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ABSTRACT: This experimental investigation was conducted on the flow boiling performance of refrigerant R134a
in two types of parallel microchannels: sintered porous microchannels (PP-MCs) and smooth parallel microchannels
(SP-MCs). The tests were performed under controlled conditions including an inlet subcooling of 5 + 0.2°C, saturation
temperature of 33°C, mass fluxes of 346 and 485 kg/m?-s, and a range of heat fluxes. Key findings reveal that the sintered
porous microstructure significantly enhances bubble nucleation, reducing the wall superheat required for the onset of
nucleate boiling (ONB) to only 0.13°C compared to 2.2°C in smooth channels. The porous structure also improves
heat transfer coefficients at low and medium heat fluxes (<20-30 W/cm?) and low vapor quality (x < 0.2-0.4) due to
augmented thin-film evaporation and intensified nucleate boiling. However, smooth microchannels exhibit superior
performance under high heat flux and high vapor quality conditions, as the porous structure is prone to early dry-
out and flow blockage. Notably, the porous microchannels demonstrate lower flow resistance and enhanced stability,
with pressure drop fluctuations reduced by up to 46.4% in amplitude and 44.8% in standard deviation, attributed to
improved capillary-assisted liquid replenishment and suppressed flow oscillations. The results underscore the potential
of PP-MCs as a high-performance cooling solution for high-heat-flux applications.
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1 Introduction

With the continuous increase in power density of high-heat-flux devices (e.g., reactors, processors, high-
speed spacecraft, power batteries, etc.), there is an urgent need for novel cooling technologies to maintain
safe operating temperatures [1]. Phase-change cooling has emerged as an advanced thermal management
technique that utilizes latent heat exchange within cooling channels to achieve efficient heat dissipation. Flow
boiling in microchannels is characterized by the coexistence of liquid and vapor phases in confined passages
with typical hydraulic diameters below 1 mm. This phenomenon is influenced by multiple factors including
channel geometry, surface characteristics, fluid properties, and operational conditions. The pioneering work
by Tuckerman and Pease [2] demonstrated the feasibility of microchannels for high-heat-flux cooling, laying
the foundation for subsequent research in this field. Recently, microchannel flow boiling has attracted
significant attention due to its superior heat transfer rates and exceptional temperature uniformity, making

2

it a promising solution for cooling high-power components [3]. The inherent advantages of compact
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dimensions and large surface-area-to-volume ratios have spurred extensive investigations. However, con-
ventional microchannels face the issue of backflow under high heat fluxes. Severe temperature and pressure
fluctuations limit their applications [4,5]. To enhance flow boiling performance, surface modifications such
as coatings, engineered surfaces, and hybrid microstructures are commonly employed [6]. Researchers
have explored various surface enhancement techniques—including micro-fins, porous coatings, and micro-
structured surfaces—to improve heat transfer efficiency and mitigate flow instabilities. Among these, sintered
microchannels have gained particular interest for their ability to increase effective surface area and promote
nucleate boiling. The porous architecture provides abundant nucleation sites, facilitating bubble nucleation
and growth, thereby significantly enhancing thermal performance.

Due to the complexity of porous structures and their turbulent characteristics, the turbulent flow
patterns and heat transfer mechanisms within porous media—particularly their influence on dryout during
flow boiling—remain poorly understood. Consequently, while cooling efficiency can be further improved, its
accurate prediction remains challenging [7]. Porous surfaces in microchannels can be fabricated via sinter-
ing, brazing, flame spraying, and other techniques, enabling controlled roughness distribution. This provides
a more reliable solution for microchannel heat sink design compared to conventional manufacturing
methods [1].

Numerous experimental studies have been conducted on sintered microchannel surfaces. Pranoto and
Leong [8] performed comparative experiments using FC-72 as the working fluid to investigate the thermal
performance of smooth-surface and graphite-foam-structured evaporators. Their results demonstrated that
the heat transfer coefficients of graphite foam evaporators with 61% and 72% porosity were 2.5 and 1.9
times higher than that of the smooth-surface evaporator, respectively. Azizifar et al. compared the thermal
performance of different metal foam tubes. The results indicated that when the porosity decreased from
0.95 to 0.80, the heat transfer coeflicient increased by 59%, while the pressure drop increased by 28% [9].
Meanwhile, their research team experimentally investigated the heat transfer during subcooled flow boiling
of water in horizontal metal foam tubes under a constant wall heat flux. The results demonstrated that
inserting metal foam inside the tube could enhance the flow boiling Heat Transfer Coefficient (HTC) by up
to 580% [10].

