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INTRODUCTION 

Flow boiling in microchannel has great potential to resolve 
thermal problems for the next generation electronic component 
[1] due to the advantages of higher heat fluxes, lowest 
pumping powers and the highest efficiency than other 
advanced cooling technologies [2]. In the last decades there 
have been extensive studies on phase change phenomena and 
two-phase flow characteristics for flow boiling in 
microchannels [3-8]. However, the issues of severe flow 
boiling instabilities and the higher wall superheat for flow 
boiling in microchannels are still to be resolved [9-10]. 

Lee and Pan [11] indicated the Onset of Nucleate Boiling 
(ONB) takes place at relatively high wall superheats due to the 
relatively smooth bottom wall for flow boiling in 
microchannels made of Silicon On Insulator (SOI) wafers. 
With a higher wall superheat for ONB, the bubble nucleated 
may quickly expand in both forward and backward direction 
and may result in severe oscillation of the system pressure and 
temperature. 

Zhang et al. [12] have shown that microchannels tend to 
present the high wall superheat (△Tsat > 20 oC) corresponding 
to the onset of nucleate boiling (ONB) due to the lack of active 
nucleation sites while the pressure oscillation is up to 138 kPa. 
They found the wall superheat (△Tsat < 3 oC) corresponding to 
ONB can be greatly reduced by fabricating artificial nucleation 
sites with diameters of 4-8 μm on the channel walls. 

Kandlikar [13] improved the stabilization of flow boiling in 
6 parallel microchannels by the inlet restrictors and artificial 
cavities. These cavities were being designed to reduce the wall 
superheat with radius of 2.5-15 μm drilled by a laser beam on 
the bottom walls of the channel. They pointed out flow boiling 
in parallel rectangular microchannels with artificial nucleation 

cavities and inlet pressure restrictors can eliminate the 
instabilities. 

Koşar et al. [14] showed the highest heat fluxes is up to 
2500 kW/m2 at mass flux of 302 kg/m2s for flow boiling of 
water in 5 parallel microchannels with a hydraulic diameter of 
227 μm and reentrant cavities of 7.5 μm mount made on the 
both sidewalls. They reported a criterion for the transition 
between nucleate and convective boiling. Moreover, they 
pointed out existing correlations poorly predict the heat 
transfer coefficient but the CHF conditions may be predicted 
well. New correlations to predict nucleate and convective 
boiling were then developed. 

Kuo and Peles [15] compared the structured and plain 
surface on heat transfer performance for flow boiling of water 
in 5 parallel microchannels with a hydraulic diameter of 223 
μm and reentrant cavities of 7.5 μm mount made on the both 
sidewalls. They showed the highest heat flux is up to 6430 
kW/m2 at mass flux of 303 kg/m2s in microchannel with 
enhanced surface on the both sidewalls. They also 
demonstrated the structured surface significantly reduce the 
boiling inception and enhance the critical heat flux. 

Lu and Pan [16] first explored flow boiling in a single 
microchannel with a converging or diverging cross-section 
design. The mean hydraulic diameter for both microchannels is 
112 μm and the converging/diverging angle is 0.183o. They 
indicated that a diverging microchannel with a narrow inlet can 
effectively reduce the occurrence of flow reversal than a 
converging. They found that microchannels with a diverging 
cross-section design are more stable than that with a 
converging cross-section design during flow boiling. Lately, 
for stability performance of flow boiling, Lu and Pan [17] 
confirmed parallel microchannels with a diverging 
cross-section design is superior to that in parallel microchannel 
with a uniform cross-section design.  
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ABSTRACT 
 

To develop a highly stable boiling heat transfer microchannel heat sink, the three types of diverging 
microchannels, namely Type-1, Type-2 and Type-3, were designed to explore experimentally the effect of different 
distribution of artificial nucleation sites on enhancing boiling heat transfer in 10 parallel diverging microchannels 
with a mean hydraulic diameter of 120 μm. The Type-1 system is with no cavities, Type-2 is with cavities 
distributed uniformly along the downstream half of the channel, while Type-3 is with cavities distributed uniformly 
along the whole channel. The artificial nucleation sites are laser-etched pits on the channel bottom wall with a 
mouth diameter of about 20-22 μm based on the heterogeneous nucleation theory. The results of the present study 
reveal the presence of the artificial nucleation sites for flow boiling in parallel diverging microchannel significantly 
reduces the wall superheat and enhances the boiling heat transfer performance. Additionally, the Type-3 design 
demonstrates the best boiling heat transfer performance. 



