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Abstract. Many researchers have investigated numerical simulation methods for two-phase flow in condensers. Still, challenges persist due to
these models’ large size, complex structure, and multiphase flow fields. To address these issues, this paper employs a periodic iterative numerical
simulation approach for ultra-long condensers, validating the method through experiments and advancing the numerical simulation technology
for such models. The study emphasizes the impact of structural changes on the refrigerant and air sides. Results indicate that the most minor error
occurs when the number of iterations in the two-phase zone does not exceed three. Increasing the total number of refrigerant channels from 10
to 18 enhances heat transfer by 17.7% and condensation capacity by 10.6%. However, further increases in channel numbers lead to a significant
rise in pressure drop, deteriorating heat transfer performance. Heat transfer and condensation capacity improve with the height-to-width ratio of
the refrigerant channel, reaching optimal performance when the ratio is close to 1. Additionally, increasing the aspect ratio on the air side will
improve the heat transfer and condensation rate of the condenser. However, when the aspect ratio reaches 4.53, further increases will lead to a
decrease in the heat transfer coefficient and an increase in pressure drop.
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NOMENCLATURE Subscripts
Symbols n Number

1 v Vapor phase

l Liquid phase

mix Two-phase mixing

u Velocity, m-s™
S Source term

K  Heat transfer coefficient, W-cm~2.°C~!
g

F

o . 2 sat  Saturation
Gravitational acceleration, m-s )
in Inlet
Force, N Outl
out utlet
C, Gas-phase curvature
M  Mass

C; Liquid-phase curvature

E  Energy, W-m™3
P Pressure, Pa Abbreviations

co  Condensation

k  Thermal conductivity, W-m~1°C~! CPE Comprehensive performance evaluation factor
T  Temperature, K

LH Latent heat, kj-kg™!
2

Fa Effective heat transfer area on the air side, m 1. INTRODUCTION

t Time, s

G With the improvement in socioeconomic conditions, there has
reek symbols .. .

) . been a significant advancement in the development of automo-
oy Surface tens19n, N-m biles, airplanes, and other modes of transportation. This progress
@ Volume fraction has, in turn, increased the demand for high-quality research and
# Dynamic viscosity, N-s-m™> development of related components, such as condensers and heat
f Empirical frequency constant, s™! exchangers. The condenser is a crucial heat exchange component
p  Density, kgm™? in thermal management systems used in aviation, vehicles, and
&  Aspectratio various other applications. Enhancing the heat exchange effi-

