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Heavy oil is increasingly becoming an important part of future energy strategy. How to
effectively simulate the flow process of steam flooding is the key to develop steam flooding.
The purpose of this paper is to establish a mathematical model of steam flooding coupled
with permeability and thermal field, and then use the meshless weighted least squares
method to solve the mathematical model numerically. The effectiveness of this method is
verified by establishing a one-dimensional conceptual model of steam flooding reservoir. It
is found that the temperature distribution of the whole reservoir is basically the same
except for the gas saturation distribution when calculated at 80, 90 and 100% steam
dryness. Sensitivity analysis of porosity of the model is carried out in this paper. It is found
that porosity has a direct effect on gas saturation and temperature front distribution. The
calculated results are consistent with the perception results of objective facts, which
verifies the accuracy and stability of the method.
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1 INTRODUCTION

At the moment, the globe is rich in Heavy oil resources; Heavy oil, extra heavy oil, bitumen, and oil
sands account for around 70% of global oil resources, and its vast resources also dictate its critical
function and place in the future energy strategy. Steam flooding is one of the most effective and
reliable technologies for Heavy oil development (Maity et al., 2010; Almao, 2012; Guo et al., 2016;
Huang et al., 2021). Due to the high cost of steam flooding, it is critical to have a firm grip on the
production dynamics and steam leading edge of steam flooding in order to successfully develop
steam-flooding oil fields (MurazaGaladima and Galadima, 2015; Sheng et al., 2019).

The steam flooding is primarily accomplished through steam distillation, temperature increase
and viscosity decrease, and in situ dissolving (Zhao et al., 2015). Ma calculated the ideal steam
injection rate and the link between the injection rate and crude oil production using the steam
flooding indoor trials (Ma and MainiOkazawa, 1984). Johnson conducted a laboratory crude oil
steam distillation experiment and successfully separated the steam distillation and steam flooding
processes (Johnson et al., 1971). Shen conducted an indoor steam flooding experiment using a
physical model and found a favorable link between steam dryness and crude oil recovery (Desheng
et al., 2013).

The displacement process is simulated numerically, that is, by solving a system of nonlinear
partial differential equations (Huang et al., 2019). Partial differential equations provide a cost-
effective tool for studying steam flooding operations (Mozaffari et al., 2013). Numerous scholars have
focused their attention on multiphase flow computation (Yang et al., 2016). Marx and Langenheim
devised a piston steam flooding reservoir model, laying the theoretical groundwork for thermal oil
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recovery by steam injection MarxLangenheim and Langenheim,
(1959). Van Lookeren proposed a leading-edge prediction model
for fluidic and radial steam flow that takes gravity overtopping
into account and uses the form factor concept to quantify the
degree of steam gravity overtopping and optimize the steam
injection rate Van Lookeren, (1983). Yueh-Ming Chen created
an analytical solution model for steam flooding dynamics
prediction based on prior research. The model separates the
reservoir into an initial oil-bearing zone, a crude oil-rich zone,
a heat flow zone, and a steam zone. At the moment, research into
the mechanism and technology of steam flooding replacement is
rather thorough, while research into the mathematical model is
still in its infancy (Crookston et al., 1979).

Due to the large fluctuation in physical parameters in the
steam flooding process, the solution equation may be
substantially nonlinear, making numerical solutions
challenging to acquire (AtluriShen, 2002; Deng et al., 2022).
The frequently used finite-difference or finite-volume methods
are based on grids, which are inconvenient to manage before and
after the computation, and are not suited for solving complex
boundary problems, high-order differential equations, or
problems with a large gradient (Guo et al., 2016). The purpose
of this study is to present a robust, dependable, and accurate
numerical model based on the meshless approach. In comparison
to the finite difference, finite element, and finite cell methods, this
meshless technique, especially the weighted least squares
meshless method (MWLS), has the advantages of avoiding
mesh generation (VignjevicCampbell and Campbell, 2009),
simplifying data preparation, and allowing for convenient pre-
processing and post-processing (Liu et al., 2005). The first
meshless approach was Lucy’s smooth mass fluid meshless
method, which was successfully applied to astrophysical issues.
Atluri presented the meshless local Galerkin method, which
eliminates the need for a background mesh during integration.
The Galerkin-based method is computationally demanding

because it needs the use of higher-order Gaussian integrals.
While meshless methods based on the collocation point
approach do not require integration, they have low precision
and stability, as well as an unbalanced coefficient matrix. The
weighted least squares meshless technique removes the control
equation’s residuals with high precision and stability at all nodes
(including boundary points), and the coefficient matrix is also
symmetric (Xu et al., 2022). In comparison to the Galerkin
approach, this method is more efficient because it does not
require Gaussian integration. Li pioneered the application of
the MWLS approach to numerical well testing in complicated
fracture block reservoirs, with favorable results in terms of
computational accuracy and efficiency. Rao utilized MWLS to
the complicated boundary of shale gas, fractured horizontal wells
with the two-phase flow of gas and water, and obtained favorable
results (Lucy, 1977; AtluriZhu and Zhu, 1998; Rao et al., 2021; Xu
et al., 2021).

