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Abstract

This study presents a novel experimental investigation of flow boiling heat transfer in a minichannel module with simultane-
ous hot and cold fluid circuits. The novelty of the work lies in the analysis of a multilayer minichannel configuration with
interacting hot and cold working fluids, enabling detailed evaluation of interfacial heat transfer mechanisms. Experiments
were conducted in two groups of six parallel minichannels with rectangular cross-sections (1.5 mm depth, 20 mm width, and
140 mm length, hydraulic diameter 2.77 mm), heated by a 1000 W halogen lamp. The system was tested under steady laminar
countercurrent flow conditions at a heat flux of 6000 W/m?, with FC-72 fluid and distilled water mass flow rates of 0.006 kg/s
and 0.0087 kg/s, respectively, and an inclination angle of 165°. The temperature of the outer copper plate surface was meas-
ured using an infrared camera. Local heat transfer coefficients were calculated using a one-dimensional computational ap-
proach at the heated plate — FC-72, FC-72 — central plate, central plate — water and water — closing plate interfaces. The results
show the distributions of temperature and heat transfer coefficients along the channel length. An increase in the heat transfer
coefficient was observed at the heated plate — FC-72 interface, whereas decreasing values were found at the remaining inter-
faces. The one-dimensional approach was validated using computational fluid dynamics simulations, showing a maximum
discrepancy of 26.6% at the heated plate — FC-72 interface across all minichannels. These results offer insight into interfacial
heat transfer in multilayer minichannel systems and support the design of compact, high-performance devices.
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1. Introduction

Modern technological demands related to efficient thermal en-
ergy management and the intensification of heat transfer pro-
cesses necessitate the optimisation of heat exchanger design.
Small-sized heat exchangers represent a promising solution, as
they provide a large heat transfer surface area while maintaining
low mass and compact dimensions. Owing to their enhanced
thermal efficiency and reduced size, such structures are widely
used in electronic cooling systems, photovoltaic/thermal

(PVIT) solar modules and server cooling applications. Ad-
vances in microchannel technology have led to the develop-
ment of high-performance liquid-cooling devices that offer
significantly higher heat transfer coefficients than conven-
tional air-cooling systems and enabling further system minia-
turisation.

The development of hybrid PV/T solar systems and the
continuous improvement of their efficiency make effective
thermal management a critical issue. Abdelrazik et al. [1] re-
viewed recent advances in PV/T technology, including various
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Nomenclature

A —surface area, m?

Cp  —specific heat, J/(kg K)

dn  — hydraulic diameter, m

E - the radiation intensity for the copper heated plate, W/m?
k — overall heat transfer coefficient, W/(m? K)

L — length of the minichannel, m

MRE — mean relative error

p — pressure, Pa

q - heat flux density, W/m?

Q —heatflux, W

Qm —mass flow rate, kg/s

Re - Reynolds number

T  —temperature, K

X — coordinates in the direction of flow, m

Greek symbols
a  —heat transfer coefficient, W/(m? K)
6  —thickness, depth, m

A —difference

& —emissivity coefficient

A —thermal conductivity, W/(m K)

v —kinematic viscosity, m?/s

p  —density, kg/m?

o  —surface tension, N/m

heat exchanger design solutions, and the application of nanoflu-
ids and phase change nanomaterials (nanoPCM) as alternatives
to conventional cooling and thermal energy storage methods.
The modified PV/T system reduced PV cell temperature by
13°C, increased electrical efficiency from 10.5% to 11.9%, and
improved thermal efficiency by approximately 9% compared to
a conventional PV/T system. These findings highlight the effec-
tiveness of enhanced cooling and optimised heat collection tech-
niques. In [2], Dubey and Tiwari presented a mathematical
model for a flat-plate collector, and the calculated results were
compared with experimental data. The study demonstrated a sig-
nificant increase in instantaneous efficiency, from 33% to 64%,
resulting from an increase in the glazing area.

During research on flow boiling heat transfer, systems in
which the working fluid flows through multiple parallel chan-
nels of small dimensions are of particular importance, as they
enable an increase in heat flux density while simultaneously re-
ducing the volume of the heat exchanger, whether using mini-
[3] or microchannels [3,4]. Kandlikar [3] highlighted the im-
portance of the configuration of single- and multichannel heat
exchangers in determining heat transfer and pressure drop. Flow
boiling in mini- and microchannels is characterised by isolated
bubble, slug and annular flow regimes. In microchannels, nucle-
ating bubbles as small as 10-20 pm have been observed, while
surface tension has been found to strongly influence flow behav-
iour. Significant pressure-drop fluctuations and flow reversals
occur in multichannel evaporators. Heat transfer can be approx-
imated using conventional flow boiling correlations; however,
flow instabilities and pressure drop oscillations remain insuffi-
ciently understood. Small diameter evaporators generally oper-

Subscripts and Superscripts

c — closing plate
Cu - copper plate
f — fluid

FC —FC-72 fluid
H  —heated plate

in  —inlet

IR —infrared camera
lin  —linear

TC - thermocouple
out —outlet

S — ambient

w  —distilled water

Abbreviations and Acronyms

AM - additive manufacturing

1D - one-dimensional

CFD - computational fluid dynamics
CHF — critical heat flux

GCI - grid convergence index
HTC — heat transfer coefficient
MCHS- microchannel heat sink
PCM - phase change material
PPMC- porous parallel minichannel
PVIT — photovoltaic/thermal

