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1. Introduction

A compact heat exchanger is a common piece of equipment used to effectively transfer heat
between fluids. It is differentiated by laminar flow, small flow passageways, large heat transfer
coefficients, and a high heat transfer area to volume ratio. The goal of compact heat exchangers is
to reduce the size of the heat exchanger installation. They are designed to have a high area density,
or alarge area of heat transfer surface per heat exchanger volume. Plate and frame, plate-fin, spiral,
ceramic, welded plate, brazed plate, and printed circuit are some examples of compact heat
exchanger designs. Although there is little literature on the installation of small heat exchangers in
the aluminium industry, efforts are being made to reduce installation sizes.

The heating, ventilation and air conditioning (HVAC) sectors have recently been interested in
smaller heat exchangers, which are utilized in residential, commercial, and automobile air
conditioning systems. The compact heat exchanger is a device used in air conditioner evaporators,
car radiators & condensers, electronic cooling devices, charge air coolers, and cryogenic
exchangers. Various enhanced surfaces have been created to increase heat transfer performance
while reducing the size and weight of heat exchangers. Plain, wavy, offset, perforated, pin, and
louvered fins are examples of common fin geometries. In a small automobile condenser,
complicated geometries are often configured in a crossflow configuration with a louvered fin shape.
Thermal resistance often dominates the airside of small heat exchangers, making about 80% of the
overall thermal resistance, since the surface area for heat transfer on the air side is much bigger
than the refrigerant side. Therefore, any enhancement in airside heat transfer enhances the heat
exchanger's total performance. A thorough examination of how operating parameters affect air-
side pressure drop and heat transfer in MCHX under wet surface conditions was presented by
Srisomba et al. [1]. The important variables affecting heat transfer performance were emphasized
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and suggested correlations between pressure drop and heat transfer coefficient were presented.
Kolepaka et al. [2] focused on comparing heat transfer rates between unidirectional parallel flow
and bidirectional counterflow arrangements in heat exchangers. The study involved computational
fluid dynamics (CFD) analysis and thermal analysis for various fluids (such as hot water, R134A,
R22, and R600A) and different heat exchanger materials (aluminium and copper). The results
indicate that counterflow exhibits higher heat transfer coefficients but lower heat transfer rates
compared to parallel flow. Furthermore, the highest heat flux is achieved in a counterflow heat
exchanger when using R600A as the refrigerant and copper as the material. Kabar et al. [3] studied
a two-dimensional steady-state heat transfer problem in two parallel-plate microchannel heat
sinks.

S. Singh and Kukreja [4] focused on the experimental calculation of the condensation heat transfer
coefficient (HTC) in micro-fin tubes with different helix angles (15° and 18°). The experiments were
carried out using refrigerant R-410A at various mass fluxes, vapor qualities, and saturation
temperatures. The results show that the average heat transfer coefficients in micro-fin tubes were
1.15-1.47 times larger than those in smooth tubes. With an average variation of 5.71%, the
generated correlation is in line with the experimental results. The results advance our knowledge
and design of heat exchangers and offer important new insights on condensation heat transfer in
micro fin tubes. Louver-directed flows, on the other hand, occurred when airflow is parallel to
louvers at high Reynolds numbers.

The phenomenon was further validated by Achaichia and Cowell [5]. Chang and Wang [6]
investigated and validated correlations for louvered fins using experimental results of heat transfer
characteristics of various louver fin shapes. The parallel branching of R-134a and R-410A upward
flow into mini-channel tubes from a circular header for the mass flux from 92 to 277 kg/m?s was
studied by Kim and Bullard [7]. A parallel-flow heat exchanger with a two-pass configuration was
the subject of an R-410A flow distribution study conducted by Kim [8]. For an input quality of 0.3
and a mass flux ranging from 50 kg/m2s to 70 kg/m?2s, tubes were heated to maintain the test
section outlet superheat at 5°C.

