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A B S T R A C T   

Jet impingement two-phase cooling is often used to handle the high heat fluxes of high-performance electronics. 
While much of the literature focuses on thermal–hydraulic performance, the effects of fin geometry on the two- 
phase heat transfer and pressure drop have not been thoroughly investigated. This study was undertaken to 
examine those factors more closely. The thermal–hydraulic performance of a two-phase cooling impingement 
heat sink was studied for three different fin configurations: microchannel, pin fin array, and bare copper surface. 
A copper block with a top surface area of 1˝ × 1˝ was used to mimic computer chip. A dielectric coolant Novec/ 
HFE 7000 was used to study flow boiling heat transfer. It was observed that when the original microchannel heat 
sink was cut into pin fin array heat sink, thermal performance was improved by 51% and pressure drop decreased 
by 18%. The pin fin array heat sink performs better than the microchannel heat sink and the bare copper surface 
heat sink. Effects of enhanced surface roughness was also studied with 9% of improvement in thermal perfor
mance of a bare copper surface. Comparison with existing literature correlations for pool boiling and flow boiling 
led to mean absolute error below 12.8%, so a new correlation was developed that has a mean absolute error of 
2.4%.   

1. Introduction 

Electronics cooling is a growing concern for both industry and gov
ernment organizations. Global data centers consumed around 200 
billion kWh/year [1], which corresponded to 1.3% of total global 
electricity usage. Of this, cooling was reported to consume roughly 33% 
of the total energy used in legacy data centers [2]. The energy con
sumption of data centers in the United States increased by 4% from 2014 
to 2020, reaching 73 billion kWh in 2020 [3]. Increasing power den
sities, which are thought to be due to the rise of Artificial Intelligence 
(AI), high-performance computing (HPC), and machine learning, can 
lead to increases in the cost and complexity of thermal management. 
Going forward, more effective solutions for cooling electronic devices 
will be necessary to overcome increasing energy consumption. State of 
the art electronics produce heat fluxes that already exceed the capability 
of air-cooled heat sinks. Given the high specific heat and latent heat of 
liquid coolants relative to air cooling, liquid cooling is an attractive 
solution. An IBM study [4] showed that the efficiency of liquid cooling 

can be up to 3500 times higher than that of air cooling. Single-phase 
cooling with water is the most popular liquid cooling method in data 
center because it has high figure of merit [5–13]. It is reported that the 
highest heat transfer rate of single-phase cooling heat sink with water 
can be up to 1150 W for a 27 cm2 chip [14,15]. Although having high 
thermal performance, single-phase cooling also has disadvantages such 
as high temperature gradient along the chip surface and potential con
sequences in the event of a fluid leak. By combining a non-conductive 
dielectric refrigerant with boiling heat transfer, pumped two-phase 
cooling can enable increased power densities for high power elec
tronics by more than 2x over traditional water/glycol systems [14,16], 
while eliminating the shorting risks from a fluid leak. Two-phase cooling 
not only surpasses the basic cooling configurations in heat dissipation 
rate, but it also provides better surface temperature uniformity due to 
the boiling of coolant at only slightly above the saturation temperature. 

Geometry of the two-phase cold plate has drawn attention from 
scientists and engineers because it affects both thermal and hydraulic 
performance [17–25,35]. Law and Lee [17] experimentally studied flow 
boiling heat transfer in straight- and oblique-finned microchannels. It 
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was reported that increments of 2.5–2.8 times in the critical heat flux 
(CHF) are observed for the oblique fins in the experiments, which 
contributed to the more stable flow boiling process offered by the 
oblique fins. Heat transfer performance of the oblique-finned micro
channels were 1.2 to 6.2 times higher than straight finned micro
channels. However, pumping power of oblique fins is 1.7 times higher 
than straight fins. Zhang et al. [18] studied reentrant cavity networks 
produced by wire electric discharge machining at different inlet sub
cooling. It was found this system yielded high heat transfer coefficient 
and low pressure drop at low and medium subcooling. Moreover, the 
interconnected microchannel net can also significantly mitigate the two- 
phase flow instability due to the unique reentrant and segmented 
structure characteristics. Wan et al. [19] experimentally investigated 
performance of four types of pin fins in two-phase cooling: square, cir
cular, diamond and streamline. Test results showed that the square 
micro pin fins presented the best boiling heat transfer, followed by cir
cular and streamline ones. Sempértegui-Tapia and Ribatski [20] inves
tigated saturated flow boiling of R134a for circular, square and 
triangular tubes with the same external perimeter. It was observed that 
circular channels showed the best heat transfer performance at low heat 
fluxes, while for higher heat fluxes triangular channel was the best one. 
The effect of channel dimensions and mass flux on flow boiling heat 
transfer of FC-77 through microchannel heat sink has been experimen
tally investigated in a study by [21]. For a fixed wall heat flux, the heat 
transfer coefficient is independent of channel width for microchannels of 
width 400 µm and larger and has a weak dependence on channel width 
for smaller microchannels down to at least 100 µm. However, for a given 

amount of heat dissipation from the heat source, the heat transfer co
efficient increases with increasing channel width. The maximum heat 
that can be removed from the chip increases with decreasing channel 
width. Also, for a given amount of heat dissipation from the chip, the 
wall temperature is lower for the smaller channels. 

