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Multi-stage development process
and model of steam chamber

for SAGD production in a heavy oil
reservoir with an interlayer

Ren-Shi Nie'™, Qinggiang Jiang?, Yimin Wang?*, Jingcheng Liv**, Jie Zhan*,
Letian Zhang?, Yuanguang Li%, Guotao Shen! & Minghang Xu?

Steam-assisted gravity drainage (SAGD) is an efficient thermal recovery technique for oil sands and
extra heavy oil exploitation. The development of steam chamber goes through multi-stage physical
processes for SAGD production in a heavy oil reservoir with an interlayer. In this study, considering

the situation that an interlayer is located directly above a pair of horizontal wells, we analyzed the
whole process of steam chamber development. We divided the whole process into stages I-V, which
are the first rising stage, the first lateral expansion stage, the second rising stage, the second lateral
expansion stage and the confinement stage, respectively. Particularly, we further divided stage

Ilinto 2 periods and stage IV into 3 periods. These stages and periods can help us understand the
development process of steam chamber dominated by an interlayer more profoundly. Based on the
divided stages and periods, we established different models of SAGD production by assuming different
geometric shapes of steam chamber in different stages and periods. Oval shape was assumed in stages
I 'and lll, and inverse triangle shape was hypothesized in stages Il, IV and V. The formulas of the front
distance of steam chamber and the oil production rate of SAGD were deduced from the established
models for different development stages. At the end, we performed two example applications to
SAGD production in heavy oil reservoirs with an interlayer. The real oil production rates were matched
very well with the theoretical oil production rates calculated by the deduced formulas, which implies
the multi-stage development model of steam chamber is of reliability and utility.
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Abbreviations

q Oil production rate per unit of horizontal well length, kg/(m day)

a Major radius of oval chamber, m

Soi Initial oil saturation, (j)

Sor Residual oil saturation, (j)

t Time, day

Qi Heat rate per unit of horizontal well length, J/(m day)

qs Steam injection rate, kg/day

H, Latent heat of steam, J/kg

L Horizontal well length, m

q: Heat absorption rate of rock per unit of horizontal well length, J/(m day)

9o Heat absorption rate of heavy oil per unit of horizontal well length, J/(m day)
Gwe Heat absorption rate of irreducible water per unit of horizontal well length, J/(m day)
Swe Irreducible water saturation, %

[ Specific heat of rock, J/(kg-°C)
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Specific heat of oil, J/(kg-°C)

Specific heat of water, J/(kg-°C)

Steam chamber temperature, °C

Initial reservoir temperature, °C

Rising height of oval steam chamber, m

Rising speed of steam chamber, m/day

Rate of heat absorption inside the steam chamber per unit horizontal well length, J/(m day)
Rate of heat loss per unit horizontal well length, J/(m day)

Heat consumed per unit horizontal well length of steam chamber expansion, J/m
Distance from the interlayer to the production well, m

Rate of heat loss at the interlayer per unit horizontal well length, J/(m day)
Rate of heat loss at the side interface of steam chamber per unit horizontal well length; J/(m day)
Rate of heat loss at the cap rock per unit horizontal well length, J/(m? day)
Cap rock heat capacity, J/(kg-°C)

Interlayer heat capacity, J/(kg-°C)

Time for the front position to reach point C, day

Error function

Latent heat released by steam per unit horizontal well length, J/m

Time of steam chamber reaching to point Cy,, day

Average rate of steam injection from fcg, to t, kg/day

Time of steam chamber reaching to point E, day

Steam injection rate on the i day, kg/day

Average movement speed of the steam chamber during the late period of the first lateral expansion
stage, m/day

Heat loss per unit horizontal well length of steam chamber expansion, J/m
Average movement speed of steam chamber from . to fcgy, m/day

Length of line CCgy, m

Average movement speed of sub-chamber from . to tzz, m/day

Interlayer width, m

Major radius of oval chamber in the second rising stage, m

Rising height of oval sub-chamber, m

Perpendicular distance from the production well to the cap rock, m

Time of steam chamber reaching to point D, day

Time of steam chamber reaching to point Dy, day

Time of steam chamber reaching to point M, day

The average movement speed of sub-chamber from point D to point Dy,
Average movement speed of sub-chamber from point D to point D;;, m/day
Length of line DDy ;, m

Effective permeability of oil flow, m?

A coefficient constant

Kinematic viscosity of oil at the temperature inside steam chamber, m?/day
Oil production rate per unit of horizontal well in area 1, m*/(m day)

Steam flow rate in area 1, kg/day

Average speed of sub-chamber from point D to point M, m/day
Perpendicular front distance, m

Average steam flow rate in area 2, kg/day

Steam flow rate on the ith day in area 2, kg/day

Average movement speed of sub-chamber from point Dy to point Dys, m/day
Average movement speed of sub-chamber from point Dg; to point F, m/day
Time of steam chamber reaching to point Fg, day

Average speed of sub-chamber from point D to point Dys, m/day

Length of line DDg;, m

Lateral drainage distance of SAGD, m

Average movement speed of steam chamber from point D to point Fy, m/day
Thermal diffusivity of reservoir rock, m?/day

Gamma function

Experience coefficient, generally 0.7

Thermal conduction coeflicient of cap rock, J/(m day-°C)

Thermal conduction coefficient of the interlayer, J/(m day-°C)

Oil density, kg/m?

Rock density, kg/m?

Water density, kg/m?

Interlayer density, kg/m?

Cap rock density, kg/m?

Integral variable respect to time, day

Porosity, (j)

Steam quality, (j)
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According to the statistical review of global energy in 2021 from BP (British Petroleum) Company, the world’s
total oil-proved reserves at the end of 2020 were 1.732 trillion bbl, of which 40% was heavy oil“* Heavy oil
resource has always played a significant role in meeting the world’s energy needs. Steam-assisted gravity drain-
age (SAGD), originally proposed by Butler?, is the most efficient thermal recovery technique for Steam-assisted
gravity drainage (SAGD) is an efficient thermal recovery technique for oil sands (API<10) and extra heavy oil*,
with high recovery rate, high oil production rate, and high gas-oil ratio®. In the SAGD process, a pair of parallel
horizontal wells is drilled into an oil reservoir. Hot steam is injected into the reservoir through the upper well
and rises until it reaches the cold formation. The steam releases its latent heat and condenses into water while the
cold oil is heated. Condensate water and heated oil flow downward under the effect of gravity and the flooding
effect of additional steam. After condensate water and heated oil flow downward, additional steam will occupy
the space where condensate water and heated oil previously stay”®. With the continuous injection of steam, a
steam chamber is formed in the reservoir, as shown in Fig. 1.

The development of the steam chamber goes through three main stages: rising stage, lateral expansion stage
and confinement stage (also named downward stage)®™'' At present, research on the development of steam
chamber and oil production rate of SAGD mainly focuses on the lateral expansion stage, with less research on
the rising stage and confinement stage'?. Compared with the duration time of the lateral expansion stage, the
duration time of rising stage is relatively shorter. Therefore, the rising process of steam was ignored in early
researches™!?, which was not the case. Until 2012, Azad!* studied a circular steam chamber model for the rising
stage and deduced a prediction formula of SAGD rate. Later, Nie et al.”® also researched a circular steam cham-
ber model with consideration of various injection rates for the rising stage and obtained a prediction formula
of SAGD rate. In addition, Zargar et al.'®!” established inverted triangle steam chamber models for the rising
stage to predict the SAGD rate. In addition, Zhang et al.'® also established an inverted triangle model to predict
the SAGD rate based on volume displacement theory. According to Darcy’s law and material balance theory,
Guo et al.” established a parabolic model in the rising stage and predicted the SAGD rate changing with time.

