V;, — —| VP
*MRTL; 2 T LZI M, T p
i=1, ., N—1. (21)
Let
MMy =
oy = —M-z—N- i=1, .., N-1, (22)
M3RL;; .
-DiN = m, Z-—'-l, ceey N-]., . (23)
Mz:MyzyL,
brs = z:;WRI’_;ZN L = arziTN, i=1, .., N-1, (24)
4 -

where kr; and ap; denote the thermal diffusion ratio and the thermal diffusion factor
of component i, respectively. An important results of this work is the simple expression
for the thermal diffusion factor of multicomponent mixtures given by Eq. 24 (that is,
kr; = orzzy). For a binary mixture, the coefficient ajp is equal to MiM,/M? and
kr; = or1z1(1 —21). The expression kr; = ar;z;(1 —2;) has been used erroneously in the
literature [35, 36] to represent the thermal diffusion ratio in multicomponent mixtures.
For an ideal binary mixture, the molecular diffusion coefficient reduces to ai2.Ds2; the non-
ideality could, however, be incorporated into a;2 D12 by multiplication with 01n f; /01n z;;
that is, the molecular diffusion coefficient is equal to a12.D12 (31n fif 61n:z:1)
From Egs. (21) to (24),

- VT
J; = —painDiy {sz T
Mm NIzt o NV Moz + Myzndi 3111f| =
i sz ] J J V.’I:z +
zz ?_-:; Z—% E_ M? axl le,T,P
Mz -1 -1 MNfEN M
MRTL; 2 Lz_; wVit 3, eS| VP
=1, ., N—1. (25)

We define the following column vectors and matrices

= [J]=J; i=1,., N-1,
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L = {L,;j] = L—,;j i,j =1, .., N — 1,
D = [DU] = a,-NDiNJ,-j Z,] = 1, veey N — 1,
M;z; .
M = [M,;j] = M_Liiéij 2,1 = 1, very N — 1,
W = [W,,J] = ijj + MNzNaij ] = 1, .y N - 1,
M;
F = [Fy]= Oln f; ij=1, .., N—1,
Oz; x;,T,P
Vx = [Vxi|=Vz; i=1,.., N-1,
Kr = [KTi] = %‘ 1= 1, ceey N - 1,
_ 1 =1 MN:UN M .
V = [V,]_RT Jlev_, o, —V > i=1, ., N-1,

to write the expression for diffusion flux in the vector form

J = —p(DMLWF.Vx+DXKy VI + DMLYV VP).
Let
DM = DM.L.W.F,
DT = DX,
and

D = DMLV,
then the expression for diffusion flux in a compact vector form is

J = —p (DM.Vx+DT VT +DF 613).

(26)

(27)

(28)

(29)

(30)

On the right side, the first term represents molecular diffusion, the second term represents

thermal diffusion, and the third term represents pressure diffusion. The elements DM

DT and Df are given by,

Miz; N2 %2 Myz; + Myzndy 0ln fj

DY = aiNDzN Lix
d Lj; ;; JZ—; Mj 9z lxl,T,P
,l=1, .., N-1,
D;:r = aiND,;N-?i', = 1, veey N - 1,
M;z; N-1 MN.'IIN M
Df = anD; : L; -z
i a;n NMRTL,,; k JX_jlxa f7A Vi ;
1=1, .., N-1.
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The diffusion flux of component ¢, ¢ =1, ..., N — 1, in a mixture of N components is
a function of the composition gradients of N — 1 components and of temperature and
pressure gradients as well. The molecular diffusion coefficients DY, i,l =1, ..., N -1
(including DY) are functions of the phenomenological coefficients Lz, k=1, ..., N —1
and of the quantities (91n f;/ ﬁxl)XhT, pr 1 =1, ..., N—1, as well as the mole fractions. The

. molecular diffusion coefficient DY cannot be generally assumed to be the binary molecular

diffusion coefficient measured in binary mixtures of components i and N. Likewise, the
thermal diffusion ratio kr;, for component 7 is not the same in binary and ternary mixtures,
even at the same pressure, temperature, and mole fraction of component 3.

From Eq. (27) one can deduce the relation between the phenomenological coefficients
and the molecular diffusion coefficients, which reads

L = (D.M) DM (W.F)™. (34)

Using the relation [A.B]" = BT.AT (AT is the transpose of A) and the fact that L is
symmetric (the Onsager reciprocal relations [33, 34]) and that D.M is a diagonal matrix
((D.M]" = D.M; D and M are both a diagonal matrix), one obtains the following
relationship between DM and DM7

DMT =(W.F)T . DM, (W.F)!. (35)

Eqs. (34) and (35) are valid provided det (W.F) % 0 which implies that det (W) s 0 and
det (F) # 0 (det (W.F) = det (W) . det (F) ). From Egs. (34) and (35),.

LWF = DM 1DM (36)
and o
DM WF = (WF)7T.DY, (37)

respectively. One thus obtains the equations relating the phenomenological coefficients to
the molecular diffusion coefficients (from Eq. (36))

Nz":lNz_:l Mizy + Myzndy, Oln fi Li = PMNTN 1o
I=1 k=1 Mk am] 'Xj,T,P R N
ij=1, .., N=1, (38)

and those relating the diffusion coefficients to each other (from Eq. (37))
NX—:INZ—I Mz + Myzndy Oln fi
=1 k=1 Mk axj

Nz-uiil Mizy + Myzydy Oln fi
=1 k=1 Mk axi

M _
D i —
x;,T,P

DY, ij=1, ., N-L1 (39)
xi,T,P

The (N — 1) relations appearing in Eq. (39) are not all independent. For i = j the
two members of the equality are identical. . This means that the number of independent

152




relations reduces to (N — 1) — (N —1). Furthermore, by replacing ¢ with j and j with
i in Eq. (39), one obtains the same equations. Thus, the number of independent equa-
tions relating the molecular diffusion coefficients reduces to [(N ~1)2— (N - 1)] /2, and

then the number of independent molecular diffusion coefficients reduces to (N —1)* —
(V=1 - (v -1)] /2= N(NV -1)/2.

4.1 Example I : binary mixtures
For binary mixtures, Eq. (30) reduces to (after substitution a;, = My M,/M?)
M1M2 61nf1 = & Ml = ‘le =
7 [alnxl P’Tv 1+RT (Vl ; )VP+ = VT] . (40)
The above equation appears in Bird et al. [37].

jl = —pDyp

4.2 Example Il : ternary mixtures

We focus now on a ternary mixture since it is the simplest mixture for which the Onsager
reciprocal relation (that is, Eq. (39)) can be applied. Multicomponent mixtures with more
than three components are logical extensions of a ternary mixture, differing primarily in
algebraic complexity. Let

G = wfm 4 $2f22, (41)
M,
Mozs + M3z
o = $1f12+-—22—Mz—3—3f22, (42)
Mz, + Miz
3 = _}_17_13’_]?11+$2f21, (43)
1
Myzo + M3z
cy = «'B1f11+-—22W3—£f21a (44)

where f;; = (Oln f,-/aa:_.,-)xj,T,P. For ternary mixtures, Eqs. (31-33) then read (L; > 0;
this results from the fact that the entropy production ¢ > 0, see De Groot and Mazur

[32]).

Mz L
DY = ayDis ]:41 (63+C4 Lﬁ) (45)
Mz L
DY} = aiDis ( le) (46)
11
M
Dg{ = (123D23 ( L ) (47)
22
M L
D% = 0,23D23 (62 + ¢ L21> (48)
22
krq
D{ = a13D13—£', (49)
k
DI = a23D23—,;Z (50)



. Mz, | Mizy + M3z - M
P _ %
M2$2 + M3$3 M> L12]
e e Y+ V- — 51
( M, AE Lu}’ (51
Mozs | Moxs + Maz - M
D; = astzaM;;[ 2 2M2 30+ 1Vl—7+
Mz + M3z3 - = M) ,L21}
N T TG 4Ty — — |22 52
(’ M, SC] p ) L ( )
Egs. (38) and (39) imply
M, M. Moxy + Mz Myx
<—1211ML1—3:ﬁf1j+$2f2j) Ly; + ($1f1j+ 2—2M;—§—£f2j) Ly = 2 g NDij,
1,5 =1,2, (53)
and
Mz + M Moz + Msz
(Mf 15+ -'L‘2f2j> DY + <$1f 1+ Mfzj) Dy =
M1 M2
Mz, + Mz Myzo + Mizs
(—Lﬂz—ﬂfu + $2f2i> DY + ($1f1i + —2-21-]\/_72-—32&:') DY,
,J=1,2, (54)
respectively. From Eq. (53),
' oMz
csly +cylyy = £ 1; 3D%, (55)
Mz
cily +clay = p_%—aD%, (56)
Mz
calig +cslgy = p—I;ED%: (57)
Mz
cilip +calyy = PR#D%; (58)
Provided that det (W) # 0 and det (F) # 0, one obtains
pM3zz3
D . 59
Lu R (cacs — c1c4) (c2Dif - aDE), (59)
—pM3z;
= DM D3 60
Lo & (c20s — c109 (c1 11~ C3 ) ; (60)
pM3z3
= D 61
Lo R (6203 —0104) (02D21 “ 22), ( )
_ —pM3z3 M M
L = & (G20 — crca) (01D21 CsDzz) ) (62)

(c2cs — cic4 = det (W) det (F)). For i = j the two members of Eq. (54) are identical.
Furthermore, by repalcing ¢ by j and j by ¢ in Eq. (54), one obtains two identical
equations. Eq. (54) thus reads

aD¥ + DY = ;DY + ¢, DY ‘ (63)
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Similar relations between the molecular diffusion coefficients have been reported by de
Groot and Mazur [32] and Haase [7]. Egs. (60), (61) and (63) are not independent. By
combining Egs. (60) and (63) one obtains Eqs. (61) (that is, Li; = Ly;).

5 Critical point

Let us present features of multicomponent diffusion at the critical point. We start by
presenting the problem in the general case of N components. Then, we discuss in more
detail the case of binary mixtures. One of two criticality conditions reads [6, 8] det (F) = 0;
which implies

det (DM) =0 (64)

at the critical point. Eq. (64) provides the well known result that in a binary mixture the
molecular diffusion coefficient D} vanishes and that for a mixture of N > 3, and that
the diffusion coefficient determinant vanishes at the critical point. From Eg. (64),

rank (DM) < N - 2. (65)

Let us discuss the case of equality in Eq. (65) (the same reasoning applies in the general
case); at isothermal and isobaric conditions, one has only N —2 independent diffusion mass

fluxes: j;, i=1, ..., N=-2; fN_l and fN are linear combinations of the NV — 2 remaining
independent diffusion mass fluxes. This implies that there exist constants o, ..., ay_s
such that
N-2
D1y = Zl oD}, i=1, .., N-1, (66)
3=

Therefore, at isothermal and isobaric conditions
. N-1
I = D, D?J{V—l)ivmi
_ i=1
N-1N-2
= Z z ajD;-‘fV:z:i
i=1 j=1
N-2

= > o (67)
j=1 :
Dl = A.DM, i=1.,N-L (68)

Let Dno1 = (DM_yy, - Dl 1yw-z)> and, D} = [D,!;.f], i j=1, ., N-2
det (DIIVI) # 0 since rank (DII"I) = N — 2. One thus obtains

A= (DY) Dy, (69)
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which allows the determination of A knowing the molecular diffusion coefficients. For
i=N —1, Eq. (68) reads

D?JA\}—I)(N—I) = .A. . DN_]_. (70)
Egs. (69) and (70) imply

-1 ' o ‘
D?]l\r—l)(N—l) = [(Dllw) -DN—I] . Dn-; (71)

at the critical point, in addition to the results from the reciprocal relations in Eq. (39),
there exists one more relationship between the diffusion coefficients. This means that, for a
ternary mixture for example, two molecular diffusion coefficients, say the mutual diffusion
coefficients, describe molecular diffusion flux. For ternary mixtures, (D¥ D — DM DY)

vanishes at the critical point. Experimental support can be drawn from the work of

Vitagliano et al. [38] for a water-chloroform-acetic acid ternary mixture. Analysis of
diffusion in ternary mixtures at the critical point has also been made by Taylor and Kr-
ishnan [8]. The authors show that the criticality condition establishes a relation between
the molecular diffusion coefficients. The combination of the criticality and the Onsager re-
01proca.1 relation implies that, for a ternary mlxture at the critical point, only two diffusion
coefficients are independent.

If we consider a multicomponent mixture at isothermal conditions and neglect the
pressure gradient, at the steady state one obtains DM.Vx = 0, which implies Vx =
unless det (DM) = 0. This means that at isothermal and isobaric conditions at the
critical point, the steady state may be reached with compositional gradients in the system.
However, away from the critical point the mixture is, in principle, homogeneous. At
isothermal and non-isobaric conditions at steady state, Eq. (30) reduces to

DM.Vx +DFVP = 0. (72)

The solution of this equation can be written as

= det (B;)
Vz; = —VP—rl et (DY) (73)
where B;, i = 1, ..., N—1 is the matrix DM with column i replaced by column vector D¥.

DPVP is, in prmmple, different from zero at the critical point; so is det (B;). From Eqgs.
(64) and (73), one may deduce that Vx reaches infinity at the critical point. The mole
fraction plot vs. the vertical coordinate for each component has an inflection point at
critical conditions. The same reasoning applies when VP and VT are both different from
zero. This is discussed in more detail, for binary mixtures, in the following subsection.

5.1 Binary mixtures

One of the two criteria of criticality reduces to (0ln f1/0In ;) p = 0 for binary mixtures.
The coefficient D1y = (M3RLy;) / (bM2MZx125) has, generally, a finite value at the
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critical point [11]. The molecular diffusion coefficient D} = a32D15 (81n f1/0Inz1)1 5
thus vanishes at the critical point which has been established by various authors; it
decreases asymptotically when one approaches the critical state (see, for example, Haase
[7], Taylor and Krishna [8], Ackerson and Hanely [10], Kiselev and Huber [15], Luettmer-
Strathmann and Sengers (18], Cheng et al. [20] and Sakonidou et al. [21]). With regard
to the thermal diffusion coefficient, it is well established, using the mode-mode coupling
theory that this coefficient has a finite value at the critical point [24, 25, 17]. In the
following, we discuss the behavior of diffusion in a binary mixture at the critical point for
1) isothermal and non-isobaric, and 2) non-isothermal and isobaric conditions.

For a binary mixture at isothermal and isobaric conditions, Eq. (40) at the steady
state reduces to

dfi| o
6111.771 5 le = 0 (74)

T

which is valid for any value of the composition gradient V.

Let us now consider a binary mixture at isothermal and non-isobaric conditions. It
should be mentioned that the contribution of the pressure gradient in the diffusion mass
flux has often been neglected in the studies treating diffusion in multicomponent systems.
At steady state, Eq. (40) reduces to

Oln f,
61111)1

RT

Vo + (Vl - %> VP = 0. (75)
P T P

Since VP # 0 (say from gravity), and since (171 - M,/ p) has generally a finite value
different from zero, (Oln f1/0In 1) 5 Vz, must have a finite value. The fact that
(@ln f1/8In %1)7 p vanishes at the critical point, implies that Vz, should be infinity at this

point. Fig. 1 sketches the compositional variation in the critical region in a one dimen-
sional vertical medium with a critical point at height z°. Although (81n f;/8 Inzy)pp—0
and Vz; — oo when one approaches the critical point, their product is a finite value.

The same reasoning can be applied at non-isothermal and isobaric conditions. In that
case, at the steady state, Eq. (40) reduces to

31nf1 = le = _
T P,Tv:z:1+ 7 VT = 0. (76)

The product (91n f;/01In T1)7p Vz; can be finite and non-zero at the critical point where

(01n f1/01nz1)y p = 0; this may occur when Vz, — co. Therefore, at the critical
point for a finite temperature gradient, ki may also have a finite value. Note that this
analysis is provided on very simple terms. Next, we discuss in more detail the finiteness
of the thermal diffusion ratio k7 in view of some results presented in the literature
(12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28].

Away from the critical point, the transport properties of a mixtures vary generally
slowly with temperature and composition. However, when the critical point is approached,

157

e e ‘e O T R TR S B PP T S P R e i o  un b e TR S e =m0




the transport properties exhibit singular behavior. The diffusion flux for a binary mixture
can be written as

Ji = aVu— VT, (77)

where p = p1 /My — pa/Ms. Eq. (77) can be readily obtained from Eq. (14) (for N =
2) by replacing Iy; and Li, by =Te and T? (,B -« (Bu/c?T)th), respectively. In the
critical region, coefficients o and f§ can be separated into background values and critical
enhancements [24, 25]

kBTp (31171)
a = gp-da=a+—- | — s 78
' ksTp (6:1:1) '
= B+B=F+—— 52| , (€

where kg, £, and 7j are the Boltzmann constant, the correlation length divergent at the
critical point [17], and the shear viscosity, respectively; The subscript b denotes the part
of the transport coefficient which is not affected by criticality (the so-called background
- value); da and /3 are the critical enhancements of & and 3, respectively. Away from the
critical point, the transport coefficients are described by their background values. The
behavior of the transport properties in the region close to the critical point, has been
investigated by extending the concept of the critical point universality [17] to binary mix-
tures (generalized isomorphism approach) [12, 14, 15, 17, 19, 20]. ‘In the intermediate
region where the transport properties can not be described either by their background
values or by the the generalized isomorphism approach, the transport properties are inves-
tigated using a crossover approach [13, 15, 16, 18, 21]. Mode-mode coupling calculations
have been performed by Gorodetski {23] and Mistura [24, 25] to investigate the transport
properties in the critical region (see the summary in Anisimov et al. [17]). From Egs.
(77), (78) and (79) one obtains .

