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The effect of pressure on the flow boiling characteristics of HFE-7200 between 1.0 to 2.0 bar was inves-
tigated in a parallel microchannel heat sink (D, = 0.48 mm, 44 channels). The mass flux and subcooling
degree were kept constant at 200 kg/m? s and 10 K respectively, while heat flux ranged from 26.1 - 160.7
kW/m?. Increasing system pressure decreased the vapour density ratio, thus leading to reduced pres-
sure drop, increased bubble generation frequency and two-phase heat transfer coefficients in the system,
though this may not be apparent at low superheat degrees at higher pressures. Smaller bubble diameters
were observed at higher pressures and resulted in a delay in flow regime transition to slug flow, which
is prone to flow reversal. The experimental work showed promising means to manage flow instabilities
and enhance heat transfer performance in two-phase microchannel systems for HFE-7200.
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1. Introduction

Flow boiling characteristics in microchannels are dependent on
fluid properties and operating parameters including heat flux (q"),
mass flux (G), subcooling degree (AT) and operating pressure (P).
Experimental and analytical studies on pool boiling and flow boil-
ing have demonstrated a strong influence of system pressure on
nucleation criteria, bubble growth and departure cycle by virtue of
the sensitivity of the thermo-physical properties of a given work-
ing fluid on system pressure [1,2]. The influence of pressure on key
fluid properties (eg. vapour density and surface tension), which
affect both nucleate boiling and convective boiling flow mecha-
nisms as well as the bubble nucleation dynamics result in varia-
tions in flow regime development and flow boiling behaviour in
microchannels. Generally, a reduction in microchannel two-phase
pressure drop is reported at higher working pressures [3-5]. This
could be due to the dependence of the frictional and momentum
pressure drop components on the void fraction and flow regimes,
which may be influenced by the viscosity and the liquid-vapour
density ratio [6]. The critical heat flux (CHF) of boiling systems is
known to be enhanced at higher pressures (provided the work-
ing pressure is less than one third of the critical pressure [7]),
as demonstrated through the hydrodynamic theory by Kutateladze
[8], Zuber [9] and more recently in [10]. Flow instabilities, which
may lead to the CHF condition and present practical issues such
as flow maldistribution and dryout in parallel channel heat sinks,
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may also be delayed by increasing operating pressure [3,11] with-
out major heat sink design effort and pressure drop penalty. Sev-
eral other flow instability mitigation strategies have been proposed
[12,13]. These include surface modifications and use of inlet re-
strictors.

Clear understanding of the inter-relationship between the
above-mentioned parameters (i.e. heat flux, mass flux and degree
of subcooling) and operating pressure offers useful insight into op-
timising the performance of two-phase thermal management sys-
tems. In this study, the flow boiling characteristics of HFE-7200 at
three inlet pressures (i.e. 1, 1.5 and 2 bar) was investigated in a
parallel microchannel heat sink (i.e. D;, = 0.48 mm), where the de-
gree of inlet subcooling was kept constant at 10 K.

1.1. Effect on Bubble Nucleation

Several studies have found that bubble departure frequency in-
creases with increasing system pressure. Euh et al. [14]| conducted
a flow visualisation study on subcooled flow boiling of water in
a 19.1 mm diameter tube at system pressures of 1.67 bar - 3.46
bar, mass fluxes of 214 - 1869 kg/m? s, heat flux between 61
- 238 kW/m? and subcooled conditions ranging from 7.5 - 23.4
K. Although the tube diameter investigated is more relevant to
macroscale flow boiling, the fundamental findings on the depen-
dency of bubble nucleation behaviour on system pressure at the
macroscale level are still useful in the understanding of microscale
boiling behaviour. Euh et al. [14] attributed the enhanced bub-
ble generation frequency at higher pressures to the increase in
vapour density corresponding to pressure increase. Considering the
mechanical equilibrium of a vapour nucleus [6], the authors rea-
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Nomenclature

ﬁtp average heat transfer coefficient [W/m? K]

he local heat transfer coefficient [W/m? K]

Dy, hydraulic diameter [m]

G mass flux [kg/m?s]

Hepn channel height [m]

k thermal conductivity [W/m K]

L length [m]

N number of channels [-]

q heat flux [W/m?]

Ic cavity radius [m]

Trrz) local fluid temperature [°C]

Tuw(z) temperature of channel bottom wall [°C]
width [m]

X vapour quality [-]

z/L dimensionless axial location [-]

AP pressure drop [kPa]

Greek letters

n fin efficiency [-]

Pg gas density [kg/m3]

Subscripts

b base

ch channel

f fin

hs heat sink

i inlet

ip inlet plenum

manifold manifold/plenum

meas measured pressure drop
nb nucleate boiling

pen penalty

plain plain microchannel

sat saturated

sc sudden contraction

Sp single-phase

sub subcooled

tp two-phase

w wall

soned that higher vapour density resulted in lower required wall
superheat for bubble nucleation, which reduced waiting time be-
tween consecutive bubble ebullition cycles and thus increased bub-
ble generation frequency. Bubble departure frequency was also re-
ported to increase with pressure in the work of Murshed et al. [15].

Smaller bubble departure sizes were also noted by Euh et al.
[14] at higher pressures. Referring to the force balance models de-
veloped by Situ et al. [16] and Klausner et al. [17], it was noted
that the higher vapour density at higher pressures also signifi-
cantly lowered the drag force acting on bubbles, which reduced
bubble departure diameter and bubble growth time. Flow visual-
isation also revealed smaller bubble diameters in Kuo and Peles
[3], Prodanovic et al. [18] and Yuan et al. [19]. The latter used
the liquid-vapour density ratio to correlate the pressure effect on
bubble diameters. Similarly, applying the force balance model by
Klausner et al. [17] and comparing bubble growth and departure
time of water, ethanol, R134a and R245fa, Mahmoud and Karayian-
nis [2] showed that bubble growth rate exhibited a strong depen-
dence on liquid-vapour density, surface tension and viscosity ratio
of a fluid.

