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Abstract: The objectives of this study are to conduct a thorough literature review on the subject of multiphase flow 
through bends and to develop and evaluate a semi-empirical model to determine liquid velocity and pressure loss during 
stratified gas-liquid flow in a horizontal bend. The model is based on incorporating the momentum balance equations of 
both phases (air and water). Extensive experiments were carried out to acquire data using air and water in a 0.05 m 
diameter horizontal pipe simulator with an intermediate bend of 0.5 m radius of curvature. 

The results show that due to the disturbance nature of the two-phase flow in general, it is quite convenient to describe 
the pressure drop in terms of the energy loss. It was also found that stratified flow does not cause a significant change in 
the energy during the flow along the bend traverse due to its stable nature. The semi-empirical model developed for 
predicting the superficial water velocity during stratified flow shows an acceptable agreement with the experimental data. 

The work presented in this paper may help flow assurance, production, pipeline and process engineers to have reliable 
design and operations through counting for the losses caused by such components.  
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1. INTRODUCTION 

Structural integrity of pipelines and piping systems 
and its impact on the fluids behaviors are of paramount 
importance for flow assurance, production and process 
engineers. Good understanding of this subject could 
provide a great value to oil and gas projects and have 
an impact on both CAPEX and OPEX. 

Bends are frequently found in offshore and onshore 
oil and gas production systems. These structures could 
pose abrupt changes to the flow parameters (manily 
pressure and velocities) leading to potential issues with 
the conduit integrity. 

The head losses, which occur in fully developed 
flowlines, can be calculated by using conventional 
friction factor charts even though our knowledge of 
turbulence is incomplete. For many pipeline 
installations, the ‘minor’ head losses in the fittings, e.g. 
bends, valves, expansion and contractions, can 
outweigh the ‘major’ straight pipe losses. 

Prediction of head losses and liquid velocities in 
single-phase flows has been well covered in the 
literature and industry. However, there is still a lack of 
adequate studies to better understand the impact of 
such fittings during multiphase flows. 
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While the complexity of multiphase flow is mainly 
due to the nature of its turbulence nature associated 
with different flow patterns and abrupt transitioning 
between them, the majority of the works done on 
multiphase flow through bends have not really 
considered the flow patterns as a controlling factor. In 
other words, very little works have differentiated 
between the different flow regimes of multiphase flow 
while passing a fitting like a bend. 

This work represents the first phase of a project to 
thoroughly investigate the effect of different flow 
patterns on the pressure drop and liquid velocity 
changes while passing a horizontal bend. 

2. THEORY 

2.1. Single-Phase Flow 

An important aspect of the design of a fluid flow 
system is the evaluation of the pressure loss in fluid 
dynamics subcritical single-phase as well as two-phase 
flow. 

Theoretical and numerical studies for investigating 
the stationary entry of single-phase fluid flow in a bend 
have been performed [1-7]. 

Experimental analyses were made [8-15]. Most of 
these investigations dealt with uniform entry flow where 
immediately after the entry into the bend, a secondary 
flow is set up. This flow is dominated by the build-up of 
an axial boundary layer. 
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Investigators have established the effect of the 
secondary flows on bend flow characteristics through 
measurement of velocity field, Reynold’s stresses and 
bend loss coefficient at various radius ratios [16]. 

When the fluid flows through abend, the curvature 
causes a centrifugal force directed from the 
momentaneous center of curvature to the outer wall. 
This force and the presence of a boundary layer at the 
wall along with the fluid adhesion to the wall generate 
secondary flow ideally organized in two identical 
eddies, as shown in Figure 1: 

 
Figure 1: Streamlines of the secondary flow, respired vortex 
pair, in the longitudinal section and the cross section of a 90o 
bend for the case of a symmetrical inlet stagnation pressure 
distribution [17]. 