A Mathematical model for a parallel flow condenser that takes the dispersion of refrigerant flow
was proposed by Liang et al. [9]. Investigations were conducted on the effects of aspect ratio, mass
flow, and pass arrangement on pressure drop, heat transfer, and flow distribution. It has been
discovered that altering the aspect ratio or pass arrangement has a greater impact on heat capacity
than on pressure drop and flow distribution. Automotive heat exchangers were studied
experimentally and through simulation, and a distributed parameter model was created and
verified using coil designer software. According to research, condensers with shorter louvered fins
may hold 3-8.6% more heat than those with longer fins [10]. To shorten the study time, numerical
studies of the louvered fin array have been conducted extensively recently. A model based on finite
volume was introduced by Panda et al. [11] to study microchannel heat exchangers with
changeable tube and fin shapes. It was believed that the refrigerant flow into the tubes was
distributed equally, and the suggested design's advantages included improved material usage and
heat exchanger performance. These correlations did, however, significantly deviate from actual
results because of disparate experimental and data reduction techniques.

This study's primary goal is to determine how various tube geometries affect pressure drop and
heat rejection using analytical and computational fluid dynamics methods. According to reports, a
number of improved surfaces were investigated to enhance air-side heat transfer capabilities while
lowering the weight and size of the heat exchangers. These surfaces include simple, wavy, offset,
perforated, pin, and louvered fins. Characterizing the frictional pressure loss in two-phase flow is
an important factor to take into account when designing condenser/evaporator operations for air
conditioning and refrigeration applications. As a first step, the two-phase density was determined
analytically, and the consequences of heat transfer on the refrigerant side were investigated. With
the increasing requirement to minimize the overall refrigerant charge in refrigeration systems,
many heat exchanger tubes now have hydraulic diameters less than 1.2 mm. Despite this tendency,
there has been little investigation on the modelling of two-phase pressure loss in micro-channels
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of small diameters. As a result, this study intends to fill this gap by comparing research data to
current correlations, which primarily apply to greater diameters (Di > 5 mm) and small tubes.

2. Model of Automotive Condenser (Heat Exchanger)

The radiator where the gaseous refrigerant loses heat and transforms back into a liquid is called
the air-conditioning condenser, and it is placed between the engine-cooling radiator and the car's
grille. The interior is cooled by the liquid refrigerant as it passes through the dashboard's
evaporator. An automotive condenser is constituted of tubes, inlet and outlet manifolds and fins.
Partitions within the condenser's manifolds will guide the refrigerant flow along a predetermined
direction. The overall contact surface area between the tube and the refrigerant increases when an
efficient route arrangement is created. By giving the cooling medium (air) a wide surface area, the
fins will assist heat to be forced into convection mode released from refrigerant through the
connecting tubes. For the condenser to function, this heat rejection is essential. Fig. 1 depicts a
condenser model.

LD

05 DRYER BAG ASSEMBLY + RETAINING RING
5.1 DRYER BAG
5.2 FILTER
5.3 KOMO PLUG ASSEMBLY
5.4 RETAINING RING
04 KOMO SIDE PASTIC FRAME
03 GLASSICAL SIDE PLASTIC FRAME BOTTOM
02 CLASSIGAL SIDE PLASTIC TOP FRAME
01 GONDENSER CPL/ASSY

§R. NO. |DESCRIPTION

Fig. 1. Condenser model

3. Tube Hydraulic Diameter Calculation

The geometrical sections of the tube considered in the study are oval, hexagonal, and rectangular,
with rectangular and triangular ports for each section as shown in Fig. 2.
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Fig. 2. Various Novel condenser tube and port shapes
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Fig. 3. Rectangular section with rectangular ports and triangular ports

Geometrical properties such as hydraulic diameter, aspect ratio, and perimeter are determined for
the considered geometrical sections using mathematical techniques [12]. For evaporators,
condensers, and heating and cooling coils under all operating conditions, a comprehensive general-
purpose modelling tool for air/refrigerant heat exchangers has been created. Examples of
Rectangular section with rectangular and triangular ports are shown in Fig. 3. As per Fig. 3,

e L=158mm (overall length in mm)

. l = 1.5 mm (height of the rectangle in mm)
Il

¢ =1.8 mm (outer height of the triangle in mm)

. L = triangle base length in mm

I = triangle side length in mm

ot (1)

Aspect ratio

o 0 =Base angle of iso lateral triangle
o N =Total number of Triangle (except semi end triangle)
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N

n=— (2)
2 = humber of triangles in one side direction

—(3xN 1 _

Pua = ( %an Q)X(cose +1j (3)
L
PW2=[7d+I+Idj (4)
Perimeter of end triangle
, 2 1
P,=15 X +1[x(N+1)+2 (5)
tangd \ cos@

