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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 pressure drop) of HFE-7100 in copper multi-microchannel heat sinks was investigated experimentally. Three
heat sinks with base area 500 mm2 , 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 visualisation at mass ﬂux ranging from 50 to 250 kg/m2 s, wall heat ﬂux from 9.6 to 191.6 kW/m2 , 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.

1. Introduction
Flow boiling in microchannel evaporators has the capability of
dissipating huge quantities of heat from a small area with nearly
uniform surface temperature and low pumping power for a given
thermal load. Thus, it is a very promising technique for cooling
electronics equipment and other high heat ﬂux devices. A significant number of past papers is available in the literature describing work aimed at understanding fundamental issues that relate
to ﬂow boiling in small to micro passages, including the prevailing ﬂow patterns, the heat transfer mechanisms, the effect of ﬂuid
properties and channel dimensions and geometry. The present paper focuses on studying the effect of channel aspect ratio (ratio
of channel width to channel height) on ﬂow boiling characteristics
in rectangular microchannels. Thus, the effect of this parameter on
ﬂow boiling characteristics is reviewed and discussed in the following paragraphs. For a more general review on ﬂow boiling in
small to micro tubes and passages the interested reader is referred
to references [1-3].
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Singh et al. [4] studied ﬂow boiling of water in horizontal single rectangular silicon microchannels having a ﬁxed hydraulic diameter of 0.142 mm, aspect ratio values of 1.23–3.75 and average
roughness less than 0.1 μm. They conducted their experiments at
45 K inlet sub-cooling, low input power of 3 W and 3.5 W and
mass ﬂow rate of 0.15–0.2 mL/min. They assessed the effect of aspect ratio based on the input power and mass ﬂow rate, rather
than heat and mass ﬂuxes, to allow comparison at the same exit
vapour quality. Their results indicated that, for a ﬁxed input power
and mass ﬂow rate, the two-phase pressure drop decreased to
a minimum value with increasing channel aspect ratio then increased with further increase of aspect ratio. The minimum pressure drop value was found to occur at channel aspect ratio of 1.56.
It is worth mentioning that the tests conducted by Singh et al.
[4] were nearly at boiling incipience, i.e. very low vapour quality
values. This might not be enough to get a conclusion on the effect of aspect ratio on two phase pressure drop. Additionally, with
keeping the input power and mass ﬂow rate ﬁxed, the heat and
mass ﬂuxes are not the same in these test sections.
Harirchian and Garimella [5] conducted an experimental investigation of ﬂow boiling heat transfer of FC-77 in horizontal silicon multi-microchannels at 5 K inlet sub-cooling and mass ﬂux
range 250–1600 kg/m2 s. Seven heat sinks with the same channel depth, i.e. 0.4 mm, and different channel widths ranging from
0.1 to 5.85 mm (aspect ratio range 0.25–14.6) were manufactured
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Area, [m2 ]
Distance between thermocouple and channel bottom, [m]
Dimensionless correction factor, [-]
Speciﬁc heat at constant pressure, [J/kgK]
Hydraulic diameter, [m]
Fanning friction factor, [-]
Mass ﬂux, [kg/m2 s]
Height, [m]
Heat transfer coeﬃcient, [W/m2 K]
Average heat transfer coeﬃcient, [W/m2 K]
Speciﬁc enthalpy, [J/kg]
Latent heat of vaporization, [J/kg]
Thermal conductivity, [W/mK]
The loss coeﬃcient of the 90° turns, [-]
Dimensionless incremental pressure drop number,
[-]
Length, [m]
Dimensionless length, [-]
Fin parameter, [-]
Mass ﬂow rate, [kg/s]
Number of channels, [-]
Average Nusselt number, [-]
Pressure, [Pa]
Heat ﬂux, [W/m2 ]
Average surface roughness, [μm]
Reynolds number, [-]
Speciﬁc volume, [m3 /kg]
Width, [m]
Vapour quality, [-]
Axial distance, [m]

and tested. The channel hydraulic diameter was not constant for
these heat sinks, i.e. ranged from 0.16 to 0.75 mm, and the average surface roughness of the channel bottom wall ranged from
0.1 to 1.4 μm. It is worth mentioning that their tests were conducted with inlet restriction to supress ﬂow instabilities, i.e. a
throttling valve was installed ahead of the test sections. It was
found that, at a given wall heat ﬂux, the two-phase pressure
drop increased with decreasing channel width (aspect ratio). Additionally, when the heat transfer coeﬃcient was plotted versus
the wall heat ﬂux, the effect of channel width (aspect ratio) was
insigniﬁcant. On the contrary, when the heat transfer coeﬃcient
was plotted versus the base heat ﬂux, a clear effect of the channel width (aspect ratio) was detected and the heat transfer coeﬃcient increased with increasing channel width (aspect ratio).
Harirchian and Garimella [6] presented results of ﬂow visualization using the same test sections and ﬂuid as in [5] but in the
mass ﬂux range of 225–1420 kg/m2 s. They mentioned that bubbly, slug, churn, wispy-annular, and annular ﬂow were captured.
The results demonstrated that the ﬂow patterns in the channels
with 0.1 mm width was different compared to the ﬂow patterns
observed in the channels with larger widths. The differences include the following: (i) Bubbly ﬂow was not observed; instead
slug ﬂow appeared immediately after boiling incipience; (ii) In the
slug and annular ﬂows, the liquid ﬁlm is seen to break up at the
locations of the nucleating bubbles resulting in a discontinuous
liquid ﬁlm. This resulted in a ﬂow pattern that was altering between annular ﬂow with a smooth liquid ﬁlm and annular ﬂow
with a discontinuous liquid ﬁlm and (iii) There was no droplet
entrainment to the vapour core in the annular ﬂow. It is worth
mentioning that bubble nucleation in slug, churn, wispy annular
and annular ﬂows was observed. Additionally, slug ﬂow was not
observed in the channel of width 5.85 mm due to the high aspect ratio and the alternating churn/wispy-annular ﬂow were distributed side by side along the channel width, i.e. they didn’t follow each other along the channel length. Finally, it was concluded
that when the channel width increased, bubbly ﬂow replaced slug
ﬂow, and the churn/wispy-annular ﬂow replaced the churn/annular
ﬂow. Harirchian and Garimella [7] used the same experimental facility and ﬂuid as in [5-6] and examined twelve test sections to
study the effect of channel width, depth, aspect ratio, hydraulic
diameter and cross sectional area. The channel depth was varied
from 0.1 to 0.4 mm, the aspect ratio was varied from 0.27 to
15.55 for cross-sectional area of 0.009–2.201 mm2 , while the hydraulic diameter ranged from 0.096 to 0.707 mm. The bottom wall
of the microchannels had an average roughness ranging from 0.1
to 1.4 μm, similar to the work described in [5]. It was concluded
that, for channels with cross sectional area ≤ 0.037 mm2 (Dh ≤
0.159 mm), bubbly ﬂow did not exist, while slug and annular ﬂow
regimes were dominant. For channels with cross sectional area between 0.037 and 0.089 mm2 (Dh between 0.159 and 0.291 mm),
bubbly, slug and annular ﬂows existed. For channels with cross
sectional area ≥ 0.144 mm2 (Dh ≥ 0.379 mm), bubbly ﬂow appeared at boiling incipience followed by alternating churn/wispyannular ﬂows, i.e. no slug ﬂow. The heat transfer results indicated that for channels with cross sectional area ≥ 0.089 mm2 ,