TIM —thermal interface material
VOF — volume of fluid

ate with higher acceptable pressure drops to achieve enhanced
heat transfer performance. The intensification of flow boiling is
also influenced by the available heat transfer area, fluid stagna-
tion zones, channel distribution and microchannel topology, as
reported in the work of Lu et al. [4]. Optimisation of microchan-
nel heat sink (MCHS) geometry significantly improves thermal
performance. Biomimetic channel designs maintain temperature
differences below 2°C, while ribbed microchannels enhance
heat transfer by about 50% compared to smooth rectangular
channels. Triangular/trapezoidal cross-sections and triangular
cavity structures exhibit the best thermal characteristics. Addi-
tionally, diamond/copper composites and nanofluids are prom-
ising solutions for further heat transfer enhancement. Harirchian
and Garimella [5] presented the characteristics of two-phase
flow structures and the enhancement of flow boiling heat trans-
fer of dielectric liquid FC-77 in parallel microchannels with
widths ranging from 100 um to 5850 pm. Experimental studies
showed that channels of widths > 400 um exhibit conventional
nucleate boiling over a wide range of heat fluxes. In contrast,
smaller channels (< 400 um) suppress wall bubble nucleation at
relatively low heat fluxes, indicating a strong influence of chan-
nel size on flow boiling regimes and regime transitions. Mihai
[6] discussed the analysis of the cooling process in micro- and
nanochannels using a one-dimensional (1D) mathematical ap-
proach. The 1D approach simplifies analysis and is useful for
determining effective heat transfer coefficients. The CPU cool-
ing systems showed that efficient heat removal depends strongly
on channel geometry and the thermal interface material (T1M).
Microscope analyses revealed micro/nanochannels in the TIM
with widths of 0.01-0.05 um and depths up to 1000 A, which
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can disrupt heat transfer and contribute to overheating. Experi-
mental studies also identified thermal expansion (‘pump-out’ ef-
fect) at the CPU—cooler interface, while surface roughness re-
mained largely unchanged with increasing temperature, indicat-
ing good thermal stability of the TIM. Studies reported in the
article by Pronczuk and Krzanowska [7] on a shell-and-tube heat
exchanger with a minichannel system of 0.8 mm internal diam-
eter confirmed high heat transfer efficiency and highlighted the
importance of precise pressure drop measurements. The transi-
tion from laminar to transitional flow was identified at a critical
Reynolds number of Re = 1160. The authors developed a corre-
lation for the tested heat exchanger, which showed good agree-
ment with both the experimental data and correlations available
in the literature. In contrast, Lan et al. [8] presented experimental
studies of boiling heat transfer in a minichannel heat sink
equipped with twisted tapes inducing swirling flow. The optimal
configuration (twist ratio R = 3, tape length = 150 mm) reduced
the wall superheat required for boiling onset by 34.4%, in-
creased the heat transfer coefficient by up to 80.9%, and de-
creased inlet pressure fluctuations by 44.4% compared with
a plain minichannel. Additionally, longer twisted tapes gener-
ated stronger swirl flow and more effective heat transfer en-
hancement. Ye et al. [9] presented studies on flow boiling heat
transfer of R134a refrigerant in open minichannels, both ordi-
nary and etched, at mass fluxes of 60.5-187.4 kg/(m?s) and heat
fluxes up to 151 kKW/m?. The authors observed that surfaces with
high nucleation site density exhibit the strongest hysteresis ef-
fect, leading to up to a 120% increase in the average heat transfer
coefficient due to sequential activation of nucleation sites with
increasing heat flux. Hysteresis is reduced in channels with lim-
ited nucleation sites or vapour backflow, and is influenced by
inlet subcooling and mass flow rate. In the subsequent work,
Yaghoubi et al. [10] analysed various geometric configurations
of channels with rectangular side-wall cavities to enhance the
R141b flow boiling heat transfer. The introduction of these cav-
ities led to a six-fold increase in the heat transfer coefficient
compared to a plain channel. The cavities act as nucleation sites,
reducing the onset of boiling and enhancing heat transfer in bub-
bly flow. However, in slug flow and near outlet regions, they
may reduce HTC (heat transfer coefficient) due to higher wall
temperatures. Ye et al. [11] investigated minichannels produced
by additive manufacturing (AM) with microengineered surfaces
for R134a flow boiling. These channels achieved a 210% in-
crease in heat transfer coefficient compared to conventionally
machined channels, achieving values up to 54.9 kW/(m? K). En-
hancement factors reached 2.5-3.0, confirming that engineered
microstructures provide abundant nucleation sites and signifi-
cantly improve boiling heat transfer performance. Another type
of surface enhancement was applied in integrated server cooling
circuits during HFE-7100 flow boiling by Shang et al. [12]. Ra-
diators made of 6061 aluminium alloy with a hydraulic diameter
of 2 mm were used, where etching created a porous parallel min-
ichannel (PPMC) structure. Such porous surfaces acted as effec-
tive nucleation sites and significantly reduced wall temperature
(the maximum wall-temperature reduction reached 2.39% at
181.4 kg/(m? s) and ~70 kW/m?) during flow boiling. Titanium
carbide nanowires with thicknesses of 4 uym and 12 pm were

also employed to intensify flow boiling by Sun et al. [13]. The
results showed that a nanowire surface of 12 pm thickness in-
creased the heat transfer coefficient by 19.84% under single-
phase flow, whereas a 4 um nanowire surface increased the
coefficient by 27.9% under two-phase flow conditions. Li
et al. [14] examined flow stability during boiling in minichan-
nels with phase-separated configurations using porous mem-
branes for vapour—liquid separation. In tests with multiple-pore,
phase-separated configurations, a 24.71% reduction in pressure
drop was observed in two-phase flow compared to conventional
poreless structures. Hsu et al. [15] employed minitubes with di-
ameters of 30 mm and 10 mm, featuring hydrophilic and hydro-
phobic surfaces, to enhance thermal efficiency during flow boil-
ing. The results showed that hydrophilic surfaces (5° contact an-
gle) significantly improved heat transfer performance, while hy-
drophobic surfaces (150° contact angle) stabilised the vapour
layer, reducing overall pressure drop to 698.4 Pa and minimis-
ing fluctuations.

