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a b s t r a c t

In this paper, a novel model is proposed to study the variable mass flow process in a long horizontal well
and to predict the distribution of thermophysical properties along the horizontal wellbore.
First, a physical simulation device is designed to carry out a steam-injection experiment. Second, con-

sidering both the uneven distribution of steam and the effect of wellbore stock liquid, a steam-absorption
model and a pressure drop model are proposed to predict the distribution of steam and pressure along
the horizontal wellbore. Third, the effects of different parameters on steam distribution are analyzed
in detail. The results indicate that: (1) an uneven employment phenomenon exists along the wellbore;
(2) the pressure distribution along the wellbore is higher when wellbore stock liquid is taken into con-
sideration; (3) the length of the unemployed section along the wellbore increases with an increase in
the wellbore stock liquid viscosity; (4) the length of the unemployed section along the wellbore decreases
with an increase in the steam injection rate; and (5) the reasonable wellbore length can prevent an unem-
ployed section along the wellbore.
This paper presents a basic reference for engineering for parameter optimization as well as for the pre-

diction of steam distribution along the horizontal wellbore.
� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

China is rich in heavy oil resources, which account for more
than 20% of the total oil reserves in the world [1,2]. Steam injection
recovery methods using horizontal wells, such as cyclic steam
stimulation (CSS) [3,4], steam flooding [5–8], and steam-assisted
gravity drainage (SAGD) [9–13], have been proven to be effective
and economic in exploiting heavy oil reservoirs [14–20]. Horizon-
tal well steam injection technology has been used to develop heavy
oil in China which is commonly used to inject steam into horizon-
tal wells that were several kilometers deep [21,22]. In the applica-
tion of horizontal well steam injection, the uneven utilization of
horizontal well sections and the uneven distribution of steam in
reservoirs have become increasingly prominent issues [23–26].
Production monitoring data shows that the uneven utilization of
steam injection horizontal wells will significantly decrease the eco-
nomic benefit of developing heavy oil reservoirs [27].

The study of steam distribution along horizontal wells is based
on the study of the horizontal wellbore flow. The research on hor-
izontal wellbore flow developed from single-phase flow to multi-

phase flow, from ignoring the pressure drop along the wellbore
to considering the pressure drop along the wellbore. In 1984, Peter
[28] summarized the related research on wellbore flow and ana-
lyzed the factors influencing the pressure drop along wellbore
flow, such as flow rate, fluid viscosity, and wellbore inner diameter.
In 1990, Dikken [29] used the discretization wellbore model to cal-
culate the relationship between flow rate and pressure drop during
wellbore flow and formed a plate. In addition, the calculation
results showed that ignoring pressure drop along a horizontal
wellbore would cause fairly large errors. In 1991, Folefac [30] pro-
posed a drift-flowmodel to solve the problem of the velocity differ-
ence between the gas phase and the liquid phase in the horizontal
wellbore and found that the horizontal well length was one of the
important factors affecting the pressure loss along the horizontal
wellbore. In 1995, Ozkand [31] proposed a complete and compre-
hensive mathematical model to study wellbore hydraulics in hori-
zontal wells. In addition, he found that if the pressure drop in the
wellbore was significant, a larger proportion of the fluid would
enter the wellbore near the heel of the well. In 1997, Zhou [32]
established an analytical model of pressure drop along the well-
bore according to the flow characteristics of fluids. The results
showed that when the horizontal well length was longer, pressure
loss could not be ignored. In 2011, Li [33] established a mathemat-
ical model of pressure drop along the horizontal well, using the
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corresponding mathematical model to analyze the effect of the
Reynolds number, two-phase fluid flow rate, and roughness of
the wellbore on the pressure drop.