He et al. [11] investigated a microchannel heat sink featuring a dual-porosity copper mesh surface,
where the porous structure consisted of voids formed by twisted copper wires and inter-wire gaps. Their
experimental study examined heat transfer performance, pressure drop, and flow instability characteristics,
with comparisons made against conventional rectangular plain microchannels. The results indicated that
the copper mesh surface significantly promoted the onset of nucleate boiling (ONB), while also increasing
both the nucleation site density and spatial uniformity. Zhang et al. [12] experimentally investigated the
flow boiling heat transfer characteristics in ribbed microchannels with porous sidewall modifications. Their
findings revealed that the porous sidewall effectively reduced bubble detachment resistance and flow pressure
drop by generating a near-wall fluid slip velocity. Zhang et al. [13] conducted an experimental study on porous
pin-fin arrays fabricated using a pressurized sintering method with two different copper particle sizes (30
and 90 pm). The results indicated that the boiling performance of the arrays is determined by the combined
effects of external liquid supply (dominated by mass flow rate) and local capillary supply (influenced by
particle size). The array made from 90 pum particles exhibited a faster capillary wicking rate, consequently
demonstrating a higher critical heat flux (CHF) and a more stable boiling process under the same mass
flow rate.

Cao et al. employed a combined sintering-electroplating fabrication process for evaporator tubes and

systematically studied their thermal performance in both horizontal [14] and vertical [15] orientations. For
the horizontal configuration, the enhancement factor (EF) and performance evaluation criterion (PEC)
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reached 2.87 and 2.79, respectively, compared to smooth tubes. The vertical orientation yielded EF and PEC
values of 1.83 and 1.75, respectively.

Although previous studies have explored the enhancement of overall heat transfer performance by
porous structures, most have not systematically revealed their dual-effect mechanisms under broad operating
conditions. This study, through comparative experiments using R134a as the working fluid in sintered
porous parallel microchannels and smooth microchannels, systematically elucidates for the first time the
dual characteristics of porous structures in flow boiling: at low heat flux regions, their excellent nucleation
capability and capillary action significantly enhance heat transfer performance and effectively suppress flow
instability; whereas at high heat flux regions, due to the early triggering of the capillary limit, the porous
structures exhibit performance degradation earlier than smooth channels. Combined with high-speed flow
visualization, the research reveals the fundamental differences in heat transfer mechanisms between porous
structures and smooth surfaces from multiple perspectives, including bubble dynamics, two-phase flow
pattern evolution, and thermal-hydraulic behavior. These systematic findings provide key theoretical and
experimental foundations for the precise selection and design of microchannel heat sinks tailored to different
application scenarios.

2 Experimental Methodologies
2.1 Experimental Setup
2.1.1 Experimental Flow Loop

Fig. 1 shows the schematic view of the test rig and measurement system. The close-loop test rig consists of
areservoir, a miniature gear pump, a drying filter, a preheater, micro-channel test section and two condensers.
The R134a in reservoir is driven by the miniature gear pump. The filter is located downstream of the pump
to filter the impurities in it to prevent blockage of microchannels. The auxiliary circulation system consists
of a thermostatic control unit (rated input power: 2500 W) and a chiller unit (cooling capacity: 3500 W).
The coolant is preheated in the preheater using water from the thermostatic control unit to maintain the
required inlet subcooling degree of the microchannels. The flow rate and pressure in the experimental loop
are regulated by the micro gear pump and a control valve positioned downstream of the test section. The
temperature and pressure at the inlet and outlet of the test section are measured by two temperature sensors
(CWDZ1], Xingyi, accuracy 0.1%) and pressure sensors (CYYZI1, Xingyi, accuracy 0.1%), respectively. The
R134a exiting the test section is cooled through the condenser before entering the reservoir, where the
condenser cooling is provided by the chiller unit.

2.1.2 Test Section

Fig. 2 shows the schematic view of the test section with micro-channel, which is composed of
copper heating module, copper-based microchannel heat sink, PTFE (polytetrafluoroethylene) gasket, high-
transmittance polysulfone resin observation cover plate, rubber sealing gasket and stainless-steel backing
plate. The micro-channel region has a surface area of 50 mm x 50 mm. The observation cover plate is
securely mounted atop the heat sink with fastening bolts to facilitate visualization of flow patterns. The PTFE
gasket is designed to provide a dual-sealing function, preventing working fluid leakage while maintaining
gas-tight integrity of the test section under high-pressure conditions. The rubber sealing gasket is precisely
positioned between the stainless-steel backing plate and the transparent observation window to prevent
direct rigid contact between these components. The copper heating module is thermally energized by an
array of 15 stainless-steel heating cartridges, with power input precisely regulated through an adjustable AC
power supply. The external surfaces of the copper heating block are encapsulated with a multi-layer fiberglass
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insulation structure to minimize thermal dissipation to the ambient environment. The test section is an
integrated design, which avoids the contact thermal resistance between the copper heating block and the
microchannel heat sink caused by the assembly gap in the split experimental section.
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Figure 1: Schematic diagram of experimental system
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Figure 2: Schematic diagram of test section. (a) Exploded view of the test section; (b) Dimensions and Thermocouple
Arrangement

At the base of the copper block, an array of 10 mm diameter x 60 mm long bores accommodates
cartridge heaters with a total thermal load of 200 W. During experiments, the copper block assembly
containing both microchannels and heating elements was insulated with fiberglass wrapping on both bottom
and side surfaces to minimize heat loss to the environment. For temperature measurement beneath the
microchannels, fourteen calibration holes (arranged in a 7 x 2 matrix) were drilled into the heat sink to
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accommodate thermal sensors. Precisely calibrated T-type thermocouples (Omega) were inserted uniformly
beneath the microchannel region, as illustrated in Fig. 2b.