Sor=— (%‘) R (80)

It is shown [17, 23, 24, 25] that o and (3 diverge at the critical point. Furthermore,
those coefficients have the same power law when approaching the critical point [17]. The
coefficients o and 8 are not directly measurable. To relate those coefficients to _some
experimentally accessible properties (the diffusion coefficients), the diffusion flux J; has
been expressed in terms of the diffusion coefficients as [17, 25]

-

= VT
J1 = —pDﬁI (V.'El +k;TT> . (81)

where D/ is the molecular diffusion coefficient and kir is the thermal diffusion ratio (as
defined by some authors [18, 21]); DT = D¥k3;. is the thermal diffusion coefficient. c, B,
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DM and kir are related by
Op
p¥ = 2 <—) , 82
11 P) 3:1:1 pT ( )

. [ (8
kirDyf = > [a (%) + B -
Pz

¥

(83)

It should be mentioned that Eq. (81) for the diffusion flux can not be extended to
multicomponent non-ideal mixtures.

Egs. (78) and (82) imply that the diffusion coefficient D} vanishes at the critical point
as £~1. The thermal diffusion coefficient ,DT, however, has a finite value at the critical
point since the critical enhancments compensate each other according to Eq. (83); the
coefficient ki = DT /D, therefore, diverges as £ towards the critical point. This has
been supported by experimental data by Haase et al. [26].

Haase et al. [26], from experimental data, claim that the thermal diffusion factor
ar and the related quantities approach infinity in the critical state for binary mixtures.
However, the expression these authors use for the diffusion mass flux is not appropriate
for non-ideal systems. At steady state, by representing the gradients of temperature and
mole fraction by AT and Az,, respectively, Haase et al. provide the following relation,
from which they calculate the thermal diffusion factor using the experimental data

AT .
AZL‘l = Q7T (1 - 1171) T (84)

This expression ignores the thermodynamic factor (OIn f1/0Inz1)y » which approaches
zero when one approaches the critical state. Thus, the coefficient o used by Haase et al.
[26] is in reality the thermal diffusion factor divided by the thermodynamic factor.

In their investigation of the crossover behavior of the transport properties in the critical
region, Luettmer-Strathmann and Sengers [18] and Sakonidou et al. [21] used Eq. (81)
to express the diffusion flux. Eq. (81) can be also written in the following form

- (alnf1 - oln f;

Vo, + =—
PT 81n:z:1

Ji = —pa1nDio m

VT '
kpaa | . (85)
P, T ' T)

From the comparison of Eq. (85) and Eq. (40) (for isobaric condition), one deduces that
the appropriate expression for the thermal diffusion ratio is k;r = (01n f1/0In 1)1 p iz
Luettmer-Strathmann and Sengers [18] and Sakonidou et al. [21] used the mode-mode
coupling analysis to calculate the molecular diffusion and the thermal diffusion coefficient
by fitting the crossover equation of the thermal conductivity to thermal conductivity data
in the vicinity of the critical point. These authors concluded that Dk}, reaches a finite
value at the critical point [18, 21]. Since D; has generally finite value at the critical point,
the thermal diffusion ratio, k17 should also have a finite value. Luettmer-Strathmann and
Sengers [18] conclude that DM vanishes at the critical point and that k}r, on the other

hand, diverges at the critical point. This conclusion is in agreement with our simple
analysis of Eq. (76)
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One could summarize then that at the critical point, 1) the molecular diffusion co-
efficient vanishes, 2) the thermal diffusion ratio reaches a finite value, and 3) the mole
fraction gradient reaches infinity with either temperature or pressure gradient or both;
that is, the mole fraction has an inflexion point when plotted vs. depth.

6 Concluding Remark

A general formalism is provided to describe multicomponent molecular, pressure, and
thermal diffusion flux for non-ideal mixtures. The treatment is within the framework of
thermodynamics of irreversible processes. The formalism allows us to evaluate thermal
diffusion factors for ternary and higher mixtures which has not been attempted in the
past (Firoozabadi et al. [39]). The general expression also allows the determination of
various diffusion processes at the critical point. One main conclusion of this study is that
molecular diffusion is finite at the critical point for non-isothermal, and for isothermal,
non-isobaric conditions. '

i
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Figure 1: Sketch of the composition vs. height for a binary mixture in an isothermal non
isobaric process in the critical region.
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Part II - Theoretical Model of Thermal
Diffusion Factors in Multicomponent
Mixtures

ABBAS F1R00ZABADI, KASSEM GHORAYEB
and KESHAWA SHUKLA

1 Summary

Unlike molecular diffusion, where expressions are available for molecular diffusion co-
efficients in multicomponent mixtures, there are surprisingly neither measured thermal
diffusion coefficients, nor theoretical framework for the estimation of thermal diffusion
coefficients in non-ideal multicomponent mixtures. In this work, we derive a theoretical
model for thermal diffusion coefficients in ideal and non-ideal multicomponent mixtures
(number of components > 3). Our model is based on the thermodynamics of irreversible
processes and the molecular kinetic approach incorporating the explicit effects of non-
equilibrium properties, such as the net heat of transport and molecular diffusion coeffi-
cients, and of the equilibrium properties of the mixture. The equilibrium properties of
the mixture are determined from the Peng-Robinson equation of state. The net heat of
transport is expressed in terms of equilibrium properties and viscosity. An interesting
feature of the proposed model for the estimation of thermal diffusion coefficients in non-
ideal multicomponent mixtures is the dependency on molecular diffusion coefficients. For
binary mixtures, such a dependency does not occur. The model successfully describes
thermal diffusion factors of binary mixtures for which experimental data are available,
even those in extreme non-ideal conditions and close to the critical point. Since ex-
perimental data for thermal diffusion factors in multicomponent hydrocarbon mixtures
(number of components > 3) are not available, we are unable to test the accuracy of
our model in multicomponent mixtures at this moment. However, the model has been
found to be successful in predicting the experimental data of spatial variation of compo-
sition in a ternary mixture of nCss/nCis/nCi2, providing an indirect verification. The
model is used for predicting the thermal diffusion factors in a six-component mixture of
C1/C3/nCs/nCis/nCis/Cs. The results show significant dependency of the thermal diffu-
sion factors on the distance to the critical point. Another interesting feature of the model
is that it demonstrates for the first time that there is no need to adopt a sign convention
for thermal diffusion coefficients in binary and higher mixtures. From thermodynamic
stability analysis, it is shown that when the thermal diffusion coefficient is positive, the
component should go to the cold region in a binary mixture.
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2 Introduction

Thermal diffusion or the Soret effect is important for the study of compositional varia-
tion in hydrocarbon reservoirs [1] and for separating isotopic mixtures [2], among others.
In this process, in a convection-free mixture a temperature gradient develops the cor-
responding composition gradient of the mixture constituents. Previous studies indicate
that thermal diffusion factors are sensitive to the details of intermolecular interactions,
size and shape of the molecules, and their magnitude are governed by thermodynamic
conditions {3, 4]. In many mixtures, accurate measurement of thermal diffusion factors
is difficult to perform because of the obscuring effect of natural convection. Experiments
in microgravity (10~ of normal gravity g) have been proposed to alleviate the difficulties
with convection [5]. Thermal diffusion factor data are sparse; they are available for some
binary mixtures only [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17]. Recently, Zhang et al.
[18] have presented a detailed analysis of the different methods for measuring thermal
diffusion factors. Again, only binary mixtures have been considered.

Several theoretical approaches have been suggested in the literature to describe thermal
diffusion factors in binary mixtures with varying degrees of success. Important among
them are the models based on the kinetic theory of irreversible thermodynamics [19], the
phenomenological theory of irreversible thermodynamics [20], and the maximization of the
partition function of two idealized bulbs [21]. These models were found to describe thermal
diffusion factors in some binary hydrocarbon mixtures only qualitatively because of the
several approximations involved in their formulations and calculations. In fact, thermal
diffusion factors from the above models incorporate only equilibrium properties and ignore
the dependence on the non-equilibrium properties. It is known that the thermal diffusion
factor is a non-equilibrium property, and its proper formulation requires the knowledge
of both the equilibrium and non-equilibrium properties.

Recently, Shukla and Firoozabadi [22] developed a new theoretical model for the pre-
diction of thermal diffusion factors in binary hydrocarbon mixtures using irreversible
thermodynamics. Unlike the previous models, their work incorporates both equilibrium
and non-equilibrium properties of mixtures. In that model, equilibrium properties are ob-
tained from the volume translated Peng-Robinson equation of state, while non-equilibrium
properties are determined using the energy of viscous flow estimated from viscosity data.
The Shukla and Firoozabadi [22] model has been applied for the prediction of binary
thermal diffusion factors of several mixtures consisting of hydrocarbon species (C1/Cs,
C1/C4, Cr/Cha, C7/Cis), non-hydrocarbon species (Ar/CQOsq, No/COq, Hy /Ny, Hy/COs),
and hydrocarbon and non-hydrocarbon species (C1/COs), for which experimental data
were available. Comparisons of theoretical results with experimental data showed a good
performance of the model, except in the near-critical region (in the critical region due to
factoring the term (OIn f,/0In21)ps out in accord with the practice of the experimen-
talists, the model should not be applied in the form presented in Ref. [23]). The model
was also found to offer a significant improvement over the earlier models [19, 20] and was
able to predict the sign of thermal diffusion factors of the above mixtures to be consistent
with experiment.

The variation of thermal diffusion factors in three- and multicomponent non-ideal mix-
tures may significantly differ from those in binary mixtures. For example, experimental
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data of thermal diffusion factors in binary mixtures C;/Cs, C1/Cs and C;/Cy show that
methane segregates toward the hot region [23, 24, 25], leading to a negative value of the
thermal diffusion factor of the first component, C; (we will later show that there is no
need to adopt a sign convention for thermal diffusion factors). In contrast, in hydrocar-
bon reservoirs more methane has often been seen in the cold region (top of the reservoir)
[26, 27] (experimental data for thermal diffusion factors in multicomponent mixtures are
not available). These results show that the segregation of methane in a non-ideal mix-
ture with more than two components for a non-isothermal process cannot be determined
using the binary results, and the sign of thermal diffusion factors is immaterial in defin-
ing the direction of component segregation in the hot and cold regions. Consequently,
a detailed quantitative study of thermal diffusion factors in multicomponent mixtures is
needed for a proper understanding of the thermal diffusion process not only of industrial
interest but also of academic interest to investigate the size and shape of the molecules
and intermolecular interactions taking part in the mixture.

Our literature survey shows that the study of thermal diffusion factors in multicompo-
nent mixtures has not been performed previously in a systematic way, probably, because
1) equations of mass flux in multicomponent mixtures become too complicated to be eval-
uated analytically and require a special effort, and 2) no experimental data are available
for thermal diffusion factors in multicomponent mixtures (more than two components)
for testing the models.

The goal of this work is to derive a model for thermal diffusion factors in multicompo-
nent non-ideal mixtures. The model is derived from the thermodynamics of irreversible
processes where the effects of both equilibrium and non-equilibrium properties are incor-
porated.

3 Thermal diffusion factors

We consider a mixture consisting of n components at a given temperature, T, and pressure,
P, where the only external force, F', is the gravity. If we assume that there is no heat
generation, viscous dissipation, or chemical reaction, the entropy production strength can
be written as [28]

-t n ﬁ k - - —
g = —'ZTZ(Jq—I;EJ) T——;Jk (VTM ), (1)
where j,; is the heat flux, My, Hy, px, and Ji are the molecular weight, the partial
molar enthalpy, the chemical potential, and the molar d1ffus1on flux relative to the molar

average velocity of component k, respectively. >%_; (Hy /M,C)J;c is the transfer of heat due
to diffusion. By introducing a new heat flux expression, J’ defined as

= > = H oz
Jo= Jq—kz_:ﬁ:Jk, (2)
and using 271 J; =0, Eq. (1) becomes
7 1= fin
v = _-T—qu T - :‘;Jk ( o E) (3)
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Another method of expressing the heat flux, j:z, is based on combining the concept of
irreversible thermodynamics and molecular kinetic theory involving the heat of transport
[29, 30]

=Y. 2, @)
where Qy is the heat of transport of component k. The expression for j,:’, then becomes

ZQk Jk—zn:

k=1 k=1 M

) ()

where Qf = Qr — Hk is the net heat of transport of component k. Consequently, Eq. (3)
can be expressed in terms of the net heat of transport as

- 25| @ - F (-] ©

Using Eqs. (3) and (6) of the entropy production strength, oone can write the phenomeno-
logical equations for the diffusion flux in the two following forms

. VT 17l PN
s = ! L = —
fo= L Tkz_lL’kVT (Mk Mn)’ 1=1 o n-l, Y

and

n—l * * =
A k%ﬂ“(&_ﬁn_)
- ZL”‘ [(M,c Mn) T +tVr M, M,)|’
i=1, .., n—1, (8)

respectively; L}, and Ly are the phenomenological coefficients [31, 32]. Egs. (7) and (8)
imply

n—1 k Q*
n : —
1;11%( i Mn)’ i=1, .., n—1 )

At steady state, the diffusion flux vanishes and Eq. (8) implies (Lit’s, 4, k=1, .., n—1
are independent)

QZ‘V—I:+V7TM¢ = 0, i=1, .., n—1, | (10)
T - 4
an—+vwn = 0. (11)

From the Gibbs-Duhem relation under isothermal and isobaric conditions

- 1 n-1
Vrpls, = —— Z ;. Vr,p i (12)
J—l
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Substituting the above Gibbs-Duhem relation in Eq. (11) for the isobaric condition one
obtains

VT onl o
nQ*——zkaVT,Puk = 0 (13)
k=1

and from Eq. (10) one obtains for the isobaric condition

n—-1
-y [Qk— +VTPI-Lk] zr = 0. (14)
k=1
Egs. (13) and (14) imply that
k=1

which is valid only under isobaric conditions. From the following matrix and column
vectors

L = [Lij] = L,;j 'L,j = 1, ey T — 1,
Ly = [Lf] i=1,.,n-1,

_ [@k QZ] . _ :
Q = [Mk i i=1, ., n—1;

Eq. (9) can be written in a compact form as
L, = LQ. (16)
Using Eq. (7), the diffusion flux vector J = (fl, vy fn_l) reads [33]
J = —c(DM.Vx+D*VT +DFVP), (17)
where DM = [Dyj], DT = (D7, ..., DI_ 1),DP = (DF, .., DL;),and Vx = (Vz1, ..., V2o 1)

The molecular diffusion coeﬁiaents D;; (m?s7?), the thermal diffusion coefficients DY (m?
s~ K~1), and the pressure diffusion coefficients Df (m? s~ Pa~!) are expressed by

M;z; % n—lM[:Z?[-i‘M:I: O alnﬁ'
Dy = My L; nZn ,
7] Din—~— Ly ; ik £ M, ij IXj,T,P
ij=1, .y n—1, (18)
D¥ = ainDinM%—i-, i=1, .. n—1, (19)
M;z; T M
P __ Bttt i 2 n n —_—
Dz - am Ny RTL-L-,, ; sz Z zj k V}c P
i=1, .., n—1, (20)
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respectively. V;, f;, and M are the partial molar volume of component i, the fugacity of
component 7, and the total molecular weight, respectively; V; and f; can be obtained using
an equation of state [34]. The subscription x; is defined by (21, ..., Tj—1, Zjt+1, ey Tn1)-
The coefficients a;,, D;, and kr; are given by

MiMn

Qi = —JVI-Z—, 7= 1, weey T — 1, (21)
M3RL;
Dy = ——— =1 - 22
mn pMizngimn ? ) b n 1, ( )
kT- — M,;(B,;Mnanéq
o MRT Ly
= QpiTiTn, i=1, .., n—1; (23)

kr; and ar; are the thermal diffusion ratio, and the thermal diffusion factor of component
1, respectively. For binary mlxtures, the diffusion flux of component 1 can be obtained
from Eq. (17);

= MM, | Oln fi krie
J]_ = CD12 M [alnxl ’ TV 1+ T VT+
o M\ s,

kr; is equal to z;(1 — 2;)or;. From Eq. (24) at steady state, under isobaric conditions,
when kr; > 0, thermal diffusion causes component 1 to segregate towards the cold region
(from stability analysis [34] (8ln f1/0Inz1)py > 0). Note that there is no need for
adopting a sign convention for k7 in a binary mixture despite the practice in the literature.
In a non-ideal multicomponent mixture, the sign of kr; in general may have no relation
with the segregation of a particular component to the hot or cold regions. At steady state
under isobaric conditions, Vz; = —VT det (B;) / det (DM), where B; is the matrix DM
with column ¢ replaced by column vector DT; therefore, the sign of DI (and thus kr;)
alone may not determine the sign of Vz;. From Eq. (23) one obtains

I = MRTL;;
When one adopts the following definitions

- (@)

D =[D u] = apDindyy;  4,5=1, .., n—1,

M = [M,,g] y—ﬂ&j Z,j = 1, ceey B — 1,
Ly
W = [Wy]= Mgt Manlyy 5 jmt, e,
M;
Kr = [KT.,;] = kT,; = T;TnQT; 1=1, .., n— 1;
then DM and L, read
DM = D.M.LW.F, (26)
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and
MRT

_ -1

Ly = Mnng Ko, (27)
respectively. Eqs (16) and (27) give

Myz,

Ky = MRTM.L.Q, (28)

which can be written as
M-’EiMnxn = Q; Q:,, .
Mvi—mj.:l[qj (E—Mn N 'Z—]., arey n—1. (29)

Under isobaric conditions, using Eq. (15), Eq. (29) becomes

kr;

M;z; nl /n-l ijj + MN$N5kj
~ MRTL; 2 (:4;1 La M;

j=1

fi=1, ., n—L (30)

We propose to use Eq. 29 (Eq. 30 for isobaric systems) for the estimation of thermal
diffusion ratios in multicomponent mixtures. For binary mixtures, Eq. (29) reduces to

— _ %ﬁﬂ@Q(QT Qﬁ
bri=m(l—slon = —per— 35, ") (31)
which, from Eq. (15), can be written as
—_ xl *

Eq. (32) was used by Shukla and Firoozabadi [22] for thermal diffusion ratio in binary
mixtures (with the sign convention and the definition of the thermal diffusion factor from
Ref. [22] ).

