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continuous advancement in computing capabilities and the miniaturization of electronic devices.
However, the detailed mechanisms by which pin-fin shape influences microscale flow patterns
and thermal behaviour remain insufficiently understood, necessitating further in-depth investi-
gation. This study experimentally evaluates the performance of the MCHXs with circular,
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diamond, and drop pin-fins. A high-speed camera is used to visualise the bubble growth process
and investigate the flow regimes variation under different heat fluxes and flow rates. The results
show that, at a heat flux of 90 kW/m?, the maximum equivalent bubble diameters for diamond,
circular, and drop are 4.6 mm, 4.1 mm and 3.9 mm, respectively, leading to the lowest pressure
drop for the MCHX with drop shapes.

1. Introduction

As high-power electronic devices advance toward greater miniaturization and integration, their heat flux has escalated over 300
W/cm?, surpassing the heat dissipation capacity of conventional cooling technologies [1-3]. In contrast, microchannel heat transfer
technology, known for its high efficiency and compact structure, has emerged as a promising solution for next-generation thermal
management [4].

The instability of phase-change heat transfer in micro-channel heat exchanger (MCHS) has been a major bottleneck in the
development of microscale cooling technologies, as various parameters, including inlet velocity, heat flux, channel diameter, and
vapor quality, significantly influence the transition mechanisms of two-phase flow regimes [5-9]. Gu et al. [10] experimentally
investigated flow regime development in a steam-heated vertical rectangular narrow channel, identifying five primary two-phase flow
patterns: bubble flow, confined bubble flow, slug flow, churn flow, and annular flow. As mass flow increases, churn and annular flow
fractions gradually increase at low vapor quality. Yu et al. [11] studied the effect of sudden heat flux increments on two-phase flow
regimes in flow boiling, revealing that different heat flux increase rates lead to distinct flow regime transitions. A sudden heat flux rise
induces severe flow regime fluctuations, particularly in bubble flow, which rapidly evolves into annular flow and may even cause
localized dry out. Feng et al. [6] carried out experimental research on flow boiling heat transfer and flow regimes of R245fa in a smooth
horizontal MCHX. The results identified bubble/slug flow, liquid film evaporation, and annular flow as dominant two-phase flow
regimes. Among them, annular flow exhibited superior heat transfer capacity, though the study did not analyse the impact of flow
regimes on pressure drop. Xue et al. [12] investigated the flow behaviour of azeotropic R290/R600a mixture within a 6 mm horizontal
MCHX, showing that at high heat flux, slug flow rarely occurs. Increasing heat flux accelerates the boiling process, leading to a sig-
nificant increase in local vapor velocity. Chang et al. [13] performed three-dimensional unsteady numerical simulations on the
environmentally friendly refrigerant R1234ze(E) in a small tube. Their results demonstrated that with increasing vapor quality.
Additionally, higher mass flow leads to a reduction in the vapor quality required for flow regime transitions. Shin et al. [14] inves-
tigated the flow regime evolution of oil-gas mixtures in horizontal tubes, identifying seven distinct flow patterns: smooth stratified
flow, wavy stratified flow, annular flow, plug flow, slug flow, bubble flow, and dispersed bubble flow. Rong et al. [15] examined
vertical annular channels with different gap sizes, concluding that higher heat flux, fluid velocity, and subcooling shorten bubble
growth cycles, while bubble growth rates depend on the distance between the bubble and the heated wall. Although these studies have
explored the effects of various parameters on the two-phase flow state and heat transfer efficiency, they are limited to room tem-
perature refrigerants, and research on refrigerants such as electronic fluorinated liquids is very limited.

During flow boiling, the interfacial morphology is influenced by fluid velocity, microstructure surface characteristics, and fluid
physical properties, leading to various flow regimes. Extensive research has been conducted on structural optimization [16,17],
surface roughness [18,19], and porosity [20,21] to improve flow behaviour at the heat transfer interface and enhance MCHX heat
transfer capability. Some studies specifically investigated the impact of pin-fin shape on heat transfer enhancement in MCHXSs. Pin-fin
structure is one of the most efficient methods to improve the heat transfer capability of MCHX. Numbers of studies have been con-
ducted to investigate the impact of pin-fin shape on heat transfer enhancement in MCHXs. Darekar et al. [22] experimentally studied
two-phase flow regimes in Y-junction MCHXs. Their findings indicated that as the diameter of MCHX increases, flow regime transitions
occur at lower flow velocities. Donaldson et al. [23] investigated the mechanism of two-phase flow regime transitions in serpentine
MCHXs with different curvature radii, revealing that smaller curvature radio promote bubble breakup and enhance heat transfer.
Moharana et al. [24] performed numerical simulations on bubble formation and surface movement in circular, elliptical, and com-
bined circular-elliptical tube bundles. Their results demonstrated that elliptical tube bundles increase heat transfer by 3 %-26 % while
reducing pressure drop by 56 %-94 %. Odumosu et al. [25] used numerical simulations to analyse flow boiling heat transfer and
bubble growth in wavy MCHXs with different corrugation levels. They found that as MCHX corrugation increases, bubble generation
intensifies, and bubble-induced disturbances enhance heat transfer. Peng et al. [26] conducted 3D CFD simulations of flow and heat
transfer in multi-jet MCHXs, showing that multi-jet MCHXs outperform conventional MCHXs in both heat transfer and pressure drop
characteristics.

