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Nowadays, extra heavy oil reservoirs in the Orinoco Heavy-Oil-Belt in Venezuela are exploited via cold production process, which
present different production performance in well productivity and primary recovery factor. The purpose of this study is to
investigate the causes for such differences with the aspect of foamy oil mechanism. Two typical oil samples were adopted from a
shallow reservoir in western Junin region and a middepth reservoir in eastern Carabobo region in the Belt, respectively. A
depletion test was conducted using 1D sand-pack with a visualized microscopic flow observation installation for each of the oil
samples under simulated reservoir conditions. The production performance, the foamy oil behaviour, and the oil and gas
morphology were recorded in real time during the tests. The results indicated that the shallow heavy oil reservoir in the Belt
presents a weaker foamy oil phenomenon when compared with the middepth one; its foamy oil behaviour lasts a shorter
duration with a smaller scope, with bigger bubble size and less bubble density. The difference in foamy oil behaviour for those
two types of heavy oil reservoir is caused by the difference in reservoir pressure, solution GOR, asphaltene content, etc. Cold
production presents obvious features of three stages under the action of strong foamy oil displacement mechanism for the
middepth heavy oil reservoir, which could achieve a more favourable production performance. In the contrary, no such obvious
production characteristics for the shallow heavy oil reservoir are observed due to weaker foamy oil behaviour, and its primary

recovery factor is 9.38 percent point lower than which of the middle heavy oil reservoirs.

1. Introduction

Extra heavy oil in the Orinoco Heavy-Oil-Belt in Venezuela
nowadays is exploited via solution gas drive process or so-
called cold production and presents some certain foamy oil
behaviour [1, 2]. Foamy oil flow describes a form of two-
phase oil-gas flow in porous media in which the gas phase
remains partially or completely dispersed in the oil, when
the pressure drops below the bubble point pressure (P,)
and above the pseudo bubble point pressure (Py) during
depletion process, while in conventional oils, the gas rapidly
coalesces into large bubbles and forms immediately a sepa-
rate and distinct gas phase. The delayed free gas production
maintains a higher reservoir pressure and thus delivers
greater primary recovery comparing to conventional heavy
oil reservoirs. According to the structural and sedimentary
characteristics, the Orinoco Belt is divided into four regions
from west to east, namely, Boyaca, Junin, Ayacucho, and Car-

abobo. Different reservoirs in the Orinoco Belt vary in well
productivity and primary recovery factor, due to difference
in reservoir buried depth, reservoir properties, crude oil vis-
cosity, original dissolved gas oil ratio (GOR), and also due
to the difference in foamy oil performance, that is, strong
or weak foamy oil behaviour. The formation and strength
of foamy oil depend on many factors, including temperature,
GOR, pressure and pressure depletion rate, pore structure,
permeability, crude oil viscosity, and oil composition [3-9].
In the Orinoco Belt, the buried depth of the main oil-
bearing formations is approximate 300-500m in Boyacd
and Junin regions, which is classified into shallow reservoir
type, and 800-1200 m in Ayacucho and Carabobo regions,
which is classified into middepth reservoir type. Most of the
literatures on foamy oil studies for the Orinoco Belt focus
on the eastern Ayacucho and Carabobo regions, and the
studies indicate that foamy oil drive mechanism plays a sig-
nificant role for cold production in those two regions, and
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the cold production performs favourably [10, 11]. The aver-
aged well productivity is more than 200 t/d, and the primary
recovery factor can reach 10-12% generally. However, in
some shallow heavy oil reservoirs in Junin region, the cold
production performs relatively poorly, with an averaged well
productivity less than 70t/d and a primary recovery factor of
no more than 6%. Study on foamy oil behaviour in those
heavy oils is rare. It is the purpose of this paper to investigate
the foamy oil behaviour in such shallow heavy oils in western
Junin region and compare with middepth heavy oils in the
eastern region thus to deeply understand the reason why
the cold production performs unfavourably and provide the
basis for seeking strategies to improve the productivity.
Two typical oil samples are adopted for the comparison stud-
ies; one is from a shallow reservoir T in western Junin region,
and the other is from a middepth reservoir M in eastern
Carabobo region, respectively.

2. Experiments

2.1. Experimental Materials. The basic reservoir and fluid
parameters for reservoir T in Junin region and reservoir M
in Carabobo region are listed in Table 1.

