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Bozhong 19-6 gas field is the first discovered large-scale gas condensate field in eastern
China, which is also one of the largest metamorphic rock gas condensate fields in the
world. It is a buried hill type, low permeability reservoir, with ultra-high condensate content
where the fluid is nearly at its dew point pressure. No similar experience with such
reservoirs have previously been reported in the context of gas field development in China
and step-by-step progresses is been made to characterize this reservoir. Overall,
documentation concerning this type of reservoir is rarely seen worldwide. This paper
includes key successful results from multiple perspectives including experiments
correlations, numerical modeling and the significance of incorporating certain details.
Based on a fluid-solid coupling method, the simulations consider several factors including
the fracture distribution, low permeability, medium deformation, and condensate
characteristics, as well as their effects on the gas productivity. In the laboratory
experiments, the stress sensitivity of the rock was tested using representative core
samples. Here, experiment-based correlations of the starting pressure gradient of the
gas condensate reservoir are proposed. The starting pressure gradient of different fluid
types, such as black oil and gas condensate are highlighted as accurately simulating the
reservoir. As a result, the numerical model to predict the dynamic productivity of a single
well was successfully established considering all those factors. This paper can serve as a
reference for studying other studies of metamorphic, fractured gas condensate reservoirs.

Keywords: fractured gas condensate reservoir, dynamic productivity of gas wells, fluid-solid coupling, numerical
simulation, prediction

INTRODUCTION

Fractured gas reservoirs are widely distributed in China (Jiang and Wang, 2009; Huang et al., 2021),
such as Ke Shen-8 gas reservoir in Tarim Basin and Mo Xijia-2 gas reservoir in Sichuan Basin. The
Bozhong 19-6 gas condensate field is the first discovered buried hill, large condensate field with low
permeability, extremely high condensate content in eastern China, which fluid is nearly at its dew
point pressure. It is also one of the largest condensate fields of metamorphic rock in the world. The
geological reserve has a volume of nearly 1 billion cubic meters. While it is challenging to develop the
gas field, there was no similar experience domestically for reference purposes. In the development of
this type of condensate gas reservoir, condensate oil will be precipitated after the local formation
pressure is lower than the dew point pressure. In addition, the reservoir has low permeability; the
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Fractured Gas Condensate Reservoir

in casting thin sections

FIGURE 1 | Demonstrations of microfracture distribution. (A) In casting a thin sections, (B) Under a scanning electron microscope.
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FIGURE 2 | Distribution of condensate near the wellbore zone.

FIGURE 3 | Geological model of fractured reservoir in buried hill.
Experiments on testing stress sensitivity of the fracture-matrix system.

matrix permeability is only 0.3 mD. Both condensate oil and gas
are difficult to be recover after precipitation, resulting in low
single well productivity and recovery. Accurate prediction of
production capacity of this specific type of reservoir are

needed, because such predictions form foundation for
planning the gas field development to achieve the optimized
recovery.

A lot of research work has been done on fractured reservoirs.
In 1963, Warren J. E. took the established theoretical model for
natural fractured reservoirs, which was the first one to study the
characteristics of fracture-matrix structure (Warren and Root,
1963). In 1987, Ozkan E. proposed a way to predict the
productivity from a single well in a natural fractured
reservoir, under the constant pressure boundary condition,
using the real production data. The model defined five
different flow mechanisms and preliminarily proposed a
method for estimating the reservoir parameters (Ozkan et al.,
1987). At present, the equivalent continuum theory is mostly
adopted in calculating the productivity of fractured gas
reservoirs (Li et al., 2016). The method simplifies the fracture
distribution within the reservoir, but does not consider the
geometry and location of fractures. Assuming the steady state
for gas condensate reservoir, Guo et al. proposed an equation to
predict the productivity for the case of gas-liquid multiphase
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TABLE 1 | Core parameters of different permeability and fracture distribution.

