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Abstract— This paper focuses on two-phase flow boiling of 
dielectric coolant HFE 7000 inside a copper multi-microchannel 
heat sink for high heat flux chip applications. The heat sink is 
composed of parallel microchannels, 200 µm wide, 2500 µm high, 
and 20 mm long, with 200-µm-thick fins separating the channels. 
The copper heat sink consists of almost 100 channels connected by 
a longitude groove with a nearly trapezoidal cross section. Coolant 
impinges down to the base at the groove and then goes along the 
microchannels. A copper block heater arrangement was used to 
mimic a computer chip with a footprint of 1”x1” (6.45 cm2). The 
base heat flux was varied from 7.75 W/cm2 to 96.1 W/cm2 and the 
mass flux from 547.6 to 958.4 kg/m2s, at a nominal saturation 
temperature of 54 °C. Heat transfer coefficients as high as 57.5 
kW/m2K were reached, keeping the base temperature under 66 °
C with a maximum of 21.9 kPa of pressure drop, for inlet 
subcooling of 5 degree and a coolant flow rate of 958.4 kg/m2. 
Effects of inner diameter of tubing on thermal performance and 
pressure drop are also discussed. It was observed that an 
increase of tubing inner diameter by 60 % can result in increase 
of heat transfer coefficient by 47.8 % and reduction in pressure 
drop by 63 %. 

Keywords.  Two-phase cooling, boiling, microchannel, Impingement.

Nomenclature. 
Rth   specific thermal resistance (Kcm2/W) 

Tb base temperature of the heat sink (oC) 

Ti coolant inlet temperature (oC) 

Tout coolant outlet temperature (oC) 

ΔP  pressure drop (kPa)

1. INTRODUCTION

Electronics cooling is a growing concern in industry and
government organizations. Global data centers consumed 
around 200 billion kWh/year [1] corresponding to 1.3 % of 
global electricity use and cooling was reported to consume 
roughly 33 % of total energy used in legacy data centers [2]. It 
was predicted that the United States data center energy 
consumption increase by 4% from 2014-2020 and reach 73 
billion kWh in 2020 [3]. Increasing power densities due to the 
rise of Artificial Intelligence (AI), high-performance computing 
(HPC) and machine learning can lead to the increasing cost and 
complexity of thermal management in electronics device. State 
of art heat flux in electronics cooling already exceeded the 
capability of air-cooling technology. Owing to high specific heat 
and latent heat of liquid coolants, liquid cooling is an alternative 
solution. An IBM study [4] showed that cooling efficiency with 
liquid cooling can be 3500 times higher than air cooling. Single-
phase cooling with water is currently the most popular liquid 

cooling method in data center and shows high heat transfer 
coefficient and acceptable pumping power [5-10]. It is reported 
in [11,12] that the highest heat transfer rate of single-phase 
cooling cold plate with water can be up to 1150W. Although 
having high thermal performance, single-phase cooling also has 
disadvantages such as high temperature gradient along chip 
surface and dangerous consequences of a fluid leak. By 
combining a non-conductive dielectric refrigerant with boiling 
heat transfer, pumped two-phase cooling products can increase 
power densities for high power electronics by more than 2x over 
traditional water / glycol systems [11,13], while eliminating the 
dangerous consequences of 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 evaporation of coolant at saturation 
temperature. 

There are many research studies in literature focused on the 
component level where effects of operating parameters and 
geometry parameters on thermal and hydraulic performance of 
cold plate are quantified. Three cooling strategies were studied 
in [14]: copper cold-plate micro-channel module bonded to the 
device substrate, embedded micro-channels directly etched into 
the device substrate and, embedded micro-channels with a 3D 
manifold with inlet and outlet module. The embedded micro-
channels with 3D-manifold with R245fa working fluid has the 
potential to achieve the lowest thermal resistance. Three types 
of micro pin fins (triangular, hexagonal, and circular) cold plates 
were fabricated by silicon processes [15]. The triangular micro 
pin fins could promote the flow and mixing of the coolant to 
eliminate the slug flow and therefore; had the best heat transfer 
characteristics and pressure drop performance. A potential 
stacked 3D high-power processor thermal behavior using novel 
radial expanding channels and pin fields cooled using two-phase 
dielectric fluid were constructed in [16]. An effective critical 
heat flux where the average core temperature rise was less than 
30 oC was found to be 350W/cm2, significantly higher than the 
values observed for longer parallel channels. Two-phase cooling 
with ultra-low Global Warming Potential (GWP) dielectric 
fluids R1233zd(E) and R1234ze(E) was studied in [17]. The 
results showed that compared to water cooling, two-phase 
cooling achieves lower junction temperatures and more uniform 
cooling for the same flow rates and pumping power. Along with 
direct liquid cooling using cold plate, another approach in liquid 
cooling is immersion cooling [18-20] where the whole chip is 
submerged inside dielectric coolants. 

