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a b s t r a c t

Large vertical pipes are key structures connecting subsea wells to offshore platforms. However, existing
studies mainly focus on small vertical pipes. In a vertical acrylic pipe with 80 mm inner diameter and
11 m height, a high-speed camera was used to visually research the influences of pipe diameters, liquid
properties and inlet effect on air-water co-flow characteristic. Different flow regime maps of vertical
pipes (diameters are in the range of 50e189 mm) were compared and the critical gas velocity of the
transition boundary from bubble to slug flow tended to increase with the increase of diameters at
D � 80 mm. Drift-flux models were established in different flow regimes and liquid properties have a
significant effect on drift coefficients of bubble flow and slug flow (void fraction a � 0.4). The influence of
inlet turbulent effect on the gas-liquid interface distribution gradually weakened and disappeared from
the pipe base to 85D, where the flow was fully developed. Slug frequency has a trend of increase first and
then decrease with the gas Weber numbers increasing at low liquid superficial velocities (JL � 0.31 m/s).
And on the basis of this law, a new slug frequency correlation was proposed. It was found that there was
an exponential relationship between the ratio of lengths of Taylor bubble to slug and the void fraction.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The mixture of gas, water and oil is produced from wellheads
and transported to offshore platforms through subsea pipelines and
vertical pipes (Gao et al., 2020; Xu et al., 2021, 2022; Liu et al., 2021).
In large vertical pipes of industrial fields, the strong interaction
between gas and liquid causes violent oscillation of pressure and
flow rate, which seriously affects safe operation of electric sub-
mersible pumps and oil-gas separators (Wang et al., 2018; Hong
et al., 2022; Wang Z.N. et al., 2018; Xu et al., 2022). Due to effects
of intense pipe wall bondage and bubble swarm wake, existing
research conclusions from small vertical pipes are difficult to pre-
dict flow parameters (slug frequency and void fraction, etc.) of
medium vertical pipes. It is generally accepted that flow data ob-
tained from pipes with diameters larger than 80mm can be directly
used to establish industrial models or to guide the field production
(Ali, 2009). Therefore, thoroughly researching the distribution
.-Y. Yu), qiang.xu@mail.xjtu.

y Elsevier B.V. on behalf of KeAi Co
characterizations of gas-liquid interface and the slug evolution
mechanism in medium vertical pipes is necessary (D > 80 mm).

Flow regimes can intuitively reflect the spatial distribution
characteristic between phases and they are the basis for the study
of flow parameters (drift velocities and liquid holdup, etc.) in gas-
liquid flow (Yin et al., 2018). Flow regime maps were plotted by
researchers with methods of the direct observation (high-speed
cameras) (Wang T. et al., 2021; Xu et al., 2022) or signals analyzing
(differential pressure sensors, conductance probes, etc.)
(Abdulkadir et al., 2021; Wang D. et al., 2022) in vertical pipes with
different diameters. It is commonly believed that when dimen-
sionless numbers of pipe diameter DH* �40 (DH

* ¼ DH
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=gDr

p
),

Taylor bubbles cannot exist stably (Isao and Mamoru, 1987). DH, s, g
and Dr represent the hydraulic diameter, surface tension, gravita-
tional acceleration and density difference of two phases, respec-
tively. Some scholars pointed out (Schlegel et al., 2009) that DH*
less than 18.6 was the small diameter (corresponding to 50 mm).
DH* larger than 30 referred to as the large diameter (corresponding
to 82 mm) and DH* ranging from 18.6 to 30 was called the medium
diameter (corresponding to 50e82 mm). In this paper, 100 mm is
used as the boundary between the medium diameter and the large
diameter (the size data calculated above are applicable to the air-
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water system) (Wu et al., 2017).
At present, there are abundant researches on flow regime maps

in small vertical pipes (D < 50 mm) (Taitel et al., 1980; Barnea et al.,
1983; Kaji et al., 2009; Szalinski et al., 2010) and large pipes
(D > 100 mm) (Isao and Mamoru, 1987; Omebere-Iyari et al., 2008;
Shoukri et al., 1984; Smith et al., 2012). However, flow regime maps
for medium vertical pipes are scarce. Flow regimes in small vertical
pipes are strongly bound by the pipe wall (Wang et al., 2017), thus
the interphase structure is more stable than that of mediumvertical
pipes. Large bubbles will deform seriously in large vertical pipes,
which makes it difficult to predict the mechanism of interphase
action. Flow regime maps of small and large vertical pipes are
difficult to be utilized to analyze the flow regime distribution and
transition mechanism of medium vertical pipes. Therefore,
analyzing flow regime maps is an important part to study the two-
phase interface distribution of medium vertical pipes.

In the process of drawing the flow pattern map of the vertical
pipe with medium diameter, it is necessary to study the interphase
motion mechanism of gas and liquid in order to accurately classify
the distribution area and transition boundary of different flow
patterns. The drift-flux model including distribution parameter C0
and drift velocity Vgj plays an important role in describing the
relative motion trend between phases (Zuber and Findlay, 1965;
Isao and Mamoru, 1987; Gui et al., 2019). Nicklin (1962) found that
the gas phase drift velocity Vgj was 0:35

ffiffiffiffiffiffi
gD

p
when the liquid was

stagnant. It has been pointed out that C0 as well as Vgj is influenced
by the pipe geometry, pressure and flow direction (Kawanishi et al.,
1990). Most drift-flux models are derived from thermodynamic
systems with steam-saturated water and their application to the
analysis of the C0 and Vgj of conventional vertical pipes with air-
water will result in the large deviation. In order to further under-
stand the structural signature and the transition mechanism under
diverse flow regimes, it is necessary to study the variation char-
acteristics of parameters in drift-flux models.

