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Abstract — Compared with conventional steam flooding and Steam-Assisted Gravity Drainage (SAGD),
Solvent-Enhanced Steam Flooding (SESF) is considered a more effective method for improving heavy oil
recovery in thin reservoirs in terms of higher thermal efficiency and oil production rate. However, there
remains a deficiency of accurate and efficient methods to evaluate and design an SESF project in the field.
A semi-analytical model is proposed in this paper to predict the recovery performance of SESF and
investigate the effects of solvent properties and injection strategies on the SESF process for thin heavy
oil reservoirs. The proposed model provides a simple method to simulate not only single solvent
injection but also multi-solvent injection by cooperating different values of solvent operating thickness
and solvent solubility. To validate the model’s accuracy, comparisons are made between the proposed
model results and the numerical simulation results for a specific heavy oil reservoir case. The results
indicate that SESF can achieve a considerably higher oil production rate at the early recovery stage
than steam flooding. Moreover, the paper also demonstrates that a higher injection rate results in a
lower thermal efficiency increment when well spacing is constant. Nevertheless, a high injection rate
may also be suitable for longer well spacing owing to the improvement of the viscosity profile beyond
the edge of the steam zone caused by longer contact time between the solvent and crude oil.

OPEN @ ACCESS

NOMENCLATURE dr/dt Radial velocity of steam front, m/s

A Area of heated zone, m* dx/dt Longitudinal velocity of steam front, m/s

As.()  Solvent diffusion area at time £, m do./dt  Solvent diffusion rate, m/s

cp Heat capacity at constant pressure within the reser-  fw Water fractional flow at specific water saturation
voir, J/(kg °C) " Slope of tangent of the water fractional flow curve

Ceap Heat capacity of understrata and overburden rock at specific water saturation

Cq Solvent solubility at the steam front h Reservoir thickness, m

Cs Solvent concentration at & By, Enthalpy of saturated water, kJ/kg

Cs Average solvent concentration in the solvent pen- Heat injection rate per unit well length, kJ/md
etration depth L¢ Horizontal displacement of cold water front in the

D, Effective diffusion coefficient of solvent at time ¢, second stage, m
m*/d L. Effective operating thickness of solvent, m

D Solvent molecular diffusion coefficient, m*/s L, Latent heat of vaporization of steam, kJ/kg
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/ Length of well, m
Heat loss rate to understrata and overburden per
area, kJ/m?d

Ghloss

Gheff Required heat rate associated with the steam zone
expansion per unit well length, kJ/md

Sor Residual oil saturation

Swe Connate water saturation

St Water saturation at the end of operating thickness

Swp Water saturation at the production well

T Temperature, °C

T; Initial reservoir temperature, °C

t Time when the first stage ends, d

r Radius of steam zone area, m

Vi, Mass rate of cold steam condensate per unit well
length, kg/md

X Steam quality

X Horizontal displacement of steam front, m

GREEK LETTERS

o Longitudinal dispersity factor

O Solvent penetration depth, m

€ Distance beyond the edge of the steam front, m

¢ Reservoir porosity

cap Thermal conduction coefficient of understrata and
overburden rock, kJ/md °C

u Viscosity, mPa s

0 Density, kg/m®

') Gamma function

SUBSCRIPTS

o Oil

S Steam

w Hot water

r Reservoir rock matrix

cap Understrata and overburden rock

INTRODUCTION

Heavy oil resources have an important role in crude oil
reserve replacement to meet the world’s future energy
demands [1]. However, a considerable portion of the heavy
oil resides in thin formations and in some countries more than
80% lies in reservoirs with a less than a 10 m pay zone; this
has posed a major challenge for efficient development [2].
To date, the predominant in sifu recovery methods for reser-
voirs with thin pay zone are steam injection by horizontal
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wells. Among these, the steam-flooding strategy has been
regarded as a significantly superior technology compared to
Steam-Assisted Gravity Drainage (SAGD) operations in
terms of energy efficiency [3] and has been applied widely
in thin heavy oil reservoirs in China [4-6]. However, signif-
icant heat losses to the understrata and overburden can render
the steam-flooding process uneconomic because of the small
thickness of the reservoir [7]. Solvent-Enhanced Steam
Flooding (SESF) requires substantially less steam usage
and net injected energy and thus is considered as a highly
effective method for improving heavy oil recovery in thin
reservoirs [7, 8].

