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INTRODUCTION

This study aims to investigate the effects of curva-

ABSTRACT

This work investigates the effects of bend curvature, pipe orientation, and bend angle on two-
phase flow dynamics in U-bend tubes using a numerical approach. Two-phase flow in U-bend
tubes introduces secondary flows, significantly impacting pressure drops and phase distribu-
tions. This study employs numerical simulations using ANSYS Fluent 2020 R1° to analyze the
effects of bend curvature and pipe orientation (horizontal and vertical) on flow behavior, with
water and air as the working fluids at an inlet velocity of 3 m/s. The volume of fluid model was
employed to capture phase interactions and this is the novelty of this present work as in the
previous works, the use of this model was absent. Results reveal a wavy stratified flow with sec-
ondary vortices caused by centrifugal forces in the bend. Pressure losses of 1186 Pa and 1415
Pa were observed for 50% and 70% water volume fractions in the vertical orientation, while
horizontal orientation exhibited negligible losses for 50% and 80 Pa for 70%. Consequently,
the pressure losses were found higher in vertical orientations, with 50% and 70% water volume
fractions, respectively. The pressure drop is observed more with a higher bend angle along the
bend. This Increased liquid hold-up and water accumulation at the bend were observed with
higher water fractions, contributing to greater pressure drops. These findings are critical for
applications in oil and gas, chemical processing, and refrigeration, highlighting the need for
further studies on flow patterns and alternative geometries. The flow pattern as well as can
significantly affect the overall flow behavior.

Cite this article as: Hasan MZ, Modal D, Halder MR. Numerical analysis of two-phase flow in
u-bend pipes: effects of curvature, and pipe orientation on pressure drop and liquid hold-up.
J Ther Eng 2026;12(2):784—-801.

refrigeration, oil and gas, etc. In these areas, phases can
change from one state to another, or two different types of

ture, orientation, and phase interactions on pressure drop ~Phases such as gas-liquid, liquid-solid, or solid-gas can be
and liquid hold-up in U-bend pipes. Multiple phases of observed. For the flowing of the phases, straight pipes as
flowing fluid are observed in different industries such as well as different types of bend are used such as 90-degree
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bend angle, and U-bend pipe. In most cases, U-bend pipe is
used extensively. The bending curvature, orientations of the
pipe, phase distributions through the pipe, etc. are signifi-
cant factors in analyzing the fluid flow behavior. Hence, the
present work is performed based on this vital factor. Before,
the extensive literature review was conducted to work on
specific research gaps which have been discussed in the pre-
ceding parts. Hayashi et al. [1] experimentally investigated
the pressure drop of air-water two-phase flow in a horizon-
tally oriented U-bend pipe. Dassler and Janoske [2] inves-
tigated the effect of the radius of curvature on the pressure
drop both experimentally and numerically for rectangu-
lar-shaped U-bends placed horizontally. However, Pham et
al. [3] performed a numerical investigation at four different
orientations of the pipe. Again, placing a horizontal-verti-
cal plane, Hayashi et al. [4] checked the effect of bend on a
void fraction of two-phase flow. Similarly, Yadav and Mehta
[5] investigated the influence of the radius of curvature on
a horizontally oriented mini-channel U-bend pipe. In con-
trast, Usui et al. [6] analyzed two-phase flow behavior in
an inverted U-bend pipe. Da Silva Lima [7] made an anal-
ysis of two-phase flow in three pipe orientations such as
horizontal, vertical up-flow, and vertical down-flow using
R134a refrigerant. Deng et al. [8] used nitrogen-water two
phases to perform flow analyses at the horizontal position.
Aliyu et al. [9] utilized serpentine construction positioning
horizontally with a larger diameter of U-bend pipe to ana-
lyze gas-liquid two-phase flow behavior. Monachen et al.
[10] numerically investigated air-water flow behavior in a
straight channel unlikely the U-bend pipe.

De Moerloose et al. [11] performed a simulation of the
effect of the liquid viscosity, wall wetting, and mass flow
through a horizontal U-bend pipe using an air-water mix-
ture. However, Ma et al. [12] investigated the perturbation
length of vertical U-bend pipe using the air-water mixture.
Unlike the literature, Mondal et al. [13] and Ghosh et al.
[14] used single-phase flow and oil-water mixture in a
U-bend pipe respectively. Another numerical work per-
formed by Bandyopadhay and Das [15] using a U-bend
pipe at a horizontal position used air-water in two phases. A
comparative investigation was conducted by Andrzejczyk
and Muszynski [16] between U-bend and straight pipes at
vertical positions. Ogunsesan et al. [17] developed a CFD
modeling for double elbow geometry for air-water two-
phase flow. Pressure drop analysis of air-water two-phase
flow through a 90-degree vertical pipe was performed by
Saber and Maree et al. [18]. Using an air-water mixture,
Zahedi and Rad [19] investigated both numerically and
experimentally to observe the flow behavior in a 90-degree
bend pipe. On the other hand, Lopez et al. [20] used a hor-
izontal U-bend pipe to observe the liquid film behavior of
the air-water annular flow.

