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Abstract

Pipelines that are transporting �uids of di�erent salinity in di�erent pressurized conditions are met with di�erent behav-
iors of �ow. Flow behavior of two-phase gas–liquid system in simulated horizontal pipeline conditions are investigated 
experimentally with three di�erent brine salinity concentrations comparable to the reservoir �uid properties within 
the Malay Basin. A test facility in total length of 80-feet was designed and con�gured for data acquiring of �ow regimes 
which were observed via a 1.5-in diameter and a 7.5-feet long transparent acrylic pipe. A �ow regime map where the 
transition of �ow pattern from strati�ed to intermittent to mixed is proposed as the super�cial gas velocity and super-
�cial liquid velocity increase at increasing brine concentration. There is a combination �ow pattern presumed to be the 
combination of plug �ow, slug �ow and thin annular. When the brine salinity increases, the pressure drop of the system 
increases. The lowest pressure drop in the form of percentage for brine concentration of 1000, 15,000, and 30,000 ppm 
at brine super�cial velocity of 3.0 m/s were 57.1, 50, and 42.9% respectively. Pressure drop experimental results from 
this study were compared with previous mathematical correlations. Results also indicate that water holdup increases 
when water input fraction increases.
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other technological and piping equipment like valves, 
elbows, piping entrances, �ttings, and tees. In contrast to 
single-phase pressure drops, calculation and prediction of 
two-phase pressure drops are much more sophisticated 
and leading methods di�er signi�cantly. Experimental 
data indicates that the frictional pressure drop in two-
phase �ow is substantially higher than that for a single-
phase �ow with the same length and mass �ow rate [4]. 
Liquid holdup,  Hw or in situ water fraction is the volume of 
liquid available in the measured pipe from the total brine 
and air mixture. The factors a�ecting  Hw are pressure drop, 

1 Introduction

Two-phase gas–liquid �ow is ubiquitous in many indus-
tries including petroleum, chemical and nuclear industrial 
applications [1–3]. The understanding of �ow pattern in 
two-phase �ow is signi�cant because it is frequently pre-
sent in chemical processing and in various pipelines in 
many industries. Flow pattern in�uences pressure drop 
and liquid holdup of the gas–liquid system. Pressure drop 
occurs due to viscous e�ects along the length of the sys-
tem, as well as additional pressure losses arising from 
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super�cial velocity of liquid and air, the pipe frictional fac-
tor, viscosity, and density [5]. In petroleum industry, the 
most common two-phase �ow occurrence is in hydro-
carbon transporting pipeline systems and in oil and gas 
wells. Two-phase �ow studies enable us to improve the 
understanding of �ow pattern as well as the behavior of 
the gas–liquid �ow in pipes.

Recent and reliable studies on multiphase �ow in petro-
leum and chemical industries applications has embarked 
an extensive research e�ort especially for gas–liquid �ow. 
This is because the varying amount of liquid produced in 
gas wells a�ect the production operation performance [6]. 
The volume, property, and �ow rate of the �uid needs to 
be studied and analyzed in order to e�ciently increase 
the productivity. On the other hand, as of January 1, 2019, 
Malaysia’s estimated natural gas reserves is 97.413 TSCF. 
The produced natural gas which is processed at PETRONAS 
Gas Berhad’s (PGB) processing plants has been found to 
contain high CO2 and formation water [7–9]. This indicates 
that, it is important to conduct a detailed and extensive 
study on two-phase gas–liquid �ow from o�shore surface 
facilities.

It is challenging to determine the production of a gas 
�eld when there is a presence of water in the production 
line. The combination of water and gasses such as  CO2 and 
 H2S especially at low temperature causes crystalline solid 
called hydrates to form [10, 11]. According to Armenta and 
Wojtanowicz [12], water production problem only arises 
mostly at recovery factor of 30%. The water with various 
level of salinity depending on the type of reservoir that 
�ows into the well during gas production could lead to 
various problems and if left undetected could lead to 
higher non-productive time. The most common problem 
is corrosion and formation of hydrates. Corrosion causes 
leakage in casings, tubings and packers, while hydrates 
cause pipe blockage which in turn restrict production or 
even a complete shutdown of production, where in some 
situation can cause rupture to pipeline [13]. This might also 
cause channeling of water behind the casing that is due 
to poor cementing which prevents contact of water zone 
and pay zone [14]. Thus, it is imperative to fully understand 
the e�ect of salinity towards �ow pattern, pressure drop, 
and liquid holdup of two-phase air-brine �ow in pipelines. 
Precise measurements of the parameters are crucial in the 
evaluation for the two-phase �ow model [15].

There were multiple studies carried out to understand 
two-phase gas–liquid flow in the past which included 
Kong and Kim [2], Mandhane et al, [16], Chen et al, [17], 
Kumar et al, [18], and Ban et al. [19]. One of the earlier stud-
ies was conducted by Mandhane et al. [16] where they 
compared their �ow patterns, particularly in gas–liquid 
systems with data from University of Calgary Multiphase 
Pipe Flow data library. They developed an extension of 

correlation presented by Govier and Aziz [20]. Kong and 
Kim [2] conducted a characterization study of gas–liquid 
(water) system in a 1.5-inch experimental �ow loop rig 
with a length of 31.17-feet. The �ow loop was equipped 
with a high-speed video camera to record �ow patterns. 
As a result, they found new transition boundaries and dis-
cussed the factors a�ecting them. In addition, Kumar et al. 
[18] established a �ow pattern map for gas–liquid (water) 
system in a 0.94-inch acrylic pipe with a length of 26.2-
feet. This study focusses solely on �ow patterns and they 
managed to map the �ow patterns based on the captured 
images recorded by a high-speed camera. Furthermore, 
the researchers noted that the usage of high-speed cam-
era is vital in capturing the transitions of �ow patterns. 
Ban et al. [19] conducted a simulation study of gas-oil �ow 
patterns in a horizontal pipe. Their study focused on the 
e�ects of pressure drop, liquid holdup and slug frequency 
towards slug formation where the model was validated 
with Baker’s �ow regime chart. Their �ndings produced 
a simpli�ed correlation for liquid holdup and slug fre-
quency. A comparison study focusing on pressure drop in 
gas–liquid system in small horizontal tubes was conducted 
by Chen et al. [17] using water and R-401A as the liquid 
medium. Copper tubing in various inner diameters rang-
ing from 0.04 to 0.2-inch and a �xed length of 2.3-feet is 
utilized in the research. From the study, the researchers 
compared their �ndings with previous correlations and 
found that The Chisholm and The Friedel correlation are 
not �t to predict the pressure drop data in small tubes. In 
short, while myriad studies have been conducted, none 
of these studies precisely include the e�ects of salinity 
towards the �ow pattern map, pressure drop, and liquid 
holdup in horizontal pipelines. There is also scarce litera-
ture investigating the e�ects of salinity and comparing 
experimental data with previous developed correlation 
models.

