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A B S T R A C T

Annular flow is predominant in gas wells. Liquid may be present in form of entrained droplets as well as in the
liquid film on pipe wall. The knowledge of the average liquid film thickness is vital for detailed mechanistic
modelling of churn–annular flow in engineering applications. So far, the models for liquid film thickness pre-
diction are limited to vertical and horizontal pipes. These models were based on limited ranges of experimental
data. In addition, exhaustive iterations are needed when these models are used to estimate liquid film thickness.
In this work, a new correlation to predict liquid film thickness in a 180° bend under gas–liquid annular con-
ditions was successfully proposed. The correlation was based on dimensionless numbers (modified gas and liquid
Weber numbers and gas Froude number) which reflect the underlined physics governing gas–liquid interaction
in the bend. The Weber numbers capture the two important forces (inertial and surface tension forces) which
govern the formation of the liquid film thickness within the system while gas Froude number quantifies the
interaction of two important forces (centrifugal and gravitational forces) which determines the distribution of
the phases across a bend. The proposed liquid film thickness correlation was based on the experimental data
obtained from a wide range of operating conditions. The liquid superficial velocities ranges from 0.02 to 0.2 m/s
and gas superficial velocities from 3.5 to 16m/s at different measurement locations of 45°, 90° and 135° of the
bend with a diameter of 127mm. The liquid film thickness in air–water and helium–water annular flow can be
predicted by = − −δ We We Fr28.4061( ) ( ) ( )L G G

0.10318 0.30954 0.31423. The validation of the proposed correlation used to
predict liquid film thickness in gas–liquid annular systems with different pipe diameters were examined against
the available data in the literature. Good agreement was found between the predicted values of liquid film
thickness with the experimental data at different measuring locations of the bend.

1. Introduction

In oil and gas production systems, pipe fittings such as elbows and
tees are commonly used. Such fittings are usually prone to corrosion
most especially if sand particles are present in the flowing fluid and
these failures have in the past resulted in great financial and human
losses [37]. The presence of the liquid film in the pipe bend in an an-
nular flow serves to cushion the impact of these sand particles on the
pipe wall. Also, in process industries, annular gas–liquid flow across a
bend is common in equipment such as the boilers and due to the
asymmetric distribution of the liquid film thickness, the heat transfer
mechanism will be grossly affected resulting in a burn-out and equip-
ment damage [13]. Therefore, to better design these processes, it is
important to develop a correlation that can accurately predict the liquid
film thickness distribution across the bend using easy access input

parameters such as gas and liquid physical properties and superficial
velocities.

Annular flow is one of the predominantly encountered flow patterns
in a number of industrial applications such as nuclear reactors, oil and
gas production, steam generations etc. [3]. Annular gas–liquid flow
pattern usually occurs at a high gas flow rate and low liquid flow rate
where the liquid forms a film around the wall of the pipe, while the gas
flows within the core with some liquid droplets entrained in it. The
study of the behaviour of this tiny liquid film around the internal walls
of the pipe, most especially in a curve pipe, is so important in under-
standing complex phenomena such as prediction of erosion magnitude
within pipe bends, heat transfer regimes in heating processes, etc. [31].

According to Usui et al. [42], gas–liquid flow in curved channels
usually involves the combined action of forces which tend to produce
such complications as inhomogeneous phase distribution, flow reversal,
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flooding, secondary flow and coalescence. These effects can lead to
corrosion, burn-out and subsequent tube failure. Thus, the hydro-
dynamic behaviour of a two-phase mixture flowing through curved
channels is of prime importance to designers. Abdulkadir et al. [3] re-
ported that several experimental studies have been done on multiphase
flow across 180° pipe bends such as the works done by Oshinowo and
Charles [30], Anderson and Hills [7,43], Wang et al. [44,45]. Also,
Tkaczyk and Morvan [40] reported that several authors have in-
vestigated numerically the gas–liquid flow in bends and have been able
to develop some models. However, all those models were limited to
bubbly flow regime where the gas exists as bubbles dispersed in the
continuous liquid phase.

Gas–liquid flow across a 90° bend has also been studied experi-
mentally by Schubring et al. [37], Abdulkadir et al. [2], Saidj et al. [33]
and others. On the matter of annular flow, Zahedi et al. [46] developed
a correlation to predict the liquid film thickness in a 90° elbow. Their
correlation was based on the liquid film correlations of Kosky [25],
Asali et al. [9] and Ambrosini et al. [6] for an annular flow in a vertical
flow. But according to MacGillivray [27], these correlations are not
very practical for design purposes since they require either the
knowledge or calculation of entrainment (to calculate the liquid film
mass flow rate) or the shear stress (to calculate the friction velocity).
These two quantities are not readily available from experimental work
and must be calculated with further empirical or semi-empirical cor-
relations. Zahedi et al. [46] proposed a correlation to predict liquid film
thickness. Unfortunately their correlation was based on Reynolds
Number and did not fully capture the interplay of the centrifugal and
gravitational forces that directly influences the liquid film thickness in a
bend. They recommended that other additional terms be added in the
model.

