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As China’s largest heavy oil field, Liaohe oilfield encounters many problems after long-term thermal recovery, including high
water percentage at early production stage, steam channelling and water cresting. To solve the above problems, the steam flow
behavior and thermal characteristics in horizontal well should be understood. In this paper, a semi-analytical model is
proposed to investigate the thermal properties and heat losses along the steam injection horizontal wellbore. The flow pattern
is determined by the modified Beggs-Brill method and different conservation equations are incorporated to calculate the steam
pressure, steam temperature and steam quality. The model shows good consistency with the field data of the horizontal steam
injection well in Liaohe oilfield. The sensitivity analysis shows that the steam quality along the wellbore is strongly affected by
the steam pressure, steam injection rate and steam quality at the heel. Generally, the steam injection rate does not have
significant effect on steam pressure, steam temperature and steam quality. The model is then used to optimize the injection
parameters of Well XH27 to improve the steam injection efficiency. After optimization, more steam is injected to the
formation to heat the region near the wellbore, which leads to a higher production rate. In summary, this study presents a
semi-analytical model to calculate the thermal properties of steam and the model can be used to optimize steam injection
process for field application.

1. Introduction

As China’s largest heavy oil production region, Liaohe oil-
field has made significant achievements in the development
of heavy and extra-heavy oil with thermal recovery tech-
nique using horizontal wells [1, 2]. After long-term produc-
tion, thermal recovery in Liaohe oilfield encounters many
problems: 1) emergence of steam/water during early devel-
opment, 2) uneven use of horizontal sections, and 3) steam
channelling or water cresting [3]. Recently, Liaohe oilfield
has applied double-pipe or multi-point steam injection tech-
nique to avoid the problems brought by uniform steam
injection. However, the fundamental problems of screen

open-hole plugging, optimal steam injection volume and
early emergence of steam/water remain unsolved [4]. It is
of great necessity to find a new method to investigate the
temperature and pressure distribution in horizontal wells
and therefore improve the efficiency of steam injection.

Researchers have proposed various models to analyze
the distribution of temperature and pressure in wells. Guyod
[5] investigated the generation of temperature field and the
static distribution of temperature field in the well. Moss
and White [6] analyzed the temperature profile of long-
term water-injection wells and Lesem et al. [7] investigated
the temperature distribution along the well to better predict
the flowing bottom-hole pressure. Ramey [8], for the first
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time, quantitatively investigated the heat transfer between
fluids and wells and proposed a simplified model to predict
the temperature distribution in the well. Their model
showed the influence of well depth and production time on
the temperature distribution. Satter [9] improved previous
heat transfer models to calculate the pressure distribution
and heat loss by considering the injected steam as a function
of well depth and temperature. Due to the neglection of the
effect of pressure drawdown, the model was only applicable
on shallow wells. Pacheco and Ali [10] proposed a new
model by incorporating the effect of heat radiation, heat
conduction and heat convection. This model analyzed the
mechanics of wet and saturated steam flow along the well
with temperature and pressure changes caused by friction.
Galate and Mitchell [11] considered the effect of different
flow regimes during the injection process. Their two-phase
downward vertical flow pressure drop model was no longer
limited by the assumption of homogeneous flow and showed
higher accuracy in the predictions of temperature profiles.
Livescu et al. [12] developed a fully-coupled thermal multi-
phase wellbore flow model to describe the distribution of
pressure, temperature and phase composition along the well.
The slip between different fluid phases and the heat losses
were incorporated to the model and their model showed
good agreement with the field data for both vertical and
inclined wells. Dong et al. [13] developed a flow and heat
transfer coupling model to investigate the multi-thermal
fluid characteristics in horizontal wells. They considered
the effect of fluid adsorption in perforated horizontal well-
bore and proposed the effective heating length to measure
the thermal efficiency. Their results showed that the multi-
thermal fluids were in single-phase or two-phase conditions
during the flowing process. The fluid viscosity had the most
significant effect on flow behaviors and thermal characteris-
tics of multi-thermal fluids.

