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a b s t r a c t 

The effect of channel aspect ratio on flow boiling characteristics (flow patterns, heat transfer and pres- 

sure drop) of HFE-7100 in copper multi-microchannel heat sinks was investigated experimentally. Three 

heat sinks with base area 500 mm 

2 , channel hydraulic diameter 0.46 mm and channel aspect ratio (ratio 

of channel width to channel height) of 0.5, 1.0 and 2.0 were tested. The average surface roughness of 

the channel bottom surface was nearly the same in the three heat sinks and the measured values were 

0.271, 0.286 and 0.304 μm. The local heat transfer rates were determined simultaneously with flow vi- 

sualisation at mass flux ranging from 50 to 250 kg/m 

2 s, wall heat flux from 9.6 to 191.6 kW/m 

2 , system 

pressure of 1 bar and low inlet sub-cooling of 5 K. The results showed that, when the channel aspect 

ratio increased, the heat transfer coefficient increased, while the flow boiling pressure drop decreased. 

However, the heat transfer rate calculated using the heat sink base area was higher in the heat sink with 

the smallest channel aspect ratio, indicating an enhancement due to the largest surface area. 

© 2020 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Flow boiling in microchannel evaporators has the capability of 

issipating huge quantities of heat from a small area with nearly 

niform surface temperature and low pumping power for a given 

hermal load. Thus, it is a very promising technique for cooling 

lectronics equipment and other high heat flux devices. A signif- 

cant number of past papers is available in the literature describ- 

ng work aimed at understanding fundamental issues that relate 

o flow boiling in small to micro passages, including the prevail- 

ng flow patterns, the heat transfer mechanisms, the effect of fluid 

roperties and channel dimensions and geometry. The present pa- 

er focuses on studying the effect of channel aspect ratio (ratio 

f channel width to channel height) on flow boiling characteristics 

n rectangular microchannels. Thus, the effect of this parameter on 

ow boiling characteristics is reviewed and discussed in the fol- 

owing paragraphs. For a more general review on flow boiling in 

mall to micro tubes and passages the interested reader is referred 

o references [1-3] . 
∗ Address correspondence to: Prof. Tassos G. Karayiannis, Department of Mechan- 

cal and Aerospace Engineering, Brunel University London, Uxbridge, Middlesex, UB8 

PH, UK. 
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Singh et al. [4] studied flow boiling of water in horizontal sin- 

le rectangular silicon microchannels having a fixed hydraulic di- 

meter of 0.142 mm, aspect ratio values of 1.23–3.75 and average 

oughness less than 0.1 μm. They conducted their experiments at 

5 K inlet sub-cooling, low input power of 3 W and 3.5 W and 

ass flow rate of 0.15 –0.2 mL/min. They assessed the effect of as- 

ect ratio based on the input power and mass flow rate, rather 

han heat and mass fluxes, to allow comparison at the same exit 

apour quality. Their results indicated that, for a fixed input power 

nd mass flow rate, the two-phase pressure drop decreased to 

 minimum value with increasing channel aspect ratio then in- 

reased with further increase of aspect ratio. The minimum pres- 

ure drop value was found to occur at channel aspect ratio of 1.56. 

t is worth mentioning that the tests conducted by Singh et al. 

4] were nearly at boiling incipience, i.e. very low vapour quality 

alues. This might not be enough to get a conclusion on the ef- 

ect of aspect ratio on two phase pressure drop. Additionally, with 

eeping the input power and mass flow rate fixed, the heat and 

ass fluxes are not the same in these test sections. 

Harirchian and Garimella [5] conducted an experimental inves- 

igation of flow boiling heat transfer of FC-77 in horizontal sili- 

on multi-microchannels at 5 K inlet sub-cooling and mass flux 

ange 250–1600 kg/m 

2 s. Seven heat sinks with the same chan- 

el depth, i.e. 0.4 mm, and different channel widths ranging from 

.1 to 5.85 mm (aspect ratio range 0.25–14.6) were manufactured 
under the CC BY-NC-ND license 

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120587
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120587&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:tassos.karayiannis@brunel.ac.uk
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120587
http://creativecommons.org/licenses/by-nc-nd/4.0/


A.H. Al-Zaidi, M.M. Mahmoud and T.G. Karayiannis International Journal of Heat and Mass Transfer 164 (2021) 120587 

a

t

e

0

d

t

f

d

d

t

i

w

n

e

H

t  

m

b

T

w

o

c

s

s

l

l

t

w

e

m

a

o

p

t

l

t

fl

fl

c

s

d

f

1

d

o

t

t

0

r

t

b

s

p

a

Nomenclature 

A Area, [m 

2 ] 

b Distance between thermocouple and channel bot- 

tom, [m] 

C Dimensionless correction factor, [-] 

cp Specific heat at constant pressure, [J/kgK] 

D h Hydraulic diameter, [m] 

f Fanning friction factor, [-] 

G Mass flux, [kg/m 

2 s] 

H Height, [m] 

h Heat transfer coefficient, [W/m 

2 K] 

h̄ Average heat transfer coefficient, [W/m 

2 K] 

i Specific enthalpy, [J/kg] 

i lg Latent heat of vaporization, [J/kg] 

k Thermal conductivity, [W/mK] 

K 90 The loss coefficient of the 90 ° turns, [-] 

K ∞ 

Dimensionless incremental pressure drop number, 

[-] 

L Length, [m] 

L ∗ Dimensionless length, [-] 

m Fin parameter, [-] 

˙ m Mass flow rate, [kg/s] 

N Number of channels, [-] 

Nu Average Nusselt number, [-] 

P Pressure, [Pa] 

q ′′ Heat flux, [W/m 

2 ] 

Ra Average surface roughness, [μm] 

Re Reynolds number, [-] 

v Specific volume, [m 

3 /kg] 

W Width, [m] 

x Vapour quality, [-] 

Z Axial distance, [m] 

Greek Symbols 

α Area ratio, [-] α = A ht / A b [in Eq. (17) ] 

β Aspect ratio, [-] β = W ch / H ch 

�P Pressure drop, [Pa] 

�T LM 

Log mean temperature difference, [K] 

η Fin efficiency, [-] 

ρ Density, [kg/m 

3 ] 

σ Surface tension, [N/m] 

η Fin efficiency, [-] 

Subscript 

app Apparent 

b Base 

cu Copper 

ch Channel 

exp Experimental 

f Fluid 

FD Fully developed 

fin Channel fin 

g Gas or vapour 

ht Heat transfer 

i Inlet 

ip Inlet plenium 

l Liquid 

Max Maximum 

meas Measurment 

min Minimum 

o Outlet 

op Outlet plenium 

p Plenium 
c

2 
sc Sudden contraction 

se Sudden expansion 

sub Subcooled 

th Thermocouple 

tp Two-phase 

w Wall 

wi Internal wall surface 

z Axial local 

nd tested. The channel hydraulic diameter was not constant for 

hese heat sinks, i.e. ranged from 0.16 to 0.75 mm, and the av- 

rage surface roughness of the channel bottom wall ranged from 

.1 to 1.4 μm. It is worth mentioning that their tests were con- 

ucted with inlet restriction to supress flow instabilities, i.e. a 

hrottling valve was installed ahead of the test sections. It was 

ound that, at a given wall heat flux, the two-phase pressure 

rop increased with decreasing channel width (aspect ratio). Ad- 

itionally, when the heat transfer coefficient was plotted versus 

he wall heat flux, the effect of channel width (aspect ratio) was 

nsignificant. On the contrary, when the heat transfer coefficient 

as plotted versus the base heat flux, a clear effect of the chan- 

el width (aspect ratio) was detected and the heat transfer co- 

fficient increased with increasing channel width (aspect ratio). 

arirchian and Garimella [6] presented results of flow visualiza- 

ion using the same test sections and fluid as in [5] but in the

ass flux range of 225–1420 kg/m 

2 s. They mentioned that bub- 

ly, slug, churn, wispy-annular, and annular flow were captured. 

