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ABSTRACT

Layered heavy oil reservoirs are widely distributed hydrocarbon resources and play a crucial role in
fulfilling the global increasing demand for energy. Due to the existence of interlayer heterogeneity,
however, the traditional commingled steam injection process has been confronted with the challenges
of uneven production and poor performance in the field. In this study, to investigate the improvement
effects of a separate steam injection process for the layered heavy oil reservoirs, combining the methods
of experiments and numerical simulation, the expansion behavior of the heated chamber and pro-
duction performance of these two steam injection modes (base case and improved case) are compared
and analyzed. First, based on the 2D scaling criteria of steam stimulation experiments and actual
properties of a typical layered heavy oil reservoir in China, the experimental parameters are obtained.
During experiments, to better simulate the field operation condition, a 2D HTHP (high temperature and
high pressure) thermal recovery experimental apparatus equipped with a pressure chamber is pro-
posed. From the experimental observations, the advantages of the separate steam injection mode are
illustrated from the expansion behavior of the heated chamber and the production performance char-
acteristics. Thereafter, through a history matching of the experimental results, the laboratory-scale
numerical simulation model is developed. Then, from the same-scale numerical simulation model,
the steam flooding stage of the base case for the layered heavy oil reservoirs is divided into three phases,
and the primary features and critical indices of different phases are obtained. Finally, the effects of
reservoir properties and operation parameters on production performance and interlayer divergence are
discussed. Experimental results show that the separate steam injection mode achieves uniform heated
chamber expansion across layers, and the average proportion of heated chamber is 18% higher than that
of the commingled steam injection process. Meanwhile, the improved case increases the final oil re-
covery factor by around 6%. The simulation results of the developed laboratory-scale numerical simu-
lation model are in good agreement with the experimental observations. For the layered reservoirs with
an interlayer permeability contrast of the oil layer reaching 3, it is recommended to adopt the separate
steam injection mode. In addition, the optimum cyclic steam injection volume for the reservoir is
6000-7000 m?, and the steam injection rate should be no more than 250 m?/d. This paper contributes to
a systematic understanding of steam stimulation performance with different steam injection modes for
layered heavy oil reservoirs.
© 2025 The Authors. Publishing services 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

The steam stimulation recovery process is a widely applied and
primarily recommended approach in the development of heavy oil
reservoirs, typically involving cyclic steam stimulation (CSS),
steam flooding (SF), and steam-assisted gravity drainage (SAGD)
(Dong et al., 2024; Li et al., 2023b; Sun et al., 2023b). Injecting
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reservoir, reduce the oil viscosity, and improve the oil mobility.
Steam stimulation technology has been successfully performed in
various fields, such as Lake Maracaibo in Venezuela, Cold Lake in
Canada, and Liaohe Oilfield in China (Dong et al., 2019; Yan et al.,
2025). Generally, it is an essential prerequisite for requiring a
high oil-steam ratio (OSR) to ensure the operation of the steam
stimulation process (Yan et al., 2025). However, most of the steam
stimulation recovery processes in the field have entered into an
exhaustion stage, facing the problems of steam breakthrough and
low sweep efficiency (Dong et al., 2019, 2022; Sun et al., 2022).
Especially for layered heavy oil reservoirs, due to the existence of
significant heterogeneity in reservoir properties, these problems
are more prominent in a later stage of the steam stimulation
process (Gao et al., 2020; Wu et al.,, 2018). As the climate and
environment continue to worsen worldwide, the green, econom-
ical, and sustainable exploitation of hydrocarbon resources has
become the top concern for global oil and gas enterprises (Pu et al.,
2025; Rui et al.,, 2025; Sheng et al.,, 2025; Wang et al., 2022).
Meanwhile, it is well known that the thermal recovery processes
based on the injection of steam are still extensively applied in
heavy oil reservoirs despite the high carbon emissions involved
(Chaietal., 2024; Guan et al., 2023; Yan et al., 2025). Therefore, it is
of great significance to find ways to produce heavy oil in a low-
carbon and economic approach while ensuring the energy de-
mands (Chai et al., 2024; Liu and Dong, 2022; Pratama and
Babadagli, 2024; Zhu et al., 2022). Researchers have proposed
the hybrid thermal recovery processes, i.e., additives-assisted
steam stimulation, to improve the recovery performance of post-
steamed heavy oil reservoirs (Liu and Dong, 2022; Lu et al,,
2024; Pérez et al., 2022). Typically, the hybrid thermal recovery
processes include the thermal-NCG (non-condensable gas) pro-
cess (Austin-Adigio and Gates, 2019; Jamshid-nezhad, 2022; Jiang
et al., 2024; Wang et al., 2023), thermal-chemical process (Hong
et al., 2025; Liu et al., 2023; Wang et al., 2020), and thermal-
solvent process (Huang et al., 2019; Li et al,, 2023a; Yang et al,,
2024b; Venkat Venkatramani and Okuno, 2017). Extensive exper-
imental investigations illustrate that the recovery mechanisms of
additives primarily include the supplement reservoir energy, heat
insulation, thief zone plugging, conformance control, and assisted
viscosity reduction (Dang et al., 2025; Dong et al., 2019; Pang et al.,
2024; Zhu et al., 2024). In addition, the electrical heating-assisted
steam stimulation recovery process provides a promising solution
for low-carbon, economical, and sustainable development in
heavy oil reservoirs (He et al., 2024; Li et al., 2025b; Yan et al,,
2025; Yang et al., 2024a).

