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Abstract: Thermal management at a high heat flux is crucial for high-power electronic devices, and
jet impingement cooling is a promising solution. In this paper, a hybrid heat sink combining a
microchannel and jet impingement was designed, fabricated and tested in a closed-loop system with
R134a as the working fluid. The thermal contact resistance was measured by using the steady-state
method, and the thermal resistance of the heat sink was obtained at different heat fluxes and flow
rates. The maximum heat dissipation of 400 W/cm2 is achieved on a heater area of 210 mm2, and the
thermal resistance of the heat sink is 0.11 K/W with a pressure drop of 13.5 kPa under a flow rate
of 1.90 L/min. Low thermal resistance can be achieved for the hybrid heat sink stemming from the
highly-dense micro-jet array with separate inflow and outflow microchannels.

Keywords: microchannel heat sink; jet impingement; thermal resistance; electronics cooling; heat
management

1. Introduction

High-power lasers have attracted extensive attention with the development of laser
technology. A high-power diode array (HPLDA) is an effective way to convert electronic
energy into a laser beam [1]. The temperature of HPLDAs affects their efficiency and
reliability, and the cooling of HPLDAs is still a challenge.

Microchannel heat sink (MCH) is an effective approach for high heat flux applica-
tions [2]. Compared with macrochannel heat sinks, microchannel heat sinks have a better
cooling performance and a compact structure [3]. Tuckerman and Pease [4] tested mi-
crochannel heat sinks for cooling electronic devices in 1980, which showed a cooling
capacity of 750 W/cm2. Water-cooled microchannel heat sinks were designed and tested
by Kreutz et al. where they cooled diode lasers with a thermal resistance of 0.29 K/W [5].
Compared with single-phase cooling, the flow boiling heat transfer can achieve cooling
with a higher heat flux and more uniform temperature on the heating surface. However,
there are issues of premature critical heat flux (CHF) and heat transfer deterioration owing
to various instabilities in microchannels [6]. Major attention has been paid to the character-
istics of instability and its suppression methods. Geometrical modification is an effective
method to suppress stability [7]. In addition to flow instability, bubble clogging and flow
reversal are also great challenges with microchannel heat sinks [8,9]. The effects of inlet
restrictors (IRs) on heat transfer characteristics were analyzed by Saad et al. [10]. Results
showed that IRs improved heat transfer characteristics effectively.

A prototype of the copper heat sink with micro-pipes in the microchannel was de-
signed by Anna et al. [11], and a smaller dimension in the direction perpendicular to
the junction was proposed to improve operability in that direction. Kevin et al. [12] in-
vestigated a multilayered microchannel heat sink which showed a thermal resistance of
5.6 × 10−6 m2 K/W with a cooling capacity of 910 W/cm2. A laser 3D printing heat sink
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was tested and optimized with a low smile value [13]. Zeng et al. [14] tested and analyzed
a hybrid microchannel heat sink that could reduce thermal resistance by 15%.

Microchannel heat sinks filled with metal foam were investigated numerically by E.
Farsad et al. [15]. Results showed that microchannel heat sinks filled with copper foam
could achieve better temperature uniformity. Sajjad et al. [16] investigated variable struc-
tures of microchannel heat sinks. It was shown that the sinusoidal structure could increase
the diode lifetime by 44% with an 18% increase of pressure drop. Kim et al. [17] compared
different slot-jet structures and found the hybrid module with plate fin could reduce ther-
mal resistance by 30% with a wall temperature decrease of 70%. A hybrid microchannel
heat sink was investigated numerically by Robinson et al. [18]. It was indicated that a
hybrid microjet-microchannel could have a relatively low temperature at q = 1000 W/cm2.
Doubled-layered microchannel heat sinks have advantages in cooling performance and
flow characteristics [19,20]. Micro pin fins can increase turbulence disturbance and enhance
the heat transfer in microchannels [21–23]. Cross-linked microchannels disrupt the bound-
ary layers to enhance the heat transfer coefficient [24–26]. Re-entrant cavity structures can
create artificial nucleation sites in microchannels to enhance boiling heat transfer [27–29].
Porous structures and nano-structures can improve the wall wettability and extend the
heat transfer area to enhance the boiling heat transfer [30–35].