This study investigates two distinct microchannel configurations: SP-MCs and sintered porous par-
allel microchannels. The SP-MCs were fabricated by direct micromachining on the upper surface of a
copper block. The monolithic construction eliminates interfacial thermal resistance concerns. In contrast,
the parallel-structured porous microchannels were fabricated through copper powder sintering, with the
resulting architecture shown in Fig. 3.

(b)
Figure 3: Photographs of microchannels with different structures. (a) SP-MCs; (b) PP-MCs

The microchannel surface features 27 parallel square channels fabricated either by CNC micro-milling
or sintering on the copper block surface, covering a footprint of 30 mm x 40 mm. Each individual channel
has a cross-sectional area of 1 x 1 mm with a length of 30 mm. The inlet and outlet are diagonally arranged to
enhance flow distribution uniformity. Both rectangular inlet and outlet plenums were manufactured using
micro-milling techniques.

2.2 Preparation of Porous-Coated Surface

The porous microchannels were fabricated through powder metallurgy using spherical copper particles
with an average diameter of 75 pm. As illustrated in the accompanying schematic, the manufacturing process
consists of two critical stages: sintering and diffusion bonding. Initially, a graphite mold was precision-
machined according to the microchannel design specifications. The copper powder was uniformly filled into
the mold cavity, leveled, and compacted using a graphite pressing plate. The assembly was then transferred
to a vacuum sintering furnace, where it underwent thermal treatment at 900°C for 2 h. During sintering,
atomic diffusion at particle interfaces facilitated neck formation between copper particles, resulting in a
mechanically robust porous microstructure with enhanced structural integrity. Following sintering, the
porous microchannel was positioned in an edgeless mold, ensuring intimate contact between its lower
surface and a smooth copper substrate (heat sink surface). The assembly was subjected to diffusion bonding
in a vacuum furnace under an applied pressure while maintaining the temperature at 900°C. This process
promoted accelerated atomic interdiffusion at the interface, achieving a metallurgically bonded joint with
minimized thermal contact resistance and improved heat transfer efficiency. After cooling to ambient
temperature, the graphite mold was removed, yielding the final test section with integrated PP-MCs. The
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porosity (¢) of the microchannels was determined by measuring the mass (M) and volume (V) of the sintered
copper structure at room temperature, calculated as:

M
(PZI_(pcuV) W

where, p.,, denotes the theoretical density of solid copper.

For each microchannel configuration, three identical porous structures were fabricated via the sintering
process. The porosity of each sintered copper porous microchannel was individually determined, and the
average value was calculated to represent the overall porosity of the fabricated structures. Based on this
methodology, the mean porosity of the PP-MCs in this study was determined to be 0.3695.

To clearly illustrate the fabrication process of sintered porous microchannels, Fig. 4 shows a detailed
schematic diagram of the manufacturing procedure. Fig. 5 presents comparative scanning electron
microscopy (SEM) images characterizing the surface morphology of both configurations: (a) the solid
smooth copper microchannels and (b) the sintered porous microchannel matrix.
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Figure 4: Schematic diagram of the preparation-sintering process of porous microchannels
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Figure 5: Scanning electron microscopy (SEM) of the microstructure of the channel surface. (a) Smooth structure; (b)
Porous structure

2.3 Test Procedures

In this study, refrigerant R134a was chosen as the working fluid, and the flow boiling characteristics
within different microchannel heat sinks were explored under near-saturation inlet condition (5 + 0.2°C) at
two different mass fluxes, and the specific experimental conditions are summarized in Table 1.
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Table 1: Summary of experimental parameters

Parameters Values

Inlet sub-cooling [°C] 5+0.2
Saturation temperature [°C] 33

Mass flux [kg/m?-s] 346, 485
Heat flux [W/cm?] ~37

The mass fluxes of 346 and 485 kg/m*-s were selected to represent typical intermediate to high flow
conditions in microchannel cooling applications. This selection allows for the investigation of the effects
of flow momentum on bubble dynamics, flow patterns, and the onset of instability, covering a relevant
operational range for practical systems.

The experimental setup involved first brazing the microchannel heat sink to a copper heating block,
which was then integrated into a closed-loop flow system. The system underwent thorough leak testing
and vacuum degassing procedures to ensure experimental integrity. The test protocol commenced with
complete degassing of the working fluid in the reservoir, followed by system activation including pump
startup, preheater operation, and stabilization at predetermined mass flow rate and pressure conditions.
Upon achieving stable conditions, the heating process was initiated by applying a controlled voltage to the
cartridge heaters through an AC power supply. Temperature and pressure data recording began only after
confirming steady-state thermal conditions. The experimental procedure involved systematically increasing
the heating power while continuously monitoring the thermal response. Testing was terminated when either
uncontrolled temperature rise occurred or the system failed to reach equilibrium. The heating process was
initiated by applying a controlled voltage to the cartridge heaters through an AC power supply. The system
was considered to have reached steady state when the temperatures measured by all thermocouples varied
by less than +0.2°C over a continuous period of 10 min. Temperature and pressure data recording began only
after confirming these steady-state thermal conditions. Upon completing all specified flow rate conditions,
the system was shut down for subsequent test configurations.

