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ARTICLE INFO ABSTRACT
Keywords: The rapid densification of AI semiconductors and the proliferation of data centers have significantly increased
Boiling dynamics the demand for advanced thermal management solutions. Employing manifold microchannels (MMCs) in two-

Manifold microchannel
Copper inverse opal
Two-phase convection
Bubble behavior
Critical heat flux

phase embedded cooling systems has emerged as an effective method to address these thermal challenges.
However, a comprehensive understanding of the flow characteristics within these systems remains limited,
especially for performance optimization and triggers of critical heat flux (CHF) due to the complex liquid-vapor
interactions occurring in three-dimensional cooling structures. This study investigates the flow boiling behavior
in MMCs coated with copper inverse opals (CulOs), utilizing Novec-649 as the working fluid. Experiments are
performed at mass fluxes of 1000 and 2000 kg m~2 s~! within microchannels having aspect ratios of 0.5, 1, and
2. The CulO coatings enhance nucleate boiling and stabilize liquid film dynamics by providing interconnected
porous structures, thus effectively delaying dry-out phenomena, achieving a maximum CHF of 237 W cm ™2
Furthermore, the study elucidates flow dynamics linked to heat transfer coefficients, thermal resistance, and
mechanisms underlying flow-induced instabilities, emphasizing bubble behavior and its critical role in CHF
initiation. In-situ visualization provides direct observations of CHF-triggering mechanisms, including bubble
confinement and backflow induced by flow non-uniformity, highlighting that the instability characteristics vary
significantly depending on microchannel geometry. These findings contribute critical insights into the two-phase
flow phenomena within MMC systems, offering practical guidelines for tailoring channel geometry and surface
coatings to enhance thermal management capability in embedded cooling solutions for high heat flux electronic
applications.

rigorous demands have become increasingly vital.

Two-phase heat transfer has gained substantial interest due to its
superior heat dissipation capability, leveraging the latent heat of
vaporization to significantly improve cooling performance [6]. How-
ever, traditional two-phase cooling methods, such as straight micro-
channels, micro-pin fins, multi-jet impingement, and spray cooling, face
critical limitations, including pronounced temperature non-
uniformities, excessive pressure drops, and inherent flow instabilities
under two-phase conditions [7-11]. Thus, innovative approaches of-
fering both enhanced thermal management performance and opera-
tional stability are urgently required.

Manifold microchannel (MMC) heat sinks have emerged as prom-
ising solutions, efficiently managing heat removal while significantly
reducing pumping power and maintaining relatively low pressure drops

1. Introduction

Recent advances in Al chiplet technologies and the rapid expansion
of data centers have significantly increased integration densities and
driven heterogeneous integration, leading to substantial thermal man-
agement challenges [1,2]. These technological trends introduce multiple
heat sources and larger chip sizes, posing challenges in effectively
dissipating high heat loads across extensive areas while minimizing
cooling energy consumption [3]. Thermal management complexities are
further exacerbated by thermal crosstalk between high-bandwidth
memory and logic components, demanding precise temperature uni-
formity to ensure system reliability and electrical efficiency [4,5].
Consequently, advanced cooling strategies capable of addressing these
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Nomenclature

A area (m?)

¢ specific heat (J kg’1 Kb

Dy, hydraulic diameter (m)

G mass flux (kg m2sh

H height (m)

h heat transfer coefficient (W m 2 K1)
hy, latent heat (kJ kg*l)

I electrical current (A)

k thermal conductivity (W m 'K
m mass flow rate (g min~ 1)

N number of channels

AP pressure drop (kPa)

q“ heat flux (W cm™2)

q* ratio of heat flux to critical heat flux
R thermal resistance (cm? K W™1)

T temperature (K)

T thickness (m)

v electrical voltage (V)

w width (m)