Pw=Fluid flow surface area per unit length, D, = hydraulic diameter

D, (444 | ©)
ou-(%)

Where, A = Frontal Area of fluid flow passage in ‘mm?2

The expressions for aspect ratio & perimeter for variable geometry are derived based on the
geometry and shape of the tube & ports. Based on these expressions, the hydraulic diameters for
each tube shape were calculated [13]. The effects of the roughness parameters on heat transfer and
friction characteristics were systematically investigated in a dimpled tube. The geometrical
parameters are deduced from the basic dimensioning details from the tube geometry, the shape
differences are captured using hydraulic diameter and the perimeters [6].

Table 1. Tube Hydraulic diameter for variable geometry

Perimeter P, Hydraulic Diameter D,

Sections Aspect ratio (r o) _ _
in mm in mm
. 3.2xr
Rectangular tube with [, = 99375 062 P _320+1,) D, = e d)
rectangular ports n d
Hexagon tube with rectangular [ - 88125, .cs P —32(+r,) p, =32
ports n (L+1,)
Oval tube with rectangular : 3.2
& ry _88125 4 062 P, =32(1+r,) D=7
ports n L+ry)
Rectangular tube with . 2 .
rectangular ports ¢ tang P Yanoh(cag*t)  Du= (4X%w1)
Hexagon tube with rectangular P 2 p_ 3 [1+ 1 } Ax A
ports 4 tana " tana | cosa "= 7h,
Oval tube with rectangular 2 15 4x A
ports r, = ana P, =197485+—— D, =
ana sina P,
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3.1 Two Phase Pressure Drop Correlations

As shown in equations 8, 9,and 10, a number of the two-phase pressure drop correlations are based
on the separated flow model created by Lockhart and Martinelli (1949), Friedel (1979), and
Chisholm (1967) [14, 15 and16]. Notably, the present study marks the first instance of conducting
analytical calculations for two-phase refrigerant flow in micro-channels of this scale. The
comparison of these correlations with the data obtained from the study will contribute to a more
comprehensive understanding of two-phase pressure drop characteristics in small-diameter
extruded aluminium micro-channels.

e Lockhart Martinelli Correlation

dp) _ dpp]
(dZ]_q)L( dz ),

C 1 (8)
o :1+Y+7’% =1+CX + X?
e Friedel Correlation
dp)_  (dp; j
[dz)_%o( dz ). o)
3.24xFxH
po=E+ Er 005 . \ye 00%
e (Chisholm Correlation
dp)_ dpe
(&)l %),
2-n (10)

2-n
== =
@, =1+(Y? —1)*{Bx n (1—x)( 2 )+x2“}

In a related study by Liang Ye, Ming Wei Tong, and Xin Zeng [17], the heat transfer performances
of parallel flow (PF) and multi-parallel pass condensers were investigated at air velocities of 2.5
m/s and 4.5 m/s. The results clearly indicate that the overall heat transfer of the Multi Parallel Pass
(MPP) condenser exhibited a higher performance, surpassing the parallel flow condenser by 10%
for an automotive application. These findings underscore the potential advantages of the multi-
parallel pass configuration in enhancing heat transfer efficiency in the context of automotive
condenser applications. In another study [18], a visualization experiment has been carried out to
study the effect of the header and channels’ orientations on the phase distribution of two-phase
flow in three parallel micro-channels. The pressure drops properties of R134a within multiport
micro-channels on several refrigerants, including R236ea (low pressure) and R410A, have been
experimentally studied [19].

