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Abstract: Gas-liquid two-phase ﬂow is ubiquitous in the process of oil and gas exploitation,
gathering and transportation. Flow pattern, liquid holdup and pressure drop are important
parameters in the process of gas-liquid two-phase ﬂow, which are closely related to the
smooth passage of the two-phase ﬂuid in the pipe section. Although Mukherjee, Barnea
and others have studied the conventional viscous gas-liquid two-phase ﬂow for a long time
at home and abroad, the overall experimental scope is not comprehensive enough and
the early experimental conditions are limited. Therefore, there is still a lack of systematic
experimental research and wellbore pressure for gas-liquid two-phase ﬂow under the
conditions of middle and high yield and high gas-liquid ratio in conventional viscosity,
and the prediction accuracy is low. In view of this, this study carried out targeted systematic
research, and from the ﬂow pattern, liquid holdup and pressure drop aspects, established the
relevant model, obtained a set of inclined wellbore gas-liquid two-phase pipe ﬂow dynamic
prediction method. At the same time, ﬁrstly, the model is tested by experimental data, and
then the model is compared and veriﬁed by a number of ﬁeld measured wells, which proves
that the model is reliable and the prediction accuracy of wellbore pressure is high.
Keywords: Flow pattern, middle and high yield, inclined wellbore, systematicness, pressure
drop prediction.
1 Introduction
In the engineering technology of oil and gas recovery in complex carbonate reservoirs, there
are some technical problems such as low lifting efﬁciency in the production process, which are
affected by complex factors such as reservoir type, wellbore condition and high production.
Wellbore is the channel of oil and gas from stratum to ground, and it is the key part to
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implement oil and gas ﬁeld development strategy and control. The dynamic prediction of
wellbore ﬂuid ﬂow is the core theoretical technology of oil and gas recovery. In the
process of oil and gas exploitation, 60%-80% of energy loss is in the wellbore. It is
necessary to reasonably design tubing diameter, optimize production of oil and gas wells,
predict blowout shutdown period, optimize artiﬁcial lifting mode and working parameters.
Accurate prediction of wellbore ﬂow performance is an important basis for these works.
Over the years, although gas-liquid two-phase pipe ﬂow has been extensively studied, most of
the studies are focused on horizontal ﬂow or vertical ﬂow. Some good correlative rules have
been obtained for the calculation of pressure drop and liquid holdup in horizontal ﬂow and
vertical ﬂow. However, when these laws are applied to inclined ﬂows, they are often
unsuccessful [Chen and Chen (2010)]. With the increasing number of inclined wells, the
study of inclined gas-liquid two-phase pipe ﬂow has also been paid more attention.
In 1973, Beggs et al. [Beggs and Brill (1973)] based on the pressure gradient equation
derived from the energy conservation equation of homogeneous ﬂow, carried out
numerous experiments in a 15 meters inclined transparent pipe with air-water mixtures,
and obtained the correlation rules of liquid holdup and resistance coefﬁcient. This
method ﬁrst calculated the horizontal pipeline ﬂow, and then used the tilt correction
coefﬁcient to determine the corresponding tilted pipeline ﬂow. This is one of the classical
tilted multiphase pipeline ﬂow methods obtained earlier, and it is still widely used today.
In 1985, Mukherjee et al. [Mukherjee and Brill (1985)] made regression analysis on the
data of more than 1500 groups of pipelines with upstream and downhill gradients, gave
the liquid holdup correlation formula applicable to any angle, and gave the pressure drop
calculation formula of each part according to the ﬂow mechanism of different ﬂow
patterns. In 1986, Han et al. [Han and Chen (1986, 1989)] in China drew the ﬂow pattern
distribution map through experimental research, and gave the calculation formulas of
void fraction and pressure drop for different ﬂow patterns. In addition, Brill et al. [Brill
and Beggs (1986)], Barnea [Barnea (1986, 1987)], Kaya et al. [Kaya, Sarica and Brill
(1999, 2001)], Gomez et al. [Gomez, Shoham, Schmidt et al. (2000)] and so on have also
given the correlative formulas of inclined gas-liquid two-phase pipe ﬂow. However, the
existing methods for calculating pressure drop and liquid holdup of inclined gas-liquid
two-phase ﬂow are mostly empirical and semi-empirical methods, and the experimental
research only considers the situation of low production, which has great limitations, as
shown in Tab. 1 below. In particular, there are very few experimental studies under the
conditions of middle and high yield and high gas-liquid ratio, and veriﬁcation of
measured data from multiple wells also shown the limitations [Zhou, Zhu, Zhang et al.
(2016)]. Therefore, the experimental study of gas-liquid two-phase pipe ﬂow with
different inclination angles at middle and high yield should be carried out to
systematically study it. It is necessary to establish a dynamic prediction method for gasliquid two-phase pipe ﬂow in inclined wellbore to solve technical problems such as low
accuracy of wellbore pressure prediction with high gas-liquid ratio. It has important
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Table 1: Experimental conditions for inclined gas-liquid two-phase ﬂow
Computing
method

