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a b s t r a c t 

Flow boiling heat transfer enhancement using porous coatings in microchannels has been experimentally 

investigated with HFE-7200. Results of the coated microchannel heat sink were compared to baseline 

results in a plain, micro-milled copper microchannel heat sink at similar operating conditions, namely 

inlet pressure of 1 bar, mass flux of 200 – 400 kg/m 

2 s and inlet subcooling of 10 K at wall heat fluxes 

between 24.5 kW/m 

2 to 206.6 kW/m 

2 . Flow visualisation results and SEM surface analysis are presented. 

The coated surface was densely populated with well-defined cavities between 0.6 μm to 3.3 μm wide. 

The plain channels had fewer cavities for a given area and these were larger, i.e. up to 6 μm. Bubble 

generation frequency in the coated channels is significantly higher than in the plain channels due to the 

presence of more favourable nucleation sites on the coated surface. Flow pattern development occurred 

similarly in both heat sinks, namely bubbly to slug, churn and annular flow with increasing heat flux, 

with earlier flow pattern transitions in the coated heat sink. Enhancement in microchannel flow boiling 

heat transfer was shown to be influenced by mass velocity and may reach up to 44% at low heat fluxes, 

where the nucleate boiling mechanism is dominant. It diminishes with increasing heat flux, correspond- 

ing to nucleate boiling suppression following flow regime transition. Pressure drop increase posed by 

the coated heat sink is relatively small in terms of overall system power consumption but appears to be 

influenced by mass flux, pressure oscillations as well as channel rewetting behaviour. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Efficient thermal management of high-power density devices 

onstitutes a bottleneck in electronics miniaturization, where heat 

uxes could reach several MW/m 

2 , Karayiannis and Mahmoud [1] . 

raditional cooling strategies are insufficient in dissipating concen- 

rated heat loads on modern high-power chips. This tends to limit 

he peak power output of a device in fear of compromising the 

unction temperature limit, reliability and performance of the de- 

ice. Flow boiling in high surface-area to volume ratio microchan- 

el heat sinks is a promising technique to manage high heat fluxes 

ncountered in modern electronic devices and has been exten- 

ively studied, as reviewed in [1] . Nonetheless, issues such as flow 

nstability, high boiling incipience temperature, dryout and critical 

eat flux as well as general predictive correlations for heat trans- 

er and pressure drop need to be considered for this technique for 

ompact cooling of miniaturised power components. 
∗ Corresponding author. 

E-mail address: tassos.karayiannis@brunel.ac.uk (T.G. Karayiannis). 
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Some of these issues relate to bubble nucleation dynamics and 

urface wettability in the channel, and as explained in pool boil- 

ng work, surface defects and imperfections are favourable sites for 

ubble nucleation due to vapour entrapment [2] . Therefore, surface 

odification techniques such as altering surface roughness using 

andpaper treatment, fabrication of artificial cavities and surface 

oatings have been employed to produce surface topologies with 

ucleation sites that may help to lower boiling incipient superheat, 

ugment heat transfer and improve the critical heat flux limit, as 

oncluded in Khan et al. [3] , Shojaeian and Kosar [4] and more 

ecently in Liang and Mudawar [5] . These were achieved mainly 

hrough (i) an increase in nucleation site density and (ii) altered 

urface wettability on modified surfaces compared to smooth sur- 

aces, where enhanced capillary wicking delayed critical heat flux, 

specially in cases where annular flow dominates. Notably for the 

atter, the effect of modifications in surface wettability, including 

iphillic surfaces [6] , in order to influence boiling behaviour, is typ- 

cally insignificant in cases where highly wetting refrigerants and 

uids (contact angle < 10 °) are employed, as compared to water 

where contact angle may approach 120 °). Importantly, an efficient 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

D h hydraulic diameter [m] 

�P pressure drop [kPa] 

E ht% heat transfer enhancement percentage [%] 

G mass flux [kg/m 

2 s] 

H ch channel height [m] 

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

2 K] 

h̄ tp average heat transfer coefficient [W/m 

2 K] 

L length [m] 

N number of channels [-] 

q ” heat flux [W/m 

2 ] 

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 [-] 

η fin efficiency [-] 

ρg gas density [kg/m 

3 ] 

Subscripts 

b base 

ch channel 

coated coated microchannel 

f fin 

hs heat sink 

loss pressure losses in manifold 

meas measured pressure drop 

pen penalty 

plain plain microchannel 

sat saturated 

sp single-phase 

sub subcooled 

tp two-phase 

w wall 

eat transfer coating must be cost effective and should only result 

n a reasonable pressure drop penalty in proportion to the yield 

n heat transfer enhancement, in view of the power consumption 

f the cooling system. Heat transfer coatings must also demon- 

trate durability over a wide range of operating conditions [ 3 , 5 ].

n particular, the deformation of carbon nanotubes [ 7 , 8 ] and grad-

al detachment of nanoparticle coatings [ 9 , 10 ] have been reported 

t high mass fluxes as well as following the occurrence of critical 

eat flux. Whilst the use of inlet restrictors has also been demon- 

trated to mitigate flow boiling instabilities and improve critical 

eat flux limit, it comes at a significant cost of pressure drop 

11] and even decreased heat transfer performance in microchan- 

el heat sinks [12] . On the other hand, surface coatings are easier 

o apply on conventionally-machined microchannel heat sinks and 

rovide similar benefits to inlet restrictors, i.e. increased nucleation 

ite density and promotion of stable flow regimes that may en- 

ance heat transfer performance as well as delay the occurrence of 

ritical heat flux. For example, Bai et al. [13] found that their sin- 

ered porous coating suppressed flow instability in microchannels 

ue to smaller bubble departure diameters from the coated sur- 

ace, which reduced coalescence and the formation of large bub- 

les that induces flow reversal in microchannels.”

Hsu [13] as early as 1962 proposed a model to predict the size 

ange of active nucleation sites on a heated surface. The model 

redicts that for a given working fluid and wall superheat condi- 

ion, only a limited size range of nucleation sites may be activated 

o initiate bubble nucleation, i.e. boiling incipience on a heated sur- 

ace. Surface characteristics may be optimised (to a certain degree 

earing in mind that this was developed for pool boiling) using 
2 
his model, to provide an even distribution of cavities within the 

ppropriate size range on the heated substrate. Surface coatings 

epresent a more controlled method of cavity population compared 

o surface roughness modification using the sandpaper technique 

nd less complex compared to fabricating artificial nucleation sites 

n narrow passages [ 14 , 15 ]. Porous coatings have been shown to 

mprove flow boiling heat transfer coefficients by up to 178% using 

ater [16] . The enhancement in two-phase heat transfer charac- 

eristics are typically attributed to the presence of preferable nu- 

leation conditions for bubble formation, beneficial especially in 

he nucleate boiling regime. Furthermore, boiling incipience wall 

uperheat may be lowered by between 6 K to 8 K, as reported 

n [16] –[18] for various working fluids, which could help suppress 

wo-phase flow instabilities related to explosive boiling in multi- 

icrochannel heat sinks [19] . The critical heat flux limit is typ- 

cally enhanced by improving surface wettability using coatings. 

owever, as mentioned above, the effect of coatings on wettability 

haracteristics is limited where naturally wetting fluids, i.e. most 

efrigerants, are employed. For instance, Yang et al. [20] obtained 

p to 300% increase in critical heat flux using a silicon nanowire 

oating with water, but only up to 16% enhancement with HFE- 

0 0 0 using the same coating [21] . 

Heat transfer enhancement by means of porous coatings is gen- 

rally found to be more effective in the nucleate boiling regime, 

.e. at low vapour qualities, as reported using porous copper coat- 

ngs in [ 17 , 18 ]. Sun et al. [17] observed an increase in flow boil-

ng heat transfer coefficients at the outlet of the channel by up to 

92% using a sintered copper coating layer with a mean particle 

iameter of 50 μm on the bottom surface of a 0.9 mm hydraulic 

iameter channel and fluid FC-72. The highest augmentation was 

btained at low vapour qualities just after the onset of boiling, 

.e. x ∼ 0.1, and depreciated steeply with increasing vapour qual- 

ty. The decrease in heat transfer coefficients with vapour quality 

n the coated section was attributed to bubble confinement, which 

uppressed nucleate boiling and induced local dryout in the chan- 

el. Bai et al. [18] observed an increase of around 81% in the local 

ow boiling heat transfer coefficients of ethanol with a sintered 

opper coating with a characteristic particle diameter of 55 μm on 

he bottom surfaces of a parallel channel array (0.54 mm hydraulic 

iameter), in relation to bare copper channels at very low vapour 

ualities of around 0.02. In contrast to the plain copper channels, 

here heat transfer coefficients remained relatively constant with 

apour quality, heat transfer coefficients in the coated channels de- 

reased significantly with increasing vapour quality, and resulted in 

 reduced enhancement effect. Whilst no flow pattern results were 

resented, the authors argued that this was due to the change in 

eat transfer mechanism corresponding to flow regime develop- 

ent in the channels. Experiments were only conducted for low 

apour qualities up to 0.3. Surface modification on the channel side 

alls was studied by Bortolin et al. [24] for R134a, reporting lower 

emperature overshoot and a 40% increase in the heat transfer 

oefficient. 