We adopt a weighted least squares meshless method to
numerically model the mass and heat transfer processes, as
well as the saturation and temperature distribution fields, in a
steam flooding process for the first time in this study. We
simulated a one-dimensional homogeneous and
inhomogeneous steam flooding process and found that the
results are generally consistent with expectations, indicating
that the method described in this study is correct.

2 MATHEMATICAL MODEL

2.1 Basic Mathematical Model
Due to the non-volatility of heavy oil, we consider a three-phase
condition (oil phase, liquid water phase, and gaseous water
phase). When liquid water and gaseous steam are present
simultaneously in the three-phase area, the pressure and
temperature should obey Dalton’s law of partial pressure.

FIGURE 1 | Temperature (°C).
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Assumptions include the following: 1) oil, steam, and water are
insoluble in each other; 2) flow in the formation follows Darcy’s
law; and 3) the effects of capillary forces and gravity are neglected.

The model’s three primary governing equations (mass
conservation in the water phase, mass conservation in the oil
phase, and energy equation) are as follows (Ping et al., 2021).

Water mass conservation equation:

z(ρwϕSw + ρgϕSg)
zt

+ ∇(ρwvw + ρgvg) � qw,g (1)

Oil mass conservation equation:

z(ρoϕSo)
zt

+ ∇(ρovo) � qo (2)

Energy conservation equation:

∇ · (λ∇T) + ∇ ·⎛⎝ ∑
i�o,w,g

ρieivi⎞⎠ � z

zt
⎡⎢⎢⎣(1 − ϕ)ρier + ϕ ∑

i�o,w,g
Siρiei

⎤⎥⎥⎦
(3)

Where, ϕ, λ, Si, vi, ei, i � o, w, g are rock porosity, heat
conductivity coefficient, saturation, flow velocity, internal
energy, and enthalpy of gaseous water respectively. qw,g, qo
Present the mass source terms of oil and water. T is temperature.

When liquid water and steam are both presented, it should meet:

T � Tsap(P) (4)
With the constraint relationship between saturations:

FIGURE 2 | Liquid water saturation.

FIGURE 3 | Oil saturation.

Frontiers in Energy Research | www.frontiersin.org May 2022 | Volume 10 | Article 9108293

Wang Steam Flooding

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


So + Sw + Sg � 1 (5)
Along with these two relations in addition to the three main

governing equations mentioned above, this is a closed
mathematical model.

2.2 Meshless Method Solution
Themeshlessmethod can be theoretically justified using the weighted
residual method. The moving least-squares approach is utilized to
construct the approximation function in this article, followed by the
least-squares method to discretize the control equations and establish

the related meshless method, namely the weighted least squares
meshless method (Lin et al., 2020).

Let there be a field function u(x) and a set of randomly
distributed discrete nodes xj (j = 1, 2, ..., n) in the solution
domain Ωj. Denote by Ωj the influence domain of node xj. In a
two-dimensional problem, the influence domain is often taken as
a circle or a rectangle. The global approximation using the
moving least squares method has an approximation function
for any node x in the solution domain as:

uh(x, �x) � N(x, �x)u � NIuI (6)

FIGURE 4 | Gas saturation.

FIGURE 5 | Pressure (kPa).
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Where NI is shape function, �x � [x, y, z]T refers to the
spatial coordinates of the points in the neighborhood of
the calculated point x, uI is the local best approximation.

The weight function is an important component of the moving
least-squares approximation, there are no theoretical specific
rules with some arbitrariness, generally satisfying the weight
function ω(r) non-negative.

In terms of the variational principle and the weighted residual
approach, which is used to build generalized functions and whose
weight function or test function is the residual itself, the least-squares
method can be used to solve partial differential equations of any type.

The weighted least squares meshless technique is generated by
applying the above moving least squares-based approximation
function to the specific problem and utilizing the above integral
format’s discrete point summation form.

2.3 Weighted Least Squares Gridless
Method for Solving the Steam Flooding
The pressure solution equation is first constructed by combining
Eqs. 1, 2, disregarding capillary force and differencing the time term,

as explained in Ref. (Desheng et al., 2013). After determining the
pressure at the subsequent instant, it is replaced into an equation
(Guo et al., 2016). The next moment’s saturation of the seepage field
is solved and incorporated into the energy conservation equation
(Almao, 2012). Assume that the solution domain and boundary
include n discrete nodes, such that

Ws � ϕ

dt
(ρoSn+1o Cro + ρwS

n+1
w Crw) + (1 − ϕ)

dt
ρrer (7)

Qt � ρoλo∇
2pho + ρwλw∇

2phw + ρgλg∇
2phg (8)

The conservation of energy equation can be transformed into:

λ∇2Tn+1 −Ws · Tn+1 + Qt − ϕ

ΔtSgegρg +Ws · Tn � 0 (9)

The residuals of the energy conservation equation are:

δRT � λR∇
2NT −Ws ·NT (10)

Then the MWLS form of its energy conservation equation is:

kTT
n+1 � fT (11)

FIGURE 6 | Temperature comparison.

