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Steam-assisted gravity drainage (SAGD) is an important method used in the development of heavy oil. A heat transfer model in the
SAGD production process is established based on the heat transfer effect caused by the temperature difference at the front edge of the
steam chamber and the heat convection effect caused by the pressure difference. The observation well temperature method is used in
this model to calculate the horizontal expansion speed of the steam chamber. In this manner, an expansion speed model considering
heat convection and heat conduction is established for a steam chamber with a steam-assisted gravity drainage system. By comparing
this with the production data extracted from the Fengcheng Oilfield target block, it is verified that the model can be effectively applied
for actual field development. Simultaneously, by using the derived model, the temperature distribution at the edge of the steam
chamber and production forecast can be predicted. Sensitivity analysis of the expansion rate of the steam chamber demonstrates
that the larger the thermal conductivity, the faster is the steam chamber horizontal expansion speed, and the two are positively
correlated; the larger the reservoir heat capacity, the slower is the steam chamber horizontal expansion speed. A larger heat
capacity of the convective liquid indicates that there are more water components in the convective liquid, the viscosity of the
convective liquid is low, and the expansion speed of the steam chamber increases accordingly. This research closely integrates
theory with actual field production and provides theoretical support for the development of heavy oil reservoirs.

1. Introduction

Steam-assisted gravity drainage (SAGD) is one of the most
important methods currently used for the development of
heavy oil. It is characterised by a high recovery rate, a high
degree of steam cavity formation, and it takes effect quickly
and has a low pollution rate. For SAGD production, the
degree to which the steam chamber is developed directly
determines the developmental effect of the steam-assisted
gravity drainage system as well as the efficiency of the oil dis-
placement and its recovery factor. The steam, which is at a
high temperature, heats the oil sands and heavy oil, which
are at a low temperature, and the viscosity of the liquid then
rapidly drops to form a cavity. The production mechanism is
illustrated in Figure 1. Gravity pulls the condensate and
heavy oil down from the drain zone to the edge, and down
to the production well, while the heat exchange is predomi-
nantly produced by heat conduction and convection at the

edge of the steam cavity. The heat transfer and expansion
speed models of the steam chamber are the key factors deter-
mining the degree of steam cavity development. Therefore,
studying the heat transfer and velocity models in the SAGD
oil recovery process is the primary task, and it is an extremely
important step in evaluating the developmental effects and
guiding actual production.

In the 1980s, Butler [1, 2] analysed salt water injection
well technology and applied it to the development of the
heavy oil industry. When the steam cavity in a homogeneous
oil reservoir only underwent heat conduction, he considered
the establishment of a heat transfer model and a macroscopic
gravity drainage heat transfer mathematical model. This oil
drainage equation sets a precedent for the theoretical produc-
tion of SAGD.

In the following years, Reis, Edmuds, Aukhaev, Azad, and
others continued to improve upon this basic model, but they
have not yet considered the influence of steam cavity thermal
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convection [3]. Sharma and Gates [4] assumed that the con-
densate velocity normal to the interface was the steam cham-
ber interface velocity multiplied by the fluid mobility ratio.
Although it is an assumption, the resultant equation provides
an understanding of the role of convection. In 2013, Irani and
Ghannadi [5] conducted a certain degree of research on the
convection caused by the water phase, and they established
a steam-assisted gravity drainage heat transfer model that
considered thermal convection. Irani believed in the heat
transfer method of thermal convection, but their research
on thermal convection was only carried out under ideal con-
ditions, while actual reservoir conditions are far from ideal
and can, of course, deviate considerably. Qing and Zhang
[6] used a constant heat flow boundary condition to verify
the widely used constant-temperature boundary condition
at the edge of the steam chamber. Our study confirmed the
accuracy of the study by Irani et al. He offered a simple for-
mula to demonstrate the connection between the condensate
velocities normal to the chamber interface and the movement
velocity of the chamber interface, which is helpful for study-
ing the expansion speed of the steam cavity and heat convec-
tion. Yang et al. [7] and Fan and Li [8] also proposed that
heat conduction and heat convection exist simultaneously
during SAGD production. Furthermore, they believe that
heat convection, when in the vicinity of the steam cavity, is
the main mechanism by which heat is transferred. This study
confirmed that thermal convection occurs during SAGD pro-
duction. It also considered the heterogeneity of the reservoir
and established a relatively complete heat transfer model.
However, the study argues that thermal convection is only
generated by the water phase and that the steam cavity
expansion rate is a fixed value. Therefore, the research results
deviate from the actual reservoir conditions.