x outlet thermodynamic equilibrium quality

Greek Letter
€ emissivity

n fin efficiency
P density (kg m™3)
o surface tension (mN m™})
Subscripts

adv advection
avg average

b base

ch channel

cond conduction
cony convection

f fluid

h heater

in inlet

l liquid

loss heat loss

m manifold

0 overall

out outlet

sat saturated

si silicon

tot total

v vapor

w wall

wet wetted

[12,13]. MMCs circumvent the inherent shortcomings of conventional
microchannel designs by shortening fluid flow paths and strategically
utilizing jet impingement on heated surfaces to boost convective heat
transfer. Comprehensive full-scale studies have validated the effective-
ness of MMC designs under realistic thermal-hydraulic conditions,
demonstrating significantly reduced thermal resistance values and
improved operational stability even at high heat flux levels [14,15].
Notably, infrared visualization experiments have demonstrated
increasing thermal gradients among multi-chip arrangements under
elevated heat fluxes in two-phase flow regimes, highlighting persistent
thermal management challenges within MMCs [14]. Additionally,
studies reported that local dry-out phenomena restrict heat transfer ef-
ficiency at elevated heat flux conditions, despite initial improvements
with increasing flux levels [15]. Moreover, the relationship between
flow rate and thermal resistance in MMC systems exhibits a non-
monotonic behavior, reflecting a transition from traditional channel
convection to enhanced jet impingement as the flow velocity increases.
This reveals the intricate thermal-fluid dynamics within these systems
[16]. Although structural enhancements including staggered pin fins
and nanowires have shown beneficial effects, internal visualization of
two-phase flows in complex MMC geometries remains limited, hindering
deeper understanding of flow instabilities and heat transfer mecha-
nisms. Nonetheless, these studies remained limited due to an inability to
visualize internal two-phase flow dynamics within complex MMC ge-
ometries, constraining deeper insight into instability and flow
mechanisms.

To overcome such constraints, recent research employed simplified,
custom-fabricated MMC unit cells integrated with manifolds, enabling
detailed visualization and fundamental exploration of two-phase flow
phenomena. Detailed visualization studies have provided critical in-
sights into local temperature distributions by identifying boiling sup-
pression mechanisms caused by jet impingement and vapor blanket
formation effects hindering liquid rewetting in deeper channel config-
urations [17]. Additionally, topology-optimized MMC unit cells have
demonstrated their ability to stabilize bubbly and confined flow re-
gimes, effectively delaying undesirable slug flow transitions despite
slightly reduced two-phase heat transfer coefficients [18].

Despite these advancements, existing studies have not yet explained
the detailed two-phase flow dynamics that govern the coupled perfor-
mance of critical heat flux (CHF) and heat transfer coefficient, nor the
mechanisms underlying CHF initiation in practical MMC devices.
Although the trade-off between CHF and heat transfer coefficient during
boiling is well recognized, a comprehensive physical interpretation is
still missing, especially in relation to the role of liquid film dynamics.
Moreover, previous explanations that do not account for the temporal
and spatial conditions of CHF fail to capture the complexity inherent in
MMC structures. Clarifying these interactions is essential for both
advancing fundamental understanding and guiding the practical design
of MMC cooling technologies. To address this critical gap, the present
study systematically investigates flow boiling characteristics in MMCs
enhanced with microporous copper inverse opals (CulO), which are
known to significantly promote nucleation activity and stabilize liquid
films [19,20]. Using in-situ visualization techniques, this work eluci-
dates how microchannel geometry and surface modifications affect
liquid film behavior, bubble dynamics, flow instabilities, and ultimately
CHF triggering mechanisms, thereby providing important insights for
optimizing thermal management in high heat flux electronic
applications.

2. Experimental method
2.1. CulO-coated microchannel fabrication

The fabrication process for the CulO-coated microchannels involves
two main stages: (1) fabrication of the silicon microchannels integrated
with heaters and electrodes, and (2) formation of porous CulO structures
via template-assisted electrodeposition.

Initially, three different microchannel geometries were fabricated on
a 6-inch silicon wafer using deep reactive ion etching (Fig. 1a). Each
microchannel configuration shared an identical footprint (5 x 5 mm?)
but differed in channel widths (50, 100, and 200 pm, Fig. S1). A
serpentine heater composed of Ti/Au layers (20 nm/200 nm) was
deposited on the backside of the silicon wafer, forming an integrated
heating platform. An additional Ti/Au electrode layer was sputtered
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Fig. 1. Schematic illustration of the fabrication process for CulO-coated manifold microchannels: a, Microchannel fabrication steps including DRIE etching, backside
heater deposition, and electrode layer formation, and b, Templated electrodeposition process for porous CulOs, showing polystyrene particle self-assembly by
sedimentation, sintering, copper electrodeposition, and template removal. A scale bar is 50 pm.

