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a b s t r a c t 

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 h = 0.48 mm, 44 channels). The mass flux and subcooling 

degree were kept constant at 200 kg/m 

2 s and 10 K respectively, while heat flux ranged from 26.1 – 160.7 

kW/m 

2 . 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. 

© 2023 The Authors. Published by Elsevier Ltd. 
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. Introduction 

Flow boiling characteristics in microchannels are dependent on 

uid properties and operating parameters including heat flux (q”), 

ass flux (G), subcooling degree ( �T) and operating pressure (P). 

xperimental and analytical studies on pool boiling and flow boil- 

ng have demonstrated a strong influence of system pressure on 

ucleation criteria, bubble growth and departure cycle by virtue of 

he sensitivity of the thermo-physical properties of a given work- 

ng fluid on system pressure [1 , 2] . The influence of pressure on key

uid properties (eg. vapour density and surface tension), which 

ffect both nucleate boiling and convective boiling flow mecha- 

isms as well as the bubble nucleation dynamics result in varia- 

ions in flow regime development and flow boiling behaviour in 

icrochannels. Generally, a reduction in microchannel two-phase 

ressure drop is reported at higher working pressures [3 –5] . This 

ould be due to the dependence of the frictional and momentum 

ressure drop components on the void fraction and flow regimes, 

hich may be influenced by the viscosity and the liquid-vapour 

ensity ratio [6] . The critical heat flux (CHF) of boiling systems is 

nown to be enhanced at higher pressures (provided the work- 

ng pressure is less than one third of the critical pressure [7] ), 

s demonstrated through the hydrodynamic theory by Kutateladze 

8] , Zuber [9] and more recently in [10] . Flow instabilities, which 

ay lead to the CHF condition and present practical issues such 

s flow maldistribution and dryout in parallel channel heat sinks, 
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E-mail address: Tassos.Karayiannis@brunel.ac.uk (T.G. Karayiannis) . 

b

b

v

m

ttps://doi.org/10.1016/j.ijheatmasstransfer.2023.124470 

017-9310/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article u
ay also be delayed by increasing operating pressure [3 , 11] with- 

ut major heat sink design effort and pressure drop penalty. Sev- 

ral other flow instability mitigation strategies have been proposed 

12 , 13] . These include surface modifications and use of inlet re- 

trictors. 

Clear understanding of the inter-relationship between the 

bove-mentioned parameters (i.e. heat flux, mass flux and degree 

f subcooling) and operating pressure offers useful insight into op- 

imising the performance of two-phase thermal management sys- 

ems. In this study, the flow boiling characteristics of HFE-7200 at 

hree inlet pressures (i.e. 1, 1.5 and 2 bar) was investigated in a 

arallel microchannel heat sink (i.e. D h = 0.48 mm), where the de- 

ree of inlet subcooling was kept constant at 10 K. 

.1. Effect on Bubble Nucleation 

Several studies have found that bubble departure frequency in- 

reases with increasing system pressure. Euh et al. [14] conducted 

 flow visualisation study on subcooled flow boiling of water in 

 19.1 mm diameter tube at system pressures of 1.67 bar – 3.46 

ar, mass fluxes of 214 – 1869 kg/m 

2 s, heat flux between 61 

238 kW/m 

2 and subcooled conditions ranging from 7.5 – 23.4 

. Although the tube diameter investigated is more relevant to 

acroscale flow boiling, the fundamental findings on the depen- 

ency of bubble nucleation behaviour on system pressure at the 

acroscale level are still useful in the understanding of microscale 

oiling behaviour. Euh et al. [14] attributed the enhanced bub- 

le generation frequency at higher pressures to the increase in 

apour density corresponding to pressure increase. Considering the 

echanical equilibrium of a vapour nucleus [6] , the authors rea- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

h̄ tp average heat transfer coefficient [W/m 

2 K] 

h (z) local heat transfer coefficient [W/m 

2 K] 

D h hydraulic diameter [m] 

G mass flux [kg/m 

2 s] 

H ch channel height [m] 

k thermal conductivity [W/m K] 

L length [m] 

N number of channels [-] 

q ” heat flux [W/m 

2 ] 

r c cavity radius [m] 

T f(z) local fluid temperature [ °C] 

T w(z) temperature of channel bottom wall [ °C] 

W width [m] 

x vapour quality [-] 

z/L dimensionless axial location [-] 

�P pressure drop [kPa] 

Greek letters 

η fin efficiency [-] 

ρg gas density [kg/m 

3 ] 

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 

oned that higher vapour density resulted in lower required wall 

uperheat for bubble nucleation, which reduced waiting time be- 

ween consecutive bubble ebullition cycles and thus increased bub- 

le generation frequency. Bubble departure frequency was also re- 

orted 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- 

eloped by Situ et al. [16] and Klausner et al. [17] , it was noted

hat the higher vapour density at higher pressures also signifi- 

antly lowered the drag force acting on bubbles, which reduced 

ubble departure diameter and bubble growth time. Flow visual- 

sation also revealed smaller bubble diameters in Kuo and Peles 

3] , Prodanovic et al. [18] and Yuan et al. [19] . The latter used

he liquid-vapour density ratio to correlate the pressure effect on 

ubble diameters. Similarly, applying the force balance model by 

lausner et al. [17] and comparing bubble growth and departure 

ime of water, ethanol, R134a and R245fa, Mahmoud and Karayian- 

is [2] showed that bubble growth rate exhibited a strong depen- 

ence on liquid-vapour density, surface tension and viscosity ratio 

f a fluid. 

Furthermore, the range of active nucleation sites may also in- 

rease under higher pressure conditions. Mahmoud and Karayian- 

is [2] highlighted the importance of surface conditions, namely 
2 
he size range of active nucleation sites for bubble nucleation 

nd boiling incipience wall superheat on heated surfaces. The 

uthors predicted this range using the model proposed by Hsu 

1] , which is a function of wall superheat condition as well as 

uid properties including surface tension, vapour density and la- 

ent heat of vapourisation. The analysis revealed that the re- 

uired wall superheat for nucleation in certain fluids, for in- 

tance, water, decreased drastically when system pressure was 

ncreased. 