Professor Gates et al. [9] studied the influence of steam
quality on ΔRa temperature; if the steam quality was equal
to 50%, the supplied temperature exceeded 178.31°C, which
is unstable. The steam quality should be as high as possible
at the edge of the chamber to enhance the instability for
achieving maximum bitumen production from the reservoir.
Given that the chamber is under saturation conditions, its
temperature is constant; however, there exists a quality gradi-
ent throughout the chamber that is the highest at the injec-
tion well and decreases moving away from the injection
well. In 2015, Gotawala and Gates [10] used linear stability
analysis to check the stability of the edge of the steam cham-

ber, as it will exist in the steam-assisted gravity drainage
process. He observed that the densities and viscosities of
the steam/water and bitumen are strong functions of temper-
ature, and thus the energy content contributes to the stability
criterion. If the difference in the energy-weighted Darcy–
Rayleigh numbers of the steam/water phases and oil phase
is negative, then the system is unstable and perturbations of
the edge grow. We herein observe that the higher the steam
quality and steam injection temperature, the greater is the
instability of the edge of the chamber, which is more condu-
cive to the horizontal expansion of the steam chamber.

The convection phase during the actual production pro-
cess comprised a mixed phase of condensed water and crude
oil. Taking this into consideration, Liu et al. [11] discovered a
heat conduction effect caused by the temperature difference
at the front edge of the steam chamber, as well as a convec-
tion effect caused by the pressure difference. This steam
chamber heat transfer model is more in line with the actual
conditions. Although it improves upon the heat transfer
model used in the SAGD production process by making it
more complete, it only idealises the steam chamber expan-
sion speed parameter as a fixed value and has not yet offered
a suitable calculation method. Therefore, when the expansion
speed of the steam chamber changes, the results deviate.

Based on Butler’s basic heat transfer model, Zhou et al.
[12] proposed the theory that the expansion speed of the
steam chamber is variable. The steam chamber expansion
speed was obtained through both the observation well tem-
perature method and the drain zone temperature distribu-
tion method. The newly changed steam chamber expansion
speed in this study takes into account the influencing factors
when the steam cavity expands but again idealises the reser-
voir conditions while ignoring the heat convection phenom-
enon caused by the pressure difference. This steam cavity
expansion model is based only on the heat transfer that con-
siders heat conduction. However, during the actual produc-
tion process, thermal convection is the main mechanism by
which steam transfers heat at the drain zone, and it is also a
key factor affecting the expansion speed of the steam cham-
ber. Therefore, the results show a large deviation from the
actual production situation.

In 2020, Zargar et al. [13] established a comprehensive
constant heat injection (CCHI) model by studying the rela-
tion between steam injection parameters and oil production.
This model considers the expansion speed of the steam
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Figure 1: SAGD production mechanism diagram for double horizontal wells.
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chamber as the production time increases; it decreases owing
to the relation between energy and mass balances. Zargar’s
study has considered that the steam chamber expansion rate
is a variable during the SAGD production process, and it has
thus calculated it using the CCHI model to obtain the best
steam injection parameters. However, this study only con-
firmed that the expansion speed of the steam chamber was
variable, and the horizontal expansion speed of the steam
chamber could not be obtained through the CCHI model.
There is no explanation for the influence of the changing
steam chamber expansion rate on the steam chamber
expansion law. Simultaneously, the changing steam cham-
ber expansion speed has not been studied, and the steam
chamber horizontal expansion speed model has not been
obtained, so predicting the steam chamber migration law
is impossible. There is an urgent need for a complete and
accurate steam chamber expansion speed model for SAGD
production.

Therefore, in this study, considering that the convective
liquid is composed of a mixed phase of condensate and crude
oil, introducing the thermal convection velocity which
includes the relative permeability, viscosity, pressure, and
other parameters of the two phases, the thermal convection
velocity is considered in the SAGD steam cavity heat transfer
model. In addition, as the steam cavity’s heat transfer model
considers both heat conduction and heat convection, the
observation well temperature method is used to establish
the expansion velocity model of the steam cavity. This is used
to calculate the horizontal expansion velocity of the drain
zone and predict the temperature distribution in both the
drain zone and in SAGD production. We herein provide a
tool for rapid field-scale optimisation and performance
predictions, as opposed to the use of extremely time-
consuming thermal numerical simulators.

2. Steam Chamber Expansion Research

2.1. Model Assumptions. The entire production process for
steam-assisted gravity drainage can be divided into three
main stages—the rising stage of the steam chamber, lateral
expansion stage, and decay stage [14–16]. The production
characteristics of each stage are different. The key stage for
oil production is the horizontal expansion stage of the steam
chamber. This stage comprises the peak oil drainage period
during SAGD production, and it is the core stage required
to study the expansion speed of the steam chamber.

