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ARTICLE INFO ABSTRACT
Keywords: Multiphase flow and boiling phase-change within microchannels are of paramount importance to thermal
Microchannel management and electronics cooling, among others. The present experimental study investigated the bubble
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dynamics and flow patterns during flow boiling in a high aspect ratio microchannel at different channel ori-
entations. Hydrofluoroether (HFE—7000) was used as the working fluid within a transparent glass microchannel
with a width-to-height aspect ratio of 10 and a hydraulic diameter of 909 ym. A tantalum layer coating was
applied to the channel, allowing visual observation to be conducted whilst imposing uniform heating along the
channel. Under horizontal and vertical upward flow, the mass fluxes were varied between 14 kg m2s ! and 42
kg m~2 571 for Reynolds numbers between 28.4 and 85.2, while the heat fluxes were set from 2.8 kW m ™2 to 18.7
kW m~2 The results show that single bubble growth can be divided into three stages, namely: bubble-free
growth, partially confined bubble growth, and fully confined growth. The effects of mass flux and heat flux
on bubble behaviour and transition points between the defined stages are discussed. Equally important, the
channel orientation influences the bubble behaviour in terms of bubble evolution, bubble shape, and bubble nose
velocity, with no significant differences observed for the flow patterns when comparing horizontal and vertical
upward cases. The comparison of the present work with previous flow pattern map results from the literature
shows that earlier flow pattern transition models cannot accurately predict the observed flow patterns in the
present configuration. Two types of instabilities are observed, which are associated with the dominant flow
pattern during flow boiling and hence a function of the mass flux to heat flux ratio. The first type of instability,
high amplitude and long period oscillation, is found during slug flow which is characterised by the presence of
bubble rapid expansion along the channel. In addition, a second instability ensues when churn and annular flow
create short period oscillations due to the high number of nucleation events, bubble coalescence, and the
breakage of liquid slug or liquid film.

transfer mechanism when compared to single-phase liquid cooling due
to larger thermal energy that can be removed and then dissipated by the
latent heat of vaporization as opposed to single-phase systems merely
relying on sensible heat [1]. In addition, with the appropriate working
fluid selected, boiling phase-change can operate at nearly isothermal
conditions [2]. This can prevent temperature variations, which become
the main source of thermo-mechanical fatigue, wear-out and/or burnout
leading to the device failure [3]. To this end, microchannel flow boiling
is advantageous as increased heat fluxes can be dissipated under rela-
tively low mass flow rates resulting in reduced system pumping power
requirements due to smaller pressure drops, whilst in the case of

1. Introduction

The rapid miniaturisation and/or increase in power of microelec-
tronic devices and the wide application of compact refrigeration systems
in the last decades have created an urgent need to have a reliable
thermal management system that can handle high heat flux dissipation
while maintaining the device high performance. A promising solution
that is receiving attention to address this issue is the utilisation of flow
boiling phase-change in microscale heat exchangers, which consists of
single or multiple microchannels. Flow boiling is an enhanced heat
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Nomenclature

Roman Letters

A Area [mm?]

Bo Boiling number, %fg [-]

Bd Bond number, M [-]
o
Calibration factor [mm pix’l]
Specific heat capacity [J kg™ K]
Diameter [mm]

Hydraulic diameter [mm]
Thickness [mm]

Force [N]

Mass flux [kg m~2s7']
Gravitational acceleration [m s~ 2]
Heat transfer coefficient [W m 2 K]
Depth [mm]

Current [A]

Thermal Conductivity [W m K]
Length [mm]

Mass flow rate [kg s

Pressure [mbar]

Heat [W]

Heat flux [W m 2]

Reynolds number, ”V% [-1

Co Confinement number,
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Suratman number, ”:—ZD [-]

Temperature [°C]

Time [ms]

Voltage [V]

Volumetric flow rate of the pump [m®s 1]
Flow velocity [m s

Volume [m®]

Width [mm]

Weber number, %P [-]

Modified Weber number [—]

Vapour quality [—]

Lockhart-Martinelli parameter turbulent liquid-turbulent

o

M s ES<T<aomH
o

&

vapour flows, [—]
z Distance from the inlet, measured in axis parallel to
channel length [mm]
Greek Letters
a Channel aspect ratio [—]
p Bubble length-to-width aspect ratio [—]
e Channel emissivity [—]
@ Heat transfer efficiency [—]
u Dynamic Viscosity [kg m™! s71]
T Pi constant [—]
P Density [kg m3]
c Surface tension [N/m]
® Stefan-Boltzmann constant [W m ™2 K]
Subscripts
Annular region
amb Ambient condition
B Bubble
b Buoyancy
c The cross-sectional area of the channel
CB Coalescing bubble region
ch Channel
conv Losses due to convection
Eff Effective
G Gas/Vapour phase condition
In Inlet condition, the inner surface
1B Isolated bubble region
input Input
L Liquid phase condition
loss Losses
mm Parameter measured in mm
out Outlet condition, the outer surface
pix Parameter measured in pixel
rad Losses due to radiation
sp Single phase
SL Liquid superficial
SG Gas/vapour superficial
tp Two-phase
w Wall condition

single-phase cooling, larger flow rates are often needed [4].

When looking into the different parameters or conditions influencing
flow boiling, as mentioned in Refs. [5-7], channel geometry is consid-
ered an important factor. Different shapes and aspect ratios of these
channels, including circular tubes [8-10], rectangular ducts, and other
specific geometries such as a trapezoidal microchannel [11] and
diverging microchannels [12], have been reported in the literature. For
a rectangular geometry, channels with a high width-to-height aspect
ratio have received special attention due to their large
surface-to-cross-sectional area ratio, which eventually minimises the
working fluid flow rates [13] whilst enabling increased heat transfer
[14]. Besides increasing the surface-to-cross-sectional area in these high
aspect ratio channels, equally important is the heat transfer mechanism
dictated by the bubble behaviour, which can be divided into two stages
namely partial bubble confinement (dictated by channel depth) and full
bubble confinement (dictated by channel width). These confinement
stages are intrinsic to high aspect ratio channels and are not found in
circular or low aspect ratio rectangular ones.

Another important parameter in flow boiling is the channel orien-
tation. This can be achieved by azimuthal rotation, i.e., the rotation axis
is in the same direction as the fluid flow [15] and/or by inclination [16].
In terms of heat transfer performance, many studies have demonstrated

that vertical downward flow produced the lowest heat transfer co-
efficients. This trend was found to be associated with the increased flow
reversal present due to buoyancy force, which restricts the bubble
movement towards the channel outlet [16]. In contrast, previous studies
have provided contrasting views on the effect of channel inclination on
best heat transfer performance. An investigation of flow boiling of
R245fa within a 3 mm circular channel was conducted by Bamarovat
Abadi et al. [17], and the results showed that vertical upward flow
configurations resulted in the highest heat transfer coefficients. In the
study of flow boiling of R245fa in a 1.6 mm circular channel conducted
by Laysaac et al. [18], it was concluded that there was no strong cor-
relation between the channel orientation and the heat transfer perfor-
mance. In addition, Piasecka et al. [19] investigated flow boiling of
FC-72 in a 1.7 mm depth single bottom-heated channel for horizontal
and vertical flow cases. At low heat fluxes, horizontal flow showed the
highest heat transfer coefficient, whilst vertical upward flow performed
better at high heat fluxes. In the same line of work, the research con-
ducted by Sinha and Srivastava [20] revealed that for low Reynolds
numbers, vertical upward flow showed better performance in terms of
evaporative heat flux when compared to vertical downward flow, whilst
for high Reynolds numbers, such differences in the heat transfer per-
formance were not significant.
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In addition to studies focusing on heat transfer, the works conducted
by Kandlikar and Balasubramanian [21] and by Zhang and Pinjala [22]
suggested that channel inclination also influenced pressure drop char-
acteristics. This was ascribed to buoyancy forces working in the same
direction as the mass flow during upward flow, aiding bubble movement
inside the microchannel. More specifically, Leao et al. [23] studied the
flow boiling of R245fa in a rectangular microchannel heat sink (Dy =
0.2 mm and aspect ratio of 0.5) and concluded that vertical upward flow
configuration reduced the occurrence of flow reversal. In a different flow
boiling study using water in a rectangular microchannel with a hy-
draulic diameter of 0.94 mm, Li et al. [24] observed that at low mass
fluxes, the highest total pressure drop was found in the vertical down-
ward flow configuration. In contrast, a further increase in the mass flux
caused the horizontal flow to produce the highest pressure drop due to
the dominance of inertial flow. Some other studies providing analysis
and discussion on flow pattern characteristics for channels at different
orientations pointed out that different channel orientations may influ-
ence the flow characteristics, such as the presence of a more pronounced
flow reversal [21,25], and/or the change of flow transition patterns [17,
26]. In view of the above, there is still a lack of understanding of the
effect of channel orientation on the flow boiling mechanisms within high
aspect ratio microchannels, which highlights the importance of this
investigation.