Consequently, fabricating cavities of appropriate sizes based on 

he nucleation theory on boiling surfaces as well as modifying 

ystem pressure to reduce the required wall superheat for nucle- 

tion could potentially mitigate flow instabilities related to explo- 

ive boiling as well as delay the occurrence of CHF in two-phase 

ystems. Kuo and Peles [3 , 20] investigated the use of re-entrant 

avities to supress flow instabilities and delay flow instability- 

nduced premature CHF by promoting controlled bubble growth in 

he channels. Cavities 7.5 μm wide were etched on the sidewalls of 

he 223 μm hydraulic diameter silicon microchannels. The exper- 

mental study was conducted with water as the working fluid at 

ase heat fluxes up to 2.5 MW/m 

2 , mass fluxes between 86 – 520 

g/m 

2 s and exit pressures ranging from 50 – 205 kPa. High wall 

uperheat at the inception of boiling caused vigorous flow oscilla- 

ions in the channels at low operating pressures, leading to early 

ransition to the CHF condition in the system. At higher system 

ressures, a stable boiling regime was established after boiling in- 

ipience and lower pressure gradient in the channels resulted in 

n increase in CHF. It was not explicitly stated if the degree of 

nlet subcooling was kept constant in the study of Kuo and Peles 

3] and [20] . For subcooled flow boiling of water in tubes of diam-

ter between 0.406 mm – 2.54 mm, Mudawar and Bowers [21] re- 

orted an increase in CHF with increase in pressure from 2.5 bar to 

0 bar. CHF did not vary significantly following further increase in 

ressure but fell as pressures approach the critical point. Nonethe- 

ess, the degree of inlet subcooling, which could affect both wall 

uperheat required for bubble nucleation (as noted in Mahmoud 

nd Karayiannis [2] ) and the development of CHF condition was 

ot kept constant in the study of pressure effect by Mudawar and 

owers [21] . 

.2. Effect on Heat Transfer Rates 

In accordance with the findings of enhanced bubble departure 

requencies presented above, many studies have found that in- 

reasing system pressure improved flow boiling heat transfer per- 

ormance [22–25] . Amongst these, the influence of pressure on 

he latent heat of vapourisation [22] , density ratio and surface 

ension [23] and [25] were highlighted as plausible reasons to 

eat transfer enhancement. Despite concluding an insignificant ef- 

ect of pressure on average heat transfer coefficient in their mi- 

rochannel evaporator at low mass flux in an earlier paper by 

ertsch et al. [26] , a slight increase in heat transfer coefficient 

ith increase in pressure was reported at a higher mass flux 

ondition in a later study by Bertsch et al. [27] . Agostini et al. 

24] reported a significant increase in local heat transfer coeffi- 

ients with increase in pressure for refrigerant R236fa, but found 

 negligible pressure effect on heat transfer coefficients for R245fa. 

he authors suggested that the less obvious pressure effect ob- 

erved for R245fa could be due to the high experimental uncer- 

ainties as the experiments involving the fluid was conducted un- 

er relatively low heat fluxes. Thiangtham et al. [28] also found 

 slight increase in heat transfer coefficients and attributed this 

o higher bubble generation at higher system pressures in the 

hannels. 

On the other hand, the effect of pressure has also been found 

o be insignificant at vapour quality regions where nucleate boil- 
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ng might not be the dominant mode of heat transfer. Wen et al. 

29] studied the flow boiling of R134a in serrated fin minichan- 

els and found that increasing the system pressure from 2.9 bar 

o 4.5 bar improved heat transfer coefficients at low to moderate 

apour qualities (vapour quality around 0.5), while the pressure ef- 

ect was negligible in the high vapour quality region where con- 

ective boiling was assumed to dominate. The authors reasoned 

hat higher bubble generation activity at higher pressures in the 

ow vapour quality region is as a result of the reduction in la- 

ent heat of vapourisation following system pressure increase. Sim- 

lar enhancement effect, i.e. limited to low vapour qualities were 

lso reported for the flow boiling of R134a in microtubes [30 , 31] .

arayiannis et al. [30] reported an increase in heat transfer co- 

fficients in a 1.1 mm diameter tube at vapour quality less than 

.3, corresponding to an increase in pressure from 6 bar to 10 bar, 

ut found no enhancement in heat transfer coefficients at higher 

apour qualities with the same increment in system pressure. The 

igher heat transfer coefficients in the low vapour quality region 

as attributed to the reduction of surface tension with increase 

n system pressure, which resulted in smaller bubble departure 

iameters in the nucleate boiling dominant region. In and Jeong 

31] studied the effect of system pressure (1.58 bar and 2.08 bar) 

n fluid R123 in a 0.19 mm diameter tube and found no heat 

ransfer enhancement at the higher pressure condition in the high 

apour quality region, where convective boiling reportedly domi- 

ated. Note that the work did not include flow visualisation, even 

hough the authors inferred, based on similar studies, that elon- 

ated bubbly flow dominated at high vapour qualities. They also 

ound a stronger effect of mass flux and heat flux on heat transfer 

oefficients at lower pressures. It was suggested that due to the 

ower vapour density of R123 at lower pressures, the elongated 

ubbles travel at a higher velocity, causing the thickness of the 

urrounding liquid film to be thinner, which resulted in a higher 

ependence of heat transfer on mass flux and heat flux at lower 

ressures. 

In contrast, Saisorn et al. [4] reported a significant decrease in 

eat transfer coefficients of R134a in a 1.75 mm diameter tube 

hen system pressure increased from 8 bar to 10 bar. They the- 

rised that smaller latent heat of vapourisation and lower liquid 

iscosity at higher pressures resulted in thinner liquid films on the 

ube walls, which could have a higher tendency to rupture com- 

ared to thicker liquid films, thus leading to local dryout and re- 

uced overall heat transfer coefficients. 

. Experimental Methodology 

An experimental facility was set up as part of a larger study 

nto flow boiling behaviour in parallel microchannel systems, as 

hown in Fig. 1 . The main flow loop with HFE-7200 is circulated 

sing a micro gear pump and digital pump drive (GJ-N23FF2S 

rom Micropump® and ISMATEC Reglo ZS© respectively) to the mi- 

rochannel evaporator test section from the tank. The pressure in 

he system is controlled using an immersion heater in the reser- 

oir. Two Coriolis mass flowmeters, the OPTIMASS 30 0 0 S01 for 

ass fluxes ≤300 kg/m 

2 s and OPTIMASS 3000 S03 for mass fluxes 

 300 kg/m 

2 s from Krohne, are used to measure flow rate in the 

ystem. The temperature at the inlet of the test section, which 

ontrols the degree of subcooling in the study is regulated using 

 pre-heater. Heat from the test section is rejected to the plate 

eat exchanger, which is cooled by the chiller system using water- 

lycol. A subcooler was located upstream of the gear pump in or- 

er to maintain feed temperatures within the operating range of 

he seals. A National Instruments Data Acquisition System (DAQ) 

as used to log and monitor measurements in the experiments. 

