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Abstract: Improving the accuracy of pressure prediction in the wellbore annular is of great importance
for the design in oil and gas production. However, due to the existence of double-layer liquid
membrane and the lack of relevant experiments, the existing correlations fail to the field application.
In this study, a new model of flow pattern transition in inclined annulus pipe is proposed by using a
mechanistic approach to classify the flow patterns. Firstly, a gas-liquid two-phase flow experiment in
annulus pipe was carried out in a pipe with an outer diameter of 73.02 mm and an inner diameter
of 121.36 mm, and then the influence of inclined angle on the transition boundary of flow pattern
is discussed. Finally, a hydrodynamic transition criterion for the flow pattern model of inclined
annulus pipe is established and verified in detail. The experimental results show that bubble flow,
slug flow, churn flow and annular flow were observed under different inclination angles, and the
results indicate that the slug flow will be shifted to the larger gas-liquid superficial flow rate region
with the smaller inclination angle, and the annular flow will appear in the higher gas superficial flow
rate region. Compared to the performance of the existing correlations (Kelessidis and Zhang) and the
present model using the experimental data, the accuracy of the new model reached 83%, significantly
higher than the other two models, and the new correlation was better in predicting the transition
from slug flow to churn flow and churn flow to annular flow.

Keywords: annulus pipe; gas-liquid two-phase flow; flow pattern transition; slug flow

1. Introduction

Hydraulic fracturing can effectively improve the recovery rate of shale gas and has
become the main development method of shale gas fields. However, the flowback of shale
gas fracturing fluid is complex and easy to accumulate fluid, which seriously restricts
gas well productivity [1,2]. Prediction of pressure drop in annulus pipe is the basis for
determining shale gas wellbore fluid accumulation and drainage process preferences. In
addition, the conventional oil and gas extraction process, such as underbalanced drilling
and spontaneous injection wells at high production rates, will involve the flow of two-phase
flow in annulus pipe [3].

The division of flow pattern boundaries is a prerequisite for the calculation of annular
air-water two-phase flow parameters. However, the flow patterns, especially slug flow and
annular flow, in the annulus pipe are different from those in the circular pipe. There are
two liquid films in the annular two-phase flow, one is the casing film in contact with the
casing wall (or well wall), and the other is the tubing film in contact with the tubing wall.
In addition, according to the experimental observations of Caetano [4], Taylor bubbles are
no longer symmetrical and there is a region of high turbulence behind the Taylor bubble,
due to the presence of a channel connecting the tubular membrane to the casing membrane
in the dorsal direction. The annular flow in the annulus pipe occurs at very high gas flow
rates, the gas phase contains liquid droplets, and a very thin liquid film around the core.
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Due to the structure of the annular, two liquid films also exist, an inner film in contact
with the tubing wall and an outer film in contact with the casing wall, the outer film being
thicker than the inner film. At high superficial liquid-phase flow rates, Taitel [5] suggested
that turbulent disturbance forces cause the gas phase in a bubbling or elastomeric flow to
shatter into smaller bubbles, which are dispersed inside the continuous liquid phase. When
the turbulence intensity can be sufficient to disperse Taylor bubbles into smaller bubbles
than the critical bubble size, it will prevent them from re-aggregating, and the dispersed
bubble flow will occur.

Few studies are devoted to its flow pattern and flow pattern distribution diagram.
The accuracy of transition prediction for slug flow and annular flow is poor. There are
even fewer studies on the flow pattern of inclined pipe annular two-phase flow. In 1982,
Sadatomi studied two-phase flow in a non-circular pipe with air and water [6]. He studied
the flow pattern and pressure drop of gas-liquid two-phase flow in a vertical concentric
annulus pipe with a diameter ratio N of 0.5. However, he classified the types of flow
patterns roughly and did not give a specific model for the transition between flow patterns.
In 1989, Kelessidis measured the local gas content of in annulus pipe by the electric probe
method and studied on the transition of flow patterns, in which the bubbly flow was
predicted more accurately and the slug flow, and annular flow were predicted with larger
errors [7]. In 1992, Caetano gave a more detailed description of the types of flow patterns
and the characteristics different from those of circular pipe flow patterns [4]. Taitel’s circular
pipe flow pattern transition model was modified and applied to vertical annulus pipe. The
flow pattern distribution of vertical concentric and vertical eccentric annulus pipe was
given. In 1992, Hasan applied the drift flow model to investigate the gas content rate of
the annular flow pattern. A correction was presented to the calculation equation for the
rise velocity of Taylor bubble, and a more accurate equation for the calculation of the gas
content rate of inclined pipe annular was obtained [8]. In 2003, Zhang established a vertical
annular hollow pipe section slug flow and annular flow transition model, and studied
the vertical annular air-liquid two-phase flow with inner pipe rotation [9]. In 2014, Yin
established a hydrodynamic model applicable to vertical and inclined tubular annular
air-liquid two-phase flow, and modified the annular flow pattern transition criterion, which
has better accuracy compared to the previous models [10].