Greek Symbols
α
Area ratio, [-] α = Aht /Ab [in Eq. (17)]
β
Aspect ratio, [-] β = Wch /Hch
P
Pressure drop, [Pa]
TLM
Log mean temperature difference, [K]
η
Fin eﬃciency, [-]
ρ
Density, [kg/m3 ]
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Surface tension, [N/m]
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Subscript
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Sudden contraction
Sudden expansion
Subcooled
Thermocouple
Two-phase
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ratio ranging from 0.16 to 1.2 at mass ﬂux range of 39–180 kg/m2 s.
They reported that channels with diverging cross section exhibited higher heat transfer rate and critical heat ﬂux than channels with uniform cross section, especially at the lowest mass ﬂux
(G = 39 kg/m2 s). Additionally, they reported signiﬁcant effect of
aspect ratio on the boiling curve with channels of aspect ratio
0.99 showing the best performance due to the large liquid ﬁlm
thickness at the channel corners. However, inspecting the boiling
curve in their paper, the effect of aspect ratio did not show a clear
trend. Finally, they reported that a maximum base heat ﬂux value
of 1140 kW/m2 was reached during their experiments.
Markal et al. [13] carried out an experimental investigation of
ﬂow boiling heat transfer of de-ionized water in horizontal rectangular multi-microchannels. Six heat sinks made of silicon with
29 microchannels were manufactured with channel aspect ratios
of 0.37, 0.82, 1.22, 2.71, 3.54 and 5 and ﬁxed hydraulic diameter of 0.1 mm. The experimental operating conditions were set at
50 °C inlet temperature, wall heat ﬂux of 71–131 kW/m2 and mass
ﬂux ranging from 151 to 324 kg/m2 s. Their boiling curve results
demonstrated that boiling started at high wall superheat values,
i.e. 30 K, in the channels with small aspect ratio of 0.37, 0.82 and
1.22. On the contrary, for the large channels with aspect ratio of
2.71, 3.54 and 5, boiling started at lower wall superheat, i.e. around
6 K. In other words, channels of nearly square cross section and
deep channels perform worse than the shallow channels. They attributed this heat transfer behaviour to the periodic nature of the
ﬂow patterns that was observed in all channels. They reported that
the ﬂow patterns were ﬂuctuating between rewetting, evaporation
and slug-annular/annular ﬂow and partial dryout. In the channels
with high aspect ratios, the period of dryout was shorter compared to channels with smaller aspect ratio. They mentioned that,
there was no regular relationship between the total pressure drop
and the channel aspect ratio due to the complex ﬂow boiling phenomenon.
Özdemir et al. [14] performed an experimental study of ﬂow
boiling heat transfer of water in a copper horizontal single microchannel at G = 20 0–80 0 kg/m2 s. They tested three test sections
having the same hydraulic diameter (Dh = 0.56 mm) and aspect
ratio of 0.5, 2.56 and 4.94. These channels had average surface
roughness of 0.496, 0.139 and 0.102 μm. They reported four ﬂow
patterns namely; bubbly, slug, churn and annular ﬂow that can occur periodically. The effect of aspect ratio on the ﬂow patterns was
found to be small except for bubbly ﬂow. The bubbles were small
in size and dispersed in the channel with larger aspect ratio and
the bubbles became more elongated when the channel aspect ratio decreased due to the conﬁnement effect. The heat transfer results indicated that, at heat ﬂux up to 480–500 kW/m2 , the heat
transfer coeﬃcient increased with decreasing channel aspect ratio, while the effect of aspect ratio was insigniﬁcant at higher heat
ﬂuxes.
It can be concluded from the above experimental studies that
the effect of channel aspect ratio on the ﬂow patterns, two-phase
pressure drop and heat transfer coeﬃcient is still unclear and more
investigation is required. In some studies, the effect of aspect ratio was investigated while the hydraulic diameter and average surface roughness were not ﬁxed. Additionally, some researchers studied the effect of aspect ratio at operating conditions near boiling
incipience, i.e. at very low vapour qualities and heat ﬂuxes. Accordingly, it is diﬃcult to get a general conclusion about the effect of channel aspect ratio. Therefore, the present study examined
the effect of channel aspect ratio on ﬂow patterns, pressure drop
and heat transfer characteristics while keeping the average surface
roughness and hydraulic diameter ﬁxed. Three heat sinks made of
oxygen-free copper with hydraulic diameter of 0.46 mm and different channel aspect ratios of 0.5, 1 and 2 were examined. The
average surface roughness of all channels was measured and was

the heat transfer coeﬃcient was independent of the microchannel
size, which was attributed to the dominance of nucleate boiling in
these channels. On the contrary, for channels with cross sectional
area below this value, the heat transfer coeﬃcient exhibited higher
values compared to the larger channels, especially at low to intermediate heat ﬂuxes. Additionally, the pressure drop was found to
increase with decreasing channel cross-sectional area for a given
mass and heat ﬂux. For channels with a ﬁxed cross sectional area
but different aspect ratio, the pressure drop was the same.
Holcomb et al. [8] from the same group as [5-7], studied ﬂow
boiling heat transfer of de-ionized water in three horizontal rectangular silicon multi-microchannels heat sinks. These three heat
sinks had channel width of 0.25 mm (Dh = 0.299 mm), 1 mm
(Dh = 0.531 mm) and 2.2 mm (Dh = 0.64 mm) and ﬁxed channel height of 0.4 mm. The heat transfer results of water exhibited
nearly similar behaviour and conclusion to FC-77 where the effect
of mass ﬂux and channel width was insigniﬁcant in the two-phase
region. Also, the pressure drop increased with decreasing channel
width. It is diﬃcult to draw clear conclusions on the aspect ratio
effect from the work described in [5-8] as both the aspect ratio
and the hydraulic diameter were varied. In addition, the experiments were not conducted with test section of the same or similar
surface roughness.
Choi et al. [9-10] investigated experimentally the effect of channel aspect ratio on adiabatic two-phase ﬂow of water and nitrogen
gas in a horizontal rectangular glass microchannel. Four channels
with different aspect ratio of 1.09, 1.5, 2.1 and 5.9 were tested.
The hydraulic diameter was 0.49, 0.49, 0.322 and 0.143 mm. The
range of liquid and gas superﬁcial velocity was 0.06–1 m/s and
0.06–71 m/s respectively. They reported four ﬂow regimes with
the increase of gas superﬁcial velocity, namely: bubbly, slug bubble, elongated bubble and liquid ring ﬂows. They mentioned that
the channel aspect ratio had a signiﬁcant effect on the ﬂow pattern characteristics. For example, when the channel aspect ratio
increased (shallow channels), the liquid ﬁlm around the elongated
bubble gets thinner especially at the bottom and top walls of the
channels and the liquid portion collected at the channel corners
decreased. The pressure drop results indicated that ﬂow patterns
have a signiﬁcant effect on the trend of pressure drop versus gas
superﬁcial velocity. The pressure drop increased linearly with increasing gas superﬁcial velocity in bubbly, slug and elongated bubble ﬂows. In the transition regime from elongated bubble to liquid ring ﬂow, the pressure drop decreased linearly with increasing
gas superﬁcial velocity. When liquid ring ﬂow was established, the
pressure drop increased again linearly with increasing superﬁcial
gas velocity.
Soupremanien et al. [11] studied the effect of channel aspect ratio on the ﬂow boiling heat transfer of Forane-365HX in a horizontal single rectangular minichannel. The bottom surface of the channel was made of brass with average roughness value of 2.5 μm,
while the side walls were formed in stainless steel foil. They tested
two test sections, width 2.3 mm and 5.6 mm and depth 1 mm
and 0.8 mm giving a hydraulic diameter of 1.4 mm and aspect ratio of 2.3 and 7. In their study, the heat ﬂux ranged from 2.3 to
160 kW/m2 and the mass ﬂux range was 20 0–40 0 kg/m2 s. The
heat transfer results demonstrated that for the two investigated aspect ratios, the mass ﬂux effect was insigniﬁcant. They stated that
the two-phase pressure drop was lower in the channel with the
larger aspect ratio due to the higher channel cross-sectional area.
Additionally, the heat transfer coeﬃcient in the channel with large
aspect ratio was higher at low heat ﬂux conditions, while it was
lower at high heat ﬂuxes due to dryout.
Fu et al. [12] studied the effect of channel aspect ratio on the
ﬂow boiling heat transfer of HFE-7100 in horizontal copper multimicrochannels with diverging cross section. They examined six test
sections with a hydraulic diameter of 1.12 mm and average aspect
3
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Table 1
Thermophysical properties of HFE-7100 at 1 bar obtained from EES software.
ilg [J/kg]