Solvent properties and injection strategies are important
factors that control the performance of SESF and thus deter-
mine the economic viability of the process. Therefore, it is
necessary to fully investigate the effects of these factors on
production performance before implementing in the field.
By conducting 63 experiments on a three-dimensional
elemental physical model, Redford [9] first demonstrated
the effects of solvent properties on the production perfor-
mance and indicated that naphtha with steam could signifi-
cantly reduce oil viscosity. Besides, bitumen recovery
could be improved further by adding CO, or ethane because
they can provide more drive energy for the naphtha to enter
the reservoir. Nasr and Pierce [10] conducted a series of
experiments on steam-CO, injection strategies in a scaled
model and revealed that steam-CO, continuous injection
results in improved performance compared to steam-CO,
sequential injection. Moreover, oil recovery rates are typi-
cally accelerated and improved during the initial stage of
the process. Although the effects of the solvent properties
and injection strategies of several solvents on steam flooding
can be identified by well-designed experiments, the number
of solvents tested is limited whereas the experiment require-
ments are large. Therefore, the experimental data is difficult
to analyse.

Based on laboratory experiments, several attempts using
numerical simulation have been undertaken to study the
SESF process. Shutler and Boberg [11] first used numerical
simulations to delineate the recovery mechanism of the
solvent-steam process. The results indicate that medium-
alkane solvents provide the greatest increase in total oil
production, whereas heavy-alkanes solvents do not improve
recovery. They also proposed the corollary that the produc-
tion of the process is primarily determined by the placement
of the solvent in the reservoir, which in turn is controlled by
the steam movement and solvent volatility. Zhao et al. [8]
reported reservoir simulation results on the application of
SESF for a bitumen reservoir with a net pay of 4 m.
The results present optimum steam and steam-solvent flood-
ing injection strategies by comparing the cumulative Energy
injected to produced Oil Ratio (cEOR) between different
cases. Hence, numerical simulation was proven to be a
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powerful method to calculate SESF production. However,
the calculation of the numerical simulation is not only
time-consuming but also relies heavily on a large amount
of experimental data, which limits the application of the
numerical simulation method.

For quick calculation and an easy method for the solvent-
steam process, several analytical and semi-analytical
methods were developed. Sharma and Gates [12] considered
mathematical models to calculate the length scales of the
mass and heat transfer beyond the edge of a co-injection
chamber. Gupta and Gittins [13] developed a semi-analytical
approach to estimate oil drainage in the co-injection of steam
and solvent. The solvent distribution beyond the steam cham-
ber calculated by their models can be an indicator of different
solvents without introducing excessive experimental data.
However, their mathematical models are based on Butler’s
SAGD model [14, 15] for oil drainage and do not consider
the blocking effects of water on the solvent diffusion, which
makes the models not applicable for SESF process.

To the best of our knowledge, applying a mathemati-
cal model to understand the SESF process for heavy oil
reservoirs with thickness less than 10 m has never been
undertaken. In this study, to predict SESF production perfor-
mance and study the effects of solvent properties and injec-
tion strategies on the SESF process, a new semi-analytical
model is proposed based on mass and energy balance princi-
ples, diffusion theory, and the theory of Buckley-Leverett.
First, the mathematical model is solved in a semi-analytical
method. Next, comparisons are made between the calculated
model and numerical simulations to verify the proposed
model. Finally, with the validated model, the effects of the
solvent properties and injection strategies on the production
performance of SESF are studied in detail.

1 MATHEMATICAL MODEL

A simplified diagram of the SESF process is presented in

Figures 1 and 2. To decouple the primary mechanisms from

the other complexities that accompany the SESF process,

important assumptions and simplifications are provided
below:

1. based on the position of the steam front, the entire pro-
duction process is divided into three stages: before the
steam front reaches the upper and lower boundary (steam
front rising stage) (Fig. 1b), after the steam front reaches
the boundary without steam condensate reaching the pro-
duction well (steam front spreading stage) (Fig. 2b), after
the cold steam condensate reaches the production well
(steam condensate-producing stage). The pressure inside
the steam zone is constant during all stages [16, 17];

