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ABSTRACT: Flow boiling in open microchannels offers highly efficient heat transfer performance and has attracted
increasing attention in the fields of heat transfer and thermal management of electronic devices in recent years. However,
the continuous rise in power density of electronic components imposes more stringent requirements on the heat transfer
capability of microchannel flow boiling. HFE-7100, a dielectric coolant with favorable thermophysical properties, has
become a focal point of research for enhancing flow boiling performance in open microchannels. The flow boiling heat
transfer performance of HFE-7100 was investigated in this study by fabricating micro-nano composite structures on the
bottom surface of open microchannels using laser ablation technology. Based on visualization results, a comparative
analysis was conducted on the bubble dynamics and flow pattern characteristics of HFE-7100 flow boiling in micro-
nano structured open microchannels (MNSOMC) and smooth-surface open microchannels (SSOMC), to elucidate the
enhancement mechanism of micro-nano structures on flow boiling heat transfer in open microchannels. The results
indicate that the surface structures and strong wettability of MNSOMC accelerated bubble nucleation and departure.
Moreover, bubbles in the channel tended to coalesce along the flow direction, forming elongated slug bubbles with
high aspect ratios, which enabled efficient thin film evaporation in conjunction with intense nucleate boiling, thereby
significantly enhancing flow boiling heat transfer. Under the experimental conditions of this study, the maximum
enhancements in the heat transfer coefficient (HTC) and critical heat flux (CHF) of HFE-7100 in MNSOMC were 33.4%
and 133.1%, respectively, with the CHF reaching up to 1542.3 kW⋅m−2. Furthermore, due to the superior wettability and
capillary wicking capability of the micro-nano composite structures, the significant enhancement in flow boiling heat
transfer was achieved without incurring a noticeable pressure drop penalty.

KEYWORDS: Open microchannel; laser ablation; micro-nano composite structures; flow boiling; heat transfer
enhancement

1 Introduction
With advancements in packaging technologies, electronic devices are rapidly evolving toward miniatur-

ization, posing unprecedented challenges for thermal management systems [1]. The continuous increase in
heat flux adversely affects both the performance and lifespan of electronic components. Traditional cooling
methods such as finned heat exchangers, air cooling, and water cooling are no longer sufficient to meet the
cooling demands of modern high-performance devices. Microchannels have attracted significant attention
in the field of electronics cooling due to their compact structure, small size, and the ability to efficiently
remove heat through the latent heat of vaporization during boiling [2–4].
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Compared with conventional closed microchannel structures, open microchannels feature an open
space above the channels, which increases the density of effective nucleation sites. This configuration
enhances HTC and CHF while simultaneously reducing pressure drop, thereby significantly boosting the
overall heat transfer performance of microchannels [5]. A significant number of scholars have investigated
the application of open structures to improve heat transfer during flow boiling in microchannels. Zhao
et al. [6] investigated the bubble dynamics and flow boiling performance in open microchannels with large
aspect ratios through flow visualization. Under the combined effects of wall confinement, evaporation,
buoyancy, and inertial forces, nucleated bubbles were observed to elongate and rise after growth. Notably, wall
confinement and buoyancy were identified as the primary mechanisms facilitating rapid bubble migration
into the open space. Bhandari et al. [7] explored open microchannel heat sinks with varying channel heights
and found that the configuration with a 1.5 mm channel height achieved the best heat transfer performance.
However, when the channel height increased to 1.75 and 2.0 mm, the thermal dissipation ability of the
channels declined. In a subsequent study, Bhandari et al. [8] compared the flow boiling characteristics of open
and closed microchannels using deionized water as the working fluid. Their experimental results showed
that, compared to closed microchannels, the enhanced heat transfer in open microchannels is primarily
attributed to reduced flow resistance in the open space, resulting in lower overall pressure drop.