The degassed crude oil samples from reservoir T and res-
ervoir M were used as the dead oil. A mixture of CH, and
CO, was used as the solution gas, in which the mole fraction
of CH, was 90% in reservoir T and 87% in reservoir M,
respectively. The live oil samples were prepared through a
high temperature and high-pressure cylinder. The formation
brine contents of Ca™*, Mg*™", Fe™", Na*", HCO,, and CI’
are 76, 29, 0.2, 3967, 2782, and 4710 mg/l, respectively, for
reservoir T, and 247, 152, 92, 7125, 2800, and 10360 mg/l,
respectively, for reservoir M. The purity of methane and
CO, adopted in the experiments are 99.99%. The sand-
packs were made up of clear quartz sand with grain size of
212 to 355 ym.

2.2. Experimental Setup. The experimental setup is mainly
comprised of a fluid injection system, a reservoir simulation
system, a visualized microscopic flow observation system, an
oil and gas separation and metering system, and a data
acquisition and control system. Figure 1 shows the sche-
matic of the experimental setup.

The fluid injection system is mainly composed of a
constant-pressure and constant-flux pump, two intermediate
vessels, and a heating sleeve. The vessels are connected with
the pump, which are used to saturate formation water and live
oil into the core. The reservoir simulation system mainly
includes a long core holder, a plunger pump, and a thermo-
static box. The core holder can fill the core with a diameter
of 2.5 cm and a length of 100 cm, with six pressure measuring
points. The visualized microscopic flow observation system
mainly includes a high-temperature and high-pressure visual-
ized observation window, a camera, and a light source. A spe-
cially designed visualized window is connected to the outlet of
the long core holder, which can withstand a pressure of
15MPa and a temperature of 150°C. The foamy oil phenome-
non and the oil and gas morphology in the visible window can
be recorded in real time by the high-definition camera. The
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data acquisition and control system mainly include a com-
puter, a back-pressure valve, and a nitrogen cylinder. The pres-
sure in the long core and the pressure drop rate in the depletion
process can be controlled by the back-pressure valve. The com-
puter automatically records the pressure values of each pres-
sure measuring point every minute. According to the core
pressure, the plunger pump is automatically controlled to
adjust the confining pressure, and the difference between the
core pressure and the formation stress is kept stable. The oil
and gas separation and metering system mainly includes an
oil and gas separation bottle, an electronic balance, a vacuum
pump, and a gas measuring cylinder. The crude oil produced
is measured by the electronic balance, and the volume of gas
is measured by the gas cylinder.

2.3. Experimental Procedures. The experimental procedures
include the following steps:

(1) Model Preparation. The sand-pack holder was packed
with quartz sand and then evacuated for more than
two hours before it was saturated with water to mea-
sure porosity. The water saturated sand-pack was then
heated for 4 hours, and the system was kept at the res-
ervoir temperature, and its permeability was measured
under several water flow rates. Following this, about
7PV prepared live oil was injected at a pressure
slightly above the formation pressure to displace
water, and initial oil saturation was measured. During
the process, the produced GOR was measured at
regular intervals to examine the uniform oil saturation
establishment along the porous media. And then, the
core was stabilized for 24 hours to guarantee the uni-
form distribution of temperature and pressure.

(2) Primary Depletion. The valve at the outlet end of the
sand-pack was opened, and the back-pressure regula-
tor was set on the depressurization mode to initiate
the depletion process at a certain pressure depletion
rate. The pressure of each pressure port was recorded
vs. time by the computer. The oil and gas production
rates were measured continuously. The depletion was
stopped when the pressure declined to a certain value.
Meanwhile, the foamy oil phenomenon and the oil
and gas morphology in the visible window were
recorded in real time by the high-definition camera.

3. Results and Discussion

Two sets of 1D sand-pack depletion test were conducted for
reservoir T and reservoir M, respectively. The experimental
sand-pack parameters are listed in Table 2, and the depletion
production data are listed in Table 3.

The visualized gas bubble distribution statistical results
are in Tables 4 and 5 for test 1 and test 2, respectively.

For test 1, the oil production rate, Cum. oil production,
and oil recovery degree curves are shown in Figure 2(a);
the produced GOR and Cum. gas production curves are
shown in Figure 2(b); the pressure variation vs. time at dif-
ferent 6 pressure measuring points (P1-P6) are shown in
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TaBLE 1: Basic reservoir and fluid parameters in reservoir T and reservoir M.
Reservoir T Reservoir M
Region Junin Carabobo
Reservoir depth, m 415 870
Reservoir pressure, MPa 4.2 8.7
Reservoir temperature, °C 45.6 53.4
Qil zone thickness, m 6-67 27-77
Porosity, % 33-34 30-36
Permeability, md 5000-13000 4000-6000
Oil saturation, % 83 86
Oil gravity, "API 7.2 7.8
Degassed oil viscosity@ Tr, cP 3,0000 1,4488
Underground oil viscosity, cP 9000 3000
Bubble point pressure, MPa 3.5 5.1
Solution gas-oil ratio, m*/m’ 8.6 15.9
Saturates/aromatics/resins/asphaltenes, wt% 13/42/31/15 6/40/33/21
Thermostat |
Camer3 Co;puter
Pressure measuring point }_ o \_ T
/ Observation| | .
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FIGURE 1: Schematic diagram of the experimental setup.
TaBLE 2: Experimental sand-pack parameters.