As one of the typical flow patterns of two-phase flow, slug flow
is commonly found in production pipelines of oil fields with long
production life and declining oil and gas production. However it
will bring a series of safety hazards to on-site production (Wang Z.
et al., 2021; Xie et al., 2019; Xu et al., 2022) including large fluc-
tuation of pressure and aggravation of corrosion in pipes (Xu et al.,
2022; Zhang and Lan, 2017), vibration, deformation, breakage and
leakage of the whole pipeline, etc. (Gu et al., 2018; Gao et al., 2020;
Sekhavati et al., 2022; Wang Y. et al., 2022). Therefore, researching
the evolution mechanism of slug flow plays an important role in
ensuring production safety. Current researches mainly include slug
frequency as well as slug length. Slug frequency is a key parameter
to study the erosion and vibration of pipelines. Accurate prediction
of slug frequency is an important part of establishing a security
defense system for subsea pipelines. The first slug frequency pre-
diction correlation was presented in a 190 mm inner-diameter
horizontal pipe (Gregory and Scott, 1969). HernandezePerez et al.
(2010) proposed an empirical formula for predicting the slug fre-
quency based on experimental data of 38 and 67 mm inclination
pipes with angles are 0�e90�. Some scholars suggested a new
prediction formula based on previous studies, with an accuracy of
70% (Arabi et al., 2020). According to the report (Rodrigues et al.,
2020) that the slug frequency presented lognormal distribution in
horizontal pipes. Most slug frequency studies focus on horizontal or
slightly inclined pipes. Only a few scholars research the slug fre-
quency in vertical pipes (Abdulkadir et al., 2018) and they ignore
the influence of liquid properties on slug frequency and accuracies
of proposed prediction correlations is not satisfactory.

The liquid slug is one of the important contents in the research
of slug flow in medium pipe and it will block the cross section of
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pipelines, which may cause the flow stagnation in the pipe or even
the oilfield dead well. These will seriously threaten the safe oper-
ation of monitoring and measuring apparatus (Ju et al., 2022).
Exploring the distribution characteristic of liquid slug length can
realize the accurate calculation of the liquid phase accumulation
and actual pressure gradient in pipes and it is helpful to construct
the system of flowmonitoring inside pipelines. Some scholars (Van
Hout et al., 2002) found that the stable liquid slug lengths were
8e25D. The report (Naidek et al., 2022) suggested that liquid slug
length decreased with the increase of fluid viscosity in horizontal
pipes and the average length was about 6D (Baba et al., 2018).
Current researches on length of liquid slug are mainly involved in
horizontal and slight inclined pipes. However, the evolution
mechanism and morphological structure of slug flow in pipes with
different angles are very different, thus research conclusions from
horizontal pipes cannot be directly applied to vertical pipes. Most
scholars pay attention to the liquid slug and the understanding of
internal relationship between components of slug unit is still
insufficient.

In summary, most studies of the two-phase flow characteristic
concentrate on small diameters (4e50 mm) and large diameters
(above 100 mm) vertical pipes. There are currently lacks of atten-
tion to the spatial and temporal distribution characterization of
gas-liquid two phase patterns inmedium diameter pipes, which are
significantly different from those within vertical pipes with small
and large diameters. To improve the flow database of industrial
pipes and guide the field production, a visual experimental study
on interface distribution of gas-liquid and slug characteristic was
carried out in 80 mm medium vertical pipe.

Main contributions in this paper are as follows: (1) A flow
regime map of medium vertical pipe approaching to the industrial-
scale parameter was drawn. Compared with researches from other
scholars, the influence of pipe diameters on transition boundaries
of different flow regimes was analyzed. (2) The variation trend of C0
and Vgi in the drift-fluxmodel was investigated under different flow
regimes. (3) Based on the gas weber number, a prediction corre-
lation formula for slug frequency with a high accuracy and strong
applicability was established. (4) The distribution characteristic of
slug structure variation with void fraction in vertical pipes was
studied.

2. Experimental facilities

The visualization experiment of gas-liquid flow was completed
on a vertical pipe system. The system consists of an acrylic trans-
parent vertical pipe section with 11m height and 80 mm inner
diameter, which realizes the observation of flow structure inside
the pipe. The gas working medium is air and it is compressed and
delivered into a buffer tank by a compressor. The liquid working
medium is tap water, which is extracted from an upper storage tank
by a centrifugal pump. Air and tapwatermixed in amixer and enter
into a vertical pipe and is finally discharged. Air is discharged
directly into the atmosphere. The tap water is returned to a storage
tank for recycling. Fig.1 shows the schematic of experiment system.

Two mass flowmeters (ranges are 0e30 kg/h and 0e500 kg/h
respectively) are set to measure gas mass flow rate and measure-
ment uncertainties of them are ±0.35%. Two volumetric flowmeters
with a range of 0e17 Nm3/h and 0e70 Nm3/h respectively are set to
measure the liquid volumetric flow rate and measurement un-
certainties of them are ±0.75%. Seven differential pressure sensors
are arranged at 5D, 20D, 30D, 45D, 70D, 85D and 110D from the
bottom of the vertical pipe and all of them has the uncertainty of
±0.0375%. Four pressure sensors are placed at 5D, 45D, 85D, and
135D from the bottom of the vertical pipe and all of them have the
uncertainty of ±0.075%. 9253 data acquisition cards (National



Fig. 1. Schematic of experimental system.
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Instrument, USA) are utilized to acquire signals of flowmeters,
differential pressure and pressure sensors. The acquisition fre-
quency of all signals in this experiment is 100 Hz, which can
accurately obtain real-time flow data in the pipe and the data
acquisition time is between 2 and 5 min depending on the flow
regime under different working conditions. The resolution and
frame rate of the high-speed camera are 1024*512 and 1000
frames/s and which is set up at 120D from the vertical pipe base for
real-time monitoring the flow status inside the pipe. The gas and
liquid superficial velocities are 0.03e16.0 m/s and 0.04e2 m/s
respectively and 210 experimental data points were obtained.
3. Data processing and analysis methods