Eq. (29) (30 for isobaric systems) allows the determination of the thermal diffusion
factors for a given composition having, 1) the net heat of transport of all the components
in the mixture, and 2) the phenomenological coefficients (which can be readily obtained
from the molecular diffusion coefficients). It should, however, be mentioned that, if cross-
molecular diffusion coefficients are neglected, that is, the phenomenological coefficients
L;j = 0 for ¢ # j, then the expression for thermal diffusion ratios in multicomponent
mixtures simplifies to

b = Mz Mnzn, (_Q_i‘_Q;Z)
T MRT M; M,

i=1, .., n—1 (33)

Thus, like in binaries, for a multicomponent mixture where the cross-molecular diffusion
coefficients are negligible, the thermal diffusion ratios do not depend on molecular diffu-
sion coefficients; they are functions of temperature, composition, molecular weight and
the net heat of transport. However, even in this case, thermal diffusion factors for mul-
ticomponent mixtures are different from those for binary mixtures, since the net heat of

171

ot B0 ok mon a1 e Loty oor SRR ol CPTR Y A TR Vo S AL SR MM C A A T L I A I, A S st B




transport of each component differs from binary to multicomponent mixtures. Further-
more, for non-ideal mixtures where the cross-molecular diffusion coefficients are important
in comparison with the mutual diffusion coefficients, they significantly affect the thermal
diffusion factors. In the remaining part of this section we explain how the net heat of
transport QF and the phenomenological coefficients L;; can be obtained.

The net heat of transport for the ith component in an n component mixture can
be determined by generalizing, for n components, the expression used by Shukla and
Firoozabadi [22]

Q: = _AUi + lz xjAUj:I V; 7 t= 1) eery Tl (34)

L) n - -
Ti =1 Tj j=1Tj Z

where AUj is the partial mola.r internal energy departure of component 7 and ©; =
AUF? |AUP*; AU and AUP® are the energy of vaporization and the energy of vis-
cous flow of pure component 4, respectively [35].

From Eq. (26), one obtains the expression relating the phenomenological coefficient
matrix L to the molecular diffusion coefficient matrix D™

(O.M) DM (W.F); (35)

which can be written as [33]

Snil Mz, + Mn$n5lk Oln fi Ly = p¥adep o
I=1 k=1 Oz; |x.i’T’P ME
,j=1, .., n—1 (%)

Thus, having the molecular diffusion coefficients, one can readily obtain the phenomeno-
logical coefficients. It should be mentioned that the measurement of the molecular diffu-
sion coefficients is less complicated than that of the thermal diffusion coefficients since the
existence of the temperature gradient in the latter normally generates convection within
the system which can cause erroneous results for the thermal diffusion factors. This may

- not be the case for the measurement of the molecular diffusion coefficients where the

experiment can be performed in isothermal cavities. The molecular diffusion coefficients
used in the next section have been calculated using the model proposed by Kooijman

and Taylor [36]. Reference [37] provides a complete procedure for the estimation of the
molecular diffusion coefficients.

4 Results and discussion

We start by studying our model for some binary mixtures near and far from the critical
point; then we present results for ternary and higher mixtures. El Mastaoui [38] reports
compositional data for the ternary mixture of nCos/nCie/nCis in a thermogravitational
column [39, 40, 41}; our model is used to indirectly compare the results. Recently, we
incorporated [37] the molecular diffusion coefficients using Kooijman and Taylor’s cor-
relation [36] and those of the thermal diffusion factors from this work into a numerical
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model for a thermogravitational column filled with a porous medium {37]. This was our
only comparison for mixtures with more than two components.

In order to obtain the thermal diffusion ratios using Eq. (28), equilibrium properties
such as partial molar volumes, partial internal energies and fugacities were determined
using the Peng-Robinson equation of state (PR EOS) [42] with or without volume cor-
rection [43] along with the van der Waals mixing rules. For most of the cases we studied,
we found that the effect of the volume translation on the thermal diffusion factors was
insignificant. However, for heavy components, the volume correction was found to be
important to match the experimental volumetric data and had significant effect on the
thermal diffusion factors. In the following, all the results we present for thermal diffu-
sion factors are obtained without volume correction unless mentioned otherwise. The
binary interaction parameters used in the PR EOS are taken from Katz and Firoozabadi
[44]. Table I presents the critical temperature, critical pressure, accentric factor, and the
molecular weight of the components considered in this study. The value of the parameter
7; is assumed to be the same for all the components; 7; = 4. This value is based on the
observation that at the normal boiling point, In7, where 7 is the liquid viscosity, varies
linearly with 1/T over a wide range of temperature; 7; variations are in the range [35]
of 3 to 5. Moreover, the universal value of 7; = 4 gave satisfactory results for thermal
diffusion factors for binary mixtures as was shown by Shukla and Firoozabadi [22] and is
shown in this study.

4.1 Binary mixtures

Here we further test our thermal diffusion factor model with binary mixture data of
CO0,/C, [45], CrHs/nCy (toluene/n-hexane) [17, 8, 46], and nCas/nCia [38]. In order to
make the comparison as clear as possible, we keep, as long as it does not create confusion,
the same parameters that were obtained in the experimental work. The Soret coefficient,
Sr, for binary mixtures used by some authors is defined by Sy = Df/ (D{‘{ T10(1 — mm)),
where ;4 is the initial mole fraction of component 1.

Fig. 1 presents the thermal diffusion ratio kp; vs. the molar density for the binary
mixture CO,/C; (zco, = 0.60, zc, = 0.40) in the critical region. The predictions are
in agreement with data of Walther [45]. The figure also shows that as the critical point
approaches, the predicted thermal diffusion factor increases, as expected. Note that,
depending on the molar density, CO, can segregate to the hot side (kr; < 0) or the cold
side (kr; > 0)

Fig. 2 shows the Soret coefficient in the binary mixture toluene/n-hexane. An excellent
agreement between experimental data of Li et al. [46] and Kohler and Miiller [17] and
our theoretical results is obtained. The Soret coefficients reported by Ecenarro et al. [8]
using the thermogravitational column are almost half of those obtained by Li et al. [46]
using the small angle Rayleigh scattering method, and those of Kohler and Miiller {17]
using the forced Rayleigh scattering method.

El Mataoui [38] reports the measured Soret coefficient in a binary mixture of nCa4/nCio
at the initial composition 8.15% nCy4; 91.85% nCi2. The average temperature for the
measurements is Ty = 321.5. The value of Sy reported by El Maitaoui under these con-
ditions is Sy = 0.90 K~1. The results from our model are in excellent agreement with the
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experimental data of El Mastaoui; we obtain Sy = 0.85 K~!. This value is obtained by
taking into account volume correction in the PR-EOS. -

Various  authors have used the mode-mode coupling analysis showing that thermal
diffusion coefficients in binary mixtures exhibit a finite enhancement in the critical region
[48, 49, 50]. Fig. 3 depicts a plot of =T DY .vs. (T — T.)/T near the critical point
for an equimolar mixture of C;/C, (at the critical pressure). This figure shows that
our theory gives reasonable results in the critical region for this binary, in view of the
deficiency in the PR-EOS predictions in the critical region [34]. The results obtained by
Sakonidou et al. [24] (by fitting the crossover equation of the thermal conductivity to the
thermal conductivity data which allows to calculate the molecular and thermal diffusion
coefficients in the vicinity of the critical point) and those from our model show the same
trend when we approach the critical point; T'Df - reaches a finite value at the critical point.

Luettmer-Strathmann and Sengers [47] investigated, using the mode-mode coupling
calculations, the transport properties in a CO,/C, binary mixture (25%/75%) in the
critical region. They reported that D decreases asymptotically towards zero when one
approaches the critical point. They also reporied that kr; /D¥ diverges at the critical
point. However, these authors reported that D vanishes as £~2 (£ is the correlation
length divergent at the critical point), and kz;/D}{ diverges as £ when one approaches
the critical point. Consequently, their product, kr,, is finite at the critical point. The
results from our model for the thermal diffusion ratio, kr;, near the critical point (at the
critical pressure) is depicted for this mixture in Fig. 4.

4.2 Ternary mixture

The main goal of this work is to present a model for thermal diffusion factors of multicom-
ponent mixtures. However, there are no experimental data for multicomponent thermal
diffusion factors in the literature to the best of our knowledge. There are, however, spa-
tial concentration data in ternary systems that can be used to verify the validity of our
proposed model.

For the ternary mixture nCay/nC1g/nCh2, the experimental data by El Mastaoui [38]
show nCyy segregates towards the bottom of the column. The data also show no signif-
icant compositional variation across the column for nCie. There is excellent agreement
between the measured compositional data and the results obtained using our model where
volume correction is taken into account (see Table II). The maximal relative error between
predictions and measurements is less that 10%. For this mixture, the predicted Soret co-
efficients of components 1 (nCa) and 2 (nCis) from our model are Sy = 0.1552 x 10~2
and Sy, = 0.8695 x 10~%, respectively.

4.3 Six-component mixture

We used our model to predict thermal diffusion factors of a mixture of C; /C3/nCs/nCio/nCis/Co
for the composition 40/12/5/2/1/40 mole % at different temperatures and pressures. The
magnitude and the sign of the thermal diffusion factors depend obviously on the choice of
the nth component (component 6 in this example). In the following, Cy, Cs, nCs, nCio,
and nCje represent components 1, 2, 3, 4, and 5, respectively; C, represents component
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6. Fig. 5 depicts the predicted saturation pressure of this mixture. We performed two
sets of thermal diffusion factors calculations; first, we fixed the temperature equal to the
critical temperature and varied the pressure. Then, we fixed the pressure equal to the
critical pressure and varied the temperature. The dashed lines on the figure represent
the above two sets of calculations. The volume correction was taken into account. The
predicted results are presented in Tables III and IV. Note that for heavier components,
the thermal diffusion factor is larger than for lighter components.The thermal diffusion
factor aip; of the lightest component, Cj, in the mixture is negative; the others are pos-
itive. In an isobaric system where cross-molecular diffusion can be neglected, this may
imply that methane may segregate toward the cold region which may not be always true.
Similarly, component 2, C3, may not segregate to the hot side. Tables III and IV also
show that, the closer the system is to the critical point the larger is the absolute value
of the thermal diffusion factors. Far from the critical point, the change of temperature
(pressure) at fixed pressure (temperature) does not affect the thermal diffusion factors as
it does near the critical point. The distance to the critical point is the main parameter
which affects the thermal diffusion factors in multicomponent mixtures.

5 Concluding remark

We have formulated a model for thermal diffusion factors for non-ideal multicomponent
mixtures. The model shows explicit dependency of the thermal diffusion factors in non-
ideal mixtures of more than two components on molecular diffusion coefficients. The
single validation of the model for a ternary mixture shows success. The results for a six-
component mixture show that the thermal diffusion factors in multicomponent mixtures
are mostly affected by the distance to the critical point. The model presented in this paper,
combined with the formalism of diffusion flux in multicomponent mixtures presented in our
earlier paper [33], provide a comprehensive theoretical framework for future experimental
investigation of thermal diffusion factors in multicomponent mixtures. We believe the
model also enjoys simplicity for practical applications.
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Table 1: Properties of pure components used in this study

Component T, (K) P, (x10°Pa) w M

Ci 190.60 46.00 0.008 16.04
C, 305.40 48.83 0.098 30.07
Cs 369.80 41.90 0.152 44.09

nCs 469.60 33.30 0.251 72.15
nCsg 507.40 29.30 0.206 86.18
nClo 617.60 20.80 0.490 142.28

nCi2 658.30 18.00 0.562 170.34
nCis 717.00 14.00 0.742 226.45
nCaq 845.00 10.50 0.995 338.63

CO, 304.20 72.80 0.225 44.01
CrHs 591.70 41.14 0.257 92.14

Table 2: Composition at the top and bottom of the thermogravitational column of the
ternary mixture nCy/nCis/nCro; initial composition 12.67 (nCaq), 37.41 (nCy), and
49.92% (nCi2); To = 321.5 K, AT = 25, Column height = 120 cm, permeability =
6.1 x 10~ m?2,

(nCa4)sottom  (nC24)top  (nC16)botiom (1C16)top
experiment 0.240 0.140 0.415 0.380
model 0.265 0.135 0.408 0.389
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Table 3: Thermal diffusion factors for the mixture C;/C3/nCs/nCho/nCis/Ch
(40/12/5/2/1/40%, mole); P = 1.24 x 107 Pa. C, Cs, nCs, nCig, and nCig represent
components 1, 2, 3, 4, and 5, respectively; C> represents component 6.

TK ros) o as oy as

225 —0.8380 0.5912 1.2417 2.4412 3.2569
235- -0.8655 0.6107 1.3181 2.6466 3.6192
245 —0.8930 0.6341 1.4049 2.8774 4.0236
255 -—0.9393 0.6619 1.5032 3.1377 4.4777
265 -—0.9869 0.6942 1.6147 3.4323 4.9901
275 -1.0424 0.7315 1.7407 3.7656 5.5699
285 —1.1060 0.7738 1.8823 4.1415 6.2248
295 11773 0.8206 2.0386 4.5602 6.9581
305 -—~1.2538 0.8702 2.2059 5.0147 7.7607
3156 -—-1.3301 0.9184 2.3740 5.4825 8.5987

Table 4: Thermal diffusion factors for the mixture Ci/C3/nCs/nCio/nCis/Co
(40/12/5/2/1/40%, mole); T = 318 K. Cy, Cs, nCs, nCig, and nCig represent components
1, 2, 3, 4, and 5, respectively; C; represents component 6.

P %1075 Pa o1 Qo a3 oy o5
125 -1.3511 0.9312 2.4221 5.6221 8.8548
135 —~1.2524 0.8647 2.2319 5.1504 8.0713
145 11720 0.8105 2.0771 4.7669 7.4349
155 —=1.1049 0.7653 1.9478 4.4472 6.9049
165 -1.0480 0.7267 1.8379 4.1756 6.4549
175 -0.9988 0.6935 1.7430 3.9412 6.0666
185 —0.9558 0.6644 1.6599 3.7361 5.7271
195 -0.9177 0.6387 1.5864 3.7361 5.7271
205 —0.8838 0.6157 1.5208 3.3929 5.1588
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Figure 1: Thermal diffusion ratio vs. molar density at T = 305.15 K for the binary
mixture CO,/C, at composition 60/40 mole %.
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Figure 2: Soret coefficient in a toluene/n-hexane binary mixture vs.
toluene) at different temperatures and at atmospheric pressure.
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Figure 4: Thermal diffusion ratio vs. (T' — T;)/T at the critical pressure for the binary
mixture CO,/C, at composition 25/75 mole %.
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Figure 5: P — T diagram for the mixture C;/Cy/C3/nCs /nC10/nCie at the composition
50/40/5/3/1/1 mole %. e denotes the critical point.
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Part III - Features of Convection and
Diffusion in Porous Media for Binary
Systems.

KASSEM (GHORAYEB AND ABBAS FIROOZABADI

1 Summary

Compositional variation in a vertical rectangular porous medium containing a two-component
single phase fluid in the presence of a prescribed linear temperature field is considered.
We investigate by using a finite volume method, the effects of convection, thermal diffu-
sion and pressure diffusion on the compositional variation. Calculations show that, for
bigh permeabilities, convective mass transfer overrides both thermal and pressure dif-
fusion; it is the main phenomenon affecting compositional variation within the porous
medium. In this case, the permeability increase makes the composition variation less
pronounced. For low permeabilities, compositional variation is mainly affected by the
ratio (—CTT,)/(C¥ P,) where CF, C%, P, and T, are the pressure and thermal diffusion
coefficients and the vertical pressure and thermal gradients, respectively. When this ra-
tio is > 1, thermal diffusion is the main phenomenon affecting compositional variation
and the horizontal composition gradient reaches a maximum at some permeability. For
(-CTT,)/(CFP,) < 1, compositional variation is mostly affected by pressure diffusion and
the horizontal compositional gradient decreases monotonically with permeability increase.

2 Introduction

Composition variation in hydrocarbon reservoirs has been a mystery until very recently.
Measured data indicate several trend of compositional variation. There is mainly vertical
compositional variation of the hydrocarbon components in some reservoirs [1]. Some
other reservoirs show pronounced horizontal compositional variation [2]. In some other
reservoirs there is very little compositional variation with depth [3].

There are four distinct mechanisms that affect the variation of composition in a single-
phase hydrocarbon reservoir. These mechanisms are: 1) molecular diffusion, 2) pressure
diffusion, 3) thermal diffusion, and 4) natural convection. Molecular diffusion is the ten-
dency to mix due to concentration gradient. Pressure diffusion (gravitational segregation)
is the separation by pressure gradient; it is negligible in the horizontal direction even when
there exists natural convection, but may be pronounced in the vertical direction due to
high vertical pressure gradient. Because of the pressure diffusion, the bottom fluid is richer
in heavv components than the top. Thermal diffusion is the tendencv of a convection-free



mixture to separate under a thermal gradient. Natural convection is the convective cir-
culation due to density gradient. Density gradient is established due to temperature and
concentration gradients. Steady state convection in hydrocarbon reservoirs is caused by
horizontal temperature gradient.

A considerable amount of investigations of compositional variation in hydrocarbon
reservoirs exist in the literature [4 — 10]. Those studies consider mainly the gravitational
effect in a 1D convection-free system [4 — 7] where it has been shown that gravitational
effect causes the heavier components to segregate towards the bottom of the reservoir.
From Refs. [8 — 10] one concludes that thermal diffusion may have the same order of
magnitude and may have an opposite effect than pressure diffusion. However, the above
studies [4 — 10] neglect the effect of convection on compositional variation and do not
consider horizontal compositional variation.