Experimental condition

Model type

Volume
ﬂow of the
liquid
phase, m3/s

Volume
Pipe
ﬂow of the diameter,
gas phase, mm
m3/s

Flow medium Empirical Mechanism

Beggs-Brill

0-0.0019

0-0.0980

25.4-38.1

air, water

MukherjeeBrill

0-0.0019

0-0.0980

38

air, kerosene, √
lubricating oil

DPI

0-0.0005

0-0.0042

15.48-22.31 air, water

Barnea

0-0.0137

0-0.0253

24

air, water

√

air, water

√

Kaya

0-0.0091

0-0.0182

76.2

Gomez

0-0.0049

0.01387.5528

54.635-1778 air, oil, water

√

√

√

guiding signiﬁcance for making reasonable working system and optimizing development
plan of oil and gas ﬁeld.
2 Experimental device and method
2.1 Experimental device
The experiment was carried out on the laboratory platform of multiphase ﬂow in Yangtze
University. The experiment is equipped with gas ﬂowmeter, temperature sensor, pressure
sensor, plunger metering pump and data acquisition module, which can collect all
parameters in the experiment in real time and dynamically. The experimental device
realizes visualization, and ensures the correctness of data by combining computer
acquisition, high-speed camera, manual recording and naked eye observation. The main
process of the experiment is: the liquid in the mixing tank is mixed with the compressed
gas from the compressor after pressurization, stabilization, measurement and then into the
test section. Finally, the gas is separated by the gas-liquid separator and returned to the
mixing tank. The gas from the test section is directly discharged into the atmosphere.
The layout of the experimental platform is shown in Fig. 1 below.
2.2 The experimental method
In the experiment, a pipe segment with an inner diameter of 60 mm was selected, and air and
water were used as the ﬂowing medium. During the experiment, a ﬁxed liquid ﬂow rate is
maintained, which is achieved by setting a ﬁxed liquid volume ﬂow rate through the control
system. Then adjusted the different volume ﬂow rates of gas, and observed carefully until
the gas-liquid ﬂow tends to be stable. Relevant data such as gas ﬂow rate, liquid ﬂow
rate, pressure and temperature of each pipe segment in this process were recorded every
5 s, and total of 180 s. Finally, the average value of each measurement parameter was
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Figure 1: Multiphase ﬂow test device diagram. 1-Liquid ﬂowmeter; 2-Filter; 3-Accumulator;
4-Pressure sensor; 5-Liquid ﬂowmeter; 6-Control acquisition system; 7-Quick closing valve;
8-Differential pressure sensor; 9-Pressure sensor; 10-Gas-liquid mixer; 11-Temperature sensor
taken. After the instrument is closed, the remaining liquid volume in the pipe is measured by
using the quick closing valve at both ends of the experimental pipe section, and the liquid
holdup is calculated. To avoid contingency, each group of experiments were carried out
three times. After one set of experiments, the liquid ﬂow rate and inclination angle were
changed to carry out the next set of experiments.
The purpose of the design experiment is to obtain the liquid holdup and pressure drop under
the corresponding conditions when the gas-liquid ratio and inclination angle are changed, so
as to provide data support for the next calculation. The data range of the experiment is
shown in Tab. 2 below. Compared with the data range of Tab. 1, the liquid volume ﬂow
and gas volume ﬂow of the experiment are higher, and the gas-liquid ratio is also larger.
3 Experimental analysis
3.1 Flow pattern
3.1.1 Flow pattern contrast
In the study of multiphase ﬂow, in order to characterize the inﬂuence of pipe diameter, ﬂow
rate, gas-liquid ratio, pressure, temperature and other parameters on the ﬂow pattern and
Table 2: Range of experimental data
Pipe
Flow
Volume ﬂow of the Volume ﬂow of
diameter, medium liquid phase, m3/d the gas phase, m3/d
mm
60