From the results above, it is evident that the enhancement 

ffect appears to be influenced by operating conditions such as 

eat flux and mass flux, owing to their respective effects on flow 

attern development in microchannels. Varying heat transfer en- 

ancement results at different heat fluxes and mass velocities 

ere also reported in [ 22 , 23 ] for silicon nanowires. Wang et al.

22] etched silicon nanowires on the side and bottom walls of a 

arallel silicon channel array with nominal widths and depths of 

.25 mm. The degree of wall superheat at a given heat flux and 

ass flux condition was reduced by around 15 K from 75 K to just 

ver 60 K in the silicon nanowire-coated channels. The flow boil- 

ng heat transfer enhancement of water was relatively unchanged 

ith heat flux at a mass flux of 250 kg/m 

2 s and increased slightly 

t high heat fluxes. This is due to the prevention of wall dryout 
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ith capillary-assisted rewetting provided by the nanowires. At a 

igher mass flux of 500 kg/m 

2 s, a peak enhancement effect of 

round 134% is recorded at a base heat flux of around 10 0 0 kW/m 

2 

ut decreases notably to just over 105% on approaching the critical 

eat flux limit. The smaller enhancement effect at the higher mass 

ux condition was suspected to be due to contamination-related 

egradation of surface wettability of the coated surface during ex- 

eriments. Similarly, Li et al. [23] used silicon nanowires to im- 

rove the surface wettability on the bottom surface of their sil- 

con microchannel array, consisting of 14 channels with nominal 

idth and height of 0.25 mm and 0.2 mm respectively. The sili- 

on nanowires were found to agglomerate and formed cavities in 

he order of several micrometres wide, which served as favourable 

oiling nucleation sites. The flow boiling characteristics of water 

t mass fluxes ranging from 119 kg/m 

2 s to 571 kg/m 

2 s were in-

estigated in a plain silicon and nanowire-coated channel array. 

eat transfer coefficients in the coated channels after boiling incip- 

ence were actually lower compared to the plain channel array at a 

ass flux of 119 kg/m 

2 s. Nonetheless, at mass fluxes between 238 

g/m 

2 s and 571 kg/m 

2 s, heat transfer coefficients in the nanowire- 

oated channels were typically higher compared to the plain chan- 

els. This disparity was attributed to dryout phenomenon in the 

hannels during annular flow. Due to higher bubble generation ac- 

ivity in the coated channels, annular flow was induced earlier in 

he nanowire-coated array. At a given heat flux, higher mass fluxes 

re able to replenish the annular liquid film, thus preventing dry- 

ut on the channel walls. However, at low mass fluxes, the earlier 

ransition to annular flow and the lower ability to replenish the 

iquid film on the channel walls induced dryout, thereby reducing 

eat transfer coefficients in the coated channels compared to the 

lain channels. 

In summary, several issues in flow boiling relating to boiling in- 

ipience may be mitigated by engineering cavities on boiling sur- 

aces, which should be optimised to within the active nucleation 

ange using nucleation models such as the one proposed by Hsu 

13] . Working fluid and operating conditions of the heat sink, in 

articular, system pressure and degree of subcooling have a no- 

able effect on the active nucleation range. Enhancement in two- 

hase heat transfer may be obtained through an increase in nucle- 

tion site density, as well as improved wettability, where the latter 

ppears to be more effective for water rather than wetting fluids 

ike refrigerants. Porous coatings, amongst other surface enhance- 

ent techniques, are cost effective and more readily applied to 

achined microchannel heat sinks. However, further work to vali- 

ate and improve the durability of some coatings is of paramount 

mportance in ensuring consistent heat transfer performance. No- 

ably, the operating conditions of heat sinks should also be con- 

idered when employing surface coatings, as it has been shown 

o have a significant impact on heat transfer enhancement. Porous 

oatings are typically reported to be effective where nucleate boil- 

ng is active (i.e. low vapour quality), but are generally less effec- 

ive in flow regimes where convective boiling is dominant. As op- 

rating conditions such as heat flux and mass flux have a signif- 

cant effect on flow pattern development in microchannels, these 

arameters should also be investigated to assess their respective 

ffects on enhancement trend. Importantly, all enhancement ef- 

ects in heat transfer should be weighed against the pressure drop 

enalty incurred by the coating in order to justify a higher yield in 

ooling performance over system power consumption. 

In this study, a porous coating is applied to a copper mi- 

rochannel heat sink with 44 channels, produced by computerised 

umerical control (CNC) micro-milling. The coating was applied on 

ll three heated walls of the channels. The nanoFLUX® coating is a 

roprietary coating provided by Oxford nanoSystems Ltd consisting 

f a metallic (copper nickel alloy) dendritic nano- and microstruc- 

ure, allowing for optimisable porosity and cavity size distribution 
3 
or bubble nucleation. Oxford nanoSystems Ltd has been optimis- 

ng the structure for different refrigerants in the HVAC sectors. The 

se of HFE-7200 is a refrigerant not previously tested and so a 

eposition time (that could normally vary from 10 to 180 min- 

tes) was chosen based on past experience with other refrigerants 

o give a dendritic structure of around 10 microns allowing also 

or the fact the coating was being integrated into very small mi- 

rochannels. The thickness of the coating applied at the bottom 

nd side walls of the microchannels was between 5 – 10 μm thick. 

he coating was demonstrated to perform without any degradation 

n tests similar to the ones described in this paper. 

The flow boiling behaviour of dielectric fluid HFE-7200 in a 

onventional CNC-milled copper microchannel heat sink is com- 

ared against the coated sample of a similar configuration under 

he same operating conditions. The inlet pressure and degree of 

ubcooling were fixed at 1 bar and 10 K respectively. The range of 

all heat fluxes studied was between 24.5 kW/m 

2 to 234.3 kW/m 

2 

hile the mass fluxes investigated ranged from 200 kg/m 

2 s to 400 

g/m 

2 s. 

. Experimental methodology 

The experimental facility has been described in detail in 

25] and is depicted in Fig. 1 . The working fluid, HFE-7200, flows 

n the main loop, which includes the test section, air-cooled con- 

enser, micro-gear pump and two Coriolis mass flowmeters, each 

sed for different ranges to measure flow rate. A water-glycol 

hiller in the auxiliary loop is used to regulate fluid temperature 

n order to preserve proper operation of the gear pump. A pre- 

eater controlled using a variac is located just before the test sec- 

ion to regulate the inlet temperature of the microchannel heat 

ink. As dissolved air may affect the experimental measurements, 

he working fluid was boiled in the reservoir and degassed through 

 valve at the start of each set of experiments. A detailed schematic 

f the test section is provided in Fig. 2 . The copper microchannel 

vaporator has forty-four channels (i.e. number of channels, N, is 

4) of width, W ch = 0.36 mm, height, H ch = 0.7 mm and length, 

 ch = 20 mm, milled with a wall thickness of 0.1 mm on a 20 × 20

m square area on the top of the copper block (D h = 475 μm, fin

hickness, W f , is 0.1 mm). The coated copper microchannels have 

imilar dimensional values, with a slightly smaller hydraulic diam- 

ter, i.e. D h ∼ 456 μm, as a result of the coating (coating thickness 

5 – 10 μm). Five thermocouples were embedded in the block 

long the centre of the channels and 1.6 mm from the bottom sur- 

ace at the dimensionless axial positions: z/L = 0.17, 0.34, 0.5, 0.67 

nd 0.83 to help measure the local heat transfer coefficient. The 

nlet/outlet temperature and heat sink pressure drop are measured 

t the fluid line in the top plate. A differential pressure transducer 

ith a range of up to 2.1 bar is used to measure pressure drop 

cross the heat sink. Flow visualisation was conducted along the 

hannel at the centre of the heat sink as illustrated in Fig. 2 at a

esolution of 512 × 512 pixels and 50 0 0 fps for a duration of 1.3 s.

amera locations 1, 2, 3 and 4 refer to specific positions along the 

hannels, which are the channel inlet, first centre, second centre 

nd channel outlet. Each photograph covers a distance of 4.4 mm. 