It is in view of this background that a new correlation will be de-
veloped. The correlation will be able to predict the liquid film thickness
from the knowledge of fluid flow rates and other phase parameters
without having to use empirical correlations to calculate the entrain-
ment and friction velocity and also a model that fully captures the
dynamics of the flow forces at work in a bend.

2. Literature review

2.1. Two-phase gas–liquid flow in a 180° bend

According to Ribeiro [32], experimental observations made by dif-
ferent researchers have shown that two-phase flow patterns in a bend
are qualitatively the same as those seen in a straight pipe and that the
presence of a bend introduces a developing situation in the flow pattern
whereby the relative positions and the flow velocities of the phases are
redistributed. For air–water flow round a vertical 90° bend, Gardner
and Neller [20] suggested that the phase distribution is governed by the
competing centrifugal force, which tend to take the liquid to the outside
of the bend and gravity which causes the liquid to fall to the inside of
the bend. They suggested that the ratio of the centrifugal and gravita-
tional forces can be represented by the modified Froude number given
as:

=Fr
u

rg θsinθ
M
2

(1)

where r, g, uM and θ are the radius of the bend, acceleration due to
gravity, mixture superficial velocity and angle of the bend, respectively.

Using the numerical value of the modified Froude number, Eq. (1),
an attempt to explain the distribution of the phases within the bend was
put forward by them. They discovered that if the value of the modified
Froude number is greater than unity, the air will flow towards the in-
side of the bend but if the value is less than unity, the air will flow
towards the outside of the bend and that if the value of the modified
Froude number is equal to unity, the both phases will be in radial

equilibrium [1].
Along the same line of reasoning Oshinowo and Charles [30] and

Usui et al. [41,42], gave a qualitative discussion on the interaction
between centrifugal force and gravity for a flow about a bend axis. They
explained this interaction by proposing a modified form of Froude’s
number expressed in terms of the actual velocities for both the liquid
and gas.
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where ρG and ρL are the densities of the gas and liquid, respectively; vG
and vL are the actual velocity of gas and liquid, respectively.

In agreement with the explanation put forward by Gardner and
Neller [20], they explained that if the left-hand side of Eq. (2) is greater
than 1, then the liquid will move to the outside of the bend and if it is
less than 1, the liquid will move inside the bend.

Usui et al. [41] investigated the flow behaviour and phase dis-
tribution in two-phase flow around an inverted U-bend using 24mm
internal diameter tubing. They were able to measure the distribution of
local void fraction along a diameter lying in the central plane of the
bend and over the whole cross-section of bend tube.

Almabrok et al. [5] carried out experiments to study gas–liquid two
phase flow behaviours in upward and downward vertical pipes con-
nected to a 180° bend. They observed that centrifugal force present in
the 180° bend caused a flow mal-distribution in the adjacent straight
section. In addition, they also noted from the time trace and the PDF of
void fraction results that the gas superficial velocity has obvious effects
on the flow development along different positions of the pipes. Oliveira
and Barbosa [29] investigated the nature of the developing flow up-
stream and downstream of a vertical 180° return bend (curvature radius
of 8.7) by means of void fraction and pressure drop measurements at
several positions along the 26.4mm internal diameter tubes connected
to the bend. They were able to evaluate the effect of the bend on the
flow characteristics for the plug, slug and annular flow regimes.

Gas–liquid flow behaviour in a 90° bend is different from that in a
180° bend. This will be discussed in the following section.

2.2. Flow regimes in bends

When a gas–liquid mixture flow in a tube, the flow phases may
distribute in a variety of patterns. In order to determine the flow
characteristics such as the pressure drop or liquid film thickness, it is
important to first know the flow regimes present for the given flow
conditions [19]. The presence of bends in a flow system usually affects
the flow configurations and structures of upstream, downstream and
within the bend. For instance, in a vertically positioned bend, there is
usually an inter play of centrifugal, gravitational and buoyancy forces
which leads to complicated flow behaviour such as inhomogeneous
phase distribution, flow reversal, flooding, secondary flow and coales-
cence [33]. The understanding of the flow behaviour upstream, through
and downstream of the bend is of prime importance in the design of the
devices where they are present. Abdulkadir et al. [2] analysed the ef-
fects of the 90° bends on two-phase air–silicone oil flow using advanced
instrumentation, electrical capacitance tomography (ECT), wire mesh
sensor (WMS) and high speed video camera. They used the cross-sec-
tional average void fraction data to identify the flow patterns upstream
and downstream of the bend and found that bubble, stratified, slug and
semi–annular flow patterns were present downstream of the vertical 90°
bend whilst for the horizontal 90° bend, the flow pattern exhibited the
same configurations as upstream of the bend. They concluded that the
liquid flow rate has an insignificant effect on the two-phase flow be-
haviour for the upstream section of the vertical 90° bend and that the
flow patterns are predominantly cap bubble, slug, unstable slug, and
churn flows.
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2.3. Liquid film thickness in vertical gas–liquid annular flow