onto the microchannel surfaces to enable copper electrodeposition.
Microporous CulO coatings were fabricated onto the microchannel
surfaces through template-assisted electrodeposition (Fig. 1b). Poly-
styrene spheres (5.0 um diameter, 5.0 % w v_!) were dispersed onto
gold-coated microchannel substrates and dried at 60 °C, forming densely
packed structures. Sintering at 100 °C for 80 min produced inter-
connected porous templates with controlled pore sizes (~5.0 ym) and
neck diameters (~1.5 pm) (Fig. S2), conditions previously optimized for
efficient boiling with an estimated porosity of ~0.83 [21,22]. Impor-
tantly, SEM observations confirmed that these robust structures were
preserved after the boiling experiments, showing no noticeable degra-
dation in morphology (Fig. S3, Supplementary Notes S1). This result
demonstrates that the CulO coating maintained its structural integrity
under the tested operating conditions. Copper was subsequently elec-
trodeposited into these polystyrene templates at a current density of 2.5
mA cm 2 for 90 min, using a potentiostat (BioLogic, SP-300) with an
oxygen-free copper block (anode), a gold-coated microchannel (cath-
ode), and an electrolyte solution (0.5 M CuSO4 + 0.2 M H,SO4 aqueous
solution). A small amount of ethanol was added beforehand to improve
electrolyte infiltration into the template. Finally, the polystyrene tem-
plates were completely removed by immersion in tetrahydrofuran for
24 h, yielding robust and interconnected porous copper structures
designed to significantly enhance nucleate boiling performance.

2.2. Manifold microchannel test section

After completing the CulO coating described in Section 2.1, the
microchannels were integrated into the MMC test section (Fig. 2a). The
test section consisted of CulO-coated silicon microchannels, a poly-
dimethylsiloxane (PDMS) manifold, a 3D-printed holder made of Rigid
10 K resin (Form 3, Formlabs Inc.), and a transparent polycarbonate
(PC) housing block. The resin holder provided stable mechanical sup-
port, minimized thermal losses, and incorporated dedicated openings for
electrical connections and temperature measurement.

The manifold structure was fabricated by molding PDMS using a
micromachined PDMS mold and subsequently cured. Following oxygen
plasma treatment, the PDMS manifold was securely bonded to the sili-
con microchannels to ensure leak-free fluid operation. The manifold had
three inlet conduits and two outlet conduits arranged to enable
perpendicular fluid flow onto the microchannel surfaces, thus enhancing
convective heat transfer through jet impingement. The assembled
structure was enclosed within a transparent PC housing block (thermal
conductivity ~0.2 W m~! K1), enabling direct visualization of two-
phase boiling phenomena and providing integrated fluid inlet/outlet
passages and measurement ports for temperature and pressure sensors.
Detailed geometric information of the PDMS manifold and micro-
channels is provided in Fig. 2b, ¢ and Table 1, while the overall flow
paths are illustrated in Fig. 2d.

aP
an.__ s
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Fig. 2. Configuration of the test section. a, Exploded view of the test section showing PDMS manifold, CulO-coated microchannels, holder, and PC housing, b, PDMS
manifold with inlet/outlet plenums, ¢, Detailed geometry of silicon microchannels, and d, Total flow paths in the entire device.
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Table 1

Geometrical conditions of the manifold and microchannels.
Parameters Microchannels

MMC1 MMC2 MMC3

Wep, [pm] 50 100 200
Wy, [pm] 100 100 100
Hcp, [pm] 100 100 100
N 33 25 16
Aspect Ratio 2.0 1.0 0.5
- Manifold
Win,in, [pm] 680
Winour, [nm] 1380
Hp,, [pm] 900

2.3. Experimental setup

The assembled MMC test section described in Section 2.2 was inte-
grated into a closed-loop circulation system (Fig. 3a). Prior to experi-
ments, the dielectric working fluid (Novec-649; thermophysical
properties in Table 2) was thoroughly degassed by simultaneous boiling
and condensation processes within a reservoir. Immersion heaters and
an internal condensing coil connected to a liquid-loop chiller (Jeiotech
HH20) maintained stable thermal conditions and effectively removed
dissolved gases. A magnetically driven gear pump (Micropump GA-T23)
circulated the dielectric fluid, and mass flow rates were precisely
measured using a Coriolis liquid flow meter (KIF-510). The fluid was
preheated to achieve approximately 39.5 °C of subcooling at the test
section inlet. After exiting the test section, the fluid was condensed and
cooled via a heat exchanger connected to the chiller, ensuring stable
inlet conditions.

