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Abstract The diffusion coefficient of natural gas in
foamy oil is one of the key parameters to evaluate the
feasibility of gas injection for enhanced oil recovery in
foamy oil reservoirs. In this paper, a PVT cell was used to
measure diffusion coefficients of natural gas in Venezuela
foamy oil at high pressures, and a new method for deter-
mining the diffusion coefficient in the foamy oil was de-
veloped on the basis of experimental data. The effects of
pressure and the types of the liquid phase on the diffusion
coefficient of the natural gas were discussed. The results
indicate that the diffusion coefficients of natural gas in
foamy oil, saturated oil, and dead oil increase linearly with
increasing pressure. The diffusion coefficient of natural gas
in the foamy oil at 20 MPa was 2.93 times larger than that
at 8.65 MPa. The diffusion coefficient of the natural gas in
dead oil was 3.02 and 4.02 times than that of the natural
gas in saturated oil and foamy oil when the pressure was
20 MPa. However, the gas content of foamy oil was 16.9
times higher than that of dead oil when the dissolution time
and pressure were 20 MPa and 35.22 h, respectively.
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1 Introduction

Field trials in China, Venezuela, and Canada have shown that
the primary depletion production of several heavy oil reser-
voirs is anomalous compared to conventional oil reservoirs
under solution gas drive. Once below the equilibrium bubble
point pressure, the producing gas—oil ratio (GOR) increases
slowly, and a higher primary recovery factor (5 %-25 %) than
expected has been reported from some of those reservoirs
(Guan et al. 2008; Mu et al. 2009; Mu 2010; Lietal. 2012; Liu
et al. 2013b). The most plausible explanation of this anoma-
lous behavior appears to be the foamy oil phenomenon. Such
phenomenon occurs when the solution gas is released from oil
to form small dispersed, trapped gas bubbles inside the oil
which flow with the oil because of the high viscosity of heavy
oil. As a result, the oil is expanded and its viscosity is reduced
due to gas bubbles (Yu and Shen 2008; Peng et al. 2009; Wang
et al. 2009; Torabi et al. 2012). However, when the reservoir
pressure is below the pseudo-bubble point pressure, the gas—
oil ratio of the reservoir increases quickly, and the oil pro-
duction rate decreases sharply because the gas bubbles trapped
in the oil begin to coalesce together to form free gas phase (Liu
et al. 2011; Sun et al. 2013).

Natural gas injection is regarded as one of the most
effective methods for enhancing heavy oil recovery after
primary production (Garcia 1983; Xu et al. 2009; Zhu et al.
2010; Guo et al. 2010a; Dong et al. 2013). That is because
natural gas can take advantage of residual solution gas in
the reservoir after primary production, as well as many
mechanisms involved in the gas injection process, such as,
oil viscosity reduction, oil swelling, and foamy oil
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formation. However, doubts arose about whether the in-
jected gas is able to dissolve into the oil by molecular
diffusion and enhance oil recovery by the above-mentioned
mechanisms. To overcome these doubts, the emphasis
should be made on the accurate and convenient prediction
of diffusion coefficients of natural gas in foamy oil, which
is one of the most important parameter to evaluate the
potential of gas injection process for foamy oil reservoirs
after primary production (Zhang et al. 2000).

In the literature, there are many methods for predicting
diffusion coefficients of gases in hydrocarbon systems.
These methods can be roughly categorized into direct and
indirect methods. In the first category, first measurements of
diffusion coefficients were performed by Hill and Lacey
(1934) for the methane—decane system at low pressures.
Later, Woessner et al. (1969) reported some experimental
data for gases in heavy oil and bitumen at reservoir pressure.
The above-mentioned direct methods involve compositional
analysis of liquid samples extracted at different times during
the diffusion process, which is tedious and expensive. To
eliminate this requirement, Riazi (1996) developed a simple
and indirect way to predict diffusion coefficients of gases—
the pressure decay method. It is an experimental method for
predicting diffusion coefficients of gases in liquids using a
PVT cell. The step changes in the pressure within the PVT
cell in combination with a developed mathematical model
were used to predict the diffusion coefficients. Later, Jami-
alahmadi et al. (2006) and Etminan et al. (2010) reported a
new method for predicting diffusion coefficients of gases in
heavy oil from experimental volume—time profiles. In this
method, the volume changes of the PVT cell were recorded
and used to calculate diffusion coefficients of gases in liquid
hydrocarbon systems instead of the pressure changes.