Surface characteristics play an important role in two phase heat 
transfer. Surface modification can result in higher nucleate density and 
higher surface contact between fluid and solid surface; therefore, ther
mal performance of singe-phase and two-phase heat sink can be 
improved via surface modification. Many recent researches focused on 
how surface modification techniques to improve thermal performance 
[26–32]. Zhu et al. [26] designed and fabricated microchannels with 
well-defined silicon micropillar arrays on the bottom of a heated micro- 
channel wall. The micro pillars have diameter from 5 to 10 µm, height of 
25 µm, and pitch from 10 to 40 µm. The aim was to promote capillary 
flow for thin film evaporation while facilitating nucleation from the 
sidewalls only. The test results showed that the arrays enhanced critical 
heat flux by 57 % compared to the smooth surface. Both temperature 
and pressure drop fluctuation was reduced especially at high heat fluxes. 
Sitar et al. [27] studied nucleate pool boiling heat transfer on etched and 
laser structured silicon surfaces. The highest enhancement (244%) of 
nucleate boiling heat transfer on the silicon sample was achieved by 
deep reactive ion etching of nucleation cavities with a 30 mm diameter 
and a 0.125 mm pitch. It was shown that the boiling phenomena initi
ated at lower superheat when the sample was laser treated or etched. 

Jet impingement boiling of the dielectric coolant HFE-7000 has been 
presented in several works recently. Novec/HFE 7000 is a coolant with a 

Nomenclature 

Nu Nusselt number 
Re Reynolds number 
Pr Prandtl number 
Q input power (W) 
q’’ heat flux, W/cm2 

Ahs heat source area, cm2 

A area covered by microchannels 
To ambient temperature, ◦C 
Tw wall temperature, ◦C 
Tin coolant inlet temperature, ◦C 
Tout coolant outlet temperature, ◦C 
Tsat saturation temperature, ◦C 
Pin pressure at inlet of heat sink, Kpa 
Pout pressure at outlet of heat sink, Kpa 
Pcrit critical pressure, Kpa 
Pr reduced pressure, Kpa 
h heat transfer coefficient (Kw/m2K) 
CHF critical heat flux (W/cm2) 
L/min liter per minute 
Cpl specific heat of liquid, J/Kg.K 
dn nozzles (jets) diameter, m 
Wg gap between two adjacent pin fin arrays (mm) 
Lp pin length (mm) 
kl thermal conductivity of liquid, W/m-K 
L distance between nozzle (jet) and base, m 
tf fin thickness of microchannel (mm) 
hf fin height (mm) 
M molar mass of the fluid, Kg/Kmol 
Rp roughness in microns 
Lh crossflow distance of each nozzle (m) 
σ surface tension (N/m) 
Nu1ϕ Nusselt number of single-phase contributions 
Nu2ϕ Nusselt number of evaporation contributions 

tb base thickness of the heat sink 
Wch channel width of microchannel 
Rth specific thermal resistance, Kcm2/W 
Vj volumetric flow rate, m3/s 
ΔP pressure drop, kPa 
EDM electrical discharge machining 
L/min liter per minute 
MC microchannel 
PFA pin fin array 
µL viscosity of liquid (N.s/m2) 
u liquid velocity (m/s) 
hfg latent heat (J/kg) 
ρL liquid density (Kg/m3) 
ρv vapor density (Kg/m3) 
M molar mass of the coolant (kg/kmol) 
ΔT subcooling (◦C) 
Bo boiling number 
Dh hydraulic diameter (m) 
h1ϕ single-phase heat transfer contribution 
h2ϕ two-phase heat transfer contribution 
IT information technology 
Dmc diameter of area covered by microchannels 
Csf coefficient of surface-fluid combination 

Greek symbols 
α nondimensional forms of heat flux 
θ nondimensional form of inlet temperature 

Subscripts 
in channel inlet 
l liquid 
out channel outlet 
sat saturated temperature 
b base  
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low global warming potential and a low boiling point of 34 ◦C at 1 atm. 
Its low boiling point and low pressure allows IT equipment operation at 
low junction temperature and acceptable pumping power. Cui et al. [33] 
studied two-phase flow instability in distributed jet array impingement 
on a pin-finned surface. The results show that two-phase instabilities can 
be delayed by increasing flow rates, but the degree of instability cannot 
be reduced once it occurs. These instabilities can also be attenuated or 
even eliminated by decreasing jet-to-target distance or enlarging spray 
ports. Heat transfer characteristics of normal and distributed jet arrays 
on smooth surfaces and pin–fin surfaces with coolant HFE 7000 was 
presented in [34]. It was observed that the boiling instability had no 
detrimental effects because it only led to a slight drop in heat transfer 
coefficient and would not lead to earlier occurrence of CHF. The authors 
previously studied effects of flow rate, subcooling, heat flux and fin 
height on thermal performance and pumping power of a two-phase 
cooling microchannel heat sink [35]. The results show that thermal 
performance can be improved 46 % by varying microchannel fin height 
and without changing pumping power significantly. Nucleate boiling is 
the dominant mechanism; therefore, thermal performance is highly 
dependent on heat flux and weakly dependent on flow rate. Number of 
works on jet impingement boiling with Novec/HFE 7000 is limited 
[33–38] and more studies are demanded for enhancement of knowledge 
in this area. 