ciency of the condenser can markedly improve the refrigeration
) . effect and overall energy efficiency of the system [1]. Current
"e-mail: zhounianyong @cczu.edu.cn development trends for onboard thermal management systems
Manuscript submitted 2024-09-05, revised 2025-03-15, initially in machinery, including vehicles, emphasize miniaturization,
accepted for publication 2025-03-20, published in July 2025. lightweight design and high efficiency [2].
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During the second stage of heat transfer, specifically in the
gas-liquid two-phase region, Peker et al. [3] conducted experi-
mental studies on how variations in tube shape affect heat trans-
fer in a thermal wall condenser. Their findings revealed that
changes in tube cross-sectional shape (O/D) enhanced the heat
transfer rate, with improvements ranging from O to D. Specif-
ically, doubling the flow velocity and increasing the condenser
tube diameter resulted in an average heat transfer rate increase
of 8.9% and 5.2%, respectively. Sahnali er al. [4] pioneered the
use of the Kammtail shape instead of circular or elliptical ge-
ometries in finned tube heat exchangers. Through experiments
and numerical analysis, they demonstrated the advantages of
this shape, with the 3 X 6 mm Kammtail shape showing a 19%
reduction in pressure drop and over a 9% increase in the heat
transfer coefficient as compared to the circular tube profile. Es-
pindola et al. [5] explored the correlation between air-side heat
transfer coefficients in natural ventilation tubes used in house-
hold refrigeration with various geometric designs. They found
that combined heat transfer coeflicients are highly sensitive to
wire spacing; shorter wire spacing leads to constraint effects, re-
ducing shape factors and buoyancy, which in turn decreases ra-
diation and convective heat transfer efficiency. Ammar et al. [6]
conducted a detailed experimental study on the condensation
heat transfer in human-shaped plate heat exchangers (PHEs)
used in absorption refrigeration systems. They highlighted the
significant impact of inlet temperature and saturation pressure
on the heat transfer coefficient (HTC) and heat flux. An in-
crease in inlet temperature decreased heat flux, although HTC
remained relatively unchanged at saturated pressure. Comparing
PHEs with shell-and-tube heat exchangers, they found that the
human-shaped plate condenser exhibited excellent heat trans-
fer performance but experienced increased pressure drop due to
turbulent flow. Yan er al. [7] investigated the heat transfer co-
efficient and pressure drop during condensation in small pipes
with a diameter of 2 mm. They observed lower heat transfer co-
efficients and pressure drops at higher saturation temperatures
of refrigerants. Webb er al. [8] tested pressure drop and heat
transfer in compact tube-in-fin heaters with hydraulic diameters
of 1.56 mm and 2.64 mm. Their results showed that pressure
drop increased within the finned tubes as the R12 refrigerant
condensed, with a continuous rise in pressure drop as the lig-
uid volume fraction decreased. Chung et al. [9] analyzed flow
and heat exchange in parallel flow heaters using two different-
sized models. They concluded that having nine fins per pass
resulted in optimal thermal performance among the four con-
figurations tested. Bullard et al. [10] designed microchannel
plate fin evaporators and condensers using R410A refrigerant
with varying numbers of finned tubes (38, 24, 9). They reported
a 25% reduction in power consumption as compared to base-
line models. Cavallini et al. [11] investigated frictional pressure
dropped when R134a, R236ea, and R410A refrigerants flowed
through microchannel condenser tubes under two-phase flow
conditions. Their results showed significantly lower pressures
in R410A tubes as compared to R134a or R236ea tubes under
similar conditions. Additionally, the R134a results were consis-
tent with those reported by Zhang and Webb [12] and Webb

and Ermis [13]. Wang et al. [14] tested 12 types of fins with
varying specifications to investigate the effects of air-side fin
spacing and the number of tube rows on heat exchange perfor-
mance. They found that reducing fin spacing with a single tube
row improves heat transfer performance. However, with more
than four tube rows, reducing fin spacing actually decreases per-
formance. Additionally, increasing the number of tubes leads
to decreased heat transfer efficiency. Du et al. [15] explored
the effects of four air volume inlet angles (30°,45°,60°, and
90°) on heat transfer and pressure drop, finding that a decrease
in inlet air angle reduces heat transfer capacity at a constant
mass flow rate. Kim ez al. [16] tested nine configurations un-
der dry conditions, including herringbone and smooth corru-
gated fins paired with round and oval tubes. The results showed
that smooth corrugated fins with elliptical tubes had superior
heat transfer and friction factors as compared to other com-
binations, attributed to their higher thermal conductivity and
increased pressure drop. Jabardo et al. [17] studied the impact
of air-side louvre fins and wavy fins on heat transfer perfor-
mance in parallel flow heat exchangers. They found that within
Reynolds numbers of 1000 to 6000, the spacing of these fins has
minimal impact on heat transfer efficiency. Ryu [18] observed
that the correlation between fin spacing (Fp) and louvre spac-
ing (Lp) is not valid for Fp/Lp > 1. His findings suggest that
within the Reynolds number range of 100 to 3000, heat trans-
fer factor j and friction factor f exhibit universality only when
Fp/Lp > 1.

In summary, past research has predominantly utilized experi-
mental methods to investigate the impact of fin structure, channel
quantity, and system parameters on condenser heat transfer. Nu-
merical simulation studies for large condensing channels remain
sparse. This study developed a physical model of a fork-flow
condenser using two-phase flow theory and explored numeri-
cal simulation techniques. It examined how channel aspect ratio
and quantity influence heat transfer characteristics, and then
assessed the overall performance of the condenser.