In this paper, we develop a semi-analytical model to
investigate the thermal properties and heat losses along the
steam injection horizontal wellbore. The model is used to
optimize steam injection process and provide steam injec-
tion plan for the horizontal injection well in Liaohe oilfield.
The paper is organized as follows. In section 2, the semi-
analytical model is derived in detail. In section 3, the model
is first validated by the real field data to show the accuracy of
the model. Then, a series of sensitivity analysis are per-
formed to observe the effect of different parameters on well-
bore pressure, wellbore temperature and steam quality.
Finally, the model is used to optimize the steam injection
plan of a horizontal injection well in Liaohe oilfield. In sec-
tion 4, the conclusions are summarized to give a brief
description of this work.

2. Methodology

2.1. Model Assumption. In the horizontal flow process, steam
flows into the formation through the perforation holes,
which leads to the decrease of the mass flow rate of steam.
Under the condition of variant mass flow, the volumetric
flow rate keeps decreasing due to the reduction of mass flow
rate. The decrease of volumetric flow rate results in the
acceleration loss. Therefore, the acceleration loss cannot be
ignored when developing the model. Because of the pressure
loss along the horizontal wellbore, the pressure is not evenly
distributed at different perforations from the heel to the toe
of horizontal wellbore. As a result, the flow rate in radial
direction varies.

Based on the flow behavior mentioned above, the simpli-
fied cylindrical tube model is not available for the descrip-
tion of pressure and temperature profiles. A more accurate
semi-analytical model is required to describe the steam
injection process by incorporating the flow characteristics
of steam. The assumptions are summarized below:

(1) The reservoir is homogeneous with the thickness of h

(2) The reservoir is infinite in the horizontal direction

(3) The heat transfer between wellbore and cement ring
is one-dimensional steady heat transfer while the
heat transfer between the cement ring and formation
is one-dimensional unsteady heat transfer

(4) The heat dissipation of the collar is not considered
and the heat transfer of steam in the horizontal
direction is ignored

Table 1: Modified Beggs-Brill flow pattern criteria.

Criteria Flow pattern

E1 < 0:01, Fr < L1 or E1 > 0:01, Fr < L2 Segregated flow

0:01 ≤ E1 < 0:4, L3 < Fr < L1 orE1 ≥ 0:4, L3 < Fr < L4 Intermittent flow

L2 < Fr < L3 Transition flow

E1 < 0:4, Fr ≥ L1 or E1 ≥ 0:4, Fr > L4 Distributed flow
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Figure 1: Schematic figure of mass conservation in an infinitesimal
section.

2 Geofluids



(5) The injection pressure, steam quality and mass flow
rate at the heel of the horizontal well is kept constant
and the flow of steam in horizontal wellbore is
steady-state

2.2. Flow Pattern. Following the criteria proposed by Beggs
and Brill [14], the gas-liquid two-phase flow in the horizon-
tal well is divided into three categories: 1) segregated flow:
the gas-liquid two-phase distribution is relatively uniform,
including annular flow, wavy flow and stratified flow; 2)
intermittent flow: the distribution of gas-liquid two-phase
distribution is not uniform and sometimes has fluctuations,
including plug flow and slug flow; 3) distributed flow: there
exists a clear and smooth interface between the gas-liquid
two-phase fluids, including bubble flow and mist flow.

After modification of the flow pattern map, we divide the
map into four regions (segregated flow, intermittent flow,
transition flow and distributed flow) with four straight lines
(L1, L2, L3, L4), as shown in the equations below:

Fr = ν2m/ gDð Þ ð1Þ

L1 = 316E0:302
1 ð2Þ

L2 = 92:52 × 10−5E−2:4684
1 ð3Þ

L3 = 0:10E−1:4156
1 ð4Þ

L4 = 0:5E−6:733
1 ð5Þ

where Fr represents the Froude number, vm denotes the

average flow rate of two-phase flow, g is the gravitational
constant, D means the diameter of the pipe and E1 is the liq-
uid holdup at the inlet. The criteria of the modified flow pat-
tern map are summarized in Table 1.