Hence, the analysis of bubble dynamics plays an important role in
understanding the heat transfer performance during microchannel flow
boiling. The presence of bubble nucleation followed by growth and
departure is suggested to enhance the heat transfer performance [27,
28]. More specifically, the flow boiling mechanistic model proposed by
Thome et al. [29], and later adopted by Wang et al. [30] for the rect-
angular microchannel case, considered the importance of the thin liquid
film between the elongated bubble and the channel wall in the heat
transfer process. While a thin liquid film is beneficial, its control results
rather challenging, which can lead to dry-out phenomena and the for-
mation of annular flow, which are responsible for the drop in heat
transfer performance [31-33]. In order to better elucidate quantitively
the parameters such as bubble dynamics, liquid film thickness and/or
bubble-wall interaction, the use of various non-intrusive approaches
have been proposed, such as shadowgraphy [34], a combination of
shadowgraphy and impedance-based sensing [35], Schlieren visual-
isation [36], and optical probing [37]. These investigations and accurate
quantification techniques and information are crucial for microscale
applications, which are very sensitive to any disturbance inside the
channel.

When looking into the bubble dynamics, bubble confinement im-
poses unique characteristics that distinguish two-phase flow at the
micro-scale from that seen in more conventional macro-scale systems.
Although the behaviour in the early stage can be approached to bubble
growth under pool boiling conditions, the confinement caused by
channel depth influences the bubble dynamics in several ways, such as
the rapid increase of bubble growth rate [38] and periodic bubble
deformation [39]. Further description of the criteria of bubble
confinement has been discussed by Yin and Jia [39], who observed the
bubble height-to-width ratio to define the transition between the free
growth stage and the confined growth stage. The confinement effect can
affect the general flow characteristics, as demonstrated by Gedupudi
et al. [40], who considered bubble confinement events during the model
development of bubble growth associated with pressure drop along the
channel. Equally important, in the presence of a rectangular channel, a
bubble experiences two stages of confinement affected by channel ge-
ometry, namely partial confinement and full confinement. As suggested
by Barber et al. [41], the transition between those confinement stages
caused pressure fluctuations along the channel. Hence, further investi-
gation should be carried out to reveal the bubble behaviour in the
rectangular channel, especially with a high aspect ratio where the
confinement effect from the channel depth and width takes place in a
different time scale.
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Several predictions of the dominant flow patterns for microchannel
flow boiling at particular conditions have been achieved by developing
two-phase flow pattern maps. To this end, Akbar et al. [42], using
various databases of air-water flow, proposed a flow pattern map with
the Webber number for liquid and gas phases in the axis coordinates for
vertical and horizontal configurations. Harirchian and Garimella [43,
44] suggested that confinement characteristics also affected flow pat-
terns during microchannel flow boiling. They produced a flow pattern
map and proposed the convective confinement number, which is a
function of the Bond number and Reynolds number, to act as the tran-
sition line between the confined slug and bubbly flow. Although
numerous flow pattern maps have been proposed, their validity is
limited to specific conditions concerning channel geometry, operating
conditions, and working fluid selection. Mahmoud and Karayiannis [45]
attributed the lack of agreement between proposed flow pattern maps to
the uncertainty about which parameters govern the domination and
development of flow patterns. In addition, different flow pattern defi-
nitions result in added complexity when attempting to combine exper-
imental findings to develop a universal flow pattern map.

As reviewed above, the present study addresses systematically the
effect of confinement and, more importantly, the bubble elongation
dynamics, as well as bubble transitions and regimes, building up on
earlier works where only bubble growth before the onset of elongation
was reported. In addition, the present study tackles the bubble behav-
iour on these high aspect ratio microchannels in horizontal and vertical
upward flow where buoyancy plays a major role in the flow character-
istics. Last, flow pattern and instability regime maps specific to this
configuration are provided as these were not predicted accurately by
earlier methods and proposed regimes in the literature. To achieve the
present study’s aims and objective, a single rectangular microchannel
with a hydraulic diameter of 909 pm and a high width-to-height aspect
ratio of 10, supported with transparent uniform heating method, was
utilised. In the present work, we first explain the single bubble during
flow boiling of HFE—7000 in terms of bubble growth stages and the
transition criteria. Next, the effect of mass flux, heat flux, and flow
orientation on bubble behaviour are discussed. Equally important, the
observed flow pattern during flow boiling is analysed and compared to
previously proposed transition lines of flow pattern. The flow instability
is lastly examined by analysing the flow visualisation supported by
pressure and temperature fluctuation during flow boiling.

2. Experimental methodology
2.1. Research equipment

The research was conducted within an in-house built experimental
facility located in the two-phase flow heat transfer laboratory at The
University of Edinburgh. The facility had been used in multiple previous
studies [13,15]. However, some adjustments were made to accommo-
date the objectives of the present study. Fig. 1 presents a schematic of
the main components required to achieve, observe, record and analyse
flow boiling within the single-pass flow path. These components
included a syringe pump, heating system, test section, reservoir,
high-speed video camera, infrared (IR) thermal camera, DAQ system,
and temperature and pressure measurement devices.

Hydrofluoroether HFE—7000 (C3F,0CH3) or Novec 7000 from 3M™
was utilised as the working fluid. The liquid is non-corrosive, non-
flammable, and has excellent dielectric properties suitable for various
heat transfer applications [46]. The relatively low saturation tempera-
ture, 34 °C at 1 atm, is lower than most electronic component’s upper
operating threshold and requires lower heat fluxes to achieve boiling
incipience. Some main thermophysical properties of Novec 7000 are
listed in Table 1.

The working fluid was supplied to the test section via a Cole-Parmer
syringe pump (series 100, USA). A 50 ml Fortuna glass syringe with an
inner diameter of 26.9 mm was used and specified on the pump settings
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Fig. 1. Schematic of the experimental setup. In general, it consists of a syringe pump, heating system, test section, high-speed video camera, infrared (IR) thermal
camera, temperature and pressure measurement devices, DAQ system, and reservoir.

Table 1

Physical properties of Novec 7000 (25 °C, 1 atm) [46].
Properties Unit Value
Boiling point (Ty) °C 34
Liquid density (p,) kg m 3 1400
Liquid specific heat (C,) Jkg ' K! 1300
Liquid thermal conductivity (k) WmK! 0.075
Latent heat of vaporization (hy,) kJ kg~! 142
Surface tension (o) Nm™! 0.0124
Kinematic viscosity (v) cSt 0.32
Vapour pressure (P) Pa 64.6

before operation. By specifying the custom syringe size, the pump could
convert the axial displacement of the pusher block (caused by the
stepper motor and screw movement) to the desired liquid volume flow
rate. In addition, either the target pumping duration or the target
injected volume could be specified.