he results demonstrated that the flow patterns in the channels 

ith 0.1 mm width was different compared to the flow patterns 

bserved in the channels with larger widths. The differences in- 

lude the following: (i) Bubbly flow was not observed; instead 

lug flow appeared immediately after boiling incipience; (ii) In the 

lug and annular flows, the liquid film is seen to break up at the 

ocations of the nucleating bubbles resulting in a discontinuous 

iquid film. This resulted in a flow pattern that was altering be- 

ween annular flow with a smooth liquid film and annular flow 

ith a discontinuous liquid film and (iii) There was no droplet 

ntrainment to the vapour core in the annular flow. It is worth 

entioning that bubble nucleation in slug, churn, wispy annular 

nd annular flows was observed. Additionally, slug flow was not 

bserved in the channel of width 5.85 mm due to the high as- 

ect ratio and the alternating churn/wispy-annular flow were dis- 

ributed side by side along the channel width, i.e. they didn’t fol- 

ow each other along the channel length. Finally, it was concluded 

hat when the channel width increased, bubbly flow replaced slug 

ow, and the churn/wispy-annular flow replaced the churn/annular 

ow. Harirchian and Garimella [7] used the same experimental fa- 

ility and fluid as in [5-6] and examined twelve test sections to 

tudy the effect of channel width, depth, aspect ratio, hydraulic 

iameter and cross sectional area. The channel depth was varied 

rom 0.1 to 0.4 mm, the aspect ratio was varied from 0.27 to 

5.55 for cross-sectional area of 0.009 –2.201 mm 

2 , while the hy- 

raulic diameter ranged from 0.096 to 0.707 mm. The bottom wall 

f the microchannels had an average roughness ranging from 0.1 

o 1.4 μm, similar to the work described in [5] . It was concluded 

hat, for channels with cross sectional area ≤ 0.037 mm 

2 ( D h ≤
.159 mm), bubbly flow did not exist, while slug and annular flow 

egimes were dominant. For channels with cross sectional area be- 

ween 0.037 and 0.089 mm 

2 ( D h between 0.159 and 0.291 mm), 

ubbly, slug and annular flows existed. For channels with cross 

ectional area ≥ 0.144 mm 

2 ( D h ≥ 0.379 mm), bubbly flow ap- 

eared at boiling incipience followed by alternating churn/wispy- 

nnular flows, i.e. no slug flow. The heat transfer results indi- 

ated that for channels with cross sectional area ≥ 0.089 mm 

2 , 
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he heat transfer coefficient was independent of the microchannel 

ize, which was attributed to the dominance of nucleate boiling in 

hese channels. On the contrary, for channels with cross sectional 

rea below this value, the heat transfer coefficient exhibited higher 

alues compared to the larger channels, especially at low to inter- 

ediate heat fluxes. Additionally, the pressure drop was found to 

ncrease with decreasing channel cross-sectional area for a given 

ass and heat flux. For channels with a fixed cross sectional area 

ut different aspect ratio, the pressure drop was the same. 

Holcomb et al. [8] from the same group as [5-7] , studied flow 

oiling heat transfer of de-ionized water in three horizontal rect- 

ngular silicon multi-microchannels heat sinks. These three heat 

inks had channel width of 0.25 mm ( D h = 0.299 mm), 1 mm

 D h = 0.531 mm) and 2.2 mm ( D h = 0.64 mm) and fixed chan-

el height of 0.4 mm. The heat transfer results of water exhibited 

early similar behaviour and conclusion to FC-77 where the effect 

f mass flux and channel width was insignificant in the two-phase 

egion. Also, the pressure drop increased with decreasing channel 

idth. It is difficult to draw clear conclusions on the aspect ratio 

ffect from the work described in [5-8] as both the aspect ratio 

nd the hydraulic diameter were varied. In addition, the experi- 

ents were not conducted with test section of the same or similar 

urface roughness. 

Choi et al. [9-10] investigated experimentally the effect of chan- 

el aspect ratio on adiabatic two-phase flow of water and nitrogen 

as in a horizontal rectangular glass microchannel. Four channels 

ith different aspect ratio of 1.09, 1.5, 2.1 and 5.9 were tested. 

he hydraulic diameter was 0.4 9, 0.4 9, 0.322 and 0.143 mm. The 

ange of liquid and gas superficial velocity was 0.06–1 m/s and 

.06–71 m/s respectively. They reported four flow regimes with 

he increase of gas superficial velocity, namely: bubbly, slug bub- 

le, elongated bubble and liquid ring flows. They mentioned that 

he channel aspect ratio had a significant effect on the flow pat- 

ern characteristics. For example, when the channel aspect ratio 

ncreased (shallow channels), the liquid film around the elongated 

ubble gets thinner especially at the bottom and top walls of the 

hannels and the liquid portion collected at the channel corners 

ecreased. The pressure drop results indicated that flow patterns 

ave a significant effect on the trend of pressure drop versus gas 

uperficial velocity. The pressure drop increased linearly with in- 

reasing gas superficial velocity in bubbly, slug and elongated bub- 

le flows. In the transition regime from elongated bubble to liq- 

id ring flow, the pressure drop decreased linearly with increasing 

as superficial velocity. When liquid ring flow was established, the 

ressure drop increased again linearly with increasing superficial 

as velocity. 

Soupremanien et al. [11] studied the effect of channel aspect ra- 

io on the flow boiling heat transfer of Forane-365HX in a horizon- 

al single rectangular minichannel. The bottom surface of the chan- 

el was made of brass with average roughness value of 2.5 μm, 

hile the side walls were formed in stainless steel foil. They tested 

wo test sections, width 2.3 mm and 5.6 mm and depth 1 mm 

nd 0.8 mm giving a hydraulic diameter of 1.4 mm and aspect ra- 

io of 2.3 and 7. In their study, the heat flux ranged from 2.3 to

60 kW/m 

2 and the mass flux range was 20 0 –40 0 kg/m 

2 s. The

eat transfer results demonstrated that for the two investigated as- 

ect ratios, the mass flux effect was insignificant. They stated that 

he two-phase pressure drop was lower in the channel with the 

arger aspect ratio due to the higher channel cross-sectional area. 

dditionally, the heat transfer coefficient in the channel with large 

spect ratio was higher at low heat flux conditions, while it was 

ower at high heat fluxes due to dryout. 

Fu et al. [12] studied the effect of channel aspect ratio on the 

ow boiling heat transfer of HFE-7100 in horizontal copper multi- 

icrochannels with diverging cross section. They examined six test 

ections with a hydraulic diameter of 1.12 mm and average aspect 
3 
atio ranging from 0.16 to 1.2 at mass flux range of 39 –180 kg/m 

2 s.

hey reported that channels with diverging cross section exhib- 

ted higher heat transfer rate and critical heat flux than chan- 

els with uniform cross section, especially at the lowest mass flux 

 G = 39 kg/m 

2 s). Additionally, they reported significant effect of 

spect ratio on the boiling curve with channels of aspect ratio 

.99 showing the best performance due to the large liquid film 

hickness at the channel corners. However, inspecting the boiling 

urve in their paper, the effect of aspect ratio did not show a clear 

rend. Finally, they reported that a maximum base heat flux value 

f 1140 kW/m 

2 was reached during their experiments. 

Markal et al. [13] carried out an experimental investigation of 

ow boiling heat transfer of de-ionized water in horizontal rect- 

ngular multi-microchannels. Six heat sinks made of silicon with 

9 microchannels were manufactured with channel aspect ratios 

f 0.37, 0.82, 1.22, 2.71, 3.54 and 5 and fixed hydraulic diame- 

er of 0.1 mm. The experimental operating conditions were set at 

0 °C inlet temperature, wall heat flux of 71 –131 kW/m 

2 and mass 

ux ranging from 151 to 324 kg/m 

2 s. Their boiling curve results 

emonstrated that boiling started at high wall superheat values, 

.e. 30 K, in the channels with small aspect ratio of 0.37, 0.82 and 

.22. On the contrary, for the large channels with aspect ratio of 

.71, 3.54 and 5, boiling started at lower wall superheat, i.e. around 

 K. In other words, channels of nearly square cross section and 

eep channels perform worse than the shallow channels. They at- 

ributed this heat transfer behaviour to the periodic nature of the 

ow patterns that was observed in all channels. They reported that 

he flow patterns were fluctuating between rewetting, evaporation 

nd slug-annular/annular flow and partial dryout. In the channels 

ith high aspect ratios, the period of dryout was shorter com- 

ared to channels with smaller aspect ratio. They mentioned that, 

here was no regular relationship between the total pressure drop 

nd the channel aspect ratio due to the complex flow boiling phe- 

omenon. 

