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Heat flux in electronic devices has increased dramatically with the development of 
advanced IC technology, facing the demand for effective thermal management 
technology. Micro pin-fin heat sink (MPFHS) has been demonstrated to be capable 
of improving the heat transfer capability and suppressing temperature rise effec-
tively. In order to elaborate the discrepancy of heat dissipation of the MPFHS due 
to the cross-section shapes of pin-fin structures a set of heat sink samples with four 
different shapes, including the circle-MPFHS, the square-MPFHS, the crisscross-
MPFHS, and the octagon-MPFHS, are fabricated with micromachining technol-
ogy. Then, the thermal characteristics are tested by integrating the heat sinks with 
a Pt film resistor chip as the heating source, and nucleate boiling phenomenon was 
observed with a high-speed camera. Results showed that concave corners in pin-
fin structures increased the specific surface area, but generated low velocity vor-
texes in back flow regions, reducing the heat transfer capability. The heat transfer 
coefficients of the octagon-MPFHS, the crisscross-MPFHS, and the circle-
MPFHS was increased by 161.9 %, 152.4%, and 85.7 %, respectively, relative to 
the square-MPFHS at the flow rate of 147 kg/m2s. The heat transfer coefficients of 
the octagon-MPFHS, the crisscross-MPFHS, the circle-MPFHS, and the square-
MPFHS was increased by 7.27%, 11.32%, 2.56%, and 4.76% when the mass-flow 
rate was increased from 147 kg/m2s to 295 kg/m2s. The nucleate boiling phenome-
non in the crisscross-MPFHS showed periodicity and positive feedback effect, re-
sulting in local dry-out and consequent heat transfer capability deterioration. This 
study will contribute to the design and modification of MPFHS. 
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Introduction 

As the size of electronic devices shrinks with the development of advanced IC tech-

nology, the number of transistors per unit area of the chip increases substantially, resulting in 

continually rising heat flux inside devices [1]. According to the International Technology 

Roadmap for Semiconductors, the average heat flux inside chips may exceed 1000 W/cm2, 
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which introduces a great demand for effective thermal management technology [2]. Microchan-

nel heat sink (MCHS) has been demonstrated capable of heat dissipation with 710 W/cm2 [3]. 

Secondary microchannels [4-6], double-layer microchannels [7-10] and bionic fractal micro-

channels [11-14] have been innovatively investigated to improve the heat transfer capability. 

Other strategies have also been proven to be effective, such as phase change material [15-17], 

nanofluid [18-20], and flow boiling cooling [21-23].  

Compared with conventional parallel MCHS, MPFHS naturally features many merits, 

including breaking the boundary-layers, generating secondary flow, and promoting nucleate 

boiling. Lie et al. [24] compared the heat transfer performance of MPFHS with structures of 

different sizes and observed that the micro-pin-fin structures could accelerate the speed and 

frequency of bubble departure. Woodcock et al. [25] proposed a novel piranha MPFHS, which 

achieved effective heat dissipation with up to 1000 W/cm2. Lorenzini et al. [26] experimentally 

studied that non-uniform distribution of pin-fin structures could slightly improve heat transfer 

capability via more dense pin-fin structures at the hotspot with a relatively large increase of 

pressure drop. Heo et al. [27] proved that the viscosity and lower Poiseuille number could be 

reduced by increasing the surface roughness of pin-fin structures. Chen et al. [28] simulated the 

effects of surfaces with different hydrophilic and hydrophobic characteristics on the growth, 

coalesce and removal of bubbles, which showed that the hydrophilic side wall with hydrophobic 

top favors the growth and removal of bubbles. 

However, most of the studies on the thermal characteristics of MPFHS focus on the 

size and the arrangement of pin-fin structures, or modifying the surface characteristics of the 

solid structure (such as roughness, hydrophilicity, and hydrophobicity). The dependence of heat 

transfer capability on geometry parameters has not been characterized clearly with different 

pin-fin structures, especially fabricated with silicon substrate. In micro-scale forced convection 

heat dissipation, the change of cross section shape forms different flow and temperature fields, 

which will affect the generation, coalesce, and escape of bubbles, and ultimately affect the heat 

transfer capability of the heat sink. Although numbers of inspired pin-fin structures have pro-

posed and demonstrated, it is still unknown which geometric feature plays the decisive role in 

the enhancement of heat transfer capability. The analysis of geometric detailed features has a 

guiding significance for the design of new structures in the future. 

