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Superheated steam flow during multipoint steam injection technology has a good effect on improving the steam absorption profile
of heavy oil thermal recovery wells, enhancing the production degree of horizontal section of thermal recovery wells, and
enhancing oil recovery. Based on the structure of multipoint steam injection horizontal string, considering the characteristics
of variable mass flow, pressure drop of steam-liquid two-phase flow, and throttling pressure difference of steam injection valve
in the process of steam injection, this paper establishes the calculation model of various parameters of multipoint steam
injection horizontal wellbore and calculates the distribution of steam injection rate, temperature, pressure gradient, and dryness
along the section of multipoint steam injection in horizontal wellbore. The results show that the temperature and pressure
decrease gradually from heel to toe, and the steam dryness decreases gradually. Considering the influence of throttle pressure
difference of steam injection valve and pressure drop of gas-liquid two-phase flow in the wellbore, the traditional calculation
model of steam injection thermodynamic parameters is optimized, and the optimization of wellbore structure and steam
injection parameters is an effective method to achieve uniform steam injection in horizontal wells. The steam injection
uniformity of horizontal wells can be effectively improved by adjusting the steam injection valve spacing and steam injection
parameters. When the steam injection volume is 200m3/d and the steam injection valve spacing is 20m, a more stable steam
injection effect can be obtained. The findings of this study can help for better understanding of improving the uniformity of
steam injection and enhancing the recovery factor.

1. Introduction

In the process of heavy oil production, the horizontal well
has a large contact area with the reservoir, the range of steam
injection is wide, and the productivity is higher than that of
the vertical well [1, 2]. The multipoint steam injection tech-
nology in horizontal wells is widely used to improve the uni-
formity of steam injection, to optimize the steam chamber,
and to enhance oil recovery [3]. This technology is widely
used in Liaohe, Shengli, and Xinjiang oilfields, and the result
is that technology can improve reservoir productivity,
improve the steam injection uniformity, and enhance the
oil recovery [4, 5]. However, there are few theoretical studies
on this technology. A steady thermodynamic calculation

model of gas-liquid two-phase flow in a steam injection
column of multipoint steam injection was established [6],
and the vapor injection valve with uniform distribution
of the steam injection volume in horizontal wells was opti-
mized as the objective function. However, due to the het-
erogeneity of the heavy oil reservoir and the effect of the
vapor energy loss along the channel after the horizontal
well scale implementation, there is a general problem of
the heterogeneous production of horizontal tanks in the
process of general steam injection [7–9]. Taking into
account the above problem, scientists design a distributor
that limits multiple flows to horizontal wells, injecting
steam into multiple locations of horizontal reservoirs
simultaneously through distributors.
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In previous studies, the uniformity of multipoint
steam injection is affected by the steam injection param-
eters and the location of the steam injection point, and
the development of the steam cavity is not uniform, as
shown in Figure 1; there are few studies on the optimiza-
tion of the steam injection device and steam injection
parameters [10].

To make stability of superheated steam injected into for-
mation, get the uniform expansion of the steam chamber.
First, the mathematical model is presented. Then, three-
dimensional numerical simulation was carried out on the
multipoint steam injection string, and the variation of
parameters along the multipoint steam injection was ana-
lyzed to obtain the variable mass flow law of superheated
steam in the wellbore. Finally, the steam injection situation
under different steam injection volumes and steam injection
positions was compared to optimize the steam injection uni-
formity. However, this paper only optimizes the parameters
of steam injection volume and steam injection valve config-
uration, without considering other potential influencing fac-
tors, and will continue to explore and study related
influencing factors in the future.

2. Mathematical Model

Fluid flow process in multipoint steam injection horizontal
well is shown in Figure 2.

2.1. Basic Assumptions of the Model

(1) The oil reservoir in the horizontal portion is divided
equally in the horizontal direction, and the thermal
physical parameter of the reservoir does not vary
with the change in temperature

(2) When heat is transferred from the well to the outer
edge of cementation, steady heat transfer occurs,
and unsteady heat transfer occurs when the heat is

transferred from the outer edge of the cement ring
to the heat storage chamber

(3) The horizontal well is divided into n microsegments,
and the vapor injected into the same microsegment
is uniformly sucked into the reservoir

2.2. Calculation of Pressure Gradient along the Path. After
the saturated vapor is injected into the wellbore, it becomes
a gas-liquid two-phase flow, and the gas-liquid two-phase
flow is required to calculate the pressure change. According
to the pressure gradient equation, the pressure gradient
equation mainly includes friction loss pressure gradient,
potential energy pressure gradient, and kinetic energy pres-
sure gradient model [11–13].