However, we herein selected the steam cavity’s lateral
expansion stage as the research target. To facilitate our
research, the following assumptions were made for when
the steam cavity moved laterally along the top of the
reservoir:

(1) The oil reservoir is a homogeneous reservoir

(2) The steam chamber reached the top of the reservoir
and began to expand laterally on both sides

(3) The thermal conductivity of the reservoir was
constant

(4) Both heat conduction and convection occur in the
reservoir

(5) Heat transfer only moves in a direction perpendicular
to the outer edge of the steam chamber; that is, there
is a one-dimensional heat transfer process

(6) At a certain moment, the system is in a quasisteady
state process; that is, at a certain moment, the steam
chamber advances at a fixed speed along the edge in
a normal direction

(7) We ignored the heat loss during the flow of heavy oil

2.2. Heat Transfer Model. According to Butler’s research [1,
2], the heat transfer process at the front interface of steam-
assisted gravity drainage of the steam cavity is a
pseudosteady-state process. Figure 2 is a schematic of the
expansion of the steam chamber, and it shows that the basic
heat transfer differential equation can be obtained according
to the conservation of energy:

K∇2T − ρccpc ν ⋅ ∇Tð Þ = ρrcpr _T: ð1Þ

The first term on the left side of the equation represents
the heat conduction of the steam chamber, and the second
term on the left side represents the heat convection that runs
perpendicular to the direction of the steam chamber:

K
∂2T
∂x2

+ ∂2T
∂y2

+ ∂2T
∂z2

 !
− ρccpc V

∂T
∂x

+ V
∂T
∂y

+ V
∂T
∂z

� �

= ρrcpr
∂T
∂t

� �
,

ð2Þ

where K is the reservoir thermal conductivity, V is the con-
vective velocity, ρc is the convective phase density, ρr is the
reservoir density, cpc is the specific heat capacity of the con-
vective liquid, cpr is the specific heat capacity of the reservoir,
x is the normal direction of the steam cavity interface, y is the
tangent direction of the steam chamber interface, and z is
parallel to the horizontal well axis.

As the oil reservoir is a homogeneous reservoir, the tem-
perature gradient in the x and y directions can be ignored,
and Equation (2) can be converted as follows:

K
∂2T
∂x2

 !
− ρccpc V

∂T
∂x

� �
= ρrcpr

∂T
∂t

� �
: ð3Þ

Introducing the variable ξ (apparent distance) [17], we
deduce according to the assumptions that the expansion
speed Uζ of the steam chamber for a certain period of time
is a fixed value.

ξ = x −
ðt
0
Uξdt = x −Uξt: ð4Þ
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In the equation, the partial differential of x is replaced by ξ:

∂2T
∂x2

= ∂2T
∂ξ2

, ð5Þ

∂T
∂t

= −Uξ

∂T
∂ξ

: ð6Þ

Substituting Equations (5) and (6) into Equation (3), we
obtain

K
∂2T
∂ξ2

 !
− ρccpcV − ρrcprUξ

� � ∂T
∂ξ

� �
= ρrcpr

∂T
∂t

� �
: ð7Þ

When the heat transfer at the front edge of the steam
chamber is stable, and the temperature distribution does not
change with time, Equation (7) becomes Equation (8).

K
∂2T
∂ξ2

 !
− ρccpcV − ρrcprUξ

� � ∂T
∂ξ

� �
= 0: ð8Þ

The above equation is the SAGD heat transfer model that
considers both heat conduction and heat convection.

2.3. Temperature Distribution at the Edge of Steam Chamber.
Based on the SAGD heat transfer model, with the following
boundary conditions:

T ∞ð Þ = Tr ,
T 0ð Þ = Ts:

(
ð9Þ

We can obtain

T = Tr + Ts − Trð Þ × eρccpcV−ρr cprUξ/K×ξ,

ξ = K
Uξρrcpr −Vρccpc

ln Ts − Tr
T − Tr

:
ð10Þ

The viscosity distribution in crude oil is an important fac-
tor in determining temperature distribution. As the viscosity
distribution in crude oil has a certain power function relation

with temperature [18], the relation between the two can be
approximately expressed as

μs
μo

= T − Tr

Ts − Tr

� �m

, ð11Þ

where μs is the oil viscosity when at the injected steam tem-
perature, μo is the oil viscosity, T is the temperature at a cer-
tain point on the edge of the steam chamber, Tr is the original
reservoir temperature, Ts is the temperature of the injected
steam, and m denotes the temperature–viscosity factor.