Due to the constraints of operation costs and injection tech-
niques, the commingled injection process is commonly adopted in
the field to recover heterogeneous reservoirs (Kang et al., 2021;
Peng et al., 2025; Wang et al., 2024). Many studies of recovery
characteristics of stratified reservoirs with water flooding are re-
ported, and the adopted methods primarily include experimental
simulation (Chen et al., 2024; Huang et al., 2015; Wang et al., 2021;
Zhao et al., 2023), theoretical modelling (Peng et al., 2025; Shen
et al., 2022; Wang et al., 2024), and numerical simulation (Ding
et al.,, 2022; Song et al., 2024; Tang et al., 2022). Through multi-
tube water flooding experiments, Huang et al. (2015) quantita-
tively evaluated the interlayer interference in multilayer com-
mingled production for ordinary heavy oil reservoirs, and obtained
the empirical expressions of the interference coefficient for fluid
and oil production indices. Based on experimental results of a
heterogeneous reservoir model with a partly connected barrier,
Zhao et al. (2023) established a numerical inversion model and
investigated the evolution law of dominant flow channels in the
water flooding process. They compared the water control perfor-
mance of different regulation measures during the high water-cut
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period. To address the intensified reservoir heterogeneity after
water flooding, Chen et al. (2024) studied the profile control
capability of AOS-DYG (a polymer-enhanced foam) through par-
allel cores with different permeability contrasts. Using a hetero-
geneous microscopic model, Wang et al. (2021) conducted oil
displacement experiments with polymer solutions, and they
argued that under certain sweep conditions, improving oil
displacement efficiency should be the focus for the heterogeneous
heavy oil reservoirs. With the effects of the formation inclination,
reservoir heterogeneity, and gravity on the two-phase flow process
considered, Peng et al. (2025) extended the application scopes of
the Buckley-Leverett equation. Their model could predict the po-
sition of the displacement front under different heterogeneity
conditions. Wang et al. (2024) proposed an improved Lorenz
method with the reservoir engineering theory, and validated the
method by physical simulation experiments and production data
from the block KL-A and KL-B in Bohai, China. Their results showed
a significant enhancement in the relevance between the Lorenz
coefficient and oil recovery factor. According to the production
performance, Shen et al. (2022) established an evaluation frame-
work for identifying high-water-consumption layers in stratified
heterogeneous reservoirs and verified its effectiveness with field
results. Based on the simulation results of reservoir numerical
simulation software, Tang et al. (2022) analyzed the distributions
of the streamline and oil saturation for the water flooding process
in a multilayer reservoir. Aiming at addressing the issue of poor
performance with the water flooding process for carbonate res-
ervoirs in the Middle East, Song et al. (2024) proposed the
separate-layer balanced water flooding development technology,
and compared the production performances of different water
injection modes. The results showed that with the conventional
stratigraphic framework, under the same oil recovery factor con-
ditions, the water cut of the R oilfield decreased by nearly 50%
compared to that of the commingled water injection process.
Based on an optimized emulsion flow model, Ding et al. (2022)
developed a numerical simulator to describe the emulsion-
assisted EOR process in heterogeneous porous media, and the
simulated results could achieve good agreement with the experi-
mental data. These studies confirmed that the permeability het-
erogeneity is a crucial factor impeding the uniform recovery across
layers, and to some extent, revealed the necessity of adopting the
layered injection process for stratified reservoirs.

Currently, the investigations on steam stimulation recovery
process for stratified heavy oil reservoirs have focused on the as-
pects of field application (Gong et al., 2007; Liu, 2022; Ren et al.,
2012; Zhao, 2009) and technology development (Cai and Zou,
2024; Dong, 2018; Liu et al., 2007), but few experimental studies
were reported (Gao et al., 2020; Li et al., 2025a). In China, many
field operations of steam stimulation have been implemented in
the representative layered heavy oil reservoirs, including Qi40 and
Jin45 in Liaohe Oilfield, Zhongerbei in Shengli Qilfield, and Jinglou
in Henan Qilfield. However, influenced by interlayer heterogeneity,
the steam stimulation recovery process in stratified heavy oil
reservoirs frequently encounters problems such as uneven sweep
efficiency among layers and severe steam channeling (Li et al.,
2019; Liu, 2013; Shen et al., 2015; Wang, 2021; Zhao et al., 2022).
For the issues of steam channeling and low oil recovery in het-
erogeneous heavy oil reservoirs, Gao et al. (2020) performed a 3D
physical simulation experiment to investigate the profile control
performance of a gel. The experimental results showed that the
sweep efficiency and oil recovery of the subsequent steam flooding
process increased by approximately 32% and 14%, respectively,
after the injection of gel into the high-permeability layer.
Considering the reservoir heterogeneity, Li et al. (2025a) con-
ducted the flue gas-assisted VH-SAGD (the vertical-horizontal well
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hybrid SAGD) experiments, and they studied the enhancement
mechanisms of flue gas in VH-SAGD and the effect of barrier length
on the oil recovery. Most reported steam stimulation recovery
processes for stratified heavy oil reservoirs are carried out with the
commingled steam injection mode (Cai and Zou, 2024; Liu, 2022).
The injected steam preferentially enters the high-permeability
layer and recovers the heavy oil with the commingled steam in-
jection process. On account of the significant viscosity contrast
between the steam and heavy oil, the high-permeability layer
absorbing more steam exhibits lower flow resistance (Gao et al.,
2020; Liu et al., 2023; Wu et al., 2015). Meanwhile, the interlayer
steam injection amount varies significantly with the commingled
steam injection process; thus, the inherent reservoir heterogeneity
is further intensified by the steam erosion (Liu and Dong, 2022;
Sun et al., 2023a; Wu et al.,, 2018). Based on the discussion
above, it can be found that the commingled steam injection pro-
cess is confronted with the challenges of uneven production and
poor performance. However, for stratified heavy oil reservoirs, the
separate steam injection process can enhance the steam utilization
efficiency and vertical sweep efficiency, and improve the oil re-
covery and oil-steam ratio (Cai and Zou, 2024; Hoyos Perdomo
et al,, 2014; Wang et al., 2017; Zhang et al., 2025). With the ad-
vances in separate steam injection technologies, the layered steam
stimulation recovery process has been performed in some strati-
fied heavy oil reservoirs in China, such as the Shan10 reservoir in
the Shengli Oilfield and the Tan91 in the Jilin Oilfield (Sun, 2020;
Xiong et al., 2016; Wang et al., 2018). In addition, the advantages
of the improved injection process for reducing carbon emissions
and enhancing oil recovery are widely recognized (Cai and Zou,
2024; Chai et al, 2024; Guan et al, 2023; Pratama and
Babadagli, 2024). Although some literature has discussed the ef-
fect of heterogeneity on heavy oil reservoirs with steam stimula-
tion process (Aratjo et al., 2022; Gao et al., 2020; Li et al., 2025a), a
systematic investigation on the performance of the steam stimu-
lation recovery process for stratified heavy oil reservoirs is still
lacking.