In this study, MPFHS samples with different cross-sections of: circle, square, criss-

cross, and octagon were proposed and fabricated with silicon through MEMS technology. With 

a Pt resistor chip as the heating source, experiments based on a test module were conducted. 

The heat transfer capability of heat sinks with different pin-fin structures was comprehensively 

compared and the flow boiling phenomenon as well as local dry-out was observed. Also, en-

hancement mechanism behind changing pin-fin structures was explored. 

Figure 1. Diagrams of MPFHS with cross-section shapes of; (a) circle, (b) square, 
(c) crisscross, and (d) octagon 
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Experimental study 

Fabrication 

Figure 1 shows cross-section shapes and geometry parameters of four different pin-

fin structures, which have the same characteristic length and height of 60 μm and 250 μm, 

respectively. All pin-fin structures are fabricated in a staggered arrangement with a pitch width 

of 100 μm on the substrate of 250 μm thick. Deionized water is chosen as the coolant, flowing 

along the direction as marked by the blue arrows. Fabrication process flow of MPFHS is shown 

in fig. 2. After cleaning, thermal oxidation and lithographical patterning, pin-fin structures were 

etched through DRIE, a typical MEMS dry etching technology, on a 4-inch double-sided pol-

ished silicon wafer. To form inlet and outlet, similar process was applied on the other side of 

the wafer. Through silicon-glass anode bonding, a transparent BF33 glass with the same thick-

ness are bonded on the top of silicon pin-fin structures. Microscope pictures of MPFHS fabri-

cated as above are shown in fig. 3. Detailed geometry parameters are listed in tab. 1. 

Experiment set-up and test module 

Figure 4(a) shows the schematic diagram of the experiment set-up, which is a closed-

loop system mainly consisting of a water storage tank, a water pump, the test module, a power 

supply, a high-speed camera, and a computer for data acquisition. As heating power increases, 

Figure 2. Detailed process flow for MEMS fabrication of MPFHS 
(for colour image see journal web site) 



Kuang, N., et al.: Study of Heat Characteristics for Micro Pin-Fin … 892 THERMAL SCIENCE: Year 2024, Vol. 28, No. 2A, pp. 889-901 

temperature was sensed by the thermal couples attached on the test module. When coolant tem-

perature reaches the phase transition temperature, the onset of nucleate boiling (ONB) occurs. 

In order to observe the boiling phenomenon, a high-speed camera was placed directly above 

the heat sink, capturing images through the transparent BF33 glass. The photos of the whole 

setup are shown in fig. 4(b). During experiments, deionized water was stored in a tank to main-

tain its temperature at 25 ℃, and pumped through the heat sink at a constant mass-flow rate. 

All experiments utilize a chip that consists of Pt resistors as the heating source. Figure 

5(a) shows how the heating chip was installed on the heat sink. Ti (with a thickness of 15 nm) 

and Pt (with a thickness of 200 nm) were sputtered on a 4-inch silicon wafer successively to 

form film resistors and the wafer was finally cut into several 3 × 3 mm2 chips. To attach the 

chip to the heat sink without sacrificing thermal resistance, adhesive made from a mixture of 

silicon grease and silicone rubber was used, which both reduces the contact thermal resistance 

and ensures the strength of adhesion. Figure 5(b) shows the detailed constructure of the test 

module, which consists of inlet and outlet tube, heat sink and heating chip. Two nuts were weld 

directly on the inlet and outlet to make connection between the heat sink and two quick 

Table 1. Geometry parameters of MPFHS with different pin-fin cross section 

Cross-section Geometry parameters [mm3] Height of micro-pin-fins [mm] Thickness of the substrate [mm] 

Circle 0.495 × 0.495 × 0.5 0.25 0.25 

Square 0.495 × 0.495 × 0.5 0.25 0.25 

Crisscross 0.778 × 0.778 × 0.5 0.25 0.25 

Octagon 0.778 × 0.778 × 0.5 0.25 0.25 

Figure 3. Microscope pictures of MPFHS fabricated by MEMS fabrication technology 

Figure 4. (a) schematic diagram and (b) photos of experimental set-up 
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connectors. Inlet and outlet tubes were connected to the quick connectors for subsequent exper-

iments. 