Generally, the previous studies of jet impingement boiling with 
various coolants focused on either microchannel or pin fins. Considering 
that most studies were systematic in nature, they did not provide a more 
universal understanding of the effect of fin geometries on the heat 
transfer coefficient and pressure drop. Therefore, the objective of the 
present work is to compare the performance of different fin geometries 

and study the effects of surface roughness on the boiling heat transfer of 
an impingement heat sink with a dielectric coolant Novec/HFE 7000. 
Three geometries were investigated in this study including micro
channel, pin fin arrays and bare copper surface. In addition, the heat 
transfer coefficients obtained in this work are compared to values pre
dicted using existing correlations for pool boiling and flow boiling. 

2. Experimental setup and procedures 

2.1. Flow loop and test section 

Flow boiling experiments are conducted in a closed loop, as depicted 
in Fig. 1. The setup is previously described in detail [35,39]. Novec/HFE 
7000 was chosen as the working fluid. The thermophysical properties of 
Novec/HFE 7000 is presented in Table 2. 

In the mock package (Fig. 2), a copper block was used to mimic 
computer chip with top surface area of 1˝x1˝. The copper block was 
placed on top of a ceramic fiber sheet and heat sink was placed on top of 
the copper block top surface. A thermal paste (Kryonaut Thermal- 
Grizzly) with thermal conductivity of 12.5 W/m-K was used as ther
mal interface material between heat sink and copper block top surface. 
Weights were placed on the weight seat for maintaining pressure around 
15 psi and uniform interfacial thickness. The heat input of the copper 
block was provided using four cartridge heaters (Omega CIR3020/120 
V) installed in the bottom portion of the copper block. Each cartridge 
heater can deliver 400 W of heating. The whole mock package was 
insulated with layers of fiber glass and then placed inside a polystyrene 
box for minimizing convection. 

Fig. 1. Schematic diagram of the setup.  

Table 2 
The thermophysical properties of the working fluid Novec/HFE 7000.  

Reference temperature 
(◦C) 

Coolant Specific Heat (kJ/ 
kg◦C) 

Viscosity (Pa. 
s) 

Thermal conductivity (W/m- 
K) 

Boiling point at 1 atm 
(◦C) 

Heat of vaporization (kJ/ 
kg) 

20 ◦C Novec/HFE 
7000  

1.3 4.5 × 10−4  0.075 34 142  
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2.2. Heat sink design and manufacturing 

Heat sink design acquired from a commercial company [36] was 
presented in Fig. 3. The cap design was presented in Fig. 4. The original 
heat sink consists of microchannels, multiple jets, inlet and outlet. There 
are 34 jets with diameter of 1 mm for each jet. Microchannel width and 
fin thickness are both 0.1 mm and fin height were 3 mm. The distance 
between the fin tip and the jet plate is 0.3 mm as mentioned in our 

previous work [35]. It was shown in Fig. 5 the schematic diagram and 
geometry parameters of the heat sink. Dmc stands for the diameter of 
circular area covered by microchannels. Table 1 shows the geometrical 
dimensions of the heat sink. In the experiment, the coolant entered heat 
sink from the inlet, impinged down to the microchannels and the heat 

Fig. 2. Mock Package.  

Fig. 3. Heat sink design a) top view b) multiple jets c) microchannels d) side view of the entire cold plate e) microscope picture of the microchannels (side view).  

Fig. 4. Lid with inlet, nozzles (jets) and outlet. Each jet has diameter of 1 mm 
and there are 34 jets. 

Fig. 5. Schematic diagram showing parameters of the heat sink.  

Table 1 
Geometrical dimension of microchannel and pin fin array heat sink (Lp and Wg is 
the parameters of pin fin array heat sink in Fig. 10b).  

tb (mm) hf (mm) Wch (mm) tf (mm) Dmc (mm) Lp (mm) Wg (mm) 

3 3  0.1  0.1 26 1 1  
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sink base through multiple jets, and then exited the heat sink at the 
outlet. 