Prior to the formal flow boiling experiments, heat loss from the test section to the ambient was calibrated
under single-phase conditions. By comparing the electrical power input with the sensible heat gain of the
fluid, the heat loss was estimated to be less than 2.5% of the total input power across the entire range
of operating conditions investigated. Therefore, heat loss is considered negligible in the subsequent data
reduction process.

2.4 Data Reduction and Uncertainty Analysis
2.4.1 Data Reduction Method

The entire test section was fabricated from copper, which has a thermal conductivity of 401 W/(m-K).
The copper block was fully insulated with thermal insulation material and foam padding, leaving only the
heat transfer surface exposed to the working fluid (R134a). This configuration ensured that most of the heat
was transferred to the working fluid. In the microchannels, the baseline heat flux was calculated based on
the vertical temperature gradient:

dT
QEffzkcu 5 (2)
dy =0
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The average heat transfer coefficient is calculated using the following equation:

]’l _ qeff (3)

where T,, is the temperature of the heated wall at the base of the microchannel, T is the fluid temperature
at the base of the microchannel. For smooth solid copper microchannels, T, is determined based on the
temperature readings from the top thermocouples and the heat flux calculated using Fourier’s law of one-
dimensional heat conduction. The wall temperature is given by:

1 3
Tw,avg = ; Z Tw,i (4)
i=1

where T, ; is the local wall temperature along the flow direction, which is calculated under the assumption
of one-dimensional heat conduction using Fourier’s law of heat conduction:

q:0

Tw,i = Tc,i -
kcu

(5)

where T, ; (i=1,2,3,4,5, 6,7) is the external wall temperature measured by the top-row T-type thermocouples
near the microchannel base, § is the vertical distance between the top thermocouples and the channel base,
gi is the local heat flux, calculated as:

aT

& (6)

qi = kcu

y=0

In the flow boiling experiments with PP-MCs, the thermal resistance exhibits an opposite trend due
to the significantly lower thermal conductivity of the sintered porous layer compared to solid copper.
Consequently, as illustrated in Fig. 6, the average wall temperature T),,,, can be determined using the
one-dimensional heat conduction equation:

Tw,ave = th,ave - qefthatul (7)

where Ry, denotes the total thermal resistance between the top-row thermocouples and the channel base,
which equals the sum of the thermal resistance of solid copper (R.,) and that of the sintered porous layer
(Ry), calculated as follows:

Riotar = Reu + Rp (8)
Rey = % (9)
é
keys

where k. is the effective thermal conductivity of the sintered porous layer, calculated as the porosity-
weighted average of the thermal conductivities of solid copper and the working fluid in the pores, given by:

keff = (1—q)) kcu +g0kf (11)

where ky is the thermal conductivity of the near-wall fluid, evaluated at the mean temperature between the
wall and fluid as the reference temperature.
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Figure 6: Heat conduction process in the sintered microchannel

The mass flux is calculated as:

M
NA,y

G =

(12)

where M is the mass flow rate, N denotes the number of channels, and A.j, represents the cross-sectional area
of a single rectangular channel.

The outlet quality is calculated as:

_ (Tf»in - Tf,sat) Cpt+ Qeff/M
h

(13)

Iv
where Tf;, and Tf, represent the fluid inlet temperature and saturation temperature, respectively.

The total pressure drop in microchannel boiling is determined by evaluating the pressure variation
between the microchannel inlet and outlet, calculated as follows:

AP = P;y, — Poyy (14)

2.4.2 Measurement Accuracy and Experimental Uncertainty

The measurement uncertainties were determined based on the accuracies of the sensors and thermo-
couples. The uncertainty of calculated parameters was evaluated using the method proposed by Moffat [16],
expressed as:

(15)

UR R 2
-\VEh (3 ux) 19)
where R; denotes the 1ndirect1y calculated parameter composed of several directly measured parameters,

while the uncertainty of the derived parameter Uy is propagated from the uncertainties of the measured
parameters Uy,. The parameter uncertainties are summarized in Table 2.



1730 Front Heat Mass Transf. 2025;23(6)

Table 2: Summary of parameter uncertainties

Measured parameters Uncertainties Calculated parameters Uncertainties
L +0.01 mm G +1.61%
w +0.01 mm X +2.18%-7.21%
H +0.01 mm q +2.18%-2.64%
m +0.15% h +2.38%-12.73%
p +0.1% Tyw +0.55%-1.09%
T (T-type) +0.4°C R +2.57%-2.9%

The reliability of the experimental data is underpinned by several factors: (1) the system’s excellent
insulation ensured that the vast majority of input power was transferred to the working fluid; (2) the
experimental setup and procedure have been refined and used in our previous published works, demonstrat-
ing consistent performance; (3) the observed physical phenomena, such as the distinct reduction of ONB
superheat in porous channels and the typical trends of boiling curves, align well with established physical
principles reported in the literature, providing indirect validation of the setup’s credibility. Furthermore, the
comprehensive uncertainty analysis confirms the precision of the reported data.