Before attaching the heating chip, the 

leakage test for the test module was con-

ducted by connecting the inlet and outlet 

tubes and pumping deionized water through 

the inlet as shown in fig. 6(a) and 6(b). After 

ensuring no coolant leakage occurring, the 

heating chip was attached on the heat sink 

along with its interface PCB. Afterwards, K-

type thermocouples were attached to the inlet, 

outlet, and heating chip surface respectively 

to record the inlet temperature, Tin, outlet 

temperature, Tout and heating chip surface 

temperature, Theater. 

Temperature measurement 

The chip was directly attached to 

the heat sink, which makes it difficult to di-

rectly measure the temperature of the heat source (the temperature at the interface between the 

chip and the heat sink) with thermocouples. Therefore, indirect measurement method was 

adopted. Considering that the heat generated by heaters inside the chip would transfer to the 

outer surface of the chip and surrounding area of the interface, the average value was taken as 

the heating chip surface temperature, Theater. As shown in fig. 6(c), a thermocouple was at-

tached directly on the chip. Another one was attached on the heat sink but coated by the copper 

wire mesh, reducing the influence of the attachment position on the measured temperature due 

to the temperature gradient. Finally, the complete test module utilized in subsequent experi-

ments is shown in fig. 6(d). 

Test procedure 

Experiments were performed at three mass-flow rate (G = 147 kg/m2s, 221 kg/m2s, 

295 kg/m2s). Coolant was pumped through the heat sink without heating for 30 minutes to clear 

the residual air, after which the heating power was applied and increased in steps. Due to the 

volume of the tank which is far greater than that of the heat sink, the temperature change brought 

by the returned outlet coolant is negligible. All measured temperature data are recorded only if 

the fluctuation is within 2 ℃ for 2 minutes. 

Figure 5. The diagram of; (a) mounting of heating 
chip and (b) the whole test module 

Figure 6. The assembly of the test module 
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Data reduction 

Assuming 1-D heat conduction, the total heat flux is generated by the heating chip, 

which is dominated by Joule’s law: 

 
2

'
total

U
q

AR
=   (1) 

where '
totalq  is the total heat flux, U – the DC bias voltage, R – the resistance of Pt resistor, and 

A – the area of the heating chip. Neglecting the heat loss to the ambient, all the heat is trans-

ferred and absorbed by the flow: 
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where '
effq  is the effective heat flux. 

Consequently, the heat transfer coefficient, h, can be calculated using Newton’s cool-

ing law: 
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where Theater and Tin are the temperature of bottom wall and inlet water measured by K-type 

thermal couples, respectively. 

Results and discussion 

Thermal characteristics of different MPFHS 

Figure 7(a)-7(c) shows the boiling curves of four different MPFHS samples under 

three different mass-flow rates, where DT is defined as DT = Theater – Tin. Under all tested mass-

flow rates, crisscross-MPFHS and octagon-MPFHS had similar boiling curves and achieved 

obviously higher heat transfer capability than the other two. 

When G = 221 kg/m2s and G = 295 kg/m2s, no ONB occurs. But at a relatively low 

flow rate of 147 kg/m2s, ONB occurs in square-MPFHS and crisscross-MPFHS, at a similar 

effective heat flux. Although the gap of effective heat flux between two structures is only 11.9 

W/cm2 at ONB, the temperature differences of crisscross-MPFHS and square-MPFHS are 40.3 ℃ 

and 99.3 ℃, respectively. By comparison, it is much easier for crisscross-MPFHS to transit into 

two-phase flow. However, the slope of boiling curve at ONB decreases for the crisscross-

MPFHS while that of the square-MPFHS remain constant relatively, indicating that the heat 

transfer capability is not enhanced, which will be analyzed in the next section. 

Heat transfer coefficient was also calculated and shown in fig. 8. Heat transfer coef-

ficient was relatively constant as effective heat flux increase before ONB, implying that heat 

transfer coefficient has little dependence on the effective heat flux, '
effq , in the single-phase con-

vection heat transfer. Importantly, no significant enhancement but deterioration of the heat 

transfer coefficient was observed after ONB for square-MPFHS, which is consistent with the 

boiling curve. The list of average values of h in tab. 2 shows that, when G = 147 kg/m2s, h of 

the circle-MPFHS, the octagon-MPFHS, and the crisscross-MPFHS are enhanced by 86%, 

152%, and 162%, respectively, relative to that of the Square-MPFHS. It is worth noting that 

crisscross-MPFHS is least enhanced because of the deteriorated heat transfer capability after 