2. STUDY ON NUMERICAL SIMULATION METHOD
OF CONDENSING HEAT TRANSFER IN FORK-FLOW
CONDENSER

2.1. Establishment of a physical model of fork-flow

condenser

This paper details a numerical simulation of a fork-flow con-
denser used in an airborne thermal management system. The
condenser is divided into four stages with 22, 16, 7 and
6 refrigerant channels, respectively. It has external dimen-
sions of 500 mm X 360 mm X 18.9 mm (length X width X
height). Each single-layer heat exchange channel measures
360 mm X 18.9 mm x 6.5 mm. Specifically, with 22 channels,
each refrigerant channel is 360 mm long, with the dimensions
of 0.65 mm X 0.9 mm. The fin size is 18.9 mm X 0.07 mm X
2.55 mm, with a spacing of 1.15 mm. To save computational
effort during simulation, a half-length of 180 mm was chosen
for grid independence verification (Fig. 1).
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Refrigerant channel
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Fig. 1. Simplification of a physical model of the condenser

2.2. Mathematical models and data processing

In the calculation of multiphase flow, the Euler-Euler method is
used because it incorporates the concept of phase volume frac-
tion, treating each phase as a continuous medium that interacts
with others. This method solves the Navier-Stokes equations to
track the flow behavior of each phase. The Navier-Stokes equa-
tions describe the interactions between liquid and gas phases and
include mathematical formulations for mass continuity, momen-
tum, and energy [19].

Continuity equation:

0 (a1p1)

ay

+V - (ayp1it) =Sy . (D
Momentum equation:

d (pii) +V

5 (piiil) = ~VP+V. [y (Vﬁ+VﬁT)]

+ pg+Fcsr. 2
Fcsr is expressed as the surface force of a continuous medium,

while Brackbill et al. [20] proposed a continuous medium sur-
face tension model, as shown below:

C,\Va, + v
Fesp = 207, 2y 0 T TP T (3)
P1+ Py
Energy equation:
0(pE
(g )+V-[—> (pE+P)]=V-(kVT)+SE. @)
t u
Phase transition equations during the condensation process:
Tsa _Tmix
Sm =,8c00/vpvl:r—7 @)
sat
S;Mv = _SMv s (6)
Tsa _Tmix
Sk = Beotrypy ——"> - LH. (7)
sat
Heat transfer coefficient of the condenser:
0
K= 8
F.At, ®
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Condenser heat transfer temperature difference:

1h—t
Aty =—2—"1. )
tin—1
In=
tin—0D

Considering the overheating and undercooling of the refrigerant
at the inlet and outlet of the condenser, the average temperature
of the refrigerant inside the condenser can be expressed by the
following equation:

_ tin+t 2t
_ln out+_.

tin= 6 3 (10)

A comprehensive performance evaluation factor, commonly re-
ferred to as CPE (comprehensive performance evaluation), is
used to assess the performance of a condenser. Generally, a
higher CPE value indicates better condenser performance. The
CPE is represented as:

K
- (11D
A P3

CPE =

2.3. Grid independence verification

In the example of a 180 mm condenser, six sets of grids are gen-
erated with quantities of 2.1 million, 3.5 million, 4.7 million,
5.5 million, 6.5 million, and 7.1 million, respectively. We have
fully considered the y+ parameter, and for the standard k-Epsilon
model, the recommended value of y+ is ideally close to 30. Ac-
cording to the y = (y*u) x (pu*)~! formula, the height y of the
first layer is approximately 7.8e-5m by calculation. Therefore,
in the grid model, the grid height of the first layer is controlled
at 7.8e-5m, and the second layer and above will be increased by
a factor of 1.2.