fter steady state conditions are achieved, i.e. when the experi- 

ental variables do not change by more than ± 0.2 g/s for mass 
3 
ow rates, ± 0.5 K for inlet/outlet temperature and ± 0.05 bar 

or the inlet/outlet pressure over a period of at least 180 s. Live 

ow visualisation images provided by the Phantom Miro Lab110 

igh-speed camera, Huvitz HSZ-645TR microscope and LED light- 

ng system operating at 50 0 0 frames/s and a resolution of 512 ×512 

ixels were also used to assess steady flow phenomena before 

ata acquisition. Flow visualisation was conducted at four loca- 

ions incrementally (i.e. locations 1 to 4, from inlet to outlet, see 

ig. 2 ) along the channel length at the middle of the heat sink 

uring each experimental run. Each dataset was acquired over a 

uration of 90 s at a frequency of 1 kHz and averaged for data 

eduction. 

The test section is shown in Fig. 3 and has been described in 

etail in [32] . There are 44 parallel microchannels on the copper 

eat sink, each nominally 0.7 mm in height, 0.35 mm in width 

nd 20 mm in length. The heating to the test section is provided 

y cartridge heaters, controlled by a variac as illustrated previ- 

usly in Fig. 1 . The temperature near the bottom of the channels 

i.e. 5 mm from the bottom wall) are measured in five locations 

long the streamline direction as well as in the traverse direction. 

he heat flux is calculated using the temperature gradient mea- 

ured along the height of the block. The cover plate was fabri- 

ated out of polycarbonate to provide viewing to the flow phe- 

omenon in the channels and manifolds. The inlet and outlet pres- 

ures and temperatures are measured at the manifolds using two 

mega TM PXM409-007BAI pressure transducers and calibrated K- 

ype thermocouples, see Fig. 3 (a) for the locations. Additionally, 

he total pressure drop across the inlet and outlet manifold are 

easured using an Omega TM PX409-015DWUI differential pressure 

ransducer with a range up to 1 bar. 

.1. Data Reduction 

The data reduction procedure has been reported in detail in 

32] . The local heat transfer coefficient is calculated as follows 

ased on temperature measurements at dimensionless locations 

/L = 0.17, 0.34, 0.5, 0.67 and 0.83: 

 ( z ) = 

q 

b 
( W ch + W fin ) (

T w ( z ) − T f ( z ) 

)
( W ch + 2 η H ch ) 

(1) 

here W ch , W fin and H ch are the channel width, fin thickness and 

hannel height respectively. The fin efficiency, η and fin parameter, 

 , are found iteratively, see [7] and [32] . 

The two-phase pressure drop in the channel, �P tp, is found by 

he following relation: 

P tp = �P ch − �P sp (2) 

here �P sp is the single-phase pressure drop in the subcooled re- 

ion and �P ch is the pressure drop in the channel, given by: 

P ch = �P meas − �P manifold (3) 

�P meas is the measured pressure drop at the inlet and outlet 

anifolds (see Fig. 3 (a)) using the differential pressure transducer 

nd �P manifold is the pressure change in the manifolds. The cal- 

ulation for the manifold pressure changes have previously been 

resented in detail in [32] . 

The inlet pressure, P i , is taken as the pressure measured at the 

nlet manifold of the heat sink by the inlet pressure transducer. 

his is also referred to as the system pressure in this publication. 

or all other calculations, such as in the evaluation of local satu- 

ation pressures and two-phase pressure drop, the pressure at the 

nlet of the channel array, P i,ch , is used. This is corrected for pres-

ure losses in the inlet manifold: 

 i , ch = P i − P ip − P sc (4) 
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Fig. 1. Flow boiling experimental facility [32] . 

Fig. 2. Camera locations for flow visualisation, taken from [32] . 
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Table 1 

Experimental uncertainties. 

Equipment/Parameter Uncertainty 

K-type thermocouple ± 0.2 K 

Inlet/outlet pressure transducer ± 0.08 % (full-scale) 

Differential pressure transducer ± 0.25 % (full-scale) 

Hydraulic diameter ± 0.38 – 0.42 % 

Mass flow rate ± 0.035 % 

Channel mass flux ± 0.63 % 

Fanning friction factor ± 2.39 – 2.46 % 

Average Nusselt number ± 5.57 – 11.71% 

Channel pressure drop ± 0.1 – 0.57 % 

Local heat transfer coefficient ± 3.87 – 9.67% 

Local vapour quality ± 2.13 – 9.23 % 

Heat flux ± 1.96 – 4.35 % 

w

[

3

3

s

i

H  

s

i

3

u

fl

here P ip is the pressure drop in the inlet manifold and P sc is the

ressure drop due to sudden contraction into the microchannel ar- 

ay, see [32] . Single-phase validation was conducted to verify the 

xperimental measurements and data reduction procedure. For a 

onstant inlet subcooling degree of 10 K the inlet temperature at 

 = 1.0, 1.5 and 2.0 bar are 65 °C, 79 °C and 88 °C respectively. The

ass flux was kept consistent at 200 kg/m 

2 s for wall heat fluxes 

anging from 26.1 – 160.7 kW/m 

2 . Since the mass flux and inlet 

ubcooling were kept constant in the experiments, the effect of 

ressure is isolated from effects of mass flux and inlet subcooling 

n this analysis. As mentioned above, details on the data reduc- 

ion procedure, validation using single-phase experiments and re- 

roducibility of our experiments are included in Lee and Karayian- 

is [32] . The experimental uncertainties are presented in Table 1 
4 
here the propagated uncertainties are based on the method in 

33] . 

. Results 

.1. Fluid properties and nucleation cavity size 

As highlighted above, fluid property change with system pres- 

ure could have a significant effect on flow boiling characteristics 

n microchannels. Relevant fluid properties of the working fluid, 

FE-7200, at system pressures from P = 1 bar to P = 2 bar are

ummarised in Table 2 . Important dimensionless ratios are shown 

n Table 2 for the range of pressures investigated in this study. 

.1.1. Increasing system pressure from 1 bar to 1.5 bar 

Corresponding to a pressure increase from 1 bar to 1.5 bar, liq- 

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

uid rose by almost 50 %. The large rise in vapour density resulted 
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Fig. 3. Test section (a) Exploded view (b) Details of microchannel heat sink. The locations of wall temperature measurement are annotated, see also [32] . P and T indicate 

locations of pressure transducer ports and thermocouple locations respectively. 

