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Abstract: The thermal recovery method of steam flooding is one of the most common development
methods for heavy oil reservoirs. However, after multiple rounds of steam injection development,
the composition of crude oil and reservoir rock properties have changed greatly, which is unfavorable
for the subsequent enhanced oil recovery. It is necessary to study the distribution of the remaining
oil after the thermal recovery of heavy oil reservoirs, and clarify the change characteristics of the
components of the crude oil under different steam injection conditions. At the same time, the change
of porosity and the permeability of the rocks after steam flooding, and its influence on oil recovery, are
investigated. In this paper, the composition changes of heavy oil before and after steam flooding are
studied through experiments and numerical simulation methods. A numerical model is established to
study the retention characteristics of heavy components in heavy oil reservoirs by the CMG software.
The effects of different steam injection conditions, and heavy oil with different components on the
residual retention of heavy components, are compared and studied. The changes of rock physical
properties in heavy oil reservoirs after steam flooding is clarified. The results show that after steam
flooding, the heavy components (resin and asphaltenes) of the recovered oil decrease, and the heavy
components in the formation increase in varying degrees. With the increase of heavy components in
the crude oil, the remaining oil in the formation increases after steam flooding, and the retention of
heavy components increases; after steam flooding, the stronger the rock cementation strength, the
higher the degree of reserve recovery, and it is difficult to form breakthrough channels; the greater
the steam injection intensity, the earlier to see steam breakthrough in the production well, and the
lower the degree of reserve recovery. The research reveals the changes of heavy oil components and
rock properties after steam flooding, providing support for the subsequent enhanced oil recovery.
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1. Introduction

The thermal oil recovery method is widely used in many heavy oil fields in the world.
It is generally believed that the role of steam in the process of thermal oil recovery is to
reduce the viscosity of heated heavy oil [1-4]. In the process of steam injection, heavy oil
will not only undergo physical changes under the combined action of water and heat, but
also may be accompanied by chemical reactions, such as hydrothermal pyrolysis. However,
after long-term thermal injection development, the properties of unconsolidated sandstone
heavy oil reservoirs, such as porosity and permeability, have changed greatly. Due to
the increase of porosity and permeability, it is easy to form a high-permeability zone and
an ultra-high-permeability zone, which is called the breakthrough channel. When the
steam flows through the breakthrough channel in the formation, which makes the thermal
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efficiency of steam low, the heat spreads to a small range. The steam forms an inefficient
or ineffective circulation along the breakthrough channel, which seriously affects the oil
displacement efficiency of the steam and makes the distribution of the remaining oil in the
reservoir vary significantly.

In response to the physicochemical changes during the thermal recovery of heavy
oil, Hyne et al. [5] called all chemical changes that occur when oil sands are heated in the
presence of water, as an aquathermolysis reaction. The aquathermolysis reaction of heavy
oil [6] was first reported in Canada, which was mainly used to describe the lightening
of asphaltenes. Cao et al. [7] experimentally studied the composition changes of Liache
super-heavy oil before and after the aquathermolysis reaction (280 °C, 24 h). After the
aquathermolysis reaction, the content of aromatics (the sum of light aromatic, medium
aromatic and heavy aromatic), saturates and asphaltenes in super-heavy oil increased,
while the content of resins decreased, and the resins had the tendency to transform into
aromatics and asphaltenes. Wang [8] found that the composition changes of crude oil during
thermal recovery mainly showed an increase of heavy hydrocarbons and a decrease of light
hydrocarbons, and paraffin and asphaltene precipitated in large quantities, causing serious
blockage of oil wells. Khormali et al. [9,10] studied the influencing factors of asphaltene
precipitation and its effect on the permeability of carbonate core samples. The above existing
studies found that the changes of crude oil properties in the formation after steam flooding
in heavy oil reservoirs are still very complicated. Not only the aquathermolysis reaction
should be considered, but also the influence of light components flowing underground and
being recovered by steam extraction on the composition and viscosity of heavy oil.