For the lateral expansion stage of steam chamber, Butler'? first proposed a SAGD oil drainage model, which
assumed that the lateral interfaces of the steam chamber were a slope after the steam chamber reached the cap
rock. This model considered that the location and dip angle of the slope interface was changed with the elapse of
time and the bottom point of the slope interface was not fixed on the location of production well. The predicted
SAGD rate calculated using the model was much higher than the real SAGD rate. In the same year, Butler and
Stephens® improved the model of Butler'® by fixing the bottom point of the slope interface on the location of
production well and obtained a new SAGD rate formula. After that, Reis?*?! thought the Butler’s model was
complex and inconvenient to use, so he made a simplification to the Butler’s model by assuming the shape of
steam chamber as an inverted triangle in the lateral expansion stage. Later, on the basis of Reis’s model, many
researchers investigated the issue of chamber development and SAGD rate in the lateral expansion stage through
considering more actual factors, such as the changes of asphaltene and permeability with temperature?**. In
the last decades, more chamber shapes were introduced into the establishment of chamber model. Azad et al.**
thought the changes of steam chamber interface with the elapse of time looked like a group of linear geometry
slices in the lateral expansion stage and established a slice model. Azad et al.'* adopted a circular interface model
to describe the lateral expansion process of steam chamber. In addition, parabolic models were investigated to
predict the SAGD rate and the lateral movement speed of steam chamber>*?>. Moreover, Sabeti et al.*® adopted
an exponential function to describe the interface shape of steam chamber to deduce a new formula of SAGD rate.

For the confinement stage of steam chamber, the research results available are relatively rare when compared
with those of the lateral expansion stage. The confinement stage was also first proposed by Butler et al.?, but they
did not establish a mathematical model for this stage. It was not until 2018 that Zargar et al.'é introduced the
Butler’s inverted triangle concept in the lateral expansion stage into the model study of the confinement stage
for the first time. Later, Zargar et al.'” applied their model to analyze the influence of constant steam injection
rate on SAGD rate. Zhang et al.'® conducted a SAGD experiment and found the shape of steam chamber in
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Figure 1. Diagram of SAGD.
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the confinement stage could be approximately described using inverted triangle shape. Guo et al.*> adopted the
parabola shape to model the interface of steam chamber in the confinement stage.

Some of the aforementioned literatures studied the continuity of steam chamber development through estab-
lishing comprehensive models. Two situations were researched: the rising and lateral expansion stages were
synchronously modeled using the circular interface assumption of steam chamber'%; and the whole process of
the rising, lateral expansion and confinement stages were synchronously modeled using the inversely triangular
interface assumption of steam chamber!” or the parabolic interface assumption'®. In a word, only one interface
shape was used to synchronously model multiple stages.

At present, all the analytical models available did not consider the influence of interlayers in reservoirs on
the development of steam chamber. In the past, the impact of interlayers was mainly researched using numeri-
cal simulation methods**~*! and experimental approaches®*~*. These research results show that interlayer has
a great impact on the performance of SAGD. If a reservoir contains an interlayer, it is necessary to consider the
influence of interlayer in the establishment of steam chamber model.

Therefore, the research objective of this paper is to establish a comprehensive model to simulate the per-
formance of SAGD for a heavy oil reservoir with an interlayer. For real SAGD horizontal well production, the
front position of steam chamber can be calculated using the established model and the development status of
steam chambers in the strata with an interlayer can be known about. Here are some our innovation works: (1)
interlayer is first introduced into the establishment of analytical model and the multi-stage development process
of steam chamber controlled by an interlayer is demonstrated; (2) Mixed shape of steam chamber is first adopted
to establish the comprehensive model; and this mixed shape is the assumption of oval shape in the rising stage
and inversely triangular shape in lateral expansion and confinement stages; and (3) the effect of variable steam
injection rate on SAGD production performance is analyzed.

The rest of the paper is structured as follows: "Physical model and development process of steam chamber"
will introduce the physical model of SAGD production in a heavy oil reservoir with an interlayer and the entire
development process of steam chamber controlled by the interlayer; "Mathematical model of SAGD production”
will establish the mathematical models of SAGD production in different development stages of steam chamber
and deduce the formulas of the front position of steam chamber and SAGD production rate; "Field application”
perform field application, including the calculation of SAGD production rate, production history matching,
the calculations of duration time and front position in different stages, etc.; and "Conclusions" will draw the
research conclusions. The established model can be a good tool to calculate the front position of steam chamber
and SAGD production rate.

Physical model and development process of steam chamber
Physical model
Figure 2 shows the diagram of SAGD production in a heavy oil reservoir with an interlayer. The top and bottom
boundaries of the reservoir are considered as being impermeable and the interlayer is also considered as being
impermeable. A pair of horizontal wells is drilled under the interlayer. The upper well is the injection well and
the lower well is the production well. The distances of the interlayer and the reservoir top to the production well
are denoted by h and H, respectively. The width of the interlayer is denoted by w,. The lateral drainage distance
of SAGD is denoted by W, which is the distance from the lateral boundary of the reservoir to the horizontal well.
After steam injection through the injection well, a steam chamber will be formed in the reservoir.

The basic assumptions of the physical model are as follow:

(1) The reservoir properties, such as porosity, permeability and thermal diffusivity, are assumed as being
constant;

(2) The interior temperature of the steam chamber is uniformly distributed;

(3) The reservoir temperature in the area un-swept by steam is assumed as a constant, which is equal to the
initial reservoir temperature;

O Injection well
@ Production well

w

H
Interlayer

h

Steam chamber

/4

Figure 2. Profile diagram of SAGD production in a reservoir with an interlayer.
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(4) Heatloss is considered for the reservoir top and the interlayer;
(5) The bottom point of the steam chamber (see point O in Fig. 2) is assumed to be always fixed on the position
of the production well during the entire process of steam chamber development.

Development process of steam chamber

For a heavy oil reservoir without an interlayer, the development process of steam chamber can be divided into
3 stages: the rising stage, the lateral expansion stage after steam reaches to the reservoir top and the confine-
ment stage after steam reaches to the lateral drainage boundary. For a heavy oil reservoir with an impermeable
interlayer, firstly, the steam chamber rises vertically; then, it expands laterally underneath the interlayer after
encountering the impermeable interlayer; later, it rises again after bypassing the interlayer; after that, it expands
laterally after encountering the impermeable top of the reservoir; and, finally, it expands downward after reach-
ing to the lateral drainage boundary. Therefore, the development process of steam chamber can be divided into
5 stages for a reservoir with an interlayer: the first rising stage, the first lateral expansion stage, the second rising
stage, the second lateral expansion stage and the confinement stage (downward stage).

The detailed descriptions about the 5 stages are as follows:

(1) Stage I: the first rising stage

Steam chamber is formed in the reservoir after steam is injected through the injection well. The steam cham-
ber gradually expands with the elapse of time in this stage. The interface of steam chamber is assumed as oval
shape, as shown in Fig. 3. The major and minor radii of the oval chamber are denoted by a and b, respectively.
The top vertex and co-vertex of oval chamber (see point A, B in Fig. 3) are called as the front position of steam
chamber. The distance from the top vertex of oval chamber to the position of the production well is called as the
perpendicular front distance of steam chamber in the first rising stage. The perpendicular front distance is just
equal to the major diameter of oval chamber (2a). The distance from the co-vertex to the center of oval chamber
is called as the lateral front distance of steam chamber in the first rising stage. The lateral front distance is just
equal to the minor radius of oval chamber (). The front distance can be used to quantitatively investigate the
movement law of steam chamber. This stage ends when the top vertex of oval chamber reaches to the interlayer.

(2) Stage II: the first lateral expansion stage

After the reaching of the top vertex of oval chamber to the interlayer (see point C in Fig. 4), the top vertex of
the steam chamber becomes two top vertices, which move to the right and the left along the interlayer, respec-
tively. We consider the same movement speed for the two top vertices. As shown in Fig. 4, the right top vertex
gradually moves with the elapse of time from point C to point Cy,, to point Cy, and to point Cgs, and the left
top vertex gradually moves with the elapse of time from point C to point C;}, to point Cy, and to point C;3. It is
noted that the development of the steam chamber is bilaterally symmetric, so we will only describe the cham-
ber development process to the right in the following analysis. The oval shape of the steam chamber gradually
disappears. In this stage, the perpendicular front distance is equal to the distance from the interlayer to the
production well (h) and the lateral front distance of steam chamber is equal to the lateral movement distance of
the two top vertices (x). This lateral expansion stage can be divided into two periods: the early expansion period
and the late expansion period.

i.  The early period of the first lateral expansion stage.