Lu et al. [21] experimentally investigated an air-wa-
ter mixture through a straight channel. Abdulkadir et al.
[22] investigated how liquid film thickness changed at the
U-bend at different angles by using an air-water mixture.

Nouri et al. [23] numerically investigated oil-water two-
phase flow through the straight channel. Mahmood et al.
[24] also used a straight channel to investigate the effect of
two-phase flow development incorporating an expansion
device. Karademir et al. [25] comprehensively reviewed
two-phase flow behavior using an inclined tube. Yaqop
[26] experimentally and numerically studied the pressure
drop of air-water two-phase flow through straight flat-
tened tubes. Hamad et al. [27] investigated experimen-
tally and compared the data with numerical work using a
kerosene-water two-phase flow in a 90-degree bend tube
instead of an air-water mixture. Mondal et al. [28] used
Silicon oil and air-water to understand the flow behavior
in an intermediate vertical tube. Air-water and air-water-oil
three-phase flows were observed by Spedding et al. [28] in
a 90-degree bend pipe. Effects of heat transfer using two
different refrigerants along with nano-particles in a U-bend
pipe were investigated by Islam et al. [29].

Jiang et al. [30] numerically investigated two oil-water
phases in a U-bend pipe using core annular flow. Ooms et
al. [31] performed a numerical investigation of core annular
flow in a 90-degree bend pipe. Ma et al. [32] examined ice
slurry flow through a horizontally placed elbow pipe. Onal
etal. [33] investigated heat transfer and pressure drop char-
acteristics of two-phase flows using helical coils. Govier and
Omer [34] investigated air-water two-phase flow to observe
pressure drop, and liquid holdup in a horizontal pipe.
Similarly, friction characteristics and two-phase flow pat-
terns were investigated in a smooth tube by Wang et al. [35].
Again, Wang et al. [36] investigated the return bend effect
of a horizontally placed tube using the air-water mixture.
The oil-water two-phase flow was investigated in a micro-
channel by Salim et al. [37]. Al-Hadhrami et al. [38] exper-
imentally investigated air-water-oil three-phase flow in a
straight pipe to study the flow regimes and pressure gradi-
ent. Patpatiya et al. [39] investigated numerically two-phase
flow in a T-junction tube placed horizontally. Lightstone et
al. [40] experimentally and numerically investigated air-wa-
ter two-phase flow in a horizontal smooth tube with divid-
ing sections. Nizovtseva et al. [41] numerically observed
a two-phase flow in a closed bioreactor loop. Verma and
Ghosh [42] compared gas-liquid and liquid flows through
mini-channel tubes. Meanwhile, Mondal et al. [43,44],
conducted the parallel, counter, and cross-flow water-
to-air u-bend heat exchanger and also a cooling system
adopted by the vapor absorption system, while Mondal and
Islam [45] reported another study for intermittent system
adopted by ammonia absorption refrigeration system. To
fit the refrigerants in HVAC&R systems, Mondal et al. [46-
49] and Islam et al. [29], measured the transport properties
as well as the heat transfer characteristics of several refrig-
erants that will take in the future revolution of industries.
Moreover, Das et al. [50] and Arefin et al. [51] evaluated the
thermodynamic analysis of the dual and single cascading
vapor compression cycle, respectively, for the low-tempera-
ture application. Moreover, Bari et al. [52] presented the
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analysis of heat transmission in a refrigerant compartment,
while Shahariar et al. [53] represented the performance
of LiCl desiccant dehumidifier. Akinshilo and Sobamowo
[54] analyzed pipe flow, heat transfer characteristics, and
entropy generation in fourth-grade fluid with temperature
dependent viscosities and heat generation using the regular
perturbation method. The results showed ways to advance
the analysis and process behavior of the fourth-grade fluid
flow and steady-state heat transfer processes such as those
found in petroleum, polymer, food manufacturing, and
paint industries. Akinshilo and Olaye [55] investigated the
flow and heat transfer of a non-Newtonian Erying Powell
fluid flow in a pipe. Obtained solutions may be used to
advance studies in thin film flow, polymer processing and
paper production. Akinshilo and Sobamowo [56] studied
the flow, thermal and concentration analyses of blood as
a third grade with gold as nanoparticles through a porous
channel using regular perturbation method. The outcomes
can be utilized to advance the study of blood transport in
porous channels with nanoparticles which acts as an effec-
tive drug delivery mechanism in the treatment of blood-re-
lated diseases. Sheikh et al. [57] investigated the combined
influence of the nanoparticles and uniform magnetic field
applied on the slip blood flow. The results revealed the
augmentation of the pressure gradient and the magnetic
parameter decreased the velocity value whilst the viscous
dissipation augmentation increased the temperature.