There are very few studies that combine the effect of convection and diffusion on the
compositional variation in binary and multicomponent mixtures in porous media that
take into account pressure diffusion. These studies include the works of Jacqmin [11],
and Riley and Firoozabadi [12]. Both studies address compositional variation in homoge-
neous porous media. Jacgmin neglects thermal diffusion and uses a perturbation analysis
where approximations are made to the governing equations. Based on his study, Jacqmin
concludes that, under certain conditions the fluid composition reorients itself in such a
way as to inhibit convection. Riley and Firoozabadi [12] studied the effect of thermal,
pressure and molecular diffusion and natural convection on compositional variation in a
cross-sectional reservoir with a prescribed linear temperature field. The behavior is inves-
tigated using-a method of successive approximations which iterates on Poisson’s equation.
At high permeabilities certain difficulties were encountered in the calculations [12]. They
incorporated the features of the solution from the Poisson’s equation in a simplified per-
turbation solution which provides accuraté results for horizontal composition variation.
Riley and Firoozabadi [12] show that a small amount of convection can cause the hori-
zontal composition gradient to increase until a maximum is reached and then decays as
1/k. One purpose of this work is to find out if this conclusion has general validity.

This work investigates the steady state spatial compositional variation in a vertical
rectangular reservoir using a numerical model. The main goals of the work are to in-
vestigate features of compositional variation in a porous medium for a binary mixture of
methane/normal-butane by including all basic four mechanisms and reasonable variations
of the coefficients of diffusion. Compositional variation of methane in a multicomponent
mixture (the case of hydrocarbon reservoirs) may drastically differ from that in binary
mixtures [13]. The study of compositional variation of methane in binary mixtures, how-
ever, provides a basis for a better understanding of more realistic situations in which the
mixture consists of more than two components.

3 Mathematical Formulation
We consider a two-dimensional porous medium with width W and height H (Fig. 1)

saturated by a binary mixture of Ci/nCs. We assume that the Oberbeck-Boussinesq
approximation is valid in the range of temperature, pressure and composition expected so
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that the density p is constant except in the buoyancy term (pgz) where it varies linearly
with the temperature T and the weight fraction w:

p(Tw) = po (L = Br (T — Tp) — B (w — wo)], (1)

where po, Br = (—1/po) (8p/0T),, and B, = (—1/po) (8p/Ow) are the density at temper-
ature T and weight fraction wo, the thermal expansion coefficient, and the compositional
expansion coefficient, respectively. The coefficients fr and f,, are calculated for the sys-
tem C;/nCy, using the Peng-Robinson equation of state (PR EOS) [14]. The validity of
Eq. 1 has been demonstrated by Ghorayeb and Firoozabadi [15] for the same range of
temperature and pressure considered in this study.

The unsteady state conservation equations of mass and species are:

Vv = 0, (2)

00 | oV (wv) +V.T = 0, 3)

,005;
where v and J are the velocity and the diffusive mass flux for component 1, respectively.
The bulk velocity, v, is given by Darcy’s law:

k
v = —E[VP+,00(1—,BT(T—T0)—ﬂw(w—wo))gz], (4)
where P, g, k, 1 and ¢ are the pressure, the acceleration due to gravity, the permeability,
the viscosity and the porosity, respectively. The unit vector z points upwards. The
substitution of Eq. 4 into Eq. 2 and the assumption that (k/¢u) is constant lead to the
pressure equation:

V2P = pog (ﬂT%—Z + ﬂwg—f) : (5)

The above equation will be used later in the numerical solution to the problem. The
reservoir is assumed to be bounded by an impervious rock that has constant temperature
gradients T, and 7, in horizontal and vertical directions, respectively. We also assume
that the conductive flow of heat is much greater than the convective low and that thermal
diffusivity is very large compared with compositional diffusivity. With these assumptions,
the solution of the energy equation will have roughly the same temperature gradients as
the bounding rock. In the following, the temperature field is assumed to be a linear
function of z and 2: T = T,z + T,z + a, where a is a constant. If we set the temperature
at £ = W/2 and z = H/2 equal to Tp, then,

T=T,(z-W/2)+T,(z— H/2) + To. (6)
The diffusive mass flux is given by the expression (see Bird et al. [16]):
J = C"Vuw+CPVP+CTVT, (7)

where C¥, CF and C7 are the coefficients of molecular diffusion, pressure diffusion and
thermal diffusion, respectively. These coefficients are described in Refs. [12, 16]. The
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diffusive flux, J, results from the deviation in the velocity of component one from the
velocity of the bulk fluid. Since, in the case of a two-component system, the diffusive flux
of component two is equal to —J and the weight fraction of component two is equal to
1 — w, the equation expressing conservation of mass of component two will be a linear
combination of Egs. 2 and 3. The coefficients C%, CF and CT are the result of the
phenomenological laws, the Gibbs-Duhem relation, and an equation of state (see Bird et
al. [16], de Groot and Mazur [17], and Firoozabadi [18]); they generally depend on the
concentration, temperature and thermo-physical properties of the mixture. In this work,
those coefficients are assumed, for convenience, to be constant in the whole reservoir. In
the range of parameters we consider in this study, this assumption has only a small effect

on the results as we will discuss later.
3.1 Boundary Conditions

The boundary conditions for Egs. 2, 3 and 4 are that the fluid does not cross the outer
boundaries (Fig. 1):

Jn = 0 z=0, W and 2=0, H, (8)
vn = 0 z=0, W and 2=0, H, 9)
where n is the unit normal vector. Eqs. 8 and 9 imply that:
waw PBP 6T _ . _
C 55 T C 6$+C’I'%ar}—0, and v, =0 z=0,W, (10)
wOW pOP _ _ _
C 6z+c §+C{r8z—0’ and v,=0 z=0,H. (11)
From Eq. 4, we obtain the boundary conditions required for the integration of Eq. 5:
0P '
oP ‘
—a—; = ——po(]_—-ﬂr(T—Tg)—ﬁw(w—'LUo)) z=0,H. (13)

With the above Neumann boundary conditions, weight fraction and pressure must be

assigned at one point of the medium. In this work we set w (W/2,H /2) = wy and
P(W/2,H/2) = F,. :

4 Numerical Scheme

Eqgs. 3, 4 and 5 together with the boundary conditions given by Eqs. 10 to 13 are
integrated numerically using finite volume method (see Patankar [19]) with a nonuniform
rectangular grid system. The spatial discretization is performed using a second-order
centered scheme. A semi-implicit first-order scheme is used for the temporal integration.
We seek the steady state solution and iterate on the unsteady system until the steady
state is reached. In this work convergence to the steady state is assumed when the
absolute relative error of concentration is found to be less than 10~7 between the two
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successive iterations at each grid point. In all simulations, we used 301 mesh points in the
horizontal direction and 41 mesh points in the vertical direction. To study the effect of
grid size, numerical runs were performed with different mesh grids; we found that using
finer grids than those above do not significantly improve the accuracy of the results. We
also verified the numerical results from our model with the analytical work presented in
Ref. [12]. Fig. 2 depicts the horizontal gradient of mole fraction in the center of the
reservoir vs. permeability; the agreement, as shown in this figure, is good.

5 Results and Discussion

First, calculations were performed using the PR EOS, instead of the Boussinesq approxi-
mation, to predict the fluid density. This was done for two reasons: 1) to justify the use
of the Boussinesq approximation in the range of temperature, concentration and pressure
expected in this study; and 2) to estimate the variation of the coefficients C%, C¥ and
C7 in the z-z plane. We calculated C¥, CF, and CT using the expressions presented in
Ref. [12] where the density, fugacity and partial molar volume are calculated using the
PR EOS and where the molecular diffusion coefficient and the thermal diffusion ratio are
given by Sigmund [20] and Rutherford and Roof [21], respectively. Fig. 3 presents C¥,
CP, and CT contour lines for k¥ = 1 md. This figure shows that, the variation of cv,
C?, and C7 in the whole medium is less than 21% for C* and CF, and less than 7% for
C?. The same results (not depicted) are valid for other permeabilities. We compared the
numerical results obtained using C¥, C¥, and C7 in Fig. 3 to those obtained using the
average values of C%, CF, and CT (C¥ = —2.91 x 1077 kg/m.s °K, CF = —1.15 x 10~15
kg/m.Pa.s, CT = 2.68 x 1071% kg/m.s) and the Boussinesq approximation. The results
show that by taking C¥, C¥, and C7 as constants equal to their average and using the
Boussinesq approximation, has only a small effect on the compositional variation in the
reservoir. In this work we are rather concerned with the understanding of the fluid be-
havior trend when the physical parameters of the problem vary, and we present all the
results using the Boussinesq approximation with constant values of C¥, C¥, and CT. The
data used in our simulations are presented in Table 1. The choice of data used in this
work is motivated by the earlier study (Riley and Firoozabadi [12]). We start with the
investigation of the thermal diffusion effect on composition variation. Toward this end,
calculations are performed using CT =0, 1.5 x 10719, 2.0 x 10~%9, 2.5 x 1019, 3.0 x 10~10,
3.5 x 1071% kg/m.s °K, and C¥ = —1.15 x 107 kg/m.Pa.s. Then, pressure diffusion
effect on compositional variation is investigated using C¥ = —2.0 x 10~%5, —1.15 x 10~15,
and 0 kg/m.Pa.s, and CT = 2.5 x 10~1° kg/m.s °K. The permeabilities considered in this
work vary between 0 (convection-free) and 100 md. Note that when & = 0, the convective
“velocity is also zero; therefore by assigning zero to permeability, we model convection-free
case. We did not perform calculations for £ > 100 md because the reservoir composition
becomes homogeneous in this range of permeability. Although CT and C? are not inde-
pendent, their effect on compositional variation is studied by assuming one constant and
varying the other. C" is set equal to —2.88 x 10~7 kg/m.s.
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5.1 Thermal diffusion

Fig. 4 shows a typical behavior of methane mole fraction contour lines for different per-
meabilities. For k& = 0 (convection free), mole fraction varies linearly in both horizontal
and vertical directions. Note that the vertical compositional gradient is much more pro-
nounced than the horizontal gradient for convection free systems. Also note that since
methane segregates to the hot region,-its concentration is higher in the bottom than in the
top of the reservoir. When % increases, the linear horizontal variation of the mole fraction
still occurs except for a very thin region near the vertical boundaries. Fig. 5 depicts the
mole fraction at z = W/2 vs. z for k=0, 1, 10 and 100 md (similar behavior occurs at
other values of z). This figure clearly shows the linear horizontal variation of mole fraction
mentioned above. Furthermore, Figs. 4 and 5 show that more compositional variation
occurs for k¥ = 1 md than £ = 0 and £ = 10 md. This behavior has been observed by
Riley and Firoozabadi [12]. They report that compositional variation reaches a maximum
when the permeability increases and then decays as 1/k. This maximum occurs in the
neighborhood of £ = 0.5 md. '

Fig. 6 depicts the horizontal gradient of mole fraction (at £ = H/2 and z = W/2) vs.
k for three values of thermal diffusion coefficient CT. Since the horizontal variation of the
mole fraction is linear, this gradient does not depend on z. Results show that, in the range
of permeabilities studied, the behavior reported by Riley and Firoozabadi [12] (maximum
segregation for a permeability of about 0.5 md) occurs only for high values of C¥ (for the
specific value of the pressure diffusion coefficient CF = —1.15 x 107 kg/m.Pa.s). For
CT = 1.5 x 10~ kg/m.s °K, for instance, such behavior is not observed; the horizontal
gradient of mole fraction decreases monotonically with & (Fig. 6). The change of trend
of the behavior of the horizontal compositional gradient occurs for a critical value, C7,
of the thermal diffusion coefficient: 1.5 x 1071 < CT < 2.0 x 107° kg/m.s °K. Thermal
diffusion effect on compositional variation becomes less significant for high permeabilities
where mass transport due to natural convection overrides that due to diffusion phenomena.
As permeability increases, the reservoir composition becomes almost homogeneous. This
is clearly shown in Fig. 4 for ¥ = 100 md. Similar behavior is observed for different
values of C7. Figs. 7 to 10 show mole fraction contour lines for different values of CT for
permeabilities from 0 to k£ = 100 md. Those figures show that, the increase of CT results in
more compositional variation. From Fig. 7, one observes that, at £ = 0 (convection-free),
the mole fraction contour lines are straight lines; the slope of those lines changes with
CT. For CT =0, for instance, the mole fraction contour lines are horizontal. The slope of
the mole fraction contour lines is negative for CT = 1.5 x 1071 kg/m.s °K but becomes
positive at CT = 2.0 x 107%® kg/m.s °K. For CT > C7, the slope remains positive.

5.2 Pressure diffusion

For the two-component hydrocarbon mixture of C;/nCy, thermal diffusion and pressure
diffusion affect compositional variation in opposite directions. Pressure diffusion causes
the bottom richer in heavier component while thermal diffusion results the segregation
of the heavier component to the cold boundary at the top. The resulting effect of those
two diffusion phenomena depends mainly on the ratio (—CTT,)/(CFP,), where P, is
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the vertical pressure gradient (which is nearly constant). Numerical results show that,
for CT ~ C7, this ratio reaches 1; that is CT ~ —CFP,/T,. Given that the reservoir
height considered in our simulation is H = 150m and that the pressure at the cen-
ter is assigned the value 1.103 x 107 Pa, P, is roughly equal to —4.829 x 10° Pa/m
and then P,/T, = 1.325 x 10° Pa/°K; thus CT =~ —(1.325 x 105 Pa/°K)xCP?. For
CF = —1.15 x 107 kg/m.Pa.s, one obtains: CT =~ 1.523 x 10~ kg/m.s. °K, which
is in good agreement with the results reported above. Compositional variation closely
depends on (—C*T,)/(CFPR,); thermal diffusion overrides pressure diffusion when this
ratio is larger than 1 whereas pressure diffusion is the main phenomenon which affects
compositional variation when (—CTT})/(CFP,) < 1. The horizontal variation of mole
fraction behaves differently when (—C7T},)/(CFP,) > 1 and (—CTT,)/(CFP,) < 1. For
(=C*T,)/(CFP,) > 1, the horizontal gradient of mole fraction reaches a maximum around
k =1 md. For (~CTT,)/(C¥P,) < 1, the horizontal gradient of mole fraction decreases
monotonically when the permeability increases.

Figs. 11, 12 and 13 show the mole fraction contour lines for C¥ = 0, —1.15x 1075, and
—2.0 x 107 kg/m.Pa.s, respectively. Since pressure and thermal diffusion have opposite
effects on vertical compositional variation, we observe that, for impermeable media, as
well as low permeability media, more vertical composition variation occurs for C¥ = 0
than CF = —1.15 x 107 and C¥ = —2.0 x 1075 kg/m.Pa.s, that is the mole fraction
contour lines are near vertical for C¥ = —1.15 x 107 and C¥ = —2.0 x 10~ kg/m.Pa.s
than CF = 0. When the permeability increases, the two approach each other (in terms of
reservoir composition) both in horizontal and vertical directions. This maybe due to the
fact that, at high permeabilities, natural convection overrides both diffusion phenomena
and composition becomes homogeneous. Nevertheless, for all permeabilities (up to 100
md), more compositional variation occurs when pressure diffusion is neglected.

Fig. 14 depicts horizontal gradient of mole fraction vs. permeability at three different
values of C¥. For k = 0, the same horizontal gradient of mole fraction realizes for different
values of CF and the horizontal pressure gradient is identically zero. For CF = 0 and
CP = —1.15 x 107 kg/m.Pa.s the horizontal composition gradient reaches a maximum
for some permeability of say k = 1 md and then decays. Furthermore, when CF varies
at constant permeability, the horizontal gradient of mole fraction reaches a maximum for
CF = 0. For C¥ = —2.0 x 107" kg/m.Pa.s, the horizontal gradient of mole fraction
decreases monotonically when the permeability increases; for this value of CF, CT =
—(1.325 x 10° Pa/°K)xCF = 2.65 x 10725, whereas CT = 2.0 x 107'° kg/m.s °K. As
mentioned above, when C¥ < CT, pressure diffusion overrides thermal diffusion and the
above trend of horizontal compositional gradient occurs.

6 Conclusions and Remark

This work investigates the compositional variation of a single phase two-component sys-
tem due to combined effects of natural convection and diffusion. We studied the effect of
permeability, thermal diffusion and pressure diffusion on the compositional variation by
using a numerical model. From the results presented we conclude that convection can en-
hance or weaken the horizontal composition variation depending on the magnitude of the
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thermal diffusion and pressure diffusion coefficients. For the specific example presented
in this work, the horizontal gradient of mole fraction reaches a maximum in'the neighbor-
hood of k = 0.5 md for (~C”T;)/(CFP,) > 1, whereas it decreases monotonically when
k increases for (—~C*T})/(CFF,) < 1. However, for high permeabilities (¥ > 10 md),
natural convection is the main phenomenon which affects compositional variation within
the reservoir and results in nearly homogeneous system. :

We finally mention that, due to the cross-diffusion effects, compositional variation in
multicomponent mixtures may drastically differ from that in binary mixtures [13].

7 Nomenclature

C"¥ coeflicient of molecular diffusion in J
C? coefficient of pressure diffusion in J
coefficient of thermal diffusion in J
critical value of the coefficient of thermal diffusion
gravity acceleration

reservoir height

diffusive mass flux

permeability

normal vector

pressure

pressure at the reservoir center
temperature

temperature at the reservoir center
horizontal thermal gradient

vertical thermal gradient

time '

horizontal velocity

vertical velocity

velocity vector

reservoir width

weight fraction

wp weight fraction at the reservoir center
z, z coordinates

z  upward vertical unit vector

E IS S THARNDVE T ume QQ

Greek symbols
Bw compositional expansion coefficient

Br thermal expansion coefficient
X mole fraction

¢  porosity

£  dynamic viscosity

p  density

Po

density at wg and T
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7
P
Br

3000 m

150 m

0.2

1.10 x 107 Pa,
338.5 °K

495.3 kg/m3
—2.88 x 1077 kg/m.s
+1.82°K/ 1000 m
—3.65°K/ 100 m
0.25

200 kg/m.s

0.58 x 103

2.05 x 1072 °K~1

Table 1: Relevent Data.