In order to conveniently establish the development model of the steam chamber during the lateral expansion
stage, we have to make a simplification to the interface shape of steam chamber. In the early period of this lateral
expansion stage, the upper half part of steam chamber expands in the manner of approximate inverted triangle,
which means that the co-vertex of oval chamber (point B) is deemed as a fixed end-point and points B, C and
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Figure 3. Diagram of steam chamber development in the first rising stage.
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Figure 4. Diagram of steam chamber development in the early period of the first lateral expansion stage.

Cg; are the vertices of the inverted triangle, as shown in Fig. 4. In this period, the shape of the lower half part of
steam chamber keeps unchanged.

ii. The late period of the first lateral expansion stage.

We connect point O and point B to form a line of OB, and then lengthen line OB to intersect with the inter-
layer and the intersection point is noted by point Cg,. When the right top vertex moves to point Cgy, the early
period terminates and the late period begins. The two top vertices of the steam chamber continue to move to
the right and the left along the interlayer, respectively. As shown in Fig. 5, the right top vertex gradually moves
with the elapse of time from point Cy, to point Cgs.

In this late period, the expansion of the steam chamber is still in the manner of approximate inverted triangle,
which means that the position of the production well (point O) is deemed as a fixed end-point and points O, Cys
and Cy; are the vertices of the inverted triangle, as shown in Fig. 5. This assumption of the inverted triangle is
also to conveniently establish the development model of the steam chamber.

(3) Stage III: the second rising stage

Figure 6 exhibits the development status of steam chamber in the second rising stage. We noted the interlayer
edges by points E; and E;, respectively, as shown in Fig. 6. When the right top vertex moves to point Eg, the
first lateral expansion stage terminates and the second rising stage begins. In this stage, the steam bypasses the
interlayer, then rises at the same speed from points Eg and E;, respectively, and finally forms two sub-chambers.
The steam chamber beneath the interlayer is a fixed inverted triangle with three vertices of points O, E and
E;. Above the interlayer, the two steam sub-chambers expand in the manner of approximate oval. The two
bottom vertices of oval sub-chambers are fixed on points E; and E;, respectively. The two top vertices of oval
sub-chambers are noted by points Ay and A, respectively. The right co-vertex of the right sub-chamber is noted
by point By and the left co-vertex of the left sub-chamber is noted by point B;. Points Ay and By represent the
perpendicular and lateral front positions of the right sub-chamber, respectively. The perpendicular front distance

is equal to the major diameter of oval sub-chamber (2a,). The lateral front distance is equal to the minor radius
of oval sub-chamber (b,).
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Figure 5. Diagram of steam chamber development in the late period of the first lateral expansion stage.
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Figure 6. Diagram of steam chamber development in the second rising stage.

(4) Stage IV: the second lateral expansion stage

Because the two steam sub-chambers symmetrically develop, here we only describe the development process
of the right sub-chamber. After the reaching of the top vertex of oval sub-chamber to the top boundary of the
reservoir (see point D in Fig. 7), the top vertex of the steam sub-chamber becomes two top vertices, which move
to the right and the left along the top boundary, respectively. As shown in Fig. 7, the right top vertex gradually
moves with the elapse of time from point D to point Dy, and to point Dy,, and the left top vertex gradually moves
with the elapse of time from point D to point Dy, and to point Dy,. The right sub-chamber can be divided into
two areas: area 1 (the left area) and area 2 (the right area), as shown in Fig. 7.

(i) The development process of area 1 of the right sub-chamber.

This lateral expansion stage for area 1 of the right sub-chamber can be divided into 3 periods: the early lateral
expansion period, the middle lateral expansion period and the late downward expansion period.

(a) The early lateral expansion period of area 1.

In the early lateral expansion period of area 1, the perpendicular front distance of the sub-chamber is equal
to the distance from point Ey to point D (H-h) and the lateral front distance of the sub-chamber is equal to the
lateral movement distance of the top vertex of the sub-chamber (x,). The upper half part of area 1 also expands
in the manner of approximate inverted triangle, which means that the co-vertex of oval sub-chamber (point B;)
is deemed as a fixed end-point and points B;, D and Dy, are the vertices of the inverted triangle, as shown in
Fig. 7. In this period, the shape of the lower half part of area 1 keeps unchanged.

(b) The middle lateral expansion period of area 1.

e A
M
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Figure 7. Diagram of the right sub-chamber development in the early lateral expansion period.
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In the middle lateral expansion period of area 1, the perpendicular and lateral front distances of the sub-
chamber are equal to (H-h) and x;, respectively. Area 1 also expands in the manner of approximate inverted
triangle, which means that point Ey, is deemed as a fixed end-point and points Ey, D and Dy, are the vertices
of the inverted triangle, as shown in Fig. 8. This period terminates when the left top vertex of the sub-chamber
reaches to point M.

(¢) The late downward expansion period of area 1.

After the left top vertex of the sub-chamber reaches to point M, the late downward expansion period of area
1 begins. Area 1 becomes a trapezoid (DMM, Eg) that is structured by a rectangle (DMM, Eg,) and an inverted
triangle (ExM, Ey,), as shown in Fig. 9. In the development process of area 1 of the sub-chamber, the left top
vertex of the inverted triangle moves downward from point M to M, and the perpendicular movement distance
is noted by y. This period terminates when the left top vertex of the inverted triangle reaches to the interlayer,
and area 1 of the sub-chamber above the interlayer develops completely.

(ii) The development process of area 2 of the right sub-chamber.

This lateral expansion stage for area 2 of the right sub-chamber can be also divided into 3 periods: the early
lateral expansion period, the middle lateral expansion period and the late lateral expansion period. It is noted
that the development process of area 2 is the same as that of area 1 and area 2 is symmetric to area 1 in the early
and middle lateral expansion periods, as shown in Figs. 7 and 8. When the middle lateral expansion period of
area 1 terminates, area 2 still develops on the basis of the fixed end-point E and the right top vertex of area 2
reaches to point Dy;. The distance of line DDy is equal to that of line DM.

We connect point O and point Ey to form a line of OEy, and then lengthen line OEy, to intersect with the res-
ervoir top boundary and the intersection point is noted by point Dgs. When the right top vertex of area 2 moves
to point Dys, the middle lateral expansion period of area 2 terminates and the late lateral expansion period of
area 2 begins. The right top vertex of area 2 continues to move to the right along the top boundary. As shown in
Fig. 10, the right top vertex of area 2 gradually moves with the elapse of time from point Dg; to point Dge. The
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Figure 8. Diagram of the right sub-chamber development in the middle lateral expansion period.
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Figure 9. Diagram of area 1 in the late downward expansion period.
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Figure 10. Diagram of area 2 in the late lateral expansion period.

late lateral expansion period of area 2 terminates when the right top vertex of area 2 moves to the position of
lateral drainage boundary of the reservoir (see point Fy in Fig. 10).

(5) Stage IV: the confinement stage

After the steam chamber reaches the lateral drainage edge (see point Fy in Fig. 10), the steam chamber has to
grow downward because the growth of steam chamber is limited by the cap rock. The downward development
stage of steam chamber is called as the confinement stage®*. The steam chamber is structured by a rectangle
(FrFg,FLFL) and an inverted triangle (OFy,F;,), as shown in Fig. 11. In the development process of the steam
chamber, the right top vertex of the inverted triangle moves downward from point Fy, to Fy,, and the perpendicu-
lar movement distance is noted by y,. The left top vertex of the inverted triangle does the same way. This stage
terminates when steam is full of the whole drainage area of SAGD in the heavy oil reservoir.