Many researches have been conducted on rock property (mainly permeability) changes
during the thermal recovery of heavy oil. As early as the 1970s, a method was proposed
for predicting breakthrough flow in a five-spot pattern by using the flow characteristics
of tracer. Abbaszadeh and Brigham [11] used well-to-well tracer data to interpret the
heterogeneity of reservoirs, and the prediction and description of the high permeability
zone between wells in oil fields have progressed toward quantitative direction. Ge [12]
thought that the breakthrough of the injected fluid is caused by the high permeability zone,
and the degree of breakthrough was determined by the pressure field of the fluid and the
flow resistance of the fluid.

Later researchers have carried out a large number of studies on large pore sealing and
blocking agent. However, it is necessary to further explore the formation mechanism, iden-
tification, description and performance characteristics of the breakthrough channel in the
oil reservoir, so as to have a deeper understanding of the breakthrough channel. Chen [13]
argued that due to the change of cementation capacity of the unconsolidated sandstone,
the dragging effect of the viscous crude oil and the long-term scouring of the injected fluid,
the problem of sand production in formation occurred and a large pore-like high perme-
ability zone was formed. Zhao [14] discussed the tracer method to describe and identify
the large pores, and qualitatively judge whether there is a high permeability zone in the
formation and quantitatively calculate the relevant reservoir parameters. Zeng et al. [15,16]
considered that different sedimentary characteristics, reservoir physical properties, the
development process and other factors will affect the formation of breakthrough channel. A
fluid-solid coupling mathematical model for the formation of large pores was established;
the large pores in formation were identified and described by using conventional dynamic
data and gray correlation theory; and the formation of large pores and the sand production
were combined to study the changes of formation characteristics.

Researchers have carried out a lot of work to study the changes of reservoir physical
properties in the process of the water flooding development of oil fields, which provides
a powerful basis for the formation mechanism of breakthrough channel during heavy
oil thermal recovery. Guo et al. [17] studied the swelling, dispersion and migration of
clay by microscopic seepage experiments, which paved the way for the study of the
formation mechanism of breakthrough channel. Few studies have been conducted on the
breakthrough channel and steam breakthrough formed by the thermal recovery of heavy oil
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reservoirs, but it has certain similarity and reference with the formation of the breakthrough
channel after water injection development.

The change of fluid and rock physical properties of the heavy oil reservoir after steam
flooding, affects the ultimate recovery of heavy oil to a certain extent. Therefore, this paper
studies the change characteristics of fluid and rock physical properties after the steam
flooding of the heavy oil reservoir. The residual retention properties of heavy oil with
different compositions in porous media are studied by physical simulation experiments.
After steam flooding, the physical properties of the heavy oil reservoir will have certain
changes. According to the mechanism of physical property change, the residual retention
model of the heavy component and the mechanism model of changes in physical property
of rock are established by the numerical simulation method. Specifically, they include:
(1) prepare the heavy oil with the same viscosity and different components, and study
the composition change of the heavy oil before and after steam flooding; (2) establish the
residual retention model of heavy components in heavy oil thermal recovery by the CMG
software, and study the residual retention characteristics of heavy components after steam
flooding; (3) the effects of different steam injection parameters on the residual retention
of heavy components are compared and studied; and (4) the change characteristics of
rock physical properties in the heavy oil reservoir after steam flooding are investigated.
The mechanism model is established by the numerical simulation method, so as to study
the change of rock physical properties after steam flooding and to clarify the influence of
cementation strength, crude oil viscosity and other factors on the change of rock physical
properties.

2. Physical Simulation Experiment of Heavy Oil Composition Change
2.1. Experimental Materials and Methods
2.1.1. Experimental Materials

Crude oil with the same viscosity and different heavy components was prepared in
the laboratory, and the composition change of crude oil before and after steam flooding
was analyzed by taking component as a single factor. Three sets of sand-filled pipe (Table 1)
were used for the physical simulation experiments. Two sand-filled pipes were filled
with 160 mesh glass micro-sand to compare the composition changes of crude oil with
different components before and after steam flooding under the same permeability; the
other sand pack was mainly filled with 40 mesh glass micro-sand to make the permeability
different, and the replacement efficiency of the crude oil (the same oil sample with the
same composition) before and after the steam flooding was compared under different
permeability conditions. The oil used for experiments is No. 1 and No. 2 compound crude
oil (Table 2).

Table 1. Basic physical property of sand-filled pipes.

Number of Sand-Filled Pipe  Length of Sand-Filled Pipe (mm) Diameter (mm) Permeability (x10—3 um?)
1 300 38 958.305
2 300 38 1023.168
3 300 38 5977.387

Table 2. Content of heavy components and viscosity of compound oil.