Surface modification with micro/nanostructures significantly affects the boiling heat transfer perfor-
mance of working fluids [9,10]. The influence mechanism of micro/nanostructures on liquid transport and
boiling heat transfer performance involves a complex interplay of numerous microscopic processes and
macroscopic phenomena. Chang et al. [11] conducted flow boiling experiments of HFE-7100 in micro-
ribbed channels with nanowires and demonstrated that the micro/nanostructures effectively separated
the two-phase flow, alleviated the delay in nucleate boiling onset, and regulated multiple flow regimes
into annular flow to enhance heat removal ability. Zhuang et al. [12] investigated flow boiling of HFE-
7100 in a microchannel with micro pin fins, revealing that this novel structure had better two-phase
heat transfer performance for dielectric fluorinated fluids along with much lower pressure drop penalty
compared with similar works reported by other researchers. Li et al. [13] produced micro-pin-fin fences
on the side wall of parallel microchannels and obtained the significant enhancements of HTC and CHF
for HFE-7100, which was attributed to the sustainable thin film evaporation due to the improved capillary
action of channel walls. Yang et al. [14] examined HFE-7000 flow boiling in parallel minichannels with
nanowires surfaces. The HTC was greatly enhanced due to the nanowire-improved nucleate boiling and
liquid film evaporation, while the pressure drop of two-phase flow was effectively reduced by the two-phase
separation and capillary flow. Alam et al. [15] performed flow boiling visualization studies using HFE-7100
and found that the micro/nanostructures promoted explosive boiling, reduced bubble departure diameters,
and stabilized flow pattern transitions. These structures shortened the existence region of intermittent flow
and facilitated liquid rewetting, thereby improving heat transfer while reducing pressure drop. However,
micro/nanostructure-modified surfaces do not always guarantee improved boiling heat transfer. Zhou
et al. [16] performed pool boiling experiments using dual-layer porous metal foams with varying porosity
parameters and observed that such structures hindered bubble departure, thereby deteriorating heat transfer
performance. Khan et al. [17] fabricated a micro/nano composite surface by coating sintered micro-sized
copper powders with CuO nanoparticles. However, compared to the single microstructured surface, the
HTC and CHF decreased by 24% and 16.8%, respectively, which was attributed to vapor generation in the
nanostructures disrupting the liquid–vapor flow pathways of the microstructures, thus inhibiting capillary
wetting and liquid replenishment. Liu et al. [18] analyzed the impact of nanostructure location on boiling
heat dissipation in micro/nano composite surfaces and demonstrated that nanostructures can regulate
bubble dynamics. However, under saturated boiling conditions, violent bubble coalescence obstructed liquid
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transport, leading to a reduction in CHF. Shin et al. [19] observed that when using highly wettable FC-72 as
the boiling working fluid, the capillary wicking performance of nanowire surfaces was diminished, limiting
heat transfer enhancement. This, combined with the influence of nucleation sites and forced convective
boiling, contributed to a reduction in CHF. The above research results show that the mechanism by which
micro-nanostructures affect boiling characteristics has not yet been fully understood.

Electronic fluorinated liquids possess excellent thermophysical properties, making them highly promis-
ing for various engineering applications, particularly in electronics cooling. Among them, HFE-7100 is
a commonly used dielectric coolant in electronic thermal management due to its colorlessness, non-
flammability, environmental compatibility, low viscosity, and low dielectric constant. Laser ablation is a
simple and efficient surface modification technique capable of precisely controlling the morphology and
dimensional parameters of micro/nanostructures. It significantly increases the effective heat exchange
area of the surface and holds great potential for promoting efficient liquid transport and enhancing flow
boiling performance.

In this study, an experimental system for investigating heat dissipation and pressure drop of HFE-
7100 flow boiling in microchannels was established. Two types of open microchannels were designed
and fabricated: a smooth surface open microchannel (SSOMC) and a laser-ablated micro-nano structured
open microchannel (MNSOMC). Based on visualization results, the HFE-7100 subcooled flow boiling
characteristics in both types of open microchannels were comparatively analyzed, and the mechanisms by
which micro/nano composite structures influence flow boiling in open microchannels were investigated.