Liquid film thickness in vertical annular gas–liquid flow has been
examined extensively in the literature. Kosky [25] was one of the first
authors to develop a correlation to determine the liquid film thickness
for vertical upward flows in straight section of pipes. He derived the
dimensionless liquid film thickness, δ+, as a function of liquid film
Reynolds number from Prandtl’s 1/7th power law velocity profile for
turbulent flows as:

=+ Reδ 0.0504 lf
0.875

(3)

where Relf is the liquid film Reynolds number.
Asali et al. [9] later improved Kosky [25]’s correlation for

20 < Relf < 300 using experimental data and proposed Eq. (4):

=+ Reδ 0.34 lf
0.6 (4)

Several years later, Ambrosini et al. [6] collected a wide range of
experimental data by varying the pipe diameter and the working fluid
used and was able to develop a correlation based on that of Kosky [25]
and Asali et al. [9] and reported that the transition between these two
correlations is at Relf = 1000 and that the empirical equations for the
liquid film thickness are correlated with the liquid film Reynolds
number, Eq. (5):

=+ Reδ A lf
B

(5)

For the correlation of Asali et al. [9], 0.34 and 0.6 represent the
constants A and B, respectively within Relf≤ 1000 while on the other
hand 0.0512 and 0.875 represents the constants A and B, respectively
within Relf > 1000 for the Kosky [25] correlation.

Fukano and Furukawa [18] developed a correlation for vertical
upward flows based on annular flow data collected during an experi-
ment where the fluid used are air–water and air–glycerine solutions in a
19mm and 26mm tubes, respectively. The correlation is reported to be
able to predict mean film thickness to within 15% for the entire range of
data and it is given as:

= −δ
D

e0.0594 Fr Re x( 0.34 )G SL
0.25 0.19 0.6

(6)

where FrG is the gas Froude number, ReSL is the liquid superficial
Reynolds number and x is the gas quality. The gas Froude number can
be calculated from:

=Fr u
gDG
SG

(7)

where

g is the acceleration due to gravity.

The liquid superficial Reynolds number is calculated using:

=Re
u Dρ
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L (8)

The gas quality, x, is the ratio between the mass flow rate of the gas
(mG) and the total mass flow rate of the gas–liquid mixture (mG+mL)
and can be calculated using Eq. (9)
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MacGillivray [27] equally developed a liquid film thickness corre-
lation based on the work done by de Jong [16]. He plotted the com-
bined data for helium–water and air–water systems at a pressure of
18MPa in a 9.525mm internal diameter pipe as one data set to obtain
the new correlation which is given as:
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Berna et al. [11] used a wide range of data to develop another
correlation for the liquid film thickness taking into consideration the
physical properties of the working fluids and the conditions of the ex-
periments such as the gas and liquid superficial velocities, densities and
dynamic viscosities for both fluids and the surface tension of the liquid
phase. The correlation that they proposed is:

⎜ ⎟= ⎛
⎝
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⎠
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Re Re Fr
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10.07 0.48
0.24

(11)

2.4. Liquid film thickness in bends

In the study of gas–liquid annular flow in a bend, it has been dis-
covered that the variation of the liquid film thickness around the pipe
circumference is quite complex. Several research works have been
performed over the years to elucidate the dynamics of the liquid film
thickness and its relationship with other hydrodynamic flow para-
meters in order to assist in the accurate design of the numerous ga-
s–liquid annular systems involving bends. Abdulkadir [1] stated that in
bends, the moving direction of the liquid film depends on the relative
magnitude of the pressure, interfacial shear, centrifugal and gravity
forces which act in a combined manner to induce secondary flow in the
liquid film. Also, under the condition where the momentum of the gas
phase is higher than the momentum of the liquid phase, the maximum
liquid film thickness is seen to be displaced to the inside of the bend.
Several authors have investigated experimentally the effects of the bend
on the liquid film distribution in a gas–liquid annular flow.

Anderson and Hills [7] used an inverted U-tube return bend to study
parameters such as liquid film thickness, gas velocity distribution and
droplet entrainment in an annular flow using a pipe bend of 25mm
internal diameter and radius of curvature of 305mm. In their work,
they observed an increase in the liquid film thickness in the inside of the
bend in which they proffer an explanation that the increase in the liquid
film thickness in the inside of the bend is as a result of the effect of
gravity and secondary flow existing in the gas phase.

Sakamoto et al. [34] performed experimental work in a horizontal
180° bend using air–water as the working fluids. The diameter and
radius of curvature of the bend are 24mm and 135mm, respectively.
They employed the conductance type probe to measure the liquid film
thickness and an L-shaped stainless steel sampling tube to measure the
local droplet flow rate. They reported the distribution of annular liquid
film thickness and the local drop flow rate in the gas core in a straight
pipe and at the end of the U-bends at horizontal to horizontal (upward),
vertical upward, 45° upward to the horizontal.

Chong et al. [12] also calculated the liquid film thickness in a
150mm internal diameter U-bend and inverted U-bend which was used
to join vertical straight pipes to form a serpentine pipeline. Their aim
basically was to calculate the conditions at which dry-out occurs in the
serpentine channels of fired reboilers.