195

£ T YT e T ey
R NNy b PN S S P 2



z
H ’Uz=0, Jz=0
vp =0 vp =0
Jr=0 Jg =
0 _’l]z=0, Jz=0 W =z

Figure 1: Geometry and boundary conditions.

2.0e-05

1.5e-05

1.0e-05

5.0e~06

0.0e+00

. . . -1
Horizontal Gradient of Mole Fraction, m

Figure 2: Horizontal gradient of mole fraction in t
—4.53 x 10~" kg/m.s, CP = —0.78 x 1

- ~===~ Ref. [12] {analytical)
? [N\ — This Work (numerical)
.
‘\
! i
1
\

! 1

~~

196

he center of the reservoir vs. k: C¥
0~% kg/m.Pa.s and CT = 2.81 x 1010 kg/m.s. °K



C” x 107 kg/m.s

-3, 18

-3 12

06
—2 94

-2.76

DA

—2 64

CP x 10" kg/m.Pa.s

Figure 3: C¥, CF, and CT contour lines for k = 1md.

s o R A e~ g € - vemmm b

\2.6\2'6\

-1,14
-1 zs
-1,05 -1,20
/ -1,11 (
'1 08 —1 17
CT x 10% kg/m.s. °K
276

197

VY SR P Lot 5 = age ™ ) s o o S

o NSRS T L s L

m -
nr



k=0 (convectlon -free)

0 194 0.155 0 198 /
0,200
/202 0,204 206

k=1md
0.196 /
0.194f0.798 0.416
((0902 03002( (014
12
ge % ot oso
}84 0.21

7208

Figure 4: Mole fraction contour lines for different permeabilitiess CT = 2.5 x
10719 kg /m.s. °K.

198



0.22

021

0.20 |

Mole Fraction

0.19

0.18 1 1
0 1000 2000 3000

Figure 5: Mole fraction vs. z at z = W/2 for different permeabilities: CT = 2.5 x
107 kg/m.s. °K, CF = —1.15 x 10~ kg/m.Pa.

199
P e e e e -

BT e e s s memreeegmpms S e



2e-05 T T T Y

>

—r—-
o

—— C'=1510"" kems K
-0 C=2010" keims K ]
b b C=2.5 107 koims K

2e-05

le-05

LT prye

Se-06 %’ hanSu T

‘‘‘‘‘

it L S

|

o N . -]
Horizontal Gradient of Mole Fraction, m

O0e+00 t > L L
0 2 4 6 8 10

Figure 6: Horizontal gradient of mole fraction in the center of the reservoir vs. % for
different values of CT: CP = —1.15 x 10~ kg/m.Pa.

200




0.202

0.200

0.198

CT =1.5x 1071 kg/m.s. °K

CT =2.0 x 1071 kg/m.s. °K

AL )/
/C[ /w/”/

= 2.5 x 10710 kg/m.s. °K

0,198

4
S

CT =3.0x 107 kg/m.s. °K

| P
// 9,196, 168 /
9,200
0,203
0,206
s s

CT =3.5x 1071 kg/m s. °K

Figure 7: Mole fraction contour lines for different values of OT: & — Omd (convection-free),
CP = —1.15 x 10~% kg/m Pa. 201

[ N v a g o —— i



0.198

0.197

CT =1.5x 107 kg/m.s. °K

Yook
LT \
P |
[T

B
[
i

0 2 0.200
82 o 90 0.
0. a o 04
0. 6
0 /184/1

oo

CT =2.0x 1072 kg/m.s. “’K
CT = 25>< 10-10 kg/ms °K
06 o

/
T
It

'.n

0.1s5
Ca' 3 0 x 10“10 kg/m s. °K

i

3

iilDiyeS)

T

CT=35x 10" kg/ms. °K

[ [ofel(

Rl
il his?tss

Figure 8: Mole fraction contour lines for different values of CT: % = 1lmd, CF

107" kg/m.Pa.

202

= ~1.15 x



CT =90

[ —0.203

0.202

0.201

——0.200

0.199

0.198

0.197

—

CT =15x 107 kg/m.s. °K

\0.19950\ \
0.19980
0.19940
\ 0.20000

0.19{if

20060

\\\\\zj>b080
0.
0.20020
\\\\O.ZOQfO

CT =2.0x 107 kg/m.s. °K

ool [

9

0.200
0.201
;) /j i)foz

0

|
)

[

0.204

= 2.5 x 1071° kg/m.s. °K

Figure 9: Mole fraction contour lines for different values of CT: k = 10md, CF

10718 kg/m.Pa.

203

% P2 AV MG R ORI A 20 A SN NIPES B R AP
SN - PRI SHEERA | ar AREITEROREEI

—1.15 %



CT =0

0.203

0.202

0.201

0.200

0.199

0.198

0.187

CT = 1.5 x 1071 kg/m.s. °K

O’r 3 5% 10710 kg /m.s.

[ [

32
3 4

(L1
7))

Figure 10: Mole fraction contour line

—1.15 x 107 kg/m.Pa.

204

s for different values of CT: % = 100md, C?



k = 0 (convection-free)

| :
?’1” .200 203 .204./
//H ﬁ).zoa/
k=1md
o./7s( (0-/03./08 12/ ( (

Figure 11: Mole fraction contour lines for different permeabilities: C¥

CT =2.0 x 107 kg/m.s. °K

T T = A= g T T

205

0 kg/m.Pa:



k=0 (convection—ﬁ'ee)

E////ﬁ

Figure 12: Mole fraction contour lines for different Permeabilities: CP — -1.15 x
107 kg/m.Pa.s: OT — 2.0 X 10710 kg/m s,

206



k=0 (convection-free)

0.2
0 204
0 200 o 202
- \ \ \ \
=1md
\ 0.202\
0.200
g \
0.198
~—~
k=10 md
0.201
0.200
0.199
k =100 md
0.201
0.200
—0.199— |

Figure 13: Mole fraction contour lines for different permeabilities:

107" kg/m.Pa.s: C7 = 2.0 x 1071% kg/m.s. °K

207

CP

-2.0 x



Figure 14: Horizontal gradient of mole fraction in theé center of the reservoir vs. k for

-1

Horizontal Gradient of Mole Fraction, m

4e—-05

]
3e-05 H ——a C’:O ]
+--4 2115107 kg/im.Pas
“-—4 C'=2.0 10" kg/m Pa.s
2e~05 ®
le=05 2
.l ~~~~~~~~ 3
------- o e ]
Oe+00 | H%r—-m e I D 1
—Ie-05 : ' '
00 25 50 7.5 100
k, md ‘

different values of C¥: CT = 2.0 x 1071 kg/m.s. °K

208



Part IV - Natural Convection and Diffusion
in Fractured Porous Media

KAsseEM GHORAYEB AND ABBAS FIROOZABADI

1 Summary

Compositional variation in a rectangular two-dimensional (z, z) fractured porous medium
containing a two-component single phase fluid in the presence of a prescribed linear tem-
perature field is considered. The work examines the effect of the fracture parameters:
fracture permeability, fracture aperture, fracture intensity and fracture connectivity on
the fluid composition variation. Numerical results reveal that, due to high fracture per-
meability, a pronounced convective motion within the fracture takes place, whereas the
composition is only affected beyond a certain fracture permeability. Numerical results
also show that the flow velocity within the fracture increases as the fracture aperture
decreases; the compositional variation, however, decreases with the increased fracture
aperture. The effect of connected and discrete fractures on composition variation was
also studied; connected fractures influence the compositional variation much more than
discrete fractures as expected. The convection cells are mainly loops which develop within
the connected fractures.

2 Introduction

Examination of the compositional variation of reservoir fluids in hydrocarbon reservoirs
reveals various trends. In some reservoirs there is substantial variation of composition in
the horizontal direction (Hamoodi et al. [1]). In many other reservoirs, there is a large
variation of composition in the vertical direction (Neveux and Sathikumar [2]). There are
also reservoirs that have no variation of composition in the entire reservoir; such reservoirs
may have an oil column thickness of 1.5 km and a horizontal extension larger than 10 km
(Saidi [3]).

The purpose of this work is to understand composition variation in fractured hydro-
carbon reservoirs and to relate the composition variation to reservoir characterization.

There are four distinct mechanisms that affect the variation of composition in the
single phase in a hydrocarbon reservoir. These mechanisms are: 1) thermal diffusion, 2)
pressure diffusion, 3) molecular diffusion, and 4) natural convection. Thermal diffusion is
the tendency of a convection free mixture to separate under a thermal gradient. Molecular
diffusion is the tendency to mix due to concentration gradient. Pressure diffusion is
separation by pressure gradient; it is negligible in the horizontal direction even when
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there exists natural convection, but may be pronounced in the vertical direction due to
high vertical pressure gradient. Natural convection is the convective circulation due to
density gradient. Density gradient is established due to temperature and concentration
gradients. A pronounced effect of natural convection on compositional variation may
occur in homogeneous media [5].

There are very few studies that combine the effect of convection and diffusion on the
compositional variation in hydrocarbon reservoirs. These studies include the works of
Jacqmin [4], and Riley and Firoozabadi [5]. Both studies address compositional varia-
tion in homogeneous porous media. Jacqmin’s study is concerned with a wide variety of
conditions, sloping reservoirs, and even two phases but does not include thermal diffu-
sion. He uses a perturbation analysis where approximations are made to the governing
equations. Based on his study, Jacqmin states that, under certain conditions the fluid
composition reorients itself in such a way as to inhibit convection. Riley and Firoozabadi
[6] studied the effect of thermal, pressure and Fickian diffusion and natural convection on
compositional variation in a cross-sectional reservoir with a prescribed linear temperature
field. The behavior is investigated using a method of successive approximations which
iterates on Poisson’s equation. This behavior is then incorporated in a simplified per-
turbation solution which provides accurate results for horizontal composition variation.
Riley and Firoozabadi [5] show that a small amount of convection can cause the horizontal
composition gradient to increase until a maximum is reached and then decays as 1/k.

The work of Jacqmin, and Riley and Firoozabadi is limited to homogeneous porous
media. This work is concerned with a numerical study of convection and diffusion in
fractured porous media. The conservation equations of mass and species and Darcy’s

"law, together with the boundary conditions and the matching conditions at the matrix
block/fracture interface, are numerically integrated in the whole cross section (in both
matrix blocks and fractures). The numerical investigations were carried out for fracture
permeabilities varying by six orders of magnitude. The fracture aperture was varied from
0.1 to 1lmm. However, in view of the large number of parameters, no attempt was made
to present a complete parametric study.

3 Mathematical Formulation

We consider a two-dimensional fractured porous media with width W and height H (Fig.
1) saturated by a binary mixture of C;/nCy. The fractured porous media are comprised
of matrix blocks and fractures of permeabilities k,, and ky, respectively. The matrix and
fracture porosities are assumed to be the same. We assume that the Oberbeck-Boussinesq
approximation (Chandrasekhar [6]) is valid in the range of temperature, pressure and
composition expected so that the density p is constant except in the buoyancy term (pgz)
where it varies linearly with the temperature T and the weight fraction w:

p(T,w) = po[L = Br (T = To) — Bu (w — wo)], (1)

where pg, Br = (—1/p0) (9p/0T),, and fu, = (—1/pg) (8p/Ow)y are the density at temper-
ature Tp and weight fraction wp, the thermal expansion coefficient, and the compositional
expansion coefficient, respectively. The coefficients S and B, are calculated for the sys-
tem C1/nCy, using the Peng-Robinson equation of state [7). Fig. 2 depicts the density p
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vs. temperature and mole fraction x of methane. This figure clearly shows the validity of
the assumption of linear variation of p vs. T and x in the range of temperature, pressure
and composition expected; Br and 8, are thus the slopes of those lines.

The unsteady state conservation equations of mass and species are:

Vv = (, (2)

0
pogw + poV.(wv)+ VI = 0, (3)
where v and J are the velocity and the diffusive mass flux for component 1, respectively.
The diffusive mass flux is given by the expression:

J = C*Vw+CFPVP+CPVT, (4)

where C¥, CF and C7 are the coefficients of molecular diffusion, pressure diffusion and
thermal diffusion, respectively. These coefficients are described in Ref. [5]. They are
assumed constant in this work. Their variation can be readily accommodated by the
numerical model. The diffusive flux, J, results from the deviation in the velocity of
component one from the velocity of the bulk fiuid. Since, in the case of a two-component
system, the diffusive flux of component two is equal to —J and the weight fraction of com-
ponent two is equal to 1 —w, the equation expressing conservation of mass of component,
two will be a linear combination of Eqgs. 2 and 3.

The bulk velocity, v, is given by Darcy’s law:

v = —?::—M[VP-F,DO(].—,BT(T—To)—ﬂw(w_wo))gz]’ (5)

where P, g, k, p and ¢ are the pressure, the acceleration due to gravity, the permeability,
the viscosity and the porosity, respectively. The unit vector z points upwards. The
substitution of Eq. 5 into 2 and the assumption that (k/¢p) is constant in each medium
lead to the pressure equation:

VP = g (Br 5 + B2 ). ©
The above equation will be used later in the numerical solution to the problem. The cross-
sectional reservoir is assumed to be bounded by an impervious rock that has constant
temperature gradients T, and T} in horizontal and vertical directions, respectively. We
also assume that the conductive flow of heat is much greater than the convective flow and
that thermal diffusivity is very large compared with compositional diffusivity. With these
assumptions, the solution of the energy equation will have roughly the same temperature
gradients as the bounding rock. In the following, the temperature field is assumed to
be a linear function of z and z: T = T,z + T,z + a, where a is a constant. If we set
the temperature at £ = W/2 and 2z = H/2 equal to Tp, then, T = T} (z — W/2) +
Tz (Z - H/2) +To.
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3.1 Boundary Conditions

The boundary conditions for Egs. 2, 3 and 5 are that the fluid does not cross the outer
boundaries (Fig. 1):

Jn = 0 z=0, W and 2=0, H, (7)
vn = 0 z=0,W and 2=0, H, (8)
where n is the unit normal vector. Eqgs. 7 and 8 imply that:
C‘"%E—I—C'P?E+C’T—3—T—= 0, and v, =0 z=0,W, 9
waw PBP TaT _ _
C 55 +C % +C % 0, and v,=0 z=0,H. (10)
From Eq. 5, we obtain the boundary conditions required for the integration of Eq. 6:
dP
-6?' = 0 T = 0, VV, (11)
oP
55 = —Po(l=pr (T =To) = By (w—wo)) z=0,H. (12)

With the above Newman boundary conditions, weight fraction and pressure must be
assigned at one pomt of the medium. In this work we set w(W/2,H/2) = wy and
P(W/2,H/2) =

3.2 Conditions at the matrix-fracture interface

The matching conditions at the matrix-fracture interface are given by the continuity of
the normal component of the total mass flux, the normal component of the diffusive mass
flux, the pressure and the mole fraction. Because of incompressibility assumption, the
total mass flux across the interface reduces to the normal velocity. Let us designate by
?1” and 2" the matrix and fracture media which are separated by an interface. The
matching conditions can thus be expressed by:

(a), = (va), (13)

(Cwaw 0%%%?%)1 - (wg’”+cpap crL ) (14)
(P = (P), ( (15)

(w); = (w) (16)

Note that the matching conditions are not required for the tangential velocity at the
interface. This is because we use Darcy’s law to calculate the bulk velocity v.

4 Numerical Scheme

Egs. 3, 5 and 6 together with the boundary conditions given by Eqs. 9 to 12 and the
matching conditions given by Egs. 13 to 16 are numerically integrated using the finite
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volume method (see Patankar [8]) with a nonuniform rectangular grid system. The spatial
discretization is performed using a second-order centered scheme. A semi-implicit first-
order scheme is used for the temporal integration. We seek the steady state solution and
iterate on the unsteady system until the steady state is reached. In this work convergence
to the steady state is assumed when the absolute relative error of concentration is found
to be less than 107 between the two successive iterations at each grid point.

The discretization of Egs. 3 and 6 gives rise to large sparse systems of linear equa-
tions. The matrices corresponding to those equations are pentadiagonal and are amenable
to solution by iterative methods. However, the integration of those systems is a major
task. The matrices are highly ill-conditioned because of 1) the spatial discontinuity in
permeability of matrix and fractures, and 2) the small fracture thickness in comparison
to the matrix size. Thus, iterative methods may not be suitable unless special robust pre-
conditioners are used. For such problems, direct methods are commonly used in reservoir
simulation. In this work, the direct method of D4 Gaussian Elimination is used. Details
about the D4 algorithm can be found in Price and Coats [9], and Stringer et al. [10].

In this work, we use eight different configurations of fractured porous media to study
the effect of fracture parameters on the variation of composition. These configurations
are sketched in Fig. 3. Four configurations relate to connected fractures; the four other
configurations relate to discrete fractures (Fig. 3). Calculations are performed using gird
sizes of 309 x 159, 313 x 161, 325 x 125, 345 x 135, 345 x 135, 345 x 135, 41 x 135,
and 345 x 41 to model configurations 1, 2, 3, 4, 5, 6, 7 and 8, respectively. Three mesh
points are used to model the flow in the fracture. The remaining points are distributed in
the matrix blocks. To study the effect of grid size, numerical runs were performed with
different mesh grids either in the matrix blocks or in the fractures. We found that using
finer grids than those above do not significantly improve the accuracy of the results. The
nodal points are uniformly distributed in the fractures, while a nonuniform grid is used
in the matrix blocks. Fig. 4 shows the grid for configurations 1 and 3 with the zooms in
and around fractures (The dashed lines represent the fracture-matrix interface).