3.1. Measurement of void fraction

Devices for measuring void fraction include the Electrical
Capacitance Tomography (ECT), conductivity probes and differen-
tial pressure sensors (Gui et al., 2019) and the differential pressure
sensor is favored by researchers for their ease of installation and
low cost. Total pressure drop consists of the pressure drop of fric-
tion, gravity and acceleration in the vertical pipe. The equation is as
follows:

�vP
vz

¼ t0P
A

þm2 d
dz

"
ð1� xÞ2
rLð1� bÞ þ

x2

rgb

#
þ rmg sin q (1)

where�vP
vz and

t0P
A are the total pressure drop and frictional pressure

drop, represented by DP and DPf, respectively. m2 d
dz

h ð1�xÞ2
rLð1�bÞ þ x2

rgb

i
is

the accelerating pressure drop, accounting for about 2% of the total
pressure drop, which can be negligible. rmgsinq is gravity pressure
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drop, denoted by DPg. rm, rg and rl represent two phases mixture
density, gas density and liquid density, respectively. a represents
the void fraction. Then the above equation can be transformed into:

DP¼DPg þ DPf (2)

And void fraction and mixture density can be expressed as:

DPg ¼ rmgh ¼ �
rg þ ð1� aÞ rL

�
gh (3)

Combining above equation, void fraction a can be obtained by:

a ¼ DP � DPf � rLgh�
rg � rL

�
gh

(4)

Eq. (4) shows that void fraction can be obtained by the frictional
pressure drop DPf. The frictional pressure drop is negligible when
gas-liquid flow rates are small. Under the high gas-liquid flow rates,
DPf. can be calculated by the separated flowmodel expressed by the
following equations:

DPf ¼
fLrLyL
2D

42
L (5)

42
L ¼ 1þ Y þ Y2 (6)

where fL represents the liquid phase friction factor, rL denotes the
liquid phase density, yL denotes the liquid viscosity. 4L, Y represent
the friction factor and the ratio of friction pressure drop between
gas and liquid, respectively.

Gas superficial velocity JG and the gas velocity Ug from image
data can be used to calculate the void fraction a and which is taken
as the standard value to compare with the a measured by pressure
difference sensors. Fig. 2 shows the overall relative deviation of
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void fraction a obtained by two methods is within �6%e5%. The
result means that differential pressure sensors can measure void
fraction a with high accuracy.
3.2. Probability density function (PDF)

The Probability Density Function (PDF) has been proved (Kaji
et al., 2009; Abdulkadir et al., 2014) to be a reliable means to
identify two-phase flow regimes. For the collected data of a discrete
time series, its relative probability density distribution can be ob-
tained by the following equation:

PDFðx1 <X < x2Þ ¼
ðx2
x1

pðxÞdx (7)

where x1 and x2 are the sizes of statistical intervals and the number
of statistical intervals and commonly calculated by adopting the
following empirical formula:

N ¼ 1:87ðn� 1Þ0:4 (8)

where, n is the total number of data points, N is the number of
statistical intervals, and the size of the statistical interval is:

x2 � x1 ¼ ðpmax � pminÞ=N (9)

PDF can process the timing signal of void fraction and accurately
divide the flow regime. Fig. 3 shows signatures of PDF under
different conditions. The PDF in bubble flow shows a clear sharp
single-peak structure corresponding to a void fraction about 0.25 or
less. The PDF of the slug flow has a dual-peak structure. The peak
corresponding to high void fraction εTB represents the large bubble
part, while the peak with the low void fraction εgs represents the
portion of liquid slug containing small bubbles. Annular flow also
reveals PDF with a single peak structure corresponding to the high
void fraction (above 0.8). Churn flow has a single peak with high
void fraction and a wide origin at low void fraction, which is the
transition regime from slug to annular flow. PDF distribution
characteristics of void fraction in each flow regime have obvious
differences, which improves the reliability of flow regime division.
Fig. 2. Void fraction measured by differential pressure sensors and high-speed camera.
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3.3. Power Spectrum Density (PSD)

Numbers of slugs passing through the measurement section per
unit time is defined as slug frequency, andwhich can be acquired by
the PSD analysis method (Amani et al., 2020). PSD is a probabilistic
statistical method. It indicates the distribution characteristic of the
signal power with frequency and is the indicator of the mean
square value of a random variable.

Fourier transform is applied to random signal sequence x(n)
(n ¼ 0~N�1) to obtain the estimate of PSD directly, as follows:

SxðuÞ¼ 1
N

���X�eju	���2 (10)

where XðejuÞ is the discrete Fourier transform of the signal, and
defined as follows:

X
�
eju

	
¼

XN�1

n¼0

xðnÞe�jun (11)

The PSD signature of the void fraction sequence signals are
performed under different flow conditions in Fig. 4. The PSD of void
fraction at different gas superficial velocities (JG) show the char-
acteristic of the main peak distributionwith the highest energy per
unit frequency. The frequency and the PSD value of main peaks
represent slug frequency and the size of slug unit, respectively.
When JG are above 2 m/s, the transition from slug flow to churn
flow occurs and the slug unit no longer exists stably. Therefore, the
PSD value of the main peak shows a trend of increase and then
decrease with the augment of JG.

It is also possible to obtain the slug frequency under different
flow conditions by image data. The camera is applied to capture the
flow data in the pipe for a duration of 11s and the number of slugs
that pass during the filming period is artificially counted and
recorded. Each group is shot 2e4 times to expand the slug sample
to improve the accuracy. And finally, the average slug frequency is
obtained.

The manual counting method is taken as the standard and
compared with the PSD method, as shown in Fig. 5. Obviously, the
slug frequency calculated by PSD has a high accuracy.