The Figs. 6–8 presented how the fins line up with the impinging jets 
and the multi-jets distribution. In this paper, three fin configurations 
were tested including microchannel fins, pin fin arrays and bare copper 
surface in Figs. 9a–9c. The original heat sink has microchannel fins. In 
order to obtain pin fins, the microchannel was cut into pin fin arrays 
using electrical discharge machining (EDM). There were 15 pin fin ar
rays which were numbered in Fig. 10a. Each individual pin fin in this 
arrangement had a width of 0.1 mm and a length of 1 mm. A picture of 
two adjacent pin fin arrays was captured by a stereo microscope in 
Fig. 10b. It can be observed in Fig. 10b that a gap Wg of 1 mm was 
created between each pin fins array using EDM. Two slots with a width 
of 0.76 mm and 0.76 mm deep was cut at the bottom of heat sink to 

accommodate T-type thermocouples in order to measure the heat sink’s 
wall temperature (Tw) (Fig. 11). 

2.3. Experimental procedures 

The flow in the test loop was pumped through the coolant loop using 
a centrifugal pump. The required mass flow rate is regulated by the 
power supply connected to the pump. The coolant inlet temperature was 
controlled by using the chiller and the liquid–liquid heat exchanger. 
Two T-type thermocouples were installed at the inlet and outlet of heat 
sink in order to measure temperature before and after the coolant 
entered and exited the heat sink. The coolant enters the heat sink as 
single-phase liquid and leaves the heat sink as a two-phase mixture of 
liquid and vapor. The mixture entered the heat exchanger and was 
condensed to single-phase liquid. A differential pressure sensor was used 
to measure pressure drop through the heat sink. Two pressure 

Fig. 6. Schematic showing heat sink design and flow direction (microchannel 
heat sink). 

Fig. 7. Schematic showing heat sink design and flow direction (pin fin array 
heat sink). 

Fig. 8. Multi-jet distribution.  

Fig. 9a. Microchannel.  

Fig. 9b. Pin fin arrays.  

Fig. 9c. Bare copper surface.  
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transducers were installed at the inlet and outlet of heat sink in order to 
measure pressure at inlet and outlet. The outlet pressure was considered 
as saturation pressure and used to determine saturation temperature. 
The copper block is heated stepwise by the AC power supply. The time 
interval between each power step was controlled to ensure steady state 
conditions were maintained in the heat sink. All of the experimental data 
was acquired by the National Instrument acquisition system and 
compiled into an Excel file via a LABVIEW program. A vent valve at the 
reservoir was used for degassing and controlling the pressure inside the 
loop. Before gathering any data, the setup was maintained at desired 
temperature higher than room temperature. The air trapped inside the 
reservoir will move up to the liquid surface due to lower density of air. 

The vent valve was opened by a little so that the air can be removed. In 
addition, by opening the vent valve by a little, the pressure inside the 
loop can be reduced to the desired pressure for gathering data. 

3. Heat loss and uncertainty analysis 

Experiment was performed at low heat flux and single-phase state to 
determine the heat losses via measuring the difference between sensible 
heat absorbed by the coolant and the measured electrical power input. 
Heat loss was less than 5% in all data points. The measurement un
certainties of each instrument in the experimental test facility are listed 

Fig. 10a. Pin fin array heat sink with 15 arrays in total.  

Fig. 10b. Microscope picture of two adjacent pin–fin arrays.  

Fig. 11. Two slots at the bottom base of heat sink were machined for accom
modating the two thermocouples for measuring the wall temperature. 

Table 3 
Measurement Instruments and Uncertainty.  

Instruments Measurand Uncertainty DAQ 
Module 

Pressure Gauges (Omega): 
PX309050A5V 

Pin, Pout ±0.8 kPa NI- USB- 
6009 

T-type Thermocouple: 
Laboratory Made 

Tin, Tout, Tw ± 0.2 ◦C NI 9219 

Thermocouple (Omega): TJ36- 
CASS-116E-2-CC 

Heat Flux 
Measurement 

± 0.2 ◦C NI 9219 

Flow meter (Omega): FTB 313D Flow Rate ± 6% – 
Differential pressure sensor 

(Omega) PX2300-10DI 
Differential 
Pressure Drop 

0.25 % NI- USB- 
6009  

Fig. 12a. Comparison in heat transfer coefficient of pin fin array heat sink, 
microchannel heat sink and bare copper surface heat sink. Tin = 36 ◦C, flow rate 
1 L/min. 

Fig. 12b. Comparison in specific thermal resistance of pin fin array heat sink, 
microchannel heat sink and bare copper surface heat sink, Tin = 36 ◦C, flow rate 
1 L/min. 
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in Table 3. The uncertainty of thermal resistance was calculated using 
root sum square method [40]. The maximum uncertainties in thermal 
resistance, pressure drop and heat transfer coefficient occur at low heat 
fluxes (and low chip temperatures) and generally decrease with 
increasing heat flux. Uncertainty of thermal resistance was reduced from 
13 % to 2 % when heat flux was increased from 5 W/cm2 to 81 W/cm2. 