4. Experimental and Analytical Results

The experiment involved the base configuration of an oval tube shape with a rectangular port in
the condenser calorimeter, as depicted in Figure 4. The test rig is designed for assessing the
performance of a heat exchanger. The setup includes provisions for supplying high-pressure air to
the cold side of the test unit, consisting of a blower, dampers, and necessary instruments. The test
rig also incorporates a water inlet system, with refrigerant supplied through the tube (hot) side of
the test unit. During the experiments, the mass flow rate of the refrigerant was adjusted using a
flow control valve, ranging from 3 to 7 kg per minute (kg/m). Simultaneously, the air velocity is
controlled by adjusting the damper position, ranging from 2 to 10 meters per second (m/s).
Measurements of refrigerant outlet temperature, air inlet and outlet temperatures, and pressure
drops across the air and sides of the refrigerant are recorded for different mass flow rates. Based
on these measurements, the performance of the heat exchanger is estimated, and results are
plotted graphically.
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[1]Condenser
[2]Refrigerant Pipe
[3]Air flow sensors
[4]Wind duct
[5]Refrigerant sensor

Fig. 4. Experimental setup of condenser calorimeter

The temperature measurements of the air-steam mixture are conducted using T-type
thermocouple meshes inserted from the top and bottom surfaces of the test section. These meshes
consist of multiple thermocouples with an average span-wise interval of 40 mm. Air velocity is
measured with a portable anemometer, and the air pressure drop across the heat exchanger is
measured using calibrated pressure transducers. The setup also includes pre-calibrated
thermocouples to measure refrigerant, inlet, and outlet temperatures, as well as a flow meter to
measure the refrigerant volume flow rate. Data acquisition is facilitated through a data acquisition
system. To minimize heat loss, all components and pipes are insulated with a 10 mm thick glass
wool layer. The experimental setup enables comprehensive data collection, allowing for accurate
evaluation and analysis of the heat exchanger's performance.

5. Uncertainty Analysis

Uncertainty in experimental results is inevitable due to various factors such as instrument
precision, environmental influences, and measurement methods. Identifying and quantifying these
uncertainties helps in assessing the reliability of the findings.

e Thermocouple has a certain degree of accuracy (+1°C, for example), which affects
temperature measurements on both the air and refrigerant sides.

o Refrigerant flow rate measurement depends on the flow meter’s accuracy.

e Ambient temperature fluctuations can slightly affect the heat loss or gain, despite the
insulation, thus impacting measured temperatures.

o I[fthermocouples aren't precisely positioned, it can lead to spatial inaccuracies.
The accuracy of the air velocity measurement depends on how well-calibrated the
anemometer is.

The overall uncertainty is influenced by the variability between several experimental runs
(repeatability) and possible variations when the experiment is repeated using different setups or
operators (reproducibility), particularly if specific conditions or adjustments cannot be replicated
exactly each time. Test carried out at an authorized component calorimeter lab in Germany with a
high reliability level of the data output. Table 2 displays the experimental findings for the samples
with an average input pressure of 16.2 bar (abs), superheat temperature of 25 °C, sub cool
temperature of 5 °C, and air temperature of 35 °C. The experimental data was collected using a
component calorimeter, and the corresponding results are presented graphically in Figure 5. This
experimental setup allowed for the measurement and analysis of specific performance parameters
or characteristics, and the graphical representation in Figure 5 serves as a visual depiction of the
outcomes derived from the experimentation in the component calorimeter.
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Table 2. Experimental results showing multiple samples

Veﬁ)lzity Parameter Sample 1 Sample 2 Sample 3 :3:;2;
(m/s)
Average Heat Rejection kW 20.81 21.37 21.18 21.12
Air velocity m/s 7.98 7.99 7.99 7.98
Airside pressure Drop Pa 344.60 350.74 350.68 348.67
g Average Pressure bar 15.94 159 16.03 15.96
Refrigerant side Pressure 2405.75 2352.58 2465.79 2408.04
Drop mbar
Refrigerant Mass flow kg/min 6.71 6.85 6.82 6.79
Average Heat Rejection kW 17.56 17.79 17.68 17.67
Air velocity m/s 5.04 5.05 5.02 5.04
Airside pressure Drop Pa 167.14 169.64 168.4 168.39
Average Pressure bar 16.31 16.32 16.32 16.32
> Refrigerant side Pressure 1877.68 1757.96 1921.08 1852.24
Drop mbar
Refrigerant Mass flow kg/min 5.77 5.81 5.79 5.79
Average Heat Rejection kW 9.72 9.84 9.67 9.74
Air velocity m/s 2.05 2.03 2.03 2.03
Airside pressure Drop Pa 41.32 40.84 41.22 41.13
Average Pressure bar 16.25 16.28 16.29 16.27
2 Refrigerant side Pressure 682.29 657.34 655.89 665.18
Drop mbar
Refrigerant Mass flow kg/min 3.23 3.27 3.21 3.24