3 Results and Discussion
3.1 Boiling Curves

Fig. 7 illustrates the effects of channel configuration and mass flux on boiling curves. Under subcooled
conditions prior to onset of nucleate boiling (ONB), the heat flux remains relatively low and increases grad-
ually with wall superheat, as convective heat transfer dominates before the ONB, resulting in an insignificant
change in the boiling curve. Beyond ONB, the heating power is primarily absorbed by the working fluid
through phase change, causing a sharp increase in the slope of the boiling curve. As heat flux continues to
rise, wall temperature increases moderately with corresponding growth in wall superheat. However, when
heat flux reaches a certain level, the slope of the boiling curve begins to decrease progressively, indicating the
imminent occurrence of critical heat flux (CHF). The ONB was determined through a combined approach.
Primarily, it was identified as the point on the boiling curve where a consistent and unambiguous deviation
from the linear trend of single-phase heat transfer commenced, typically characterized by a marked increase
in the slope of the heat flux versus wall superheat curve. This determination was corroborated and visually
confirmed by the observation of the first stable, continuously growing vapor bubbles emanating from the
heated surface in the high-speed flow visualization recordings.

At identical mass flux conditions, different channel configurations exhibit distinct characteristics.
Taking the case of 346 kg/(m?*-s) as an example, the porous parallel microchannel demonstrates an ONB wall
superheat of merely 0.13°C, whereas the smooth parallel microchannel requires a significantly higher wall
superheat of 2.2°C at the same mass flux. This represents an approximately 2°C reduction in superheat for
the porous configuration, clearly indicating that the micro-scale pores in PP-MCs effectively promote early
bubble nucleation.
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Figure 7: Boiling curves in different microchannels. (a) G = 346 kg/(m*-s); (b) G = 485kg/(m*-s)

Within identical channel configurations, mass flux also exerts a pronounced influence on heat transfer
performance. For the porous parallel microchannel, when the mass flux increases from 346 to 485 kg/(m?'s),
the ONB wall superheat rises from 0.13°C to 0.24°C. In contrast, the smooth parallel microchannel exhibits
an increase in ONB wall superheat from 2.2°C to 2.5°C under the same mass flux variation. At higher
mass fluxes, the enhanced replenishment of working fluid following phase change not only facilitates greater
heat removal but also promotes bubble advection downstream, effectively mitigating localized pressure
buildup caused by bubble stagnation. However, the smooth parallel microchannel demonstrates superior
CHF performance at equivalent mass flux conditions. This is attributed to its smooth surface enhancing
convective evaporation effects under high heat flux conditions. While the porous structure exhibits excellent
permeability, rapid liquid absorption and evaporation in upstream regions lead to insufficient wetting in
downstream porous channels. This accelerated dryout phenomenon causes the porous surface to reach CHF
more rapidly.

3.2 Heat Transfer Characteristics

Controlled inlet subcooling was employed to enable more accurate calculation of the exit vapor quality
in both test sections, thereby eliminating potential errors in local pressure determination [3]. Consequently,
all experimental conditions maintained a constant inlet subcooling of 5°C.

Fig. 8 presents the flow boiling heat transfer coeflicients for both porous and SP-MCs as functions of
heat flux (Fig. 8a) and exit vapor quality (Fig. 8b) at mass fluxes of 346 and 485 kg/(m*:s). In the initial
stage, the porous parallel microchannels exhibited rapid enhancement of heat transfer coefficients at both
mass fluxes, while the SP-MCs showed comparatively lower enhancement rates. During this phase, the
porous microchannels demonstrated significantly superior heat transfer performance. As the critical heat
flux (CHF) condition was approached, the growth rate of heat transfer coefficients in porous microchannels
gradually diminished. In contrast, the smooth microchannels maintained a nearly constant enhancement
rate, ultimately surpassing the performance of their porous counterparts.
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Figure 8: The variation of heat transfer coefficient with heat flux (a,c) and outlet vapor quality (b,d) in microchannels
of different configurations

Under identical mass flux conditions, the sintered porous structure consistently demonstrates superior
heat transfer coefficients compared to the smooth parallel structure at low-to-medium heat flux levels. At a
mass flux of 346 kg/(m?-s), when the heat flux remains below 20 W/cm?* and the vapor quality is less than
0.4, the sintered porous microchannel exhibits higher heat transfer coefficients than its smooth counterpart,
with the performance gap initially widening before gradually narrowing. When the mass flux increases to
485 kg/(m?-s), the crossover point where both structures achieve equivalent heat transfer performance occurs
at 30 W/cm? and vapor quality of 0.2, with the sintered porous structure maintaining superior performance
below these thresholds.

The enhanced thermal performance of sintered porous structures stems from their larger specific
surface area, which promotes thin-film evaporation, while the micro-pores and cavities serve as additional
nucleation sites that intensify nucleate boiling heat transfer. In contrast, the smooth microchannel’s lack
of active nucleation sites results in significantly inferior heat transfer performance at low-to-medium heat
fluxes. However, at elevated heat fluxes, the smooth structure facilitates convective evaporation, whereas the
confined microstructures in sintered porous channels restrict bubble formation, growth, and detachment
processes. This limitation impedes efficient heat removal, reduces effective heat transfer area through surface
attachment, and promotes localized hot spot formation.