4. Results and discussions 

4.1. Comparison of three fin configurations 

Three different fin configurations were tested in this paper including 
original microchannel, pin fin array and bare copper surface (no fin). 
Figs. 12a and 12b shows heat transfer coefficient and thermal resistance 
variation with heat flux for three fin configurations. The specific thermal 
resistance was defined by: 

Rth =
A(Tw − Tin)

Q
(1)  

where Tb is the base temperature, Tin is the coolant inlet temperature, Q 
is the power absorbed by the coolant and A is surface area covered by 
microchannels. It was observed in Fig. 12b that pin fin array heat sink 
has the better thermal performance than microchannel heat sink and 
bare surface heat sink. With pin fins array heat sink, specific thermal 
resistance was reduced to 0.41 Kcm2/W which is 51 % lower than the 
specific thermal resistance of the original microchannel heat sink. At the 
same heat flux of 60 W/cm2, heat transfer coefficient of pin fin array was 
around 22 kW/m2K as compared to 12 kW/m2K of microchannel heat 
sink. The heat transfer coefficient of the heat sink was calculated via: 

h =
Q

A(TW − Tin)
(2)  

where Q is the input power (W), A is the area covered by microchannel 
(m2), Tw is wall temperature (◦C) and Tin is the inlet temperature (◦C). 
The heat transfer coefficient of pin fin arrays heat sink improved 
significantly as compared to the one of microchannel heat sink. In this 
specific heat sink design, the microchannel width is 100 µm which is 
very small as compared to channel height of 3000 µm. Due to the small 
width of the channel in the microchannel heat sink, the coolant that 
impinged down from the multi-jets was unable to penetrate through to 
the base and could not remove heat flux very well. When the micro
channels was cut into pin fin arrays with a big gap of 1 mm between 
adjacent arrays, coolant was able to penetrate through to the base and 
remove heat flux more effectively. Therefore, the thermal performance 

of the pin fin array heat sink was better than the original microchannel 
heat sink. Of the three configurations, the bare copper surface heat sink 
had the poorest thermal performance, which was attributed to the 
reduced contact area between the copper surface and the coolant. In 
comparison with our previous work [35], where the impact of micro
channel fin height was performed, cutting of microchannel to pin fin 
arrays even shows higher enhancement with 51% increase in heat 
transfer coefficient; meanwhile, variation in microchannel fin height can 
lead to only 46% enhancement in heat transfer coefficient as compared 
to original heat sink. 

4.2. Comparison of pin fin array and microchannel fin 

Comparison between thermal–hydraulic performance of micro
channel and pin fin arrays with variation of flow rate was presented in 
Figs. 13a and 13b. The experiment was conducted at different flow rates: 
1 L/min, 1.25 L/min, and 1.75 L/min. Pin fin arrays heat sink performs 
better not only in thermal resistance but also in pressure drop. At the 
same conditions, which were a flow rate of 1 L/min and a heat flux of 71 
W/cm2, the pressure drop of the pin fin array heat sink was 18 % lower 
than that of the heat sink. Table 4 shows experimental data for the case 
of pin fin array heat sink at flow rate 1 LPM, Tin of 36 ◦C. The onset of 
nucleate boiling was delayed when flow rate was increased from 1 L/ 
min to 1.75 L/min. It was observed in Figs. 13a and 13b that for pin fin 
array heat sink shown in blue, the onset of nucleate boiling happened at 
heat flux 18 W/cm2 for flow rate 1 L/min, 24 W/cm2 for flow rate 1.25 

Fig. 13a. Comparison in pressure drop of pin fin array (PFA) heat sink and 
microchannel (MC) heat sink with variation in flow rate. Fig. 13b. Comparison in specific thermal resistance of pin fin array (PFA) heat 

sink and microchannel (MC) heat sink with variation in flow rate. 

Table 4 
Experimental data for the case of pin fin array heat sink at flow rate 1 LPM, Tin 
36 ◦C.  

q” (W/ 
cm2) 

Tin 

(◦C) 
Flow rate (L/ 
min) 

Tb (◦C) Rth (Kcm2/ 
W) 

ΔP 
(Kpa) 

7.2  36.1 1  41.3  0.76  7.1 
11.4  36.4 1  44.5  0.75  7.2 
18  36.8 1  48.5  0.67  7.2 
24.2  36.1 1  51.3  0.65  8.0 
28.1  36.0 1  52.5  0.60  8.6 
34.5  36.3 1  54.6  0.54  10.0 
37.5  36.1 1  55.2  0.52  10.9 
43.8  36.3 1  56.6  0.48  12.6 
46.8  36.0 1  57.7  0.48  13.4 
56.1  36.3 1  60.9  0.45  15.5 
64.3  36.2 1  62.7  0.42  16.2 
66.8  36.7 1  63.5  0.41  17.2 
72.1  36.6 1  66.5  0.42  18.8  
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L/min and 48 W/cm2 for flow rate 1.75 L/min. Fig. 13b shows that there 
were two heat transfer mechanisms when the heat flux was varied from 
0 to 93 W/cm2. At lower heat fluxes, single-phase convection is domi
nant and thermal resistance reduces considerably with flow rate. On the 
other hand, at higher heat fluxes, the nucleate boiling mechanism be
comes dominant and thermal resistance is weekly dependent on flow 
rate. At high heat fluxes the flow rate could be reduced to lower the 
pressure drop while maintaining a similar thermal performance. How
ever, close attention should be paid to the critical heat flux value 
because critical heat flux will decrease when the flow rate is reduced. 
The thermal resistance in nucleate boiling mechanism decreases with 
increasing heat flux. The increasing trend of thermal performance with 
increasing heat flux can help in cooling of hot spots. 