Özdemir et al. [14] performed an experimental study of flow 

oiling heat transfer of water in a copper horizontal single mi- 

rochannel at G = 20 0–80 0 kg/m 

2 s. They tested three test sections 

aving the same hydraulic diameter ( D h = 0.56 mm) and aspect 

atio of 0.5, 2.56 and 4.94. These channels had average surface 

oughness of 0.496, 0.139 and 0.102 μm. They reported four flow 

atterns namely; bubbly, slug, churn and annular flow that can oc- 

ur periodically. The effect of aspect ratio on the flow patterns was 

ound to be small except for bubbly flow. The bubbles were small 

n size and dispersed in the channel with larger aspect ratio and 

he bubbles became more elongated when the channel aspect ra- 

io decreased due to the confinement effect. The heat transfer re- 

ults indicated that, at heat flux up to 480 –500 kW/m 

2 , the heat

ransfer coefficient increased with decreasing channel aspect ra- 

io, while the effect of aspect ratio was insignificant at higher heat 

uxes. 

It can be concluded from the above experimental studies that 

he effect of channel aspect ratio on the flow patterns, two-phase 

ressure drop and heat transfer coefficient is still unclear and more 

nvestigation is required. In some studies, the effect of aspect ra- 

io was investigated while the hydraulic diameter and average sur- 

ace roughness were not fixed. Additionally, some researchers stud- 

ed the effect of aspect ratio at operating conditions near boiling 

ncipience, i.e. at very low vapour qualities and heat fluxes. Ac- 

ordingly, it is difficult to get a general conclusion about the ef- 

ect of channel aspect ratio. Therefore, the present study examined 

he effect of channel aspect ratio on flow patterns, pressure drop 

nd heat transfer characteristics while keeping the average surface 

oughness and hydraulic diameter fixed. Three heat sinks made of 

xygen-free copper with hydraulic diameter of 0.46 mm and dif- 

erent channel aspect ratios of 0.5, 1 and 2 were examined. The 

verage surface roughness of all channels was measured and was 
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Table 1 

Thermophysical properties of HFE-7100 at 1 bar obtained from EES software. 

i lg [J/kg] ρ l [kg/m 

3 ] ρg [kg/m 

3 ] k l [W/mK] C p [J/kgK] σ [N/m] 

111,661 1373 9.575 0.06206 1157 0.0136 

Fig. 1. Schematic diagram of the experimental facility [28] . 
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pproximately 0.3 μm. All the experiments were carried out using 

uid HFE-7100 at system pressure near 1 bar, low inlet sub-cooling 

f 5 K, mass flux ranging from 50 to 250 kg/m 

2 s and wall heat

ux from 9.6 to 191.6 kW/m 

2 . The thermophysical properties of the 

ested fluid at atmospheric pressure are presented in Table 1 . 

. Experimental system 

.1. Flow loop 

The experimental facility, as shown in Fig. 1 and 2 , was a closed

ow loop that consisted of liquid reservoir (9 L volume), sub-cooler 

heat exchanger), micro-gear pump with digital driver, two Coriolis 

ow meters (for low and high mass flow rates), pre-heater, data 

ogger, test section (evaporator) and condenser. The reservoir in- 

luded an immersion heater and the condenser cooling coil was 

ounted on the topside of this reservoir. The immersion heater 
Fig. 2. Photograph of the e

4 
nd the condenser were also used to adjust the system pressure 

nd to degas the liquid before the experiments by vigorous boiling. 

he sub-cooler was installed before the pump to avoid fluid cavita- 

ion. The micro-gear pump supplied flow rate up to 2304 mL/min. 

his flow rate was measured using the two Coriolis flow meters 

ith accuracy of ±0.1%. A stainless steel pre-heater with heating 

ower of 1500 W was installed before the test section to control 

he fluid inlet temperature, i.e. the fluid inlet sub-cooling. The sup- 

lied power to the reservoir, pre-heater and the test section was 

ontrolled by three Variac transformers. The input power to the 

est section was measured using a power metre (Hameg HM8115–

) with accuracy of ±0.4%. A chiller system with 2.9 kW cooling 

apacity was connected to the rig to reject the heat from the reser- 

oir and the sub-cooler. All the measuring sensors, such as ther- 

ocouples, inlet/outlet pressure transducers, differential pressure 

ransducer and flow meters were connected to the National Instru- 

ents Data Acquisition System-DAQ with a frequency of 1 kHz. A 

hantom high-speed camera with 10 0 0 fps at 512 × 512 pixel cou- 

led with a Huvitz HSZ-645TR microscope and LED lighting system 

ere used to capture the two-phase flow patterns. 

.2. Test section 

The test section consisted of the bottom plate, the housing, the 

over plate and the heat sink block as illustrated in Fig. 3 (a). A 

olytetrafluoroethylene block was used to fabricate both the hous- 

ng and the bottom plate to ensure a good insulation. Twelve holes, 

ith a diameter of 0.6 mm, were drilled into this housing to pass 

he thermocouple wires. In order to capture the flow patterns dur- 

ng the experiments, a transparent polycarbonate cover plate was 

anufactured. Both the inlet and outlet plena, with semi-circular 

hape, were formed in the top cover. The heat sink block was 

ade of oxygen-free copper with 26 mm width, 94.5 mm height 

nd 51 mm length as shown in Fig. 3 (b). Four cartridge heaters 

f 700 W total heating power were vertically inserted into the 

eat sink block from the bottom side. Four tapping holes were 

rilled into the cover plate, see Fig. 3 (c) in order to insert the 

easuring sensors, i.e. inlet/outlet fluid thermocouples, inlet/outlet 

ressure transducers and one differential pressure transducer. This 

late was placed on the topside of the housing, and an O-ring 

as inserted between this plate and the heat sink to prevent any 

uid leakage. Twelve K-type thermocouples were inserted into the 
xperimental facility. 
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Fig. 3. Test section details (a) Exploded drawing and (b) Heat sink block, dimensions in mm [28] (c) Overall assembly. 
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eat sink block, see Fig. 3 (c), to assess the temperature distribution 

long the channels, in the transverse and vertical direction. Three 

f these thermocouples were located in the axial direction parallel 

o the flow at the opposite side of the block. These thermocouples 

elp to measure the base heat flux and to help confirm that there 

as no heat flow in the horizontal and transverse directions, i.e. 

D heat conduction in the vertical direction. 

.3. Microchannels heat sink 

In this study, three heat sinks with different channel aspect ra- 

ios were fabricated using a high-precision milling machine (Kern 

SPC-2216). Rectangular multi-microchannels were milled on the 

op surface of the heat sink block. These horizontal microchan- 

els have the same channel hydraulic diameter of 0.46 mm and 

ame channel length of 25 mm, but different aspect ratios, i.e. 0.5, 

 and 2. The number of channels was 40, 36 and 25 respectively. 
5 
he base area of the heat sink was calculated from the width and 

ength which were 20 and 25 mm, respectively. This base area of 

00 mm 

2 was chosen based on the chipset die size. It is known 

hat the value of die size differs from chipset to another accord- 

ng to the chipset performance. For example, the die size of In- 

el Sandy Bridge 4C processor is 216 mm 

2 and is 503 mm 

2 for 

ntel Xeon E7440 (source: www.intel.com ). In the present study, 

oth the microchannels and the inlet and outlet plena with semi- 

ircular shape were designed as one part. This was adopted to (i) 

esign microchannels heat sink that is acceptable for commercial 

pplications, i.e. this ensures an integrated assembly and a flat sur- 

ace bottom, which can easily be attached to any chipset, and (ii) 

revent any leakage that could happen during the experiments by 

nserting O-ring around the heat sink. The bottom thickness of the 

nlet and outlet plena was very thin, i.e. just 2 mm, to ensure min- 

mum heat transfer in these parts. This minimum size of 2 mm 

as necessary for strength, i.e. avoid possible break at this point. 

http://www.intel.com
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Table 2 

Geometric dimensions of the test sections. 