Basically, the fluid in the core moves outwards and 
in the region near the wall inwards. The secondary flow 
is superimposed to the main stream along to the tube 
axis, imposing a helical shape to the stream lines. This 
effect of the bend on the structure of the flow was 
carefully reviewed and discussed [18-20].  

Azzi et al. [21] stated that the total bend pressure 
loss in adiabatic flow is caused by convention and 
assumed to consist of contributions due to wall friction 
and momentum exchange between the phases, vortex 
detachment, secondary flow generation and the 
additional loss in downstream tangent to recover the 
initial symmetric velocity profile. In principle, these 
contributions can be summarized under friction and 
form losses.  

The method generally used for the determination of 
the pressure loss is best explained on the basis of a 
graphical procedure, as shown in Figure 2: 

The course of the mean static pressure along the 
piping during stationary flow, sufficiently far away 

upstream and downstream of the bend, is extrapolated 
onwards and backwards to the inlet and outlet of the 
bend. The extrapolated difference in static pressure 
gives the bend pressure loss (ΔPb). It is obvious that 
this loss still includes the additional friction of the onset 
flow in the two and six inner pipe diameters.  

 
Figure 2: Mean static pressure along a horizontal pipe of 
constant diameter with an interjacent bend during 
incompressible flow and definition of the bend pressure loss 
[21].  

In fact, these contributions are usually considered 
negligibly small in comparison with the total pressure 
loss. As such, the total pressure loss developed in this 
way can be as severe as a local quantity in a one 
dimensional based fluid dynamic design of piping 
systems.  

From this description of the pressure loss derivation 
it becomes also clear that the simple application of this 
procedure is restricted to the cases of incompressible 
and subcritical compressible pipe flows, where the 
density and/or mass flow quality change along the 
bend is negligibly small.  

In general, the flow characteristics in a bend for a 
single-phase fluid are reasonably well understood. 

2.2. Two-Phase Flow 

In two-phase flow, the bend pressure loss is 
additionally increased due to the dissipation caused by 
the separation and remixing of the gas and the liquid 
phase. In addition, the gravitational force influences the 
flow behavior and flow pattern changes in horizontal 
flow.  

In general, studies in bends for a two-phase fluid 
flow are relatively few in number. Several models are 
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devoted to the single-phase flow bend pressure loss 
prediction [12,17,22,23].  

Concerning the two-phase flow, which can exhibit a 
wide range of phase configurations as a consequence 
of the deformable interphase; few systematic 
investigations of the bend pressure loss were 
performed over the last decades. 

An overview regarding the effect of the elbow on the 
structure of the two-phase flow was put forward [24-
26]. However, in both flow types, this secondary flow 
along with local vortex generation and wall detachment 
causes an excess pressure loss compared to that in a 
straight pipe with the same mean length and diameter.  

Recently, good studies have been carried out using 
the CFD (Computational Fluid Dynamics) by 
Khaksafard et al. [27] and STAR-OLGA coupling by 
Xing and Yeung [28] to investigate slug flow impact on 
the pipe bends. Belfroid et al. [29] measured the forces 
exerted on a one diameter horizontal bend and T-
junctions due to multiphase flow. They concluded that 
the measured amplitude was between 1 and 10 times 
the liquid momentum based on the mixture velocity.  

In general, the respective bend pressure loss in 
two-phase flow is by convention related to that in 
single-phase flow. Hence, the usual way of predicting 
this indispensable quantity is addressed first for the 
sake of completeness [21]. It is characterized in one-
dimensional single-phase flow by dimensionless loss 
coefficient, K where: 

K = ΔPb / ρ V2/2           (1) 

where ρ is the fluid density and V is the mean inlet flow 
velocity.  

This coefficient stands for the number of velocity 
heads required to account for the bend loss. With this 
relationship, it slips into the role of a physical quantity 
being primarily a function of the parameters governing 
the flow turbulence intensity, the inlet velocity profile as 
well as the tendency to induce a secondary flow.  