Fig. 14 presents a comparison of the thermal–hydraulic performance 
of the microchannel to the pin fin array heat sink with variation in the 
subcooling and the same flow rate (1 L/min). For the pin fin array heat 
sink, the thermal resistance was lower with less subcooling. At the same 
heat flux of 44 W/cm2, the thermal resistance was 0.48 Kcm2/W when 
the degree of subcooling was 5 ◦C and 0.61 Kcm2/W when the degree of 
subcooling was 15 ◦C. The lower thermal resistance at a lower degree of 
subcooling was attributed to the higher vapor quality that was being 
generated when the coolant was pumped into the heat sink at a tem
perature closer to the saturation temperature. With more heat flux being 

removed by latent heat, the heat transfer coefficient was higher. 
Effects of subcooling on the wall temperature of the pin fin array heat 

sink and original microchannel heat sink were presented in Figs. 15a and 
15b, respectively. It was observed that the wall temperature decreased 
with more subcooling. For the pin fin array heat sink at the same heat 
flux of 65 W/cm2, the wall temperature was 55 ◦C when the degree of 
subcooling was 25 ◦C and 71 ◦C when the degree of subcooling was 5 ◦C. 
While thermal resistance was lower with less subcooling, the wall 
temperature was higher with less subcooling because the coolant inlet 
temperature increased. The wall temperature of pin fin array heat sink 
was significantly lower than original microchannel heat sink. At the 
same heat flux of 64 W/cm2 when the degree of subcooling was 15 ◦C, 
the wall temperature was 63 ◦C for the pin fin array heat sink and 85 ◦C 
for the original microchannel heat sink. 

4.3. Comparison to existing correlations 

The experimental results obtained in this study were compared to 
several predictive correlations proposed in the literature. Of the many 
predictive correlations for boiling heat transfer proposed in the litera
ture, those by Rhosenow [41] and Cooper [42] are widely used for 
predicting nucleate pool boiling heat transfer coefficients. Rohsenow 
[41] has developed the first and most widely used correlation for 
nucleate boiling. Data for nucleate boiling of a liquid on a clean surface 

Fig. 14. Comparison in specific thermal resistance of pin fin array (PFA) heat sink and microchannel (MC) heat sink with variation in subcooling (5 ◦C < ΔT <
25 ◦C), Tsat = 51 ◦C, flow rate 1 L/min. 

Fig. 15a. Effects of subcooling on wall temperature of the pin fin array (PFA) 
heat sink at the same flow rate 1 L/min (5 ◦C < ΔT < 25 ◦C). 

Fig. 15b. Effects of subcooling on wall temperature of the original micro
channel (MC) heat sink at the same flow rate 1 L/min (5 ◦C < ΔT < 25 ◦C). 
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can be correlated by an equation of the form: 

Q
A

= μLhfg

[g(ρL − ρv)

σ

]1/2
[

CpL(TW − Tsat)

CsfhfgPrn
L

]3

(3)  

where CpL is the specific heat of the liquid. Csf is a function of the 
particular heating surface-fluid combination and equals to 0.015 for 
copper and Novec/HFE 7000 surface fluid combination. σ is the surface 
tension of the liquid–vapor interface. The variable n depends on the 
surface fluid combination and typically has a value of 1.0 or 1.7. 

Cooper [42] developed a correlation for calculation of heat transfer 
coefficient in nucleate pool boiling mechanism. The two-phase heat 
transfer coefficient contribution in Cooper’s study is given by: 

h2ϕ = 55P0.12−0.4343ln(Rp)
r (−0.4343ln(Pr))

−0.55M−0.5q′ ′0.67 (4)  

where Pr is the reduced pressure (Pout/Pcrit), Pout is the outlet pressure of 
the heat sink, Pcrit is the critical pressure, M is the molar mass of the 
coolant, Rp is the roughness in microns. 

Flow boiling is characterized by simultaneous contributing factors 
from nucleate boiling and forced convection. Buchanan and Shedd [43] 
introduced a simple asymptotic matching principle that considers 
contribution of both forced convection factor h1ϕ and the nucleate 
boiling factor h2ϕ given in Eq. (4). The matching has the form htot =

(hz
1ϕ + hz

2ϕ)
1/z. Here, the asymptotic matching parameter, z, was set to 5. 

The single-phase heat transfer coefficient contribution h1ϕ is given by: 

h1ϕ =
Nudn kl

dn
(5)  

where dn = 1 mm is the jet diameter, kl is the liquid thermal conductivity 
and Nudn is the Nusselt number given by the equation: 

Nudn = 0.45
(

S
dn

)2/5(
L
dn

)−1/2

Re2/3
dn

Pr1/3
l (6)  

where S is the jet spacing, dn is jet diameter, L is the distance between the 
jet and the base, Prl is the Prandtl number of the liquid and Redn is the 
Reynolds number based on jet diameter and is given by: 

Redn =
ρludn

μl
(7)  

where ρl is the liquid density, u is the liquid velocity and μl is the liquid 
viscosity. 