Furthermore, the range of active nucleation sites may also in-
crease under higher pressure conditions. Mahmoud and Karayian-
nis [2] highlighted the importance of surface conditions, namely
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the size range of active nucleation sites for bubble nucleation
and boiling incipience wall superheat on heated surfaces. The
authors predicted this range using the model proposed by Hsu
[1], which is a function of wall superheat condition as well as
fluid properties including surface tension, vapour density and la-
tent heat of vapourisation. The analysis revealed that the re-
quired wall superheat for nucleation in certain fluids, for in-
stance, water, decreased drastically when system pressure was
increased.

Consequently, fabricating cavities of appropriate sizes based on
the nucleation theory on boiling surfaces as well as modifying
system pressure to reduce the required wall superheat for nucle-
ation could potentially mitigate flow instabilities related to explo-
sive boiling as well as delay the occurrence of CHF in two-phase
systems. Kuo and Peles [3,20] investigated the use of re-entrant
cavities to supress flow instabilities and delay flow instability-
induced premature CHF by promoting controlled bubble growth in
the channels. Cavities 7.5 pm wide were etched on the sidewalls of
the 223 pm hydraulic diameter silicon microchannels. The exper-
imental study was conducted with water as the working fluid at
base heat fluxes up to 2.5 MW/m?, mass fluxes between 86 - 520
kg/m? s and exit pressures ranging from 50 - 205 kPa. High wall
superheat at the inception of boiling caused vigorous flow oscilla-
tions in the channels at low operating pressures, leading to early
transition to the CHF condition in the system. At higher system
pressures, a stable boiling regime was established after boiling in-
cipience and lower pressure gradient in the channels resulted in
an increase in CHF. It was not explicitly stated if the degree of
inlet subcooling was kept constant in the study of Kuo and Peles
[3] and [20]. For subcooled flow boiling of water in tubes of diam-
eter between 0.406 mm - 2.54 mm, Mudawar and Bowers [21] re-
ported an increase in CHF with increase in pressure from 2.5 bar to
30 bar. CHF did not vary significantly following further increase in
pressure but fell as pressures approach the critical point. Nonethe-
less, the degree of inlet subcooling, which could affect both wall
superheat required for bubble nucleation (as noted in Mahmoud
and Karayiannis [2]) and the development of CHF condition was
not kept constant in the study of pressure effect by Mudawar and
Bowers [21].

1.2. Effect on Heat Transfer Rates

In accordance with the findings of enhanced bubble departure
frequencies presented above, many studies have found that in-
creasing system pressure improved flow boiling heat transfer per-
formance [22-25]. Amongst these, the influence of pressure on
the latent heat of vapourisation [22], density ratio and surface
tension [23] and [25] were highlighted as plausible reasons to
heat transfer enhancement. Despite concluding an insignificant ef-
fect of pressure on average heat transfer coefficient in their mi-
crochannel evaporator at low mass flux in an earlier paper by
Bertsch et al. [26], a slight increase in heat transfer coefficient
with increase in pressure was reported at a higher mass flux
condition in a later study by Bertsch et al. [27]. Agostini et al.
[24] reported a significant increase in local heat transfer coeffi-
cients with increase in pressure for refrigerant R236fa, but found
a negligible pressure effect on heat transfer coefficients for R245fa.
The authors suggested that the less obvious pressure effect ob-
served for R245fa could be due to the high experimental uncer-
tainties as the experiments involving the fluid was conducted un-
der relatively low heat fluxes. Thiangtham et al. [28] also found
a slight increase in heat transfer coefficients and attributed this
to higher bubble generation at higher system pressures in the
channels.

On the other hand, the effect of pressure has also been found
to be insignificant at vapour quality regions where nucleate boil-
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ing might not be the dominant mode of heat transfer. Wen et al.
[29] studied the flow boiling of R134a in serrated fin minichan-
nels and found that increasing the system pressure from 2.9 bar
to 4.5 bar improved heat transfer coefficients at low to moderate
vapour qualities (vapour quality around 0.5), while the pressure ef-
fect was negligible in the high vapour quality region where con-
vective boiling was assumed to dominate. The authors reasoned
that higher bubble generation activity at higher pressures in the
low vapour quality region is as a result of the reduction in la-
tent heat of vapourisation following system pressure increase. Sim-
ilar enhancement effect, i.e. limited to low vapour qualities were
also reported for the flow boiling of R134a in microtubes [30,31].
Karayiannis et al. [30] reported an increase in heat transfer co-
efficients in a 1.1 mm diameter tube at vapour quality less than
0.3, corresponding to an increase in pressure from 6 bar to 10 bar,
but found no enhancement in heat transfer coefficients at higher
vapour qualities with the same increment in system pressure. The
higher heat transfer coefficients in the low vapour quality region
was attributed to the reduction of surface tension with increase
in system pressure, which resulted in smaller bubble departure
diameters in the nucleate boiling dominant region. In and Jeong
[31] studied the effect of system pressure (1.58 bar and 2.08 bar)
on fluid R123 in a 0.19 mm diameter tube and found no heat
transfer enhancement at the higher pressure condition in the high
vapour quality region, where convective boiling reportedly domi-
nated. Note that the work did not include flow visualisation, even
though the authors inferred, based on similar studies, that elon-
gated bubbly flow dominated at high vapour qualities. They also
found a stronger effect of mass flux and heat flux on heat transfer
coefficients at lower pressures. It was suggested that due to the
lower vapour density of R123 at lower pressures, the elongated
bubbles travel at a higher velocity, causing the thickness of the
surrounding liquid film to be thinner, which resulted in a higher
dependence of heat transfer on mass flux and heat flux at lower
pressures.

In contrast, Saisorn et al. [4] reported a significant decrease in
heat transfer coefficients of R134a in a 1.75 mm diameter tube
when system pressure increased from 8 bar to 10 bar. They the-
orised that smaller latent heat of vapourisation and lower liquid
viscosity at higher pressures resulted in thinner liquid films on the
tube walls, which could have a higher tendency to rupture com-
pared to thicker liquid films, thus leading to local dryout and re-
duced overall heat transfer coefficients.