ONB. 
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As the cross-section shape develops from circle to a sharp multi-concave structure, 

the specific surface area of the structure increases accordingly, enhancing the heat transfer ca-

pability. However, although the specific surface area of the octagon-MPFHS is larger than that 

Figure 7. The boiling curves of different 
heat sinks under different flow rate 

Figure 8. Relationship between heat 
transfer coefficient and effective heat 
flux of four heat sinks under three 

mass-flow rates 
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of the crisscross-MPFHS, the heat transfer coefficient does not change significantly. At the 

same time, the specific surface area of the square-MPFHS is larger than that of the circle-

MPFHS, but the heat transfer coefficient is reduced. The reason for this phenomenon may be 

attributed to the variation of the flow field. Vortices are generated in the backflow region be-

tween the same row of adjacent micro pin-fin structures, and the velocity in this region becomes 

smaller than that in other regions. As shape of the cross-section develops from a smooth struc-

ture to a sharp multi-concave structure, the area occupied by velocity vortices with low velocity 

increases in the back flow area. Similar flow field degeneration also happens in the concave 

corners. Thus, the average velocity of the whole fluid decreases. When the decrease of the con-

vective heat transfer caused by the decrease of the flow velocity is greater than the increase 

brought by the increase of the specific surface area, the overall heat transfer intensity will de-

crease. The crisscross-MPFHS and octagon-MPFHS have a better balance between these two 

relatively opposite mechanisms. 

Effect of increasing mass-flow rate 

Figures 9 and 10 show the boiling curves and heat transfer coefficient variation for 

each type of heat sink. The enhancement in heat transfer capability brought by the increase of 

mass-flow rate varies among four MPFHS samples. When the flow rate increased from 147 

kg/m2s to 295 kg/m2s, the average heat transfer coefficient increased 3%, 5%, 11%, 7% for 

circle-MPFHS, square-MPFHS, crisscross-MPFHS, and octagon-MPFHS, respectively. The 

crisscross-MPFHS has the highest sensitivity to the mass-flow rate, which is also attributed to 

its better balance between specific heat transfer area increase and flow field disturbance. 

However, according to the data listed in tab. 2, two changes of mass-flow rate both 

brought improvement for cooling performance in different amplitude. For all four structures, 

enhancement brought by increasing the mass-flow rate from 221 kg/m2s to 295 kg/m2s is less 

than that brought by increasing from 147 kg/m2s to 221 kg/m2s. Taking octagon-MPFHS as 

example, heat transfer coefficient increased by 5% for the first change but 2% for the second, 

which indicates that the enhancement brought by increasing the mass-flow rate will gradually 

saturate. 

Nucleate boiling phenomenon visualization 

The high-speed camera focused on the downstream of the crisscross-MPFHS, where 

the liquid temperature was relatively higher and the initial boiling occurred. Figure 11 shows 

images of the boiling phenomenon at the mass-flow rate of 147 kg/m2s under the heat flux of 

207.7 W/cm2. When the temperature approached ONB at t0, an isolated bubble first appeared 

at the corner of the pin-fin structure (activated nucleation site). As the temperature increased 

further, more isolated bubbles appeared, developed, coalesced with adjacent bubbles, and was 

elongated at t0 + 169 seconds. Because the viscous force of the coolant on the bubble was greater 

than that generated by pin-fin structures, the elongated bubble was deformed further along the 

Table 2. Average heat transfer coefficient of heat sinks with different cross-section shapes 

Cross-section 
have [Wcm–2K–1] 
（147 kg/m2s） 

have [Wcm–2K–1] 
（221 kg/m2s） 

have [Wcm–2K–1] 
（295 kg/m2s） 

have 
[Wcm–2K–1] 

Circle 3.9 4.0 4.0 4.0 

Square 2.1 2.2 2.2 2.2 

Crisscross-shape 5.3 5.7 5.9 5.6 

Octagon-shape 5.5 5.8 5.9 5.7 
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direction of flow and developed into slug flow. At t0 + 323 seconds, the deformed bubble 

reached the outlet, and was flooded out by the flow. It is worth noted that several residual bub-

bles were generated after the removal of the slug flow. 

Figure 9. The change of boiling curves for different heat sinks by increasing mass-flow rate 

Figure 10. The change of heat transfer coefficient by increasing mass-flow rate 
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The heat transfer capability of vapor is relatively lower than that of liquid coolant. 