In this paper, the features of the commingled steam injection
process and the separate steam injection process for layered heavy
oil reservoirs are analyzed through two groups of physical exper-
iments and a series of numerical simulation runs. In Section 2, the
detailed design, procedures, and results of cyclic steam stimula-
tion to steam flooding experiments are provided. Then, the same-
scale numerical simulation models are developed through a his-
tory matching of the experimental observations in Section 3.
Furthermore, based on the dimensionless injection/production
performance curves of the base case, the steam flooding stage is
divided into three phases: thermal communication phase, thermal
displacement phase, and thermal breakthrough phase. Afterwards,
the effects of reservoir properties and operation parameters on
production performance and interlayer divergence are analyzed in
detail. The main conclusions are provided in Section 4.

2. Experimental materials and methods

In this study, cyclic steam stimulation to steam flooding ex-
periments are conducted in two modes of steam injection pro-
cesses, including a commingled steam injection experiment and a
separate steam injection experiment. The former can be consid-
ered the base case, and the latter is the improved counterpart.

2.1. Experimental materials
The oil sample used in this study is the wellhead dead oil from a

typical layered heavy oil reservoir in China. The relationship be-
tween the oil viscosity and temperature is shown in Fig. 1, and the
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Fig. 1. The viscosity of heavy oil versus temperature.

gas-free heavy oil viscosity at the initial reservoir temperature
condition (40 °C) is 627 mPa-s. Deionized water is used to establish
initial fluid saturation and generate steam. Quartz sand with
80-120 mesh is used to prepare the reservoir model.

2.2. Experimental apparatus

A 2D experimental assembly, which satisfies the requirements
of cyclic steam stimulation to the steam flooding process, is uti-
lized to conduct the physical simulation process, as illustrated in
Fig. 2. As shown, the 2D model consisting of three reservoir sub-
models is used in this study to simulate the layered reservoir with
the permeability distribution of inverse rhythmic layering. In the
experiment, to closely approximate the reservoir conditions of
pressure and temperature, the pressure chamber is filled with
silicone fluid to provide the model with an external pressure
accompanied by the confining pressure pump, as shown in Fig. 2
(a), and to simulate initial reservoir temperature with a heating
rod. Furthermore, the backpressure regulator (BPR), accompanied
by a backpressure pump, is used to maintain a high-pressure
condition in the reservoir model and enable stepwise pressure
reduction at the producer. The heater band is wrapped around the
pipelines to compensate for the heat loss to the atmosphere. The
2D model (35 cm in length, 9 cm in width, and 30 cm in height)
primarily consists of temperature-resistant epoxy resin, clay, oil
sand, and wells. To prevent the steam breakthrough along the
model surface, the inner surface is covered by a layer of earthen-
ware clay, and its thickness is about 5 mm, as shown in Fig. 2(b). A
set of thermocouples is used to monitor temperature variations
within the reservoir model, and the data are collected through the
data acquisition box and computer. The design of an oil layer
(30 cm in length, 4 cm in width, and 5 cm in height) is shown in
Fig. 2(b), and the wells are positioned on either side of the
model with a well spacing of 27 cm. Once the 2D physical model is
ready for the cyclic steam stimulation to steam flooding experi-
ment, it will be moved into the pressure chamber.

The cyclic steam stimulation process is performed on both sides
of the model with six huff and puff cycles. After the cyclic steam
stimulation process, the well at the left end of model is served as
the injector and the well at the right end of model is served as the
producer by operating the control valves to conduct steam flood-
ing process, as shown in Fig. 2. The thickness and permeability
distribution of the oil layers in two experimental groups are
identical, and the producers in different submodels are connected
with a valve in both experiments. Compared with the separate
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Fig. 2. Schematic diagram of the 2D cyclic steam stimulation to steam flooding experiment.

steam injection experiment, during the steam flooding process,
the steam is injected into the model with a valve connecting the
injectors in three submodels for the commingled steam injection
experiment. The total steam injection rate of the steam flooding
process is set to 10 mL/min (cold water equivalent) for two
experimental groups.

2.3. Experimental parameters

According to the reservoir properties of a typical layered heavy
oil reservoir in China, the average permeability is 0.7 pm?, and the
total thickness and pay zone thickness are 60 and 36 m, respec-
tively. Based on the reservoir properties, the initial reservoir
pressure is 9 MPa, and the initial reservoir temperature is 40 °C. A
physical model is developed based on the 2D scaling criteria of
steam stimulation experiments, as shown in Table 1. Therefore, the
experimental parameters of the model can be determined

according to the scaling criteria, and the detailed experimental
parameters are shown in Table 2.

In this study, the field-scale pay zone thickness, hy, is 36 m, and
that of the experimental model, hy, is set as 15 cm. Thus, the
geometric ratio applied in this experiment can be obtained. The
well spacing in the experimental model can be calculated through
Eq. (1). Therefore, the actual well spacing in our experiments can
only represent one-third of the entire well spacing. Furthermore,
the permeability of the experimental model is another critical
parameter in the scaling process. The permeability of the physical
model is usually above 100 pm? when the scaling criteria are
strictly followed, resulting in the destruction of the law of kinetic
similarity. Therefore, Forchheimer's law is applied to constrain the
permeability in a laboratory-scale model (Dong et al., 2024).

fim _ Im (1)

"=hy =L,
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Table 1
2D scaling criteria of steam stimulation experiment.

Scaling criterion Simulation parameter Physical significance

Kpogt Permeability The ratio of gravity to

$ASouoL X X vicious force
Ho Production durat

at roduction duration The ratio of convection
L2 o to thermal conduction
0s Periodic injection volume Dimensionless injection
N L volume in CSS phase

. Steam injection rate X . s

ists Dimensionless injection
PASV volume in SF phase

Table 2

Parameters of the field and physical simulation experiment.

Category Parameter Field Experiment Scaling ratio
Basic Total thickness 60 m 25 cm 240
properties Average permeability 0.7 pm? 2.1 ym? -

Pay zone thickness 36 m 15 cm 240
Porosity 30% 30% 1
Initial oil saturation 80% 80% 1
Qil viscosity at 627 mPa-s 627 mPa-s 1
reservoir conditions
Initial reservoir 40 °C 40 °C 1
temperature
Initial reservoir pressure 9 MPa 9 MPa 1
Steam temperature 300 °C 300 °C 1
CSS phase Cold water equivalent 6000 m®> 30 mL -
per cycle
Steam huff and puff 6 6 1
cycles
SF phase Production duration 1a 9 min 2407
Steam injection rate 200 m?*/d 10 mL/min —

2.4. Experimental procedure

(1) Model construction. The temperature-resistant epoxy resin
is applied to prepare the shell of the layered reservoir
model, and the size of the reservoir model is shown in Fig. 2.