The variation of heat transfer coefficients with both heat flux and exit vapor quality follows consistent
trends. As reported in Reference [3], the variation of heat transfer coefficients with exit vapor quality
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exhibits similar characteristics to those shown in Fig. 8, where the flow patterns are categorized into bubbly,
slug, annular, and partial dryout regimes. In the low-to-medium vapor quality region (bubbly and slug
flows), convective heat transfer and nucleate boiling dominate the heat transfer mechanisms. The sintered
porous microchannel’s abundance of nucleation sites yields superior thermal performance during this
phase, consistent with the aforementioned analysis. At higher vapor qualities, the heat transfer mechanism
transitions from nucleate boiling to film boiling, where the liquid film impedes direct contact between the
wall and subsequent liquid, increasing local thermal resistance and degrading heat transfer performance,
which is the thermal deterioration phenomenon.

As heat flux continues to increase, elevated wall superheat and vapor quality drive the transition to film
boiling. The sintered porous structure exhibits more pronounced liquid film attachment effects, resulting in
poorer thermal performance at high heat fluxes. Furthermore, the heat transfer coefficient declines more

rapidly with increasing heat flux in PP-MCs compared to smooth channels under these conditions.

Fig. 9 illustrates the effect of mass flux on flow boiling heat transfer coefficients in different microchannel
configurations. Notably, the influence of mass flux varies significantly depending on the microchannel

structure.
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Figure 9: The effect of mass flux on heat transfer coefficient in microchannels with PP-MCs (a,b) and SP-MCs (c,d)

For SP-MCs, the heat transfer coefficient exhibits an approximately linear increase with mass flux.
At heat fluxes below 10 W/cm?, higher mass fluxes paradoxically result in lower heat transfer coefficients
under identical heat flux conditions. This phenomenon stems from enhanced nucleate boiling and earlier
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onset of convective evaporation heat transfer at lower mass fluxes. However, the improvement in heat
transfer performance with increasing mass flux remains limited in smooth microchannels, as their thermal
performance is constrained primarily by structural characteristics rather than mass flux. The smooth surface
geometry inherently suppresses nucleate boiling at low-to-medium heat fluxes, thereby restricting phase
change quantities. Consequently, increased mass flux mainly leads to greater liquid phase accumulation at
the outlet, as evident in Fig. 9d.

At lower mass fluxes (e.g., 346 kg/(m?*:s)), reduced flow momentum coupled with elevated temperatures
promotes localized surface overheating and dryout [1]. This condition leads to more rapid vapor quality
development and consequently earlier occurrence of heat transfer deterioration, which is a trend observed
across all microchannel configurations under study. This deterioration in heat transfer performance is likely
closely related to the transition in flow characteristics. As shown in Figs. 8 and 9, under high heat flux/high
vapor quality conditions, although the overall flow in the porous channels remains stable, localized vapor
accumulation may lead to an increase in flow resistance (as indicated by the rising pressure drop trend) and
a reduction in the effective flow cross-sectional area. This exacerbates liquid film attachment and localized
dryout, ultimately resulting in the degradation of heat transfer. This suggests that the decline in heat transfer
performance is a result of the combined effects of flow pattern evolution and thermal-hydraulic instability.
When the heat flux and vapor quality exceed certain critical values (~30 W/cm?, x > 0.2), a reversal in
heat transfer performance can be observed, with the smooth microchannels (SP-MCs) outperforming the
porous microchannels (PP-MCs). The fundamental mechanism behind this performance “crossover point”
can be attributed to an imbalance between capillary liquid supply and evaporation demand within the
porous structure. Under extremely high heat flux conditions, the evaporation rate within the porous skeleton
increases sharply, potentially surpassing the maximum liquid supply rate provided by its intrinsic capillary
pumping capacity. This imbalance prevents liquid from being timely replenished to all pores and heated walls,
leading to the formation of local dry spots. These dry spots significantly reduce the effective heat transfer
area and introduce extremely high thermal resistance at the solid—gas interfaces, ultimately resulting in a
sharp deterioration of heat transfer performance. In contrast, SP-MCs primarily rely on a forced convective
evaporation mechanism in the high vapor quality region, where their performance is more influenced
by flow momentum and less susceptible to such localized failures induced by capillary limitations, thus
demonstrating better adaptability under high thermal loads.

3.3 Pressure Instability

In microchannel flow boiling, flow instability significantly impacts both heat transfer performance and
system stability.

The interaction between gas-liquid phases and micro-scale effects in microchannels can trigger pre-
mature onset of critical conditions, thereby affecting the overall thermal performance of the system. Flow
instability not only induces fluctuations in heat transfer performance but may also lead to severe thermal-
hydraulic instabilities, compromising system safety and reliability. Therefore, investigating the role of flow
instability in microchannel flow boiling is essential for a deeper understanding of heat transfer mechanisms,
optimizing microchannel design, and improving the flow boiling performance of low-boiling-point working
fluids, ultimately enhancing the overall efficiency of microchannel cooling systems.

