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H I G H L I G H T S    

• Increasing subcooling reduced the range for active nucleation sites in flow boiling.  

• Microchannel flow patterns and two-phase instability affected by subcooling.  

• Heat transfer rates affected by inlet degree of subcooling.  

• Two-phase pressure drop decreases with increasing subcooling at a given heat flux.  

• Influence of subcooling may explain discrepancies in microchannel flow boiling data.  

A R T I C L E  I N F O   
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A B S T R A C T   

The paper describes experimental work to assess the effect of inlet subcooling on the flow boiling characteristics 
of HFE-7200 in a multi-microchannel heat sink. The experiments were performed at a mass flux of 200 kg/m2 s 
and system pressure of 1 bar for inlet subcooling conditions of 5 K, 10 K and 20 K and wall heat flux between 
25.9 and 180.7 kW/m2. The equivalent base heat flux was between 99.1 and 605.3 kW/m2. The microchannel 
evaporator had 44 channels which were 0.36 mm in width and 0.7 mm in depth. The thickness of the fin between 
the channels was 0.1 mm and the base area of the microchannels was 20 mm × 20 mm. Increasing inlet 
subcooling generally decreased two-phase pressure drop in the channels and delayed flow regime transitions in 
the heat sink. Flow instability was also found to be dependent on the degree of inlet subcooling. The extended 
subcooled region of the channels at higher degrees of subcooling resulted in lower average heat transfer coef-
ficients in the heat sink, especially at low heat fluxes. The effect of inlet subcooling on local heat transfer 
coefficients was less pronounced in the saturated boiling region. The study verified the importance of the degree 
of subcooling when comparing heat transfer and pressure drop characteristics in microchannel heat sinks and 
when optimising the design of integrated thermal management systems for high heat flux electronic devices.   

1. Introduction 

High heat fluxes in modern electronics pose a significant thermal 
management challenge, not merely in terms of chip-level power dis-
sipation, but also at system-level heat rejection from electronics 
packages to the ambient. Chip-level power densities are projected to be 
as high as 4.5 MW/m2 in computing platforms by 2026 [1] and have 
been reported to exceed 10 MW/m2 in power modules for defence 
applications [2]. For instance, microwave power modules used in cri-
tical applications such as radar systems and satellites operate at high 
frequencies to improve dynamic response and reduce component size, 
albeit at the cost of device efficiency. For a typical efficiency of 20% 
and input power of 850 W, almost 700 W of waste heat must be rejected 
from the system into the immediate environment, proving to be very 

challenging. Although air cooling is a popular thermal management 
technique in many of the aforementioned industries due to ease of 
application, air cooling assemblies have generally been reported to be 
inadequate for heat fluxes above 1–1.5 MW/m2 as they begin to ap-
proach their volumetric footprint and acoustic limits as well as being 
difficult to integrate on multi-core boards [3–5]. On the other hand, 
flow boiling in microchannels is regarded as a promising cooling so-
lution [1]. for microelectronic systems where junction temperatures are 
limited to between 85 °C and 125 °C. 

Microchannel liquid cooling was first introduced by Tuckerman and 
Pease [6] in the early 1980 s and has since been extensively studied for 
the cooling of miniaturised technologies [7–9]. The water-cooled si-
licon microchannel heat sink (base area of 1 × 1 cm2) studied in [6] 
achieved a maximum heat flux of 7.9 MW/m2, albeit at a relatively 
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large pressure drop of 204 kPa as well as a notable temperature rise 
across the substrate. The temperature rise of the substrate was 71 K 
with a water inlet temperature of 23 °C, resulting in chip temperatures 
of around 94 °C. By exploiting the latent heat of vapourisation of a fluid, 
heat transfer coefficients up to two orders of magnitude higher than 
forced liquid convection may be attained, achieving significantly higher 
heat dissipation capability at a given coolant flow rate [2,10]. A max-
imum heat flux of 7 MW/m2 was attained using microchannel heat 
sinks of base area 5 mm × 10 mm in Lee and Mudawar [11] whilst 
Drummond et al. [12] managed heat fluxes up to 9.1 MW/m2 by em-
ploying a hierarchical manifold design with dedicated fluid delivery to 
each microchannel heat sink in a novel 3 × 3 square array. It is im-
portant to note that flow boiling in microchannel heat sinks can po-
tentially moderate temperature non-uniformities associated with sen-
sible heat rise in single-phase microchannels as the vapourisation 
process occurs isothermally. Additionally, two-phase microchannel 
cooling could be more efficient in alleviating hotspots due to an in-
crease in the heat transfer coefficient in response to heat flux, especially 
in the nucleate boiling regime [1]. Furthermore, the simple and com-
pact system architecture of a two-phase microchannel heat sinks makes 
it comparable for embedded chip cooling applications to jet impinge-
ment and spray cooling nozzle modules, which have also been studied 
in boiling mode for high heat flux thermal management [13–15]. 

Despite many potential merits and proven high heat dissipation 
capability, flow boiling based evaporative cooling systems with mi-
croscale heat sinks have limited commercial availability. Industry 
trends remain slow in adopting two-phase microchannel cooling com-
pared to its single-phase counterpart. One of the main challenges in 
flow boiling is the large scatter in flow boiling results, which hinders 
the establishment of generally accepted prediction methods in two- 
phase flow patterns, heat transfer, pressure drop and critical heat flux, 
as addressed in Karayiannis and Mahmoud [1], Kandlikar [16], Cheng 
and Xia [17] and most recently in Kutznetsov [18]. This is in part due to 
the unclear dependence of microchannel flow boiling behaviour on 
operational conditions, for instance, effect of heat flux, mass flux, 
system pressure and inlet subcooling and parameters such as surface 
finish, material, heated length and fluid properties [19,20]. Evidently, 
the effect of various operational parameters on the performance of the 
cooling system must be well understood to facilitate successful in-
tegration of the developed technology into real-life systems. 

In spite of the fact that inlet conditions of the working fluid could 
significantly influence flow boiling in microchannels, there is a pre-
dominant lack of literature addressing its effect on the performance of 
microchannel heat sinks. The size range of effective cavities, based on 
the classical model by Hsu [21], is a function of subcooling degree. 
Similarly, Kandlikar [22] showed a high dependency of flow boiling 

Nomenclature  

B constant in Eq. (23), given in Eq. (24) 
C+ dimensionless constant in Eq. (16), [–] 
cp specific heat capacity, [J/kg K] 
Dh hydraulic diameter, [m] 
f friction factor, [–] 
(fRe)fd fully-developed Poiseuille number in Eq. (16), [–] 
G, Gch mass flux in the channels, [kg/m2 s], 

=G m / ( N W H )ch ch ch
H height, [m] 
h, HTC heat transfer coefficient, [W/m2 K] 
h̄ average heat transfer coefficient, [W/m2 K] 
i specific enthalpy, [J/kg] 
ifg latent heat of vapourisation, [J/kg] 
j experimental parameter 
k thermal conductivity, [W/m K] 
K(∞) dimensionless constant in Eq. (16), [–] 
L length, [m] 
L+ dimensionless length in Eq. (16), [–] 
MAE mean average deviation, Eq. (33) [%] 
m fin parameter, [–] 
m mass flow rate, [kg/s] 
n number of data collected, [–] 
N number of channels, [–] 
Nu Nusselt number, [–] 
Nū average Nusselt number, [–] 
P pressure, [bar] 

P pressure drop, [Pa] 
q” heat flux, [W/m2] 
Ra average surface roughness, [μm] 
rc cavity radius in Hsu’s model given in Eq. (34), [m] 
Re Reynolds number in the channels, [–], =Re  (G D ) / I ¼ch h f
T temperature, [K] 

Tsub temperature difference, [K], =T T Tsub sat,p ii
ΔTsup degree of wall superheat, [K], ΔTsup = Tw - Tsat 

V velocity, [m/s] 
W width, [m] 
x vapour quality, [–] 
Y vertical distance between thermocouples, [m] 

z axial location along channel, [m] 
z/L dimensionless axial location, [–] 
σ(Δj) standard deviation of experimental parameter 

Greek symbols 

σ surface tension, [N/m] 
p plenum area ratio defined in Eq. (3) and (4), [–] 

αv void fraction estimated by Eq. (27), [–] 
area ratio defined in Eq. (5) and (6), [–] 

δt thermal boundary layer thickness, [m] 
η fin efficiency, [–] 
v kinematic viscosity, [m2/S] 
ρ density, [kg/m3] 

Subscripts 

app apparent 
b base 
bd bend 
ch channel 
cu copper 
e exit 
f liquid-phase 
fin fin between channels 
fl fluid line 
g gas-phase 
i inlet 
ip inlet plenum 
op outlet plenum 
sat saturated 
sc sudden contraction 
se sudden expansion 
sp single-phase 
sub subcooled 
sup superheat 
tc thermocouple 
tp two-phase 
w wall 
z axial location   
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nucleation criteria, as well as flow boiling stability on bulk liquid 
subcooling. Accordingly, bubble growth and departure dynamics have 
been shown to vary with liquid subcooling, as discussed thoroughly in 
Euh et al. [23] and Goel et al. [24]. Even though these two studies were 
primarily concern with flow boiling at the macroscale level, the find-
ings still indicate a potential influence of liquid subcooling on the nu-
cleation characteristics in microscale flows. Bubble departure diameter 
and frequency were generally found to decrease with increase in sub-
cooling degree (i.e. lower bulk fluid temperature). Lower bubble de-
parture frequencies are caused by the longer waiting time between 
successive bubble ebullition cycles, as lower bulk liquid temperatures 
require a longer period in order to re-establish a certain degree of su-
perheat at the wall for nucleation after bubble departure. 