According to Kabiri-Samani et al. [21], there are many 
parameters and forces a�ecting two-phase �ow in a pipe. 
However, turbulent di�usivity and buoyant force play the 
most signi�cant role among others. These are some of 
the other factors a�ecting �ow behavior. They stated that 
pressure inside the pipe are a function of:

where P stands for pressure, Qa is air discharge, V
w

 is liquid 
velocity, D is inner diameter of pipe, g is gravity accelera-
tion, �

a
 is air viscosity, �

w
 is liquid velocity, �

a
 is air den-

sity, �
w

 is liquid density, � is surface tension, �
0
 is shear 

stress, f  is wave frequency, and � is inclination angle. In this 
study, all factors a�ecting the change in pressure inside 
the pipe were accounted for except surface tension and 
wave frequency. Surface tension is not included in this 

P = �
(

Qa, Vw ,D, g,�a,�w , �a, �w , �, �0, f ,�
)
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study because the temperature was kept constant and 
the amount of sodium chloride added to liquid did not 
show any signi�cant increase, thus it is negligible. Wave 
frequency was also neglected as the length of the experi-
mental set up was long enough with su�cient entrance 
length for �ow development.

To the best of the authors’ knowledge, there are no 
experimental data on the e�ects of salinity towards �ow 
regime in two-phase gas–liquid system in horizontal 
pipeline and this is supported by Wu et al. [49]. One of the 
salinity e�ects on �ow regime study was conducted by 
Mukhaimer et al. [22] but focused on liquid–liquid system 
(water and oil). The study was conducted in a closed-loop 
system using water (infused with NaCl as salinity manipu-
lator) and oil �owing in a 0.8-inch ID pipe with a length 
of 27-feet. The study found that salinity e�ects pressure 
drop and �ow pattern when compared to �ndings with tap 
water and oil. Other than that, Besagni and Inzoli [23] con-
ducted a research using a large vertical pipe with a diam-
eter of 94-inch where the e�ects of NaCl toward �ow pat-
terns in counter-current gas liquid �ow was investigated. 
Their �ndings reported that salinity e�ects the water and 
bubble properties which in the end, e�ects the �ow pat-
tern. Therefore, this experimental study of air-brine two-
phase �ow in horizontal pipe with di�erent air and water 
�ow rates as well as at various salinities is proposed to 
investigate its e�ect on �ow pattern, pressure drop and 
liquid holdup in two-phase �ow system. Experimental 
results will also be compared with previously developed 
correlation models.

1.1  Correlation model

There are several correlation models that have been 
developed to help researchers and production engineers 
with crucial information to predict the behavior of mul-
tiphase �ow in pipes. They are highly recognized and used 
widely especially in designing pipelines in the petroleum 
industry.

There are three parameters that are crucial to pressure 
loss of multiphase �ow inside pipes: frictional, hydrostatic, 
and kinetic energy losses. Among the three parameters, 
kinetic energy loss is often neglected because of its small 
value compared to frictional and hydrostatic loss. Hydro-
static pressure loss is however a function of density of the 
�uids inside the pipe while frictional loss depends on the 
properties of the �uids and the condition in the pipeline. 
These parameters are imperative in any design practice 
[24]. These calculations or correlations can be divided 
into two main categories which are “Single-phase” and 
“Multiphase”, and in this study, several correlations of 
multiphase �ow will be used and compared with experi-
mental data.

The presence of multiphase flow inside pipes have 
increased the complexity of the correlations because the 
parameters and properties are doubled or tripled [25]. 
Furthermore, the interaction between di�erent phases 
inside the pipe a�ects the pressure drop. Thus, to reduce 
the complexity of multiphase �ow correlations, research-
ers often combine both liquid phase; oil and water to be a 
single phase while gas is a separate phase. The correlations 
used are as follows:

1.1.1  Beggs and Brill correlation

There are not many correlations that include inclination 
of pipes in multiphase �ow study. Beggs and Brill corre-
lation however take into account di�erent inclinations 
from vertical to horizontal pipeline designs. They also 
developed the correlation by utilizing 1-inch and 1.5-inch 
pipe sizes which is suitable for comparison in this study. 
Firstly, to obtain the hydrostatic pressure di�erences, the 
�ow regime is determined, and from there liquid holdup 
is calculated based on the �ow regime. The density of the 
mixture can then be determined and used to calculate the 
pressure di�erence due to hydrostatic loss. The function of 
the pressure di�erence is shown in Eq. 1:

where �
m

 is density of mixture, g is gravitational forces, gc 
is gravitational conversion factor of 32.174 lbm/lbf.ft/s2, 
and L is the length of the pipe.

As for the frictional pressure loss, the calculation 
depends on the initial gas–liquid ratio and the Fanning 
friction factor. From this, the properties of the ‘Input’ 
gas–liquid mixture is determined and is used to calculate 
the losses. For this calculation, the non-slip Reynolds num-
ber is used. The frictional pressure loss can be calculated 
using Eq. 2:

where ftp is gas–liquid friction factor, v
m

 is mixture veloc-
ity,�

NS
 is non-slip density which is shown in Eq. 3, D is pipe 

diameter and L is length of pipe. The sum of both hydro-
static losses and frictional losses is the pressure drop pre-
diction value. The non-slip density is de�ned in term of 
input volume fraction (λl) shown in Eq. 4.

(1)ΔPHH =
�mg

144gc
L

(2)ΔPf =
2ftpv

2

m
�NSL

144gcD

(3)�NS = �l�l + �g(1 − �l)

(4)Δ�l =
Usl

Usg + Usl
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where Usl is super�cial liquid velocity, and Usl is super�cial 
gas velocity.