.1. Data reduction 

The local heat transfer coefficient, h (z) , is calculated as in 

q. (1) , where T f(z) is the local fluid temperature, evaluated based 

n energy balance if in single-phase flow. The subcooled length, 

 sub , was obtained based on the iterative method detailed in [25] . 

n the flow boiling region, T f(z) is the saturation temperature eval- 

ated at the local saturation pressure based on a linear pres- 

ure drop assumption, see [25] . The base heat flux q ′′ b was cal- 

ulated by obtaining the temperature gradient using temperatures 
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Fig. 1. Experimental flow loop [25] . 

Fig. 2. Test section details [25] . 
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ecorded by six thermocouples in the vertical direction. T w(z) is 

xtrapolated from the five axial thermocouple readings assuming 

D conduction. W f , W ch , H ch and η are the fin width, channel 

idth, channel height and fin efficiency respectively. The fin effi- 

iency is calculated assuming an adiabatic tip [26] . Further details 

f the data reduction procedure, including steps used to obtain the 

ingle-phase friction factor, Nusselt number, channel pressure drop 

nd details of the test facility can be found in [25] . 

 (z) = 

q 

′′ 
b ( W ch + W f ) (

T w(z) − T f(z) 

)
( W ch +2 ηH ch ) 

(1) 

The average two-phase heat transfer coefficient, h̄ tp , is obtained 

ver the saturated length of the channel, which may be estimated 

y L sat = L − L . The procedure to calculate L is given in [25] . 
ch sub sub 

4 
¯
 tp = 

1 

L sat 

L ch ∫ 

L sub 

h (z) dz (2) 

The percentage of heat transfer enhancement, E ht , is calculated 

sing the following equation: 

 ht% = 

h̄ tp , coated − h̄ tp , plain 

h̄ tp , plain 

× 100% (3) 

The pressure drop in the microchannel array is as follows: 

P ch = �P meas − �P loss (4) 

here �P meas is the measured pressure drop and �P loss is the 

ressure loss in the manifolds, which may be up to 32% of the to- 

al measured pressure drop across the heat sink. The procedure to 

alculate �P loss is given in [25] . Two-phase pressure drop in the 

hannels is thus obtained by isolating the total pressure drop in 

he microchannel array from the single-phase component, �P sp , 

ased on the subcooled length at each operating condition. 

P tp = �P ch − �P sp (5) 

Pressure drop in the single-phase region is calculated based on 

he single-phase friction factor evaluated using the relation pro- 

osed by Shah and London [27] for developing flows, which takes 

nto account the aspect ratio of rectangular channels. 

The pressure drop penalty imposed by the coating is evaluated 

ased on Eq. (6) : 

P pen = 

P tp , coated − P tp , plain 

P tp , plain 

× 100% (6) 

here �P tp , plain and �P tp , coated are the two-phase pressure drop 

n the plain and coated channels respectively. 

Data was acquired at a frequency of 1 kHz and for a period 

f 90 seconds when all readings are in quasi steady-state condi- 

ions and do not vary in trend. Quasi steady-state is defined when 
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Fig. 3. Surface structure of the plain channel. 
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Fig. 4. Surface structure of the coated channel. 
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he fluctuations are within ±0.2 g/s for mass flow rate, ±0.5 K for 

nlet/outlet temperature and ±0.05 bar for the inlet/outlet pres- 

ure over a period of at least 180 s. Live flow visualisation was 

lso used to assess steady flow before data acquisition. Scanning 

lectron Microscope analysis was conducted on the LEO 1455VP 

t the Experimental Techniques Centre in Brunel University Lon- 

on. The propagated experimental uncertainties were evaluated 

ased on the method described in Coleman and Steele [28] . The 

aximum uncertainty values of single-phase friction factor, single- 

hase Nusselt number, wall heat flux, two-phase heat transfer co- 

fficient and vapour quality for the current experimental range are 

2.5%, ±12.8%, ±9%, ±10.4% and ±10% respectively. Single-phase 

alidation was conducted to verify the measuring instruments and 

ata reduction method applied. Furthermore, the reproducibility of 

he experimental data was assessed and discussed in detail in [25] . 

or the results presented in the current study, the reproducibility 

f the heat transfer coefficient in the plain and coated channels ex- 

ibited a maximum mean absolute value of ±2.9% and ±2.7% re- 

pectively. The results of the plain channels as well as the relevant 

roperties have previously been reported in [25] . 

. Surface characterisation 

Surface characteristics, fluid properties and operating parame- 

ers such as system pressure influence significantly the bubble nu- 

leation process on boiling surfaces, see Mahmoud and Karayian- 

is [2] . Two-phase flow pattern development and flow boiling be- 

aviour in microchannel systems are inevitably dependent on bub- 

le nucleation, generation frequency and bubble dynamics. Since 

he working fluid and operating conditions were kept constant in 

oth test sections, the primary difference in bubble generation fre- 

uency is likely to be caused by the difference in surface struc- 

ure of the two test sections. The surface topography of the CNC 

icro-milled plain copper microchannels and the nanocoated mi- 

rochannels were analysed using SEM in order to achieve a better 

nderstanding of the physics behind the effects of nanocoating on 

ow boiling results compared to the baseline plain microchannel 

esults. The coating was applied on the bottom and side walls of 

he channel on the heat sink. The plenum areas were masked and 

re not coated. 

Figs. 3 and 4 depict the surface characteristics of the channel 

ottom wall at a magnification of 50 0 0x as measured on the plain

nd coated channels respectively. Examples of potential bubble nu- 

leation sites are marked on each image. Potential nucleation sites 

ere determined using ImageJ through image thresholding. Surface 

efects produced by feed marks, smeared material and metal de- 

ris during the micro-milling process result in cavities that could 
5 
otentially support bubble nucleation with sufficient surface super- 

eat. On the contrary, a uniform layer of dendrite structures de- 

osited in random orientations produce irregular pores that can 

otentially serve as nucleation sites on the coated surface. Cavi- 

ies identified from the surface of the plain microchannel appear to 

e shallower, while cavities found on the coated surface are more 

efined and seem deeper in comparison. Generally, the plain mi- 

rochannel surface was covered with cavities of widths between 6 

10 μm. However, a few small cavities, ∼ 0.7 μm in size, have also 

een identified. On the other hand, the treated surface was much 

ore densely populated with small and medium size cavities with 

idths ranging from 0.6 to 3.3 μm. It can be concluded that there 

s an abundance of potential nucleation sites in the coated mi- 

rochannels compared to the plain, CNC-milled microchannels. In 

ddition, the cavities in the coated test section are more defined 

ompared to the surface defects on the plain microchannels. 

A nominal square area of 35 μm x 35 μm was selected from 

ig. 3 and Fig. 4 to conduct an analysis of the cavity radius sizes

ound on the surfaces using ImageJ [29] . The radius of the cavities 

as approximated by assuming a circular area, using the area of 

he cavities identified by the software and an example is shown for 

he coated channel in Fig. 5 . The distribution and number of cavi- 

ies identified on each surface are superimposed on a plot of Hsu’s 

redicted active nucleation range for HFE-7200 and operating con- 

itions of P = 1 bar and �T sub = 10 K for a hydraulic diameter of

75 μm, see Fig. 6 . Note that the curve corresponds to the bottom 

xes (i.e. Wall Superheat [K]) while the bars correspond to the top 

xes (i.e. Number of cavities [-]). Importantly, the plots illustrate 

hat the cavities observed on both surfaces are within the active 

ucleation range for the working fluid. 

From Fig. 6 , it is clear that the coatings provide cavities in the 

maller range for nucleation. It is also clear that the number of 

avities available on the coated surface is substantially higher com- 

ared to the plain surface. For instance, both surfaces are popu- 

ated with cavities between 0.25 μm and 4.5 μm, which would be 

ctivated with wall superheat degrees of 1 K to 4.5 K on the sur- 

ace. There are 15 and 361 cavities on the plain and coated surface 

espectively within this range, in other words, the number of cav- 

ties on the coated surface was 32 times higher than on the plain 

urface. Furthermore, as mentioned above, the deeper cavities may 

ncourage vapour entrapment on the coated surface. 

The contact angle of HFE-7200 on a copper surface was mea- 

ured on a separate flat copper sample using the static sessile 

roplet method at atmospheric conditions using an in-house con- 

act angle goniometer setup, which includes high speed video 

maging [29] . The coating had a minimal effect on the contact an- 

le of HFE-7200, which is by nature a wetting fluid. The contact 
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Fig. 5. Results from image analysis on the coated channel, showing (a) the distribution of pore area and (b) the distribution of cavity radius on the surface. 
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ngles of HFE-7200 were around 12 ° on the plain and coated sur- 

ace. 