air,
water

Inclination
angle, °

50, 100, 150, 200, 5000, 10000, 15000, 20000, 15, 30, 45,
250, 300, 350, 400, 25000, 30000, 35000, 40000, 60, 75, 90
450, 500
45000, 50000
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pressure drop, the superﬁcial velocities of liquid and gas are generally used to analyze and
study the ﬂow law of multiphase ﬂow [Han, Zhang, Xu et al. (2015); Zhang (2015)].
In 1999, Kaya et al. [Kaya, Sarica and Brill (1999)] studied gas-liquid two-phase ﬂow in
inclined wells on the basis of previous studies, and presented a comprehensive
mechanical model. The model includes ﬁve ﬂow patterns: bubble ﬂow, dispersed bubble
ﬂow, slug ﬂow, agitation ﬂow and annular ﬂow. Kaya et al. ’s ﬂow pattern prediction
model combined their own bubble-ﬂow transition model, Barnea et al. ’s dispersed
bubble-ﬂow transition model, Tengesdal et al. [Tengesdal, Kaya and Sarica (1999)] ’s
agitation ﬂow transition model and Ansari et al. ’s annular ﬂow transition model.
In order to get the law of ﬂow state change under different inclination angles and gas-liquid
ratios, take the liquid superﬁcial velocity as the vertical coordinate, the gas superﬁcial
velocity as the horizontal coordinate, and adopt the logarithmic coordinate. According to
ﬂuid physical property, pressure, temperature, pipe diameter and other conditions of the
experiment, data points of experimental with Kaya ﬂow pattern diagram were obtained
by calculating transition boundary between different ﬂow patterns, as shown in Fig. 2
below. In the experiment, there are three ﬂow patterns of inclined pipe, which are slug
ﬂow, agitation ﬂow and annular ﬂow. It can be seen from Fig. 2 that the Kaya ﬂow
pattern diagram is judging the annular ﬂow as the agitation ﬂow, which is not suitable
for the identiﬁcation of inclined wellbore ﬂow pattern with middle and high yield
and high gas-liquid ratio. Therefore, the transition boundary of the ﬂow patterns needs
to be reclassiﬁed.
3.1.2 Repartition of ﬂow patterns
On the basis of drawing lessons from the ﬂow pattern demarcation limits given by various
scholars, the demarcation boundaries between different ﬂow patterns under experimental
conditions are given.
(1) Transition between slug ﬂow and agitation ﬂow
Tengesdal et al. [Tengesdal, Kaya and Sarica (1999)] studied the agitation ﬂow in detail and
established a new transition criterion suitable for straight and inclined wellbores according
to the drift ﬂow method. The total void fraction of slug unit was deﬁned as:
vsg
(1)
fsu ¼
1:2v þ v0
where, vsg is gas superﬁcial velocity, m/s; v is average velocity of mixture, m/s; v0 is the
rising velocity of Taylor bubble, m/s.
In the equation, the rising velocity of Taylor bubble v0 is given by Bendiksen [Bendiksen
(1984)], namely:
" 
 #0:5
g ql  qg D
(2)
v0 ¼ ð0:35 sin h þ 0:54 cos hÞ
ql
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Figure 2: Kaya ﬂow pattern diagram of ﬂow pattern experimental data with different
inclination angles. (a) 30°, (b) 60° and (c) 90°
where, ql is the density of liquid phase, kg/m3; qg is the density of gas phase, kg/m3; h is the
angle between the test section and the horizontal, °; g is gravity acceleration, m/s2; D is
diameter of test pipe, m.
Tengesdal et al. proposed that the total void fraction of Taylor bubble region should be
replaced by the total void fraction of slug unit to represent the transformation. By
substituting fsu , the transition boundary from slug ﬂow to agitation ﬂow can be obtained:
0
" 
 #0:5 1
g ql  qg D
fsu
@1:2vsl þ ð0:35 sin h þ 0:54 cos hÞ
A
vsg ¼
(3)
1  1:2fsu
ql
where, vsl is liquid superﬁcial velocity, m/s.
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Kaya adopted Owen’s experimental results, that is, when the total void fraction of Taylor
bubble region is about 0.78, the slug ﬂow will transform to the agitation ﬂow, and the
boundary between slug ﬂow and agitation ﬂow is obtained as follows:
0
" 
 #0:5 1
g ql  qg D
A
vsg ¼ 12:19@1:2vsl þ ð0:35 sin h þ 0:54 cos hÞ
(4)
ql
The slug ﬂow and agitation ﬂow observed in the experiment were drawn on the same graph
with the transition boundary of slug ﬂow and agitation ﬂow, as shown in Fig. 3 below.
It can be seen from Fig. 3 that the transition boundary of slug ﬂow and agitation ﬂow is
basically consistent with the observed slug ﬂow and agitation ﬂow transition under
experimental conditions.