Since the influence mechanisms of heat flux and mass flux on flow instability have been thoroughly
analyzed in Sections 3.1 and 3.2, this section primarily focuses on the effects of different porous microchannel
structures and inlet subcooling on flow boiling instability. The stability of two-phase flow was evaluated
using standard deviation (STD), with particular emphasis on fluctuations in inlet-outlet pressure drop. The
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expression for STD is given by Eq. (17):

i (AP, - AP,,)’

o (AP) =\| & . 17)

Fig. 10 illustrates the influence of channel structure on pressure drop instability. Under the conditions of
mass flux 346 kg/(m?*-s) and heat flux 5.8 W/cm?, the sintered porous structure exhibits a maximum pressure
drop amplitude of 12.7 kPa with a standard deviation of 2.36, while the smooth parallel structure shows
significantly higher values 0f 16.23 kPa and 3.77 at the same mass flux, respectively. This corresponds to 21.7%
and 37.7% reductions in maximum amplitude and standard deviation for the sintered structure compared to
the smooth configuration.
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Figure 10: The effect of channel configuration on pressure drop instability in different heat flux. (a) q = 5.8 W/cm?; (b)
q =58 W/cm?

When the mass flux increases to 485 kg/(m?*:s), the pressure drops characteristics demonstrate more
pronounced differences. The smooth parallel structure registers a maximum amplitude of 16.43 kPa (STD
= 3.77), whereas the sintered porous structure achieves substantially lower values of 8.8 kPa (STD = 2.26),
representing reductions of 46.4% and 44.8%, respectively. These results clearly indicate that the sintered
porous structure maintains superior pressure drop stability across both mass flux conditions, with its
advantages becoming more evident at higher flow rates.

This enhanced stability can be attributed to the capillary pumping effect induced by the sintered
porous layer, which facilitates more efficient liquid replenishment to the heated surface, thereby improving
flow boiling stability. Additionally, the sintered microchannels promote the formation of smaller initial
bubble size, which undergo controlled growth before merging into the main flow, resulting in smoother
flow behavior and reduced flow disturbances. Furthermore, the sintered structure helps maintain uniform
vapor-liquid distribution, mitigating flow instabilities and preventing localized vapor blockages that could
otherwise lead to flow maldistribution.

When the heat flux is approximately 30 W/cm?, the STD of the pressure drop within each microchannel
is lower than that under low heat flux conditions. Furthermore, the fluctuation amplitude is significantly
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reduced, with the maximum fluctuation amplitude decreasing to 3.6~5.8 kPa and the standard deviation
reduced to 0.76-1.10. This represents a reduction exceeding 50% compared to the low heat flux case. This
improvement is primarily attributed to the more stable flow pattern established at this heat flux level. Under
high heat flux conditions, the evaporation process of the working fluid becomes more vigorous, generating
a greater vapor volume. This promotes a more developed gas-liquid two-phase flow. This well-developed
two-phase flow acts as a natural buffer against pressure fluctuations, mitigating localized pressure spikes and
thereby improving overall flow stability.

3.4 Pressure Drop

Fig. 11 shows the relationship between the inlet-outlet pressure drop and the heat flux for different
microchannel structures at mass velocities of 346 and 485 kg/(m?-s). Under certain saturation temperature
and pressure conditions, the pressure drop in each microchannel gradually increases with the rise in heat
flux. The increase in heat flux accelerates the phase change rate of the refrigerant, leading to the generation
of more vapor bubbles. The formation, flow, and detachment of these bubbles within the channels enhance
the flow resistance. Within the experimental range and at the same mass velocity, the pressure drop in the
SP-MC:s is consistently higher than that in the porous parallel microchannels. For instance, at a mass flux of
346 kg/(m?s), the difference in the inlet-outlet pressure drops between the porous and SP-MCs is approxi-
mately 1 kPa. At a mass flux of 485 kg/(m?-s), this difference decreases from 1kPa at the initial heating stage to
0.56 kPa at the final heating stage. The maximum pressure drop observed in the porous parallel microchan-
nels within the experimental range is 5.63 kPa, while that in the SP-MCs is 6.16 kPa.
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Figure 11: The variation of inlet-outlet pressure drops with heat flux for different microchannel configurations.
(a) G = 346 kg/(m?-s); (b) G = 485 kg/(m?:s)

Firstly, the SP-MCs, lacking surface roughness and porous structures, exhibit a thicker flow boundary
layer, resulting in greater flow resistance of the fluid within the channels. Additionally, the rapid genera-
tion and flow of vapor bubbles can easily cause local blockages. On smooth surfaces, the larger contact
area between the bubbles and the wall leads to higher bubble detachment resistance, causing bubbles to
accumulate on the wall. This further increases flow resistance, resulting in intense velocity fluctuations and
higher local acceleration pressure drops. At higher heat fluxes, due to intense fluid phase change, the flow
resistance increases further, leading to a higher total inlet-outlet pressure drop in the SP-MCs compared to
the porous microchannels.
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The porous structure of the porous microchannels not only disrupts the flow boundary layer and
enhances local turbulent mixing but also provides abundant nucleation sites. This enables bubbles to form
uniformly at lower superheat levels rather than concentrating in a few hot spots. Consequently, bubble
growth and detachment become more stable, avoiding abrupt flow pattern changes and thereby reducing
additional flow resistance caused by flow instability. Meanwhile, the sintered porous structure reduces the
contact area between bubbles and the wall, lowering bubble detachment resistance and further decreasing
the pressure drop.