In summary, extensive research has explored flow boiling characteristics and heat transfer optimization in MCHXs with different
shapes. However, the studies for the influence of microchannel pin-fin structures on flow regime transitions and heat transfer
mechanisms remain limited. To address this gap, the present study systematically examines three distinct pin-fin shapes (circular,
diamond, and drop) to analyse their effects on internal microscopic flow, heat transfer, and pressure characteristics within MCHXs. The
bubble growth process was visualized by using high-speed camera, and the evolution of flow regimes with increasing heat flux was
characterized by the three pin-fin shapes. The findings provide a theoretical foundation for enhancing the heat transfer performance of
MCHZXs for electrical cooling.
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2. Experimental systems and data processing
2.1. Experimental test rig

A two-phase flow microchannel heat sink test rig was constructed as shown in Fig. 1 to investigate the effects of different pin-fin
shapes on the two-phase flow and heat transfer characteristics in MCHXs. The test rig includes MCHX testing module, flow control
module, cooling module, temperature and pressure acquisition module, and high-speed image acquisition module.

The structure of the MCHX testing module is shown in detail in Fig. 2. From top to bottom, the upper sealing cover contains a
visualization window for capturing two-phase flow images. The MCHX is positioned beneath this cover, and its surface is machined
into fins of different shapes. The coolant inlet and outlet are arranged on both sides, where two pressure sensors are installed to
monitor the pressure drop. Nine temperature sensors are arranged in a 3 x 3 layout on the copper surface to evaluate the heat transfer
characteristics. Adjacent to the MCHX is the heating module, consisting of eight cartridge heaters embedded in copper blocks and
powered by an adjustable DC power supply with a maximum capacity of 700 W. In the experiments, the heating power applied to the
MCHX was controlled within 20-140 W, corresponding to average heat fluxes of 3.9-27.3 W/cm?. During operation, the mass flow rate
of Novec-649 was varied between 0.6 and 1.4 g/s, and the inlet liquid temperature was maintained at 22 + 0.3 °C to ensure consistent
and repeatable testing conditions. The entire assembly is sealed with O-rings and vacuum sealant to maintain airtightness, and
insulation material is applied externally to minimise heat loss.

Fig. 3 shows the pin-fin shapes and arrangement structure of the processed MCHX. As shown in the figure, three shapes of pin-fin
arrays including circular, drop, and diamond, are processed on the surface of a 50 * 50 mm copper block. The circular, diamond, and
teardrop pin-fin configurations were designed with the same total channel volume and pin-fin arrangement density, ensuring identical
fluid volume for all cases. Only the pin-fin cross-sectional shape varies among the three structures, enabling a direct comparison of
their heat transfer and flow performance.

Novec-649 is used as a coolant, and its thermophysical properties are listed in Table 1.

In this work, experiments were conducted on the two-phase flow and heat transfer capacity in microchannel heat sinks under
different pin-fin shapes, flow rates, and heating powers. Before the experiment, open the pump and valve to circulate the coolant and
exhaust the gas inside the microchannel heat sinks, in order to reduce the impact of residual air in the system on the results. Then adjust
the output power of the adjustable DC power supply and record the data after the two-phase manifold and temperature are stabilized.
The experimental data was collected in real-time through temperature sensors, pressure sensors, and high-speed cameras.

2.2. Data analysis
The flow velocity of the coolant at the MCHX inlet is specified as

m

/)Ain (1)

Vin =

where p is the liquid density, Ain represents the cross-sectional area at the MCHX inlet, and m is the mass flow rate.
Hence, the mean velocity within the MCHX can be represented by

LED light

\

Flow meter Gear pump Reservoir

Fig. 1. The configuration and instrumentation for two-phase flow microchannel experiments.
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Fig. 3. The structural and physical diagrams of MCHX.