The pressure gradient equation is expressed as Equation
(1) by the conservation of mass and momentum.

Δp
ΔZ

=
ρmg sin θ − τf

1 − isq/A2
pp

, 1

where p is the pressure at the well point, Pa; Z is the depth,
m; ρm is wet vapor density, kg/m3; g is the acceleration of
gravity, m/s2; θ is an angle between the well and the horizon-
tal direction, °; τf is the friction loss slope, Pa/m; is is the
steam mass flow rate, kg/s; q is the volume flow of steam,
m3/s; Ap is the cross-section of the tubing, m2.

2.3. A Computational Model of Temperature in the Well. The
temperature and pressure of saturated steam have a coupling
relationship, as shown in the following equation:

Ts = 210 2376p0 21
s − 30, 2

where Ts is the temperature of steam, °C, and Ps is the steam
pressure, MPa.
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Figure 1: Wellbore structure and steam chamber expansion diagram of multipoint steam injection well.
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2.4. A Model of Steam Dryness along Well. Based on the law
of energy conservation, at the same time and at the same
depth, the heat loss is equivalent to the energy loss of the
wet steam [14, 15], as shown in the following equation:

dQ
dZ

= −is
dhm
dZ

− is
d
dZ

v2

2 + isg, 3

where Q is heat loss, J; hm is the specific heat enthalpy of wet
saturated steam, kJ/kg; v is the wet steam velocity, m/s.

After finishing Equation (3), we can get

C1
dx
dZ

+ C2x + C3 = 0 4

Among them, C1 = is hs − hw .

C2 = is
dhs
dp −

dhw
dp

dp
dZ

,

C3 =
dQ
dZ

+ is
dhs
dp

dp
dZ

+ i3s
A2ρ

d
dZ

1
ρ

− isg,
5

where hs is the specific heat enthalpy of dry saturated steam,
kJ/kg, and hw is a specific enthalpy of saturated water, kJ/kg;
drying xz,t of any depth Z is expressed as follows [16]:

xZ,t = e− C2/C1 Z −
C3
C2

e C2/C1 Z + xw + C3
C2

, 6

where xw is the dryness of the initial injected steam, decimal.

2.5. Friction and Calculation of Work Done by Friction. The
calculation is as follows: the microelement segment is subdi-
vided into several smaller microelement segments according
to the number of slit rows, and the thermophysical parame-
ters of the fluid on each microelement segment are the same
[17, 18]. Firstly, the mass flow rate and flow rate of fluid on
each small microelement section are calculated, and then the
friction force and frictional work on the microelement seg-
ment are calculated [19]. Then, the total friction force and
frictional work on the microelement section are calculated
by superposition [20–22]. The method provides a more
detailed description of fluid flow in a slotted screen horizon-
tal wellbore.

The steam absorption capacity of the reservoir of each
row slit is

msfl =
msfdl
dl/lu

=msf ⋅ lu 7

The mass flow of the j row slit is

msl j =ms,i −msfl ⋅ j‐1 j = 1, 2,⋯⋯ , pgf 8

The average flow velocity on the small and microelement
segments is

vsl j = msl j
ρmA

= 4msl j

ρmπD
2
in

9

In unit time, the work done by the friction force on the
microelement segment is expressed as follows [23–25]:

ΔW j = τcl j lu

lu/vsl j = τcl j vsl j j = 1, 2,⋯⋯ , pgf
, 10

where τcl j is the friction force between the steam and the
inside of the screen tube, N . The calculation method is

τcl j = f ⋅ ρm ⋅
πDinlu

8 v2sl j j = 1, 2,⋯⋯ , pgf 11

The expression of the work done by the friction force on
the segment of length dl in unit time is

dW = 〠
pgf

j=1
ΔW j = 〠

pgf

j=1
τcl j vsl j 12

The expression of friction on the segment dl is [26, 27]

τc = 〠
pgf

j=1
τcl j = 〠

pgf

j=1
f ⋅ ρm ⋅

πDlu
8 v2sl j = ρmπDlu

8 〠
pgf

j=1
f ⋅ v2sl j ,

13

where f is the dimensionless friction coefficient [28]. The
calculation method of friction coefficient between fluid and
pipe wall adopts the conventional calculation method of
pipe flow [29, 30], and the calculation process is as follows:

Steam-injection tube 
Sieve tube

Steam-injection valve 

Figure 2: Horizontal well steam injection simulation diagram.
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(1) Calculate Reynolds number [31–33]

The Reynolds number calculation formula of two-phase
flow is as follows:

Re =
v2sl j ⋅Din ⋅ ρwEl + ρs 1 − El

μwEl + μs 1 − El
, 14

where Re is Reynolds number; ρw and ρs are the density of
liquid water and dry saturated steam, kg/m3; μw is the vis-
cosity of hot water in water vapor, MPa·s; μs is the viscosity
of dry saturated steam in water vapor, MPa·s; El is the vol-
ume liquid content of inlet, dimensionless.

(2) Determine the flow state and calculate the hydraulic
friction coefficient [34, 35]

Re ≤ 2000,

f = 64
Re

,

3000 < Re <
50 9
ε8/7

,

f = 0 3164
R0 25
e

,

50 9
ε8/7

< Re <
665 − 765 lg ε

ε
,

f = −1 81 lg ε

3 7Din

1 11
+ 6 9

Re

−2

15

3. Solution of the Model

(1) Vapor pressure, mass flow rate, temperature, and
dryness at the heel are known, the whole horizontal
part is divided into N sections, and each section is
dl = L/N

(2) The pressure drop change ΔP and dryness change
Δx of dl length are estimated as the initial values of
iterative calculation, and the average pressure, aver-
age temperature, flow parameters and property
parameters of the wet steam mixture, and the fric-
tion and friction work between the steam and the
screen are calculated successively

(3) When there is no steam injection valve in the micro-
segment, the wellbore pressure and pressure change
ΔP as well as steam dryness and dryness change Δx
in the microsegment are calculated; when the micro-
segment contains steam injection valve, the wellbore
pressure and pressure change ΔP and steam dryness
and dryness change Δx in the microsegment are cal-
culated first, and then the pressure in the annulus is
calculated

(4) Compare the calculated Δx and ΔP with the esti-
mated Δx and ΔP in step 2; if ΔP − ΔP′ ≤ δ and
Δx − Δx′ ≤ δ, then the calculated results are rea-
sonable. Otherwise, ΔP = ΔP′, Δx = Δx′, and return
to step 2 to recalculate

(5) Steps 2 to 4 are repeated to calculate the vapor pres-
sure distribution, temperature, and degree of drying
on each microsegment until the cumulative length

Divide the whole horizontal part into N sections

Calculate the average pressure, average temperature, flow
parameters and property parameters of wet steam, and the friction

and friction work between the steam and screen.

No steam injection valve in
micro segment, calculate the

wellbore pressure and pressure
change �P, steam dryness and

dryness change �x.

The micro segment contains steam
injection valve, calculate the wellbore
pressure, pressure change �P, steam

dryness and dryness change �x, and then
calculate the pressure in the annulus.

if |�P – �P’|≤ � and |�x – �x’|≤ �, then the calculated
results are reasonable 

The end

Otherwise 

Figure 3: The flow diagram of the calculation model.
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of each microsegment is equal to or greater than the
total length of the horizontal well (Figure 3).

4. Case Verification and Analysis

The distribution of pressure field, velocity field, and tem-
perature field in multipoint steam injection wellbore is
shown in Figures 4–6. When the steam flows through
the steam injection valve, steam flow pressure is reduced,
overall speed increased, and temperature decreased, which
is close to the changes in the rate of steam injection; the
steam valve side first increases then decreases, and the
temperature rises after lower first. In order to explore the
main factors affecting uniform steam injection, the steam
injection velocity, the distance between the steam injection
valves, and the steam drying performance are numerically
simulated.

Based on the basic geological data of the Maccan River
oilfield, a multipoint steam injection horizontal well model
was established. The 3-dimensional model data are shown
in Tables 1–3.

4.1. Effect of Steam Injection Rate Change on Uniform Steam
Injection. In order to explore the influence of the change of
steam injection speed on multipoint steam injection, the
interval between the opening area of the steam injection
valve and the control valve is constant. The quantity of
steam injection was performed for 100m3/d, 150m3/d, and
200m3/d (Figure 7); as the amount of steam injection
increases, more steam is injected into the reservoir near the
horizontal well, resulting in good steam injection uniformity
and an increase in cumulative oil production. When the
quantity of steam injection reaches 200m3/d, the production
efficiency is the highest.