Electrical power was supplied to silicon microchannels by a DC
power supply (EX300-12), allowing precise control of voltage and cur-
rent. Fluid temperatures at the manifold inlet and outlet were monitored
with K-type thermocouples (OMEGA Eng., accuracy + 1.1 °C), inserted
into dedicated ports integrated into the PC housing. Heater surface
temperature distributions were recorded by an infrared (IR) camera
(FLIR A655sc, accuracy + 2 °C), mounted beneath the test section. To
ensure accuracy, the heater surface was coated with black paint, where
its emissivity (¢ = 0.93) was calibrated by attaching a thermocouple to
the surface and comparing the thermocouple readings with those from
the IR camera prior to testing. Differential (OMEGA PX409, accuracy
+0.25 %) and absolute (TRAFAG ECT8472, accuracy +0.5 %) pressure
transducers measured pressure drop and fluid saturation pressures,
respectively. Flow boiling phenomena within microchannels were
visualized from above using a high-speed camera (Photron FASTCAM
Mini UX100, 4000 frames per second). An NI Compact data acquisition
system collected voltage, current, and pressure data via the NI 9220

:

Heat exchanger Valve
S ! Gear pump ~
High-speed
camera Test
section
IR camera,
@ Flow meter ‘

Valve Valve
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Table 2

Novec-649's thermophysical properties at 1 atm.
Properties Value
Tsar, [°C] 49.0
o [kg m™3] 1527.0
Py [kgm~3] 12.8
¢ kg 'K 1122
ks (Wm ' K] 0.054
Py, [kJ kg1 88.0
6, [nN m 1] 8.4

module, and temperature data via the NI 9214 module. All experimental
parameters except base temperatures (IR camera data) were recorded
using LabVIEW software. Actual images of the assembled experimental
setup are shown in Fig. 3b and c.

Experiments were performed with the applied heat flux starting from
0 W cm 2 and increasing in about 10 W cm ™2 increments. At each step,
the system was allowed to reach a steady state before proceeding to the
next level. This protocol continued until CHF was achieved, during
which the heater temperatures were continuously monitored via IR
measurements. Overall, the heat flux ranged from 0 to 240 W cm ™2, and
the corresponding pressure drop varied from 5 to 35 kPa. Throughout
the thermal fluid tests, mass flow rates of 38.4 to 153 g min™", which are
equivalent to mass fluxes of 1000-2000 kg m~2 s~ based on micro-
channel cross-sectional area. A fixed outlet pressure of 120-130 kPa and
an inlet temperature of approximately 39.5 °C were held constant. Upon
observing sudden temperature spikes, the power supply was immedi-
ately shut off while monitoring was carried out via real-time IR ther-
mography and high-speed imaging. For more detailed information, the
operation and result ranges of the hydraulic-thermal tests were sum-
marized at Table 3.

2.4. Data reduction and uncertainties

Effective heat flux supplied to the microchannels was calculated by
subtracting experimentally measured heat losses (<6.6 % of total input)

Table 3
Summary of geometries and thermal-hydraulic operating conditions.

Operating parameters Ranges

Hydraulic diameter of microchannel, [pm]
Subcooling temperature, [°C]

Mass flow rate, [g min~ ']

Mass flux based on microchannels, [kg m~2s™1]

67 < Dpon < 133
39.3 < Tpin < 39.7
38.4 <1 < 153.6
1000 < G < 2000

Heat flux, [W cm™2] 0 < q“ <240

Heat transfer coefficient, [W m 2 K] 11,000 < h < 32,500
Pressure drop, [kPa] 5 < AP < 35

Exit vapor quality 0.02 <x <0.43

Power Supply
I

Preneater |

Fig. 3. Schematic overview of experimental setup: a, Schematic illustration of the closed-loop flow system, b, Photograph of the experimental apparatus, including
DC power supply for Joule heating, data acquisition system, flow meter, and liquid-loop chiller, and ¢, Assembled test section showing transparent PC housing, PDMS

manifold, and the connection of measurement sensors.
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from total electrical power input. IR-measured heater surface tempera-
tures were corrected for conduction losses through the silicon substrate,
yielding accurate microchannel base temperatures. Superheat was
calculated as the temperature difference between corrected base tem-
perature and fluid saturation temperature from pressure measurements.

The two-phase heat transfer coefficient was computed by consid-
ering the overall fin efficiency, accounting for geometric parameters and
convective conditions. Additionally, outlet thermodynamic vapor
quality was determined using energy balances involving measured mass
flow rates and fluid enthalpies. Thermophysical fluid properties (den-
sity, specific heat, thermal conductivity, latent heat, surface tension)
were obtained from REFPROP 10.0 as temperature-dependent variables.

The total thermal resistance was decomposed into three individual
components: conduction through the silicon substrate, convection at the
microchannel surface, and advection by fluid flow. Pressure drops across
the test section were directly measured using differential pressure sen-
sors integrated into the housing block (Section 2.3). Detailed calculation
procedures, equations, and thermophysical properties are provided in
the Supplementary Notes S2.