Irani and Ghannadi studied the convection caused by the
water phase in the SAGD process and observed that the pres-
sure distribution at the front edge of the steam chamber is
also in the form of a power function. Figure 3 was obtained
through the calculation of Irani’s model. According to the
comparison, the temperature and pressure distribution
trends at the front edge of the steam chamber were similar.
Therefore, according to Equation (11), the pressure distribu-
tion at the edge of the steam chamber is in a power function
relation with the viscosity distribution of crude oil [11]:

μs
μo

= P − Pr

Ps − Pr

� �n

, ð12Þ

where P is the pressure at a certain point on the edge of the
steam chamber, Pr is the original reservoir pressure, Ps is
the injection pressure, and n is the pressure–viscosity factor.

By combining the above two equations, the relation
between the temperature and pressure distributions can be
obtained.

P − Pr

Ps − Pr
= T − Tr

Ts − Tr

� �m/n
: ð13Þ

According to Equation (13), the derivative of ξ can be
obtained:

1
Ps − Pr

∂P
∂ξ

= 1
Ts − Trð Þm/n

m
n

T − Trð Þm/n−1 ∂T
∂ξ

, ð14Þ

because the thermal convection velocity in the steam cavity is

V = −
kkro
μo

+ kkrw
μw

� �
∂P
∂ξ

: ð15Þ

According to Sharma and Gate’s research [4], the relative
permeability of the oil and water phases is as follows:

kkro
μo

= kkrocw
μs

SoDð Þa 1 − T∗ð Þa T∗ð Þm,

kkrw
μw

= kkrwro
μw

1 − SoD 1 − T∗ð Þ½ �b,

8>>><
>>>:

ð16Þ

where kro is the relative permeability of the oil phase, krocw is
the relative permeability of the oil phase when under an irre-
ducible water saturation, krw is the relative permeability of
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Figure 2: Steam chamber expansion diagram.
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the water phase, krwro is the relative permeability of the water
phase under the residual oil saturation, ab is the Corey
coefficient, and α is the thermal diffusivity.

where SoD = Sio − Sor/1 − Swc − Sor, T∗ = T − Tr/Ts − Tr

= e−Uξξ/α.
Then, the fluidity of the edge of the steam chamber is

λ = kkrocw
μs

SoDð Þa 1 − T∗ð Þa T∗ð Þm + kkrwro
μw

1 − SoD 1 − T∗ð Þ½ �b:

ð17Þ

Substituting Equations (14) and (17) into Equation (15),
we can obtain

V = mUξλ Ps − Prð Þ
nα

T∗ð Þm/n: ð18Þ

The above equation shows that the convection velocity is
a function of ξ. When the thermal convection velocity is
introduced into the edge temperature distribution function
of the steam cavity, the edge temperature distribution
function of the steam cavity can be considered for both heat
conduction and thermal convection:

ξ = nαK

nαρrcpr − ρccpc mλ Ps − Prð Þ T∗ð Þm/n
h i 1

Uξ

ln Ts − Tr

T − Tr
:

ð19Þ

2.4. Steam Chamber Expansion Speed Model. To better
describe the development and expansion of the steam cavity
during the SAGD production process, we herein use the
observation well temperature measurement method to
obtain the expansion speed of the steam cavity under the
conditions of the known observation well position, steam
cavity temperature, and oil reservoir temperature. This is car-

ried out to further obtain the horizontal movement speed of
the steam outlet cavity and its edge position, thereby provid-
ing a theoretical basis for field development.

In the same monitoring well, the temperature at two
different depths in the high-temperature section can be mea-
sured separately, as shown in Figure 4.

The relation between the distance from the oil drain
interface and the temperature at these two depths, when
measured simultaneously, is as follows [12].

ξ1 =
K

Uξρrcpr − V1ρccpc
ln Ts − Tr

T1 − Tr
,

ξ2 =
K

Uξρrcpr − V2ρccpc
ln Ts − Tr

T2 − Tr
,

8>>><
>>>:

ð20Þ

where V1 is the convective velocity at observation point 1, V2
is the convective velocity at observation point 2, T1 is the
temperature at observation point 1, and T2 is the tempera-
ture at observation point 2.