Compound Oil Light Oil Mass Residual Oil Mass = Compound Oil Viscosity Mass Fraction of Resins and
Samples Fraction (%) Fraction (%) (30 °C) (mPa.s) Asphaltenes in Compound Oil (%)
1 10 90 4075 35.2890
2 23 77 4000 31.4107
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2.1.2. Experimental Methods

The following process was adopted in the experiment: (1) The gas tightness of the
device was tested with high-pressure nitrogen gas, and the pressure was kept at 5 MPa
for 30 min. (2) Saturate the sand-fill pipe with water at a flow rate of 1 mL/min. After
saturation, calculate the volume of saturated water in the sand-fill pipe, that is, the pore
volume of the sand pack; the pressure difference between the two ends of the sand-fill pipe
was measured, and the water-phase permeability of the two sand-fill pipes was calculated
according to Darcy’s formula. (3) Saturate the crude oil at a flow rate of 0.2 mL/min, and
set the whole set of experimental equipment to the corresponding temperature. (4) Steam
flooding is carried out after the sand-fill pipe is saturated with oil. The steam temperature
is controlled to 300 °C and the flow rate is 2 mL/min. (5) The experiment is stopped when
the sand-fill pipe is flooded to a stage when the water cut reaches 98%.

2.2. Experimental Results and Analysis
2.2.1. The Displacement Efficiency under Different Conditions

No. 1 sand-filled pipe and No. 2 sand-filled pipe are saturated with No. 1 compound
oil and No. 2 compound oil, respectively, to compare the displacement pressure (Figure 1)
and displacement efficiency (Figure 2) of crude oil with different components during steam
flooding under the same permeability conditions.
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Figure 1. Displacement pressure of two different compound oil.
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Figure 2. Displacement efficiency of two different compound oil.
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As can be seen from Figure 1, under the same permeability condition (1 um?), the
pressure difference required to displace oil samples with high resin content is larger than
that required to displace oil samples with low resin content. This is because the high resin
content makes it easier for the heavy components in the heavy oil to form a network spatial
structure, which requires more pressure to deform the heavy oil and start to flow during
displacement.

As can be seen from Figure 3, under the condition that different permeability sand-
filled pipes (1 um? and 6 um?) are saturated with the same oil sample, the water-free
oil recovery period of the high-permeability pipe (HPP) is shorter than that of the low-
permeability pipe (LPP). However, once the low-permeability pipe produces water, the
water content rises especially fast, and the displacement efficiency of the high-permeability
pipe is higher than that of the low-permeability pipe, but the pressure required to displace
the crude oil in the high-permeability pipe is also smaller than that in the low-permeability
pipe, as shown in Figure 4.
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Figure 3. Comparison curves of oil repelling efficiency and water content of high and low permeability
pipes (same oil sample).

e

—a— High-permeability pipe

30 . .
i ; ° —e— Low-permeability pipe
25 ® “’
20 R
| e
15 o - °
L e

—
(=]
L L

ol
L

Pressure difference (MPa)

(=)
L

|
ol

0 20 40 60 80 100 120 140
Time (min)

Figure 4. Displacement pressure of two different permeability sand pack.

2.2.2. Change of Heavy Oil Composition

The composition changes of different compound oil before and after steam flooding are
shown in Table 3. When the water cut of the two sand-filled pipes reaches 98% at the outlet
of the sand-filled pipe by steam flooding, the resin content of the No. 1 oil sample displaced
from the sand-filled pipe decreased from 34.92% to 34.01%, and the resin content of the
No. 2 oil sample decreased from 31.10% to 27.99%. This indicates that the heavy component
of oil produced after steam flooding is reduced, so the heavy fraction remaining in the
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sand-filled pipe are increased to varying degrees. This is because during the steam flooding,
the high-temperature steam distills the light components of crude oil and makes it easier to
be recovered. However, the heavy components have a high distillation temperature, and
the resins and asphaltenes in it are easier to be adsorbed on the rock wall, which are more
difficult to be recovered than the light components and thus remain in the formation [18].

Table 3. SARA composition of two different compound oil before and after steam flooding.