According to the pipe orientations, the pressure, phase
distribution, and liquid film thickness vary which has been
observed through the above studies. From the above liter-
ature study, it can be said that the majority of the studies
have been focused on the horizontal orientations of the
U-bend tube. Additionally, some of the works have been
done using other geometries while the U-bend tube is one
of the most used channels in different industries mentioned
before. Pressure drops, liquid hold-up, volume fractions,
etc. have been solely investigated using horizontal orien-
tation. Investigations on other orientations are needed to
observed. The major research objective is to observe how
pipe orientations can effectively influence different param-
eters during two-phase flow. Hence, two pipe orientations
are numerically simulated to describe which orientation of
the pipe can cause more pressure drop and influence other
parameters. Though experimental analyses have been per-
formed, numerical solutions can be viable and may be the
best ones. So, in this present work, the numerical solution
is hoped to replace the experimental ones. The novelty of
this present work is to use the volume of fluid method for
capturing the water-air phase interactions during the simu-
lation. So, the present study is focused on the different pipe
orientations of U-bend tubes notably vertical-horizontal
and vertical to investigate the pressure variation, phase dis-
tribution, liquid thickness, and effect of bend angle on pres-
sure variation at the bend in a U-bend pipe.

METHODOLOGY

The present work is performed using the finite vol-
ume method (FVM). This section explains the numerical
techniques and models used to analyze two-phase flow in
U-bend pipes, with an emphasis on how phase interactions,
curvature, and orientation affect liquid hold-up and pres-
sure drop.

Numerical Model
The Reynolds Averaged Navier-Stokes (RANS) equa-
tions are utilized in turbulence modeling. For the steady-
state flow conditions, the Reynolds Averaged Navier-Stokes
continuity, momentum equations are as follows [58],
Continuity equation:

a
a_xi(pui) =0 (1)

Momentum equation:

i} _ap a ou; , Ouj 2 duy
ax]' (puluj) - ax; t an I:'u <6x,- T dx; 3 5” ax;

i} R
+ 6_x1 (_puluj)

()

Where, p = density, and u;, u; = velocity.

Governing equations

The continuity, momentum, and volume fraction equa-
tions which are resolved throughout the numerical simu-
lation are the governing equations for the volume of fluid
model (VOF). The continuity equation has been used for
the conservation of mass. The momentum equation is for
the velocity of the water and air phases. Next, for incorpo-
rating and capture the two phase flow phenomenon, the
volume fraction equations have been incorporated.

The continuity equation is as follows [23],

V(pv)=0 (3)

Where, p is the density of the mixture
The volume fraction equation [58],

V. (aqpq. v_q’) =0 (4)

Where, «, = volume fraction.

Based on the following equation, the volume fraction
equation is solved for the secondary phase but not for the
main phase.

q=1%q =1 (5)
Momentum equation [58],
V.(pvd) = —Vp + V. [u(VB + V@D +pG+F (6)

Where, U = velocity, F = force.
In addition, wall adhesion and the continuum sur-
face force model are solved for the introduction of surface
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tension. Again, the surface tension is viewed as a continu-
ous, three-dimensional effect rather than a boundary value
in Brackbill et al’s [59] continuum surface force model.
Surface tension can be computed by adding a source term
to the momentum equation. The normal forces are then
taken into consideration, and the surface tension is treated
as a constant along the surface to determine the source
term’s origin.

The pressure drops depending on the surface tension
and the surface curvature radii taking in the orthogonal
direction can be calculated as

11
Pz—P1:0(R_1+R_Z) (7)

Where p, and p, are the two pressures in the two fluids
on either side of the interface.