2. Experimental Methodology

An experimental facility was set up as part of a larger study
into flow boiling behaviour in parallel microchannel systems, as
shown in Fig. 1. The main flow loop with HFE-7200 is circulated
using a micro gear pump and digital pump drive (GJ-N23FF2S
from Micropump® and ISMATEC Reglo ZS© respectively) to the mi-
crochannel evaporator test section from the tank. The pressure in
the system is controlled using an immersion heater in the reser-
voir. Two Coriolis mass flowmeters, the OPTIMASS 3000 SO1 for
mass fluxes <300 kg/m? s and OPTIMASS 3000 SO3 for mass fluxes
>300 kg/m2s from Krohne, are used to measure flow rate in the
system. The temperature at the inlet of the test section, which
controls the degree of subcooling in the study is regulated using
a pre-heater. Heat from the test section is rejected to the plate
heat exchanger, which is cooled by the chiller system using water-
glycol. A subcooler was located upstream of the gear pump in or-
der to maintain feed temperatures within the operating range of
the seals. A National Instruments Data Acquisition System (DAQ)
was used to log and monitor measurements in the experiments.
After steady state conditions are achieved, i.e. when the experi-
mental variables do not change by more than + 0.2 g/s for mass
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flow rates, & 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 visualisation images provided by the Phantom Miro Lab110
high-speed camera, Huvitz HSZ-645TR microscope and LED light-
ing system operating at 5000 frames/s and a resolution of 512x512
pixels were also used to assess steady flow phenomena before
data acquisition. Flow visualisation was conducted at four loca-
tions incrementally (i.e. locations 1 to 4, from inlet to outlet, see
Fig. 2) along the channel length at the middle of the heat sink
during each experimental run. Each dataset was acquired over a
duration of 90 s at a frequency of 1 kHz and averaged for data
reduction.

The test section is shown in Fig. 3 and has been described in
detail in [32]. There are 44 parallel microchannels on the copper
heat sink, each nominally 0.7 mm in height, 0.35 mm in width
and 20 mm in length. The heating to the test section is provided
by cartridge heaters, controlled by a variac as illustrated previ-
ously in Fig. 1. The temperature near the bottom of the channels
(i.e. 5 mm from the bottom wall) are measured in five locations
along the streamline direction as well as in the traverse direction.
The heat flux is calculated using the temperature gradient mea-
sured along the height of the block. The cover plate was fabri-
cated out of polycarbonate to provide viewing to the flow phe-
nomenon in the channels and manifolds. The inlet and outlet pres-
sures and temperatures are measured at the manifolds using two
Omega™ PXM409-007BAI pressure transducers and calibrated K-
type thermocouples, see Fig. 3(a) for the locations. Additionally,
the total pressure drop across the inlet and outlet manifold are
measured using an Omega™ PX409-015DWUI differential pressure
transducer with a range up to 1 bar.

2.1. Data Reduction

The data reduction procedure has been reported in detail in
[32]. The local heat transfer coefficient is calculated as follows
based on temperature measurements at dimensionless locations
z/[L = 0.17, 0.34, 0.5, 0.67 and 0.83:

qb (Wch + Wﬁn)
(Tw(z) - Tf(z) ) ( Wch + 2 n I_lc:h )
where W, Wg, and Hy, are the channel width, fin thickness and
channel height respectively. The fin efficiency, 7 and fin parameter,
m, are found iteratively, see [7] and [32].

The two-phase pressure drop in the channel, APy, is found by
the following relation:

AP, = APy, — AP, )

hg = (1)

where APsp is the single-phase pressure drop in the subcooled re-
gion and AP, is the pressure drop in the channel, given by:

Aljch = Al:’meas - Al)manifold (3)

APpeas is the measured pressure drop at the inlet and outlet
manifolds (see Fig. 3(a)) using the differential pressure transducer
and APpanifold 1S the pressure change in the manifolds. The cal-
culation for the manifold pressure changes have previously been
presented in detail in [32].

The inlet pressure, P;, is taken as the pressure measured at the
inlet manifold of the heat sink by the inlet pressure transducer.
This is also referred to as the system pressure in this publication.
For all other calculations, such as in the evaluation of local satu-
ration pressures and two-phase pressure drop, the pressure at the
inlet of the channel array, P;,, is used. This is corrected for pres-
sure losses in the inlet manifold:

Pich = Pi — Pjp — P (4)
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Fig. 1. Flow boiling experimental facility [32].
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Fig. 2. Camera locations for flow visualisation, taken from [32].

where Pip is the pressure drop in the inlet manifold and Psc is the
pressure drop due to sudden contraction into the microchannel ar-
ray, see [32]. Single-phase validation was conducted to verify the
experimental measurements and data reduction procedure. For a
constant inlet subcooling degree of 10 K the inlet temperature at
P = 1.0, 1.5 and 2.0 bar are 65°C, 79°C and 88°C respectively. The
mass flux was kept consistent at 200 kg/m? s for wall heat fluxes
ranging from 26.1 - 160.7 kW/m2. Since the mass flux and inlet
subcooling were kept constant in the experiments, the effect of
pressure is isolated from effects of mass flux and inlet subcooling
in this analysis. As mentioned above, details on the data reduc-
tion procedure, validation using single-phase experiments and re-
producibility of our experiments are included in Lee and Karayian-
nis [32]. The experimental uncertainties are presented in Table 1

Table 1
Experimental uncertainties.

Equipment/Parameter Uncertainty

+02K

+ 0.08 % (full-scale)
+ 0.25 % (full-scale)
+038-042%

K-type thermocouple
Inlet/outlet pressure transducer
Differential pressure transducer
Hydraulic diameter

Mass flow rate + 0.035 %
Channel mass flux + 0.63 %
Fanning friction factor + 239 -246%
Average Nusselt number + 5.57 - 11.71%
Channel pressure drop +01-057%
Local heat transfer coefficient + 3.87 - 9.67%
Local vapour quality +213-923%

Heat flux + 1.96 - 435 %

where the propagated uncertainties are based on the method in
[33].