Fractured Gas Condensate Reservoir

Core no Length (cm) Diameter (cm) Porosity (%) Permeability (mD) Existence of
fracture
1 10.30 6.57 9.76 3.38 Fractured
2 9.25 9.36 7.54 2.95 Fractured
3 7.82 9.51 6.30 4.39 Fractured
4 11.28 6.59 8.14 0.71 Crack-free
5 8.30 6.00 3.66 0.07 Crack-free
6 10.85 6.00 8.20 0.71 Crack-free
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FIGURE 5 | Assignment of stress sensitivity parameters for dual media.
FIGURE 4 | Composition distribution of flash gas sampled from BZ19-6-
X gas condensate well.

flow, where the open flow rate of gas well can be calculated by
software (Guo, 2007). Li established a three-dimensional non-
Darcy flow model for the system of oil and water. However,
because of its high computational demand, this method has not
been widely adopted.

In this paper, a numerical model is developed based on
previous progress, incorporating specifically stress sensitivity
and starting pressure gradient distributions (Lu et al., 2018).
The model uses the fluid-solid coupling method and considers
several factors, including the fracture distribution, medium
variation in the low permeability, fractured gas reservoir, and
reverse condensate volume. The incorporation of the starting
pressure gradient of the gas condensate reservoir is highlighted
here, and the relationship between pressure and permeability is
correlated with experimental data.

METHODOLOGY

The Productivity of Fractured Gas

Reservoirs

Buried hill gas condensate reservoir is a very complex type of
reservoir with higher productivity than that of low permeability
sandstone gas condensate reservoir. Eq. 1 is the conventional

method to calculate gas well productivity (Sun et al., 2012). The
gas well production capacity is affected by not only rock and
fluid properties but also well condition such as skin factor of a
well.

~0.07852Kh(p} - pi,;)

%= ngT(ln :—;4—8,1) ' M

where g, is gas production rate (m*/day), K is the permeability
(mD), pr is reservoir pressure (MPa), p,, is bottom hole flowing
pressure (MPa), Z is gas compression factor, T is temperature of
reservoir (°C), and S, is skin factor of the well.

Diagenesis of the Reservoir Rock

The Bozhong 19-6 reservoir is deeply bedded and highly
heterogeneous, as which has experienced several tectonic
movement periods and stress mode changes. Figure 1 shows
the morphology of micro-fractures from a thin section of the rock
sample from the reservoir. Influenced by its depth and high
compaction, generally the openings of macro-fractures are small.
From imaging logging, those fracture openings are within
100~400 um. From the thin section, the openings of micro-
fractures are about 20~30 um. Fractures cut through each
other, and their distributions have multi-stage fracture
characteristics. It is concluded that the fracture distribution is
the most important factor controlling the physical properties of
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FIGURE 6 | lllustration of equipment measuring starting pressure gradient of the gas condensate reservoir (Chen et al., 2019).
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FIGURE 8 | Equivalent characterization of condensation radius by
numerical simulation method (Wang et al., 2017).

the reservoir, that is, the fractures contribute the most of fluid
flow. In the matrix, the radii of pore throats are less than 1 um.
Small pores and their poor connectivity result in low
permeability. Overall, the flow velocity of the fluid is very low
and the flow is highly nonlinear.

The starting pressure gradient is closely related to the
permeability of the porous media. Generally speaking, the
lower the permeability corresponds to the higher the starting

pressure gradient. In addition, the influence of pressure change
on permeability of the fracture-matrix structure cannot be
ignored. The formation pressure decline along the gas field
development process changes the effective confining stresses.
As the permeability decreases continuously, this process is
irreversible. The aforementioned factors all lead to a decrease
in productivity as the recovery continues. Therefore, the
productivity is dynamic and must be modeled.

Effect of Fluid Phase Changes

The change of fluid phase state in gas condensate reservoir is a
very important factor affecting the dynamic productivity.
Compared with dry gas well, gas condensate well has a faster
productivity decline. This is because when the bottom hole
flowing pressure is lower than the dew point pressure,
condensate forms in the area around the well, which leads to
additional pressure losses, and negatively affects the movement
of gas. When the critical saturation for condensate fluid is
exceeded, the condensate begins to flow in the reservoir.
Figure 2 shows the hydrocarbon two-phase flow in the near-
wellbore zone.
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TABLE 2 | Gas condensate parameters of well BZ19-6-X (Liang et al., 2020).