Local gradients normal to the interface are used to cal-
culate the surface curvature.

n=Va, (8)

Where n is the surface normal correlated to the gradient
of g" volume fraction. Now, the curvature is correlated by
the divergence of the unit normal 71 [59].

~

k=V.n 9)
where, i = —
n|
The momentum equation for the surface tension inclu-
sion is expanded to include the volume force as the source
term and it is as follows,

aipiijaj+ajpjrciVai
1
sitpj)

Fyo1 = Xpairsi ji<j Oij (10)

For two-phase flows, the above volume force can be
written as,

. pKiVa;
Foor=0yj1———— 11
Spitpj) (11)

Where, p is the volume averaged density.

The effect of wall adhesion is incorporated into the con-
tinuum surface force model by defining the contact angle
between the fluid and the wall to the surface normal to the
near wall and the surface normal can be denoted as,

A = n,,cosb,, + t,sinb,, (12)
where, 71,, and £, are the unit vectors normal and tangen-
tial to the wall.

The RNG k-¢ turbulence model is used. The transport
equation of two fluid steady states is as follows,

) P ak
o (pku;) = o, (akﬂeff 6—951) + G + Gy (13)
- p£ - YM + SK

a a P
o (peu;) = o, (ae#eff a_;}) + Cy¢ i (Gk + C3.Gp)
2 (14)

- CZSP%_RS + S

Taking, C,, = 1.42, C,, = 1.68. Where, G, is the turbu-
lence kinetic energy due to the mean velocity gradients, G,
is the generation of turbulence kinetic energy due to buoy-
ancy, Y, is the contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation rate, ay is
the inverse Prandtl number for k, «, is the inverse Prandtl
number for ¢, and S, S, are considered as the user-defined
source term.

For near-wall treatment, standard wall function is used
along with the k-¢ turbulence model as this wall treatment
is widely used for industrial applications. The equations are
as follows,

Momentum equation,

U* =~ In(Ey") (15)

Where, U*= dimensionless velocity, y*= dimensionless
distance from the wall.

1/4 ,1/2
yr = rluw Kp (16)
Tw/p
1/4 ,1/2
. _ pC Ky
y* =& #P P (17)

Physical Domain

Two geometrical orientations namely vertical-horizon-
tal and vertical have been used in this numerical investiga-
tion. These two orientations are widely used for industrial
purposes. Hence, the pipe orientations are chosen. The
length of the straight pipe is 560 mm, the bend radius is 125
mm, the pipe diameter is 28 mm, and these measurements
were taken by Pham et al. [3]. Figure 1(a) shows the labeling
of the U-bend tube. The dimension of the pipe starts at 0
mm from the inlet. Dividing the pipe into several parts, the
axial position is used for the pressure variation axially of the
pipe. The total axial length of the U-bend pipe is approxi-
mately 1512.7 mm and the end is at the outlet of the pipe.
The curvature length is 392.7 mm which is calculated by
7 times the radius of the curvature of the bend portion. In
this study, the position of the U-bend tube pipe is consid-
ered in two types of orientations: horizontal-vertical ori-
entation and vertical orientation shown in Figure 1(b) and
Figure 1(c), respectively.

Boundary Conditions and Solver Setting

The inlet face is divided into 30% air, 70% water, and
50% for both water and air, in order to enforce the inlet
boundary criteria. The gauge pressure, which has a value
of zero Pascal, is the outlet pressure. The atmospheric pres-
sure, which has a value of 101325 pascals, is the operating
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Figure 1. Illustration of the U-bend pipe: (a) geometry labeling, (b) horizontal-vertical orientation, and (c) vertical ori-

entation.

pressure. The operational density of the lightest fluid air is
selected as 1.225 (kg/m?). Determining the volume fraction
1 at the split part of the inlet face yields an inlet velocity
of 3 m/s for both water and air. To avoid slip between the
air-water interface, the same velocity has been chosen for
both fluids. The volume fractions are chosen to avoid com-
plexity during the simulation. A brief description of the
other boundary conditions is shown in Table 1 below.