1.1. Effect of inlet subcooling on the onset of boiling 

For microchannels, a delay in the onset of boiling from 1184 kW/m2 

to 1897 kW/m2 was reported with increasing subcooling degree at a 
given flow rate in Lee and Mudawar [25] using HFE-7100 as the 
working fluid. Ong and Thome [26] investigated the influence of inlet 
subcooling, between 2 K and 9 K, on the flow boiling of refrigerant 
R134a, R245fa and R236fa in circular tubes covering the microscale 
range and reached the same conclusion, i.e. delayed onset of boiling 
with increasing subcooling. Additionally, Chen et al. [27] and Zhang 
et al. [28] both demonstrated a slightly higher boiling incipience wall 
superheat by around 2 K at higher inlet subcooling in a similar inter-
connected microchannel configuration using deionised water at sub-
cooling conditions of 10, 40 and 70 K. Boiling incipience heat flux in-
creased with subcooling in Deng et al. [29] in a re-entrant porous 
microchannel array, while Deng et al. [30] noted higher degrees of wall 
superheat, of around 4 K at boiling initiation at high subcooling con-
ditions for the flow boiling of water and ethanol in an interconnected 
pin-fin heat sink. Zeng et al. [31] found that the wall superheat con-
dition at the onset of nucleate boiling increased from 0.3 K to 4.9 K 
corresponding to an increase in inlet liquid subcooling from 10 K to 
40 K for flow boiling of DI water in micro-grooved channels with sec-
ondary grooves as re-entrant cavities. From the above, it is clear that 
the degree of subcooling influences both the degree of superheat and 
the wall heat flux required for boiling incipience, although the work 
presented so far is not detailed or enough to quantify these changes. 

1.2. Effect of inlet subcooling on flow instability 

A number of researchers studied the effect of degree of subcooling 
on flow instabilities in microchannels. Prajapati and Bhandari [32] 
cited flow reversal and parallel channel interaction, for large inlet 
subcooling conditions, as major causes of flow instabilities in micro-
channels. However, past researchers gave contradictory statements on 
the dependence of flow instability on the degree of subcooling. Lee 
et al. [33] found with R134a that increasing inlet subcooling mitigated 
pressure drop oscillations in microchannels. The authors reasoned that 
low liquid inlet temperatures had a higher damping effect on vapour 
backflow into the inlet plenum. Pressure drop oscillations intensified 
intermittent dryout, which occurred predominantly in annular flow and 
degraded heat transfer coefficients appreciably in this region. Chen 
et al. [27] also reported lower two-phase oscillations including the inlet 
pressure and inlet temperature at higher inlet subcooling. This was 
attributed to the delayed transition to annular flow, a regime where 
flow reversal was typically observed in their heat sink. 

On the contrary, high inlet liquid subcooling produced significant 
flow oscillations in [34–36]. Bogojevic et al. [34] studied the flow 
boiling of water in silicon microchannels at two inlet subcooling con-
ditions (inlet temperatures 25 °C and 71 °C at an approximate inlet 
pressure of 1 bar) and found that the magnitude of temperature oscil-
lations as well as temperature non-uniformity resulting from vapour 
backflow from the channel array to the inlet plenum were significantly 

amplified at higher liquid subcooling conditions. Similarly, more severe 
pressure and temperature fluctuations were recorded at lower water 
inlet temperatures in the study by Deng et al. [35] in both their plain 
microchannel and micro-pin fin structured microchannel heat sink . 
They compared results for inlet subcooling degrees of 10 K and 40 K 
using water and ethanol as the working fluid. Kingston et al. [36] 
studied the flow boiling of fluid HFE-7100 in a parallel microchannel 
heat sink and found high amplitude temperature oscillations at higher 
degrees of inlet subcooling. The instabilities were associated to rapid 
bubble growth in the channels. 

The effect of inlet subcooling on flow instabilities is also dependent 
on fluid properties of the working fluid. Deng et al. [30] reported dif-
ferent subcooling effects using water and ethanol as working fluids in 
the same pin-fin re-entrant microchannel heat sink. Flow instabilities 
were aggravated using water with increase in inlet subcooling degree, 
whilst in ethanol higher inlet subcooling suppressed two-phase flow 
oscillations in the test section. The authors also noted that the ampli-
tude of oscillations of ethanol were generally larger than that recorded 
using water. No justification was provided for the disparity between the 
two fluids. In summary, there are conflicting reports on the effect of the 
degree of inlet subcooling on flow instabilities in microchannels. Fur-
thermore, the effect of fluid properties on the magnitude of the effect of 
the degree of subcooling is not clear. 

1.3. Effect of inlet subcooling on heat transfer rates 

Some past reports indicate an insignificant effect of subcooling on 
heat transfer coefficients, particularly in the saturated boiling region  
[26,37,38]. Agostini et al. [37] concluded that increasing inlet sub-
cooling did not significantly affect heat transfer coefficients in the sa-
turated region for subcooling conditions of 0.6 K to 18.3 K and from 0 K 
up to 19 K for refrigerant R245fa and R236fa respectively. The authors 
emphasised however, that in the subcooled region, increasing inlet 
subcooling resulted in a reduction in the heat transfer coefficients for 
both fluids. Similarly, a small effect of subcooling on local heat transfer 
coefficients at vapour qualities x  <  0.1, influenced by the location of 
boiling incipience, as covered above, was also observed in Ong and 
Thome [26,38]. The same group, Huang and Thome [39], monitored 
the local heat transfer coefficient at a fixed location along their multi- 
microchannel heat sink and reported lower local heat transfer coeffi-
cients in the subcooled and saturated boiling region at higher inlet 
subcooling due to a corresponding extension of the subcooled region for 
refrigerants R245fa and R236fa. 

Contrary to the above, research in enhanced or structured micro-
channel heat sinks typically concluded a positive effect of subcooling on 
heat transfer coefficients [27,29,35,40]. In an open microchannel 
configuration (i.e. cover plate does not completely seal on the top of the 
fins), Yin et al. [40] reported that increasing inlet subcooling delayed 
the occurrence of stratified flow, a flow regime prone to local wall 
dryout, and hence increased the local two-phase heat transfer coeffi-
cient assessed near the channel outlet. Chen et al. [27] sintered a 
porous copper layer on a microchannel heat sinks with square re-en-
trant cavities and found that increasing inlet subcooling delayed the 
development of annular flow, and thus liquid film dryout in the chan-
nels. When they presented the local two-phase heat transfer results at 
the most downstream location on the heat sink, an improvement in heat 
transfer with increase in inlet subcooling was demonstrated. Deng et al.  
[29] and Deng et al. [35] separately reported an increase in down-
stream (i.e. nearest to channel exit) heat transfer coefficients at higher 
subcooling. 

Zeng et al. [31] recommended selecting an optimum liquid sub-
cooling may also be used to control flow pattern development in the 
channels to benefit heat transfer performance. They studied a range of 
degree of subcooling at 10, 25 and 40 K for water. The highest two- 
phase heat transfer coefficient at the channel outlet was obtained at a 
medium inlet subcooling of 25 K, due to the persistence of stable 
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annular flow in their grooved microchannel array. The authors ex-
plained that at low inlet subcooling (at 10 K inlet subcooling), slug and 
annular flow developed early in the channels. A longer dryout period, 
which was assumed to be the cause of heat transfer deterioration, was 
observed downstream in the channels. Flow visualisation revealed that 
the dryout period persisted for 25 ms longer at 10 K compared to when 
subcooling was set to 25 K. 