2. an interface model proposed by van Lookeren [18] has
been used widely to describe the shape of the steam front
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without considering heat loss. It is a reasonable model for
the steam-flooding process in thick reservoirs; however, it
is not applicable for thin reservoirs with considerably
more severe heat losses to the understrata and overbur-
den. Thus, according to the reservoir numerical simula-
tion results, the geometries of the steam and water
fronts are assumed to be a cosine curve and circular
shaped, respectively;

3. all mobile oil is assumed to be displaced by the steam and
hot water; thus, only residual oil is left in the steam and
hot water zone;

4. the gas-phase solvent can move freely in the hot water
zone owing to the high temperature and low oil saturation
[17, 19], whereas the cold steam condensate may block
the diffusion of solvent into the heavy oil. By investigat-
ing VAPor-EXtraction (VAPEX) experiments, Das and
Butler [20] proposed that the contact area of the solvent
and crude oil was directly related to the rate of the mass
transfer, as indicated in Figure 3a. Thus, it is assumed that
the diffusion coefficient is proportional to the contact area
in a limited distance beyond the edge of the steam front,
as illustrated in Figure 3b. The limited distance is defined
as the effective operating thickness of the solvent, which
is determined by the volatility of solvent;

5. medium solvents (C¢-C,,) are considered to provide the
greatest increase in total oil production because they
can both travel with the steam in a vaporized phase and
condense in the cooler regions of the reservoir and diffuse
in the crude oil [21]. Light solvents (CO,, C;-Cs), which
have considerably higher volatility, are believed to
transport further into the reservoir and thus increase the
operating thickness when co-injecting with medium
solvents. Therefore, the solvents used in this model are
assumed to be medium solvents and a combination of
medium and light solvents;

6. local equilibrium is assumed along the steam front such
that the equilibrium state inside the steam zone is not
affected by the phase behaviour at the steam front [22].
Other assumptions, such as no mutual solubility between
the water and hydrocarbon components and no variation
in the rock-fluid properties along the horizontal section of
the well are identical to those proposed by Keshavarz
et al. [23].

The mathematical model is divided into three parts based
on the three stages (steam front rising stage, steam front
spreading stage, steam condensate-producing stage). These
are introduced in detail in the following.

1.1 Steam Front Rising Stage

The process of the steam front rising stage is short because of
the small thickness of the reservoir, which makes the gener-
ating of steam condensate negligible. Therefore, the velocity
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Illustration of steam front rising stage. a) Three-dimensional diagram of the stage; b) two-dimensional diagram of the stage.
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Illustration of steam front spreading stage. a) Three-dimensional diagram of the stage; b) two-dimensional diagram of the stage.

of the steam front can be calculated by the energy conserva-
tion equation:

1 —
H, = |:prcPr % + poSorcpo + psASocPs
d4
+ prwccPw:| ¢dl(Ts - Tr) E
1 —
=2n [prclar% + PoSorCpo + PASoCps
+ prwccPW] odl(Ts — Ty)rU (1)
ASO =1- Sor - ch (2)

where H, is the heat injection rate per unit well length; 4 is
the area of the steam front; p,, p,, ps, and p,, are the densities
of the rock, crude oil, steam, and water, respectively; cp;, Cpo,

cps, and cp,, are the heat capacities of the rock, crude oil,
steam, and water, respectively; ¢ is the reservoir porosity;
Sor 1s the residual oil saturation; Sy, is the connate water
saturation; d/ is the unit length of well; 7; is the steam tem-
perature; 7; is the initial reservoir temperature; 7 is the radius
of steam zone area; and U is the velocity of steam front.
The unsteady-state solvent concentration distribution
along the steam front can be described by Equation (3) [24]:

0 oc] | aC,  dC,

The corresponding boundary conditions are:

Ci=0, t=0
Ci=Cq, €=0 (4)
Ci=0, &— 00

where ¢ is the distance beyond the edge of the steam front;
Cs; is the solvent solubility at the steam front; Cy is the
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Schematic of contact area change at interface. a) Das and Butler’s perspective; b) simplification based on the Das and Butler’s perspective.

solvent concentration at &; D is the solvent molecular diffu-
sion coefficient; oy is the longitudinal dispersity factor; and
ts is the solvent injection time.