The present investigations systematically estimate the
molecular diffusion of gases, such as methane and CO,, in
dead oils (those with very little dissolved gas) at low pres-
sures. Experimental data on molecular diffusion at high
pressures are scarce, at least in part, because conducting
these experiments is difficult, expensive, and time consum-
ing, and none of the available experimental data on mole-
cular diffusion and methods is suitable for the prediction of
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diffusion coefficients of natural gas in foamy oil at high
pressures. In this paper, a high pressure PVT cell was used
to measure diffusion coefficients of natural gas in typical
Venezuela foamy oil at high pressures (5, 8.65, 12, 16,
20 MPa). Furthermore, a new method for determining the
diffusion coefficients of natural gas in foamy oil, saturated
oil, and dead oil was developed on the basis of experimental
data. This paper provides a better understanding of the dif-
fusion process of natural gas in foamy oil and the effects of
types of the liquid phase and pressure on the diffusion co-
efficient of natural gas, which is a critical factor for feasi-
bility evaluation of the gas injection process in foamy oil
reservoirs after primary production.

2 Experimental

The oil state in porous media is related to reservoir pressure
of foamy reservoirs, as shown in Fig. 1. When the reservoir
pressure is above the bubble point pressure (Py), the gas
exists as solution gas in the oil phase. Thus, the oil is in the
saturated state. Once the reservoir pressure is below the
bubble-point pressure, the released solution gas is trapped
and dispersed in oil. The oil is foamy and is in a pseudo-
undersaturated state. As the reservoir pressure reaches the
pseudo-bubble-point pressure (Ppy,), the dispersed gas in the
heavy oil disengages from oil completely and becomes a
movable phase. The oil in some part of the reservoir be-
comes dead oil after the gas is produced by the wells. In
order to understand the natural gas diffusion process in
foamy oil which is different from that in saturated oil and
dead oil, and to determine the injection timing (reservoir
pressure) for gas injection, diffusion coefficients of natural
gas in saturated oil, foamy oil, and dead oil at high pressures
were measured with a high-pressure PVT apparatus.

2.1 Experimental materials and setup

Crude oil from the MPE3 reservoir in the Orinoco Belt,
Venezuela was supplied by China National Petroleum

Ppb Depletion pressure direction

Saturated oil

Foamy oil

v &, EF

Dead oil and produced gas

Fig. 1 Three oil states during the production process of foamy oil reservoirs
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Table 1 Summary of fluid Flash data GOR, m*/m® 15
issn\l/p;lgzzfligg the MPE3 block Dead oil density, g/cm® 1.013
Viscosity, mPa s @ 50 °C 24,715
@ 65 °C 5559
@ 80 °C 1620
@ 95 °C 644
Recombined oil properties FVF, m*/m’ 1.173
Density, g/cm’ 0.957
Bubble pressure, MPa 4.95
Pseudo bubble pressure, MPa
@ 60 min for each depletion step 3.44
@ 12 h for each depletion step 2.74
@ 1 days for each depletion step 1.89
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Fig. 2 Diagram of the experimental apparatus for gas diffusion experiments

Corporation, which can easily form foamy oil during pro-
duction (Bondino et al. 2009; Guo et al. 2010b). According to
flashed gas component analysis, methane and carbon dioxide
account for 86.7 % and 10.8 %, respectively. Therefore, the
natural gas used in experiments consisted of methane and
carbon dioxide with a volume ratio of 8:1. The crude oil was
recombined with natural gas at the reservoir temperature and
pressure (54.2 °C and 8.65 MPa, respectively) to yield re-
combined reservoir oil for use in gas diffusion experiments.
Table 1 lists the fluid characteristics of dead oil and recom-
bined oil. The bubble pressure and pseudo-bubble pressures
are important parameters for determination of the foamy oil
state in the reservoir which were estimated by relative vol-
ume versus pressure curves in the conventional and uncon-
ventional PVT tests (Sun et al. 2013).