Test No. 1 oil Sample No.1 oil Sample No.2 oil Sample No.2 oil Sample

(before Flooding) (after Flooding) (before Flooding) (after Flooding)
Asphaltenes, % 0.37 0.14 0.32 0.58
Resins, % 34.92 34.01 31.10 27.99
Aromatics, % 27.34 23.40 25.23 21.00
Saturates, % 32.99 30.34 39.37 34.71
Light component + loss, % 4.38 12.11 3.98 15.72

3. Numerical Simulation of Heavy Oil Properties Change

The change of fluid properties after steam flooding is mainly reflected in the change
of components before and after steam flooding. According to the results of physical
simulation experiments, the light components in crude oil are easier to be recovered after
steam flooding because they are heated and volatilized, so the heavy components of the
remaining oil in the formation will increase [19-22].

3.1. Numerical Simulation Model

The average geological parameters of the steam flooding pilot test well group in the
Qi40 block of the Liaohe oilfield are selected to establish a homogeneous geologic model.
The buried depth in the middle of the reservoir is 900 m, the well spacing is 140 m, the
porosity is 27% and the permeability is 1500 x 103 pm?. In the model, the crude oil was
divided into light and heavy components, and the viscosity-temperature relationships of
the two components are shown in Table 4. In the geological model, the mass fraction ratio
of the light component and the heavy component is 1:1.

Table 4. Viscosity-temperature relationship.

Temperature (°C) Light Components (mPa-s) Heavy Components (mPa-s)

20 23.39 20624.00

40 15.31 4178.59

60 10.84 1552.49

80 7.45 576.81

100 528 257.65

200 0.95 10.47

300 0.17 0.91

400 0.040 0.076

450 0.020 0.022

The STARS module of the CMG software was applied to establish a model with a grid
number of 20 x 13 x 5. The grid step is 7 m in X and Y directions and 4 m in Z direction,
and the well spacing is 140 m. In the steam flooding stage, there is a steam injection well and
a production well. The steam injection temperature is 300 °C, the dryness of steam is 0.6,
the steam injection intensity of 1.6 m*®/d/m/ha, and the production-injection ratio is 1.2.

3.2. Changes in Fluid Properties after Steam Flooding

As can be seen from Figure 5, there is less remaining oil in the formation between
the injection and production wells. This is because the rocks between the injection and
production wells have experienced long-term steam flooding and the sand-carrying effect
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of heavy oil, resulting in a high permeability zone. Therefore, the steam will displace to the
production well along the high permeability zone with low resistance, which makes the
oil washing efficiency in the high permeability zone high, resulting in less oil remaining
in the high permeability zone and more oil remaining in the formation outside the high
permeability zone.

1.00
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.00

Figure 5. Oil saturation distribution of reservoir after steam flooding.

It can be found from Figure 6 that in the high permeability zone with low oil saturation,
the mass fraction of heavy components in the remaining oil is 100% and the mass fraction
of light components is 0%. This indicates that the light components in the heavy oil is easier
to be volatilized and recovered than the heavy components after long-term steam flooding,
while the heavy components remain in the formation.

1.00

(a) (b)

Figure 6. Mass fraction distribution of components of oil after steam flooding. (a) Mass fraction
distribution of heavy components. (b) Mass fraction distribution of light components.

3.3. Results and Analysis
3.3.1. Different Ratios of Light and Heavy Components

In the geological model, the light and heavy components were proportioned with
different mass fractions to make the heavy components accounted for 0%, 25%, 50%, 75%
and 100% of the crude oil mass fraction. Then, the effects of different ratios on the quantity
of remaining oil and the retention of different components after steam flooding were
analyzed.

As shown in Figure 7, the total cumulative oil production decreases, which indicates
that the heavier the crude oil, the lower the degree of recovery. We can see from the curves
in Figures 8 and 9, that the cumulative production of light components gradually decreases
as the mass fraction of heavy components increases, the production of heavy components
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increases and the rising trend gradually slows down. The decrease of recovered heavy
components indicates that the more heavy components are retained in the formation.
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10,000

Cumulative Oil SC (m3)
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T T T
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Figure 7. Cumulative oil production after steam flooding at different proportion of components.
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Figure 8. Cumulative production of heavy component after steam flooding at different proportion of
components.
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Figure 9. Cumulative production of light component after steam flooding at different proportion of
components.
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Figures 10 and 11 show the distribution of oil saturation and the mass fraction of
heavy component after steam flooding under different ratios of light component and heavy
component, respectively. It can be seen from Figure 10 that with the increase of heavy
component, the amount of remaining oil in the formation after steam flooding increases.
This is because when the mass fraction of the light component in the crude oil is larger,
the oil-water viscosity ratio is smaller, thus making the steam flooding have a large planar
sweep area in the formation and therefore less oil remaining in the plane.