Fig. 6 compares experimental and Friedel correlation results, demonstrating good agreement. This
suggests the Friedel correlation accurately predicts the phenomenon under study, indicating its
usefulness in understanding and predicting system behavior. Additionally, the pressure drop
through the condenser for oval-shaped tubes is calculated using these correlations in an analytical
technique, and the results correlate with the analytical method as seen in Figures 6, 7, and 8. The
results obtained from the Lockhart Martinelli correlations show slight deviations when compared
to the experimental results. The Chisholm correlation results exhibit greater deviations in
comparison to the experimental results as well as the results obtained from the Friedel and

Lockhart Martinelli correlations.
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Fig. 5. Experimental refrigerant side pressure drop
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Table 3. Pressure drops between Analytical data and Experimental data

Ref. Pressure Drop in mbar (Oval-Rec Section)- Correlations
Masslzl ow rate Friedel Lockhart & Martinelli Chisholm Experimental
g/s Result
0.054 708 855 1140 665
0.096 1842 2282 2464 1852
0.113 2455 3063 3227 2408

Table 3 shows the pressure drop of the Friedel correlation for different refrigerant flow rates (kg/s)
that were closer to the experimental results of pressure drop. So, the Friedel correlation was
considered for the analytical calculation for different tube and port shapes.

., 3500 -

2 3000 -

E 2500 -

'é- 2000 - Experimetal value

% 1500 - Friedel correlation

E 1000 - Martinelli correlation
g 500 - I ¥ Chisholm correlation

0

0,054 0,096 0,113
Mass flow rate in kg/s

Fig. 9. Summary of correlation data vs Experimental Data

Table 4. Analytical results of variable geometry Pressure drop (Refrigerant side)

Ref. Pressure Drop in mbar using Friedel Correlations
Mass flow
rate kg/s Rec-Rec Oval-Rec Hex-Rec Rec-tri Oval-tri Hex-tri
0.054 674 708 774 832 920 1207
0.096 1753 1842 2015 2164 2394 4421
0.113 2337 2455 2685 2885 3190 5889

The results show that the refrigerant pressure drop for the rectangular port was lesser compared
to other tubes and port shapes. Later, with the help of refrigerant pressure drop, the heat rejection
for various tube & port shapes was calculated as shown in Table 5. The results show that the tube
with a hexagon shape has a better heat transfer coefficient, but the refrigerant side pressure drop
is very high.

Table 5. Analytical results of variable geometry Heat transfer co-efficient (Refrigerant side)

Refrigerant Side Heat Transfer Co-efficient (W/m?2k)

Refrigerant
Mass flow rate Rec-Rec Oval-Rec Hex-Rec Rec-tri Oval-tri Hex-tri
(Kg/s)
0.054 2330 2345 2418 2405 2494 3024
0.096 3605 3611 3723 3701 3840 4269
0.113 4102 4118 4246 4221 4379 4869
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Further, CFD analysis was made to understand the behavior of heat transfer coefficient and
pressure drop for different tube shapes. Using the obtained theoretical correlations, the pressure
drops and heat transfer coefficient for various geometrical shapes at different flow rate conditions
are calculated. These obtained results are compared with the numerical results. The chosen
rectangular tube with rectangular ports as a benchmark analytical result is compared with
experimental and numerical results. With the same agreement, analytical and numerical results for
the other cases are also compared. The numerical results of heat rejection on the refrigerant side
are compared with the experimental results as shown in Table 6. The lesser error percentage
revealed that there is good agreement between the analytical and experimental values of heat
rejection.