At present, the studies for the annular air-liquid two-phase flow in wellbore are based
on vertical and horizontal pipes [11–21]. Mostly, the concept of equivalent diameter is
used to analyze and calculate with the help of the circular pipe method. There are fewer
studies on the two-phase flow in the annular of inclined pipes. Due to the influence of pipe
inclination on the flow pattern of annular two-phase flow, and the existence of a double
liquid film, the flow state in the annulus pipe is more complex than the circular pipe flow.
Therefore, the direct application of the vertical pipe flow pattern transition criterion may
lead to large errors.

Due to the complex characteristics of annular air liquid two-phase flow and the lack
of relevant experiments, in this study, a gas-liquid two-phase flow experiment in annulus
pipe was carried out, and then the influence of inclined angle on the transition boundary
of flow pattern is discussed. The experimental results indicate that the slug flow will be
shifted to the larger gas-liquid superficial flow rate region with the smaller inclination
angle, and the annular flow will appear in the higher gas superficial flow rate region.
A hydrodynamic transition criterion for the flow pattern model of inclined annulus pipe
is established and verified in detail, the results show that the new correlation has better
performance in predicting the transition from slug flow to churn flow, and churn flow to
annular flow.

2. Experiment and Analysis
2.1. Experimental Setup and Process

The experiments were conducted in the multiphase flow experimental platform of
CNPC (China National Petroleum Corporation), as shown in Figure 1. The platform can
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carry out the study of multiphase pipe flow dynamics in single-phase, gas-liquid two-phase,
and oil-gas-water three-phase under various conditions such as different inclination angles
and different gas-liquid velocities. The platform is composed of nine parts, including
simulated wellbore, oil-water stabilization system, gas stabilization system, and cooling
water system. It is equipped with independent metering modules such as gas and liquid
flow standard devices and piston type manometer standard devices, respectively. The
accuracy of liquid flow meter is 0.3%, gas flow meter is 1%, and the accuracy of differential
pressure sensor can be up to 0.25%, and high-speed camera frequency is 500 fps with a
resolution of 1920 × 1080, which provides guarantee for the accuracy of measurement of
experimental results.
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Figure 1. Flow chart of the experimental device for circulating air-liquid two-phase flow. 1—Air com-
pressor; 2—Valves; 3—Air storage tank; 4—Flow meter; 5—Pressure sensor; 6—Temperature sensor;
7—Pump; 9—Gas-liquid separator; 10—Oil-water mixing tank; 11—Casing; 12—Oil pipe; 13—Data
acquisition system; 14—High-speed camera; 15—Mixer; 16—Quick-closing valve; 17—Differential
pressure sensor; 18—Capacitance probe.

The experiment was conducted in an annulus pipe with an outer diameter of 73.02 mm
and an inner diameter of 121.36 mm. The experimental length of the pipe is 7.55 m, and
the distance of the quick-closing valve is 11.32 m. The liquid-phase is water, and the gas-
phase is air. In the room temperature of 11~14 ◦C environment, the specific experimental
operations are as follows. The range of experimental parameters as shown in Table 1.

Table 1. Range of experimental parameters.

