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This paper presents the effectiveness of the CO, injection process at different periods during gas-
condensate reservoir development. Taking a real gas-condensate reservoir located in China's east
region as an example, first, we conducted experiments of constant composition expansion (CCE),
constant volume depletion (CVD), saturation pressure determination, and single flash. Next, a series
of water/CO; flooding experiments were been investigated, including water flooding at present
pressure 15 MPa, CO; flooding at 25.53 MPa, 15 MPa, which repents initial pressure and present
pressure respectively. Finally, the core flooding numerical model was constructed using a gener-
alized equation-of-state model reservoir simulator (GEM) to reveal miscible flooding mechanism
and the seepage flow characteristics in the condensate gas reservoir with CO, injection. A desirable
agreement achieved in experimental results and predicted pressure volume temperature (PVT)
properties by the modified equation of state (EOS) in the CVD and CCE tests indicated that the
proposed recombination method can successfully produce a fluid with the same phase behavior of
initial reservoir fluid with an acceptable accuracy. The modeling results confirm the experimental
results, and both methods indicate that significant productivity loss can occur in retrograde gas
condensate reservoirs when the flowing bottom-hole pressure falls below dew point pressure.
Moreover, the results show that CO; treatment can improve gas productivity by a factor of about
1.39 compared with the water flooding mode. These results may help reservoir engineers and

specialists to restore the lost productivity of gas condensate.
Copyright © 2017, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction Energy Agency (IEA), world gas consumption is expected to rise

by 1.5% per annum by 2030. However, many of the largest natural

At present, natural gas has become an important source of
global energy and is projected to be the fastest-growing
component of primary world energy consumption, accounting
for approximately a quarter of worldwide energy demand. (BP,
2013). According to recent figures provided by the International
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gas reservoirs have retrograde properties [1].

Retrograde condensation occurs when the reservoir pressure
falls below the retrograde dew point (RDP) pressure in gas
condensate reservoirs. Complex fluid phase behavior in the
reservoir and the wellbore makes it challenging to predict the
productivity of gas condensate wells [2]. Pressure reduction
below dew point pressure due to production from rich gas-
condensate reservoirs results in hydrocarbon liquids retrograde
condensation in the reservoir which leads to formation of a zone
of increased condensate saturation around the wellbore that is
called “condensate bank” or “condensate ring” [3]. This process
reduces the relative permeability of the formation and ultimately
restricts the flow rate, thereby increasing the accumulation of
condensate and weakening the forces of contact or link with the
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surface of the formation rock. After a period of time, the mass of
condensate that accumulated in the reservoir begins to move
into the wellbore under drawdown pressure, causing the down
hole zone to wash up. These factors create a cyclic chain of events
resulting in instability in the well operation and the loss of
valuable condensate fluid in the reservoir, the bank grows and
the well produces less heavy components at the surface. These
negative aspects of a depletion regime impact on gas condensate
reservoirs performance [4,5]. The liquid condensate blocks gas
flow, reducing the gas production rate [6,7]. When oil saturation
is below residual oil saturation, oil cannot be produced using a
conventional producing method. In addition, gas productivity
declines rapidly once the liquid is formed near the wellbore,
because the liquid will block gas flow [8]. Many researchers have
proposed chemical-based treatments. It has been shown that
altering wettability from oil-wet to intermediate gas-wet leads
to reduced oil saturation However, chemical treatment, and
particularly non-ionic surfactant on limestone, does not cause
significant improvement in gas relative permeability. Several
methods have also been proposed to improve gas productivity in
the event of condensate aggregation around the wellbore. Hy-
draulic fracturing and horizontal wells have also been used to
enhance gas productivity. By inducing a hydraulic fracture, the
bottom-hole pressure and area available for gas and condensate
flow can be increased. Nonetheless, the success of hydraulic
fracture stimulation depends on many parameters, such as
reservoir permeability, fluid composition, proppant volume, and
the degree to which the fracture cleans up after the treatment.
Besides, these methods are not economically due to the large
initial investment required and higher operational costs involved
[1].

