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Tis study used the Ansys Fluent® computational fuid dynamics code in conjunction with a volume of fuid multiphase model
and phase-change model to analyze the fow boiling evaporation heat transfer coefcient and fow patterns of R32 and R1234yf
with Al2O3 nanoparticle through the U-bend tube with a curvature ratio for downward-oriented fow.Te volume of fuid (VOF)
model was used to follow the patterns at the interface, while the SST k-omega model was used to simulate the gas-liquid fow.Tis
work has been validated by utilizing a R134a refrigerant. Simulations were performed at various mass fuxes, vapor qualities, and
temperatures to determine the efects of these variables on heat transfer and frictional pressure decrease in the tube. R1234yf
shows much better performance than the other pure refrigerants in terms of heat transfer and vaporization. Te addition of
nanoparticle Al2O3 with the refrigerants R32 and R1234yf signifcantly improved the heat transfer coefcient and increased the
vapor fraction.Te frictional pressure drop increases with increasing mass fux and decreases with increasing vapor quality due to
a signifcant decrease in the liquid flm thickness. Te heat transfer coefcient, on the other hand, increases with increasing mass
fux and decreases with vapor quality up to a point. Tere are certain changes in the heat transfer coefcient at the bend. After the
bend, the frictional pressure drop increased at a higher rate than before the bend, and the vapor fraction increased at a higher rate.

1. Introduction

Evaporation in U-bend tubes is a highly efective technology
that addresses thermal management challenges, as it ofers
high heat transfer efciency and lower heat transfer tem-
perature diference. Te study of evaporation and heat
transfer has attracted a lot of attention in recent years be-
cause of its high productivity and wide applications. While
designing an evaporator tube, it is essential to consider the
heat transfer coefcient, frictional pressure drop, and fow
pattern. Nowadays, some popular refrigerants (i.e., R134a,
R32, R1234yf, and R410A) are used for the cycle perfor-
mance in practical refrigeration and air conditioning system
appliances. Compared to many other hydrofuorocarbons
(HFCs), R32 is an HFC refrigerant with a reduced global
warming potential (GWP). Hydrofuoroolefns (HFOs) have
lately gained popularity for their low GWP value and other
advantageous environmental properties: GWP for R1234yf
is 4 [1], R1234ze(E) is 6 [2, 3], R1234ze(E) is 3 [4],

R1336mzz(Z) is 2 [5], and R1336mzz(E) is 18 [6], as well as
the viscosity and thermal conductivity of R1336mzz(E) are
reported by Mondal et al. [7, 8].

Numerous studies have been conducted to improve the
methods for computing the transitions in fow patterns in
fuid dynamics. Wu et al. [9] studied the impact of fow
behavior in a U-bend adiabatic tube using various fow
orientations. Hajal et al. [10] developed a fow pattern map
for R134a, R123, R402A, R404A, and R50 evaporation in
horizontal tubes under diabatic circumstances. Much re-
search has been carried out to enhance the approaches for
computing fow pattern transitions in fuid dynamics. Cheng
et al. [11] used dynamic vapor fraction measurement to
improve on a technique pioneered by Hajal et al. [10]. Greco
and Vanoli [12] developed a simple approach for identifying
R134a, R22, and R410a fow pattern transitions. Moreover,
Grauso et al. [13] developed a fow characteristic for
R1234ze(E) in a horizontal tube and compared it to the
approach used by Cheng et al. [11]. Yang et al. [14]
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investigated the heat fux, mass fux, and saturation pressure
afect fow pattern transitions using R1234ze(E) and R170
refrigerants. For the two-phase case, it was discovered that
using huge pressure drops as a system drop will reduce
system efciency. Padilla et al. [15] revised a system for
estimating pressure decreases in U-bend tubes caused by
diferences in geometries and circumstances, especially for
the refrigerants R12, R134a, and R410A. Kerpel et al. [16]
investigated the frictional pressure loss of R134a in U-bend
geometry in another investigation. Moreover, Lima and
Tome [17] discovered that the frictional pressure loss for
R134a in U-bend tubes was double that of straight tubes.Te
research used mass transfer relaxation time factors to
guarantee that the interface temperature stayed near the
saturation temperature [18]. Te study also included
evaporation mass transfer source terms, which aided in the
transfer of mass from the liquid phase to the vapor phase.
Schepper et al. [19] combined this model with a phase-
change model to follow fow regimes in hydrocarbon
feedstock fow boiling evaporation. Meanwhile, Abadi et al.
[20] observed the condensation fow patterns of R134a at
inclined angles using a user-defned function phase-change
model and the aforementioned model. Lillo et al. [21] in-
tegrated the model with a phase-change model to investigate
the efect of tube form (circular, square, and triangular) on
condensation fow patterns of R32 in mini-horizontal
channels. Lorenzini et al. [22] utilized the model with
a phase-change model to evaluate two-phase cooling in
microelectronics. In addition, Li [23] combined the model
with a phase-change model to investigate acetone conden-
sation. Aprea et al. [24] reported in their experimental re-
search that HFO1234ze could be a replacement for R134a as
the former shows 100 times lower GWP and environmental
efect. Maiorino et al. [25] addressed in their research that
R152a could be a drop-in replacement of R134a as the
former shows a coinciding performance in diferent pa-
rameters measured in this research work. Soni et al. [26]
investigated a comparative study of conventional VCR
systems using R134a, R152a, R600a, and R290 refrigerants.
Tis investigation was performed for the evaporator tem-
perature at −30∼10°C, whereas the condenser temperature at
40∼45°C was used to estimate the work input to the com-
pressor and refrigerating efect in the evaporator and COP of
the system as well.