4 Conclusions

This experimental study investigates the flow boiling characteristics of refrigerant R134a in sintered
porous (PP-MCs) and smooth (SP-MCs) parallel microchannels under controlled conditions (inlet sub-
cooling of 5 + 0.2°C, saturation temperature of 33°C, mass fluxes of 346 and 485 kg/m?-s). The results
reveal a dual-phase behavior of the porous microchannels: under low-to-medium heat flux and low vapor
quality conditions, the porous microstructure enhances performance by providing abundant nucleation sites
and augmented capillary wicking, which significantly reduces ONB superheat, improves the heat transfer
coefficient, and increases flow stability. In contrast, under high heat flux and high vapor quality conditions,
potential capillary supply limitations cause the performance of PP-MCs to be surpassed by SP-MCs, which
rely on a more stable forced convective evaporation mechanism. The main conclusions are as follows:

1. Bubble Nucleation and Activation: The sintered porous microstructure significantly optimizes bubble
nucleation behavior. The abundant micropores and cavities provided by the porous surface act as stable
vaporization nuclei, markedly reducing the wall superheat required for the onset of nucleate boiling (ONB).
Atamass flux of 346 kg/(m?*-s), the ONB superheat for the porous microchannels was only 0.13°C, compared
to 2.2°C for the smooth microchannels. This indicates that the porous structure effectively addresses the high
nucleation barrier at the microscale, enabling earlier and more gradual initiation of boiling. Furthermore, the
porous structure promotes uniform bubble generation and controlled growth, preventing the concentration
of bubbles in a few localized hot spots and establishing a foundation for stable two-phase flow.

2. Heat Transfer Coeflicient: The heat transfer performance of the porous microchannels is highly
dependent on heat flux and outlet vapor quality. In the low to medium heat flux range (<20-30 W/cm?) and
at low vapor quality (x < 0.2-0.4), the heat transfer coeflicient of the porous microchannels is significantly
higher than that of the smooth microchannels. The enhanced heat transfer mechanism is primarily attributed
to the large specific surface area, which facilitates thin-film evaporation, and the intensified nucleate boiling
due to the microporous structure. However, under high heat flux and high vapor quality conditions, the
performance of porous structures may be inferior to that of smooth channels, which rely on a stable
forced convective evaporation mechanism. This is primarily due to the potential occurrence of a capillary
supply limit within the porous structure, where the evaporation demand exceeds the capillary replenishment
capacity of the liquid. This imbalance leads to the formation of local dry spots and a consequent reduction
in effective heat transfer area, thus degrading overall thermal performance. This is because the porous
structure is prone to liquid film adhesion, pore dry-out, and flow channel blockage under high vapor quality
conditions, leading to premature critical heat flux (CHF) and heat transfer deterioration. In contrast, the
smooth surface favors a stable convective evaporation mechanism, demonstrating better adaptability to
high-temperature conditions.

3. Pressure Drop and Flow Stability: A beneficial phenomenon observed in this study is that the PP-MCs
significantly enhance heat transfer performance while simultaneously reducing flow resistance and improv-
ing system stability. Under all experimental conditions, the total pressure drop in the porous microchannels
was lower than that in the smooth microchannels. This is due to the porous structure disrupting the
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laminar boundary layer, enhancing turbulent mixing, and reducing the contact area between bubbles and the
wall, thereby decreasing bubble detachment resistance and frictional pressure drop. More importantly, the
capillary pumping effect generated by the porous layer ensures continuous liquid replenishment, effectively
suppressing intermittent boiling and flow oscillations. As a result, the fluctuation amplitude and standard
deviation (STD) of the inlet-outlet pressure drop in the porous microchannels were reduced by up to 46.4%
and 44.8%, respectively, demonstrating exceptional flow stability. This is crucial for high-performance and
high-reliability electronic cooling systems.
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Nomenclature

A Area, [mm?]

[N Specific heat capacity at constant pressure, [k]/kg-K]
D Depth, [mm]

Dy, Hydraulic diameter, [mm]

G Mass flux, [kg/m?-s]

h, HTC HTC [W/m*K]

hy, Latent heat of vaporization

k Thermal conductivity, [W/m-K]
L Length, [mm)]

M Mass flow rate, [kg/s]

m Mass, [kg]

N Number of channels, number of data points, [-]
P Pressure, [kPa]

Q Input power, [W]

q Heat flux, [W/cm?]

R Thermal resistance, [°C/W]

T Temperature, [°C]

Vv Volume, [m?]

X Vapor quality, [-]

Greek symbols

1) Vertical distance [mm]
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0] Porosity

p Density, [kg/m’]

AP Total pressure drop, [kPa]

Subscripts

avg Averaged value

b Base

ch Channel

cu Copper

eff Effective

in Inlet

f Fluid

out Outlet

p Porous

sat Saturation

w Wall
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