CO; injection into gas condensate reservoirs is considered to
be a promising technology that will have long-term mutual
benefits for coupled increased productivity and CO, geo
sequestration [9]. While numerous laboratory and computa-
tional studies of carbon dioxide (CO;) injection into conventional
oil reservoirs have been reported in the open literature, scarce
work is being disclosed on CO, displacement characteristics with
both natural gas and liquid condensate where the displacement
mechanisms are well-known to be significantly different to those
in conventional gas/oil systems [10]. Introducing “CO,” into a

gas-condensate reservoir is more than miscible flooding that
maintains reservoir pressure and improves oil displacement.
This method is associated with complex thermodynamic pro-
cesses or phase transitions, such as the re-vaporization of heavy
hydrocarbon ends and connate water, the reduction of the
condensate/gas ratio and retrograde dew point (RDP) pressure,
etc. [11—14]. First, in this paper, a laboratory study was con-
ducted to estimate the effectiveness of the gas injection process
during gas-condensate reservoir development. Specific labora-
tory equipment was constructed to conduct an experimental
investigation by modeling the gas injection and reservoir
depletion process. Then, we combined the results of in-house
experiment with the numerical simulation software, aiming to
reveal miscible flooding mechanism and the seepage flow char-
acteristics in the condensate gas reservoir with CO; injection. In
the process of simulation, experimental determination and
empirical correlations used in model can be applied to improve
the reliability of modeling. Experimental specific laboratory
equipment was built to conduct the experimental investigations
by modeling the gas injection and reservoir depletion processes.
This paper also identifies how improvements can be made to the
condensate recovery properties of the gas injection method.

2. Experimental
2.1. Materials

The CO, gas (purity 99.99%) was supplied by Chengdu
Dongfang Electric Gas Co. Ltd. The underground water samples
were collected from gas condensate field which was used to
saturate the core. The gas-condensate was recombined according
to the properties of condensate/gas ratio 869 m>/m>'under the
formation condition 25.53 MPa, 132.4 °C. Genuine reservoir
sandstone core plugs from gas condensate field were used in the
core flooding experiments.

2.2. Apparatus and procedures
A schematic diagram of the surfactant flooding experimental

set-up used in this study is shown in Fig. 1. The auxiliary labo-
ratory equipment was purchased from Chengdu Kelong

Fig. 1. Schematic diagram of the core flooding apparatus. 1- pump, 2- water, 3- CO, gas, 4- pressure gauge, 5- thermostatic air bath, 6-core holder, 7- back pressure regulator,

8- oil and water collector, and 9- gas meter.
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Fig. 2. Long core flooding model of East Oilfield (CMG- GEM™, Ver. 2012).

Table 1
Characteristic parameters of the core.

Numble Length Diameter Porosity Permeability Sequence (From the
(cm) (cm) (%) (mD) outlet)

1 3.768 2.469 12.07 72.77
2 5.521 2.453 21.73 96.86
3 3.669 2.469 23.00 105.15
4 4.000 2.469 13.61 35.91
5 3.979 2.453 19.56 146.99
6 6.047 2.469 15.75 24.28
7 3.251 2.469 17.88 422.45
8 4.823 2.453 23.85 257.70
9 3.641 2.469 16.59  452.06
Table 2

Core flooding modeling saturation parameters.

Pore Hydrocarbon pore  Irreducible water  Irreducible water
volume volume (cm?) volume (cm?) saturation (%)
(cm?)

45.88 30.20 15.65 34.10

Chemical Reagent Co. Ltd. and included test tubes, stopwatch,
sophisticated electronic balance, rubber tubes, glass tubes. The
main apparatus consisted of a high-pressure manual metering
pump (Jiangsu Huaan Scientific Instruments Co. Ltd.), a pressure
regulator (Jiangsu Haian Scientific Instruments Co. Ltd.), and a
CO; gas cylinder (Chengdu Dongfang Electric Gas Co. Ltd.). The
range of pump pressure is from 0 to 100 MPa, which was
monitored by a transducer with a precision of 0.01 MPa. The
pressure range of pressure regulator is from 0 to 60 MPa, which
was detected by a transducer within +0.01 MPa scale.

The cleaned cores were dried with N5 in a non-humidified
oven for 8 h at 95 °C before being dry weighed. An overburden
pressure was applied by using a hydraulic hand pump. The initial
underground pressure was set at 25.53 MPa. The cores were then
wrapped with aluminum foil in an attempt to prevent diffusion
of injected fluids through the Viton rubber sleeve. The flood tests
were conducted horizontally at an ambient temperature of
135 °C. Then we saturated the core with underground water to
establish the initial water saturation. After establishing the above
conditions, the core flooding was ready for the injection of fluids
as an original formation condition.