1.4. Effect of inlet subcooling on critical heat flux 

Increasing inlet subcooling may also delay the occurrence of critical 
heat flux in microchannels, although this might only be relevant at very 
high degrees of subcooling. Lee and Mudawar [11] reported that for 
HFE-7100, the critical heat flux limit was extended to 4470 kW/m2 at 
higher degree of subcooling (~90 K) from 3180 kW/m2 (~60 K) for the 
subcooled flow boiling of HFE-7100 in a microchannel heat sink. Notice 
that the study by Lee and Mudawar [11] employed very high inlet 
subcooling degrees (60 K and 90 K). Deng et al. [29] studied the flow 
boiling of ethanol also at relatively large subcooling degrees of up to 
40 K and also attained enhanced critical heat flux up to nearly 250 kW/ 
m2 at 40 K compared to 200 kW/m2 at 10 K at set mass flux conditions. 
On the other hand, Revellin and Thome [41] in their theoretical model 
noted that the effect of subcooling is not significant at low values of 
inlet subcooling. Agostini et al. [42], for instance, found that the critical 
heat flux in their microchannel heat sink using R236fa was unaltered at 
subcooling degrees in the range of 0.4 K to 15.3 K. This agrees with the 
observation in Ong and Thome [38] for fluid R134a, R245fa and 
R236fa at subcooling degrees between 2 K and 9 K. 

The above summary clearly indicates the existing disagreement 
among various research groups on the effect of inlet subcooling on heat 
transfer rates and critical heat flux. Firstly, past work is not conclusive 
on the effect of inlet subcooling on local and subsequently average heat 
transfer rates in microchannels and this calls for further work to be 
carried out. Secondly, past reports indicate that the critical heat flux 
can be affected by the degree of inlet subcooling if the differences in the 

actual degree of subcooling values are high. And again, further work is 
needed to actually quantify these changes. 

1.5. Effect of inlet subcooling on two-phase pressure drop 

Two-phase pressure drop generally decreased with increase in inlet 
subcooling [27,29]. Chen et al. [27], using water as the working fluid 
with an inlet pressure of approximately 1 bar, reported a reduction in 
flow boiling pressure drop from 5.5 kPa to 1.5 kPa when the inlet 
subcooling was increased from 10 K to 70 K. This was attributed to 
lower void fraction in the channels at higher subcooling. Deng et al.  
[29] reasoned that pressure drop in the two-phase region was lower due 
to the smaller two-phase region in the heat sink at higher subcooling 
conditions. Huang and Thome [43] investigated the effect of inlet 
subcooling of R245fa and R236fa at subcooling degrees of 5.5, 10 and 
15 K, and demonstrated that there was a notable reduction of total 
pressure drop in the heat sink when the subcooling degree was in-
creased from 5.5 K to 10 K, but did not vary with further increase in 
subcooling to 15 K. On the other hand, the pressure drop in the channel 
array, that is, the total pressure drop corrected for inlet and outlet re-
striction pressure losses, increased with increase in subcooling at low 
vapour qualities, i.e. vapour quality less than 0.15 at the exit. This was 
attributed to the dominance of single-phase liquid pressure drop in the 
channels at low vapour qualities. The liquid viscosity decreases at 
higher inlet temperatures, resulting in a higher single-phase pressure 
drop component and consequently higher channel pressure drop. Whilst 
the authors did not comment on the weak subcooling effect at higher 
vapour qualities, this is of course not expected at high exit qualities 
where the two-phase pressure drop component dominates. 

On the contrary, Yin et al. [40] found a notable effect of subcooling 
on two-phase pressure drop only at low heat fluxes where bubbly and 
slug flow dominated in the channels. The authors reasoned that this is 
because decreasing inlet subcooling promoted nucleate boiling, which 
resulted in an increase in the frictional pressure drop in the channels. A 
combination of the shorter subcooled length and dominance of 
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stratified flow at higher heat flux conditions resulted in an insignificant 
subcooling effect in this region. Additionally, Zeng et al. [31] attributed 
higher heat sink pressure drop to more severe flow boiling instabilities 
when operating at higher inlet subcooling degrees. In summary, and as 
mentioned in the opening statement of this part on the effect of sub-
cooling on two-phase pressure drop, there is evidence that the two- 
phase pressure drop decreases with increasing inlet subcooling. How-
ever, there are some reports to the contrary and this requires some 
further work. 

Overall, the effects of inlet subcooling on flow boiling behaviour needs 
to be clarified and in general, there is a lack of literature on the effect of 
inlet subcooling on the flow boiling characteristics of HFE fluids. 
Moreover, very high degree of subcooling was employed in several studies 
such as in Chen et al. [27], where the subcooling degree was 70 K, as well 
as in Lee and Mudawar [11,44], where HFE-7100 at sub-atmospheric inlet 
temperatures of −30 °C was conveyed to the microchannel heat sink. Such 
low coolant temperatures may not be suitable for some compact and in-
tegrated cooling systems with limited space and energy consumption al-
location to the integrated thermal unit. A two-stage cascade refrigeration 
system was used to condition water temperatures in the study of Lee and 
Mudawar [11,44]. Although CHF was enhanced up to 6.9 MW/m2, the 
resultant thermal management solution would likely exceed size and 
weight constraints typically imposed the majority of cooling applications. 
In addition, most studies did not assess the effect of inlet subcooling on 
temperature uniformity on the heat sink, which was reported to worsen in 
Bogojevic et al. [34], and is also important in view of minimising thermal 
stresses on the chip die. In this paper, the effect of inlet subcooling on the 
heat transfer and pressure drop trend of dielectric fluid HFE-7200 in a 
copper microchannel heat sink is investigated. Flow boiling experiments at 
P = 1 bar, G = 200 kg/m2 s and subcooling degrees of ΔTsub = 5, 10 and 
20 K are conducted for wall heat fluxes in the range of qw

” = 
25.9–180.7 kW/m2. 

2. Experimental methodology 

2.1. Experimental facility 

A schematic diagram of the experimental facility is shown in Fig. 1. 
The main flow loop uses working fluid HFE-7200. The auxiliary chiller 
loop, which uses a water-glycol mixture, is also included. The main loop 
consists of a reservoir, a subcooler, a gear pump (GJ-N23FF2S from 
Micropump®), two Coriolis mass flowmeters (OPTIMASS 3000 S01 for 
mass fluxes up to 300 kg/m2 s and OPTIMASS 3000 S03 for mass fluxes 
more than 300 kg/m2s from Krohne), a tube-in-tube pre-heater, the 
microchannel evaporator test section, an air-cooled condenser and a 
plate heat exchanger. The pressure in the tank is regulated using an 
immersion heater in the reservoir connected to a PID controller. The 
mass flow rate through the test section is controlled by means of a di-
gital pump drive (ISMATEC Reglo ZS©) connected to the gear pump. 
Power input to the pre-heater (maximum power input 1500 W) and test 
section are varied using two separate variacs to control fluid inlet 
temperature and test section heat flux. Two axial fans (ARX FD2412- 
A3251G) are mounted on the condenser to provide ambient air cooling. 
The secondary side (cold side) of the plate heat exchanger is connected 
to the water-glycol loop to provide additional cooling to the working 
fluid (hot side) prior to its return to the reservoir. The water-glycol 
chiller is also used to control the fluid temperature upstream of the 
pump using the subcooler. All measuring instruments (i.e. thermo-
couples, pressure transducers and flow meters) were connected to a 
National Instruments Data Acquisition System (DAQ) and monitored 
using an in-house LabVIEW program on the computer. Data was ac-
quired for a period of 90 s at a frequency of 1 kHz after steady-state 
conditions were achieved and the values were averaged for data re-
duction. Steady-state condition was defined when the temperature, 
pressure and mass flow rates do not vary by more than ± 0.2 g/s for 

Fig. 2. Test section (a) Exploded view (b) Details of microchannel heat sink. The locations of wall temperature measurement are annotated.  
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mass flow rate, ± 0.5 K for inlet/outlet temperature and ± 0.05 bar for 
the inlet/outlet pressure over a period of at least 180 s. Live flow vi-
sualisation images were also used to assess steady flow phenomena 
before data acquisition. 

The test section is shown in Fig. 2. It consists of an aluminium top plate, 
polycarbonate cover plate and housing, copper heat sink block, cartridge 
heaters and an aluminium bottom plate. The heat sink is made up of 
oxygen-free copper and has dimensions 90.0 mm (H) × 26.2 mm 
(W) × 46.2 mm (L), including the inlet and outlet plenum at the top of the 
block. Four cartridge heaters of maximum heating power 200 W each were 
inserted into vertical holes from the bottom of the block. Forty-four parallel 
microchannels were machined to a square base area of 20 mm × 20 mm 
using a high-precision milling machine (Kern HSPC-2216) with a carbide 
end-mill of 0.35 mm diameter at a speed of 18,000 rpm and a feed rate of 
300 mm/min. The channel dimensions were 0.36 mm wide, 0.7 mm deep 
and 20 mm in length. The corresponding hydraulic diameter is 
Dh = 0.48 mm. The average surface roughness, Ra, was sampled at five 
different locations on the channel bottom wall using the Zygo NewView 500 
surface profiler and was estimated to be around 0.23 μm. 