Table 1
Thermophysical properties of Novec-649.
Property Value Property Value
Molecular weight 316.04 g/mol Boiling point 49°C
Liquid density 1630 kg/m> Vapor density 8.6 kg/m®
Dynamic viscosity 0.61 mPa s Surface tension 11.9 mN/m
Specific heat 1100 J/(kg-K) Thermal conductivity 0.057 W/(m-K)
W, W, — @2
v=| ——r—t vy (2)
W W,

where W1 and W2 respectively denote the longitudinal and lateral distances separating the centers of two fins.
Hence, the Renold number (Re) is determined by

D,
Re="V"n 3
H
where p is the liquid density, p is the liquid kinematic viscosity, and Dy, is the hydraulic diameter.
The hydraulic diameter Dy, is defined as
4Vﬂ0w
Dh = p @
in which
7D?
Viiow = (Wl W, — T) Hpin 5)
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Fig. 4. Variation of the maximum equivalent bubble diameter for the MCHX under various mass flow rates and pin-fin shapes.
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nd®
Apr = (W1 W3) — e + nDHpin (6)

Hence, the average heat flux, denoted by q, can be represented as
q= 2 )

where A is the area of the MCHX.
The experimental pressure drop is calculated as
AP =Py, — Pou (8)

where Pin is the pressure at the MCHX inlet and Pout is the pressure at the MCHX outlet.
The maximum equivalent bubble diameter Dy ,.x was calculated as:

N
Z (max Db,i]«> 9)
i=1 J

where N is the total number of sampled frames, and Dj ; represents the equivalent diameter of the j™ bubble detected in the it frame.
The bubble identification and segmentation were performed using an image-processing algorithm adapted from the work of Wang
[11]. This approach has been validated for accurate bubble detection and dynamic tracking.

Dp max =

2/~

2.3. Uncertainty analysis

All measurements were conducted using calibrated sensors and instruments. The overall uncertainties of the measured and derived
parameters were estimated according to the standard propagation-of-error method. The maximum uncertainties were +0.5 K for
temperature, +£0.25 % FS for pressure, +0.2 % FS for flow rate, and +0.1 mm for bubble diameter obtained from image calibration.

For a quantity R calculated as a function of independent variables x7,x3, ...,X,, the combined uncertainty Ur can be expressed as:

10

where Uy, denotes the uncertainty of variable x;.

The uncertainty in the calculated heat flux was estimated to be £3.5 %, and that of the Reynolds number was +2.3 %. The un-
certainty in heat flux primarily arises from the measurement accuracy of the heating power and the effective heat transfer area,
whereas the uncertainty in the Reynolds number is mainly attributed to the uncertainties in mass flow rate, fluid properties, and
hydraulic diameter. The steady-state condition was defined as a temperature fluctuation of less than 0.2 °C over a duration of 60 s.
Before each experiment, the working fluid was degassed for 30 min under a vacuum of approximately —90 kPa to ensure consistent
nucleation behaviour.
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Fig. 5. Comparison of pressure drop in MCHXs with different pin-fin shapes under various flow rates.
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3. Results and discussions

Fig. 4 (a) presents visualized two-phase flow and extracted bubbles of Novec-649 in MCHXs with circular, diamond, and drop pin-
fin arrays. Fig. 4 (b) illustrates the effect of mass flow rate on the equivalent bubble diameter in MCHXs with different pin-fin shapes
under heating powers ranging from 20 to 60 W, corresponding to specific heat fluxes. The findings suggest that in two-phase flow, the
equivalent bubble diameter increases with increasing mass flow rates. This is mainly because the higher bubble number density at
greater mass flow rates, which enhances bubble collision probability and facilitates the coalescence of smaller bubbles into larger ones.
Additionally, MCHX shape has a considerable influence on bubble size, with the maximum bubble diameter following the order of
drop, circular, and diamond. The maximum bubble diameters for diamond, circular, and drop are increased by 135 %, 292 %, and 601
%, respectively, with the mass flow rate increasing from 0.6 g/s to 1.4 g/s. In drop microchannels, the streamlined wall structure
generates strong shear forces that stretch and break bubbles along the flow direction, resulting in smaller bubble size [27]. In contrast,
circular microchannels exert a weaker stretching and fragmentation effect on bubbles, leading to a larger maximum bubble diameter
compared to the drop shape. For diamond pin-fin array, bubbles tend to accumulate and coalesce in corner regions, leading to the
largest maximum bubble diameter.