First, the initial reservoir pressure depleted to 15 MPa at a
constant gas production rate of 0.005 m>/d. At the end of
establishing the critical condensate saturation, a series of water/

CO, flooding experiments were investigated, including water
flooding at present pressure 15 MPa, CO; flooding at 25.53 MPa,
15 MPa, which repent initial pressure and present pressure
respectively. During each process of the experiment, the pressure
was a constant value and the experiment won't stop till the
outlet did not have the oil generation. On each step, the pa-
rameters of pressure, the degree of recovery and gas/oil ratio
(GOR) were all recorded.

3. Numerical simulation
3.1. Modeling parameters

In this numerical study, a typical condensate gas reservoir is
taken as an example. A long core flooding model was established
using the Computer Modeling Group's (CMG) GEM™, Ver. 2012
(Fig. 2). Although this process cannot characterize the whole
reservoir, but the characteristics of flow in formation and change
of components can be precisely described. The scale of the model
was based on the real size of the core. The core size modeling
parameters are shown in Table 1. Besides, every single core is cut
into four equal parts in order to characterize the heterogeneity of
the formation more precisely. The computational domain con-
tains a total of 72 active grid blocks (18 x 2 x 2). The specific core
flooding modeling saturation parameters are shown in Table 2.

3.2. Phase equilibrium and properties of fluids

In order to develop PVT equations for the condensate gas
reservoir fluids, reservoir fluids were characterized by analytical

—— Numerical simulation
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Fig. 3. The fitted results of constant composition expansion (at a reservoir tem-
perature of 59 °C).

Table 3

The original composition of crude oil.
Component COZ Nz C1 Cz C3 iC4 IIC4 iCs nC5 Cs C7+
Composition 5.228 0.636 57.067 11.732 6.224 1.075 1.756 1.207 1.086 2.580 11.411
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tests of constant composition expansion, saturation pressure
determination, single flash tests and constant volume depletion.
The RDP is 24.45 MPa. The original composition of crude oil is
shown in Table 3. Subsequently, the key state parameters for
establishing PVT equations were derived from the CMG Win-
prop™, Ver. 2012 phase behavior simulator. The final results of
flash tests and saturation pressure determination fitting is
shown in Table 5, and the results of constant composition
expansion and constant volume depletion are given in Fig. 3 and
Fig. 4, respectively. Fluid property analysis allowed the lumping
of non-aqueous components into eight pseudo components, as
shown in Table 4. The mole fractions of each component were as
follows: CO3, 0.64%; Ny, 5.23%; Cy, 57.07%; C2—C4, 20.79%; iC5—Ce,
4.87%; C7~Cg, 7.74%; Co~Cyo, 2.49%; C11., 1.18%.

3.3. Production parameters

In the process of depletion mode, the initial reservoir pres-
sure depleted to 15 MPa at a constant gas production rate of
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Fig. 4. The fitted results of constant volume depletion (at a reservoir temperature
of 59 °C).

Table 4
Fitted results of single flash tests and saturation pressure (at a reservoir tem-
perature of 132 °C).

Index Experiment Simulation Absolute Relative
error error

Gas oil ratio (m3/m?) 869.00 883.88 —14.88 -1.71%

Condensate oil density (g/ 0.7244 0.7244 0 0%
cm?)

Condensate gas volume  0.0078 0.0072 0.0006 0.78%
factor

Viscosity (cp) 0.50 0.50 0 0%

Saturation pressure (MPa) 24.45 24.23 0.22 0.91%

0.005 m>/d. Then, shut the production well and end recording
the related parameters. When the underground pressure drop-
ped down to 15 MPa, water flooding mode was simulated, which
was set up with a constant pressure at the injection rate of
0.118 ml/min, the experiment wouldn't stop till the outlet water
cut ups to the 98%. With regarding to the CO, flooding mode at
initial pressure, the flowing bottom hole pressure (FBHP) was
controlled at a constant value 25.53 MPa, which made the pro-
duction well work under the circumstance of formation pressure.
In the case of CO, flooding mode at present pressure 15 MPa, the
CO, injection rate was controlled at 0.005 m®/d, the outlet
pressure was a constant value 15 MPa. When the GOR of the
system ups to the 5500 m3/m>, the experiment was ended.