3. Results
3.1. Fluid properties and nucleation cavity size

As highlighted above, fluid property change with system pres-
sure could have a significant effect on flow boiling characteristics
in microchannels. Relevant fluid properties of the working fluid,
HFE-7200, at system pressures from P = 1 bar to P = 2 bar are
summarised in Table 2. Important dimensionless ratios are shown
in Table 2 for the range of pressures investigated in this study.

3.1.1. Increasing system pressure from 1 bar to 1.5 bar
Corresponding to a pressure increase from 1 bar to 1.5 bar, lig-

uid viscosity dropped by 13.9 %, while the vapour density of the

fluid rose by almost 50 %. The large rise in vapour density resulted
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locations of pressure transducer ports and thermocouple locations respectively.

Table 2

Properties of fluid HFE-7200 at different system pressures.
Pga[bar] Tsat[°C] ¢ [J/kg K] irg [KJ/kg] pglkg/m?] pe[kPa s] pg[kPa s] o[mN/m]
1.0 75.1 1086 110 9.7 0.36 0.012 9.6
1.5 88.7 (+18.1%) 1135(+4.5 %) 107(-2.7 %) 14.3(+47.4 %) 0.31(-13.9 %) 0.013(+8.3 %) 8.4(-12.5 %)
2.0 99.0(+11.6%) 1175(+3.5%) 105(-1.8%) 19.0(+32.9%) 0.27(-12.9%) 0.013- 7.5(-10.7%)

Percentage change with incremental pressure step shown in brackets.

in a 34 % fall in liquid to vapour density ratio while the reduc-
tion in liquid viscosity decreased liquid to vapour viscosity ratio by
16.8 %. Additionally, the reduced pressure ratio (i.e. Py = Psat/Pits
where P.;; = 20.1 bar) increased significantly by 40 % as the in-
let pressure was increased to 1.5 bar. Liquid density, gas viscosity,
specific heat and latent heat of evaporation of HFE-7200 did not
vary significantly in the range of this study (varied by less than 5
% between 1 bar and 1.5 bar).

3.1.2. Increasing system pressure from 1.5 bar to 2 bar

Between P = 1.5 bar and P = 2 bar, a proportional fall in lig-
uid viscosity (-12.9 %) and surface tension (-10.7 %) was recorded.
Vapour density varied less between operating pressures of 1.5 bar
and 2 bar, and rose by only 32.9 % compared to the +47.4 % in
the previous pressure increment. This contributed to a 26.1 % drop
in liquid to vapour density ratio and a 14.8 % reduction in liquid
to vapour viscosity ratio. The reduced pressure ratio rose moder-
ately by 42.9 % when the pressure was increased from 1.5 bar to 2
bar. Similarly, the variation in liquid density, gas viscosity, specific
heat and latent heat of evaporation were negligible with pressure
increment to 2 bar.

3.1.3. Size of active nucleation sites

Additionally, based on the Hsu nucleation model [1], the size of
active nucleation cavities was associated with the physical prop-
erties of the working fluid, saturation temperature and subcooling,
as well as the thickness of the thermal boundary layer surrounding
a nucleating bubble. The saturation temperature of the fluid is in
turn influenced by the system pressure. Therefore, the relation is
used to predict the active cavity size radii, rc, for operating pres-
sures in the range of P = 1 - 2 bar, with the assumption of zero
subcooling in the system and D;, = 475 pm, see Fig. 4.

The range of active nucleation sites increased rapidly with su-
perheat, especially in the low wall superheat region, namely where
0 K < ATsyp < 5 K. The largest cavity radius in the active nucle-
ation range is around 55 pm and appeared to be insensitive to
pressure change, at least within the pressure range of this study
(P =1 - 2 bar). The minimum cavity size, in contrast, varied dis-
tinctly with change in inlet pressure. This is mainly due to the
notable increase in vapour density with pressure increase (see
Table 2 and Table 3). For a nominal ATsyp of 10 K, minimum r¢
extended from 0.11 pm to 0.08 pm with pressure increase from
P = 1 bar to P = 1.5 bar, and further to 0.06 pym with respect to
subsequent pressure increase to P = 2 bar.
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Fig. 4. Effect of system pressure on the size range of active nucleation sites using
HFE-7200, based on the nucleation model by Hsu [1].

Table 3
Property ratios and dimensionless numbers of fluid HFE-7200 at different system
pressures.

Pt [bar] (25 [-] (£ [ P [-] Jal-]
1.0 134 29.2 0.05 17.8
15 88.4(-34.0 %)  243(-168 %)  0.07(+40.0 %)  9.1(-48.9 %)
2.0 65.3(-26.1 %)  20.7(-148 %)  0.10(+42.9 %)  5.5(-39.5 %)

Percentage change with incremental pressure step shown in brackets.

Table 4

Flow pattern transition vapour qualities at G = 200 kg/m? s and ATy, = 10 K for
wall heat fluxes ranging from qy," = 26.1 - 161.6 kW/m?2. Xg_s: bubbly to slug; Xs.c:
slug to churn; Xc.a

P[bar] Xg.s[-] Xs-c[-] Xcal-]
1.0 0.037 0.068 0.304
15 0.064 0.119 0.314
2.0 0.066 0.122 0.353

In conclusion, increasing system pressure had a remarkable
effect on the vapour density of fluid HFE-7200. Surface tension
and liquid viscosity also fell moderately with pressure increase.
Nonetheless, a smaller variation in fluid properties were observed
between pressures P = 1.5 bar and P = 2 bar. The range of active
nucleation sites, as predicted using Hsu’s model [1], increased es-
pecially with increasing wall superheat and extended with increase
in system pressure.