Tkaczyk and Morvan [39] used finite volume-based CFD model to
predict liquid film thickness in an annular two-phase flow around a C-
bend. The liquid film thickness was explicitly solved using a modified
Volume of Fluid (VOF) method while the droplets were traced using a
Lagrangian technique. They explained that the entrained droplets in-
teract with the liquid film whenever they contact the film surface and
they used the Weber number to characterise the regime of impingement
(stick, rebound, spread and splash). They concluded that the deposition
of entrained droplets and secondary flow which occurs in the gas phase
has a strong influence on the liquid film thickness distribution in an-
nular flow.

Almabrok et al. [5] studied experimentally gas–liquid two-phase
flow behaviours in upward and downward vertical pipes connected to a
180° bend with serpentine configurations using wire mesh sensor
(WMS) and liquid film thickness probes. They used the WMS to obtain
void fraction distribution while the circumferential profile of the liquid
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film thickness at different axial positions along both sections were ob-
tained using the liquid film thickness probes. In their study, they con-
cluded that in the downward flow, the liquid film thickness is thicker at
90° of the top position than other locations for the whole range of the
superficial velocities tested which is as a result of the centrifugal force
that tends to push the liquid into the outer curvature of the bend. Also,
for the upward position, the liquid film thickness distribution at the top,
middle and bottom positions is symmetrically circumferentially uni-
form. However, the liquid film thickness at the bottom position was
notably thicker than those at the top and middle positions. Abdulkadir
et al. [4] carried out experimental measurement of liquid film dis-
tribution of an air–water mixture flowing through a vertical 180° return
bend using flush mounted pin probes and parallel wire probes. In their
experiment, a bend of internal diameter of 127mm and a curvature
ratio (R/D) of 3 were used. The range of superficial velocities for both
the gas and liquid phases are 3.5–16.1m/s and 0.02–0.2m/s, respec-
tively, and from their experimental results, they concluded that the
average liquid film thickness peaked at 90° corresponding to liquid and
gas superficial velocities of 0.02m/s and 6.2 m/s, respectively. Also,
from the result of their polar plots of the averaged liquid film thickness
in the bend, they observed that the distribution of the liquid film
thickness is not symmetrical with thicker films on the inside of the bend
due to the action of gravity.

Liu and Liu [26] estimated sand erosions in elbows for annular–mist
flow based on liquid film thickness and droplet diameter using a nu-
merical method. In their work, they used two liquid film thickness
correlations and three droplets mean diameter prediction models to
compare calculated results with experimental data available in the lit-
erature. They were also able to develop numerical prediction procedure
based on the information of the liquid film thickness and droplet dia-
meter verification. From the results obtained, they concluded that
Henstock and Hanratty [22]’s liquid film thickness correlation is more
efficient and that the droplet diameter model of Kocamustafaogullari
et al. [24] is the most accurate.

2.5. Liquid film thickness prediction model for gas–liquid flow in a 90°
elbow

The presence of elbows, especially the 90° type, plays a very im-
portant role in changing the fluid flow direction in pipelines which
finds applications in process industries especially in the oil and gas
sector. Over the years, a number of research works have been carried
out to study the behaviour of fluid across the 90° bend and how the
hydrodynamic parameters are affected as a result of the bend. In the
literature, a bulk of the research effort is concentrated mainly on the
study of the pressure drop and erosion-corrosion effect as a result of the
90° elbow, but work on the study of the liquid film thickness across the
90° are quite scarce.

For example, Barton [10] gave an overview of the erosion me-
chanisms in elbows in hydrocarbon production systems, Ansari et al.
[8] studied the two-phase gas–liquid/solid flow modelling in 90° bends
and its effect on corrosion. Droubi et al. [17] used CFD to analyse sand
erosion in a 90° sharp bend geometry. For the study on pressure drop,
Spedding and Benard [38] studied the gas–liquid two phase flow
through a vertical 90° elbow bend where they reported pressure drop
data for the two-phase air–water flow. Sanchez-Silva et al. [35] per-
formed an evaluation of the pressure drop models for two-phase flow in
a 90° bend. Mazumder [28] used CFD to analyse the effect of the elbow
radius on pressure drop in a multiphase flow.

For the liquid film thickness across the 90° elbow, very limited in-
formation exists in the literature. Abdulkadir et al. [4] carried out ex-
perimental investigation on liquid film thickness behaviour within a
large diameter vertical 180° return bend. They were able to establish a
relationship between the liquid film thickness and the 45°, 90° and 135°
bends locations. They discovered that at liquid and gas superficial ve-
locities of 0.02m/s and 6.2m/s, respectively, the average liquid film

thickness can be observed to peak at 90° bend location due to the fact
that at this location, the effect of gravity is more pronounced and as
such drains the liquid to the bottom of the pipe. In order to use such
important observation reported by Abdulkadir et al. [4] and other re-
searchers on the relationship between the liquid film thickness and the
angle of the elbow for design purposes, it is important to develop a
correlation that gives a true representation of what goes on within such
flow systems. In the literature and to the best of our knowledge, the
only model correlation that captures the relationship between the liquid
film thickness and other hydrodynamic flow parameters across a 90°
elbow is the one developed by Zahedi et al. [46]. They used a pipe with
an internal diameter of 76.2 mm and a length of 0.762m which was
connected to a 114.3 mm radius of curvature and another straight
section of pipe of 152.4 mm in length. Experimental data at 45° elbow
were used to develop a new correlation to predict the liquid film
thickness along the outer walls of the elbow. The new correlation is
given as:

= × >+ −δ Re Re3 10 1000lf
9 2.71

lf (12)

The correlation is actually based on the work of Kosky [25], Asali
et al. [9], and Ambrosini et al. [6]. It is worth mentioning that the work
of Kosky was concerned with the determination of the liquid film
thickness for vertical upward flows in straight sections of pipes and not
across a 90° bend. Also, MacGillivray [27] stated that the correlations of
Kosky, Asali and Ambrosini are not very practical for design purposes
since they require either the knowledge or calculation of liquid en-
trainment (to calculate the liquid film mass flow rate) or the shear stress
(to calculate the friction velocity). These two quantities are not readily
available from experimental work and must be calculated using further
empirical or semi-empirical correlations. Also, the correlation devel-
oped by Zahedi et al. [46] did not capture the relationship between the
centrifugal force and gravitation force which majorly determines the
distribution of the phases in the 90° bend. Therefore, there is a need to
develop a correlation that can reasonably predict the liquid film
thickness from gas and liquid superficial velocities and their physical
properties. This work therefore is targeted to develop a new correlation
which overcomes the deficiency existing in Zahedi et al. [46] to predict
the liquid film thickness at a 90° measuring location in a vertical 180°
return bend. The generalization property of the developed correlation
will be tested by extending the liquid film thickness prediction to the
45° and 135° bend positions. Finally, the performance of the correlation
is evaluated by the data in vertical annular upflow system of MacGil-
livray [27].

3. Experimental methodology

The experimental investigations were carried out on a large close
loop facility available within the Chemical Engineering Laboratories of
the University of Nottingham. The facility shown schematically in Fig. 1
has been reported previously by Abdulkadir et al. [3,4]. Details of the
experimental set-up can thus be found in Abdulkadir [1] and Abdulk-
adir et al. [3,4]. However, a brief description of the rig is presented here
for sake of completeness.

The stored water in the bottom of the separator was pumped to an
air–water mixer before it entered the riser, flowed into the bend, went
down the downcomer and finally returned to the separator. The se-
parator is a cylindrical stainless steel vessel of 1 m in diameter and 4m
high filled with 1600 L of water. Air used as the gas phase was driven to
the air–water mixer by two liquid-ring-pump compressors powered by
two 55 kW motors. The gas flow rates were regulated by varying the
speed of the compressor motors (up to 1500 rpm) together with the
valves just below the gas flow meters Abdulkadir et al. [4]. The liquid
and gas superficial velocities employed were in the ranges from 0.02 to
0.2 m/s and 3.5 to 16.1m/s, respectively.

Before the commencement of the experiments, the flow loop was
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pressurised to 3 bar (a) using compressed main air.
The two-phase mixture travels for 11m along a 127mm internal

diameter vertical riser downstream of the mixer in which annular or
churn flow is formed. The test bend with the same internal diameter
was mounted on top of the riser. The 180° return bend has a radius of
curvature of 381mm (R/D=3) and consist of four modular blocks and
one instrumentation section containing all the measuring sensors
(parallel-ring probes, parallel-wire probes and flush-mounted pin
probes). This modular construction enables the measuring section to be
inserted every 45° along the bend as shown in Fig. 1 [4]. Afar the bend,
the air–water flow mixture travels a further 9.6 m vertically downwards
in a downcomer and 1.5m horizontally to the separator where the gas
and the liquid are separated and directed back to the compressors and
the pump respectively, to create a double closed loop.

Liquid film thickness measurements were carried out using a con-
ductance technique, which employed either flush mounted or parallel
wire probes. The first type was used for the almost entire section of the
pipe while the second type, suitable for higher liquid film thickness,
was used only for the bottom section of the bend. The parallel-wire
probes used to measure liquid film thickness at the bottom of the bend
are the same type employed by Conte [14], Conte and Azzopardi [15],
Geraci et al. [21] and Abdulkadir et al. [4]. In this methodology, five
pairs of stainless steel wires are stretched along chords of the pipe cross-
section and the resistance between pairs measured. On the other hand,
the flush mounted pin probes was used for very thin liquid films, ty-
pically up to 2.5 mm. Details can be found in Abdulkadir [1] and Ab-
dulkadir et al. [4].

4. Correlation development

The liquid film thickness correlation was based on the present ex-
perimental data in an inverted 180° degree return bend.

According to Ju [23], liquid film thickness is a function of gas and
liquid superficial velocities, gas and liquid fluid properties and pipe
diameter. Contrary to the assumption of many researchers such as
Berna et al. [11], Asali et al. [9], Sawant [36] and Fukano and Fur-
ukawa [18] that the effect of liquid velocity on the liquid film thickness
is directly reflected in a function of the liquid Reynolds number, Ju [23]
reported that the liquid velocity effect is more appropriately described
by the liquid Weber number (We). He concluded that the surface ten-
sion force is more important than the viscosity force during the inter-
action of the two phases. This claim is supported by the fact that the
liquid Reynolds number failed to converge data taken from different
pipe diameters whereas the Weber number did without introducing
new parameters on the diameter as can be seen in Fig. 2.