2.3. Governing Equation

2.3.1. Mass Conservation Equation. We select an infinitesi-
mal section from the horizontal wellbore and analyze the
steam flow behaviors in this infinitesimal section. The sche-
matic figure is shown in Figure 1.

According to the mass conservation principle [15, 16],
the mass increment of the infinitesimal section is equal to
the mass difference between the steam at the inlet and the
steam at the outlet of the infinitesimal section. The mass
conservation equation is shown as below:

isiΔτ − isi+1Δτ − iisdl · Δτ = Ahdl
∂ρm
∂τ

Δτ ð6Þ

where isi and isi+1 represent the mass of the steam at inlet
and outlet of the infinitesimal section, respectively, Δτ is the
time of flowing, Ah is the cross-section area of the infinites-
imal section, ρm is the density of the steam in the infinitesi-
mal section, iis is the mass of the steam that penetrates into
the formation. Divided by dl · Δτ at both sides of equation
(6), the equation can be written as

−Ah
∂ρm
∂τ

= ∂isi
∂l

+ iis ð7Þ

Based on the previous assumptions, the flow state of
steam in the horizontal wellbore is steady-state. Therefore,
we have

∂ρm
∂τ

= 0 ð8Þ

Substitute equation (8) into equation (7), we can get

∂is
∂l

= −iis ð9Þ

2.3.2. Energy Conservation Equation. Since the steam flows
horizontally in a horizontal wellbore, the energy change
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Figure 2: Schematic figure of energy conservation in an infinitesimal section.
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Figure 3: Schematic figure of momentum conservation in an
infinitesimal section.
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caused by gravity can be ignored. The schematic figure is
shown in Figure 2.

According to the energy conservation law [17], in unit
time and unit length, the energy loss of steam in the infini-
tesimal section is equal to the sum of heat loss, friction loss
and formation energy increment. The energy conservation
equation is shown below:

dW
dl

+ iis hm + v2r
2

� �
+ dQ

dl
= −

d
dl

is hm + v2m
2

� �� �
ð10Þ

whereW is the work of friction, Q is the heat loss, l is the
length of infinitesimal section, νm is the horizontal flow rate
of steam in the infinitesimal section, νr is the flow rate of
steam into formation and hm is the enthalpy of steam mix-
ture in the infinitesimal section. In equation (10), the effects
of friction and variant mass flow are taken into
consideration.

Based on the energy conservation equation, we can
derive the equation of steam quality in the wellbore. Since
the steam flow status in horizontal wellbore is gas-liquid
two-phase flow, the enthalpy can be calculated as below:

hm x, tð Þ = x · hs + 1 − xð Þhw ð11Þ

where hs and hw represent the enthalpy of steam and hot
water, respectively, and x is the saturated steam quality. Take
the derivative of h with respect to l and we have

dhm
dl

= hs
dx
dl

+ x
dhs
dl

+ dhw
dl

1 − xð Þ − hw
dx
dl

ð12Þ

After simplifying equation (12), we can get

dhm
dl

= hs − hwð Þ dx
dl

+ x
dhs
dl

+ 1 − x
dhw
dl

� �� �
ð13Þ

Since the enthalpy of steam is the function of steam pres-
sure, it can be written as h = hðpÞ. If we take the derivative of
h with respect to l, we can get

dh
dl

= dh
dP

dP
dl

ð14Þ

Substitute equation (14) into equation (13), we can get

dhm
dl

= hs − hwð Þ dx
dl

+ dhw
dP

dP
dl

+ dhs
dP

−
dhw
dP

� �
dP
dl

x ð15Þ

Since νm = is/ðρmAhÞ, we have

d
dl

v2m
2

� �
= vm

dvm
dl

= vm
d
dl

is
ρmAh

� �
= vm
ρmAh

dis
dl

+ vmis
Ah

d
1
ρm

� �
ð16Þ

Generally, the gas volumetric flow rate is significantly
higher than liquid volumetric flow rate. As a result, we can
consider steam as ideal gas and apply the ideal gas law.
The equation is shown below:

1
ρm

= RT
PM

ð17Þ

Take the derivative and simplify equation (17), we can
get

d
1
ρm

� �
= 1
ρm

1
T
dT
dP

−
1
P

� �
dP ð18Þ
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Figure 4: Schematic figure of heat transfer process between
wellbore and formation.
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Substitute equation (18) into equation (16), we have

d
dl

v2m
2

� �
= vm

1
ρmAh

dis
dl

+ is
A

1
ρm

1
T
dT
dP

−
1
P

� �
dP
dl

� �
ð19Þ

Then, we substitute equations (9), (15) and (19) into
equation (10) and we can get

dQ
dl

+ dW
dl

+ dis
dl

v2m − v2r
2

� �

= −is
dx
dl

hs − hwð Þ + dhs
dP

−
dhw
dP

� �
dP
dl

x + dhw
dP

dP
dl

� ��

+ vm
is

ρmAh

1
T
dT
dP

−
1
P

� �
dP
dl

+ 1
ρmAh

dis
dl

� ��
ð20Þ

Let

N1 = is hs − hwð Þ

N2 = is
dhs
dP

−
dhw
dP

� �
dP
dl

N3 =
dQ
dl

+ v2m − v2r
2

� �
dis
dl

+ dW
dl

+ dhw
dP

dP
dl

is

+ vmis
is

ρmAh

1
T
dT
dP

−
1
P

� �
dP
dl

+ 1
ρmAh

dis
dl

� �
ð21Þ

Equation (20) can be simplified as below:

dx
dl

+ N2
N1

x = −
N3
N1

ð22Þ

Given the location of calculation points, equation (22) is
the first order ordinary differential equation with boundary

Table 2: Parameters of reservoir, wellbore and steam injection.

Parameter Value Unit Parameter Value Unit

Reservoir thickness 287 m Length of horizontal well 195.3 m

Reservoir temperature 18.8 °C Inner diameter of casing 0.0807 m

Reservoir pressure 2.38 MPa Outer diameter of casing 0.0889 m

Permeability 1940 mD Wellbore radius 0.12 MPa-1

Porosity 0.32 — Perforation density 12 m-1

Water saturation 0.35 — Perforation hole radius 0.0075 m

Oil viscosity 1366 mPa·s Formation thermal conductivity 1.730 W/m/°C

Oil volume factor 1.05 m3/m3 Cement thermal conductivity 0.933 W/m/°C

Formation water volume factor 1.01 m3/m3 Steam pressure at the heel 5.13 MPa

Formation thermal diffusion coefficient 0.108 m2/d Steam temperature at the heel 336.5 °C

Drainage area 29700 m2 Steam injection rate 6.23 t/h
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Figure 6: Steam pressure along the horizontal wellbore.
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conditions of xj1=0 = x0 and pj1=0 = p0 since N1, N2 and N3

are constants. The distribution of steam quality in the well-
bore can be obtained by solving equation (22). One particu-
lar solution of equation (22) is shown below:

x = exp −
N2
N1

l
� �

· −
N3
N2

exp −
N2
N1

l
� �

+ x0 +
N3
N2

� �
ð23Þ

2.3.3. Momentum Conservation Equation. The schematic fig-
ure of momentum conservation is shown in Figure 3. We
can observe that, during flow process, the forces exerted on
steam are mainly caused by the force generated by the pres-
sure difference between the inlet and outlet of the infinitesi-

mal section and the friction between the steam and the
casing surface.