 

 

From the above literature review, it is evident that the 
presence of the artificial nucleation sites in microchannels has 
the advantages of reducing wall superheat, stabilizing flow 
boiling and enhancing boiling heat transfer; moreover, 
introducing the diverging cross-section design can also 
efficiently stabilize flow boiling in microchannels. Therefore, 
it will be interesting to explore convective boiling in parallel 
microchannels with a diverging cross-section design combined 
with the artificial nucleation sites. 

The objective of the present work is to experimentally study 
flow boiling in the three types of silicon-based, 10 parallel 
diverging microchannels with/without artificial nucleation 
sites, namely Type-1, Type-2 and Type-3 system. The effect of 
number and distribution of artificial nucleation sites on the 
boiling heat transfer will be investigated. The Type-1 system is 
simply with the diverging cross-section design, the Type-2 is 
the diverging cross-section design together with 13 artificial 
nucleation sites drilled on the center of the bottom wall with a 
regular spacing of 1 mm along the downstream half of the 
channel, while the Type-3 is the diverging cross-section design 
together with 25 artificial nucleation sites located on the center 
of the bottom wall with uniform spacing of 1 mm along the 
whole channel. 

EXPERIMENTAL DETAILS 

Experimental setup 

The experiment setup is the same as employed in our 
previous studies [17] and is briefly presented in the following. 
Figure 1 shows the experimental setup consists of the high 
pressure liquid chromatography (HPLC) pump, the flow 
visualization system, a data acquisition system, the test section 
and the heating module. The present study uses the degassed 
and de-ionized water as the working fluid. The HPLC pump 
provides a constant flow rate from 0.01 ml/min to 50 ml/min. 

 
 

 
 

Figure 1: Experimental setup 
 
 

A filter with the net size of 0.1 μm was installed at the exit of 
the pump to prevent particles from entering the test section; 
moreover, an electronic balance was placed at the outlet of the 
test section to examine the accuracy and stability of flow rates. 
The signals from thermocouples and pressure transducers were 
recorded by the data acquisition system. The frame rate was set 

normally at 6000 frame/s to catch the images of two-phase 
flow patterns. The outlet pressure of the channel is almost 
equal to an atmospheric pressure. 

Design of test section and heating module 

Figure 2 illustrates the test module consists of the test 
section and heating module. As shown in figure 2(b), the 
dimension of the test section with 10 parallel microchannels 
and the inlet/out chamber is 46.4 mm × 15 mm and 7 mm × 7 
mm, respectively. Figure 2(a) displays each of the channels 
with a diverging angle of 0.50 is 26 mm long, 76 μm deep, the 
inlet width of 100 μm and the outlet width of 560 μm. The 
mean hydraulic diameter for each channel is 120 μm. The 
island between the channels is 560 μm at the inlet and 100 μm 
at the outlet. The dimension of the heating module is 16 mm × 
15 mm × 30 mm and the heating area is 16 mm × 15 mm. The 
heating module was a copper block heated by the cartridge 
heater of the controllable power. To minimize heat loss, the 
whole test module was covered with a thick ceramic fiber 
except the top surface of the test section for the flow 
visualization. Figure 2(c) shows the test section was adhered to 
the heating module with the silver composition (DuPont 
Electronic, 4817N). The contact resistance between the test 
section and the heating module was determined to be 0.24×10-4 

Km2/W [6]. 
 
 

 

 
Figure 2: The test module (a) Geometry of the microchannel, 

(b) Top view of the test section and (c) Microchannel and 
heating module (not to scale) 

 
 
Figure 2(c) illustrates two thermocouples (Tin and Tout) are 

placed at the inlet chamber and outlet chamber, respectively, 
and three thermocouples (T1, T2 and T3) were inserted 2 mm 
under heating surface to measure the wall temperature 
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distribution along the microchannel. The interval between the 
thermocouples is 5 mm. The experimental results indicated the 
temperature difference among T1, T2 and T3 is within 1.2 ℃. 
The wall temperature of microchannels can be obtained by 
evaluating the total thermal resistance from the location of 
thermocouple to the bottom wall of the channel. The channel 
wall heat flux was determined by considering energy balance 
with various heat losses in the experimental system, including 
natural convection, thermal radiation from the top surface and 
conduction to the inlet and outlet chambers. The detailed 
procedure for the evaluation and heat losses was presented in a 
previous study [6]. Uncertainties in flow rate and temperature 
measurement using T-type thermocouples are ±1%, and ±0.2 
℃ , respectively. The uncertainty in pressure transducer 
measurements is 0.5%. The uncertainty in wall heat fluxes is 
estimated to be from ±1.34% to ±4.69% with an average value 
of ±2.08%. Generally, the uncertainty decreases with 
increasing heat fluxes and/or mass fluxes. 