The experimental apparatus used for this study is shown
schematically in Fig. 2. It is a traditional PVT apparatus

(Haian HWGX-60) designed for operation at high tem-
peratures and high pressures. The internal cross-sectional
area of the PVT cell is 8.33 cm? and the cell height is
30.0 cm. The apparatus provides the pressure, total vol-
ume, and temperature values on a touch-screen control
panel. The volume of the PVT cell and its pressure can be
adjusted by a pump which is controlled by means of a
hand-actuated piston or electrically. The fluids in the cell
can be mixed vigorously using a magnetic stirrer at desired
pressures and temperatures.

2.2 Experimental procedures
After the PVT cell was evacuated for 24 h, the reconstituted
oil was introduced into the cell from the mixer to obtain an

oil column of a desired height, and the cell pressure and
temperature were maintained at initial reservoir conditions
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(8.65 MPa and 54.2 °C, respectively). Then, the cell pressure
decreased to current reservoir pressure (4.0 MPa) which was
between the bubble pressure and pseudo-bubble pressure
(Table 1). The unconventional method was used to simulate
the foamy oil behavior, that is the PVT cell was not rocked,
avoiding a rapid artificial nucleation of the gas micro-bubbles
and hence forming a separated gas phase. In this way, the oil
would be a pseudo-phase that contains oil and gas bubbles
trapped within the oil (foamy oil). A day later, natural gas
was injected slowly into the PVT cell from the top until the
cell pressure rose to 5.0 MPa. Because the injection gas
dissolved into the oil, the cell pressure decreased corre-
spondingly. The volume of the PVT cell was adjusted and
recorded to maintain the cell pressure constant. When the
PVT cell pressure stayed constant over a period of time, the
equilibrium between the gas phase and the aqueous phase
was considered to be reached. The natural gas dissolution
tests were started from a low pressure. After the first mea-
surement, the above natural gas diffusion process was carried
out at 4 higher cell pressures (8.65, 12, 16, and 20 MPa).

Natural gas diffusion experiments in saturated oil and
dead oil at the same pressures were studied in a similar
process except the method to simulate saturated oil and
dead oil before the diffusion process. The saturated oil was
simulated by decreasing the cell pressure from the reservoir
pressure to 4.0 MPa, and disengaging the released solution
gas from oil by strong agitation in the PVT cell. The dead
oil was made by decreasing the cell pressure to atmospheric
pressure to release all the solution gas in the recombined oil,
and then the cell pressure increased to 4.0 MPa.

3 Experimental results and discussion

The gas contents and cumulative diffusion volumes of the
foamy oil, saturated oil, and dead oil with time measured in
experiments at different pressures are presented in
Tables 2, 3 and 4 and Figs. 3, 4 and 5.

In all cases, the cumulative diffusion volumes of natural
gas in three types of oils at different pressures show a
similar tendency with time, which can be roughly divided
into two stages (Figs. 3, 4, 5). The cumulative diffusion
volumes of natural gas in these three types of oils rose
sharply at the initial stage. Subsequently, the cumulative
diffusion volumes kept increasing, but increased slowly
compared with the initial stage.