A combination of flexible and rigid tubing, together with push-pull
fittings, were used to create the flow path connecting the test section
to both the syringe pump and the reservoir. A rectangular borosilicate
glass channel was used as the test section while short circular tubes were
glass blown onto the ends of the channel towards successfully installing
the rectangular microchannel into the flow path and easing fluid
transportation. As presented in Fig. 2, the channel had a length (L) of

100 mm, an inner width (W;,) of 5 mm, an inner depth (H;,) of 0.5 mm
and a wall thickness (d) of 0.35 mm. Hence, it had a width-to-height

aspect ratio (g—":) of 10 and a hydraulic diameter, calculated by equa-

tion (1) of 909 pm.

2WiH,,

D, =_——mm
" Win +Hin

(€Y

Of importance to this work and to the bubble characteristic is the
estimation of the dimensionless confinement number (Co) proposed by
Kew and Cornell [47], which is determined by the following equation.

c

e 8(pr = p,)Di* @

The confinement number was associated with the restriction of a
channel to the normal flow regime for a specific working fluid. It was
suggested that when Co > 0.5, the confinement effect would be signif-
icant and hence confined bubble regime is dominant which can be used
as the transition criteria from macro to microscale [6]. The confinement
number for this specific channel geometry and working fluid case was
Co = 1.05, which was higher than the critical value. Hence it can be
classified as a microchannel. It should be noted that other channel
classifications can be further useful allowing for better comparison with
other works in the literature. For instance, Kandlikar and Grande [48],
based on the rarefaction effect on gas flow, proposed the channel

/

Isometric view

~

Cross-sectional view

Win =5 mm £ 0.02 mm

0.5mm + 0.02 mm

in —

H:

d =0.35mm =+ 0.02 mny

Fig. 2. Schematic showing (left) an isometric and (right) cross-sectional view of the microchannel test section.
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classification by making use of the hydraulic diameter, D;,. Under this
criterion, our channel would be categorised as minichannel since the
hydraulic diameter of the channel is located between 200 pm and 3 mm.

To accomplish boiling within the channel whilst enabling visual-
isation studies, a transparent heating system was required. This was
achieved by sputtering a thin tantalum layer onto the exterior wall of the
channels. Similar to previous studies [41,49], uniform heating was
achieved by coating the four outer surfaces of the high aspect ratio
microchannel. The thin tantalum coating provides electrical resistance
to produce heating when electricity is supplied whilst maintaining
transparency on the visual spectrum. As a result, the flow behaviour
could be observed by a high-speed video camera. The channels utilised
during the study had a resistance of 2 kQ. The uniform heating applied in
the present work implies that there is no temperature gradient that may
induce preferential nucleation and bubble formation. In order to have a
better control of the bubble nucleation other techniques such as local
resistance variation, surface modification and/or local laser heating are
suggested for future works.

A 240 V alternating current transformer was used as a power supply
for the test section. It was coupled with a rectifier to convert the alter-
nating current (AC) into direct current (DC). Aluminium foil strips were
placed on both channel ends, acting as electric terminals. Crocodile clips
were used to connect the terminals to the DC rectifier to create a closed
electrical circuit. Two multimeters were installed to measure the voltage
and current, respectively. A Kethley 175 Autoranging digital multimeter
was connected to measure the current in mA with an accuracy of 0.2%.
In addition, a Kethley 192 multimeter was connected in parallel with the
circuit to measure the applied voltage accurately with an accuracy of
0.01%. The voltage and current values were recorded to calculate the
applied heat flux following Joule’s first law.

The microchannel flow boiling bubble behaviour was then captured
with a NanoSense MKII high-speed video camera (USA) fitted with a 2.5
mm lens. The camera resolution and frame rate could be adjusted based
on the visualisation requirements. To capture the bubble dynamics with
the effect of channel confinement in a high aspect ratio channel, the
camera was placed above the top surface of the channel normal to the
width to length channel plane and hence normal to the flow direction. In
both horizontal and vertical upward configurations, the visualisation
was always taken from the width to length plane to allow the mea-
surement of the bubble length and width reported in the results and
discussion section, which supported the bubble confinement and elon-
gation behaviour analysis. To enhance the contrast during the optical
imaging, an LED backlight lighting was installed from the opposite side
of the channel. For most recordings, the camera was set on a full reso-
lution of 512 x 512 pixels and at a frame rate of 1000 frames per second
(fps). The videos consisted of between 8000 and 20,000 images.
Although the number of fps adopted may not allow the set up to eluci-
date the bubble growth during the inertia-driven growth phase for
which higher magnification should also be applied, this configuration is
actually sufficient to map the profile evolution of the bubble during the
different growth regimes for the relatively low heat fluxes investigated.
A personal computer, equipped with Dynamic Studio 2015 software,
was utilised to operate the camera and monitor the flow visualisation.
The software supported various functions such as frame rate and image
resolution adjustment, recording settings, and file management.

The inlet and outlet flow conditions were monitored by employing
thermocouples and pressure transducers. Two K-type thermocouples
were installed to capture the inlet and outlet fluid temperatures. Two
pressure transducers were used to record the pressure fluctuation ex-
pected during flow boiling. The pressure transducers were coupled with
a National Instruments USB-6009 data acquisition unit. The device was
connected to a personal computer supported with LabVIEW software. A
program was built to convert the voltage values from pressure trans-
ducer into accurate pressure readings and record the data during the
flow boiling.

The microchannel surface temperature profile was captured with a
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Flir 645sc IR camera (Sweden) with thermal sensitivity of 20 mK for a
640 x 480 pixels resolution and a maximum frame rate of 25 fps. It was
fitted with a Flir TR197909 lens with a focal length of 24.6 mm, allowing
the temperature distribution along the entire channel to be imaged and
recorded. The current configuration and maximum number of fps are
adequate to capture the thermal oscillation caused by bubble elongation
process which often occurs in the frequency lower than 3 Hz i.e., period
of 0.33 s [38,50,51]. However, higher fps may be needed to capture a
more detailed phenomenon for higher fluxes where the bubble dynamics
and liquid-vapour interaction become more complex, which are out of
the scope of the current work. The emissivity of the IR camera was ob-
tained according to the process described by Madding [52]. During the
tests, the average value of the channel emissivity was found to be 0.83.
The recorded camera temperature was then compared with the tem-
perature readings obtained from the thermocouples. It was found that
the deviation of channel emissivity was 0.02.

2.2. Experimental procedure

The experimental procedure was initiated by flushing the flow path
and ensuring that the test section was filled with the working degassed
fluid as well as so to get rid of all entrapped bubbles. The degassing
process was completed by vigorously boiling the working liquid for 1 h.
Thereafter, the syringe pump was configured by specifying the syringe
size and setting the desired flow rate. The degassed fluid was pumped
through the system whilst the voltage was gradually increased until the
target value was reached. Once the outlet temperature measurement
stabilised at around the fluid saturation temperature (within a minimum
variation when compared to the outlet temperature) for 3 min and the
desired boiling phenomenon was observed, data recording was initiated.
In addition to single bubble growth, the flow pattern for both the inlet
and outlet regions was also recorded. The video was then transferred
from the camera to the PC, and the sequence of images was extracted.
ImageJ software was used to analyse the bubble dynamics seen during
the different flow boiling cases. The software was able to convert the raw
grayscale images into binary images by choosing a proper threshold
value. As a result, several bubble parameters, as shown in Fig. 3, were
obtained.

The influence of altering specific operational conditions on the flow
boiling behaviour was investigated. This was achieved by accumulating
data for a test matrix consisting of different mass flow fluxes, heat fluxes,
and two different channel orientations, horizontal and vertical upward
flow. The mass fluxes were varied by changing the volumetric flow rate
of the pump. Based on the criteria proposed by Lee et al. [53], the flow
can be considered a hydrodynamic fully developed flow after 1.22 mm
from the inlet for any mass fluxes between 14 and 42 kg m ~2 s 1
equivalent to a Reynolds number between 28.4 and 85.2, respectively.
Furthermore, various electrical power was applied to the channel to
obtain the different heat flux values. The experimental conditions of the

nose

(a) (b)

Fig. 3. a) Raw image of single bubble b) The liquid-vapour interface after the
image processing result and the measured bubble parameters. Ag , Ws , Lg , Xuil
, Xnose are, respectively, the area of the bubble, bubble width, bubble length, the
bubble nose representing the front position of the bubble, and the bubble tail
which is the rear position of the bubble.
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present study are shown in Table 2.