Furthermore, the nanorefrigerant is one type of nano-
fuid that has been touted as having unparalleled re-
frigeration qualities and increasing the heat transfer
coefcient in the refrigeration system. A wide range of
substances could be used to create nanoparticles that are
suspended in ordinary refrigerants [27]. Te size range of
nanoparticles is approximately 1∼100 nm. Nanoparticles are
merely distinct cylinders and strands that are smaller than
100 nm. At a fundamental length size of 100 nm, novel
features that produce diverse particles from mass material
often increase. To enhance the refrigeration efect, only
a blend of nanomolecules can be employed as a structured
nanorefrigerant. In contrast to conventional refrigerant, the
nanorefrigerant will be able to travel more readily [28].
Majgaonkar [29] presented a review paper regarding the use

of nanoparticles in refrigeration systems. When the nano-
particles are mixed with refrigerant in the refrigeration cycle,
nanoparticles move with the refrigerant. Te refrigerant
undergoes a phase change in the condenser and evaporator
of refrigeration systems. Studies on the properties of mi-
gration during the condensation process are equally im-
portant, much as studies on boiling. Nanoparticle migration
characteristics were investigated in a pool boiling experi-
ment by Peng et al. [30] and Ding et al. [31]. Tese studies
will be helpful in systems that use fooded evaporators for
refrigeration. Moreover, there are also several works on
nanoparticles used with refrigerants for a refrigeration
system. Hernandez et al. [32] presented an analysis of
nanofuid-based simulation where the refrigerants R113,
R123, and R134a were mixed with Al2O3 nanoparticles at 1
vf% and 5 vf% fowing through a horizontal tube with
a constant wall temperature to improve the thermal ef-
ciency of the system. Kumar and Elansezhian [33] conducted
an experimental study on Al2O3-R134a in VCRS which
performed with less energy and there is an improvement in
COP. Royal et al. [34] also conducted an experimental study
on Al2O3-R134a, whereas the inclusion of Al2O3 nano-
particle with refrigerant indicates the improvement of the
system COP, the power consumption is decreased, and the
efciency of the compressor is advanced. Mallikarjuna et al.
[27] conducted research on TiO2, CuO, and Al2O3 with
R134a and found a better COP and lower evaporative
temperature. Bibin et al. [28] performed a review on using
Al2O3, CuO, and TiO2 with R134a and indicated that TiO2
with R134a refrigerant shows the maximum enhancement in
coefcient of performance and Al2O3-R134a ofers a 27%
reduction in power usage when compared to traditional
fuids. Vamshi et al. [35] reported a review on the utilization
of nanoparticles in refrigeration systems in which various
heat transfer characteristics of working fuid with Al2O3,
TiO2, CuO, and SiO2 are to be studied.Tis review presented
correlations used to estimate the viscosity, thermal con-
ductivity, heat transfer coefcient, and Nusselt number. Te
focus of this study is to blend the Al2O3 nanoparticle with
pure refrigerants, and utilizing nanofuids such as R32-
Al2O3 and R1234yf-Al2O3 in refrigeration systems can
improve the evaporator performance by raising the overall
heat transfer coefcient of the system. Te higher thermal
conductivity of the nanofuid is principally responsible for
the increased heat transfer coefcient.

From the aforementioned debate, numerous scholars
examined the fow patterns, heat transfer, and pressure drop
in tubes with various orientations, including adiabatic and
diabatic. However, there are several research studies on U-
bend tubes, particularly in diabatic conditions, and fow
pattern mapping in U-bend tubes [36]. Terefore, this study
aims to address this gap by using numerical methods to
investigate heat transfer during fow boiling evaporation of
R32, R1234yf, R32-Al2O3, and R1234yf-Al2O3 in U-bend
tubes for descending fow orientation, as well as the de-
velopment of fow patterns before and after a bend in
a downward-oriented fow according to vapor fraction and
diferent mass fux. In order to evaluate the performance of
evaporators for a variety of mass fuxes and vapor quality,
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measurements have been taken of the heat transfer co-
efcient, the frictional pressure drop, and the temperature
efect on heat transfer.Tis information can be helpful in the
refrigeration and air conditioning processes.

2. Methodology

Refrigerators are an indispensable feature of every family in
today’s environment. A refrigerator is a device that operates
on a continuous cycle to keep the temperature of a cold body
(refrigerated space) lower than the ambient temperature.
Te purpose of a refrigerator is to store food and other
perishable items at a low temperature to slow down or
prevent the growth of harmful bacteria and other micro-
organisms. Te basic vapor compression refrigeration
(VCR) system is depicted in Figure 1, where the evaporator
is the important component for providing the primary
functions of a refrigerator. To achieve the goal, the heat
transfer characteristics through the U-bend tube evaporator
will be numerically investigated by utilizing R32 and
R1234yf with Al2O3 nanoparticles.

2.1. Physical Model. Numerous researchers conducted their
works [10–13, 17, 36] using R134a passing through the
evaporator tube. Te U-bend tube is a very popular con-
fguration in heat exchanger design. Although the U-bend
tube confgurations may vary in various types, all other tubes
can be represented as a single U-bend tube [36] and the
following patterns in an adiabatic condition in U-bend of
various orientations are observed by Lima and Tome [39].
Terefore, the horizontal U-bend tube (length 1m, bend
radius 10mm, and diameter 8.1mm) in the downstream,
upstream, and bend sections of the heat exchanger tube was
simulated by using ANSYS R20. Te simulation was con-
ducted under diferent conditions, including a mass fux
from 35 to 160 kg/m2·s and a vapor fraction of 0.01–0.91.Te
model assumed a constant and uniform heat fow on the
surface area of the tube, ignoring the impact of fns to
simplify the heat fow assumption. However, this simplif-
cation is useful in understanding heat transfer methods [40].