Figure 12 is a flow chart of steam chamber development, which can help us better understand the develop-
ment process of steam chamber from the first rising stage to the confinement stage.

Mathematical model of SAGD production

To conveniently describe the different stages of steam chamber development for the establishment of mathemati-
cal model, we denote f as the time of steam chamber reaching to point C, fcg, as the time of steam chamber
reaching to point Cg,, tgy as the time of steam chamber reaching to point Eg, t;, as the time of steam chamber
reaching to point D, fp;; as the time of steam chamber reaching to point Dy, f; as the time of steam chamber
reaching to point M, ty;; as the time of steam chamber reaching to point M, fpp; as the time of steam chamber
reaching to point Dg;, tpys as the time of steam chamber reaching to point Dys, and tgy as the time of steam
chamber reaching to point Fy. It is noted that f. is the ending time of the first rising stage, tz, is the ending time
of the early period of the first lateral expansion stage, tgy is the ending time of the late period of the first lateral
expansion stage, t;, is the ending time of the second rising stage, fy; 5 is the ending time of the early lateral expan-
sion period of area 1, f, is the ending time of the middle lateral expansion period of area 1, ty;; is the ending time
of the late downward expansion period of area 1, fjp; is the ending time of the early lateral expansion period of
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Figure 11. Diagram of steam chamber development in the confinement stage.

Scientific Reports|  (2024) 14:9959 | https://doi.org/10.1038/s41598-024-60747-7 nature portfolio



www.nature.com/scientificreports/

The first rising stage

No

Yes

The early period of the first lateral <
expansion stage

F-Preaches
points Cp,and C,,

The late period of the first lateral —
expansion stage

F-Preaches
points E;and E,

The second rising stage

No

Yes

The late period of the first lateral
expansion stage
|
The early lateral expansion period The early lateral expansion period
of area 1 of area 2

No

The middle lateral expansion period The middle lateral expansion period
of area 1 of area 2

No

The late downward expansion period The late lateral expansion period
ofareal of area 2

No No

F-P1 reaches the
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Figure 12. Flow chart of steam chamber development. “F-P” represents the front position of the steam
chamber, and “F-P1” and “F-P2”represent the front positions of the sub-chambers of area 1 and area 2,
respectively.

area 2, tpys is the ending time of the middle lateral expansion period of area 2, and ty; is the ending time of the
late lateral expansion period of area 2.
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Mathematical model of the first rising stage
According to the Butler’s theory, all mobile oil is drained away by steam and only residual oil is left in the steam
chamber. Therefore, the oil production rate can be calculated by the chamber volume swept by steam.

Based on the material balance principle, the oil production rate per unit of horizontal well length before the
steam chamber reaches the interlayer can be calculated by

da
q= 27”7/00¢Asoaa> (t <tc) (1)
ASy = Soi — Sor (2)

where, ¢ is oil production rate per unit of horizontal well length, kg/(m-d); p, is oil density, kg/m?; ¢ is porosity,
(j); a is major radius of oval chamber, m; S, is initial oil saturation, (j); S,, is residual oil saturation, (j); t is time,
d; and 7 is experience coeflicient, generally 0.7.

Steam is injected into the reservoir and heats the cold oil. The heated oil flows along the interface of steam
chamber into the production well. The released heat rate per unit of horizontal well length can be calculated by

X qsH,
Ginject = qz - (3)

where, ;e is heat rate per unit of horizontal well length, J/(m day), y is steam quality, (j); g, is steam injection
rate, kg/day; and H; is latent heat of steam, J/kg; and L is horizontal well length, m.

To facilitate solving the model, we neglect the heat loss of the chamber interface and assume that the latent
heat released by steam condensation heats the rock, oil and irreducible water. Based on the energy balance, the
following equations are obtained:

Ginject = qr + qo + Gwe 4)
= Q) x (=T
T g s, P T ®
1
do = TSOSoiCO x (Ts — Tr)q (6)
q —piws cw X (Ts — Ty)q
we 0aAS, weCw B r (7)

where g, is heat absorption rate of rock per unit of horizontal well length, J/(m day); q, is heat absorption rate of

heavy oil per unit of horizontal well length, J/(m day); g, is heat absorption rate of irreducible water per unit of

horizontal well length, J/(m day); p, is rock density, kg/m?®; S, is irreducible water saturation, (j); p, is oil density,

kg/m’; p,, is water density, kg/m’; c, is specific heat of rock, J/(kg °C); ¢, is specific heat of oil, J/(kg-°C); c,, is

specific heat of water, J/(kg-°C); T, is steam chamber temperature, °C; and T, is initial reservoir temperature, °C.
Combine Egs. (1) and (4)-(7):

quHs Pr 1 Pw
= 1-— —— Soi —S
L |:p0¢ASO( der + AS, oiCo + 0oAAS, wch:| "
da
x (Ts — Tr)2ﬂpo¢ASoW5, (t <t)
Let,
Ay = 225 B — omp, [ﬁ(l — d)er + x5 SoiCo + p(f’%saswccw} X (Ts — Tr)$ASo.
Equation (8) is reduced to
da
A1=Blﬁaa, (t <tc) )

By integrating Eq. (9), the major radius of oval steam chamber is calculated by

12 [ Ade
a= foil,(t < to) (10)
nB;

Then, the perpendicular front distance can be obtained by

[2 [LAdt
h=2a=2 foil,(t<tc) (11)
nB1

where, h, is rising height of oval steam chamber, m.
Taking the derivative of Eq. (11) with respect to t, the rising speed of steam chamber can be gained by
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ZA% (t <tc) (12)
y=4 | ——,(t <tc
nB fOtAle’

where, v is rising speed of steam chamber, m/d.
By substituting Eq. (10) into Eq. (1), the oil production rate can be obtained by

2T PP ASA L
1=
1

Mathematic model of the first lateral expansion stage

(1) The early period of the first lateral expansion stage.

After the steam chamber reaches the interlayer, the latent heat released from the condensation of steam is
consumed for the expansion of steam chamber and heat loss.
Based on the energy balance principle, the latent heat rate per unit of horizontal well length can be expressed

by
Jinject = qin + Gloss (14)
where, g;, is rate of heat absorption inside the steam chamber per unit horizontal well length, J/(m-d); and gy,

is rate of heat loss per unit horizontal well length, J/(m-d).
The consumed heat per unit horizontal well length of steam chamber expansion is calculated by

Qin = pc(Ts — Tr)gdx (15)

pc = (1 —=9@)prcr + P(SopoCo + Swowew) (16)

where, Q,, is heat consumed per unit horizontal well length of steam chamber expansion, J/m; and k is distance
from the interlayer to the production well.

Take the derivative of Eq. (15) with respect to t:

inn h dx
in = = pc(Ts — Ty) — —, (tc<t<t 17
Jin dr pc(Ts r)zdt (tc CR4) ( )

We consider that heat loss is consumed at both the interlayer and the side interface of steam chamber, so the

heat loss can be divided into two parts:

Qloss = qlayer + Gside (18)

where, g,y is rate of heat loss at the interlayer per unit horizontal well length, J/(m day); and gy, is rate of heat
loss at the side interface of steam chamber per unit horizontal well length; J/(m day).

Carslaw and Jaeger® built and solved a heat loss model for impermeable cap rock to deduce the rate formula
of heat loss after steam chamber reaches to cap rock:

¢ A Ceap dx
—2 [ (1. — T, | lepPeapteap OX 4 19
Gcap [) (Ts ) n(t—1) dr T (19)

where, q.,,, is rate of heat loss at the cap rock per unit horizontal well length, J/(m? day); A, is thermal conduc-
tion coefficient of cap rock, J/(m day °C); p.,, is cap rock density, kg/m?; Ceap 1 cap rock heat capacity, J/(kg-°C);
and 7 is integral variable respect to time, day.

