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Abstract. Accurate calculation of heat efﬁciency in the process of superheated steam injection is important for
the efﬁcient development of heavy oil reservoirs. In this paper, an integrated analytical model for wellbore heat
efﬁciency, reservoir heat efﬁciency and total heat efﬁciency was proposed based on energy conservation principle. Comparisons have been made between the new model results, measured data and Computer Modelling
Group (CMG) results for a speciﬁc heavy oil reservoir developed by superheated steam injection, and similarity
is observed, which veriﬁes the correctness of the new model. After the new model is validated, the effect of
injection rate and reservoir thickness on wellbore heat efﬁciency and reservoir heat efﬁciency are analyzed.
The results show that the wellbore heat efﬁciency increases with injection time. The larger the injection rate
is, the higher the wellbore heat efﬁciency. However, the reservoir heat efﬁciency decreases with injection time
and the injection rate has little impact on it. The reservoir thickness has no effect on wellbore heat efﬁciency,
but the reservoir heat efﬁciency and total heat efﬁciency increase with the reservoir thickness rising.

Nomenclature
A
Ah
As1
As2
Ash1
Ash2
Cp
f(t)
fw
g
H
hc
hD
hr
hs
hsh
hsh
hw
is
l
Lv

Temperature gradient of the hot ﬂuid zone, °C/m
Pseudo area of hot-ﬂuid-zone, m2 °C
The area of saturated steam-zone top, m2
The area of saturated steam-zone bottom, m2
The area of superheated steam-zone top, m2
The area of superheated steam-zone bottom, m2
The heat capacity of superheated steam, J/(kg °C)
The transient heat-conduction time function
The friction factor of pipe ﬂow
Gravitational acceleration, m2/s
Thickness of pay zone, m
The convective heat transfer coefﬁcient, W/(m2 °C)
The dimensionless speciﬁc enthalpy of superheated
steam, dimensionless
The radiative heat transfer coefﬁcient, W/(m2 °C)
The speciﬁc enthalpy of saturated steam, J/kg
The speciﬁc enthalpy of superheated steam, J/kg
The speciﬁc enthalpy of superheated steam, J/kg
The speciﬁc enthalpy of hot water, J/kg
Injection rate of superheated steam, kg/s
The well depth, m
Latent heat of vaporization of steam, J/kg
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M
MR
P
Qc
Qhi
Qib
Qih
Qoh
Qos
Qosh
Qshi
Qsi
R
rbh
rci
rco
rh
rins
rti
rto
t
T0

Steam override coefﬁcient, dimensionless
Heat capacity of reservoir, J/(m3 °C)
The pressure of superheated steam, MPa
The heat ﬂow from superheated steam to the
surrounding formation, J
The heat injection rate of hot ﬂuid zone, J/s
The energy of superheated steam at the
bottomhole, J/s
The energy of superheated steam at the
wellhead, J/s
The heat growth of hot ﬂuid zone, J
The heat growth of steam zone, J
The heat growth of superheated steam zone, J
The heat injection rate of superheated
steam zone, J/s
The heat injection rate of steam zone, J/s
Radial distance into reservoir, m
The radius of hot-ﬂuid-zone bottom, m
The inside radius of casing, m
The outside radius of casing, m
The outside radius of cementing, m
The outside radius of insulation, m
The inside radius of tubing, m
The outside radius of tubing, m
Injection time, s
The formation temperature, °C
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Dimensionless time, dimensionless
Initial reservoir temperature, °C
The saturated steam temperature, °C
The superheated steam temperature, °C
The average temperature of superheated zone, °C
The overall heat transfer coefﬁcient, W/(m2 °C)
The velocity of superheated steam, m/s
The volume of the steam zone, m3
The volume of the superheated steam zone, m3

Greek letters
as
b
c
d
gr
gw
gt
h
kcas
kcem
kins
ks
ktub
q

Thermal diffusivity of the cap and
base rock, m2/d
Factor, dimensionless
The speciﬁc volume of superheated steam, m3/kg
The instant at which the boundary becomes
exposed to the hot ﬂuid, d
The reservoir heat efﬁciency, dimensionless
The wellbore heat efﬁciency, dimensionless
The total heat efﬁciency, dimensionless
The well angle from horizontal, °
The thermal conductivity of the casing,
W/(m °C)
The thermal conductivity of the cement,
W/(m °C)
The thermal conductivity of the insulation,
W/(m °C)
Thermal conduction coefﬁcient of formation,
W/(m °C)
The thermal conductivity of the tube, W/(m °C)
The density of superheated steam, kg/m3