2.2. Numerical Model. Te study utilized ANSYS Fluent
software to conduct simulations. Te observed fow is
characterized by steady-state fow conditions, and the fow
feld has a three-dimensional nature. Te geometry of the U-
bend pipe shape will be generated by using the space claim
module of ANSYS. Subsequently, the model was then
gridded into a discrete volume of tetrahedral elements. Te
utilization of suitable mesh parameters and methodologies
was employed in order to attain a very similar outcome. Te
numerical calculations on the model mesh were conducted
using ANSYS Fluent. Te U-shaped tube was flled with
a liquid refrigerant known as R134a. Te copper pipe was
subject to many constraints, such as the prescribed fow rate
of both liquid and gas, a specifed pressure at the intake, and
a designated temperature at the outer surface of the tube.Te
movement of the pipe was also restricted. In order to fab-
ricate the fow of vapor and liquid in a system, the vapor and
liquid phases were identifed as the two main parts of the
system. Te volume percentages of the liquid and vapor
phases were subsequently monitored within the computa-
tional domain by utilizing the volume of fuid (VOF) model.
Te VOF model will be employed to track the interface
patterns, while the gas-liquid fow will be simulated with the
shear stress transport (SST) k-omega model. Te dis-
cretization technique employed in this study utilized geo-
reconstruction to accurately trace the interfaces. In order to
maintain system stability, a pressure implicit operator
splitting (SIMPLE) approach was employed to efectively
couple the variables of pressure and velocity.

Te continuity equation is given based on the vapor
fraction as follows [36, 41]:
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Te energy conservation formula is represented as
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In the (SST) k-omega model, the kinetic energy which
shows turbulence is governed by Hernandez et al. [32].

Te kinematic eddy viscosity is calculated as

vT �
a1k

max a1ω, SF2( 
. (4)

Te turbulence kinetic energy is
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Te specifc dissipation rate is given by
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Te turbulent viscosity is calculated as

μt � ρCμ
k
2

ε
. (7)

In the above equations, Sk and Sϵ are the constant source
terms, generally considered as zero, σk and σϵ are the Prandtl
turbulent numbers in terms of k and ϵ, where Gb and Gk are
the kinetic energies for turbulence generating buoyancy and
turbulence generating gradient speed, respectively, andYm is
the dissipation rate of incompressible turbulence for dilution
contribution.

Te efectiveness of surface tension is explained by its
force [42] as
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(1/2) ρι + ρ]( 
. (8)

Te calculated phases’ interface curvature is
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Te energy equation and model together are represented
as

z
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(ρE) + ∇. [ u

→
(ρE + P)] � ∇. (k∇T) + Se. (10)

Te mixture of continuity is calculated as [32]

z ρm( 

zt
+ ∇ ρm ]→m  � 0. (11)

In the abovementioned equations, q is the heat fow, Twall
is the temperature of the tube wall, k is the thermal con-
ductivity of the tube material, and di and do are the inside
and outside diameters of the U-bend tube, respectively.
∆Pt and∆Pa are the measured pressure and accelerating
pressure, respectively, α is the void fraction, x is the vapor
quality, ρ is the density, andG is the mass fux density. Again,
ρm is the density of the mixture and v

→
m is the fow velocity

[43] and the subscript k designates the mixed phase.
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Figure 1: Schematic diagram of the vapor compression refrigeration (VCR) system: (a) basic system [37] and (b) evaporator heat exchanger
with fns [38].
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Combining the momentum equation for each phase
gives the mixture momentum equation (32) as
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Te viscosity of the mixture is defned as follows:
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Te energy equation is applied as follows:
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where g
→ is defned as the acceleration due to gravity, n is the

number of phases, μm is the viscosity of the mixture, Ek is the
energy of each phase, T is the temperature, SE includes the
volumetric heat sources, and keff is the efective thermal
conductivity.

Te heat transfer coefcient equation (36) is assessed as
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Te measurement of the frictional pressure drop [36] is
given by
ΔPr � ΔPt − ΔPa. (18)
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Tis study solves the numerical problem using a pres-
sure-based solver by ANSYS Fluent, and the numerical setup
with solver setting parameters is listed in Table 1, whereas
Table 2 shows the boundary conditions.

2.3. Grid Independence Analysis and Validation. Te
meshing of the desired U-bend tube was performed by the
commercial software ANSYS meshing.Te infation in mesh
was developed to improve wall function and for better
convergence. Te meshing with tetrahedrons method is
implemented along with patch confrmation here. Te
correctness of the numerical fndings was confrmed by
monitoring the total heat fux of the U-bend tube using
a separate grid refnement test. Te test outcomes revealed
that the total heat fux remained unchanged when the
percentage of elements well within the feld declined by
around 1.2%. Further grid refnement did not cause any
noticeable changes to the total heat fux of the channel.

Consequently, a grid system comprising 468314 elements
and 177731 nodes was chosen for the calculation to lower the
cost of computing, as additional cell increments would not
afect the heat fux of the channel signifcantly. For a better
understanding, the grid refnement test result is listed in
Table 3.

Te correctness of the computational model for two-
phase heat transport was evaluated by utilizing experimental
data from Oudah et al. [41]. Te working fuid R134a was
utilized for the purpose of validating the outcomes of this
study. Te experimental settings and geometric parameters
were accurately reproduced in the numerical simulations.
Te fndings exhibited a favorable concurrence between the
experiment and CFD models, with a maximum discrepancy
percentage error of 6.15%, as depicted in Figure 2(b). In
addition, the graphs for both scenarios demonstrated
comparable patterns. Again, Table 4 demonstrates the
properties of R134a, R32, and R1234yf which will be useful
for the analysis.

3. Results and Discussion

Numerical simulation was performed to investigate the
evaporation of R32 and R1234yf with Al2O3 nanoparticles in
a U-shaped tube, where the saturation temperature was
maintained at 273.15K. Te simulations covered a mass fux
range of 35–160 kg/m2·s and vapor fractions ranging from 0.01
to 0.91 at the uniform temperature range from 300K to 400K.

3.1. U-Bend Analysis for R32 and R32-Al2O3

3.1.1. Mass Fluxes Efect of R32 and R32-Al2O3. In fow
boiling evaporation of R32 and R32-Al2O3 in a U-bend tube
with a downward fow, the mass fux and vapor fraction
strongly infuence the heat transfer coefcient. Figure 3
shows the variation of the heat transfer coefcient to va-
por fraction by varying the mass fux from 35 to 160 kg/m2·s
at a constant temperature. Te heat transfer coefcient
decreases with increasing vapor fraction at a constant
temperature through the upper straight section of the pipe.
Due to a steady fow, the liquid refrigerant near the pipe wall
takes the heat frst, then vaporizes, and creates a vapor layer
between the pipe wall and the remaining liquid. Conse-
quently, there is a reduction in the heat fow from the pipe
wall to the liquid, leading to a fall in the heat transfer co-
efcient. At the bend, the heat transfer coefcient increases
slightly as a result of the separation of the fow and the
change from stratifed to annular fow. Hence, the convective
heat transfer is enhanced. After the bend, the fow reverts
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Table 1: Numerical setup with solver setting parameters and solution methods.