(2) Quartz sand filling process. According to the test results of
the permeability of quartz sand with different meshes
(Dong et al., 2022), the quartz sand with the mesh of 80-100
and 100-120 is selected to simulate the layered heteroge-
neous reservoir. Specifically, quartz sand with 80-100 mesh
is used for the high-permeability layer, quartz sand with
100-120 mesh is used for the low-permeability layer, and
quartz sand with a mixing of 80-100 mesh and 100-120
mesh in a 1:1 ratio is used for the medium-permeability
layer. Furthermore, it is assumed that the porosity of the
reservoir model is about 30%; thus, the total volume of
heavy oil and water can be calculated. Simultaneously,
considering the initial oil saturation in Table 2, the ratio of
oil volume and water volume is 4:1. Then, the quartz sand,
heavy oil, and water are mixed to prepare the oil sand
sample. During the oil sand filling process, the wells and
thermocouples can be positioned in the designed locations,
as shown in Fig. 2.

(3) Initial reservoir condition simulation. The oil sample and
water are co-injected into the prepared model at a ratio of
4:1 to compensate for the reservoir void space formed in the
oil sand filling process. Furthermore, to fully saturate the
reservoir model, the injection ports will be changed once
the previous ports reach a stable status. When the offset
process for the initial saturation condition is completed, the
model is placed into the pressure chamber. Simultaneously,
the reservoir model is continuously heated until the tem-
perature of the thermocouples reaches the initial reservoir
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temperature (40 °C). The oil sample and water are co-
injected again into the model until the pressure of the
model reaches the designed model pressure in Table 2.

(4) Steam stimulation process. The experiments are performed
in two stages, including the cyclic steam stimulation process
and the steam flooding process. During the stage of the
cyclic steam stimulation process, the wells of both sides are
simultaneously implementing the process of steam injec-
tion (15 min), soaking (2 min), and production (18 min). The
approach of stepwise pressure reduction at the producer
facilitates the subsequent steam flooding process. Specif-
ically, from the first cycle to the fifth cycle, the pressure of
BPR is gradually reduced from 9 to 5 MPa. After the fifth huff
and puff cycle, the pressure of BPR is maintained at the
previous pressure, i.e., the pressure for the steam flooding
process (5 MPa). Then, the operation is switched to the stage
of steam flooding. Well W1 serves as the injector, and Well
W2 serves as the producer, as shown in Fig. 2. Once an
obvious steam breakthrough is observed, the steam injec-
tion process is terminated.

2.5. Experimental results and discussion

The same experimental parameters are used in two groups of
cyclic steam stimulation to steam flooding experiments, as shown
in Table 2, and the volume of heavy oil sample saturated in either
experimental model is about 540 mL, which provides a good basis
to analyze the difference between the base case and improved
counterpart.

2.5.1. Expansion behavior of the heated chamber

The temperature field for the cyclic steam stimulation to steam
flooding process of the commingled steam injection mode is
shown in Fig. 3. For the phase of cyclic steam stimulation, it is
observed that the swept area of steam predominantly consists of
the near vicinity of the huff and puff wells, as shown in Fig. 3(a)
and (b), indicating limited recovery extent of cyclic steam stimu-
lation process. Under the influence of steam overriding, the shape
of the heated chamber at the end of the huff and puff process
exhibits an inverted circular truncated cone. For the phase of
steam flooding, the significant interlayer difference in expansion
of the heated chamber can be observed. From Fig. 3(c) and (d), it is
found that the interlayer difference gradually increases with
continuous steam injection.

Fig. 4 shows the temperature field for the cyclic steam stimu-
lation to the steam flooding process under a separate steam in-
jection mode. As shown in Fig. 4(a) and (b), the shape of the heated
chamber at the end of the huff and puff process also exhibits an
inverted circular truncated cone. The temperature fields prior to
the end of the steam flooding process are shown in Figs. 3(d) and 4
(d). For the commingled steam injection process, it is observed
that the heated chamber in the high-permeability layer is obvi-
ously larger than that of the medium-permeability layer and the
low-permeability layer in Fig. 3(d), which means the injected
steam preferentially flows through the high-permeability zone.
Especially in a later stage of the steam flooding process, the effect
of steam is dramatically reduced. Thus, an efficient steam injection
mode is required. As a contrast, Fig. 4(c) and (d) illustrate that a
uniform heated chamber expansion among different layers can be
achieved by adopting a separate steam injection process. Obvi-
ously, the separate steam injection mode can improve the thermal
efficiency of injected steam and benefit the thermal recovery
process of heavy oil reservoirs with low carbon emissions.
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Fig. 3. Temperature fields of the commingled steam injection experiment.

From the temperature distributions at different phases, the
differential expansion characteristics of heated chambers between
these two steam injection methods are primarily observed during
the steam flooding stage. This distinction arises because both
methods employ the commingled steam injection method during
the cyclic steam stimulation stage, while they utilize different
injection schemes during the steam flooding stage. For the com-
mingled steam injection experiment, steam tends to preferentially
enter the high-permeability layer governed by the principle of
minimal flow resistance, resulting in an uneven conformance. In
contrast, the separate steam injection overcomes interlayer
permeability contrasts by allocating steam volume to individual
sublayers, achieving a uniform development of heated chambers
in the layered heavy oil reservoirs.

Considering the viscosity of heavy oil and temperature conform
to Arrhenius equation within the range of 30-90 °C, the temper-
ature of the inflection point can be approximately determined by
the temperature point at which the activation energy of heavy oil
increases (Shan, 2023). According to the oil viscosities at different
temperature conditions in Fig. 1, the temperature point is 60 °C
where the activation energy of heavy oil increases. Simulta-
neously, the pressure for the steam flooding process is 5 MPa,
corresponding to the saturated steam temperature of 263 °C. In
order to quantitatively evaluate the expansion behavior of the
heated chamber in the process of cyclic steam stimulation to
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steam flooding, based on the temperature field results, the pro-
portions of the heated chamber (60 °C < T < 263 °C) and the steam
chamber (T > 263 °C) can be obtained by the temperature of the
inflection point and the saturated steam temperature.