1 Introduction
Nowadays, the thermal recovery methods, such as cyclic
steam stimulation (Gina and Hugo, 2011; Tewari et al.,
2011; Wu and Kry, 1993), steam drive (Du et al. 2012;
Shie and Todd, 1980; Wu et al., 2015), steam assisted gravity drainage (Miura and Wang, 2010; Wei et al., 2014) are
still the most extensively adopted enhanced oil recovery
process in heavy oil reservoirs. In those thermal recovery
methods, high-temperature steam is injected into the pay
zone, and therefore the viscosity of heavy oil decreases and
its ﬂow ability is improved (Liu et al., 2008a; Yu and Zhang,
2016; Yu, 2001) During the process of steam injection,
not all heat carried by the steam can be used to heat the
pay zone, because part of heat will loss to surrounding
formation during the steam ﬂowing in the wellbore and part
of heat will loss to the cap and base rock as steam enters the
pay zone (Liu, 1997; Roger, 1991). Therefore, accurate
calculation of heat efﬁciency in the process of steam injection
is important for high efﬁcient development of heavy oil
reservoirs.

As steam ﬂows in the wellbore, the temperature and
pressure of steam will change with well depth. In early
research, a mass of investigations have been conducted on
the steam temperature prediction by analytical models
(Gu et al., 2014, 2015; Holst and Flock, 1966; Ni and Cheng,
2005; Ramey, 1962; Satter, 1965). As superheated steam is
obtained by continually heating the saturated steam at constant pressure, the temperature and pressure of superheated
steam do not accord with one-to-one relationship as saturated steam (Bulter, 1991; Chen, 1996). Therefore, those
previous models cannot be used to predict the temperature
and pressure of superheated steam. The authors and their
team considered the feature of superheated steam and
established analytical models to predict the temperature
and pressure of superheated steam in both vertical wellbore
and horizontal wellbore (Fan et al., 2016; Xu et al., 2009),
which were adopted to calculate the wellbore heat efﬁciency
in this paper.
Marx and Langenheim (1959) established a classical
analytical model to calculate the heat area of steam injection based on energy conservation principle. Even though
Marx-Langenheim model did not consider the temperature
decrease in the hot ﬂuid zone and also ignored the steam
overlay effect, it was the pioneering work in this research
ﬁeld. Van Lookeren (1977) built an analytical model to
describe the steam overlay effect. Based on Van Lookeren
steam overlay theory, Lai et al. (2014) and He et al.
(2017a) improved the steam injection model. Liu et al.
(2008b) and He et al. (2018b) built models for heat area
along horizontal wellbore due to the fact that the heat
mechanism of horizontal wellbore and vertical wellbore
(Fig. 1) is different. Baker (1969) did an experiment to
study the temperature distribution of pay zone in the process of steam injection, and the result shows that the steam
zone temperature keeps constant and the hot ﬂuid zone
temperature gradually decreases from steam temperature
to the initial reservoir temperature. Based on it, Li and
Yang (2003) and He et al. (2015) improved the heat area
calculation model by considering the non-isothermal distribution of temperature in pay zone. It should be pointed out
that these models derived on the basis of steam injection,
they do not apply to superheated steam injection. This is
due to the fact that the distribution of temperature in
pay zone in the process of superheated steam injection
and conventional saturated steam injection is totally different (Zhou et al., 2010). He et al. (2017b) established an analytical model to calculate the heat radius by considering the
distribution of temperature in pay zone in the process of
superheated steam injection. However, this model didn’t
consider the steam overlay effect.
Compared with conventional saturated steam, superheated has higher temperature and carried much more heat,
besides, superheated steam can change the microscopic pore
structure of rock to improve the permeability of superheated steam heat area (Xu et al., 2013). Therefore, superheated steam injection is very appropriate for development
of heavy oil reservoirs and this thermal recovery method
has been applied in oilﬁeld in China and Kazakhstan
(Guan, 2011; Li et al., 2008, 2012).The authors and their
team have done a series of studies on the application of
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acceleration; h is the well angle from horizontal; l is the
depth of well; fw is the friction factor of pipe ﬂow; v is
the velocity of superheated steam; rti is the inside radius
of tubing.
Based on the law of energy conservation, we have
 