Using an inlet temperature of 330K for R134a refrigerant on
the wind side and 313 K for the air, the condensation amount
and outlet temperature of the R134a refrigerant are evaluated to
check grid independence. As shown in Fig. 2, the results for con-
densation amount and outlet temperature begin to stabilize when
the grid number reaches 5.5 million, with further increases hav-
ing a negligible impact on the simulation results. Consequently,
the final number of simulation grids is determined to be 5.5 mil-
lion.
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Fig. 2. Verification of refrigerant channel independence in condenser
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3. VERIFICATION OF PERIODIC ALTERNATIVE
NUMERICAL SIMULATION METHOD

Due to the large overall volume and long refrigerant channels
of the condenser, simulating the entire system poses significant
challenges. Therefore, a periodic iteration method is employed
for the simulation, and in order to save computational resources
and quickly verify the pattern, one-third of the length of the
condenser flow, namely 120 mm, was chosen as the reference
length for the calculation. To validate the accuracy of the two-
phase zone periodic iteration simulation method, the condenser
is initially simulated as a whole. It is then divided into 2, 3, and
4 sections for iterative calculations, with the outlet parameters
of one section serving as the inlet parameters for the subsequent
section, as shown in Fig. 3. The simulation parameters are as
follows: refrigerant inlet flow rate is 1.43 kg/h, refrigerant inlet
temperature is 330 K, air inlet velocity is 5 m/s, and air inlet
temperature is 313 K.
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Fig. 3. Schematic diagram of condenser cycle iteration model

As shown in Table 1, after simulating the 12 Omm reference
model, the average refrigerant outlet temperature is 323.95 K,
the average air outlet temperature is 315.72 K, and the total
heat transfer of the condenser is 7.87 W. The relative errors

in the refrigerant outlet temperature after 2, 3, and 4 itera-
tions were 0.03%, 0.19%, and 0.31%, respectively, with errors
within 0.02 K. The relative errors for refrigerant heat trans-
fer were 0.25%, 0.76%, and 1.27%, with the heat transfer er-
ror not exceeding 0.03 W. The relative errors for condensation
amounts were 0.43%, 1.02%, and 2.32%, with the error not
exceeding 0.016. Table 2 illustrates that the error between the
iterative calculations of the condensation amount at each re-
frigerant outlet and the original simulation model’s values is
minute.

Table 2
Verification of periodic iteration calculation in two-phase zone
R134a
Iteration | flow Cloud map of liquid phase volume fraction
times | length at the refrigerant outlet
(mm)
1 o MEEEEEEESw
) ol L & & B 0 1 1 1 1
- MWW EEEW.w
o4 T EBEEEEEEENR
gl 88 L L L & J 1 J )
g-i M.
oz [ HEEHEBEEENENEENR
, | 3060 1 1 1 1 1 1 1 1 1]
oy 8 8 8 & B & B B B
- EEEEE WS-

In summary, the use of periodic iteration technology results
in minimal error between the simulation results and the overall

Table 1
Analysis of periodic iteration error in two-phase zone
Flow Inlet Average Inlet Outlet Volume
: outlet fraction Total heat
Iteration length temperature temperature temperature -
. temperature - - of liquid exchange
times of R134a of R134a of air of air
K of R134a K K phase at the (W)
(mm) (K) (K) (K) (K) outlet (%)
1 0-120 330 323.95 313 315.72 0.69 7.87
) 0-60 330 323.98 313 315.84 0.16 =85
60120 330 323.95 313 315.59 0.68 '
040 330 324.00 313 315.99 0.10
3 40-80 330 323.98 313 315.56 0.53 7.81
80-120 330 323.96 313 315.60 0.68
0-30 330 324.00 313 316.11 0
30-60 330 323.98 313 315.58 0.15 777
4 60-90 330 323.97 313 315.58 0.41
90-120 330 323.97 313 315.60 0.67
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model results. By decomposing a large model into multiple
simulations, computing resources are used more efficiently, and
simulation calculation times are significantly reduced. However,
it was observed that increasing the number of iterations leads
to an increase in calculation error. Based on a comprehensive
evaluation, it is recommended to perform no more than three
iterations. For future simulations, a maximum of two iterations
is advised.

4. EXPERIMENTAL VERIFICATION AND INFLUENCE
OF CHANNEL STRUCTURE ON HEAT TRANSFER
CHARACTERISTICS

Experimental verification and analysis of humerical
simulation of condenser

To ensure the accuracy of simulation calculations, this study
integrates experimental testing with simulation methods to val-
idate their effectiveness. This approach involved collecting ex-
perimental data to corroborate the accuracy of the condenser
simulation method. The schematic diagram of the condenser
system is shown in Fig. 4.