4. Results and discussion
4.1. Depletion mode

Fig. 5 and Fig. 6 present the variations of the gas oil ratio and
recovery ratio with different pressure of the formation. Fig. 6
shows that model recovery ratio results of condense and gas
have a reasonable agreement with experimental data. As for-
mation pressure gradually reduced to 15 MPa, the GOR of the
system escalated steadily. At the end of the experiment, the
condensate recovery coefficient is 17.76% and the gas recovery
coefficient is 35.95%. As shown in Fig. 7, which represents the
variations of condense seepage flow characteristics. In this gas
condense reservoir, during the exploitation of gas-condensate
reservoirs, down hole and reservoir pressures decrease gradu-
ally. When the pressure decreased below the dew point pressure,
liquid condenses forms markedly, retrograde condensation
occurred, leading to the segregation of the liquid phase in the
near bottom-hole and reservoir regions. In near-well region,
reservoir pressure dropped further below the dew point,
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Fig. 5. The fitted results of gas oil ratio.

Table 5

Characteristic parameters of formation non-aqueous fluid pseudo-components.
Components Molecular weight Critical pressure Critical temperature Critical volume Acentric factor Coefficient a Coefficient b

(g/mol) (atm) (K) (m?) - - -

CO, 44.01 72.80 304.20 0.0940 0.2736 0.457236 0.077796
Ny 28.01 33.50 126.20 0.0895 0.2905 0.457236 0.077796
C 16.04 45.40 190.60 0.0990 0.2876 0.457236 0.077796
Cato Cy 38.09 44.66 343.31 0.1781 0.2774 0.457236 0.077796
iCs to Cg 79.48 32.90 487.78 0.3255 02712 0.457236 0.077796
C7to Cg 110.11 32.24 553.44 03973 0.2670 0.457236 0.077796
Co to Cio 115.16 25.41 609.99 0.5034 0.2610 0.457236 0.077796
Ci1y 165.50 24.06 674.52 0.6465 0.2567 0.457236 0.077796
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Fig. 6. The fitted results of recovery ratio of condense and gas.

capillary forces often render the condensate immobile and that
these microscopic liquid droplets tends to be trapped in small
pores or pore throats. Although the critical condensate satura-
tion will be exceeded, part of the condensate buildup becomes
mobile and small portion of condense could be produced. The
mobility of the gas phase is greatly deteriorated due to the ex-
istence of the liquid phase. With the increment value of
condense saturation, condense viscosity and condense density. It
indicates that the heavy components accumulates more and
more in the underground during the depletion mode. Conse-
quently, lots of valuable hydrocarbon condensate in the gas-
condensate reservoirs remains underground, resulting a low
recovery ratio directly and a need of recovery methods.

4.2. Water flooding mode

The Figs. 8—10 show the detailed comparison of the GOR,
water cut and recovery ratio which are measured from the
experimental data with that predicted from the numerical
model. It is clear that there is an excellent agreement between

Oil Saturation
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Fig. 8. The fitted results of gas oil ratio.
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Fig. 9. The fitted results of water cut.

the experimentally measured and numerically simulated profiles
with respect to the related permanents of the system. Fig. 9
shows that when the water injection volume up to the 0.55
hydro carbon pore volume (HCPV), the water cut rise to 98%
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Fig. 7. Core sectional view of condense seepage flow characteristics variations.
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Fig. 10. The fitted results of recovery ratio of condense and gas.

dramatically due to the phenomenon of water breakthrough. As
shown in Fig. 10, the terminated recovery ratio of condensate is
25.56%, and the degree of gas recovery is 66.38%.

Fig. 11 shows that the gas saturation continuously decreasing
and condense saturation almost has no changes at all. Mean-
while, both the viscosity and density of condense are increasing.
These changes can be explained because the water flooding has
some effect on enhancing the recovery of gas to a certain degree.
However, condense near a down hole zone cannot be produced
by using a water flooding production method. Furthermore, the
produced gas contains fewer valuable intermediate and heavy
ends because of the dropout throughout the reservoir. These
factors create a cyclic chain of events resulting in instability in
the well operation and the loss of valuable condensate fluid in
the reservoir.