Figure 3: The transition boundary of slug ﬂow and agitation ﬂow with different inclination
angles. (a) 30°, (b) 60° and (c) 90°
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(2) Transition between agitation ﬂow and annular ﬂow
Hasan et al. [Hasan and Kabir (1988); Kabir and Hasan (1990)] obtained discriminant
criterion and proposed a method for distinguishing agitation ﬂow and annular ﬂow by
analyzing the mechanism of ﬂow pattern transition of gas-liquid two-phase ﬂow in the
vertical pipe. When the gas velocity is high enough, one part of the liquid moves up the
pipe wall and the other part exists in the gas core as droplets. When the gas velocity is
higher than a certain value, the droplets will be carried out of the wellbore. This critical
value can be used to distinguish the transition boundary between the agitation ﬂow and
the annular ﬂow. According to the balance principle of droplet between drag force and
gravity, combined with the research results of Turner and Taitel, it can be concluded that
in the vertical wellbore, the transition boundary of ﬂow pattern is as follows:
" 
#0:25
rg ql  qg
(5)
vsg > 3:1
q2g
This boundary is only applicable to vertical pipes. Angle should be considered in the
experiment. Therefore, the average value of ﬂow pattern transformation under different
angles are used to ﬁt the formula, and then the transition boundary between agitation
ﬂow and annular ﬂow is obtained. The gas superﬁcial velocity transformed by agitation
ﬂow and annular ﬂow with different inclination angles are shown in Tab. 3 below.
Table 3: The gas superﬁcial velocity transformed by agitation ﬂow and annular ﬂow with
different angles
Inclination angle, °

15

30

45

60

75

90

Vsg, m/s

29.98

29.76

24.41

24.76

24.35

24.67

After ﬁtting, the transition boundary between agitation ﬂow and annular ﬂow is:
" 
#0:25

rg ql  qg sin h
vsg ¼ 9:72
q2g

(6)

The agitation ﬂow and annular ﬂow observed in the experiment were drawn on the same
graph with the ﬁtted transition boundary of agitation ﬂow and annular ﬂow, as shown in
Fig. 4 below.
3.2 Analysis of inﬂuencing factors of liquid holdup and pressure drop
3.2.1 Analysis of inﬂuencing factors of liquid holdup
The variation rule of liquid holdup is shown in Fig. 5 below. At the same liquid volume ﬂow
rate, liquid holdup decreases with the increase of gas volume ﬂow rate [Zhang, Wang, Sarica
et al. (2003)]. When the gas volume ﬂow rate is greater than 620 m3/h, the liquid holdup
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Figure 4: The transition boundary of agitation ﬂow and annular ﬂow with different
inclination angles. (a) 30°, (b) 60° and (c) 90°
decreases slowly. The reason is that when the gas volume ﬂow rate is large, the ﬂow pattern
changes to the annular ﬂow, and the liquid holdup rate is very low. Increasing the gas
volume ﬂow rate has a little impaction on the liquid holdup. At the same gas volume
ﬂow rate, the liquid holdup increases with the increase of liquid volume ﬂow rate. Under
the same volume ﬂow rate of gas and liquid, with the increase of inclination angles, the
liquid holdup presents a trend of ﬁrst rising and then falling, reaching the maximum
value at the inclination angle of about 45°, and then decreases slightly with the increase
of inclination angles.
(a) when the liquid volume ﬂow rate is 8.29 m3/h, the liquid holdup changes at different
inclined angles; (b) when the liquid volume ﬂow rate is 16.67 m3/h, the liquid holdup
changes at different inclined angles; (c) when the gas volume ﬂow rate is 210 m3/h, the
liquid holdup changes at different liquid volume ﬂow rates; (d) when the gas volume
ﬂow rate is 620 m3/h, the liquid holdup changes at different liquid volume ﬂow rates; (e)
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Figure 5: Variation rule of liquid holdup
when the liquid volume ﬂow rate is 8.29 m3/h, the liquid holdup changes at different gas
volume ﬂow rates; (f) when the liquid volume ﬂow rate is 16.67 m3/h, the liquid holdup
changes at different gas volume ﬂow rates.
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3.2.2 Analysis of inﬂuencing factors of pressure drop
The variation rule of pressure drop is shown in Fig. 6 below. At the same gas volume ﬂow
rate, the pressure drop increases with the increase of liquid volume ﬂow rate. At the same
liquid volume ﬂow rate, the pressure drop increases with the increase of gas volume ﬂow
rate. When the inclination angle is greater than 60°, the pressure drop increases slowly.
The reason is that when the inclination angle is between 0° and 60°, the pressure drop of
gravity term gradually increases, and the total pressure drop increases with the increase
of the inclination angles. When the inclination angle is greater than 60°, although the
pressure drop of gravity term gradually increases, the liquid carrying capacity of gas
increases, liquid holdup decreases (in Fig. 5), and the total pressure drop decreases.
(a) when the gas volume ﬂow rate is 210 m3/h, the pressure drop changes at different
inclined angles; (b) when the gas volume ﬂow rate is 620 m3/h, the pressure drop
changes at different inclined angles; (c) when the liquid volume ﬂow rate is 8.29 m3/h,