4. Results and discussion

4.1. Flow regime map

4.1.1. Comparison of flow regime distribution data from different
diameter vertical pipes

Gas-liquid flow regimes in an 80 mm diameter vertical pipe
were distinguished as bubble, slug, churn and annular flow under a
wide gas and liquid superficial velocity range (0.03 < JG < 16 m/s,
0.04 < JL < 2 m/s) by image data and PDF signature of void fraction.
Fig. 6(a) and (b) are the flow regime map and show the transition
boundaries of different flow regimes derived from published
experimental data andmodels by other scholars. Fig. 6(c) shows the
interface structures of gas-liquid two-phase flow in different
operating conditions.

Transition from bubble to slug flow in vertical pipes with di-
ameters of 50, 67, 80, 101 and 189 mm were compared. Transition
boundaries are similar in 50 mm, 67mm (Kaji et al., 2009; Szalinski
et al., 2010) and 80 mm vertical pipes. However, when the pipe
diameters are above 80 mm, the influence of turbulent forces on
the gas-liquid interface increases and the bubble-slug flow transi-
tion tends to larger gas velocities with the increase of pipe di-
ameters (80 mm, 101 mm (Smith et al., 2012), 189 mm (Omebere-
Iyari et al., 2008)).



Fig. 3. The PDF of void fraction variation with JG, at JL ¼ 0.083 m/s.

Fig. 4. The PSD signature of void fraction variation with JG, at JL ¼ 0.04 m/s.
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Slug to churn flow transition boundaries in vertical pipes with
diameters of 12.3, 50, 67, 80 and 101 mm were compared. Transi-
tion boundaries are similar for vertical pipes of 67 mm (Szalinski
et al., 2010) 80 mm and 101 mm (Smith et al., 2012) under the
same liquid superficial velocity. It is shown that pipe diameters
have little effect on the transition boundary when diameters range
from 50 to 100 mm. However, in the range of small diameters
(D < 50 mm), increasing the diameter causes destabilization of the
gas-liquid interface and large bubbles are more prone to rupture,
leading to the transition of flow at lower gas superficial velocities.
Thus, the transition boundary in the 50 mm (Kaji et al., 2009)
vertical pipe corresponds to smaller gas superficial velocities than
12.3 mm (Barnea et al., 1983) vertical pipe. The same trend was
found in other studies (Taitel et al., 1980).

Although cross-sectional sizes of vertical pipes with diameters
of 25 mm (Oshinowo and Charles, 1974), 80 mm and 101 mm
(Smith et al., 2012) are different significantly, their churn to annular
flow transition boundaries corresponding to the similar critical gas
superficial velocities. It indicates that pipe diameter has weaker
effect on the flow regime transition. The same conclusion was
proposed by Taitel et al. (1980) as well. Transition boundaries in
different flow regimes are less affected by the pipe diameter at
diameters of 50e80 mm through the results of above
comparations.
Fig. 5. Slug frequency calculated from the image data and PSD analysis.
4.1.2. Validation of transition boundary theoretical models
The aggregation and coalescence effect between small bubbles

lead to the transition of bubble to slug flow, which generally ap-
pears under conditions with small gas superficial velocities (as
shown in Fig. 6(c): ((1)e(2), (5)e(6)) and the void fraction (a) in the
pipe is 0.25e0.3 (Taitel et al. (1980)). Based on the conclusion from
Taitel et al. (1980), Kaichiro and Ishii (1984) proposed a prediction
model for the flow transition as shown by black triangular dot line
in Fig. 6(b) and the prediction of this model deviates significantly
from the present experimental data. The model by Lucas et al.
(2005) integrated effects of pipe diameters and observation loca-
tions (ratio of length to diameter) on the flow regime transition,
which is shown in the Black circle dot line in Fig. 6 (b). Therefore,
3161
his model has a high accuracy in predicting the transition boundary
of bubble to slug flow for medium vertical pipes.

It is not easily to distinguish Slug to churn flow transition and
many scholars propose different mechanistic models to research
the transition process (as shown in Fig. 6(c): (6)e(7)), such as the
fixed critical void fraction model (Tengesdal et al. (1999)) and the
Taylor bubble merger model (Kaichiro and Ishii (1984)). Transition
boundaries predicted by models of Tengesdal and Kaichiro show
the similar trend to the experimental data, as shown by the square
red dot line and the star-shaped black dot line in Fig. 6(b). However,
their models are proposed for small vertical pipes and therefore the
predicted transition boundaries deviate greatly from present
experimental data.

Churn to annular flow indicates that the flow is completely
dominated by gas phase (as shown in Fig. 6(c): (4), (8)), at which
time almost entire pipe cross-section is occupied by the continuous
gas phase and the pressure gradient changes sharply, resulting in



Fig. 6. Flow regime map of a 80 mm diameter vertical pipe (a) images and distribution of four flow regimes (b) The flow transition boundaries derived from published experiment
data and theoretical models by other scholars (Oshinowo and Charles, 1974; Taitel et al., 1980; Barnea et al., 1983; Kaichiro and Ishii, 1984; Tengesdal et al., 1999; Lucas et al., 2005;
Omebere-Iyari et al., 2008; Kaji et al., 2009; Szalinski et al., 2010; Smith et al., 2012). (c) flow images from high-speed camera in different flow condition.

Fig. 7. Drift-flux models from different authors (Nicklin, 1962; Zuber and Findlay,
1965; Isao and Mamoru, 1987; Hibiki and Ishii, 2003).
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violent fluctuation of pressure in the pipe and seriously threatening
safety production at the site. Therefore, it is important to predict
the churn to annular flow transition boundary accurately in the
process of oil and gas field extraction. When all the liquid in pipes
rise as droplets with the high-speed gas, annular flow happens. The
criterion equation for predicting the transition from churn to
annular flow (Taitel et al. (1980)) is as follows:

UGS ¼3:1


sgðrL � rGÞ

rG
2

�
(12)

where UGS, s, g, rL, rG denote the actual gas velocity, surface tension,
gravitational acceleration, liquid and gas phase density,
respectively.