Table 2 

Properties of fluid HFE-7200 at different system pressures. 

P sat [bar] T sat [ °C] c p [J/kg K] i fg [kJ/kg] ρg [kg/m 

3 ] μf [kPa s] μg [kPa s] σ [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. 
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n a 34 % fall in liquid to vapour density ratio while the reduc- 

ion in liquid viscosity decreased liquid to vapour viscosity ratio by 

6.8 %. Additionally, the reduced pressure ratio (i.e. P r = P sat /P crit , 

here P crit = 20.1 bar) increased significantly by 40 % as the in- 

et pressure was increased to 1.5 bar. Liquid density, gas viscosity, 

pecific heat and latent heat of evaporation of HFE-7200 did not 

ary significantly in the range of this study (varied by less than 5 

 between 1 bar and 1.5 bar). 

.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 liq-

id viscosity (-12.9 %) and surface tension (-10.7 %) was recorded. 

apour density varied less between operating pressures of 1.5 bar 

nd 2 bar, and rose by only 32.9 % compared to the + 47.4 % in

he previous pressure increment. This contributed to a 26.1 % drop 

n liquid to vapour density ratio and a 14.8 % reduction in liquid 

o vapour viscosity ratio. The reduced pressure ratio rose moder- 

tely by 42.9 % when the pressure was increased from 1.5 bar to 2 

ar. Similarly, the variation in liquid density, gas viscosity, specific 

eat and latent heat of evaporation were negligible with pressure 

ncrement to 2 bar. 
5

.1.3. Size of active nucleation sites 

Additionally, based on the Hsu nucleation model [1] , the size of 

ctive nucleation cavities was associated with the physical prop- 

rties of the working fluid, saturation temperature and subcooling, 

s well as the thickness of the thermal boundary layer surrounding 

 nucleating bubble. The saturation temperature of the fluid is in 

urn influenced by the system pressure. Therefore, the relation is 

sed to predict the active cavity size radii, r c , for operating pres- 

ures in the range of P = 1 – 2 bar, with the assumption of zero

ubcooling in the system and D h = 475 μm, see Fig. 4 . 

The range of active nucleation sites increased rapidly with su- 

erheat, especially in the low wall superheat region, namely where 

 K < �T sup < 5 K. The largest cavity radius in the active nucle-

tion range is around 55 μm and appeared to be insensitive to 

ressure change, at least within the pressure range of this study 

P = 1 – 2 bar). The minimum cavity size, in contrast, varied dis- 

inctly with change in inlet pressure. This is mainly due to the 

otable increase in vapour density with pressure increase (see 

able 2 and Table 3 ). For a nominal �T sup of 10 K, minimum r c 
xtended from 0.11 μm to 0.08 μm with pressure increase from 

 = 1 bar to P = 1.5 bar, and further to 0.06 μm with respect to

ubsequent 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. 

P sat [bar] ( ρf 

ρg 
) [-] ( μf 

μg 
) [-] P r [-] Ja [-] 

1.0 134 29.2 0.05 17.8 

1.5 88.4(-34.0 %) 24.3(-16.8 %) 0.07( + 40.0 %) 9.1(-48.9 %) 

2.0 65.3(-26.1 %) 20.7(-14.8 %) 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 

2 s and �T sub = 10 K for 

wall heat fluxes ranging from q w 
” = 26.1 – 161.6 kW/m 

2 . X B-S : bubbly to slug; X S-C : 

slug to churn; X C-A 

P[bar] x B-S [-] x S-C [-] x C-A [-] 

1.0 0.037 0.068 0.304 

1.5 0.064 0.119 0.314 

2.0 0.066 0.122 0.353 

e

a

N

b  

n

p

i

3

t

l  

t

s

b  

s

x  

P  

t

q

s

i

I

f

t

r

1

p

b

b

μ  

d  

(

t

b

a

E  

t

v

f

l

c

a

c  

a

a

e

[

t

i

fl

b

,‏
d

r

w

m

J

g

r

r

p

a

p

i  

a  

s

f

d

a

i

c

b

b

t  

p

In conclusion, increasing system pressure had a remarkable 

ffect on the vapour density of fluid HFE-7200. Surface tension 

nd liquid viscosity also fell moderately with pressure increase. 

onetheless, a smaller variation in fluid properties were observed 

etween pressures P = 1.5 bar and P = 2 bar. The range of active

ucleation sites, as predicted using Hsu’s model [1] , increased es- 

ecially with increasing wall superheat and extended with increase 

n system pressure. 

.2. Flow Patterns 

Flow patterns developed in a similar manner at all three inves- 

igated pressure conditions, i.e. from bubbly, slug, churn to annu- 

ar flow, see Fig. 5 . Generally, there was an increase in flow pat-

ern transition vapour quality with increase in inlet pressure, as 

ummarised in Table 4 . There was notable delay in transitional 

oundaries between pressures P = 1.0 bar and P = 1.5 bar. For in-

tance, transition from bubbly to slug flow occurred accordingly at 

 = 0.0037 at P = 1 bar, x = 0.064 at P = 1.5 bar and x = 0.066 at

 = 2 bar. With pressure increase from P = 1.5 bar and P = 2 bar,

here was a smaller difference in flow pattern transition vapour 

ualities. 

Delayed transition from bubbly to slug flow could be due to 

maller bubble departure diameters at higher system pressures, as 

llustrated in Fig. 6 . The bubble diameters were measured using 
6 
mageJ in one random channel, at five separate frames sampled 

rom the corresponding high-speed video. Fig. 7 to Fig. 9 show 

he distribution of bubble diameters observed in the bubbly flow 

egime at q w 

” ∼ 50 kW/m 

2 for inlet pressure conditions of 1 bar, 

.5 bar and 2 bar respectively. 

Bubble size was observed to decrease with increasing system 

ressure, as evidenced by the shift in distribution peak to lower 

ubble diameters at higher operating pressures. The median bub- 

le diameter calculated from each distribution decreased from 98.5 

m to 82 μm between P = 1 bar and P = 1.5 bar, i.e. a percentage

ifference of 16.8 %, and at P = 2 bar decreased further to 67 μm

by 18.3 %). Smaller bubbles have a smaller tendency to coalesce in 

he channels, which may explain the delay in transition from bub- 

ly to slug flow at higher system pressures. Smaller bubble sizes 

t higher operating pressure conditions were similarly observed by 

uh et al. [14] , Prodanovic et al. [18] and Yuan et al. [19] in macro-

ubes, as well as Kuo and Peles [3] for parallel microchannels. 