In this work, a heat sink combining a microchannel and jet impingement with a
highly-dense micro-jet array (~100 jets per cm2 with jet width of 0.5 mm) was designed and
fabricated for cooling devices with a heat flux of up to 400 W/cm2. The thermal interfacial
resistance of the test module at different heat fluxes and flow rates was determined by the
steady-state method. The thermal interfacial resistance between the heat sink and heating
device accounted for 30–50% of the overall thermal resistance. Due to the highly-dense
micro-jet array, the proposed heat sink has a lower thermal resistance (0.11 K/W) with a
larger heating area (210 mm2).

2. Experimental Apparatus
2.1. Experimental System

Figure 1 shows the closed-loop test system with R134a as a working fluid. Heating
devices are cooled by a heat sink in the test module. The inlet and outlet temperatures of
the test module are measured by type-K thermocouples (OMEGA, ±0.2 ◦C). A differential
pressure sensor (LONTROL SIN-6100, 0–20 kPa, ±0.5%) is used to measure the pressure
drop. Pin is measured by a pressure transducer (Danfoss 060G3012, 0–16 bar, ±0.2%). Heat
into the system is taken away by a water-cooled condenser (KLD-LC72-FBH/Jgy, 7.2 kW).
A constant flow of R134a is circulated by a pump (NP120, 1.2 mL/rev). The volumetric flow
rate is measured by a float flowmeter (LZDW-F12, ±2.5%). Heating power is measured
by a power meter (QINGZHI-8716C). A data acquisition device (KEITHLEY DAQ6510,
±0.007%) is used to record the abovementioned data.

2.2. Test Section

Figure 1b shows the schematic of the test module with an electric heater on the
proposed heat sink. The heating device is a printed circuit on an AlN substrate. The
heating area is 1.4 cm × 1.5 cm. The thickness of the AlN substrate is 0.6 mm. A DC power
supply with controlled voltage is used to provide a DC current to the heater. A power
meter (QINGZHI-8716C) is used to measure the voltage, current and power of the heating
device. Silicone grease (ZF-12) is used between the AlN substrate and the heat sink. The
measurements of thermal contact resistance and AlN thermal conductivity are described
in Section 2.3. Thermal insulation of the test module is evaluated, and the heat loss is less
than 1%, which can be neglected in this work.
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Figure 1. Schematic of closed-loop test apparatus (a), the test module (b), and the structure of the
hybrid heat sink (c).
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As shown in Figure 1c, the proposed heat sink consists of many thin copper plates
with slots to form microchannels and micro-jets. A unit is composed of 5 plates (plates
1–5 in Figure 1c) in a certain order, and there are 25 microchannel units in a heat sink. In
plate 4, as shown in Figure 1c, there are 26 arrays of microchannels with a width of 0.5 mm
and a length of 10 mm on a plate with a thickness of 0.2 mm. The coolant flows through a
6 mm diameter channel in plates 1 and 2, and then the fluid is fed into the microchannels
of plate 4 through the inflow plenum on plate 3. The coolant is impinged on the bottom of
the microchannel through the slots on plate 4. The coolant leaves the bottom channels on
plates 2, 3 and 5, and flows into the outflow plenum on plate 1. The hybrid heat sink has a
highly-dense micro-jet array (~100 jets per cm2 with jet width of 0.5 mm) and a separate
design of inflow and outflow passages, and an efficient fluid distribution and convective
heat transfer can be expected on the heating surface.