2 Experimental Methods

2.1 Experimental System
A flow boiling experimental system was developed, as illustrated in Fig. 1. The system was primarily

composed of several key components: a fluid circulation system, a preheating and a condensation system, a
data acquisition and a visualization system, and the test section. The complete configuration was thermally
insulated to reduce heat loss. Prior to the experiment, the pump was activated to initiate the fluid circulation,
and the mass flow rate of the working fluid HFE-7100 was adjusted by regulating the speed of the gear pump.
A preheater was used to control the HFE-7100 inlet temperature entering the test section to 30○C. A chiller
cooled the two-phase fluid exiting the test section, condensing it completely back into liquid, which then
returned to the reservoir to complete the cycle. During the experiment, the heating power of the electric
rods was controlled by adjusting the voltage output of a DC power source, while K-type thermocouples and
pressure sensors were employed to detect the temperature and pressure at both the inlet and outlet of the
test section. An Agilent data acquisition unit was employed for data collection and recording. A high-speed
camera positioned above the test section captured the bubble dynamics and flow pattern transitions within
the microchannels test section.
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Figure 1: Experimental system of flow boiling

2.2 Test Section
In this study, two types of microchannels were designed for comparative experimental investigation: a

smooth surface open microchannel (SSOMC) and a micro-nano structured open microchannel (MNSOMC)
fabricated via laser ablation. A schematic of the microchannel test section is shown in Fig. 2. The microchan-
nel comprises eight parallel channels, each with a length of 20 mm, a width of 0.4 mm, a rib width of
0.4 mm, and a height of 0.8 mm. Annular silicone gaskets was placed between the heat sink and the
polysulfone cover plate to ensure sealing. A 0.5 mm gap was set between the top of the microchannel ribs
and the cover plate to form an open space, thereby constructing an open microchannel structure. Twelve
thermocouple holes, arranged in 3 rows and 4 columns, were drilled beneath the microchannels along the
flow direction. Each hole has a diameter of 1 mm, with both transverse and longitudinal spacing of 4 mm. The
top row of thermocouple holes was positioned 3.7 mm below the microchannel wall surface. Four electric
heating rods were evenly embedded in the copper block to supply heat to the test section via electrical heating,
each with a rated power of 500 W. The entire test section was bolted together and wrapped with thermal
insulation cotton to minimize external heat loss.

Figure 2: Schematic diagram of test section
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Femtosecond laser processing is a high-precision machining technique that utilizes ultrashort laser
pulses and offers advantages such as high resolution, non-contact operation, and a minimal heat-affected
zone. When the laser pulse exceeds the ablation threshold, the recoil pressure generated by the phase
transition of the metal causes the liquefied material to move laterally along both sides of each laser
beam, forming microcavity structures [20], while also generating a large number of nanoscale depressions,
protrusions, and countless tiny pores and branches. A micro-nano composite structure can be constructed on
the lower surface of the SSOMC, thereby producing the MNSOMC. Inspired by natural multiscale surfaces
such as honeycomb coral, which exhibit excellent liquid transport capacity and vapor venting performance,
the square microgrids array with rich nanoscale features were expected to be fabricated. Femtosecond laser
pulses were emitted by the laser source, and orthogonal line scanning was performed on the bottom surface
of the SSOMC, which was fixed on a three-dimensional micro-displacement platform, using a laser power
of 2 J⋅cm−2 and a scanning speed of 1 mm⋅s−1. The scanning intervals were controlled at 30 μm, forming a
micro-nano composite structure with square microgrids, each with a depth of 40 μm and edge lengths of
30 μm. It is worth noting that this study focuses on a representative micro-nano composite structure
fabricated by femtosecond laser ablation. While this approach enables fundamental insights, a broader set of
structure variations is required in future studies to generalize the observed influence mechanisms.