Figure 6: Variation rule of pressure drop
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the pressure drop changes at different inclined angles; (d) when the liquid volume ﬂow rate
is 16.67 m3/h, the pressure drop changes at different inclined angles.
3.3 A new model for calculating liquid holdup and pressure drop
dp
The total pressure gradient  of inclined gas-liquid two-phasepipe
 ﬂow is composed
dz
dp
dp
of friction pressure gradient
, heavy pressure gradient
and accelerating
dz fr
dz h
 
dp
. According to Beggs-Brill’s derivation (Mukherjee uses the
pressure gradient
dz a
same calculation method) [Liang (2019)], we can obtain the following formula for the
total pressure gradient:


Gv
ql Hl þ qg ð1  Hl Þ g sin h þ
dp
 2DA

 ¼
dz 1  ql Hl þ qg ð1  Hl Þ vvsg =p

(7)

where, p is the absolute average pressure of pipeline, Pa; z is the distance of axial ﬂow, m; Hl
is liquid holdup, m3/m3;  is the resistance coefﬁcient, dimensionless; G is the mass ﬂow
rate of mixture, kg/s; A is the section area of the test pipe, m2.
It can be seen from this formula that in order to calculate the pressure gradient of inclined
gas-liquid two-phase ﬂow, it is necessary to study the correlation between liquid holdup Hl
and resistance coefﬁcient of two-phase ﬂow.
3.3.1 Calculation of liquid holdup
According to the experimental data, Mukherjee and Brill obtained the correlation law of
liquid holdup of gas-liquid two-phase inclined pipe ﬂow through regression analysis,
c5

 Nvg
Hl ¼ exp c1 þ c2 sin h þ c3 sin2 h þ c4 Nl2 c6
Nvl

Among them,
 0:25
q
Nvl ¼ vsl l
gr

Nvg ¼ vsg


ql
gr

g
Nl ¼ ll
ql r3

(8)

(9)

0:25
(10)

0:25
(11)

where, r is the surface tension of liquid phase, N/m; ll is the viscosity of liquid phase,
mPa∙s; c1 -c6 are empirical coefﬁcients.
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Table 4: Empirical coefﬁcients
c1

c2

c3

c4

c5

c6

−0.3459

0.1662

−0.0886

2.9531

0.5075

0.2523

The new empirical coefﬁcients obtained by combining experimental data are shown in
Tab. 4 below.
3.3.2 Calculation of resistance coefﬁcient
According to the calculation method of Mukherjee and Brill for the resistance coefﬁcient of
gas-liquid two-phase along the inclined pipe, the friction coefﬁcient fm of gas-liquid twophase mixture is a function of the non-slip friction coefﬁcient fns :
(12)
fm ¼ fr fns
In this paper, the relationship between the friction coefﬁcient ratio fr and the experimental
data is as follows:
fr ¼ ð2:6254 sin h þ 0:1165 cos h þ 0:1285ÞHr