Owing to the nonlinearity of Equation (3), the Heat Inte-
gral Method (HIM) is used to determine the concentration
profile. This method is a powerful approximation method
for solving a variety of diffusion problems [25, 26]. Rabiei
Faradonbeh er al. [24] realized that the exponential form
of the HIM method provides more accurate predictions of
the concentration profile than the polynomial form; there-
fore, the exponential form of the concentration distribution
is used for the calculations of the fluid mixture and oil flow
rate in this study.

The concentration distribution in exponential form ahead
of the interface can be expressed as:

C, = Cye (5)

where J. is the solvent penetration depth. Transforming
Equation (3) into integral form in the domain of the solvent
penetration depth and substituting Equation (5) for Ci,
Equation (3) can be simplified into:

1 36,

(D+OCLU>5—C—U: o

5 (l‘:O, 5620) (6)

According to the Butler’s theory, all mobile oil is dis-
placed by the steam and only residual oil is left in the steam

zone. Therefore, based on the mass conservation equation
and assumption (6), the oil production rate in this stage
can be expressed as:

Yoo )

dr _
i = Ao 4. 1- we s
4ot = PabASdl S+ pod(1 = Sy)dIC, =

d.. _&
- ¢ CsieTede
¢, = Coe e ®)

where 4;, is the solvent diffusion area at time ¢ and C, is the
average solvent concentration in the solvent penetration
depth.

As indicated in Figures 4a and 4b, the steam front rising
stage can be divided into two secondary stages according to
the position of the solvent boundary. They can be described
by Equations (9) and (10), respectively.

)Z_FZH, (H@J) (9)

o) _ afs [0+ 5%
dt dr

ot — 2

see equation (10) at the bottom of this page

1.2 Steam Front Spreading Stage

The steam front spreading stage is schematically presented
in Figure 2. In this stage, the steam is already touching the

90,
ot

2 (n)? 5.
R R

dt dr

) , ar
) (n — 2 arccos 2(r+—‘)aif)>:| ) } < 00, h>
, | r+ >
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% 0

b)

Schematic of solvent diffusion process in first stage. a) Before solvent reaches boundary; b) after solvent reaches boundary.

understrata and overburden; therefore, the heat injected is
divided into two parts based on the energy conservation
equation:

Ho = Gnetr + Ghioss (11)

where gp10ss 1 the heat loss rate to the understrata and over-
burden per area and gy, is the required heat rate associated
with the steam zone expansion per unit well length.

The heat consumption rate used to expand the steam zone
is expressed by the energy increase of the area. As described
in assumption (2) and Figure 2b, the area of the steam zone is
twice that of the hot water zone. Therefore, the required heat
rate associated with the steam expansion per unit well length
in this stage can be expressed as:

Tneft = % [prcPr ¢ ; ?) + PoSorcrotPsASoces+ prwccpw}
< (T~ T)bpAS, S
+ % [P#’Pr“%qﬁdb) + PoSorcro + psASOcPW]
X (Ty — Tr)qﬁpoASo% (12)

According to assumption (2), the geometry of the water
front is assumed to be a diameter-constant circular shape;
thus, the change of the heated area can be transformed to
the change of distance:

d4 dx
—=h— 13
dt dt (13)
Carslaw and Jaeger [27] built and solved the heat loss
model of a semi-infinite plate with a constant temperature
boundary. As the hot water mainly contacts the understrata
and overburden, the heat loss rate is written as:

! lcappca ccap dx
=2 [ (Ty =Ty —2=—d 14
Ghloss /tc ( ) TC(I _ 'L') d‘L' T ( )

where T and T, are the temperature of the steam and hot
water, respectively; pcap 1S the density of the understrata

and overburden rock; Ay, is the thermal conduction coeffi-
cient of the understrata and overburden rock; cc,p, is the heat
capacity of the understrata and overburden rock; x is the
horizontal displacement of the steam front; and ¢, is the time
when the first stage terminates.

Rabiei Faradonbeh et al. [28] also employed HIM to
determine the temperature profile. Therefore, the tempera-
ture of the hot water can be expressed as:

f(f” (Ts — T;)e %erde

T =
v 5CT

+ T, (15)

Based on the mass conservation law, the generating rate
of the cold steam condensate per unit well length can be
given as:

H, d4, d4,,
= — pdl—= — p dI = 16
v c XLV+hW ps pW ( )

dt dt

where v, is the mass rate of cold steam condensate per unit
well length; X is the steam quality; L, is the latent heat of
steam vaporization; A, is the enthalpy of saturated water;
and A4, and 4,, are the areas of the steam zone and hot water
zone, respectively.