Table 1. Boundary conditions for the U-bend pipe

The solver setup utilized for the numerical investiga-
tion is displayed in Table 2 along with a brief description.
Applying a pressure-based solution, water and air are con-
sidered incompressible fluids. The pressure-based solution
considers the fluids incompressible. Hence it is incorpo-
rated. Next, the gravitational acceleration in the negative z
direction is used in the steady state condition (-9.81 m/s?).
Furthermore, the implicit volume fraction parameters with

Items Description Items Description

Primary phase Water Wall condition No slip stationary wall
Secondary phase Air Wall adhesion 90-degree contact angle
Water velocity, v, 3m/s Surface tension, o 0.072 N/m

Air velocity, v, 3m/s Outlet Pressure outlet

Volume of fractions, a 0.5,0.7
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Table 2. Numerical setting for the investigation
Items Description
Solver type Pressure Based Solver
Condition Steady State
Gravity On
Multiphase model Volume of Fluid
Implicit body force On
Interface modeling Sharp
Turbulence model k-¢ (K-Epsilon)
Near wall treatment Standard wall functions
Solver method Pressure-velocity coupling: Coupled
Initialization Standard initialization
Transient formulation Pseudo Transient
Residual Continuity 10
Momentum 10
k 10°
epsilon 10
Vi-air 107
Spatial Discretization Gradient Least square cell-based, Green Gauss node-based
Pressure PRESTO
Momentum First order upwind

Volume fraction

Compressive

Turbulent kinetic energy and dissipation rate

First order upwind

the body force are implied because of the steady state. A
sharp interface is taken for the stratified flow through the
tube in order to capture the contact between the air and
water phases. So, the volume of the fluid model has been
chosen. Additionally, the coupled pressure-velocity tech-
nique with first-order upwind discretization is selected
for improved convergence as the most economical solu-
tion. The reduced residuals make the solution more via-
ble and less erroneous. However, in this present study, in
spite of the present simulation’s reduced residuals, the data
obtained after all residuals remain constant for an extended
period of time. Furthermore, the findings are derived based
on the residuals being kept constant with reduced fluctua-
tions after 1000 iterations. To avoid convergence errors, the
constant values in the RNG k-e models have been modified
as per the guidance of the theory. Furthermore, the find-
ings revealed tendencies that were consistent with previous
experimental studies. However, the two-phase flow simula-
tions’ complexity may have led to a convergence issue with
smaller residuals.

Mesh Independency and Validation

After designing in the design software via ANSYS
Fluent 2020 R1, the U-bend pipe is imported into the
Meshing software. The U-bend pipe has been discretized
into three-dimensional tetrahedron meshing. The unstruc-
tured tetrahedron meshing with patch-conforming mesh

method has been applied. This is due to the fact that the
tetrahedron meshing with the patch-conforming method
requires less time than the more structured hexahedron
mesh. However, Figure 2 shows the grid discretization of
the U-bend pipe, while the mesh element size along with
other details have been presented in Table 3.

The grid independence test is performed to ascertain
whether or not the outcome is grid-dependent for the val-
idation, while Figure 3 illustrates the mesh independence
test. For element sizes of 1.25 mm and 1.50 mm with differ-
ent numbers of mesh elements, the maximum water velocity

Table 3. Meshing elements

Items Description

Type of Mesh Tetrahedral

Mesh Method Patch Conforming Method
Element Size 1.5 mm

No of Elements 2154936

No of Nodes 778390

Inflation Layer 8

First Layer Thickness 0.04mm

Wall Y* Min: 2.20, Max: 2.97




790

J Ther Eng, Vol. 12, No. 2, pp. 784-801, March, 2026

1.72

Maximum water velocity (m/s)

1.67 1 1 1 1 1 1 1 1 1 1 1 1
0 1500000 3000000 4500000 6000000 7500000 9000000

Number of elements

Figure 3. Grid independence test.

of 1.75 m/s is investigated. For 1.25 mm and 1.50 mm, the
outcomes are comparable. However, for a numerical solu-
tion that is computationally economical, the element size
of 1.50mm is selected; otherwise, the computational cost
would be high for the same result. Again, Figure 4 shows
the model validation numerically. Validation is performed
to increase the acceptability of the numerical analysis as
well as the results. The SST k-w turbulence model is used
for the validation. The mixture model for the two-fluid

—M—Pham et al. [3]
—@— This Work

Water velocity at bend inlet (m/s)
"
T

1.0 I 1 1 1 1 1
140 135 130 125 120 115 110

Position (mm)

Figure 4. Numerical model validation.

models given by Pham et al. is used in the current study
to verify the model while maintaining the same dimen-
sions, flow inlet, and boundary conditions. With an average
inaccuracy of 4.47%, the current work is verified against
the earlier work by Pham et al. [3]. If the error percentage
was higher, the results would have been more inaccurate.
So, while considering the results, it has to be remembered
that the results are 4.47% erroneous than the actual ones.
This emphasizes the reliability of the model. The model can
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generate more accurate results if the errors are less. A water
velocity of 1.43 m/s, air velocity of 0 m/s, water volume
fraction of 99.06%, and air volume fraction of 0.94% are the
intake conditions for the validation task.