5 Results

We first verified the numerical results from our model with the analytical work presented
in Ref. [5] for unfractured media. The agreement was excellent. The main goal of this
study is, however, the investigation of the effect of fracture parameters on compositional
variation in hydrocarbon reservoirs. We assume that the reservoir comsists of matrix
blocks of permeability k£, = 1md (constant in all the calculations) and horizontal and/or
vertical fractures of permeability ks = 1 to 10°md and aperture f, = 1 to 0.lmm. All
the fractures of a given configuration are assumed to have the same permeability and
aperture. The fractures may or may not be connected. All the numerical investigations
are performed for a 30 x 15m cross section (W = 30m and H = 15m). The fracture
parameters considered in this study are:

1) fracture permeability,

2) fracture aperture,
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3) fracture intensity and
4) fracture connectivity.

Fracture permeability and fracture aperture are related through the cubic law. How-
ever, in this study we treat them as independent parameters. Configuration 1 shown in
Fig. 3 consists of a large matrix surrounded by one fracture. This configuration is used to
investigate the effect of fracture permeability and fracture aperture on the compositional
variation. Configurations 2, 3 and 4 consist of a network of 2 X 2, 8 x 4 and 10 X 5 matrix
blocks, respectively all surrounded by fractures (see Fig. 3). Those configurations are
considered to study the effect of fracture intensity. Configurations 5, 6, 7 and 8 represent
fractures that are not connected. Configuration 5 is similar to configuration 1 aside from
the fact that the surrounding fracture is blocked by a rock with the matrix permeability.
In configuration 6, four rocks of equal permeabilities block the surrounding fracture, one
rock in the middle of each side of the fracture. Configuration 7 consists of 6 horizontal,
equidistant, fractures separated by 5 matrix blocks. Configuration 8 consists of 11 vertical,
equidistant, fractures separated by 10 matrix blocks. The data used in all the simulations
are presented in Table 1. The coefficient of pressure diffusion term is the same as the
one that was used in Ref. [5]; the coefficients of molecular diffusion and thermal diffusion
are different. The effect of fracture permeability, fracture aperture, fracture intensity and
fracture connectivity on the compositional variation is presented next.

5.1 Fracture permeability

The fracture aperture f, is set to lmm. The calculations are performed for k¢ = 1 (that is,
ks = k), 10, 10%, 103, 104, 10° and 10°md. Mole fraction contours are presented in Fig.
5. This figure shows that with the increase in fracture permeability, the composition stays
constant but beyond a certain fracture permeability the mole fraction contours become
affected and tend to be vertical (in Fig. 5, the distance between the contours is set 0.002).
Fig. 6 depicts the horizontal variation of mole fraction vs. z at z = H/2. This figure
reveals the same trend as in Fig. 5. It also shows that the composition varies linearly vs.
7 aside from the region close to the vertical boundaries. For k; > 10*md, the variation is
linear across the whole distance. The implication of this linear behavior is that, at high
fracture permeabilities the composition variation is not affected by vertical boundaries.
Consequently, the results obtained for a small cross section could be applicable to a total
reservoir with a large width. Fig. 7 presents the horizontal mole fraction gradient (at
z=W/2 z=H/[2) vs. ks. As was shown above, up to k; ~ 10°md, the horizontal mole
fraction gradient decreases slightly with ks. For kf > 103md, the horizontal mole fraction
gradient decreases sharply (Fig. 7).

The velocity field corresponding to this configuration consists mainly of a loop within
the fracture. The velocity in the matrix is very small compared with that in the fracture
even near the matrix-fracture interface. This is in part due to the use of Darcy’s law, where
no continuity conditions are required for the tangential velocity at the interface. Darcy’s
law allows for slip-flow at the matrix-fracture interface. The no-slip low conditions affect
only a thin boundary layer at the interface, while the flow in the remaining part of the
matrix is not appreciably affected by the assumption of slip” conditions. Fig. 8 shows the
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velocity field for ky = 10°md; to facilitate the visualization of the velocity field, fracture
aperture f,, which is equal to 1mm is enlarged. Fig. 9 shows a plot of the maximum
horizontal velocities in the fracture vs. k;. Note that unlike the composition gradient,
fracture velocity increases with fracture permeability over the entire range.

5.2 Fracture aperture

Configuration 1 is also used to study the effect of fracture apérture on the compositional
variation for constant fracture permeability. Calculations are performed for f, =1, 0.75,
0.5, 0.25 and 0.lmm. Results for mole fraction contours and horizontal compositional
variation for f, = 0.lmm are presented in Figs. 10 and 11, respectively. By comparing
results depicted in these two figures with the corresponding results for f, = lmm in Figs.
5 and 6, we find that compositional variation is much less affected for f, = 0.1mm than
for f, = lmm for the same value of fracture permeability.

Figs. 12, 13 and 14 present mole fraction contours, horizontal compositional variation
and horizontal mole fraction gradient for various fracture apertures. It is seen that the
increase in fracture aperture results in the homogeneity of composition (see Figs. 12 and
13). Fig. 14 (right) shows that in a log-log graph, the horizontal gradient of mole frac-
tion varies nearly linearly with fracture aperture; this behavior implies that the function
describing the variation of the horizontal gradient of mole fraction with f, takes the form
A(f,)B. By linear regression, we find the expression 0.0199(f,) 042,

Figs. 15 and 16 show the fracture horizontal velocity and the maximum fracture
horizontal velocity, v,,.., respectively. It was intuitively expected that the fracture ve-
locity would decrease with a decrease in f,; for all calculations, we find that, the velocity
increases when f, decreases. The trend, however, should reverse when f, becomes very
small, of the order of microns. Similarly to the behavior of the horizontal gradient of mole
fraction, the function describing the variation of v,,,,. with f, takes the form A(f,)? (see
Fig. 16 right). By linear regression, we find the expression 0.00377(f,) %54,

5.3 Fracture intensity

In all the previous calculations, only configuration 1 is studied. Here, three other config-
urations (Fig. 3) with different fracture intensities are investigated.

Figs. 17 and 18 present the mole fraction contours, and horizontal composition vari-
ation vs. z at z = H/2, respectively, for k; = 10°md and f, = 1lmm. Compositional
variation is almost the same in configurations 1 and 2. In both configurations, mole frac-
tion contours are almost vertical, and the horizontal mole fraction gradient is constant.
However, some difference on compositional variation occurs between these two configura-
tions and configurations 3 and 4. When the number of fractures increases, mole fraction
contours loose their vertical shape as seen in Fig. 17. No substantial difference, however,
is noticed for the horizontal mole fraction gradient. Fig. 18 clearly shows that there is no
significant effect of interior fractures on the overall horizontal compositional gradient.

The above behavior could be explained by observing the velocity fields of configurations
1 to 4 (see Fig. 19) for k; = 10°md and f, = lmm. This figure shows that, the ow
velocity in the interior fractures is small compared with the flow velocity in the main
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surrounding fracture. The flow mainly occurs in the loop of the main fracture. Smaller
loops occur in the interior core but fluid movement in these loops is relatively slow. Fig.
20 depicts, in more detail, the horizontal fracture velocity (top) and the vertical fracture
velocity (bottom) of configurations 1, 2, 3 and 4. This figure shows that horizontal
(vertical) velocity increases or decreases because of incoming or outgoing flow in the
vertical (horizontal) fractures. The negative vertical fracture velocity in Fig. 20 indicates
that the velocity is in the downward direction.

5.4 Fracture connectivity

In configurations 1 to 4 studied above, the connected fractures form a network and the
fluid circulates without being stopped by a rock matrix of low permeability. Let us
now consider .configurations with discrete fractures to study the influence of fracture
discreteness on compositional variation. Configurations 5, 6, 7 and 8 (Fig. 3) are studied
toward this end. The results are presented in Fig. 21 for &k = 10°md and f, = lmm.
This figure shows the effect of blocking the surrounding fracture by a 6m long porous
medium of low permeability (¢ = 1md) for configuration 5. Fig. 21 also shows that
discrete horizontal and vertical fractures have less influence on compositional variation
than connected fractures. Furthermore, the composition is more affected by horizontal
fractures than by vertical fractures. Composition in configuration 6 is more homogeneous
than in configuration 7 although the number of fractures in configuration 7 is twice the
number of horizontal fractures in configuration 6.

The fracture velocity fields of configurations 1, 5, 6 and 7 are depicted in more detail in
Fig. 22. This figure shows that the maximum horizontal fracture velocity in configuration
1, for instance, is more than twice those in configurations 5, 6 and 7 for the same value of
kf and f,. The same behavior occurs regarding the maximum vertical velocity; v,,,,. in.
configuration 1 is more than twice those in configurations 5, 6 and 8 for the same value
of ks and f,.

6 Conclusions

This study centers on the features of composition variation in fractured porous media.
The numerical results show that fracture permeability above a certain value influences the
composition variation, whereas the fracture convective velocity increases with an increase
in fracture permeability. Other conclusion from-this study are:

1) The fluid flow consists mainly of a loop within the surrounding fracture. Smaller
loops occur in the interior connected fractures. The flow velocity within the rock matrix
- is negligible in comparison to fracture velocity.

2) The fracture flow velocity increases when the fracture aperture decreases. On the
other hand, with larger fractures, the compositional variation is less significant.

3) The main effect on compositional variation is due to the surrounding fractures. The
interior fractures affect the shape of the mole fraction contour lines, but the horizontal
compositional variation is not significantly affected by those fractures.
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Nomenclature

C" coefficient of molecular diffusion in J
C? coefficient of pressure diffusion in J
coefficient of thermal diffusion in J
fracture aperture

gravity acceleration

reservoir height

diffusive mass flux

permeability

fracture permeability

matrix permeability

normal vector

pressure

pressure at the reservoir center
temperature

temperature at the reservoir center
horizontal thermal gradient
vertical thermal gradient

time

ﬂﬁﬁéﬂlﬂ;uhungvir?r‘f—ltqh:h(g

vy horizontal velocity
v, vertical velocity

v velocity vector

W  reservoir width

w  weight fraction

woe weight fraction at the reservoir center
z, z coordinates
z  upward vertical unit vector

Greek symbols
Bw compositional expansion coefficient

PBr thermal expansion coefficient
x mole fraction

¢ porosity

L dynamic viscosity

p  density

po density at wgy and Tj
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W [30m

H |16m

Xo | 0.2

Py |1.10 x 107 Pa

To | 338.5°K

po | 495.3 kg/m3

C¥ | —1.55 x 107 kg/m.s

CP | —7.85 x 1076 kg/m.Pa.s
CT | +1.71 x 10~° kg/m.s. °K
T, | +0.1°%/ 30 m

T, | -1°K/ 15 m

6 |025

£ | 200 kg/m.s

krn | 1md

Table 1: Data used in this work.
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Figure 1: Geometry and boundary conditions.
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Figure 2: Density variation vs. mole fraction (top) and temperature (bottom) obtained
by the Peng-Robinson equation of state for the binary mixture C;/nCj.
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Configuration 1

23

Figure 4: Meshes used in the numerical simulations: Configuration 1 (top) and Configu-
ration 3 (bottom).
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Figure 5: Mole fraction contours for different fracture permeabilities (f,=I1mm): Config-
uration 1.
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Figure 6: Mole fraction vs. distance at z=H /2 (foe=1mm): Configuration 1.
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Figure 7: Horizontal gradient of mole fraction vs. fracture permeability at z=W/2, z=H/2
for f,=1mm: Configuration 1.
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Figure 8: Velocity field for f,=1mm, k;=10°md; v,___=2.648 x 10~%m/s,

107°m/s: Configuration 1.
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Figure 9: Maximum value of the horizontal velocity vs. fracture permeability (f,=1mm):
Configuration 1.
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Figure 11: Mole fraction vs. distance at z=H/2 (f,=0.lmm): Configuration 1.
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Figure 12: Mole fraction contours for various fracture apertures (kf=10°md): Configura-
tion 1.
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Part V - Modeling of Multicomponent
Diffusions and Convection in Porous Media

KAsSEM GHORAYEB AND ABBAS FIROOZABADI

1 Summary

Numerical investigations of diffusion and convection in multicomponent hydrocarbon
mixtures in 2D cross-sectional (z, z) porous media are performed using the finite vol-
ume method with nonuniform rectangular grids. Spatial discretization is performed by a
second-order centered scheme. It is shown that methane, unlike in binary hydrocarbons
where it segregates towards the bottom hot of the porous media, may be at higher con-
centration at the cold top in ternary and mixtures and multicomporent reservoir fluids.
This behavior, which is in line with oil field data, is due to various cross effects which
have not been properly accounted for in the past. It is also demonstrated that convection
may significantly effect the compositional variation in a hydrocarbon reservoir; depend-
ing on témperature and pressure, a weak convection may drastically change compositional
variation.

2 Introduction

Field observations show several trend of compositional variation; there is mainly vertical
compositional variation of the hydrocarbon components in some reservoirs [1]. Some other
reservoirs show pronounced horizontal compositional variation [2]. In some reservoirs,
there is very little compositional variation with depth [3]. One may even observe a decrease
of heavy components such as C7; with depth [4]. It is believed that multicomponent
diffusions and convection effect the distribution of various components in hydrocarbon
reservoirs [5, 6]. In a multicomponent hydrocarbon fluid, the total mass flux of a given
component consists of two parts: 1) the convective flux from the velocity of the bulk
fluid, and 2) the diffusive flux as a result of the difference between component velocity
and bulk velocity. The molecular diffusive flux of a given component depends not only on
its composition gradient (mutual diffusion), but also on the composition gradient of all
the other components in the mixture (cross-molecular diffusion). The diffusive flux also
depends on pressure and thermal gradients— the so-called thermal diffusion (Soret effect)
and pressure diffusion (gravitational segregation), respectively [7]. All these effects can
be modeled using thermodynamics of irreversible processes.

The compositional variation of a component in multicomponent mixtures (more than
two components) in a porous medium may radically differ from that in binary mixtures.
The cross effects (cross-molecular diffusion and thermal diffusion) are the main processes
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for a radical variation. The primary goal of this work is to model the compositional
variation of multicomponent mixtures in porous media, taking various cross-effects into
account, and to show that all the trends in field data (from Refs. [1] to [4]) can be
predicted.

Methane in binary mixtures of C,/Cs, C1/Cs and C;/nCy, where experimental data
are available, segregates to the hot side [8, 9, 10]. On the other hand, in hydrocar-
bon reservoirs, there is generally more methane on the cold side (top of the reservoir)
[4, 5]. Those facts imply that one may not use effective thermal diffusion factors to
study the segregation of methane in mixtures with more than two components in a non-
. isothermal medium. Cross-molecular diffusion has also been shown to be important in

some ternary and higher mixtures. There is no claim in the literature for having studied
the combined effect of thermal diffusion, molecular diffusion and convection in ternary and
higher mixtures. Larre ef al. [11] investigated the stability of a horizontal layer heated
from below filled with a water-isopropanol-ethanol mixture. The authors neglected the
cross-molecular diffusion coefficients and assumed that the thermal diffusion factor of a
component could be expressed as the sum of the thermal diffusion factors of the binaries
consisting of the given component and the two others, respectively. The model results do
not, however, agree with the experimental data. A similar conclusion has been reported
by Krupiczka and Rotkegel [12] who investigated mass transfer in ternary mixtures of
isopropanol-water-air and isopropanol-water-helium. Considerable discrepancies between
experimental data and theoretical predlctlons were observed when cross-diffusion terms
were neglected [12].

~ There is a vast body of literature on molecular diffusion coefficients in binary systems
[13, 14, 15, 16, 17, 18, 19, 20]. A sizable amount of binary data on hydrocarbons is also
available [13, 16, 17]. However, molecular diffusion data for mixtures consisting of three or
more components, especially for hydrocarbon mixtures at reservoir conditions, are scarce.
Reviews of the available data in ternary mixtures with summaries of the measurement
methods are presented by Cussler [21] and Tyrrell and Harris [22]. Kooijman and Taylor
[23] summarized the existing models for predicting the molecular diffusion coefficients in
multicomponent mixtures and presented a correlation based on the Vignes correlation [24]
for binary systems. Compared with experimental data for ternary systems, Kooijman and
Taylor’s correlation [23] provides better results than do the other available correlations.
In this work, we adopted Kooijman and Taylor’s correlation to calculate the molecular
diffusion coefficients.

Surprisingly, no experimental data for ternary and h1gher mixtures exists in the liter-
ature for thermal diffusion factors, a necessary requirement for the calculation of thermal
diffusion in a multicomponent mixture. Firoozabadi et al. [25] have recently developed a
theoretical model to estimate thermal diffusion factors for ternary and higher mixtures.
The new model accurately predicts the thermal diffusion factors of binary mixtures. Fur-
thermore, using the thermal diffusion factors obtained by this model, we where able to
successfully simulate the compositional variation in a thermogravitational porous column
containing a ternary mixture as reported by El Mastaoui [26]; that was an indirect vali-
dation, and the only source of verification, of the model in multicomponent mixtures. In

this work, we use the thermal diffusion factors from the work of Flroozabadl et al. [25]
(see appendix C).
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Several attempts have been made in the last 20 years to model compositional variation
in hydrocarbon reservoirs. The earlier studies considered the gravitational effect on com-
positional variation in a 1D convection-free system [27, 28, 29, 30]. The main conclusion
from those studies is that gravitational effect causes the heavier components to segregate
towards the bottom of the reservoir. Thermal diffusion in a 1D convection-free system
has been accounted for in both binary and multicomponent mixtures in some studies
[31, 5, 32]. From those studies one can mainly observe that thermal diffusion may have
the same order of magnitude and may have an opposite effect than pressure diffusion.
The above studies neglect the effect of convection on compositional variation (although it
may be very important) and have been performed in a 1D vertical system; they do not,
therefore, allow for investigating areal compositional variation. Furthermore, no appro-
priate model for thermal diffusion has been considered in the studies which considered
thermal diffusion effect in compositional variation [5]. For multicomponent systems, Bel-
ery and da Silva [5] investigated the compositional variation in the Ekofisk field using a
one dimensional model. They took into account molecular, pressure and thermal diffu-
sion and assumed a convection-free system. Their model is based on effective molecular
diffusion coefficients and effective thermal diffusion factors. The results from the work of
Belery and da Silva show roughly the same qualitative trend of compositional variation
of methane as in the field data; methane is more concentrated at the top of the reservoir.
However, significant discrepancies between field data and predictions exist. This may be
due to the fact that the authors neglected: 1) convection, and 2) certain cross-effects.
The combined effect of convection and pressure diffusion has been considered by Jacqmin
[6]. This study shows the mixing effect of convection; the more convection occurs in
the reservoir, the more homogeneous is the composition. However, neglecting thermal
diffusion may mask an inverse role that convection may play on compositional variation
in hydrocarbon reservoirs in some range of permeability as it has been shown in recent
studies [33, 34].