1.1.2  Lockhart and Martinelli correlation

This model considers two phases �owing independently 
of one another in the pipe where each phase occupies a 
certain fraction of the pipe at a given velocity. This made 
the void fraction to be indispensable. This correlation pre-
dicts the pressure drop based on the friction multiplicator 
for both liquid and gas phases. Martinelli’s correlation is 
de�ned in Eq. 5 and presented in the form of X.

where m
l
 is liquid mass �owrate,mg is gas mass �owrate, �

l
 

is liquid density, and �g is gas density. From here, the total 
pressure drop is calculated using Chisholm correlation as 
shown in Eq. 6 for liquid phase and Eq. 7 for gas phase. 
With the addition of Chisholm correlation, this correla-
tion has proven to be accurate enough to compare with 
experimental data according to a similar study done by 
Kawahara et al. [26].

1.1.3  Maher et al. correlation

This correlation is based on a homogenous model where 
the liquid and gas are assumed to be mixed [27]. The main 
element in this correlation are the relation between two-
phase �ow viscosity and the conductivity in porous media 

which in turn produces a new de�nition for two-phase vis-
cosity mixture ( �tp) which is shown in Eq. 8.

where �
l
 is liquid viscosity, �g is gas viscosity, and x is mass 

quality. This will then be used to calculate the homogene-
ous Reynolds number ( Retp) as shown in Eq. 9.

where Gtp is two-phase mass �ux. The Retp can be used to 
�nd gas–liquid friction factor ( ftp) using Eq. 10 and the 
frictional pressure gradient 

(

ΔPf

)

 can be calculated using 
Eq. 11.

(5)X =

ml

mg

√

�g

�l

(6)�
l
=

√

1 + 18X−1 + X−2

(7)�
l
=

√

1 + 18X + X2

(8)�tp =
[

(1 − x)�l + x�g

]0.94

(

1 − x

�l

+
x

�g

)1−0.94

(9)Retp =
GtpD

�tp

In all correlations, frictional losses play an important 
role in determining the total pressure loss. There are di�er-
ent parameters considered such as acceleration and gravi-
tational losses when comparing Beggs and Brill as well as 
Lockhart and Martinelli correlation [28]. The acceleration 
and gravitational losses are neglected in Lockhart and 
Martinelli correlation as the �ow condition is adiabatic and 
�owing in horizontal condition. Thus, only frictional loss 
is considered as the total loss. The frictional losses come 
from the sheer stress acting between the �uid and pipe 
wall and the shear stress between the two phases [28]. 
Due to the nature of the �ow of liquid and gas, the sepa-
rated model is used. This method is recognized and used 
in many industries especially in small pipe size designs 
[29]. The correlation developed by Maher et al. [27] on the 
hand, considers the two-phase �ow viscosity and mass 
�ux. Apart from that, they also developed a new gas–liquid 
friction factor function to generate the frictional pressure 
gradient.

2  Methodology

The experiment was conducted at N10 Heavy Duty Labo-
ratory in the School of Chemical and Energy Engineering, 
Faculty of Engineering, Universiti Teknologi Malaysia. The 
overall experimental layout is shown in Fig. 1. The experi-
mental setup is designed as a closed system with open 
loop facility which comprises of a 1.5-inch inner diameter 
Schedule 40 carbon steel pipe with a length of 80-feet. 
This measurement is a scaled down version of pipelines 
in the industry. The length from the mixing section to the 
test section is 43-feet, while the length from test section 
to the separator is 30-feet. The pipe length and diameter 
are designed accordingly to accommodate �ow develop-
ment at the entrance and exit section of the system. Other 
equipment incorporated into the �ow loop are pumps, 
metering sections, filters, separator tank, storage tank 
and instrumentation equipment. The facility is equipped 
with four transducers placed along the test section. The 
�rst pressure transducer is located 34-feet from the mix-
ing point, the second is located just before the test section 
which is 42-feet from the mixing point, the third is located 
right after the test section which is 50-feet from the mixing 
point, and the last is located 58-feet from the mixing point. 
The data collected by the transducers are then recorded 

(10)

ftp =
(

0.79Re−0.25
tp

)1.4

+
[

0.17
(

0.69 ln Retp − 2.2
)−1.5

]
1
∕0.7

(11)ΔPf =
G2

tp

2D�m
ftp
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by a pressure recorder (Supmea Paperless Recorder, SUP-
R9600) in a real-time manner. The experimental setup is 
designed to run not only single or two-phase �ow, but also 
three-phase �ow where a Y-joint is installed as the mixing 
section. In this study, the setup is used to study horizontal 
phenomena of two-phase air–water �ow behaviors in vari-
ous �uid �ow rates. 

The tap water is �ltered using 3-stage sand �lter which 
contains zeolite, anthracite, and various sizes silica sand 
packed in a glass reinforced epoxy vessel with polyeth-
ylene inner shell. The �ltered water is stored in a water 
holding tank with volume capacity of 200 L. In the tank, 
the water is mixed with NaCl to produce brine solution 
of various concentrations according to NaCl equivalent 
brine salinity of Malay Basins [30]. A 2-HP centrifugal pump 
(ProMatic Pump, model PSKT200) controlled by an inverter 
(Schneider Electric, model ATV312HU15N4) is used to 
transfer the brine at respective �ow rates from the water 
holding tank to the experimental system. Compressed 
air is supplied by a standalone air compressor (Swan Air 
Compressor, model SVP-202). The air system is connected 
through a high-pressure �exible hose and controlled by 
a rotameter (maximum air �ow = 2.5 m3/h; minimum air 
�ow = 0.25 m3/h) and tapped into the experimental system 
using high-pressure tool �ttings. Along the test line is a 
7.5-feet long transparent acrylic pipe (ID: 1.5-inch) acting 
as the test section (observation window) wherein, the �ow 
patterns are observed and recorded. In addition, this line 
leads to the separator where air is released, and brine is 
pumped back to the holding water tank via a centrifugal 
pump.

In this study, the experimental works were conducted 
at horizontal condition (0°). The temperature was kept 

constant at ambient temperature, 30 °C with the help of 
insulated pipeline throughout the �ow loop. The super�-
cial velocities of air ranges from 0.01 to 0.609 m/s and the 
super�cial velocities for brine ranges from 0.5 to 3.0 m/s. 
The range of super�cial velocities were chosen to simulate 
turbulent �ow throughout the pipe.