RESULTS AND DISCUSSION

Water Volume Fraction 50%
Figure 5 shows the flow pattern of 50% VOF of water
both for the horizontal-vertical orientation, and vertical

(—

()

volume-fraction
Volume fraction (water)

1.00e+00
9.00e-01
8.00e-01
7.00e-01
6.00e-01
5.00e-01
4.00e-01
3.00e-01
2.00e-01
1.00e-01
0.00e+00

orientation, respectively. The stratified flow is observed
by the water and air interaction both moving at velocities
of 3 m/s which is similar according to Baker’s flow map.
Here, the water phase is deflected by the centrifugal force
to the bend effect which is clearly seen in both orientations.
However, the liquid deposition downstream of the vertical
pipe is more than the horizontal one due to the effect of
gravitational deceleration. This deposition of liquid can
create obstacles to maintaining the flow from the outlet of
the pipe. So, the velocity of the flowing fluids must be high

(b)

Figure 5. Flow pattern of 50% VOF of water: (a) horizontal-vertical orientation, and (b) vertical orientation.

volume-fraction
Volume fraction (water)

100400
9.00e:01
800601
700601
6.00e.01 (i) Bend inlet
500601
400601
30001
200601

1.00e-01

0.00e+00 (1) Bend inlet

(i1) Bend center

(11) Bend center

(iii) Bend outlet _|

(1i1) Bend outlet _J

Figure 6. Phase distribution at the bend for 50% VOF of water: (a) horizontal-vertical orientation, and (b) vertical orientation.
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enough to overcome this problem. Also, the flow behav-
ior can show vorticity if the backflow pressure increases.
Hence, the viscous effect is more at the downstream of the
pipe than the upper stream.

Looking closely at Figure 6, it is evident at the bend’s
intake that there is a distinct interface between the phases
of water and air, with more water distributed in the bot-
tom half and air in the upper part for vertical-horizontal
orientation and the opposite one is observed for the other
orientation. The vertical pipe which has gravitational effect

volume-fraction
Volume fraction (water)

1.00e+00
9.00e-01
8.00e-01
7.00e-01
6.00e-01
5.00e-01
4.00e-01
3.00e-01
2.00e-01
1.00e-01
0.00e+00

(@

shows that the volume fraction of water is smaller to higher
from bend inlet to bend outlet. However, the horizontal
position shows quite a different view. The gravitational
acceleration creates constricted passage at the inlet of the
vertical position, unlike the horizontal position. Hence,
these differences have occurred.

In Figure 7, the liquid holdup at the bend with a volume
proportion of water of 50% has been depicted. After a fixed
distance from the intake, the flow separation between the
two phases occurs at both positions. The water phase has

(b)

Figure 7. Liquid holdup for 50% VOF of water at the bend: (a) horizontal-vertical orientation, and (b) vertical orientation.
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Figure 8. Velocity vector at the bend for 50% VOF of water: (a) horizontal-vertical orientation, and (b) vertical orientation.
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splattered on the bends outside the wall, while the air phase
flows towards the inner wall. Following flow separation, the
liquid water is nearly equivalent to the air phase. Due to the
separation of flow, the flow behavior shows vorticity and
regions of wake. Hence, this causes more pressure losses
throughout the pipe, unlike the straight pipe.

In Figure 8, the velocity vector is displayed at the bend.
The flow at the bend inlet and center appears to be similar.
The former shows smooth flow while the latter one vor-
ticity called secondary flow. However, the velocity vector
at the bend outlet of the vertical one shows discrepancies
from the other one. This is perhaps due to the flow against
gravity. The gravitational effect has less impact on the bend
inlet and center for both orientations. However, the flow

pressure_contour
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generates more vorticity in the horizontal position than the
vertical one possessing a gravitational effect. Additionally,
the velocity is higher at a bend of the vertical than the hori-
zontal indicating more turbulence. The velocities are higher
for the vertical pipe than the horizontal due to the grav-
itational effect in the former. The pressure distributions,
shown in Figure 9, have given completely opposite results
for both orientations. The static, dynamic, and total pres-
sures in vertical orientation are more than the horizontal
one. The static pressure seems to be lower in the horizontal
orientation than in the vertical one. However, the dynamic
pressure shows different outcomes. The constricted passage
at the bend outlet of the horizontal position and at the bend
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Figure 9. Variation of pressure along the U-bend tube for 50% VOF of water: (a) horizontal-vertical orientation, and (b)

vertical orientation.
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inlet of the vertical position generates more pressure. And,
this has a significant effect on the total pressure as well.