Table 6. Comparison between analytical and experimental Heat rejection (Refrigerant side)

Mass Inlet outlet . Heat rejection
Inlet Out Heat rejection .
flow rate temp °C Enthalpy Temp °C Enthalpy (analytical) k] (experimental)
kg/s k] /kg k]/kg K]
0.054 83 460 43 260 10.8 9.72
0.096 83 460 44 262.43 18.9 17.56
0.113 83 460 49 270.07 21.4 20.81

6. CFD Simulation

The numerical approach is the best approach to analyse the two-phase flow behaviour of the
refrigerant as a full-scale model. Bensafi, Borg, and Parent [20] studied the computational model of
detail design of plate & fin tube heat exchangers for various refrigerant mixtures of R32, R1, 25 &
R134a. Ansys-Fluent utilizes a finite volume approach to simulate fluid flow, employing a RANS k-
epsilon model. The volume fraction represents the occupied space of each phase in the simulation
domain, assuming that each cell is filled with one phase and not empty or a vacuum. The
conservation equations for mass and momentum are applied separately to each phase. Heat
transfer and energy equations are not considered in this model, and there is no phase change or
interphase mass and momentum transfer. The interaction between phases requires additional
closure models such as Interaction Length Scale, Interaction Area Density, Drag & Lift Force, etc.
These models and parameters are essential for capturing the forces exerted by the phases on each
other. Through a detailed examination of heat conduction in solids and a transient 1D analysis, a
numerical model [21] of the fluid dynamic and thermal behaviour of condensers and evaporators
has been created. The conservation equations (momentum, continuity, energy, and vapor species)
are given in Equations 11, 12, 13, and 14, respectively.

e Momentum equation:

dpv : : . _ .
Vp W T My esUges + My esUg 5 — Mg ysUg s + My ysUyy = (pp — PE)A — T,PAz —mg sin 6 (11)

e Continuity equation:
V,—— +m, — m,, =0 (12)

e Energy equation:

d0ppe, - oP,
PPEP ANz + 1hse, — ey = GpPAz + =L Az (13)
ot Jt

e Vapor species equation:

d(pw _
(’;t”) + V(pw,w) = V(pD,Vw,) + S, =0 (14)
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The distribution is greatly impacted by the pressure drop that occurs during phase shift in the
microchannel tubes used in the suggested system. User-defined functions are to estimate the
pressure decrease. Heat transfer models are not used, and associated characteristics are not
simulated, despite the fact that heat transfer for phase change within the tubes and consequently
influences the pressure drop. Rather, the user-defined pressure drops calculations assume heat flux
value as constant for heat transmission in the tubes. For the single- and two-phase superheated
areas, different equations are used to calculate the pressure decrease. The tube's intake condition
and the percentage of the tube that is occupied by the two-phase region—known as the Length
Ratio (LR) and calculated—determine the pressure drop. The Blasius correlation and the Darcy-
Weisbach equation are applied to single-phase pressure decrease. A homogeneous formulation
with the Smoothed Muller-Steinhagen & Heck friction factor correlation is used to compute the
pressure drop for two phase flows. The formulation treats both phases as a homogeneous mixture,
though they were one phase with identical velocities. Assuming a homogeneous two-phase
mixture, density and viscosity are computed using the Reynolds number. Fig. 10 shows the
computational domain.

6.1 Input Parameters for Simulation

There is very little variation in the data above 3 million, which is thought to be the ideal mesh count
for this inquiry. Reference pressure is taken as 2408 mbar from the experimental results. A hybrid
mesh (hex-dominated mesh) of base mesh size of 1.2 mm with 5 layers is chosen for the simulation.
Based on the standard correlation, results are calculated as a rough estimation, and at the same
time, numerical results are helped to validate the geometry optimization in an accurate manner.
Initially the experimental results are validated with the numerical result; based on this numerical
result accuracy, further geometry optimization study was made.

e Refrigerant Properties

Specific heat (Cp) :1.1604 k] /kgK
Thermal Conductivity (k) :0.0182 W/mK
Absolute Viscosity (P) :1.411e-5 kg/ms
Density (p) :69.589 kg/m3

e Aluminium material Properties
Density (p) :2719 kg/m3
Specific heat (Cp) :0.871 kJ/kg K
Thermal Conductivity (k) :202.4 W/mK

Normally, analytical study is preferred to compare the experimental results with a moderate
accuracy level. For high accuracy and for complex shape & visualization, numerical results are
employed. In the numerical analysis of two-phase flow behaviour within the heat exchanger,
certain assumptions are typically made to simplify the complex flow and heat transfer dynamics.
Those are,

o Flow is often assumed to be steady, meaning that variables like pressure, temperature, and
velocity do not change with time. However, the real systems experience transient behaviour,
especially during startup or shutdown, so assuming steady-state can overlook fluctuations in
temperature and flow rate.