dQc
dhsh
d v2
¼ is
 is
ð2Þ
þ is g sin h;
dl 2
dl
dl
where dQc/dl is the rate of heat ﬂow from superheated
steam to the surrounding formation; is is the superheated
steam injection rate; hsh is the speciﬁc enthalpy of superheated steam.
Based on the basic thermodynamic principles, the
change of speciﬁc enthalpy of superheated steam can be
expressed as (Gu et al., 2015)



dhsh
dT sh
@c
dp
;
ð3Þ
¼ Cp
þ c  T sh
@T sh
dl
dl
dl
Fig. 1. Schematic of vertical wellbore.

superheated steam injection (He et al., 2017b, 2018a; Wu
et al., 2010; Xu et al., 2009). Based on previous studies,
the authors begin to focus on the prediction of heat efﬁciency of superheated steam injection. In this paper, an
integrated analytical model for wellbore heat efﬁciency,
reservoir heat efﬁciency and total heat efﬁciency was proposed based on energy conservation principle. Comparisons
have been made between the new model results, measured
data and Computer Modelling Group (CMG) results for a
speciﬁc heavy oil reservoir developed by superheated steam
injection. Finally, the effect of injection rate and reservoir
thickness on wellbore heat efﬁciency and reservoir heat efﬁciency are analyzed based on the proposed model.

where Tsh is the superheated steam temperature; c is the
speciﬁc volume of superheated steam; Cp is the heat
capacity of superheated steam.
Combining equations (2) and (3), the temperature
gradient of superheated steam can be written as




dT sh
1 1 dQc
@c
dp
¼
þ c  T sh
C p is dl
@T sh
dl
dl
 

d v2
þ
þ g sin h :
ð4Þ
dl 2
In equation (4), the rate of heat ﬂow from superheated
steam to the surrounding formation, dQc/dl, can be
expressed as (Fan et al., 2016)
dQc
T sh  T 0
¼ 2prto U to ks
;
dl
rto U to f ðtÞ þ ks

2 Mathematical model
2.1 Wellbore heat efﬁciency model
The basic assumptions of wellbore heat efﬁciency model
include
1. The mass ﬂow rate and the temperature of superheated steam at the wellhead do not change with
injection time.
2. Heat transfer from the inside of tubing to the outside
of cementing is steady state, but heat transfer from
the outside of cementing to the formation is nonsteady state.
As superheated steam ﬂows in the wellbore, the pressure
changes with the well depth. The pressure gradient of
superheated steam in the wellbore can be given as
qv2

dp qg sin h  fw 4rti
¼
;
2
dl
1  qv

ð1Þ

p

where p is the pressure of superheated steam; q is the
density of superheated steam; g is the gravitational

ð5Þ

where rto is the outside radius of tubing; T0 is the formation temperature; ks is the thermal conduction coefﬁcient
of formation; f(t) is the transient heat-conduction time
function; t is injection time; Uto is the overall heat transfer
coefﬁcient between the ﬂuid and the cement/formation
interface, which can be expressed as

rto
rto rto
rins
rto
ln þ
ln
þ
U to ¼
ktub rti kins rto ðhc þ hr Þrins
1
rto
rco
rto
rh
þ
ln þ
ln
;
ð6Þ
kcas rci kcem rco
where rti, rins, rci, rco and rh are the inside radius of tubing,
the outside radius of insulation, the inside radius of casing, the outside radius of casing and the outside radius
of cementing, respectively; ktub, kins, kcas and kcem are
the thermal conductivity of the tube, insulation, casing
and the cement, respectively; hc and hr are the convective
heat transfer coefﬁcient and the radiative heat transfer
coefﬁcient, respectively.
As superheated steam is obtained by continually heating
the saturated steam at constant pressure, the temperature
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and pressure of superheated steam do not accord with
one-to-one relationship as saturated steam. Combining
equations (1)–(6), the temperature and pressure of superheated steam along the wellbore can be obtained by iterative
method. The speciﬁc enthalpy of superheated steam is
function of its temperature and pressure, which can be
calculated by the empirical equation as follows (He et al.,
2017b)
hsh ¼ 2242:8 þ 2:857T sh 
þ