In a study by Sung and Mudawar [44], nucleate boiling data for a 
hybrid micro-channel/micro-circular-jet- impingement module were 
correlated using heat flux and subcooling. The equation for predicting 

the heat transfer coefficient is given by: 

h =
q’’

(q’’
C )

1/n
+ ΔTsub

(8)  

where q” is the heat flux (W/m2) and ΔTsub is the subcooling (◦C). The 
empirical constants n and C were obtained by least-square’s fit and are 
equal to 43.88 and 0.33, respectively. The comparison between 

Fig. 16a. Comparison of experimental data with existing correlation (Sung & 
Mudawar [44]) for the case of microchannel. 

Fig. 16b. Comparison of experimental data with existing correlation 
(Buchanan & Shedd [43]) for the case of microchannel. 

Fig. 17a. Comparison of experimental data with existing correlation (Rohse
now [41]) for the case of bare copper surface. 

Fig. 17b. Comparison of experimental data with existing correlation 
(Buchanan & Shedd [43]) for the case of bare copper surface. 
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experimental data and correlations mentioned above [41,43,44] are 
illustrated in Figs. 16a and 16b, Figs. 17a and 17b, and Fig. 18. 

A comparison of experimental data with existing correlations for 
microchannel fins was presented in Figs. 16a and 16b. Among the cor
relations considered, Sung and Mudawar’s nucleate boiling correlation 
[44] best predicts the experimental results for the original microchannel 
heat sink in this study. The mean absolute error (MAE) in the prediction 
from Sung and Mudawar’s correlation was 9.8 % (Fig. 16a), while for 
Buchanan and Shedd’s correlation [43] it was 12.6 % (Fig. 16b). Sung 
and Mudawar developed a correlation for a micro-channel/micro- 
circular-jet- impingement heat sink which is similar to the geometry of 
the heat sink in present study; therefore, the Sung and Mudawar’s cor
relation best predicts experimental data. 

A comparison of experimental data with existing correlations for the 
bare copper surface configuration was presented in Figs. 17a and 17b. Of 
the correlations considered, Rohsenow’s correlation, which was devel
oped for a bare surface, best predicted the experimental data for the bare 
copper surface configuration in this study. The MAE in its prediction was 
10%, which was considered very good (Fig. 17a). Although Buchanan 
and Shedd’s correlation [43] was also developed for a bare surface, it 
generally overpredicted the experimental data for the bare copper sur
face configuration in this study with a MAE of 12.8 % (Fig. 17b). Since 
Sung and Mudawar’s correlation was developed for a microchannel heat 
sink, it was not used for comparison with the bare copper surface 
configuration in this study 

A comparison of the experimental data for the pin fin array config
uration to an existing correlation is presented in Fig. 18. Zhang et al. 
[45] developed a heat transfer correlation for jet impingement boiling 
on micro-pin-finned surface. Two-phase Nusselt number is given by: 

Nu = KPraRebBoc
(

0.7605 + 0.215
A
As

+ 18.27
Dh

Lh

)n

(9)  

where Bo =
q

ρVjhfg 
is the boiling number, A is heat transfer area of micro 

pin-fins, As is the heat transfer area of the smooth surface, Dh is the 
hydraulic diameter of the inter-connected channel formed by micro-pin- 
fins, Lh is cross-flow distance of each nozzle, ρ is the density of the 
coolant (kg/m3), Vj is the volumetric flow rate (m3/s), hfg is the latent 
heat of the coolant (J/kg). Here, K = 3.977, a = 0.4, b = 0.445, c =
0.631, n = 0.966 for the micro-pin-fins. In the original paper of Zhang 
[45], b was equal to 0.767 instead of 0.445. It should be noted that the 
dielectric coolant used in Zhang’s paper (FC 72) was different than the 
one in the present study (Novec/HFE 7000). Additionally, the geometry 
parameters were different for each study. Therefore, some of the co
efficients in Zhang’s correlation were modified to assure good prediction 

of the experimental data in the current study. Fig. 18 shows that there 
was good agreement between the experimental data and the correlation, 
with a MAE of 9.2 %. Of the data, 93.3 % and 96.7 % were predicted 
within ±20 % and ±30 %, respectively. 