Measurement uncertainties were calculated using standard error
propagation methods based on instrument accuracies (summarized in
Table 4). Voltage and current measurement uncertainties from the DC
power supply (EX300-12) were £450 mV and +38 mA, respectively.
The uncertainty in the heat transfer coefficient calculation was deter-
mined using uncertainties in the microchannel base temperature (T,
+2 °C via IR camera) and the average fluid temperature (Tfayg, +1.1 °C
via thermocouples). Similarly, uncertainty in total thermal resistance
(R¢ot) Was calculated based on uncertainties in the heater surface tem-
perature (Tp, £2 °C via IR camera) and fluid inlet temperature (Tgp,
+1.1 °C via thermocouples). Pressure measurements had an uncertainty
of £0.25 %, based on the accuracy of the differential pressure sensor.
Comprehensive details regarding the uncertainty calculation procedures
are provided in the Supplementary Notes S3.

3. Results and discussion
3.1. Thermal performance characteristics

Fig. 4 presents boiling curves depicting heat flux as a function of
superheat across varying mass fluxes and microchannel geometries.
Initially, sensible heat transfer dominated, exhibiting a linear relation-
ship between heat flux and superheat. Upon initiation of nucleate
boiling, the sensitivity of heat flux to increasing superheat markedly
decreased, predominantly influenced by enhanced nucleation from the
CulO coatings [23,24] and the advantageous thermophysical properties
of Novec-649, including its low boiling temperature and reduced surface
tension. [20,25]. Notably, a higher mass flux of 2000 kg m~2s~! delayed
boiling initiation due to greater sensible heat capacity, requiring
increased heat flux levels before two-phase heat transfer became
dominant. Furthermore, CHF values improved consistently with
increasing mass flux across all microchannel configurations. Among
these, MMC2 achieved the highest CHF of approximately 237 W em 2 at

Table 4

Uncertainty propagation through experimental equipment and measurement.
Equipment Parameters Accuracy
DC power supply | +450 mV

I +38 mA

K-type thermocouple Ttin Trou Trave +1.1°C
IR camera Ty, Th +2°C
Differential pressure transducer AP +0.25 %
Calculated parameters Uncertainty
q“ <5.0 %
h <10.9 %
Riot <8.5%
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the 2000 kg m~2 s~ condition, even though it experienced relatively
elevated surface temperatures. Conversely, MMC1 and MMC3 exhibited
comparable yet lower CHF values.

Fig. 5 illustrates the base temperature distributions within MMC3 at
two representative heat flux conditions of 42 and 134 W cm™2 under a
mass flux of 2000 kg m~2 s~!. The dimensionless parameter g*, defined
as the ratio of applied heat flux to CHF (q“/q”cur), corresponds to 0.20
and 0.65 at these heat fluxes, respectively, given a CHF value of 205 W
em 2 for MMC3. The heater surface temperatures obtained via IR
thermography were corrected to account for conduction-related tem-
perature drops through the silicon substrate. At the lower heat flux (¢* =
0.20), single-phase jet impingement cooling dominated near inlet re-
gions, resulting in lower base temperatures compared to the outlet re-
gions, where sensible heating was more pronounced [21]. In contrast, at
the higher heat flux (¢* = 0.65), shown in Fig. 5b, this temperature
distribution reversed, exhibiting elevated inlet temperatures due to
significant pressure drops induced by vigorous bubble generation,
causing local saturation temperature reductions along the fluid flow
path [17].

Fig. 6a presents the heat transfer coefficients as functions of applied
heat flux. At a mass flux of 1000 kg m~2 s~!, the heat transfer co-
efficients increased notably with rising heat flux, achieving peak values
near 28,000 W m~2 K ! for MMC1, 21,000 W m 2 K ! for MMC2, and
33,000 W m~2K~! for MMC3. Upon increasing the mass flux to 2000 kg
m~2 s}, MMC1 and MMC3 displayed reductions in heat transfer co-
efficients, while MMC2 exhibited improved performance under the same
heat flux conditions. At a representative heat flux of 100 W cm ™2, MMC1
and MMC3 showed decreases of roughly 14 % and 20 %, respectively,
compared to their values at 1000 kg m 2 s™!. In contrast, MMC2
demonstrated an increase of approximately 9 %, highlighting a domi-
nant convective heat transfer mechanism linked to enhanced liquid
velocities [26,27].