2.1  Test section

The test section is comprised of a transparent acrylic pipe 
that is 7.5-feet long with an internal diameter (ID) of 1.5-in. 
The test section is used for �ow pattern visualization and 
liquid holdup. A high-speed Sony digital camera model 
FDR-X3000R with the capability to capture high frame per 
second (FPS) is placed perpendicularly to the test section 
to detect and capture the �ow patterns of the �uid when 
�owing in the pipe. It is located at the midway of the last 
part of the test section. To assist in the observation and 
determination of �ow pattern, �uorescent powder (Labo-
ratory Reagent,  C20H12O5) is mixed in the brine to give it 
a �uorescent colour. UV lights intensify the �uorescent 
colour and improve the appearance of the �ow pattern 
when captured by the camera. Other than that, two sole-
noid valves or quick closing valves (Watts Regulator) with 
maximum pressure of 125 psi are installed at both ends of 
the transparent acrylic pipe. The solenoid valves are used 
to trap the �uids for measuring liquid holdup which are 
collected using the drain valves �xed at both ends of the 
test section. Both valves must be closed simultaneously 
when the two-phases are �owing in the pipe during the 
experiment. The most crucial step in this method is the 
synchronized closing of valves at both ends of the test 
section because with every 20 ms missed; the resulting 

Fig. 1  Schematic diagram of experimental rig setup
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error will be less than 1% [31]. If the two solenoid valves 
are not synced to close at the same time, this may lead to 
an error where the test section may be �lled completely 
with stagnant �uid. There are also a number of previous 
researchers who reported using the same method [31–38].

Moreover, the test section of the rig is facilitated with 
four thermocouple probes (Heattemps, type HT-1; accu-
racy: ± 2.4 °C from -200 °C to 1200 °C) which are connected 
to temperature indicators (CAHO, model SR-T602) to dis-
play the detected temperatures (0 °C to 1000 °C) with 
accuracy of ± 0.5 °C and resolution of 0.1 °C. Pressure is 
measured using four pressure gauges (WIKA Instrumenta-
tion) with accuracy of 1.4% and was recorded using pres-
sure recorder (Supmea Paperless Recorder, SUP-R9600).

Liquid holdup is de�ned as the ratio of trapped water to 
the total volume of removable spool piece. Liquid holdups 
are measured using a 2000 ml graduated measuring cylin-
der. As the test �uid �ows through the test section (trans-
parent acrylic pipe), the two solenoid valves are closed 
to trap the �uid in the removable spool piece. Solenoid 
valve is chosen because it is designed to automatically 
close both ends of the test section at a fast rate. Accord-
ing to Oddie et al. [31], synchronized closing of valves at 
both ends must be done simultaneously because with 
every 20 ms missed, a resulting error of less than 1% will 
occur in the measurements. The test focuses on air and 
three di�erent brine salinities (1000 ppm. 15,000 ppm and 
30,000 ppm) which represents the reservoir brine salinity 
within the Malay Basin [30].

3  Results and discussion

Three different sodium chloride concentrations were 
added to the liquid phase. The properties of brine and 
Reynolds number are tabulated in Table 1. All the tests 
conducted were in turbulent regime.

3.1  Flow pattern

A videography study was carried out during the experi-
ment for each varying condition. Based on the �ow clas-
si�cations proposed by previous researcher [39–45], the 

�ow patterns observed could be grouped into four main 
types and subdivided into more detailed classi�cations as 
shown in Table 2.

3.1.1  Stratified flow

Strati�ed �ow or also known as segregated �ow is a type 
of �ow where a clear segregation between phases can 
be seen and that of which produces a de�nitive interface 
between them [45]. There are two types of strati�ed �ow, 
namely strati�ed smooth and strati�ed wavy. This type of 
�ow is highly dependent on the gravitational forces acting 
on them where the phases inside the pipe are segregated 
based on their density, lighter phase �ow above the heav-
ier phase [46]. This type of �ow usually occurs in low liquid 
and gas super�cial velocity which leads to a clear distinct 
interface formed throughout the test section. Figure 2 
shows a strati�ed smooth �ow where the air and brine are 
clearly separated by an undisturbed horizontal interface. 
The liquid and gas are fully strati�ed in this regime [47].

As super�cial gas velocities increase, the smooth hori-
zontal interface become agitated and destabilized result-
ing a wavy surface �owing in the direction of the �ow 
between the gas–liquid interface [46]. However, the ampli-
tude of the wave are not large enough to touch the ceiling 
of the pipe or break the air �ow [41]. This type of �ow is 
known as strati�ed wavy as shown in Fig. 3. The waviness 
on the surface between the brine and air are caused by 
drag of the gas passing on top of the brine [48].

Table 1  Test liquid properties

NaCl con. (ppm) Density (kg/m3) pH Dial reading 
at Shear rate 
(1022 s−1)

Newtonian 
viscosity (cp)

Reynolds number at di�erent U
sw

  (ms−1)

0.5 1.0 1.5 2.0 2.5 3.0

1000 1001.75 6.52 3.0 1.005 8481.5 16,963 25,444.5 33925.9 42407.4 50888.9

15000 1006.54 6.39 3.5 1.276 7304.6 14609.2 21913.8 29218.4 36523 43827.6

30000 1012.53 6.24 4.0 1.756 6429.6 12859.1 19288.7 25718.3 32147.8 38577.4

Table 2  Type of �ow patterns observed 

Type Sub-type

Strati�ed (a) Smooth

(b) Wavy

Intermittent (a) Plug

(b) Slug

(c) Pseudo-slug

Dispersed bubble –

Mixed �ow (a) Slug + Annular

(b) Plug + Slug

(c) Slug + Thin annular
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3.1.2  Intermittent

Intermittent �ow is a type of �ow that is usually formed 
after strati�ed �ow when the super�cial velocity of gas is 
increased. The increase in gas �ow rate causes an increase 
in drag on the surface between air and brine which then 
produces waves large enough to wet the top of the pipe 
hence separating the gas �ow. This causes bubble to form 
on top of the brine and �ows intermittently as air �ow is 
constantly engulfed by the brine. This study found that 
intermittent �ow can be broken down into three types 
of �ows which are plug, slug and pseudo-slug. The dif-
ferences between them relies on the void fraction or slug 
size and the degree of turbulence formed [49]. Plug �ow 
or also known as elongated bubble are formed at lower 
gas and liquid super�cial velocity compared to slug and 
pseudo-slug �ow. In this �ow regime, elongated bubble 
can be seen �owing on top of continuous brine �ow. The 
diameter of the elongated bubbles is signi�cantly smaller 
than the pipe diameter. These bubbles are separated by 
brine that engulfs the whole inner wall of the pipe and 
in between the bubbles causing them to move intermit-

tently between the brine. This �ow can be seen in Fig. 4a 
and b.