Angle (◦) 30, 45, 60, 90

Liquid superficial velocity (m/s) 0~0.63

Gas superficial velocity (m/s) 0~56.83
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2.2. Analysis of Experimental Results

In the experiment, bubble flow, slug flow, churn flow, and annular flow can be ob-
served, and the flow patterns were captured by high-speed camera. The experimental
phenomena and results of different inclination angles are shown in Figures 2–5.
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In the experiment, the slug flow consists of the air embolism zone and the liquid
embolism zone. The Taylor bubble and the liquid film around it can be observed in the



Processes 2022, 10, 2630 5 of 17

segment plug flow gas bolus region. When the gas flow velocity (range from 0.4 m/s to
7.8 m/s) is small, the liquid film in the gas embolus area will show obvious liquid fall back
due to the effect of gravity. The returned liquid flows along the underside of the annulus
pipe to form a flow channel. When the gas flow velocity continues to increase (greater
than 7.8 m/s), the liquid backflow phenomenon weakens, and the segment plug frequency
accelerates and gradually transforms to churn flow. After the superficial gas flow velocity
is greater than 15 m/s, it can be observed that the flow pattern gradually transforms to
annular flow. The gas is in the middle of the annular space, and the liquid adhere to the
annulus pipe wall to form a double-layer liquid film.

When the physical parameters of medium, pipe diameter, gas and liquid superficial
flow velocities are determined, the flow patterns of Kelessidis [7], Caetano [4], Hasan [8],
and Zhang [9] can be plotted, as shown in Figure 6. From the figure, it can be found that
all the above four flow pattern prediction models can accurately predict the transition
boundary between the bubbly flow and the slug flow. However, there are large errors in
the transition from slug flow to churn flow, and churn flow to annular flow. Among them,
the transition boundaries predicted by Hasan [8] and Caetano [4] models differ greatly
from the experimental data. The experimental data show that the superficial gas velocity
increases with the increase in the superficial liquid velocity during the transition from the
churn flow to the annular flow. The superficial gas velocity is not constant as predicted by
the Hasan [8] and Caetano [4] model. Compared to the Kelessidis [7] model, the boundary
trend of the transition from slug flow to churn flow is more accurately predicted by the
Zhang [9] model, but the superficial gas velocity is shifted in a smaller direction. The
Kelessidis [7] model is more consistent with the present experimental data in the boundary
prediction of the transition from churn flow to slug flow.
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The flow pattern observed in the experiment at different angles were plotted, as shown
in Figures 7–9. From the experiment, it can be observed that when the tilt angle is changed,
the transition boundary from slug flow to churn flow and annular flow will be shifted
significantly. When the tilt angle is changed from 90◦ to 30◦, the transition boundary of
the slug flow to the churn flow and the annular flow also shifts to the direction of greater
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superficial gas flow velocity. Since the Kelessidis [7] and Zhang [9] model only gives the
flow transition boundary of the vertical annulus pipe, it cannot accurately predict the flow
transition of the inclined pipe. Therefore, it can be seen that when the annulus pipe is
inclined, the liquid film at the bottom becomes thicker due to the influence of gravity. The
shapes of bubbles in complex flow patterns such as slug flow are changed. There is also a
special double liquid film in the annulus pipe, the flow state in the annulus pipe is more
complicated than the circular pipe flow. Therefore, the direct application of the vertical
pipe flow pattern transition formula may lead to large errors.
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In this paper, the flow pattern discriminant diagrams of Kelessidis [7] and Zhang [9]
models will be modified by combining experimental phenomena. The flow pattern is
classified by using the mechanism approach and a new flow transition model for the slug
flow in the inclined annulus pipe section is proposed.
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3. Model Building and Discussion
3.1. Establishment of the Flow Model for the Slug Flow in The Annulus Pipe Section

Most of the existing annular flow pattern transition guidelines are established in
vertical pipe conditions. However, due to the influence of gravity, the gas-liquid distribution
of the inclined pipe slug flow is very different compared to that of the vertical pipe. From
the experimental observation, it is clear that the liquid phase of the slug flow in the inclined
annulus pipe becomes asymmetrically distributed. In the middle of the double liquid
film of the annulus pipe, a preferential channel is formed. This paper is based on the
dynamic model of the slug flow in the annulus pipe. The effects of gas-liquid slip and
negative frictional pressure drop are considered. The mass conservation and momentum
conservation analysis is carried out for the annular slug unit body. Figure 10 shows the
schematic diagram of the velocity and force analysis of the slug flow in the annulus pipe.

The casing film is much thicker than the oil pipe film in the gas embolism area, the oil
pipe film HLFd is much smaller than the casing film HLFc. The oil pipe membrane is much
smaller than the casing membrane. Therefore, the oil pipe film is ignored in the slug flow
model of this paper.