Another reason that Weber number is better suited for the predic-
tion of the liquid film thickness than the Reynolds number can be un-
derstood from the underlined physics in gas-liquid annular flow. The
mechanism governing the liquid film thickness in annular flow is the
liquid and gas inertia forces over the surface tension. The inertia forces
tend to change the shape of the interface while the surface tension tends
to keep the shape of the interface. These two mechanisms often com-
pete with each other on the interface shape. The parameter that can
represent the inertia force over the surface tension force is the Weber
Number.

Fig. 1. Schematic diagram of the experimental facility. Adapted from Abdulkadir et al. [4]. The spacing between the two parallel wires of each pair is of 5 mm and the distance between
pair is 20mm, with the central pair placed symmetrically about a vertical diameter. The electrodes of the pairs of parallel pin probes were spaced by every 10° from each other and 11.84°
from the closest wire probe assembly. The probes were made from 1.5mm diameter welding rods, made of stainless steel to avoid problems of corrosion.
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Thus, this work uses Weber number rather than Reynolds number
adopted in Zahedi et al. [46] to quantify the liquid film thickness. The
Weber numbers for the liquid and gas phases were defined by Eqs. (13)
and (14), respectively:

=We
ρ u D

σL
L SL

2

(13)

The Sawant [36]’s modified Weber Number that accounts for pres-
sure effect is given as:

⎜ ⎟= ⎛
⎝

⎞
⎠

We
ρ u D

σ
ρ

ρ
Δ

G
G SG

G

2 1/4

(14)

where

ρG is the gas density, D is the pipe diameter and σ is the surface
tension, Δρ is the density difference.

Because the flow considered in this work is a vertical churn–annular
flow at a 90° elbow measurement location, there was a need to thor-
oughly understand the forces at play in determining the distribution of
the phases within the bend. Abdulkadir et al. [2] as depicted in Fig. 3
had earlier observed that the centrifugal and gravity forces play a sig-
nificant role in determining the relative positions of the liquid and gas

phases across the radial direction of the bend. Oshinowo and Charles
[30] and Usui et al. [41,42] gave a qualitative discussion on the in-
teraction between centrifugal force and gravity for a flow along a bend
axis. They explained this interaction by proposing a modified form of
Froude’s number expressed in terms of the actual velocities for both the
liquid and gas. They achieved this by assuming that the interfacial and
frictional forces are negligible when compared with pressure, cen-
trifugal and gravitational forces. They carried out a material balance on
the fluid elements in the direction normal to that of the flow at a point
in the bend to yield:

= + +F Pressure force kinetic energy force gravity forceθ (15)

For liquid phase,

= + −F Pressureforce
ρ v

r
ρ g θsinLθ

L L
L

2

(16)

For gas phase,

= + −F Pressureforce
ρ v

r
ρ g θsinGθ

G G
G

2

(17)

where FLθ and FGθ are the net forces of the liquid and gas phases, re-
spectively.

At equilibrium, FLθ = FGθ, ⇒ Eq. (16) = (17)

− = −
ρ v

r
ρ g θ

ρ v
r

ρ g θsin sinL L
L

G G
G

2 2

(18)

In order to simplify Eq. (18), two cases will need to be considered:
Case 1: Horizontal flow; θ = 0° or 180° =θsin 0, gravity forces

becomes zero.
Thus, Eq. (18) reduces to

= ⇒ =
ρ v

r
ρ v

r
ρ v
ρ v

; 1L L G G G G

L L

2 2 2

2 (19)

Thus,

=
ρ v
ρ v

FrG G

L L
θ

2

2 (20)

Case 2: Elevated flow; ≠θ 0° or ≠θ 180° ⇒ ≠θsin 0
Eq. (18) can be rearranged as

− = −
ρ v

r
ρ v

r
ρ g θ ρ g θsin sinL L G G

L G

2 2

(21)

Dividing through Eq. (21) by ρ g θsinL , we have

− = −
v

rg θ
ρ v

rgρ θ
ρ
ρsin sin

1L G G

L

G

L

2 2

(22)

Eq. (22) can be rearranged as

Fig. 2. Liquid velocity effect on film thickness with dependence on surface tension and liquid viscosity [23].

Fig. 3. A schematic diagram showing the interplay between the forces acting on the flow
in a 180° return bend.
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− =
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Dividing both sides of Eq. (23) by −ρ ρ
ρ
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Recall that at radial equilibrium, FLθ = FGθ and =Fr 1θ
The modified form of Froude number becomes Eq. (25) for all cases,

that is, FLθ > FGθ, FLθ = FGθ, FLθ < FGθ.

⎡
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=
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2 2

2
L G

L (25)

In agreement with the explanation put forward by Gardner and
Neller [20], Oshinowo and Charles [30] and Usui et al. [41,42] that if
the left-hand side of Eq. (25) is greater than 1, then the liquid will move
to the outside of the bend and that if less than 1, the liquid will move to
inside the bend.