Test section H ch [mm] W ch [mm] W fin [mm] N [-] D h [mm] β [-] W b × L b [mm] R a [μm] 

1 0.7 0.35 0.15 40 0.46 0.5 20 × 25 0.271 

2 0.46 0.46 0.1 36 0.46 1 20 × 25 0.286 

3 0.35 0.7 0.1 25 0.46 2 20 × 25 0.304 
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t is worth mentioning that the machining conditions, i.e. cutting 

eed rate and rotation speed, affect the channel surface microstruc- 

ures and thus the surface roughness. Accordingly, the machining 

onditions were kept the same during the fabrication of all heat 

inks. The spindle of the machine was set at a cutting feed rate 

nd rotation speed of 550 mm/min and 20,0 0 0 rpm, respectively. 

herefore, the average surface roughness of all microchannels was 

pproximately the same value. A surface profiler instrument, Zygo 

ewView 50 0 0, was used to measure the channel bottom rough- 

ess at different locations then the average value was taken. It was 

ound that the average surface roughness of the three heat sinks 

as 0.271, 0.286 and 0.304 μm. Fig. 4 shows the surface charac- 

eristics, for the test section with aspect ratio of 0.5, over a sam- 

le test area of 0.132 × 0.176 mm. This figure depicts the intensity 

ap, the surface profile and the surface map (2D and 3D). It can 

e seen that the surface average roughness is 0.27 μm, while the 

inimum valley depth and the maximum peak height are 1.57 and 

.86 μm, respectively. It also shows the maximum peak to valley 

eight, which is 3.43 μm over this area. The dimensions and av- 

rage roughness for each test section are presented in Table. 2 . All 

he channel dimensions were measured using an optical coordinate 

easuring machine (TESA-VISIO 200GL) with accuracy of ±2 μm. 

. Data reduction 

During the single-phase experiments, the experimental Fanning 

riction factor f exp and the average Nusselt number Nu were calcu- 

ated as follow: 

f exp = 

�P ch D h 

2 L ch v l G 

2 
ch 

(1) 

u = 

h̄ D h 

k l 
(2) 

here �P ch , D h , L ch , v l , G ch , h̄ and k l are the channel pressure drop,

he channel hydraulic diameter, the channel length, the liquid spe- 

ific volume, the channel mass flux, the average heat transfer coef- 

cient and the liquid thermal conductivity, respectively. The chan- 

el pressure drop was calculated from the total measured pres- 

ure drop �P meas and the pressure drop components as shown in 

q. (3) . 

P ch = �P meas −
(
�P ip + �P sc + �P se + �P op 

)
(3) 

The pressure drop components �P ip , �P sc , �P se and �P op are 

he pressure drop in the inlet plenum due to the change in flow 

irection by 90 °, the sudden contraction pressure drop at the chan- 

el inlet, the sudden expansion pressure drop at the channel outlet 

nd the pressure drop in the outlet plenum due to the change in 

ow direction by 90 °, respectively. These components can be cal- 

ulated using a procedure described by Remsburg [15] as follows: 

P ip = K 90 
1 

2 

G 

2 
p v l (4) 

P op = K 90 
1 

2 

G 

2 
p v l (5) 

P sc = 

1 

G 

2 
ch v l 

[
1 − α2 + 0 . 5 ( 1 − α) 

]
(6) 
2 

6 
P se = 

1 

2 

G 

2 
ch v l 

[ 
1 

α2 
− 1 + ( 1 − α) 

2 
] 

(7) 

here K 90 and α are the loss coefficient of the 90 0 turns and 

he area ratio ( α = 

A min 
A max 

), respectively. The uniform wall temper- 

ture method (UWT) was adopted here to calculate the average 

eat transfer coefficient and thus the average Nusselt number. 

q. (8) was used to calculate the heat transfer coefficient. 

¯
 = 

q ′′ b W b L ch 

A ht �T LM 

(8) 

here q ′′ 
b 

, W b , A ht and �T LM 

are the base heat flux, the base width,

he total heat transfer area and the log mean temperature differ- 

nce, respectively. The log mean temperature difference can be cal- 

ulated as follows: 

T LM 

= 

T f o − T f i 

ln 

(
T wi −T f i 

T wi −T f o 

) (9) 

The vertical wall temperature gradient dT 
dy 

was used to estimate 

he base heat flux q ′′ 
b 

as follows: 

 

′′ 
b = k cu 

dT 

dy 

∣∣∣∣
y =0 

(10) 

here k cu is the copper thermal conductivity. Eq. (11) was used to 

alculate the total heat transfer area A ht by assuming uniform heat 

ux in the axial and transverse direction and three-sides heated 

adiabatic cover plate). 

 ht = ( 2 H ch + W ch ) L ch N (11) 

here H ch , W ch and N are the channel height, width and the num- 

er of channels, respectively. During the two-phase experiments, 

he heat transfer coefficient and the vapour quality were calculated 

ocally, i.e. at three locations along the channel, see Eq. (12) and 

13) . 

 ( z ) = 

q ′′ b ( W ch + W f in ) 

( T wi ( z ) − T f ( z ) ) ( W ch + 2 ηH ch ) 
(12) 

 ( z ) = 

i ( z ) − i l ( z ) 

i lg ( z ) 
(13) 

here W fin , T wi ( z ) , T f ( z ) , η, i ( z ) , i l ( z ) and i lg (z) are the fin width, the

ocal internal surface temperature, the local fluid temperature, the 

n efficiency, the local specific enthalpy, the local liquid specific 

nthalpy and the local latent heat of vaporization, respectively. The 

n efficiency η can be calculated using Eq. (14) and (15) . 

= 

tanh ( m H ch ) 

m H ch 

(14) 

 = 

√ 

2 h ( z ) 

k cu W f in 

(15) 

Eq. (16) was used to calculate the local internal surface temper- 

ture. 
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Fig. 4. Surface characteristics of the channel bottom for aspect ratio 0.5 using Zygo NewView 50 0 0. 

T

w

t

b

E

T

p

 wi ( z ) = T th ( z ) −
q ′′ b b 
k cu 

(16) 

here T th ( z ) is the local thermocouple temperature, while b is 

he vertical distance between the thermocouple and the channel 

ottom. The local fluid temperature T f ( z ) can be calculated using 
7 
q. (17) . 

 f ( z ) = T f i + 

q ′′ b W b z 

˙ m c p l 
(17) 

The local fluid temperature T f ( z ) was used during liquid single- 

hase region. This temperature was replaced by the local satura- 
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Table 3 

Experimental uncertainties. 

Parameter Uncertainty 

Temperature T-type ±0.024K 

Temperature K-type ±0.038 −0.12K 

Inlet pressure transducer ±0.46kPa 

Outlet pressure transducer ±0.37kPa 

Differential pressure ±0.08% 

Coriolis mass flow rate ±0.1% 

Fanning friction factor ±1.46 −2.99% 

Average Nusselt number ±1.4 − 11.9% 

Local vapour quality ±0.35–15.3% 

Local heat transfer coefficient ±0.72–13.48% 

Mass flux ±0.32–0.64% 

Heat flux ±0.12–6.88% 

Table 4 

Experimental operating conditions. 