Comprehensive reviews of the literature on heat transfer
have been presented in studies [16,17]. Pereira et al. [16] sum-
marised active pool-boiling enhancement techniques beyond
surface modification, including fluid additives, external fields,
mechanical interventions and thermal-geometric optimisation.
These methods aim to improve the heat transfer coefficient, in-
crease critical heat flux (CHF), and reduce boiling hysteresis.
The review also highlights the lack of comprehensive datasets
and standardised reporting, which limits the development of pre-
dictive models and practical cooling system designs. Etminan
et al. [17] examined gas-liquid and liquid-liquid two-phase
flows in microchannels, focusing on flow-regime transitions,
liquid-film behaviour and pressure drop characteristics. The au-
thors highlighted the lack of a universal flow-regime classifica-
tion and emphasised the key role of liquid-film thickness and
contact angle in determining flow patterns, pressure drop, and
heat and mass transfer. Existing correlations for slug length, film
thickness, and pressure drop are based on dimensionless num-
bers, flow rate ratios and thermophysical properties.

In the previous study [18], a comparison between one-dimen-
sional and two-dimensional approaches for estimating the heat
transfer coefficient was performed using the Trefftz method. The
analysis was based on energy equations for the copper plate and
FC-72, supported by appropriate boundary conditions. Experi-
ments were conducted on a test module with two rectangular min-
ichannels (1.5 mmx24 mmx240 mm). Although heat transfer in
minichannel systems has been widely studied, few works com-
bine infrared heat flux measurements with CFD (computational
fluid dynamics) validation for separate hot and cold channel
groups. In this study, the heat transfer coefficient was determined
experimentally for 12 minichannels (six hot and six cold) using
a 1D approach and validated based on STAR-CCM+ simulations
under countercurrent flow conditions [19].

The available data for the considered configuration remain
limited in the literature, which highlights the need for dedicated
experimental and numerical analysis. The main novelties of this
study include: (i) a redesigned test module with two groups of
minichannels and copper plates replacing previous materials
(e.g. glass, solar cells, Haynes-230), (ii) channel dimensions of
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140 mmx=20 mmx1.5 mm (dy = 2.77 mm), (iii) heating of a cop-
per plate using a 1000 W halogen lamp, (iv) experiments at
heat flux of 6000 W/m? under countercurrent flow conditions
at the hot channel (Qmrc = 0.006 kg/s), cold channel
(Qm,w = 0.0087 Kkg/s), and a 165° inclination, and (v) combined
experimental, 1D analytical and CFD analysis of FC-72 refrig-
erant and distilled water flow in a steady-state multi-minichan-
nel system.

This paper presents innovative experimental studies on flow
boiling heat transfer of two working fluids: FC-72 in the hot
minichannel circuit and distilled water in the cold minichannel
circuit under subcooled boiling conditions. Temperature distri-
butions of the copper heated plate, the central copper plate, and
the working fluids were measured at the inlets and outlets of
both minichannel circuits. Local heat transfer coefficients at the
interfaces between each partition of the working fluid plate were
calculated using a one-dimensional computational approach
based on the experimental data. Previous studies on flow boiling
in minichannels have predominantly focused on heat exchangers
with a single working fluid circuit. However, data on the heat
transfer coefficients of individual partitions, as well as studies
employing minichannel arrays with two fluid circuits (addition-
ally cooled with water), are lacking. The presented test module,
featuring two countercurrent fluid circuits, has potential appli-
cations in cooling systems for high-performance computer pro-
Cessors.

2. Research stand and research procedure

2.1. Research stand

Figure 1 shows a schematic of the test rig with its main compo-
nents. The experimental setup comprises a test module with
a group of minichannels (1), magnetic circulation pumps
(2a,2b), pressure transmitter (3), heat exchangers (4a,4b), filters
(5a,5b), electromagnetic flow metres (6a,6b) and air separators
(7a,7b). The primary flow circuits consist of two closed circula-
tion loops for the working fluids: a low-boiling refrigerant
FC-72 circuit (referred to as ‘hot’) and a distilled water circuit
(referred to as ‘cold’). The output of magnetic circulation pumps
(type GZD.Q57.JDS-B380 (BLDC), MICROPUMP INC.,
USA) was regulated using three-phase electric inverters. The
main components of the measurement data acquisition system
include an infrared camera (8), a data acquisition station (9), and
a personal computer (10). The heat source for the copper heated
plate consisted of two halogen lamps (11), and the illuminance
on the heated plate was measured using a luxmeter (12).

The key component of the test rig is the test module contain-
ing a group of rectangular minichannels (1), which share a com-
mon wall. This wall is a central copper plate with a thickness of
0.5 mm. The dimensions of a single minichannel (from each of
the two groups of six minichannels) are 1.5 mm in depth, 20 mm
in width, and 140 mm in length.