Pressure had an important effect on gas diffusion in
foamy oil, saturated oil, and dead oil. The cumulative
diffusion volumes and gas contents of the three types of oil
increased with an increase in pressure. For gas diffusion in
foamy oil, the cumulative diffusion volume at 20 MPa was
4.8 times of that at 8.65 MPa when the diffusion time was
35.22 h. The cumulative diffusion volumes of gas in dead
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oil were larger than that in saturated oil and foamy oil at
the same pressure and time. When the dissolution time was
35.22 h, the cumulative dissolution volume of gas in dead
oil was 1.43 times larger than that in foamy oil, indicating
that natural gas has a better diffusion capacity in dead oil
than in foamy oil. However, the gas content in foamy oil
was higher than that in saturated oil and dead oil. For
example, when the dissolution time and pressure were
35.22 h and 20 MPa, the gas content in foamy oil was 1.11
and 16.93 times higher than that in saturated oil and dead
oil. This increase is because of the foamy oil system which
is a non-equilibrium system and has an amount of trapped
gas and solution gas. For this reason, it is harder for natural
gas to diffuse into foamy oil.

4 Mathematical model

Descriptions for gas diffusion in foamy oil, saturated oil,
and dead oil are schematically shown in Fig. 6. The major
assumptions are as follows:

1) Swelling of foamy oil, saturated oil, and dead oil
caused by gas solution is negligible.

2) The concentration at the interface is the equilibrium
concentration.

3) The PVT cell temperature is constant during gas
diffusion.

4)  The diffusion coefficient does not change significant-
ly with concentration over the range of concentrations
encountered in the test.

5) The foamy oil, saturated oil, and dead oil are non-
volatile, and the natural gas is assumed to be a single
component gas.

6) When the natural gas is injected into the PVT cell, the
dispersed gas in foamy oil dissolves instantaneously
into the liquid phase.

Molecular diffusion of gases in oil plays a role in heavy
oil recovery processes, such as solution gas drive and gas
flooding. In order to corroborate experimental results and
predicate diffusion coefficients of natural gas in foamy oil,
saturated oil, and dead oil, a model for a one-dimensional
diffusion PVT cell without chemical reaction was used as
follows:

2
©_ns (1)
ot ox?
where C is the mass concentration of solute, kg/m3; D is the
diffusion coefficient, m%/s; x is the coordinate direction, m;
t is time, s.

Before diffusion of gas in oil, the concentration of gas in

foamy oil (C;) is assumed to have two parts according to
the characteristics of foamy oil: (1) Cgouton 1S the
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Table 2 Gas content (GC) in 5 MPa 8.65 MPa 12 MPa 16 MPa 20 MPa

foamy oil versus time at

different pressures Time, h GC, cm® Time,h GC,cm® Time,h GC,cm® Time,h GC,cm® Time,h GC, cm®
0.17 41.14 0.17  41.19 0.08  41.29 0.08 4146 0.08 4143
0.33 41.18 033 4123 0.09 413 042 4174 022  41.90
0.83 41.19 0.83  41.24 0.14  41.32 0.75 4194 038 4216
1.17 41.21 1.00 4125 017 4135 092 421 055 4219
133 41.21 1.17  41.26 025 4137 1.08  42.12 072 4227
1233 4125 133 41.26 042 414 125 4213 1.05 4234
18.83  41.27 233 4126 0.58 4142 142 421 122 4241
2383  41.28 1233 413 1.08 4145 1.58  42.16 1.55 4242
26.83  41.28 18.83 4133 247 4145 275 4222 172 4252
3733 41.30 2383  41.35 1547 4156 375 4224 8.00 4259
4283 4131 26.83  41.42 1798  41.62 475 4226 1172 4264
5000  41.33 3733 4144 2047  41.74 2875  42.46 1772 4272
5500  41.35 42.83 4153 4647 4195 4675 4254 3522 42.84