Water Volume Fraction 70%

From Figures 10-14, the results have been shown for a
70% volume fraction of water. The results have given sim-
ilar trends with the 50% volume fraction of water with the
larger number. However, Figure 10 shows the flow pattern
of 70% VOF of water both for the horizontal-vertical ori-
entation, and vertical orientation, respectively, where the
air-water interface gives a clear picture of wavy-stratified
flow depicted in the figure. This is likely due to the similar
flow pattern observed in Figure 5 with 50% VOF of water.

(—

(@)

volume-fraction
Volume fraction (water)

1.00e+00
9.00e-01
8.00e-01
7.00e-01
6.00e-01
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1.00e-01
0.00e+00

However, the liquid occupies more portion of the pipe with
70% volume fraction than 50% volume fraction of water.

In Figure 11(a), the phase distribution at the bend
inlet and outlet indicates similarity with Figure 6(a). And,
air-water interface also matches the previous one. However,
the bend center gives a different illustration. It is because
it can be observed some tiny air-pockets for 70% VOF of
water which is absent for 50% VOF. These air pockets can
cause areas of lower pressure region and damage to the
pipe. Again in Figure 11(b), the phase distribution of water
is more as expected with the same phase distribution pat-
tern with 50% VOE But water droplets have been observed
at the bend inlet unlike the Figure 5(b).

U

(b)

Figure 10. Flow pattern for 70% VOF of water (a) Horizontal-vertical, and (b)Vertical orientational.
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Figure 11. Phase distribution at the bend for 70% VOF of water: (a) Horizontal orientation, and (b) Vertical orientation.
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Figure 12. Liquid holdup for 70% VOF of water at the bend: (a) Horizontal-vertical orientation, and (b) Vertical orientation.

The liquid hold-up is almost the same for both the ori-
entations of pipe. However, the effect of gravity is observed
in Figure 12(b). The liquid hold-up is more for 70% VOF of
water than 50 % VOF water in Figure 7. While the velocity
vectors in Figure 13 for 70% VOF of water at the two ori-
entations of the pipe have given the same results. Hence,
the effect of increasing the water VOF is absolutely absent.
However, though the mixture velocity increases, the turbu-
lence has less effect on the velocity distribution. with 70%
VOF of water. Comparing the static, dynamic, and total
pressure in Figure 9 and Figure 14, very little (i.e., said to be
no) significant changes have been detected other than the
increased value of the pressure for 70% VOF water. Though
the values have been increased for the static, dynamic, and
total pressure, the impact on the flow behavior is less signif-
icant which can be observed from the other figures.

Pressure Variation

Figure 15 shows the pressure variation with U-bend
pipe at different orientations: static pressure, dynamic pres-
sure, and total pressure. The comparison of static pressure
along the axial position of the pipe is shown in Figure 15(a).
It can be clearly observed that the pressure is dropping at a
higher value at the downstream part for the vertical orien-
tation of the pipe than the horizontal-vertical one. This is
due to the fact that the water which is the heavier fluid faces
more viscous resistance for acceleration against gravity. As
a result, the pressure drops at a larger number for the 50%
and 70% VOF of water. However, at the bend inlet and cen-
ter, the pressure is lowering steadily for both the position
and VOF of water.

Dynamic pressure comparison has been depicted in
Figure 15(b). The results are completely different in this
case. For horizontal-vertical downflow for 50% and 70%
VOF of water, the pressure decreases from pipe inlet to
bend inlet. But the pressure tends to increase from the bend

inlet and maximizes at the bend outlet due to a constricted
passage as shown earlier in Figure 9 and Figure 14. After,
the pressure again starts to decrease at the downstream por-
tion. The pressure increases for the vertical downflow as
the constricted passage of water has been observed which
increases the pressure, from the pipe inlet to the bend inlet
as given in Figure 9 and Figure 14. Then, the pipe bend
faces a sudden drop of pressure following a small portion
of the downstream of the pipe for both 50% and 70% VOF
of water. After, the dynamic pressure tends to increase as
there is a huge drop of static pressure described earlier in
Figurel5(a).