Wettability tests were conducted on both the smooth and micro-nano composite structured sur-
faces. Using HFE-7100 as the working fluid, the static contact angles measured were close to 0○ for
both surfaces. To further investigate the wettability difference between the two heat transfer surfaces,
contact angle measurements were also performed using deionized water [21]. The micro-nano composite
structured surface exhibited a contact angle of 20○, compared to 78○ for the smooth surface, indicating
that the laser-ablated micro-nano structured surface possesses significantly enhanced hydrophilicity. In
addition, to further evaluate the differences in liquid wicking behavior between the both tested surfaces,
a quantitative wicking rate measurement was conducted using the method proposed by Zhang et al. [22].
Under normal temperature and pressure, the wicking rates of SSOMC and MNSOMC were determined to
be 1.51 × 10−6 m3⋅s−1 and 3.20 × 10−6 m3⋅s−1, respectively. These results indicated that, for HFE-7100, the
MNSOMC surface exhibited significantly enhanced wettability and capillary wicking ability compared to
the smooth counterpart. Scanning electron microscope (SEM) images of the smooth surface and the micro-
nano composite structured surface are shown in Fig. 3, revealing a uniformly distributed microgrid array on
the modified surface, along with nanoscale stripe and particulate structures.

Figure 3: SEM image of surface morphology: (a) SSOMC; (b) MNSOMC
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3 Data Reduction
The effective heat flux at the heat transfer surface is determined using Fourier’s equation of heat

conduction:

q = −λCu
dT
dx

(1)

λCu is the thermal conductivity of copper, taken as 391 W⋅m−1⋅K−1.
A Taylor series expansion is used to estimate the longitudinal temperature differential beneath the heat

transfer surface:

dT
dx
≅ 3T1 − 4T2 + T3

2Δx
(2)

where T1, T2, T3 represent the temperatures measured from top to bottom by thermocouples located
at the bottom of the microchannel near the outlet, Δx represents the vertical spacing between adjacent
thermocouples, quantified as Δx = 4 mm.

The HTC at the outlet is calculated using Newton’s law of cooling, where Tw is the wall temperature at
the position of the downstream thermocouple, and Tf is the fluid temperature at the same location, obtained
by linear interpolation of the inlet and outlet fluid temperatures:

h = q
Tw − Tf

(3)

The surface temperature at the microchannel outlet is determined through the application of the one-
dimensional Fourier heat conduction equation:

Tw = T1 − q ( x1

λ Cu
) (4)

where x1 = 3.7 mm denotes the microchannel’s bottom wall’s distance from the topmost thermocouple.
The difference between the measured inlet and outlet pressures of the microchannel test section is used

to calculate the total flow boiling pressure drop:

ΔP = Pin − Pout (5)

where Pin and Pout denote the pressures at the inlet and outlet of the test section, respectively.
The uncertainty of the derived parameters is calculated using the uncertainty propagation formula

proposed by Moffat [23]. The uncertainties of the relevant experimental parameters are listed in Table 1.

Table 1: Uncertainties of experimental parameters

Parameter Uncertainty
H, W, L ±0.01 mm

M ±0.17%
T (K-type) ±0.50○C
T (T-type) ±0.20○C

P ±3.50%

(Continued)
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Table 1 (continued)

Parameter Uncertainty
q ±0.65%

Tw ±0.60%
h ±2.40%

4 Results and Discussions

4.1 Flow Patterns
Fig. 4 illustrates the flow pattern transition of HFE-7100 flow boiling in SSOMC at a mass flux of

G = 1250.0 kg⋅m−2⋅s−1. As the heat flux escalated during the entire flow boiling process, the flow pattern
sequentially evolved from bubbly flow (Fig. 4a) to a mixed bubbly-slug flow (Fig. 4b), and finally to churn
flow (Fig. 4c). At low heat fluxes during the early stages of boiling, the flow pattern was dominated by bubbly
flow. On the smooth surface, bubble nucleation required relatively high wall superheat, and the bubble
growth rate on the SSOMC was relatively slow. Due to weak shear forces from the incoming flow, bubbles
were not easily detached from the heat transfer surface. As the heat flux continued to increase, bubble growth
became constrained by the channel width and the overlying open space, resulting in elongated, confined
bubbles forming downstream along the flow direction. Meanwhile, the open space over the channel allowed
the slug bubbles to exceed the channel height. Bubbly and slug bubbles coexisted along the channel, with
slug bubbles predominantly concentrated downstream. Due to the limited number of nucleation sites on the
SSOMC, the bubble size remained relatively small. At higher heat fluxes, vapor gradually occupied most of
the flow passage, leading to more intense boiling and the formation of oscillatory churn flow, indicating that
the SSOMC nearly approached the CHF condition.