ρ l [kg/m3 ]

ρ g [kg/m3 ]

kl [W/mK]

Cp [J/kgK]

σ [N/m]

111,661

1373

9.575

0.06206

1157

0.0136

and the condenser were also used to adjust the system pressure
and to degas the liquid before the experiments by vigorous boiling.
The sub-cooler was installed before the pump to avoid ﬂuid cavitation. The micro-gear pump supplied ﬂow rate up to 2304 mL/min.
This ﬂow rate was measured using the two Coriolis ﬂow meters
with accuracy of ±0.1%. A stainless steel pre-heater with heating
power of 1500 W was installed before the test section to control
the ﬂuid inlet temperature, i.e. the ﬂuid inlet sub-cooling. The supplied power to the reservoir, pre-heater and the test section was
controlled by three Variac transformers. The input power to the
test section was measured using a power metre (Hameg HM8115–
2) with accuracy of ±0.4%. A chiller system with 2.9 kW cooling
capacity was connected to the rig to reject the heat from the reservoir and the sub-cooler. All the measuring sensors, such as thermocouples, inlet/outlet pressure transducers, differential pressure
transducer and ﬂow meters were connected to the National Instruments Data Acquisition System-DAQ with a frequency of 1 kHz. A
Phantom high-speed camera with 10 0 0 fps at 512 × 512 pixel coupled with a Huvitz HSZ-645TR microscope and LED lighting system
were used to capture the two-phase ﬂow patterns.
2.2. Test section

Fig. 1. Schematic diagram of the experimental facility [28].

The test section consisted of the bottom plate, the housing, the
cover plate and the heat sink block as illustrated in Fig. 3(a). A
Polytetraﬂuoroethylene block was used to fabricate both the housing and the bottom plate to ensure a good insulation. Twelve holes,
with a diameter of 0.6 mm, were drilled into this housing to pass
the thermocouple wires. In order to capture the ﬂow patterns during the experiments, a transparent polycarbonate cover plate was
manufactured. Both the inlet and outlet plena, with semi-circular
shape, were formed in the top cover. The heat sink block was
made of oxygen-free copper with 26 mm width, 94.5 mm height
and 51 mm length as shown in Fig. 3(b). Four cartridge heaters
of 700 W total heating power were vertically inserted into the
heat sink block from the bottom side. Four tapping holes were
drilled into the cover plate, see Fig. 3(c) in order to insert the
measuring sensors, i.e. inlet/outlet ﬂuid thermocouples, inlet/outlet
pressure transducers and one differential pressure transducer. This
plate was placed on the topside of the housing, and an O-ring
was inserted between this plate and the heat sink to prevent any
ﬂuid leakage. Twelve K-type thermocouples were inserted into the

approximately 0.3 μm. All the experiments were carried out using
ﬂuid HFE-7100 at system pressure near 1 bar, low inlet sub-cooling
of 5 K, mass ﬂux ranging from 50 to 250 kg/m2 s and wall heat
ﬂux from 9.6 to 191.6 kW/m2 . The thermophysical properties of the
tested ﬂuid at atmospheric pressure are presented in Table 1.
2. Experimental system
2.1. Flow loop
The experimental facility, as shown in Fig. 1 and 2, was a closed
ﬂow loop that consisted of liquid reservoir (9 L volume), sub-cooler
(heat exchanger), micro-gear pump with digital driver, two Coriolis
ﬂow meters (for low and high mass ﬂow rates), pre-heater, data
logger, test section (evaporator) and condenser. The reservoir included an immersion heater and the condenser cooling coil was
mounted on the topside of this reservoir. The immersion heater

Fig. 2. Photograph of the experimental 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.

heat sink block, see Fig. 3(c), to assess the temperature distribution
along the channels, in the transverse and vertical direction. Three
of these thermocouples were located in the axial direction parallel
to the ﬂow at the opposite side of the block. These thermocouples
help to measure the base heat ﬂux and to help conﬁrm that there
was no heat ﬂow in the horizontal and transverse directions, i.e.
1D heat conduction in the vertical direction.

The base area of the heat sink was calculated from the width and
length which were 20 and 25 mm, respectively. This base area of
500 mm2 was chosen based on the chipset die size. It is known
that the value of die size differs from chipset to another according to the chipset performance. For example, the die size of Intel Sandy Bridge 4C processor is 216 mm2 and is 503 mm2 for
Intel Xeon E7440 (source: www.intel.com). In the present study,
both the microchannels and the inlet and outlet plena with semicircular shape were designed as one part. This was adopted to (i)
design microchannels heat sink that is acceptable for commercial
applications, i.e. this ensures an integrated assembly and a ﬂat surface bottom, which can easily be attached to any chipset, and (ii)
prevent any leakage that could happen during the experiments by
inserting O-ring around the heat sink. The bottom thickness of the
inlet and outlet plena was very thin, i.e. just 2 mm, to ensure minimum heat transfer in these parts. This minimum size of 2 mm
was necessary for strength, i.e. avoid possible break at this point.