2.3. Measurement of Thermal Interfacial Resistance

Silicone grease is used to reduce the thermal contact resistance between the AlN
substrate and the heat sink. As discussed later in Section 4.2, the thermal resistance of
silicone grease and AlN accounts for a large proportion (30~50%) of the total thermal
resistance. Therefore, it is necessary to measure their thermal resistances accurately. A
measuring device of thermal contact resistance was designed and fabricated as shown in
Figure 2. The measuring device consists of five epoxy resin plates (plates 1–5 in Figure 2)
and two tungsten copper blocks (blocks 6–7 in Figure 2). The epoxy resin plates can fix the
position of the tungsten copper blocks and provide an adiabatic environment. There are
thermal insulation materials between the epoxy resin plates and tungsten copper blocks
to reduce the heat leakage. The pressure between plate 1 and plate 5 is measured by a
manometer (8). The detailed tungsten copper blocks are shown in Figure 3. Four heaters
are inserted into structure 6. There are six holes for inserting thermocouples into the two
tungsten copper blocks. An AlN substrate with silicone grease on both sides is placed
between the two tungsten copper blocks. Cooling water flows over the top region of the
upper tungsten copper block to remove the heat from the measuring device. The thermal
resistances of the AlN substrate and silicone grease can be calculated according to the
one-dimensional heat conduction equation.
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3. Data Reduction and Uncertainty Analysis

The temperature of the heating wire is a function of its resistance, and resistances at dif-
ferent temperatures are measured in an oven with a controlled temperature. The correlation
between temperature (40–240 ◦C) and resistance is fitted by using the experimental data.

T = 93.732Re − 1506.043 (1)

The thermal conductivities of the AlN substrate and tungsten copper used in the
measuring device are measured by NETZSCH LFA447. Based on the measured data, the
temperature-dependent thermal conductivity of the AlN substrate can be determined by
Equation (2).

λAlN = −0.304T + 178.330 (2)

The temperature-dependent thermal conductivity of tungsten copper can be deter-
mined by Equation (3).

λWCu = 248.860T−0.045 (3)

The heat flux can be calculated by fitting the temperature gradient according to the
thermocouple measurements.

qi = λWCu
dT
dx

(4)

The heat flux through the interface is the average value of heat fluxes through the
upper and lower blocks. The thermal resistances of the AlN substrate and silicone grease
are calculated by an average of five tests. The thermal resistance is measured under a
weight of 1.28 kg, which is the same as the spring plate to fix the heater in the experiment.
The detailed results are discussed in Section 4.

Rth = 3.056× 10−5 − 3.083× 10−4T−1 + 2.933× 10−3T−2 (5)

The heating power of the AlN heater on the heat sink is determined by the measure-
ments of voltage and current.

Q = UI (6)

The heating area is 1.4 cm× 1.5 cm, and then the heat flux is determined by Equation (7).

q′′ =
Q
A

(7)
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The wall temperature on the cooling surface of the heat sink is determined by Equation (8).

Ti = Ti−1 −
qxi
λi

(8)

The outlet vapor quality is calculated according to the inlet and outlet conditions.

x =
qA− .

m(hsat − hin)
.

mhlv
(9)

The thermal resistance is used to evaluate the cooling performance of the heat sink,
which is defined by Equation (10).

Rh =
(Tow − Tin)

qA
(10)

where Tow is the outer wall temperature of heat sinks, and Tin is the inlet fluid temperature.
The uncertainties of calculated data are determined by Equation (11) according to

the reference [36]. Uncertainties of thermocouples, differential pressure sensor, flowme-
ter, voltage and current measurements are ±0.2 K, ±0.5%, ±2.5%, ±0.15% and ±0.2%,
respectively. The uncertainty of heat flux is 0.25%. The uncertainty of temperature for the
heating wire is 1.8–8.5%. The uncertainty of the outlet vapor quality is 4.7–12.5%. The
uncertainty of thermal resistance is 0.8–13%. It is necessary to check the repeatability of the
experiments. Two different runs are adopted with a volumetric flow rate of 0.86 L/min
under different heat fluxes. The comparison of the two different runs is shown in Figure 4.
It can be seen that the difference between the two runs is quite small with a maximum
temperature difference of 3.7 K over a heat flux range from 50 W/cm2 to 350 W/cm2.

δy

y
=

1
y

√
n

∑
i=1

(
∂ f
∂xi

)
(δxi )

2 (11)
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Figure 4. Repeatability tests for the temperature of heating wire Thw.