Twenty-two K-type thermocouples were used to measure the tem-
perature distribution in the heat sink block. Five thermocouples, each 
3.3 mm apart, were positioned along the channel and inserted into the 
heat sink to a depth of 10 mm, i.e. to the centre of the block, and 
1.6 mm from the channel bottom wall to measure axial temperature. 
The most upstream and downstream thermocouples are 3.4 mm from 
the channel inlet and outlet respectively. On the other side of the heat 
sink, five thermocouples were inserted at the same coordinates but only 
to a depth of 5 mm, i.e. to the quarter plane of the block, to measure 
traverse temperature distribution. Six thermocouples in the vertical 
direction, each 5 mm apart and starting from 1.6 mm from the bottom 
of the channel wall, were used to measure the temperature gradient 
along the height of the block. The inlet/outlet manifolds are machined 
in the polycarbonate top plate. The inlet and outlet pressure were 
measured at the inlet and outlet manifold respectively using two 
Omega™ PXM409-007BAI pressure transducers. The inlet and outlet 
fluid temperature were also measured at these points using two K-type 
thermocouples. Lastly, the total pressure drop across the heat sink (i.e. 
across the inlet and outlet manifold) is measured using an Omega™ 
PX409-015DWUI differential pressure transducer. 

A high-speed camera (Phantom Miro Lab110) was coupled with a 
Huvitz HSZ-645TR microscope and LED lighting system for flow vi-
sualisation, operating at 5000 frames/s and at a resolution of 
512 × 512 pixels. Flow visualisation was conducted at four locations 
along the channel array to capture flow pattern evolution corre-
sponding to each experimental condition. High-speed recordings were 
conducted at 5000 fps at a magnification of 4.5x and a resolution of 
512 × 512 pixels for a duration of 1.3 s at each location, see Fig. 3. It is 
important to note that the high-speed recordings are not simultaneous. 
Flow visualisation was conducted when all readings on LabVIEW ap-
pear to be at steady-state condition, i.e. as mentioned above, no sig-
nificant changes in temperature, pressure and flow rate for at least a 
window of 180 s and the flow pattern is observed to be quasi-steady. 
Hence the flow patterns captured remain a good representation of the 
flow pattern development along the channels, although not simulta-
neously at each location. This was also verified by repeating the ob-
servations on at least two different occasions. 

2.2. Data reduction 

For single-phase validation, the experimental Fanning friction 
factor, f, is found by the following relation: 

=f P D
2L G

ch h f
ch ch2 (1)  

The pressure drop across the microchannel array, Pch, is given by: 

= + + +P P P P P Pch total ip sc se op (2) 

where Ptotal is the total measured pressure drop. Pip and Pop are the 
pressure drop components in the inlet and outlet plenum respectively, 
given in Eqs. (3) and (4). These include the pressure losses due to 
sudden expansion from the fluid line (fluid line radius, Rfl = 3 mm) at 
the inlet manifold, sudden contraction into the fluid line at the outlet 
manifold and 90° bend in both manifolds (plenum radius, 
Rp = 9.7 mm), calculated based on the method detailed in Remsburg  
[45]. 

= + +P 1
2

V K V 1 1 1
ip f p

2
90 fl

2
p

2

p

2

(3)  

= + +P 1
2

V K V 1 1 1
2

1 1
op f p

2
90 fl

2

p
2

p (4)  

The coefficient of pressure loss through a 90° bend, K90, is given as 
1.2 in Phillips (1987) [46]. The plenum area ratio, ±I p, is defined as 
the area of the plenum over the cross-sectional area of the fluid line. In 
the current test section, αp = 150 mm. 

The pressure drop components due to sudden contraction into the 
microchannels and sudden expansion from the microchannels are Psc
and Pse respectively, where Vch and are the fluid velocity in the 
microchannel array and the microchannel area ratio respectively. 

= +P 1
2

V 1 1
2

(1 )sc f ch
2 2 2

(5)  

= +P 1
2

V 1 1 (1 )se f ch
2

2
2

(6)  

The area ratio is the area flow area of the microchannels over the 
frontal area of the channel array, i.e. = (NW H )/(H W)ch ch ch . W is the 
width of the heat sink, W = 20 mm, and for the present channel con-
figuration, β = 0.78. Lastly, Pi,ch is the pressure at the inlet of the 
channel array, corrected for pressure losses in the inlet manifold, i.e. 

=P P - P - Pi,ch i ip sc. 
The average single-phase Nusselt number is defined in Eq. (7), 

where kf is the liquid thermal conductivity: 

=
=

=
Nū 1

L
h D

k
dz

ch L 0

L L sp(z) h

f

ch

(7)  

The local heat transfer coefficient, h(z), including both the local heat 
transfer coefficient in the single-phase, hsp(z) and two-phase region, htp 

(z), are obtained at thermocouple locations along the channel bottom 
wall, i.e. dimensionless locations z/L = 0.17, 0.34, 0.5, 0.67 and 0.83 
as follows: 

Fig. 3. Camera locations for flow visualisation along the channel. Each location 
has a length of approximately 4.4 mm in the direction of the flow and a width of 
approximately 4.4 mm. Location 1 starts at the channel inlet. 
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w(z) f(z) ch ch (8)  

The fin efficiency, and fin parameter, m, are found iteratively 
using the formula given in Incropera et al. [47] in Eqs. (9) and (10). 

= tanh(mH )
mH

ch

ch (9)  

=m
2h

k W
(z)

cu fin (10)  

The local wall temperature, Tw(z) , is extrapolated from the axial 
thermocouple measurements along the channel, Ttc(z), based on energy 
balance. 

=T T
q" Y
kw(z) tc(z)

b

cu (11)  

=
=

q" k dT
dyb cu

y 0 (12) 

where qb
” is the base heat flux calculated from the vertical temperature 

gradient on the copper block (see Eq. (12)) and Y is the distance be-
tween the bottom wall of the channel and the topmost thermocouple, 
i.e. 1.6 mm. kcu is the thermal conductivity of the copper block. 

The bulk fluid temperature, Tf(z) is calculated based on Eq. (13) if in 
the single-phase region or evaluated at the local saturation pressure, 
Psat(z), if the corresponding z location is in the flow boiling region, see 
below. 

= +T T
q" Wz
mcf(z) i

b

p,f (13) 

where Psat(z) is calculated with the assumption of a linear pressure drop 
in the channels as follows: 

= ( )P P Psat(z) sat(z,sub)
z L

L L tp
sub

ch sub (14)  

In this study, a linear pressure drop assumption was used as an 
approximation as local pressure measurements were not available. 
Additionally, the adoption of a parabolic pressure drop trend using two- 
phase pressure drop models [48,49] generally resulted in an over-pre-
diction of pressure drop at the outlet of the heat sink, which could lead 
to an over-prediction of local heat transfer coefficients near the outlet of 
the channel array. 

In Eq. (14), Lsub and Lch are the subcooled length and channel length 
respectively, while ΔPtp is the two-phase pressure drop in the channels. 
The local saturation pressure at the location of zero quality, Psat(z,sub) is 
given as: 

=P Psat(z,sub) i,ch
2f G L

D
app ch2

sub
h f (15) 

where fapp is the apparent friction factor, evaluated using the relation 
proposed by Shah and London [50] for developing flows: 

= +
+

++

+ +
+

+

fapp
1

Re
3.44
L

(fRe)

1sub

fd
K( )

4Lsub
3.44
Lsub

C
(Lsub )2 (16)  

The fully-developed Poiseuille number, (fRe)fd, and constants K( )
and +C are given as 15.46, 0.97 and 0.00029 respectively for the 
nominal channel dimensions in this study [50]. The dimensionless 
subcooled length, +Lsub , is determined by L /(ReD )sub h . Lsub is derived 
iteratively based on Eqs. (15) and (17). 

=Lsub
mc (T T )

q "W
p,f sat(z,sub) i

b (17)  

In Eq. (17), Tsat(z,sub) is the saturation temperature at the location of 
zero quality, to be evaluated at Psat(z,sub). An initial value for Tsat(z,sub) is 

assumed and Lsub is calculated. The value is substituted into Eq. (15) to 
obtain an estimate of Psat(z,sub). The saturation temperature evaluated at 
the estimated Psat(z,sub) is compared against the initial value assumed for 
Tsat(z,sub). The iteration is continued until the assumed temperature 
matches the estimated temperature within an error margin 
of ± 0.001 K. 

The two-phase pressure drop in the channels, ΔPtp, is obtained by 
the following relation: 

=P P Ptp ch sp (18)  

The single-phase pressure drop, Psp is the pressure drop in the 
subcooled region and is calculated based on the single-phase friction 
factor, fsp, evaluated using the relation proposed by Shah and London  
[50] for developing flows in Eq. (16). 