These parameters are partly included in the 
Reynolds number or in the Dean number incorporating 
the Reynolds number and the relative bend curvature 
and representing the ratio of the geometric average of 
the inertial and centrifugal forces to the viscous force. It 
serves in special cases for reducing the number of 
variables. The relative mean wall roughness and the 
geometric parameters as the angle of the bend and the 

relative bend curvature could be other main 
parameters, as shown in Figure 3: 

 
Figure 3: Geometric parameters of a bend. 

The roundness of the flow cross section on the 
other hand is assumed as given. A simple method only 
valid just for the assessment of the magnitude of the 
two-phase flow bend pressure loss is to introduce the 
homogeneous flow density (1/ρhomogeneous = x*/ρgas + (1 
– x*)/ρliquid) in equation (1) instead of the fluid density of 
each phase in particular.  

It is important to highlight that the works presented 
above did not specify the flow pattern for which the 
correlations were developed. 

A research has been conducted to study the 
pressure drop in two-phase solid-fluid flows through 
bends. These results have been reviewed and 
presented by Alwazzan [30]. 

2.3. Parameters of the Pressure Loss of the Two-
Phase Flow Through Bends 

In accordance with the independent parameters 
valid in stationary single-phase flow, the two-phase 
flow pressure loss is considered to be dependent on 
the flow rates of both phases, the macroscopic phase 
state and transport properties (i.e. density and viscosity 
of each phase), the geometric parameters of the bend 
and on the local gravity where the bend plane is not 
positioned horizontally or if the flow occurs under micro 
gravity condition.  

The established flow pattern is a result of interaction 
of these primary parameters, hence it is not considered 
as an independent Figure. Furthermore, the mean pipe 
wall roughness can be excluded as a parameter since 
it generally has a minor influence on two-phase flow 
compared to that on single-phase flow. Additionally, the 
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surface tension is also ignored as its force is generally 
small compared to the inertial and pressure force in 
flow systems under a pressure sufficiently above that of 
the atmosphere. 

The physical relationship between the primary 
parameters and the pressure loss is attempted to 
explain qualitatively based on the basis of a thinkable 
variation of an independent single parameter while 
keeping the others constant. For reducing the number 
of Figures, the flow rate of each phase is as usual in 
two-phase flow substituted by the total mass flow rate 
and the mass flow quality. Though it is not measurable, 
it becomes a dominant primary parameter while the 
former strong effect of the mass flow rates is drastically 
reduced.  

Additionally, the densities and viscosities of both 
phases are included in a density and viscosity ratio. In 
fact, the gas-phase dynamic viscosity remains always 
in the same order of magnitude under the usual 
technical conditions far beyond the thermodynamic 
critical pressure so that its effect is considered small 
when compared to that of the liquid viscosity. Basically, 
it acts then only as a means for non-
dimensionalization. Finally, a usual procedure is to 
normalize the curvature radius with the bend pipe 
diameter.  

The merged variables to be considered in the 
analysis of the interaction would be total mass flow 
rate, mass flow quality, density and viscosity ratios and 
dimensionless curvature and gravity constant. 

The qualitative interrelationship between the 
merged variables, design parameters and the bend 
pressure loss is as follows: pressure drop will increase 
with larger total mass flow rate as then the velocity of 
each phase is higher. This basic behavior is expected 
similarly to the single-phase flow theory. The same 
tendency would be valid if the quality is only enlarged 
as then again higher velocities prevail due to the larger 
volumetric gas or vapor flow rate and the only 
marginally reduced liquid mass flow rate. This is solely 
valid for the case that the densities differ substantially.  

On reducing the density ratio, e.g., by increasing the 
system pressure, the pressure loss will decrease as in 
the case of a constant mass flow rate and quality then 
the gas/vapor volume and, thus, the mean velocities 
are lower.  