11413:9
 29:03p
T sh

283:9 0:8917T sh

;
p
p

ð7Þ

where hsh is the speciﬁc enthalpy of superheated steam.
The wellbore heat efﬁciency, gw, is deﬁned as the ratio of
the energy of superheated steam at the bottomhole to the
energy of superheated steam at the wellhead, that is
gw ¼

Qib
hsh;z¼l
 100% ¼
 100%;
Qih
hsh;z¼0

ð8Þ

Fig. 2. Temperature distribution of pay zone (the dotted line is
true temperature distribution and the red solid line is the
approximate distribution applied in this new model).

where gw is the wellbore heat efﬁciency; Qih is the energy
of superheated steam at the wellhead; Qib is the energy of
superheated steam at the bottomhole; hsh,z=0 and hsh,z=l
are the speciﬁc enthalpy of superheated steam at the wellhead and bottomhole, respectively.
2.2 Reservoir heat efﬁciency model
The basic assumptions of reservoir heat efﬁciency model are
as follows.
1. As superheated steam is injected into the pay zone,
there is no liquid in the wellbore and three zones are
formed based on the temperature distribution of pay
zone as Figure 2 shows.
2. Due to the fact that the superheated degree (the
temperature difference between superheated steam
and saturated steam) usually is not very high, the temperature of superheated zone is simpliﬁed to the arithmetic mean value of the superheated steam
temperature and the saturated steam temperature.
The temperature of steam zone equals to the saturated
steam temperature. The temperature of hot ﬂuid zone
is simpliﬁed to linear decrease from saturated steam
temperature to initial reservoir temperature. Besides,
the temperature gradient of hot ﬂuid zone at different
reservoir vertical positions is constant.
3. The steam overlay effect of superheated zone and
saturated zone is assumed to be identical as litter
difference between superheated steam density and
saturated steam density (as shown in Fig. 3).
2.2.1 Heat growth of superheated zone
According to energy conservation principle of superheated
zone, we can get (Carslaw and Jaeger, 1986; He et al.,
2017b)

Fig. 3. Schematic of superheated zone, steam zone and hot ﬂuid
zone in the process of superheated steam injection.

Qshi ¼

Zt
0


ks T sh  T r dðAsh1 þ Ash2 Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dd
dd
pas ðt  dÞ


dV sh
þ M R T sh  T r
;
dt

ð9Þ

where Qshi is the heat injection rate of superheated steam
zone, and Qshi = is(hsh  hs); is is the superheated steam
injection rate; hsh and hs are the speciﬁc enthalpy of superheated steam and saturated steam, respectively; MR is the
heat capacity of reservoir; ks is the thermal conduction
coefﬁcient of formation; T sh is the average temperature
of superheated zone, and T sh ¼ ðT sh þ T s Þ=2, Tsh is the
superheated steam temperature; Ts is the saturated
steam temperature; Ash1 and Ash2 are the area of superheated steam-zone top and bottom, respectively; Vsh is
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superheated steam zone volume; t is the injection time; d
is the instant at which the cold boundary becomes
exposed to the hot ﬂuid; as is thermal diffusivity of the
cap and base rock.
Based on Van Lookeren steam overlay theory (He et al.,
2017a; Van Lookeren, 1977), the areas of superheated
steam-zone top and bottom satisfy dAsh1 = m2dAsh2, in
which m is steam overlay coefﬁcient. Meanwhile, the superheated steam zone is assumed to have the shape of the
frustum of a cone, the superheated steam zone volume
satisﬁes dVsh = H(m2 + m + 1) dAsh2/3. Substituting
those into equation (9), it obtains
Zt 
ks T sh  T r dV sh
3ð m 2 þ 1Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dd
Qshi ¼
2
H ð m þ m þ 1Þ
pas ðt  dÞ dd