It should be noted that in the present study, the channel was uni-
formly heated and there was no controlled nucleation site in the
microchannel. Hence, for the case of single bubble growth analysis,
observations were focused on low heat flux cases, between 2.8 kW m 2
and 7.0 kW m~2 so to minimise the occurrence of numerous nucleation
sites. For this investigation, higher heat fluxes are avoided since these
would lead to further bubble nucleation and coalescence before the
bubble could complete all the reported single bubble growth stages.
Since the bubble confinement behaviour is the main interest of this
study, only bubbles displaying the elongated bubble phase and depar-
ture were considered. To ensure repeatability, three single bubble
growth events were observed and analysed for each configuration. Due
to the relatively low saturation temperature of the working fluid, no
preheating was required to achieve boiling incipience within the chan-
nel. The inlet temperature of the liquid was 21.5 °C (£1.5 °C), repre-
senting the ambient temperature within the experimental enclosure.

During the experiments, several uncertainties were identified. These
uncertainties could mainly be ascribed to the channel dimensions, the
technical specification of the measuring devices, and the calibration
process. For the parameter that was not directly measured, the uncer-
tainty of the component was determined first. The uncertainties of the
bubble parameters were strongly affected by the spatial resolution of the
image, depending on the camera setup during the observation. For
example, the uncertainty of the bubble diameter measurement was
determined by following equation:

2 2

o () ()
D yum D pix CF

where Dg mp, is the bubble diameter measured in mm, D is the bubble
diameter measured in pixel, CF is the calibration factor to convert the
measurement in pixel to mm. In terms of heat flux, the uncertainty was
obtained as a function of heat transfer efficiency, input power, and the
inner channel area. Hence, the uncertainty of those parameters was

calculated first before obtaining the uncertainty of the heat flux. The
experimental uncertainties are summarised in Table 3.

3. Data reduction

The volumetric flow rate, V, of the syringe pump was converted to a
mass flux, G, with equation (4):
_ V/)L
=

G @

where p; is the liquid density, and A, is the internal cross-sectional area
of the channel which is equal to W;,-Hi,. Next, the input power, Qinput,
provided by the heating system was calculated based on Joule’s first
law:

Qinpm =Ul1 (5)
where U is the voltage and I is the current, measured by the respective

multimeters. Due to the channel being completely uninsulated, signifi-
cant heat loss was expected. Thus, the input power differed from the

Table 2

Experimental conditions.
Parameter Unit Value
Hydraulic diameter (Dj) pm 909
Confinement number (Co) - 1.05
Bond number (Bd) - 0.89
Mass flux (G) kgm 25! 14-42
Reynolds number (Re) - 28.4-85.2
Heat flux (q) 2.8-18.6

Boiling number (Bo) 0.78 x 1073 - 4.61 x 1073
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Table 3
Experimental measurement uncertainties.

Properties Unit Maximum uncertainty
Pump volumetric flow rate (V) ml/hour 0.5%
Thermocouple temperature (Tiy, Tou) C 40.2°C
IR camera measured temperature (T,,) °C

+2°C
Hydraulic diameter (Dy) mm 4%
Inlet and outlet pressure (Pi,, Poy) mbar 0.25%
Current (I) mA 0.2%
Voltage (U) A 0.01%
Heat Flux (q) Wm2 6.2%
Mass Flux (G) kg m s ? 4.1%
Bubble equivalent diameter (Dg) mm 6.38%
Bubble length-to-width aspect ratio () - 17.6%

effective heat absorbed by the liquid. For single-phase flow heating, the
effective heat supplied to the liquid, Q.sr,sp, Was determined by equation
(6):

Qeff,sp = mcp (Toul - Tm) (6)

where T, and T;, are the liquid temperature measured at the outlet and
inlet sections, respectively, G, is the liquid-specific heat capacity, and m
is the mass flow rate equals Vp,.

Under two-phase flow conditions, the heat loss due to convection and
radiation was first calculated as done in previous study [54]. Thereafter,
the effective two-phase heat flux, Q. p, was determined using equation
):

Qeff,!p = Qinpul - Qconv - Qrad (7)

Next, the convective heat loss, Q...,, was calculated with equation

(8):
chnv = hcunvAw,oul(Tw - Tamb) (8)

where h.,,, is the convective heat transfer coefficient of air at the
ambient conditions and it was estimated from the available empirical
correlation for natural convection [55,56]. Ty, is the average wall tem-
perature measured by the IR camera and T, is the ambient tempera-
ture. The outer surface area, Ay oy, Of the microchannel is calculated
with equation (9):

Ay out = 2Ly (Wiy +2d) + 2L, (Hiy + 2d) ©

where Ly, is the channel heated length, W;, and H;, represent the inner
width and the height of the channel, respectively, and d is the thickness
of the channel.

The radiative heat loss, Qjoss.ad, Were estimated with equation (10):

Qrad = SwAw.oul (T\:‘/ - T:mb) (10)

where ¢ is the emissivity of the channel and o is the Stefan Boltzmann
constant.

The heat transfer efficiency, ¢, for each case was calculated by
making use of equation (11):

p= Qeff/Qinpul (€N

The result of single phase case and two phase case under similar mass
flux were compared. A linear trend between effective heat and input
power was found in the present study with the value of the ¢ ranging
between 0.77 and 0.86. Finally, the effective heat flux, g, was calculated
using the following equation (12):

g= (/)Qinpul

12
Aw.in ( )

where A, ;, is the inner channel surface area.
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The flow observation, from the normal direction to the fluid flow,
was conducted to obtain visual data on the bubble phenomenon. Next,
various bubble parameters were extracted using ImageJ software. To
obtain the bubble equivalent diameter, Dg, the bubble area, Ag, looking
from the top as in Fig. 3, was first measured and then equation (13) was
used:

[4A
Dp=/—
3

Another important parameter was the bubble length-to-width aspect
ratio, 5, which was used to characterise the bubble elongation process
calculated with the use of equation (14):

13)

_Ls

p= We (14)

where Lg and Wy are the length and width of the bubble, respectively.
4. Result and discussion
4.1. Validation

Single phase experiments were carried out in order to check the
validation of the system and the methodology adopted in the present
work. Two parameters, the pressure drop and the heat transfer coeffi-
cient for single-phase were assessed and the results were compared with
the available proposed correlations from the literature. Fig. 4 a) shows
the result of the calculation of Fanning friction coefficient from the
adiabatic experiments and the proposed correlation by Shah and London
[56] for rectangular channels and fully developed flow. The Fanning
friction factor tends to decrease with the Reynolds number, and a good
agreement is found between our experiments and the correlation of Shah
and London [56] with a mean absolute error of 16.4%. Next, the
single-phase diabatic case was also evaluated to obtain the heat transfer
characteristics in the form of Nusselt number versus Reynolds number.
Fig. 4 b) shows the Nusselt number obtained from the experiments and
its comparison with the correlation proposed by Lee and Garimella [57]
with a mean absolute error of 6.5%. The single-phase test results
demonstrate that the experimental facility and methodology adopted in
the present work can provide accurate results for the flow boiling
experiments.

0.8
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4.2. Single bubble dynamics

The dynamics of single bubble nucleation and growth are analysed to
understand better the phase-change process and how confinement in-
fluences bubble behaviour. Fig. 5 shows the evolution of the bubble
diameter for the flow boiling case of G = 28 kgm 2s ! and ¢ = 3.1 kW
m ™2 under horizontal flow configuration. The upper part of the figure
shows the bubble equivalent diameter and its growth rate, whilst the
bottom part of the figure depicts the bubble length and width evolution
together with the length-to-width aspect ratio.