Fractured Gas Condensate Reservoir

Sampling GOR Dew point Dew Condensate Maximum Surface Gaseous Gas volume
horizon m®/m® pressure < MPa pressure content amount condensate Z-factor coefficient
difference g/m® of reverse density
MPa condensate t/m®
%
Ar 1,095 45.61 1.9 710.67 4097 0.798 1.217 0.00381
make a quantitative prediction of the fractured reservoir.
60 . . . )
Figure 3 shows the matrix-fracture coupling geological
model of Bozhong 19-6 reservoir. It includes the dual
a8 =t R(5257C,46.93MPD) geological framework and shows the layering of weathering
zone in details.
g s
=3 . . .
i : N 1) Modeling of the matrix
g E
é 24 y ; Multiple parameters such as fracture density, net-gross ratio,
100% / matrix porosity, and permeability were calibrated by micro-
1 seismic data. Those parameters are used to identify the
12 7% / characteristics of the matrix, according to the scheme in
10%; 5% matrix classification. Through probabilistic simulation with
0 . . . . constraints representing various types of matrices, distribution
-100 0 100 200 300 400 of different matrix types can be established.
Temperature, °C
2) Modeling of fracture
FIGURE 9 | Phase envelope of Bozhong 19-6 gas condensate field
(Liang et al,, 2020). For the fractures of different scales, the combined

Predictive Model of Dynamic Productivity
Based on the Petrel integrated software platform, a three-

dimensional geological model of the fracture-matrix system
was established, which adopts the technology of DFN
stochastic modeling. Combined with the sensitive seismic
attributes, the model considered various factors such as
paleogeomorphology, fault and micro-geomorphology, to

deterministic simulation and probabilistic simulation were
used to model the fracture network. For large fractures at fault
level, the fracture distribution detected by seismic attributes such
as maximum curvature and refined probabilistic fault volume
were used for input, which can be directly transformed into the
large-scale fracture network through deterministic simulation.
For medium-sized fractures, fracture distribution interpreted
with imaging logging was used.
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FIGURE 10 | Effect of stress sensitivity on oil production prediction.
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FIGURE 11 | Effect of stress sensitivity on bottom hole pressure.

Experiments Testing the Stress Sensitivity
As the numerical modeling requires a pressure-permeability

curve, experiments on stress sensitivity were conducted, using
cores of different fracture distributions and in situ fluid sample.
Six core samples with different levels in permeability and fracture
distribution were selected to conduct the experiments testing
stress sensitivity, using high-temperature and high-pressure core
displacement device. The fracture density was 4 per meter. Core
parameters are shown in Table 1, in which cores 1~3 represent
fractured rock and cores 4~6 represent crack-free rock. The
condensate fluid sampled from well BZ19-6-X, as shown in
Figure 4, was used in the experiments.

The experimental procedure under unsteady-state condition is
as follows:

1) Place the sample into core holder and maintain a constant
pressure drop;

2) Change the confining pressure through a manual pump, and
test the core permeability when the confining pressure reaches
10, 20, 30, 40, and 50 MPa, respectively;

3) Correlate the core permeability changes with respect to
effective stress.

Based on the experimental results, deformation coefficient of
the fractured rock was obtained, as shown in Eq. 2. Considering
the stress-sensitive effect, the relationship between permeability
and formation pressure is shown in Eq. 3. The
pressure-permeability curves for both fracture and matrix are
shown in Figure 5.

ag = 0.153K;%*, (2)
K = Ke ™ (Pr), (3)

where of is the medium deformation coefficient, K is the
permeability of reservoir (mD), K; is the initial permeability

Oil Saturation

FIGURE 12 | Prediction result of condensate precipitation in well BZ19-
6-X (Gao et al., 2020).

of reservoir (mD), p is the reservoir pressure (mD), and p; is the
initial reservoir pressure (mD).