A change of the viscosity ratio, practically only 
achievable by a higher or lower liquid phase viscosity in 

a two-component mixture, induces corresponding 
changes to the wall shear stress while the momentum 
exchange between the phases would change in 
opposite directions. As this latter mechanism is 
affected to a lesser extent (in total for otherwise equal 
flow conditions) larger or smaller pressure loss will be 
consequence. Finally, an increase of the curvature 
radius while retaining ideally a fixed mean bend length 
would decrease the intensity of the induced secondary 
flow and, therefore, lead in relation to a lower pressure 
loss.  

Ultimately, for an identified curvature radius the 
lower limit should be equal to the pressure loss of a 
straight pipe. The gravity influences the pressure loss 
in non-horizontal flow due to the difference in shear 
stress distribution. However, this effect is only 
marginal. By far more stringent in its effect is that the 
gravitational force will interact with the centrifugal force 
causing complex phenomena such as phase inversion, 
flooding and flow reversal, which expectedly lead to a 
higher pressure loss than when the bend is positioned 
horizontally. The gravity constant can serve also as a 
scaling factor for obtaining local quantities when the 
bend flow occurs under micro or macro gravity 
conditions. 

Independent parameters with relatively minor or 
secondary influence on the pressure loss are expected 
to be besides of the already discarded mean (natural) 
wall roughness and roundness of the cross section as 
well as surface tension. These parameters like the 
physi-chemical properties, wall wetting and 
coalescence behavior or mechanical disproportioning 
of the gas phase as well as the state change of the 
unheated mixture are considered as adiabatic here.  

With this physical understanding, the independent 
primary parameters should be found in the pressure 
loss correlations as equation variables. The extent to 
which this is actually realized will be considered sub-
sequently. 

3. MODELING OF THE PRESSURE DROP OF THE 
STRATIFIED FLOW  

Considering a steady-state air-water stratified flow 
in a horizontal bend, a momentum balance on each 
phase yields: 

!

!t
"LALUL( ) +

!

R!#
"LALUL

2( ) =

$ LSL + $ iSi % AL

!PiL
R!#

% "LALg cos&
!hL
R!#

        (2) 



Semi-Emperical Model to Determine Liquid Velocity and Pressure International Journal of Petroleum Technology, 2015, Vol. 2, No. 1      33 

!

!t
"GAGUG( ) +

!

R!#
"GAGUG

2( ) =

$%GSG $ % iSi $ AG
!PiG
R!#

$ "GAGg cos&
!hL
R!#

        (3) 

The experimental data such as the superficial air and 
water velocities and the water film height could be used 
to find pressure drop under force balance for steady 
and fully developed flow in bend. For the steady-state 
flow, assuming that the pressure drop is the same for 

both phases, liquid height gradient !h
L

R!"
 could be 

adjusted for pressure drop gradient equality in both air 

and water phases. Recalling that !h
L

R!"
 has to have a 

value since the water film height varies significantly 
across the bend. Hence, the positive values of hL 
reflect that the liquid film increases while the negative 
values indicate that the liquid film decreases. It is 
necessary to highlight that for the same air and water 
velocities, the comparisons were done between the air 
and water pressure drops at each of the inlet and outlet 
stations. 

4. EXPERIMENTAL FACILITY  

Extensive experiments were performed in an indoor 
low-pressure two-phase flow loop. A schematic 
diagram of the experimental facility is shown in Figure 
4 below: 

Air and water are mixed in a mixing chamber at the 
inlet of a transparent polycarbonate pipe of 0.05 m 

diameter to form an air-water two-phase flow mixture. 
The air-water mixture then flows through a Plexiglas 
flow line consists of horizontal straight section of a 4.5 
m long, 0.5 m radius of curvature long bend and 3.5 m 
long horizontal straight section before discharging into 
the water storage tank.  

Air is supplied from the receiver of a two-stage 
compressor. The air flow rate is measured using an 
orifice meter with a 1.54 cm diameter orifice plate 
designed according to the American Gas Association 
standard. The flow rate was calibrated using a DWYER 
gas tube flow meter, which is able to measure up to 
400 SCFM. 