The momentum conservation equation is developed as
follows:

Pi − Pi+1ð ÞAh − τc = d vmisð Þ ð24Þ

Divided by the cross-section area at both sides of the
equation, we can get

dP = −
d vmisð Þ
Ah

+ Ah

τc

� �
= −

vmdis + isdvm
Ah

+ τc
Ah

� �
ð25Þ
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Figure 7: Steam injection rate along the horizontal wellbore.
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Substituting equation (18) into equation (25), we have

dP = −
τci + 2vmdis

Ah isvm/Ahð Þ 1/Tð Þ dT/dPð Þ − 1/Pð Þ + 1½ � ð26Þ

Divided by dl, we obtain the model of the steam pressure
in the horizontal wellbore:

dP
dl

= −
1
Ah

2vm dis/dlð Þ + τc/dlð Þ
1 + 1/Tð Þ dT/dPð Þ − 1/Pð Þ vmis/Ahð Þ½ � ð27Þ

where τc is the friction between the steam and the inner
surface of casing. The numerator of the right side of equa-

tion (27) describes the characteristics of variant mass flow
in horizontal wellbore.

2.3.4. Other Parameters. In equation (10), the work of fric-
tion (W), velocity (vm) and density (ρm) of steam mixture,
the mass of the steam of the infinitesimal section (is) and
heat losses (Q) have not been discussed. Next, we will show
the equations to calculate these parameters.

During steam flow process, shear friction occurs between
the steam and the inner surface of the casing. The direction
of shear friction is opposite to the steam flow direction and
therefore, the work of shear friction is negative. In unit time,
the work of friction on the infinitesimal section of length dl
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distribution of pressure along the wellbore.
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can be calculated as

dW = τcdlð Þ
dl/ vmi + vmi+1/2ð Þ = τc

2
dl

vmi + vmi+1ð Þ ð28Þ

τc = f c · ρm · πDdl8
vmi + vmi+1

2
� 	2 ð29Þ

where f c is the friction coefficient between the steam and
casing and D is the inner diameter of casing. In equation
(29), the friction coefficient consists of two parts: the friction
coefficient between the fluid and boundary surface and the
friction coefficient between the steam and perforation holes.
The friction coefficient between the fluid and boundary sur-

face can be calculated by

f =

64/Re Re ≤ 2000
0:3164
Re0:25 3000 < Re < 50:9/ε8/7

−1:811g ε

3:7D
� 	1:11

+ 6:9
Re

� �� �−2
50:9/ε8/7 < Re < 665 − 7651gεð Þ/ε

8>>>>>><
>>>>>>:

ð30Þ

where Re is the Reynolds number and ε is the absolute
roughness of the wellbore. The friction coefficient between
the steam and perforation holes is obtained using the
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Figure 10: Effect of (a) steam injection rate, (b) steam quality at the heel, (c) pressure at the heel and (d) steam injection time on the
distribution of temperature along the wellbore.
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equation shown below:

ffiffiffiffiffi
8
f p

s
= 2:5 ln 0:5 Re

ffiffiffiffiffi
8
f p

s !
+ 1:744 − 7:0 ×

dp
D

� �
×

np
12

� �
− 3:75

ð31Þ

where dp is the diameter of perforation hole and np is the
perforation density. The total friction coefficient is the sum
of these two friction coefficients.

The density of saturated steam is calculated based on the
equation below:

ρm = ρwHl + ρs 1 −Hlð Þ ð32Þ

where ρm, ρw and ρs are the densities of saturated steam,
water and dry steam, respectively, and Hl is the liquid
holdup. The flow velocity of saturated steam is calculated
using the equation below:

vm = vs + vw = isx
ρsAh

+ is 1 − xð Þ
ρwAh

ð33Þ

The steam mass of the infinitesimal section of horizontal
wellbore is calculated based on the equation below:

is = ρm · Is · Ps − Pið Þ · J1 ð34Þ

J1 =
2π ffiffiffiffiffiffiffiffiffiffiffiffiffi

Kh/Kv
p

Kvdlα Kro/Boμoð Þ + Krw/Bwμwð Þð Þ
ln rsh/rwð Þ − 0:75 + S

ð35Þ

where Is is the steam mass coefficient of unit length of
formation, Ps is the steam injection pressure, Pi is the initial
reservoir pressure and J1 is the fluid productivity index.