4. Results and Discussion
4.1. Calculation of Thermal Resistances of an AlN Substrate and Silicone Grease

The thermal resistances of AlN substrates and silicone grease are measured by the
device shown in Figures 2 and 3. Six thermocouples (1–6) are arranged from top to bottom
on the tungsten copper block. The temperature distribution of six measuring points is
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shown in Figure 5. The distribution trends of the six measured temperature points are
the same at different heat fluxes with a temperature range of 20–170 ◦C. The temperature
rise between points 3 and 4 accounts for more than 40%, which is larger than the other
points. It is indicated that the thermal conductivity between points 3 and 4 is weakened
due to the AlN substrate and silicone grease. The average of the five experiments is used
to calculate the correlation between thermal resistance and temperature. The correlation
between thermal resistance and temperature is shown in Equation (5) of Section 3. Figure 6
displays the comparison of the thermal resistance correlation with experimental data. R2 of
the correlation is 0.986 and the mean absolute relative deviation (MARD) is 0.066, which
means that the correlation can calculate the thermal resistance accurately.
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4.2. Cooling Performance of the Hybrid Microchannel Heat Sink

In the closed-loop test system, a water-cooled condenser is used to continuously
remove heat from the system, which keeps the inlet temperature of the heating module
in a certain range of 3.6–4.8 ◦C. The initial operating pressure is 3.0 bar. There are three
volumetric flow rates (0.86, 1.30 and 1.90 L/min). The range of heat flux is 50–400 W/cm2.
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Figures 7 and 8 show the temperatures of the heating wire and the outside wall
and inside wall. It is shown that there is a temperature drop of about 20 ◦C for larger
mass fluxes. Tow is 82.7 ◦C at 300 W/cm2 and 1.90 L/min whereas the one is 99.9 ◦C
at 300 W/cm2 and 0.86 L/min. The heat transfer characteristics of the test module are
investigated by analyzing the temperature distribution of the heating wire and the outer
and inner walls. The temperature rise between the heating wire and the outside wall
accounts for most of the overall temperature increase, up to 80%. It is indicated that
thermal resistances of silicone grease and AlN substrates affect the cooling capacity of
the test module significantly. The cooling performance is greatly improved when the
volumetric flow rate is increased to 1.90 L/min. Tiw is 60.2 ◦C at 300 W/cm2 whereas the
one of 0.86 L/min is 77.5 ◦C at 300 W/cm2. The temperature of outlet R134a is shown in
Figure 9. When heat flux is increased from 50 W/cm2 to 300 W/cm2, the temperature rise
is about 8 ◦C. The temperature of R134a increases from 4.2 ◦C to 16.3 ◦C when R134a flows
from the inlet to the outlet at 0.86 L/min.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 16 
 

L/min is 77.5 °C at 300 W/cm2. The temperature of outlet R134a is shown in Figure 9. 
When heat flux is increased from 50 W/cm2 to 300 W/cm2, the temperature rise is about 8 
°C. The temperature of R134a increases from 4.2 °C to 16.3 °C when R134a flows from 
the inlet to the outlet at 0.86 L/min. 

 
Figure 7. The temperatures of heating wire at different heat fluxes. 

  

0 100 200 300 400

50

100

150

200

250

T h
w
(℃

)

Heat flux (W/cm2)

 0.86L/min
 1.30L/min
 1.90L/min

Figure 7. The temperatures of heating wire at different heat fluxes.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 8. The temperatures of the heat sink at different heat fluxes: (a) outside wall and (b) inside 
wall. 

0 100 200 300 400
20

40

60

80

100

120

140

T o
w
(℃

)

Heat flux (W/cm2)

 0.86L/min
 1.30L/min
 1.90L/min

(a)

0 100 200 300 400
20

30

40

50

60

70

80

90

100

110

T i
w
(℃

)

Heat flux (W/cm2)

 0.86L/min
 1.30L/min
 1.90L/min

(b)

Figure 8. Cont.



Appl. Sci. 2022, 12, 13033 9 of 14

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 8. The temperatures of the heat sink at different heat fluxes: (a) outside wall and (b) inside 
wall. 