Starting Pressure Gradient
The actual fluid flow in the formation is under high temperature
and pressure. To better describe the non-Darcy flow, the starting
pressure gradient of the gas condensate flow under high
temperature and pressure was studied through experimental
work (Chen et al., 2019). Under the pressure of 50 MPa and
temperature of 152°C, the cores (with fractures) with
permeability of 2.51 and 2.58 mD, respectively, were used in
testing with different fluid samples. The experimental set was
composed of an injection pump system, core gripper, back
pressure regulator, differential pressure gauge, temperature
control system, liquid fraction collector, and gas meter. The
flow velocity of the gas condensate through the cores was
controlled by changing the pressure drop rate at the outlet,
using the back pressure regulator. Illustration of the
experimental equipment is shown in Figure 6.
Characterization of starting pressure gradient in the gas
condensate reservoir had also been done through numerical
simulation (Wang et al., 2017). In the study, black oil and gas
condensate were studied, as shown in Figure 7. Figure 8 shows
the estimated distribution of liquid condensate, which
honored the theoretical condensate distribution around the
wellbore.

RESULTS AND DISCUSSIONS

Bozhong 19-6 gas condensate reservoir was characterized for
both matrix and fracture system. The fracture analysis was
conducted for various magnitudes, including macro-fractures,
medium and small fractures, and micro-fractures (Kang et al.,
2021). The total porosity of the reservoir rock in Bozhong 19-6
ranges from 2 to 4%, and the permeability ranges from 0.3 to
4 mD, showing the characteristics of low porosity and low
permeability. The Bozhong 19-6 gas condensate reservoir is
characterized by high condensate content, and its maximum
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reversed condensate volume can be as high as 40.97%, as shown
in Table 2, and small ground-dew pressure difference of 1.9 MPa
(Liang et al, 2020). When the pressure drop increases,
precipitated liquid will clog the near-wellbore area in the
formation, resulting in reduced production, as shown in Figure 9.

Incorporating the stress sensitivity and starting pressure
gradient mentioned previously in the numerical simulation, it
was noticed that as the reservoir development continues, the
influence of stress sensitivity and starting pressure gradient on the
performance becomes more significant, as shown in Figure 10
and Figure 11. Their effects are mainly manifested as rapid
production decline and increased loss in bottom hole flowing
pressure. Compared with the case not including the stress
sensitivity, the difference on estimated average pressure drop
is 10%; therefore, the difference on cumulative production
estimation is much more. Comparing the cases that do and do
not including the starting pressure gradient curves, the difference
predicted oil production can as high as 72%. Therefore, stress
sensitivity and starting pressure gradient cannot be neglected in
modeling the specific type of reservoir.

Based on the fluid-solid coupling model (Gao et al., 2020)
established, the productivity of BZ19-6-X well was predicted, and
historical fitting was performed. Figure 12 and Figure 13 show the
history match and prediction of retrograde condensate production
in Well BZ19-6-X. The well was managed by controlling gas
production rate and pressure drawdown. Through fitting the
condensate production data, the accuracy in prediction of the
single well production history was more than 90%.

CONCLUSION

1) Based on fluid-solid coupling numerical model and relevant
experimental work, this paper comprehensively reviewed the
key factors that must be incorporated into such a model,
including fracture distribution, permeability changes for gas

condensate reservoirs, condensate volume, non-Darcy flow,
and other factors affecting well productivity.

A comparison with experimental data indicates that the
starting pressure gradient of different fluid types of black
oil and gas condensate, as well as the stress sensitivity, are key
factors that should be included in numerical simulation of the
fractured gas condensate reservoir.

According to validation with real data, the numerical model
was able to predict the performance of a single well, with a
fitting accuracy of more than 90%.

2)

3

~

In the review of the key progress made toward characterizing
this rare type of reservoir from various perspectives and scales,
the final developed model was able to predict the performance of
a single well. Studies that have been done on the metamorphic,
fractured gas condensate reservoir have resulted in significant
progress. This paper may serve as a reference for other reserves of
the same type.
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