Amongst these studies, Euh et al. [14] cited the change in 

apour density with system pressure increase as the main reason 

or the reduction in bubble departure diameter. The reduction in 

iquid-vapour density ratio, ( 
ρf 
ρg 

) , with pressure increase was also 

ited as a physical property that controlled bubble departure di- 

meters in flow boiling by Prodanovic [18] . Accordingly, ( 
ρf 
ρg 

) de- 

reased by 34 % and 26.1 % with pressure increase to P = 1.5 bar

nd P = 2 bar respectively. Vapour density has also been cited as 

n important parameter in bubble nucleation dynamics [2 , 3 , 14] , 

specially in the force balance models developed by Situ et al. 

16] and Klausner et al. [17] to estimate flow boiling bubble depar- 

ure diameter. The drag force acting on a nucleating bubble, both 

n the streamwise direction as well as the direction normal to the 

ow, is a function of bubble growth rate [2] , which is estimated 

ased 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 

rag equation. Zuber’s correlation is given as follows [34] : 

˙  b = 

1 

2 

√ 

t 

2 b Ja 
√ 

αf √ 

π
(5) 

here b is a constant between 1 and 

√ 

3 and αf is the liquid ther- 

al diffusivity. The Jakob number, Ja, is defined as follows: 

a = 

ρf c p , f ( T w 

− T sat ) 

ρg i fg 
(6) 

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

iven below: 

˙  b = 

1 

2 

√ 

t 

√ 

12 αf 

π
Ja 

(
1 − T v − T sat 

T w 

− T sat 

)
(7) 

Evidently, bubble growth rate is a function of Ja, which rep- 

esents the ratio of sensible heat to latent heat absorbed during 

hase change. As mentioned above, liquid density, specific heat 

nd latent heat of vapourisation did not vary significantly with 

ressure, at least in the range of this study. The notable increase 

n vapour density, namely by 47.4 % at P = 1.5 bar and 32.9 %

t P = 2 bar, result in reductions in Ja by 48.9 % and 39.5 % re-

pectively. The smaller Jakob number drastically reduces the drag 

orce acting on a bubble growing from a nucleation site. Since less 

rag force is imposed on the bubble, the force balance equations 

re more easily overcome in the direction of the flow, thus result- 

ng in smaller bubble departure diameters and bubble sizes in the 

hannels at higher inlet pressures. 

Lee [36] concluded that in addition to the drag force on a bub- 

le, surface tension forces are also dominant forces controlling 

ubble departure diameter. Surface tension dropped by 12.5 % be- 

ween P = 1 bar and P = 1.5 bar, and by a further 10.7 % with

ressure increase to P = 2 bar. The resultant lower surface tension 



V.Y.S. Lee and T.G. Karayiannis International Journal of Heat and Mass Transfer 215 (2023) 124470 

Fig. 5. Dominant flow patterns at increasing wall heat fluxes in the microchannels, see Fig. 2 for locations. 

Fig. 6. Average bubble diameters in bubbly flow at different system pressures, captured at camera location 1 (near the channel inlet) at q w 
” ∼ 50 kW/m 

2 , see Fig. 2 for 

locations. 
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orces on bubbles at higher system pressures could also have con- 

ributed to smaller bubble departure diameters. Additionally, bub- 

le departure diameter is intrinsically linked to bubble generation 

requency, as reviewed in Situ et al. [16] . Although bubble gener- 

tion frequency could not be independently verified in this study 

or a nominal cavity, the higher number of bubbles identified in 

he channels (see Fig. 7 to 9 ) could be an indication of higher bub-

le generation frequencies at larger operating pressures. The wider 

ange of nucleation cavity sizes predicted using Hsu’s model, as il- 

ustrated in Fig. 4 , also supports this observation. With increase in 

ystem pressure, smaller nucleation sites, that is, if available on the 

urface of the boiling substrate, could have been activated, increas- 

ng the overall bubble generation rate in the channels. 

There was some evidence suggesting an effect of pressure on 

iquid film thickness, and as a consequence the heat transfer rates 

o

7 
ith increase in system pressure. Due to limitations of the current 

isualisation set up (from the top of the channels), it was not pos- 

ible to obtain an accurate measurement of the liquid film thick- 

ess and thus no conclusions are drawn in the current paper. Fu- 

ure investigations into the role of system pressure on liquid film 

hickness may be very useful for the understanding of microscale 

hin-liquid film evaporation. 

.3. Flow Instability 

As covered above, Kuo and Peles [ 3 , 20 ] found that increasing

he exit pressure from 50 kPa to 205 kPa mitigated flow oscilla- 

ions due to rapid bubble growth of water microchannel flow boil- 

ng due to a reduction in boiling incipience wall superheat. No- 

ably, there was a considerably larger influence of system pressure 

n the active nucleation range of water, as compared to the cur- 
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Fig. 7. Distribution of bubble diameters measured on five still frames of the high- 

speed recording at P = 1 bar, G = 200 kg/m 

2 s, �T sub = 10 K and q w 
” = 50.9 

kW/m 

2 . 

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 

2 s, �T sub = 10 K and q w 
” = 51.6 

kW/m 
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ent range of pressures investigated for HFE-7200, see Fig. 4 for 

FE-7200. It was unclear whether the degree of liquid inlet sub- 

ooling was kept constant in [3] and [20] . In the current study, the

ffect of system pressure is isolated from the effect of inlet sub- 

ooling as the degree of subcooling was maintained at �T sub = 10 

. 