As compared to component level, there are fewer number of 
studies conducted for rack level liquid cooling due to cost and 
complexity of the equipment. Fluid distribution in a two-phase 
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cooled rack under steady and transient information technology 
loads was investigated in [21]. The flow rates and pressure 
distribution across the rack are studied in various filling ratios. 
A control system was designed to regulate the temperature of the 
supplied coolant in response to the step change in the IT 
workload. Alkharabsheh [22] performed a rack level experiment 
to analyze pressure drop of a liquid cooled rack. It was found 
that pressure drop in the server module was found to cause the 
highest pressure drop among the coolant distribution unit 
module and the manifold module which includes the tubing and 
fittings. A rack level study of hybrid cooled servers using warm 
water cooling for distributed vs. centralized pumping systems 
was performed [23]. They found that centralized pumping 
system has shown relatively lower operating component 
temperatures and pumping power compared to distributed 
pumping system. 

 Although there are significant number of two-phase 
cooling studies, more works are required to improve knowledge 
of two-phase cooling with different coolants, operating 
parameters and geometry parameters. In the current study, a 

two-phase cooling study using dielectric coolant Novec/HFE 
7000 and an impinging/microchannel cold plate was performed 
in component level. A copper block heater arrangement was 
used to mimic a computer chip. Effects of subcooling and flow 
rate on both thermal and pressure drop through the cold plate 
were presented in detail. Two sizes of tubing connected to cold 
plates were tested and the effects of inner diameter of tubing on 
thermal resistance and pressure drop of cold plate are discussed. 
The experiment was carried out with a large heated surface of 
6.45 cm2 and maximum dissipated heat flux was around 96.1 
w/cm2 corresponding to chip power of 620 W. 

2. EXPERIMENTAL SETUP AND PROCEDURES

2.1 Flow Loop
A schematic diagram of the experimental test loop is shown 

in Fig. 1. A centrifugal pump drives the dielectric liquid, 
Novec/HFE 7000, through the closed loop. Table 1 shows 
typical physical properties of Novec/HFE 7000. A liquid-to-
liquid heat exchanger located downstream of the test section 
condenses the vapor and cools the fluid before it enters the 

Fig. 1. Schematic illustration of the flow loop. 

Coolant

Molecular 

Weight 

(g/mol)

Boiling 

Point at 

1 atm 

(oC)

Liquid 

Density

(Kg/m3)

Kinematic 

Viscosity

(cSt)

Laten Heat of 

Vaporization 

(kJ/kg)

Specific 

Heat 

(J/KgK)

Surface 

Tension 

(dynes/cm)

Thermal 

Conductivity 

(W/mK)

HFE 

7000
200 34 1400 0.32 142 1300 12.4 0.075 

Table 1. Typical physical properties of Novec/HFE 7000. 



reservoir. This liquid-to-liquid heat exchanger is connected to a 
chiller (Julabo LH40) for controlling the coolant temperature 
entering the microchannel heat sink. The liquid is fully degassed 
before initiating each test using the degassing ports. A flow 
meter with a measurement range of 0.2–2 l/min monitors the
flow rate through the loop and two T-type thermocouples 
measure the fluid temperature before and after the heat sink. The 
pressure at the inlet manifold and the pressure drop across the 
microchannel heat sink are measured using a pressure transducer 
(Omega, PX309050A5V) and a differential pressure transducer 
(Omega, PX2300 series), respectively. 

2.1 Heat Sink Design and Mock Package 
The heat sink shown in Fig. 2a and Fig 2.b consists of a 

copper microchannel heat sink and manifold. The coolant
impinges down the base through a trapezoidal groove at the 
middle of the heat sink. After impinging down to the base, 
coolant spread to the sides and go along microchannels. This 
structure of heat sink assures that coolant can has high surface 
contact area with copper microchannels and enhance both 
forced convection and boiling. Mock package is shown in Fig. 
4. The copper block with 4 cartridge heaters is placed on top of
a ceramic fiber sheet. Each cartridge heater can deliver power
up to 400 W. There were three J-type thermocouples installed
to copper block for measuring heat flux using Fourier’s law.
Cold plate is placed on top surface of copper block with thermal
interface material in between. The cold plate was fixed onto the
top-surface of copper block by a holder of the frame. Weights
were placed on the weight seat for maintaining pressure
and constant interfacial thickness. Details of mock package
design and the components of mock package are available in
Hoang et al. [24].