4.2. Influence of Changing Steam Injection Valve Spacing on
Uniform Steam Injection. The external screen structure
remains unchanged, and the steam injection valve spacing
was adjusted to 10m, 20m, and 30m, respectively, to rees-
tablish the mathematical model and conduct numerical sim-
ulation (Figure 8); with the decrease of steam injection valve
spacing, more steam is injected into the reservoir near the
heel of the horizontal well, while the steam reaching the

Figure 4: Multipoint steam injection pressure field t = 3 s; t = 6 s; t = 9 s; t = 12 s; t = 15 s; t = 18 s; t = 21 s.
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Figure 5: Steam injection velocity distribution curve.
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toe of the horizontal section gradually decreases; the heating
effect of the reservoir near the toe deteriorates, and it brings
about the good heating effect of the reservoir near the heel.
When the interval of the steam injection valve is 20m, the
ground layer has a good heating effect. The heterogeneity
of the steam chamber is more serious if the distance between
the steam injection valves is 10m compared with the steam
injection valve. In short, when the number of control valves
is 20m, the injection production profile and the steam

chamber are uniformly distributed, and the best steam injec-
tion effect can be obtained.

In the schematic diagram of the temperature field change
in the wellbore, the steam flow velocity in the steam injection
tube is closely related to the position of the steam injection
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Figure 6: Influence of steam valve distribution on temperature field
variation.

Table 1: Heat transfer characteristic data.

Volumetric heat capacity of rock (J/(m3∗C)) 0.0000014

Thermal conductivity of rock (m∗day∗C) 220

Thermal conductivity of water (m∗day∗C) 0.000002

Thermal conductivity of steam (m∗day∗C) 2390000

Table 2: Steam injection data.

Horizontal well length (m) 850

Steam injection pressure (MPa) 2

Steam injection rate (kg/s) 1.73

Injection pressure (MPa) 2.12

Steam injection temperature (K) 500

Steam dryness (%) 95

Table 3: Screen structure basic data.

Gap density (slot/m) 446

Gap length (mm) 60

Screen outside diameter (mm) 219.1

Buried depth (m) 450-1400

Sieve tube cut seam wide (mm) 0.3048

Screen inner diameter (mm) 201.2

Slot axial spacing (mm) 7.112

Slot radial spacing (mm) 33.274
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Figure 7: Injection and production profiles with different steam
injection volumes.
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valve (Figure 9). Whenever the steam flows into the wellbore
annulus through the steam injection valve, the steam speed
will drop sharply. In the process of flow in the injection tube,
the velocity remains relatively stable.

4.3. Effect of Changing Steam Dryness on Uniform Steam
Injection.With the increase in vapor dryness, the vapor den-
sity decreases, the steam velocity increases in the well, the
friction loss of the vapor in the flow process increases, and
the decrease of vapor pressure increases. To explore the
influence of steam dryness on the uniformity of steam injec-
tion, under the same conditions of other parameters, the

variation law of uniform distribution of steam injection pro-
file was compared when the steam dryness was 0.75, 0.85,
and 0.95, respectively (Figure 10). With the increase of steam
dryness, the average steam inlet flow and liquid inlet flow in
the horizontal section of the horizontal well gradually
decreased, but the distribution uniformity of the steam injec-
tion profile gradually increased.

5. Summary and Conclusions

Characteristics of variable mass flow rate in the steam
injection process are considered based on a multipoint
steam injection horizontal well. A calculation model of
various parameters of multipoint steam injection horizon-
tal well was established. Practical examples of multipoint
steam injection are introduced. In order to calculate the
vapor parameters along the well in the multipoint steam
injection process, the nodal point analysis method is
adopted. The effect of the steam injection parameter and
the interval of the steam injection valve were analyzed
on the vapor parameter along the well in the multipoint
steam injection process. The following conclusions can be
drawn from this study:

(1) When the steam flows into the steam injection valve,
the pressure decreases, the gas-liquid two-phase flow
rate accelerates, the temperature decreases remark-
ably, and the friction loss becomes large

(2) The well injection pressure hardly affects the heat
loss of steam injection, and the heat loss in the well
decreases with the increase of the distance between
steam injection valves. The higher the injection rate,
the higher the heat supplement is, the lower the heat
loss is, and the higher the dryness of bottomhole
steam is

(3) In the actual steam injection process in the mine, the
amount of steam injection can be increased appro-
priately to increase the dry steam at the bottom of
the well, and the distance between the steam injec-
tion valves cannot be reduced
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