We introduce the rate formula of heat loss for cap rock into the calculation of heat loss for interlayer rock:

t A ¢ dx
Gayer = 2 / (T — Ty | verPlayerlayer CX g0 ot < topa) (20)
Jic n(t—1t) dr

where, Ay, is thermal conduction coefficient of the interlayer, J/(m day-°C); pi,y, is interlayer density, kg/m?;
Clayer i interlayer heat capacity, J/(kg-°C); and f, is time for the front position to reach point C, day.

Through extensive calculations and comparison with STARS results, Shaolei et al.® concluded that the heat
loss around the steam chamber is 1/6 of the heat loss from the cap. We assume the same ratio relationship of heat
loss between the side interface of steam chamber and the interlayer:

1
qside = g qlayer (21)

Combining Egs. (3) and (14)—(21), we obtain
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XqSHS 7 [ /llayerlolayerclayer dx h dx
—_— = Ts — Ty)y | ————————d Ts — Ty)— —, (tc<t<t 22
T =g [ R ey = T (et <ten) (22)

By solving Eq. (22) (see Appendix A), we obtain the expression of the front distance of steam chamber:

ot A B B

x= / ie[%F<0~5>12ferfc[€F(o.S)ﬁ]dr, (tc<t < tcra) (23)
fc

where, Ay = %HS; By = %(Ts —Tp) \/@§ C=pc(Ts — Ty) %; and I() is gamma function.

Based on the material balance principle, the oil production rate per unit of horizontal well length after the
steam chamber reaches the interlayer can be calculated by

1 dx
q = = poPASch—, (tc<t<Icre) (24)
2 dt
Substituting Eq. (23) into Eq. (24), we obtain
1 A2 1B rO5)P(—t0) gy B2
q= £p°¢AS°hEe ¢ c erfc[EF(O.S)\/t — tcl], (tc<t<tcra) (25)

where, erfc is error function.
(2) The late period of the first lateral expansion stage.

After the steam chamber moves to point Cy, (Fig. 5), the latent heat released by steam per unit horizontal
well length during the late period of the first lateral expansion stage can be calculated by

xHs_
Qinject = qu(t — tcra)s (tcra < t < tgR) (26)
t
Z qs,i
— _ i=ICr4 (27)
gy = ———(fcra <t < tgR)
t — ICr4

where, Qe is latent heat released by steam per unit horizontal well length, J/m; fcg4 is time of steam chamber
reaching to point Cy,, day; g is average rate of steam injection from tcg, to ¢, kg/day; gy is time of steam chamber
reaching to point Eg, day; and g, is steam injection rate on the ith day, kg/day.

In the late period of the first lateral expansion stage, the heat consumed per unit horizontal well length of
steam chamber expansion can be calculated by

Qin = pc(Ts — TV (t — tcra) (fcra < t < tER) (28)

where, V is average movement speed of the steam chamber during the late period of the first lateral expansion
stage, m/day.
Based on the energy balance principle, the latent heat per unit of horizontal well length can be expressed by

Qinject = Qin + Qloss (29)

t
Qloss = / qlossdt (30)
1

CR4

where, Q. is heat loss per unit horizontal well length of steam chamber expansion, J/m.
According to Eq. (19), the heat loss of the interlayer is expressed by

| Aayer Player Clayer — _
Qlayer = 4(Ts — Ty) W[Vﬂvt — tc — +/t — tcra) + VA/t — fcral, (tcra < t < tgr) (31)

3 Xcc
V, = R4

1=
fcra — IC (32)

xccra = Bh (33)

where, V1 is average movement speed of steam chamber from . to fcp4, m/d; and xccpy is length of line CCpy, m.
Combining Eqs. (21) and (26)-(33), we obtain
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3 3
q.Hy [ 2 ¢ t—tc)z —(t —tc)?2
X4qstts *(Ts -T) layer Player Clayer — v, [( c) (tcra c) — T = fcral
L B! t — tcra
— 28 A Claver —
= pc(Ts — Ty)hV + ?(Ts — To)y Mva — tcra, (fcra <t < tgR)

By solving Eq. (34) (see Appendix B), we obtain the expression of the front distance of steam chamber and
oil production rate:

(34)

3
2

Az — By =t IO — \Jf = fcral € — toro feme < £ < t00) (35)
X = — ICR4), (ICR4 < I < IER
C+ D/t — tcra

q.H A averClayer <
where, Ay = £ By = 2(T, — T,)/ RPREWEY, C = pe(Ty — Tyh,
28 / Z1ayer Player €l
D — ?(Ts _ Tr) ayer. ]a-[yer ayer .

A3/ — B3/({/t — fc — \/tcra — tc) — D1V /T — fcra

» (fcra < t < tgR) (36)
G

iH, 4 Clayer 77 A Clay
where, A3/ = 2955 By — (T, — Tr)\/@vl,q - ﬂ;(ATsS I 1D py = LT, — Tr)\/@.

Mathematic model of the second rising stage
During the second rising stage, we also consider that heat loss is consumed at both the interlayer and the side
interface of steam chamber, so the heat loss can be divided into two parts.

According to Eq. (19), the interlayer heat loss during the second rising stage of sub-chamber can be expressed

as
A Claver —
Gayer = A(T, = Ty | BXIPREIDET, (TG - = ), (tem < ¢ < 1) (37)

— Wc

Vy=—
27 2ter — tc) (38)

where, V, is average movement speed of sub-chamber from .. to fzz, m/d; and w, is interlayer width, m.
The rate of heat consumed per unit horizontal well length of sub-chamber expansion is calculated by

da,
gin = 4mpc(Ts — Tr)naz——, (tgr < t < tp) (39)

dt
where, a, is major radius of oval chamber in the second rising stage, m

Combining Egs. (3), (14), (18), (21) and (37)-(39), we obtain

dnpc(Ts — Tr)nazy

(40)
14 A
=5 (T =Ty MV (VE—tc — /T — fgr), (tgr < t < tp)

LetAy = MEHS>B4 =4npc(Ts— Tp),C = 4 5 (Ts — Tr)y/ WW and substitute these equations into
Eq. (40):

XqSHS _ da;
L

Ay — C(Jt —tc — A/t — tER) B4,3as * (tgr < t < tp) (41)
By integrating Eq. (41), the major radius of sub-chamber is calculated by

o — \/2 /f Ay — C(Jt—1tc — /Tt — ter)
IER

nB4

dt, (tgr < t < tp) (42)

Then, the perpendicular front distance can be obtained by

L \/ /‘ Ay — C(Jt—1fc — /T — tgR)
2 =2a2 =24/2
tER

dt, (tgr <t < tp) (43)
1nBy

where, h, is rising height of oval sub-chamber, m
Based on the material balance principle, the oil production rate per unit of horizontal well length before the
sub-chamber reaches the cap rock can be calculated by

das
q= AT pop ASonas—— dr ,(tgr < t < tp) (44)
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Substituting Eq. (42) into Eq. (44), we obtain

g= 4mpop ASo(Ay — C(VE — tc — /t — tER)

,(tgr <t < fp) (45)
By

where, Ay = X% By = 4mtpc(T, — T,C = B (T, — Ty Aerflaednery,

Mathematic model of the second lateral expansion stage

(i) The development process of area 1 of the sub-chamber.
(a) The early lateral expansion period of area 1.

The consumed heat per unit horizontal well length of the early lateral expansion period of area 1 is calculated
by

Qin = pc(Ts — Ty)(H — h)dx (46)
Take the derivative of Eq. (46) with respect to t:
inn dx
Gin=—4 = pc(Ts — Tr)(H — h)a, (tp <t < tpr3) (47)

where, H is perpendicular distance from the production well to the cap rock, m.