After bubble nucleation occurs, the small bubble undergoes free
growth inside the channel without any restriction. Previous researchers
[41,49] discussed the three stages of bubble growth behaviour inside the
channel and the first stage refers to the free bubble growth (stage I). In
this stage, the bubble growth rate tends to be slow due to the small
bubble wall contact area, with a bubble aspect ratio of around 1. It
should be noted that most data shown in this stage represents the
thermally controlled bubble growth occurring after the rapid occurrence
of the inertia controlled bubble growth which ensues in a timescale of
less than 1 ms as observed by Bogojevic et al. [38]. The bubble keeps
growing until it becomes confined by the channel depth. The second
stage is called partially confined bubble growth (stage II), which takes
place at t = 72 ms. The start of the partial confinement regime is found
when the bubble equivalent diameter is 0.5 mm (equal to the channel
depth) and as such, the bubble starts experiencing heating from both
upper and lower walls. As the bubble-wall contact area increases, the
bubble receives more heat leading to a higher evaporation rate, which
causes the bubble diameter to increase steadily. The bubble growth rate
during this period is higher than that seen during the early stage and
keeps increasing. With close inspection of the lower part of Fig. 5, it
becomes clear that between t = 72 and t = 200 ms, the bubble length and
width increase similarly with a bubble aspect ratio of 1.

After that, the bubble starts to experience further confinement due to
the channel width, although it has not reached the maximum inner
channel width of 5 mm, but rather measured approximately 3.2 mm.
This confinement causes the evolution of the bubble shape, resulting in
the formation of an elongated bubble. In stage III, called the bubble
elongation stage, the bubble evolves into an elongated bubble and fills
the channel. The transition from stage II to III takes place when the
elongation process of the bubble becomes dominant, and the bubble
length-to-width ratio equals 1.1, reaching the transition point called the
onset of bubble elongation (OBE). After t = 234 ms, it is observed that
the bubble length grows exponentially while the bubble width growth is

3.0

B Present Work
—— Lee and Garimella [57]
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Fig. 4. The results of single phase experiment a) fanning friction factor versus Reynolds number b) Nusselt number versus Reynolds number.
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restricted by the channel width.

As mentioned previously, various parameters influence the flow
boiling characteristics and the accompanying bubble behaviour. The
experimental test matrix included different mass and heat flux combi-
nations together with different channel orientations. The influence of
these parameters on the bubble dynamics was analysed. Fig. 6 shows the
effect of heat flux on the bubble diameter evolution, and it reveals that
the bubble growth rate increases with an increase in heat flux, as ex-
pected. For a heat flux of 3.1 kW m~2, the bubble diameter reaches a size
of 4 mm at t = 270 ms. However, for a higher heat flux of 7 kW m~2, it
takes around 80 ms for the bubble to evolve to a similar size. Wang et al.
[49] introduced two critical transition times between the bubble growth
stages, and this concept is also adopted for this study. Two straight
vertical dashed lines, representing the transition points for each case, are
shown in Fig. 6. As expected, the critical times for the transitions at high
heat flux occur earlier than those at lower heat flux.

After bubble nucleation, the bubble continues receiving energy
supplied by the heated wall, causing it to grow in size. The higher heat
flux provides more energy to be transferred to the bubble, enhancing the
evaporation process. This rapid evaporation at higher heat fluxes con-
tinues as the bubble enters the later stages of bubble growth. The bubble
experiences both partial and full confinement conditions, and the inner
channel walls influence the increased bubble growth rate. As the bubble
enters the bubble elongation stage, the bubble surface area will rapidly
increase. This phenomenon enhances the heat transfer performance by
providing a larger area where the evaporation of thin liquid film be-
tween the bubble and wall occurs. However, at the same time, it also has
the potential to trigger the occurrence of dry out. Mukherjee et al. [31]
explained that dry-out conditions resulted in the early approach of the
critical heat flux, whereafter the heat transfer performance deteriorates.

Mass flux is another parameter affecting the bubble evolution and
growth, which is represented in Fig. 7. Here, three cases of mass fluxes
are compared for the same heat flux of 3.7 kW m~2 under a horizontal
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Fig. 5. Single bubble profile evolution (G = 28 kg
m~2 57!, equivalent to Re = 56.8, ¢ = 3.1 kW m~2,
horizontal flow). The upper part of the figure shows
the bubble diameter (up triangle, in mm) and bubble
growth rate (half-filled square, in mm/ms). The bot-
tom part of the figure illustrates the bubble length-to-
width aspect ratio (circle), bubble length Ly (filled

t =298 ms

@ diamond, in mm) and bubble width W (empty dia-
£ mond, in mm). Three bubble growth stages are
% introduced: free bubble growth (stage I), partially
_‘E confined bubble growth (stage II), and bubble elon-
s gation stage (stage III). The vertical dashed lines
% represent the transition between the different stages.
o
s}
a
s
m

Bubble length / Bubble width (mm)

flow configuration. The bubble growth, particularly before the elonga-
tion process, i.e., while Lg = Wp, decreases with an increased mass flux.
Furthermore, for increased mass fluxes, the onset of the elongation
process is delayed. For example, for a mass flux of 28 kg m 257}, the
bubble takes 100 ms to enter the bubble elongation stage. When the
mass flux is increased to 42 kg m~2 s™!, the bubble only reaches the
elongation stage at 350 ms. The relation between bubble growth and
mass flux found in this study agreed with previous studies conducted by
Yin et al. [58] and Edel and Mukherjee [59]. As the mass flux increases,
the liquid can remove more heat from the wall allowing less heat to be
transferred to the bubble. In addition, the increased liquid velocity
provides an enlarged inertia force around the bubble that acts as a
resistance force during the bubble growth process.

Next, we look into the bubble evolution seen during flow boiling at
different flow orientations for horizontal and vertical upward flows in
Fig. 8. In the case of horizontal flow, represented in Fig. 8 a), initially,
the bubble grows uniformly in parallel and perpendicular to the flow
directions resulting in a bubble length-to-width aspect ratio equal to 1.
During this stage, the nose and tail of the bubble are of a similar shape. It
is observed that at t = 38 ms, the bubble diameter reaches 0.5 mm.
Thereafter, the bubble enters the transition stage from stage I to stage II
and starts experiencing partial confinement due to the channel height
restricting further uniform growth. At t = 100 ms, the bubble maintains
Lg/ W = 1 and the diameter increases to 1.96 mm. When the bubble
reaches an equivalent diameter of 2.47 mm at t = 108 ms, it is observed
that the bubble length-to-width aspect ratio slightly increases to 1.1. At
this stage, the bubble width is 2.34 mm and the bubble length measures
2.59 mm. The restrictive channel width combined with the liquid flow
around the bubble causes further bubble confinement resulting in the
onset of the bubble elongation as the transition from stage II to stage III.
During stage III, the bubble growth in the direction parallel to the flow
direction becomes dominant, and the bubble shapes into an elongated
bubble. Similarly, the bubble length-to-width aspect ratio keeps
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Fig. 6. The evolution of the bubble equivalent diameter, Dy (mm), versus time,
t (ms), at various heat fluxes for G = 28 kg m2s7 equivalent to Re = 56.8,
and horizontal flow configuration. Full symbols represent free bubble growth
(stage 1), the half-bottom-full symbols show the partially confined bubble
growth (stage 1), and the empty symbols are the bubble elongation stage (stage
I11). Two vertical dashed lines shown in the Figure illustrate the critical time as
a transition point of the bubble growth stage.

increasing until it reaches a value of 2.34 with an equivalent diameter of
6.14 mm at t = 136 ms.