On the other hand, slug �ow is formed at higher super-
�cial gas velocities than plug. The tail of the elongated 
bubble in slug �ow can be seen �owing on top of brine 
�ow continuously. The diameter of the elongated bubble 
for slug �ow is signi�cantly smaller than the pipe inner 
diameter but slightly larger than the bubble diameter for 
plug �ow. In contrast to plug �ow, these bubbles are not 

separated by brine as a slim bubble connects two larger 
bubbles. The same �ow is described by Yang et al., [50] in 
their studies. This �ow is captured in Fig. 5.

Meanwhile, this study found that pseudo-slug forms at 
higher super�cial gas velocity than slug. The elongated 
bubbles and structures are similar to slug �ow, but the 
waves amplitude is larger [49]. Other than that, the start-
ing and ending waves are not similar in terms of shapes. 
This can be caused by the extremely aerated structure 
formed at the amplitude due to high gas penetration into 
the liquid slug body [51]. This �ow is captured in Fig. 6a. 
For strati�ed and intermittent �ow, water �lm is absent on 
top of the pipe as shown in Fig. 6b. 

3.1.3  Dispersed bubble

Dispersed bubble or also known as bubbly �ow is usually 
formed at higher liquid velocities. In lower velocity, the liq-
uid tends to be pulled down by gravitational force hence 
�owing in strati�ed �ow instead of dispersed bubble. On 
the contrary, dispersed bubble refers to small spherical 
bubbles �owing throughout the body of the �uid inside 
the pipe. As mentioned, horizontal flow is influenced 
mainly by buoyancy and gravitational forces. It is observed 

Fig. 4  a Plug �ow end and b Plug �ow Start

Fig. 5  Slug �ow

Fig. 6  a Pseudo-slug �ow b Absence of annular �lm from top view

Fig. 3  Strati�ed wavy �ow

Fig. 2  Strati�ed smooth �ow
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that the bubbles start dispersing at the upper half of the 
pipe, however, this distribution only happens in lower 
Reynolds number. In higher Reynolds number, the bub-
bles are observed to be distributed throughout the pipe’s 
cross-section and this is supported by Kong and Kim [2]. 
This �ow is captured in Fig. 7.

3.1.4  Mixed flow

Mixed flow is identified as transitional flow between 
flow regime. In this study, three types of mixed flows 
are captured, namely; Plug + Slug, Slug + Thin Annular, 
and Slug + Annular. Plug + Slug �ow is usually observed 
between plug and slug �ow. This type of �ow regime is 
di�erent from plug and slug �ow respectively because 
both of the �ow co-exist in the same �ow line alternating 
with each other. First a plug �ow is observed, followed by 
a slug �ow then ends with another plug �ow. This is dif-
ferent from a normal plug or slug �ow as only one type of 
�ow alternating with a bodily �uid is observed. This type 
of �ow is shown in Fig. 8, where the start of plug �ow is 
shown in Fig. 8c, the slug body in Fig. 8b, and the plug 
ends in Fig. 8a.

Slug + Thin Annular �ow is observed between the for-
mation of slug and annular �ow. This type of �ow happens 
when the super�cial velocity is high. Like slug �ow, the 
elongated bubbles in this �ow are seen �owing on top 
of the brine continuously but the bubbles are covered by 
a thin layer of liquid on the top wall of the pipe. This thin 
layer of liquid is observed to be �owing together with the 
bubbles and brine. This �ow is captured in Fig. 9a. Fig-
ure 9b shows a thin layer of water �owing on top of the 
pipe.

When gas velocity is increased, the thin brine layer 
thickened forming the Slug + Annular �ow. Other than 
that, the elongated bubble or void seemed to be bigger 
and its presence became more frequent compared to 

Slug + Thin Annular �ow. However, the elongated bubble 
is seen to be on the top half of the pipe cross-section due 
to gravitational forces and buoyancy [2, 47, 52]. This �ow 
is captured in Fig. 10a. In this case, the presence of water 
�lm is thicker on top of the pipe which is shown in Fig. 10b 
where the image is more opaque.

3.2  Flow pattern map

Flow pattern map is a two-dimensional chart that maps 
the most likely �ow to be found at certain liquid and gas 
super�cial velocity in a �xed pipe size. This map is sim-
ple but very useful in predicting the �ow condition and 
regimes at di�erent �ow conditions [53]. This is very sig-
ni�cant in designing and operating any multiphase �ow 
system. In this study, the �ow map is plotted based on 

Fig. 7  Dispersed buble �ow

Fig. 8  Plug + Slug �ow: a End, b Middle, and c Start

Fig. 9  a Slug + Thin Annular, b Thin Annular from top view

Fig. 10  a Slug + Annular, b Annular from top view
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the experimental visual data from a High-Speed Camera. 
The videos and pictures are captured from the gas-brine 
(Two-Phase �ow) �owing in 1.5-inch carbon steel pipe in 
horizontal conditions. Based on the �ow pattern mapped 
out in Fig. 11a–d, with brine salinity of 0 ppm, 1000 ppm, 
15,000 ppm and 30,000 ppm, it is proven that the �ow pat-
tern changes as the brine salinity changes. It is observed 
that for all brine salinities, as the super�cial �ow velocity of 
gas,  Usg and super�cial �ow velocity of water,  Usw increases 
from 0.01 m/s to 0.609 m/s and from 0.5 m/s to 3.0 m/s 
respectively, the �ow pattern transitions from strati�ed 
to intermittent to mixed �ow. Strati�ed �ow is observed 
at  Usg ≤ 0.122 m/s and  Usw ≤ 0.5 m/s in all the brine salin-
ity tested. Within that range, it is also observed that a 
transition from strati�ed smooth to strati�ed wavy hap-
pened between  Usg of 0.061 m/s and 0.122 m/s. As salinity 
increases, there are no signi�cant changes to the transi-
tion line. As the  Usw and  Usg increases, the strati�ed �ow 
changes to intermittent �ow followed by dispersed bubble 
�ow which correlates to the �ow pattern map proposed by 
previous researchers [16, 40, 41, 44]. There are three types 
of �ow observed in intermittent �ow, namely plug, slug 
and pseudo-slug. For plug �ow, it is observed at region 
of  Usg ≤ 0.195 m/s and  Usw ≤ 2.5 m/s for 1000 ppm salinity. 