After the sub-chamber bypasses the interlayer, the heat loss of the interlayer gradually decreases. After the
sub-chamber reaches to the cap rock, the heat loss of the interlayer is far smaller than that of the cap rock, so we
ignore the heat loss of the interlayer in our model and only consider the heat losses of the cap rock and the side
interface of sub-chamber. The total heat loss in this period can be expressed by

loss = qcap T side (48)
According to Eq. (19), the heat loss of the cap rock is written by

t 1
Acap PeapCeap dx
=4 Ts — T — = dr, (¢ t<t 49
Geap tD( s )|/ n(—1) dr T,(tp <t < tpr3) (49)

where, tj is time of steam chamber reaching to point D, d.
Combining Egs. (3), (14), (21) and (46)-(49), we obtain

X qsHs 14 [t /lcappcapccap dx dx
= — T, — T, ———=—d Ts — Ty)(H — h)—, (1 t <t 50
L 3 tD( s r) n(t—1) dt T + pc(Ts 0)( )di’ (tp <t < tpL3) (50)

By solving Eq. (50) (see Appendix C), we obtain the expression of the front distance of sub-chamber:

"'As B B
x:/ —Se[ﬁsF(O‘S)]zferfc[fsF(O.S)ﬁ]dr,(tD <t <tps) (51)
tp

Based on the material balance principle, the oil production rate per unit of horizontal well length can be
calculated by

q= pod)ASo(H—h)%, (tp <t < tpL3) (52)
Substituting Eq. (51) into Eq. (52), we obtain
4= popASo(H — h)%el%”O-S)JZO—fD)erfc[B—gr(o.S)M], (tb <t < tpL3) (53)
where, As = X8 o — 14T, _ ) [Lewbenten 0 — po(T, — Ty)(H — h).

(b) The middle lateral expansion period of area 1.

After the steam chamber moves to point Dy; (Fig. 8), the latent heat released by steam per unit horizontal
well length during this period can be calculated by

xHs_
Qinject = qu(t — tpL3), (fprz <t < tm) (54)
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>

qs,i
- _ i=tpL3 (55)

s = —— . (tps <t <tm)
t —tpL3
where, tp;; is time of steam chamber reaching to point Dy, day; and ¢y, is time of steam chamber reaching to
point M, day.
The heat consumed per unit horizontal well length of sub-chamber expansion can be calculated by

Qin = pc(Ts — T)(H — W)V, (t — ip13), (tpLs < ¢ < tm) (56)

where, V, is the average movement speed of sub-chamber from point Dy ; to point Dy
According to Eq. (19), the heat loss of the cap rock is expressed as

AcapPeapCeap ~— _
Geap = 4(Ts — Tr)y/ W[Vﬂxﬁ —tp —+/t —tp13) + Va/t —tp13), o1z < t < tm)  (57)

5 XDDL3
Vi =

> Ipis—to (58)
xppL3 = B(H — h) (59)
where, V3 is average movement speed of sub-chamber from point D to point Dy 3, m/day; and xpp,; is length of
line DDy 5, m.
The heat loss per unit horizontal well length of steam chamber expansion can be calculated by
t
Qioss = / qlossdt> (tbLs < £ < tm) (60)
tpL3
Combining Egs. (21), (29), (48) and (54)-(60), we obtain
P 3 3
q.H, 28 — A, C t—1Ip)2 — (4 —1ip)?
X9qstts T~ THV;s | #cap Pcap cap[( D) (tpLs D) _ m]
2L 9 T t — tpL3 (61)

_ 28 2 _
= pe(Ty = To(H = WV + (T, = T @vaw ~Ipis (p1s < £ < ty)

By solving Eq. (61) (see Appendix D), we obtain the expression of the front distance of sub-chamber and oil
production rate:

3 3
3 Ag — BG[M

— 4/t — tp13]
t —tp13), (tprz < t < t (62)
CiDJi—n ( DL3)s (tDL3 M)

where, Ag = XL Bo = (T, _ T, [ LwbRCn Y, € = po(Ty — T,)(H — h), D = B(T, — Ty)y/ Zeelanter

_ Ag/ — Bs/(Jt — tp — /T — Ip13) — D1 Va/T — tD13

,(tbLs <t < tm) (63)
C

_ X9siHs __ 14 [ Xayer Player Clayer 77 _ pc(Ts—=T;) __ 14 Zayer Player Clayer
Wherea AG/ - QsLl SaBél - ?(TS - Tr) ¥ TZ : V3) Cl - p(pAEOPOr )Dl - ?(TS - Tr) ¥ TZ ¥ .

(¢) The late downward expansion period of area 1.

a

According to Butler’s derivation?, the oil production rate per unit of horizontal well when the sub-chamber
expands downward is calculated by

) 3 t— )2 kga \/E

1= 2 we ¢Asomvs(H — h) V 3

where, k is effective permeability of oil flow, m? « is thermal diffusivity of reservoir rock, m?/day; m is a coefficient
constant; v, is kinematic viscosity of oil at the temperature inside steam chamber, m*/day; g, is oil production

rate per unit of horizontal well in area 1, m*/(m day).
The released heat rate per unit of horizontal well length in area 1 can be calculated by

kgt ASo(H — h)

mvg

, (tm<t<tmr) (64)

X qs,aH.
Ginject = %La : (65)

where, g, , is steam flow rate in area 1, kg/day.
The consumed heat rate per unit horizontal well length of sub-chamber expansion in area 1 is calculated by
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qa
PAS,

qin = pc(Ts — Tr)

According to Eq. (19), the heat loss of the cap rock is expressed as

%w—z/ (T, — w“ﬁ?”fﬁuﬁxm<kmm (67)

—_ We

Vy—= <
* 7 20— o) %

where, V4 is average speed of sub-chamber from point D to point M, m/day.
Combining Eqgs. (14), (48) and (65)-(68), we obtain
Xs,alls

H, vcappcap cap w
= — Ts — Vadr, (b <t<t 69
I pc(Ts d)AS / (Ts = To)y | n(—1) T, (tm<t<tmr) (69)

c(T.

Change the form of Eq. (69), we can get

+7/tM(T gy, [ Ll an s 4 (<t<tn)  (70)
¢ASO . & S X M ML

Based on the material balance principle, the oil production rate per unit of horizontal well length can be

gsa = Llpc(Ts — T)

calculated by
— pAS,C cdy , (tm<t<twmr) (71)
<
5 qp (m=t<imr
By integrating Eq. (71), the perpendicular front distance can be obtained by
t 2q
= dt, (tm<t<t,
y= L GASome (tm<t<tmr) (72)

where, y is perpendicular front distance, m

(i)  The development process of area 2 of the sub-chamber.

(a) The early lateral expansion period of area 2.

Before the sub-chamber moves to point Dy, the development process of area 2 is the same as that of area 1 (see
Figs. 7 and 8); therefore, the mathematical model for area 2 is the same as that for area 1, and it is omitted here.

(b) The middle lateral expansion period of area 2.

After the sub-chamber moves to point Dy (Fig. 10), the latent heat released by steam per unit horizontal well
length during this period can be calculated by

X5 H
Qinject = D2 (¢ — tpwm), (fom <t <fpRs) (73)
t
Do Gsbi
— i=tpm (74)
qs, = —— (lpm<t<IpRs)
’ t —ipm

where, g, is average steam flow rate in area 2, kg/day; g, is steam flow rate on the ith day in area 2, kg/day.
The heat consumed per unit horizontal well length of sub-chamber expansion can be calculated by

Qin = pc(Ts — Tr)(H — h) Vi (t — tom), (fom <t <tprs) (75)

where, V}, is average movement speed of sub-chamber from point Dy, to point Dys, m/day.
According to Eq. (19), the heat loss of the cap rock is expressed as

Acap PcanCeap — _
Geap = 4(Ts — Tp) | 2220 ;:p LV, (VT —1tp — /T — tom) + V /T — toml, (tpm<t<tprs)  (76)

The heat loss per unit horizontal well length of steam chamber expansion can be calculated by
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t
Qloss = / qlossdts (tbm < t < tpRs) (77)
1

DM

Combining Egs. (21), (29), (48) and (73)—(77), we obtain

3 3
g.,Hs 28 — A c t—1tp)2 — (tpm — D)2
Xdspts 2 T — TV, cap Pcap cap[( D) (tom — tp) — JT= o]
L 9 T t —tpm
— 28 AcapPeapCeap —
= pc(Ts — Tr)(H — )V, + ?(Ts ) wat — tpM, (fpM <t <tpRs)

By solving Eq. (78) (see Appendix E), we obtain the expression of the front distance of sub-chamber and oil
production rate:

(78)

4 _37[W

C+ D/t — tpm

where, Ay = X%bfl g 28 (7 _ 1y, [Pt 7o 0 = po(T, — To)(H — h),D = B(T, — Ty)y/ Zeplenter

_ A7/ = By/({/t —tp — /t — tom) — D1 Vp/t — tDm
= c

IV t— tDM] (79)

(t — tpm), (tpmMm <t <IpRs)

X

avb , (tpM <t <IpRs) (80)

where, g, is oil production rate per horizontal well length in area 2, kg/(m-d);A;/ = ”%JHS,

_ 14 [ Acap PeapCeap T7 _ pc(Ts—T, 14 Jcap PeapC.
B7/ — ?(TS _ Tr) cap ::P cap V3, Cl — Ppoq;Asor)’Dl — ?(Ts _ Tr)\/@-

(c) The late lateral expansion period of area 2.