Fig. 6b illustrates the variation of heat transfer coefficients with exit
vapor quality. Consistent with prior observations [14,15], heat transfer
coefficients exhibited a concave trend as vapor quality increased,
reflecting a shift from nucleate boiling to convection-dominated heat
transfer accompanied by intermittent dry-out events. Consequently, the
growth rate of heat transfer coefficients either diminished or sharply
declined at elevated vapor qualities [28]. Increasing mass flux generally
alleviated this decline; however, the extent of mitigation significantly
differed among microchannels. MMC1 experienced the greatest
decrease, approximately 18 % from the peak value near CHF conditions
at 1000 kg m~2 s7!, primarily due to limited liquid replenishment
stemming from its higher aspect ratio, which limits effective liquid
replenishment toward the channel base and promotes local dry-out [17].
Conversely, MMC3 consistently maintained high heat transfer co-
efficients around 33,000 W m 2 K at both mass flux conditions,
reflecting superior resistance to degradation due to its lower aspect ratio
and enhanced liquid replenishment. MMC2 similarly showed reduced
sensitivity to heat transfer deterioration due to balanced geometric
conditions that favor stable convective flow.

Overall, MMC2 displayed lower heat transfer coefficients compared
to MMC1 and MMC3, primarily arising from variations in liquid film
thickness related to channel aspect ratios, as illustrated in Fig. 6¢ [29].
Within confined microchannel environments, liquid film thickness
significantly depends on channel geometry, forming thinner films along
elongated wall surfaces in rectangular channels [30,31]. Specifically,
MMC1's high aspect ratio promoted thinner liquid films along the nar-
row sidewalls, whereas MMC3, characterized by a lower aspect ratio,
favored thin films predominantly on the channel base [32]. Both MMC1
and MMC3 benefited from these thin films, enhancing local evaporation
rates [33]. Conversely, MMC2, with its symmetrical square geometry,
produced relatively thicker liquid films, resulting in reduced convective
heat transfer efficiency.

Fig. 6d presents the decomposition of total thermal resistance into
conduction, convection, and advection components under identical heat
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Fig. 5. Base temperature distribution within a 3 x 3 mm? zoomed-in region for MMC3 at 2000 kg m~2 s~ ! under varying heat flux conditions: a, 42 W cm ™2 (¢* =

0.20), and b, 134 W em 2 (g* = 0.65).

and mass flux conditions. Conduction resistance remained relatively
constant across configurations due to the stable thermal conductivity of
the silicon substrate. Advection resistance consistently declined with
increased mass flow rates, reflecting enhanced sensible heat removal
consistent with prior single-phase flow studies [13,34,35]. Convection
resistance was highest for MMC2, directly attributed to its relatively
thicker liquid films. In contrast, MMC1 and MMC3 displayed signifi-
cantly lower convection resistances due to thinner liquid films formed
along their narrow sidewalls and broader channel bases, facilitating
more efficient heat transfer [36].

3.2. Thermal instability and flow visualization

With increasing vapor quality toward annular flow, intensified
convective heat transfer coexisted with frequent local dry-out events,
creating inherent instability [37,38]. Although porous CulO surfaces
initially promoted nucleate boiling, the thinning liquid film inevitably
transitioned toward annular flow within microchannels at higher vapor
qualities, leading to intermittent dry-out events. This instability evolved
significantly depending on the microchannel aspect ratio, reflecting a
geometric dependency similar to thermal resistance behavior. Conse-
quently, an inherent trade-off emerged between achieving high CHF and
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Fig. 6. The heat transfer coefficient, schematic representations of vapor dynamics within microchannels and thermal resistance. a, Heat transfer coefficient versus
heat flux, b, Heat transfer coefficient versus exit thermodynamic vapor quality, ¢, Feasible flow behaviors based on different microchannel geometries, and d, Total
thermal resistances-mass flow rate relationships and Rggy, Reony, and Reong at constant heat and mass flux (Table 3).

maintaining elevated heat transfer coefficients during flow boiling. This
section explains the relationship between temperature instability and
liquid film dynamics, linking these phenomena directly to flow
behavior. In-situ visualization results distinctly identify the CHF trig-
gering mechanisms within MMC devices.

Fig. 7(al-a3) presents temporal fluctuations of base temperature
recorded at ¢* = 1.0 for MMC1, MMC2, and MMC3. The y-axis indicates
instantaneous deviations from the mean base temperature, denoted as
Tp(t). At the lower mass flux of 1000 kg m 2 s’l, temperature oscilla-
tions were markedly pronounced than those observed at the higher mass
flux condition, with their magnitude influenced by geometrical condi-
tions. MMC1 and MMC3 demonstrated a maximum temperature differ-
ence of about 7.3 °C and 8.0 °C, respectively, whereas MMC2 exhibited
relatively mild fluctuations around 2.3 °C. The thermal stabilization
trend at an increased mass flux of 2000 kg m~2s~! varied distinctly with