The total pressure variation is shown in Figure 15(c).
The pressure variation for 50% and 70% VOF of water at
horizontal-vertical downflow gives a similar trend as in the
vertical pipe. But the pressure is lowered from the pipe inlet
to bend for the horizontal-vertical downflow for both the
VOF of water. On the contrary, the total pressure is slightly
increasing due to the constricted passage of water created
by the gravitational effect. Next, the total pressure variation
is steady at the pipe bend and a small pressure drop follows
the downstream part. However, the total pressure lowers
with a great value starting from the pipe bend which has
increased at the pipe downstream.

Figure 16 shows the pressure variation at the bend sec-
tion of the u-bend pipe both for 50% and 70% of water for
both orientations: horizontal-vertical and vertical. The
pressure measurement at various bend angles has been
illustrated in this figure. The bend angle has a negligible
effect on horizontal-vertical and vertical downflow for
50% VOF of water. The curved lines are almost straight.
However, with the higher bend angle and for 70% VOF of
water, the pressure gives significant changes for both of the
pipe positions. It may be due to the fact that higher VOF of
water increases the liquid hold-up and thus, this causes the
pressure to drop more.
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Figure 16. Pressure variation at the u-bend section both
for 50% and 70% of water for both orientations: horizon-
tal-vertical and vertical.

Figure 17 shows the comparison by considering the flow
pattern of 50% VOF of water for the horizontal-vertical ori-
entation. Figure 17(a) shows the comparison of water veloc-
ity at the bend inlet along with the axial length, where the
mixture model for the two-fluid models is used to verify the
model while maintaining the same dimensions, flow inlet,
and boundary conditions by Pham et al. [3]. With an aver-
age inaccuracy of 4.47%, the current work is verified against
the work of Pham et al. and hence, this emphasizes the reli-
ability of the model. While, in Figure 17(b), the total pres-
sure variation comparison has also been illustrated between
Pham et al. [3] and the present work. The total pressure
variation trends are similar for both of the works. However,
the pressure curve for the present work varies slightly due
to the differences in volume fraction with Pham et al. work.
With a higher volume fraction, the total pressure magnitudes
change, and the pressure loss is greater for the higher volume
fraction which is depicted here. So, this comparison authen-
ticates the results found through this study.
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Figure 17. Illustration for comparing (a) water velocity at bend inlet, and (b) total pressure along the axial length.

CONCLUSION

The current investigation is conducted on the U-bend
tube to see the flow pattern, examine how the bend affects
the pressure drop for two types of pipe orientations, and
determine the phase distribution. In summary, the subse-
quent findings have been discovered.

o The flow pattern for water and air inlet velocity of 3 m/s
is observed in the stratified flow with very small wavy
patterns at the interface of the air-water phase interac-
tions for both orientations and volume fractions. This
observation is consistent across both orientations and
volume fractions, highlighting the impact of centrifugal
and gravitational forces on phase interactions.

o The pressure drop is 1186 Pa and 1415 Pa for 50% and
70% volume fractions of water at the vertical downflow
position of the pipe. On the other hand, an 80 Pa total
pressure drop is found for a 70% volume fraction of
water for the horizontal position of the U-shaped pipe.
However, the pressure drop is negligible for a 50% vol-
ume fraction of water at the same orientation. This sig-
nifies that pressure losses increase with volume fraction.

o With higher volume fractions of water, the liquid
hold-up at the bend increases due to the dominant cen-
trifugal force over the gravitational force. This high-
lights the importance of considering phase distribution
and flow patterns in U-bend pipes for efficient fluid
transport in industrial applications.

o The pressure drops increase with the bend angle and the
volume fraction of water.

The scope of this work can be extended to investigate
whether air-water two-phase flow yields similar results with
different types of refrigerants. Additionally, extensive studies
in microchannels could provide valuable insights, allowing
for comparison with current findings. In summary, this study
shows that pipe orientation and water volume percentage

have a considerable impact on the pressure drops and phase
distributions in U-bend pipes. The results offer a fundamen-
tal insight that may guide fluid transport system design and
optimization in a range of industrial settings.

NOMENCLATURE
a Volume of fraction
A Area

U Superficial velocity
Q Flow rate

Ap  Total pressure drops

G Mass flux

Ay Dimensionless parameters

p Density

v Velocity

n Surface normal correlated to the gradient of q' vol-
ume fraction

0 Angle

o Surface tension

User defined source term
U*  Dimensionless velocity
Dimensionless distance from the wall
Von Karman constant (0.4187)
Empirical constant (9.793)
Mean velocity
Dynamic viscosity of the fluid
Turbulence kinetic energy
Distance from the centroid of the wall-adjacent cell
to the wall

=
X

< & F cma
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