This model by Taitel indicates that parameters such as liquid
velocities and pipe diameters don’t influence the transition of
churn to annular flow, which is only related to the fluid properties,
as shown by the square blue dot line in Fig. 6(b).

Kaichiro and Ishii (1984) analyzed the liquid film flow reversal
phenomenon around Taylor bubbles and proposed a model for
transition from churn to annular flow, as the following equation.

UGS ¼


DgðrL � rGÞ

rG

�0:5
ðasb �0:11Þ (13)

asb ¼1�0:813�

2
666664

ðC0 � 1ÞuM þ 0:35
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DgðrL�rGÞ

rL

q
uM þ 0:75

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DgðrL�rGÞ

rL

q �
rLD3ðrL�rGÞ

m2
L

	1=18

3
777775

0:75

(14)
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where asb, D, uM, m, C0. are the void fraction within Taylor bubbles,
pipe diameter, two-phase mixing velocity, viscosity and gas phase
distribution parameter. This model takes into account the pipe
diameter and the critical void fraction in Taylor bubble region and
which is plotted with the triangular black dot line in Fig. 6(b).
Transition boundaries predicted by models of Kaichiro and Taitel
are close to the experimental data.

A large number of experimental data from different pipes were
obtained andmany scholars have established prediction models for



Fig. 8. Ug from drift-flux models and the experiment (Nicklin, 1962; Zuber and Findlay,
1965; Isao and Mamoru, 1987; Hibiki and Ishii, 2003).
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a variety of transitions of typical flow regimes. Above comparisons
show that when diameters range from 50 to 80 mm, models of
Lucas, Kaichiro and Taitel have higher accuracy in predicting tran-
sition of bubble to slug flow and churn to annular flow, respectively.
However, models of Tengesdal and Kaichiro deviate significantly
from the present experimental data in predicting the transition of
the slug to churn flow.

4.2. Drift-flux model

The drift-flux model characterizes the constitutive relationship
of two-phase flow and it is usually applied to calculate the relative
velocity between phases, Zuber and Findlay (1965) first proposed
the model and the equations are as follows.

Ug ¼ JG
a
¼ C0J þ Vgi (15)

C0 ¼
CaJD
CaDCJD

(16)

Vgi ¼
CavgiD

CaD
(17)

vgi ¼ vg � J (18)

where Ug, JG, a and J represent the gas velocity, gas superficial ve-
locity, void fraction andmixture velocity, respectively. vg and vgi are
the local gas phase velocity and local drift velocity. C0, Vgi are the
Table 1
Mean Ralative Error (MRE) of the gas velocity from the experiment and different
models.

Model MRE, %

Ug < 2, m/s Ug > 2, m/s Overall deviation

Nicklin（1962） 8.5 7.63 7.5
Zuber（1965） 15.2 10.74 12.27
Hibiki（2003） 14.8 10.34 11.53
Isao（1987） 10.6 8.08 9.71

Fig. 9. Drift-flux models fitting under different flow regimes (a) Bubble flow (b) Slug
flow (c) Churn flow.
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distribution parameter and the average drift velocity, respectively.
Drift-flux model takes into account the slip tendency in different
phases.
4.2.1. Verification of existing drift-flux models
Eq. (15) shows that the linearity relation between mixture ve-

locity J and the gas velocity Ug. The slope represents C0 and the
intercept represents the Vgi of gas when liquid is stagnant. Ac-
cording to drift-flux models from different scholars (Nicklin, 1962;
Zuber and Findlay, 1965; Isao and Mamoru, 1987; Hibiki and Ishii,
2003), prediction curves and present experimental data were
plotted in Fig. 7. Ug predicted by different models were further
compared with that of the experiment, as shown in Fig. 8.

Models of Hibiki and Isao were based on the phenomenon of
large vertical pipes, the horizontal disturbance of bubbles inside
the pipe will worsen the inhomogeneity distribution of two-phase,
resulting in a larger Ug predicted than that of the medium vertical
pipe. At Ug < 2 m/s, Ug predicted bymodels of Zuber and Nicklin are
lower than Ug from present experiment. However, the result is
reversed at Ug > 2 m/s. Their models were established based on the
study of small vertical pipes, which did not take into consideration
the effect of the flow regime transition on C0 and the Vgi, resulting
in less accurate prediction for Ug of present experiment.

The relative deviation range of the Ug from present experiment
data and Ug from drift-flux models are �20% to þ20%. In order to
clarify the accuracy of drift-flux models from different scholars, Ug

equaling to 2 m/s is taken as the boundary and the Mean Relative
Error (MRE) of Ug for experiments and different models is shown in
Table 1 below. MRE is large when Ug is less than 2 m/s and which is
small when Ug is larger than 2 m/s. The result indicates that at
lower gas velocities (Ug < 2 m/s), drift-flux models proposed by
predecessors have low accuracy in predicting Ug of medium vertical
pipes.

Due to flow regimes affecting the distribution of C0 and Vgi, drift-
flux models proposed by above scholars have large deviation in
predicting the data of medium vertical pipes. Therefore, it is
necessary to investigate C0 and Vgi under different flow regimes.
4.2.2. Distribution parameter and drift velocity
Based on the experimental data, drift-flux models are fitted

respectively in bubble, slug and churn flow and the correlation
between J and Ug are plotted, as shown in Fig. 9. Corresponding
distribution parameters C0 in the region of bubble, slug and churn
flow are 1.03, 1.14 and 1.19 respectively and the drift velocities Vgi
are 0.48, 0.53 and 0.52 m/s, respectively. To facilitate comparison
with other studies, the drift velocity is replaced by the drift coef-

ficient using k ¼ Vgiffiffiffiffiffi
gD

p and k denotes the drift coefficient, thus the
Fig. 10. The variation trends of distribution coefficient C0 and drift parameter k und
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calculated k values are 0.54, 0.6, and 0.59, respectively. In the study
of vertical pipes with diameters greater than 50 mm (Kawanishi
et al., 1990), the drift coefficient k (0.52) is close to that in this work.