0 100 200 300 400
20

40

60

80

100

120

140

T o
w
(℃

)

Heat flux (W/cm2)

 0.86L/min
 1.30L/min
 1.90L/min

(a)

0 100 200 300 400
20

30

40

50

60

70

80

90

100

110

T i
w
(℃

)

Heat flux (W/cm2)

 0.86L/min
 1.30L/min
 1.90L/min

(b)

Figure 8. The temperatures of the heat sink at different heat fluxes: (a) outside wall and (b) inside wall.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 16 
 

 
Figure 9. The temperatures of outlet R134a. 

Figure 10 shows the outlet vapor quality at different heat fluxes. At 0.86, 1.30 and 
1.90 l/min, the two-phase flow appears with heat fluxes of 100, 150 and 250 W/cm2, re-
spectively. The outlet vapor quality of 0.86 L/min is 0.12 at 350 W/cm2 heat flux whereas 
the one of 1.90 L/min is 0.015. It is known that the cooling capacity is enhanced with the 
appearance of a two-phase flow. The thermal resistance for evaluating the cooling capac-
ity of the heat sink is shown in Figure 11. There is a valley of thermal resistance at differ-
ent heat fluxes, which represents the appearance of a two-phase flow. The cooling capac-
ity is impaired when the heat flux increases continuously in the two-phase state. There-
fore, there is an optimal heat flux at a certain flow rate at which the thermal resistance of 
the heat sink reaches the minimum. The thermal resistances are 0.15, 0.13 and 0.11 K/W 
for the cases of 0.86, 1.30 and 1.90 L/min, respectively. In addition to the thermal re-
sistance of the heat sink, the thermal resistance of the test module also includes thermal 
interfacial resistance (AlN substrate and silicon grease). The thermal resistance distribu-
tions of the heat sink, AlN substrate and silicone grease are shown in Figure 12. The 
thermal resistances of the AlN substrate and silicone grease are almost always 0.14 K/W 
under different conditions, which accounts for 30–50% of the overall thermal resistance. 
It can be seen that the AlN substrate and silicone grease have a great influence on the 
cooling performance of the test module. Improper handling of the thermal interfacial re-
sistance between the heat sink and the heating device can greatly reduce the perfor-
mance of the heat sink. High thermal conductivity materials and great packaging pro-
cesses are the key points to improve the performance of the heat sink. 

0 100 200 300 400

6

8

10

12

14

16

18

T o
ut
(℃

)

Heat flux (W/cm2)

 0.86L/min
 1.30L/min
 1.90L/min

Figure 9. The temperatures of outlet R134a.

Figure 10 shows the outlet vapor quality at different heat fluxes. At 0.86, 1.30 and
1.90 L/min, the two-phase flow appears with heat fluxes of 100, 150 and 250 W/cm2,
respectively. The outlet vapor quality of 0.86 L/min is 0.12 at 350 W/cm2 heat flux whereas
the one of 1.90 L/min is 0.015. It is known that the cooling capacity is enhanced with the
appearance of a two-phase flow. The thermal resistance for evaluating the cooling capacity
of the heat sink is shown in Figure 11. There is a valley of thermal resistance at different
heat fluxes, which represents the appearance of a two-phase flow. The cooling capacity is
impaired when the heat flux increases continuously in the two-phase state. Therefore, there
is an optimal heat flux at a certain flow rate at which the thermal resistance of the heat sink
reaches the minimum. The thermal resistances are 0.15, 0.13 and 0.11 K/W for the cases
of 0.86, 1.30 and 1.90 L/min, respectively. In addition to the thermal resistance of the heat
sink, the thermal resistance of the test module also includes thermal interfacial resistance
(AlN substrate and silicon grease). The thermal resistance distributions of the heat sink,
AlN substrate and silicone grease are shown in Figure 12. The thermal resistances of the
AlN substrate and silicone grease are almost always 0.14 K/W under different conditions,
which accounts for 30–50% of the overall thermal resistance. It can be seen that the AlN
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substrate and silicone grease have a great influence on the cooling performance of the test
module. Improper handling of the thermal interfacial resistance between the heat sink
and the heating device can greatly reduce the performance of the heat sink. High thermal
conductivity materials and great packaging processes are the key points to improve the
performance of the heat sink.