. Results and discussions 

.1. Single-phase validation 

Single-phase adiabatic and heat transfer experiments were con- 

ucted in both test sections to validate the instruments used in the 

est facility. Whilst the single-phase results of the coated channels 

ay not be directly comparable to correlations, these have been 

ncluded to discuss indicative results between the plain and coated 

est sections in single-phase mode. The friction factor is plotted 

gainst Reynolds number in Fig. 7 and the experimental Nusselt 

umber is shown as a function of Reynolds number in Fig. 8 . For

he adiabatic tests, the mass flux was varied from G = 250 – 2250 

g/m 

2 s at inlet pressure and temperature of P = 1 bar and T = 40

C. For the diabatic tests, a base heat flux of q ′′ 
b 

∼ 5 kW/m 

2 was

pplied across the same range of mass fluxes under similar oper- 

ting conditions. 

As mentioned above, the hydraulic diameter considered for the 

lain and coated channels are 475 μm and 455 μm respectively. 

he experimental results appear to be in good agreement with es- 

ablished prediction correlations summarized in Shah and London 

27] , Peng and Peterson [30] and Stephan and Preusser [31] . The 

ingle-phase friction factor obtained experimentally in the coated 

hannels was relatively close to the correlation of Shah and London 

27] for developing flows in conventional rectangular channels at 

e < 500 and begins to diverge from the correlation at Re > 500. 
6 
his may be attributed to higher frictional losses generated due 

o local turbulence brought about by the rough structure of the 

oated channel walls, which is clearly illustrated in Fig. 4 . Details 

f the correlations employed and their applicability to the current 

tudy are given in [25] . 

The friction factor and Nusselt number in the coated mi- 

rochannel test section is higher than that of the plain test section. 

his may be attributed to the surface coating creating additional 

esistance to flow, increasing pressure drop in the channels. The 

igher experimental Nusselt number is a result of the enhanced 

ingle-phase heat transfer rates in the coated test section, which 

ay have been promoted due to increased surface area and in- 

reased local mixing by the coated surface. 

.2. Flow patterns 

Flow visualisation was conducted at four locations along the 

hannel array to capture flow pattern evolution corresponding to 

ach heat flux condition. High-speed recordings were conducted at 

0 0 0 fps and resolution of 512 × 512 pixels for a duration of 1.3

 at each location (see Fig. 2 for the locations). It is important to 

ote that the high-speed recordings are not simultaneous. Flow vi- 

ualisation was conducted when there are no significant changes in 

he measurements and flow pattern is observed to be quasi-steady. 

ence the flow patterns captured, although not simultaneously at 

ach location, remain a good representation of the flow pattern de- 

elopment along the channels. This was also verified by repeating 

he observations at two different occasions. Flow patterns observed 

n this study were categorised into bubbly, slug, churn and annu- 
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Fig. 6. Comparison of surface cavities on the plain and coated channel with the 

active cavity range predicted using Hsu’s model at P = 1 bar and �T sub = 10 K for 

HFE7200. The curves correspond to the bottom axes (i.e. Wall Superheat [K]) while 

the bars correspond to the top axes (i.e. Number of cavities [-]). The area measured 

is 35 μm x 35μm. 

Fig. 7. Friction factor vs. Reynolds number. 

Fig. 8. Nusselt number vs. Reynolds number. 

Fig. 9. Flow patterns in the plain microchannels at (a) q ′′ w = 50.9 kW/m 

2 (i.e. 

x = 0.01 to 0.17) and (b) q ′′ w = 131.8 kW/m 

2 (i.e. x = 0.04 to 0.50), G = 200 kg/m 

2 s 

(Locations depicted in Fig. 2 ). 
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7 
ar flow. The method of classification of flow regimes have been 

resented in [25] . As a result of the layer of coating on the top

f the fins, there was some fluid transfer over the tops of fins as 

he top plate was not able to seal sufficiently. Nonetheless the flow 

attern development in the channels was not significantly affected 

nd was mainly influenced by bubble ebullition and flow dynamics 

n the two-phase process. The layer of coating is ∼ 5 – 10 μm in 

hickness. Therefore, the fins of the coated channels appear thicker 

ompared to the plain channels. However, there is only a max- 

mum of 4% difference in hydraulic diameter between both test 

ections and the results thus remain comparable in the scope of 

his study. Photographs of flow regimes captured along the chan- 

el at the centre of the heat sink at P = 1 bar, G = 200kg/m 

2 s

nd �T sub = 10 K are shown in Fig. 9 at q w 

” = 50.9 kW/m 

2 

nd q w 

” = 131.8 kW/m 

2 for the plain channels and in Fig. 10 at

 w 

” = 50.4 kW/m 

2 and q w 

” = 125.2 kW/m 

2 for the coated chan- 

els. 

With increasing heat flux and vapour quality, the two-phase 

ow pattern developed from bubbly to slug, churn and annular 

ow in the streamwise direction. Bubbly flow occurs at very low 

eat fluxes just after the onset of boiling in the channels. It is char- 

cterised by small nucleating bubbles (Bubbly, Location 1, Fig. 9 (a)) 
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Fig. 10. Flow patterns in the coated microchannels at (a) q w 
” = 50.4 kW/m 

2 (i.e. 

x = 0.01 to 0.17) and (b) q w 
” = 125.2 kW/m 

2 (i.e. x = 0.03 to 0.56), G = 200 kg/m 

2 s 

(Locations depicted in Fig. 2 ). 
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Table 1 

Flow pattern transition vapour qualities in the plain and coated heat sink at 

P = 1 bar, G = 200 kg/m 

2 s and �T sub = 10 K for wall heat fluxes ranging from 

q w 
” = 24.5 – 160.7 kW/m 

2 . (B-S: Bubbly to Slug; S-C: Slug to Churn; C-A: Churn 

to Annular) 

Test section x B-S [-] x S-C [-] x C-A [-] 

Plain 0.037 0.068 0.30 

Coated 0.008 0.067 0.30 
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nd isolated bubbles flowing within the bulk flow. Comparing the 

ubbly flow regime in the plain and coated channel, bubble nu- 

leation is more active in the coated channels in this regime, as 

vident from the higher density of bubbles observed at Fig. 10 (a) 

Bubbly, Location 1) compared to in the plain channel. 

Slug flow occurs when the isolated bubbles grow to the size 

f the width of the channels and become confined. With further 

rowth in size, the bubbles elongate to form slugs in the channels, 

ome of which may expand up to the full length of the channel. 

ntense bubble nucleation activity also promotes the establishment 

f slug flow due to increased bubble coalescence in the channels. 

lugs have been observed to suppress active nucleation sites in the 

hannels and also to migrate from neighbouring channels via the 

nlet plena through flow reversal, as noted in a previous study [25] . 

owever, the coated channels appeared to be less prone to nu- 

leation site suppression as bubble nucleation activity and bubble 

eneration frequency remained relatively high in the coated chan- 

els during slug suppression compared to the plain channels. 

Churn flow occurs when the high velocity gas-phase within a 

lug forces the tip to collapse, breaking up individual slugs to form 

ong slugs, with intermittent waves of a chaotic mixture of liquid 

nd vapour accelerating toward the channel exit. Again, nucleation 
8 
ites seem to be suppressed periodically in-phase with the inter- 

ittent and dispersed-phase churn wave. The churn regime cap- 

ured in Fig. 9 (b) (Churn, Location 2) and Fig. 10 (a) (Churn, Loca- 

ion 3) show entrained vapour bubbles within the dispersed churn 

ave, which could have come from bubbles being stripped from 

heir respective nucleation sites and entrained in the mixture as 

ach wave accelerates downstream. 

Annular flow develops after churn flow in the channels. This 

s characterised by a thin liquid film attached to the channel side 

alls with a vapour core in the middle of the channel. As men- 

ioned above, long slugs have also been observed in the slug flow 

egime. The distinction between slug and annular flow is the ob- 

ervation of isolated slugs in the interim between subsequent long 

lugs in slug flow and an uninterrupted vapour core in annular 

ow. Nucleation sites on the side walls remained active within the 

iquid film, as evident from Fig. 9 (b) (Annular, Location 3) in the 

lain channel and Fig. 10 (b) (Annular, Location 3) in the coated 

hannel, but become suppressed with gradual thinning of the liq- 

id film. Nucleation in the thin liquid film of annular flow was 

lso reported by Borhani and Thome [32] , Balasubramanian and 

andlikar [33] , Al-Zaidi et al. [34] and more recently in Lee and 

arayiannis [25] . As the layer is nearly depleted, the dispersed 

hase brought about by the intermittent churn flow rewets the 

hannel walls and re-establishes a thin-liquid film on the channels. 

he annular liquid film in the coated channels exhibits a more ir- 

egular form. 