After the sub-chamber moves to point Dg; (Fig. 9), the latent heat released by steam per unit horizontal well
length during this period can be calculated by

X9spH.
Qinject = =22 (t — tpRrs), (tprs <t <tpR) (81)
t
> dshii
— i=IpR5 (82)
dsp = — > (tDR5 <t <tpR)
t — tpRrs

The heat consumed per unit horizontal well length of sub-chamber expansion can be calculated by

Qin = pc(Ts — T H Vo (t — tpRrs), (tprs < £ < fFR) (83)

where, V1,5 is average movement speed of sub-chamber from point Dys to point Fy, m/d; and tg is time of steam
chamber reaching to point Fy, d.
According to Eq. (19), the heat loss of the cap rock is expressed as

Acap PeapCeap ~— _
Geap = 4(Ts — Tp)y/ W[Vs(«/t —tp — /t — tpRs) + Vio/t — fors s (fprs<t<tpr)  (84)

= XDDR5 (85)
s =
IDR5 — ID

where, V5 is average speed of sub-chamber from point D to point Dys, m/day; xppys is length of line DDgs, m.
The heat loss per unit horizontal well length of steam chamber expansion can be calculated by

ot
Qloss = / Qlossdt, (tprRs < t < tFR) (86)
1

DR5

Combining Egs. (21), (29), (48) and (81)—(86), we obtain

3 3
9.,Hs 28 — /A c t —tp)2 — (fprs — tp)?2
Xdspits — 2T, = T Vs cap PcapCeap [( D) (tpRrsS D) _ m]
L 9 b1 t — tprs
— 28 Acap PeapCeap —
= pc(Ts — Tr)HVy, + ?(Ts - T bezvt — tpRs, (tDR5 <t <tFR)

By solving Eq. (87) (see Appendix F), we obtain the expression of the front distance of steam chamber and
oil production rate:

(87)
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3 3
Ao = Bl VTRl Gors i< (8)
x = — , <t<
C + DT = tors DR5 DR5 FR

where, Ag = X%, By = (T, — o)/ S80S0V, C = pe(Ty — ToH, D = 3(Ts — Tp)y/ finsee,

Ag/ — Bg/(\/t — tp — \/t — tpRs) — D1 Via+/T — fDR5
b = C , (tpRs <t <tpR) (89)

X9sb,iHs _ 14 [ Acap PeapC _ pc(T. 14 [ .cap Peap €.
where, Ag/ = %, Bg/ = 7(Ts —-T) wvs, C = pp(q;AS r) ,D; = (T —T) w

Mathematic model of the confinement stage
After the steam chamber moves to point Fy (see Fig. 11), the released heat rate per unit of horizontal well length
in area 2 can be calculated by

qu,bHS
L

(90)

Ginject =
The rate of heat consumed per unit horizontal well length of steam chamber expansion is calculated by
dy
qin = pc(Ts = TOW - ,(t > tFR) (91)

where, W is lateral drainage distance of SAGD, m.
According to Eq. (19), the cap rock heat loss during the confinement stage of steam chamber can be expressed

as
_ fFR _ )cappcap cap w
Geap = 2 (Ts — Ty) 1) V6 Vedr, (t > trR) (92)
Jip

- W— 2
=—= (93)
IFR — D

where, Vi is average movement speed of steam chamber from point D to point Fy, m/d.
Combining Eqs. (14), (21), (48) and (90)—(93), we obtain

XQS,bHs dy 7 /.tFR ;cappcapccap
= Ts — THO)W-—= + — Ts — T, ———— = Vedr, (t > t 94
I pc(Ts ¥) dt + 3 o (Ts r) n(t—1) 6d7, (f > fFR) (94)

Change the form of Eq. (94), we can get

X4sbH. IFR Acap PeapCeay
sagpll 7 i (7, 1) Bt var

pc(Ts — TH)W

dt, (t > tgr) (95)

dy =

By integrating Eq. (95), the perpendicular front distance can be obtained by

X4sbHs IFR cap Pcap Ccap
o sl 7 pi p ), [ty g

dt, (t > tpR) (96)
- pc(Ts — Ty W o

y:

Based on the material balance principle, the oil production rate per unit of horizontal well length can be
calculated by

d
P = ¢Asopowd—f, (t > trp) (97)

Substituting Eq. (96) into Eq. (97), we obtain

X qs bHs _ 7 [tR Acap PeapCeap Y7
ft (Ts Tr \/ Tn-1) Vs dr (

pc(Ts — Tr)

(98)

b = $ASopo t > trR)

Field application

Example 1

There is a SAGD case from a heavy oil reservoir with an interlayer in the Junger Basin of China. The vertical depth
of the steam injection well is 189.8 m, the vertical depth of the production well is 195.2 m, the perpendicular
spacing between the injection and production wells is 5.4 m, and the horizontal section lengths of two wells are
377 m. The distances of the production well to the interlayer and the cap rock are 13.5 m and 31.8 m, respectively.
Since 2016, the two horizontal wells have been put into production and injection for 2720 days, respectively.
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The physical property parameters of the heavy oil reservoir are shown in Table 1. Figure 13 shows the relation-
ship curve of steam injection rate with respect to time. Various steam injection rate can be observed in the whole
process of steam injection from the figure. Figure 14 shows the relationship curve of oil production rate with
respect to time. Based on the physical property parameters and the history steam injection rate, we calculated
the theoretical oil production rates with the elapse of production time by using the established SAGD model
and then compared them with the real oil production rates, as shown in Fig. 14. It can be seen from the figure
that the matching effect of the model data with the oilfield data is very well, which implies the established SAGD
model is of reliability and utility.

In addition, we also used the SAGD model to calculate the end time of each stage and the front position of
steam chamber. The calculation results are shown in Table 2. The steam chamber rose to the interlayer on January
13,2017, and then laterally expanded to the interlayer edge on June 22, 2018. After that, the steam chamber rose
again to the cap rock on March 29, 2020, and then laterally expanded toward the lateral oil drainage boundary. As
of December 2023, the steam chamber has not reached to the lateral drainage boundary. We also calculated the
durations of different stages and periods, as listed in column 5 in Table 2. The durations of the first and second
rising stages are 206 days and 636 days, respectively. The durations of the early and late periods of the first lateral
expansion stage are 137 days and 388 days, respectively. The durations of the early and middle lateral expansion
periods and the downward expansion period of area 1 are 468 days, 561 days and 324 days, respectively. The
durations of the early and middle lateral expansion periods of area 2 are 468 days and 885 days, respectively. The
calculation results can help us adequately understand the history development process and the current develop-
ment status of steam chamber of the example SAGD.