However, Eq. (25) is not very practical for design purposes since it
requires either the knowledge or calculation of liquid holdup or void
fraction to calculate the liquid velocity. In order to circumvent this
challenge, Eq. (26) which is similar to Eq. (25) originally proposed by
Gardner and Neller [20] and applied by Abdulkadir et al. [2] and Saidj
et al. [33] will be used in this work.

= = =Fr Fr u
rg θ

u
rg θsin sinθ G

SG SG
2

(26)

Since the modified Weber and Froude numbers can adequately
capture the underlined physics of the flow in a bend, the model for the
prediction of the liquid film thickness across a 90° elbow location can
be proposed as:

=δ C We We Fr( ) ( ) ( )L
a

G
b

G
d (27)

where δ is the liquid film thickness, WeL, and WeG are the modified
Weber Number for the liquid and gas, respectively, FrG is the gas Froude
Number, C is an empirical constant, a, b and d are numbers that de-
scribe the nature of the relationship between the liquid film thickness
and the dimensionless numbers.

One of the attractive features in the proposed model is the fact that
most of the important variables that affect the liquid film thickness such
as the velocities of the liquid and gas phases, the diameter of the pipe,
the physical properties of the phases, and the bend angle are all con-
sidered within the model and all these parameters are easily accessed.

In order to determine the values of the empirical constants C, a, b
and d, the method of Ju [23] was adapted. The method of Ju [23] in-
volves making a graphical plot of left hand side with each of the di-
mensionless groups on the right-hand side using a power law re-
lationship in order to obtain the associated empirical constants
(different exponents). But in this work, we did not just stop at obtaining
the empirical constants, C, a, b and d obtained from the plots. But rather
used the empirical constants as initial values in a curve fitting program
in Excel called Solver to determine the actual values of these constants.
The mathematical basis of the Solver is the minimization of the sum of
chi square.

Once the empirical constants are obtained, the model will be tested
using experimental data for the 90° bend position.

In order to check the robustness of the newly developed correlation,
it was extended to the prediction of the liquid film thickness at bend
positions 45° and 135°. It was also evaluated by the published data in
MacGillivray [27] for vertical annular upflow to determine its level of
accuracy in predicting liquid film thickness.

5. Results and discussion

A new proposed liquid film thickness correlation for annular flow in
a 180° return bend based on experimental data obtained from a wide
range of operating conditions will be presented, analysed and dis-
cussed. The liquid superficial velocities ranges from 0.02 to 0.2 m/s and
gas superficial velocities from 3.5 to 16m/s at different measurement
locations of 45°, 90° and 135° of the bend with a diameter of 127mm.

5.1. Dependence of average liquid film thickness on the gas superficial
velocity

Fig. 4 shows the relationship between the experimental average li-
quid film thickness and the gas superficial velocity at constant liquid
superficial velocity.

From Fig. 4, the general trend is that the average liquid film
thickness decreases as the gas superficial velocity increases at constant
liquid superficial velocity as observed by researchers such as Fukano
and Furukawa [18], Sawant [36] and Abdulkadir et al. [4]. The ex-
planation for this phenomenon is the formation of the liquid droplets
known as droplet entrainment within the gas core as the gas superficial
velocity increases.

5.2. Dependence of the average liquid film thickness on the modified liquid
Weber number

From Fig. 5, it can be observed that as the modified liquid Weber
Number increases, the inertia for the liquid phase increases which

Fig. 4. A plot of the effect of gas superficial velocity on averaged liquid film thickness at
constant superficial liquid velocity.

Fig. 5. The relationship between the average liquid film thickness and modified liquid
Weber Number.
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moves more of the liquid into the test region resulting to the increase in
the liquid film thickness. This is in agreement with the observation
reported by Ju [23].

5.3. Dependence of the average liquid film thickness on the modified gas
Weber number

Fig. 6 reveals explicitly the relationship between the average liquid
film thickness and the modified gas Weber Number.

It can be deduced from the figure that the liquid film thickness
decreases asymptotically as the modified Weber Number increases,
meaning that the inertial force which is as a result of an increase in the
modified Weber Number due to an increase in the gas superficial ve-
locity, tends to decrease the liquid film thickness.

5.4. Dependency of the average liquid film thickness on the modified Froude
number

Fig. 7 shows the relationship between the average liquid film
thickness and the modified Froude Number. This dimensionless number
is so important in describing the phase distribution of the flow across
the bend.