Increasing mass flux from G = 200 kg/m 

2 s to 400 kg/m 

2 s at

imilar experimental conditions, i.e. inlet subcooling and system 

ressure up to exit vapour qualities near to 1, accelerated flow 

egime transition from bubbly to slug, churn and annular flow in 

he plain heat sink. This may be attributed to increased rate of 

ubble coalescence with higher flow inertia at higher channel mass 

uxes, triggering earlier transition from bubbly to slug flow in the 

hannels. At the lowest mass flux, bubbly-slug transition occurred 

t x = 0.04 while at the higher mass fluxes, slug flow developed 

t very low vapour qualities of x < 0.01. The higher flow iner- 

ia may also have encouraged the establishment of a clear vapour 

ore characteristic of annular flow in the channels, thus inducing 

arlier annular flow development in the channels at higher mass 

uxes. Churn-annular transition occurred at x = 0.30, x = 0.20 and 

 = 0.17 at mass fluxes G = 20 0, 30 0 and 40 0 kg/m 

2 s respectively.

.2.1. Effect of porous coating 

Overall, the flow pattern transition boundary for bubbly to slug 

ow shifted to lower vapour qualities in the coated test section 

or a similar wall heat flux range compared to the plain channels, 

ee Table 1 . Bubbly-slug flow transition occurred at x = 0.04 and 

 = 0.01 in the plain and coated test section respectively. This 

ould be due to higher bubble nucleation activity in the coated 

hannels, as highlighted in Section 4.2 . 

On the other hand, there was only a small disparity between 

he flow transition boundaries of slug-churn and churn-annular 

ow. Slug-churn transition occurred at x = 0.068 and x = 0.067 

n the plain and coated channel respectively, while churn-annular 

ransition occurred at a similar vapour quality of x = 0.3 in both 

est sections. Although high bubble generation activity induces ear- 
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Fig. 11. Boiling curves of the plain and coated microchannel heat sink at the middle 

of the heat sink (i.e. z/L = 0.5) at P = 1 bar, G = 200 kg/m 

2 s and �T sub = 10 K. 
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ier transition from bubbly to slug flow, subsequent transitions 

rom slug to churn and annular flow may be predominantly con- 

rolled by flow parameters such as mass flux and fluid properties 

uch as vapour density. 

As postulated in Section 4.2 , the tips of individual slugs collapse 

hen the superficial velocity of the vapour phase increases suffi- 

iently and consequently induces transition to churn flow. Higher 

apour phase flow velocity also promotes the development of a 

lear vapour core characteristic of annular flow in the channel, 

hus encouraging transition from churn to annular flow. Superficial 

as velocity, given by the ratio of mass flux (G) and vapour quality 

x) over gas density ( ρg ), i.e. G x / ρg [35] and widely used as a flow

attern transition criterion for slug-churn as well as churn-annular 

oundaries [36] , can thus be reasonably assumed as a controlling 

arameter in transition to churn and annular flow. Since the flow 

attern visualisation data were obtained at similar mass flux, inlet 

ressure and subcooling conditions for both the plain and coated 

est section at comparable ranges of wall heat fluxes, the superfi- 

ial gas velocities do not differ significantly at a nominal wall heat 

ux level. This could explain similar vapour qualities at slug-churn 

nd churn-annular transition in both test sections, see Table 1 . No- 

ably, this indicates that for the current microchannel geometry 

nd experimental range studied, transition to churn and annular 

ow is less influenced by bubble generation frequency, which as 

oted above, is significantly higher in the coated channels. 

Increasing mass flux from G = 200 kg/m 

2 s to 400 kg/m 

2 s at

imilar experimental conditions, i.e. inlet subcooling and system 

ressure up to exit vapour qualities near to 1, accelerated flow 

egime transition from bubbly to slug, churn and annular flow in 

he plain heat sink. This may be attributed to increased rate of 

ubble coalescence with higher flow inertia at higher channel mass 

uxes, triggering earlier transition from bubbly to slug flow in the 

hannels. At the lowest mass flux, bubbly-slug transition occurred 

t x = 0.04 while at the higher mass fluxes, slug flow developed 

t very low vapour qualities of x < 0.01. The higher flow iner- 

ia may also have encouraged the establishment of a clear vapour 

ore characteristic of annular flow in the channels, thus inducing 

arlier annular flow development in the channels at higher mass 

uxes. Churn-annular transition occurred at x = 0.30, x = 0.20 and 

 = 0.17 at mass fluxes G = 20 0, 30 0 and 40 0 kg/m 

2 s respectively.

Coating-induced acceleration of flow regime transitions was 

uch less apparent at higher mass fluxes, potentially due to the 

ffects of flow inertia, see Section 4.2 . Importantly, increasing sys- 

em mass flux appeared to mitigate cyclic dryout during the annu- 

ar flow regime in the coated heat sink. For instance, dryout pe- 

iods of around 30 ms in the coated heat sink were periodically 

bserved during annular flow at q w 

” = 153.3 kW/m 

2 with a mass 

ux of G = 200 kg/m 

2 s. At higher mass fluxes of G = 300 kg/m 

2 s

nd 400 kg/m 

2 s, persistent wall dryout (i.e. < 1 ms) was not ob-

erved during annular flow in the coated heat sink. This is to say 

hat wall dryout during annular flow was rewetted almost imme- 

iately by the churn wave mechanism [25] . The higher flow inertia 

ould have enhanced the liquid film rewetting capability and miti- 

ated dryout due to excessive bubble nucleation activity during the 

nnular flow regime in the coated heat sink. 

.3. Flow boiling heat transfer 

.3.1. Boiling curve 

Experiments were conducted in both test sections at a similar 

ange of wall heat fluxes, namely q w 

” = 26.1 – 160.7 kW/m 

2 in 

he plain microchannel test section and q w 

” = 24.5 – 153.3 kW/m 

2 

n the coated microchannel test section to investigate the effect of 

he nanocoating on microchannel flow boiling heat transfer perfor- 

ance. The applied heat flux was increased gradually to result in 

n exit vapour quality range of 0 to 1. The experimental variables, 
9 
ncluding mass flux, inlet subcooling and inlet pressure were kept 

onstant at G = 200 kg/m 

2 s, �T sub = 10 K and P = 1 bar. 

The boiling curves at the dimensionless location of z/L = 0.5 

i.e. middle of the heat sink) in the plain and coated are depicted 

n Fig. 11 . At a given wall heat flux condition, the wall superheat 

n the coated channels was on average 2.8 K smaller compared 

o the plain channels. For instance, at a wall heat flux of q w 

” ∼
0 kW/m 

2 , wall superheat on the surface of the coated channels 

as 6.7 K, while on the plain channels the wall superheat mea- 

ured was nearly 10 K. The lower degree of wall superheat on the 

nhanced microchannels could be due to the availability and acti- 

ation of more nucleation sites within the activation range, as dis- 

ussed in Section 3 , provided by the coating. In practical terms, 

his means that for a given level of wall heat flux, the surface tem- 

erature of the heat sink, with the coating applied, will be around 

 K lower compared to the plain copper channels. Hence for a 

iven junction temperature rating, the design heat flux may be 

igher using the coated heat sink. Since flow boiling experiments 

id not extend to wall superheats lower than 4 K, the effect of the 

orous coating on boiling incipience wall superheat is not apparent 

nd thus not discussed in the current paper. Boiling hysteresis was 

ot observed on both the plain and coated microchannels between 

all heat fluxes of 20 kW/m 

2 to 100 kW/m 

2 . 

From Fig. 3 and Fig. 4 , it is evident that the surface of the plain

opper microchannels was characterised by relatively larger and 

hallower cavities in comparison to the topography of the coated 

icrochannels. The characteristically deeper cavities of the coat- 

ng may also encourage vapour trapping and increase bubble nu- 

leation frequency. Furthermore, the coated surface has a substan- 

ially higher number of cavities available as nucleation sites com- 

ared to the plain channel, see Fig. 6 . The higher nucleation activ- 

ty (which contributes to higher nucleate boiling heat transfer co- 

fficients) may explain the lower degree of wall superheat on the 

oated channel for a given wall heat flux. 

.3.2. Local heat transfer trend 

As detailed above, local heat transfer coefficients are measured 

t five axial locations along the middle of the microchannel array 

n both test sections Figs. 12 and 13 present the measured local 

eat transfer coefficients along the length of the channel as a func- 

ion of local vapour quality in the plain and coated microchannels 

espectively. The respective vapour qualities at which flow pattern 

ransition occurs, indicating flow pattern development as described 

n Section 4.2 , are annotated on the figures. 
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Fig. 12. Local heat transfer coefficient in the plain microchannels at a mass flux of 

200 kg/m 

2 s. 