¢ Flow and temperature across the tube cross-section or at inlets are assumed to be uniform;
however, in reality, flow and temperature profiles vary across the tube diameter, especially
due to boundary layer development and turbulence.

e Gravitational forces and buoyancy effects are often ignored, especially in horizontal or small-
scale models, assuming they have minimal impact.

e Two-phase flow analysis often simplifies phase transitions, assuming smooth transitions
between liquid and vapor phases or using an idealized model.
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Table 7. Boundary condition for CFD simulation

Refrigerant Inlet Temp Tr,i 83.4°C
Refrigerant Pressure Pr,i 16.2 bar
Mass Flow rate mref 0.054 kg/s
Air Inlet Temp Ta,i 35 °C
Convective heat transfer coefficient (h) 325 w/m2K

The input boundary conditions are specified in Table 7; the mass flow inlet is maintained as
constant at the inlet, and pressure outlet boundary conditions are used as outlet boundary
conditions. Convective heat transfer coefficient used as a constant wall boundary on the tube outer
surface. The surrounding conditions are maintained as atmospheric conditions (35 °C and 1 ATM).
The boundary condition for the condenser was considered for the CFD simulation as shown in Fig.
11. The cross section of various tubes was analysed in CFD to understand the temperature and
pressure contours across the length for different pass structures.

Wall

Inlet

Outlet

it tenp n K vith =
Tube ontalarea - 2.47e 52

0080 (m)

0.015 0.045

Fig. 11. Boundary condition used in oval shape tube

Numerical analysis of the two-phase refrigerant flow is the best approach to analyse the two-phase
flow behaviour of the refrigerant; ANSYS-Fluent is used as a numerical solver. Figs. 12 & 13 show
the temperature contour for the oval-shaped tube varies from pass-1 to pass-4, and the
temperature drops from 74°C to 48°C at the outlet of the condenser, respectively. Due to the flow
of the refrigerant, the heat to the atmosphere is rejected. Full model simulation was carried out to
understand the behaviour of two-phase flow in refrigerant tubes in contact with the frontal airflow,
which rejects the heat into the atmosphere. The heat is absorbed by the evaporator due to cabin
heat load to attain the thermal equilibrium.
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Table 8. Mesh independent study

Mesh Count in (million) Pressure Drop mbar Result Variation in %
1.5 2650 9.2
2.0 2580 6.67
2.5 2523 4.78
3.0 2494 3.57
3.5 2491 3.46
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Fig. 13. CFD simulation of pass 3and 4

Pass 2

Y
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Fig. 14. CFD of condenser model with temperature contour
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Fig. 17. Oval tube temperature contour at 5 m/s
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Fig. 18. Oval tube temperature contour at 8 m/s
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Fig. 19. Hexa tube temperature contour at 2 m/s
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Fig. 20. Hexa tube temperature contour at 5 m/s
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Fig. 21. Hexa tube temperature contour at 8 m/s
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Fig. 22. Rectangular tube temperature contour at 2 m/s
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e ‘ i

Fig. 23. Rectangular tube temperature contour at 5 m/s

Fig. 24. Rectangular tube temperature contour at 8 m/s

Figures 14 and 15 show overall pressure and temperature distribution across the condenser for
two-phase flow of refrigerant. The figures 16-24 show the CFD simulation being carried out for
hexagon, oval, and rectangle shapes at the air velocities of 2 m/s, 5 m/s, and 8 m/s, respectively.
The CFD simulation considered two-phase refrigerant flow for a 4-pass condenser configuration.
This simulation helps to compare the results with the experimental & analytical study.