=P
G f L

2Dsp
ch

2
sp sub f

h (19)  

The local and exit vapour quality (i.e. z = 20 mm) is calculated 
based on energy balance: 

=x(z)
i i

i
(z) f(z)

fg(z) (20)  

= +i i(z) i
q "Wz

m
b

(21)  

If the exit vapour quality is larger than zero, i.e. two-phase flow at 
the outlet of the heat sink, the procedure to calculate pressure drop is as 
described above, with the exception of the pressure losses in the outlet 
plenum, Pop,tp and Pse,tp are estimated based on the two-phase pres-
sure drop equations given in Collier and Thome [51] instead. Pop,tp
consists of two components, namely the two-phase pressure drop 
through a bend, Pbd,tp, and the two-phase pressure loss due to sudden 
contraction into the fluid line, Psc,fl,tp. 

= +P P Pop,tp bd,tp sc,fl,tp (22) 

where Pbd,tp is calculated based on the method proposed by Chisholm  
[52], where B is a constant given in Eq. (24), Rbd is the bend radius of 
the plenum (5 mm) and Dp is the diameter of the plenum (19.4 mm). 

= + +{ }P 1 1 (Bx (1 x ) x )bd,tp
G v K

2 e e e
2ch2 f 90 f

g (23)  

= +
+

B 1 2.2

K 290
Rbd
Dp (24)  

On the other hand, Psc,fl,tp is calculated based on the equation de-
rived in Collier and Thome [51], where the constant Cc is 0.635 for the 
current plenum area ratio, based on the relation proposed by Chisholm  
[53]. 

= + +( )P 1 1 1 xsc,fl,tp
G
2

1
C

2 1
e

ch2

f c p2
f
g (25)  

The two-phase pressure drop due to sudden expansion from the 
microchannel array may be calculated as follows [51]: 

= +( )P 1se,tp
G 1 1 (1 x )

(1 )
xch2

f
e 2

v
f
g

e2

v (26) 

where the void fraction, αv, is estimated using the correlation devel-
oped by Kawahara et al. [54]. 

=
+

+

v

0.03

1 0.97

Jg(z)
Jg(z) Jl(z)

0.5

Jg(z)
Jg(z) Jl(z)

0.5

(27)  

The liquid and vapour superficial velocities, Jl(z) and Jg(z), are given 
in Eqs. (28) and (29) respectively. 
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=Jl(z)
G (1 x )ch z

f (28)  

=Jg(z)
G xch z

g (29)  

The overall heat transfer coefficient, h̄(z) , is calculated based on all 
five axial heat transfer measurements with respect to the total channel 
length, i.e. includes also the heat transfer coefficients in the subcooled 
region, where applicable. 

= =
= dzh̄ h(z)

1
L L 0

L L
(z)ch

ch
(30)  

As covered above, h(z) is calculated based on Eq. (8). The average 
two-phase heat transfer coefficient, h̄tp(z), is obtained across the satu-
rated boiling region: 

= =
= dzh̄ htp(z)

1
L L L L

L L
(z)ch sub sub

ch
(31)  

To ensure comparability with other flow boiling studies employing 
different heat sink configurations, heat transfer coefficients are pre-
sented as a function of wall heat flux, qw

”. 

= +
+q "w

q "(W W )
(W 2H )
b ch fin

ch ch (32)  

All thermophysical properties of HFE-7200 were obtained from 
Engineering Equation Solver (EES). 

The working fluid, 3M™ Novec™ HFE-7200, was selected for its high 
dielectric strength (minimises damage in the case of coolant leakage), 
low ozone depletion potential (ODP) and low global warming potential 
(GWP). The relevant fluid properties of the working fluid at P = 1 bar 
are presented in Table 1. 

To ensure reproducibility in the experimental results, degassing 
procedures were conducted prior to experiments in this study. The 
working fluid was boiled vigorously for at least an hour and degassed 
air is released through a degassing tap at the top of the reservoir. This 
process is repeated until the measured temperature and pressure in the 
tank corresponds to the saturation conditions of pure HFE-7200. The 
measurement and propagated experimental uncertainties, the latter 
evaluated using the method described in Coleman and Steele [55], are 
listed in Table 2. The uncertainty of the thermocouple was obtained 
using a calibration procedure with a precision thermometer (ASL F250 
MK II) in a constant temperature bath using a water-glycol mixture. 

Flow boiling experiments were conducted at a mass flux and inlet 
pressure condition of G = 200 kg/m2 s and P = 1 bar. At this pressure 
the fluid saturation temperature is 75.1 °C. The degree of inlet sub-
cooling was varied from ΔTsub = 5 K, 10 K and to 20 K, corresponding 
to approximate inlet temperatures of Ti = 70 °C, 65 °C and 55 °C. The 
range of wall heat fluxes investigated is between qw

” = 25.8 to 
180.7 kW/m2. The equivalent base heat flux values for the micro-
channel heat sink with a 20 mm × 20 mm footprint area is qb

” = 
99.1–605.3 kW/m2. 

3. Results 

3.1. Single-phase validation 

Single-phase experiments were conducted to validate the measure-
ment instruments and the experimental setup. Figs. 4 and 5 show the 
single-phase experimental friction factor and average single-phase 

Table 1 
Properties of fluid HFE-7200 at P = 1 bar.           

Psat [bar] Tsat [°C] cp [J/kg K] ifg [kJ/kg] ρf [kg/m3] ρg [kg/m3] µf [kPa s] µg [kPa s] σ [mN/m]   

1.0  75.1 1086 110 1303  9.7  0.36  0.012  9.6    

Table 2 
Experimental uncertainties.    

Equipment/Parameter Uncertainty  

K-type thermocouple  ± 0.2 K 
Inlet/outlet pressure transducer  ± 0.08% 
Total pressure drop  ± 0.08% 
Mass flow rate  ± 0.035% 
Channel mass flux  ± 0.63% 
Fanning friction factor  ± 2.39–2.46% 
Average Nusselt number  ± 5.57–11.71% 
Local heat transfer coefficient  ± 3.73–8.82% 
Local vapour quality  ± 2.02–12.87% 
Heat flux  ± 1.94–4.36% 

Fig. 4. Experimental single-phase friction factor vs. Reynolds number. Error 
bars are between ± 2.39–2.46% but are too small to be visible in the figure. 

Fig. 5. Experimental single-phase Nusselt number vs. Reynolds number.  
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Nusselt number with respect to Reynolds number. 
The experimental single-phase friction factor is in good agreement 

with the correlations given in Shah and London [50], proposed for 
developing and fully developed laminar flows in non-circular horizontal 
ducts. The average Nusselt number obtained in single-phase heat 
transfer experiments were well predicted by established correlations for 
laminar flows in microchannels, namely the Shah and London [50], 
Peng and Peterson [56] and Stephan and Preusser [57]. The figures also 
show good repeatability of single-phase experiments in this study. 

3.2. Flow boiling results 

3.2.1. Effect on reproducibility 
Flow boiling experiments were conducted to investigate the effect of 

inlet subcooling, namely at ΔTsub = 5 K, 10 K and 20 K for wall heat 
fluxes ranging from qw

” = 25.9 kW/m2 to 180.7 kW/m2. This corre-
sponds to vapour qualities from 0 to 1 at the exit of the microchannel 
heat sink. The channel mass flux and inlet pressure were kept constant 
at G = 200 kg/m2 s and P = 1 bar in order to isolate the effect of inlet 
subcooling on microchannel flow boiling behaviour. 

The saturation temperature of HFE-7200 at P = 1 bar is 75.1 °C, as 
summarised in Table 1. The mean absolute deviation, MAE, may be 
used to further assess the repeatability of experiments: 

= ×MAE 100%1
n

j j
j

day1 day2

day1 (33) 

where j is the experimental parameter and n is the number of data 
points collected, can be used here to compare the two data sets. 

Notably, experiments at ΔTsub = 10 K and 20 K were more re-
peatable in comparison to the experiments conducted at inlet sub-
cooling conditions of ΔTsub = 5 K, see Figs. 6 and 7. The MAE of ex-
periments at the higher subcooling conditions of 10 K and 20 K 
were ± 2.9% and ± 3.8% respectively, while the mean average devia-
tion was up to ± 12.3% at ΔTsub = 5 K. The deviation in the data were 
also slightly higher at lower heat fluxes in the channel. This could be 
related to flow reversal in the channel due to slug growth following the 
onset of boiling and potential upstream compressibility effects in the 
channel, which could also affect heat transfer characteristics in mi-
crochannels [58,59]. The experiments at the highest inlet temperature 
was only conducted at the lowest mass flux condition of G = 200 kg/m2 

s. Flow reversal and hence possible effects on reproducibility is ex-
pected to be less at higher mass fluxes. This was the case when mass 
flux was increased to G = 300 and 400 kg/m2 s. Similar results were 
observed in Al-Zaidi [60] for reproducibility comparisons at higher 
mass fluxes. 