According to the experimental observation, the slug flow unit in steady state can be
composed of a Taylor bubble and a section of liquid bolus. In the middle of the Taylor
bubble, a preferential channel is formed. The fluid in the air bolus area will flow back-
ward through this channel. It is assumed that the fluid in the control body of the cell is
incompressible. The mass of the liquid phase flowing in from the bottom boundary of the
liquid film is equal to the mass of the liquid phase flowing out from the top boundary of
the liquid film.

(vT − vLLS)HLS = (vT + vLFc)HLFc + (vT − vc)HLc (1)

where: vT is the liquid slug transport velocity, m/s. vLLS is the liquid phase flow velocity
in the liquid slug area, m/s. HLS is the liquid holding rate in the liquid slug area, %. vLFc is
the casing membrane flow velocity, m/s. HLFc is the casing membrane holding rate, %. vc
is the Taylor bubble flow velocity, and m/s. HLc is the Taylor bubble holding rate, %.

Similarly, the mass of the gas phase entering the liquid membrane is equal to the
mass of the gas phase leaving the liquid membrane. The mass conservation equation can
be established.

(1 − HLS)(vT − vGLS) = (vT − vc)(1 − HLFc − HLc) (2)

where, vGLS is the gas phase flow velocity in the liquid bolus region, m/s.
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      LccTLFcLFcTLSLLST HvvHvvHvv   (1)

Figure 10. Schematic diagram of slug flow velocity and force analysis in the annular section.

Consider the liquid and gas in the liquid bolus region there is a slippage situation, the
gas flow rate vGLS should be greater than the liquid flow rate vLLS. Combined with the slip
velocity defined by Caetano [4] in the following equation.

vs = vGLS − vLLS = 1.53

[
(ρl − ρg)gσ

ρ2
l

]0.25

(HLS)
0.5 (3)

vLLS = (vsl + vsg)− 1.53

[
(ρl − ρg)gσ

ρ2
l

]0.25

(HLS)
0.5(1 − HLS) (4)

where, vs is the liquid slug flow rate, m/s. vsl is the liquid superficial flow rate, m/s. vsg is
the gas superficial flow rate, m/s. ρl is the liquid phase bulk density, and kg/m3. ρg is the
gas phase bulk density, kg/m3.
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Therefore, combining the above equation yields.

vLFcHLFc = vsHLS + (1 − HLFc)vc − vGLS (5)

According to Zhang [9], the equation for the gas content in the liquid bolus region
is known.

αs =
vsg

C2 + C3vm
(6)

where, for the values of C2 and C3, Schmidt [22] gave values of 0.331 and 1.25. Zhang [9]
suggested that 0.425 and 2.65 are more applicable for the annular, and the liquid holding
rate HLS in the liquid bolus region can be calculated.

HLS = 1 − αs (7)

Since the liquid content rate and the tubular membrane holding rate in Taylor bubble
are much smaller than the casing membrane. Therefore, the casing membrane liquid-
holding rate HLFc can be approximately equal to the liquid-holding rate HLF in the gas
embolism zone.

HLF =
4DC

DC + DT

(
δ

De

)
− 4De

DC + DT

(
δ

De

)2
(8)

LLS

LSU
=

vsl + vLFcHLF

vLLSHLS + vLFcHLF
(9)

where, DC is the casing diameter, m. DT is the tubing diameter, m. De is the annular hollow
pipe hydraulic diameter, m. δ is the casing liquid film thickness, m. LLS is the liquid plug
zone length, and m. LSU is the segment plug unit length, m.

From the cross-sectional diagram of the slug flow in Figure 10, it can be seen that
Taylor bubble do not occupy the total cross-sectional area of the pipe. Instead, a preferential
channel is formed. The liquid film around the Taylor bubble wets the tubing and casing
wall through the priority channel. The liquid film thickness is calculated using the average
casing liquid film converted thickness with the following equation.

δ = 9.06 × 10−9
[

3υlvTB

2g
(De/2 − δ)

]−0.733
(10)

where, υl is the liquid phase kinematic viscosity, Pa · s. vTB is the Taylor bubble kinematic
velocity, m/s.

According to the empirical equation of Zhang [9], the equation of the thickness of the
falling liquid film around the Taylor bubble is shown in the following equation.