ξ can also be expressed as a function describing depth:

ξ1 = h1 − hoð Þ cos θ,
ξ2 = h2 − hoð Þ cos θ:

(
ð21Þ

ξ2 minus ξ1, and simplified to

h2 − h1ð Þ cos θ nαK
ρrcprnα − ρccpc T1 − Tr/Ts − Trð Þ

1
Uξ

ln T1 − Tr
T2 − Tr

−
nαK

ρrcprnα − ρccpc T2 − Tr/Ts − Trð Þ

"

−
nαK

ρrcprnα − ρccpc T1 − Tr/Ts − Trð Þ

#
1
Uξ

ln T2 − Tr
Ts − Tr

:

ð22Þ
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We can obtain

Uξ =
nαK

h2 − h1ð Þ cos θ nαρrcpr − ρccpc mλ Pst − Prð Þ½ � × T1 − T r/Ts − Trð Þm/n� � ln

� T1 − Tr

T2 − Tr
+ nαK

ρrcprnα − ρccpc T2 − Tr/Ts − Trð Þ

"

−
nαK

ρrcprnα − ρccpc T1 − Tr/Ts − Trð Þ

#
1

h2 − h1ð Þ cos θ ln T2 − Tr
Ts − T r

:

ð23Þ

After simplification, the expansion velocity equation of
the steam cavity interface, considering heat conduction and
heat convection, is obtained as

Uξ =
φ

h2 − h1ð Þ cos θ ln T1 − Tr

T2 − Tr
+ γ

h2 − h1ð Þ cos θ ln T1 − Tr

Ts − Tr
,

ð24Þ

where φ = nαK/nαρrcpr − ρccpc½mλðPst − PrÞ� × ðT1 − Tr/Ts

− TrÞm/n, γ = nαK/ρrcprnα − ρccpcðT2 − Tr/Ts − TrÞ − nαK/
ρrcprnα − ρccpcðT1 − Tr/Ts − TrÞ.

The horizontal expansion speed of the steam chamber is

UX = Uξ

sin θ
= 2φ

h2 − h1ð Þ sin 2θ ln T1 − Tr

T2 − Tr

+ 2γ
h2 − h1ð Þ sin 2θ ln T1 − Tr

Ts − Tr
:

ð25Þ

Under the condition that the position and temperature of
the oil layer are measured, according to Equation (25), the
horizontal expansion speed of the steam chamber at the
corresponding time can be obtained.

3. Model Validation

The model can be solved using a mathematical iterative
method. To verify the accuracy of the desired steam chamber
expansion speed model, Irani’s model was compared with the
new model, and the temperature change curves of the steam
chamber at different depths of the two models were calcu-
lated by using MATLAB software; the parameters are listed
in Table 1. In addition, the two models were compared with
the production monitoring data of Well Z in the SAGD pro-
duction test area of Xinjiang Fengcheng Oilfield. In the actual
field, to observe the development and expansion of the steam
cavity during the SAGD production process, an observation
well was set between two horizontal wells. In addition, in
the early stages of SAGD production, steam stimulation is
usually required to ensure better development of the steam
chamber. Therefore, the horizontal expansion stages of the
steam chamber in the first and second years were excluded,
so the third year of SAGD production was selected as the tar-
get year for our comparison.

Figure 5 shows the temperature change curves from the
observation wells at different production times. Whether it
is looking at the new model, the Irani and Ghannadi model,
or the data from the actual field, you can see an obvious
steam cavity development shape, and you can also see a
temperature peak zone in the middle of the steam chamber
[19–22]. Furthermore, the peak area was approximately 50
m. As the depth of the steam chamber increased, the
temperature gradually decreased from 220°C to 70°C. The
temperature curve of the entire steam chamber remains at
150°C–230°C, which agrees well with previous research. As
the thermal convection considered by the Irani and
Ghannadi models is only a simplified case under ideal condi-
tions and they have not yet considered the change in the
expansion speed of the steam chamber, they are too idealistic
compared to the new model derived in this study, so the peak
temperature of the steam chamber and the steam chamber
temperature at the same depth are much higher than those
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Figure 4: Schematic of the observation well temperature measurement method.
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of the new model and actual mine data. In particular, in the
interval where the depth of the steam chamber is 150–200
m, the new model is closest to the actual field data, which
shows the new steam cavity expansion speed model for
steam-assisted gravity drainage is correct.

The edge position of the steam chamber can be calculated
when the edge of the steam chamber passes through the
observation well. MATLAB was used to calculate and simu-
late the edge position of the steam chamber at different times.
Figure 6 shows that in 2018, the predicted edge of the steam
chamber moved 22.51m in the X direction, and the steam
chamber migration speed at this time was 2 × 10−2 m/day.
The edge position of the steam chamber was 22.83m, which
was obtained via four-dimensional seismic data detection.