1.00
0.90
0.80

Figure 10. Oil saturation distribution after steam flooding. (a) mass fraction of heavy components: 0.
(b) mass fraction of heavy components: 0.25. (c) mass fraction of heavy components: 0.5. (d) mass
fraction of heavy components: 0.75. (e) mass fraction of heavy components: 1.0.
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(a) (b)

() (d)

(e)

Figure 11. Mass fraction distribution of heavy component after steam flooding. (a) mass fraction
of heavy components: 0. (b) mass fraction of heavy components: 0.25. (c) mass fraction of heavy
components: 0.5. (d) mass fraction of heavy components: 0.75. (e) mass fraction of heavy components:
1.0.

It can be seen from Figure 11 that as the initial mass fraction of heavy component in
crude oil increases, the greater the mass fraction of heavy component in the formation after
steam flooding, that is, the more the heavy component is retained. Moreover, in formations
with less oil saturation, the remaining oil contains more heavy components; in formations
with high oil saturation, the more heavy components remain after steam flooding, as the
initial mass fraction of heavy components in crude oil increases.

3.3.2. Steam Injection Intensity

Steam was injected at steam injection intensities of 1.2, 1.4, 1.6 and 1.8 (m3/(d-m-ha) un-
der the condition that the mass fraction of heavy components was 50% and the production-
injection ratio is unchanged.

It can be seen from Figure 12 that the greater the steam injection intensity, the shorter
the time to see steam breakthrough in the production well. Figure 13 shows the cumulative
oil production of the wells at the time of steam breakthrough under the four steam injection
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Cumulative oil production (m?)

intensities. We can find that the cumulative oil production of the wells increases with the
increase of the steam injection intensity, but decreases after the steam injection intensity
reaches 1.6 m>/(d-m-ha). Therefore, the cumulative oil production is the highest at the time
of steam breakthrough with a steam injection intensity of 1.6 m3/(d-m-ha).
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Figure 12. The change of temperature of the well head of production well.
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Figure 13. Cumulative oil production at different steam injection intensity.

It can be seen from Figure 14 that the mass fraction distribution of heavy components
retained in the formation did not change much with increasing steam injection intensity
with steam breakthrough in the production well, that is, different steam injection intensities
have little effect on the retention of heavy components.
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(a) Steam injection intensity:
1.2 m3/(d-m-ha)

(b) Steam injection intensity:
1.4 m3/(d'm-ha)

1.00
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(c) Steam injection intensity: (d) Steam injection intensity:
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Figure 14. Mass fraction distribution of heavy component.

4. Numerical Simulation of Reservoir rock Physical Properties Change

After long-term thermal injection development, it is easy to form breakthrough channel
in the formation, due to the increase in the pore radius and permeability of the forma-
tion [23-25]. When the steam flows along the breakthrough channel in the formation, the
thermal efficiency of the steam is low and the thermal sweep range is small. The inefficient
or ineffective circulation of steam along the breakthrough channel seriously affects the
oil displacement efficiency of the steam flooding. Therefore, it is necessary to study the
physical property changes of reservoir rocks after steam flooding, mainly focusing on the
changes of rock porosity and permeability, and the factors leading to the changes of rock
physical properties after steam flooding [26-29].

4.1. Numerical Simulation Model

The average geological parameters of the steam flooding pilot test well group in the
Qi40 block of the Liaohe oilfield are selected to establish a homogeneous geologic mode.
The buried depth in the middle of the reservoir is 900 m, the well spacing is 140 m, the
porosity is 27% and the permeability is 1500 x 10~ um?. In the model, the following crude
oil viscosity-temperature curve was used to analyze the influence of crude oil viscosity on
the thermal recovery effect.