The outer walls of minichannels are formed by copper
plates: a 3 mm thick heated plate and an outer plate, referred
to as the module ‘closing’ plate, with a thickness of 0.5 mm.

Figure 2 shows the characteristic dimensions of the test
module.

- - data acquisition system
== FC-72 medium circulation _
= water medium circulation

Fig. 1. Schematic of the test rig and its main components:
1 — test module, 2a, 2b — magnetic circulation pump,
3 — pressure transmitter, 4a, 4b — heat exchanger, 5a, 5b — filter,
6a, 6b— electromagnetic flowmeter, 7a, 7b — air separator,
8 — infrared camera, 9 — data acquisition station,
10 — personal computer, 11 — halogen lamp, 12 — luxmeter.

In one group of six minichannels (referred to as ‘hot”), the
FC-72 refrigerant flows, and its outer wall is heated by halogen
lamps (11 in Fig. 1). In the second group of six minichannels
(referred to as ‘cold’), distilled water flows in the countercur-
rent direction. After exiting the channels, both working fluids
are cooled with tap water via heat exchangers (4a and 4b in
Fig. 1).

The temperature of the heated outer surface of the copper
plate was measured using a Flir E60 infrared camera. This sur-
face, which is in direct contact with the surrounding environ-
ment, was coated with a thin layer of black paint with a known
emissivity of 0.97. The temperature of the central copper plate
was measured point-wise at its ends on the side where the
FC-72 fluid flows, using K-type thermocouples. The tempera-
tures of the working fluids (measured with K-type thermocou-
ples) and the pressures (measured with pressure transmitters)

20 mm 1O

,.36.5 mm |

150 mm
200 mm

150 mm
200 mm

Fig. 2. Characteristic dimensions of the test module:
a) cross section, b) view from the heated plate side.
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were recorded at the inlet and outlet of each minichannel
group.

Figure 3 shows views of the test rig and its main compo-
nents. The basic physicochemical properties of the low-boiling
FC-72 refrigerant and distilled water are summarised in Ta-
ble 1. The specifications of the main components of the exper-
imental apparatus, along with the maximum measurement er-
rors, are provided in Table 2 and in [18,20,21].

2.2. Research procedure

Prior to the main experimental investigations, several working
fluids, including HFE-649 and FC-72, were examined in the hot

Fig. 3. Views of the test rig and its main components at the test
module position angled 165° from the horizontal: 1 — test module,
2 — luxmeter, 3 — luxmeter probe, 4 — hot circuit vent valve,

5 — aluminium heat shield, 6 — infrared camera, 7 — copper heat
shield, 8 — infrared camera mounting bracket, 9 — solar panel,
10 — magnetic circulation pump, 11 — heat exchangers,

12 — electromagnetic flowmeter, 13 and 14 — pressure transducers.

Table 1. Basic physicochemical properties of the FC-72 refrigerant
and distilled water.

Properties of the working fluids ref':icg-e7rzamt D‘:::i:l;d
Boiling point temperature (K) 329 373
Critical temperature (K) 722 647
Kinematic viscosity (m?/s) 0.38x10° 1.00x103
Density (kg/m3) 1680.0 998.2
Vapour pressure (Pa) 30.9x10° 2.3x103
Specific heat (J/(kg K)) 1100 4187
Thermal conductivity (W/(m-K)) 0.057 0.591
Surface tension (N/m) 0.01 0.06

Table 2. Basic data of control and measurement equipment and sensors.

Type/
A t
ppara .us/ Model, = Measuring = Measure-
Parameter Measuring
Manu- range ment error
sensor
facturer
+1°Cor
. +1%
Heated plate Infrared £60. Flir 20— 120°C in the
temperature camera ! 0-650°C
range
0-120°C*
Tempgrature Type K
at the inlet/ .
(221 b), 1.5°C
outlet of FC-72  Thermo- . o |
and distilled couples Czaki —40 - 375°C | in the range
. Thermo- —40-375°C*
water; ambient
Product
temperature
Pressure at the
channel inlet/  Pressure A-10, 0.5% of full
. . 0— 2.5 bar «
outlet, atmos-  transmitter  Wika scale
pheric pressure
Mass flow rate E::;?;’;S SME004, (1o o £0-2%of
of fluids g IFM & reading*
flowmeter
OHM-
Lo . 0-1999.9 +0.02W/m?
Light intensity  Luxmeter ;(I:Ii;loz.l, W/m? or + 2%*

*According to the manufacturer's specifications.

channel. FC-72 was ultimately selected owing to its higher boil-
ing point, enhanced flow stability and greater volumetric heat
capacity. An optimal channel configuration was subsequently
defined, consisting of minichannels with a hydraulic diameter
below 3 mm, with the channels distributed over the entire active
area of the module. The working fluid flow rates were adjusted
to ensure uniform coolant distribution across all channels and to
achieve appropriate pressure conditions within the system. The
higher the mass flow rates of the working fluids in both circuits,
the greater the amount of heat removed from the solar cell, re-
sulting in a reduction of the cell temperature. The imposed heat
flux was specified to be representative of realistic operating con-
ditions of the collector. An inclination angle of 165° was identi-
fied as optimal, representing a minor departure from the hori-
zontal configuration. Optimisation-related issues can be found
in the literature [22-24].

