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ABSTRACT: A three-dimensional numerical model of non-isothermal two-phase flow in the
deformable porous medium during water flooding is described in this paper. Based on the thermal-
hydro-mechanical (THM) coupling theory, governing equations of oil-water two-phase flow are
integrated additionally and implemented into the open-source finite element framework
OpenGeoSys. Temperature-dependent fluid viscosity and fluid density, along with strain-dependent
reservoir permeability are also considered. With different well patterns, stress and pore pressure
distribution, heat transfer and the flow of injected water in the reservoir during ten years of injection
are simulated. According to the numerical results, high temperature can promote fluid flow to
improve the treatment performance. Cold water injection causes the normal stress reduction by
introducing significant thermal stress. Spatial variation of stress, pore pressure and injected water
saturation are affected by different well pattern scenarios. This finding has important consequences
in the field operation of water flooding under the environment of large reservoir depth and high
temperature.
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1 INTRODUTION

Water flooding is a widely used petroleum engineering technique for enhanced oil recovery. In a
typical water flooding scenario, several horizontal or vertical wells are arranged to form a certain
well pattern containing injection wells and production wells. Continuous pumping of water over
months or years will displace the oil and drive it to the nearby production wells. Numerical simulation
can compensate for the limitation of experimental researches about water flooding for some detailed
investigations, such as macroscopic reservoir production prediction and design optimization(Zhai et
al. 2022 and Zhang et al. 2022), along with the microscopic fluid flow behavior in the media at pore-
scale (Akai et al. 2020 and Patel et al. 2019). Water flooding under the complex environment during
a long-term pumping process is also an important numerical issue but there are still inadequate
researches (Douglas, Jr. et al. 1997; Zhang et al. 2016; Zheng et al. 2021). In the current studies,
significant thermal effect caused by large buried depth is neglected and numerical modeling of
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multiple wells in the field at engineering scale is lacking. Therefore, in this paper we develop a three
dimensional fully coupled THM model of different multi-well working scenarios, integrated with
two-phase flow. Fluid viscosity and density are temperature-dependent and reservoir permeability is
strain-dependent. The mathematical model is executed in the open-source finite element framework
OpenGeoSys (Kolditz et al. 2012). A multi-well water flooding model in the fractured reservoir
based on Changqing oil field in the northwest China is considered with three-spot, five-spot and
seven-spot well patterns. During 10 years of injection and production process, the geomechanical
responses of the reservoir are analyzed. Comparison of isothermal and non-isothermal cases is
conducted to illustrate the thermal stress around the wellbore and thermal promotion in fluid flow.
Different well patterns are also applied to obtain the spatial variation of the geomechanical responses
in the reservoir. The work provides a deep understanding of water flooding under the environment
of large reservoir depth and high temperature.

2 METHODS AND RESULTS

2.1 Mathematical framework

Based on the THM coupling theory (Parisio et al. 2019), water-oil mixture flow is considered. The
mass balance equations for water component and oil component are:

aSW . krw _
npwﬁpc +V- Pw (_Vpoil + Vpc + ng) = QW (1)
c w
Sy 9poir 0pou
—MNPoir a_pv:pc + n(l - SW) (Wz;poil + a;: pc)
(2)
kkroil

+V- Poil -

oil

(_Vpoil + pwg)] = Qoir

where van Genuchten model (Genuchten 1980) is applied to calculate saturation and relative
permeability:
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where the maximum and residual saturations of water in our model are 0.85 and 0.19. In addition,
temperature-dependent fluid density and viscosity and strain-dependent reservoir permeability from
Magri et al. (2017) and Xu et al. (2013) are given in Eq. (5) to Eq. (7):

p(T) = 1000 x (1 — 0.00059 x (T — 293.15)) (5)
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2.2 Model description

10P2¢v
10b3€v

(6)

€, <0

€,>0 ™

Figure 1 illustrates the setup of the numerical models. Three kinds of well patterns, i.e., three-spot,
five-spot and seven-spot, are applied and the model is constructed in the 600 m X400 mX20 m
schematic of reservoir. The initial temperature of reservoir is 71.63 °C and the initial pore pressure
is 15.8 MPa. All boundaries are closed to fluid flow and constrained in normal displacement
directions. To represent the state of fractured reservoir, permeability and porosity are defined as
exponential distribution with the same functional shape in Figure 2. All other constant parameters
are listed in Table 1. Cold water is injected from the surrounding injection wells at a rate of 6 X107
m?>/s for a total of 10 years of exploitation and drives oil to the central production well with a constant
producing pressure of 14.8 MPa. The initial stress field (oy, 0, 0;,) in the reservoir is 49.01 MPa,
43.57 MPa and 54.46 MPa and the initial water-saturation is 42.78%.

600m_—

- 1X10m

Three-spot well pattern

Five-spot well pattern

= — production well
g 26m — injection well
Seven-spot well pattern

Figure 1. Schematic of multi-well water flooding models. (Blue lines and red lines represent injection wells
and production wells respectively and Line ab is used for measurement of variables.)
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Figure 2. Exponential distribution of permeability and porosity for multi-well patterns.