Water is drawn from the storage tank by a CMG 
CP25 DRESSER mono pump. To minimize the 
pulsation associated with off-design pumping operation 
when the required flow is small, a bypass is used to 
divert the excess water flow back to the storage tank. A 
heating system is installed in the water tank to control 
the water temperature at 27 oC. Water flow rate is 
measured by a digital flow sensor which converts the 
flow to an electric pulse signal for readout by a digital 
flow meter. 

To collect empirical data, precision sensors (Lucas 
Schaevitz PS 3363-0005-030PV) have been mounted 
flush to the bottom of the inlet and outlet parts of the 
bend to get the water pressure. The air pressure was 
acquired by mounting sensors to the upper part of the 

 
Figure 4: Schematic diagram of the experimental facility. 
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bend’s inlet and outlet and four other locations 
distributed uniformly along the bend section.  

By means of an Automatic Data Acquisition System 
(ADAS) composed by a high speed PC and a Data 
Acquisition Card (Keithly – DAS 802 A/D), the pressure 
signals were detected for 120 seconds with a capturing 
rate of 20 Hz and processed by the Test Point 3.30 
software, which was able to remove the noise 
associated with the signals by filtering the readings. 
The data then was sent to Excel for further processing. 
Both signals were cross correlated to obtain its 
characteristic delay time, then, this value was 
correlated with the distance between the two sensors 
to get the characteristic velocity of the group of slugs 
detected. During the runs associated with slug flow, 
sensors were also connected at the top in order to 
measure the air pressure simultaneously. 

The pressure sensors have a pressure range of 0-
30 psig and an offset of ±  0.25%. The two pressure 
sensors has been calibrated by comparing the readings 
they give for the hydrostatic pressure generated by a 
static water level in the pipe with the pressure values 
calculated using the measured wetted perimeter. A 50 
Hz rate of capturing was used for 10 seconds duration 
for each water height. The results are depicted in 
Figure 5.  

 
Figure 5: Calibration of the pressure sensors. 

Visual observations have been made on the flow 
pattern variations at the inlet and along the long bend 
during the experiment. A fixed high-speed and high 
resolution camera was used to capture images for the 

two-phase flow through the loop. The video imaging 
system comprised of a JVC Color CCTV camera model 
TK-C1380, a JVC View Finder model TM-A14PN-S, a 
JVC Video Recorder model SR-L910E, a Pinnacle 
Frame Grabber model DV500 A/D with a software 
package of Adobe Premier version 5.1 running on a 
Pentium III computer. In addition to the high-speed 
camera recordings, each test was recorded with a hand 
camera. The recordings were used later to confirm 
visual observations. The flow is then broadly classified 
as stratified smooth, stratified wavy or slugged. 

Wetted perimeter has been directly measured at 
several locations along the test bend pipe and from 
which the liquid film thickness was calculated. The 
varying parameters were the two phases velocities with 
the ranges of 2.22-8.97 m/sec for air and 0.0094-
0.0778 m/s for water.  

5. RESULTS AND DISCUSSION 

In order to assess the pressure drop correlations 
exist in literatures against the experimental data 
acquired from this work, the pressure time series were 
averaged for all the flow patterns generated during the 
flow. However, a remarkable gap was found between 
the experimental pressure drop values and the 
calculated ones using the correlations of [31-35]. This 
is due to the fact that the formulation of these 
correlations is based on considering the flow as a 
homogeneous one as it is clear in calculating the 
different parameters while the experiments have been 
conducted for stratified, intermittent and slug flows. It is 
also important to remember that the vast difference 
between the nature of each of these flow patterns 
affect the role and contribution of each of the pressure 
drop parameters. 