Compositional variation of methane in a C; /nCy single-phase binary mixture has been
studied by Riley and Firoozabadi [33] and Ghorayeb and Firoozabadi [34] in the same
range of thermophysical and geometrical conditions as in this study. For a particular
example, it has been shown that, at low permeabilities (¢ < 1 md), methane goes to-
wards the hot side (the bottom of the reservoir). When the permeability increases, due
to convection, there is only horizontal compositional variation. For high permeabilities
(¢ > 10 md), convective mass transfer overrides both thermal and pressure diffusion;
it is the main phenomenon effecting compositional variation within the porous medium
for this specific binary mixture. The increase of permeability reduces the compositional
variation. In a typical hydrocarbon binary mixture, for low permeabilities, compositional
variation is mainly effected by the ratio (DTT;)/(DPp,) where D?, DT, p, and T, are the
pressure and thermal diffusion coefficients (see Riley and Firoozabadi [33]) and the ver-
tical pressure and thermal gradients, respectively. When this ratio is > 1, the horizontal
compositional variation is more pronounced than the vertical variation. The horizontal
compositional gradient reaches a maximum value for ¥ &~ 1 md and then decays as 1/k
[33]. A small amount of convection can cause the horizontal compositional gradient to
increase. A similar phenomenon has been experimentally and numerically observed in
vertical columns (separation by thermogravitational effect) where there exists an optimal
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value of k leading to the maximal separation {26, 35]. For (DTT,)/(DPp;) < 1, com-
positional variation is effected mostly by pressure diffusion; the vertical compositional
variation is more pronounced than the horizontal variation.

The main goal of this paper is to provide a sound basis for the study of composmonal
variation in hydrocarbon reservoirs; both multicomponent diffusions and convection are
taken into account. The results for a ternary system are presented in detail to show the
effect of cross-molecular diffusion and thermal diffusion on the compositional variation of
methane, and to explain the discrepancies occurring between field observations and results
in binary systems. Furthermore, the modeling of compositional variation in a field case
is presented. The paper is organized as follows; first we briefly present the mathematical
formulation of the problem. Then, an overview of the numerical method is presented.
Results obtained under several conditions of composition, temperature and pressure are

discussed together with a comparison with previous results obtained in the binary mixture
C]_ / TZ.C4 .

3 Mathematical Formulation

We consider a two-dimensional porous medium with width W and height H (Fig. 1)
saturated by a single-phase mixture of n components. We assume that the Oberbeck-
Boussinesq approximation is valid; the density p'is assumed to be constant, except in

the buoyancy term- (pgz) where it varies linearly with the temperature 7' and the mole
fractions z;, i =1, ..., n—1:

n—1
p=po[1—ﬁT(T—To)—Zﬁz,-($i—$io)]a (1)
i=1
where 1 9
0
fr=——=22 ,
po T iy i=1, ., n~1
and 18
ﬂzi=;——e- yi=1, ., n—1
po Oz Tyzj, j=1, nel, ji

are the thermal expansion coeflicient and the compositional coefficients of component i,
respectively; pg is the density at temperature Ty and mole fractions z;y. The validity of
the Oberbeck-Boussinesq approximation has been demonstrated by Ghorayeb and Firooz-
abadi [36]. The coefficients S and f3,, are calculated using the Peng-Robinson equation
of state (PR EOS) [37].

The unsteady state conservation equations of mass and species are:

-

Vi = 0, (2)

[‘Z’ +V(x,z7)] +V.5 =0, i=1, .y -1, (3)

where ¢, ¥, and J; are the total molar density, the bulk velocity, and the molar diffusive
flux relative to molar average velocity for component i (¢ = 1, ..., n — 1), respectively.
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The bulk velocity, 7, is given by Darcy’s law:

<y

= —fﬁ (Vp+ pgz), 4)

where p, g, k, ¢, and ¢ are the pressure, the acceleration due to gravity, the permeability,
the viscosity, and the porosity, respectively. The unit vector z points upwards. Substitu-
tion of Eq. 4 into Eq. 2 and the assumption that (k/¢p) is constant lead to the pressure
equation:

n—1
V2p = pog (ﬂzﬁz +> Ba; am“) : (5)
=1

The above equation will be used later in the numerical solution to the problem. The
reservoir is assumed to be bounded by an impervious rock that has constant temperature
gradients T and T, in horizontal and vertical directions, respectively. In the following,
the temperature field is assumed to be a linear function of z and z: T = Tz + T,z + a,
where a is a constant. Field data support this form of the temperature expression. If we
set the temperature at z = W/2 and z = H/2 equal to Ty, then,

T=T,(z—W/2)+ T, (z — H/2) + T (6)
The diffusive fluxes are given by the expression (see Appendix A):

n—~1 »

Ji=—c (Z DMV, + D*Vp+ DF VT) 1, .y n—1 (7)
J=1

where D}, DY and DT are the coefficients of molecular diffusion, pressure diffusion and

thermal diffusion, respectively. The diffusive flux, j:, results from the deviation in the
velocity of component 7 from the velocity of the bulk fluid. Since, for an n-component
mixture, the diffusive flux of the nth component is equal to — 377! J; and the mole fraction
of the nth component is equal to 1Y 7! z;, the equation expressing conservation of mass
for component n will be a linear combination of Eqgs. 2 and 3.

3.1 Boundary conditions

The boundary conditions for Egs. 2, 3 and 4 are based on no-fluid fluxes across the outer
boundaries (Fig. 1):

Jui=0, =1, .,n—1, =0, W and z=0, H, (8)
9.7 =0, z=0,W and 2=0, H, 9)
where 72 is the unit normal vector. Eqs. 8 and 9 imply that:
n—1
ZDM&”’ w2y pr o i1 ne
= ‘Or oz
and v, =0 z=0,W, (10)
nt 0z 0 or
My op 9t _ - -
jz-—:lD 5, + D3, +D6 0, i=1, .., n—1,
and v, =0 z=0,H. (11)
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From Eq. 4, we obtain the boundary conditions that are required for the integration of
Eq. 5:

9 _o . _
‘ap n-1 -
Z =1

z=0,H. (13)

With the above Neumann boundary conditions, mole fractions and pressure must be
assigned at one point in the medium. In this work we set z; (W/2,H/2) = =z, ¢ =
1, ..., n—1and p(W/2,H/2) = p,.

4 Numerical Scheme

Egs. 3, 4 and 5, together with the boundary conditions given by Egs. 10 to 13, are inte-
grated numerically using the finite volume method (see Patankar [38]) with a nonuniform
rectangular grid system. The spatial discretization is performed using a second-order
centered scheme. A semi-implicit first-order scheme is used for the temporal integration.
We seek the steady state solution and iterate on the unsteady state until the steady state
is reached. In this work, convergence to the steady state is assumed when the absolute

relative error of mole fractions is less than 10~7 between the_two successive iterations at
each grid point.

5 Model Validation

In a previous work (Ref. [34]), the spatial variation of C; /nC, with the measured molec-
ular diffusion coefficient and thermal diffusion coefficient was calculated for a given con-
dition. In this work these coefficients are estimated from the procedures outlines in
Appendix B and C. The results are very similar; provided the non-idealities are properly
accounted for (see Ref. [39]).

El Magtaoui [26] measured species separation by thermogravitational effect in n-alkane
mixtures (see Furry et al. [40] and Lorenz and Emery [41] for details about the thermo-
gravitational effect). He mainly investigated the binary mixture nCyy/nCis. He also
reported results for the ternary mixture nCy/nCig/nCra. We simulated, using our nu-
merical model, some of those experiments with the same thermophysical parameters. The
main difference occurring between the experiment parameters and those used in our nu-
merical simulations is that, in the former, a cylindrical column was used (two concentric
cylinders, the inner one heated and the outer one cooled), though, in the latter, a rectan-
gular column is used (which has the same height as the cylindrical column and a width
equal to the difference of the radii of the two cylinders). Since the difference of the radii
is small compared with either radius, we may proceed as if the convection were taking
place in a thin flat slab as we assume in this study [40].
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Table 1 presents, for different values of permeability, nCys composition in the bot-
tom and the top of the column (both experimental [26] and numerical results) and the
separation factor ¢ = (Tncue/TnCr)sattom / (TnCaa/Tacrz)sep 88 Well; g is also depicted vs.
k in Figure 2. The comparison between experimental data and numerical results shows
good agreement. The maximal relative error is less that 20%. With regard to the optimal
value of the permeability, ko, leading to a maximal segregation, experimental data and
numerical results show 2.9 x 107" < kg < 4.9 X 107'm? and kop = 2.5 x 10~1m?,
respectively. There is excellent agreement between measured and predicted value of the
Soret coefficient Sy = DY/ (D{‘{ Z1o(1l — :1:10)); El Maitaoui [26] reported St = 0.90 K~;
from our model [25] we obtain Sp = 0.85 K. ‘

For the ternary system nCas/nCis/nCis which is an ideal mixture for the given com-
position, the experimental data reported by El Madtaoui [26] show that no qualitative
change occurs between the ternary and binary systems for the compositional variation of
nCoay4; nCyy segregates towards the bottom of the column. The cross-diffusion coefficients
are very small in comparison with the mutual diffusion coefficients and that DT has, in
this example, the same order of magnitude in both binary and ternary systems. Further-
more, no significant composition variation is observed for nCis which is mainly due to
the fact that the thermal diffusion coefficients DI is much smaller that DT; molecular
diffusion prohibits any significant segregation of nCys. Table 2 shows the measured and
predicted results; the maximal relative error between numerical and experimental values
is less than 10%.

6 Results

6.1 Ternary systems

In this study we focus on a non-ideal ternary mixture of C;/C5/nCs. Two set of calcu-
lations were performed; the compositions at the center of the reservoir were fixed at (1)
Z10 = 0.25, 199 = 0.25, 239 = 0.50, and (2) z10 = 0.35, z9 = 0.35, T30 = 0.30. Several
conditions of temperature and pressure were considered. The mixture in all investigations
is in single phase. Table 3 presents the data used for this ternary mixture. To study the
effect of grid size, numerical runs were performed with different mesh grids; we found
that using finer grids than those mentioned in Table 3 did not significantly improve the
accuracy of the results.

Figs. 3 and 4 show the p—T plots for those mixtures, as well as the temperatures and
pressures at which the calculations were performed. For every mixture, at each composi-
tion, three combinations (7', p) were selected. Tables 4 and 5 present, in detail, the data
used in this work. The molecular diffusion coefficients are obtained using Kooijman and
Taylor’s correlation (see Appendix B). Appendix B also shows how the pressure diffusion
coefficients are obtained using the molecular diffusion coefficients and the thermodynamic
properties of the mixture. The thermal diffusion factors are from Firoozabadi et al. [25].
The cross-molecular diffusion coefficients D4 and D} may be < 0 or > 0. As tempera-
ture increases, D{f and D} become significant in comparison to DY and D¥. Thermal
diffusion coeflicients and pressure diffusion coefficients show a similar trend. Figs. 5
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to 10 show composition contour plots for C; and C, for permeabilities in the range of 0
(convection-free) to 100 md. Let us first discuss, according to those figures, compositional
variation for the convection-free cases, and then proceed with the effect of convection as
permeability increases.

First, from Figs. 5 to 10 it can be seen that, in almost all the cases we studied,
component 2 (Cs) is more concentrated at the top of the reservoir. Therefore, the sign of
the thermal diffusion factor in a non-ideal mixture with more than two components does
not imply the segregation to the hot or cold side. Let us now discuss the compositional
variation of methane (component 1). At high temperatures (the point denoted by ”3” in
Figs. 3 and 4), there is more methane at the top of the reservoir. This can be seen in Figs.
9 and 10. The behavior is reversed at low temperatures for the same range of pressure
(the point denoted by ”1” in Figs. 3 and 4); there is more methane at the bottom of the
reservoir. Pigs. 5§ to 6 clearly show this behavior, which is similar to the compositional
variation of methane observed in the binary mixture of C;/nCy [33, 34]. In most cases
we studied, there is no significant vertical compositional variation of C; for intermediate
values of temperature at higher pressures. This can be seen in Figs. 7 and 8.

The methane mole fraction contour lines have a slope > 0 for low temperatures. The
slope increases when one increases temperature.” For some combinations of (T, p) (in the
neighborhood of the point ”2”), the mole fraction contour lines becomes almost vertical;
there is no vertical compositional variation of methane in the reservoir. When one keeps
increasing temperature, the slope of the mole fraction contour lines becomes < 0; methane
in this case is more concentrated at the top of the reservoir.

Points ”1”, ”2” and ”3” differ also in terms of the effect of permeability on composi-
tional variation. The same trend as reported by Riley and Firoozabadi [33] is observed
for Cy/nC, when the permeability increases at point ”1”. The horizontal gradient of mole
fraction of methane is almost constant; it reaches a maximum value for ¥ = 1 md then
decays with the increase of permeability so that, at k¥ = 100 md, no significant compo-
sitional variation is observed. For point ”3”, the composition in the reservoir changes
drastically when the permeability increases from k = 0 to ¥ = 1 md. Fig. 11 shows
the mole fraction contour lines of methane and ethane in this range of permeability. At
k = 0 (that is, convection-free), methane is more concentrated in the top left corner of
the reservoir. The slope of the mole fraction contour lines is < 0. At some permeability
between 0.05 and 0.1 md, those contour lines become horizontal and then, their slope
becomes > 0. When one increases k, there is always more methane at the top of the
reservoir. For permeabilities > 1 md and up to 100 md (the end of our computational
domain), there is almost no effect of permeability on compositional variation. At point
72", for £ > 10 md, the whole reservoir has a homogeneous composition. The ternary
mixture encompasses the features of compositional variation in Refs. [1, 2, 3, 4].

6.2 Field example

Recently, Lee et al. [3] presented data from a gas condensate reservoir with some unex-
pected behavior. We adopted this field example. The temperature data are not provided
by the authors. Therefore, we assign them arbitrarily. Tables 6 and 7 present the data
used in this field example and the composition at the center of the reservoir.
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Figs. 12, 13 and 14 show the mole fraction contour lines of all the components in the
mixture for three values of permeability: £ =0, £ = 1 and k¥ = 10 md. At convection-free
conditions (k = 0 md), one can see from Fig. 12 that C;, Cy, CO,, N, segregate toward
the top of the reservoir; the inverse trend is shown by the other components. One can
also observe that the maximum segregation occurs for Cy, C7 — Cig, and Cagy.. However,
no significant compositional variation is observed for the hydrocarbon components in
between: C, and C3 —Cy. Figure 12 also reveals that there is no significant compositional
variation for COs.

When the permeability changes from k¥ = 0 to k¥ = 1 md, one observes by comparing
Figs. 12 and 13 that there is less compositional variation for all the components at ¥ = 1
than k¥ = 0 md. Furthermore, methane, which was more concentrated in the right top
corner of the reservoir for £ = 0 md is more concentrated in the left top corner for k=1
md. The compositional variation changes between & = 0 and k¥ = 1 md are similar to
that for the ternary mixture C/C,/nC, depicted in Fig. 11.

As the permeability increases, the compositional segregation becomes less pronounced.
For k£ = 10 md (average value for the field), for example, no significant compositional
variation occurs for most of the components. The maximum compositional variation
occurs for C; and Cyy; even though, compositional variation for these components at
k = 10 md is insignificant comparing with that occurring at ¥ = 0 md. The results are in
agreement with the field data.

7 Remark and Conclusions

The use of general expressions for molecular, pressure, and thermal diffusion in multi-
component non-ideal hydrocarbon mixtures combined with natural convection allow the
calculation of species distribution in hydrocarbon reservoirs. Since steady state con-
vection is governed by horizontal temperature gradient, the measurement of horizontal
temperature variation is a key factor. Without horizontal temperature variation, there
is no convection at steady state. Specific conclusions from this study are drawn in the
following.