To keep the simulation conditions consistent with the ex-
perimental conditions, at the start of the experimental test, the
refrigerant mass flow rate at the condenser inlet was 153.6 kg/h,
and the refrigerant inlet temperature was 360 K. The air mass
flow rate at the inlet was 76 kg/h, and the air inlet temperature
was 313 K. The refrigerant inlet pressure was 1428 KPa, the re-
frigerant side flow resistance was 82.74 Pa, and the air side wind
resistance was 252.63 Pa. The measured experimental data and
simulation data are shown in Table 3.

4.1,

Expansion
valve

Mass flow
meter

Refrigerant
chargeing

ql') Thermocouple
@ Pressure sensor

Fig. 4. Experimental test platform for condenser operation system

4.2. Influence of aspect ratio of refrigerant side channel
on heat transfer characteristics of the condenser

In this study, five rectangular microchannel refrigerant channels
with the same cross-sectional area but varying aspect ratios were
selected. The detailed geometric parameters of these channels
are listed in Table 4. The condenser refrigerant was introduced

Table 4
Different dimensions of refrigerant channel models at various
aspect ratios

Table 3. displays the error analy.sm .between the s%mulat%on Width Height Equivalent Length Aspect
and experimental data. The results indicate that the simulation diameter ratio
. : W (mm) H (mm) D (mm) L (mm) HIW
closely matches the experimental outcomes. The maximum rel-
ative error for the refrigerant outlet temperature difference is 0.45 0.65 0.532 180 1.44
nder 9.5%, with an average relative error of 7.75%. For the
Y o W vorage felative it .° : 0.55 0.53 0.541 180 0.97
air outlet temperature difference, the maximum relative error is
11.2%, and the average relative error is 8.42%. These minor rel- 0.65 0.45 0.532 180 0.69
ative errors validate the feasibility of the condenser simulation 0.75 0.39 0.513 180 0.52
method, confirming that the simulation results are suitable for
. . . 0.80 0.36 0.511 180 0.45
engineering calculations.
Table 3
Error analysis table of experimental results
. Temperature . . .
Cryogen inlet | Air inlet Refrigerant outlet Refrigerant outlet difference Air outlet Air outlet Air outlet
temperature (K) . temperature (K) | temperature (K) temperature
temperature | temperature | temperature (K) (numerical at refrlgera!nt (experimental (numerical difference
(K) (K) (experimental value) | . . outlet relative . . .
simulation value) value) simulation value) | relative error (%)
error (%)
360.01 307.94 319.37 322.01 6.5 313.26 312.88 7.2
360.49 307.96 319.47 323.38 9.5 313.31 312.71 11.2
360.96 307.96 319.67 322.77 7.6 313.45 313.08 7.5
361.22 307.94 319.89 322.74 6.9 313.48 313.08 7.3
361.99 307.98 319.92 330.02 8.1 313.49 312.97 9.5
362.08 307.96 319.99 323.32 7.9 313.51 313.08 7.8
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at an inlet flow rate of 3.2 kg/h and an inlet temperature of
330 K. The airflow rate at the inlet was 9.5 kg/h, with an inlet
temperature of 313 K.

Figure 5 illustrates the temperature variation cloud map of the
refrigerant for different aspect ratios of the refrigerant channels.
As depicted in the figure, across the five different aspect ratios,
the distance from the refrigerant to the condensation point is
nearly uniform. Additionally, the rate and effectiveness of tem-
perature reduction are relatively consistent among the different
aspect ratios.

3.236+02 3.248402 3.248402 3.250+02 3.260102 3.27e102 3.27e102 3.280+02 3.208102 3.298102 3.306+02

(a)e=1.44

(b) £=0.97

(c) £=0.69

(d)e=0.52

(e) e=0.45

Fig. 5. Contour of refrigerant temperature variation at different aspect
ratios of refrigerant channels

Figure 6 displays the cloud maps of the overall and outlet
liquid phase volume fractions of the refrigerant under different
aspect ratios of the refrigerant channels. As the aspect ratio of
the refrigerant channel decreases, both the overall and outlet
liquid phase volume fractions first increase and then decrease.