The two data were very consistent, verifying the accuracy of
the new model established herein.

4. Application

4.1. Temperature Distribution at the Edge of the Steam
Chamber. Although thermal convection is considered in
existing heat transfer equations for the production process
of steam-assisted gravity drainage, only the water phase is
considered as the convection phase in the model, and this
ignores the role of heavy oil in the thermal convection pro-
cess. Thus, the new model deviates slightly from the actual
situation. Therefore, we herein comprehensively consider
the oil–water two-phase flow and the mixed relative flow
velocity, establish the SAGD heat transfer model, including
heat conduction and heat convection, and calculate the tem-
perature distribution at the edge of the air cavity.

Through the establishment of this temperature distribu-
tion, when the steam chamber drain zone reaches a certain
observation position, the position of the steam chamber’s
front edge and its temperature can be obtained in real-time
to predict the width of the drain zone and the movement
speed of the steam chamber [2, 23–25]. Furthermore, by
incorporating the geological parameters of Well Z into the
temperature equation at the edge of the steam chamber, a
temperature distribution map of the oil drainage zone can
be obtained. As shown in Figure 7, as the production time
for steam-assisted gravity drainage increases, the horizontal
expansion speed of the steam chamber gradually decreases,
as does the temperature of the front edge of the steam cham-
ber. The shape of the drain zone gradually flattens, but the
temperature of the steam chamber remains stable. This indi-
cates that as the production years increase, the output gradu-
ally stabilises, which is in line with the actual situation. By
studying the temperature changes at the edge of the steam
chamber, the temperature distribution of the front edge of
the steam chamber can be quantitatively characterised,
thereby providing theoretical support for actual production.

Table 1: Model verification parameter table.

Item Value Item Value

Porosity 0.3 Steam temperature 240°C

Permeability 7:5 × 10−12 k/m2 Steam chamber angle 45°

Reservoir thickness 20m Chamber temperature 280°C

Caprock thickness 15m Reservoir temperature 30°C

Well spacing 100m Reservoir density 2500 kg·m-3

Horizontal well length 350m Convective phase density 1500 kg·m-3

Reservoir pressure 1.2MPa Moving speed of steam 2:5 × 10−2 m/d
Oil viscosity 2:4 × 105 mPa · s Thermal diffusivity 7:5 × 10−7 m2/s
Water specific heat capacity 4200 J/(kg·K) Original oil saturation 0.85

Oil specific heat capacity 1800 J/(kg·K) Connate-water saturation 0.15

Thermal conductivity 1.5W/(m·°C) Relative permeability of bound water oil phase 0.85

Injection pressure 1.80MPa Absolute reservoir permeability 6 × 10−12

Pressure–viscosity factor 2

Temperature–viscosity factor 3 Relative permeability of water phase under residual oil 0.03
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4.2. Sensitivity Analysis of Steam Chamber Expansion Speed.
To help the field better understand the influencing factor of
the steam chamber’s horizontal expansion speed during the
SAGD generation process, sensitivity analysis is performed
to maintain the shape of the gas chamber and improve the
recovery factor. Under the condition of measuring the posi-
tion and temperature of the oil layer, in accordance with Equa-
tion (25), we can obtain the expansion speed of the steam
chamber under different production times, and a sensitivity
analysis of the expansion speed of the steam chamber can be
carried out to analyse the influence of different influencing
factors on the expansion speed of the steam chamber. The data
used in the sensitivity analysis are listed in Table 2.

(1) Analysis of the influence of thermal conductivity

Figure 8 shows that the horizontal expansion speed of the
steam chamber is directly proportional to thermal conductiv-
ity. The larger the thermal conductivity of the steam cham-
ber, the faster is the horizontal expansion speed, and the
larger is the moving distance [26–28]. On the contrary, when
the thermal conductivity is small, the heat transfer of the
steam will slow. Although thermal convection will still occur
when it is small, the time the heavy oil in the reservoir has to
be affected by the steam will be considerably reduced, which
directly leads to the horizontal expansion speed of the steam
cavity. If it slows down, the horizontal extension distance will
also slow; this will eventually lead to a decrease in the SAGD
oil displacement effect and a decrease in oil recovery.