Fig. 5 shows the results of the proportions of the heated
chamber and the steam chamber. For the commingled steam in-
jection experiment, it could be observed that the high-
permeability layer (Layer 1) has a higher heated chamber pro-
portion, which is attributed to the permeability distribution of
inverse rhythmic layering. As shown in Fig. 5(a), the proportion of
the heated chamber in the medium-permeability layer (Layer 2)
and the low-permeability layer (Layer 3) begins to decrease
approximately at 300 min, indicating that the steam channeling
occurs in the high-permeability layer. Simultaneously, as it is
switched to the steam flooding process, the temperature in the
high-permeability layer gradually increases to the saturated steam
temperature, initiating the development of a steam chamber, and
the proportion of the steam chamber presents a characteristic
sigmoidal (‘S’-shaped) growth pattern.

As a contrast, from Fig. 5(b), it is observed that the proportion of
the heated chamber among different layers for the separate steam
injection experiment is obviously more uniform than that of the
commingled steam injection case. Furthermore, the steam cham-
ber occurs in all layers following the process of steam flooding, and
the proportion of the steam chamber exhibits an analogous



X.-C. Jiang, X.-H. Dong, H. Zhang et al.

Temperature, °C

66

42

(a) 105 min

Temperature, °C

265
)
215
190

165

140

(c) 270 min

Petroleum Science 23 (2026) 365-382

Temperature, °C

42

(b) 210 min

Temperature, °C

260

235

210

5

18
160
135
110
85
60

(d) 370 min

Fig. 4. Temperature fields of the separate steam injection experiment.

growth pattern. In summary, considering the permeability distri-
bution feature, more steam is preferentially injected into the high-
permeability layer with the commingled injection mode,
increasing the expansion rate and expansion area of the heated
chamber for the high-permeability layer. The layered injection
mode, meanwhile, could achieve a uniform expansion area among
all layers in the heterogeneous reservoir by controlling the injec-
tion profile. From the results in Fig. 5(c), it is illustrated that the
average proportion of the heated chamber is 18% higher for the
improved case than that of the base case at 350 min. However, due
to steam channeling, the average proportion of the steam chamber
for the base case is 2% higher than that of the improved case.

2.5.2. Production performance characteristics

The results of oil rate, oil recovery, and cumulative oil-steam
ratio (COSR) for the experiments are shown in Fig. 6(a) and (b).
During the cyclic steam stimulation stage, the primary character-
istics of production performance of both experiments are charac-
terized by markedly periodical variation in oil rate, relatively
stable cumulative oil-steam ratio, and gradually increasing oil
production. As shown, the maximum oil production rate is
approximately 14.0 mL/min during the second or third cycle, with
a relatively short production duration. The phenomenon is mainly
attributed to the small-scale experimental model and rapid pres-
sure depletion in the cyclic steam stimulation process. For the
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steam flooding stage, it is observed that the production perfor-
mance of the two sets of experiments exhibits distinct differences.
As shown in Fig. 6, the maximum oil production rates of the base
case and improved case are, respectively, 4.6 and 3.1 mL/min.
However, the final oil recovery factors for the base case and the
improved case are 47.9% and 53.8%, respectively. This represents an
improvement of approximately 6% achieved by using the separate
steam injection mode.

According to the production performance comparison between
these two groups of experiments, it could be concluded that the
impact of interlayer heterogeneity on the recovery effect during
the flooding process for different steam injection modes exhibits a
phased feature. Based on the results of the temperature field in
Fig. 3(c), for the base case, at the beginning of the steam flooding
stage, a greater volume of steam preferentially flows into the high-
permeability layer, leading to a higher initial oil rate but also a
more rapid production decline. As the flooding process proceeds,
steam channeling gradually occurs in the high-permeability layer
(Fig. 3(d)), intensifying the inherent interlayer heterogeneity and
restricting the mobilization of oil in the medium-permeability
layer and the low-permeability layer. Simultaneously, combining
the results in Figs. 5 and 6, in contrast to the base case, it is illus-
trated that the improved case demonstrates superior performance
in heterogeneous reservoirs by adjusting the steam injection
profile, thereby promoting uniform oil recovery from multi-layer
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heavy oil reservoirs. Both the expansion behavior of the heated
chamber and the production performance characteristics provide
conclusive evidence of the improvement effects of the separate
steam injection process for the layered heavy oil reservoirs.

3. Laboratory-scale numerical simulation
3.1. Development of the model

Considering the prolonged duration and high complexity of
physical simulation experiments, it is common to apply the
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numerical simulation software to develop a laboratory-scale nu-
merical simulation model. A numerical simulation model is
developed using the same parameters as those in the experiment.
Then, history matching of the experimental results is performed to
calibrate the model so that it represents the actual layered
reservoir.

A conceptual model is built in the CMG-STARS software, as
shown in Fig. 7. The model uses a Cartesian grid with a size of
34 x 8 x 27. The grid sizes of the oil reservoir, clay, and model
surface are 1.0, 0.5, and 2.0 cm, respectively. The parameters of the
numerical model, including the reservoir parameters and opera-
tion parameters, are based on the experimental data in Table 2.

3.2. History matching on the experimental result

Based on an established laboratory-scale numerical simulation
model, the history matching of the experimental results can be
achieved by adjusting the relative permeability and well index.
The relative permeability applied in the history matching is shown
in Fig. 8.

Fig. 9 shows the history matching results of the production
performance between experimental data and numerical simula-
tion results for the base case and improved case. It can be observed
that the overall trends and primary characteristics are in good
agreement for both experiments. For the oil recovery, the relative
errors between experimental data and numerical simulation re-
sults for the base case and improved case are 5.4% and 5.9%,
respectively, indicating the laboratory-scale model can effectively
simulate the production performance of the physical model, and it
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could be used for the subsequent investigation and analysis of its
production performance at different conditions.