3.2. Flow Patterns

Flow patterns developed in a similar manner at all three inves-
tigated pressure conditions, i.e. from bubbly, slug, churn to annu-
lar flow, see Fig. 5. Generally, there was an increase in flow pat-
tern transition vapour quality with increase in inlet pressure, as
summarised in Table 4. There was notable delay in transitional
boundaries between pressures P = 1.0 bar and P = 1.5 bar. For in-
stance, transition from bubbly to slug flow occurred accordingly at
X = 0.0037 at P = 1 bar, x = 0.064 at P = 1.5 bar and x = 0.066 at
P = 2 bar. With pressure increase from P = 1.5 bar and P = 2 bar,
there was a smaller difference in flow pattern transition vapour
qualities.

Delayed transition from bubbly to slug flow could be due to
smaller bubble departure diameters at higher system pressures, as
illustrated in Fig. 6. The bubble diameters were measured using
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Image] in one random channel, at five separate frames sampled
from the corresponding high-speed video. Fig. 7 to Fig. 9 show
the distribution of bubble diameters observed in the bubbly flow
regime at qw ~ 50 kW/m? for inlet pressure conditions of 1 bar,
1.5 bar and 2 bar respectively.

Bubble size was observed to decrease with increasing system
pressure, as evidenced by the shift in distribution peak to lower
bubble diameters at higher operating pressures. The median bub-
ble diameter calculated from each distribution decreased from 98.5
pm to 82 pm between P = 1 bar and P = 1.5 bar, i.e. a percentage
difference of 16.8 %, and at P = 2 bar decreased further to 67 pm
(by 18.3 %). Smaller bubbles have a smaller tendency to coalesce in
the channels, which may explain the delay in transition from bub-
bly to slug flow at higher system pressures. Smaller bubble sizes
at higher operating pressure conditions were similarly observed by
Euh et al. [14], Prodanovic et al. [18] and Yuan et al. [19] in macro-
tubes, as well as Kuo and Peles [3] for parallel microchannels.

Amongst these studies, Euh et al. [14] cited the change in
vapour density with system pressure increase as the main reason
for the reduction in bubble departure diameter. The reduction in
liquid-vapour density ratio, (%), with pressure increase was also
cited as a physical property that controlled bubble departure di-
ameters in flow boiling by Prodanovic [18]. Accordingly, (%) de-
creased by 34 % and 26.1 % with pressure increase to P = 1.5 bar
and P = 2 bar respectively. Vapour density has also been cited as
an important parameter in bubble nucleation dynamics [2,3,14],
especially in the force balance models developed by Situ et al.
[16] and Klausner et al. [17] to estimate flow boiling bubble depar-
ture diameter. The drag force acting on a nucleating bubble, both
in the streamwise direction as well as the direction normal to the
flow, is a function of bubble growth rate [2], which is estimated
based on the correlation by Zuber [34] in the model of Situ et al.
, and using the model developed by Mikic et al. [35] in Klausner’s
drag equation. Zuber’s correlation is given as follows [34]:
fy = 1 221V (5)

2Vt Jm
where b is a constant between 1 and +/3 and o is the liquid ther-
mal diffusivity. The Jakob number, Ja, is defined as follows:

_ 1%; Cp,f (TW - Tsat )
Pg ifg

On the other hand, the model developed by Mikic et al. [35] is

given below:

. 1 120{f Tv—Tsat
Iy = —— all- — 7
LIV J( Tw—Tsat> %

Evidently, bubble growth rate is a function of Ja, which rep-
resents the ratio of sensible heat to latent heat absorbed during
phase change. As mentioned above, liquid density, specific heat
and latent heat of vapourisation did not vary significantly with
pressure, at least in the range of this study. The notable increase
in vapour density, namely by 474 % at P = 1.5 bar and 32.9 %
at P = 2 bar, result in reductions in Ja by 48.9 % and 39.5 % re-
spectively. The smaller Jakob number drastically reduces the drag
force acting on a bubble growing from a nucleation site. Since less
drag force is imposed on the bubble, the force balance equations
are more easily overcome in the direction of the flow, thus result-
ing in smaller bubble departure diameters and bubble sizes in the
channels at higher inlet pressures.

Lee [36] concluded that in addition to the drag force on a bub-
ble, surface tension forces are also dominant forces controlling
bubble departure diameter. Surface tension dropped by 12.5 % be-
tween P = 1 bar and P = 1.5 bar, and by a further 10.7 % with
pressure increase to P = 2 bar. The resultant lower surface tension

Ja (6)
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forces on bubbles at higher system pressures could also have con-
tributed to smaller bubble departure diameters. Additionally, bub-
ble departure diameter is intrinsically linked to bubble generation
frequency, as reviewed in Situ et al. [16]. Although bubble gener-
ation frequency could not be independently verified in this study
for a nominal cavity, the higher number of bubbles identified in
the channels (see Fig. 7 to 9) could be an indication of higher bub-
ble generation frequencies at larger operating pressures. The wider
range of nucleation cavity sizes predicted using Hsu’s model, as il-
lustrated in Fig. 4, also supports this observation. With increase in
system pressure, smaller nucleation sites, that is, if available on the
surface of the boiling substrate, could have been activated, increas-
ing the overall bubble generation rate in the channels.

There was some evidence suggesting an effect of pressure on
liquid film thickness, and as a consequence the heat transfer rates

with increase in system pressure. Due to limitations of the current
visualisation set up (from the top of the channels), it was not pos-
sible to obtain an accurate measurement of the liquid film thick-
ness and thus no conclusions are drawn in the current paper. Fu-
ture investigations into the role of system pressure on liquid film
thickness may be very useful for the understanding of microscale
thin-liquid film evaporation.