The areas of the steam zone and hot water zone in
Equation (16) can be rewritten as Equation (17) and
Equation (18) because of the cosine curve and circular shape
of the steam and water fronts, respectively:

2h (h
Asn<2+x> (17)
hZ
AW:xh+%—AS (18)

Shutler and Boberg [11] proposed that piston-like flow
through a thin layer is assumed; therefore, the isothermal
two-phase flow theory of Buckley and Leverett [29] can be
introduced into isothermal zones. Based on Shutler’s theory,
the horizontal displacement of the cold water front can be
expressed as:

! S . t -
Lf:%/ %dt—&-x (19)
te w
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where f?(Syr) is the slope of the tangent of the water
fractional flow curve at the cold water front. Because the
solvent penetration depth is extremely thin when the cold
water begins to generate, the horizontal displacement of
the steam front is assumed to be not affected by the viscosity
reduction by the solvent.

Cold water is assumed to block the diffusion of the
solvent into the crude oil. Based on assumption (4), the
effective diffusion coefficient of the solvent can be given
by Figure 5 and Equations (20)-(22):

1 "V
ch — Cdl‘7 L S
t Loghdl /t , 4t (Lr=x)

Sw = 1 Ty
St 4+ ————[1 — £ (Sy me 4. (L
gl S [ (2>
(20)
Le:x2—x1 (21)
1— 8,
D,=D 22
t lfch ( )

where L, is the effective operating thickness of the solvent;
S, is the average water saturation in L. x; and x, are the
coordinates of the steam edge and the effective operating
front, respectively; and D, is the effective diffusion coeffi-
cient of solvent at time ¢.

The solvent diffusion rate and oil production rate can also

be calculated by Equations (6) and (7).

1.3 Steam Condensate-Producing Stage

The steam condensate-producing stage begins when the
steam condensate is produced from the production well.
The water saturation profile between the steam edge and
production well is determined by the oil viscosity profile,
which is in turn influenced by the solvent concentration
profile.

The following mixing rule is used for calculating the
mixture viscosity of the oil phase [30]:

In g, = (1 - Csiefﬁ) In u, + Ce % In g (23)

where u,, U, and u,, are the viscosities of the heavy oil,
solvent, and mixture of heavy oil and solvent, respectively.

By employing the theory of Buckley and Leverett, the
slope of the tangent of the water fractional flow curve
at the production well can be written as:

edhdl

! Vg d
—<dt
¢ Pw

fv(/ (Swp) = (24)
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The oil production rate can be rewritten from Equation (7)
by considering the water and solvent production:

dr ~ 445,
L= ASodl — I — Sye)dlCs—=
Goi = |Potp 3 T P9l ) &
X fou(Sup) (1= Cy) (25)

where Sy, is the water saturation at the production well,
which is determined by f; (Swo) and iy, and £y, (Swp) is the
fractional flow of water at the production well, which can
be acquired by considering pi, and S,

2 CALCULATION FOR MATHEMATICAL MODEL

2.1 Model Treatment

A semi-analytical method is used to solve the model due
to the complexity of the equations. To solve the semi-
analytical model conveniently, several equations must first
be solved.

The equation describing the movement of the steam front
can be obtained by integrating Equations (11)-(14):

! )vcappca Ceap dx
Ho=2 | (Ty—To)|—22=d
° /0 ( ) n(t—1) dt !