The temperature fields of the cyclic steam stimulation (CSS) to
steam flooding (SF) process for different steam injection modes are

(a) 105 min

(c) Base case, 270 min

(e) Base case, 310 min
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shown in Fig. 10. As shown, compared with the experimental
temperature distributions in Figs. 3 and 4, a good agreement can
be observed as well. Simultaneously, during the steam flooding
process, it is found that the heated chamber of the improved case
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Fig. 10. Temperature fields of simulated results.
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is larger; in addition, the steam overriding and steam break-
through are effectively restrained. Therefore, for the improved
case, it makes a more uniform expansion of the heated chamber in
both intralayer zones and interlayer regions, leading to an
enhanced sweep efficiency of injected steam in layered heavy oil
reservoirs.

3.3. Stage division of the steam flooding process

Based on the established laboratory-scale numerical simulation
model for the base case, the steam injection performance and oil
production performance among different oil layers can be ac-
quired. Then, the dimensionless steam injection ratio and
dimensionless oil production ratio can be calculated through Eq.
(2), and the dimensionless injection/production performance
curves are shown in Fig. 11. Furthermore, according to the exper-
imental observations and variations of the dimensionless injec-
tion/production performance curves, the steam flooding stage of
the base case for the layered heavy oil reservoirs can be divided
into three phases. Specifically, as shown in Fig. 11, these three
phases include the thermal communication phase (I), the thermal
displacement phase (II), and the thermal breakthrough phase (III).

Q="

(2)

m
2.4
i=1

The primary features of different phases are as follows: Firstly,
the thermal communication phase spans from the initiation of the
steam flooding process to a significant oil production increase in
the thief zone, with marginal divergence in layer-wise steam in-
jection profiles/oil production profiles. Secondly, for the thermal
displacement phase, it is the primary production contribution
stage, which accompanies increasing steam injection ratio and oil
production ratio in the thief zone. Thirdly, during the thermal
breakthrough phase, the steam channeling occurs in the thief
zone; in addition, a low steam injection ratio, yet an increasing oil

100

Layer 1
Layer 2
Layer 3

80

i
«—

60 -
40 A

20

Dimensionless injection ratio, %

0 T T T T T T T
0 50 100 150 200 250 300 350 400
Time, min

(a) Dimensionless steam injection ratio of different oil layers

Petroleum Science 23 (2026) 365-382

production ratio in the bypassed zones can be observed. Simul-
taneously, the critical indices of three phases for the steam
flooding process, including the pore volume injected, stage re-
covery factor, and cumulative oil-steam ratio, are summarized in
Table 3.

In order to further compare the typical differences of thermal
communication phase (220 min), thermal displacement phase
(275 min), and thermal breakthrough phase (325 min), based on
the established laboratory-scale numerical simulation model, the
distributions of temperature and oil saturation at different phases
for the base case and improved case are obtained. The temperature
distributions of different steam injection modes are shown in
Fig. 12. It is observed that for the base case, the divergence in the
behavior of the heated chamber across different oil layers pro-
gressively amplifies with continued flooding. Meanwhile, espe-
cially for the thermal displacement phase and the thermal
breakthrough phase, the uniform interlayer expansion of the
heated chamber for the improved case can be achieved. Fig. 13
shows the oil saturation distributions of different steam injection
modes. Higher sweep efficiency and oil recovery can be observed
for the improved case. Due to the existence of a thief zone, a large
amount of remaining oil is still distributed in the medium-
permeability layer and the low-permeability layer for the base
case. This demonstrates that heterogeneity is an impeding factor
in the conventional commingled steam injection process. These
results could validate and supplement the experimental findings
well.

3.4. Sensitivity analysis on production performance

Considering that the typical reservoirs are characterized by
vertically stacked pay zones, significantly heterogeneous petro-
physical properties, and laterally continuous barriers, in order to
further investigate the effects of reservoir properties and opera-
tion parameters, based on the established laboratory-scale
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Fig. 11. Curve of dimensionless injection/production performance for the layered reservoir.

Table 3
The critical indices of different steam flooding phases.

Stage Index

Injection volume, PV

Stage recovery factor, % Cumulative oil-steam ratio, mL/mL

Thermal communication phase 0-0.23
Thermal displacement phase 0.23-1.38
Thermal breakthrough phase 1.38-2.10

6.3 0.27-0.28
17.5 0.28-0.15
3.0 0.15-0.12
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(d) Improved case, 220 min

(e) Improved case, 275 min
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Fig. 12. Comparisons of temperature distributions at different phases.

numerical simulation model for the base case, a sensitivity anal-
ysis on production performance is conducted.

3.4.1. Reservoir properties

Firstly, the effects of different thickness ratios of oil layer to
barrier (1, 2, 3, 4, and 5) on the oil recovery and cumulative
oil-steam ratio are compared, as shown in Fig. 14(a). It is observed
that with increasing thickness ratio of oil layer to barrier, the cu-
mulative oil-steam ratio gradually improves, while the oil recov-
ery exhibits a decline. For a large thickness ratio of oil layer to
barrier, the heat lost in the barriers is less, thereby improving the
heat utilization efficiency of injected steam. Meanwhile, although
the original oil in place increases proportionally with the thickness
ratio of the oil layer to the barrier, the extent to which oil recovery
improves remains limited. Compared with the oil recovery of the
case of 1 (the thickness of the oil layer equals that of the barrier),
the oil recovery of the case of 3 at 350 min decreases by 3%. As the
thickness ratio of the oil layer to the barrier falls below 3, the
cumulative oil-steam ratio shows an obvious decline. Therefore, it
is recommended to prioritize the thermal recovery process in
reservoirs where the oil-layer-to-barrier thickness ratio is at least
3.