Two slots with a width of 0.03” and 0.03” deep was cut to 
accommodate T-type thermocouples as shown in the figure 3 in 
order to measure the heat sink’s base metal temperature Tb. A
very tight machining tolerance was maintained while making 
the slots. Heat sink thermal resistance 𝑅th is represented by ratio
of difference between average base temperature Tb and 
incoming coolant 𝑇𝑖𝑛 to input power supplied or heat picked by
the coolant 𝑄̇. Two T-type thermocouples fabricated at the
facility were calibrated using a precision oven before setting 
them on the grooves. Figure 3. T-type thermocouples installed in the back of the cold plate to 

indicate base temperature measurement 𝑇𝑏 during thermal tests. 

Figure 4.  Mock Package 



2.2 Experimental Procedures 

Three mass flux values ranging from 547 to 958 kg/m2s are 
investigated to map the effect of flow velocity on boiling. 
Before initiating each test, the liquid in the test loop is fully 
degassed to help reduce flow instabilities. The inlet coolant 
temperature is controlled by adjusting temperature of secondary 
loop via the Julabo LH40 chiller. A constant flow rate was 
maintained by adjusting the supplied DC power to the 
centrifugal pump. The coolant flow rate is controlled in order 
to ensure that a constant flow rate is maintained throughout the 
experiments. Coolant enters inlet of heat sink in single-phase 
and leaves heat sink as a two-phase mixture of liquid and vapor. 
After leaving the heat sink, the mixture of vapor and liquid was 
condensed to single-phase liquid inside the liquid-liquid heat 
exchanger which is connected to a Julabo LH40 chiller. The 
single-phase liquid after leaving the heat exchanger was 
returned to the reservoir and finish the cycle.  

3. Heat Loss and Uncertainty Analysis

Several tests are performed in a 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. The heat loss in single-phase regime is 
calculated by: Qloss= Qelectric - m′ CΔT. Where Qelectric is
electrical input power from the cartridge heater, m is mass flow 
rate (kg/s), C is specific heat (J/kg.oC) and ΔT (oC) is
temperature difference between outlet and inlet of heat sink. 
Heat of evaporation is not mentioned in this equation because in 
order to calculate heat loss, experiment was operated in single-
phase regime with heat flux lower than onset of nucleate boiling 
point. Qcoolant in the Figure 5. was sensible heat absorbed by the 
coolant and can be evaluated by Qcoolant = m′CΔT. Qloss was less
than 5 % in all data points. 

Figure 5. Energy balance comparison between electrical 
power and heat absorbed by coolant at different flow rates 

Figure 6.  Experimental uncertainty of thermal resistance 

for various heat fluxes. 

The uncertainties in measurement of sensors are shown in 
table 2. The uncertainty of thermal resistance was calculated 
using root sum square method [24, 25, 28] and reduced with heat 
flux from 13 % at heat flux 7 W/cm2 to 2 % at heat flux 96 
W/cm2. Variation of uncertainty in measurement of thermal 
resistance was presented in Figure 6. Uncertainty in 
measurement of pressure drop was 3.8 %. 

4. Results and Discussion

4.1    Subcooling Effects
Experiments were conducted at three subcooling levels: 5 

degree subcooling, 10 degree subcooling and 15 degree 
subcooling. The saturation pressure is 22.5 psi corresponding 
to saturation temperature 51 oC. It can be observed in Fig 7. that 
thermal resistance increases with subcooling. Specific thermal 
resistance was calculated by the formula: 

( )b in
th

A T TR
Q
−

=

Where Tb is the base temperature at the bottom of the heat 
sink, Tin is the inlet temperature of the coolant, Q is the total 
heat absorbed by the heat sink and coolant and A is the area 
covered by the microchannels of heat sink. When experiment 
was operated at lower subcooling, more latent heat was utilized 
to remove heat flux, and this resulted in highest thermal 
performance for lower subcooling case. Although having 
lowest thermal resistance, it can be seen in Fig. 8 that the case 
of 5 degree subcooling has highest base temperature. The 
higher base temperature in case of lower subcooling is 
attributed to the increase of inlet temperature when subcooling 
is reduced. The base temperature did not exceed 61 oC at 
maximum heat flux of 69 W/cm2 in the case of 5 degree 
subcooling and inlet temperature of 48 oC.  