2.3. Microchannels heat sink
In this study, three heat sinks with different channel aspect ratios were fabricated using a high-precision milling machine (Kern
HSPC-2216). Rectangular multi-microchannels were milled on the
top surface of the heat sink block. These horizontal microchannels have the same channel hydraulic diameter of 0.46 mm and
same channel length of 25 mm, but different aspect ratios, i.e. 0.5,
1 and 2. The number of channels was 40, 36 and 25 respectively.
5
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Table 2
Geometric dimensions of the test sections.
Test section

Hch [mm]

Wch [mm]

Wﬁn [mm]

N [-]

Dh [mm]

β [-]

Wb × Lb [mm]

Ra [μm]

1
2
3

0.7
0.46
0.35

0.35
0.46
0.7

0.15
0.1
0.1

40
36
25

0.46
0.46
0.46

0.5
1
2

20 × 25
20 × 25
20 × 25

0.271
0.286
0.304

It is worth mentioning that the machining conditions, i.e. cutting
feed rate and rotation speed, affect the channel surface microstructures and thus the surface roughness. Accordingly, the machining
conditions were kept the same during the fabrication of all heat
sinks. The spindle of the machine was set at a cutting feed rate
and rotation speed of 550 mm/min and 20,0 0 0 rpm, respectively.
Therefore, the average surface roughness of all microchannels was
approximately the same value. A surface proﬁler instrument, Zygo
NewView 50 0 0, was used to measure the channel bottom roughness at different locations then the average value was taken. It was
found that the average surface roughness of the three heat sinks
was 0.271, 0.286 and 0.304 μm. Fig. 4 shows the surface characteristics, for the test section with aspect ratio of 0.5, over a sample test area of 0.132 × 0.176 mm. This ﬁgure depicts the intensity
map, the surface proﬁle and the surface map (2D and 3D). It can
be seen that the surface average roughness is 0.27 μm, while the
minimum valley depth and the maximum peak height are 1.57 and
1.86 μm, respectively. It also shows the maximum peak to valley
height, which is 3.43 μm over this area. The dimensions and average roughness for each test section are presented in Table. 2. All
the channel dimensions were measured using an optical coordinate
measuring machine (TESA-VISIO 200GL) with accuracy of ±2 μm.

1
2

Pse = G2ch vl

h̄ =

Nu =

h̄Dh
kl

TLM =

2

(10)

(11)

where Hch , Wch and N are the channel height, width and the number of channels, respectively. During the two-phase experiments,
the heat transfer coeﬃcient and the vapour quality were calculated
locally, i.e. at three locations along the channel, see Eq. (12) and
(13).

h (z ) =
x (z ) =

(3)

q b (Wch + W f in )
(Twi(z) − T f (z) )(Wch + 2ηHch )
i ( z ) − il ( z )
ilg (z )

(12)
(13)

where Wﬁn , Twi(z) , Tf(z) , η, i(z) , il(z) and ilg(z ) are the ﬁn width, the
local internal surface temperature, the local ﬂuid temperature, the
ﬁn eﬃciency, the local speciﬁc enthalpy, the local liquid speciﬁc
enthalpy and the local latent heat of vaporization, respectively. The
ﬁn eﬃciency η can be calculated using Eq. (14) and (15).

η=

tanh (mHch )
mHch

(14)

m=

2h ( z )
kcuW f in

(15)

(4)

(6)

was used to estimate

y=0

Aht = (2Hch + Wch )Lch N

(2)



1
Psc = G2ch vl 1 − α 2 + 0.5(1 − α )

dT
dy

where kcu is the copper thermal conductivity. Eq. (11) was used to
calculate the total heat transfer area Aht by assuming uniform heat
ﬂux in the axial and transverse direction and three-sides heated
(adiabatic cover plate).

(1)

(5)

dT
dy

(9)

Twi −T f i
Twi −T f o

the base heat ﬂux qb as follows:

qb = kcu

1
Pop = K90 G2p vl
2



The vertical wall temperature gradient

The pressure drop components Pip , Psc , Pse and Pop are
the pressure drop in the inlet plenum due to the change in ﬂow
direction by 90°, the sudden contraction pressure drop at the channel inlet, the sudden expansion pressure drop at the channel outlet
and the pressure drop in the outlet plenum due to the change in
ﬂow direction by 90°, respectively. These components can be calculated using a procedure described by Remsburg [15] as follows:

1
Pip = K90 G2p vl
2

(8)

Tf o − Tf i
ln

where Pch , Dh , Lch , vl , Gch , h̄ and kl are the channel pressure drop,
the channel hydraulic diameter, the channel length, the liquid speciﬁc volume, the channel mass ﬂux, the average heat transfer coefﬁcient and the liquid thermal conductivity, respectively. The channel pressure drop was calculated from the total measured pressure drop Pmeas and the pressure drop components as shown in
Eq. (3).



Pch = Pmeas − Pip + Psc + Pse + Pop

q bWb Lch
Aht TLM

where qb , Wb , Aht and TLM are the base heat ﬂux, the base width,
the total heat transfer area and the log mean temperature difference, respectively. The log mean temperature difference can be calculated as follows:

During the single-phase experiments, the experimental Fanning
friction factor fexp and the average Nusselt number Nu were calculated as follow:

Pch Dh
2Lch vl G2ch

(7)

where K90 and α are the loss coeﬃcient of the 900 turns and
Amin
the area ratio (α = Amax
), respectively. The uniform wall temperature method (UWT) was adopted here to calculate the average
heat transfer coeﬃcient and thus the average Nusselt number.
Eq. (8) was used to calculate the heat transfer coeﬃcient.

3. Data reduction

fexp =

1

2
−
1
+
1
−
α
(
)
α2

Eq. (16) was used to calculate the local internal surface temperature.
6
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Fig. 4. Surface characteristics of the channel bottom for aspect ratio 0.5 using Zygo NewView 50 0 0.

Twi(z ) = Tth(z ) −

q b b
kcu

Eq. (17).

(16)

T f (z ) = T f i +

where Tth(z) is the local thermocouple temperature, while b is
the vertical distance between the thermocouple and the channel
bottom. The local ﬂuid temperature Tf(z) can be calculated using

q bWb z
m˙ c pl

(17)

The local ﬂuid temperature Tf(z) was used during liquid singlephase region. This temperature was replaced by the local satura7
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Table 3
Experimental uncertainties.

tion temperature during two-phase ﬂow region. The local saturation temperature was found from the corresponding local pressure
Psat(z) by assuming a linear pressure drop along the channel, see
Eq. (18).

Psat (z ) = Psat (z,sub) −

 z−L
sub

Lch − Lsub

Pt p

(18)

where Psat(z, sub) , z, Lsub , Lch and Ptp are the local saturation pressure at the subcooled region, the axial distance, the subcooled
length, the channel length and the two-phase pressure drop, respectively. The local saturation pressure at the subcooled region
and the subcooled length (length of single-phase region) were calculated as follows:

Psat (z,sub) = Pi −

2 f G2ch Lsub



Lsub

ρl D h

m˙ c pl Tsat (z,sub) − T f i
=
q bWb

√
fF D Re + 4KL∞∗ − 3.44/ L∗
3.44


√ +
Re L∗
Re 1 + C (L∗ )−2

L∗ = Lsub /ReDh

(20)

System pressure [bar]
Saturation temperature [ °C]
Inlet sub-cooling [K]
Mass ﬂux [kg/m2 s]
Base heat ﬂux [kW/m2 ]
Exit vapour quality [-]

(21)

−0.2537β 5 )

(22)

(23)

where
β , C and K∞ are the dimensionless length, the channel aspect ratio, the dimensionless correction factor and the dimensionless incremental pressure drop number, respectively. Both
C and K∞ were found from Shah and London [16]. An iteration process was conducted between Eq. (19) and (20) to ﬁnd the local saturation temperature at the end of the subcooled region Tsat(z, sub) ,
corresponding to the local saturation pressure at the subcooled region Psat(z, sub) , and then determine the subcooled length Lsub . The
two-phase pressure drop Ptp in Eq. (18) was calculated by subtracting the channel pressure drop from the single-phase pressure
drop. The local speciﬁc enthalpy i(z) in Eq. (13) was calculated as
follows:

q bWb z
m˙

(24)

The average heat transfer coeﬃcient along the channel is given
in Eq. (25).
Lch

1
∫ h z dz
Lch 0 ( )