Flow instabilities were typically observed in the slug flow 

egime in the current study at low wall heat fluxes near the onset 

f boiling in the heat sink, see section 3.2.3 in [32] . The measured

ressure drop signal across the heat sink may be used to assess 

he extent of flow oscillations in the microchannels at different in- 

et pressures. The standard deviation of an experimental parameter, 

( �j ) , may be calculated as follows: 

(
�j 

)
= 

√ √ √ √ 

∑ n 

n = 1 

(
j n − j n 

)2 

n 

(8) 

here j represents the experimental parameter and n is the num- 

er of data points. In this case the variable j is the measured pres-

ure drop value from the differential pressure transducer. 
8 
Kuo and Peles [3] used local transient temperature signals to 

tudy stages of unstable boiling in their silicon microchannel heat 

ink while researchers in [ 37–39 ] have also demonstrated the use 

f pressure and temperature signals to characterise the flow boiling 

nstability phenomenon in microchannel heat sinks. In the present 

easurement setup, the response time of the 0.5 mm diameter K- 

ype thermocouple used to measure fluid inlet temperature was 

pecified by the manufacturer to be around 0.03 s [40] . As events 

uch as bubble growth and coalescence in flow reversal occurs over 

 considerably shorter time period, as short as 16 ms, temperature 

easurement techniques with higher response rates should be em- 

loyed. As the response time of the differential pressure transducer 

s less than 1 ms [41] , based on manufacturer’s specifications, the 

nstrumentation to measure heat sink pressure drop is sufficient 

o capture flow oscillations due to vapour backflow in the current 

tudy. 

Accordingly, the standard deviation of the measured pressure 

rop signal across the heat sink is presented in Fig. 10 for q w 

” ∼
6 kW/m 

2 in order to assess the effect of inlet pressure on flow 

oiling instabilities in the microchannel heat sink near the onset 

f boiling. The peaks and dips in the pressure drop signal may cor- 

espond to the occurrence of vapour backflow and recovery from 

ow reversal in the inlet plenum respectively, however it must be 

oted that flow visualisation was not conducted simultaneously 

ith data recording in the current study. High speed recordings 

ere only conducted when all readings on LabVIEW appear to be 

t steady-state condition for at least a window of 90 s and the flow 

henomenon is observed to be quasi-steady. Hence, while the flow 

eversal phenomenon captured may not be directly linked to the 

ressure drop signals depicted in Fig. 10, it remains a good indica- 

ion of the different stages of flow instability in the microchannel 

eat sink. 

Increasing the operating pressure from P = 1 bar to P = 2 bar 

t the lowest wall heat flux condition (26 kW/m 

2 , corresponding 

o an exit vapour quality of x = 0.1) reduced pressure drop os- 

illations in the heat sink. The standard deviation in total pressure 

rop was 0.42 kPa at P = 1 bar, which reduced to 0.26 kPa and 0.17

Pa with pressure increment to P = 1.5 bar and P = 2 bar respec-

ively. This is mainly because of the delay in flow regime transi- 

ion to slug flow in the heat sink at higher pressures, as discussed 

xtensively in Section 3.2, see Table 4. The delay in flow pattern 

ransition may be attributed to smaller bubble diameters at higher 

ressures, as illustrated in Fig. 6 . Similarly, Kuo and Peles [3] also 

ound that increasing the operating pressure suppressed tempera- 

ure oscillations at low vapour qualities of up to x = 0.15 due to 

ower wall superheat and smaller bubble departure diameters. The 

agnitude of temperature oscillations were almost 40 % lower at 

05 kPa compared to at 101 kPa at a given vapour quality con- 

ition. Improving axial heat conduction in the channel walls could 

lso reduce the amplitude of temperature and pressure oscillations, 

s reported in [12] . 

.4. Heat Transfer 

The effect of inlet pressure on the average two-phase heat 

ransfer coefficient at a fixed mass flux of G = 200 kg/m 

2 s and

nlet subcooling of �T sub = 10 K for wall heat fluxes in the range

f q w 

” = 26.3 – 164.2 kW/m 

2 may be inferred from Fig. 11 . 

With inlet pressure increase from 1 bar to 1.5 bar, there is a 

light increase in the heat transfer coefficient across the range of 

eat fluxes investigated, except at the lowest heat flux level (q w 

”

26 kW/m 

2 ). The pressure effect is less significant between op- 

rating pressures 1.5 bar and 2 bar at low heat fluxes, but be- 

in to diverge slightly toward high heat fluxes (q w 

” ∼ 134 – 157 

W/m 

2 ). In fact, at low heat fluxes (q w 

” ∼ 26 kW/m 

2 and q w 

” ∼ 50

W/m 

2 ), increasing inlet pressure from 1.5 bar to 2 bar did not ap- 
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Fig. 9. Distribution of bubble diameters measured on five still frames of the high- 

speed recording at P = 2 bar, G = 200 kg/m 

2 s, �T sub = 10 K and q w 
” = 52.2 

kW/m 
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ear to have an effect on the heat transfer coefficient in the chan- 

els. Fig. 12 shows the local heat transfer coefficients with respect 

o streamwise location at q w 

” ∼ 51 kW/m 

2 . The subcooled and sat- 

rated region are annotated on the graph. Heat transfer coefficients 

n the subcooled region exhibited a similar pressure effect to that 

ound in the flow boiling region. Fig. 13 and Fig. 14 clearly depict a

ore pronounced pressure effect on the heat transfer coefficient at 

oderate and high heat fluxes (q w 

” ∼ 110 kW/m 

2 and q w 

” ∼ 160 

W/m 

2 respectively). 

In the low heat flux region, q w 

” ∼ 26 – 50 kW/m 

2 , bubbly flow 

ominated over at least half the channel length, implying that nu- 

leate boiling was dominant at these conditions. Hence the heat 

ransfer enhancement at low heat fluxes could be due to an in- 

rease in bubble generation frequency with increase in inlet pres- 

ure. This is explained above using Hsu’s model (see Fig. 4), and 

s also supported by our flow visualisation results, where a larger 

umber of bubbles were identified at higher operating pressures 

s evident in Fig. 7 to Fig. 9 . 

The reduced pressure, P r , is an important parameter in the esti- 

ation of the nucleate boiling heat transfer coefficient, for instance 

n Cooper’s correlation [42] , where boiling heat transfer coefficient 

n the nucleate regime, h nb , is directly correlated to reduced pres- 

ure, surface roughness and molecular weight (see Eq. ( 9 )). 

 nb = 55 P 

0 . 12 − 0 . 434 ln Rp 
r 

(
−log P r 

)−0 . 55 
M 

−0 . 5 q 

0 . 67 (9) 

Note that the roughness parameter in the correlation, Rp, is in 

nits of μm. 

The reduced pressure ratio doubled between P = 1 bar and 

 = 1.5 bar. At a wall heat flux of q w 

” = 50 kW/m 

2 , Cooper’s cor-

elation predicts an increase in h nb from 1399 W/m 

2 K to 1753 

/m 

2 K, i.e. by 25.3 % between these conditions. Other than that, 

he change in fluid properties, namely vapour density and surface 

ension could also have played a role in the enhancing two-phase 

eat transfer at higher system pressures. Vapour density increased 

y almost 50 % while surface tension fell by 12.5 % corresponding 

o pressure increase from P = 1 bar to P = 1.5 bar. Karayiannis

t al. [30] and Xu et al. [23] suggested that a reduction in surface

ension is beneficial to flow boiling heat transfer. 