4.3. CO; flooding mode at initial pressure
Figs. 11 and 12 show that modeling results have a reasonable

agreement with experimental data, as shown in Fig. 13, when the
pore volume of injected CO, ups to the 1.04 HCPV, the recovery of
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Fig. 12. The fitted results of gas oil ratio.

condense and gas reaches 88.72% and 92.55% respectively, the
GOR of the system ups to the 4287.39 m>/m?> at the end of the
experiment. It is obvious to see that gas channeling happens
when the injected volume of CO, ups to 0.68HCPV. However, the
phenomenon of gas channeling is not severe, and the overall
development of the reservoir is good enough. As reflected in
Fig. 14, the variations of condense seepage flow characteristics
has been described in the form of images. During the exploita-
tion of gas-condensate reservoirs, the viscosity of gas condense
becomes lower and lower, especially after the gas breakthrough
time, which value dropped from 0.24 mPa s to 0.083 mPa s.
Meanwhile, the CO, mole fraction in the formation becomes
larger and larger, and its spread range becomes wider than
before. Apparently, condensate cannot build up in the reservoir
as the reservoir pressure ups above the dew point pressure. As a
result, the gas moving to the wellbore cannot result in the
appearance of condensate banking in the well region. The phe-
nomenon of condensate losses or condensate banking in the
formation can be prevented. Therefore, with the injection
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Fig. 11. Core sectional view of condense seepage flow characteristics variations.
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Fig. 13. The fitted results of recovery ratio of condense and gas.

pressure kept at or higher than the minimum miscibility pres-
sure, the injected CO; can be miscible with the remaining fluid
system, thus enhancing the condensate oil recovery greatly.

However, introducing “CO, gas” into a gas-condensate
reservoir is more than miscible flooding that maintains reser-
voir pressure and improves oil displacement. This method is
associated with complex thermodynamic processes or phase
transitions, such as the re-vaporization of heavy hydrocarbon,
the increase of the gas/condensate ratio and retrograde dew
point (RDP) pressure. Maintaining the system in a single gas
phase is beneficial to improving reservoir recovery. Furthermore,
CO, displacement results in better mobility ratios, which causes
a delayed breakthrough and a favorable sweep efficiency to
improve gas and condensate recovery.

4.4. CO; flooding mode at present pressure 15 MPa

As shown in Fig. 15 and Fig. 16, the modeling results confirm
the experimental results, and both methods indicate that sig-
nificant productivity loss can occur in retrograde gas condensate
reservoirs when the flowing bottom-hole pressure falls below
dew point pressure. Although the reservoir pressure is higher
than the abandon pressure, condensate blockage is considered as
the significant problem. Fig. 17 shows that during the process of
CO, flooding, condensate oil saturation gradually decreased,
especially took place in the outlet of core. Meantime, the density
and viscosity of condense become larger and larger, which were
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Fig. 16. The fitted results of recovery ratio of condense and gas.

contrary to the inlet of the core. It indicates that the injected CO,
gas contacts with the fresh condensate constantly. With the in-
crease of the number of contacts, the viscosity reduction effect is
more obvious. However, since the outlet at the flooding frontier
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Fig. 14. Core sectional view of condense seepage flow characteristics variations.
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Fig. 17. Core sectional view of condense seepage flow characteristics variations.

and the condense in the formation had few chance contact with
CO,, which mainly extracted light and middle components, the
produced gas becomes lighter and less marketable, large
amounts of valuable heavy components will still remain in the
underground which resulting in outlet viscosity larger than
initial time. The injected CO, not only supported the reservoir
pressure, but also increased the saturation pressure (to lower
liquid dropout) by revaporization. Although the terminated re-
covery ratio of condensate and gas are 68.32% and 90.95%
respectively, the injected volume of CO, ups to the 2.32 HCPV
compared with the CO; flooding mode at initial pressure. Hence,
based on the considerations of technical feasibility and economic
practice, the latter exploitation mode is a better choice.

5. Conclusions

(1) During the depletion mode, lots of valuable hydrocarbon
condensate in the gas-condensate reservoirs remains un-
derground, resulting a low recovery ratio directly and will
require special recovery methods.

(2) Detailed analysis of experimental investigations and
modeling simulation suggested that the gas injection
process is more effective than water flooding method.

(3) When the injection pressure was kept at or higher than
retrograde dew point (RDP) pressure. The phenomenon of
condensate losses or condensate banking in the formation
can be prevented. The injected CO; can be miscible with
the remaining fluid system, vaporize the hydrocarbon, and
maintain the system in a single gas phase. Thus enhancing
the condensate oil recovery greatly. The results show that
CO, treatment can improve gas productivity by a factor of
about 1.39 compared with the water flooding mode.

Based on these results, conclusions were reached about the
physical nature of the condensation under reservoir conditions,
which may help reservoir engineers and specialists to restore the
lost productivity of gas condensate.
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