2 1-—
= § [prCPr% + poSorcpo + psASOCPS + prWCcPW:|

daA
x (Ts — Tr)qu—tT

+ l |:prcPr (1 ;¢)

3
X (Ty — Tr)qb% (26)

+ posorcPo + psASOCPw:|
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Equation (26) belongs to the Volterra integral equations of
the second kind, which makes it difficult to solve directly.
In this article, Equation (26) is solved with the support of
a Laplace transform and the displacement of the steam front
is given as:

x = / t%e{[ﬁr(°-5>]27}e;fc(%F(O.S)\/E)d‘c (27)

c

where

A= 2Ty — T,y | P (28)
et n(t — 1)
2 1-—
B = § l:prcPr ( d) d)) + posorcPo + psASOCPs + prWCCPW:l
1 1—

X (Ts - Tr)(i) + § |:prCPr ( d’ d)) + poSorcPO + psASocPw:|
X (Tw —Ty)¢ (29)

2.2 Calculation Flow for Mathematical Model

Because the solvent diffusion rate and steam front velocity

change with time, time is first discretized into small inter-

vals. As mentioned above, the following steps are used for
the calculation of the oil production rate:

1. for a given heat injection rate and solvent component,
Equations (1), (2), (5), and (6) are coupled and solved
for the steam front velocity U, radius of the steam zone
area r, solvent diffusion rate dd./d¢, and solvent penetra-
tion depth J,;

2. the production rate in the first stage is calculated using
Equations (7)-(10);

3. repeat steps 2 and 3 substituting J.. calculated in step 2
into Equation (6) until the steam front reaches the under-
strata and overburden, i.e., when the process enters the
next stage;

4. the steam front velocity dx/d¢ and the steam front dis-
placement x in the second stage are calculated using
Equations (15) and (27);

5. the cold steam condensate generating rate v,, is calcu-
lated using Equations (16)-(18). Then, Equations (5),
(6), and (19)-(22) are coupled and solved for the solvent
do./dt, 6., and the cold steam condensate distribution
beyond the edge of the steam front;

6. the production rate in the second stage is also calculated
using Equations (7)-(10);
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7. repeat steps 5-7 substituting J.. calculated in step 6 into
Equation (6) until the cold steam condensate reaches
the production well, when the process enters the third
stage;

8. vy, dé/dt, and 6, are calculated in the same manner as
step 6. The water fractional flow f,(Sy,) in the third stage
is calculated using Equations (5), (23), and (24). Then,
the oil production rate of the third stage can be calculated
using Equation (25);

9. repeat steps 9 substituting J. calculated in step 9 into
Equation (6) until £,(Swo,) = 1, when the process ends.

3 RESULTS AND DISCUSSION

3.1 Model Validation

It is difficult to address all combinations of different solvents
by experiments and numerical simulation, making the
validation of the SESF process far from comprehensive.
Given this situation, the model with solvent concentration
value of zero is validated to ensure that the proposed model
is a credible base model for the SESF calculation. This
method of validation is considered as reasonable in this arti-
cle because the major objective of the model is to investigate
the effects of the solvent properties on the production of
SESF, not that of a specific solvent.

STARS is an effective thermal recovery reservoir numer-
ical simulator developed by the CMG Company. As the
results of STARS are exact numerical solutions that can
closely reveal the real reservoir production process, it fre-
quently serves as a reference to test and verify the correct-
ness of other models. Hence, to validate the correctness of
the proposed model, the results of the model are compared
with those of STARS. The parameters used in the proposed
model and STARS are all based on the average property
parameters of one oil field in China. The well spacing
between the production well and injection well is 40 m.
The thickness of the reservoir is 7 m. The steam injection
rate per unit length is 0.09 t/md, which is low because of
the thin thickness of the reservoir. The temperature of the
steam is 300 °C and the oil viscosity is 300 mPa s at the
reservoir condition. Table 1 lists the reservoir properties
and injection parameters used in the calculation of both the
new model and STARS.

The steam zone development comparison between the
proposed model and STARS is made using Figure 6. The
geometries and movements of the steam front and hot water
front predicted by the proposed model are similar to the
numerical simulation results, which also proves the reason-
ability of assumption (2). Figure 7 depicts the cold steam
condensate front position at the end of the steam front
spreading stage. The difference of the condensate front
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TABLE 1
Average property parameters of X oil field in China.

Parameter Value
Porosity 0.32
Initial oil saturation 0.75
Residual water saturation 0.25
Pay thickness, m 7
Initial reservoir temperature, °C 80
Density of sand rock, kg/m? 2.5 x 10°
Density of understrata and overburden, kg/m> 2.5 x 10°
Density of oil, kg/m® 1.0 x 10°
Density of water, kg/m’ 1.0 x 10°
Thermal conductivity of understrata and overburden, J/m? day °C 1.94 x 10°
Conductivity of understrata and overburden, J/kg °C 1.0 x 10°
Thermal capacity of sand rock, J/kg °C 1.0 x 10°
Thermal capacity of oil, J/kg °C 3.0 x 10°
Thermal capacity of water, J/kg °C 42 x 10°

position between the two methods is only 2 m, which also
proves the feasibility of the Buckley-Leverett theory in the
steam-flooding process in a thin layer.