With the development of horizontal well steam injection tech-
nology, many researchers have studied steam distribution and
parameter prediction along the horizontal well borehole based
on the study of horizontal wellbore flow. In the 1960s, Ramey
[34] and Willhite [35] conducted groundbreaking study on the
thermal calculation of steam injection wellbores and proposed an
approximate solution to the problem of wellbore heat transfer.
By using this model, the temperature distribution of the fluid, oil
tube, and casing pipe could be obtained at different depths and dif-
ferent times, which laid the foundation for the prediction of the
wellbore thermal parameters. In 1996, Wang et al. [36] established
a semi-analytical model to improve the uniformity of the two-
phase steam outflow from horizontal wells along the wellbore
and calculated the steam distribution of mass flow rate, tempera-
ture, pressure, and dryness. In 1999, Yang et al. [26] indicated that
it was important for steam injection to accurately predict the
parameter (pressure, temperature, dryness) change along the well-
bore. In addition, they established a two-phase flow model of
steam injection based on heat transfer and the two-phase flow
principle. In 2010, according to the principles of mass conservation,
energy conservation, and momentum conservation, Wang [37]
derived a formula to calculate the distribution of dryness and pres-
sure of steam along the horizontal wellbore. In 2012, on the basis
of the mass flow rate calculation coupled with a double-tube pipe,
Wu et al. [38] established a calculation model of the parameters
along the wellbore of double-tubing steam injection. Using this
model, the minimum steam injection rate during the SAGD pre-
heating stage and the longest horizontal section length of the
steam-injection well could be obtained.

One of the most important tasks in the design of steam injection
projects is to estimate the properties of steam, such as mass flow
rate and pressure distribution, before the fluid inside the horizon-
tal wellbore enters the formation. Ni et al. [39] established a math-
ematical model for calculating the mass flow rate of wet-steam
injection in the horizontal wellbores. Dong et al. [40] created a
predictive model aimed at the thermophysical properties of
multi-thermal fluid in perforated horizontal wellbores. Gu et al.

[41] established a comprehensive mathematical model to estimate
thermophysical properties and to analyze the performance of
superheated-steam injection in horizontal wells. Sun et al.
[42,43] presented numerical models for predicting the pressure
and temperature of superheated steam & non-condensing gases
(SNG) or superheated steam in horizontal wellbores. They found
that the thermophysical properties of SNG influenced the mass
flow. Previous research has been based on the assumptions that
the wellbore is nearly empty or full of air before steam injection.
That is to say, the wellbore is immediately filled with the steam
when the steam injection is started. However, before steam injec-
tion, horizontal wells contain wellbore stock liquid, such as crude
oil, drilling fluid, or well completion fluid. This wellbore stock
liquid prevents the steam from advancing in the horizontal section,
which seriously affects the steam distribution. The present predic-
tion model of steam parameters along the well does not consider
the influence of the wellbore stock liquid, which causes the calcu-
lation results to deviate from the actual situation.

In this paper, we conducted a series of studies on the distribu-
tion of thermophysical properties along the horizontal wellbore
with a multi-point steam injection technique. This paper has four
main innovations: (1) A steam injection physical simulation exper-
imental device was designed independently. (2) Considering the
effect of wellbore stock liquid, a new steam-absorption model
was proposed. (3) Considering physical properties and flow states
of the wellbore stock fluid, an improved pressure drop model
was proposed; and (4) the influence of parameters on steam distri-
bution was studied in detail.

This study uncovered some important intrinsic distribution
characteristics of pressure and steam along the horizontal well-
bore, which will be useful for oil field.

2. Experiment

2.1. Experimental system

A SAGD two-dimensional (2D) physical simulation experimen-
tal device is designed independently to simulate the SAGD
production process. A schematic diagram of the experimental
device is shown in Fig. 1. The experimental system has four main

Nomenclature

Q volumetric outflow rate, m3/d
DP pressure drop, MPa
J fluid productivity index of horizontal well, m3/(d�MPa)
Is steam-absorbed index, dimensionless
K permeability, lm2

b unit conversion factor, dimensionless
Kr relative permeability, dimensionless
B volume factor, m3/m3

l viscosity, mPa�s
L horizontal well length, m
Ao drainage area, m2

rw radius of horizontal wellbore, m
S skin factor, dimensionless
q density, kg/m3

Hl liquid holdup
g acceleration of gravity, m/s2

k drag coefficient, dimensionless
G mass flow rate of mixture, kg/s
v velocity, m/s
D wellbore diameter, m
A wellbore cross section area, m2

vsg apparent gas velocity, m/s
P pressure, Pa
Re Reynolds number
Ti initial reservoir temperature, K

Subscripts
s steam
oi radial outflow in i element intervals
oe sum of radial outflow
h horizontal direction
v vertical direction
w water
o oil
l liquid
se the end of steam section
ob the beginning of wellbore stock liquid section
interface vapor-liquid interface
f flow pressure
i initial state
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