(2) Analysis of the influence of the reservoir heat
capacity

Heat capacity generally refers to the specific heat capac-
ity, i.e., the energy required for the oil phase material to
increase the temperature. Under the condition of controlling
other unchanged values, the heat capacity of the reservoir is
increased from 1 × 106J/ðm3 · KÞ to 3 × 106J/ðm3 · KÞ. As
shown in Figure 9, as the specific heat capacity of the reser-
voir continued to increase, the horizontal expansion rate of
the steam cavity decreased. This indicates that a larger spe-
cific heat capacity in the reservoir hinders the development
of the steam cavity and reduces the SAGD and horizontal
expansion speed of the steam chamber during production.
This is because the higher the viscosity and density of the
heavy oil, the higher is the specific heat capacity of the crude
oil [29–33]. However, more energy is consumed in the pro-
cess of reducing the viscosity of heavy oil. In the case of
limited thermal steam energy, the greater the specific heat
capacity of the heavy oil, the lower is the transmission effi-
ciency, and the lower is the horizontal expansion speed of
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the steam chamber, which is not conducive to the develop-
ment of the steam chamber and results in a decrease in oil
recovery.

(3) Analysis of influence of convective liquid heat
capacity

Although several studies have considered the influence of
thermal convection, there are deviations in the understand-
ing of the components of the convection fluid. This indicates
that the research results are inaccurate and cannot accurately
describe the thermal convection during the development and
expansion of the steam cavity. In this study, the components
of the convective liquid were regarded as the mixed phase of
the water and oil phases. Therefore, to analyse its influence
on the horizontal expansion speed of the steam chamber,
the control variable method was used to explore the influence
of the mixed-phase convective liquid on the horizontal
expansion speed.

Figure 10 shows that as the specific heat capacity of the
convective liquid continues to increase, so does the steam

chamber’s horizontal expansion speed and that the two are
shown to be in a proportional relation. As the convection liq-
uid is composed of two miscible phases—a water phase and
an oil phase—when the specific heat capacity of the convec-
tion liquid increases, the water phase in the miscible phase
accounts for a larger proportion. In addition, the speed with
which the steam spreads will increase, while the steam’s
energy from the heat will slowly decrease. Therefore, the
chamber’s horizontal expansion speed is also at a maximum.

When the specific heat capacity of the convective liquid
decreases, the proportion of the oil phase increases, the crude
oil in the area affected by the thermal energy of the steam
thickens, the viscosity of the convective liquid increases,
and the chamber’s horizontal expansion speed decreases.
This conclusion allows for a better understanding of the
influence of the specific heat capacity of the convection liquid
on the horizontal expansion speed of the steam chamber dur-
ing the steam diffusion stage, thus, providing a theoretical
basis for actual field development.

4.3. Production Calculation Based on Expansion Speed of
Steam Chamber.During the SAGD production process, there
are often differences in the interface speed of the steam
chamber at different times owing to the different production
systems. However, most existing production studies are
based on Butler’s traditional equation that ignores the heat
convection as well as the influence of the steam chamber’s
varying expansion speeds at different times on the output.
Therefore, according to the existing production equations
[1, 34], we obtain

q = MpKgL sin θ

mμsUξρrcpr
, ð26Þ

Table 2: Sensitivity analysis parameter table.

Item Value

Reservoir temperature 30°C

Thermal diffusivity 7:5 × 10−7 m2/s
Oil specific heat capacity 1800 J/(kg·K)
Reservoir density 2500 kg·m-3

Convective phase density 1500 kg·m-3

Steam chamber angle 45°

Pressure–viscosity factor 2

Temperature–viscosity factor 3
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where Mp is the effective permeability of the oil phase and L
is the length of the horizontal section.

On incorporating Equation (25) into Equation (26), we
get

q =
MpgαL

mμsUX
: ð27Þ

The above equation becomes a production equation (oil
production) that considers the horizontal expansion speed
of the steam chamber. This equation can be used to perform
actual field fitting and production predictions to guide field
development.

According to the expansion speed of the steam chamber
across different time periods, the SAGD production at differ-
ent times can be obtained. To facilitate the popularisation
and application of this method, the actual production at dif-
ferent time nodes is used to fit Equation (27), and the basic
parameter list is shown in Table 3. By inputting the data from
the table into the production model, the average daily oil pro-
duction in the model during the third year is observed to be
59.32m3/day, and the actual average daily production from

Well Z is 55.67m3/day, when ignoring the effect that heat loss
has. The following two data points are close, verifying that
the model can meet production forecast requirements. In
addition, the steam chamber’s varying expansion speeds
when at different production times is brought into the output
equation, and once the curve is smoothed, a comparison
chart showing the actual output and model calculated output
is obtained (as shown in Figure 11).