Figure 8 displays the oil production rate as a function of
the steam-flooding production time. The oil production rate
increases before the steam front reaches the understrata and
overburden. In the second stage, the production rate remains
virtually stable because the hot water zone between the
steam zone and boundaries alleviates the heat loss. After
the steam condensate reaches the production well, the oil
production rate begins to decrease sharply; in this stage the
steam zone and hot water zone stop expanding at the point
when the heat loss rate to the overburden and understrata
equals the heat injection rate [31, 32].

RMSRE (Rooting-Mean-Square of Relative Error)
(Eq. 30) and RE (Relative Error) (Eq. 31) are employed
to evaluate the accuracy of the proposed model in calculating
the cumulative oil production and oil production rate [33]:

1 NPTS |: cal sim

Yio =i
RMSRE = .
TS 2 [y

1

2
} x 100%  (30)

cal __ . sim

RE, =201

sim

x 100% 31)

cal

where NPTS is the number of data points; y{* is the calcu-
lated value at point i by the proposed model; and y$™ is
the calculated value at point 7 by STARS.

In Figure 9, the cumulative oil calculated by the proposed
model and STARS are compared. The RE of the cumulative
oil for each point is less than 7%; the RMSRE is only 3.5%.
Thus, the proposed model is accurate in calculating the
steam-flooding process. Figure 10 indicates the RE distribu-
tion of the oil production rate with time. It can be clearly
observed that the RE is significantly higher in the third stage
than in the first and second stages. According to our
analyses, the greater difference between the two results in
the third stage is largely due to the one-dimensional assump-
tion of the Buckley-Leverett theory. The RE and absolute
error (difference between the calculated oil production rate
by the proposed model and STARS) in the later portion of
the third stage is less than that in the middle of the same
stage. As is known from a previous study, the solvent mainly
affects the early and late stages of the steam injection process
[10, 34], which is consistent with the low RE stage in the
proposed model. Therefore, the proposed model is suffi-
ciently accurate to calculate the SESF process.

After the validation of the proposed model, the oil
production rate of the steam flooding is compared with that
of SESF, as illustrated in Figure 11. The solubility of the
solvent at the steam front is 0.2, the diffusion coefficient
of the solvent into the heavy oil is 5.5 x 10~% m*/d, which
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Comparison of steam front movement between proposed model
and STARS. a) Steam flooding time = 46 days; b) steam flood-
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Comparison of steam condensate front between proposed
model and STARS.

is one order of magnitude greater than the Das and Butler’s
results that pertain to Heleshaw laboratory models of
VAPEX [35]. Gupta and Gittins [13] regard the higher diffu-
sion coefficient as reasonable because of the higher temper-
ature and existence of a blanket layer. The longitudinal
dispersity factor is 5 x 107> m and the viscosity of solvent
is 4.5 mPa s. It can be seen that oil rate increases rapidly in
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RE distribution along cumulative oil production.

the first stage with the contact area increasing until the steam
front reaches the boundaries when the oil rate reaches its
highest point. Then, it begins to decline owing to the lower
solvent concentration gradient beyond the steam front and
the blocking effects of the steam condensate on the solvent
diffusion. Moreover, the production time is shortened
because of the improvement of the oil viscosity profile
beyond the edge of the steam caused by the dissolution of
the solvent into the heavy oil. These are consistent with
the working stage of the solvent mentioned in other litera-
tures [10, 34], which in turn verifies the proposed model.