Compositional variation in a single-phase ternary system of Cy/Cy/nCy under a wide
range of pressure, temperature and composition and for a reservoir fluid have been numer-
ically studied. For the ternary mixture at low permeabilities (k < 1 md), the calculations
show that, in the same range of pressure, methane is more concentrated at the bottom
of the reservoir for low temperatures. However, when the temperature increases, this
trend is reversed; more methane segregates towards the top of the reservoir. For inter-
mediate temperatures, no significant vertical compositional gradient is observed. When
the permeability increases (up to & = 100 md), one may either have a reservoir with a
homogeneous composition or very little convection effect on compositional variation. For
some cases, at low permeabilities, the permeability increase results in a reversal of the
compositional gradient of methane. The field example reconfirms the effect of convection
on spatial variation of various species.
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Nomenclature

C
DY
Dy
D,
D?
Df

o~

JRF TSl e

o

Fagseg THNRNYS a3

Zip
z

total molar density

molecular diffusion coefficient
Maxwell-Stefan diffusion coefficient
infinite dilution diffusion coefficient
pressure diffusion coefficient
thermal diffusion coefficient
fugacity of component 7
acceleration of gravity

reservoir height

diffusive mass flux of component 1
permeability

thermal diffusion ratio of component i
total molecular weight

molecular weight of component 3
number of components

normal vector

pressure

pressure at the reservoir center
temperature

temperature at the reservoir center
horizontal thermal gradient
vertical thermal gradient

time

horizontal velocity

vertical velocity

velocity vector

reservoir width

mole fraction of component ¢

mole fraction of component ¢ at the reservoir center
upward vertical unit vector

Greek symbols

o

TEOR®

Po

thermal diffusion factor of component 3
compositional coefficient of component 7
thermal expansion coefficient

porosity

viscosity

density

density at z;q and Ty
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Appendix A-Diffusion mass flux

Ghorayeb and Firoozabadi [7] have used: 1) the entropy production expression [42]; 2)

_ pPhenomenological laws of the thermodynamics of the irreversible processes; 3) Onsager’s

reciprocal relations [43, 44]; and 4) equilibrium thermodynamics at a local level to derive

the diffusive flux vector J = (Jl, veey Jn_l) in a non-ideal fluid mixture of n components.
The flux reads

J = —c(D™.Vx+D*.VT +Dr.Vp). (A-1)
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The molecular diffusion coefficients, thermal diffusion coefficients and pressure diffusion

coefficients D}, Df and D?, 4,5 =1, ..., n— 1, are expressed by

Mz, =1 n-l Mz, + M,z,01 6lnf1|
DzM = @ Din—2S5" L. non ,
7 ind/in Lii k;l ik e M 6:1:_.,- IXj,T,P
L,i=1, ., n— 1,, (A'z)
-D;P = ainDinM—k%7 1= 1) vy M — 1) (A-S)
M;z; =1 "l _ Myzy- M
P _ .. Gt . V4 NN
D.,, = a,NDzNRTLﬁ ;L,k ng iL‘JV; + M, Vi ’
i=1, .., n-1, (A-4)

respectively, where M;, f; and V; are the molecular weight, the fugacity, and the partial
molar volume of component 4, respectively. In the above equations, L, 4,7 = 1, 2
are the phenomenological coefficients (L;; = Lj;) [42]. V; and f; can be obtained using
an equation of state [39]. The coefficients a;, Di, and kr; (thermal diffusion ratio of

component %) are given by
M;M, .
G = i=1, ., n=1, (A-5)
M3RL; .
D,'n = ;ME—M,%ZBE 1= 1, ey N — 1, (A-6)
.Is‘/_[-- — M,-:z:,-Mnangq
¢ MRTL;;
= Qr;TiTn, i=1, ., n—-1 (A-T)

ar; is the thermal diffusion factor of component 7. Let

- M1$1+M3$3 81nf1 I alnfz
1 — 2 )
M 073 |p 1, 4 972 |p 1, 4
Oln fi Myzy + M3zz Oln fp
e~ I ,
0%z |p 1 4 M, 9%y |p 1, 4
o = M1$1 +M3$3 61nf1 T alnfg
3 — 2 )
My 011 |p 1 4, 011 |p 1, 4
Oln f Mozy + Mzzz 81n fo
Cis =1y + .
971 |p, 1, 4 M 011 |p 1, 4

For a ternary mixture, Eqs. A-2-A-4 then read

L
DY = aiDiMz, (Cs + C4L—i> ; (A-8)
L
Dif = aaDuMin <C1 + czi) ; (A-9)
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L
Dyf = apDyMyzs (C4+63-L—22—:'), ' (A-10)
Mo_ Ly ,
D3y = a3 DosMpz, Cz+61L— ) (A-11)
22
: Mz, | Myzy + Mazs -~ M
D} = a13D1§ RITI[ : 1M1 2 3V1+:172Vz——p—+
Mozo + Maz; o - M ) L12]
—r tuli-—] =, A-12
‘ ( My M) In (A-12)
Mozy | Mozo + Ms2xs - - M
D} = a3Dy R2T2[ 2 2M2 : 3Vz+a:1V1———;-+
M]_.’El + M3.’B3 = = M) Lzl]
——WVi+ Vo —— ) =—|. A-13
(Ao ) 22 (9
Df = aiaDisMkr, (A-14)
Di =. aDaysMkr,, | (A-15)

From Egs. A-8-A-11 the phenomenological coefficients read (provided that cyc3—c; ¢4 7# 0)

CM3.’L‘3

Ly R (e0s — ) (CzD% - 04D{‘§) , (A-16)
b = g Bk -ant), @i
In = = (czfc‘;fsfsclc4) (caD¥ —c4p§§), (A-18)
Log - 3 (;2’—’1’0;04) (c1D¥ — esDX) . (A-19)

Suppose the molecular diffusion coefficients are known say by experimental measurements
or from a correlation (see Appendix B for the correlation we used in this work); the phe-
nomenological coefficients can be obtained using Eqs. A-16-A-19. Note that cocs — c1c4
(appearing in Eqgs. A-16 to A-19) vanishes at the critical point because of the critical-
ity condition [39]. Once the phenomenological coefficients are calculated, the pressure
diffusion coefficients are readily obtained from Eqs. A-12 and A-13.

Appendix B—Molecular diffusion coefficients

There are a number of attempts in the literature to predict multicomponent molecular
diffusion coefficients for liquid systems (Krishna [45], Wesselingh and Krishna [46]). Kooi-
jman and Taylor [23] summarized the existing equations and proposed a correlation for
the Maxwell-Stefan diffusion coefficients Dij for multicomponent mixtures based on a gen-
eralization of the Vignes [24] equation for binary systems. For a mixture of 7 components,
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this correlation reads [23]

n

Dy = (D)™ (D%)™ kH (D%.D%)™". (B-1)
=1
k#i, §

where D° are the coefficients at infinite dilution. The Maxwell-Stefan and the Fickian
express1ons for the molar diffusive fluxes for non-ideal mixtures are

J = —¢B\.I'Vz ‘ (B-2)
and
J = —cDMVz, (B-3)

respectively {23]. In the above equations D™ denotes the Fickian diffusion coefficients
matrix, B is a square matrix (order n — 1) with elements given by

Z; Tk
B" = = + = B-4
? D;, kgl Di (B-4)

itk
1

Bij = —I; ('71— - 'A—) ) (B-5)

Di; Dy,

and, I' is the matrix with elements given by

Iy = = Oln fi ) (B-6)

9z; x;.T,P

where x; denotes x; = (21,..., Tj—1, Tj+1, .-y Tn—1) . LThus, the Maxwell-Stefan diffusion
coefficients are related to the Fickian diffusion coefficients by the following relationship

DM =B"1T. (B-7)

Several attempts have been made to estimate the infinite dilution diffusion coefficients
(Wilke and Chang [47], Tyn and Calus [19], Bandrowski and Kubaczka, [48], and Hayduk
and Minhas [18]). Review and evaluation of those correlations have been made by Siddiki
and Lucas [20], and Reid et al. [49]. After comparing the results obtained by those cor-
relations, Siddiki and Lucas [20]recommended using the correlation proposed by Hayduk
and Minhas [18] for liquid mixtures of normal paraffins

ﬁg =13.3 (10_3) T1,47ﬂj(10.2/V,-—0.791)W—0.71, (B-S)

where 7; and V; are the viscosity and the molar volume at the normal boiling point of
component , respectively.

Eqs. B-1 and B-8 allow us to predict the Maxwell-Stefan diffusion coefficients. Fol-
lowing this calculation, the Fickian diffusion coefficients can be obtained using Eq. B-7.
The fugacities f; are calculated using the PR EOS [37]. We used the viscosity and the
normal boiling point data reported in Refs. [50, 52, 53, 54] and [55], respectively. We have
also performed an independent evaluation of the above correlation for some new binary
diffusion coefficients such as the C;/nCio mixture at high pressures and temperatures
(17], which yielded satisfactory results.
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Appendix C-Thermal diffusion coefficients

Thermal diffusion coefficients in multicomponent mixtures has been studied by Firooz-
abadi et al. [25). Here, we summarize the model reported by the authors for the sake of

completeness. The diffusion flux J; of the itk component in a mixture of n components
can be written in the two following forms

- VT 17!

= Yo 2 5 [ Bk B
Jz - qu T2 T};szVT (Mk Mn)’
i=1, .. n—1, (C-1)
- 1%t PONVT o orm
Sl PIEL [(Mk—Mn)‘T—WT(m‘M) !
i=1, .., n—1, (C-2)

where Q} is the net heat of transport, and L;, and Ly are the phenomenological coeffi-
cients. Egs. C-1 and C-2 imply

Il = nz—le,-k(Qz —@>, i=1, ., n—1 (C-3)
7 k=1 Mk Mn

Let

I

L [Lij] = Lij 1,7 =1, vy B —1,
Ly = [L] i=1, .,n-1,

_ @k QZ] _ _
Q = [Mk 7 t=1, .., n—-1.

Eq. C-3 can be then written in a compact form as

Ly = LQ. (C-4)
Let
D = [Dij] = a,-anJij Z,] = 1, ey N — 1,
M = My]= Mli—?i&' ,j=1, .., n—1,
J

Kr = [Ky=kr=zizp0r; i=1, .., n—1;
Using Eqs. A-1-A-4 DM and L, read

DM = DM.LW.F, (C-5)




and

MRT

Ly = M,z

M-1Kx, (C-6)

respectively. Eq. C-6 can be written as

MiziMaz, 2. (@ Qp .
kTi = MRTLn JZILU (M I ) 1= 1, ooy n—1 (0-7)

The net heat of transport for the ith component in an n component mixture has

been determined by generalizing, for » components, the expression used by Shukla an
Firoozabadi [56]

: AU [ i=1, .. m, (C-8)

Qi=—Ti+Z

=1

IEjA[jj:' V;

— _
7§ 25=1%iV;

where AU, is the partial molar internal energy departure of component 4, 7; = AUP* JAUY; ‘

AU;? and AUY* are the energy of vaporization and the energy of viscous ﬂow, respec-
tively [57). :

From Eq. C-5, one obtains the expression relating the phenomenological coefficients
matrix L to the molecular diffusion coefficients matrix D™ [7]

= (D.M)":.DM.(W.F); (C-9)

which can be written as [7]

incl Mex +Mn:z:n6 Oln M.z,
Ty kTk Ik = fkl Ly = p = Dg,
I=1 k=1 Zj lxj,T,P
i,j=1, .., n—1. (C-10)

Thus, having DM and Q, the calculation of DT becomes straightforward from Eq. A-3.




Table 1: Predicted and experimental composition in a thermogravitational column for a
binary mixture of nCis/nCis. Initial composition: 8.15% nCay; 91.85% nCiy. Tp = 321.5
K, AT = 25. Column height = 40 cm.

Data of El Madtaoui [26] | Model Results
k(m*) (nCa4)bottom | (nCas)top | g | (nCas)bottom | (nCas)top | 4
2.90 x 10~12 0.200 0.095 | 2.38 0.202 0.004 [2.44
4.90 x 10~11 0.230 0.109 | 2.44 0.193 0.105 | 2.03
6.10 x 1011 0.205 0.116 | 1.96 0.187 0.111 | 1.83
1.18 x 1010 0.188 0.133 | 1.51 0.171 0.128 | 141
1.79 x 1010 0.169 0.140 1.25 0.164 0.135 1.26
2.69 x 1010 0.151 0.136 | 1.13 0.160 0.140 | 1.17
4,75 x 1010 0.165 0.148 1.13 0.156 0.144 | 1.09

Table 2: Predicted and experimental composition in a thermogravitational column for
a ternary mixture of nCoys/nCis/ncl2; initial composition 12.67% nCas; 37.41% nCie;
49.92% nCis . To = 321.5 K, AT = 25. Column height = 120 cm. k¥ = 6.1 x 10~ m?.

(n024)battom (nC24)top (ncle)bottom (nCIS)top
Measured data (Ref. [26}) 0.240 0.140 0.415 0.380
Model results 0.265 0.135 0.408 0.389
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Table 3: Relevant reservoir and fluid property data for the ternary mixture.

Reservoir Width 1500 m
Reservoir Height 150 m
Porosity 0.25

Viscosity 0.2 cp
Permeability 0-100 md
Vertical thermal gradient 35K /100 m
Horizontal thermal gradient | 1.8K / 1000 m
Mesh 301 x 41

Table 4: Physical and transport properties for the Cy/Cs/nCy mixture: z;, = 0.25,
ZTog = 0.25 and z3¢ = 0.50.

Physical and transport | Po=7.0x10°Pa | P, =7.8x10° Pa | P = 7.4 x 10° Pa

properties To=315K To=345K To=395K

po Kg/m?® 450.35 | 374.41 175.36

Br Kt —0.52 x 10~2 —0.86 x 102 ~1.43x 102

Bz1 —-1.25 -2.17 —3.98

Bzo —-0.72 ~1.25 —2.44

Dy x 1019 m?/s +3.14 +3.52 +3.96

Djp x 10*° m?/s -0.77 —-1.68 -3.24

Doy x 1012 m?/s —-0.32 —0.83 -1.87

Dy x 1010 m?/s +4.68 +6.43 +8.76

D x 1011¢ m? Pa, +0.32 +0.87 +4.54

D¥ x10H16 m2 Py +0.14 +0.47 +2.86

DT x 102 m?/s K -5.13 —8.94 —-11.8

DT x 102 m?/s K -1.35 -2.71 —4.36

Table 5: Physical and transport properties for the C;/Cs/nCy mixture: z;9 = 0.35,

Tog = 0.35 and T3g = 0.30.
Physical and transport Py,=85x10°Pa | P, =9.3x10°Pa P, = 8.8 10° Pa

properties To=290K To=315K To =365 K

po Kg/m® 423.20 358.66 178.58

Br K —-0.51 x 10~2 —0.86 x 10~2 —1.26 x 10~2

Bz -1.71 —2.48 —3.98

Bz -0.97 —1.44 —2.44

D,; x 10%° m?/s +2.51 +2.26 +3.11

Dyp x 10+° m?/s -1.14 —2.03 -3.89

Dj; x 107% m?/s +0.06 -0.74 —0.56

Dyp x 107 m?/s +4.87 +6.10 +9.67

DP x 10116 ;2 Py, +0.43 +0.98 +4.87

D5 x 10116 ;2 Pa +0.12 +0.43 +2.75

DY x 102 m?/s K -6.94 -10.0 -13.2

DT x 1012 m2/s K +0.32 +0.11 —0.76
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Table 6: Relevant reservoir and fluid property data for the field example.

Reservoir Width 10 km
Reservoir Height 1.5 km
Porosity 0.20
Viscosity 0.05 cp
Permeability 10 md

Vertical thermal gradient 20K/ 100 m
Horizontal thermal gradient | 1.5 K / 1000 m
Mesh 501 x 81

Table 7: Composition at the center of the reservoir for the field example.

Component | mole % || Component | mole %
CO, 4930 | Cs—-C; | 9.120
N, 5.000 Cs — Cs 3.630
C, 53.40 Cr—Cyg 6.345

C, 10.95 Coot 7.325
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Figure 1: Geometry and boundary conditions.
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Figure 2: Predicted and measured  separation factor ¢ =
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To = 321.5 K, AT = 25. Column height = 40 cm.
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Figure 3: p — T diagram for the ternary mixture C;/Cy/nCy: 19 = 0.25, z9g = 0.25 and
Z3p = 0.50. e denotes the critical point.
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Figure 4: p — T diagram for the ternary mixture C,/Cy/nCy: 219 = 0.35, 759 = 0.35 and
739 = 0.30. e denotes the critical point.
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Figure 5: Composition contour plots for the C;/C,/nCy mixture: P = 7.0 x 10¢ Pa,
T =315 K. 710 = 0.25, 299 = 0.25, 30 = 0.50.
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k = 0 md (convection-free)
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Figure 6: Composition contour plots for the C;/C,/nCy mixture: P = 8.5 x 106 Pa,
T = 290 K. 210 = 0.35, Tp = 0.35, 235 = 0.30.
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k = 0 md (convection-free)
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Figure 7: Composition contour plots for the C;/Cy/nCys mixture: P = 7.8 x 10° Pa,
T =345 K. 219 = 0.25, 259 = 0.25, 237 = 0.50.
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Figure 8: Composition contour plots for the C; /C2/nCys mixture: P = 9.4 x 10° Pa,
T =320 K. 19 = 0.35, 799 = 0.35, z37 = 0.30.
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k = 0 md (convection-free)
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Figure 9: Composition contour plots for the C;/Cs/nCy mixture: P = 7.4 x 10° Pa,
T =395 K. z19 = 0.25, 259 = 0.25, 137 = 0.50.
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k = 0 md (convection-free)
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Figure 10: Composition contour plots for the C;/Cs/nC, mixture: P = 8.8 x 10° Pa,
T =365 K. Tig = 0.35, Tog = 035, T3g = 0.30. -
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k =0 md (convection-free)
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Figure 11: Composition contour plots for the C,/Cs/nCy mixture: P = 7.4 x 10° Pa,
T = 395 K. 214 = 0.25, 230 = 0.25, 230 = 0.50.
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Figure 13: Composition contour plots for the field example: k¥ =1 md

275



G5 e
S

Y
b5
2

X ‘ gW)‘- 3
A R
YL
G :

.*;fru 2 s ’f"‘
R S AT &

R e
e S
e §SY 0108 ({gxg‘z
R e R B
S SN T
e
AT 'S'_:Z 8

A B
e i by W e A

T
L
5

¥ FeAks

e
et

TS

R re]
A TR
i

Figure 14: Composition contour plots for the field example: k¥ = 10 md
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