The pressure drop is another important parameter of microchannel heat sinks. The
hybrid heat sink with a highly-dense micro-jet array (~100 jets per cm2 with jet width of
0.5 mm) has a lower thermal resistance with a larger pressure drop. Figure 13 shows the
pressure drops at different heat fluxes. The pressure drops at 350 W/cm2 are 5.85, 7.75 and
13.24 kPa at 0.86, 1.30 and 1.90 L/min, respectively. The heat sink has a larger pressure drop
with a high volumetric flow rate. The two-phase flow occurs at a large heat flux. Two-phase
flow is more complicated at high heat flux where the pressure drop rises in an obvious way.
The maximum pressure drop in the experiment is 13.46 kPa at 1.90 L/min and 400 W/cm2.
The range of pressure drop is 1.54–13.46 kPa in the experiment.
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Published studies [13,14,16,37–39] (experimental and numerical) on microchannel heat
sinks for cooling high-power devices are compared with this work. Several important
parameters including flow rate, pressure drop, thermal resistance, heat flux and heating
area are compared. In the published studies with a heat flux of 200–600 W/cm2, the
thermal resistance ranges from 0.23 to 0.71 K/W with a heating area of 10–30 mm2 and
a pressure drop of 17–400 kPa. The heat sink in this work has a thermal resistance of
0.11 K/W, a 52% reduction compared to existing solutions. The maximum pressure drop is
13.5 kPa. It can be seen that the present hybrid scheme has a smaller pressure drop and
thermal resistance. In addition to the pursuit of low thermal resistance at high heat flux,
the heating area is also a very important evaluation parameter. The presented solution
has a larger heating area of 210 mm2, which is 6 times larger than the existing schemes.
The microjet array designed by Browne et al. [40] has a cooling capacity of 1100 W/cm2,
which is 2.75 times higher than this work. However, its area of the heater is 1 mm2, which
is much smaller than the presented scheme in the heating area. The microchannel heat
sink has great cooling performance owing to the combination of a microchannel and jet
impingement. A large aspect ratio microchannel can be fabricated by the superposition
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of microchannel plates. The jet impingement with a size of 0.2 mm × 0.5 mm × 10 mm
has a great cooling capacity and reduces the risk of dryout. The large heating area with
low thermal resistance and pressure drop is implemented by heat sinks combining a
microchannel and jet impingement.

5. Conclusions

In this work, the cooling performance of a hybrid heat sink with micro-jets and
microchannels was experimentally studied with a working fluid of R134a. The thermal
conductivity of the AlN substrate was measured by using a laser flash analyzer (LFA
447), and the thermal resistances of silicone grease were determined by the steady-state
method. The parameters including temperature, thermal resistance and pressure drop were
investigated at different flow rates and heat fluxes. The largest heat flux of 400 W/cm2 was
achieved on a heating area of 210 mm2 in the experiments. The lowest thermal resistance of
the heat sink was 0.11 K/W, and the pressure drop was between 1.54 and 13.46 kPa. Results
show that the combination of jet impingement and microchannel structures has excellent
cooling performance and provides a promising solution for the thermal management of
high-power devices with both a large area and a high heat flux.
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Nomenclature

A area (m2) h heat sink
h fluid enthalpy (kJ/kg) hw heating wire
I current (A) i number
m mass flow rate (kg/s) in inlet
P pressure (MPa) iw inside wall
Q input power (W) lv latent heat of vaporization
q heat flux (W/m2) out outlet
Re electric resistance (Ω) ow outside wall
Rth thermal resistance (K/W) sat saturation
T temperature (K) th thermal
U voltage (V) w wall
x vapor quality Abbreviations
Greek symbols AlN aluminum nitride
λ thermal conductivity (W·m−1·K−1) CHF critical heat flux
Subscripts WCu tungsten copper
e electric
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