Reservoir Test Pressure depletion rate Core length Core diameter Permeability Porosity ~ Oil saturation

No. (MPa/h) (cm) (cm) (um?) (%) (%)
T 1 94 24 6.00 34.80 86.0
M 2 1 97 24 7.74 32.88 89.3

Figure 2(c); the foamy oil phenomenon and the oil and gas
morphology at different pressure are shown in Figure 2(d).

For test 2, the oil production rate, Cum. oil production,
and oil recovery degree curves are shown in Figure 3(a); the
produced GOR and Cum. gas production curves are shown
in Figure 3(b); the pressure variation vs. time at different 6
pressure measuring points(P1-P6) are shown in Figure 3(c).

The foamy oil phenomenon and the oil and gas morphology
at different pressure are shown in Figure 3(d).

3.1. Determination of Pseudo Bubble Point Pressure. Due to
the entrainment of gas in the oil phase, the foamy oil pre-
sents a pseudo bubble point pressure (Pg), which is lower
than the thermodynamic equilibrium P,. Py value relates
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TaBLE 3: Sand-pack depletion experimental results.

Test Cum. oil production Max. oil production rate ~ Cum. gas production ~ Recovery factor =~ Pseudo bubble point pressure

No. (g/min) (ecm®) (%) (MPa)

1 0.24 329.69 10.43 0.41

2 0.34 1498 19.81 2.12

TaBLE 4: Visualized gas bubble distribution in test 1.
Pressure Bubble Bubble density Max. bubble diameter Average bubble diameter
. 2 Bubble shape

(MPa) quality (per cm”) (mm) (mm)

3.73 0 0 / / /

3.39 9 1.99 0.44 0.25 Circle

2.79 17 3.77 0.55 0.30 Circle

2.22 13 2.88 0.81 0.33 Circle

1.71 24 532 1.00 0.34 Circle

1.22 92 20.39 0.89 0.33 Circle

1.15 86 22.83 0.86 0.25 Circle

0.97 254 56.29 0.95 0.25 Circle

0.58 397 87.98 1.04 0.30 Circle/irregular
ellipse

0.18 86 19.06 1.82 0.40 Circle/long strip

TaBLE 5: Visualized gas bubble distribution in test 2.

Pressure (MPa)

Bubble quality

Bubble density

Max. bubble diameter

Average bubble diameter

Bubble shape

(per cm?) (mm) (mm)
5.60 0 0 / / /
5.00 1.33 0.34 0.27 Circle
4.60 42 9.31 0.53 0.25 Circle
4.08 75 16.62 0.71 0.30 Circle
3.55 223 49.42 0.73 0.22 Circle
3.41 270 59.83 0.75 0.21 Circle
3.19 341 75.57 0.91 0.26 Circle
2.65 482 106.81 0.93 0.28 Circle
2.47 570 126.32 0.98 0.29 Circle
2.25 789 174.85 0.98 0.28 Circle
2.02 456 101.05 1.41 0.30 Circle/irregular ellipse
1.66 418 92.63 1.01 0.29 Circle/irregular ellipse
1.18 363 80.44 1.03 0.30 Circle/irregular ellipse
0.79 405 89.75 3.01 0.34 Circle/irregular ellipse
0.60 382 84.65 2.14 0.33 Circle/irregular ellipse
0.56 493 109.25 2.26 0.35 Circle/irregular ellipse
0.44 315 69.81 3.17 0.40 Circle/long strip
0.31 202 77.78 5.43 0.43 Circle/long strip
0.25 187 41.44 3.27 0.47 Circle/long strip
0.10 103 22.16 6.25 0.48 Circle/long strip

to specific pressure depletion rate. Here, 1D depletion test
and observed foamy oil microscopic morphology are com-
bined to determine the Py under the test condition. For
1D depletion process, taking test 2 as an example, plotting

the recovery degree and produced GOR vs. pressure clearly
indicates that there exist three following different drive pro-
cesses, as shown in Figure 3(a). (1) Elastic drive. When pres-
sure is above P, the depletion process presents traditional
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FIGURE 2: Experimental results of test 1: (a) oil production rate, Cum. oil production, and oil recovery degree; (b) produced GOR and Cum.