Figure 7 shows the variation curve of the liquid phase vol-
ume fraction at the refrigerant outlet with respect to the position
within the refrigerant channel. The trend mirrors that observed
in Fig. 6, with liquid phase volume fractions initially increas-
ing and then decreasing as the aspect ratio of the refrigerant
channel decreases. When the aspect ratio increases from 0.97
to 1.44, condensation capacity decreases by 19.7%. Conversely,
when the aspect ratio decreases from 0.97 to 0.45, condensation
capacity decreases by 10.0%, 16.2%, and 18.9%, respectively.

Figure 8 illustrates the variation curve of the heat exchange of
the condenser with respect to the position within their refrigerant
channel. The heat exchange initially increases and then decreases
as the aspect ratio of the refrigerant channel decreases. The
highest heat exchange is achieved when the aspect ratio is 0.97.

(@) e =144

ENRERERERRERRERN
(b) £ =0.97

RN

(c) £=0.69

-

rEwN

FETTTTTTTEEEEEEETEEEEw.w

(d)e=0.52

DNANANANABNNDSDDN S AN DD AN
(e) e=0.45

Fig. 6. Distribution of the overall and outlet liquid phase volume
fractions of refrigerants with different aspect ratio
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Fig. 7. Liquid phase volume fraction of refrigerant outlet as a function
of refrigerant channel position

As the aspect ratio increases from 0.97 to 1.44, the heat transfer
rate decreases by 5.6%. When the aspect ratio decreases from
0.97 to 0.45, the heat transfer rate decreases by 5.5%, 6.4%, and
7.3%, respectively.

Figure 9 indicates that the CPE value is maximized, and over-
all performance is optimized when the refrigerant channel’s
height-to-width ratio approaches 1. This is because the refriger-
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Fig. 8. Heat transfer curve with refrigerant channel position

ant channel shape maximizes the surface area per unit volume,
allowing the refrigerant channels to provide more heat transfer
area within a given volume. Additionally, when the height-to-
width ratio of the refrigerant channel is close to 1, the pressure
drop is minimized.

90 380 9.0

o =1370
80 |
/ 7 =350
P

60 | /

70

Pressure loss (kPa)

—— Pressure loss
—— Heat transfer coefficient
—— Comprehensive Performance Evaluation

Heat transfer coefficient (W-(m-2-K-1))
Comprehensive Performance Evaluation

50 L L 1 1 1 330
0.4 0.6 0.8 1.0 1.2 1.4
Refrigerant channel aspect ratio
Fig. 9. Comparison of aspect ratio performance of refrigerant side
channels

4.3. Influence of the total number of refrigerant channels
on the heat transfer characteristics of the condenser

To explore the impact of varying the total number of refrigerant
channels on the heat exchange performance of the condenser
with a constant refrigerant inlet cross-sectional area, this study
uses five rectangular microchannel heat exchangers with iden-
tical cross-sectional areas but different numbers of refrigerant
channels. Detailed geometric parameters are provided in Table 5.
The refrigerant inlet flow rate is 3.2 kg/h at an inlet temperature
of 330 K, while the air inlet flow rate is 9.5 kg/h at an inlet
temperature of 313 K.

Figure 10 presents the distribution contour of the liquid phase
volumetric fraction at the refrigerant outlet for different total
numbers of refrigerant channels. Figure 11 shows the variation
curve of the liquid phase volumetric fraction at the refrigerant

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 4, p. €154273, 2025

Table 5
Refrigerant channel models of various sizes for different total quantities
Total amount Width Height Length
of refrigerant - o I
channels (mm) (mm) (mm)
10 1.43 0.45 180
14 1.02 0.45 180
18 0.79 0.45 180
22 0.65 0.45 180
26 0.55 0.45 180

outlet with respect to the total number of refrigerant channels.
As the total number of refrigerant channels increases, the lig-
uid phase volumetric fraction at the refrigerant outlet initially
increases and then rapidly decreases. Specifically, when the to-
tal number of refrigerant channels increases from 10 to 18, the
overall condensation amount of the condenser increases by 0.7%
and 10.6%, respectively. However, when the total number of re-
frigerant channels further increases from 18 to 26, the overall
condensation amount decreases by 6.6% and 59.2%, respec-
tively.