An example of the typical bubble evolution seen for a vertical up-
ward flow case is shown in Fig. 8 b). At t = 34 ms, the bubble diameter is
approximately 0.5 mm, and the length-to-width aspect ratio equals 1.
Initially, the bubble size is small, and the dominant influence of surface
tension over the external forces keeps the bubble shape for the vertical
and horizontal shapes similar. However, as the bubble grows, a slightly
different phenomenon is observed. At t = 88 ms, the bubble diameter is
around 1 mm, and the bubble length-to-width aspect ratio drops to
around 0.9, i.e., slightly elongated perpendicular to the gravity direc-
tion. In this case, the bubble volume as well as the buoyancy force in-
crease. In the vertical upward flow, this force directly influences the
bubble shape as the flow direction is parallel to the buoyancy forces
direction. The bubble experiences slight deformation to form a disk
shape in which the bubble length is smaller than the bubble width, i.e.,
bubble length-to-width aspect ratio <1.0. On the other hand, due to the
minimal influence of the buoyancy force, the bubble in the horizontal
flow still experiences uniform growth in the length and width direction
and maintains its bubble length-to-width aspect ratio of 1.0. Finally, the
bubble growth in the width area will be limited by the channel width.
Hence the bubble growth in the direction parallel to the flow will be
dominant. The bubble enters the onset of bubble elongation (OBE), and
the bubble length-to-width aspect ratio increases gradually.
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Fig. 7. The evolution of bubble equivalent diameter at different mass fluxes for
g = 3.1 kW m~2 and horizontal flow configuration. The full symbol represents
the free bubble growth. Full symbols depict free bubble growth (stage I), the
half-bottom-full symbols represent partially confined bubble growth (stage II),
and the empty symbols show the bubble elongation stage (stage III). Two
vertical dashed lines shown in the Figure illustrate the critical time as a tran-
sition point of the bubble growth stage.

Fig. 9 shows the bubble length-to-width aspect ratio Lg/Wp versus
the bubble equivalent diameter Dp for various mass and heat fluxes and
the horizontal and vertical upward flow configurations. On one hand, it
is apparent that for horizontal flow boiling, the bubble length-to-width
aspect ratio tends to be constant before entering the elongation stage
once the bubble equivalent diameter is greater than 2 mm. On the other
hand, the bubble in the vertical case experiences a slight decrease in
bubble length-to-width aspect ratio before evolving into an elongated
bubble. For the observed cases, this behaviour starts to occur when the
bubble equivalent diameter in vertical flow reaches 0.60 - 1.00 mm, i.e.,
the smallest of the channel geometries. It is also observed that the onset
of bubble elongation (OBE) occurs at a smaller bubble equivalent
diameter for the horizontal case in comparison to that seen for the
vertical case. For the case G = 28 kg m 2 s~ and ¢ = 2.8 kW m 2, the
onset of bubble elongation occurs when the bubble diameter is 2.63 mm,
whilst in the case of vertical upward flow, the bubble diameter reaches
3.5 mm during the onset of bubble elongation. In addition, Fig. 9 also
implies that this trend, including the drop in aspect ratio and the dif-
ference between the onset of bubble elongation point, is less pronounced
for the lower heat flux for each mass flux. It is because in the higher heat
flux, the bubble experiences a shorter period of stage II in which this
phenomenon will take place.

After the bubble passes the onset of elongation point, the bubble
starts to enter stage III of bubble growth, where the elongated bubble is
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Fig. 8. The visualisation of bubble growth for a) horizontal and b) vertical
upward flow orientations. (G = 28 kg m 2 s, equivalent to Re = 56.8, and q =
2.8 kW m2). For the horizontal case, the phenomenon was recorded between t
= 38 ms and t = 136 ms. For the vertical upward case, the phenomenon was
recorded between t = 34 ms and t = 132 ms. Each bubble condition is sup-
ported by geometry characteristics: bubble diameter (Dg) and bubble length-to-
width aspect ratio (Lg /Ws).

formed. On the left of Fig. 10, an example of the typical shapes of an
elongated bubble at G = 42 kg m ™2 5! and q = 4.7 kW m~2 for hori-
zontal and vertical upward flow is shown. It is worth noting that for such
conditions, the onset of boiling elongation differs quite considerably on
the bubble equivalent diameter when comparing horizontal and vertical
upward flows, which allows for a more direct comparison. The length of
the bubbles is similar and measured approximately as 10 mm. In the
horizontal flow case, the bubble nose and tail are similar in shape, whilst
an asymmetrical bubble is observed in the vertical flow case. The typical
shape of a single bubble at various mass and heat flux combinations is
analysed for each of the configurations. To obtain the general shape
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trend, the observation was focused on the liquid-vapour interface
around the bubble nose and tail. The contours for the different cases and
channel configurations are shown in Fig. 10 b. For the bubble nose,
although in some cases the bubble nose contour for vertical upward flow
is sharper, there is no significant difference between the horizontal and
vertical flow cases, whereas significant differences are observed when
looking at the shapes of the tail contour. The bubble tail for horizontal
flow is similar to the bubble nose, creating an approximately symmet-
rical elongated bubble, whilst the drag force, buoyancy and fluid
movement behind the bubble tail in vertical flow cases cause the bubble
tail to form a flat-shaped pattern. The different shapes of the bubble nose
and tail observed in the present work also demonstrate the different
forces acting at the bubble, such as buoyancy and flow inertia, which
may result in the apparent difference between the front and rear contact
angles, i.e., upstream region and downstream region, as suggested by
Sinha et al. [60,61].

The effect of channel orientation on the bubble nose velocity is also
analysed. Fig. 11 illustrates the results plotted for the two configurations
considered and two heat and mass flux combinations. In general, the
bubble nose velocity increases along with the increase in the bubble
diameter. When the bubble equivalent diameter is smaller than 2 mm,
the bubble nose moves with a similar velocity along the channel for both
configurations. However, as the bubble increases in size, the bubble for
vertical upward flow configuration moves faster in comparison to that
observed during horizontal flow configuration. Wang et al. [62] dis-
cussed how buoyancy influenced the bubble movement and suggested
that the enhancement effect that occurred for upward flow orientations
was due to flow inertia being concurrent with the buoyancy force.
Nicklin [63] proposed a bubble movement model that supported that
statement and suggested that the bubble movement and velocity within
a channel were influenced by liquid movement and buoyancy. In the
right axis of Fig. 11, the relation between buoyancy force and bubble
diameter is shown. The buoyancy force is calculated by equation (15).

Fy=(p. —pg)Vsg (15)
where p; and p are the density of the liquid and vapour phase, V3 is the
volume of the bubble, and g is the gravitational acceleration. As heat flux
is applied, a small bubble nucleates within the channel. As it receives
more heat, the evaporation process causes the bubble volume to in-
crease, and the buoyancy effect begins to play a more significant role in
the forces acting on bubble and governing its movement and velocity.
Representation of the bubble nose velocities and buoyancy forces in
Fig. 11 illustrate quite well how the buoyancy force results in acceler-
ated upward bubble movement for vertical upward flow cases, whilst no
significant gravity effects are seen for the horizontal flow cases.

4.3. Flow patterns

Both Figs. 12 and 13 depict snapshots of the flow boiling visual-
isation at various heat and mass flux combinations for the case of ver-
tical upward flow. Fig. 12 focuses on the channel inlet section from z =0
mm up to z = 20 mm, whilst Fig. 13 pictures the channel outlet section
from z = 33 mm up to z = 53 mm. The visualisation results were ana-
lysed to determine the flow patterns under particular conditions.
Thereafter, the flow patterns found during the study were compared to
some available flow pattern maps proposed by previous studies.