Also from the plot, it can be seen that the average liquid film
thickness decreases as the modified Froude Number increases. In
summary, the relationship between the averaged liquid film thickness
and the various dimensionless numbers can be seen below:

For the liquid phase Weber Number:

=δ We0.473( )L
0.22 (28)

For the gaseous phase Weber Number:

= −δ We50.26( )G
0.66 (29)

For the Froude Number of the gas flow:

= −δ Fr38.64( )G
0.67 (30)

Combining all the dimensionless numbers, the new correlation will
be:

= − −δ We We Fr918.5879( ) ( ) ( )L G G
0.22 0.66 0.67 (31)

Comparing Eq. (31) with the functional form of Eq. (27), we have C,
a, b and d equals 918.5879, 0.22, -0.66 and -0.67, respectively. These
values are used as the initial values in an EXCEL program called the
SOLVER to determine the actual values which minimizes the error be-
tween the actual and predicted values of the liquid film thickness. After
several iterations, the converged results that minimizes the value of the
error occur when C, a, b, and d are 28.4061, 0.10318, -0.30954 and
-0.31423 respectively. The final correlation for the liquid film model
can be represented as:

= − −δ We We Fr28.4061( ) ( ) ( )L G G
0.10318 0.30954 0.31423 (32)

5.5. Comparison of the predicted liquid film thickness with the measured
values outside and inside the bend

In this work, the experimental (measured) liquid film thickness in-
side and outside of the 180° return bend for an air–water churn–annular
system at the measurement location of 90° of the bend are compared
with those predicted by the correlation in Fig. 8. In general, they have
excellent agreement except at low gas superficial velocities for outside
and inside the bend and at low and high liquid superficial velocities for
inside bend (Fig. 8a and i). At low gas superficial velocities the flow
patterns in the bend are believed in the transition of churn to annular
flow. It is not surprising that the correlation gives higher deviations.
The correlation considerably underestimated the liquid film thickness
inside the bend at uSL = 0.02m/s (Fig. 8a) and 0.2 m/s (Fig. 8i). This
can be explained because with the increase of uSL more droplets were
deposited at inside the bend and the flow patterns deviated from typical
annular flow. Overall the correlation gives better prediction to the li-
quid film thickness outside the bend than the inside one. The correla-
tion is also better suited for predicting annular gas–liquid flow.

5.6. Comparison of the predicted averaged liquid film thickness across the
bend with the experimental data

This section shows a comparison between the experimental average
liquid film thickness across the bend with the data predicted by the
correlation at three measurement locations of 45°, 90° and 135° of the
bend.

In Fig. 9, the values of predicted average liquid film thickness at 90°
bend measurement location are plotted against the experimental data.
Excellent agreement is shown over the entire range of the observations
with a Pearson Product-moment correlation coefficient of 88.27%. The
Pearson Product-moment correlation coefficient is a measure of the
strength of a linear association between two variables. It attempts to
draw a line of best fit through the data of two variables [1]. When the
correlation was extended to predict the average liquid film thickness at
the locations of 40° and 135° of the bend, very good agreements are also
found, Figs. 10 and 11. Pearson Product-moment correlation coeffi-
cients for the two figures are 93.69% and 82.57%.

5.7. Correlation evaluation by the data available in the literature

The robustness of the correlation developed in this work was eval-
uated by the liquid film thickness data reported in MacGillivray [27].

Good agreement can be seen from Fig. 12 and that most data points

Fig. 6. The relationship between the average liquid film thickness and modified gas
Weber Number.

Fig. 7. The relationship between the average liquid film thickness and modified Froude
Number.
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Fig. 8. A plot of the averaged liquid film thickness along the outer and inner bend versus the gas superficial velocity for each of the liquid superficial velocities. 90° bend position.
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clustered along the correlation line with a Pearson Product-moment
correlation coefficient of 92.01%. We have confidence to believe that
the liquid film thickness correlation developed in this work can be
successfully applied to air–water and helium–water annular systems
with a wide range of pipe diameters.

6. Conclusion

In this work, the prediction of liquid film thickness in a 180° bend
under gas–liquid annular conditions was carried out and discussed
using experimental data. A liquid film thickness correlation based on

dimensionless numbers which reflect the underlined physics governing
gas–liquid interaction in the bend was successfully proposed. Modified
liquid and gas Weber Numbers (WeL and WeG) were chosen to be used
in the model as the Weber Numbers capture the two important forces
(inertial and surface tension forces) which govern the formation of the
liquid film thickness within the system. Gas Froude Number was also
chosen because it captures the two important forces (Centrifugal and
gravitational forces) which determine the distribution of the phases
across a bend. It was observed that the relationship between the aver-
aged liquid film thickness and the modified liquid Weber Number is
such that as the modified liquid Weber Number increases, the average
liquid film thickness also increases. For the modified gas Weber
Number, it was observed that as the modified gas Weber Number in-
creases, the average liquid film thickness decreases asymptotically to a
minimum value and the same trend was observed for the modified
Froude Number.

A new correlation that can predict the liquid film thickness
in gas–liquid annular flow was developed ( =δ

− −We We Fr28.4061( ) ( ) ( )L G G
0.10318 0.30954 0.31423). Good agreement was found

between the predicted values of liquid film thickness with the experi-
mental data at different measuring locations of the bend. Pearson
product-moment correlation coefficients for the 45°, 90° and 135° bend
locations were 93.69%, 88.27% and 82.57%, respectively. The valida-
tion of the proposed correlation used to predict liquid film thickness in
gas–liquid annular systems with different pipe diameters were ex-
amined against the available data in the literature. Good agreement is
found.
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