After degassing the two flow circuits (hot and cold) and sta-
bilising the pressures and fluid flow rates, the heat flux supplied
to the copper heated plate was gradually increased using two
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halogen lamps. The lamps had a total power of 2000 W and were
positioned 330 mm from the surface of the heated plate, at a 90°
angle. The infrared (IR) camera was positioned at a 30° angle on
the thermal shield on the left side of the test module. The exper-
iments were conducted under steady-state conditions for 3 min
at various heat flux densities. Due to the extensive dataset ob-
tained, the results presented herein are limited to a representative
case corresponding to a single heat flux density and the thermal
and flow parameters listed in Table 3.

Experimental data were recorded using DagView software
(version 9.1.35) in conjunction with the data acquisition station.
Data corresponding to a heat flux density of 6000 W/m? applied
to the heated plate surface were selected for detailed analysis.
All tests were performed with a constant mass flow rate in
both minichannel circuits (hot, Qmrc = 0.006 kg/s, and cold,
Qm.w = 0.0087 kg/s) under laminar flow conditions with a slight
overpressure (see Table 3).

Table 3. Experimental parameters and their ranges of variation.

Range of
variation

298.46-300.95
290.45-291.95

Experimental parameters

FC-72 refrigerant temperature, Trc(K)
Distilled water temperature, Tw (K)
Surface temperature of the copper
heated plate, Th,r (K)

Temperature of the copper plate
central to the minichannels, Tc, (K)
Inlet pressure to the hot minichannel,

299.75-306.95

290.65-291.65

pin (kPa) 110-116
Inlet pressure to the cold minichannel, 99.1-104
pnut(kpa)
Mass flow rate for the hot channel

! 0.006
Qumrc(kg/s)
Mass flow rate for the cold channel

! 0.0087
Qmw (kg/s)
Heat flux density, g (kW/m?) 6

Throughout each experimental series, subcooled liquid en-
tered the minichannels and was heated as it flowed along the
heated wall toward the outlet. The heat flux applied to the heated
surface of the minichannel was gradually increased during the
experiments. Consequently, the heat transfer regime evolved
from single-phase forced convection at the lowest heat flux den-
sities to subcooled flow boiling at higher heat flux levels. In the
subcooled boiling regime, the fluid layer adjacent to the heated
surface reached locally superheated conditions, whereas the
bulk liquid remained subcooled. As a result, a two-phase liquid—
vapour mixture was formed near the channel outlet and subse-
quently directed to an auxiliary heat exchanger (condenser),
where the vapour phase was condensed.

Due to the design of the heat exchanger integrated with the
photovoltaic (PV) panel, direct observation of the two-phase
flow structures was not feasible. Consequently, the identifica-
tion of boiling flow regimes was limited to inferences based on
the available experimental data, and only the flow regimes likely
to occur within the exchanger could be considered.

3. One-dimensional approach

This paper proposes a simplified one-dimensional (1D) compu-
tational approach, which considers heat flow in a single direc-
tion, perpendicular to both the fluid flow and the width of the
minichannel. A linear temperature distribution along the mini-
channel is assumed under steady-state heat transfer through
a flat wall, with only one direction of heat flow considered (per-
pendicular to the fluid flow and the minichannel width). Heat
losses along the channel axis are assumed negligible, no internal
heat sources are present, and the thermal conductivity is consid-
ered constant. To provide clarification, the heat flux is indicative
of the conductive heat flux within the copper heated plate, as
determined by the surface’s IR measurement. In our experiment,
the copper plate (156 mm x 156 mm) was coated with a high-
emissivity paint (= 0.97), and the measured radiation intensity
from the heated plate was Eir = 6000 W/m?2. The heat flux
density was then estimated using the methodology presented
in [19]:

g~ R @)

where: Er — radiation intensity of the copper heated plate,
&— emissivity coefficient.

The heat transfer coefficient 1 at the interface between the
copper heated plate and the FC-72 refrigerant was determined
based on the known temperature distribution of the outer surface
of the heated plate, following the methodology of [18,20,21,25]:

- 2)

a; (x) = (T 1RGO = Trguin ()= 61)’

where: &y — thickness of the heated plate, A4 — thermal conduc-
tivity of the heated plate, T, ir(X) — surface temperature of the
heated plate, Tec,iin(X) — the temperature of the FC-72 refrigerant,
assumed to vary linearly from the inlet to the outlet of the mini-
channel, x — the distance from the minichannel inlet.

The heat transfer coefficient «» at the interface between the
FC-72 refrigerant and the central copper plate was estimated us-
ing the formula, as in [18,20,21,25]:

Om,rccpFTFC,in—TFC0ut) (3)

a,(x) = ’
2( ) A(TFC,Lin(x)—TCu,lin(x))

where: A — surface area of the central plate, Qmrc — mass flow
rate of the FC-72 refrigerant, c,rc — specific heat of FC-72,
Teuin(X) — temperature of the central copper plate approximated
linearly based on the known temperature recorded by two
K-type thermocouples (Ttc1, Trc2) located at the ends of the
side of the copper plate on the FC-72 refrigerant side.

Figure 4 shows a general schematic of the test module with
minichannels, illustrating the adopted 1D approach for counter-
current flow.