δ

[
(ρl − ρg)g

ρlυl
2

]1/3

= kRem
f (11)

where, k and m are related to the flow pattern, and the values taken in this paper are
k = 0.0682 and m = 2/3.

Re f =
4vLFcδ

υl
(12)

From Equations (10)–(12), the liquid film flow velocity can be found. Combined with
the mass conservation equation, the Taylor bubble flow velocity vc can be calculated.

The force analysis of the casing film and Taylor bubble in the air embolism area in the
slug flow unit of the annular section is carried out separately, which is known according to
the law of conservation of momentum.

HLF Ac
∆P
LLF

= HLF Acρlg sin θ − τLFcSLFc − τicSic (13)
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(1 − HLF)Ac
∆P
LLF

= (1 − HLF)Acρgg sin θ + τcSc + τicSic (14)

Similarly, the conservation of momentum within the liquid bolus.

HLS Ac
∆P
LLS

= HLS Acρlg sin θ + τLSSLS (15)

where, τLFc is the shear force at the contact interface between the casing wall and the
casing membrane, Pa. τc is the shear force at the contact interface between the casing
liquid membrane and the Taylor bubble, Pa. τLS is the shear force at the contact surface
between the liquid slug and the casing membrane tubular membrane, Pa. SLFc is the wet
perimeter of the casing wall, m. Sc is the wet perimeter of the Taylor bubble, m. Sic is the
wet perimeter of the contact interface between the casing membrane and the Taylor bubble,
and m. Sid is the wet perimeter of the contact interface between the tubular membrane and
the Taylor bubble, m. According to Yin [10], the wall shear force in the flow conservation
equation of the annular section slug is calculated as follows.

τLFc = fLFcρLFv2
LFc/2 (16)

τc = fcρcv2
c/2 (17)

τLSSLS

Ac
=

2 fs

De
ρs(vsg + vsl)

2 (18)

Friction factors:
fLFc = C1Rea

LFc (19)

fc = C2Reb
c (20)

fs = C3Rec
s (21)

where, fLFc is the friction factor of casing film. fc is the friction factor of tubing film. fs is
the friction factor of Taylor bubble.

The hydrodynamic equivalent diameter method is used. The Reynolds number at the
interface between the casing film, the tubing film, and the Taylor bubble can be expressed
as the following equation.

ReLFc =
vLFcρLFdLFc

µLF
, dLFc =

4HLF Ac

(SLFc + Sc)
(22)

Rec =
vcρcdc

µc
, dc =

4(1 − HLF)Ac

Sc
(23)

Res =
vLSρLSdLS

µLS
, dLS = π(DC + DT) (24)

where, ReLFc is the Reynolds number of casing film. Rec is the Reynolds number of tubing
film. Res is the Reynolds number of Taylor bubble.

Wet Week:
SLFc = πDC (25)

Sc = SIc + SId = (DC − 2δ + DT)π + De − 2δ (26)

3.2. Inclined Annulus Pipe Flow Pattern Transition Criterion

Based on the formation mechanism of different flow patterns, this paper establishes
the transition criterion of flow pattern in the annulus pipe on the basis of previous re-
search results.
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3.2.1. Transition from Bubble Flow to Slug Flow

The decisive role in the transition from bubble flow to slug flow in the inclined annulus
pipe is the cross-sectional gas content, the proportion of gas volume in the whole cross-
section. According to Kelessidis [7], αG = 0.25, while Caetano’s experimental data and
Zhang’s experimental data show that the cross-sectional gas content in the transition from
bubble flow to slug flow is lower than that in the circular pipe, which is about αG = 0.2.
In this paper, we take αG = 0.2, and the transition criterion of bubble flow to slug flow is
as follows.

vSG = 0.25vSL + 0.306

[
(ρL − ρG)gσ

ρ2
L

]1/4

sin θ (27)

3.2.2. Transition from Slug Flow to Churn Flow

The transition from slug flow to churn flow is complicated, and the definition of
churning flow when it occurs is different. Therefore, the transition boundaries predicted
by the above models differ greatly from each other. In this paper, the liquid film at the
bottom of the pipe is thicker in the inclined annular hollow pipe. When the superficial
flow velocity of gas phase reaches the critical value of transition from slug flow to churn
flow, the gas in the Taylor bubble will enter the liquid plug zone in the previous segment.
The boundary between the Taylor bubble and the liquid plug region starts to disappear,
causing the appearance of the churn flow. In this paper, the true gas content is considered
to be about 0.69 at the critical transition from the slug flow to the churn flow, and the gas
content in the Taylor bubble region can be taken as the total gas content of the flow unit.
The transition criterion of slug flow to churn flow is given by the following equation.