Fig. 13. Local heat transfer coefficient in the coated microchannels at a mass flux 

of 200 kg/m 

2 s. 
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Generally, there is a peak in local heat transfer coefficient just 

fter the onset of boiling in the plain microchannels. The initial 

eak is followed by a decrease in local heat transfer coefficient 

ith increasing vapour quality along the channel. Near the channel 

xit, there is a modest increase in heat transfer coefficient. Simi- 

arly, a peak in the local heat transfer trend is seen in the coated 

icrochannels near the start of the saturated boiling region. Local 

eat transfer coefficient followed a slight decreasing trend along 

he channel thereafter. The local heat transfer trends in the plain 

hannels have been reported in detail in [25] . Contrary to the ob- 

ervations made in the plain microchannel, the local heat trans- 

er trend near the channel exit does not appear to increase in the 

oated microchannel test section. 

The steep rise in heat transfer coefficient at low heat fluxes 

q w 

” = 26.1 – 50.9 kW/m 

2 ), particularly in the subcooled region, 

s due to the change in main heat transfer mode from single-phase 

iquid convection to the more efficient nucleate boiling mode in 

he low vapour quality region where bubbly flow is observed. Sub- 

ooled boiling was observed in this study for both test sections. 

he peak is observed at low vapour qualities just after the onset 
10 
f boiling, in the region where bubble nucleation activity is very 

igh, and thus the nucleate boiling mechanism can be reasonably 

ssumed to dominate. A similar trend in the early stages of satu- 

ated flow boiling (q w 

” = 24.5 – 50.4 kW/m 

2 ) is also observed in 

he coated microchannels. 

The subsequent decline in local heat transfer trend with respect 

o vapour quality observed in both test sections could be due to 

uppression of the high heat transfer rates associated with the nu- 

leate boiling mechanism following flow pattern development into 

lug, churn and annular flow. This is supported by the flow visu- 

lisation results presented above, where it is noted that bubble 

ucleation activity in previously active sites were observed to be 

uppressed, possibly due to flooding of the cavities, especially in 

ntermittent churn waves and periodic liquid film dryout in slug 

nd annular flow. Additionally, the transient variation of local heat 

ransfer coefficient at a fixed location in the channels following 

ransition to slug flow could also have contributed to a drop in the 

ime-averaged local heat transfer coefficient after the initial peak 

n heat transfer coefficient near the onset of boiling. Thome et al.’s 

hree-zone model [37] predicts local heat transfer coefficients tak- 

ng into consideration the periodic variation of heat transfer rates 

aused by (i) gradual thinning of the liquid film in slugs with 

lm evaporation, (ii) local dryout following complete evaporation 

f the liquid film and (iii) the reinstatement of a liquid slug, which 

estarts the cycle of liquid film thinning, dryout and rewetting in 

he channels. Periodic dryout in the slug, churn and annular flow 

egimes were also observed in our flow visualisations and typically 

ast ∼ 100 ms. Although film evaporation rates increase with the 

hinning of the liquid film, relatively poor heat transfer coefficients 

re associated with the convective heat transfer occurring during 

he liquid slug stage and particularly in the dryout phase of the 

ycle. Oscillations in pressure drop readings corresponding to dif- 

erent flow phenomena have been extensively discussed in [25] . As 

 result, the time-averaged heat transfer coefficient at a particular 

ocation degrades after the onset of boiling and slug flow develop- 

ent due to bubble confinement and coagulation in the channels. 

The increase in the heat transfer coefficient near the channel 

xit of the plain microchannel test section could be due to (i) 

hinning of the liquid layer and (ii) conjugate effects in the heat 

ink occurring at the boundaries between the microchannel array 

nd the inlet and outlet plena, as explained in [25] . The less pro-

ounced effect observed in Fig. 13 could be due to the augmented 

eat transfer coefficients obtained from the coated test section in 

omparison with the plain test section. 

.3.3. Average heat transfer coefficient 

Overall, a clear increase in heat transfer coefficient with in- 

rease in wall heat flux can already be inferred from Fig. 12 and 13 .

o clarify the effect of wall heat flux on heat transfer coefficient in 

he plain and coated test section, the corresponding increase in av- 

rage heat transfer coefficient (HTC) with respect to wall heat flux 

s plotted in Fig. 14 . Two-phase heat transfer coefficient exhibits 

n ascending trend with increase in heat flux. Increasing wall heat 

ux increases wall superheat at the surface of the channels, which 

eans that more potential nucleation sites may become activated. 

he correspondingly more vigorous bubble nucleation activity in- 

reases the average HTC value due to latent heat transfer and mix- 

ng currents induced by quenching at the wake of departing bub- 

les. Other than that, convective liquid film evaporation rate, which 

ccurs around the perimeter of slugs and liquid films attached to 

he channel walls in churn and annular flow, may also increase 

ith heat flux, see Thome and Consolini [38] . 

Importantly, the average HTC of the coated microchannel test 

ection is superior to the heat transfer performance in the plain 

icrochannels. Wall superheat was reduced by up to 3 K in the 

oated section for the current experimental range. The percentage 
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Fig. 14. Average two-phase heat transfer coefficient vs. wall heat flux in the plain 

and coated channels at a mass flux of 200 kg/m 

2 s. 

Fig. 15. Percentage enhancement in heat transfer at different mass fluxes with re- 

spect to wall heat flux, for operating conditions of P = 1 bar and �T sub = 10 K. 
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f heat transfer enhancement relative to the plain microchannels 

see Eq. (3) ) is plotted in Fig. 15 . The moderate HTC enhancement

f 21.1% at the lowest heat flux (q w 

” ∼ 25 kW/m 

2 ), where bubbly 

ow was mainly observed and wall superheat was just above 4 

, could be due to the activation of few nucleation sites in both 

est sections at such a low superheat condition. The range of active 

ucleation sites increases with increasing wall superheat, based on 

he approximation provided by Hsu [13] . 

As the wall heat flux is increased to q w 

” ∼ 51 kW/m 

2 , wall su-

erheat increases to around 7 K and a peak of 43.5% in heat trans-

er enhancement is recorded. At this heat flux, bubbly and slug 

ow were observed upstream, while churn flow developed down- 

tream in both test sections. Notably, the bubbly flow regime oc- 

urred only very near the channel inlet of the coated test section, 

hereas bubbly flow persisted over a larger portion of the chan- 

els in the plain test section. It is clear from Fig. 3 and 4 that

here is a larger number of cavities in the coated section, which 

re more defined compared to the surface defects seen on the bot- 

om wall of the plain microchannels. Defined cavities may produce 

 stronger pinning effect on departing bubbles. This strong pinning 

ffect may provide residual vapour pockets in the cavities from 

he preceding departing bubble, leaving behind a vapour embryo 

rom which the subsequent bubble is able to grow from. This re- 
11 
uces the waiting time between subsequent bubble ebullition cy- 

les, which could explain the higher bubble generation frequency 

n the coated channels and have been observed in our flow visu- 

lization, where higher bubble density in the channels were cap- 

ured in the bubbly regime as shown in Fig. 10 (a). Shallow sur- 

ace cavities found on the plain microchannels may be less sup- 

ortive for vapour entrapment, which increases waiting time (thus 

owering bubble departure frequency) between subsequent bubble 

bullition cycles in the plain microchannel test section. This is in 

ddition to having a smaller number of cavities. As a direct conse- 

uence of higher bubble generation frequency and increased co- 

lescence activity due to high bubble density in the coated mi- 

rochannels, transition from bubbly to slug flow occurs at a much 

ower vapour quality in the coated test section than in the plain 

icrochannel test section. Another possible enhancement effect 

ould have resulted from the higher rate of heat transfer in the 

ontact line between liquid slugs and the surfaces of the coated 

hannels. Liquid film evaporation rate in the coated microchannels 

ight have been promoted by increased wall turbulence with sur- 

ace perturbations on the coated walls, postulated also as the rea- 

on for single-phase heat transfer enhancement. 

Beyond q w 

” ∼ 51 kW/m 

2 , heat transfer enhancement degraded 

ith increase in wall heat flux. A similar enhancement trend, that 

s, strong enhancement at the onset of boiling and depreciating en- 

ancement with increase in vapour quality was also reported in 

ai et al. [18] . Churn and annular flow dominate the flow pattern 

n the channels at moderate and high heat fluxes. As shown in 

he flow visualisation results, bubble nucleation activity appears to 

e suppressed intermittently in churn flow while nucleation sites 

n the liquid film of annular flow are also periodically suppressed 

ith gradual thinning of the film. As a consequence, heat trans- 

er augmentation, which appear to be stronger when bubble nu- 

leation activity is relatively high, drops in the region where churn 

nd annular flow become dominant. The stronger mixing currents 

ithin the liquid layer on the rough coated surface continue to 

upport some amount of heat transfer augmentation, albeit weaker 

han the enhancement obtained in the bubbly flow region where 

ucleate boiling is the main contributor to heat transfer in the 

hannels. 