To determine the heat transfer coefficient at the interface be-
tween the central copper plate and distilled water, the relation-
ship for the overall heat transfer coefficient (k) was used:

1 1 1 é‘ﬂ 1

= + + Sy (4)

a(x) a(x) Acu 013(75)’
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A Ambient air L.
y

S Heated plate (Cu) ,T:

Oy

TFC‘”*- e
T Trez

6cu Central plate (Cu) }73 Q,

o,

minichannel T

6(cold)  Distilled water (medium) ;' «lin

oy

5¢ Closing plate (Cu) )E

| -
Ambient air I'd

Fig. 4. General schematic of the test module with
minichannels, illustrating the one-dimensional
approach for countercurrent flow.

where &gy is the central plate thickness and Acy is the thermal
conductivity of the central plate. The overall heat transfer coef-
ficient was calculated for countercurrent flow, similarly to
[19,26]:

Qrc+Qw
= A 5)
where AT denotes the logarithmic mean temperature difference
of the liquids, and Q stands for the heat flux transferred to/from
the medium. The heat transfer coefficient «s at the interface be-
tween the central copper plate and the distilled water was deter-
mined according to the methodology applied in [19-21]:

(6)

1 1 1 ]‘1

1
@ = [~ o - ae ey

Finally, the heat transfer coefficient o at the distilled water—
copper plate was estimated, following the procedures presented
in [19,21]:

1 1 1
ar1(0) a0 Mgy

— s ]71. )

az(x)

@@=~

The mean relative error (MRE) of the heat transfer coeffi-
cient o (at the interface between the copper heated plate and the
FC-72 refrigerant) using a one-dimensional approach was deter-
mined from the formula [18]:

2
da(x) » \* | [ da(x)
(%52aq) +<LATH_,R(x)> +

OTH IR
MRE = 5 . (8

2 2
+< da(x) ATFC,l_i,,(x)> + (a"’(") AAH) + ("“(") A6H)
H H

OTFC,Lin oTy, oTy,

Furthermore, the individual contributions to the mean rela-
tive error of the calculated heat transfer coefficient are presented
below:

e heated plate surface temperature measured
by an IR camera, ATh,r(X) = 1.0 K;

e fluid temperature measured by a thermocouple,
ATecin(X) = 0.34 K;

e thermal conductivity of the heated plate
Adn = 0.1 W/(m-K);

e thickness of the heated plate, Adn = 51075 m.

The estimated total measurement error was 2% for the heat
flux density (q), and the mean relative error was 14.53% for the
heat transfer coefficient (MRE).

The mean relative errors in the 1D approach were low and
showed decreasing values with increasing heat flux supplied to
the heated plate. As reported by Piasecka et al. [18], the maxi-
mum mean relative error of the heat transfer coefficient was
12.93% and occurred at the lowest applied heat flux density
q = 12.26 kW/m?. For the same operating conditions, the mean
relative error associated with the heat flux density was signif-
icantly lower, reaching only 1.41%.

4. Results

4.1. Results of one-dimensional approach

Based on the experimental data, the surface temperature of the
copper heated plate was analysed under laboratory conditions at
an ambient temperature of 26°C, a relative humidity of 34% and
an atmospheric pressure of 1017 hPa. A luxmeter was used to
measure the illuminance on the surface of the heated plate.
Figure 5 shows a thermogram of the outer surface of the cop-
per heated plate, captured using a Flir E60 infrared camera, for
a heat flux density of 6000 W/m?, with the test module inclined at
165° to the horizontal. The six lines marked in the figure (#1 to
#6) correspond to the central axes of each of the six minichannels.

flow direction FC-72

Fig. 5. Thermogram of the copper heated plate surface obtained
from a Flir E60 infrared camera for a heat flux density
of 6000 W/m?, module orientation 165°.

On the outer surface of the copper heated plate, the highest
temperature was recorded at the outlet section (33.8°C), while
the lowest temperature (19.4°C) was observed near the inlet of
the minichannels. The temperature distribution across the indi-
vidual layers of the module, as a function of the distance from
the minichannel inlet for the six channels (#1 to #6), is presented
in Figs. 6 and 7.

The temperature of the individual layers of the module in-
creased with the distance from the minichannel inlet. The high-
est temperatures on the surface of the copper heated plate were
observed in the centrally located channels (Fig. 6a, channels #3
and #4), reaching approximately 33.8°C, while the lowest tem-
peratures occurred near the side walls (Fig. 6a, channel #1). In
the FC-72 minichannels (Fig. 6b), on the central copper plate

193



Strak K., Strgk D.

(@ 35
33
—
Y
= 29
=z e
= 27 # minichannel:
o/l of2 o433 o4 ef5 ef6
25
0 0.02 0.04 0.06 0.08 010 0.12 0.14
distance from the minichannel inlet x [m]
(b) 28 /
26 -
= 22
minichannel:
20 el o#2 e#3 o4 ei5 ef6

0 0.02 004 0.06 008 010 012 0.14

distance from the minichannel inlet x [m]

Fig. 6. Temperature distribution across the individual layers
of the module as a function of distance from the minichannel
inlet for six channels (marked #1 to #6): (a) on the surface
of the heated plate, and (b) within the minichannels
with FC-72 refrigerant.
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Fig. 7. Temperature distribution across the individual layers
of the module as a function of distance from the minichannel
inlet for six channels (marked #1 to #6): (a) on the central
plate, and (b) within the minichannels with distilled water.

(Fig. 7a) and in the distilled water minichannels (Fig. 7b), the
temperature increased approximately linearly with the distance
from the channel inlet. The highest temperatures were consist-
ently observed in the central channels (Figs. 6b and 7, channels
#3 and #4), with maximum values of 27.8°C (Fig. 6b), 18.4°C
(Fig. 7a), and 18.7°C (Fig. 7b).