Next, the effects of different interlayer permeability contrasts
of the oil layer (1, 2, 3, 4, and 5) on the oil recovery and cumulative
oil-steam ratio are compared, as shown in Fig. 14(b). It is observed
that as the interlayer permeability contrast of the oil layer in-
creases, both the cumulative oil-steam ratio and oil recovery
gradually decrease. Based on the experimental results in Fig. 3(d),
it could be concluded that the existence of interlayer permeability
heterogeneity impedes the recovery effect of oil in the medium-
permeability layer and the low-permeability layer. Compared
with the oil recovery of the case of 1 (homogeneous permeability
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distribution), the oil recovery of the case of 3 at 350 min decreases
by 5%. The increasing interlayer permeability contrast of the oil
layer further intensifies the interlayer heterogeneity of layered
reservoirs, especially when it increases to 3; the cumulative
oil-steam ratio drops below 0.15 mL/mL. Therefore, for the layered
reservoirs with an interlayer permeability contrast of the oil layer
reaching 3, it is recommended to adopt the separate steam injec-
tion mode to optimize the steam injection allocation among layers.
Furthermore, the effects of different interlayer thickness con-
trasts of the oil layer (1, 2, 3, 4, and 5) on the oil recovery and
cumulative oil-steam ratio are compared, as shown in Fig. 14(c). It
is observed that as the interlayer thickness contrast of the oil layer
increases, both the cumulative oil-steam ratio and oil recovery
gradually improve slightly. For a large interlayer thickness contrast
of the oil layer, the oil recovery factor in the high-permeability
layer improves, while that in the medium-permeability layer and
the low-permeability layer decreases. Compared with the oil re-
covery of the case of 1 (homogeneous thickness distribution), the
oil recovery of the case of 3 at 350 min improves by 1%. The
determination of the thickness contrast threshold requires
combining the interlayer divergence of layered reservoirs.

3.4.2. Operation parameters

Firstly, the effects of different steam injection volumes per cycle
during the CSS phase (20, 25, 30, 35, and 40 mL) on the oil recovery
and cumulative oil-steam ratio are compared, as shown in Fig. 15
(a). It is observed that the effect of cyclic steam injection volume is
more obvious in the CSS phase than in the SF phase. With
increasing cyclic steam injection volume, the oil recovery gradu-
ally improves, while the cumulative oil-steam ratio exhibits a
decline. As the cyclic steam injection volume varies from 20 to
40 mL, the incremental oil recovery at 210 min is about 4%, while
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Fig. 13. Comparisons of oil saturation distributions at different phases.

that at 350 min is about 2%. According to the results of the oil
recovery and cumulative oil-steam ratio, it is recommended to
adopt a cyclic steam injection volume of no less than 30 mL. Based
on the parameters in Table 2, the laboratory-scale volume of 30 mL
corresponds to the field-scale 6000 m>.

Next, the effects of different steam injection rates during the SF
phase (5.0, 7.5,10.0,12.5, and 15.0 mL/min) on the oil recovery and
cumulative oil-steam ratio are compared, as shown in Fig. 15(b). It
is observed that as the steam injection rate increases, the cumu-
lative oil-steam ratio gradually decreases, and an earlier
maximum cumulative oil-steam ratio occurs. As the steam injec-
tion rate varies from 5.0 to 10.0 mL/min, the incremental oil re-
covery at 350 min is about 11%. However, once the steam injection
rate exceeds 12.5 mL/min, an unexpected decline in oil recovery
during the mid-late stage of steam flooding occurs. Therefore, it is
recommended to adopt a steam injection rate of no more than
12.5 mL/min. Based on the parameters in Table 2, the laboratory-
scale injection rate of 12.5 mL/min corresponds to the field-scale
250 m?3/d.

Furthermore, the effects of different steam qualities (0, 0.2,
0.4, 0.6, and 0.8) on the oil recovery and cumulative oil-steam
ratio are compared, as shown in Fig. 15(c). It is observed that as
steam quality increases, both the cumulative oil-steam ratio and
oil recovery gradually improve. As the steam quality varies from
0 to 0.4, the incremental oil recovery at 350 min is about 6%.
Once the steam quality exceeds 0.4, the improvement in the
cumulative oil-steam ratio is slight. Simultaneously, low steam
quality limits the development effects of the thermal recovery
process. Therefore, the optimal steam quality is recommended to
be around 0.4.
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3.5. Sensitivity analysis on interlayer divergence

In this section, to quantitatively investigate the divergence
among different oil layers, the concept of variation coefficient of
heated chamber proportion is introduced, evaluating the hetero-
geneity of heated chamber expansion behavior for the layered
heavy oil reservoirs, as shown in Eq. (3). Then, based on the
established laboratory-scale numerical simulation model for the
base case, the sensitivity analysis on interlayer divergence is
conducted.

(3)

3.5.1. Reservoir properties

Firstly, the effects of different thickness ratios of oil layer to
barrier (1, 2, 3, 4, and 5) on the variation coefficient of heated
chamber proportion are compared, as shown in Fig. 16(a). It is
observed that with increasing thickness ratio of oil layer to barrier,
the variation coefficient of heated chamber proportion gradually
declines, and a later maximum variation coefficient occurs.
Compared with the variation coefficient of the case of 1 (the
thickness of oil layer equals that of the barrier), that of the case of
3 at 290 min drops from 0.30 to 0.22. As the thickness ratio of the
oil layer to the barrier falls below 3, the variation coefficient of the
heated chamber proportion shows an obvious rise, indicating the
existence of significant heterogeneity of heated chamber expan-
sion for the layered heavy oil reservoirs. Therefore, it is
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Fig. 14. Effects of reservoir properties on production performance (OR: oil recovery).

recommended to prioritize the thermal recovery process in res-
ervoirs with a thickness ratio of oil layer to barrier of no less than 3.

Next, the effects of different interlayer permeability contrasts
of the oil layer (1, 2, 3, 4, and 5) on the variation coefficient of the
heated chamber proportion are compared, as shown in Fig. 16(b). It
is observed that as the interlayer permeability contrast of the oil
layer increases, the variation coefficient of the heated chamber
proportion gradually increases. Compared with the variation co-
efficient of the case of 1 (homogeneous permeability distribution),
that of the case of 3 at 350 min increases from 0.04 to 0.39,
illustrating that the interlayer heterogeneity of layered reservoirs
has been further intensified by the large interlayer permeability
contrast of the oil layer. Therefore, combining the effects of this
permeability contrast on production performance, for the layered
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Fig. 15. Effects of operation parameters on production performance.

reservoirs with an interlayer permeability contrast of the oil layer
reaching 3, it is recommended to adopt the separate steam injec-
tion mode to optimize the steam injection allocation among layers.