It seems that due to the pulsation associated with 
the pressure drop readings, especially the severe ones 
associated with the slug flow runs, endless possibilities 
could rise for interpreting the information acquired. For 
example, the inlet pulse is high while the outlet pulse is 
low and vice versa, the inlet pressure is rising while the 
outlet is dropping, etc. Averaging overtime tends to 
underestimates the actual pressure drop which the 
pump/compressor have got to overcome. In order to 
overcome such discrepancies, the use of the power 
spectrum, which accounts for the summation of energy 
of all the harmonic components, is a good indication of 
energy loss. 
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5.1. Pressure Drop of Stratified Air-Water Flow 
Across a Horizontal Bend  

Along with the raw signals, the Cross-Correlation 
Function (CCF) has been implemented to analyze the 
time series results. In signal processing, CCF is a 
measure of similarity of two waveforms as a function of 
a time-lag applied to one of them. It is commonly used 
to search a long duration signal for a shorter known 
feature. 

The time series of both air and water pressure 
readings during stratified flow were well recognized 
with their smooth and small amplitude fluctuations. In 
other words, no recognizable peaks were noticed in the 
sensors readings during the stratified flow.  

Typical example of the waveform time series of the 
water phase acquired during the flow of stratified flow 
pattern is shown in Figure 6. 

 
Figure 6: Typical pressure trace for stratified flow with ULS of 
0.0094 and and ULG of 2.22 m/sec. 

The features of the two waveforms shown in  
Figure 6 are almost identical and the principal 
characteristic is that the wave variation is small and the 
frequencies of the waves are roughly similar. This 
implies that the pressure value at the inlet and outlet of 
the bend is the same and no significant pressure drop 
exists. The averaged values of the pressure readings 
for the inlet and outlet points are 101.47 and 101.46 

kPa, respectively. This is consistent with the physics 
and nature of the stratified smooth flow. Hence, the 
pressure signals are sensed almost instantaneously 
from the upstream to the down stream points since flow 
conditions at the bend inlet and outlet are almost 
identical to each other. This leads to the conclusion 
that during this flow, the two signals were sensing the 
same hydrostatic pressure generated by the water film 
height, which is almost the same at the inlet and the 
outlet of the bend. This is also borne out by the CCF, 
which gives a lag time of almost zero, as depicted in 
Figure 7. 
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Figure 7: The CCF of the inlet and outlet time series for ULS 
of 0.0094 and ULG of 2.22 m/sec. 

The lag time of a signal is the time corresponds to 
the maximum CCF value. It is obvious that Figure 7 
does not show any recognizable CCF value. 

Increasing the gas velocity to generate stratified 
wavy flow has a direct impact on the CCF results as 
shown in Figure 8 below:  
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Figure 8: The CCF of the inlet and outlet time series for ULS 
of 0.0094 and ULG of 7.72 m/sec. 

Figure 8 shows that with high gas velocity, the CCF 
gains values but there is no particular peak corres-
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ponds to the lag time. The interpretation is that the two 
time series are somehow correlated to each other and 
tend to form a peak but yet to have a clear and sharp 
one. This is mainly due to the fact that during these 
particular runs, the interfacial waves posses higher 
velocities during traveling downstream the bend. 

The power spectrum density, sometimes called the 
mean squared spectral density, relates the energy 
distribution of the pressure fluctuation to the frequency 
domain.  

The power spectra density for the time series shown 
in Figure 6 is shown in Figure 9 below: 

 
Figure 9: The Power Spectral Density for ULS of 0.0094 and 
ULG 2.22 m/sec. 

At both the inlet and outlet of the bend points, the 
frequency of the energy fluctuations was distributed 
over a wide domain frequency. While there is no 
energy fluctuation appears along the domain axis of the 
inlet point, there is a tiny increment appears in the 
beginning of the dominant frequency at the outlet 
measurement point. This reflects a small value of 
disturbance at this point and it could explain the role of 
the bend in generating the disturbance.  