Figures 8 and 9 present the distributions of local heat transfer
coefficients as a function of the distance from the minichannel

inlet for a selected heat flux density, corresponding to the exper-
imental parameters listed in Table 3. The coefficients were cal-
culated using the proposed one-dimensional computational ap-
proach at the interfaces of the individual layers:

» copper heated plate — FC-72 refrigerant (Fig. 8a),
» FC-72 refrigerant — central copper plate (Fig. 8b),
 central copper plate — distilled water (Fig. 9a),
« distilled water — closing copper plate (Fig. 9b).

The local heat transfer coefficient o at the interface between
the copper heated plate and the FC-72 refrigerant exhibited in-
creasing values from one-third of the distance from the inlet to-
ward the channel outlet. The highest value, 1.6 kW/(m? K), was
observed at the channel outlet near the side walls (Fig. 8a, chan-
nel #1), corresponding to the location where the lowest temper-
ature was recorded (Fig. 6a). The remaining coefficients from a,
to a4, representing the interfaces FC-72 refrigerant — central cop-
per plate, central copper plate — distilled water, and distilled wa-
ter — closing plate, respectively, showed decreasing values from
the inlet to the outlet of the minichannel. This behaviour is likely
related to an increase in the local temperature of the central plate
in this region. The highest values of heat transfer coefficients
at the channel entrances were approximately 1.55 kW/(m? K)
(Fig. 8, channels #2, #4 and #6), while a maximum of
1.58 kW/(m? K) was obtained at the channel exit (Fig. 8a, chan-
nel #1).

Halogen lamps generate a heat flux that unevenly heats the
upper surface of the copper plate (Fig. 5). Copper, as a material
with high thermal conductivity (400 W/(m-K)), effectively dis-
tributes heat throughout the entire surface of the heated plate. In
the vicinity of the central channels (Fig. 5, channels #3 and #4),
local overheating of the heated plate wall occurs.

<
g
=
=
)
s \ minichannel:
#1 e#2 ef3 ef4 e#5 e#6
0.1
0 0.02 0.04 0.06 008 010 012 0.14
distance from the minichannel inlet x [m]
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= #1 e#2 e#3 o444 ef5 ef6
&4
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)
" i

0 0.02 0.04 0.10 0.12 0.14

0.06 0.08

distance from the minichannel inlet x [m]

Fig. 8. Heat transfer coefficient as a function of distance from
the minichannel inlet for six channels (marked #1 to #6) deter-
mined using the 1D approach at the interfaces: a) copper heated
plate — FC-72 refrigerant, b) FC-72 refrigerant — copper central

plate; heat flux density 6000 W/m?, module inclined at 165°.
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Fig. 9. Heat transfer coefficient as a function of distance from
the minichannel inlet for six channels (marked #1 to #6 ) deter-
mined using the 1D approach at the interfaces: a) copper cen-
tral plate — distilled water, b) distilled water — closing plate;
heat flux density 6000 W/m?, module inclined at 165°.

The FC-72 refrigerant, characterised by a low boiling point,
undergoes intense heating already at the channel inlet, particu-
larly in the central minichannels, where local subcooled boiling
occurs. In these central channels (Fig. 5, channels #3 and #4),
the onset of subcooled boiling is observed in the outlet sections,
accompanied by an increase in the heat transfer coefficient az,
reaching values of 0.8-1.6 kW/(m? K), and a corresponding rise
in temperature toward the channel outlet.

Minichannels near the side walls (Fig. 6a, #1 and #5) exhibit
lower surface temperatures on the heated plate, yet they present
the highest local values of o1 at the interface between the heated
plate and the FC-72 refrigerant (Fig. 8a). The countercurrent
flow of the working fluids amplifies the local temperature dif-
ference in the central plate, further enhancing the heat transfer
process.

The central copper plate serves as a thermal bridge between
the two working fluid circuits, maintaining an average tempera-
ture of approximately 18.5°C (Fig. 7a). Distilled water acts as
the cooling medium, removing heat from the central plate. In
this closed system, subcooled boiling occurs on the FC-72 side
of the central plate, while forced single-phase convection domi-
nates on the water side.

The local subcooled boiling may have occurred at the chan-
nel walls, particularly within the adjacent near-wall boundary
layer. The liquid in the vicinity of the heated surface reached
a superheated state, whereas the bulk fluid remained subcooled
(in the hot minichannel with FC-72). In the cold minichannel,
heat transfer was governed exclusively by single-phase convec-
tion, leading to low temperature gradients between the channel
wall and the distilled water.

Consistent with findings reported in the literature [28] for
flow boiling in small channels, forced convection boiling is pri-
marily governed by mass flux and vapour quality, whereas nu-
cleate boiling is mainly influenced by heat flux and saturation
pressure. Furthermore, nucleate boiling was identified as the
dominant heat transfer mechanism throughout the investigated
heat flux range.