1
59.63
5
50–250
Up to 531.2
Up to 0.99

loop. The micro-gear pump run at high mass ﬂow rate to push
any trapped gases to the liquid reservoir. Since the ﬂuid HFE-7100
contains 53% of air by volume under ambient condition [18], a degassing process was carried out, see Al-Zaidi et al. [19] for more
details about this process. It is worth mentioning that the rig was
charged with pure HFE-7100 (the ﬂuid was not exposed to the atmosphere before charging) under vacuum, i.e. minimal traces of
dissolved gases. Single-phase experiments were performed at adiabatic and diabatic conditions to valid the experimental rig using
the single-phase Fanning friction factor and the average Nusselt
number. Flow boiling experiments were conducted at ﬁve mass
ﬂuxes and exit vapour quality up to 0.99 as presented in Table 4.
Steady state conditions were assumed when the variation in the
measuring signals of temperature, pressure and mass ﬂow rate
was less than 5%. Data were then collected for two minutes at a
frequency of 1 kHz via LabView software and saved. The average
value was then used in all calculations adopted in the data reduction. The EES software was used to obtain all the thermophysical
properties of the tested ﬂuid and to develop the calculations program. Flow visualization was recorded for each run at the heat sink
centre and at three different locations; near the channel inlet, near
the middle and near the channel outlet.

L∗ ,

h̄ =

±0.024K
±0.038−0.12K
±0.46kPa
±0.37kPa
±0.08%
±0.1%
±1.46−2.99%
±1.4 − 11.9%
±0.35–15.3%
±0.72–13.48%
±0.32–0.64%
±0.12–6.88%

Table 4
Experimental operating conditions.

fF D Re = 24(1 − 1.355β + 1.946β 2 − 1.7012β 3 + 0.9564β 4

i ( z ) = ii +

Uncertainty

Temperature T-type
Temperature K-type
Inlet pressure transducer
Outlet pressure transducer
Differential pressure
Coriolis mass ﬂow rate
Fanning friction factor
Average Nusselt number
Local vapour quality
Local heat transfer coeﬃcient
Mass ﬂux
Heat ﬂux

(19)



where Pi and f are the inlet pressure and the Fanning friction factor, respectively. The Fanning friction factor was calculated using
Eqs. (21-23) for developing laminar ﬂow as proposed by Shah and
London [16].

fapp =

Parameter

5. Results and discussions
5.1. Single-phase validation

(25)

The experimental system and measuring instruments were validated using single-phase experiments. Fig. 5 shows the experimental Fanning friction factor plotted versus Reynolds number for the
channels with aspect ratio of 0.5 and compared with the correlation by Shah and London [16] for horizontal non-circular channels. This ﬁgure depicts that the experimental results were in a
good agreement with Shah and London correlation for developing ﬂow. Fig. 6 presents the experimentally determined average
Nusselt number versus Reynolds number compared with three existing correlations such as Shah and London [16] for developing
ﬂow, Peng and Peterson [20] and Mirmanto [21]. It shows that the
Nusselt number increased with Reynolds number, and there was a
reasonable agreement with the correlations by Peng and Peterson
[20] and Mirmanto [21] giving a mean absolute difference of 11%
and 14%, respectively.

Table 3 presents the experimental uncertainties for all variables. The uncertainty values of the measured variables, i.e. thermocouples and inlet/outlet pressure transducers, were calculated
from the calibration procedure. The uncertainties of the differential pressure transducer and Coriolis ﬂow meters were found from
the manufacturer speciﬁcation datasheets. The uncertainties of all
derived variables were calculated using the procedure proposed by
Coleman and Steele [17].
4. Experimental procedure
In this study, single and two-phase experiments were conducted at different operating conditions. Before starting any experiment, ﬂashing and degassing processes were carried out to ensure that there is no trapped gas in the test section and the test
8
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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.
Fig. 7. Experimental ﬂow patterns at mass ﬂux of 100 kg/m2 s for the channel aspect ratio of 0.5.

5.2. Flow boiling patterns
The experimental ﬂow patterns were observed at different locations along the centre of the heat sink. The size of each photograph taken by the present camera was 4 × 4 mm. Four ﬂow patterns were observed in the three examined test sections, namely:
bubbly, slug, churn and annular ﬂow. Fig. 7 illustrates the features
of these ﬂow patterns for mass ﬂux 100 kg/m2 s and channel aspect ratio of 0.5. Fig. 7(a) shows that bubbly ﬂow with bubble size
smaller than the channel width was observed near the channel inlet at wall heat ﬂux of 68.67 kW/m2 . Bubbly ﬂow was observed
near the channel inlet for the entire heat ﬂux range studied. Some
of these bubbles were observed to nucleate at the channel corners,
while some of them became conﬁned. Slug ﬂow was observed near
the channel middle at wall heat ﬂux of 22.68 kW/m2 and higher as
a long cylindrical vapour bubble followed by bubbles as illustrated
in Fig. 7(b). Churn ﬂow was captured near the channel middle at
wall heat ﬂux of 45.6 kW/m2 and higher which was characterized
by non-uniform vapour-liquid interphase and shape, as depicted in
Fig. 7(c). Annular ﬂow occurred at the channel outlet, when wall
heat ﬂux was 45.6 kW/m2 and higher as a vapour core surrounded
by liquid ﬁlm, see Fig. 7(d). In addition to the previous regimes,
Fig. 8 depicts an interesting feature, which was observed at high
heat ﬂuxes, i.e. the presence of bubble nucleation in the liquid ﬁlm

of annular ﬂow at the channel corners, see also Karayiannis and
Mahmoud [1]. This photograph was taken near the channel middle at wall heat ﬂux of 51 kW/m2 and mass ﬂux of 200 kg/m2 s
for the smaller channel aspect ratio. This was visualised for all
test sections and could be due to the high wall superheat activating more nucleation sites at high heat ﬂuxes. Magnini and Matar
[22] conducted a numerical study to investigate the effect of channel aspect ratio (β = 1–8) on ﬂow boiling characteristics of a single
bubble under uniform heat ﬂux boundary condition. They seeded a
small bubble at the centre of the channel cross section and allowed
for evaporation at the liquid-vapour interface without considering
any nucleation. Their results indicated that the degree of superheat was much higher at the channel corners for all examined aspect ratios. Additionally, in the square channel, the liquid ﬁlm was
too thin at all walls except at the channel corners. In rectangular
channels, when the aspect ratio increased (shallow channel), the
liquid ﬁlm was too thin at the top and bottom walls and too thick
at the side walls, e.g. it was about 80% of the perimeter for β > 4.
The high wall superheat and thick liquid ﬁlm (either at the corners
or side walls) could promote nucleation in the liquid ﬁlm, which
agrees with the current study, see Fig. 8.
9
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Fig. 8. Nucleation site in the liquid ﬁlm of annular ﬂow at wall heat ﬂux of 51 kW/m2 and mass ﬂux of 200 kg/m2 s for aspect ratio of 0.5 (near the channel middle).