However, it is observed that as the salinity increased, the 
plug �ow transition line shift towards lower  Usg but there 
are no signi�cant shift in  Usw. For slug �ow, the transi-
tion line is observed to be at medium to high  Usg and  Usw 
region. For 1000 ppm salinity, slug �ow can be observed 
at  Usg ≥ 0.487  m/s at  Usw of 0.5  m/s. However, as  Usw 
increases, the transition line moves diagonally toward the 
left of lower  Usg. The same �ow can be observed at  Usw of 
2.5 m/s and  Usg of 0.122 m/s in the same salinity. Further-
more, as the salinity increases, the transition line for slug 
�ow shifts towards lower  Usg but did not show any sig-
ni�cant shift in  Usw. For pseudo-slug, the �ow can be seen 
right after slug �ow at  Usg ≥ 0.487 m/s and  Usw ≤ 2 m/s. This 
�ow is observed at  Usg 0.609 m/s with  Usw between 1.0 m/s 
and 1.5 m/s for 1000 ppm and at  Usg 0.609 m/s with  Usw 
between 1.5 m/s and 2.0 m/s for 0 ppm. However, this �ow 
can be observed at lower  Usg of 0.487 m/s in 15,000 ppm 
salinity. As salinity increases, the transition line shifted 
slightly towards lower  Usg and  Usw.

Dispersed bubble �ow can be observed at higher  Usw 
but low  Usg region. In every salinity tested, dispersed bub-
ble �ow is observed at  Usg ≤ 0.061 m/s and  Usw ≥ 3.0 m/s. 
Plug + Slug �ow is observed between the plug and slug 
�ow. It is identi�ed that this type of �ow is a transitional 

Fig. 11  Transitional boundaries for a 0 PPM b 1000 PPM brine c 15,000 PPM brine d 30,000 PPM brine
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�ow. In 1000 ppm salinity, the transition line for this �ow 
is observed to be between  Usg of 0.294 m/s and 0.439 m/s 
at  Usw of 0.5 m/s. However, at  Usw 2.0 m/s, the transition 
line appears at a lower  Usg of 0.061 m/s and 0.122 m/s. The 
transition line appears at a higher  Usg which is between 
0.122 m/s and 0.0.195 m/s at  Usw 2.0 m/s for 0 ppm. The 
transition line move toward lower  Usg as the  Usw increases. 
In terms of increasing salinity, a signi�cant transition line 
shift can be seen towards lower  Usw, and only a slight shift 
towards lower  Usg. For Slug + Thin Annular, this is a transi-
tional �ow between slug and slug-annular �ow. This �ow 
occurs at medium to high  Usg and  Usw region. For low  Usw 
of 1.5 m/s, the �ow is observed starting at  Usg of 0.439 m/s 
in salinity brine of 1000 ppm. However, at higher  Usw of 
2.5 m/s, the �ow started to develop at  Usg of 0.195 m/s. 
From observation, the transition line shifts toward lower 
 Usg as  Usw increases. For 15,000 and 30,000  ppm, this 
�ow can be observed at a much lower  Usw of 1.5 m/s. In 
terms of salinity, the transition line shifts toward lower  Usw 
and  Usg as salinity increases, but there are no signi�cant 
changes between 15,000 and 30,000 ppm. At the high-
est  Usg of 0.69 m/s and at  Usw ≥ 2.5 m/s, a Slug-Annular 
flow was observed in all three salinities. As the brine 
salinity increases, the transition line has shifted towards 

lower  Usg (at  Usw of 3.0 m/s) where the �ow is developed 
at  Usg ≥ 0.439 m/s for 15,000 ppm and  Usg ≥ 0.365 m/s for 
30,000 ppm. There is no shift in the transition line for  Usw 
of 2.5 m/s.

3.3  Pressure drop

Figure 12a–d presents pressure drop data obtained with 
brine concentrations of 0 ppm, 1000 ppm, 15,000 ppm and 
30,000 ppm respectively. The data are plotted against the 
air super�cial velocity,  Usg, for di�erent brine super�cial 
velocities,  Usw. Based on the �gures, it is shown that the 
pressure drop increases as  Usg and  Usw increases for all 
concentrations. However, as the  Usw increases along with 
 Usg, there are signi�cant di�erences in pressure drops for 
each brine concentration which leads to a deduction as 
expected that, brine salinity a�ects the pressure drop.

According to Fig. 12a to d, pressure drop showed an 
increasing trend for super�cial water velocities,  Usw of 0.5 
to 3.0 m/s with increasing air super�cial velocities,  Usg from 
0.01 to 0.6 m/s. Based on Fig. 12a–b, at  Usw of 1.5, 2.0, 2.5, 
and 3.0 m/s with respect to  Usg 0.6 m/s, increase in pres-
sure drop percentages by 83.3%, 75.0%, 58.8%, and 57.5% 
respectively for brine salinity of 0 ppm was recorded; for 

Fig. 12  Pressure drop for a 0 PPM b 1000 PPM brine c 15,000 PPM brine d 30,000 PPM brine
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brine salinity of 1000 ppm, the pressure drop percent-
ages increase by 75.0, 71.4, 58.3, and 57.1% respectively. 
Meanwhile based on Fig. 12b, the pressure drop increment 
percentage for a higher brine salinity of 15,000 ppm were 
70, 66.7, 53.9, and 50% for  Usw of 1.5, 2.0, 2.5, and 3.0 m/s 
respectively at air super�cial velocities 0.6 m/s. On the 
other hand, the highest brine salinity of 30,000 ppm as 
shown in Fig. 12c tested in this study showed the low-
est pressure drop increment percentage compared to 
lower brine salinities. The tests recorded a pressure drop 
increase of 67.7%, 50%, 46.2%, and 42.9% as the air super-
�cial velocities 0.6 m/s. In the meantime, all brine salinities 
recorded a gradual increase of pressure drop which starts 
from 0 Pa at zero  Usg to a range of 1000 to 4000 Pa as the 
 Usg increases from 0.01 to 0.6 m/s for  Usw of 0.5 and 1.0 m/s 
as shown in Fig. 13a–d. At  Usg 0.01 m/s and  Usw 3.0 m/s, the 
pressure drop ratios recorded for 15,000 ppm, 10,000 ppm 
and 0 ppm were 0.125, 0.25, and 0.29 times less than what 
was recorded for 30,000 ppm respectively. However, as 
the  Usg increases, the pressure drop ratio decreases. This 
is observed at  Usg 0.439 m/s and  Usw 3.0 m/s where pres-
sure drop ratios recorded for 15,000 ppm, 10,000 ppm and 
0 ppm were only 0.02, 0.1, and 0.12 times less than what 
was recorded for 30,000 ppm respectively. This shows 