Parameter Setup
Solver type Pressure-based
Time Steady
Velocity Absolute
Model Volume of fuid (VOF)∗, mixture∗∗
Phase Multiphase (2)∗, multiphase (3)∗∗
Viscous model SST k-omega model
Fluid R32 and R1234yf with Al2O3
Mesh Tetrahedron method
Pressure PRESTO
Formulation Explicit (R32), implicit (R1234yf)
Gradient Least squares cell-based
Pressure-velocity coupling SIMPLE
∗R32 and R1234yf. ∗∗R32-Al2O3 and R1234yf-Al2O3.

Table 2: Boundary conditions.

Parameter Setup/value
Type wall Phase solid
Wall thickness 1.9mm
Temperature 300–400K
Inlet-boundary
Type Infow
Phase Multiphase (mixture)

Mass fux 35–160 kg/m2·s
Inlet temperature 273K
Gauge pressure 0.816MPa
Outlet-boundary
Type Outfow

Table 3: Grid refnement test.

Node Elements Heat fux (kW/m2·K)
177731 468314 1.511× 102

258886 725618 1.511× 102

349535 1019161 1.511× 102

(a)
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ea

t t
ra
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Figure 2: Illustration of the grid independence test for the (a) mesh generation and (b) validation with experimental data [41].
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back to stratifed fow, resulting in a further decrease in heat
transmission. Te trend observed in the illustrations for
300K, 350K, and 400K is almost similar. At the given
temperature of 300K, as depicted in Figure 3(a), the heat
transfer coefcient exhibits an upward trend owing to an
augmentation in the mass fux. Eventually, it attains its peak
value as a result of the substantial infuence of forced
convective evaporation, that is, at a mass fux of 160 kg/m2·s.
In Figures 3(b) and 3(c), it is shown that the heat transfer
coefcients exhibit an increase when the temperatures are
raised to 350K and 400K while maintaining the same mass
fux. Te vapor fraction has correspondingly augmented
with the rise in temperature due to the enhanced transfer of
heat to the liquid. Te characteristics of vapor can be as-
cribed to a confuence of elements, encompassing convective
boiling and nucleate contributions.

Figure 4 exhibits the efect of the heat transfer coefcient
at diferent percentages of Al2O3 nanoparticles (0 vf% to 5 vf
%) in the mixture with R32 refrigerant at a constant tem-
perature of 350K by varying the mass fuxes (60 kg/m2·s,
85 kg/m2·s, and 160 kg/m2·s). Mixing Al2O3 nanoparticles
with refrigerant R32 at diferent percentages certainly in-
creased the heat transfer coefcient quite signifcantly, along
with the vapor fraction, due to the higher heat conductivity
of metal nanoparticles. From Figures 4(a) to 4(c), it can be
seen that the heat transfer coefcients are increased for
a constant temperature by increasing the mass fuxes and
found its maximum values for nanoparticles at 5 vf%.
However, the heat transfer coefcients are decreased with
increasing the vapor fraction for all cases shown in the
fgures. Moreover, the heat transfer coefcient curves are
characterized by a maximum point corresponding to the
bent section of the tube.Tis happens because there is a fow
separation and transition from stratifed to annular fow that
enhances the convective heat transfer coefcient. Te shear
forces imposed by the bend caused some shift fow pattern
transition and bubble characteristics in the redeveloping
fow section after the bend relative to the developed fow
before the bend. Te pressure gradient at the bend section
increased with both vapor fraction and liquid superfcial
velocity and there was a sharp change in the pressure
gradient profle during phase inversion. At low mixture
velocity, pressure losses at the bend are higher than those in
the straight sections [47, 48]. After the bend, the fow again
becomes stratifed, and the heat transfer continues to de-
crease. It is observed that the heat transfer coefcient in-
creased by mixing 1% Al2O3 nanoparticle with the
refrigerant R32 than with 0% Al2O3 nanoparticle. With

further increases in nanoparticles’ amount, the heat transfer
coefcient increases sharply up to 3%. However, when the
percentage of nanoparticles increases by more than 3%, the
rising rate of the heat transfer coefcient starts to slow down.

3.1.2. Temperature Efect of R32. Figure 5 illustrates the
impact of temperature on the overall heat transfer rate across
diferent mass fuxes for the R32 refrigerant. As a conse-
quence of the rise in temperature from 300 to 400K, the
mean heat transfer coefcient experiences an increase,
reaching a threshold, due to the combined efects of con-
vective boiling and nucleate contributions. Tere are no-
ticeable variations in heat transfer coefcient and vapor
fraction for the mass fux at 160 kg/m2·s depicted in
Figure 5(b) than the mass fux at 35 kg/m2·s depicted in
Figure 5(a). Te observed fuctuations are explained by
diferences in refrigerant temperature along the boiling
curve wall. Te data presented in the fgures indicate that
when the temperature rises, there is an observed increase in
both the vapor fraction and heat transfer coefcient, up to
a specifc threshold.

3.1.3. Frictional Pressure Drop of R32 and R32-Al2O3.
Figure 6 demonstrates that the frictional pressure drop and
the vapor quality increase as themass fuxes increase from 35
to 160 kg/m2·s at 300K, 350K, and 400K, respectively. Te
frictional pressure drop was higher for the mass fow of
160 kg/m2·s than for the smaller mass fuxes. An increase in
mass fux results in a concurrent increase in resistive
pressure drop. Tis can be attributed to the heightened
contact shear stress between the liquid and vapor phases of
R32, as well as between the two-phase fuid and the tube wall.
Terefore, the shear stress is proportional to the resistive
pressure of the mass fow. As temperature increases from
300 to 350K, depicted in Figures 6(a) and 6(b), the frictional
pressure drop increases for mass fuxes, increasing from 35
to 160 kg/m2·s.