3.3. Flow Instability

As covered above, Kuo and Peles [3,20] found that increasing
the exit pressure from 50 kPa to 205 kPa mitigated flow oscilla-
tions due to rapid bubble growth of water microchannel flow boil-
ing due to a reduction in boiling incipience wall superheat. No-
tably, there was a considerably larger influence of system pressure
on the active nucleation range of water, as compared to the cur-



V.YS. Lee and T.G. Karayiannis

100

80 F

60

40+

Number of Bubbles |-|

0 25 50 75 100 1
Bubble Diameter [pm]

[
i

150

Fig. 7. Distribution of bubble diameters measured on five still frames of the high-
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Fig. 8. Distribution of bubble diameters measured on five still frames of the high-
speed recording at P = 1.5 bar, G = 200 kg/m? s, ATy, = 10 K and q,, = 51.6
kW/m?.

rent range of pressures investigated for HFE-7200, see Fig. 4 for
HFE-7200. It was unclear whether the degree of liquid inlet sub-
cooling was kept constant in [3] and [20]. In the current study, the
effect of system pressure is isolated from the effect of inlet sub-
cooling as the degree of subcooling was maintained at ATy, = 10
K.

Flow instabilities were typically observed in the slug flow
regime in the current study at low wall heat fluxes near the onset
of boiling in the heat sink, see section 3.2.3 in [32]. The measured
pressure drop signal across the heat sink may be used to assess
the extent of flow oscillations in the microchannels at different in-
let pressures. The standard deviation of an experimental parameter,
o (Aj) , may be calculated as follows:

Z:zl(jn—j*n)2

n

o (4j) =

(8)

where j represents the experimental parameter and n is the num-
ber of data points. In this case the variable j is the measured pres-
sure drop value from the differential pressure transducer.
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Kuo and Peles [3] used local transient temperature signals to
study stages of unstable boiling in their silicon microchannel heat
sink while researchers in [37-39] have also demonstrated the use
of pressure and temperature signals to characterise the flow boiling
instability phenomenon in microchannel heat sinks. In the present
measurement setup, the response time of the 0.5 mm diameter K-
type thermocouple used to measure fluid inlet temperature was
specified by the manufacturer to be around 0.03 s [40]. As events
such as bubble growth and coalescence in flow reversal occurs over
a considerably shorter time period, as short as 16 ms, temperature
measurement techniques with higher response rates should be em-
ployed. As the response time of the differential pressure transducer
is less than 1 ms [41], based on manufacturer’s specifications, the
instrumentation to measure heat sink pressure drop is sufficient
to capture flow oscillations due to vapour backflow in the current
study.

Accordingly, the standard deviation of the measured pressure
drop signal across the heat sink is presented in Fig. 10 for qw ~
26 kW/m? in order to assess the effect of inlet pressure on flow
boiling instabilities in the microchannel heat sink near the onset
of boiling. The peaks and dips in the pressure drop signal may cor-
respond to the occurrence of vapour backflow and recovery from
flow reversal in the inlet plenum respectively, however it must be
noted that flow visualisation was not conducted simultaneously
with data recording in the current study. High speed recordings
were only conducted when all readings on LabVIEW appear to be
at steady-state condition for at least a window of 90 s and the flow
phenomenon is observed to be quasi-steady. Hence, while the flow
reversal phenomenon captured may not be directly linked to the
pressure drop signals depicted in Fig. 10, it remains a good indica-
tion of the different stages of flow instability in the microchannel
heat sink.

Increasing the operating pressure from P = 1 bar to P = 2 bar
at the lowest wall heat flux condition (26 kW/m?, corresponding
to an exit vapour quality of x = 0.1) reduced pressure drop os-
cillations in the heat sink. The standard deviation in total pressure
drop was 0.42 kPa at P = 1 bar, which reduced to 0.26 kPa and 0.17
kPa with pressure increment to P = 1.5 bar and P = 2 bar respec-
tively. This is mainly because of the delay in flow regime transi-
tion to slug flow in the heat sink at higher pressures, as discussed
extensively in Section 3.2, see Table 4. The delay in flow pattern
transition may be attributed to smaller bubble diameters at higher
pressures, as illustrated in Fig. 6. Similarly, Kuo and Peles [3] also
found that increasing the operating pressure suppressed tempera-
ture oscillations at low vapour qualities of up to x = 0.15 due to
lower wall superheat and smaller bubble departure diameters. The
magnitude of temperature oscillations were almost 40 % lower at
205 kPa compared to at 101 kPa at a given vapour quality con-
dition. Improving axial heat conduction in the channel walls could
also reduce the amplitude of temperature and pressure oscillations,
as reported in [12].

3.4. Heat Transfer

The effect of inlet pressure on the average two-phase heat
transfer coefficient at a fixed mass flux of G = 200 kg/m? s and
inlet subcooling of ATy, = 10 K for wall heat fluxes in the range
of qw = 26.3 - 164.2 kW/m2 may be inferred from Fig. 11.

With inlet pressure increase from 1 bar to 1.5 bar, there is a
slight increase in the heat transfer coefficient across the range of
heat fluxes investigated, except at the lowest heat flux level (quw"
~ 26 kW/m?2). The pressure effect is less significant between op-
erating pressures 1.5 bar and 2 bar at low heat fluxes, but be-
gin to diverge slightly toward high heat fluxes (qw  ~ 134 - 157
kW/m?2). In fact, at low heat fluxes (qw" ~ 26 kW/m?2 and qy~ ~ 50
kW/m?), increasing inlet pressure from 1.5 bar to 2 bar did not ap-



V.YS. Lee and T.G. Karayiannis

100

80 F

60

40 +

Number of Bubbles [-]

201

0 25 50 75 100 125 150

Bubble Diameter [pm]

Fig. 9. Distribution of bubble diameters measured on five still frames of the high-
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pear to have an effect on the heat transfer coefficient in the chan-
nels. Fig. 12 shows the local heat transfer coefficients with respect
to streamwise location at gy, ~ 51 kW/m?2. The subcooled and sat-
urated region are annotated on the graph. Heat transfer coefficients
in the subcooled region exhibited a similar pressure effect to that
found in the flow boiling region. Fig. 13 and Fig. 14 clearly depict a
more pronounced pressure effect on the heat transfer coefficient at
moderate and high heat fluxes (qw" ~ 110 kW/m? and qw" ~ 160
kW/m? respectively).