Table 9 presents the comparison of refrigerant outlet temperature based on CFD and analytical
calculations. Table 10 summarizes the pressure drop from CFD and experiments. Numerical results
were compared with experimental ones for pressure drop; it gives good agreement in the error
percentage as shown in Table 10. Table 9 shows 5 to 16% variation in the outlet refrigerant
temperature between CFD & experimental results. But Table 10 shows 3 to 10% variation in the
pressure drop between CFD & experimental results. The result shows some acceptable error
percentage between experimental and CFD results.
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Table

9. Comparison of Refrigerant Outlet Temperature of CFD & Analytical calculation.

Oval Tube Profile Hexagonal Tube Profile Rectangular Tube Profile

Refrigerant outlet Temperature in °C

S — _ _ —
=< 8 3 2 5 Z z g z g 5
sE = 2 g = 2 & S 2 = S
2= : £ £ % ¢ f T £ £
(3] = ) (3 = ) 3] = o
= £ T § & 2 g £ g
O s =S &) e =S &) e X
1 65 68.4 5.1 65.9 67.9 3.0 66.3 68.4 3.0
) 2 527 59.6 11.6 54 58.9 8.4 54.6 59.5 8.3
3 48 56.3 14.8 48.7 55.6 12.4 49.8 56.2 11.5
4 46 54.8 16.1 46.7 54.2 13.8 47.7 54.8 13.0
1 667 69.5 4.0 67.4 69.0 2.3 67.9 69.4 2.2
5 2 552 60.7 9.1 56.3 60.0 6.2 57 60.6 5.9
3 507 57.3 11.6 51.6 56.6 8.9 52.4 57.3 8.5
4 487 55.9 12.9 49.5 55.2 10.4 50.3 55.8 9.9
1 661 68.6 3.7 66.8 68.2 2.1 67.4 68.6 1.7
8 2 543 57.6 5.7 55.4 57.3 33 56.3 57.6 2.2
3 497 52.4 5.3 50.7 52.3 3.2 51.6 52.4 1.6
4 477 50.3 5.2 48.6 50.2 3.3 49.5 50.3 1.6
Table 10. Summary of pressure drop variation from CFD and Experiments
Ref. Mass flow rate Outlet temp Pressure drops (mbar)
(Kg/s) (°Q) Experimental CFD
0.054 44 708 730
0.096 43.5 1842 1959
0.113 43.5 2455 2674

7. Conclusion

The aim of this study is to improve condenser performance by incorporating unique tubes and
shapes that control the volume of refrigerant. As per the aim, the study on different condenser tube
shapes is made, and the summary of major findings is as follows:

2250

Of all the correlations, the refrigerant side Friedel correlation fits with experimental data the
best, with differences of less than +10%. Therefore, for analytical calculations for the varied
tube geometries, Friedel correlation was employed.

To comprehend the discrepancy between the CFD values and experimental ones of pressure
loss and temperature across the tube, a CFD simulation was later run for various tube forms
and ports.

Further comparison of the CFD findings with the actual data revealed that, for various mass
flow rates of the refrigerant, the variance ranged from 3 to 10%.

Based on the extensive work done on the analytical calculation by using various correlations,
it helped to understand the impact of variable tube geometry in the design phase of the
product development in the automotive application.

The rectangular model offers low heat transfer coefficient values in addition to low pressure
drops.

The hexagon model has a larger heat transfer coefficient and a higher pressure drop.
Hexagon with rectangular port configuration is more suitable than other shapes such as
rectangular & oval tubes.



Ram A et al. / Research on Engineering Structures & Materials 11(5) (2025) 2231-2252

Overall, the findings demonstrated that the analytical technique could be used in the first stage of
product development in the automobile industry and that it could subsequently be connected with
experimental data. This will shorten the lead time to market and avoid the expense of developing
prototype parts. By lowering the size and effectiveness of the mobile air conditioner, a two-phase
variable fin shape helps to increase the condenser's efficiency, which in turn lessens the total load
on the compressor and, ultimately, increases the vehicle's fuel efficiency.

Nomenclature
e m - Mass flow
®  Mfiux - mass flux
e X - Vapor quality
® piaPg - Liquid and Vapor density
® pH - Homogeneous density
e Dn - Hydraulic diameter
e RerzRec - Reynold’s number of liquid and Vapor
e Rer - Reynold’s number of the film
e FroaFoo - Friction factor of the liquid and Vapor
° - Dynamic viscosity of liquid
* g - Dynamic viscosity of vapor
®) Lo
. dz - Frictional pressure drop
e Fr,WeE F, H - dimension less numbers
2
° ¢'— - multiplication factor for pressure drop
e T - shear stress(wall)
st T/ . .
. and ¢ - Dimensionless parameter
. Pr, - Prandel number
e h - Refrigerant side heat transfer coefficient in
o Af - tube frontal flow area
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