Therefore, the heat growth of steam zone is
Qos ¼ M R ðT s  T r ÞV s
"
#
rﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
Qsi M 2R H 2 as btD
btD
1 ;
¼
e erfcð btD Þ þ 2
p
4bks 2
where Qos is the heat growth of steam zone.
2.2.3 Heat growth of hot ﬂuid zone
In the hot ﬂuid zone, the temperature is assumed to linear
decrease from saturated steam temperature to initial reservoir temperature. Therefore, a heat balance of hot ﬂuid
zone satisﬁes (He et al., 2017a)

0


dV sh
:
þ M R T sh  T r
dt

ð10Þ

2

9ðm2 þ 1Þ
4ks 2
; t D ¼ 2 2 t.
where b ¼
2
M R H as
4ðm2 þ m þ 1Þ

ð11Þ

Therefore, the heat growth of superheated steam zone is

Qosh ¼ M R T sh  T r V sh
"
#
rﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
Qshi M 2R H 2 as btD
btD
 1 ; ð12Þ
¼
e erfcð btD Þ þ 2
p
4bks 2
where Qosh is the heat growth of superheated steam zone.
2.2.2 Heat growth of steam zone
Similar to superheated zone, a heat balance of steam zone
can be written as
Zt
ks ðT s  T r Þ dðAs1 þ As2 Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dd
Qsi ¼
dd
pas ðt  dÞ
0

þ M R ðT s  T r Þ

dV s
;
dt

Qhi ¼

Zt
0

After Laplace transformation and inverse transformation in equation (10), the superheated steam zone volume
can be written as
"
#
rﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
Qshi M R H 2 as
btD
btD

V sh ¼
e erfcð btD Þ þ 2
1 ;
p
4bks 2 T sh  T r

ð13Þ

where Qsi is the heat injection rate of steam zone, and
Qsi = isLv, Lv is the latent heat of saturated steam; Ts is
the saturated steam temperature; As1 and As2 are the area
of steam-zone top and bottom, respectively.
As the steam overlay effect of superheated zone and saturated zone is assumed to be identical, therefore,
dAs1 = m2dAs2, dVs = H(m2 + m + 1) dAs2/3. Combining those into equation (13) and using Laplace transformation and inverse transformation, we can obtain the steam
zone volume as follows
"
#
rﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
Qsi M R H 2 as
btD
btD
1 :
e erfcð btD Þ þ 2
Vs ¼
p
4bks 2 ðT s  T r Þ
ð14Þ

ð15Þ

pﬃﬃﬃ
2 pks ð2r þ mrbs  rbs Þ½aðr  rbs Þ þ T s  T r  dr
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dd
dd
as ðt  dÞ

þ M R H p½aðr  rbs Þ þ T s  T r ð2r þ mrbs  rbs Þ

dr
; ð16Þ
dt

where Qhi is the heat injection rate of hot ﬂuid zone, and
Qhi = ishw, hw is the speciﬁc enthalpy of hot water; rbh is
the radius of hot-ﬂuid-zone bottom; r is the radial
distance into reservoir; a is the temperature gradient of
the hot ﬂuid zone in radius.
Let dAh ¼ pð2r þ mrbs  rbs Þ½aðr  rbs Þ þ T s  T r dr,
and equation (16) can be rewritten as
Qhi ¼

Zt
0

2ks
dAh
dAh
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dd þ M R H
;
dt
pas ðt  dÞ dd

ð17Þ

where Ah is the pseudo area of hot-ﬂuid-zone.
After Laplace transformation and inverse transformation in equation (17), the heat growth of hot ﬂuid zone
can be written as
Qoh ¼ M R HAh

"
#
rﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃ
Qhi M 2R H 2 as tD
tD
¼
e erfc tD þ 2
1 :
p
4ks 2

ð18Þ

2.2.4 Reservoir heat efﬁciency
The reservoir heat efﬁciency, gr, deﬁned as the ratio of the
heat retained in the pay zone to the total heat injected at
the well bottom, is
gr ¼

Qosh þ Qos þ Qoh
 100%:
ðQshi þ Qsi þ Qhi Þt

ð19Þ

Substituting equations (12), (15) and (18) into equation
(19), the reservoir heat efﬁciency can be written as
8 h
qﬃﬃﬃﬃﬃ
i9
pﬃﬃﬃﬃﬃﬃﬃ
btD
hD
>
>
btD
<
=