Based on the assumption that the horizontal well is in an
infinite formation, the heat capacity of the reservoir is infi-
nite. As a result, the formation near the cement ring can

be slowly heated by the steam while the formation away
from the wellbore keeps the initial temperature. This heat
transfer process is called unsteady-state heat transfer. The
heat transfer process between the horizontal wellbore and
the formation can be simplified into two parts: 1) the
steady-state heat transfer between the wellbore and cement
ring, 2) the unsteady-state heat transfer between the cement
ring and formation. The schematic figure of the heat transfer
process is shown in Figure 4.

For the infinitesimal section with length dl, the heat loss
can be calculated by the equation shown below:

dQ
dl

= Ts − Te

R
ð36Þ

where Ts and Te are the temperatures of steam and ini-
tial formation, respectively. The material of casing is steel,
which has a small thermal resistance that can be ignored.
Therefore, the total thermal resistance can be calculated
using the equations shown below:

R = 1
2π

ln rh/rcoð Þ
λcc

+ f τð Þ
λc

� �
ð37Þ

f τð Þ = ln 2 ffiffiffiffiffi
ατ

p
rh

� �
− 0:29 ð38Þ

where R is the total thermal resistance, rh and rco repre-
sent the external radius of cement ring and casing, respec-
tively, λcc and λc denote the heat conductivity coefficients
of cement ring and formation, respectively, α is the thermal
diffusivity of formation. f ðτÞ shows the unsteady heat trans-
fer property of formation.

2.4. Model Solvation. Due to the complexity of this model, it
is hard to directly calculate the steam pressure, steam tem-
perature and steam quality. As a result, the dual iteration
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Figure 11: Effect of (a) steam injection rate, (b) steam quality at the heel, (c) pressure at the heel and (d) steam injection time on the
distribution of steam quality along the wellbore.
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of pressure increment and steam quality increment is
selected. The detailed procedures are shown below:

(1) The known data is the steam pressure, steam tem-
perature, steam quality and mass flow rate at the
heel of the horizontal well. Starting from the heel
of the horizontal well, the horizontal well is divided
into N sections and the length of each section is d
l = L/N

(2) Estimate the change of steam quality (Δx) and pres-
sure change (Δp) as the initial value in the iteration
and calculate the average pressure and temperature
of this section

(3) Apply the modified Beggs-Brill criteria to determine
the physical properties and flow parameters of steam
under the average pressure and temperature in step 2

(4) Use equation (34) to calculate the amount of steam
penetrate into the formation and apply equation
(28) to calculate the work of friction

(5) Use equation (27) to calculate the pressure gradient
in this section and further obtain the pressure drop
(Δp′) on length dl

(6) Apply equation (36) to calculate the heat loss in the
section and use equation (23) to calculate the steam
quality and steam quality change (Δx′) in the section

(7) Compare the values of Δp′ and Δx′ with the esti-

mated Δp and Δx in step 2. If jΔp−Δp′j ≤ δ and jΔ
x−Δx′j ≤ δ, the calculation results are considered

reasonable. Otherwise, let Δp = Δp′ and Δx = Δx′
and return to step 2

Heel Toe

Injection valve
(1715 m)

Injection valve
(1780 m)

Injection valve
(1845 m)

Figure 12: Schematic figure of Well XH27 in Liaohe oilfield.
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Figure 13: Distribution of permeability along the wellbore.

Table 3: Injection data of Well XH27.

Production location
(m)

Starting injection
date

End injection
date

Steam injection pressure
(MPa)

Daily injection
amount (t)

Total injection
amount (t)

1614~1817 05/14/2014 05/22/2014 11.8 141 1000.2
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(8) Repeat steps 2 to 7 and calculate the steam pressure,
steam temperature and steam quality in each section
until all the sections are calculated

To be clear, the workflow is summarized in Figure 5.

3. Results and Analysis

3.1. Model Validation. To verify the accuracy of the model,
we take the huff-and-puff horizontal well in a low-
permeability heavy oil block in Liaohe oilfield as an example.
The reservoir properties, well structure parameters and
steam injection parameters are summarized in Table 2.