Comparably, the temperatures exhibited a rise from 350
to 400, depicted in Figures 6(b) to 6(c). Te frictional
pressure drop also increased by raising the mass fuxes from
35 to 160 kg/m2·s. Tis is due to the density of the two
phases of R32 decreasing, causing the vapor velocity to
exceed that of the liquid flm. Tis leads to higher shear
stress and results in greater resistive pressure losses. Te
frictional pressure loss is much reduced because the liquid
flm is drastically reduced at the higher vapor fraction.
Since the fuid has been receiving more heat, the vapor

Table 4: Properties of R32, R134a, and R1234yf [44–46] at Tsat � 273.15K and P � 0.816, 0.2928, and 0.3158MPa, respectively.

Properties
R134a R32 R1234yf

Liquid Vapor Liquid Vapor Liquid Vapor
Density (kg/m3) 1294.8 14.428 1055 21.98 1176.3 17.64
Specifc heat, Cp (J/kg·K) 1341 897.23 1745 1251 1289.3 926.18
Termal conductivity (W/m·K) 0.0920 0.0115 0.1248 0.01284 0.0714 0.0116
Viscosity (kg/m·s) 0.000266 0.0000107 0.000124 0.00001228 0.000204 0.0000103
Molecular weight (kg/kmol) 102.03 102.03 52 52 114.04 114
Surface tension (N/m) 0.0114 0.0114 0.007 0.007 0.0094 0.0094
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fractions have similarly increased with temperature.
Moreover, frictional pressure drop also increased signif-
cantly over the vapor fraction for the higher mass fuxes
and the temperature increments.

Again, Figure 7 resembles the resistive pressure drop and
the vapor quality for diferent percentages (0 to 5%) of Al2O3
nanoparticles with R32 at a constant temperature of 350K by
varying the mass fuxes from 60 to 160 kg/m2·s mass fux.
Mixing the Al2O3 nanoparticles with the R32 at 1% per-
centage increases the frictional pressure drop slightly than
the 0% nanoparticles mixture. Tis is due to the density of
the two phases of R32-Al2O3 nanofuid decreasing, causing
the vapor velocity to exceed that of the liquid flm. Tis
leads to higher shear stress and results in greater resistive
pressure losses. Further increasing the amount of the

nanoparticles to up to 3%, the frictional pressure drop
increases but not quite signifcantly. Using the various mass
fuxes (60, 85, and 160 kg/m2·s) on diferent percentages of
Al2O3 nanoparticles with R32 at a constant temperature of
350 K, the resistive pressure drop increased due to an in-
crease in the contact shear stress between the R32-Al2O3
nanofuid liquid and vapor phases as well as the two-phase
fuid and the tube wall.

3.1.4. Flow Formation of R32 and R32-Al2O3. Te velocity
vector and streamline were obtained at a mass fux of 160 kg/
m2·s and at a temperature of 350K, in order to analyze the
improved performance of the heat transfer coefcient,
temperature efect, and frictional pressure drop for R32 and
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Figure 3: Variation of heat transfer coefcient for vapor fraction of R32 at various mass fuxes at (a) 300K, (b) 350K, and (c) 400K.
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R32-Al2O3. Figures 8 and 9 exhibit the velocity vector and
velocity streamline, respectively, to identify the fow pattern
of the liquid and vapor mixture of R32 and R32-Al2O3 in
a U-bend tube at 160 kg/m2·s mass fux and at a temperature
of 350K. Figure 8(a) illustrates the velocity vector of R32 for
the liquid and vapor phases that identifes the liquid flm
thickness and the interfacial area between the liquid and
vapor phases depending on the fow velocity and afects the
heat transfer area. In Figure 8(b), the velocity streamlines of
R32 refrigerant for the liquid and vapor phases are indicated
where the streamlines are parallel to the axis of the pipe and
provide a visualization of the velocity distribution at any
given moment in time.

In contrast, Figure 9(a) illustrates the velocity vector of
the R32-Al2O3 nanofuid that serves to characterize the
liquid flm thickness and the interfacial area between the
liquid and vapor phases. Conversely, Figure 9(b) depicts
the velocity streamline of the R32-Al2O3 nanofuid, spe-
cifcally highlighting the behavior of the liquid and vapor
phases. Te velocity streamlines exhibit a parallel orien-
tation to the axis of the pipe, thus serving as a means to
visually represent the distribution of velocity at a specifc
instant in time.

Moreover, Figure 10 illustrates the fow pattern devel-
opment during the fow boiling evaporation of R32 within
a U-bend tube. Te evaporation starts from the adjacent
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Figure 4: Variation of heat transfer coefcient at a constant temperature for diferent percentages of R32-Al2O3 nanofuid at various mass
fuxes of (a) 60 kg/m2·s, (b) 85 kg/m2·s, and (c) 160 kg/m2·s.
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Figure 5: Variation of heat transfer coefcient for vapor fraction of R32 at various temperatures and at mass fuxes of (a) 35 kg/m2·s and
(b) 160 kg/m2·s.
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Figure 6: Continued.
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Figure 6: Variation of frictional pressure drop for vapor fraction of R32 at various mass fuxes and at temperatures of (a) 300K, (b) 350K,
and (c) 400K.
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Figure 7: Variation of frictional pressure drop at constant temperature for diferent percentages of R32-Al2O3 nanofuid at various mass
fuxes of (a) 60 kg/m2·s, (b) 85 kg/m2·s, and (c) 160 kg/m2·s.
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Figure 8: Illustration for the (a) velocity vector and (b) velocity streamline of multiphase fow for R32 at 160 kg/m2·s of mass fux at
0.01 vapor fraction and at 350K temperature.
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Figure 9: Illustration of the (a) velocity vector and (b) velocity streamline of multiphase fow for R32-Al2O3 nanofuid at 160 kg/m2·s of mass
fux at 0.01 vapor fraction and at 350K temperature.
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liquid of the tube wall, and a vapor layer forms around the
pipe wall. As the mixture of liquid and vapor moves along
the pipe, the vapor layer also grows in thickness. At the bend
section, fuid and vapor mixture passing through the bend is
afected by various forces, such as centrifugal force, density
diferences between phases, buoyancy forces, viscous forces,
and gravitational forces. Tese forces cause secondary fows
that alter the path of the fuid, resulting in a redistribution of
the phases at the bend. As a result, the vapor fraction in-
creasing rate accelerated. It is shown that the fow formation
of fow boiling evaporation occurred for the R32 refrigerant
at the vapor fractions from 1% to 78% through the U-bend
pipe.