Figure 4: Flow patterns transition in SSOMC at G = 1250.0 kg⋅m−2⋅s−1 and Tin = 30○C. (a) Bubbly flow; (b) Bubbly-slug
flow; (c) Churn flow

Fig. 5 depicts the flow pattern transition of HFE-7100 flow boiling in MNSOMC at the same mass
flux of G = 1250.0 kg⋅m−2⋅s−1. As heat flux increased, the flow pattern in MNSOMC evolved through four
stages: bubbly flow (Fig. 5a), bubbly-slug flow (Fig. 5b), slug flow (Fig. 5c), and churn flow (Fig. 5d). The
micro-nano composite structures, characterized by a microgrid array, enables early activation of nucleation
sites at lower wall superheat, thereby reducing the superheat corresponding to the onset of nucleate boiling
(ONB). The microgrid cavities and nanoscale particle structures significantly influenced bubble growth and
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migration. The enhanced rewetting capability of the working fluid at the bottom surface enabled prompt
liquid replenishment, while the resulting shear flow facilitated rapid bubble departure from the surface.
Furthermore, due to the abundance of vaporization sites on the roughened surface of MNSOMC, adjacent
low-surface-tension bubbles tended to quickly detach and merge in the axial direction, forming large
bubbles with high aspect ratios, whose lengths along the flow direction were much greater than their widths
perpendicular to the flow direction. As heat flux continued to rise, the bubble departure frequency increased
and a large number of bubbles rapidly merged along the channel, expanding in both downstream as well as
upstream directions. An annular liquid film developed between the continuous vapor slugs and the channel
wall, marking the shift from bubbly flow to bubbly-slug flow. Upon the emergence of multiple elongated slug
bubbles in the channel, the flow pattern shifted to slug flow. At high heat fluxes, continuous bubble expansion
and intensified turbulence of the two-phase flow led to the development of churn flow. The degree of bubble
agitation in MNSOMC was higher than in SSOMC, primarily attributable to the greater density of nucleation
sites and higher bubble departure frequency facilitated via the micro-nano composite structures.

Figure 5: Flow patterns transition in MNSOMC at G = 1250.0 kg⋅m−2⋅s−1 and Tin = 30○C. (a) Bubbly flow; (b) Bubbly-
slug flow; (c) Slug flow; (d) Churn flow

4.2 Heat Transfer
Fig. 6a,b presents the boiling curves of HFE-7100 flow boiling in SSOMC and MNSOMC, respectively,

under an inlet temperature of 30○C. Prior to the onset of boiling, the fluid in the microchannels remained
in a single-phase convective heat transfer regime, during which the wall superheat increased significantly
with rising heat flux. Subsequently, a sharp increase in the slope of the boiling curve marked the ONB.
For MNSOMC, the ONB occurred earlier at all four mass fluxes, with a noticeable reduction in the
corresponding wall superheat. Promoting the formation of more nucleation sites via hydrophilic surfaces can
effectively enhance heat transfer performance [24]; the highly hydrophilic micro-nano composite structures
of MNSOMC contained a large number of potentially active nucleation sites that were more easily activated,
facilitating an earlier transition to two-phase heat transfer. After the ONB, the flow entered the two-phase
regime, during which the working fluid removed a large amount of heat via latent heat of vaporization. The
phase-change heat transfer was significantly enhanced compared to single-phase convective heat transfer.
A local reduction in heat flux was observed in the boiling curve of MNSOMC, likely due to transient
partial dryout or vapor film formation caused by high bubble coalescence rates. Similar phenomena have
been reported in micro/nano structured boiling studies and reflect localized instability rather than global
performance degradation. At moderate heat flux levels, boiling curves at different mass fluxes tended to
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converge, indicating that mass flux had little influence on heat transfer during the nucleate boiling regime,
where the dominant mechanism was nucleate boiling. With increasing mass flux, the two-phase convective
heat transfer in MNSOMC was further enhanced, and the boiling curves exhibited an upward shift compared
to SSOMC at the same mass flux. The high-aspect-ratio slug bubbles in MNSOMC retained larger continuous
liquid films, which delayed the occurrence of local dryout. The efficient thin-film evaporation in the channels
led to a higher CHF, with the HTC increasing by up to 33.4% and CHF by 33.1% at G = 1250.0 kg⋅m−2⋅s−1,
reaching 1542.3 kW⋅m−2.