The results of the power spectra analyses of other 
runs with stratified wavy flow are depicted in Figures 10 
and 11: 

 
Figure 10: The Power Spectral Density for ULS of 0.0094 and 
ULG of 7.72 m/sec. 

 

 
Figure 11: The Power Spectral Density for ULS of 0.0155 and 
ULG of 6.70 m/sec. 

Figure 11 shows that despite the low range of 
energy fluctuation, it could be easily recognized that 
the density fluctuation is clearer at the outlet point than 
that appears at the inlet point. In other words, as long 
as the flow maintains its stratified pattern, no much 
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energy dissipation would take place during the flow 
across the bend. 

5.2. Evaluation of the Stratified Flow Pressure Drop 
Model 

The semi-empirical model discussed in this work 
has been used to compare experimental and predicted 
superficial water velocities. Figure 12 shows the 
results: 

 
Figure 12: Experimental and theoretical superficial water 
velocities. 

For the stratified flow, the comparison is acceptable 
as the superficial gas velocity increases. The overall 
comparison for stratified flow seems satisfactory since 
the values are not out by several orders of magnitude. 
The mismatch could be attributed to the gross 
assumption of having steady and developed flow in a 
bend. 

As discussed earlier, while working on the force 
balance formulations to compute the pressure drops , it 
was found that there is a need to assign a value for 
!h

L

R!"
 in order to obtain equality of pressure gradients 

for the air and water phases. If this is ignored, then the 
pressure gradients cannot be made to match, which 
violates the physics.  

In a straight pipe, fully developed steady flow mean 
!h

L

!x
 is zero. As anticipated, this is not exactly true for 

bend because the water level rises/falls across a bend 
for steady and fully developed flow.  

Figure 13 shows a comparison between the 
experimental and theoretical pressure drop gradient for 
stratified air-water flow: 

 
Figure 13: Experimental and theoretical pressure drop for 
stratified air-water flow. 

The experimental values are much higher than the 
predicted due to compressibility effect. Compressibility 
of air cause a rise and drop in the upstream and 
downstream pressures, respectively. . Therefore, the 
experiments’ results are with higher pressure drop than 
the theoretical value (as air assumed incompressible in 
the theory).  

The liquid level gradient shows rising liquid height in 
most of the cases and this is consistent with the back 
pressure effect caused by the bend. 

6. CONCLUSIONS 

The following conclusions could be drawn from this 
study: 

1. The pressure drop across the bend depends 
significantly on the flow pattern. This justifies the 
failure of the existing correlations to predict the 
pressure drop across the bend accurately. 

2. It is more convenient to describe the pressure 
drop in terms of the energy loss. This is mainly 
due to the disturbance nature of the two-phase 
flow.  

3. Using the power spectrum technique to describe 
the pressure drop was found to be more reliable. 

4. The results acquired from the experiments have 
shown that the stratified flow does not cause a 
significant change in the energy during the flow 
along the bend traverse. The energy fluctuates 
higher with relatively higher air velocity due to 
the existence of the interfacial waves which 
create the disturbance. 
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5. The semi-empirical model developed for 
predicting the superficial water velocity during 
stratified flow shows an acceptable agreement 
with the experimental data. Even though the 
model was derived for the stratified flow, seems 
it yields acceptable results for slug flow as well in 
comparison with the experimental data.  

6. The pressure drop values estimated by this 
model did not match well with the experimental 
data.  

7. The time series acquired from the top part of the 
bend give a qualitative description to the flow 
across the bend. 

NOMENCLATURE 

A cross sectional area 

g gravitational acceleration 

h liquid level 

P pressure 

R radius of curvature of the bend 

t time 

U axial average velocity 

Greek Letters 

!  tilt angle of the symmetry line of the liquid lump 
from the gravitational direction 

!  radial angle (location) of the fluid element 

ρ phase density 

τ shear stress 

Subscripts  

G gas 

i interface 

L liquid 

S superficial 
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