vSG = [vSL(1/α − 1.2)− vTB sin θ]/1.2 (28)

where, vTB is the rate of rise of Taylor bubble, and in this paper we use Hasan’s relation.

vTB = (0.345 + 0.1N)

√
g

ρL − ρG
ρL

d2 (29)

3.2.3. Churn Flow to Annular Flow Transition

The transition from churn flow to annular flow occurs when the gas flow rate in the
annular is very high. The liquid phase moves up the pipe wall as a liquid film and may
also exist as small droplets in the gas core. When the liquid film in the churn flow becomes
infinitely long, the transition from the stirred flow to the annular flow occurs, making the
momentum exchange between the liquid plug and the liquid film zero. In this paper, the
criterion for the transition from churn flow to annular flow is defined as αG = 0.75.

HLFc + HLFd = C1
[HLS(vT − vS) + vSL](vSG + vSLFE)− vTvSLFE

vTvSG
(30)

3.3. Model Validation

In this paper, the present flow pattern transition criterion model was used to predict
the flow pattern at different liquid phase superficial velocities and gas phase superficial
velocities, and compared to the experimental results. Figures 11–14 show the flow pattern
distribution of the annulus pipe under each inclination angle condition. Tables 2–5 shows
the comparison of the model in this paper, Kelessidis [7] model, Zhang [9] model, and the
experimental results. Table 6 shows the accuracy statistics of different models. It can be
seen that the model established in this paper can predict the flow pattern of the inclined
annulus pipe more accurately. Further, the prediction of slug flow to churn flow, and churn
flow to annular flow is more accurate than that of the previous models.
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Table 2. Comparison of model predictions with experimental results at an inclination angle of 90◦.

No. vSL
(m·s−1)

vSG
(m·s−1)

Flow Pattern of
Experimental

The Present
Model

Kelessidis
Model

Zhang
Model

1 0.0177 0.0376 BB BB BB BB
2 0.0564 0.0752 BB BB BB SL
3 0.0376 0.0752 BB BB SL SL
4 0.392 0.188 BB SL BB SL
5 0.470 0.188 BB BB BB SL
6 0.008 1.876 SL SL CH CH
7 0.037 1.870 SL SL CH CH
8 0.207 3.162 SL SL CH SL
9 0.313 1.506 SL SL CH SL
10 0.628 7.830 SL SL CH SL
11 0.008 7.393 CH CH CH CH
12 0.037 3.859 CH CH CH CH
13 0.035 11.833 CH CH CH AN
14 0.056 9.538 CH CH CH AN
15 0.313 18.822 CH CH CH AN
16 0.018 14.912 AN AN AN AN
17 0.017 11.350 AN CH CH AN
18 0.078 18.822 AN AN CH AN

Note: BB—Bubble flow; SL—Slug flow; CH—Churn flow; AN—Annular flow.

Table 3. Comparison of model predictions with experimental results at an inclination angle of 60◦.

No. vSL
(m·s−1)

vSG
(m·s−1)

Flow Pattern of
Experimental

The Present
Model

Kelessidis
Model

Zhang
Model

1 0.007 0.037 BB BB BB BB
2 0.017 0.075 BB BB SL SL
3 0.039 0.075 BB BB SL SL
4 0.055 1.112 BB SL SL SL
5 0.208 0.150 BB BB SL SL
6 0.007 0.731 SL SL SL SL
7 0.017 3.117 SL SL CH CH
8 0.055 0.790 SL SL SL SL
9 0.196 3.122 SL SL CH SL
10 0.465 5.713 SL SL CH SL
11 0.306 11.338 CH SL CH CH
12 0.073 11.928 CH CH CH CH
13 0.007 18.996 CH CH CH AN
14 0.018 25.981 CH CH AN AN
15 0.072 26.307 CH CH CH AN
16 0.008 26.667 AN CH AN AN
17 0.037 58.376 AN AN AN AN
18 0.073 58.341 AN AN AN AN

Note: BB—Bubble flow; SL—Slug flow; CH—Churn flow; AN—Annular flow.
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Table 4. Comparison of model predictions with experimental results at an inclination angle of 45◦.