4.2. Validation of the proposed 1D approach against
STAR-CCM+ simulations

The experimental results were validated through comparison
with the corresponding CFD predictions. Numerical simulations
were conducted using Simcenter STAR-CCM+ (version
2020.2.1, Build 15.04.010) on a workstation equipped with two
Intel Xeon E5-2698v4 processors (40 cores total, 3.6 GHz) and
128 GB of RAM. Additionally, the quality of the computational
meshes used in the numerical analysis was assessed. Mesh con-
vergence and discretisation errors were evaluated using the grid
convergence index (GCI) method, following the procedure and
boundary conditions described in [19]. A multiphase volume of
fluid (VOF) model was employed to simulate the flow of im-
miscible fluids and track the phase interface. The governing
equations for fluid flow and heat transfer were adopted from
[19]. Mesh quality was assessed using the GCI method for three
base mesh sizes (2, 3 and 5 mm). The obtained GCI values
(0.14% for the fine mesh and 0.35% for the coarse mesh) con-
firmed mesh convergence and solution reliability. Therefore, the
5 mm mesh was adopted for subsequent simulations, with an es-
timated discretisation error below 1%.

A comparison of the heat transfer coefficient values obtained
using the 1D approach and STAR-CCM+ simulations was con-
ducted for a representative case, involving the heat transfer co-
efficient a1 (at the interface between the copper heated plate and
the FC-72 refrigerant), at a heat flux density of 6000 W/m?. Fig-
ure 10 shows the maximum relative differences between o val-
ues calculated using Eq. (2) and the corresponding values deter-
mined from STAR-CCM+ simulations. The results indicate that
the highest maximum relative differences in the heat transfer co-
efficient were observed for minichannels #3 and #6, reaching
30%, whereas the lowest value was recorded for minichannel #1
(19.5%). Furthermore, the average of the maximum relative dif-
ferences across all minichannels was found to be 26.6%.

1D & STAR CCM+
40

g = 6000 W/m?
30

20

10

nfl #2 #3 #4 #5 76
ST
number of minichannel

Maximum relative differences [%)]

Fig. 10. Maximum relative differences between the values of
heat transfer coefficient o4, calculated using Eq. (2) and those
obtained from STAR-CCM+ simulations, based on the average
across all minichannels at a heat flux density of 6000 W/m?.
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The heat transfer coefficient at the interface between the
heated copper plate and the FC-72 refrigerant (1) exhibited the
highest maximum relative differences compared to the other cal-
culated heat transfer coefficients (a2 — as). Similar values were
reported in a previous study [19], where the highest maximum
relative difference was also observed for a; at a medium heat
flux density of 2000 W/m?, reaching 35.7%. These discrepan-
cies can be attributed primarily to the limitations of the one-di-
mensional approach, which relies on spatially averaged param-
eters and does not capture local variations in velocity and tem-
perature fields within the near-wall region. In contrast, the CFD
approach resolves three-dimensional flow structures, including
boundary layer development and local thermal non-uniformi-
ties, which play a significant role in heat transfer within mini-
channels.

An additional source of discrepancy may be the occurrence
of localised subcooled boiling in the hot minichannel, which can
enhance heat transfer through intermittent bubble nucleation and
collapse. Such phenomena are not represented in the 1D ap-
proach. Nevertheless, the cold minichannel remains within the
single-phase forced convection regime.

Further discrepancies may also arise from model idealisa-
tions, including the simplified treatment of inlet and outlet re-
gions, neglect of surface roughness, manufacturing tolerances
and local flow non-uniformities. Moreover, the CFD simula-
tions assumed idealised thermophysical properties and steady-
state operating conditions, whereas the experimental system
may experience local fluctuations and unavoidable external heat
losses.

A grid independence study confirmed mesh adequacy, with
variations below 1%. CFD results were extracted along the
channel centreline to ensure direct comparison with the 1D ap-
proach and experimental data.

The present findings are in agreement with results reported
by other authors [28], confirming that channel geometry and
flow arrangement strongly influence fluid flow and heat transfer
in minichannel systems. The referenced study combined exper-
imental measurements with CFD simulations to investigate fluid
flow in mini cooling channels.

5. Conclusions

The main conclusions of this study can be summarised as fol-
lows:

o Experimental investigations were conducted on a counter-
current minichannel heat exchanger consisting of two
groups of six rectangular minichannels carrying FC-72 re-
frigerant and distilled water. A heat flux density of
6000 W/m? was supplied to the heated copper wall. The
test module consisted of twelve parallel rectangular mini-
channels, separated by a central copper plate, and inclined
at 165° to the horizontal.

e A simplified one-dimensional approach was developed to
determine local heat transfer coefficients at the interfaces:
the copper heated plate — FC-72 refrigerant, FC-72 refrig-
erant — central copper plate, central copper plate — distilled
water, and distilled water — closing plate.

e The results demonstrated a progressive increase in temper-
ature along the flow direction in all regions of the heat ex-
changer. The local heat transfer coefficient increased at the
heated plate — FC-72 interface and decreased at the remain-
ing interfaces along the heat transfer path.

e The results indicate the likely occurrence of local sub-
cooled boiling in the FC-72 minichannels, while heat trans-
fer in the water minichannels remained within the single-
phase forced convection regime.

¢ Validation of the one-dimensional approach against CFD
simulations showed satisfactory agreement (average dis-
crepancy of 26.6% across all analysed minichannels). The
observed differences were mainly associated with model
simplifications and local flow and heat transfer phenomena
that cannot be fully represented by the one-dimensional ap-
proach.

e The application of a copper heated plate ensured effective
heat spreading within the module, while the use of parallel
minichannels increased the heat transfer area and intensi-
fied heat exchange processes.

e The proposed heat exchanger configuration shows poten-
tial for thermal management systems and photovoltaic—
thermal applications, where efficient cooling and heat re-
covery are required.
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