Fig. 10 shows C0 and the drift coefficient k in 67 and 80 mm
vertical pipes (Abdulkadir et al., 2018). The pipe wall effect in the
medium vertical pipe has less influence on the bubbles rising
process in bubble flow region so the distribution of bubbles is more
uniform and C0 z 1, as shown in Fig. 10(a). The aggregation process
of small bubbles is promoted with void fraction becoming larger,
which makes the flow transit to slug flow and C0 z 1.14. When void
fraction further increases, the liquid is torn by gas and at this time
the churn flow or even annular flow appears, which triggers the
instability of flow interface so C0 reaches about 1.2. The distribution
parameters of this experiment are between 1 and 1.2 and similar to
the results of current studies. The pipe used in Abdulkadir's
experiment is 67mm and the liquid workingmedium is silicone oil,
therefore his distribution parameter C0 has significant difference
with that of present work under different flow regimes.

In the bubble flow region of Fig. 10(b), the drift coefficient k of
the experiment is greater than that of Abdulkadir but the magni-
tude of both drift coefficients is opposite in slug flow. Thismanifests
that liquid properties have greater effect on k in the regions of
bubble flowand slug flow, there are other studies also reporting the
same conclusions (Abdulkadir et al., 2014). In churn flow, gas and
liquid are fully mixed and the relative velocity difference between
phases decreases. Therefore, k in this paper is similar to that of
Abdulkadir, at this time, liquid properties don’t affect the distri-
bution of drift velocities.
4.3. Influence of inlet effect on flow distribution

There is existing strong gas-liquid turbulence effect at the
entrance of vertical pipes, which will cause drastic fluctuation of
flow rate and pressure and affect the development of flow in pipes.
At present, there is still no consensus on the influence of inlet effect
on flow in pipe. It is generally believed that the flow develops stably
at 60D from the inlet (Tas-Koehler et al., 2022). However, it is also
reported that the length of flow development will reach more than
600 D in some working conditions. Most scholars conduct experi-
mental studies at small range of velocities, resulting in their failure
to observe the effect of turbulence on the interface distribution at
the entrance under high gas and liquid velocities. Therefore, there is
a missing of the comparative analysis about the flow distribution at
different locations of pipes.

The distribution of void fraction at different positions (L ¼ 5D,
20D, 30D, 45D, 70D, 85D, 110D) of the vertical pipe was plotted
under different gas superficial velocities as shown in Fig. 11. The
void fraction increases with the increase of JG at the same position
er different flow regimes, data from present work and Abdulkadir et al., (2018).



Fig. 11. The distribution diagram of void fraction variation with gas superficial velocity at different positions, JL, m/s¼ (a) 0.04 (b) 0.083 (c) 0.31 (d) 0.5 (e) 0.8.

Fig. 12. Actual image of the gas lifting phenomenon at the pipe entrance.
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and also increases with the observation position farther from the
inlet under the same gas superficial velocity, as shown in Fig. 11(a)
and (b). At about 85D from the pipe base, void fraction no longer
increases significantly and it can be considered that the flow is fully
developed. In Fig. 11(c), (d) and (e), when JG is greater than 10 m/s,
gas will rapidly entrain the liquid and there is forming a flow
structure similar to the annular flow at entrance. At this time the
turbulence effect is significant, leading to the void fraction near the
inlet position (around 5D) rapidly increased, as shown by the ar-
rows. The liquid here will be lifted by the gas and not fall back. At
20D from the bottom of pipe, the gas lifting is weakened and the
gas and liquid are constantly agitated, resulting in the void fraction
becoming smaller. After this position, with the increase of L/D, the
void fraction increases again and the turbulent effect at the inlet no
longer impacts the downstream flow.

Fig. 12 shows the schematic diagram of gas lifting phenomen-
on.When JL are 0.31, 0.5 and 0.8 m/s, the initial gas superficial ve-
locities that cause the significant increase in void fraction at the
inlet are 11, 8 and 5 m/s, respectively, as shown by arrows in
Fig. 11(c), (d) and (e). It indicates that the influence range of inlet
effect gradually spreads to smaller gas velocities with liquid ve-
locity increasing.

Kaji et al. (2009) also found the influence of inlet effect on the
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Fig. 13. Variation of slug frequency with JG under different JL, (a) present work (b) Abdulkadir et al., (2018).
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flow at a low JG (0.22 m/s) in a small pipe (50 mm). However, there
are no similar phenomenon of the inlet effect at higher gas veloc-
ities due to the lowgas velocities (less than 0.53m/s), single JL (1 m/
s) and low vertical pipe height (H ¼ 68D) in his experiment.

4.4. Slug frequency

4.4.1. The distribution of slug frequency
Curves of slug frequency variation with JG were plotted under

different liquid superficial velocities, as shown in Fig. 13(a). Under
the same gas superficial velocity, increasing JL will cause liquid to
block the pipe section frequently, which leads to a rising trend of
slug frequency. Increasing JG will lead to the increase of slug move
velocity and slug length. When JL and JG are less than 0.31 and
0.2 m/s, the increasing speed of slug velocity is close to that of slug
length and therefore slug frequency has little variation with the
augment of JG. When JG is greater than 0.2 m/s, the flow region is
stable slug flow, in which the growth rate of the slug moving
Fig. 14. Slug frequency versus Weber number, data fr
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velocity is greater than that of the slug length. Thus, the slug fre-
quency tends to increase as JG increases. When JG reaches about
1.5 m/s, the slug flow in the pipe turns to churn flow. At this time,
the liquid is destroyed due to the gas bubbles merging process.
Since the growth rate of slug moving velocity is less than that of
slug length and slug frequency tends to descend with the increase
of JG. When JL is above 0.31 m/s, liquid phase will promote the
merging process of large bubbles in the pipe, which leads to the
growth rate of slug moving velocity always less than that of slug
length, so slug frequency shows a decreasing trend with gas su-
perficial velocity increasing.