4.4. New predicting method 

At the time of this study, correlations that predicted the heat transfer 
coefficient of pin fin heat sink were notably rare in the literature and 
further elaborative experimental efforts were required. The current 
study proposes a new empirical model based on a full factorial design 
that will predict experimental data for the heat transfer coefficient of the 
pin fin array configuration. Using the commercial software Minitab, the 
regression function of the correlation was developed from 82 experi
mental data points in both single-phase and two-phase regime and can 
be applied for the entire range of heat fluxes (single phase, nucleate 
boiling). Nusselt number of single-phase contribution (Nu1φ) and 
evaporation contribution (Nu2φ) are defined by: 

Nu1φ = 128.6 − 24.7θ + 0.0335Re (10)  

Nu2φ = 180.4 + 36α − 1.1θ − 0.012Re + 29.3θα − 0.0058αRe (11)  

where Re is Reynolds number, α and θ are nondimensional forms of heat 
flux, and inlet temperature, respectively. The dimensionless variables θ, 
α and Re were defined by following: 

Re =
ρudn

μ , α = 10−2 ×

(
q′ ′dn

klTo

)

, θ =
Tin − To

Tsat − To
(12)  

where Tin (◦C) is inlet temperature, To is ambient temperature (20 ◦C), 
Tsat (◦C) is saturation temperature, q” is heat flux (w/m2), dn (m) is 
nozzle (jet) diameter and kl is liquid thermal conductivity (W/m.K). 

Nusselt number in single-phase regime and two-phase regime are 
calculated as following: 

In single-phase regime: Ntotal = Nu1φ 

In two-phase regime: Nutotal =
(
Nuz

1φ + Nuz
2φ

)1/z
, (z = 5)

In nondimensional form, Nusselt number is defined by: Nu = hdn
kl 

Therefore, heat transfer coefficient was calculated from Nusselt 
number: h = klNu

dn 

Fig. 19 shows that the new correlation predicted the experimental 
data with a MAE of 2.4 %, which is considered very good. In the current 
study, the pin fins did not vary in dimension. Thus, the geometrical 
parameters of the pin fin were not included in the regression function. In 
the future work, variations in dimension of the fin can be taken into 
account and the regression function may include some geometry pa
rameters such as hydraulic diameter, heat transfer area of the pin fin, the 

Fig. 18. Comparison of experimental data with an existing correlation [45] for 
the case of pin fin array. 

Fig. 19. Comparison of experimental data and proposed correlation for heat 
transfer coefficient. Subcooling varies from 5 to 25C degree, and flow rate 
varies from 1 to 1.75 L/min, heat fluxes vary from 5 to 91 W/cm2. 
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gap between two adjacent pin fin arrays Wg, fin height hf. 

4.5. Effects of surface roughness 

One drawback of cooling via boiling is the ineffective heat transfer 
on very smooth surfaces, like the untreated copper surface. Higher 
surface roughness can lead to a higher nucleation site density, which 
enhances boiling heat transfer and makes the spatial temperature dis
tribution more uniform. Considering this, 120-grit sandpaper was used 
to modify the bare copper surface in this study by increasing its surface 
roughness. Figs. 20a and 20b show microscopic pictures of the original 
bare copper surface and the modified copper surface, the latter which 
has a visible increase of surface roughness 

Fig. 21 compares the heat transfer coefficient of the smooth bare 
copper surface to the modified copper surface. Although the heat 
transfer coefficient of the modified copper surface was slightly higher 
than that of the bare copper surface, the thermal performance did not 
greatly improve. At the heat flux of 48 W/cm2, the heat transfer coef
ficient of the modified copper surface was 7.3 kW/m2K which is 9 % 
higher than the smooth surface. This value of 9% is higher than the 
uncertainty of 2%; therefore, the increase in heat transfer coefficient is 
significant. This improvement is much lower than that obtained by 
cutting the microchannel into pin fin arrays (Section 4.1), which 
increased thermal performance by 51 %. 

5. Conclusions 

In this study, we investigate the thermal–hydraulic performance of a 
two-phase multi-jet impingement heat sink with three different fin ge
ometries including microchannel, pin fin arrays and bare copper surface. 
The primary findings of this study are as follows:  

• The heat transfer coefficient increases with heat flux over the range 
tested for all three fin geometries. As compared to microchannel heat 
sink, pin fin arrays heat sink shows 51 % improvement in thermal 
performance and 18 % lower in pressure drop. The bare copper 
surface has the lowest thermal performance due to limited liquid
–solid contact surface area. 

• The experimental results were compared with three different corre
lations. The Sung and Mudawar [44] nucleate boiling correlation 
provided a good prediction of the experimental heat transfer coef
ficient of the original microchannel heat sink configuration, with a 
mean absolute error (MAE) of 9.8 %. The Rhosenow [41] correlation 
provided a good prediction of the experimental heat transfer coef
ficient of the bare copper surface configuration, with an MAE of 10 
%. The Zhang [45] correlation provided a good prediction of the 
experimental data of the pin fin array configuration, with an MAE of 
9.2 %.  

• A new correlation was developed that provided a good prediction of 
the experimental data from the 82 trials of this study, with a MAE of 
2.4 %. In this correlation, the Nusselt number was a function of the 
Reynolds number, heat flux, and inlet temperature.  

• The effects of surface enhancement on the performance of the bare 
copper surface were also examined. Scuffing the surface with sand
paper increased the heat transfer coefficient by ~9 %. 
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