Table 3 Gas content (GC) in 5 MPa 8.65 MPa 12 MPa 16 MPa 20 MPa

saturated oil versus time at

different pressures Time, h GC, cm® Time,h GC, cm® Time,h GC,cm® Time,h GC,cm® Time,h GC, cm?
0.10 36.50 012  36.52 0.17  36.82 0.08  37.17 0.12 3751
0.28 36.54 028  36.54 033 3693 017 3732 020 3776
0.50 36.56 0.50  36.55 0.50  36.97 033 3745 037  37.87
0.98 36.67 098  36.67 .00 37.00 050  37.56 053 3797
2.70 36.75 1.50  36.79 175 37.04 083  37.63 1.00  38.03
6.20 36.77 270  36.85 3.00  37.05 1.83 3771 1.58  38.09
16.60  36.80 620 369 575 371 283 3776 208  38.09
2338  36.81 6.60 369 1075  37.14 383 3778 3.00 3818
50.00  36.87 2338  36.96 1500  37.19 483 3738 340 382
68.00  36.92 50.00  37.11 23.08  37.22 16.16  37.95 13.00 3832
73.00  36.94 78.00 372 40.00  37.34 2553  37.97 2650  38.44
80.00  36.96 83.00  37.22 4753  37.38 39.80  38.12 36.17  38.54
85.00  36.97 90.00  37.25 51.00  37.42 45.00  38.16 60.00  38.76

concentration of the solution gas, and (2) Cgispersea 1S the
concentration of the dispersed gas which is trapped in the
oil phase. The concentration of gas in saturated oil (C;) is
the concentration of the solution gas, Csojuion- The con-
centration of gas in dead oil is negligible in that the solu-
tion gas was released from oil when the pressure was
decreased to atmospheric pressure. Thus, the initial con-
dition of the diffusion PVT cell is

Foamy oil:

C; = Csolution + Cispersed (2)
Saturated oil:

Ci = Csotion fort=0 0<x<Z, (3)
Dead oil:

G =0. (4)

According to Whitman’s theory (1923), the gas and liquid
phases at the interface are thermodynamically in equilibri-
um. Thus, the concentration of gas at the interface, Ceg,
remains constant. The first boundary condition of Eq. (1) is

C=Cyq fort>0 x=212. (5)

In these experiments, the natural gas cannot diffuse to
reach the bottom of the PVT cell because diffusion coef-
ficients of gas are sufficiently low and the experimental
time is relatively short. Hence, the semi-infinite system
assumption is valid. Hence, the second boundary condition
of Eq. (1) can be defined as

C=¢C; forx=0 t>0.

(6)

The Laplace transform was applied to reducing the
partial differential equation [Eq. (1)] using the initial
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Table 4 Gas content (GC) in

‘ ! ) 5 MPa 8.65 MPa 12 MPa 16 MPa 20 MPa
dead oil versus time at different
pressures Time, h GC, cm® Time,h GC, cm® Time,h GC,cm® Time,h GC, cm® Time,h GC, cm®
0.08 0.04 0.08 0.09 0.50 0.62 0.50 1.20 0.15 1.30
1.77 0.19 0.43 0.15 1.00 0.78 1.00 1.41 0.65 1.61
2.27 0.28 0.77 0.19 2.00 0.83 2.00 1.51 2.15 1.80
3.77 0.31 1.27 0.21 2.50 0.83 6.50 1.67 12.15 2.17
8.47 0.52 1.77 0.24 4.50 0.93 11.50 1.79 24.65 2.36
13.27 0.58 2.27 0.27 6.50 1.12 24.00 1.89 29.15 2.53
14.27 0.59 3.77 0.51 11.50 1.21 33.50 1.99 35.65 2.56
37.27 0.79 12.27 0.73 23.00 1.31 35.00 2.01 48.65 2.59
51.00 0.90 13.27 0.77 33.00 1.40 54.00 2.24 54.00 2.71
64.00 0.99 14.27 0.81 34.50 1.42 62.00 242 58.00 2.80
70.00 1.05 37.27 0.91 54.00 1.68 65.00 2.45 60.00 2.86
75.00 1.09 51.00 1.20 60.00 1.75 68.00 2.59 63.00 2.96
80.00 1.13 54.00 1.25 65.00 1.90 70.00 2.63 67.00 3.05
2.0 35
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Fig. 3 Measured cumulative diffusion volumes of natural gas versus
time for foamy oil
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Fig. 4 Measured cumulative diffusion volumes of natural gas versus
time for saturated oil
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Fig. 5 Measured cumulative diffusion volumes of natural gas versus
time for dead oil

conditions and an analytical closed form of the Laplace
inverse is available as follows:

C(x,t) = (Ceq — Gerfc (%\/D?) + G,
where C(x, t) is the solute concentration at position x at
time 1, kg/m>.

The mass of the natural gas transferred into the oil phase
after time ¢ can be calculated from the integration of
Eq. (7) over the volume of the PVT cell:

Zy Zy
/ Clx, 1) dv :A/ Clx, 1) d
0 0
Dt
28(Ceqg = G\ — + mi = KV + m,

(7)

m

(3)
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Gas phase

e L e U ee

C=C=C,

+
i~ “solution Cmspersed x=0

Foamy oil

Fig. 6 Schematic and dimensions of diffusion process models
with

D
K =2A(Ceq — Gy

; ©)
where m is the mass of the solute, kg; A is the cross-
sectional area of the diffusion cell, m?2,

According to Eq. (9), a plot of the mass of natural gas
transferred into the oil phase versus the square root of time
should provide a straight line with a slope of K. Thus, the
diffusion coefficients of natural gas in foamy oil, saturated
oil, and dead oil can be predicted from Eq. (9) by calcu-
lating the slope of K from the experimental data.

5 Determination of diffusion coefficients

For the application of the model for determination of dif-
fusion coefficients, gas compressibility factors under dif-
ferent pressures must be calculated based on the volume and
the cross-sectional area of the cell, and the temperature and
initial pressure of the system. Later, the interfacial concen-
tration of gas (C.,) and the initial concentration of gas in the
liquid phase (C;) should be determined by the characteristics
of the three oil types. It is noted that the initial concentration
of gas in foamy oil can be obtained from the trapped free gas
coefficient (o) which represents the capability of the heavy
oil to trap the released gas after depressurization. The factor
is the volume of gas entrained in the foamy oil (x — y) di-
vided by volume of gas (x) released after depressurization
which can be obtained by comparing the GOR behavior with
pressure in both conventional and unconventional differen-
tial liberation PVT tests (Fig. 7).

The volume of gas (x) released after depressurization
can be measured from the GOR obtained from a conven-
tional differential liberation PVT test shown in Fig. 7.
During this test, the oil and gas are under equilibrium

Gas phase

Saturated oil

Gas phase

LU o-e

c= C.= Cso\uuon x=0

Dead oil

conditions. Thus, the gas released is the maximum quantity
at every pressure. For the unconventional differential lib-
eration PVT test, the volume of the released gas existing as
free gas bubbles (y) can be measured. Therefore, the vol-
ume of gas entrained in foamy oil can be estimated by
subtracting the released gas (y) during an unconventional
differential liberation PVT test from the volume of gas
(x) released in a conventional differential liberation PVT
test. The initial concentration of gas in saturated oil shown
in Eq. (3) can be determined by the conventional differ-
ential liberation PVT test (Wang et al. 2012; Mohammad
et al. 2012; Liu et al. 2013a).

After determination of all the parameters mentioned
above in Eq. (9), the mass m of foamy oil, saturated oil,
and dead oil were plotted against the square root of time /7
as shown in Figs. 8, 9 and 10.