Figure 11 shows the fow formation of fow boiling
evaporation of R32-Al2O3 nanofuid from a vapor fraction of
1% to a vapor fraction of 83% in a U-bend tube. Te
evaporation starts at a faster rate than R32 from the adjacent
liquid of the tube wall at 350K temperature. After mixing the
Al2O3 nanoparticles with R32, the vapor fraction increased
from 78% to 83%.

3.2. U-Bend Analysis for R1234yf and R1234yf-Al2O3

3.2.1. Mass Flux Efect of R1234yf and R1234yf-Al2O3.
Figure 12 resembles the efect of mass fuxes variation from
60 to 160 kg/m2·s at a constant temperature on the heat

x =0.01

Phase 1. Vapor Fraction Contour

8.536e-01
7.683e-01
6.829e-01
5.976e-01
5.122e-01
4.268e-01
3.415e-01
2.561e-01
1.707e-01
8.536e-02
0.000e+00

x =0.12 

Phase 1. Vapor Fraction Contour

8.536e-01
7.683e-01
6.829e-01
5.976e-01
5.122e-01
4.268e-01
3.415e-01
2.561e-01
1.707e-01
8.536e-02
0.000e+00

x =0.21 

Phase 1. Vapor Fraction Contour

8.536e-01
7.683e-01
6.829e-01
5.976e-01
5.122e-01
4.268e-01
3.415e-01
2.561e-01
1.707e-01
8.536e-02
0.000e+00

x =0.31 

Phase 1. Vapor Fraction Contour

8.536e-01
7.683e-01
6.829e-01
5.976e-01
5.122e-01
4.268e-01
3.415e-01
2.561e-01
1.707e-01
8.536e-02
0.000e+00

x =0.41 

Phase 1. Vapor Fraction Contour

8.536e-01
7.683e-01
6.829e-01
5.976e-01
5.122e-01
4.268e-01
3.415e-01
2.561e-01
1.707e-01
8.536e-02
0.000e+00

x =0.51 

Phase 1. Vapor Fraction Contour

8.536e-01
7.683e-01
6.829e-01
5.976e-01
5.122e-01
4.268e-01
3.415e-01
2.561e-01
1.707e-01
8.536e-02
0.000e+00

x =0.61 

Phase 1. Vapor Fraction Contour

8.536e-01
7.683e-01
6.829e-01
5.976e-01
5.122e-01
4.268e-01
3.415e-01
2.561e-01
1.707e-01
8.536e-02
0.000e+00

x =0.71 

Phase 1. Vapor Fraction Contour

8.536e-01
7.683e-01
6.829e-01
5.976e-01
5.122e-01
4.268e-01
3.415e-01
2.561e-01
1.707e-01
8.536e-02
0.000e+00

x =0.78 

Phase 1. Vapor Fraction Contour

8.536e-01
7.683e-01
6.829e-01
5.976e-01
5.122e-01
4.268e-01
3.415e-01
2.561e-01
1.707e-01
8.536e-02
0.000e+00

Figure 10: Flow formation for R32 and vapor quality within 0.01∼0.78 occurred before the bend (x� 0.01 to 0.41), at the bend (x� 0.51 to
0.61), and after the bend (x� 0.71 to 0.78) and at the mass fux of 160 kg/m2·s and at the temperature of 350K.
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transfer coefcient. At the beginning of the fow, the heat
transfer coefcient decreases through the upper straight
section of the pipe at a fxed temperature. Due to the steady
fow, the liquid near the pipe wall takes the heat frst and
vaporizes and creates a vapor layer between the pipe wall and
the remaining liquid. Consequently, there is a reduction in
the heat fow from the pipe wall to the liquid, leading to a fall
in the heat transfer coefcient. Subsequently, the decreasing
rate of heat transfer begins to slow down. At the bend, there
is a discernible augmentation in the process of heat transfer.
Te observed phenomenon can be attributed to the

occurrence of fow separation and the subsequent change
from stratifed fow to annular fow, which leads to an
augmentation of convective heat transfer. After the bend, the
fuid motion once again assumes a stratifed fow pattern.

Moreover, Figures 12(a) and 12(b) demonstrate that the
heat transfer coefcients exhibit an increase when the
temperature is raised from 300 to 350K at the same mass
fux. Te vapor fractions have correspondingly augmented
with the rise in temperature due to the enhanced transfer of
heat to the liquid. Figure 12(c) illustrates the mean heat
transfer coefcient at a temperature of 400K across various
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Figure 11: Flow formation for R32-Al2O3 nanofuid and quality within 0.01∼0.83 occurred before the bend (x� 0.01 to 0.41), at the bend
(x� 0.51 to 0.64), and after the bend (x� 0.75 to 0.83) at the mass fux of 160 kg/m2·s and at the temperature of 350K.
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mass fuxes. Te heat transfer coefcient exhibits an increase
until it reaches a specifc threshold, which can be attributed
to the rise in temperature up to 400K. At a mass fux of
160 kg/m2·s, the heat transfer coefcient reaches its highest
value as a result of the substantial infuence of forced
convective evaporation.