The STARS module of the CMG software was applied to establish a model with a grid
number of 20 x 13 x 5. The grid step is 7 m in X and Y directions and 4 m in Z direction,
and the well spacing is 140 m. The geological model was established to simulate steam
huff and puff and then steam flooding. The distribution characteristics and influencing
factors of rock physical property changes after steam flooding were studied. In the steam
flooding stage, there is a steam injection well and a production well, the steam temperature
is 300 °C, the steam dryness is 0.6, the steam injection intensity is 1.6 m3/ha/m/d, and the
production-injection ratio is 1.2; the viscosity-temperature relationship of the heavy oil is
shown in Table 5.
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Table 5. Viscosity-temperature relationship [30].

Temperature (°C) Viscosity (mPa-s)
20 9136.2
40 2980.9
65 953.4
80 403.4
100 170.7
200 7.3
300 2.1
400 1.6

4.2. Changes in Reservoir Physical Properties after Steam Flooding

The porosity and permeability changes of a steam injection well and a production well
in homogeneous heavy oil reservoir were studied to summarize and analyze the changes
of reservoir physical properties during the steam flooding stage. Figure 15 shows the
distribution of porosity and permeability between the two wells after steam flooding. It
can be seen that a high permeability zone was formed between the two wells due to factors
such as sand production.

(a) (b)

Figure 15. Physical property distribution between two wells after steam flooding. (a) Porosity
distribution; (b) permeability distribution.

Meanwhile, we established a numerical model to study the changes of porosity and
permeability in the injection-production system of five-spot well pattern, as shown in
Figure 16. The center well is a steam injection well and the corner wells are oil production
wells. After steam flooding, the porosity and permeability between the injection and
production wells become larger, which makes it easy to form cross-flow between the wells.
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0277 = 1617
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(a) (b)

Figure 16. Physical property distribution in 5-spot well pattern after steam flooding. (a) Porosity
distribution; (b) permeability distribution.
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4.3. Results and Analysis

In the absence of inter-well high permeability zones or natural fractures, it is difficult
to form steam breakthrough during the steam huff and puff stage. However, in the steam
flooding stage, due to the continuous steam injection, the thermal front is continuously
advancing from the injection well to the production well, which improves the plane sweep
volume of the steam flooding. At the same time, due to the heterogeneity of formation,
steam breakthrough occurs when the thermal front reaches the production well along the
formation with less resistance.

4.3.1. Effect of Cementation Degree

The degree of cementation is determined by the change rate of porosity and the
relationship between porosity and permeability. The larger the value of the cementation
degree, the faster the change rate of porosity and the greater the change of permeability,
and the weaker the degree of cementation.

The porosity changes of formations with different degrees of cementation after steam
flooding are shown in Figure 17. It can be seen that the stronger the degree of cementation,
the less sand production, and the porosity changes in a small range; however, formations
with a weak degree of cementation has serious sand production, and the range of porosity
changes is large. The porosity of formation affected by steam between the two wells
becomes larger in different degrees, and the porosity of formation around the production
well changes to a greater extent than that around the steam injection well.

(a) Cementitious degree: Strong (b) Cementitious degree: Medium

(¢) Cementitious degree: Weak (d) Cementitious degree:Extremely weak

Figure 17. Porosity distribution after steam flooding at different cementation degrees.

Heavy oil formations often show the characteristics of high permeability, high porosity
and weak cementation. The clay minerals, siliceous minerals, aluminum and boron minerals
and other cementation minerals in heavy oil formations will change under high temperature
or alkali liquor. The structure, distribution and occurrence of clay minerals will be damaged.
Silica, aluminum and boron minerals will be dissolved. The aquathermolysis reaction will
cause the non-expansive clay to transform into expansive clay, which will provide a basis for
the increase of porosity to a certain extent [31-33]. Therefore, both high-temperature steam
and alkalinity will affect porosity, while loosely cemented formation is more susceptible to
temperature and alkalinity in terms of mineral type and contact area.
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It can be seen from Table 6, Figures 18 and 19 that the stronger the degree of cementa-
tion, the less likely it is to form breakthrough channels, the longer the steam breakthrough
time, and the higher the recovery degree. The weaker the degree of cementation, the easier
the breakthrough flow will occur, the shorter the steam breakthrough time, and the lower
the recovery degree.

Table 6. Steam breakthrough time and recovery degree for different cementation degree.