System pressure [bar] 1 

Saturation temperature [ °C] 59.63 

Inlet sub-cooling [K] 5 

Mass flux [kg/m 

2 s] 50–250 

Base heat flux [kW/m 

2 ] Up to 531.2 

Exit vapour quality [-] Up to 0.99 
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ion temperature during two-phase flow region. The local satura- 

ion temperature was found from the corresponding local pressure 

 sat ( z ) by assuming a linear pressure drop along the channel, see 

q. (18) . 

 sat ( z ) = P sat ( z,sub ) −
(

z − L sub 

L ch − L sub 

)
�P t p (18) 

here P sat ( z, sub ) , z, L sub , L ch and �P tp are the local saturation pres-

ure at the subcooled region, the axial distance, the subcooled 

ength, the channel length and the two-phase pressure drop, re- 

pectively. The local saturation pressure at the subcooled region 

nd the subcooled length (length of single-phase region) were cal- 

ulated as follows: 

 sat ( z,sub ) = P i −
2 f G 

2 
ch 

L sub 

ρl D h 

(19) 

 sub = 

˙ m c p l 
(
T sat ( z,sub ) − T f i 

)
q ′′ b W b 

(20) 

here P i and f are the inlet pressure and the Fanning friction fac- 

or, respectively. The Fanning friction factor was calculated using 

qs. (21 - 23 ) for developing laminar flow as proposed by Shah and

ondon [16] . 

f app = 

3 . 44 

Re 
√ 

L ∗
+ 

f F D Re + 

K ∞ 
4 L ∗ − 3 . 44 / 

√ 

L ∗

Re 
(
1 + C ( L ∗) −2 

) (21) 

 

∗ = L sub /Re D h (22) 

f F D Re = 24(1 − 1 . 355 β + 1 . 946 β2 − 1 . 7012 β3 + 0 . 9564 β4 

−0 . 2537 β5 ) (23) 

here L ∗, β , C and K ∞ 

are the dimensionless length, the chan- 

el aspect ratio, the dimensionless correction factor and the di- 

ensionless incremental pressure drop number, respectively. Both 

 and K ∞ 

were found from Shah and London [16] . An iteration pro-

ess was conducted between Eq. (19) and (20) to find the local sat- 

ration temperature at the end of the subcooled region T sat ( z, sub ) , 

orresponding to the local saturation pressure at the subcooled re- 

ion P sat ( z, sub ) , and then determine the subcooled length L sub . The 

wo-phase pressure drop �P tp in Eq. (18) was calculated by sub- 

racting the channel pressure drop from the single-phase pressure 

rop. The local specific enthalpy i (z) in Eq. (13) was calculated as 

ollows: 

 ( z ) = i i + 

q ′′ b W b z 

˙ m 

(24) 

The average heat transfer coefficient along the channel is given 

n Eq. (25) . 

¯
 = 

1 

L ch 

L ch ∫ 
0 

h ( z ) dz (25) 

Table 3 presents the experimental uncertainties for all vari- 

bles. The uncertainty values of the measured variables, i.e. ther- 

ocouples and inlet/outlet pressure transducers, were calculated 

rom the calibration procedure. The uncertainties of the differen- 

ial pressure transducer and Coriolis flow meters were found from 

he manufacturer specification datasheets. The uncertainties of all 

erived variables were calculated using the procedure proposed by 

oleman and Steele [17] . 

. Experimental procedure 

In this study, single and two-phase experiments were con- 

ucted at different operating conditions. Before starting any exper- 

ment, flashing and degassing processes were carried out to en- 

ure that there is no trapped gas in the test section and the test 
8 
oop. The micro-gear pump run at high mass flow rate to push 

ny trapped gases to the liquid reservoir. Since the fluid HFE-7100 

ontains 53% of air by volume under ambient condition [18] , a de- 

assing process was carried out, see Al-Zaidi et al. [19] for more 

etails about this process. It is worth mentioning that the rig was 

harged with pure HFE-7100 (the fluid was not exposed to the at- 

osphere before charging) under vacuum, i.e. minimal traces of 

issolved gases. Single-phase experiments were performed at adi- 

batic and diabatic conditions to valid the experimental rig using 

he single-phase Fanning friction factor and the average Nusselt 

umber. Flow boiling experiments were conducted at five mass 

uxes and exit vapour quality up to 0.99 as presented in Table 4 .

teady state conditions were assumed when the variation in the 

easuring signals of temperature, pressure and mass flow rate 

as less than 5%. Data were then collected for two minutes at a 

requency of 1 kHz via LabView software and saved. The average 

alue was then used in all calculations adopted in the data reduc- 

ion. The EES software was used to obtain all the thermophysical 

roperties of the tested fluid and to develop the calculations pro- 

ram. Flow visualization was recorded for each run at the heat sink 

entre and at three different locations; near the channel inlet, near 

he middle and near the channel outlet. 

. Results and discussions 

.1. Single-phase validation 

The experimental system and measuring instruments were vali- 

ated using single-phase experiments. Fig. 5 shows the experimen- 

al Fanning friction factor plotted versus Reynolds number for the 

hannels with aspect ratio of 0.5 and compared with the corre- 

ation by Shah and London [16] for horizontal non-circular chan- 

els. This figure depicts that the experimental results were in a 

ood agreement with Shah and London correlation for develop- 

ng flow. Fig. 6 presents the experimentally determined average 

usselt number versus Reynolds number compared with three ex- 

sting correlations such as Shah and London [16] for developing 

ow, Peng and Peterson [20] and Mirmanto [21] . It shows that the 

usselt number increased with Reynolds number, and there was a 

easonable agreement with the correlations by Peng and Peterson 

20] and Mirmanto [21] giving a mean absolute difference of 11% 

nd 14%, respectively. 
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Fig. 5. Experimental Fanning friction factor versus Reynolds number for aspect ratio 

of 0.5. 

Fig. 6. Average Nusselt number versus Reynolds number for aspect ratio of 0.5. 
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Fig. 7. Experimental flow patterns at mass flux of 100 kg/m 

2 s for the channel as- 

pect ratio of 0.5. 
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.2. Flow boiling patterns 

The experimental flow patterns were observed at different lo- 

ations along the centre of the heat sink. The size of each photo- 

raph taken by the present camera was 4 × 4 mm. Four flow pat- 

erns were observed in the three examined test sections, namely: 

ubbly, slug, churn and annular flow. Fig. 7 illustrates the features 

f these flow patterns for mass flux 100 kg/m 

2 s and channel as- 

ect ratio of 0.5. Fig. 7 (a) shows that bubbly flow with bubble size

maller than the channel width was observed near the channel in- 

et at wall heat flux of 68.67 kW/m 

2 . Bubbly flow was observed 

ear the channel inlet for the entire heat flux range studied. Some 

f these bubbles were observed to nucleate at the channel corners, 

hile some of them became confined. Slug flow was observed near 

he channel middle at wall heat flux of 22.68 kW/m 

2 and higher as 

 long cylindrical vapour bubble followed by bubbles as illustrated 

n Fig. 7 (b). Churn flow was captured near the channel middle at 

all heat flux of 45.6 kW/m 

2 and higher which was characterized 

y non-uniform vapour-liquid interphase and shape, as depicted in 

ig. 7 (c). Annular flow occurred at the channel outlet, when wall 

eat flux was 45.6 kW/m 

2 and higher as a vapour core surrounded 

y liquid film, see Fig. 7 (d). In addition to the previous regimes, 

ig. 8 depicts an interesting feature, which was observed at high 

eat fluxes, i.e. the presence of bubble nucleation in the liquid film 
9 
f annular flow at the channel corners, see also Karayiannis and 

ahmoud [1] . This photograph was taken near the channel mid- 

le at wall heat flux of 51 kW/m 

2 and mass flux of 200 kg/m 

2 s

or the smaller channel aspect ratio. This was visualised for all 

est sections and could be due to the high wall superheat activat- 

ng more nucleation sites at high heat fluxes. Magnini and Matar 

22] conducted a numerical study to investigate the effect of chan- 

el aspect ratio ( β = 1–8) on flow boiling characteristics of a single 

ubble under uniform heat flux boundary condition. They seeded a 

mall bubble at the centre of the channel cross section and allowed 

or evaporation at the liquid-vapour interface without considering 

ny nucleation. Their results indicated that the degree of super- 

eat was much higher at the channel corners for all examined as- 

ect ratios. Additionally, in the square channel, the liquid film was 

oo thin at all walls except at the channel corners. In rectangular 

hannels, when the aspect ratio increased (shallow channel), the 

iquid film was too thin at the top and bottom walls and too thick 

t the side walls, e.g. it was about 80% of the perimeter for β > 4.

he high wall superheat and thick liquid film (either at the corners 

r side walls) could promote nucleation in the liquid film, which 

grees with the current study, see Fig. 8 . 
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Fig. 8. Nucleation site in the liquid film of annular flow at wall heat flux of 51 kW/m 

2 and mass flux of 200 kg/m 

2 s for aspect ratio of 0.5 (near the channel middle). 