3.2.2. Effect on flow patterns 
Flow patterns developed sequentially from bubbly to slug, churn 

and annular flow in the channels at all subcooling conditions. Flow 
regime transition boundaries were delayed to higher vapour quality 
values at higher inlet subcooling conditions (i.e. lower inlet tempera-
ture). This agrees with the observations of Chen et al. [27] and Zeng 
et al. [31]. At a given wall heat flux condition of qw

” ~ 107 kW/m2, 
flow patterns monitored at the channel inlet (camera location 1, see  
Fig. 3) changed from churn to slug and bubbly flow with increasing 
subcooling, as shown in Fig. 8. Accordingly, the vapour quality at 
which flow regime transitions were observed are summarised in  
Table 3. The quality for transition from bubbly to slug flow, as well as 
from churn to annular flow, increased gradually with subcooling. Be-
tween ΔTsub = 5 K and ΔTsub = 10 K, only a small shift in the slug- 
churn transition boundary was observed in the heat sink. However, this 
change was more evident as ΔTsub increased to 20 K. In the subcooled 
region of the channels, the liquid layer directly adjacent to the heated 
channel walls may still become superheated, even when the bulk liquid 
temperature is below saturation. Bubbles were captured to nucleate 

from the channel side walls, but shrink and eventually re-condense into 
the bulk flow soon after departure, as illustrated in Fig. 9. 

Consequently, the potential for bubble coalescence in the channels 
is lower at higher inlet subcooling conditions due to bubble shrinkage 
in the subcooled region at higher subcooling, hence delaying the 
transition from bubbly to slug flow in the channels. Additionally, in-
creasing the inlet subcooling degree effectively extends the subcooled 
region in the channels. From Fig. 10, it is clear that the subcooled 
length decreases with heat flux but increases with inlet subcooling at a 
given wall heat flux condition. As a result, transition from bubbly to 
slug flow occurred at higher vapour qualities in the heat sink at higher 
inlet subcooling conditions, since the bubble coalescence phenomenon, 
which triggers flow regime transition from bubbly to slug flow, was less 
vigorous in the subcooled region of the channels. Similarly, the sub-
sequent flow regime transition boundaries were affected, i.e. slug-churn 
and churn-annular transition were also delayed to higher vapour qua-
lities at higher inlet subcooling conditions. 

The model proposed by Hsu [21], given in Eq. (34), was applied to 
predict the range of nucleation sites at inlet subcooling conditions of 
ΔTsub = 5 K, 10 K and 20 K. This is shown in Fig. 11. 

= ±+
+r 1 1c(max,min) 4

T
( T T )

12.8 T ( T T )
i T

t sup
sup sub

sat sup sub

t g fg sup2
(34)  

The parameters δt and ΔTsup are the thickness of the thermal 
boundary layer and the degree of wall superheat. δt is estimated using 
δt = kf / hsp, where the single-phase liquid heat transfer coefficient, hsp, 
is calculated based on the fully-developed laminar flow equation 
(Nu = 4.36), see [19] for more information on this work. 

From Fig. 11, for a given degree of wall superheat, the range of 
nucleation sites narrow with increasing degree of subcooling. Cavities 
with radii larger than 10 µm are significantly affected by the subcooling 
degree, while the nucleation activity from small cavities are less sen-
sitive to changes in system subcooling, for the range of subcooling in-
vestigated in the current study. The less vigorous bubble nucleation 
activity (lower bubble generation frequency) at higher subcooling 
conditions could also have contributed to the delay in flow pattern 
transition, owing to less bubble coagulation in the channels. Lower 
bubble generation frequencies at higher subcooling conditions were 
also suggested by Euh et al. [23] and Goel et al. [24] for macroscale 
boiling. 

The response of different fluids to changes in the degree of sub-
cooling is expected to vary since the bubble generation frequency and 

Fig. 6. Repeatability of experiments at P = 1 bar, G = 200 kg/m2 s and 
ΔTsub = 5 K. The mean average deviation of the experimental data is  ±  12.3%. 
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departure diameter will be different. This is true even for similar-use 
fluids, see [19]. For example, the bubble generation frequency of fluid 
R245fa is much higher than that of R134a. It is therefore expected that 
slug or churn flow will be observed soon after boiling incipience for 
R245fa and thus the flow patterns maybe less affected by the degree of 
subcooling. Water has a much higher bubble generation frequency and 
therefore this may affect the extent of the influence of the degree of 
subcooling even more. This topic is certainly worth investigating 

further for a conclusion. 

3.2.3. Effect on two-phase instability 
The standard deviation of the measured pressure drop signal across 

the heat sink is presented in Fig. 12(a) and (b) for qw
” ~ 51 kW/m2 and 

qw
” ~ 132 kW/m2 respectively in order to assess the effect of inlet 

subcooling on flow boiling instabilities in the microchannel heat sink. 
The standard deviation is calculated as follows: 

= = j
( j)

(j ¯n)
n

n 1
n

n
2

(35) 

where j is the experimental parameter and n is the number of data 
points. 

Pressure drop oscillations were attributed to alternating vapour flow 
into the inlet plenum and the incoming subcooled liquid in Bogojevic 
et al. [34]. In Kingston et al. [36], fluctuations in the pressure drop, 
temperature and mass flux signals were correlated to periodic 

Fig. 7. Repeatability of experiments at P = 1 bar, G = 200 kg/m2 s and 
ΔTsub = 20 K. The mean average deviation of the experimental data is ± 3.8%. 

Fig. 8. Flow patterns observed at camera location 1 (channel inlet, see Fig. 3), 
at three inlet subcooling conditions for G = 200 kg/m2 s and an approximate 
wall heat flux of qw

” ~ 107 kW/m2. 

Table 3 
Flow pattern transition vapour qualities at P = 1 bar and G = 200 kg/m2 s for 
wall heat fluxes ranging from qw

” = 25.9 – 180.7 kW/m2.      

ΔTsub [K] xB-S [–] xS-C [–] xC-A [–]  

5  0.012  0.064  0.23 
10  0.037  0.068  0.30 
20  0.049  0.125  0.34 

xB-S = transition from bubbly to slug flow. 
xS-C = transition from slug to churn flow. 
xC-A = transition from churn to annular flow.  

Fig. 9. Bubble shrinkage in subcooled liquid. Images shown were captured at 
location 1 (see Fig. 3), under conditions P = 1 bar, G = 200 kg/m2 s, qw

” = 
25.9 kW/m2 and ΔTsub = 20 K. 

Fig. 10. Subcooled length as a function of wall heat flux for inlet subcooling 
ΔTsub = 5 K, 10 K and 20 K at P = 1 bar and G = 200 kg/m2 s. 
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occurrences of rapid bubble growth and confined bubble expansion in 
the channel array. 

Pressure drop oscillations observed in the current study may be 
associated with flow reversal triggered by the expansion of vapour slugs 
in the channels, which is frequently observed with the presence of 
confined slugs. Flow reversal captured at the inlet of the heat sink 
showed a typical cycle of flow reversal to be between 350 ms and 
600 ms long. An example of flow reversal captured at P = 1 bar, 
G = 300 kg/m2 s, qw

” = 24.8 kW/m2 and ΔTsub = 10 K is illustrated in  
Fig. 13. Due to limitations in camera memory, flow visualisation at 
extended time periods of 6.5 s at the inlet plenum (normal flow pattern 
visualisation along the channel are only for a duration of 1.3 s) were 
only conducted at select operating conditions to monitor the full oc-
currence of flow reversal phenomenon in this study. While the flow 
conditions in Fig. 13 do not directly correspond to the range of oper-
ating conditions presented in the current study, they are a good re-
presentation of the type of flow reversal observed in the heat sink at low 
heat fluxes. This is confirmed through the observation of flow patterns 
captured along the channels at different mass fluxes, including 
G = 200 kg/m2 s of the present range, for various heat flux conditions. 

The peak in pressure drop readings may be associated with up-
stream pressurisation due to vapour expansion in the upstream direc-
tion (see Fig. 13(b)–(c)). As the slugs grow to the full length of the 
channels, the flow resistance is reduced and results in a drop in mea-
sured pressure drop across the heat sink. This corresponds to the 
pressure drop instability phenomenon observed in Kingston et al. [36] 
during confined bubble expansion. In order to capture these occur-
rences, the response time of the measuring instrument must be shorter 
than the time period of the flow phenomenon. Based on the manu-
facturer’s specification, the response time of the differential pressure 
transducer is less than 1 ms [61], hence the instrumentation was sui-
table for capturing the pressure oscillations. The response time of the 
0.5 mm diameter K-type thermocouple used to measure fluid inlet 
temperature is given as 0.03 s [62]. In order to obtain a meaningful 
measurement of the dynamic temperature behaviour corresponding to 
flow reversal in the microchannels, temperature measurement techni-
ques such as temperature sensors [34] that allows for higher response 
rates should be employed. Hence only the signal obtained from the 
differential pressure transducer will be used in the discussions on flow 
boiling instabilities in the current study. 