Through the actual output and the calculated output
comparison chart, the calculated output and the actual out-
put have the same curve trend, but the model’s output enters
the stable production period earlier than the actual output,
and the cumulative oil production is slightly higher than in
the actual field. This is because the calculated production
model ignores the heat lost during movement in the steam
chamber and simplifies the steam chamber into an inverted
triangle. In addition, owing to other influencing factors such
as operations in the actual field, the calculated output will be
slightly higher than the actual output, and thus it enters the
stable production period sooner.

5. Conclusions

The development and expansion of the steam cavity are deci-
sive factors for steam-assisted gravity drainage to ensure its
recovery factor. We herein established the steam cavity’s heat
transfer and expansion speed models by considering various
influencing factors and then validated the model. The study
of the mechanism model yielded the following conclusions.

(1) During the horizontal expansion stage of the steam
cavity interface toward the reservoir, heat conduction
and thermal convection occur simultaneously, and
heat flows perpendicular to the steam cavity’s inter-
face under the action of the pressure difference. The
convective liquid here is a combination of the water
and oil phases, with the oil phase being an important
part of the convective liquid
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Table 3: Basic parameter table for yield calculation.

Item Value

Viscosity-temperature constant 2

Acceleration of gravity 9.8m2/s

Thermal diffusivity 9:5 × 10−2 m2/d
Oil kinematic viscosity 5 × 10−6 m2/s
Effective permeability of the oil phase 0:45 × 10−12 m2

Horizontal section length 350m
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Figure 11: Comparison chart of the actual production and
calculated production.

10 Geofluids



(2) According to the actual well field, the observation
well data obtained, and the analysis of the steam
chamber expansion speed model, the steam chamber
expansion speed was the largest in the early stages of
SAGD production. With the increase in production
time, the expansion speed of the steam chamber will
decrease, and at this time, it needs to be changed.
This can be achieved by changing the production sys-
tem or changing the production method to add
energy to the injection well, thereby maintaining high
efficiency and stable production

(3) After studying the sensitivity of the steam chamber
expansion speed model, under the condition of other
factors being constant, the greater the thermal con-
ductivity of the reservoir, the faster is the steam cham-
ber expansion speed. In this case, the heat capacity of
the oil reservoir will require more heat energy to
reduce viscosity, and the expansion speed of the steam
chamber will also decrease. This is because as the con-
vective liquid is miscible, the greater the heat capacity,
the greater is the water phase ratio, indicating that the
convective liquid will have low viscosity and the steam
chamber will expand quickly

(4) The established SAGD heat transfer model was used
to derive the temperature distribution function at
the edge of the steam chamber. This predicts the
expansion shape of the steam chamber and the edge
temperature change and provides a theoretical basis
for the subsequent dynamic control of production.
Based on Butler’s classic production equation, a pro-
duction equation that considers the expansion speed
of the steam chamber is established. Finally, by look-
ing at the change in expansion speeds of the steam
chamber (due to the working system) at different
time periods, oil production can be accurately calcu-
lated at different times. This will help advance field
development

Nomenclature

K : Reservoir thermal conductivity, W/m·°C
α: Thermal diffusivity, m2/s
ρc: Convective phase density, kg·m-3

ρr : Reservoir density, kg·m-3

cpc: Specific heat capacity of the convective liquid, J/(kg·K)
cpr : Specific heat capacity of the reservoir, J/(kg·K)
μs: Oil phase viscosity when at the injected steam tem-

perature, mPa·s
μo: Oil viscosity, mPa·s
T : Temperature at a certain point on the edge of the

steam chamber, °C
Tr : Original reservoir temperature, °C
Ts: Temperature of the injected steam, °C
m: Temperature-viscosity factor, dimensionless
n: Pressure-viscosity factor, dimensionless
P: Pressure at a certain point on the edge of the steam

chamber, MPa

Pr : Original reservoir pressure, MPa
Ps: Steam injection pressure, MPa
kro: Relative permeability of the oil phase, dimensionless
krocw: Relative permeability of the oil phase when under an

irreducible water saturation, dimensionless
krw: Relative permeability of the water phase,

dimensionless
krwro: Relative permeability of the water phase under the

residual oil saturation, dimensionless
Sio: Initial oil saturation, dimensionless
Sor: Residual oil saturation, dimensionless
SoD: Normalized oil saturation, dimensionless
Swc: Connate-water saturation, dimensionless
a: Corey coefficient, which sets the curvature of the oil

relative permeability curve, dimensionless
b: Corey coefficient, which sets the curvature of the water

relative permeability curve, dimensionless
θ: Angle of steam chamber and horizontal line, °

Mp: Effective permeability of the oil phase, m2

L: Length of the horizontal section, m.
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