Oil production rate is dominated by front position of steam chamber and steam injection rate. For example, at
the end of the first rising stage, the vertical front distance of steam chamber is equal to 13.5 m, the steam injection
rate is 14.4 t/day, and the corresponding oil production rate is 8.03 t/day. At the end of the early period of the first
lateral expansion stage, the horizontal front distance of steam chamber is equal to 8.05 m, the steam injection
rate is 79 t/day, and the corresponding oil production rate becomes 29.15 t/day. At the end of the second rising
stage, the vertical and horizontal front distances of steam chamber become 20 m and 31.8 m, respectively, the
steam injection rate is 102 t/day, and the corresponding oil production rate becomes 20.28 t/day.

L(m) L0)) H(m) w(m) W(m) Saili) Sox(j) Swe(j) | h(m)
377 0311 |318 40 50 0.749 0.30 0251 |13.5

Py Po Py [ S Cy s T, Iz
(kg/m®) (kg/m?) | (kg/m?) J/(kg-°C) J/(kg-°C) |J/(kgC) |(°C) (°C) | (mPas)
2500 963 1000 1000 3000 4200 210 196 | 145
?f/afm dayoc)) |Gy | (Tikgec)) %}7(‘}2, day=C)) (}fikg) 26) a(m?s) | k(D) | t(day)
237,600 2500 1000 144,288 1900 0.85 59x107 |216 |2720

Table 1. Values of physical property parameters of the example 1 reservoir.
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Figure 13. Relationship curve of steam injection rate with respect to time.

Scientific Reports|  (2024) 14:9959 |

https://doi.org/10.1038/s41598-024-60747-7 nature portfolio



www.nature.com/scientificreports/

80 -
= oilfield data

70 . * model data

60 *
£ %
= ' ° :
g so s :
] T
E‘ 40 $¢ . . n
-y ? o’ ’ °
z o A vl
G or =S, .

30 i ¢

ae?)

20 o
ol
10 .I;‘
v
. «
0 . . . . . = -
2016/07 2017/07 2018/07 2019/07 2020/07 2021/07 2022/07 2023/07

time

Figure 14. Matching curves of the model data with the oilfield data for the example 1 production well.

Date Steam injection rate (t/day) | Oil production rate (t/day) | Time (day) | Duration (day) ||x|(m) |z(m) |Notes

2017/1/13 14.4 8.03 206 206 0.00 13.50 | The first rising stage

2017/5/30 |79 29.15 343 137 8.05 13.50 | The early period of the first lateral expansion stage
2018/6/22 102.78 37.69 731 388 20.00 13.50 | The late period of the first lateral expansion stage
2020/3/29 102 20.28 1367 636 20.00 31.80 | The second rising stage

2021/6/30 | 177 44.24 1835 468 5.79 | 31.80 | The early lateral expansion period of area 1
2023/1/12 | 85 14.34 2396 561 0.00 | 31.80 | The middle lateral expansion period of area 1
2023/12/2 138 36.11 2720 324 0.00 14.76 | The late downward expansion period of area 1
2021/6/30 | 177 44.24 1835 468 5.79 | 31.80 | The early lateral expansion period of area 2
2023/12/2 | 138 36.11 2720 885 45.543 | 31.80 | The middle lateral expansion period of area 2

Table 2. The end time and front positions of steam chamber in different stages.

Example 2

There is another SAGD case from a heavy oil reservoir with an interlayer in the Junger Basin of China. The
vertical depth of the steam injection well is 190.8 m, the vertical depth of the production well is 196.2 m, the
perpendicular spacing between the injection and production wells is 5.4 m, and the horizontal section lengths
of two wells are 346 m. The distances of the production well to the interlayer and the cap rock are 20 m and 38.8
m, respectively. Since 2019, the two horizontal wells have been put into production and injection for 1806 days,
respectively.

The physical property parameters of the heavy oil reservoir are shown in Table 3. Figure 15 shows the relation-
ship curve of steam injection rate with respect to time. Figure 16 shows the relationship curve of oil production
rate with respect to time. Based on the physical property parameters and the history steam injection rate, we
again calculated the theoretical oil production rates with the elapse of production time by using the established

L(m) o) [Hm) | wim) W) [SuG) [ Sul) | Sul) | him)
346 0.303 38.8 52 60 0.761 0.31 0.239 | 244
Pr Po Pw G S Cw T T, u
(kg/m?) (kg/m®) |(kgim®) | J/(kg°C)  |Ji(kg°C) |J/(kg°C) | (°C) ¢C) | (mPas)
2500 963 1000 1000 3000 4200 210 19.6 14.5
hmaccy |Eom) |Glgey | (macey |G |10 a(w?fs) | KD) | dd)
237,600 2500 1000 144,288 1900 0.85 59%x107 |2.16 1806

Table 3. Values of physical property parameters of the example 2 reservoir.
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Figure 15. Relationship curve of steam injection rate with respect to time.
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Figure 16. Matching curves of the model data with the oilfield data for the example 2 production well.

SAGD model and then compared them with the real oil production rates, as shown in Fig. 16. From the figure,
the matching effect between the production calculated by the model and the actual production of the oil field is

very good, which once again proves that the SAGD model we established is reliable and practical.

In addition, we also used the SAGD model to calculate the end time of each stage and the front position of
steam chamber. The calculation results are shown in Table 4. The steam chamber rose to the interlayer on July 8,
2020, and then laterally expanded to the interlayer edge on July 6, 2022. After that, the steam chamber rose again
to the cap rock on January 13, 2024, and began to enter the second lateral expansion stage. As of January 2024,
the steam chamber development is still in the second lateral expansion stage. We also calculated the durations of
different stages and periods, as listed in column 5 in Table 4. The durations of the first and second rising stages
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Steam injection volume

Date (t/day) Oil production (t/day) Time (day) Duration (day) |x|(m) z(m) Notes

2020/7/8 30.54 13.39 405 405 0.00 24.40 The first rising stage
The early period of the

2021/10/27 130.14 56.48 881 476 17.08 24.40 first lateral expansion
stage
The late period of the

2022/7/6 157.30 44.49 1133 252 26.00 24.40 first lateral expansion
stage

2024/1/13 166.88 50.52 1689 556 20.00 38.80 The second rising stage

Table 4. The end time and front positions of steam chamber in different stages.

are 405 days and 556 days, respectively. The durations of the early and late periods of the first lateral expansion
stage are 476 days and 252 days, respectively.

Comparatively, the stage number of steam chamber development of the second example is lesser than that of
the first example owing to the relatively shorter production time of the second example.

Conclusions

In this study, multi-stage development process of steam chamber for SAGD production in a heavy oil reservoir
with an interlayer was analyzed and the corresponding and multi-stage development model of steam chamber
was established and solved. The following conclusions can be drawn:

(1) The development process of steam chamber can be divided into 5 stages for a reservoir with an interlayer:
the first rising stage (stage I), the first lateral expansion stage (stage II), the second rising stage (stage III),
the second lateral expansion stage (stage IV) and the confinement stage (stage V). Stages IIT and IV are
two special stages caused by the existence of the interlayer, and they do not appear for reservoirs without
interlayers.

(2) Particularly, stage II can be further divided into two periods: the early period and the late period. In stage
IV, above the interlayer, the expansion process of steam chamber to the interior is different from that to
the lateral drainage boundaries. Stage IV for the expansion to the interior can be further divided into three
periods: the early and middle lateral expansion periods and the late downward expansion period. Stage
IV for the expansion to the lateral drainage boundaries can also be further divided into three periods: the
early, middle and late lateral expansion periods.

(3) InstagesIand II, the steam chamber is beneath the interlayer, and it can be assumed as an oval and an
inverse triangle, respectively. In stage III, the steam chamber has already bypassed the interlayer and
becomes two symmetric sub-chambers over the interlayer. The sub-chamber can also be hypothesized as
an oval and the part of steam chamber beneath the interlayer can be deemed as a fixed inverse triangle. In
stage IV, the sub-chamber can be considered as an inverse triangle. In stage V, the steam chamber can be
treated as a polygon which is structured by a rectangle and an inverse triangle.

(4) The established multi-stage development model is verified using field data applications and can be a good
tool to calculate the front distance of steam chamber and oil production rate of SAGD in different develop-
ment stages.
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