Fig. 9. Bubbly flow at wall heat flux near 45 kW/m 

2 and mass flux of 100 kg/m 

2 s 

for different channel aspect ratios (near the channel inlet). 
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Although bubbly, slug, churn and annular flow were visualized 

or all channel aspect ratios, slight differences in their features 

ere found. Fig. 9 shows the features of bubbly flow observed 

ear the channel inlet at wall heat flux near 45 kW/m 

2 , mass flux 

f 100 kg/m 

2 s and different aspect ratios. Fig. 9 (a) demonstrates 

hat, for the channel with aspect ratio of 0.5, the size of the bub- 

les was smaller than the channel width. However, larger confined 

ubbles were also present. For the channel with aspect ratio of 

, the bubble size was still smaller than the channel width, see 

ig. 9 (b), and the bubbles size was smaller than that observed in 

he channels with aspect ratio of 0.5. Some of the bubbles be- 
10 
ame larger due to bubble coalesence and their size approached 

he channel width. For the channel of larger aspect ratio, i.e. as- 

ect ratio of 2, the bubble size was much smaller than the chan- 

el width and smaller than those seen in the other apsect ratios, 

ee Fig. 9 (c). These differences in the bubble size are likely due 

o the strong effect of confinement induced by the channel walls 

hen the channel width decreases and possible heat transfer from 

ll three heated walls. It can be concluded from Fig. 9 that the 

ubble size increases as the channel aspect ratio decreases (reduc- 

ion in the channel width). Another reason for the difference in 

ubble size observed in the three test sections could be the effect 

f flow reversal. In the present study, flow reversal and pressure 

rop fluctuation were found to increase with decreasing channel 

spect ratio for the mass flux ranged studied. With flow reversal, 

he mass flux may vary amongst the channels which has a signifi- 

ant effect on bubble size. Moreover, the bubble size may become 

arge during the stagnation period due to more evaporation rate 

rom surrounding and coalescence rate, see Section 5.3 . 

Fig. 10 depicts the effect of aspect ratio on the features of 

lug flow observed near the channel middle at wall heat flux near 

3 kW/m 

2 and mass flux of 50 kg/m 

2 s. Vapour slugs, which filled 

he channel cross-sectional area were seen in all test sections. 

hese slugs were followed by small and large bubbles, as shown 

n this figure. The figure illustrates that the size of these bubbles 

nd the slug ends differed from channel aspect ratio to another. 

hen the channel aspect ratio decreased, the slug ends had more 

ound shape due to the fact that these slugs were squeezed by the 

hannel sidewalls. Moreover, the bubbles that followed the slugs 

ecame larger (more confined) with decreasing channel aspect ra- 

io due to the confinement effect. 

Fig. 11 illustrates the effect of aspect ratio on the features of 

nnular flow at wall heat flux near 79 kW/m 

2 and mass flux of 

50 kg/m 

2 s. This photograph was taken at the channel outlet. It 

an be seen that, there was no clear effect of aspect ratio on an- 

ular flow. It is worth mentioning that it was difficult to measure 

he distrubtion and thickness of the liquid film in this regime, even 

ith the high-speed, high-resolution camera used in this study. 

It can be concluded from the above discussion that the three 

nvestigated aspect ratios do not show significant effects on the 

bserved flow patterns. The effect of aspect ratio could be limited 

o the slug flow, see above. The effect of aspect ratio could affect 

he distribution and thickness of the liquid film, which however 

ould not be captured in the present study using the high speed 

amera, which views from the top side. 
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Fig. 10. Slug flow at wall heat flux near 23 kW/m 

2 and mass flux of 50 kg/m 

2 s for 

different channel aspect ratios (near the channel middle). 

Fig. 11. Annular flow at wall heat flux near 79 kW/m 

2 and mass flux of 250 kg/m 

2 s 

for different channel aspect ratios (at the channel outlet). 

5

p

F

i

t

t

w

r

f

p

s

s

[

c

t

t

d

n  

fl

t

v

a

w

A

w

c

l

b

a

i

c

w

r

c

i

l

fl

t

I

a

s

p

b

s

m

s

i  

h

c

a

c

5

7

t

n

t

i

s

t

d

i

w

b

s

t

t

o

o

t

t

.3. Flow reversal and instability 

Flow reversal and fluctuations in pressure, mass flux and tem- 

erature are very common in multi-microchannels configurations. 

low reversal is a periodic back flow due to a sudden increase 

n the flow resistance inside the microchannels. Kandlikar [23] at- 

ributed flow reversal to the occurrence of bubble nucleation near 

he channel inlet and the low flow resistance to back flow. In other 

ords, the high evaporation rate leads to an increase in the evapo- 
11 
ation momentum force, which when exceeds the shear and inertia 

orces results in flow reversal as mentioned by Kandlikar [24] . High 

ressure and mass flux fluctuations are other indicators of flow in- 

tability. Flow reversal was reported in some experimental studies, 

ee Chen and Garimella [25] , Yang et al. [26] and Fayyadh et al. 

27] . In the present study, flow reversal occurred after boiling in- 

ipience for all examined heat and mass fluxes. This could be due 

o the bubble generation near the channel inlet and slug forma- 

ion as captured by the camera, see Al-Zaidi et al. [28] for further 

iscussion. 

Fig. 12 depicts a sequence of pictures of flow reversal for chan- 

el aspect ratio of 2 at wall heat flux of 114.8 kW/m 

2 and mass

ux of 250 kg/m 

2 s. These pictures were taken at a location be- 

ween the channel inlet and middle to detect the cycle of flow re- 

ersal. The flow reversal cycle was found to be forward, stagnation 

nd backward motion. Moreover, the experimental flow patterns 

ere fluctuating between bubbly, confined bubbles and slug flow. 

t an arbitrary starting time of 0 ms, small bubbles moved to- 

ards the channel outlet. These bubbles had size smaller than the 

hannel width. After 21 ms, the captured bubbles stayed at their 

ocations for about 1 ms. During this stagnation period, the bub- 

les size became larger due to heat transfer from the surrounding 

nd coalescence with others. After that, back motion was visual- 

zed with continuous increase in bubble size until the bubbles be- 

ame confined at 27 ms. After 37 ms, all the channels were filled 

ith vapour slugs that moved towards the channel inlet. This pe- 

iod (backward motion) took about 21 ms. At time of 43 ms, the 

ycle of flow reversal was finished and small new bubbles occurred 

nside the channels that moved to the downstream direction. 

Flow reversal is very common in multi-microchannels, regard- 

ess of channel geometry and operating conditions (heat and mass 

ux). Therefore it would be difficult to infer the effect of aspect ra- 

io using the sequence of flow patterns discussed above in Fig. 12 . 

n other words, this figure is presented to explain the mechanism 

nd phenomenon of flow reversal but cannot be used to under- 

tand the effect of aspect ratio. The high speed camera and the 

ressure sensors should be synchronized in order to have a link 

etween the pressure signals and flow patterns. In the present 

tudy, pressure and temperature measurements were conducted si- 

ultaneously but not synchronized. Accordingly, the pressure drop 

ignal is used to quantify the effect of aspect ratio on flow instabil- 

ty, as depicted in Fig. 13 for G = 150 kg/m 

2 s at low and high wall

eat fluxes. The figure shows that the pressure drop fluctuation in- 

reased when the channel aspect ratio decreased. For example, the 

mplitude of fluctuation increased from 0.16 to 1.15 kPa when the 

hannel aspect ratio decreased from 2 to 0.5 at wall heat flux near 

3 kW/m 

2 . This effect was also found at high wall heat flux, i.e. 

0 kW/m 

2 , as shown in Fig. 13 (b). As mentioned above, because 

he pressure drop measurements and the flow visualisation were 

ot synchronised, it was difficult to link directly the higher ampli- 

ude of the pressure fluctuation in the channel of β = 0.5 to flow 

nstabilities and flow reversal. Thus, based on the pressure drop 

ignal, it can clearly be stated that the instabilities are higher in 

he small aspect ratio channels. 

