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Numerical Model Development of a Microchannel Condenser for Mobile
Air-Conditioning Systems
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manhoe.kim@knu.ac.kr Abstract >> This paper presents the numerical model development of a micro-

_ channel heat exchanger in mobile air-conditioning and heat pump applications.
zgszzd ;‘;jmf%;z The model has been developed based on the effectiveness-NTU method using a
Accepted 29 July, 2022 segment-by-segment modeling approach. State-of-art correlations are used for

refrigerant- and air-side heat transfer coefficients and pressure drops. The calcu-
lated heat condenser capacities are in good agreement with experimental data,
with an average difference of 1.86%. The current model can be used for micro-
channel condenser simulations under various operating conditions. It is antici-
pated to improve productivity in designing and optimizing microchannel heat ex-
changers with folded louver fin geometry.
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—
Nomenclature K : thermal conductivity, W/mK
La : louver angle, deg.

Ao - total air-side surface area, m’ Lp : louver pitch, mm

A - internal tube surface area, m’ m, : refrigerant mass flowrate, kg/min

An : mean tube surface area, m’ T : temperature, K

C : heat capacities, J/K P . pressure, kPa

Fd : flow depth, mm \ : velocity, m/s

h; : refrigerant side HTC, W/m® K UAo . overall heat transfer coefficient, W/K

. airside HTC, W/m® K
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Greek letters

& : tube wall thickness, m

Mo : surface effectiveness

€ . effectiveness

Subscript

air :air

ref : refrigerant

in : inlet

out : outlet

Abbreviations

HVAC  : heating, ventilation, and air conditioning
HTC : heat transfer coefficient
MCHE : microchannel heat exchanger
NTU : number of transfer units
VOF : volume of fluid

1. Introduction

Microchannel heat exchangers (MCHE) are widely
used in mobile and residential air-conditioning
applications. The desire to improve efficiency and re-
duce refrigerant charge drove their introduction into
heating, ventilation, and air conditioning (HVAC)
systems. Recent advancements in nano or microscale
fabrication techniques have resulted in significant
progress on MCHE. In general, one of the main chal-
lenges in heat exchanger design is achieving a high
heat transfer rate in small volumes. Because of their
advantages, MCHEs are the most promising design to
meet this challenge. When compared to round tube
plate-fin heat exchangers, flat tubes allow for better
airflow over the tubes. Improved airflow can help to
reduce the power required by the fan as well as the
heat transfer resistance.

However, with the reduction of the hydraulic di-

ameter, a different flow regime and heat transfer
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mechanism occur in the microchannel than in the
conventional channels”. As a result, determining fluid
flow and heat transfer characteristics during re-
frigerant condensation in microchannels is increas-
ingly essential for condenser performance. In the lit-
erature, some numerical studies have been conducted
to better understand the thermal properties of con-
densation inside microchannels.

Several researchers have conducted experimental
and numerical research on MCHEs to improve sys-
tem performance””. In the automotive industry, mi-
crochannel condensers are typically limited to a single
synthetic working fluid (e.g., R-134a) operating in a
narrow range of saturation temperatures (30-60°C).
Empirical models for this narrow range of operating
conditions could be developed and used for MCHE
design and optimization.

1 simulated R134a condensation

Several researchers
inside mini and microchannels. Da Riva and Del
Col” considered the effects of interfacial shear stress,
gravity, and surface tension for horizontal tube ori-
entation before repeating the simulations for vertical
tube orientation with and without gravity. They went
on to look into R134a condensation using the volume
of fluid (VOF) method. This time, they simulate with
and without surface tension to investigate the effect
of surface tension in their simulation conditions”.
Ganapathy et al.'” also proposed a numerical model
based on VOF for simulating R134a condensation in
a 100 um microchannel. Bortolin et al.'” ran steady-
state numerical simulations of R134a condensation
inside a 1 mm square minichannel. The simulations
used the VOF approach to track the vapor-liquid in-
terface during condensation. The authors concluded
that gravity has a minor effect in the square mini-
channel and that shear stress and surface tension
dominate the heat transfer mechanism at the consid-

ered mass flux.
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Among the various geometric parameters, the ef-
fects of microchannel cross-sectional shapes on heat
exchanger performance have been extensively studied.
The effects of microchannel cross-sectional shapes on
the fluid flow and heat transfer performance of rec-
tangular, triangular, and trapezoidal microchannels
were investigated numerically by Gunnasegaran et
al.””, Wang et al.”’, and Chen et al."”. According to
Gunnasegaran et al.”” and Wang et al.”?, cross sec-
tional areas with small hydraulic diameters have low
thermal resistance and pressure drop. Furthermore, it

was discovered in both studies'*"

that rectangular-
shaped microchannels performed best while triangu-
lar-shaped microchannels performed worst. However,
Chen et al."” obtained the opposite results: the trian-
gular-shaped microchannel demonstrated the highest
thermal efficiency because it required the least amount
of pumping power, whereas the rectangular-shaped
microchannel demonstrated the worst performance.
According to Jing and He', the contrasting results
are due to the specific microchannel dimensions con-
sidered in each study. They proposed comparing the
hydraulic and thermal performances of various shapes
of microchannels under various operating conditions
and size constraints.