0.000 0,003 0.006 0.009 0012 0015 0018 0.021 0.024 0027 0,030

NN BN AN A A A
(ayn=10

(byn=14

(c)n=18

(dn=22

FYFVFEEEVVFFEEFFTETTFTRREEE
(e)n=26

Fig. 10. Distribution of liquid phase volume fraction at the refrigerant
outlet under different total quantities of refrigerant channels

Figure 12 illustrates the heat exchange as a function of the
total number of refrigerant channels. The heat exchange initially
increases slowly and then decreases sharply with the total num-
ber of refrigerant channels. When the total number of refrigerant
channels increases from 10 to 18, the condenser heat transfer
rate rises to 47.4 W, showing an increase of 3.6% and 17.7%,
respectively. As the total number of refrigerant channels contin-
ues to increase to 26, the heat transfer rate decreases to 31 W,
reflecting a decrease of 3.0% and 35.1%, respectively.

With the cross-sectional area of the refrigerant inlet remain-
ing constant, increasing the total number of refrigerant channels
results in the fluid flowing across more pipe walls, thereby in-
creasing the heat exchange surface area per unit volume and
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the CPE value decreases with the increase in the total number
of refrigerant channels. However, the heat transfer rate and co-
efficient are optimal when the total number of channels ranges
from 18 to 22.

4.4. Influence of the aspect ratio of the wind side on the
heat transfer characteristics of the condenser

In a fork-flow condenser, the fin is a key component whose
structural parameters significantly impact the heat transfer and
mass transfer performance of the condenser. After simulating
the effects of the aspect ratio of the R134a refrigerant chan-
nels on the heat transfer characteristics of the condenser, it is
essential to investigate further how different fin configurations

Fig. 11. Curve of variation of liquid phase volume fraction at the re-  ;ffect the condenser’s heat exchange performance. To compare
frigerant outlet with the total number of refrigerant channels the heat transfer performance of condensers with varying ratios
of aspect, this simulation examines five fin aspect ratios: 2.36,
2.87,3.56,4.53 and 5.96. The detailed geometric parameters of
®r these configurations are listed in Table 6. The condenser oper-
46 \. . . . .
ates with a refrigerant inlet flow rate of 3.2 kg/h and an inlet
_Mr temperature of 330 K. The air inlet flow rate is 9.5 kg/h with an
Zaf : inlet temperature of 313 K.
B4 [ —
238 Table 6
S36 |l Refrigerant channel models of different sizes for various quantities
T
34 |- -
B A1r. duct Fin height | Fin width | Number of Asp'ect
32 width o W i+ duct ratio
ol | . | . | | . | : W, (mm) (mm) » (mm) air ducts H/W
10 12 14 16 18 20 2 24 26 1.08 2.55 0.07 155 2.36
Total number of refrigerant channels
0.98 2.81 0.17 155 2.87
Fig. 12. Curve of heat exchange with the total number of refrigerant
channels 0.88 3.13 0.27 155 3.56
0.78 3.53 0.37 155 4.53
enhancing the heat transfer rate. As shown in Fig. 13, when the 0.68 4.05 0.47 155 5.96

total number of refrigerant channels increased from 10 to 18,
the heat transfer rate improved. The heat transfer coefficient
reached its maximum when the total number of refrigerant chan-
nels was 22. Further increasing the number of channels leads to
a sharp rise in pressure drop within the channels, which dete-
riorates the heat transfer performance. Figure 13 indicates that

—— Pressure loss
—— Heat transfer coefficient

—— Comprehensive Performance Evaluation
100 = 1230

1510

-
T

Pressure loss (kPa)