Table 2. Instruments and uncertainties 

Figure 7. Effects of subcooling on thermal resistance 

Figure 8. Effects of subcooling on base temperature of heat 

sink 

Effects of subcooling on pressure drop was presented in Fig. 
9. Pressure drop was observed to increase with subcooling in

single-phase regime due to the increase of viscosity with 
reducing of coolant inlet temperature. In two-phase regime, the 
trend reverses, pressure drop reduces with subcooling because 
lower amount of vapor bubbles were created at higher 
subcooling [26].  Pressure drop in single-phase regime was from 
9 to 10 Kpa and pressure drop in two-phase regime increases 
significantly with heat flux and reaches the maximum value of 
18.8 Kpa for the case of 5 degree subcooling. These pressure 
drop values for both single-phase and two-phase regimes are 
well below critical pressure drop through each heat sink. When 
liquid-cooling heat sinks are connected in series in data center 
cooling rack system, the pressure drop through three heat sinks 
in series should not exceed 10 psi (or 68.95 Kpa). 

Figure 9. Effects of subcooling on pressure drop through 

heat sink 

4.2 Effects of flow rate 

Effects of flow rate on thermal resistance was presented in 
Figure 10. At lower heat fluxes, thermal resistance did not vary 
significantly with heat flux due to single-phase heat transfer 
mechanism. When heat flux was increased further, vapor 
started to occur, and thermal resistance decreased with heat 
flux. At lower heat fluxes and single-phase regime, thermal 

Instruments Measurand Uncertainty DAQ Module 

Pressure Gauges 

(Omega): 

PX309050A5V 

Pin, Pout ±0.8 kPa 
NI- USB- 

6009 

T-type Thermocouple:

Laboratory Made

Tin, Tout, 

Tb 
± 0.2°C NI 9219 

Thermocouple (Omega): 

TJ36-CASS-116E-2-CC 

Heat Flux 

Measurement 
± 0.2°C NI 9219 



resistance is highly dependent on flow rate. Thermal resistance 
in single-phase regime for flow rate 0.7 L/min was around 0.44 
K.cm2/W and thermal resistance in single-phase regime for
flow rate 1.75 L/min was 0.24 K.cm2/W. At higher heat fluxes,
it was observed that thermal resistance was weakly dependent
on flow rate due to nucleate boiling two-phase heat transfer
mechanism. Thermal resistance at the same heat flux of 72
W/cm2 was 0.26 K.cm2/W for flow rate 0.7 L/min and 0.19
K.cm2/W for flow rate 1.5 L/min.

Figure 10. Effects of flow rate on the thermal resistance of 

the heat sink 

Effects of flow rate on pressure drop was presented in Figure 
11. It was observed that the onset of nucleate boiling point was
delayed when flow rate was increased from 0.7 L/min to 1.5
L/min. The onset of nucleate boiling for flow rate 0.7 happened
at heat flux 18 W/cm2, while the onset of nucleate boiling in the
case of flow rate 1.5 L/min occurred at heat flux 41 W/cm2.
Pressure drop generally does not change much in single-phase
regime but increases significantly when vapor started to occur at
onset of nuclear boiling point. The increasing of pressure drop
in two-phase regime is attributed to acceleration and friction
factors caused by vapor. The pressure drops for flow rates 0.7
L/min, 1 L/min and 1.5 L/min at the same heat flux 75 W/cm2

were 16 Kpa, 16.5 Kpa and 21 Kpa respectively. It is beneficial
to reduce flow rate for lower pressure drop or pumping power;
however, engineers and scientists should be aware of lower
critical heat flux at lower flow rate. It should be noticed that in
two-phase regime there is not significant difference in pressure
drop between flow rate 0.7 L/min and 1 L/min. When flow rate
is increased, vapor production decreases and lead to reduction
of pressure drop of vapor fraction. However, pressure drop due
to acceleration and friction increased with higher flow rate. The
decrease of pressure drop due to lower vapor production and the
increase of pressure drop due to higher flow rate almost cancel
each other; therefore, no significant difference in pressure drop
was observed between flow rate 0.7 L/min and 1 L/min.
However, when flow rate increases to considerably higher value
of 1.5 L/min, the increase of pressure drop due to acceleration
factor surpassed the decrease of pressure drop due to lower
vapor production. As a result, pressure drop at flow rate 1.5
L/min increased to 21 Kpa and was much higher than pressure
drop at flow rate 0.7 and 1 L/min.