geometry: MMC1 still displayed substantial (~2.8 °C), whereas MMC2
and MMC3 remained within the IR measurement uncertainty (£2 °C).
Based on these results, two primary instability mechanisms were
identified, influenced by the interplay of mass flux and channel geom-
etry. The first mechanism is thin-film breakup within microchannels
[38]. At the lower mass flux of 1000 kg m 2 s’l, MMC1 and MMC3
exhibited pronounced instability primarily due to rapid breakup of thin
liquid films, enhancing evaporation but simultaneously causing signifi-
cant temperature fluctuations. These films increased evaporation areas
and promoted efficient heat transfer, but simultaneously facilitated film
breakup easily and thereby intensified temperature instability [39].
Conversely, MMC2 displayed lower temperature variations, indicating
that it maintained a relatively thicker liquid film, which was less sus-
ceptible to breakup. These observations align well with the previously
discussed trends in heat transfer coefficients shown in Fig. 6¢c. The
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Fig. 7. Base temperature fluctuations at ¢* = 1.0 and corresponding flow visualization. al-a3, Time-dependent temperature variation by mass fluxes at the last data
point, and b1-b3, High-speed visualization of unit cells for MMC1, MMC2, and MMC3 (top: 1000 kg m~2 s, bottom: 2000 kg m~2 s™!, and scale bars are 1 mm).

instability from film breakup was effectively mitigated as mass flux
increased, which was primarily attributed to the sufficient liquid supply,
suppressing the frequency of partial dry-out. Moreover, the microporous
CulO coatings further helped delay dry-out initiation by continuously
replenishing the liquid at the higher mass flux condition, even at high
heat flux (g* = 1.0) [40-42]. In this regard, the favorable thermo-
physical properties of Novec-649, particularly its low surface tension,
facilitated efficient liquid inflow into the porous CulO structures via
capillary action [43].

The second mechanism, liquid supply impediment due to inlet
blockage, predominantly affected MMC1. In MMC1, narrow micro-
channel dimensions significantly amplified flow resistance, leading to
persistent bubble accumulation within manifold inlet conduits
(Fig. 7b1). These bubbles generated within the narrow microchannels
occasionally migrated backward into the inlet conduits, driven by the
high flow resistance associated with smaller channel dimensions. As a
result, they impeded fresh liquid inflow continuously, thereby causing
persistent temperature instability that remained unresolved even at
higher mass flux conditions [44]. Conversely, MMC2 and MMCS3,

characterized by larger microchannel widths and thus lower flow re-
sistances, exhibited minimal inlet blockage. Effective liquid supply in
these geometries substantially improved thermal stability under
increased mass flux conditions (Fig. 7b2 and b3).

Despite the distinct thermal stabilization behaviors observed in
Fig. 7, backflow consistently propagated upstream through the manifold
inlet plenum, promptly inducing CHF upon incremental heat flux in-
creases (Fig. S4). Given the incremental heat flux step (~10 W cm’z),
the g* value slightly exceeded unity (~1.06), surpassing CHF and thus
necessitating immediate termination of experiments upon sudden tem-
perature excursions to prevent device damage. Although backflow
phenomena have previously been documented in microchannel boiling
studies [45,46], comprehensive insights specifically addressing irre-
versible dry-out within MMC systems remain limited.

Fig. 8 elucidates the fundamental mechanism underlying backflow
initiation and subsequent CHF in MMC devices, based on representative
sequential visualization images immediately following the conditions
depicted in Fig. 7b2 (g* > 1). Specifically, inertial effects at the manifold
inlet resulted in significant non-uniformity in coolant distribution

—<

Microchannel number /!

Mass flux
Vapor fraction

*Not to scale

Fig. 8. Backflow visualization and depiction with approximate flow estimation. a, Backflow images from MMC2's manifold inlet plenum and conduit as a direct
cause of CHF at 1000 kg m2s?! (g* ~ 1.06, and scale bars are 0.5 mm), and b, Schematic side view with anticipated liquid mass flux and vapor fraction (not

to scale).
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among microchannels, substantially reducing flow rates in channels
proximal to the inlet plenum [47,48]. Conversely, channels located
farther from the manifold inlet maintained higher coolant flow rates,
thereby sustaining effective subcooling with minimal bubble accumu-
lation [44]. Such pronounced flow maldistribution led to extensive
bubble build-up and elevated local pressures in microchannels near the
inlet [49]. Consequently, coolant inflow into these microchannels was
severely impeded, progressively deteriorating local subcooling condi-
tions and triggering backflow.