(13)

Among them, the relative liquid holdup Hr is calculated as follows:
0

H
Hr ¼ l
Hl
0

Hl ¼

(14)

vsl
vsl þ vsg

(15)

The non-slippage friction coefﬁcient fns is directly calculated according to the method
proposed by Mukherjee and Brill:
Rens  2300; fns ¼

64
Rens

(16)



k 21:25
þ
Rens > 2300; fns ¼ 1:14  2lg
D Re0:9
ns

2

(17)

where, the non-slippage Reynolds number Rens :
vm qns D
lns
The non-slippage mixture density qns :

Rens ¼

0

0

qns ¼ 1  Hl qg þ Hl ql
The non-slippage mixture viscosity lns :

(18)

(19)
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Figure 7: Comparison between the predicted and experimental pressure drop values of
different models. (a) 15°, (b) 30°, (c) 45°, (d) 60°, (e) 75° and (f) 90°
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Table 5: Prediction errors of different models
Model

Beggs-Brill

Mukherjee-Brill

Aziz

Hasan

JPI

New

Error (%)

48.24

22.72

34.05

82.17

43.58

9.64

Figure 8: Solution program block diagram
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0

0

lns ¼ 1  Hl lg þ Hl ll

(20)

3.3.3 Evaluation of pressure drop calculation model
The pressure drop data of 15°, 30°, 45°, 60°, 75° and 90° were obtained in the experiment.
The comparison between the predicted and experimental pressure drop values of different
models are shown in Fig. 7. The models used to predict pressure drop include Beggsbrill (B-B), Mukherjee-Brill (M-B), Aziz, Hasan, JPI, and the new in this paper.
The error results of pressure drop prediction by the above six different models are shown in
Tab. 5 below. The prediction error of the new model is about 10%, which indicates that it is
better than the other ﬁve commonly used models.
4 Veriﬁcation
4.1 Solution program block diagram
For the above-mentioned mathematical model, the solution program is compiled and
calculated. The block diagram of the calculation program is as shown in Fig. 8. To extend
the calculation of real wells, the key is to determine the ﬂow pattern, and calculate the
liquid holdup and pressure drop by using the correlation on the basis of the ﬂow pattern.
4.2 Veriﬁcation of ﬁeld measured data
The biggest obstacle to evaluating the relative laws of inclined gas-liquid two-phase pipe
ﬂow with middle and high yield is the lack of ﬁeld measured data. The production data
of 34 measured wells in a certain oilﬁeld are collected, as shown in Tabs. 6 and 7.
Table 6: Range of crude oil physical parameters
Water
Saturation
content (%) pressure (MPa)

Formation water
Crude oil
density (g/cm3) density (g/cm3)

Relative
density of
natural gas

0-30

0.904, 0.922

1.659-1.709,
0.7858

7.51, 17.31

1.138-1.144

Table 7: Range of production test data
Wellhead
pressure
(MPa)

Flowing
pressure
(MPa)

Liquid
production
(m3/d)

Oil
production
(m3/d)

Produced
GOR
(m3/m3)

1.45-9.31

14.68-26.84

41.65-688.87

41.65-688.87

57.02-677.45
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The commonly used pressure drop calculation models and the established new model are
compared and veriﬁed by a number of ﬁeld measured wells, and the results are shown in
Tab. 8 below. It can be seen that the maximum error, minimum error and average error of
the new model calculation are small, which proves that the new model established is
reliable and the prediction accuracy of wellbore pressure is high.
Table 8: The results of pressure drop calculation by common models and new model are
compared
No.