Interestingly, at heat flux levels q w 

” ∼ 26 kW/m 

2 and q w 

” ∼
0 kW/m 

2 , no significant enhancement in heat transfer between 

 = 1.5 bar and P = 2 bar was recorded. This is clearly illustrated

n Fig. 12 . Incidentally, flow pattern transition boundaries differed 

uch less between these pressures (see Table 4, x ). In Fig. 4 ,
B-S 

9 
he size range of nucleation sizes were only weakly dependent on 

ressure at low wall superheat levels. 

At moderate and high heat fluxes, churn and annular flow 

ended to dominate the flow pattern in the channels. Alongside 

ucleate boiling, the convective boiling mechanism also begins to 

ominate in these flow regimes due to liquid film evaporation from 

he heated channel walls. The pressure effect between P = 1 bar 

nd P = 1.5 bar remained constant, whilst a stronger pressure ef- 

ect, previously weak at low heat fluxes (see Fig. 12 ), manifests be- 

ween P = 1.5 bar and P = 2 bar, see Fig. 11 . This observation is in

ontradiction with the conclusion reported by Wen et al. [29] and 

n and Jeong [31] , where insignificant inlet pressure effects on heat 

ransfer coefficient were found at high vapour qualities where con- 

ective boiling were assumed to dominate. These studies were for 

inichannels and microtubes. However, in the current study, a 

rop in average heat transfer coefficient was not recorded in the 

hannels, even at high vapour qualities. This may be because nu- 

leate boiling is seen to still be active in annular flow, as reported 

n a related study [43] . 

The pressure effect in this study was only conducted at one 

ass flux, i.e. 200 kg/m 

2 s. However at a fixed inlet pressure of 1 

ar, a mass flux study at 20 0, 30 0 and 40 0 kg/m 

2 s was conducted.

t higher mass flux, the vapour quality range where bubbly and 

lug was observed is narrowed, thus the pressure effect observed 

n these two regimes will be less prevalent at higher mass fluxes. 

he dominant pressure effect observed is postulated in the churn 

nd annular region, where its effects on liquid film thickness (and 

y extension, the heat transfer rates) is suggested for further in- 

estigation. 

The effect of pressure in the heat flux region where thin-film 

vaporation dominates could be understood by applying the three- 

one model proposed by Thome et al. [44] , which was more re- 

ently modified by Magnini and Thome [45] . As the three-zone 

odel relies heavily on the liquid film thickness in the heat trans- 

er coefficient predictions, high-fidelity measurements of the film 

hicknesses are required. With the updated model applying the 

oriyama and Inoue [46] correlation, it can however be shown 

hat liquid film thickness decreased with respect to increasing bub- 

le generation frequency. 

.5. Pressure Drop 

The effect of system pressure on two-phase pressure drop in 

he channels is shown in Fig. 15 as a function of wall heat flux. 

ncreasing the inlet pressure reduced the two-phase pressure drop 

cross the microchannel heat sink, although a weaker pressure ef- 

ect is observed between system pressures P = 1.5 bar and P = 2 

ar. The deviation in pressure drop with system pressure is likely 

nrelated to flow pattern development in the channels. As re- 

orted above, flow patterns developed accordingly across all in- 

et pressures, with a small delay in flow pattern transition vapour 

ualities at higher pressures. A reduction in two-phase pressure 

rop in response to system pressure increase was also reported by 

uo and Peles [3] , Saisorn et al. [4] and Dário et al. [5] . 

As highlighted above, frictional pressure loss and acceleration 

ressure loss are dependent on fluid properties, such as density 

nd viscosity, which have been shown to vary significantly with 

ressure changes in Table 2 and 3. In fact, the effect of pressure 

an be observed in the slip ratio, two-phase multiplier as well 

s the Martinelli parameter when estimating two-phase frictional 

ressure drop. With increase in system pressure, all the above- 

entioned parameters decreased considerably due to changes in 

he physical properties of the fluid. The resultant frictional pres- 

ure drop and gravitational pressure drop components, as pre- 

icted based on the Lockhart-Martinelli correlation [47] for the op- 

rating pressures investigated, are shown in Fig. 16 and Fig. 17 re- 
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Fig. 10. Measured pressure drop across the heat sink at q w 
” ∼ 26 kW/m 

2 over a window of 20 s for G = 200 kg/m 

2 s and �T sub = 10 K at system pressures 1 bar to 2 bar. 

Fig. 11. Average two-phase heat transfer coefficients with respect to wall heat flux 

(q w 
” = 26.1 – 160.7 kW/m 

2 ), at G = 200 kg/m 

2 s and �T sub = 10 K for three inlet 

pressure conditions. 
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Fig. 12. Local heat transfer coefficients as a function of streamwise location on the 

channels, at G = 200 kg/m 

2 s, �T sub = 10 K and q w 
” ∼ 50 kW/m 
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pectively. These are based on the following equations [6] : 

P fric = 

2 f fo G 

2 νf L tp 

D h 

[
1 

x 

x 

∫ 
0 

φ2 
fo dx 

]
(10) 

P acc = G 

2 νf 

[
x 2 

αv 

ρf 

ρg 
+ 

( 1 − x ) 
2 

( 1 − αv ) 
− 1 

]
(11) 

Note that these are predicted to depict the trend in component 

ressure drop but do not reflect the experimental pressure drop 

alues. Frictional pressure drop decreased with increase in pres- 

ure, especially between P = 1 bar and P = 1.5 bar, while a weaker

ressure effect was observed between P = 1.5 bar and P = 2 bar. 

 similar trend was found for the acceleration pressure drop com- 

onent. 