Figure 6: Flow boiling curves at inlet temperature Tin = 30○C in: (a) SSOMC. (b) MNSOMC

Fig. 7 shows the variation of HTC with heat flux and mass flux. It was observed that before boiling
initiates, the HTC of both SSOMC and MNSOMC decreased to varying degrees as heat flux increased. This
was attributed to the increase in specific heat at constant pressure and the decrease in thermal conductivity
of single-phase HFE-7100 with temperature, leading to a net reduction in HTC. As heat flux continued to
increase, nucleation sites on the wall became progressively activated, and the system transitioned into the flow
boiling regime. The phase change of the working fluid absorbed a large amount of heat, and the intensifying
nucleate boiling significantly increased HTC. In MNSOMC, the rapid coalescence of bubbles on the micro-
nano structures and the vigorous vapor motion in the open space above the channels contributed to enhanced
heat transfer under strong convective evaporation. At higher heat fluxes, the liquid replenishment to the
heat transfer surface became insufficient to meet the vaporization demand at the liquid–vapor interface, and
the HTC curve began to plateau, indicating an approach toward critical conditions. Near CHF, in SSOMC,
bubble adhesion on the bottom heat transfer surface introduced thermal resistance that hindered further
enhancement of heat transfer. In contrast, the superior wettability of MNSOMC led to better heat transfer
performance. When liquid film evaporation occurred in the microchannel, the liquid transport on the micro-
nano structured surface was more efficient, facilitating bubble departure by separating liquid and vapor paths,
shortening the bubble residence time on the channel surface, and enabling rapid liquid replenishment to
dried regions. This delayed the onset of CHF while increasing HTC, demonstrating that the micro-nano
composite structures significantly enhanced the flow boiling heat transfer.
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Figure 7: Flow boiling HTC at inlet temperature Tin = 30○C in: (a) SSOMC. (b) MNSOMC

4.3 Pressure Drop
Fig. 8 illustrates the variation of overall pressure drop with heat flux and mass flux in SSOMC and

MNSOMC. Under single-phase flow conditions, the pressure drop in SSOMC exhibited a relatively low
growth rate at low to moderate heat fluxes. Once boiling occurred within the channel, the flow pattern
gradually shifted to bubbly flow and bubbly-slug flow. With increasing heat flux and mass flux, the number
of bubbles and the vapor quality rose, resulting in continuous increases in both the frictional pressure drop
and the vapor acceleration pressure drop of the two-phase flow. Under conditions of elevated heat fluxes,
the two-phase flow within the channel entered a churn flow regime, during which the unstable and irregular
vapor slugs in SSOMC intensified the turbulence and instability of the two-phase flow, resulting in substantial
frictional pressure losses and a notable rise in the overall pressure drop. As shown in Fig. 8, in MNSOMC,
the flow pattern transitioned toward slug flow and churn flow under moderate to large heat fluxes, but the
pressure drop exhibited a more gradual increase with heat flux, and the variation across different mass fluxes
remained relatively small. Compared to SSOMC, MNSOMC achieved enhanced heat transfer performance
without incurring greater pressure drop. This was attributed to the micro-nano structures on the heat transfer
surface of MNSOMC, which enhanced the surface’s wettability and facilitate the formation of a stable liquid
film on the heat sink surface. The resulting lubrication effect reduced the near-wall shear stress and frictional
pressure drop. Furthermore, the liquid–vapor path separation provided by the highly hydrophilic micro-
nano composite structures of MNSOMC helped attenuate turbulence within the two-phase flow over a
wider range of heat fluxes, thereby continuously lowering the corresponding pressure drop. Consequently,
MNSOMC exhibited lower two-phase pressure drops than SSOMC, along with a slower rate of pressure
drop increase.