3.2 Effects of Solvent Properties on SESF

Figure 12 displays the effects of different effective operating
thicknesses of the solvent on both the production rate and
reduced steam oil ratio. The reduced steam oil ratio is
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Comparison of calculated oil production rate between steam
flooding and SESF.

defined as the steam oil ratio difference between SESF and
steam flooding, which represents the thermal efficiency
increment by the solvent. We can see that the oil rate
decreases slower with higher effective operating thickness,
while the production time remains unaffected. The larger
the effective operating thickness, the greater the thermal effi-
ciency increment. This means that by pushing the solvent
further into the reservoir, the thermal efficiency can be
increased without additional consumption of solvent, thus
increasing the economic benefits. This is similar to the phe-
nomenon in the experiments of Redford [9].

Figure 13 indicates that the solvent solubility in heavy oil
also has significant effects on the SESF process. It can be
observed that both the oil production rate in the early stage
and thermal efficiency increment increase with the solvent
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Effects of solvent solubility on production performance of
SESF.

solubility. Moreover, according to Equations (23) and (24),
for the benefit of a lower mixture viscosity beyond the steam
edge, a higher solvent solubility tends to result in a shorter
production time without decreasing the cumulative oil
production, such that heavy oil is recovered considerably
more efficiently.

However, it should be noted that a larger operating
thickness always means a lower solvent solubility in terms
of a single solvent. Consequently, an optimal solvent must
be carefully selected for the best performance of SESF when
injecting a single solvent with steam. Multi-solvent injection,
which is rarely mentioned in other analytical models, is
provided with a simple method to simulate in the proposed
model using different values of operating thickness and
solubility.
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Effects of well spacing on production performance of SESF.

3.3 Effects of Injection Strategy on SESF

Figure 14 illustrates the effects of different injection rates on
SESF production. It can be concluded that the differences
between the largest oil rate and the stable oil rate are virtually
the same among different injection rates. The reason is that
the diffusion rate is largely determined by the concentration
gradient and contact area, not the interface velocity. Further,
the generating of water within the operating thickness accel-
erates with an increasing injection rate, which results in a
sharp decline of oil production rate at an early recovery stage
for a high injection rate. Moreover, Figure 14 indicates that
the thermal efficiency increment increases with a decrease of
the injection rate because of the longer contacting time of the
solvent with the oil and thus relatively shorter production
times compared with steam flooding.
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Figure 15 displays the effects of different well spacing on
both the production rate and reduced steam oil ratio. It is
clear that the oil rates in the early stage are identical for dif-
ferent well spacing. Moreover, the larger the well spacing,
the lower the thermal efficiency increment. This is because
the diffusion rates are the same with different well spacing
and thus the oil is unaffected by the solvent increases related
to the well spacing. Therefore, solvents with higher operat-
ing thickness, which means wider working range, are more
suitable for longer well spacing.

From Figures 14 and 15, it can also be concluded that
despite the fact that a higher injection rate may result in
lower thermal efficiency increment when well spacing is
constant, it may be more suitable for longer well spacing
owing to the improvement of saturation and oil viscosity
profiles beyond the steam edge caused by the longer contact
time. Thus, an optimal injection rate must be carefully
selected for the best performance of SESF with a given well
spacing.

CONCLUSION

In this study, a semi-analytical model for predicting SESF

production performance was established. Then the theoreti-

cal model was validated using STARS results and error anal-
ysis. The production performances of steam flooding and

SESF were also compared. Moreover, with the theoretical

model, the effects of solvent properties, injection strategies

on oil production rate, and thermal efficiency increment
were investigated. The findings can be summarized as fol-
lows:

1. compared with the STARS results for one case based on
average reservoir parameters, the proposed model proved
to be sufficiently accurate in calculating the SESF pro-
duction performance;

2. SESF can achieve a considerably higher oil production
rate at the early recovery stage than steam flooding. Fur-
ther, the production time is shortened owing to the
improvement of the viscosity profile beyond the edge
of the steam, which is caused by the solvent dissolution
into the heavy oil;

3. the operating thickness and solubility of a single
solvent are proportional to the oil production increment
of SESF; however, they cannot be increased simul-
taneously. Thus, an optimal solvent must be carefully
selected for the best performance of SESF when injecting
a single solvent with steam. The proposed model also
provided a simple method to simulate multi-solvent
injection using different values of operating thickness
and solubility;

4. a higher injection rate can result in a lower thermal
efficiency increment when well spacing is constant.
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However, it may be suitable for longer well spacing
owing to the improvement of the viscosity profile beyond
the steam edge, which is caused by longer contact time
between the solvent and crude oil.
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