Three types of microchannel heat sink 

MEMS technologies were employed to fabricate the three 
types of 10 parallel diverging microchannels and excimer laser 
were utilized to drill the inlet/outlet chamber and the artificial 
nucleation sites located on the bottom wall of the channels. 
P-type <100> orientation 4 inch SOI (Silicon on Insulator) 
wafers were used in all fabrication processes. Figure 3 
illustrates the schematic of three types of 10 parallel diverging 
microchannels used in this study. The Type-1 system is simply 
with the diverging design and without artificial nucleation sites, 
the Type-2 is with 13 artificial nucleation sites placed on the 
center of each bottom wall with a regular interval of 1 mm 
along the downstream half of the channels, while the Type-3 is 
with 25 artificial nucleation sites placed on the center of the 
bottom wall with uniform spacing of 1 mm along the whole 
channel. The artificial nucleation sites are laser-drilled pits 
with mouth diameter of about 20-22 μm based on the 
heterogeneous nucleation theory [18].  

 
 

Flow direction 

 
Figure 3: Schematic of three type microchannels 

RESULTS AND DISCUSSION 

Boiling curve 

Figures 4 displays the heat flux versus wall temperature for 
single-phase convection and heat flux versus wall superheat 
under boiling condition in the three systems under study for 
three mass fluxes. In the single-phase region  (Tw < 100℃), at 
the same mass flux, the convective heat flux is approximately 
the same in the three systems under study. This means the 
presence of the artificial nucleation sites has no significant 
effect on single-phase convection. Moreover, the heat flux 
increases with increasing the mass flux almost linearly. This is 
significant, as the mass flux is relatively small and the flow is 
expected to be laminar and the flow effect on heat transfer is 
expected to be small. Further study on this subject is interesting 
and needed. 

 
 

 
 
Figure 4: Heat flux versus wall temperature for three types of 
microchannels 
 
 

Heat transfer rate is significantly enhanced once boiling 
begins. Figures 4 shows that boiling heat transfer performance 
in the Type-2 and Type-3 system with the artificial nucleation 
sites is better than that in the Type-1 system without the 
artificial nucleation sites. Significantly, the Type-3 system 
with the artificial nucleation sites along the whole channel, the 
wall superheat for ONB is much smaller than that in the Type-1 
or Type-2 system. Moreover, the slope of the boiling curve is 
the largest for the Type-3 system, next by the Type-2 system 
and the smallest for the Type-1 system without the artificial 
nucleation sites. The bottom surface is relatively smooth on the 
bottom wall prepared from a SOI wafer [11]. Therefore, for the 
Type-1 system, the wall superheat is relatively high for a given 
heat flux and the slope of the boiling curve is relatively small. 
Indeed, as one may expect, the presence of the artificial 
nucleation sites will enable the bubble nucleation from the 
artificial sites and hence enhance boiling heat transfer. This 
demonstrates that a significant improvement in enhancing the 
boiling heat transfer performance was obtained by introducing 
artificial nucleation sites for flow boiling in parallel diverging 
microchannels. Additionally, under the conditions of same 
mass flux and wall superheat, flow boiling in the Type-3 
system presents a higher heat flux than the Type-2 system does. 



 

 

This further demonstrates that increasing the number of the 
artificial nucleation sites can significantly promote the boiling 
heat transfer performance in parallel diverging microchannels. 

Heat transfer coefficient 

The single-phase heat transfer coefficient is defined as  
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qh
−

=
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  (1)  

 
where the bulk liquid temperature (Tl) is the average of inlet 
and outlet temperature. In the single-phase region, figure 5 
illustrates the heat transfer coefficient is relatively independent 
of wall temperature. The three different designs do not exhibit 
significantly the effect on single-phase convection heat 
transfer coefficient expect for the case with the largest mass 
flux. For this case, the Type-2 presents significantly higher 
heat transfer coefficient. The single-phase heat transfer 
coefficient increases with increasing the mass flux. 