Local high temperature appeared near the position where slug flow is formed, activating more 

nucleation sites. When the fresh liquid rewets the surface, residual bubbles were immediately 

generated at nucleation sites, initializing the next cycle. As shown in figs. 12(a)-12(d), residual 

bubbles went through a similar cycle as above, which began at t0 + 337 seconds. Initially, at t0 

+ 350 seconds, isolated residual bubbles were generated at corners of pin-fin structures near the 

previous elongated bubble, developed and coalesced with each other at t0 + 374 seconds. At t0 

+ 607 seconds, the slug flow appeared, elongated, and was flooded out, after which, as shown 

in fig. 12(e), more residual bubbles were generated. 

In the subsequent cycles, the number of residual bubbles and the frequency of the slug 

flow both increased, resulting in a positive feedback phenomenon. After several cycles, the 

Figure 11. Process of bubble generation, development, merging, and finally being carried away 
by the liquid flow 

Figure 12. After slug flow is carried out, more bubbles are generated and entered next cycle 
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viscous force brought by the pin-fin structure ex-

ceeded that of the flowing liquid on the bubble 

and bubbles could no longer develop along the 

flow direction and be flooded out, resulting in lo-

cal dry-out as shown in fig. 13. Finally, nucleate 

boiling transits into film boiling, resulting in lo-

cal dry-out and dramatical decrease of heat trans-

fer coefficient. 

To avoid the blockage, the heat sink de-

sign should guarantee that the viscous force of 

the flowing liquid on the bubble is always 

greater than that brought by pin-fin structures. 

One potential method to reduce the viscous 

force brought by pin-fin structures is to reduce 

the number of pin-fin structures attaching to the bubble, which can be achieved increasing the 

pitch size. 

Conclusions 

In order to study the influence of micro pin-fin structure with different cross-section 

shapes on the heat transfer capability of MPFHS, based on the fabrication of silicon-based 

MPFHS, a forced convection heat transfer test platform was established and a series of experi-

ments on the heat transfer capability were performed. 

As the cross-section shape develops from circle to a sharp multi-concave structure, 

the specific surface area of the structure was increased but the velocity of the fluid was reduced. 

By balancing between two opposite mechanisms, the heat transfer coefficients of the octagon-

MPFHS, the crisscross-MPFHS, and the circle-MPFHS reached 5.5 W/cm2℃, 5.3 W/cm2℃, 

3.9 W/cm2℃, respectively, at the mass-flow rate of 147 kg/m2s, which were enhanced by 162%, 

152%, and 86%, respectively, relative to that of the square-MPFHS. 

The enhancement brought by increasing the flow rate was different among four sam-

ples. The heat transfer coefficients of the octagon-MPFHS, the crisscross-MPFHS, the circle-

MPFHS, and the square-MPFHS was increased by 7%, 11%, 3%, and 5% when the mass-flow 

rate was increased from 147 kg/m2s to 295 kg/m2s. 

The crisscross-MPFHS was relatively easier to transit into nucleate boiling but the 

heat transfer capability was reduced after ONB. The deteriorate was not observed in the square-

MPFHS. Through the visualization, nucleate boiling phenomenon in the crisscross-MPFHS 

showed periodicity and positive feedback effect. In each cycle, bubbles would go through stages 

of generation, development, coalesce, elongation and removal. After the slug flow in the previ-

ous cycle flowing out, residual bubbles would be generated and initiate the next cycle. After 

several cycles, local dry-out occurred, resulting in severe blockage inside the heat sink and 

consequent heat transfer capability degeneration. 

By horizontally comparing the thermal characteristics of four MPFHS and visualizing 

the nucleate boiling, the influence of geometry parameters of the cross-section was comprehen-

sively analyzed. The research in this paper will contribute to the design and modification of 

MPFHS to improve cooling performance and avoid local dry-out. 

Nomenclature 

A – contact area of the heating chip, [cm2] G – mass-flow rate, [kgm–2s–1]

Figure 13. Bubble blockage at the exit of the 
micro-pillar channel 
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h – heat transfer coefficient, [Wcm–2°C–1] 
'
effq   – effective heat flux, [Wcm–2] 
'
totalq   – total heat flux, [Wcm–2] 

R – resistance, [Ω] 
Theater – temperature of the heater, [°C] 
Tin – temperature of the inlet, [°C] 
Tout – temperature of the outlet, [°C] 
U – bias voltage, [V] 

Acronyms 

MCHS  – microchannel heat sink 
MPFHS – micro pin-fin heat sink 
ONB  – onset of nucleate boiling 
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