came larger due to bubble coalesence and their size approached
the channel width. For the channel of larger aspect ratio, i.e. aspect ratio of 2, the bubble size was much smaller than the channel width and smaller than those seen in the other apsect ratios,
see Fig. 9(c). These differences in the bubble size are likely due
to the strong effect of conﬁnement induced by the channel walls
when the channel width decreases and possible heat transfer from
all three heated walls. It can be concluded from Fig. 9 that the
bubble size increases as the channel aspect ratio decreases (reduction in the channel width). Another reason for the difference in
bubble size observed in the three test sections could be the effect
of ﬂow reversal. In the present study, ﬂow reversal and pressure
drop ﬂuctuation were found to increase with decreasing channel
aspect ratio for the mass ﬂux ranged studied. With ﬂow reversal,
the mass ﬂux may vary amongst the channels which has a signiﬁcant effect on bubble size. Moreover, the bubble size may become
large during the stagnation period due to more evaporation rate
from surrounding and coalescence rate, see Section 5.3.
Fig. 10 depicts the effect of aspect ratio on the features of
slug ﬂow observed near the channel middle at wall heat ﬂux near
23 kW/m2 and mass ﬂux of 50 kg/m2 s. Vapour slugs, which ﬁlled
the channel cross-sectional area were seen in all test sections.
These slugs were followed by small and large bubbles, as shown
in this ﬁgure. The ﬁgure illustrates that the size of these bubbles
and the slug ends differed from channel aspect ratio to another.
When the channel aspect ratio decreased, the slug ends had more
round shape due to the fact that these slugs were squeezed by the
channel sidewalls. Moreover, the bubbles that followed the slugs
became larger (more conﬁned) with decreasing channel aspect ratio due to the conﬁnement effect.
Fig. 11 illustrates the effect of aspect ratio on the features of
annular ﬂow at wall heat ﬂux near 79 kW/m2 and mass ﬂux of
250 kg/m2 s. This photograph was taken at the channel outlet. It
can be seen that, there was no clear effect of aspect ratio on annular ﬂow. It is worth mentioning that it was diﬃcult to measure
the distrubtion and thickness of the liquid ﬁlm in this regime, even
with the high-speed, high-resolution camera used in this study.
It can be concluded from the above discussion that the three
investigated aspect ratios do not show signiﬁcant effects on the
observed ﬂow patterns. The effect of aspect ratio could be limited
to the slug ﬂow, see above. The effect of aspect ratio could affect
the distribution and thickness of the liquid ﬁlm, which however
could not be captured in the present study using the high speed
camera, which views from the top side.

Fig. 9. Bubbly ﬂow at wall heat ﬂux near 45 kW/m2 and mass ﬂux of 100 kg/m2 s
for different channel aspect ratios (near the channel inlet).

Although bubbly, slug, churn and annular ﬂow were visualized
for all channel aspect ratios, slight differences in their features
were found. Fig. 9 shows the features of bubbly ﬂow observed
near the channel inlet at wall heat ﬂux near 45 kW/m2 , mass ﬂux
of 100 kg/m2 s and different aspect ratios. Fig. 9(a) demonstrates
that, for the channel with aspect ratio of 0.5, the size of the bubbles was smaller than the channel width. However, larger conﬁned
bubbles were also present. For the channel with aspect ratio of
1, the bubble size was still smaller than the channel width, see
Fig. 9(b), and the bubbles size was smaller than that observed in
the channels with aspect ratio of 0.5. Some of the bubbles be10
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ration momentum force, which when exceeds the shear and inertia
forces results in ﬂow reversal as mentioned by Kandlikar [24]. High
pressure and mass ﬂux ﬂuctuations are other indicators of ﬂow instability. Flow reversal was reported in some experimental studies,
see Chen and Garimella [25], Yang et al. [26] and Fayyadh et al.
[27]. In the present study, ﬂow reversal occurred after boiling incipience for all examined heat and mass ﬂuxes. This could be due
to the bubble generation near the channel inlet and slug formation as captured by the camera, see Al-Zaidi et al. [28] for further
discussion.
Fig. 12 depicts a sequence of pictures of ﬂow reversal for channel aspect ratio of 2 at wall heat ﬂux of 114.8 kW/m2 and mass
ﬂux of 250 kg/m2 s. These pictures were taken at a location between the channel inlet and middle to detect the cycle of ﬂow reversal. The ﬂow reversal cycle was found to be forward, stagnation
and backward motion. Moreover, the experimental ﬂow patterns
were ﬂuctuating between bubbly, conﬁned bubbles and slug ﬂow.
At an arbitrary starting time of 0 ms, small bubbles moved towards the channel outlet. These bubbles had size smaller than the
channel width. After 21 ms, the captured bubbles stayed at their
locations for about 1 ms. During this stagnation period, the bubbles size became larger due to heat transfer from the surrounding
and coalescence with others. After that, back motion was visualized with continuous increase in bubble size until the bubbles became conﬁned at 27 ms. After 37 ms, all the channels were ﬁlled
with vapour slugs that moved towards the channel inlet. This period (backward motion) took about 21 ms. At time of 43 ms, the
cycle of ﬂow reversal was ﬁnished and small new bubbles occurred
inside the channels that moved to the downstream direction.
Flow reversal is very common in multi-microchannels, regardless of channel geometry and operating conditions (heat and mass
ﬂux). Therefore it would be diﬃcult to infer the effect of aspect ratio using the sequence of ﬂow patterns discussed above in Fig. 12.
In other words, this ﬁgure is presented to explain the mechanism
and phenomenon of ﬂow reversal but cannot be used to understand the effect of aspect ratio. The high speed camera and the
pressure sensors should be synchronized in order to have a link
between the pressure signals and ﬂow patterns. In the present
study, pressure and temperature measurements were conducted simultaneously but not synchronized. Accordingly, the pressure drop
signal is used to quantify the effect of aspect ratio on ﬂow instability, as depicted in Fig. 13 for G = 150 kg/m2 s at low and high wall
heat ﬂuxes. The ﬁgure shows that the pressure drop ﬂuctuation increased when the channel aspect ratio decreased. For example, the
amplitude of ﬂuctuation increased from 0.16 to 1.15 kPa when the
channel aspect ratio decreased from 2 to 0.5 at wall heat ﬂux near
53 kW/m2 . This effect was also found at high wall heat ﬂux, i.e.
70 kW/m2 , as shown in Fig. 13(b). As mentioned above, because
the pressure drop measurements and the ﬂow visualisation were
not synchronised, it was diﬃcult to link directly the higher amplitude of the pressure ﬂuctuation in the channel of β = 0.5 to ﬂow
instabilities and ﬂow reversal. Thus, based on the pressure drop
signal, it can clearly be stated that the instabilities are higher in
the small aspect ratio channels.
It can be concluded from the above discussion that pressure
drop ﬂuctuation increases as the aspect ratio decreases. However,
it must be emphasised that the heat transfer results in this study
were not signiﬁcantly affected by this mild ﬂow reversal. This can
be conﬁrmed by checking the measured signal of inlet/outlet pressure, inlet/outlet ﬂuid temperature and wall temperatures along
the channel for all heat sinks. The maximum percentage of ﬂuctuation was found to be 2.37% for the inlet pressure, 1.11% for the
outlet pressure, 0.85% for the inlet ﬂuid temperature, 0.04% for the
outlet ﬂuid temperature and between 0.05% to 0.46% for the wall
temperature, see Fig. 14, which shows the inlet pressure ﬂuctuation for three heat sinks. Al-Zaidi et al. [28] also presented the

Fig. 10. Slug ﬂow at wall heat ﬂux near 23 kW/m2 and mass ﬂux of 50 kg/m2 s for
different channel aspect ratios (near the channel middle).

Fig. 11. Annular ﬂow at wall heat ﬂux near 79 kW/m2 and mass ﬂux of 250 kg/m2 s
for different channel aspect ratios (at the channel outlet).