In a vertical pipe (Abdulkadir et al., 2018) with a diameter of
67 mm, the variation of slug frequency is similar to that in this
paper, as shown in Fig. 13(b).

Comparing Fig. 13(a) and (b), slug frequency of Abdulkadir
experiment is significantly higher than that of present experiment
at similar liquid superficial velocities. At JL � 0.31 m/s, both ex-
periments observe the existence of maximum slug frequency and
om the experiment and Abdulkadir et al., (2018).



Fig. 15. Distribution of slug frequency from present data and correlations by pre-
decessors (Jepson and Taylor, 1993; Legius et al., 1997; Perez et al., 2010), JL ¼ 0.5 m/s.
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the corresponding JG are 1.5 and 1 m/s, respectively. To explore the
slug frequency distribution characteristic, dimensionless Weber
number (WE) is introduced as follows:

WE ¼ rGJ
2
GD

.
s (19)

WE denotes the ratio of inertial force to surface tension.
Fig. 14(a), (b) and (c) shows that slug frequency increases first and
decreases as follow when WE increases. When WE is about 5, a
maximum slug frequency exists in present work and Abdulkadir's
Fig. 16. Comparison of slug frequency of prediction correlations and ex
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experiment. It means that the dimensionless number WE plays an
important role in analyzing slug frequency distribution under
different fluid properties. This finding provides ideas for the
establishment of prediction correlations of slug frequency.
4.4.2. Prediction correlation
Fig. 15 shows that slug frequency from the present experimental

data and prediction correlations of predecessors (Jepson and Taylor,
1993; Legius et al., 1997; HernandezePerez et al., 2010). Researches
of Jepon and Legius focus on horizontal or slightly inclined pipe
sections so the slug frequency trends predicted by their correlations
are significantly different from that in this paper. A correlation from
Hernandez-Perez is constructed on experimental pipe sections
with inclination angles from 0 to 90�, so the predicted variation
trend of slug frequency is similar to that of the experimental data.
However, the prediction accuracy is still unsatisfactory.

In summary, based on Hernandez-Perez's research, a new pre-
diction correlation for slug frequency of the mediumvertical pipe is
proposed as follows.

fs ¼0:7
JL
0:25

ReL
0:2 þ 0:1WE (20)

for WE � 5, JL � 0.31 m/s

fs ¼0:7
JL
0:25

ReL
0:2 � 0:015WE (21)

for WE > 5, JL � 0.31 m/s

fs ¼0:6
m

rD



JL

�
gD



19:75

J
þ J

��0:25

(22)

JL > 0.31 m/s.
periment (data from the experiment and Abdulkadir et al., 2018).



Fig. 17. Deviation between correlation and the data of present work and Abdulkadir
et al., (2018).

Fig. 18. Dimensionless lengths of Taylor bubble, liquid slug and slug unit variationwith
JG.
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where ReL is the liquid Reynolds number.
The comparisons of slug frequency from the new correlation

with that measured in experiment are plotted in Figs. 16 and 17.
Deviations between the calculated and experimental slug fre-
quency are in the range of �20%e30%.

Most of correlations for predicting slug frequency established by
predecessors only consider the liquid velocity. The new correlation
established in this paper takes into account influences of liquid
properties and gas velocities on the distribution of slug frequency.
Thereby, it has stronger applicability and can provide guidance for
researching slug frequency within medium vertical pipes.

4.5. Slug unit structure

4.5.1. Taylor bubble, liquid slug and slug unit length
A slug unit is the basic structure of slug flow which consists of a

Taylor bubble and a liquid slug. In this paper, the lengths of Taylor
bubble, liquid slug and slug unit under different working conditions
are calculated by image data. The slug unit length is determined by
Taylor bubble velocity and slug frequency, as follows:

LSU ¼UN

tN
(23)

LTB ¼ UTB

tTB
(24)

LS ¼
US

tS
(25)

tN ¼ tTB þ tS ¼ 1=f (26)

where, LSU, LTB and LS are the length of slug unit, Taylor bubble and
liquid slug, respectively. UN, UTB and US are the velocity of slug unit,
Taylor bubble and liquid slug, respectively. tN, tTB and tS represent
the time interval of the slug unit, Taylor bubble and liquid slug
passing through the observation position, respectively. f represents
slug unit numbers passing through the observation position in a
unit time. Assuming that each slug unit is fully developed, namely,
the head and tail of a slug unit have the same speed, then:

UN ¼ UTB ¼ US (27)
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Fig. 19. The dimensionless Taylor bubble length as a function of void fraction, data from this paper and Abdulkadir et al., (2014).

Fig. 20. Taylor bubble length to liquid slug length variation with void fraction, data from this paper and Abdulkadir et al., (2014).
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According to Eqs. (23)e(27), dimensionless lengths of Taylor
bubble (LTB/D), liquid slug (LS/D) and slug unit (LSU/D) variationwith
gas superficial velocity were plotted and shown in Fig. 18.
Increasing gas superficial velocity will enhance the coalescence
probability between bubbles in liquid and lead to the growth of
bubbles under a constant liquid superficial velocity. Therefore,
Taylor bubble lengths show the approximately linear increase as
gas superficial velocity increases. Under the same gas superficial
velocity, increasing liquid superficial velocity will trigger unstable
fluctuation of liquid film around Taylor bubbles, whichwill increase
the amount of liquid entrained into bubbles and lead to the
deformation and rupture of Taylor bubbles. Thus, Fig. 18(a) shows
the lengths of Taylor bubble decrease as the liquid superficial ve-
locity increases.