In the inlet area, slug flow is observed in most cases. Slug flow is
characterised by the presence of a liquid-dominant phase, called the
liquid slug, and the vapour-dominant phase in the form of an elongated
bubble. For low heat fluxes, for example, in the case of G = 14 kg m™2
s ! and q=28kwW m~2, the tail of an elongated bubble is observed at
the channel inlet section. Bubble nucleation normally occurs in the
middle or outlet section of the channel. The bubble grows in both the
downstream and upstream directions, triggering flow reversal. As the
heat flux is increased, the liquid receives more energy, resulting in the
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Fig. 9. Bubble length-to-width aspect ratio, Lg/Wp, for (blue triangles) horizontal and (red squares) vertical upward flow configurations versus bubble equivalent
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elongation, solid line is the linear relation Lg/Wp to D, and dotted horizontal line is the Lg/Wp = 1.

nucleation site shifting forward to the middle and the end of the inlet
section. Further increase in the heat flux, as shown in the case of G = 14
kgm 257! and g = 9.2 kW m™2, results in the nucleation site being close
to the channel inlet (z = 0 mm). This phenomenon was also observed by
previous researchers [11,64]. In addition, the liquid-vapour interface at
high heat flux tends to be more wavy compared to that observed at low
heat fluxes. In the outlet section, as shown in Fig. 13, three different flow
patterns are observed in the channel outlet section: slug flow, churn
flow, and annular flow. Slug flow is found at low heat fluxes. As the heat
flux increases, the bubble grows faster and more bubble nucleation sites
are activated. The stability of the liquid-dominant phase is disrupted,
and the liquid-vapour mixing zone is formed. These characteristics
correlate to churn flow, which acts as the transition from intermittent
flow to annular flow. Further increases in the heat flux heighten the
vapour quality in the channel, leading to the observation of annular
flow.

The dominant flow patterns observed in the outlet section for both
channel configurations are plotted in Fig. 14, with the mass flux and heat
flux as the horizontal and vertical axes, respectively. The graph reveals
that the combination of mass flux and heat flux in this experimental
study produces three flow patterns: slug, churn, and annular flow. No
bubbly flow is observed in this study due to the sudden bubble growth as
soon as nucleation occurs. After the bubble experiences full confine-
ment, the rapid bubble elongation process occurs, followed by the
rewetting process before the next nucleation event takes place. Hence,
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the tiny bubble, which is strongly associated with bubbly flow, is only
observed in the early stage of bubble growth. This phenomenon was also
seen by previous researchers such as Edel and Mukherjee [59] and
Markal et al. [65]. The mass flux also plays an important role in the
absence of bubbly flow. Higher mass flux allows the bubble to flow to the
outlet section before experiencing partial and full confinement. A study
conducted by Harichian and Garimella [43] also suggested that bubble
confinement was observed in channels at low mass flux but not at high
mass flux. These researchers suggested that the transition from confined
slug flow to unconfined bubble flow was influenced by the Reynolds
number.

As the mass flux is increased from 14 to 42 kg m™2s 71, it is found
that the transition between slug flow and churn flow, and between churn
flow and annular flow, occurs at higher heat fluxes. For instance, in the
case with G = 14 kg m~2 s 71, the transition from slug flow to churn flow
takes place between g = 2.7 kWm 2 and q = 3.6 kW m ™2, whilst for G =
28kgm~2s 1, this transition occurs only after a heat flux of 7.0 kWm 2.
This phenomenon is ascribed to the ability of higher mass fluxes to carry
more heat. Higher heat fluxes are needed to activate more nucleation
sites and heighten the vapour quality inside the channel so that churn
flow becomes dominant.

By comparing the two graphs presented in Fig. 14, the effect of
channel orientation on flow pattern development is investigated. The
trends discussed already are found to be similar for both the horizontal
and vertical upward flow configurations. This similar trend is found to
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Fig. 10. a) Typical bubble shape in horizontal and vertical flow (G = 42 kg m—2s~! , equivalent to Re = 85.2 and q = 4.7 kW m~2) b) The liquid-vapour interface in

the bubble nose and bubble tail regions. The blue dashed line represents for the horizontal flow case, and the red dashed line is the liquid-vapour interface for the
vertical flow case (G = 28 and 48 kg m~2 s™}, equivalent to Re = 56.8 and 85.2, ¢ = 2.8-5.8 kW m~2).
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Fig. 11. Comparison of bubble nose velocity (left axis, in mm/ms) and buoyancy force (right axis, in N) versus bubble equivalent diameter, Dg (mm), in horizontal
and vertical flow configurations for (left) G = 28 kg m~2 s, equivalent to Re = 56.8, and q = 2.8 kW m~2, and (right) G = 42 kg m~2 s, equivalent to Re = 85.2,

and ¢ = 4.7 kW m 2,
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Fig. 12. Flow visualisation of channel inlet section (z = 0 mm up to z = 20 mm) at different mass fluxes, G (kg m 2 s_l),

or Reynolds number, and heat fluxes, g (kW

m~2), under steady-state condition for vertical upward flow. The number inside the box represents the value of heat flux.

be true due to the single bubble behaviour not being the only factor
influencing the flow pattern transitions. The bubble nucleation that
occurs along the channel, as well as the coalescence process, also plays
an important role in the stability of the liquid slug phase that can trigger
the transition from slug to churn and churn flow to annular flow. Costa-
Patry and Thome [32] and Costa-Patry et al. [66] suggested that the slug
to annular flow pattern transition was affected by various factors,
including the heat flux as well as the latent heat of the fluid. This finding
highlighted the importance of bubble nucleation, bubble coalescence
and the evaporation process during flow pattern development.

13

4.4. Flow map regimes literature comparison

Due to bubble behaviour having such a significant impact on thermal
performance and system pressure drop, numerous efforts have been
made to predict the flow patterns seen during microchannel flow boiling
based on various parameters. In this section, the observed flow pattern
will be compared with some selected proposed flow pattern maps from
previous investigations which are summarised in Table 4. Due to the
similar trend between horizontal flow and vertical flow, as suggested in
Fig. 14, the comparison was made by taking the horizontal flow data set
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Fig. 13. Flow visualisation of channel outlet section for (z = 33 mm up to z = 53 mm) at different mass fluxes, G (kg m 2 s_l), or Reynolds number, and heat fluxes, q
(kW m~2), under steady state condition for vertical flow. The different colour code of the heat flux label illustrates the two-phase regime taking place. The number
inside the colour label shows the value of heat flux.

Reynolds number (-) Reynolds number (-)
25 50 75 100 25 50 75 100
20 1 1 1 1 20 1 1 1 1
@ Slug flow A Slug flow
@® Churn flow A Churn flow A
16| A Annular flow 164 Annular flow
& A ° &
g 12 p ° § 12 °
3 - . 3
x o x I
= 8- ® © = 8- ©
3 o - 3 -
(5] O
T - T ©
4 = =] 4 @ O
(5] (]
0 T T T 0 T T T
10 20 30 40 50 10 20 30 40 50
Mass flux (kg m2s™") Mass flux (kg m2s™")

(@) (b)

Fig. 14. Observed flow patterns (squares) slug flow, (circles) churn flow and (up-triangles) annular flow function of mass flux, G (kg m~2 s~1), or Reynolds number,
and heat flux, g (kW m’z), in the outlet section for (left) horizontal flow case and (right) vertical flow case.

to represent the current experimental data. pattern map in microgravity conditions. The experiment was conducted

One of the characteristics of two-phase flow in microscale channels is in microgravity conditions and utilised a single circular channel with an
the dominance of inertial force and surface tension. Zhao and Rezkallah inner diameter of 9.53 mm under a vertical upward flow configuration.
[67] used the Weber number of the liquid and gas phases, representing The four flow patterns observed in the study were bubble flow, slug flow,
the ratio of inertial force to surface tension, to develop a two-phase flow frothy annular flow, and annular flow. The flow patterns were classified
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Table 4

International Journal of Thermal Sciences 189 (2023) 108238

The general information, including the channel condition, geometry, and working fluid, of flow pattern maps that are used as a comparison in the present study.

Authors Horizontal and Vertical Axis of Flow Fluid Channel condition and geometry
pattern map Channel type Details of Geometry and additional notes
Zhao and Rezkallah [67] Wes, vs Wesg Air-water - Single channel - Circular channel: Dy = 9.53 mm
- Vertical upward flow - Microgravity condition
Akbar et al. [42] Wes, vs Wesg Air-water - Single channel flow - Based on numerous available experimental
- Horizontal and vertical data
upward flow - Circular and triangular channels.: Dy =
0.866-1.6 mm
Revellin and Thome [68] XvsG R-134a and R- - Single channel - Circular channel: Dy = 0.509 and 0.709 mm
245fa - Horizontal flow
Harirchian and Garimella Bd°S.Re vs Bo-Re FC-77 - Parallel channels - Rectangular channels, Dy = 0.96-7.07 mm
[43] - Horizontal flow - a =1.05-15.55
Zhuang et al. [69] Xy vs We* R-170 - Single channel - Circular channel Dy = 4 mm

Horizontal flow

into three regions based on the dominant force, namely the surface
tension region (bubble and slug flow), intermediate region (frothy slug
to annular flow), and inertia region (annular flow). The transition from
the surface tension to intermediate regions occurred at gas/vapor su-
perficial Weber number, Wegg, of approximately 1. In addition, Wegg ~
20 was chosen to represent the onset of the inertia region.