5.3. Flow reversal and instability
Flow reversal and ﬂuctuations in pressure, mass ﬂux and temperature are very common in multi-microchannels conﬁgurations.
Flow reversal is a periodic back ﬂow due to a sudden increase
in the ﬂow resistance inside the microchannels. Kandlikar [23] attributed ﬂow reversal to the occurrence of bubble nucleation near
the channel inlet and the low ﬂow resistance to back ﬂow. In other
words, the high evaporation rate leads to an increase in the evapo11
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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/m2 and mass ﬂux of 250 kg/m2 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/m2 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.)

of heat ﬂux (when bubbly/slug ﬂow becomes limited to a short
length near the entry region and annular ﬂow dominates along the
channel length). For example, Fig. 13b indicates that the pressure
drop ﬂuctuations decreased to about 40% when the heat ﬂux increased to 70 kW/m2 .
5.4. Heat transfer characteristics
The effect of heat ﬂux, mass ﬂux and vapour quality on the local and average heat transfer coeﬃcient was discussed in detail in
Al-Zaidi et al. [28]. The heat transfer coeﬃcient was found to increase with increasing wall heat ﬂux. This was attributed to the
high bubble generation and, to a lesser extent to the contribution of nucleation in the liquid ﬁlm, as well as liquid ﬁlm evaporation. In contrast, there was no clear mass ﬂux effect in the examined range of 50–250 kg/m2 s. Moreover, the local heat transfer coeﬃcient reached higher value at very low vapour quality and
then decreased with increasing local vapour quality, see Fig. 15.
It is worth mentioning that due to the short length of the channels, only three thermocouples were used for the local temperature
measurements. Thus, the data in Fig. 15 were for three axial locations, i.e. z/L of 0.1, 0.5 and 0.9. This reduction in local heat transfer
rates after the nucleate boiling region could be due to the development of slug, churn and later annular ﬂow where heat transfer
rates could be lower, see Lee et al. [29]. It is worth mentioning that
the above results were found for all test sections. The reduction in
two-phase heat transfer coeﬃcient with vapour qualities was also

Fig. 14. Inlet pressure ﬂuctuations at wall heat ﬂux of 102 kW/m2 and mass ﬂux of
250 kg/m2 s for three heat sinks.

ﬂuctuation in the measured signals for the aspect ratio of 2. Additionally, Fig. 13a indicates that at low heat ﬂuxes the ﬂuctuations in pressure drop was about 20% for the heat sink with the
largest aspect ratio and increased to about 80% for the heat sink
with smallest aspect ratio. The high ﬂuctuations at low heat ﬂuxes
may be due to the dominance of elongated slug ﬂow along a signiﬁcant length of the channel that can expand in both directions
as discussed above. These ﬂuctuations decreased with the increase
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Fig. 15. Effect of channel aspect ratio on the local heat transfer coeﬃcient at mass ﬂux of 250 kg/m2 s and: (a) Low wall heat ﬂux (b) High wall heat ﬂux.

reported in the literature, see Qu and Mudawar [30], Steinke and
Kandlikar [31], Diaz and Schmidt [32], Lee and Mudawar [33] and
Korniliou and Karayiannis [34]. Qu and Mudawar [30] conducted
an experimental ﬂow boiling study using de-ionized water in horizontal rectangular microchannels with channel height and width
of 0.713 and 0.231 mm, respectively. In another study by Lee and
Mudawar [33], ﬂow boiling of R134a in horizontal square channels having 1 × 1 mm dimension was investigated. This reduction was attributed by [33] to the droplet entrainment and deposition during annular ﬂow leading to thicker ﬁlm thickness. Steinke
and Kandlikar [31] also conducted ﬂow boiling experiments using
water in horizontal parallel microchannels having 0.2 mm channel
height and 0.214 mm channel width. They reported that very high
heat transfer coeﬃcient was reached at low vapour qualities due
to the onset of nucleate boiling. After that, a reduction in the heat
transfer coeﬃcient with increasing quality was found. This was attributed by the authors to the rapid bubble growth resulting in
ﬂow reversal. Diaz and Schmidt [32] performed ﬂow boiling of nhexane in a horizontal rectangular channel with height and width
of 0.3 mm and 12.7 mm, respectively. Their results showed that
the heat transfer coeﬃcient became high around vapour quality of
zero, and then decreased rapidly with increasing quality. Korniliou
and Karayiannis [34] also reported that the two-phase heat transfer coeﬃcient decreased with local quality, using de-ionized water
in a horizontal microchannel with 1 mm height and width 1 mm.
Fig. 15 illustrates the effect of channel aspect ratio on the local
heat transfer coeﬃcient at mass ﬂux of 250 kg/m2 s and different
wall heat ﬂuxes. This ﬁgure demonstrates that, in the subcooled region, the local heat transfer coeﬃcient increased with aspect ratio.
This could be due to the lower wall temperature as a result of the
wider channel width. In the saturation region, there was a noticeable increase in the local heat transfer coeﬃcient when the channel aspect ratio increased. This aspect ratio effect became clear at
high wall heat ﬂux as shown in Fig. 15(b). The channel aspect ratio
may affect the bubble nucleation site density and the liquid ﬁlm
thickness as shown schematically in Fig 16. At low vapour qualities when the ﬂow pattern is bubbly ﬂow, the enhancement in the
heat transfer coeﬃcient with the increase in aspect ratio could be
due to the activation of more nucleation sites at the channel corners and on the channel bottom surface due to the large channel
width, see Fig 16(a). When the channel width decreases, bubble
nucleation may only be limited to the channel corners. In other
words, the number of nucleation sites is larger in the channel with

a larger bottom surface area. It is known that more nucleation
sites result in higher heat transfer coeﬃcient due to the evaporation process in the liquid micro-layer underneath these nucleating bubbles. At moderate and high vapour qualities, when the ﬂow
pattern is slug or annular ﬂow, the difference in the heat transfer coeﬃcient with different aspect ratios could be due to the behaviour and distribution of the liquid ﬁlm around the channel circumference as explained schematically in Fig 16(b) and discussed
by Magnini and Matar [22]. In the shallow channel, i.e. large aspect
ratio, the slug or annular ﬂow is conﬁned and squeezed between
the channel bottom surface and the top adiabatic surface leaving
a thin liquid ﬁlm. Since the channels are heated from the bottom
surface (partial heated channel), the evaporation rate is expected
to be very high at the liquid ﬁlm interface in contact with the
bottom surface. Also, the thicker ﬁlm and high superheat at the
side walls in shallow channels as reported by Magnini and Mater
[22] could help bubble nucleation in the liquid ﬁlm. In contrast,
in the deep channel, i.e. small aspect ratio, these ﬂow patterns are
conﬁned and squeezed by the channel sidewalls rather than the
channel bottom surface. Therefore, the liquid ﬁlm thickness may
become thicker on the channel bottom surface. This leads to increase the thermal resistance and decrease the evaporation rate
leading to lower heat transfer coeﬃcient.
Fig. 17 presents the average heat transfer coeﬃcient at three
channel aspect ratios and mass ﬂux of 250 kg/m2 s. This ﬁgure illustrates that the average heat transfer coeﬃcient increased with
increasing wall heat ﬂux. It also shows that when the channel aspect ratio increased from 0.5 to 2, the average heat transfer coefﬁcient increased by 14.3% for the heat ﬂux range studied. The increase in the two-phase heat transfer coeﬃcient with channel aspect ratio was also reported by other researchers, such as Soupremanien et al. [11] (at low heat ﬂuxes), Markal et al. [13] (up to
aspect ratio of 3.54) and Drummond et al. [35].
Fig. 18 depicts the effect of channel aspect ratio on the boiling
curve at mass ﬂux of 250 kg/m2 s. Both wall and base heat ﬂuxes
were plotted here to discuss the effect of aspect ratio. Generally,
the wall superheat (wall-to-saturation temperature difference) increased with increasing wall or base heat ﬂux for all test sections.
Fig. 18(a) shows that, for a ﬁxed wall superheat, the wall heat ﬂux
increased by 22.3% (average difference) when the channel aspect
ratio increased from 0.5 to 2. In other words, when the wall heat
ﬂux is the required parameter, a noticeable inﬂuence of aspect ratio 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.