Furthermore, the effects of different interlayer thickness con-
trasts of the oil layer (1, 2, 3, 4, and 5) on the variation coefficient of
the heated chamber proportion are compared, as shown in Fig. 16
(c). It is observed that as the interlayer thickness contrast of the oil
layer increases, the variation coefficient of the heated chamber
proportion gradually increases. Compared with the variation co-
efficient of the case of 1 (homogeneous thickness distribution),
that of the case of 3 at 350 min increases from 0.29 to 0.46, indi-
cating that the interlayer divergence is significantly intensified.
Simultaneously, considering the variation threshold (0.30), for the
layered reservoirs with an interlayer thickness contrast of the oil
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Fig. 16. Effects of reservoir properties on interlayer divergence.

layer reaching 3, it is recommended to subdivide reservoir in-
tervals into independent production units.

3.5.2. Operation parameters

Firstly, the effects of different steam injection volumes per cycle
during the CSS phase (20, 25, 30, 35, and 40 mL) on the variation
coefficient of heated chamber proportion are compared, as shown
in Fig. 17(a). Generally, it is observed that with increasing cyclic
steam injection volume, the variation coefficient of the heated
chamber proportion gradually declines. As the cyclic steam
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injection volume varies from 20 to 35 mL, the variation coefficient
at 350 min declines from 0.31 to 0.28. However, once the cyclic
steam injection volume exceeds 35 mL, an unexpected increase in
the variation coefficient during the late stage of steam flooding
occurs. Therefore, combining the effects of cyclic steam injection
volume on production performance, the optimal cyclic steam in-
jection volume is recommended to be 30-35 mL. Based on the
parameters in Table 2, the corresponding field-scale value is
6000-7000 m°.
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Next, the effects of different steam injection rates during the SF
phase (5.0, 7.5, 10.0, 12.5, and 15.0 mL/min) on the variation co-
efficient of heated chamber proportion are compared, as shown in
Fig. 17(b). It is observed that all the cases possess the same value of
maximum variation coefficient of heated chamber proportion,
except the case of 5.0 mL/min. As the steam injection rate in-
creases, an earlier maximum variation coefficient of heated
chamber proportion occurs, indicating an earlier time of steam
breakthrough. As the steam injection rate varies from 7.5 to
12.5 mL/min, the corresponding time of steam breakthrough var-
ies approximately from 330 to 270 min. Therefore, combining the
effects of steam injection rate on production performance, the
optimal steam injection rate is recommended to be no more than
12.5 mL/min. Based on the parameters in Table 2, the corre-
sponding field-scale value should be kept at most 250 m?>/d.

Furthermore, the effects of different steam qualities (0, 0.2, 0.4,
0.6, and 0.8) on the variation coefficient of heated chamber pro-
portion are compared in Fig. 17(c). It is observed that, except for
the case of 0.8, as the steam quality increases, the variation coef-
ficient of the heated chamber proportion gradually declines. As the
steam quality varies from O to 0.6, the variation coefficient at
350 min declines from 0.37 to 0.27. Therefore, combining the ef-
fects of steam quality on production performance, the optimal
steam quality is recommended to be around 0.4.

4. Conclusions

In this paper, based on the scaling criteria of a 2D steam
stimulation experiment, two groups of cyclic steam stimulation
(CSS) to steam flooding (SF) experiments are conducted to inves-
tigate the effects of interlayer heterogeneity and separate steam
injection mode. From the experimental results, the expansion
behavior of the heated chamber and the production performance
of different steam injection modes are analyzed in detail. Mean-
while, through the history matching of the experimental results, a
laboratory-scale numerical simulation model is developed.
Thereafter, some sensitivity analyses on production performance
and interlayer divergence are performed. The main concluding
remarks are drawn as follows.

(1) From the experimental results, it is found that the mode of
separate steam injection can achieve a uniform heated
chamber expansion for layered heavy oil reservoirs, and
improve the average proportion of heated chamber by 18%
more than that of the commingled steam injection process
at 350 min. With the same steam injection rate, the final oil
recovery factor of the separate steam injection can reach
53.8%, while that of the base case is 47.9%, resulting in an
increment of around 6%.

(2) A laboratory-scale numerical simulation model with the
same parameter settings is developed. By adjusting the
relative permeability and well index, the overall trends and
primary characteristics of production performance of
simulation results are in good agreement with experimental
data, and the relative errors of oil recovery between exper-
imental data and numerical simulation results for the two
cases are within 6%. Furthermore, a good agreement on
heated chamber expansion can also be observed, indicating
that the developed numerical model can represent the
physical model.

(3) Based on the developed numerical model, the steam flood-
ing process of the base case can be divided into three pha-
ses: thermal communication phase, thermal displacement
phase, and thermal breakthrough phase. The primary fea-
tures and critical indices of different phases are analyzed
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and summarized. Besides, the temperature fields and oil
saturation fields at different phases for the base case and
improved case are compared, illustrating that higher sweep
efficiency and oil recovery can be obtained for the improved
case.

(4) The effects of the thickness ratio of the oil layer to the bar-
rier and the interlayer permeability contrast of the oil layer
on oil recovery and cumulative oil-steam ratio are remark-
able, and a large cyclic steam injection volume and a small
steam injection rate benefit the uniform recovery across
layers. Combining the results of production performance
and interlayer divergence, for the layered reservoirs with an
interlayer permeability contrast of the oil layer reaching 3, it
is recommended to adopt the separate steam injection
mode. In addition, the optimum cyclic steam injection vol-
ume for the reservoir is 6000-7000 m?>, and the steam in-
jection rate should be no more than 250 m?/d.
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Nomenclature

g Acceleration due to gravity, m/s?

hm Experimental pay zone thickness, m
hp Field-scale pay zone thickness, m

i Oil layer number

Steam injection rate (cold water equivalent), m>/s
2

K Reservoir permeability, 1073 pm

L Well spacing, m

Ly Experimental well spacing, m

Ly Field-scale well spacing, m

m Count of oil layers

N Reserve under well control, m>

qi Steam injection or oil production rate, mL/min

qé Dimensionless steam injection or oil production ratio

Qs Cyclic steam injection volume (cold water equivalent),
m3

t Production time, s

ts Injection time, s

1% Reservoir bulk volume, m>

Vi Variation coefficient of the heated chamber proportion

a Thermal diffusivity, m?/s

Qavg Average proportion of the heated chamber

aj Proportion of the heated chamber of the ith oil layer

AS, Movable oil saturation

Ho 0Oil viscosity, mPa-s

Po 0il density, kg/m>

¢ Porosity
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