=290

Heat transfer coefficient (W-(m-2-K-1))
Comprehensive Performance Evaluation

10 12 14 16 18 20 22 2 26

Total number of refrigerant channels

Fig. 13. Comparison of aspect ratio performance of the total number
of refrigerant channels

This approach will help in understanding how varying fin
aspect ratios impact the overall heat exchange efficiency of the
condenser. As the fin aspect ratio increases, the superheated re-
gion of the refrigerant also gradually expands while the phase-
change heat transfer region shortens. For larger aspect ratios, the
refrigerant in the channels requires a longer distance and time
to reach the phase-change temperature. When the aspect ratios
are 2.87, 3.56, and 4.53, the superheated regions are relatively
similar when the refrigerant reaches the phase-change temper-
ature. However, further increasing the aspect ratio results in a
noticeable extension of the superheated region.

Figure 14 illustrates the variation in the heat exchange of the
condenser as a function of the number of the refrigerant chan-
nels. The heat exchange increases continuously with the rising
fin aspect ratio. Specifically, as the fin aspect ratio increases
from 2.36 to 5.96, the heat transfer rate rises by 6.62%, 11.3%,
17.8%, and 20.6%, respectively. An increase in the fin aspect
ratio implies a larger space for airflow, allowing more air to pass
through the fins. This enhanced airflow capacity contributes to
improved heat transfer performance, as more air can interact
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Fig. 14. Heat exchange curve with the number of the refrigerant
channels

with the fin surfaces, enhancing the overall heat exchange pro-
cess.

Figure 15 shows the variation in the liquid phase volume frac-
tion of the refrigerant at the outlet as a function of the number of
the refrigerant channels. As the fin aspect ratio increases, the lig-
uid phase volume fraction at the refrigerant outlet rises steadily.
Specifically, with an increase in the fin aspect ratio from 2.36
to 5.96, the liquid phase volume fraction increases by 14.2%,
27.1%, 43.4%, and 57.8%, respectively. This trend indicates that
a higher fin aspect ratio leads to a more significant proportion of
liquid refrigerant exiting the condenser, likely due to improved
heat exchange and extended condensation processes.
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Fig. 15. Volume fraction of the liquid phase at the refrigerant outlet
as a function of the position of the refrigerant channel

Figure 16 depicts the heat transfer coefficient curve, which
aligns with the CPE curve, showing that CPE is maximized
when the fin aspect ratio is 4.53. At this aspect ratio, the pres-
sure drop is relatively low, leading to the most effective heat
transfer performance. This indicates that the optimal fin aspect
ratio balances efficient heat transfer with minimal pressure loss,
achieving the best overall performance for the condenser.
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Fig. 16. Comparison of air duct aspect ratio performance

5. CONCLUSIONS

This article presents a periodic iteration method for simulat-
ing the single-process heat transfer characteristics of a fork-flow
condenser in a two-phase region, enabling the numerical simu-
lation of extensive models. The main findings are:

1. When the number of periodic iterations for the condenser
in the two-phase region does not exceed three, the relative
error in the refrigerant outlet temperature difference remains
within 0.19%, the heat exchange error within 0.76%, and
the condensation rate relative error within 1.02%. This high
level of accuracy indicates that the cyclic iteration method
is feasible and effective.

2. The study found that when using R134a as the refrigerant,
both the condensation and heat transfer rates initially in-
crease and then decrease as the refrigerant channel aspect
ratio increases. Maximum heat transfer and condensation
rates, along with the highest CPE factor, occur when the
aspect ratio is close to 1, ensuring the best condenser per-
formance with the lowest pressure drop. On the airside, heat
transfer characteristics improve initially and then weaken
with increasing fin aspect ratio. Optimal performance is
achieved at an aspect ratio of 4.53, where the pressure loss
is minimized, and the CPE value is maximized.

3. Regarding changes in the total number of refrigerant-side
channels, the heat transfer characteristics initially strengthen
and then weaken as the total number of channels increases.
The study results indicate that optimal performance of the
model occurs when the total number of channels is between
18 and 22. Increasing the total number of channels beyond
this range leads to increased pressure drop and worsened
heat transfer performance.
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