It can be concluded from the above discussion that pressure 

rop fluctuation increases as the aspect ratio decreases. However, 

t must be emphasised that the heat transfer results in this study 

ere not significantly affected by this mild flow reversal. This can 

e confirmed by checking the measured signal of inlet/outlet pres- 

ure, inlet/outlet fluid temperature and wall temperatures along 

he channel for all heat sinks. The maximum percentage of fluc- 

uation was found to be 2.37% for the inlet pressure, 1.11% for the 

utlet pressure, 0.85% for the inlet fluid temperature, 0.04% for the 

utlet fluid temperature and between 0.05% to 0.46% for the wall 

emperature, see Fig. 14 , which shows the inlet pressure fluctua- 

ion for three heat sinks. Al-Zaidi et al. [28] also presented the 
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Fig. 12. Sequence of pictures of flow reversal for aspect ratio of 2 at wall heat flux of 114.8 kW/m 

2 and mass flux of 250 kg/m 

2 s (between the channel inlet and middle). 

Yellow arrow indicates forward motion and red backward motion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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Fig. 13. Effect of aspect ratio on the measured pressure drop signal at mass flux of 150 kg/m 

2 s and two different wall heat fluxes. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 14. Inlet pressure fluctuations at wall heat flux of 102 kW/m 

2 and mass flux of 

250 kg/m 

2 s for three heat sinks. 
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uctuation in the measured signals for the aspect ratio of 2. Ad- 

itionally, Fig. 13 a indicates that at low heat fluxes the fluctua- 

ions in pressure drop was about 20% for the heat sink with the 

argest aspect ratio and increased to about 80% for the heat sink 

ith smallest aspect ratio. The high fluctuations at low heat fluxes 

ay be due to the dominance of elongated slug flow along a sig- 

ificant length of the channel that can expand in both directions 

s discussed above. These fluctuations decreased with the increase 
13 
f heat flux (when bubbly/slug flow becomes limited to a short 

ength near the entry region and annular flow dominates along the 

hannel length). For example, Fig. 13 b indicates that the pressure 

rop fluctuations decreased to about 40% when the heat flux in- 

reased to 70 kW/m 

2 . 

.4. Heat transfer characteristics 

The effect of heat flux, mass flux and vapour quality on the lo- 

al and average heat transfer coefficient was discussed in detail in 

l-Zaidi et al. [28] . The heat transfer coefficient was found to in- 

rease with increasing wall heat flux. This was attributed to the 

igh bubble generation and, to a lesser extent to the contribu- 

ion of nucleation in the liquid film, as well as liquid film evap- 

ration. In contrast, there was no clear mass flux effect in the ex- 

mined range of 50–250 kg/m 

2 s. Moreover, the local heat trans- 

er coefficient reached higher value at very low vapour quality and 

hen decreased with increasing local vapour quality, see Fig. 15 . 

t is worth mentioning that due to the short length of the chan- 

els, only three thermocouples were used for the local temperature 

easurements. Thus, the data in Fig. 15 were for three axial loca- 

ions, i.e. z/L of 0.1, 0.5 and 0.9. This reduction in local heat transfer 

ates after the nucleate boiling region could be due to the devel- 

pment of slug, churn and later annular flow where heat transfer 

ates could be lower, see Lee et al. [29] . It is worth mentioning that

he above results were found for all test sections. The reduction in 

wo-phase heat transfer coefficient with vapour qualities was also 
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Fig. 15. Effect of channel aspect ratio on the local heat transfer coefficient at mass flux of 250 kg/m 

2 s and: (a) Low wall heat flux (b) High wall heat flux. 
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eported in the literature, see Qu and Mudawar [30] , Steinke and 

andlikar [31] , Diaz and Schmidt [32] , Lee and Mudawar [33] and 

orniliou and Karayiannis [34] . Qu and Mudawar [30] conducted 

n experimental flow boiling study using de-ionized water in hor- 

zontal rectangular microchannels with channel height and width 

f 0.713 and 0.231 mm, respectively. In another study by Lee and 

udawar [33] , flow boiling of R134a in horizontal square chan- 

els having 1 × 1 mm dimension was investigated. This reduc- 

ion was attributed by [33] to the droplet entrainment and deposi- 

ion during annular flow leading to thicker film thickness. Steinke 

nd Kandlikar [31] also conducted flow boiling experiments using 

ater in horizontal parallel microchannels having 0.2 mm channel 

eight and 0.214 mm channel width. They reported that very high 

eat transfer coefficient was reached at low vapour qualities due 

o the onset of nucleate boiling. After that, a reduction in the heat 

ransfer coefficient with increasing quality was found. This was at- 

ributed by the authors to the rapid bubble growth resulting in 

ow reversal. Diaz and Schmidt [32] performed flow boiling of n- 

exane in a horizontal rectangular channel with height and width 

f 0.3 mm and 12.7 mm, respectively. Their results showed that 

he heat transfer coefficient became high around vapour quality of 

ero, and then decreased rapidly with increasing quality. Korniliou 

nd Karayiannis [34] also reported that the two-phase heat trans- 

er coefficient decreased with local quality, using de-ionized water 

n a horizontal microchannel with 1 mm height and width 1 mm. 

Fig. 15 illustrates the effect of channel aspect ratio on the local 

eat transfer coefficient at mass flux of 250 kg/m 

2 s and different 

all heat fluxes. This figure demonstrates that, in the subcooled re- 

ion, the local heat transfer coefficient increased with aspect ratio. 

his could be due to the lower wall temperature as a result of the 

ider channel width. In the saturation region, there was a notice- 

ble increase in the local heat transfer coefficient when the chan- 

el aspect ratio increased. This aspect ratio effect became clear at 

igh wall heat flux as shown in Fig. 15 (b). The channel aspect ratio

ay affect the bubble nucleation site density and the liquid film 

hickness as shown schematically in Fig 16 . At low vapour quali- 

ies when the flow pattern is bubbly flow, the enhancement in the 

eat transfer coefficient with the increase in aspect ratio could be 

ue to the activation of more nucleation sites at the channel cor- 

ers and on the channel bottom surface due to the large channel 

idth, see Fig 16 (a). When the channel width decreases, bubble 

ucleation may only be limited to the channel corners. In other 

ords, the number of nucleation sites is larger in the channel with 
14 
 larger bottom surface area. It is known that more nucleation 

ites result in higher heat transfer coefficient due to the evapo- 

ation process in the liquid micro-layer underneath these nucleat- 

ng bubbles. At moderate and high vapour qualities, when the flow 

attern is slug or annular flow, the difference in the heat trans- 

er coefficient with different aspect ratios could be due to the be- 

aviour and distribution of the liquid film around the channel cir- 

umference as explained schematically in Fig 16 (b) and discussed 

y Magnini and Matar [22] . In the shallow channel, i.e. large aspect 

atio, the slug or annular flow is confined and squeezed between 

he channel bottom surface and the top adiabatic surface leaving 

 thin liquid film. Since the channels are heated from the bottom 

urface (partial heated channel), the evaporation rate is expected 

o be very high at the liquid film interface in contact with the 

ottom surface. Also, the thicker film and high superheat at the 

ide walls in shallow channels as reported by Magnini and Mater 

22] could help bubble nucleation in the liquid film. In contrast, 

n the deep channel, i.e. small aspect ratio, these flow patterns are 

onfined and squeezed by the channel sidewalls rather than the 

hannel bottom surface. Therefore, the liquid film thickness may 

ecome thicker on the channel bottom surface. This leads to in- 

rease the thermal resistance and decrease the evaporation rate 

eading to lower heat transfer coefficient. 

Fig. 17 presents the average heat transfer coefficient at three 

hannel aspect ratios and mass flux of 250 kg/m 

2 s. This figure il- 

ustrates that the average heat transfer coefficient increased with 

ncreasing wall heat flux. It also shows that when the channel as- 

ect ratio increased from 0.5 to 2, the average heat transfer coef- 

cient increased by 14.3% for the heat flux range studied. The in- 

rease in the two-phase heat transfer coefficient with channel as- 

ect ratio was also reported by other researchers, such as Soupre- 

anien et al. [11] (at low heat fluxes), Markal et al. [13] (up to

spect ratio of 3.54) and Drummond et al. [35] . 

Fig. 18 depicts the effect of channel aspect ratio on the boiling 

urve at mass flux of 250 kg/m 

2 s. Both wall and base heat fluxes 

ere plotted here to discuss the effect of aspect ratio. Generally, 

he wall superheat (wall-to-saturation temperature difference) in- 

reased with increasing wall or base heat flux for all test sections. 

ig. 18 (a) shows that, for a fixed wall superheat, the wall heat flux 

ncreased by 22.3% (average difference) when the channel aspect 

atio increased from 0.5 to 2. In other words, when the wall heat 

ux is the required parameter, a noticeable influence of aspect ra- 

io on the boiling curve was found. From a design point of view, 
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Fig. 16. Schematic diagram of the aspect ratio effect on the: (a) Nucleation site density (b) Liquid film thickness around the channel circumference. 