gas production; (c) pressure; (d) foamy oil phenomenon and oil/gas morphology.
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F1GURE 3: Experimental results of test 2: (a) oil production rate, Cum. oil production, and oil recovery degree; (b) produced GOR and Cum.

gas production; (c) pressure; (d) foamy oil phenomenon and oil/gas morphology.

elastic drive, and the produced GOR keeps as the same as the
initial GOR. (2) Foamy oil flow. With pressure drops below
the Py, the dispersed gas-in-oil flow formed and continues

until the pressure is below a certain critical pressure value,
and the produced GOR keeps relatively stable and a little
higher than initial GOR. (3) Oil-gas two-phase flow. When
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pressure drops below abovementioned critical pressure, a
free mobile gas phase forms, and the process comes into tra-
ditional oil-gas two-phase flow stage, and produced GOR
goes up rapidly.

The recovery factor shows approximately linear relation-
ship against pressure for those three stages with obviously
different slope. In this work, the pressure corresponding to
the intersection point of the foamy oil flow and oil-gas two-
phase flow is estimated as Py. And it is believed the existence
of foamy oil flow increases compressibility of oleic phase and
contributes additional recovery efficiency compared with
traditional solution gas drive process. The Py was estimated
to be 2.1 MPa for test 2.

Meanwhile, the above analysis on 1D displacement char-
acteristics is consistent with the observed foamy oil micro-
scopic morphology, as shown in Figure 3(d). When the
pressure is above the P, of 5.1 MPa, there is no gas bubble.
When the pressure is below the P, and above the 2.1 MPa,
gas bubbles emerge and highly disperse gradually. When
the pressure drops below 2.1 MPa, gas bubbles begin to coa-
lesce and finally continuous gas phase flow emerges.

In this way, for test 1, the pseudo bubble point pressure
Py is determined to be 0.4 MPa. In the following parts, the
results in test 1 and test 2 will be analysed and compared
from three aspects: (1) foamy oil characteristics, (2) displace-
ment characteristics, and (3) production performance.

3.2. Foamy Oil Characteristics. Compared with Figure 2(d)
with Figure 3(d) and Table 4 with Table 5, it can be drawn
that test 2 presents strong foam oil phenomenon, and bub-
bles are regular in shape, small, and highly dispersed. For
test 1, the foamy oil behaviour emerges slowly and weakly.
When pressure drops below the P, and above 2.2 MPa, there
presents a small number of bubbles dispersed in the oil
phase, and the bubble diameter is large; when the pressure
further drops below 2.2 MPa and Py of 0.4 MPa, the number
of bubbles increases gradually. For example, when the pres-
sure decreases from 1.7 MPa to 0.6 MPa, the number and
density of bubbles increase from 24 and 5.32/cm® to 397
and 87.98/cm?, respectively. However, it is still much lower
than that in test 2.

3.3. Displacement Characteristics. When the system pressure
is greater than P,, the depressurization process of test 1 and
test 2 both are in single-phase flow status and mainly
depends on the elastic energy (Figures 2(c) and 3(c)). There
is no dissolution gas released, and their displacement charac-
teristics are similar. However, for test 2, the pressure at each
pressure measuring point decreases linearly with time, and
the decreasing rate is the same, as shown in Figure 3(c);
for test 1, although the pressure at each pressure measuring
point also decreases linearly with time, the decreasing rate is
inconsistent. The closer to the outlet end, the lower the pres-
sure, as shown in Figure 2(c). When the system pressure drops
below P, and above P, for test 2, the system pressure could be
effectively maintained due to the formation of a strong foam
oil flow phenomenon. The pressures at the pressure measur-
ing points P1 to P5 all also keep a linear decrease with time,
although begin to deviate from the pressure value of the

back-pressure valve. For testl, the inlet pressure is higher
and the outlet pressure is lower, which indicates that the heavy
oil mobility in deep reservoir is still very poor, and the foamy
oil flow emerges mainly near the wellbore scope. When the
system pressure is less than Py, for test 2, the formation
pressure continues to decrease, and the pressure difference
between the two ends further increases, but it is far less than
that of test 1. Meanwhile, for test 1, the inlet pressure keeps
high, the pressure difference increases gradually, and there
exists a large displacement pressure.