Table 1. Physical properties of water, oil and rock.

Properties Unit Value
Young’s modulus [GPa] 30
Poisson’s ratio [\] 0.25
Biot coefficient [\] 0.59
Thermal conductivity of oil and water [W/(m * K)] 0.15,0.64
Density of rock, oil and water [kg/m?] 2470, 800, 1000
Thermal expansivity of rock [K!] 1.4¢-5

2.3 Modelling results

A total of four numerical cases are simulated under either isothermal or non-isothermal conditions.
Case 1 is isothermal with five-spot well pattern. The temperature difference between the initial
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reservoir and the injected water is 50 °C in Case 2. Maintaining this temperature difference, three-
spot well pattern and seven-spot well pattern are applied in Case 3 and Case 4, respectively.

From the pore pressure distribution in Figure 3, production performs better in Case 2, compared
with Case 1, as the producing pressure has a wider diffusion around the production well. Compared
to the isothermal condition, thermal effect decreases the fluid density and viscosity and promotes the
flow of injected water so that the overall pore pressure in the reservoir is reduced, with only a slight
concentration around the injection wells. In Case 3, with the three-spot well pattern less energy
enhancement in the computing domain and the two injection wells are located closer to the
production well. Therefore, pore pressure is lower in both the whole reservoir and around the
injection wells. Pore pressure distribution under seven-spot well pattern in Case 4 integrates the
results of Case 2 and Case 3 and the increased permeability in the yellow dashed circles (as shown
in Figure 3) further causes a lower pressure to promote the diffusion of producing pressure.

Figure 4 compares the distribution of water-saturation in four numerical cases. Under isothermal
condition, a relatively sharper saturation front is restricted obviously from the injection point to the
production well with a high and concentrated saturation. In Case 2 the saturation front has not
changed much but wider diffusion area around the injection well can be obtained due to lower fluid
density and viscosity. A closer distance between injection and production wells in Case 3 facilitates
smooth diffusion of injected water so that the saturation front is approximately semicircular. While
in Case 4, the four injection wells on the left and right promotes the saturation contour in the middle
two wells to spread more towards the production well.
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Figure 3. Pressure distribution of four numerical cases.
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Figure 4. Saturation distribution of four numerical cases.

The influence of thermal effect on the effective stress field is investigated in Figure 5. Since there
exists no induced fracture propagation, the shear stress is so small as to be negligible relative to the
initial effective stress. Therefore, we still investigate the thermal stress through the stress evolution
in the direction of the initial effective stress, i.e., the x direction and the y direction. Without
considering injection temperature difference, the effective stress changes very slightly in both
directions in Case 1 and only the production brings a stress reduction in the center. For non-
isothermal cases, significant effective normal stress reduction is a consequence of the rock thermal
contraction as it roughly follows the cooled down area. A temperature decrease of 50 °C can reduce
normal effective stress about 15 MPa. If the reservoir temperature becomes higher under the
influence of geothermy or other factors, the intensified thermal effect is likely to cause tensile stress,
resulting in possible failure of rock near the wellbore.

Figure 6 presents the temperature and saturation variation of Case 2 along the Line ab. As shown
in Figure 1, Line ab connects the production well to the corner of the model and passes through the
injection well. Heat advection and conduction are very rapid in the reservoir with an obvious
temperature reduction around the injection well after just one month of injection in Figure 6(a). While
water diffusion is slower according to Figure 6(b). Significant water-saturation changes along the
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Line ab occur after an injection interval of more than one year. Moreover, as the long-term injection
proceeds, saturation front becomes fluctuant with an increase in the blue dashed circle in Figure 6(b),
which represents the end of the diffusion area of saturation. This is caused by the concentration area
of pore pressure around the injection well in Figure 3 which basically coincides with the diffusion
area of saturation in Figure 4. The increase of pore pressure will decrease the capillary pressure and
cause a higher water-saturation according to van Genuchten model.
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Figure 5. Effective stress distribution of 4 numerical cases.
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Figure 6. (a) Temperature variation between the two injection wells and (b) water-saturation between
injection well and production well with different exploitation time.

3 CONCLUSIONS

An engineering-scale numerical THM modeling of long-term multi-well water flooding integrated
with two phase flow is proposed. Four cases containing isothermal and non-isothermal conditions
simulated the geomechanical responses in the reservoir during the injection process of cold water.
Numerical results are analyzed and discussed through comparison to demonstrate the influence of
thermal effect on fluid flow, effective stress and pore pressure evolution in the reservoir. It proves
that high temperature caused by large buried depth will promote fluid flow to make a widen increase
of saturation while decrease the effective stress to cause a possible failure of rock. Under different
well patterns, spatial variation of the geomechanical variables will change but the features of
evolution remain the same. The given cases provide a useful reference of engineering-scale water
flooding under large reservoir depth and high temperature.
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