/PVT cell\

Gas phase
(ymL)

Gas phase
(x mL)

(
Agitation -

~~

° -
i 0%~
equipment - ()

() Liquid [

Strong agitation No agitation

Unconventional differential
liberation test

Conventional differential
liberation test

Fig. 7 Schematic comparison of conventional and unconventional

PVT tests showing the method to determine the initial concentration
of gas in the foamy oil
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Fig. 8 Estimation of diffusion coefficients of natural gas in foamy oil
at different pressures using Eq. (9)
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Fig. 9 Estimation of diffusion coefficients of natural gas in saturated
oil at different pressures using Eq. (9)
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Fig. 10 Estimation of diffusion coefficients of natural gas in dead oil
at different pressures using Eq. (9)

It is seen that experimental plots m versus v/ can be
divided into two stages in Figs. 8, 9 and 10. The early
stages of diffusion are often affected by convective mixing
arising from initially high mass transfer rates and surface
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tension-driven instabilities. This initial period or “incuba-
tion period” (Renner 1988) increases as the operating
pressure increases. Since the effects of the incubation pe-
riod decay with increasing contact time, middle and late
time data are more reliable for estimation of diffusion
coefficients from the experimental data. The diffusion co-
efficients were determined from the slopes of these straight
lines by Eq. (9). The results of these calculations are given
in Table 5 and Fig. 11 as a function of pressure for foamy
oil, saturated oil, and dead oil.

The following information can be obtained from Fig. 11
and Table 5:

(1) It can be seen from R* shown in Table 5 that all
experimental data in the plots m versus /¢ conform
well to the straight lines after the incubation period,
which corroborates that the proposed model is
suitable to determine diffusion coefficients of gas
in foamy oil, saturated oil, and dead oil.

(2) Diffusion coefficients of natural gas in foamy oil,
saturated oil, and dead oil increase steadily with
increasing operating pressure. The diffusion coeffi-
cients of natural gas in foamy oil at 20 and 8.65 MPa
are 5.53 x 107 and 1.89 x 10~° m2/s, respective-
ly, indicating that diffusion coefficient of natural gas
in foamy oil at 20 MPa is 2.93 times larger than that
at 8.65 MPa.

(3) A comparison of diffusion coefficients of natural gas
in foamy oil, saturated oil, and dead oil at the same
pressure indicates that diffusion coefficients of
natural gas in foamy oil are lower than that of gas
in saturated oil and dead oil. For example, the
diffusion coefficients of natural gas in dead oil are
3.02 and 4.02 times than that of gas in saturated oil
and foamy oil when the pressure is 20 MPa. This is
the reason why the cumulative diffusion volume of
gas in dead oil is larger than that of gas in saturated
oil and foamy oil.

(4) From Fig. 11, it is observed that diffusion coeffi-
cients of natural gas in foamy oil, saturated oil and
dead oil increase linearly with increasing operating
pressure. The slope of the straight line for dead oil is
larger than that for saturated oil and foamy oil. This
means that the growth rate of the diffusion coeffi-
cient with increasing pressure in foamy oil is less
than that in saturated oil and dead oil.

Several investigators have reported the diffusivity of
methane and carbon dioxide in bitumens and heavy oils.
However, these results are molecular diffusion of gases in
dead oils at low pressures. Thus, in order to prove the
validity of experimental results, correlation of gas diffusion
coefficient in dead oil (Fig. 11) determined using the
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Table 5 Diffusion coefficients Pressure, MPa Oil type Slope R? Diffusion coefficient,
of natural gas in foamy oil, 1072 m%/s
saturated oil, and dead oil
20 Foamy oil 0.0000130 0.9956 5.53
Saturated oil 0.0000151 0.9797 7.36
Dead oil 0.0000278 0.9199 22.41
16 Foamy oil 0.0000090 0.9704 4.87
Saturated oil 0.0000105 0.9854 5.58
Dead oil 0.0000202 0.9451 17.92
12 Foamy oil 0.0000049 0.8483 2.66
Saturated oil 0.0000060 0.9902 3.88
Dead oil 0.0000125 0.9381 13.73
8.65 Foamy oil 0.0000028 0.9864 1.89
Saturated oil 0.0000033 0.9866 2.52
Dead oil 0.0000082 0.9365 11.63
5 Foamy oil 0.0000008 0.9711 0.73
Saturated oil 0.0000010 0.9729 1.05
Dead oil 0.0000036 0.9931 7.66