Front Heat Mass Transf. 2025;23(3) 761

Figure 8: Flow boiling HTC at inlet temperature Tin = 30○C in: (a) SSOMC. (b) MNSOMC

5 Conclusions
In this study, micro-nano composite structures were fabricated on the bottom surface of open

microchannels using laser ablation technology. A high-speed camera was employed to examine the bubble
dynamics and flow pattern evolves during the subcooled flow boiling of HFE-7100 in both smooth-
surface open microchannels (SSOMC) and open microchannels with micro-nano composite structures
(MNSOMC). A comparative investigation was conducted on the flow boiling characteristics in the two test
sections. The primary conclusions are outlined below:

(1) With increasing heat flux, three distinct flow patterns—bubbly flow, bubbly-slug flow, and churn flow-
were successively observed in the SSOMC. In the MNSOMC, the flow initially appeared as bubbly flow
with relatively large bubble sizes. At moderate heat fluxes, the dominant flow patterns were bubbly-slug
and slug flow, with a large number of elongated slug bubbles present in the channel. At higher heat
fluxes, the flow transitioned into churn flow, and the intensity of bubble agitation increased markedly
as the system gradually approached critical conditions.

(2) The laser-ablated micro-nano composite structures significantly enhanced the CHF and HTC of HFE-
7100 flow boiling in open microchannels. Under the experimental conditions of this study, the HTC in
the MNSOMC maximally increased by 33.4% and the CHF maximally improved by 133.1% compared
to the SSOMC, reaching 1542.3 kW⋅m−2. The abundant nucleation sites and strong surface wettability
of the MNSOMC promoted rewetting of the bubble nucleation sites by the liquid and facilitated rapid
bubble departure. Moreover, the large number of bubbles generated on the channel wall tended to
coalesce longitudinally to form high aspect ratio slug bubbles, which enhanced thin film evaporation
and thus improved the boiling heat transfer performance.

(3) While enhancing the flow boiling heat transfer, the MNSOMC maintained a two-phase pressure drop
comparable to or even slightly lower than that of the SSOMC. The lubrication effect induced by
rapid bubble departure and the high surface wettability reduced the frictional pressure drop, while
the presence of stable, regularly shaped high aspect ratio bubbles suppressed two-phase turbulence,
thereby mitigating the pressure drop penalty.

This study provides an initial comparison between a smooth surface and a laser-textured micro-
nano composite surface in open microchannels. However, the enhancement mechanism of micro-nano
structures is highly dependent on geometrical features such as cavity size, aspect ratio, and spacing.
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Future work will involve a systematic investigation of different micro/nano topographies to quantitatively
evaluate their individual and synergistic effects on bubble dynamics, flow pattern transitions, and heat
transfer performance.
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Nomenclature
Symbols
G Mass flux, kg⋅m−2⋅s−1

H Height, m
h Heat transfer coefficient, kW⋅m−2⋅K−1

L Length, m
Pin Inlet pressure, Pa
Pout Outlet pressure, Pa
ΔP Total pressure drops, Pa
q Heat flux, kW⋅m−2

T Temperature, ○C
Tf Fluid temperature, ○C
Tout Outlet temperature, ○C
Tw Wall temperature, ○C
Tsat Saturation temperature, ○C
W Width, m
x1 Distance, m

Greek Symbols
λCu Thermal conductivity of copper, W⋅m−1⋅K−1

Abbreviations
CHF Critical heat flux
HTC Heat transfer coefficient
MNSOMC Micro-nano structured open microchannels
ONB Onset of nucleate boiling
SEM Scanning electron microscope
SSOMC Smooth-surface open microchannels
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