The steam pressure, steam injection rate and steam qual-
ity along the wellbore are calculated using the model and
compared with field data. The results are shown in
Figures 6, 7, 8. We can observe that the results of our model
are consistent with the field data, indicating that our model
can accurately predict the thermal properties of steam in
horizontal wellbore.

3.2. Sensitivity Analysis. The distribution of steam pressure,
steam temperature and steam quality in the horizontal well
are influenced by many factors. Based on the established
model, we investigate the effect of steam injection rate, steam
quality at the heel, pressure at the heel and steam injection
time on the distribution of steam pressure, steam tempera-
ture and steam quality in the horizontal well. The results
are shown in Figures 9, 10 and 11.

In Figure 9(a), the steam pressure does not have signifi-
cant effect on the steam injection rate. A high injection rate
allows steam to flow further without completely cooling
down to hot water. When the steam injection rate is less
than 5 t/h, the steam becomes hot water at certain point in
the wellbore. In Figure 9(b), we can observe that the steam
quality does not have significant effect on steam pressure
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Figure 14: The (a) steam pressure, (b) steam temperature, (c) steam quality and (d) mass flow rate of steam along the wellbore of Well
XH27.
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Figure 15: Distribution of permeability along the wellbore divided into 4 sections.

Table 4: Parameters of injection valves.

Injection valves Location (m) Size (mm)

New valve 1664 7.9

Valve I 1715 7.9

Valve II 1780 8.7

Valve III 1845 9.3
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in the wellbore. When the steam is not completely cooled
down to hot water, a small value of steam quality shows
slightly higher steam pressure. In Figure 9(c), high steam
pressure at the heel generally means a high steam pressure
along the wellbore except the condition that the steam is
totally cooled down to hot water. In addition, the extended
distance of steam in the wellbore increases with the decrease
of steam injection pressure. In Figure 9(d), we can observe
that the steam injection time does not show any effect on
steam pressure. The reason is that the steam is injected at
constant pressure and rate and the increase of injection time
only increase the total amount of steam injected to the
wellbore.

In Figure 10(b), the steam quality at the heel does not
have significant effect on steam temperature in the wellbore.
The temperature decreases with the extension of the well.
The temperature reduces to 0 sharply when the steam totally
becomes hot water. In Figure 10(c), the steam temperature
increases with the increase of steam pressure at the heel.
The temperature slightly decreases with the extension of
wellbore and reduces to 0 when no steam exists in the well-
bore. In Figure 10(d), the steam injection time does not have
significant effect on steam temperature because the injection
time does not affect thermal properties of steam.

In Figure 11(a), the steam injection rate shows a signifi-
cant effect on the steam quality. The increase of steam injec-
tion rate can largely increase the steam quality along the
wellbore. With a low injection rate, the steam quality along
the well decreases sharply. As a result, to ensure a high steam
quality in the wellbore, we should inject steam at a relatively
high rate. In Figure 11(b), a high steam quality at the heel
shows a high steam quality in the whole wellbore. Regardless
of the steam quality at the heel, the decline rate of steam
quality along the wellbore is the same because the injection
parameters and thermal conductivity are kept constant. In
Figure 11(c), a high steam pressure at the heel shows a faster
decrease of steam quality along the wellbore. In order to

keep a high steam quality, the pressure at the heel should
be maintained at a relatively low level. In Figure 11(d), the
steam injection time does not have significant effect on the
steam quality along the wellbore.

3.3. Field Case. Herein, we consider a horizontal steam injec-
tion well (Well XH27) in Liaohe oilfield and optimize the
injection parameters of Well XH27 to improve the steam
injection efficiency using our model. The schematic figure
of this well is shown in Figure 12. As shown in the figure,
initially there are three injection valves in the tubing located
at the length of 1715, 1780 and 1845m in Well XH27. The
distribution of permeability along the wellbore is shown in
Figure 13. The injection data of Well XH27 is summarized
in Table 3.