Cementation Degree Steam Breakthrough Time (d) Recovery Degree (%)
0.01 (Strong) 434 15.07
0.03 (Medium) 363 13.96
0.05 (Weak) 337 13.62

—&— Steam breakthrough time

w

(2]

(=]
1

w

=

(=]
1

320 T T T T T T
0.01 0.02 0.03 0. 04 0. 05

Cementation degree

Figure 18. Steam breakthrough time for different cementation degree.

21

Do
S
1

—®— Recovery degree

—_
e
1

Recovery degree (%)
= o
1 1

—
>
1

—_
o

. . , . .
0.01 0.02 0.03 0.04 0.05
Cementation degree

Figure 19. Recovery degree for different cementation degree.

4.3.2. Effect of Steam Injection Strength

In the model, the production-injection ratio is 1.2, and the steam injection intensity
is the daily injection volume per unit area and per unit formation thickness, the unit of
steam injection intensity is t/(d-m-ha). The effect of steam injection intensity on the change
of rock properties (porosity and permeability) after steam flooding can be obtained by
changing the steam injection intensity of the numerical model.
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As shown in Figure 20, as the steam injection intensity increases, the production
pressure difference between injection and production wells gradually increases, and the
flow rate increases. The greater the change of formation porosity around the production
well, the faster the steam reaches the production well, and the steam breakthrough occurs
in production well in a shorter time.

(a) Steam injection intensity: 1.2 t/(dsheha) (b) Steam injection intensity: 1.4 t/(dheha)

(c) Steam injection intensity: 1.6 t/(d*heha) (d) Steam injection intensity: 1.8 t/(d*heha)

Figure 20. Porosity distribution after steam flooding under different steam injection intensity.

As can be seen from Table 7, Figures 21 and 22, the greater the steam injection intensity,
the earlier the breakthrough channel is formed, the easier it is to form breakthrough flow,
the shorter the steam breakthrough time, and the lower the recovery degree.

1000

900 :
—&— Steam breakthrough time

800 1

TOO A N

600

BOO o N

400

Steam breakthrough time (d)

300

1 ; T 1 ; T T
1.2 1.3 1.4 1.5 1.6 1.7 1.8
Steam injection intensity (t/(d*heha))

Figure 21. Steam breakthrough time for different steam injection intensity.
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Figure 22. Recovery degree for different steam injection intensity.

Table 7. Steam breakthrough time and recovery degree for different steam injection intensity.

Steam Injection Intensity (t/(d-h-ha)) Steam Breakthrough Time (d) Recovery Degree (%)
1.2 924 20.28
1.4 673 18.26
1.6 456 15.69
1.8 343 14.39

5. Conclusions

This paper studied the residual retention properties of heavy oil with different compo-

sitions in porous media by physical simulation experiments, and established the residual
retention model of heavy component and the mechanism model of changes in the physical
property of rock by the numerical simulation method. The following conclusions can be
drawn:

@

@)

®G)

Heavy oil samples with the same viscosity and different components were prepared
for steam flooding experiments. Results showed that the pressure difference required
to displace oil samples with high resin content is larger than that required to displace
oil samples with low resin content. By comparing the SARA composition of compound
oil before and after steam flooding, we can find that the resin content of the recovered
oil after steam flooding decreased.

The CMG software was used to establish the residual retention mechanism model of
heavy components, and the effects of different ratios of heavy components and light
components, steam injection parameters and other factors on the residual retention
of heavy components, were studied. The simulation shows that the residual oil after
steam flooding is mainly composed of heavy components. In the formation with less
residual oil saturation after steam flooding, the heavy components are retained more.
With the increase of remaining oil saturation, the mass fraction of heavy components in
crude oil decreases. Under the condition of gas injection intensity of 1.6 m3/(d-m-ha),
oil production is the largest.

The mechanism model of rock properties (porosity and permeability) change after
steam flooding is established by using the CMG software. After long-term thermal
injection development, the porosity and permeability of the reservoir become larger,
forming a breakthrough channel. The weaker the cementation degree is, the easier it is
to form a breakthrough channel, shorten the steam breakthrough time and reduce the
recovery degree. The increase of steam injection intensity will cause the breakthrough
channel to appear earlier, and the steam breakthrough time and recovery factor will
also decrease.
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