that higher salinity recorded higher average pressure 
drop compared to lower salinity. The reason behind this is 
that heavier liquid density will have more resistance and 
friction when �owing compared to lower density �uids. 
This is also because the denser the �uid, the higher the 
viscosity because there are more NaCl particles present in 
the �uid. Liquid with higher viscosity tend to have higher 
drag compared to lower viscosity �uids and this in turn 
rises the pressure drop in the system [54]. According to 
Wang [55],  Usw has more signi�cant impact on pressure 
drop compared to  Usg as it is in�uenced by gravitational 
forces. According to Kawahara et al. [56], pressure drop is 
highly a�ected by �ow patterns of the �ow, density, and 
velocity. The �ow pattern when transition from strati�ed 
to intermittent to dispersed bubbles to mixed �ow shows 
increment in pressure drop. The di�erences in  Usw and 
 Usg are due to di�erent brine concentration and air input 
fraction which a�ects the �ow pattern. From the result 
shown in Fig. 12a to d, it is observed that pressure drop 
increases as  Usg increases. There is some major �uctuation 
of pressure detected when slug �ow was observed. The 
large elongated bubbles �owing intermittently seemed to 
cause the �uctuation. This is also supported by Kee et al. 
[48] and Anumbe [53]. The condition is due to increase in 

Fig. 13  Pressure drop per unit  Usg for a 0 PPM b 1000 PPM brine c 15,000 PPM brine d 30,000 PPM brine
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 Usg, which results in increase of air fraction available in the 
pipeline. According to Al-Wahaibi et al. [57], the concen-
tration of liquid a�ects pressure drop of the �ow. The con-
centration here is related closely to density; thus, based on 
the statement, we can conclude that brine concentration 
or density a�ects the pressure drop. Although there were 
no signi�cant changes observed at lower U, the pressure 
drop increases as  Usw increases. This experiment deduced 
that salinity and �ow patterns transition a�ect pressure 
drop of the system.

3.3.1  Pressure drop comparison

The 1000 ppm brine salinity was selected for the pres-
sure drop comparison between experimental data and 
previous correlations. From the trend, there are similari-
ties observed for all three correlations where the pres-
sure drop increases as  Usw and  Usg increases. According to 
Fig. 14, there are large disparities when using the Beggs 
and Brill correlation. For example, the pressure drop at 
 Usg of 0.609 m/s and  Usw of 0.5 m/s recorded the smallest 
percentage di�erence of 0.16%. The highest percentage 
di�erence recorded was 56.07% at  Usw of 1.5 m/s. The 
average di�erence for all six  Usw at  Usg of 0.609 m/s is 
29.96%.

The Lockhart and Martinelli correlation predicted bet-
ter accuracy with experimental results in this study, as 
shown in Fig. 15. The di�erence between experimental 
and calculated values of pressure drops are not far o�. The 
lowest recorded percentage di�erence at  Usg 0.609 m/s is 
5.03% on  Usw 2.5 m/s. The highest percentage di�erence 
is 19.04% recorded at  Usg 0.609 m/s and  Usw 3.0 m/s. The 
average di�erence between experimental data and Lock-
hart and Martinelli correlation is at  Usg 0.609 m/s is 16.35% 
which is a better prediction compared to Beggs and Brill 
correlation.

Maher et  al. correlation gave the best accuracy 
which is shown in Fig.  16. This correlation predic-
tion is not far off from Lockhart and Martinelli. At  Usg 
0.609  m/s, the lowest and the highest percentage 
difference recorded were 1.22% at  Usw 2.5  m/s and 
36.24% at  Usw 1.5 m/s respectively. The average differ-
ence for all six  Usw at  Usg of 0.609 m/s is 13.43% which 
is the best average percentage difference between the 
three correlations.

Figure 17 presents the comparisons between the pre-
dicted pressure drop from all three correlations to the 
experimental data. It is observed that Maher et al. cor-
relation gave the best predictions compared to the cor-
relations by Beggs and Brill and Lockhart and Martinelli. 

Majority of the data for all three correlations predicted 
values that were higher than the experimental values. 
Maher et  al. correlation shows the least discrepan-
cies while Beggs and Brill correlation gave the largest 
errors. Table 3 lists the percentages of data within 15% 
and 35% of error band. The highest percentage of data 
points recorded within the 35% error band is from Maher 
et al. correlation with 36.67%, followed by Lockhart and 

Fig. 14  Pressure drop by Beggs and Brill correlation

Fig. 15  Pressure drop by Lockhart and Martinelli correlation

Fig. 16  Pressure drop by Maher et al. correlation
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Martinelli’s correlation with 25% and the least is from 
Beggs and Brill’s correlation with 13.33%. The table also 
shows the percentage of data points recorded within 
the 15% error band.

3.3.2  Mean absolute relative deviation (MARD) and mean 

relative deviation (MRD)

The behavior of all the correlations when compared to the 
actual data are tabulated in terms of Mean Absolute Rela-
tive Deviation (MARD) and Mean Relative Deviation (MRD) 
as shown in Table 4. All of the correlations produced MARD 
and MRD results of over 50% and the lowest recorded 
MARD and MRD is from the correlation by Maher et al..The 
high percentage is caused by large discrepancies between 
experimental and predicted data especially at  Usw 1.5 m/s 
and 2.0 m/s for all three correlations. The equation for 
MARD and MRD are shown in Eqs. 12 and 13, respectively.

where N is the number of calculation points, ΔP(i)pred is 
predicted pressure drop, ΔP(i)exp is experimental pressure 
drop.