At low heat flux, increasing inlet subcooling, particularly to 20 K, 
reduced pressure oscillations in the heat sink. The standard deviation of 
the measured pressure drop signal at 5 K was 0.58 kPa. Increasing inlet 
subcooling mitigated pressure drop oscillations to 0.1 kPa at 20 K, see  
Fig. 12(a). This could be due to the delayed development of slug flow 
due to less intensive bubble coalescence phenomenon in the channels at 
higher subcooling for a given wall heat flux condition. At qw

” ~ 51 kW/ 
m2, the slug flow regime was observed near the inlet of the heat sink at 
5 K and 10 K, while bubbly flow was largely observed in the heat sink at 
20 K. As mentioned above, the expansion of vapour slugs in the chan-
nels trigger vapour backflow into the inlet plenum, and is believed to 
contribute to the larger pressure drop oscillations observed at lower 
inlet subcooling. Kingston et al. [36] also found that increasing inlet 
subcooling at a given wall heat flux condition delayed the onset of 
pressure drop instabilities in their parallel microchannel heat sink using 
fluid HFE-7100. 

The magnitude of two-phase oscillations stabilised in the churn and 
annular flow regime, evident by comparing the signals illustrated in  
Fig. 12(a) and (b). This could be due to the presence of a stable vapour 
core in the annular flow regime, which could have resulted in lower 
flow resistance in the channels, lower upstream compressibility and 
thus less severe vapour backflow to the inlet plenum of the heat sink. 
However, increasing inlet subcooling at wall heat fluxes where the 
annular flow regime is dominant increased the pressure fluctuations 
slightly. The standard deviation of the measured heat sink pressure 
drop increased from 0.05 kPa at 5 K to 0.1 kPa at 20 K. This agrees with 

Fig. 11. Range of active nucleation cavity radii as a function of wall superheat 
at subcooling conditions of ΔTsub = 5, 10 and 20 K, as predicted using Hsu’s 
model [21]. 

Fig. 12. Measured pressure drop across the heat sink at (a) qw
” ~ 51 kW/m2 

and (b) qw
” ~ 132 kW/m2 over a window of 20 s for G = 200 kg/m2 s and inlet 

subcooling conditions 5, 10 and 20 K. 
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the observation of Bogojevic et al. [34] and Deng et al. [35] who found 
higher flow oscillations at higher degrees of subcooling in their parallel 
channel heat sinks. This could be because both studies used water as the 
working fluid and annular flow was the predominant flow pattern in the 
heat sink. Bogojevic et al. [34] attributed the lower flow oscillations to 
improved flow distribution at higher inlet water temperatures in the 
heat sink. 

In summary, a complex dependency of two-phase flow instability on 
the degree of subcooling was observed. Increasing the degree of sub-
cooling resulted in a reduction in pressure drop fluctuations when the 
flow was dominated by slug flow. On the other hand, when heat flux 
was increased and annular flow dominated in the channels, increasing 
inlet subcooling increased the pressure fluctuations, although only 
slightly. 

3.2.4. Effect on heat transfer rates 
Local heat transfer coefficients were measured at five locations 

along the middle of the heat sink and in order to assess the effect of 
subcooling on heat transfer separately in the subcooled and saturated 
boiling region of the channels, the local heat transfer trends at the three 
subcooling conditions are plotted in Figs. 14–16 for wall heat fluxes qw

” 

~ 52 kW/m2, qw
” ~ 107 kW/m2 and qw

” ~ 161 kW/m2 respectively. 
The wall heat fluxes selected represent the low, medium and high heat 
flux condition. The empty markers represent subcooled flow boiling 
heat transfer coefficients while the filled markers denote flow boiling 
heat transfer coefficients in the saturated region. At a given wall heat 
flux condition, increasing inlet subcooling decreases the local vapour 
quality along the channels due to the extension of the subcooled region 
at higher inlet subcooling. 

Local heat transfer coefficients rose sharply in the subcooled region 

and generally peaked at the location of boiling incipience. The sharp 
rising trend of heat transfer coefficients in the subcooled region is also 
an indication of subcooled boiling, which was also confirmed by flow 
visualisation. After the initial peak at the onset of boiling, the local heat 
transfer trend decreases moderately along the channel with increasing 
local vapour quality, also observed in Al-Zaidi et al. [63] using a similar 
fluid, HFE-7100, and Choi et al. [64], but recovers slightly near the 
channel exit. 

Bubbly flow was typically observed in the subcooled region as well 
as near the location of boiling incipience. As a result, the nucleate 
boiling mechanism may be reasonably assumed to dominate in this 
region. The high heat transfer coefficients could thus be due to the high 
heat transfer rates arising from micro-layer evaporation underneath 
nucleating bubbles, as mentioned in Mahmoud and Karayiannis [19] 
combined with the micro-convection currents induced in the bulk fluid 
surrounding a nucleating bubble as it departs its nucleation site. The 
subsequent reduction in local heat transfer coefficients along the 
channel could be attributed to the suppression of bubble nucleation 
sites, which has been observed in slug flow. Naturally, the periodic 
suppression of nucleation cavities reduces the time-averaged heat 
transfer coefficient at a given location on the channels. Heat transfer 
coefficients increase again near the exit of the channels, which could be 
caused by liquid film thinning during thin-film evaporation in the slug 
and annular flow regime or due to small heat losses to the outlet 
plenum. 

In the subcooled region, increasing inlet subcooling generally re-
sulted in a reduction in heat transfer coefficients, evident from Figs. 14 
and 15 at ΔTsub = 10 K and 20 K. This is in agreement with the trends 
reported by Agostini et al. [37]. It could be attributed to higher bubble 
departure frequencies and shorter waiting times between successive 

Fig. 13. Flow reversal captured at the channel inlet and conditions P = 1 bar, G = 300 kg/m2 s, qw
” = 24.8 kW/m2 and ΔTsub = 10 K.  
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bubble ebullition cycles at lower subcooling, as higher bulk liquid 
temperatures will inevitably require a shorter time period to reach the 
sufficient wall superheat degree for bubble nucleation. 

At the low heat flux condition, flow boiling heat transfer coefficients 
in the saturated boiling region at ΔTsub = 20 K were marginally higher 
than that at ΔTsub = 5 K and 10 K, see Fig. 14. At this heat flux, bubbly 
flow was observed in the channels at ΔTsub = 20 K while slug as well as 
churn flow have already developed in the channels at ΔTsub = 5 K and 
10 K. The high saturated flow boiling heat transfer coefficients observed 
at the highest inlet subcooling condition could be due to the presence 
and dominance of nucleate boiling near the location of boiling in-
cipience. The predominance of bubbly flow in the channels at this 
condition also supports this observation. As slug and churn flow tend to 
suppress some nucleation activity on the channel walls, the contribu-
tion of the nucleate boiling mechanism is reduced, and thus slightly 
lower heat transfer coefficients are observed at ΔTsub = 10 K at this 
heat flux level. Increasing inlet subcooling resulted in a small reduction 
in heat transfer coefficients in the saturated boiling region. This is more 

apparent in Figs. 15(b) and 16(b), i.e. medium and high heat fluxes, 
where the local heat transfer trend is plotted with respect to vapour 
quality. 

As shown in Fig. 11, the range of active nucleation sites become 
smaller with increasing subcooling. This indicates lower bubble gen-
eration frequency in the channels at higher subcooling, i.e. lower nu-
cleate boiling heat transfer coefficients at higher subcooling. Ad-
ditionally, whilst delayed flow pattern transitions were observed at 
higher inlet subcooling conditions, see Table 3, at medium to high heat 
fluxes, annular flow was observed at all subcooling degrees in the 
channels. Heat transfer coefficients have been demonstrated to increase 
with vapour quality in the annular flow regime in Costa-Patry et al.  
[65], Huang and Thome [39] and Falsetti et al. [66]. A combination of 
lower nucleate boiling heat transfer coefficients (due to reduced bubble 
generation activity) and lower contribution of thin-film evaporation 
(due to delayed flow regime transition to annular flow) to total heat 
transfer could explain the lower heat transfer coefficients observed in 
the saturated region at higher degrees of inlet subcooling. Evidently, 
varying the degree of inlet subcooling by 5–20 K has an effect on flow 

Fig. 14. Local heat transfer coefficients along the heat sink at P = 1 bar, 
G = 200 kg/m2 s and qw

” ~ 52 kW/m2. Empty and filled markers denote heat 
transfer coefficients measured in the subcooled and saturated boiling region 
respectively. 

Fig. 15. Local heat transfer coefficients along the heat sink at P = 1 bar, 
G = 200 kg/m2 s and qw

” ~ 107 kW/m2. Empty and filled markers denote heat 
transfer coefficients measured in the subcooled and saturated boiling region 
respectively. 
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boiling heat transfer coefficients, although small (i.e about ± 10%) in 
the saturated boiling region, as also concluded by studies in [26,37,38]. 