Although extensive numerical research has provided
profound insights into flat tube MCHE, a more robust
and experimentally validated numerical model account-
ing for folded tube MCHEs remains elusive. This pa-
per used MATLAB code to create a general-purpose
simulation and design tool for a folded tube MCHE.
For evaluating the thermohydraulic performance of
the MCHEs, a segment-by-segment modeling approach
was used, along with state-of-the-art heat transfer and
pressure drop correlations for single- and two-phase
condensation. The current simulation model is ex-
pected to improve productivity in the design and op-

timization of MCHEs due to these distinct features.
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2. Model development
2.1 Heat exchanger geometry

Fig. 1 shows the overall geometry of the micro-
channel condenser. It consists of 45 tubes divided in-
to four passes, with 16 tubes in the first pass, 13 in
the second, seven in the third, and nine in the fourth.
Fig. 2 shows the fin and tube configuration made of
aluminum. The tubes are 671 mm long with a hy-
draulic diameter of 0.89 mm, arranged in a single
depth row. Louver fins were used, having a fin pitch
of 2.5 mm. Detailed geometric specifications of the
flat tube and louvered fin are provided in Table 1.

R134a was used as a refrigerant in this study.

671 mm

16 Tubes

[(13Tubes ] 383.5 mm
'

9 Tubes

i 20 Pass
39 Pass

ath P

Fig. 1. Geometry of microchannel condenser

Lp La

Fig. 2. Fin and tube specifications
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2.2 Operating conditions

As the given geometry consists of a single slab, air
inlet conditions for each tube remain the same in all
passes. The dry-bulb temperature, wet-bulb temper-
ature, atmospheric pressure, and airflow rate at each
tube segment of the frontal row serve as the inputs
for the air side. The refrigerant mass flow rate, along
with the inlet pressure and temperature, are the input
parameters for the refrigerant side of the heat ex-
changer's first tube. The output for the tube includes
the refrigerant and air exit parameters together with
the heating capacity and pressure drop.

The operating conditions listed in Table 2 are used
to initialize the MATLAB code for the MCHE
condenser. The air-side inlet temperature varies from
30 to 50°C, while the face velocity varies from 2 to
3 m/s. The refrigerant inlet's temperature varies be-

tween 95 and 115 degrees Celsius. All operating con-

Table 1. Geometric specifications

Core size (mm) 671x383.5x16
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ditions are chosen within the practical range of mo-

bile air-conditioning systems.

2.3 Heat transfer and pressure drop
correlations

The convective heat transfer coefficient of the
air-side is selected based on the fin configuration. In

the present model, Kim and Bullard's'”

Colburn j
factor and friction f factor for the louver fins are
selected. Similarly, refrigerant-side heat transfer co-
efficients and friction factors are selected based on
the flow regimes. A well-known Gnielinski's correla-
tion'” is used for single-phase turbulent flow. The
latest Shah'® correlation for mini/microchannel heat

exchangers is utilized for two-phase condensation.

2.4 Numerical methodology

A segment-by-segment modeling approach, as used

Table 2. Operating conditions

Face area (m’) 025733 S. Tai vai Pri Tri mr
Refrigerant Pass 16-13-7-(9) No (T) (m/s)  (kPa) (C)  (kg/min)

Type Louvered fin 1 40 2.00 1,501 95 2.34

Height (mm) 6.9 2 40 2.50 1,501 95 2.72

Pitch (mm) 2.5 3 40 3.02 1,503 95 3.02

_ Width (mm) 16 4 40 2.00 1,701 100 3.15

Fin Thickness (mm) 0.07 5 40 2.50 1,702 100 3.62

Louver pitch (mm) 0.94 6 40 3.01 1,701 100 3.96

Louver angle (deg) 24 7 30 2.01 1,898 105 5.25

Louver length (mm) 5.98 8 30 2.51 1,902 105 5.77

Type Folded tube 9 30 3.03 1,896 105 6.36

Number of tubes 45 10 50 1.98 2,402 115 4.12

Depth (mm) 16 11 50 2.49 2,401 115 4.78

Tube Wall thickness (mm) 0.22 12 50 2.98 2,399 115 5.32

Thickness (mm) 1.5 13 40 2.00 1,902 97 4.03

Hydraulic diameter (mm) 0.89 14 40 2.01 1,901 98 4.09

Number of ports 12 15 40 2.01 1,899 98 4.12
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by Kim and Bullard'”, is utilized to model MCHE,
in which each segment is treated as a small crossflow
heat exchanger, and the heat transfer and pressure drop
equations are solved for each segment individually.