Figure 13 shows the efect of the heat transfer coefcient
at diferent percentages (0 to 5%) of Al2O3 nanoparticles
with R1234yf refrigerant at a constant temperature of 350K
on the 60–160 kg/m2·s mass fuxes. Mixing nanoparticles
with the refrigerant at diferent percentages certainly in-
creased the heat transfer coefcient, whereas 1% of Al2O3
nanoparticles with refrigerant R1234yf increased the heat

transfer coefcient close to 4 times more than that of 0%
nanoparticles. Further increases in nanoparticles amount up
to 3%, and the heat transfer coefcient also increased around
2 times than 1% mixture of nanoparticles with the re-
frigerant. When the percentage of Al2O3 nanoparticles is at
5%, the heat transfer coefcient is at its maximum value.
However, when the percentage of nanoparticles increases by
more than 3%, the rate of increasing the heat transfer co-
efcient is only 50.8% because a higher percentage of
nanoparticles hampers the fow rate of refrigerants.
Figures 13(a) and 13(b) show that increasing the mass fux
from 60 kg/m2·s to 85 kg/m2·s also increased the heat
transfer coefcient to 32%. While Figure 13(c) shows the
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Figure 12: Variation of heat transfer coefcient for vapor fraction of R1234yf at various mass fuxes and at the temperatures of (a) 300K,
(b) 350K, and (c) 400K.
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34% more heat transfer coefcient at a mass fux of 160
kg/m2.s than the heat transfer coefcient encountered by the
mass fux 85 kg/m2.s in Figure 13(b).

3.2.2. Temperature Efect of R1234yf. Figure 14 shows the
temperature efects on the overall heat transfer rate for
R1234yf at constant mass fuxes.Te heat transfer coefcient
is increased by 35.04% at the mass fux of 60 kg/m2·s, shown
in Figure 14(a), while 19% at the mass fux of 85 kg/m2·s,
shown in Figure 14(b) as temperature increases from 300K
to 400K and vapor fraction also increased. Again,
Figure 14(c) indicates the temperature efect on the same
mass fux of 160 kg/m2·s, where the 26% heat transfer co-
efcient has increased as the temperature rises from 300K to
400K. Tese diferences are related to the boiling curve’s
wall refrigerant temperature disparities.

3.2.3. Frictional Pressure Drop of R1234yf and R1234yf-
Al2O3. Figure 15 shows that the frictional pressure drop
of R1234yf increases along with the vapor quality as the mass
fuxes increase from 60 to 160 kg/m2·s at the constant
temperatures of 300K, 350K, and 400K, respectively. As
mass fux increases, the frictional pressure drop increases
with increasing vapor fraction. From Figure 15(a), the
frictional pressure drop was found to be more than 2 times
higher at 160 kg/m2·s than at 60 kg/m2·s of mass fux. Te
resistive pressure drop increased as the mass fux increased
due to an increase in the contact shear stress between the
R1234yf liquid and vapor phases as well as the two-phase
fuid and the tube wall. As a result, the resistive pressure for
mass fow is proportional to the shear stress. For 85 kg/m2·s
at 350K, shown in Figure 15(b), the frictional pressure drop
is 64.5% higher than the same mass fux at 300K. Tis is due
to the density of the two phases of R1234yf decreasing,
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Figure 13: Variation of heat transfer coefcient at constant temperature for diferent percentages of Al2O3-R1234yf nanofuid at various
mass fuxes of (a) 60 kg/m2·s, (b) 85 kg/m2·s, and (c) 160 kg/m2·s.
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causing the vapor velocity to exceed that of the liquid flm.
Tis leads to a higher shear stress and results in greater
resistive pressure losses.Te frictional pressure drop is much
reduced because the liquid flm is drastically reduced at
higher vapor quality. Figure 15(c) shows the highest pressure
drop as the temperature increases from 350 to 400K and the
frictional pressure drop also becomes double at a constant
mass fux of 160 kg/m2·s.

In contrast, Figure 16 shows that the frictional pressure
drop increases along with the quality of the vapor at
a constant temperature of 350K for diferent percentages (0
to 5%) of Al2O3 nanoparticles with R1234yf at mass fuxes of
60, 85, and 160 kg/m2·s, respectively. By mixing the Al2O3
nanoparticles with the R1234yf at 1% percentage, the

frictional pressure drop increases by 43% more than the 0%
nanoparticles mixture. Tis is due to the density of the two
phases of R1234yf-Al2O3 nanofuid decreasing, causing the
vapor velocity to exceed that of the liquid flm. Tis leads to
a higher shear stress and results in greater resistive pressure
losses. By further increasing the nanoparticles to up to 3%,
the frictional pressure drop increases to 58.71%. Moreover,
5% nanoparticles with R1234yf show the highest frictional
pressure drop. When the mass fux rises from 85 kg/m2·s to
160 kg/m2·s, shown in Figures 16(b) and 16(c), the resistive
pressure drop increases due to an increase in the contact
shear stress between the R1234yf-Al2O3 nanofuid liquid
and vapor phases as well as the two-phase fuid and the
tube wall.
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Figure 14: Variation of heat transfer coefcient for vapor fraction of R1234yf at various temperatures and at various mass fuxes of
(a) 60 kg/m2·s, (b) 85 kg/m2·s, and (c) 160 kg/m2·s.
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3.2.4. Flow Formation of R1234yf and R1234yf-Al2O3. In
accordance with better performance of heat transfer, tem-
perature efect, and frictional pressure drop of R1234yf and
R1234yf-Al2O3 nanofuid at 160 kg/m2·s mass fux and at
350K temperature, the velocity vector and streamline are
taken at 160 kg/m2·s mass fux and at 350K temperature.
Figures 17 and 18 show the velocity vector and velocity
streamlines of evaporation for R1234yf and R1234yf-Al2O3
in a U-bend tube. Figure 17(a) indicates the velocity vector
of R1234yf for the liquid and vapor phases that identifes the
liquid flm thickness and the interfacial area between the

liquid and vapor phases depending on the fow velocity and
afects the heat transfer area, while Figure 17(b) exhibits the
velocity streamlines of R1234yf refrigerant for the liquid
phase and vapor phase mixture. Te velocity streamlines are
parallel to the axis of the pipe and provide a visualization of
the velocity distribution at any given moment in time.