3.4. Production Performance. When the pressure is greater
than P, the production characteristics of test 1 and test 2
are similar, as shown in Figures 2(a) and 3(a). However,
for test 2, the pressure difference between the formation
pressure and saturation pressure is larger; thus, this stage
of production lasts longer.

When the pressure is between P;, and the Py, compared
with test 1, the cumulative oil production and recovery
degree are higher, the foamy oil phenomenon is more obvi-
ous with longer duration and larger scope, the production
pressure difference is less, and the heavy oil fluidity is stron-
ger for test 2. Instead, in test 1, the pressure in the remote
well-bore region remains high for a longer time, and the
heavy oil fluidity in the deep reservoir was poor. Meanwhile,
different from test 2, test 1 presents two-stage performance,
an early stage and a late stage. In the early stage, it is difficult
to form an effective foam oil flow by dispersing a small
amount of dissolved gas in heavy oil. The oil production
rate, cumulative oil production, and recovery degree increase
slowly. In the later stage, the instantaneous gas oil ratio grad-
ually increases, forming a weak foamy oil flow phenomenon,
and the oil production rate, cumulative oil production, and
recovery degree increase relatively rapidly (Figures 2(b)
and 3(b)). The reasons for these differences are as follows:
(1) Dissolved GOR has an important influence on the bubble
nucleation process. In test 2, GOR is higher, and more
dissolved gas is dispersed in heavy oil after depressurization
to form a more obvious phenomenon of foamy oil. In addi-
tion, the higher the GOR is, the higher the critical gas satu-
ration is, which is beneficial to reduce the gas mobility [11].
(2) In test 2, the asphaltene content is higher. Asphaltene is
characterized with relatively stable molecular structure and
larger molecular weight. It can be used as the bubble nucle-
ation site, so it is conducive to the formation of foamy oil. In
addition, asphaltene has the strongest interfacial activity in
the crude oil components, which is beneficial to maintain
the stability of the foamy oil [3]. (3) In test 2, the reservoir
temperature is higher, the viscosity of heavy oil is lower,
and the heavy oil mobility is stronger. Although the high
temperature is not conducive to the stability of foamy oil,
the temperature in the test 2 can still maintain the role of
foamy oil. Consistent with previous studies, the phenomenon
of strong foam oil occurred in the middle temperature range.
In test 1, the reservoir temperature is low, the viscosity of
heavy oil is large, and the fluidity is poor. Even if foamy oil
emerges, it is difficult to flow and produce [6]. (4) In test 2,
the reservoir pressure is higher, and the high pressure makes
the oil-gas interfacial tension lower, which is favourable for



bubble nucleation to form foamy oil. Moreover, the foamy oil
behaviour has a longer duration under high pressure [11].

When the pressure is lower than Py, for test 2, the oil
production rate is greatly reduced, the cumulative oil
production and recovery degree increase slowly, the foamy
oil phenomenon gradually disappears, and the production
performance gets worse. In addition, with a rapid increase
of instantaneous gas oil ratio, free gas phase is formed, and
bubbles are continuously generated, which follows the the-
ory of progressive nucleation (Figures 3(a) and 3(b)). At this
stage, test 1 is similar to test 2. However, the reduction
degree of oil production rate, cumulative oil production,
and recovery degree at this stage is lower than that in test
2, and it can still maintain a certain oil production capacity.
In addition, the instantaneous gas oil ratio of test 1 increases
rapidly in a short time and then decreases rapidly, following
the instantaneous nucleation theory. The reasons for the
above differences are as follows: (1) because the output
between P, and P in test 1 is much lower than that in test
2, the remaining oil saturation in test 1 is higher. (2) In test
2, there is still a relatively larger displacement pressure.

For test 2, the cold recovery factor is 19.81%, the cumula-
tive oil production is 30.95 g, the cumulative gas production is
1498 cm”, and the maximum oil production rate is 0.34 g/min,
which is 9.38%, 15.29g, 1168.31 cm’, and 0.10 g/min higher
than that in test 1, respectively.

4. Conclusions

(1) Shallow heavy oil reservoirs in the Orinoco Belt pres-
ent weaker foamy oil behaviour when compared
with middepth heavy oils, due to such factors as res-
ervoir pressure and temperature, solution GOR, and
asphaltene content

(2) Cold production performance presents obvious
three-stage features under the action of strong foamy
oil displacement mechanism for middepth heavy
oils. In the contrary, no such obvious production
characteristics for shallow heavy oils are observed

(3) The stronger the foamy oil behaviour, the more
favourable the cold production performance. Under
the experimental condition, the primary recovery
factor in middepth heavy oils is 9.38 percent point
higher than which of shallow heavy oils
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