This opposite trend of aspect ratio with base heat ﬂux compared
to wall heat ﬂux could be attributed to the effect of surface area
ratio. The surface area ratio can be deﬁned as a ratio between the
total heat transfer area and the base area as presented in Eq. (26).

α=

(2Hch + Wch )N
Wb

(26)

The total heat transfer area, (and hence the area ratio) differs
from heat sink to another since the channel dimensions and the
number of channels are not the same. Therefore, the area ratio increases with decreasing channel aspect ratio leading to an increase
in the base heat ﬂux as shown in Eq. (27).

qb = qw ∗ α

(27)

In other words, the maximum heat that can be dissipated from
the chipset increases with decreasing aspect ratio due to the large
surface enhancement. This can outweigh the beneﬁts from the
boiling heat transfer enhancement at larger channel aspect ratio.
Fig. 18(b) depicts that maximum base heat ﬂux reached up to
531.2, 414.8 and 335.3 kW/m2 , when the aspect ratio was 0.5, 1
and 2, respectively, which corresponds to the cooling load of 265.6,
207.4 and 167.6 W, respectively for a base area of 20 mm × 25 mm.

Fig. 17. Average heat transfer coeffecnet at different aspect ratios and mass ﬂux of
250 kg/m2 s.

the dissipated heat from any chipset should be considered when
a thermal management system is proposed for electronics cooling.
Accordingly, the boiling curve was plotted using the base heat ﬂux
versus wall superheat as shown in Fig. 18(b). It is obvious that
when the channel aspect ratio decreased, the base heat ﬂux was
found to increase and also the slope of the boiling curve increased.

5.5. Pressure drop characteristics
Pressure drop is considered an important parameter that deﬁnes the pump performance and energy use. This component may
be affected by the channel aspect ratio. Therefore, the inﬂuence
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Fig. 19. Effect of channel aspect ratio on the ﬂow boiling pressure drop at mass
ﬂux of 250 kg/m2 s.

found that the ﬂow boiling pressure drop varied inversely proportional to the channel aspect ratio or increased as the channel
height increased (at a ﬁxed width) or channel width decreased (at
a 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
be attributed to: (1) The difference in the exit vapour quality due
to the different heat transfer areas. For a ﬁxed wall heat ﬂux, the
channel aspect ratio of 0.5 has the largest heat transfer area compared to the aspect ratio of 2. This results in higher heat transfer
rate and thus higher exit vapour quality, i.e. higher void fraction.
(2) The difference in the distribution of the liquid ﬁlm. During annular ﬂow, for the deeper channels (smaller aspect ratio) the liquid ﬁlm at the channel bottom surface is expected to be thicker
due to stratiﬁcation effects, see Fig. 16(b). In contrast, for the shallow channels, i.e. larger aspect ratio, most of the liquid may collect
at the channel corners leaving a very thin liquid ﬁlm at the channel bottom surface and sidewalls. Therefore, the wall shear stress
(between liquid ﬁlm and channel surface) at the channel bottom
in addition to the channel sidewalls is expected to be larger compared to the shallow channels. This may result in larger frictional
pressure drop component in the deeper channels.

Fig. 18. Apsect ratio effect on the boiling curve at mass ﬂux of 250 kg/m2 s and z/L
of 0.5: (a) Wall heat ﬂux (b) Base heat ﬂux.

of aspect ratio on the ﬂow boiling pressure drop at mass ﬂux of
250 kg/m2 s is presented in Fig. 19. This ﬁgure shows that, for
all channel aspect ratios, the ﬂow boiling pressure drop increased
with wall heat ﬂux. This could be due to the high bubble generation and thus high ﬂow resistance leading to an increase in the
ﬂow boiling pressure drop. The increase in ﬂow boiling pressure
drop with heat ﬂux (or exit quality) was also reported by Qu and
Mudawar [36], Harirchian and Garimella [5], Huang et al. [37] and
Markal et al. [38]. This ﬁgure also illustrates that, for a given wall
heat ﬂux, the ﬂow boiling pressure drop increased with deceasing
channel aspect ratio. The effect of aspect ratio became noticeable
at moderate and high heat ﬂuxes, i.e. more than 60 kW/m2 , when
a higher bubble generation occurred and annular ﬂow dominated.
The ﬂow boiling pressure drop was found to increase by 48.6% (average difference) when the aspect ratio decreased from the larger
to smaller value. The maximum ﬂow boiling pressure drop reached
in these experiments was 3.98, 5.5 and 5.6 kPa, when the aspect
ratio was 2, 1 and 0.5, respectively. Using the corresponding mass
ﬂow rates, the increase in the energy consumed by the pump (volume ﬂow rate × measured pressure drop) is 9.7 mW, which is
small compared to the total pressure drop in a thermal management system. It is worth mentioning that other researchers also

6. Conclusions
Flow boiling experiments of HFE-7100 in horizontal multimicrochannel heat sinks were carried out. Three different channel
aspect ratios, i.e. 0.5, 1.0 and 2.0, at hydraulic diameter of 0.46 mm
were tested. The experiments were set at mass ﬂux ranging from
50 to 250 kg/m2 s, wall heat ﬂux range from 9.6 to 191.6 kW/m2 ,
system pressure of 1 bar (measured at the test section inlet) and
inlet sub-cooling near 5 K. The main conclusions can be summarised as follows:
1. The observed ﬂow patterns were bubbly, slug, churn and annular 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 reversal was found to be forward motion, stagnation period and
backward motion, while the captured ﬂow regimes were ﬂuctuating 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 signiﬁcantly.
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.
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 insignificant effect of mass ﬂux.
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.
The ﬂow boiling pressure drop results showed that the pressure
drop increased with increasing wall heat ﬂux while it decreased
with increasing aspect ratio.
The maximum heat that can be dissipated from the chipset
(base heat ﬂux) increased with decreasing channel aspect ratio. This is due to the large surface area enhancement, which
outweighs the increase in the heat transfer coeﬃcient.
The present study demonstrated that, the channel aspect ratio has a signiﬁcant effect on both base heat ﬂux and pressure drop. Accordingly, this parameter should be considered in
any proposed small to micro-scale thermal management system. However, more experimental work is required to conﬁrm
this by testing different aspect ratio ranges, operating conditions and working ﬂuids.
The maximum base heat ﬂux reached in this study was
530 kW/m2 , i.e. cooling load of 265 W, using the smaller channel aspect ratio. The working surface temperature can be controlled to be less than 80°C, allowing such systems to be used
in cooling of electronics.
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