Each pass consists of a different number of tubes
with similar flow conditions. Therefore, one tube was
divided into five segments along the refrigerant flow
direction. The model is based on the -effective-
ness-NTU method to calculate each segment's heat
transfer and pressure drop. Once first segment's heat
transfer and pressure drop are calculated, it is re-
peated for the following segments of the same tube.
The outlets of one segment are considered an inlet
for the next segment, and the same procedure is re-
peated until the last segment of the last pass. The to-
tal heat exchanger capacity is the summation of the
individual performance of all tubes. Similarly, the
pressure drop across each pass is the average of the
pressure drops along each tube in the respective pass.

The following assumptions are made in developing
the model to simplify the numerical task.

* A uniform refrigerant flow rate is considered in
each tube.

¢ Refrigerant is either in a single- or two-phase re-
gion in each segment.

For each tube segment, the energy balance equa-
tions are used to calculate the heat transfer between
the refrigerant and the air. The &-NTU method for
crossflow configuration with one fluid mixed and the
other fluid unmixed is used for this purpose (Kays
and London, 1984). The refrigerant is modeled as a
mixed fluid, and the air is modeled as an unmixed
fluid. UA is an overall thermal conductance which is

calculated using Eq. (1),

-1
P M
hA  AK - hAj, (M

>> S22 ALK =

il

Ho

Air and refrigerant side heat transfer coefficients
are calculated using correlations provided in section
2.3. The heat exchange effectiveness, ¢, is the ratio
of the change in temperature, AT, to the maximum
possible temperature change, based on the inlet tem-
peratures of the two fluids. € is calculated for each
segment depending on each fluid's heat capacity, C.

For the case in which Cpax = Cummixea (in other
words, when the air has the higher heat capacity)
Egs. (2a) and (2b) are used,

e=l-expi— Coss l—exp[—NTUﬁJ
Cmin Cmax (Za)

_ “ref.in _];ef./)ut

T;'Lf.in - Z{ir,in (Zb)

On the other hand, for Cpax = Chixed, € 1S calcu-
lated for each segment using Eqgs. (3a) and (3b).

£= %{l - exp{—%(l —exp(—NTU))}} Ga)

min max

air ,out air,in

T;‘e/ in T;u'r,r'n (3b)

E =

When the refrigerant in a tube is in the two-phase

regime Eqs. (4a) and (4b) are utilized,

Cmin — O
Cmax (43)
e=1-exp(—NTU) (4b)

Once ¢ is calculated for the segment, the outlet
temperature of either the air-side or the refrigerantside
can be calculated followed by the heat load. The step-

wise numerical methodology is summarized in Fig. 3.
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3. Model verification

The model verification was performed using ex-
perimental data collected over a wide range of operat-
ing conditions. Sections 2.1 and 2.2 show the condenser
configuration and operating conditions, respectively.

The performance results of the simulation code
against the available experimental data for the re-
frigerant R134a MCHE model are presented in Fig. 4.
Comparisons were performed at fifteen different op-
erating conditions. The comparison results showed an
average difference of 1.86% based on the heat ex-

changer capacity.

4. Conclusion

An extensive MATLAB code for analyzing MCHESs
was established and validated for folded tube MCHEs.
A segment-by-segment modeling approach was used
to evaluate thermo-hydraulic performance. It is appli-
cable to various microchannel configurations used as
a condenser for various operating conditions, pro-

vided that the face airflow velocity and refrigerant in-

Heat exchanger geometry
Operating conditions

1
—-l Properties evaluation & update |

I Airside HTC & pressure drop |
i

Refrigerant side HTC &
pressure drop

OverallHTC

| Effectiveness_NTU method |

Overall Q & del_P

Fig. 3. Flowchart of the numerical methodology

Update
properties

Vol. 33, No. 4, August 2022

HSe0FOIMR - LHHIE 22t - 2= - ZTe] 435

let conditions are known. For each flow regime,
state-of-the-art heat transfer and pressure drop corre-
lations were used. The model developed in the study
accurately predicted the experimental data and can be
used for performance analysis and design of a micro-
channel condenser with minimal numerical uncertainty.
However, more research is needed to fully understand

the refrigerant-side pressure drop behavior.
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