In contrast, Figure 18(a) indicates the velocity vector of
R1234yf-Al2O3 nanofuid for the liquid phase and vapor
phase that identifes the liquid flm thickness and the in-
terfacial area between the liquid and vapor phases depending
on the fow velocity and afects the heat transfer area. In
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Figure 15: Variation of frictional pressure drop for vapor fraction of R1234yf at various temperatures of (a) 300K, (b) 350 K, and (c) 400K.
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Figure 16: Variation of frictional pressure drop at constant temperature for diferent percentages of R1234yf-Al2O3 nanofuid at various
mass fuxes of (a) 60 kg/m2·s, (b) 85 kg/m2·s, and (c) 160 kg/m2·s.
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Figure 17: Illustration for the (a) velocity vector and (b) velocity streamline of multiphase fow for R1234yf at 160 kg/m2·s of mass fux at
0.01 vapor fraction and at 350K temperature.
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Figure 18: Illustration for the (a) velocity vector and (b) velocity streamline of multiphase fow for R1234yf-Al2O3 at 160 kg/m2·s of mass
fux at 0.01 vapor fraction and at 350K temperature.
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Figure 19: Flow formation for R1234yf and vapor quality within 0.01∼0.74 occurred before the bend (x� 0.01 to 0.41), at the bend
(x� 0.51 to 0.61), and after the bend (x� 0.68 to 0.74) at the mass fux of 160 kg/m2·s and at temperature of 350K.
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Figure 18(b), the velocity streamlines are parallel to the axis
of the pipe and provide a visualization of the velocity dis-
tribution at any given moment in time.

Moreover, Figure 19 shows the fow formation of fow
boiling evaporation of R1234yf in a U-bend tube, and the
vapor forms and fows throughout the pipe. R1234yf at 350K
temperature has 74% vapor faction. Te evaporation starts
from the adjacent liquid of the tube wall at 350K temper-
ature. Gradually, a vapor layer starts to form around the pipe
wall. As the mixture of liquid and vapor moves along the
pipe, the vapor layer also grows in thickness. At the bend
section, fuid and vapor mixture passing through the bend is
afected by various forces, such as the centrifugal force,
density diferences between phases, viscous forces,

buoyancy forces, and gravitational forces. Tese forces
cause secondary fows that alter the path of the fuid,
resulting in a redistribution of the phases at the bend. As
a result, the vapor fraction increasing rate accelerated. After
the bend, the vapor form of R1234yf has shown quite
a faster rate than before. It is shown that the fow formation
of fow boiling evaporation occurred for the R1234yf re-
frigerant at the vapor fractions from 1% to 74% through the
U-bend pipe.

In contrast, Figure 20 shows the fow formation of fow
boiling evaporation of R1234yf-Al2O3 nanofuid in a U-bend
tube. After mixing the nanoparticles with R1234yf, the vapor
fraction increased from 74% to 91%. Te evaporation starts
from the adjacent liquid of the tube wall at 350K
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Figure 20: Flow formation for R1234yf-Al2O3 nanofuid and vapor quality within 0.01∼0.91 occurred before the bend (x� 0.01 to 0.48),
at the bend (x� 0.58 to 0.71), and after the bend (x� 0.83 to 0.91) at the mass fux of 160 kg/m2·s and temperature of 350K.

Journal of Engineering 21



temperature. A vapor layer starts to form around the pipe
wall. As the mixture of liquid and vapor moves along the
pipe, the vapor layer is also growing in thickness. At the bend
section, fuid and vapor mixture passing through the bend is
afected by various forces, such as the centrifugal force,
density diferences between phases, viscous forces, buoyancy
forces, and gravitational forces.Tese forces cause secondary
fows that alter the path of the fuid, resulting in a re-
distribution of the phases at the bend. As a result, the vapor
fraction increasing rate accelerated.

4. Conclusion

In this study, the VOF model was used to track the patterns
at the gas-liquid interface, while the SST k-omega steady
model was used to determine the gas-liquid fow. For the
energy equation, the pressure-velocity coupling solution
model with momentum being second-order upwind and
vapor fraction being frst-order upwind is applied. Te in-
vestigation employedmass fuxes from 35 to 160 kg/m2·s and
vapor fractions between 0.01 and 0.91. Te fow patterns,
heat transfer coefcient, and pressure drop of R32 and
R1234yf with Al2O3 nanoparticles in a U-bend tube with
a curvature ratio of 2.50 were investigated using the CFD
program Ansys Fluent®.Te following conclusions can be drawn:

(i) In fow boiling evaporation in a U-bend tube with
a downward fow, the heat transfer coefcient is
strongly infuenced by the mass fux and vapor
fraction. Te heat transfer coefcients start to de-
cline at the upper straight section of the pipe. Te
heat transfer coefcient is increased at the bend
section and the fow separation facilitates convective
heat transmission and changeover from stratifed
fow to annular fow. Heat transmission declines
after the curve as the fow reverts to stratifed fow.
For constant mass fuxes, the heat transfer co-
efcients of R32 and R1234yf with Al2O3 nano-
particles are also increased for temperatures from
300K to 400K.

(ii) Te frictional pressure drop of R32 and R1234yf
with Al2O3 nanoparticles increases with mass fuxes
and temperatures. When the mass fux rises, it also
makes resistive pressure drop increase.Tis is due to
an increase in the contact shear stress between the
liquid and vapor phases, the two-phase fuid, and
the tube wall.

(iii) Adding Al2O3 nanoparticles with R32 and R1234yf
increases the heat transfer capability of these re-
frigerants and increases the frictional pressure drop.
Mixing nanoparticles with refrigerant at diferent
percentages certainly increased the heat transfer
coefcient quite signifcantly, along with the vapor
fraction, due to the higher heat conductivity of
metal nanoparticles.

Tis work was performed with a fxed diameter and
limited ranges of mass fuxes in a U-bend tube with the
Al2O3 nanoparticle, and it can be further expanded on

variable diameter, shapes of the tube, and various mass
fuxes with diferent nanoparticles such as TiO2, CuO,
and SiO2.
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