Fig. 15 also depicts the mass flux effect on percentage enhance- 

ents in average two-phase heat transfer. Wall heat flux ranged 

etween q w 

” = 25.8 and 206.6 kW/m 

2 . Note that at q w 

” ∼ 26 

W/m 

2 , flow boiling conditions are not yet established in the chan- 

els at G = 300 and 400 kg/m 

2 s. Since the enhancement is spe-

ific to flow boiling heat transfer coefficients, values at the larger 

wo mass fluxes have been omitted from the figure at this heat 

ux value. The uncertainty in this calculation ranged from ±1.3% 

o ±6.9%. 

As covered above for G = 200 kg/m 

2 s, the peak enhancement 

ffect, which was attributed to the combination of an active nucle- 

te boiling contribution and enhanced thin-film evaporation rates 

ccurring from the slug liquid film, is typically obtained where the 

lug flow regime is dominant. A similar trend was observed for the 

igher mass fluxes. At G = 300 and 400 kg/m 

2 s, the percentage 

nhancement peaked at q w 

” ∼ 51 kW/m 

2 , where slug flow was 

stablished in at least half of the full length of the microchannel 

rray (i.e. 20 mm). The peak enhancement of 43.6% at G = 300 

g/m 

2 s, was close to the value observed at G = 200 kg/m 

2 s (i.e.

3.5%). At the highest mass flux condition of G = 400 kg/m 

2 s, the

aximum enhancement recorded was only 36.8% at a similar heat 

ux of q w 

” ∼ 51 kW/m 

2 . This could be due to the dominance of 

he flow inertia effect on the rate of bubble coalescence in the mi- 

rochannels, which act to accelerate flow pattern development to- 

ards convective boiling dominant regimes and ultimately dimin- 

shes the enhancement effect in the microchannels at higher mass 

uxes. As highlighted in Section 4.2.1 , the smaller shift in flow pat- 
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Fig. 16. Two-phase pressure drop in the plain and coated microchannels P = 1 bar, 

G = 200 kg/m 

2 s and �T sub = 10 K. 
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ern boundaries also indicated a smaller coating effect on flow pat- 

ern transition boundaries at higher mass fluxes. 

Contrary to the lowest mass flux condition, where the enhance- 

ent percentage decreased steeply with increasing heat flux be- 

ween q w 

” ∼ 51 to 104 kW/m 

2 , at higher mass fluxes of G = 300

nd 400 kg/m 

2 s two-phase heat transfer augmentation depreci- 

ted sharply between q w 

” ∼ 51 to 130 kW/m 

2 but stabilised at 

round 25% with increasing heat flux beyond q w 

” ∼ 130 kW/m 

2 . 

hese heat fluxes correspond to the observation of the annular 

ow regime in at least half the total length of the channels (i.e. 20 

m). Furthermore, the percentage augmentation at G = 300 and 

00 kg/m 

2 s is higher compared to the lowest mass flux condition 

f G = 200 kg/m 

2 s. 

As highlighted in Section 4.3.2 , bubble nucleation is periodically 

uppressed in the annular flow regime and thin-film evaporation 

ontributes highly to two-phase heat transfer. The enhancement 

echanism of the coating in thin-film evaporation may be partly 

ttributed to the higher heat transfer area of the coated channels. 

owever, higher evaporation rates also exacerbate wall dryout in 

he channels, especially during annular flow. The higher flow iner- 

ia at higher mass fluxes is able to replenish the annular liquid film 

t a higher rate than at lower mass fluxes. From flow visualisation, 

ignificantly shorter periods of dryout were also observed, as noted 

reviously in Section 4.2.1 . A similar mass flux effect was also ob- 

erved in Li et al. [23] with a silicon nanowire coating, where wa- 

er was used as a working fluid and two-phase heat transfer en- 

ancement was only observed at higher mass fluxes (namely G > 

38 kg/m 

2 s). Annular flow was prevalent in the channels and flow 

oiling heat transfer coefficients were found to be lower than in 

he plain channels at low mass fluxes due to wall dryout. 

Notably, the enhancement percentages at G = 300 kg/m 

2 s is 

enerally higher compared to G = 20 0 and 40 0 kg/m 

2 s. For the

owest mass flux condition, this may be attributed to dryout with 

ncreasing heat flux. Euh et al. [39] found that increasing mass ve- 

ocity decreased bubble generation frequency from an active nu- 

leation site. Steeper temperature gradients found on thinner ther- 

al boundary layers at higher mass fluxes may result in longer 

aiting times to re-establish the wall superheat required to sus- 

ain bubble growth from a cavity. Whilst higher bubble generation 

requencies may have resulted from the deeper cavities found on 

he coated surface, thus improving heat transfer coefficients in the 

oated channels, the high mass flux could have acted to subdue 

he high bubble generation frequencies from cavities of the coat- 

ng. There is also a much earlier transition to the annular flow 

egime at G = 400 kg/m 

2 s, i.e. x = 0.15, which indicates a signifi-

antly earlier start on nucleate boiling suppression in the channels, 

ecreasing the effect of the coating on heat transfer enhancement. 

ransition to annular flow only occurred at x = 0.3 and x = 0.19 at

 = 200 kg/m 

2 s and 300 kg/m 

2 s respectively. 

.4. Flow boiling pressure drop 

Pressure drop in the two-phase region of the channels is de- 

icted in Fig. 16 for the plain and coated test section. In both heat

inks, two-phase pressure drop increases with increasing wall heat 

ux. This is mainly due to the effect of higher void fraction in 

he channels with increasing heat flux on the frictional and ac- 

eleration pressure drop components [25] . The difference in two- 

hase pressure drop between the plain and coated heat sink ap- 

ears to increase with increasing wall heat flux. At a given wall 

eat flux condition, flow boiling pressure drop in the coated chan- 

els is higher in comparison to the plain channels. As highlighted 

n Section 4.2 , higher bubble nucleation activity was observed in 

he coated microchannel heat sink. While the channel void fraction 

as not directly measured, the higher nucleation activity indicates 

igher void fraction in the coated channels. Accordingly, flow pat- 
12 
ern transitions were also accelerated in the coated test section, 

specially the bubbly-slug transition boundary, see Table 1 . 

Notably, two-phase pressure drop in the coated heat sink rose 

ignificantly from 3.7 kPa to 6.1 kPa between wall heat fluxes 

 w 

” = 125 kW/m 

2 and 153 kW/m 

2 . The region where annular flow 

s observed in the heat sink extended with the increase in wall 

eat flux, however, from flow visualisation and heat transfer coeffi- 

ient trend, the critical heat flux limit was not reached at the high- 

st wall heat flux condition in the coated heat sink. Interestingly, 

he magnitude of flow oscillations increased with the correspond- 

ng increase in wall heat flux. From Fig. 17 , the standard devia- 

ion of the total pressure drop across the heat sink doubled from 

.05 kPa to 0.1 kPa between q w 

” = 125 kW/m 

2 and 153 kW/m 

2 in

he coated microchannel test section. A possible relationship be- 

ween pressure drop magnitude and oscillation has been suggested 

n [25] and should be subject to further study. 

.4.1. Pressure drop increase 

To further investigate the increase in flow boiling pressure drop 

osed by the coating, the percentage difference in two-phase pres- 

ure drop between the plain and coated channels are calculated ac- 

ording to Eq. (6) and plotted in Fig. 18 . The pressure drop penalty

osed by the coating is shown to be highly dependent on wall heat 

ux. The uncertainty in the pressure drop penalty ranged from 

0.1% to ±0.2% for our examined conditions. 

At G = 200 kg/m 

2 s and the lowest wall heat flux condition of 

 w 

” = 25 kW/m 

2 , flow boiling pressure drop in the coated heat 

ink was 5.5% higher in the coated heat sink compared to the plain 

eat sink. This is despite of the fact that slug flow has already de- 

eloped in the coated microchannels at the lowest wall heat flux, 

hile the two-phase flow pattern remained predominantly in the 

ubbly region in the plain heat sink (see Fig. 12 and 13 ). The rela-

ively low percentage penalty could be due to the short two-phase 

ength in the region (i.e. 8 mm) in the heat sink in relation to 

he total length of the channels (i.e. 20 mm). The coating had a 

maller effect on slug-churn and churn-annular flow pattern tran- 

ition boundaries in the microchannel heat sink (i.e. similar flow 

egimes were observed in both heat sinks at a given wall heat flux 

ondition). 