25 ¢ )
» Foamy oil

2 ® Saturated oil D =0.960p +2.828
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Fig. 11 Diffusion coefficients of natural gas in foamy oil, saturated
oil, and dead oil as a function of pressure

equation of the straight line regression of experimental data
is compared with the reported values for similar systems,
shown in Table 6. A comparison (Fig. 12) shows that the
correlation of natural gas diffusivities in Orinoco heavy oil

Table 6 Available diffusivity data of gases in bitumens and heavy oils

16 ®  Maljamar heavy oil & Athabasca bitumen

0 © Aberfeldy heavy oil » Hamaca heavy oil

NE 14 ® Lloydminster heavy oil Iranian heavy oil

N — Correlation in Fig. 11 ¢ Experimental results

o 12 .
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Pressure, MPa

Fig. 12 Comparison of measured diffusion coefficients in different oils

obtained in this study lies in the same range to those in the
literature data for Hamaca heavy oil in Venezuela. They
are much larger than the gas diffusivities in Lloydminster
heavy oil, Athabasca heavy oil, and Maljamar heavy oil

Reference Pressure, MPa Temperature, °C Gas-liquid phase Diffusivity 107 m?%/s
Grogan et al. (1988) 52 25 CO,-Maljamar heavy oil 2
Schmidt (1989) 5 20-200 Methane—Athabasca bitumen 0.28-1.75

5 50 CO,—Athabasca bitumen 0.5
Nguyen and Farouq Ali (1998) 1 23 CO,—Aberfeldy heavy oil 6
Zhang et al. (2000) 3.51 21 Methane-Hamaca heavy oil 8.6

3.47 21 CO,-Hamaca heavy oil 4.8
Upreti and Mehrotra (2000) 4 25-90 CO,—Athabasca bitumen 0.16-0.47
Tharanivasan et al. (2004) 3.5-42 23.9 CO,-Lloydminster heavy oil 0.46-0.94
Yang and Gu (2005) 2-6 29.3 CO,-Lloydminster heavy oil 0.199-0.551
Jamialahmadi et al. (2006) 3.5 50 Methane-Iranian heavy oil 9.8
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probably because of the different oils and test conditions,
such as experimental temperature and method.

6 Conclusions

(1) A new model for determining the diffusion coefficient
of natural gas in foamy oil, saturated oil, and dead oil
was developed based on experimental data. The dif-
fusion coefficient of natural gas in these three types of
oil can be predicted accurately and conveniently by
determining the slope of the plot of the mass of the oil
as it absorbs gas against the square root of time.

(2)  During the determination of diffusion coefficient from
experimental data, the initial concentration of gas in
foamy oil can be obtained by the trapped free gas
coefficient which can be obtained by comparing the
GOR behavior with pressure in both conventional and
unconventional differential liberation PVT tests.

(3) The diffusion coefficients of natural gas in foamy oil
are lower than those of gas in saturated oil and dead
oil. The diffusion coefficient of natural gas in dead
oil is 3.02 and 4.02 times than that of gas in saturated
oil and foamy oil when the pressure is 20 MPa.
However, the gas content of foamy oil is higher than
that of saturated oil and dead oil. The gas content of
foamy oil is 1.11 and 16.9 times higher than that of
saturated oil and dead oil when the dissolution time
and pressure are 20 MPa and 35.22 h, respectively.

(4) The diffusion coefficients of natural gas in foamy oil,
saturated oil, and dead oil increase lineally with
increasing operating pressure. The diffusion coeffi-
cient of natural gas in foamy oil at 20 MPa is 2.93
times larger than that at 8.65 MPa.

(5) The growth rate of diffusion coefficient with
increasing pressure in foamy oil is less than that in
saturated oil and dead oil.
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