The effect of inlet subcooling on the average heat transfer coeffi-
cients in the heat sink is depicted in Fig. 17. Note that the average heat 
transfer coefficients referred to here are averaged from heat transfer 
coefficients along the channel and includes the local heat transfer 
coefficient in the subcooled region, according to Eq. (30). The average 
heat transfer coefficient increases with decreasing inlet subcooling. At 
the lowest heat flux condition, the rise in the average heat transfer 
coefficients in the channel at lower inlet subcooling conditions is more 
pronounced. 

As mentioned earlier (see Fig. 10), increasing the degree of inlet 
subcooling at a given wall heat flux increases the length of the sub-
cooled region in the channels. Although the local heat transfer coeffi-
cients in the subcooled region rises steeply along the channel, its 
magnitude is lower than heat transfer coefficients typically observed in 
the saturated boiling region. Consequently, the average heat transfer 
coefficient along the entire length of the channel is lower at high sub-
cooling for a given wall heat flux condition in the heat sink. From  

Fig. 10, it is clear that the subcooled region constitutes a substantial 
portion of the total channel length at wall heat fluxes qw

” ~ 26 kW/m2 

to 52 kW/m2. As a result, the subcooled heat transfer coefficient has a 
larger contribution to the overall heat transfer coefficients in the 
channel. Hence a stronger effect of subcooling is observed in the low 
heat flux region. 

Overall, the effect of subcooling on local heat transfer coefficients 
was found to be more pronounced in the subcooled region where sub-
cooled boiling was observed. This was attributed to higher bubble de-
parture frequencies and shorter waiting times between successive 
bubble ebullition cycles at lower subcooling. The effect of subcooling 
was generally smaller in the saturated boiling region. Similarly, average 
heat transfer coefficients exhibited a strong dependency on the degree 
of inlet subcooling, particularly at low wall heat fluxes, due to the 
substantial length of the subcooled region. The subcooled length de-
creases with heat flux, and as a result the effect of inlet subcooling is 
smaller with increasing wall heat flux. 

3.2.5. Effect on pressure drop 
Fig. 18(a) depicts the total pressure drop in the channels (i.e. ΔPch, 

see Eq. (2)) – including the single and two-phase pressure drop –as a 
function of wall heat flux at three inlet subcooling conditions. The 
pressure drop in the two-phase region (i.e. ΔPtp, see Eq. (18)) at the 
same conditions are shown in Fig. 18(b). Note that the two-phase 
pressure drop at the lowest wall heat flux condition, i.e. qw

” = 26 kW/ 
m2, is zero as the channels were entirely subcooled at ΔTsub = 20 K. 

As expected, channel pressure drop increases with wall heat flux 
due to an increase in overall void fraction in the channels, which is 
associated with higher flow resistance at higher heat fluxes [51]. 
Channel pressure drop generally decreased with increasing inlet sub-
cooling, particularly when ΔTsub = 20 K. Additionally, comparing  
Fig. 18(a) and (b), it is clear that the contribution of single-phase 
pressure drop is only significant at low wall heat fluxes. The effect of 
inlet subcooling on channel pressure drop was more significant at wall 
heat fluxes below qw

” = 52 kW/m2, due to the substantial length of the 
subcooled region in the channel array, see Fig. 10. This is partly be-
cause the single-phase liquid pressure drop, which is much smaller 
compared to two-phase pressure drop, has a larger contribution to total 
pressure drop in the channel at higher degrees of subcooling, due to the 
longer subcooled length in the channels. Similar observations were also 
reported in Deng et al. [29] and Chen et al. [27]. 

Similarly, the effect of inlet subcooling on two-phase pressure drop Fig. 16. Local heat transfer coefficients along the heat sink at P = 1 bar, 
G = 200 kg/m2 s and qw

” ~ 161 kW/m2. Empty and filled markers denote heat 
transfer coefficients measured in the subcooled and saturated boiling region 
respectively. 

Fig. 17. Effect of inlet subcooling on average heat transfer coefficients along 
the channel for wall heat fluxes between qw

” = 25.9–180.7 kW/m2 at P = 1 bar 
and G = 200 kg/m2 s. 
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was negligible between ΔTsub = 5 K and ΔTsub = 10 K, especially at 
wall heat fluxes below qw

” = 83 kW/m2. On the other hand, at a given 
wall heat flux condition, the magnitude of the two-phase pressure drop 
at ΔTsub = 20 K is notably smaller compared to lower degrees of inlet 
subcooling. 

As mentioned above, flow pattern transitions occurred at higher 
vapour qualities (summarised in Table 3) with increasing degrees of 
inlet subcooling, particularly at ΔTsub = 20 K. This was attributed to 
less vigorous bubble coagulation in the channels due to the condensa-
tion of bubbles in the subcooled region, which was extended with 
higher inlet subcooling at a given wall heat flux condition. This could 
also have contributed to a smaller void fraction in the channels at 
higher degrees of subcooling for a nominal wall heat flux level. Fur-
thermore, Fig. 11 predicts a smaller range of active nucleation sites at 
higher degrees of inlet subcooling, which may also indicate a smaller 
channel void fraction as a direct result of lower bubble nucleation ac-
tivity in the channels at higher degrees of subcooling. As both the 

acceleration component in two-phase pressure drop is strongly depen-
dent on the void fraction [51], the smaller void fraction at larger inlet 
subcooling could have resulted in the lower two-phase pressure drop in 
the heat sink. 

Pressure drop characteristics were found to be affected by changes 
in the degree of subcooling. Increasing the inlet subcooling decreased 
both the total pressure drop and two-phase pressure drop in the chan-
nels (i.e. ΔPch and ΔPtp respectively), particularly when the subcooling 
was increased to ΔTsub = 20 K. The reduction in pressure drop values 
was attributed to the delay in flow pattern development and smaller 
channel void fraction with increase in the degrees of subcooling. 

4. Conclusions 

The effect of inlet subcooling on the heat transfer and pressure drop 
characteristics of dielectric fluid HFE-7200 in a multi-microchannel 
heat sink was investigated. Flow boiling experiments were conducted at 
three inlet subcooling conditions, i.e. ΔTsub = 5 K, 10 K and 20 K, at 
P = 1 bar and G = 200 kg/m2 s for wall heat fluxes in the range of qw

” 

= 25.9 to 180.7 kW/m2. The equivalent base heat fluxes were between 
qb

” = 99.1 to 605.3 kW/m2. 
Increasing system subcooling generally delayed flow pattern tran-

sitions in the channel to higher quality values. This was attributed to 
the extended subcooled region in the channels and lower rate of bubble 
coalescence at higher system subcooling. Furthermore, increasing 
system subcooling narrowed the range of active cavity sizes, which 
could indicate lower bubble generation frequencies at higher inlet 
subcooling, also affecting flow pattern development. The effect of 
subcooling on flow pattern development subsequently affected two- 
phase instabilities, heat transfer as well as pressure drop behaviour in 
the microchannel heat sink. 

The effect of degree of subcooling on flow instability depended on 
the prevailing flow regimes. Pressure drop oscillations were associated 
to flow reversal triggered by the rapid expansion of vapour slugs in the 
heat sink. Increasing inlet subcooling reduced the magnitude of flow 
oscillations due to the delay in slug flow formation. Lower pressure 
drop oscillations were observed at heat fluxes where annular flow was 
dominant. Increasing system subcooling in this region increased the 
magnitude of oscillations slightly. 

The dependency of local heat transfer coefficients in the subcooled 
region on system subcooling was stronger compared to the saturated 
boiling region of the channels. The average heat transfer coefficient of 
the heat sink decreased with increasing subcooling, especially at low 
heat fluxes, due to the substantial length of the subcooled region. The 
effect of inlet subcooling on average heat transfer coefficient becomes 
less with increasing heat flux, since the subcooled region shrunk with 
heat flux and thus exerted a smaller contribution to the overall heat 
transfer. 

Increasing the degree of subcooling also lowered the total and two- 
phase pressure drop in the heat sink, in particular at ΔTsub = 20 K, at a 
nominal wall heat flux condition. This was mainly attributed to delayed 
flow pattern transition and smaller channel void fraction at larger 
subcooling. 

The above observations help elucidate the effect of subcooling on 
flow instability, flow patterns, heat transfer rates and pressure drop and 
provide one possible explanation for discrepancies reported in past 
studies. The work indicates clearly that the degree of subcooling should 
be identified if experimental results are to be compared. The effect of 
the degree of subcooling on the critical heat flux was not examined as 
our range did not cover the occurrence of critical heat flux. Further 
work is also recommended in this area and should include different 
fluids. 

Fig. 18. Effect of subcooling on (a) total pressure drop in the channel (single 
and two-phase) and (b) two-phase pressure drop in the channel for wall heat 
fluxes qw

” = 25.9–180.7 kW/m2 at P = 1 bar and G = 200 kg/m2 s. Error bars 
are  ±  0.1% to  ±  0.3% and are too small to be visible on the graph. 
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