As established above, frictional pressure loss is largely influ- 

nced by the magnitude of the two-phase multiplier. It was men- 
10 
ioned earlier that a large rise in vapour density of up to 47.5 % 

as registered with system pressure increase from P = 1 bar to 

 = 1.5 bar. This resulted in a notable rise in the vapour to liquid

ensity ratio, ( 
ρg 

ρf 
) , namely by 51.7 %. For a given vapour quality 

ondition, the two-phase multiplier φ2 
fo 

decreased with increasing 

ystem pressure, lowering the frictional pressure loss in the sys- 

em. Other than that, liquid viscosity, μf , decreased by 13.9 % while 

as viscosity, μg , rose by 8.3 % corresponding to inlet pressure in- 

rease from P = 1 bar to P = 1.5 bar. The respective changes in

iscosity affect the Reynolds number of the liquid as well as gas 

ow, and by extension the Darcy friction factor of the liquid and 

as phase, i.e. f fo = 64/Re in the laminar regime. Nonetheless, only 

 moderate drop in liquid-vapour friction factor ratio of 15.8 % oc- 

urred between P = 1 bar and P = 1.5 bar. The reduction in φ2 
fo 

nd frictional pressure drop was mainly governed by the change 
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Fig. 13. Local heat transfer coefficients as a function of streamwise location on the 

channels, at G = 200 kg/m 

2 s, �T sub = 10 K and q w 
” ∼ 110 kW/m 

2 . 

Fig. 14. Local heat transfer coefficients as a function of streamwise location on the 

channels, at G = 200 kg/m 

2 s, �T sub = 10 K and q w 
” ∼ 160 kW/m 

2 . 

Fig. 15. Two-phase pressure drop in the channels with respect to wall heat flux at 

G = 200 kg/m 

2 s and �T sub = 10 K for three inlet pressure conditions. 

Fig. 16. The two-phase frictional pressure drop component with respect to exit 

quality, estimated using the Lockhart-Martinelli correlation [47] for G = 200 kg/m 

2 

s and �T sub = 10 K. 

Fig. 17. The two-phase acceleration pressure drop component with respect to exit 

quality, estimated using the Lockhart-Martinelli correlation [47] for G = 200 kg/m 

2 

s and �T sub = 10 K. 
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11
n vapour-liquid density ratio, in direct relation to the increase in 

ystem pressure for a given heat flux and vapour quality condition 

n the heat sink. 

The weaker pressure effect between P = 1.5 bar and P = 2 bar 

ould be due to the comparatively smaller increase in vapour den- 

ity between pressures of 1.5 bar and 2 bar. (32.9 % compared to 

7.4 % at the lower pressure). This brought about a milder increase 

n density ratio in the fluid (26.1 % compared to 34 % at the lower

ressure), which slightly narrowed the disparity φ2 
fo 

for a given 

apour quality between P = 1.5 bar and P = 2 bar. Consequently, a 

maller deviation in frictional pressure drop trend is observed be- 

ween these pressures in Fig. 16 . 

The model also predicted a drop in the two-phase accelera- 

ion pressure drop with increase in system pressure in the sys- 

em, see Fig. 17 . Evident from Eq. ( 11 ), the acceleration pressure 

rop is directly related to the liquid-to-vapour density ratio, ( 
ρf 
ρg 

) , 

f the fluid. As noted above, liquid density remains largely unal- 

ered across the pressure range studied while the vapour density 

ncreased by nearly 50 % at the lower pressure increase and by 
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ust over 30 % with further increase in operating pressure to 2 bar. 

 

ρf 
ρg 

) decreased by 34 % and 26.1 % accordingly. As a direct con- 

equence, the acceleration pressure drop decreased with increas- 

ng inlet pressure for a given heat flux and vapour quality condi- 

ion. The smaller pressure effect observed between P = 1.5 bar and 

 = 2 bar, as concluded above, could be due to the smaller corre- 

ponding increase in vapour density, which produced a smaller de- 

rease in ( 
ρf 
ρg 

) of only 26.1 % between these pressures. Whilst the 

otable change in vapour density also affects the void fraction, the 

ltimate decrease in αv was insignificant, owing to the small range 

s well as magnitude of αv (i.e. >> 1 when x > 0.2 in the present

tudy). 

. Conclusions 

The effect of system pressure, i.e. 1.0, 1.5 and 2.0 bar, on the 

ow boiling characteristics of HFE-7200 was investigated in iso- 

ation to all other experimental parameters, i.e. at a mass flux 

f 200 kg/m 

2 s and subcooling degree of 10 K in a parallel mi-

rochannel heat sink (D h = 0.48 mm) at heat fluxes between 

6.1 – 160.7 kW/m 

2 . Flow visualisation, heat transfer and pres- 

ure drop data were presented. The experiments demonstrated 

hat that modifying the operating pressure could be a viable way 

o manage flow instabilities in two-phase microchannel systems 

sing HFE-7200, without significant heat sink design effort and 

ressure drop penalty, along with advantages in heat transfer 

ates. 

In the range of the present study, increasing system pressure 

ecreased the vapour density drastically, thus reducing the liquid- 

apour density dimensionless ratio. Increasing inlet pressure re- 

uced surface tension. A smaller variation in fluid properties was 

bserved between 1.5 bar and 2 bar. For HFE-7200, there was 

 negligible pressure effect on nucleation cavity size ( < 2K) but 

maller cavity sizes become activated with increasing pressure at 

igher superheats. 

A similar flow regime development was observed in the mi- 

rochannel array at all pressures investigated, i.e. bubbly-slug- 

hurn-annular flow. There was however a general decrease in flow 

attern transition vapour quality, attributed to smaller bubble di- 

meters found at higher operating pressures. It can be inferred 

rom the number of bubbles present that the bubble nucleation 

requency increased with pressure. This was postulated to be re- 

ated to the vapour density variation with pressure, liquid-to- 

apour density ratio and secondarily to surface tension. The de- 

ay in flow regime transition to slug flow, a regime prone to flow 

eversal, was also demonstrated to reduce pressure drop oscil- 

ations at higher operating pressures in the microchannel heat 

ink. 

In general, increasing inlet pressure increased the flow boil- 

ng heat transfer coefficient in the microchannel heat sink. This 

as attributed to higher bubble generation frequency, as ob- 

erved in the flow visualisation experiments and is mostly due 

o changes in fluid properties. This was demonstrated though an 

ncrease in the reduced pressure ratio and lower surface tension 

ith increasing inlet pressure. There was a negligible effect at 

he two higher pressures under low heat flux conditions, which 

ay be due to low wall superheat (small difference in nucle- 

tion size range) and smaller variation in fluid properties at these 

onditions. 

Relatively low magnitudes of pressure drop were measured 

n the current study. Nonetheless, a small decrease in two- 

hase pressure drop was observed with increments in system 

ressure. This was related to the variation in fluid properties, 

ainly a reduction in vapour density and liquid-to-vapour den- 

ity ratio, thus resulting in lower two-phase pressure drop in the 

icrochannels. 
12 
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