FIGURE 7 | Gas saturation comparison.
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Where,

kT � ∑N
s�1
δRT(λR∇2N −Ws ·N) +∑N1

s�1
NTN,

fT � ∑N
s�1
δRT( − Qt + ϕ

ΔtSghgρg −Ws · Tn)
Solving Eq. 11 gives the temperature distribution for the next

moment.
Successive iterations can be used to overcome the three-phase

saturation and temperature problems associated with the steam
flooding replacement process.

3 RESULTS AND ANALYSIS

3.1 Model Validation
We demonstrate the strategy described in this research by
using a one-dimensional steam flooding example. We created
a single-injection model with a model size of

400 m*10 m*10 m and a 5 m model distribution interval.
At 4,000 mD, the permeability is uniform, the porosity is
0.3, and the first water saturation is 0.15. On the model’s far
left side, an injection well with continuous injection of 80
percent wet steam at 7,000 kPa and production well at 300°C
are depicted. On the right is a production well capable of
continuous output at 1,000 kPa. The reservoir’s initial
temperature is 50°C. Calculated over a period of 1,000 days.

From Figures 1– 5, we can see that the temperature and water
saturation leading edges are nearly identical. The temperature
leading edge is 70°C at 65 m from the injection well site, and the
water saturation is 0.175. The steam leading edge is 35 m from the
injection well, at a gas saturation of 0.175, a temperature of 285°C,
and a pressure of 6,997 kPa, all of which meet the parameters for
steam generation and are consistent with objective facts.

It is feasible to divide the reservoir into three regions: steam
flooding, hot water flooding, and cold water flooding, which
corresponds to prior knowledge of steam flooding calculation and
suggests that the method described in this study is reliable and
effective.

FIGURE 8 | Gas saturation.

FIGURE 9 | Temperature.
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3.2 Sensitivity Analysis
3.2.1 Effect of Steam Dryness
The model mentioned previously was used to adjust the injected
steam dryness using steamwith a dryness of 80, 90, and 100% and an
injection temperature of 270°C. By using the weighted least squares
meshless approach, the distribution spacing remains 10m, and all
other parameters stay same from the previous example.

It can be seen from Figure 6 that there is basically no
difference in the temperature distribution within the reservoir
after 1,000 days of calculations at steam dryness of 80, 90, and
100%, respectively, and the temperature leading edge is still at the
location 65 m from the injection well with a temperature of
70.6°C, and the maximum temperature of the reservoir is also
both 285°C. From Figure 7, it can be seen that the gas saturation
at the location of the injection well is 0.259 and the gas saturation
at the leading edge is 0.166 when the dryness of the injection
steam is 80%, while when the dryness of the injection steam is 90
and 100%, the gas saturation remains basically the same in both
cases. The gas saturation at the injection well is 0.31. The gas
saturation at the leading edge is 0.188. The calculation is in line
with the objective factual perception and reflects the stability of
the calculation method in this paper from the side.

3.2.2 Effect of Porosity
Still using the above model, the initial porosity of the reservoir
was varied and calculated using initial porosity of 0.2, 0.3, and 0.4
respectively. The injection temperature is 300°C. Calculated by
weighted least squares meshless method. The layout spacing is
still 10 m. Other parameters remain the same as above.

As illustrated in Figure 8, there is little difference in the
temperature distribution within the reservoir after 1,000 days
of calculations at steam dryness values of 80, 90, and 100%,
respectively, and the temperature leading edge remains 65 m
from the injection well at a temperature of 70.6°C, while the
reservoir’s maximum temperature remains the same at 285°C. As
illustrated in Figure 9, the gas saturation at the injection well site
is 0.259 and the gas saturation at the leading edge is 0.166 when
the injection steam is 80 percent dry, whereas the gas saturation
remains virtually unchanged when the injection steam is 90
percent or 100 percent dry. The injection well has a gas
saturation of 0.31. At the leading edge, the gas saturation is
0.188. The calculation is consistent with objective factual

perception and demonstrates the stability of the procedure
used in this research.

4 CONCLUSION

1) A mathematical model of steam flooding reservoir with
coupled seepage field and thermal field is established, and
the meshless weighted least squares technique is used to solve
pressure, saturation and temperature successively. The
method has high stability and correctness.

2) A one-dimensional steam flooding model with one injection
and one recovery is established and solved by using the
method proposed in this paper. The calculated results can
be divided into steam flooding area, hot water flooding area
and cold water flooding area, which is consistent with the
basic knowledge and proves the correctness of the calculation
method.

3) The sensitivity of injected steam dryness was analyzed by one-
dimensional model. The temperature distribution inside the
reservoir changes little at 80 and 80% steam dryness. The
maximum gas saturation is 0.31 at 90 and 100%, and 0.259 at
80%, indicating the stability of the method.

4) Sensitivity analysis of model porosity. It is found that porosity
directly affects the distribution of gas phase saturation and
temperature in the leading edge. When the reservoir porosity
is 0.2, 0.3 and 0.4, the gas saturation front is 60, 40 and 30 m,
and the temperature front is 90, 70 and 60 m. The calculation
is compatible with objective data, and the accuracy of the
program used in this paper is proved.
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