Orkiszewski BeggsBrill

Hasan Aziz JPI

1

14.44

36.69

17.77

17.7

18.03 34.49

13.91

17.91 12.77

2

12.06

29.7

10.6

10.35 10.91 25.37

11.29

10.92 12.06

3

41.14

10.26

21.35

22.85 27.02 9.37

29.42

25.82 14.68

4

26.26

4.82

18.07

20.83 17.95 12.51

16.84

14.32 16.85

5

11.36

21.09

13.1

12.98 13.37 28.8

10.71

13.39 24.29

6

40.17

8.07

20.3

21.92 25.99 8.62

27.75

24.5

7

27.25

8.09

18.16

19.64 18.03 12.18

15.53

13.45 15.63

8

26.13

8.85

15.1

16.05 16.97 7.45

18.16

13.85 19.23

9

40.83

11.7

20.57

19.24 25.74 9.16

30.93

26.31 16.88

10

16.52

7.9

9.04

8.04

8.89

15.87

10.8

6.93

11

21.34

16.82

11.2

7.84

12.61 9.56

6.94

8.51

7.5

12

34.65

7.32

14.96

12.79 18.47 7.78

26.91

21.53 11.09

13

33.06

5.39

7.69

8.57

8.7

20.7

26.5

11.33 5.44

14

13.69

37.88

8.1

8.36

8.27

13.62

5.64

8.03

15

31.36

19.45

16.55

20.09 19.07 8.05

16.89

11.87 15.95

16

39.16

9.47

16.2

13.87 20.73 7.84

29.82

23.68 13.75

17

28.12

5.35

12.92

13.11 15.95 9.33

21.13

15.96 6.69

18

26.52

6.3

15.82

15.09 17.53 8.61

20.93

16.53 13.21

19

37.26

2.23

13.74

11.61 17.8

8.75

22.62

20.89 2.31

20

24.45

5.89

8.39

7.49

7.51

20

14.03 6.8

21

10.99

13.9

11.21

11.31 13.48 13.89

10.43

10.62 10.57

22

31.16

10.68

16.26

17.36 19.63 10.58

21.72

17.11 10.12

23

32.34

5.43

8.69

6.79

11.67 12.11

18.91

16.69 6.13

24

29.05

7.93

6.47

6.25

8.13

16.78

14.38 9.39

25

8.84

8.31

10.31

12.25 11.63 32.7

13.99

5.93

9.35

DunRos

11.36

15.94

HagedornBrown

Kaya New

11.2

4.03

7.09

(Continued )
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Table 8 (continued ).

No.

Orkiszewski BeggsBrill

Hasan Aziz JPI

DunRos

26

38.9

2.17

11.41

9.33

23.82

20.85 1.34

27

28.07

9.68

15.5

14.56 14.64 10.28

25.51

19.66 10.34

28

25.35

8.51

11

10.4

22.31

17.25 10.11

29

15.42

16.89

11.79

13.46 11.34 28.37

7.75

5.91

12.5

30

15.42

16.89

11.79

13.46 11.34 28.37

7.75

5.91

12.5

31

34.22

45.23

33.59

34.84 33.56 54.86

15.5

18.12 26.27

32

15.03

21

11.06

12.46 12.07 31.79

5.56

5.28

33

10.54

33.82

8

8.86

7.26

35.31

11.06 6.73

34

30.89

9.49

8.74

9.14

10.94 9.95

16.4

10.21 6.44

15.71 9.27
10.71 10.84

26.1

HagedornBrown

Kaya New

22.05

Maximum 41.14

45.23

33.59

34.84 33.56 54.86

35.31

26.31 26.27

Minimum 8.84

2.17

6.47

6.25

5.56

5.28

Average

13.92

13.69

13.79 15.40 16.36

18.52

14.78 11.44

25.65

7.26

7.45

1.34

5 Conclusion
1. Slug ﬂow, agitation ﬂow and annular ﬂow are the main ﬂow patterns in inclined wellbore
with middle and high yield and high gas-liquid ratio. The current ﬂow pattern maps are
not suitable for judging ﬂow patterns in this condition, and the new transition boundary
of ﬂow patterns is established according to experimental conditions.
2. At the same liquid volume ﬂow rate, liquid holdup decreases with the increase of gas
volume ﬂow rate; at the same gas volume ﬂow rate, the liquid holdup rate increases with
the increase of liquid volume ﬂow rate. At the same gas volume ﬂow rate, the pressure
drop increases with the increases of liquid volume ﬂow rate. At the same liquid volume
ﬂow rate, the pressure drop increases with the increase of gas volume ﬂow rate.
3. Evaluate ﬁve commonly used pressure drop calculation models and the new model. The
prediction errors of the new models for liquid holdup and pressure drop are all about
10%. The prediction of liquid holdup and pressure drop in inclined wellbore is accurate
under the conditions of middle and high yield and high gas-liquid ratio.
4. By comparing and verifying the commonly pressure drop calculation models and the
new model established in several ﬁeld measured wells, it is found that the maximum
error, minimum error and average error of the new model calculation are small, which
proves that the new model is reliable in predicting wellbore pressure and has high
accuracy in predicting wellbore pressure.
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