Fig. 5 presents a comparison of pressure drops in microchannels with different shapes under various flow rates. The results
evidently show that the pressure drop rises with higher flow rates. When the cross-sectional area of the channel remains unchanged,
increasing the flow rate causes the velocity of the fluid to rise. As a result, the frictional pressure drop correspondingly becomes more
pronounced. When the mass flow rate rises from 0.6 g/s to 1.4 g/s, the pressure drops of the MCHX with circular, diamond, and
waterdrop pin-fin shapes exhibit respective increases of 183 %, 147 %, and 184 %.

Fig. 6 presents a comparison of the maximum equivalent bubble diameter in MCHXs with different pin geometrics at a mass flow
rate of 1.4 g/s with various heat fluxes. Overall, the diamond shape shows the highest equivalent diameter, while the maximum
equivalent diameters for the rest two shapes are relatively the same. It is worth mentioning that as heat flux increases, the maximum
equivalent diameters for all three shapes initially rise due to enhanced vapor generation, then decline as excessive nucleation induces
violent bubble coalescence and fragmentation. This phenomenon is primarily attributed to enhanced heat transfer from the walls of
MCHXs to the fluid, which intensifies local liquid superheating, making bubble formation and rapid growth more likely [28]. At a heat
flux of 9 W/cm?, the maximum equivalent bubble diameters for diamond, circular, and drop pin-fins are 4.6 mm, 4.1 mm and 3.9 mm,
respectively.

Fig. 7 shows the variation of the pressure drops with heat fluxes for MCHXs with three pin-fin shapes at a mass flow rate of 1.4 g/s.
The pressure drops across MCHXs with both three pin-fin shapes all increase with the heat flux. This phenomenon is primarily
attributed to the morphological changes of large bubbles and their impact on flow resistance. As bubble size increases, bubbles can
elongate and form slug flow, increasing the contact area with the channel walls, thereby enhancing flow resistance. Additionally, the
interfacial tension effects of larger bubbles become more pronounced, further contributing to additional flow resistance [29]. How-
ever, the pressure drops reach the maximum heat power of 140 W while the corresponding equivalent diameters are decreased for
three pin-fin shapes. This is because the progressive increase in heating power induces gradual bubble fragmentation, consistent with
the trends documented in prior observations. The pressure drop follows the order of drop, circular, diamond microchannels, which is
consistent with the earlier conclusions regarding maximum bubble diameter. At a heat power of 140 W, the diamond, circular, and
drop pin-fin arrays have a pressure drop of 6.1 kPa, 2.1 kPa, and 1.4 kPa, respectively.

The bubble morphology in MCHXs significantly affects flow characteristics, heat transfer performance, mass transfer efficiency, and
system stability, making its study essential. Fig. 8 illustrates the relationship between circularity and flow rate in MCHXs with different
pin-fin shapes. Experimental results show that higher flow rates result in more deformed bubble shapes. Under low flow rate condi-
tions, surface tension dominates, causing bubbles to remain spherical to maintain the minimum surface area for stability. As the flow
rate increases, inertial forces strengthen, and shear forces intensify, leading to bubble deformation into ellipsoidal, flattened, or

46 Circular
Diamond
Ed4r —— Drop

2 3 4 5 6 7 8 9 10 11 12
Heat flux (W/cm?)

Fig. 6. Comparison of maximum equivalent bubble diameter in MCHXs with different shapes under various heat flux.
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Fig. 8. Relationship between circularity and flow rate in MCHXs with different pin-fin shapes.

elongated shapes. Additionally, at low flow rates, bubbles in prismatic MCHXs exhibit slightly higher circularity than those in drop
MCHXs. However, with increasing flow rate, the difference between them becomes more pronounced. In drop microchannels,
enhanced shear forces at the trailing edge facilitate bubble deformation, while prismatic MCHXs, due to corner-induced complex
vortices, make bubbles more prone to deformation or even rupture, ultimately resulting in the lowest circularity [30].

Fig. 9 illustrates the relationship between bubble velocity and mass flow rate in MCHXs with three pin-fin shapes. As the mass flow
rate increases, bubble velocity rises correspondingly for all shapes due to the enhancement of turbulent kinetic energy within the
channel. When the mass flow rate increases from 0.6 g/s to 1.4 g/s, the bubble velocities increase by 131.3 % for the circular shape,
169.5 % for the diamond shape, and 138.4 % for the drop shape. Among the three pin-fin shapes, the diamond-shaped channel exhibits
the highest bubble velocity, followed by the circular and then the water drop shape. This is due to the angular features of the diamond-
shaped channel, which induce stronger vortex disturbances, significantly enhancing bubble movement speed. In contrast, the
streamlined boundaries of the circular and water drop-shaped channels effectively suppress flow separation. At a mass flow rate of 1.4
g/s, the bubble velocity in the diamond-shaped channel is 62.1 % higher than that in the circular channel and 78.8 % higher than that
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Fig. 9. Variation of bubble trajectory with mass flow rate.

in the water drop-shaped channel.