1
þ
2
e
erfc
bt
D
b
p
1
gr ¼
 100%;
ﬃﬃﬃ
ﬃ
q
h
i
ﬃ
>
ð1 þ hD ÞtD >
: þ etD erfcðpﬃﬃﬃﬃ
tD Þ þ 2 tpD  1 ;

ð20Þ
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Table 1. Parameters related to wellbore structures, physical properties of reservoir and injected superheated steam.
Parameter

Value

Depth of well/m
The
The
The
The

284

inside radius of tubing/m
outside radius of tubing/m
outside radius of insulation/m
inside radius of casing/m

0.038
0.0445
0.0555
0.0807

The outside radius of casing/m

0.0889

The outside radius of cement/m

0.01236

The thermal conductivity of tubing /(W (m °C)1)

35

The thermal conductivity of casing /(W (m °C)1)

35

The thermal conductivity of insulation/(W (m °C)1)

0.07

The thermal conductivity of cement/(W (m °C)1)

0.933

where gr is the reservoir heat efﬁciency; hD is the dimensionless speciﬁc enthalpy of superheated steam, namely,
hD = (Qshi + Qsi)/Qhi.
2.3 Total heat efﬁciency model
The total heat efﬁciency, gt, deﬁned as the ratio of the heat
retained in the pay zone to the heat of superheated steam at
the wellhead, is
gt ¼

Qosh þ Qos þ Qoh
 100% ¼ gw  gr ;
Qih t

ð21Þ

where gt is the total heat efﬁciency.

3 Results and discussion
3.1 Model veriﬁcation
To verify the correctness of the new model, a superheated
steam injector well W-1 in K oilﬁeld is used as an example
to calculate the wellbore heat efﬁciency and reservoir heat
efﬁciency. The parameters related to wellbore structures,
physical properties of reservoir and injected superheated
steam are listed in Table 1.
Due to the fact that the wellbore heat efﬁciency depends
on the speciﬁc enthalpy of superheated steam at the
wellhead and wellbottom, exactly predicting pressure and
temperature of superheated steam along the wellbore is a
key point to accurately calculate wellbore heat efﬁciency.
When the injection time is 100 days, the temperature and

Parameter
The thermal conductivity of
formation/(W (m °C)1)
Reservoir temperature/°C
Reservoir pressure/MPa
Reservoir thickness/m
The thermal diffusivity coefﬁcient of
the formation /(m2 d1)
The reservoir thermal
conductivity/(W (m °C)1)
The heat capacity of
reservoir/(kJ (m3 °C)1)
Thermal conductivity of
cement/(W (m °C)1)
Superheated steam pressure at
wellhead/MPa
Superheated steam temperature at
wellhead/°C
Superheated steam-injection
rate/(t h1)

Value
1.73
18.8
2.38
15
0.108
1.73
2575
0.933
3.8
3288
6

pressure of superheated steam along the wellbore predicted
by the new model and measured results are compared in
Figure 4. It can be seen that the calculated temperature
and calculated pressure are consistent with mesured data,
which supports the reliability of the wellbore heat efﬁciency
model. On the basis, the calculated wellbore heat efﬁciency
is 96.7%. In other words, 3.3% of speciﬁc enthalpy of
injected superheated steam at the wellhead is lost from
stream to surrounding formation through tubing, casing,
insulation and cement.
The result of reservoir heat efﬁciency predicted by the
new model is compared to that of CMG (thermal reservoir
simulator), He et al. model (He et al., 2017b) and M-L model
(Marx and Langenheim, 1959). Figure 5 shows that the
results predicted by He et al. model and M-L model are alike.
This is because that both He et al. model and M-L model do
not consider the steam overlay effect, even though He et al.
model considered the actual situation that the pay zone temperature shows non-isothermal distribution. The result predicted by the new model is less than that of He et al. model
and M-L model, but is better agreement with the CMG simulation result, which veriﬁes the correctness of the new proposed reservoir heat efﬁciency model. This is because the new
model considers the steam overlay effect and non-isothermal
distribution of temperature in pay zone at the same time.
It should be pointed out that there is difference between
results predicted by CMG and the new model, even though
the difference is small and satisfactory to engineering requirement. The reason for the difference is that the heated zone is
simpliﬁed to the shape of frustum of a cone, while the heated
zone actually has the shape of funnel.