In the low heat flux region, qy ~ 26 - 50 kW/m2, bubbly flow
dominated over at least half the channel length, implying that nu-
cleate boiling was dominant at these conditions. Hence the heat
transfer enhancement at low heat fluxes could be due to an in-
crease in bubble generation frequency with increase in inlet pres-
sure. This is explained above using Hsu’s model (see Fig. 4), and
is also supported by our flow visualisation results, where a larger
number of bubbles were identified at higher operating pressures
as evident in Fig. 7 to Fig. 9.

The reduced pressure, P, is an important parameter in the esti-
mation of the nucleate boiling heat transfer coefficient, for instance
in Cooper’s correlation [42], where boiling heat transfer coefficient
in the nucleate regime, h,,, is directly correlated to reduced pres-
sure, surface roughness and molecular weight (see Eq. (9)).

hnb — 55 Pr0,12 — 0434 In Rp(_log Pr)—O.SS M—O,S q0'57 (9)

Note that the roughness parameter in the correlation, Rp, is in
units of pm.

The reduced pressure ratio doubled between P = 1 bar and
P = 1.5 bar. At a wall heat flux of qn~ = 50 kW/m?2, Cooper’s cor-
relation predicts an increase in hp, from 1399 W/m? K to 1753
W/m?2 K, i.e. by 25.3 % between these conditions. Other than that,
the change in fluid properties, namely vapour density and surface
tension could also have played a role in the enhancing two-phase
heat transfer at higher system pressures. Vapour density increased
by almost 50 % while surface tension fell by 12.5 % corresponding
to pressure increase from P = 1 bar to P = 1.5 bar. Karayiannis
et al. [30] and Xu et al. [23] suggested that a reduction in surface
tension is beneficial to flow boiling heat transfer.

Interestingly, at heat flux levels qw ~ 26 kW/m? and qu ~
50 kW/m2, no significant enhancement in heat transfer between
P = 1.5 bar and P = 2 bar was recorded. This is clearly illustrated
in Fig. 12. Incidentally, flow pattern transition boundaries differed
much less between these pressures (see Table 4, Xp.s). In Fig. 4,
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the size range of nucleation sizes were only weakly dependent on
pressure at low wall superheat levels.

At moderate and high heat fluxes, churn and annular flow
tended to dominate the flow pattern in the channels. Alongside
nucleate boiling, the convective boiling mechanism also begins to
dominate in these flow regimes due to liquid film evaporation from
the heated channel walls. The pressure effect between P = 1 bar
and P = 1.5 bar remained constant, whilst a stronger pressure ef-
fect, previously weak at low heat fluxes (see Fig. 12), manifests be-
tween P = 1.5 bar and P = 2 bar, see Fig. 11. This observation is in
contradiction with the conclusion reported by Wen et al. [29] and
In and Jeong [31], where insignificant inlet pressure effects on heat
transfer coefficient were found at high vapour qualities where con-
vective boiling were assumed to dominate. These studies were for
minichannels and microtubes. However, in the current study, a
drop in average heat transfer coefficient was not recorded in the
channels, even at high vapour qualities. This may be because nu-
cleate boiling is seen to still be active in annular flow, as reported
in a related study [43].

The pressure effect in this study was only conducted at one
mass flux, i.e. 200 kg/m?2s. However at a fixed inlet pressure of 1
bar, a mass flux study at 200, 300 and 400 kg/m2s was conducted.
At higher mass flux, the vapour quality range where bubbly and
slug was observed is narrowed, thus the pressure effect observed
in these two regimes will be less prevalent at higher mass fluxes.
The dominant pressure effect observed is postulated in the churn
and annular region, where its effects on liquid film thickness (and
by extension, the heat transfer rates) is suggested for further in-
vestigation.

The effect of pressure in the heat flux region where thin-film
evaporation dominates could be understood by applying the three-
zone model proposed by Thome et al. [44], which was more re-
cently modified by Magnini and Thome [45]. As the three-zone
model relies heavily on the liquid film thickness in the heat trans-
fer coefficient predictions, high-fidelity measurements of the film
thicknesses are required. With the updated model applying the
Moriyama and Inoue [46] correlation, it can however be shown
that liquid film thickness decreased with respect to increasing bub-
ble generation frequency.

3.5. Pressure Drop

The effect of system pressure on two-phase pressure drop in
the channels is shown in Fig. 15 as a function of wall heat flux.
Increasing the inlet pressure reduced the two-phase pressure drop
across the microchannel heat sink, although a weaker pressure ef-
fect is observed between system pressures P = 1.5 bar and P = 2
bar. The deviation in pressure drop with system pressure is likely
unrelated to flow pattern development in the channels. As re-
ported above, flow patterns developed accordingly across all in-
let pressures, with a small delay in flow pattern transition vapour
qualities at higher pressures. A reduction in two-phase pressure
drop in response to system pressure increase was also reported by
Kuo and Peles [3], Saisorn et al. [4] and Dario et al. [5].

As highlighted above, frictional pressure loss and acceleration
pressure loss are dependent on fluid properties, such as density
and viscosity, which have been shown to vary significantly with
pressure changes in Table 2 and 3. In fact, the effect of pressure
can be observed in the slip ratio, two-phase multiplier as well
as the Martinelli parameter when estimating two-phase frictional
pressure drop. With increase in system pressure, all the above-
mentioned parameters decreased considerably due to changes in
the physical properties of the fluid. The resultant frictional pres-
sure drop and gravitational pressure drop components, as pre-
dicted based on the Lockhart-Martinelli correlation [47] for the op-
erating pressures investigated, are shown in Fig. 16 and Fig. 17 re-
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spectively. These are based on the following equations [6]:

2 fro G2 v L 1 x
Mm=“},“ﬂfﬁw} (10)
h X 0
AP... = G2 v Xjﬁ_,_ﬂ_l (11)
acc — f oy g (1—()lv)

Note that these are predicted to depict the trend in component
pressure drop but do not reflect the experimental pressure drop
values. Frictional pressure drop decreased with increase in pres-
sure, especially between P = 1 bar and P = 1.5 bar, while a weaker
pressure effect was observed between P = 1.5 bar and P = 2 bar.
A similar trend was found for the acceleration pressure drop com-
ponent.