(12)MARD =
1

N

N∑

i=1

|
|
|
|
|

ΔP(i)pred − ΔP(i)exp

ΔP(i)exp

|
|
|
|
|

(13)MRD =
1

N

N
∑

i=1

ΔP(i)pred − ΔP(i)exp

ΔP(i)exp

3.4  Liquid holdup

Based on the plots in Fig. 18a–d, it can be observed that 
as  Usw increase,  Hw increase. According to Kuntoro et al., 
[48], the liquid holdup is highly dependent on the �ow 
pattern and water input fraction. For brine salinity of 
1000 ppm, 15,000 ppm and 30,000 ppm, at low  Usw and 
low  Usg, the �ow pattern observed is strati�ed �ow. As the 
 Usw increases as well as the  Usg, intermittent and mixed 
�ow is observed. The overall trend for each brine salinity 
is that the  Hw decreases as the  Usg increases at a constant 
 Usw. This correlates to a study done by Dabirian et al. [5] 
where they stated that  Hw decreases as the  Usg increases 
at constant  Usw and  Hw increases as  Usw increases at con-
stant  Usg. However, in this study, the  Hw showed almost 
the same values and pattern which were in the range of 
70–86% for  Usg below 0.122 m/s for all brine salinities. For 
 Usg above 0.122 m/s, the  Hw for all brine salinities show a 
decreasing trend but in slightly di�erent patterns. Based 
on Fig. 18a, as the  Usw increases from 0.5 to 3.0 m/s, the 
 Hw decreases from 64.40 to 34.4% for liquid with brine 
salinity of 0 ppm. Other than that, Fig. 18b, brine salinity 
of 1000 ppm shows that as the  Usw increases from 0.5 to 
3.0 m/s, the  Hw decreases from 64.6 to 32%. Meanwhile, 
brine salinity of 15,000 ppm (Fig. 18c) shows a decrease 
in  Hw from 65.1% to 26.6% as the  Usw increase from 0.5 
to 3.0 m/s. Lastly, brine salninity of 30,000 ppm (Fig. 18d) 
shows a decrease from 69.5 to 25.2% as the  Usw increase 
from 0.5 to 3.0 m/s. A more detailed percentage di�erence 
in  Hw is shown in Fig. 19. Results show that higher salinity 
�uid (30,000 ppm) produced a higher percentage di�er-
ence of  Hw compared to lower salinity �uids (1000 and 
15,000 ppm) when  Usw < 1.5 m/s. On the contrary, lower 
salinity �uid (1000 ppm) produced a higher percentage 
di�erence of  Hw compared to higher salinity �uids (15,000 
and 30,000 ppm) when  Usw > 2.0 m/s. This di�erence may 
be caused by the di�erent �ow patterns �owing as if the 
�ow is more gas dominant. Furthermore, results also show 
that the percentage di�erence of  Hw did not decrease any 
further or signi�cantly between  Usw 2.5 and 3.0 m/s. This is 
because as the  Usw increase, large amounts of �uid cover 
most of the pipe volume thus no signi�cant changes in 
percentage di�erence of  Hw is recorded.

Table 4  MARD and MRD values for experimental data

Model/correlation MARD MRD

Beggs and Brill 71.89 71.16

Lockhart and Martinelli 58.86 53.76

Maher et al. 51.95 58.35

Fig. 17  Predicted versus measured pressure drop

Table 3  Percentage of data within 15% and 35% error bands

Model/Correlation Percentage 
within ± 15%

Percentage 
within ± 35%

Beggs and Brill 5.00 13.33

Lockhart and Martinelli 15.00 25.00

Maher et al. 23.33 36.67
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4  Conclusions

The �ndings of this experimental study of two-phase gas-
brine �ow in a horizontal system is compared with previ-
ous correlation models and the conclusions are summa-
rised below:

1. Different flow patterns under various  Usg and  Usw 
were observed during the experiment, namely strati-
�ed smooth, strati�ed wavy, plug, slug, plug + slug, 

pseudo-slug, dispersed bubbles, slug + thin annular, 
and slug + annular. A combination of �ow was identi-
�ed where a combination of plug, slug and thin annu-
lar �ow was present. Di�erent concentration of brine 
exhibits di�erent �ow patterns at di�erent super�cial 
�uid velocities. The �ow pattern map generated obey 
the flow transitions of previous studies. This study 
reports signi�cant e�ect of salinity towards the tran-

sition lines of �ow. However, the �ndings also show 
that the �ow pattern map is not entirely dependent 
on salinity, but also by other factors.

2. Pressure drops at lower  Usg and  Usw is the lowest and 
as the velocity increases, the pressure drop increases 
as well. However, when brine salinity increases the 
pressure drop decreases. This concludes that salinity 
a�ects the pressure drop of the system.

3. The correlation developed by Maher et al. produced 
the best prediction among the three correlations when 
compared to experimental data. The prediction is how-
ever not far from the correlation by Lockhart and Mar-
tinelli. Lockhart and Martinelli correlation performed 
better in predicting the pressure drops in regard to 
this experimental study compared to Beggs and Brill 
correlation. This is because Lockhart and Martinelli cor-
relation included the mass �owrate of liquid and gas 

Fig. 18  Liquid holdup for a 0 ppm b 1000 PPM brine c 15,000 PPM brine d 30,000 PPM brine

Fig. 19  Percentage di�erence of liquid holdup
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separately in their equation and with the addition of 
the Chrisholm correlation, a more accurate prediction 
of pressure drop to the experimental value is obtained. 
However, Maher et al. correlation was more detailed 
as they included factors such as two-phase viscosity 
mixture and gas–liquid friction factor.

4. Hw analysis were done by plotting  Hw versus  Usg.  Hw 
decreases as the  Usg increases at constant  Usw. This 
is due to increase in  Usg which leads to an increase 
in air-brine ratio in the pipeline which also leads to 
the reduce in the amount of  Hw in the test section. At 
increasing brine salinity, as  Usw increases along with 
 Usg, the liquid holdup increases. Liquid holdup per-
centage decreases from 64.4 to 34.4%, 64.6 to 32%, 
65.1 to 26.6%, and 69.5 to 25.2% for brine salinity 
of 0 ppm, 1000 ppm, 15,000 ppm, and 30,000 ppm 
respectively as the  Usw increase from 0.5 to 3.0 m/s.
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