C. He et al.: Oil & Gas Science and Technology - Rev. IFP Energies nouvelles 74, 7 (2019)

Fig. 4. Comparison of the temperature and pressure of superheated steam along the wellbore predicted by the new model and
measured results.

7

Fig. 6. Effects of injection rate on wellbore heat efﬁciency with
different injection time.

Fig. 5. Comparison of reservoir heat efﬁciency predicted by
CMG, the new model, He et al. model and M-L model.

3.2 Inﬂuential factors analysis

Fig. 7. Effects of injection rate on reservoir heat efﬁciency with
different injection time.

3.2.1 Injection rate
Figure 6 shows the effects of injection rate on wellbore heat
efﬁciency with different injection time. From Figure 6, it can
be seen that the wellbore heat efﬁciency has minimum value
at the beginning of injection, and then it rapidly increases
when the injection time is less 50 days. When the injection
time is more than 50 days, the wellbore heat efﬁciency
increased very slowly. This is because the heat transfers from
stream to surrounding formation much more rapidly due to
greater temperature difference at the beginning of injection.
Moreover, Figure 6 shows that the larger the injection rate,
the larger the wellbore heat efﬁciency. The reason is that,
according equation (2), the higher injection rate, the lower
heat losses of superheated steam with unit mass will be.
Figure 7 shows the effects of injection rate on reservoir heat
efﬁciency with different injection time. From Figure 7, it is
clearly found that the reservoir heat efﬁciency decreases
with injection time. For example, the reservoir heat efﬁciency decreases from 70.2% to 50.5% when the injection
time increases from 200 days to 1000 days. This is because
more and more heat is lost to cap and base rock when the
injection time increases. Furthermore, Figure 7 also shows

that the injection rate has little impact on reservoir heat
efﬁciency.
3.2.2 Reservoir thickness
Figure 8 shows the effects of reservoir thickness on wellbore
heat efﬁciency, reservoir heat efﬁciency and total heat efﬁciency when injection time equals to 100 days. As shown
in Figure 8, reservoir thickness has no effect on wellbore
heat efﬁciency, but the reservoir heat efﬁciency and total
heat efﬁciency increase with the increase of the reservoir
thickness. For example, the reservoir heat efﬁciency
increases from 67.7% to 80.4% when the reservoir thickness
increases from 10 m to 20 m. This is because the greater the
reservoir thickness, the smaller the steam overlay effect, and
therefore, the less heat lost to cap and base rock. It should
be pointed out that when the well depth is small, the
wellbore heat efﬁciency is very high, and the reservoir heat
efﬁciency is much smaller than it. For example, when the
well depth is 284 m, the wellbore heat efﬁciency is 97%,
and the reservoir heat efﬁciency is 74% with the reservoir
thickness of 15 m.
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Fig. 8. Effects of reservoir thickness on wellbore heat efﬁciency,
reservoir heat efﬁciency and total heat efﬁciency when injection
time equals to 100 days.

4 Conclusion
The paper established an integrated analytical model to calculate wellbore heat efﬁciency, reservoir heat efﬁciency and
total heat efﬁciency in the process of superheated steam
injection in the heavy oil reservoirs. The main conclusions
can be drawn as follows:
1. The new analytical model considers the change of
the superheated steam temperature and pressure
along the wellbore, the steam overlay effect and nonisothermal distribution of temperature in pay zone at
the same time, and it was proved to be reliable in engineering calculation.
2. The wellbore heat efﬁciency has minimum value at
the beginning of injection, and then increases rapidly,
ﬁnally keeps invariability with injection time rising.
Also, the larger the injection rate is, the higher the
wellbore heat efﬁciency.
3. The reservoir heat efﬁciency decreases with injection
time due to the fact that more and more heat is lost
to cap and base rock with the increase in time.
4. The injection rate has little impact on reservoir heat
efﬁciency, but the reservoir thickness has great impact
on it. Besides, the larger the reservoir thickness, the
larger the reservoir heat efﬁciency.
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