Once backflow occurred, it propagated upstream into the manifold
inlet conduits, further exacerbating the flow imbalance and initiating an
irreversible cascading effect that significantly compromised liquid
replenishment [50]. This mechanism underscores why MMC2, charac-
terized by its smaller effective evaporation area fraction, exhibited
relatively lower convective heat transfer performance but more effec-
tively suppressed dry-out initiation, thereby achieving a higher CHF
compared to MMC1 and MMC3 [39,51].

3.3. Pressure drop

Fig. 9 presents the variation of pressure drop with increasing heat
flux under different mass flux conditions. Overall, the pressure drop
notably increased with rising heat flux, especially in the two-phase
regime, due to vigorous bubble nucleation intensifying both frictional
and accelerational pressure components. Even at relatively low heat flux
conditions, average base temperatures generally exceeded the fluid
saturation temperature (Fig. S5), signifying predominantly two-phase
flow conditions across the entire tested heat flux range. Although pre-
vious research reported slight pressure drop reductions in single-phase
flows caused by property variations [42], such trends were not
observed in the current experiments.

Pressure drop consistently rose with increasing mass flux across all
microchannel geometries [52]. MMC1 exhibited the highest pressure
drop, reaching approximately 35.1 kPa at the maximum tested mass
flux, primarily due to significant flow disturbances caused by frequent
bubble clogging in its narrow manifold inlet conduits, greatly increasing
flow resistance.

In contrast, MMC2 demonstrated the lowest maximum pressure drop

(~26.6 kPa), despite achieving the highest CHF. This unique
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performance trade-off in MMC2 arose from its balanced geometry,
which effectively delayed dry-out and suppressed bubble-induced in-
stabilities by maintaining relatively thicker liquid films and stable
coolant transport. However, these thicker films simultaneously reduced
localized evaporation efficiency, resulting in comparatively lower heat
transfer coefficients relative to MMC1 and MMC3, where thinner films
significantly enhanced evaporation rates.

MMC3 exhibited intermediate pressure drop values, reflecting
moderate flow resistance enabled by its wider channel structure and
higher mass flow rates, balancing bubble dynamics with stable liquid
replenishment. Previous studies on the relationship between micro-
channel aspect ratio and pressure drop remain inconclusive [53-55];
however, these results highlight that the specific geometric and flow
conditions significantly influence both pressure drop and thermal per-
formance in manifold microchannel systems. To complement these re-
sults, a benchmarking comparison is provided in the Supporting
Information (Fig. S6, Supplementary Notes S4), which contextualizes
the present results against related studies [56-60].

4. Conclusions

This study systematically investigated the thermal-hydraulic
behavior of CulO-coated manifold microchannel heat sinks with Novec-
649 as the working fluid. The results demonstrate how channel geom-
etry and mass flux dictate the balance between CHF, heat transfer effi-
ciency, and flow stability.

Square channels (MMC2) achieved the highest CHF of 237 W cm 2
while maintaining a relatively low pressure drop of 26.6 kPa, enabled by
stable flow distribution and thicker liquid films. Their performance,
however, was limited by a lower heat transfer coefficient of ~26,000 W
m 2K L High-aspect-ratio channels (MMC1) initially delivered supe-
rior heat transfer through thin-film evaporation, but efficiency declined
at higher heat flux due to restricted liquid replenishment and localized
dry-out. Low-aspect-ratio channels (MMC3) sustained stable evapora-
tion and reached heat transfer coefficients up to 33,000 W m 2 K’l,
though with lower CHF compared to MMC2.

The observed trade-off between CHF and heat transfer coefficient
originates from liquid film dynamics imposed by channel geometry.
Instability patterns further reflected this dependence: MMC1 showed
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Fig. 9. Pressure drop as a function of applied heat flux for all cases: a, 1000 kg m~2 s~! mass flux, and b, 2000 kg m~2 s~ mass flux.
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persistent oscillations from inlet bubble blockage, MMC3 exhibited early
fluctuations from thin-film breakup that diminished at higher mass flux,
and MMC2 consistently maintained minimal instability. CHF was trig-
gered by backflow from inlet-side microchannels, caused by uneven
liquid distribution in the manifold, which reduced local mass flux and
weakened subcooling. Pressure drops followed the same geometric
trend, with MMC1 presenting the highest resistance, MMC2 the lowest,
and MMC3 an intermediate level. These experimentally validated results
provide mechanistic insight into how geometry governs boiling perfor-
mance, offering quantitative benchmarks and design guidance for two-
phase cooling in high-power electronic devices and data-intensive
applications.
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