The heat transfer coefficient in the boiling begin is defined 
based on the saturation temperature corresponding to the 
system pressure as the reference temperature. Thus,  
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The system pressure is the mean of the inlet and outlet pressure. 
Figure 5 indicates that boiling heat transfer coefficient right 
after boiling begins is much higher than that for single-phase 
convection, especially for the system with the artificial 
nucleation sites. The heat transfer coefficient is as high as 400 
kW/m2K for both Type-2 and Type-3 systems. The heat 
transfer coefficient in the boiling region deceases with 
increasing in wall temperature. This suggests that the heat 
transfer mechanism is dominated by convective boiling. 
Indeed, the figure indicates that boiling heat transfer 
coefficient increase with increasing the mass flux. Figure 5 
also indicates the boiling heat transfer coefficient in the Type-2 
and Type-3 systems with the artificial nucleation sites is better 
than that in the Type-1 system without the artificial nucleation 
sites. This suggests the presence of the artificial nucleation 
sites can significantly enhance boiling nucleation and raise the 
two-phase heat transfer coefficient. Moreover, flow boiling in 
Type-3 system presents the higher heat transfer coefficient 
than the Type-2 system does under the conditions of same mass 
flux and wall superheat. Again, the results of boiling heat 
transfer coefficient demonstrate that the number of the 
artificial nucleation sites can clearly affect the boiling heat 
transfer performance in parallel diverging microchannels. 

From the discussion above, the presence of the artificial 
nucleation sites for flow boiling in diverging microchannel 
demonstrates the advantages of reducing the wall superheat for 
boiling nucleation and enhancing the boiling heat transfer 
performance. Additionally, the number and distribution of the 
artificial nucleation sites significantly affect the enhancement 
of the boiling heat transfer performance. 

Pressure drop 

It is also of significant interest to understand the 
characteristics of pressure drop through the microchannel 
when designing a microchannel heat sink.  Moreover, it may 

also help understanding the boiling heat transfer in the 
microchannel. Figures 6 shows for the three types of 
microchannels the pressure drop versus the wall temperature 
for the three mass fluxes under study. In the single-phase 
region (Tw < 100 ℃ ), the pressure drop decreases with 
increasing the wall temperature. This is clearly due to the 
viscosity of the working fluid (water) decreased with 
increasing the temperature. Moreover, as one may expect, the 
single-phase pressure drop increases with increasing the flow 
rate as shown in figure 6. The figure also displays the 
single-phase pressure drop for the Type-1, Type-2 and Type-3 
system is almost the same for the three mass fluxes except for 
the case of highest mass flux of G= 297 kg/m2s. For which the 
Type-3 system presents the highest pressure drop, possibly due 
to the presence of cavities along the whole channel. 

 
 

 
 
Figure 5: Heat transfer coefficient versus wall temperature for 
three types of microchannels 

 
 

 
 
Figure 6: Pressure drop versus wall temperature for three types 
of microchannels 
 
 

In the two-phase region (Tw > 100℃), the rapid increase of 
pressure drop with increasing the wall superheat presenting for 



 

 

the three types of microchannels follows the similar trend of 
the boiling curve. This is because the void fraction increases 
with increasing the temperature resulting in the elevation of the 
acceleration pressure drop and the frictional pressure drop. 
Under the conditions of same mass flux and wall superheat, the 
Type-3 system demonstrates the highest two-phase pressure 
drop among the three designs during flow boiling. This is 
because the Type-3 system is with most number of artificial 
nucleation sites to generate bubbles resulting in increasing 
void fraction and elevating the acceleration and frictional 
pressure drop. Based on the flow visualization, boiling in the 
Type-3 system is indeed the most active. The fact that the 
Type-3 system presents a higher two-phase flow pressure drop 
demonstrates that the number and distribution of the artificial 
nucleation sites significantly affect the two-phase pressure 
drop for flow boiling in a diverging microchannel. 

CONCLUSIONS 

The present study experimentally explores flow boiling heat 
transfer and pressure drop in 10 parallel diverging 
microchannels with/without the artificial nucleation sites. The 
result demonstrates the boiling heat transfer performance in 
diverging microchannels with the artificial nucleation sites is 
superior to that without the artificial nucleation sites. Moreover, 
the Type-3 system with 25 artificial nucleation sites distributed 
uniformly along the whole channel has the best boiling heat 
transfer performance among the three systems. Similar to 
boiling heat transfer, the Type-3 system demonstrates the 
highest two-phase flow pressure drop under the conditions of 
same mass flux and same wall superheat. 
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