Figure 11. Effects of flow rate on the pressure drop through 

the heat sink, Tin = 36 oC, Tsat = 54 oC 

The Figure 12 presented boiling curve as a function of flow 
rate for the heat sink at coolant inlet temperature 36 oC and 
saturation temperature 51 oC. The variation of wall super heat 
∆T = Tw - Tsat with heat flux was presented in Figure 12. For
convective flows in tubes and channels, the onset of nucleate 
boiling (ONB) marks the beginning of the transition from single-
phase liquid convection to combined convection and nucleate 
boiling. In a convective flow of this type, the onset is usually 
defined as occurring at the location where active nucleation sites 
are first observed [27]. The wall super heat ∆T increases linearly 
with heat flux and boiling did not occur until heat flux equals to 
18 W/cm2 for flow rate 0.7 L/min. As the wall temperature 
increases, the subcooled nucleate boiling contribution generally 
becomes large compared to the single-phase liquid convection 
contribution. In nucleate boiling, the heat transfer performance 
is not highly dependent on flow rate like in single-phase regime 
and wall super heat ∆T in three flow rates 0.7, 1 and 1.5 L/min 
seem to have the similar values. At the same heat flux of 78 
W/cm2, wall super heat has value of 10.1, 9.9 and 9.5 oC for flow 
rate 0.7 L/min, 1 L/min and 1.5 L/min, respectively.

Figure 12. Boiling curves as a function of volumetric 

flow rate for the heat sink, Tin
 = 36 oC, Tsat = 54 oC 



4.3 Effects of Tubing Sizes 

Two tubing sizes with inner diameters of 5/32 inch and 1/4 
inch were studied in current research. Figure 13 shows thermal 
resistance at flow rates 0.7 L/min and 1 L/min for the case of 
tubing 5/32 inch and 1/4 inch. It is observed that in two-phase 
regime, thermal resistance in the case of tubing 1/4 inch was 
much lower than thermal resistance in the case of tubing 5/32 
inch. At flow rate 1 L/min, thermal resistance in the case of 
tubing 1/4 inch was 0.21 K.cm2/W as compared to thermal 
resistance of 0.31 K.cm2/W in the case of tubing 5/32 inch. In 
the case of bigger tubing size, lower pressure at the outlet leads 
to lower boiling point and higher vapor quality and higher 
amount of heat flux was removed by latent heat. Therefore, 
thermal performance in the case of tubing size 1/4 inch was 
improved as compared to tubing size 5/32 inch. Figure 14 
presented pressure drop at flow rates 0.7 L/min and 1 L/min for 
the case of tubing 5/32 inch and 1/4 inch. At the same heat flux 
80 W/cm2 and flow rate 1 L/min, pressure drop in the case of 
tubing 1/4 inch was 17 Kpa; meanwhile pressure drop in the case 
tubing 5/32 inch was 47 Kpa.  

Figure 13. Effects of tubing size on the thermal 

performance of heat sink 

Figure 14. Effects of tubing size on the pressure drop 

through the heat sink

Conclusion 
In this study, we investigate the thermal and hydraulic 

performance of a microchannel/impingement two-phase heat 
sink vs flow rate, subcooling and tubing size with dielectric 
coolant Novec/HFE-7000. The main findings from this study 
are given as follows: 

• Lower subcooling leads to lower thermal resistance.
Although having lower thermal resistance, lower
subcooling can result in higher base temperature. The
higher base temperature in case of lower subcooling is
attributed to the increase of inlet temperature when
subcooling is reduced. Pressure drop increases with
subcooling in single-phase regime but decreases with
subcooling in two-phase regime.

• Thermal resistance is independent on heat fluxes and
highly dependent on flow rate at lower heat fluxes and
single-phase regime. On the other hand, in two-phase
regime (nucleate boiling), thermal resistance is weakly
dependent on flow rate and decreases with heat flux.
Pressure drop generally increases with flow rate and heat
fluxes in two-phase regime.

• An increase of tubing size from 5/32 inch to 1/4 inch results
in 47 % decrease in thermal resistance and 63 % decrease
in pressure drop. The decrease of pressure at the outlet of
heat sink due to bigger tubing size lead to higher vapor
quality and improvement in thermal performance.
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