The two-phase pressure drop increase dropped slightly to 3.1% 

ith increase in wall heat flux to q w 

” = 51 kW/m 

2 . This could be

 result of smaller pressure drop oscillations in the coated heat 

ink, owing to lower wall superheat at the same heat flux condi- 
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Fig. 17. Measured pressure drop across the coated heat sink at q w 
” ∼ 125 kW/m 

2 and q w 
” ∼ 153 kW/m 

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

2 s and �T sub = 10 K. 

Fig. 18. Two-phase pressure drop penalty as a result of the coating in the mi- 

crochannel heat sink at P = 1 bar and �T sub = 10 K at various mass flux conditions. 

t

b

h

o

a

0  

i

t

fl

1

1

n

d

t

o

w

s

h

i

w

t

o

n

k

l

i

[

v

c

p

p

o

W

o

t

h

c

p

a

t

G

a

a

i

t  

t

4  
ion. Lower degree of superheat have been found to suppress rapid 

ubble growth instabilities near the onset of boiling. At this wall 

eat flux condition, bubbly flow is observed near the channel inlet 

f both heat sinks. The standard deviation in total pressure drop 

cross the plain and coated heat sinks at q w 

” = 51 kW/m 

2 were 

.55 kPa and 0.22 kPa respectively, seen in Fig. 19 , while the coat-

ng lowered the wall superheat from 9.6 K to 6.8 K, see Fig. 11 . 

Following that, the flow boiling pressure drop increase due 

o the coating rose from 10.5% to 13.1% as churn and annular 

ow begins to dominate in the heat sink between q w 

” = 76 to 

04 kW/m 

2 . The pressure drop penalty dropped slightly again to 

0.8% at q w 

” = 128 kW/m 

2 when annular flow was the domi- 

ant flow regime in both heat sinks. The relatively stable pressure 

rop penalty in this range of heat fluxes could be due to the fact 
13 
hat similar flow regimes (mainly churn and annular flow) were 

bserved in both heat sinks at a given wall heat flux condition, 

here the higher pressure drop could be induced by the slightly 

maller hydraulic diameter of the coated channels and mainly the 

igher channel void fraction due to more active bubble nucleation 

n the coated heat sink. At the highest wall heat flux condition 

here annular flow was dominant in the coated microchannels, 

here was a large jump in the two-phase pressure drop penalty 

f almost 40%. This may be attributed to the sharp rise in chan- 

el two-phase pressure drop in the coated heat sink at q w 

” = 153 

W/m 

2 , as highlighted earlier from Fig. 19 and may be related to 

arger pressure drop oscillations in the heat sink. 

Whilst the two-phase pressure drop penalty was as high as 84% 

n the coated test section at a lower subcooling degree of 5 K 

29] due to the low flow rates employed and small pressure drop 

alues observed in this study, the corresponding increase in power 

onsumption across the heat sink is relatively small. Based on the 

umping power consumption by the gear pump, the maximum 

ower consumption in the coated heat sink was 1.7 W, which is 

nly 0.2 W higher than the maximum power consumption of 1.5 

 in the plain microchannel heat sink. Furthermore, the majority 

f the pressure losses in the system (thus also the power consump- 

ion) was found to be in fact in the experimental loop aside of the 

eat sink assembly [29] , even though high pressure drop in mi- 

rochannels is frequently cited as a limitation to two-phase cooling 

erformance [40] . 

The pressure drop penalty imposed by the coating was gener- 

lly higher at the two higher mass fluxes investigated. Additionally, 

he pressure drop penalty trend is much more erratic compared to 

 = 200 kg/m 

2 s. This could be related to the earlier dominance of 

nnular flow at higher mass fluxes and the churn rewetting mech- 

nism in the channels, which could result in upstream compress- 

bility effects [ 41 , 42 ] and pressure oscillations. The large fluctua- 

ions in pressure drop increase at G = 300 kg/m 

2 s could be related

o pressure oscillations in the heat sink. 

Two-phase pressure drop penalty stabilised between 47.3% and 

9.8% at G = 400 kg/m 

2 s in the wall heat flux range of q w 

” = 130
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Fig. 19. Measured pressure drop across the plain and coated heat sink respectively at q w 
” ∼ 51kW/m 

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

2 s and �T sub = 10 K. 
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2 and 177 kW/m 

2 . Incidentally at G = 400 kW/m 

2 , pres- 

ure drop oscillations decreased from 0.06 kPa to 0.04 kPa be- 

ween q w 

” = 105 kW/m 

2 to 175 kW/m 

2 . As mentioned above, the 

ryout phenomenon and pressure drop oscillations in microchan- 

el heat sinks have been found to be linked to pressure drop be- 

aviour in microchannels [25] . Interestingly, dryout periods were 

elatively short at higher mass fluxes in the heat sink. This could 

uggest that the pressure drop oscillations are also coupled with 

he churn rewetting mechanism. Simultaneous flow visualisation 

nd pressure drop measurements could be conducted to verify this 

ffect. 

. Conclusions 

Experimental flow boiling results using HFE-7200 in a plain and 

oated copper microchannel heat sink were presented and com- 

ared at operating conditions of P = 1 bar at the inlet, G = 200,

0 0 and 40 0 kg/m 

2 s, fixed inlet subcooling of 10 K for heat fluxes

anging from q w 

” = 24.5 to 234.3 kW/m 

2 . The corresponding heat 

ux based on the footprint area of the microchannel heat sink (20 

m x 20 mm) was 93.7 – 896.3 kW/m 

2 . Flow patterns observed in 

his study were bubbly, slug, churn and annular flow. Similar flow 

attern trends were observed in both test sections, with an ear- 

ier transition from bubbly to slug flow in the coated microchan- 

els. This is due to higher bubble generation frequency in the test 

ection, which was confirmed by flow visualisation. SEM analysis 

emonstrated a higher density of potential nucleation sites avail- 

ble in the coated channels. Deeper cavities on the coated sur- 

ace are believed to encourage vapour trapping, which results in 

ower waiting times between bubble ebullition cycles and thus in- 

rease bubble generation frequency. The churn and annular regime 

re more dependent on the superficial gas velocity and the coat- 

ng had a less pronounced effect on all flow regime boundaries at 

igher mass flux. 

Generally, local heat transfer coefficients peaked near the onset 

f flow boiling and decreased toward the channel exit. The peak 

n heat transfer coefficient just after the onset of boiling, where 

ubble nucleation activity is vigorous, is associated with high heat 
14 
ransfer rates in the nucleate boiling regime. The subsequent de- 

rease in heat transfer coefficient may be attributed to increased 

ucleation site suppression and transient variations in heat trans- 

er rate caused by dryout and rewetting cycles in the slug, churn 

nd annular flow regimes. Average heat transfer coefficients in- 

reased with increase in heat flux, since more nucleation sites 

re activated in the channels with increasing wall superheat and 

iquid film evaporation rates become higher with increasing heat 

ux. Heat transfer enhancement was achieved using the coated mi- 

rochannel heat sink, in the range investigated in this study. The 

nhancement peaked at 43.5% at q w 

” = 51.0 kW/m 

2 and dropped 

o 13.2% at the maximum heat flux studied. The enhancement ef- 

ect was found to be stronger at heat flux levels where nucleate 

oiling has a large contribution to the overall heat transfer, owing 

o the significantly higher bubble nucleation activity in the coated 

hannels. The convective boiling mechanism could also have been 

nhanced by increased wall turbulence and surface area brought 

bout by the coating structure. 

The enhancement was significant at all mass fluxes studied. 

owever, heat transfer enhancement may be reduced at higher 

ass fluxes due to higher flow inertia and longer waiting times 

etween bubble growth cycles. Mass flux was also found to affect 

he pressure drop increase due to the coating and this effect may 

e related to the churn wave rewetting mechanism. 

The intricate relationship between the magnitude of pressure 

rop, oscillations and dryout is highlighted for further investigation 

sing simultaneous flow visualisation and data acquisition. 

Surface coating has been shown to be a promising technique 

o enhance flow boiling heat transfer rates in microchannels, es- 

ecially if the flow boiling system is operating at nucleate boiling 

ominant regimes. Although pressure drop penalty may reach up 

o 60% in the coated heat sink, the relatively small pressure drop 

alues (due to the short channel length and low flow rates em- 

loyed) in the microchannel array demonstrated that the coating 

s a good method to enhance heat transfer rates in microchannels, 

s the pressure drop penalty incurred is insignificant in terms of 

otal system power consumption. 
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