In Fig. 18(b), liquid slug lengths don’t manifest systematic trend,
which was also found in Abdulkadir's experiment. Experimental
studies by scholars (Van Hout et al., 2002) found that lengths of
liquid slug were stable between 8 and 25D. Their research is based
on small vertical pipes, whose wall has a strong bondage effect on
the phase interface and make liquid slug easier to maintain sta-
bility. Therefore, the liquid slug length range is larger than that
obtained in the medium vertical pipe (4e12D).

The slug unit is determined by the Taylor bubble and liquid slug
together. Therefore, the slug unit lengths don’t show the obvious
linear ascendent trends as gas superficial velocity increases, as
shown in Fig. 18(c). Nevertheless, Taylor bubble growth still plays a
dominant role in the growth of slug unit length.
4.5.2. Slug unit structure variation with void fraction
Other scholars (Kaji et al., 2009; Abdulkadir et al., 2014) also

found the similar distribution of slug structure described above.
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However, they did not explore the distribution of Taylor bubble
length as a function of void fraction. Therefore, this paper explores
the influence of void fraction on the Taylor bubble.

Fig. 19(a) shows the curve of the Taylor bubble dimensionless
length variation with void fraction. Taylor bubble length shows an
exponentially ascendant tendency as void fraction increases under
different liquid superficial velocities. Abdulkadir's experimental
data were analyzed and the same distribution trend was found, as
shown in Fig. 19(b). It manifests that the Taylor bubble lengths in
pipes are an exponential function of void fraction, namely LTB ¼ f�
[A�EXP(B�εg)]. Nevertheless, there are less systematic variations of
liquid slug length and slug unit length with void fraction.

It is important to study Taylor bubble length to liquid slug length
in analyzing void fraction of slug structure. According to the slug
unit composition, the liquid slug length LS can be determined as
follows:

LS ¼
εg � εTB

εgs � εTB
LSU (28)

According to LSU ¼LTB þ LS, change the form of Eq. (28) and get:

LTB
LS

¼ εg � εgs

εTB � εg
(29)

where εg, εTB and εgs represent the average void fraction in slug unit
(a in this paper), Taylor bubble and liquid slug, respectively.
Fig. 20(a) shows the ratio of Taylor bubble length to liquid slug
length increases exponentially with void fraction increasing. Data
of Abdulkadir experiment were processed and then plotted in
Fig. 20(b). It indicates that Taylor bubble length to liquid slug length
exponential variation with the void fraction, namely LTB/LS ¼ f�
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[C�EXP(D�εg)]. A large number of scholars have studied void
fraction in different components of slug unit but there is no uni-
versal conclusion. It is found that Taylor bubble length and the ratio
of Taylor bubble length to liquid slug length are exponential func-
tions of void fraction, namely LTB ¼ f�[A�EXP(B�εg)], LTB/LS ¼ f�
[C�EXP(D�εg)]. Under the condition that εg, LTB ¼ f�[A�EXP(B�εg)]
and LTB/LS ¼ f�[C�EXP(D�εg)] are known, the proportional rela-
tionship between εTB and εgs can be determined. This finding pro-
vides a new idea for investigating the void fraction in Taylor bubble
and liquid slug and which can be used in calculating two-phase
flow density and improving the hydrodynamic model.

5. Conclusions

The visual experimental investigation on air-water flow was
carried out in a vertical pipe with the 80 mm diameter and 11 m
height. The gas superficial velocity and liquid superficial velocity
are from 0.03 to 16 m/s and 0.04e2 m/s. A flow regime map was
drawn on the basis of image data obtained from a high-speed
camera. Void fraction in different working conditions was
analyzed by the method of Power Spectrum Density (PSD) and the
evolution of slug frequency was studied. Main conclusions are as
follows.

(1) Flow maps of 50e189 mm diameters vertical pipes were
compared and the influence of pipe diameters on flow
regime transitions was analyzed. when D was larger than
80 mm, the transition boundary from bubble to slug flow
moved to a larger gas velocity with the increase of diameters.
Models proposed by Lucas and Taitel had high accuracy in
predicting transitions from bubble to slug flow and churn to
annular flow, respectively.

(2) Drift-flux models were established in different flow regions
and liquid properties had significant effect on drift co-
efficients of bubble flow and slug flow (void fraction a� 0.4).
However, the effect of liquid properties is obviously weak-
ened due to rapid and uniform mixing of gas and liquid in
churn flow. Several drift-fluxmodels were compared, among
which the Nicklin’s model had the smallest prediction de-
viation (7.5%).

(3) Void fraction along with the pipeline was compared. The
turbulence effect caused by high gas velocity would induce a
significant increase in the void fraction at inlet, whose in-
fluence would move to low gas velocities (11, 8 and 5 m/s)
with the increase of liquid velocities (0.31, 0.5 and 0.8 m/s).
At 85D from the vertical pipe base, the influence of inlet ef-
fect on the gas-liquid interface disappeared and where flow
was fully developed.

(4) According to the phenomenon that the slug frequency
increased first and then decreased as gas Weber numbers
increased at JL < 0.31 m/s, a new slug frequency correlation
was proposed. The ratio of Taylor bubble length to liquid slug
length (LTB/LS) varied exponentially with void fraction.
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Nomenclature

A pipe cross area, m2

JG gas superficial velocity, m/s
JL liqiud superficial velocity, m/s
J mixture velocity, m/s
Ug gas velocity, m/s
C0 distribution parameter
k drift coefficient
Vgi drift velocity, m/s
L distance from the pipe inlet, m
D pipe diameter, m
LTB Taylor bubble length, m
LS liquid slug length, m
LSU slug unit length, m
g gravitation, m/s2

Greek symbols
a void fraction
m viscosity, mPa$s
r density, kg/m3

s surface tension, N/m
εgs void fraction in liquid slug
εTB void fraction in Taylor bubble
εg void fraction in slug unit (a)

Non-dimensional numbers
WE ¼ rGJ

2
GD=s

ReL ¼ rLJLD=mL
DH* ¼ DH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=gDr

p
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