Fig. 17. Average heat transfer coeffecnet at different aspect ratios and mass flux of 

250 kg/m 

2 s. 
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he dissipated heat from any chipset should be considered when 

 thermal management system is proposed for electronics cooling. 

ccordingly, the boiling curve was plotted using the base heat flux 

ersus wall superheat as shown in Fig. 18 (b). It is obvious that 

hen the channel aspect ratio decreased, the base heat flux was 

ound to increase and also the slope of the boiling curve increased. 
15 
his opposite trend of aspect ratio with base heat flux compared 

o wall heat flux could be attributed to the effect of surface area 

atio. The surface area ratio can be defined as a ratio between the 

otal heat transfer area and the base area as presented in Eq. (26) .

= 

( 2 H ch + W ch ) N 

W b 

(26) 

The total heat transfer area, (and hence the area ratio) differs 

rom heat sink to another since the channel dimensions and the 

umber of channels are not the same. Therefore, the area ratio in- 

reases with decreasing channel aspect ratio leading to an increase 

n the base heat flux as shown in Eq. (27) . 

 

′′ 
b = q ′′ w 

∗ α (27) 

In other words, the maximum heat that can be dissipated from 

he chipset increases with decreasing aspect ratio due to the large 

urface enhancement. This can outweigh the benefits from the 

oiling heat transfer enhancement at larger channel aspect ratio. 

ig. 18 (b) depicts that maximum base heat flux reached up to 

31.2, 414.8 and 335.3 kW/m 

2 , when the aspect ratio was 0.5, 1 

nd 2, respectively, which corresponds to the cooling load of 265.6, 

07.4 and 167.6 W, respectively for a base area of 20 mm × 25 mm. 

.5. Pressure drop characteristics 

Pressure drop is considered an important parameter that de- 

nes the pump performance and energy use. This component may 

e affected by the channel aspect ratio. Therefore, the influence 
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Fig. 18. Apsect ratio effect on the boiling curve at mass flux of 250 kg/m 

2 s and z/L 

of 0.5: (a) Wall heat flux (b) Base heat flux. 
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Fig. 19. Effect of channel aspect ratio on the flow boiling pressure drop at mass 

flux of 250 kg/m 

2 s. 
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f aspect ratio on the flow boiling pressure drop at mass flux of 

50 kg/m 

2 s is presented in Fig. 19 . This figure shows that, for

ll channel aspect ratios, the flow boiling pressure drop increased 

ith wall heat flux. This could be due to the high bubble gener- 

tion and thus high flow resistance leading to an increase in the 

ow boiling pressure drop. The increase in flow boiling pressure 

rop with heat flux (or exit quality) was also reported by Qu and 

udawar [36] , Harirchian and Garimella [5] , Huang et al. [37] and 

arkal et al. [38] . This figure also illustrates that, for a given wall

eat flux, the flow boiling pressure drop increased with deceasing 

hannel aspect ratio. The effect of aspect ratio became noticeable 

t moderate and high heat fluxes, i.e. more than 60 kW/m 

2 , when 

 higher bubble generation occurred and annular flow dominated. 

he flow boiling pressure drop was found to increase by 48.6% (av- 

rage difference) when the aspect ratio decreased from the larger 

o smaller value. The maximum flow boiling pressure drop reached 

n these experiments was 3.98, 5.5 and 5.6 kPa, when the aspect 

atio was 2, 1 and 0.5, respectively. Using the corresponding mass 

ow rates, the increase in the energy consumed by the pump (vol- 

me flow rate × measured pressure drop) is 9.7 mW, which is 

mall compared to the total pressure drop in a thermal manage- 

ent system. It is worth mentioning that other researchers also 
16 
ound that the flow boiling pressure drop varied inversely pro- 

ortional to the channel aspect ratio or increased as the channel 

eight increased (at a fixed width) or channel width decreased (at 

 fixed height), see Harirchian and Garimella [5] , Holcomb et al. 

8] , Soupremanien et al. [11] , Drummond et al. [35] and Özdemir 

39] . This effect of channel aspect ratio on the pressure drop could 

e attributed to: (1) The difference in the exit vapour quality due 

o the different heat transfer areas. For a fixed wall heat flux, the 

hannel aspect ratio of 0.5 has the largest heat transfer area com- 

ared to the aspect ratio of 2. This results in higher heat transfer 

ate and thus higher exit vapour quality, i.e. higher void fraction. 

2) The difference in the distribution of the liquid film. During an- 

ular flow, for the deeper channels (smaller aspect ratio) the liq- 

id film at the channel bottom surface is expected to be thicker 

ue to stratification effects, see Fig. 16 (b). In contrast, for the shal- 

ow channels, i.e. larger aspect ratio, most of the liquid may collect 

t the channel corners leaving a very thin liquid film at the chan- 

el bottom surface and sidewalls. Therefore, the wall shear stress 

between liquid film and channel surface) at the channel bottom 

n addition to the channel sidewalls is expected to be larger com- 

ared to the shallow channels. This may result in larger frictional 

ressure drop component in the deeper channels. 

. Conclusions 

Flow boiling experiments of HFE-7100 in horizontal multi- 

icrochannel heat sinks were carried out. Three different channel 

spect ratios, i.e. 0.5, 1.0 and 2.0, at hydraulic diameter of 0.46 mm 

ere tested. The experiments were set at mass flux ranging from 

0 to 250 kg/m 

2 s, wall heat flux range from 9.6 to 191.6 kW/m 

2 ,

ystem pressure of 1 bar (measured at the test section inlet) and 

nlet sub-cooling near 5 K. The main conclusions can be sum- 

arised as follows: 

1. The observed flow patterns were bubbly, slug, churn and annu- 

lar flow. Small nucleating bubbles in the liquid film of annular 

flow were also visualized. 

2. Flow reversal occurred in all experiments. The cycle of flow re- 

versal was found to be forward motion, stagnation period and 

backward motion, while the captured flow regimes were fluctu- 

ating between bubbly, confined bubble and slug flow. This flow 

reversal resulted in fluctuations in pressure drop, which were 

higher in the channels with small aspect ratio, especially at low 

heat fluxes. However, this mild flow reversal and fluctuations 
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in pressure drop did not affect the heat transfer results signifi- 

cantly. 

3. The bubble size was found to increase with decreasing aspect 

ratio. This could be due to the confinement effect and heat 

transfer from the side walls. Slug ends became more round 

with deceasing aspect ratio, while there was no a clear effect 

on annular flow. 

4. The heat transfer results demonstrated that the heat transfer 

coefficient reached higher values at very low vapour qualities 

then decreased with further quality increases. Moreover, it was 

found to increase with wall heat flux, while there was insignif- 

icant effect of mass flux. 

5. A small enhancement in the heat transfer coefficient was found 

with increasing channel aspect ratio. Compared to the aspect 

ratio of 0.5, the average heat transfer coefficient increased by 

14.3% for an aspect ratio of 2. 

6. The flow boiling pressure drop results showed that the pressure 

drop increased with increasing wall heat flux while it decreased 

with increasing aspect ratio. 

7. The maximum heat that can be dissipated from the chipset 

(base heat flux) increased with decreasing channel aspect ra- 

tio. This is due to the large surface area enhancement, which 

outweighs the increase in the heat transfer coefficient. 

8. The present study demonstrated that, the channel aspect ra- 

tio has a significant effect on both base heat flux and pres- 

sure drop. Accordingly, this parameter should be considered in 

any proposed small to micro-scale thermal management sys- 

tem. However, more experimental work is required to confirm 

this by testing different aspect ratio ranges, operating condi- 

tions and working fluids. 

9. The maximum base heat flux reached in this study was 

530 kW/m 

2 , i.e. cooling load of 265 W, using the smaller chan- 

nel aspect ratio. The working surface temperature can be con- 

trolled to be less than 80 °C, allowing such systems to be used 

in cooling of electronics. 
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