As established above, frictional pressure loss is largely influ-
enced by the magnitude of the two-phase multiplier. It was men-
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tioned earlier that a large rise in vapour density of up to 47.5 %
was registered with system pressure increase from P = 1 bar to
P = 1.5 bar. This resulted in a notable rise in the vapour to liquid
density ratio, (%gf), namely by 51.7 %. For a given vapour quality

condition, the two-phase multiplier ¢f20 decreased with increasing
system pressure, lowering the frictional pressure loss in the sys-
tem. Other than that, liquid viscosity, j;, decreased by 13.9 % while
gas viscosity, Jig, rose by 8.3 % corresponding to inlet pressure in-
crease from P = 1 bar to P = 1.5 bar. The respective changes in
viscosity affect the Reynolds number of the liquid as well as gas
flow, and by extension the Darcy friction factor of the liquid and
gas phase, i.e. f;, = 64/Re in the laminar regime. Nonetheless, only
a moderate drop in liquid-vapour friction factor ratio of 15.8 % oc-
curred between P = 1 bar and P = 1.5 bar. The reduction in ¢f20
and frictional pressure drop was mainly governed by the change
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in vapour-liquid density ratio, in direct relation to the increase in
system pressure for a given heat flux and vapour quality condition
in the heat sink.

The weaker pressure effect between P = 1.5 bar and P = 2 bar
could be due to the comparatively smaller increase in vapour den-
sity between pressures of 1.5 bar and 2 bar. (32.9 % compared to
474 % at the lower pressure). This brought about a milder increase
in density ratio in the fluid (26.1 % compared to 34 % at the lower
pressure), which slightly narrowed the disparity qbfzo for a given
vapour quality between P = 1.5 bar and P = 2 bar. Consequently, a
smaller deviation in frictional pressure drop trend is observed be-
tween these pressures in Fig. 16.

The model also predicted a drop in the two-phase accelera-
tion pressure drop with increase in system pressure in the sys-
tem, see Fig. 17. Evident from Eq. (11), the acceleration pressure
drop is directly related to the liquid-to-vapour density ratio, (%),
of the fluid. As noted above, liquid density remains largely unal-
tered across the pressure range studied while the vapour density
increased by nearly 50 % at the lower pressure increase and by
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just over 30 % with further increase in operating pressure to 2 bar.
(/%) decreased by 34 % and 26.1 % accordingly. As a direct con-

sequence, the acceleration pressure drop decreased with increas-
ing inlet pressure for a given heat flux and vapour quality condi-
tion. The smaller pressure effect observed between P = 1.5 bar and
P = 2 bar, as concluded above, could be due to the smaller corre-
sponding increase in vapour density, which produced a smaller de-
crease in (%) of only 26.1 % between these pressures. Whilst the
notable change in vapour density also affects the void fraction, the
ultimate decrease in «y was insignificant, owing to the small range
as well as magnitude of «y (i.e. >>1 when X > 0.2 in the present
study).

4. Conclusions

The effect of system pressure, i.e. 1.0, 1.5 and 2.0 bar, on the
flow boiling characteristics of HFE-7200 was investigated in iso-
lation to all other experimental parameters, i.e. at a mass flux
of 200 kg/m? s and subcooling degree of 10 K in a parallel mi-
crochannel heat sink (D, = 0.48 mm) at heat fluxes between
26.1 - 160.7 kW/m?2. Flow visualisation, heat transfer and pres-
sure drop data were presented. The experiments demonstrated
that that modifying the operating pressure could be a viable way
to manage flow instabilities in two-phase microchannel systems
using HFE-7200, without significant heat sink design effort and
pressure drop penalty, along with advantages in heat transfer
rates.

In the range of the present study, increasing system pressure
decreased the vapour density drastically, thus reducing the liquid-
vapour density dimensionless ratio. Increasing inlet pressure re-
duced surface tension. A smaller variation in fluid properties was
observed between 1.5 bar and 2 bar. For HFE-7200, there was
a negligible pressure effect on nucleation cavity size (< 2K) but
smaller cavity sizes become activated with increasing pressure at
higher superheats.

A similar flow regime development was observed in the mi-
crochannel array at all pressures investigated, i.e. bubbly-slug-
churn-annular flow. There was however a general decrease in flow
pattern transition vapour quality, attributed to smaller bubble di-
ameters found at higher operating pressures. It can be inferred
from the number of bubbles present that the bubble nucleation
frequency increased with pressure. This was postulated to be re-
lated to the vapour density variation with pressure, liquid-to-
vapour density ratio and secondarily to surface tension. The de-
lay in flow regime transition to slug flow, a regime prone to flow
reversal, was also demonstrated to reduce pressure drop oscil-
lations at higher operating pressures in the microchannel heat
sink.

In general, increasing inlet pressure increased the flow boil-
ing heat transfer coefficient in the microchannel heat sink. This
was attributed to higher bubble generation frequency, as ob-
served in the flow visualisation experiments and is mostly due
to changes in fluid properties. This was demonstrated though an
increase in the reduced pressure ratio and lower surface tension
with increasing inlet pressure. There was a negligible effect at
the two higher pressures under low heat flux conditions, which
may be due to low wall superheat (small difference in nucle-
ation size range) and smaller variation in fluid properties at these
conditions.

Relatively low magnitudes of pressure drop were measured
in the current study. Nonetheless, a small decrease in two-
phase pressure drop was observed with increments in system
pressure. This was related to the variation in fluid properties,
mainly a reduction in vapour density and liquid-to-vapour den-
sity ratio, thus resulting in lower two-phase pressure drop in the
microchannels.
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