Fig. 10 illustrates a comparison of temperature distributions at multiple positions within MCHXSs of different pin-fin shapes, under a
mass flow rate of 1.4 g/s and a heating power of 140 W. The average temperature in the MCHXs with circular, drop, and diamond pins
are 56 °C, 61 °C, and 58 °C, respectively. Thus, the circular MCHX shows the highest two-phase heat transfer capacity, followed by
drop pin, while the MCHX with diamond pin-fin array exhibits the poorest capacity. Similarly, temperature uniformity is also the
highest in circular MCHXs. This is attributed to the stable flow of liquid and bubbles, which enhances heat transfer efficiency. In
contrast, diamond MCHXs exhibit the lowest heat transfer capacity and temperature uniformity, primarily due to the presence of flow
recirculation zones, bubble accumulation in corner regions, and non-uniform temperature distribution, leading to reduced heat
transfer efficiency [31].

Fig. 11 presents the boiling curves of MCHXs with different shapes at a mass flow rate of 1.4 g/s. Overall, circular MCHXs exhibit
the highest heat transfer efficiency, while diamond MCHXs exhibit the lowest. However, after exceeding the critical heat flux (CHF)
and entering the initial stage of deteriorated heat transfer in film boiling, the heat transfer efficiency of all MCHXs becomes com-
parable. This is primarily due to the formation of a vapor film, which reduces heat transfer capabilities across all channels, causing
their heat transfer performance to converge during the initial phase of deterioration [32]. As the heat flux further increases, differences
in vapor film thickness, stability, and flow patterns emerge among the MCHXs, leading to divergent heat transfer performance once
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again. During the experiments, the critical heat fluxes for circular, diamond, and drop shapes are 27.3 W/cm?14.8 W/cm?, and 16.9
W/em?, respectively. The points where the MCHX with three pin-fin shapes reach the critical heat flux are all close to the wall su-
perheat of 60 °C. The shape with the poorer heat transfer effect will reach the critical point earlier.

10
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Fig. 12 illustrates the critical heat flux (CHF) in microchannels with different shapes under various mass flow rates. The results
indicate that the circular pin-fin array exhibits the highest CHF, reaching 27.3 W/cm?, primarily due to its superior flow uniformity,
enhanced wall wettability, and faster bubble detachment [33]. The drop pin-fin array ranks second, with a CHF of 16.9 W/cm?,
demonstrating relatively favourable flow characteristics. However, the increased shear force in the trailing region may lead to the
premature formation of local dry spots [34]. The diamond pin-fin array exhibits the lowest CHF, only 14.8 W/cm?, mainly due to flow
non-uniformity in the corner regions, where bubble accumulation reduces heat transfer efficiency. Furthermore, in all microchannels,
CHF increases with rising mass flow rates. This is primarily attributed to higher flow velocities enhancing liquid redistribution and
turbulent heat transfer, effectively suppressing localized dry out phenomena.

4. Conclusions

This research comprehensively examined the heat transfer and two-phase flow behaviors within microchannel heat sinks featuring
various pin-fin shapes, leading to the following key findings:

(1) Drop-shaped pin-fin array generates the smallest bubbles, while the MCHX with diamond pin-fin array form the largest bubbles
due to bubble accumulation in corner regions. The maximum bubble diameters for diamond, circular, and drop are increased by
135 %, 292 %, and 601 %, respectively, with the mass flow rate increasing from 0.6 g/s to 1.4 g/s.

(2) The pressure drop rises as the mass flow rate and bubble diameter increases. Drop pin-fin arrangement exhibits the lowest flow
resistance, whereas diamond microchannels experience the highest resistance. At a mass flow rate of 1.4 g/s, the pressure drop
of the microchannels with diamond pin-fin is approximately 188 % higher than that of the microchannel with circular pin-fin
array and about 319 % greater than the microchannel with drop pin-fin array.

(3) Microchannel with circular array demonstrate the highest heat transfer efficiency, followed by drop microchannels, while
diamond microchannels perform the worst due to non-uniform temperature distribution and the presence of recirculation
zones.

(4) Circular pin-fin array exhibits the highest CHF, followed by drop microchannels, while diamond microchannels have the lowest
CHF. At a mass flow rate of 1.4 g/s, the circular microchannels achieved a critical heat flux of 27.3 W/cm?, exceeding the
diamond by 43.3 % and the drop by 15.1 %.
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