No. vSL
(m·s−1)

vSG
(m·s−1)

Flow Pattern of
Experimental

The Present
Model

Kelessidis
Model

Zhang
Model

1 0.008 0.037 BB BB BB BB
2 0.039 0.075 BB BB BB SL
3 0.037 0.151 BB SL SL SL
4 0.199 0.113 BB BB BB SL
5 0.486 0.226 BB BB BB SL
6 0.017 0.411 SL SL SL SL
7 0.206 0.775 SL SL SL SL
8 0.299 1.976 SL SL CH SL
9 0.304 7.446 SL SL CH SL
10 0.220 26.369 SL SL CH AN
11 0.008 19.093 CH CH AN AN
12 0.307 19.281 CH SL CH AN
13 0.203 27.369 CH CH AN AN
14 0.056 33.714 CH CH AN AN
15 0.037 45.406 CH AN AN AN
16 0.008 37.705 AN AN AN AN
17 0.018 44.482 AN AN AN AN
18 0.037 56.553 AN AN AN AN

Note: BB—Bubble flow; SL—Slug flow; CH—Churn flow; AN—Annular flow.

Table 5. Comparison of model predictions with experimental results at an inclination angle of 30◦.

No. vSL
(m·s−1)

vSG
(m·s−1)

Flow Pattern of
Experimental

The Present
Model

Kelessidis
Model

Zhang
Model

1 0.007 0.075 BB BB SL SL
2 0.037 0.075 BB BB BB BB
3 0.195 0.150 BB BB BB BB
4 0.206 0.188 BB BB BB SL
5 0.297 0.188 BB BB BB SL
6 0.017 0.369 SL SL SL SL
7 0.054 1.873 SL SL CH SL
8 0.037 7.564 SL SL CH CH
9 0.302 7.437 SL SL CH SL
10 0.074 33.755 SL CH CH AN
11 0.008 33.829 CH CH AN AN
12 0.008 45.101 CH AN AN AN
13 0.055 34.480 CH CH AN AN
14 0.074 45.438 CH CH AN AN
15 0.074 57.370 CH AN AN AN
16 0.018 37.448 AN CH AN AN
17 0.008 56.361 AN AN AN AN
18 0.055 56.689 AN AN AN AN

Note: BB—Bubble flow; SL—Slug flow; CH—Churn flow; AN—Annular flow.

Table 6. Results of model prediction.

Model
Accuracy

Angle of 90◦ Angle of 60◦ Angle of 45◦ Angle of 30◦ Total

Kelessidis
model 56% 56% 56% 44% 53.00%

Zhang model 50% 56% 44% 44% 48.50%
The present

model 89% 83% 83% 78% 83.25%
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4. Conclusions

In this work, we reported an experimental investigation of gas and water flow in an
inclined annulus pipe, and presented a new model of flow pattern transition in inclined
annulus pipe by using a mechanistic approach to classify the flow patterns. This work can
provide experimental proof for field application, which are lacking in existing studies. The
specific conclusions are shown as follows.

1. The experimental results indicate that the slug flow will be shifted to the larger gas-
liquid superficial flow rate region with the smaller inclination angle, and the annular
flow will appear in the higher gas superficial flow rate region.

2. Using the experimental data, the performance of 4 existing correlations did not agree
well with the transition from slug flow to churn, and churn to annular flow in the
inclined annulus pipe. Based on the formation mechanism of different flow patterns,
this establishes the transition criterion of flow pattern in the annulus pipe on the basis
of previous research results. The results indicate that predictions of the correlation
agree very well with the experimental data and performs better than the existing
correlations we considered (Kelessidis [7] and Zhang [9]), and the new correlation
was better in predicting the transition from slug flow to churn flow and churn flow to
annular flow.

In this study, only one oil/casing size combination experiment was carried out, how-
ever, the applicability of the new model under more combinations in the field needs to
be verified. In addition, there is a wide range of pressure changes from the bottom to
the wellhead, it is necessary to carry out relevant research on the impact of pressure on
the transition criterion to ensure the accuracy of flow pattern prediction under different
pressure conditions.
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