Based on our model, we analyze the steam pressure,
steam temperature, steam quality and mass flow rate of
steam in Well XH27, as shown in Figure 14. We can observe
that the steam pressure, steam temperature and steam qual-
ity increase with the increase of well depth. The increment is
more significant in horizontal section compared with verti-
cal section. In addition, the steam is continuously injected
from the injection valves to the formation. The mass flow
rate of steam keeps decreasing along the wellbore and the
decreasing rate is affected by the formation permeability
and parameters of injection valves. When the steam pene-
trates into the formation, due to its latent heat, the temper-
ature of the region near the wellbore is the same as the
temperature of steam while the temperature of the region
away from the wellbore gradually reduces to the initial reser-
voir temperature.

To improve the injection efficiency, it is of great impor-
tance to optimize the parameters of injection valves, includ-
ing the number of valves, the location of valves and the size
of valves. Based on the distribution of formation permeabil-
ity along the wellbore, we divide the horizontal wellbore into
four sections, as shown in Figure 15. Accordingly, we add
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Figure 16: The (a) steam pressure, (b) steam temperature, (c) steam quality and (d) mass flow rate of steam along the wellbore of Well
XH27 with optimized injection valves.
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one more injection valve at the length of 1664m of the well-
bore and the size of valves are determined by the injection
flow rate. The parameters of injection valves are summarized
in Table 4.

After adding one more injection valve and changing the
size of valves, the steam pressure, steam temperature, steam
quality and mass flow rate of steam in Well XH27 are shown
in Figure 16. Compared with the initial condition, the opti-
mized Well XH27 shows lower steam pressure, steam tem-
perature and mass flow rate after adding an extra valve
and the steam quality along the wellbore slightly decreases.
The results indicate that more steam is injected to the forma-
tion to heat the region near the wellbore. Therefore, the vis-
cosity of a larger range of heavy oil decreases and more oil
will flow to the wellbore, which leads to a higher production
rate.

4. Conclusions

(1) A semi-analytical model is proposed to investigate
the physical and thermal properties of fluid in hori-
zontal wellbore. Mass, energy and momentum con-
servation equations are considered in our model
and the modified Beggs-Brill method is applied to
determine the flow pattern of steam. The model
can be used to calculate the steam pressure, steam
temperature, steam quality and mass flow rate along
the wellbore

(2) The semi-analytical model is validated with a hori-
zontal steam injection well in Liaohe oilfield. The
steam pressure, steam injection rate and steam qual-
ity calculated by the model show good consistency
with field data, indicating that our model is accurate
to predict the physical and thermal properties of
fluid in horizontal wellbore

(3) Based on the sensitivity analysis, the steam quality
along the wellbore is strongly affected by the steam
pressure, steam injection rate and steam quality at
the heel. Generally, the steam injection rate does
not have significant effect on steam pressure, steam
temperature and steam quality

(4) The semi-analytical model is used to optimize the
injection valves in Well XH27 in Liaohe oilfield.
Based on the formation permeability distribution,
one extra injection valve is added and the sizes of
injection valves are tuned according to the optimal
steam injection rate. The optimized Well XH27 sig-
nificantly increases the steam injection efficiency

Nomenclature

CCE: Constant composition expansion
Ah: Cross-section area
B: Formation volume factor
D: Diameter
E: Liquid holdup
f: Friction coefficient

Fr: Froude number
g: Gravitational constant
h: Enthalpy
i: Mass flow rate
J: Productivity index
K: Permeability
l: Length of infinitesimal section
M: Molecular mass
P: Pressure
Q: Heat loss
r: Radius
R: Ideal gas constant
Re: Reynolds number
S: Skin factor
T: Temperature
v: Flow rate
W: Work of friction
x: Steam quality
α: Thermal diffusivity
ε: Absolute roughness
λ: Heat conductivity coefficient
μ: Viscosity
ρ: Density
τ: Flowing time.
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