Fig. 15 a) depicts a comparison between the flow pattern map pro-
posed by Zhao and Rezkallah [67] and the present study’s results. Close
observation of experimental data and proposed flow pattern transition
lines show that for higher mass flux, i.e., high Wegy, the transition from
the surface tension region to the intermediate region shows quite good
agreement. Some of the churn flow observed in the present data is
located in the intermediate region. However, the flow pattern map
overpredicts the transition for low mass flux cases. The proposed flow
pattern map suggested that the transition of the flow region is purely
affected by the gas superficial velocity in the form of Wegg. However, the
current study proves that the transition lines are influenced by both the
liquid and gas superficial velocities. These findings are also observed by
Rezkallah [70] when plotting an experimental database to the flow
pattern map, producing a linear transition line with an exponential 1:4
positive slope (Wegg « Wegy, %2%). The applicable transition line for the
present work is found to follow a Wegg « Wegy, 055 exponential relation
for both slug-to-churn and churn-to-annular flow transitions, as indi-
cated in Fig. 15 a).

Akbar et al. [42] collected available experimental data on adiabatic
air-water flow to propose a flow pattern map consisting of an

tension-dominated region. The hydraulic diameter for the circular and
triangular channels was between 0.867 mm and 1.6 mm. Both vertical
and horizontal flow cases were considered in a single flow pattern map
which showed that the effect of channel orientation on flow pattern
development was negligible. The transition line for the surface tension
region is written in eq. (16). In addition, the annular flow zone and
dispersed flow zone are expressed by eq. (17) and eq. (18), respectively.

WeSG < O.IIWESLO’SIS ] for WES]_ < 3.0

16
Wesg < 1; for Weg, > 3.0 16
Wesg < 11.0Weg 14
€sG = €sL a7
WeSL < 3.0
West, > 3.0
1
Wesg > 1.0 ( 8)

Next, Fig. 15 b) shows the comparison between our experimental
data and the flow pattern map proposed by Akbar et al. [42]. The pro-
posed flow pattern map inaccurately predicts the current experimental
data, where all our data falls within the transition region. The transition
line of the annular flow is higher compared to the fitted transition line of
the present work. On the other hand, the change of the surface
tension-dominated region to the transition region occurs earlier. Ac-
cording to Akbar et al. [42], the large area of the transition region of the
flow pattern map consisted of various complex flow patterns that were
observed in previous studies. The different approaches to flow pattern

inertia-dominated region, a transition region, and a surface definition and the scarcity of data make the detailed characterisation of
1000
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Fig. 15. The comparison of experimental data with flow pattern map represented as Wesg versus Weg;, proposed by a) Zhao and Rezkallah [67] and b) Akbar et al.
[42] For each figure, the solid lines represent the transition between regimes proposed by the flow pattern map and the dashed lines show the transitions between

slug flow, churn flow and annular flow reported in this work.
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the flow regimes difficult.

Revellin and Thome [68] introduced a diabatic flow pattern map to
identify the flow boiling characteristics using a database that consisted
of two types of refrigerant, R-134a and R-245fa, inside a circular tube
with a hydraulic diameter of 0.509 and 0.709 mm under horizontal
configuration. The observed flow patterns were classified into three flow
regimes: the isolated bubble regime (IB), coalescence bubble regime
(CB), and annular regime (A). The transition criteria between regimes
were described by a combination of non-dimensional numbers such as
the Reynolds number, Boiling number, and Weber number, and the
representation made use of the mass flux, G (kg m~2 s’l), versus vapour
quality, X. On one hand, the transition line between the isolated bubble
regime and coalescence bubble regime was calculated as shown in
equation (19), whilst the transition line between the coalescence bubble
regime and the annular regime was correlated as shown in equation
(20). Equation (19) shows that the heat flux, represented by the Boiling
number, plays an important role in the transition between the isolated
bubble region and the coalescence bubble region. The increase in heat
flux enhances the rate of bubble nucleation which enlarges the isolated
bubble region. On the other hand, as shown in equation (20), the tran-
sition from the coalescing bubble region to the annular flow region is not
affected by the heat flux as per the absence of the Boiling number in the
equation.

R oB 0.41
X =0.763 ( ;‘e 0) (19)
g0
Xcs =0.00014 Re; " We,,' > (20)

Fig. 16 shows the comparison between the experimental data and the
flow pattern map proposed by Revellin and Thome [68]. The transition
between the isolated bubble regime and coalescence regime successfully
predicts the transition between the slug and churn flow patterns re-
ported in the present study. Slug flow is located in the isolated bubble
regime, whilst churn flow is found in the coalescing bubble regime. Slug
flow can correctly fall within either the isolated bubble or coalescing
bubble regimes, depending on the bubble velocity and coalescence fre-
quency. The isolated bubble regime also consists of bubbly flow that is
not observed in the present study. As the vapour quality increases, the
flow pattern changes into churn flow and is classified as being part of the
coalescing bubble regime, where the bubble coalescence rate is larger
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Fig. 16. The comparison of experimental data with a flow pattern map rep-
resented as mass flux, G (kg m~2 s, versus vapour quality, X, where solid
lines represent the transition between isolated bubble (IB), coalescing bubble
(CB) and annular (A) regimes proposed by Revellin and Thome [68].
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than the bubble nucleation rate. In terms of the annular flow regime, the
flow pattern map transition line completely overpredicts our experi-
mental data. The range of mass fluxes that were used to construct the
flow pattern map was, however, higher than those of the present study,
influencing the accuracy of the transition line for lower mass flux cases.
Furthermore, Revellin and Thome [68] also pointed out the need for
further studies to capture and analyse the instability and flow reversal
phenomena which occur at low mass fluxes.

Another diabatic two-phase flow regime map was proposed by
Harirchian and Garimella [43,44]. The experimental data of flow boiling
of FC-77, covering a wide area of parallel microchannel dimension (D,
= 0.96-7.07 mm), mass flux, and heat flux, was used to propose a flow
pattern map which was divided into four regions: confined slug, bubbly,
churn/confined annular, and churn/annular/wispy annular. Three
dimensionless numbers were used to describe the flow pattern devel-
opment, namely the Bond number, Boiling number, and Reynolds
number. In addition, two transition lines were proposed. The first
transition line, described as the convective confinement number, was
used to define the transition to confined flow and was affected by the
mass flux, channel cross-sectional area, and fluid surface tension. This
first transition line was calculated with equation (21):

Bd® x Re = 160 21)

The second transition line between bubble or slug flow to alternating
churn/annular or churn/whispy annular flow was determined with
equation (22):

Bo=0.017(Bd"* x Re™") (22)

Fig. 17 depicts the comparison of the experimental data with the flow
pattern map of Harirchian and Garimella [43]. For the current study, no
bubbly flow is observed with confined slug and churn/annular flows as
the only observed flow patterns. The occurrence of confined slug and
churn/annular flow is well predicted by the flow pattern map since all
data is located on the left side of the line of convective confinement
number Co = 160. However, it is seen that the line drawn between slug
flow and the churn/annular flow overpredicts the transition values
compared to our experimental data. The blue dashed line represents the
fitted transition line of the present data, and although the slope of the
line is similar, the position is lower compared to the proposed flow
pattern map. This may be due to the different experimental conditions of
the present study. For example, the present study has a longer heated
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Fig. 17. The comparison of experimental data with the flow pattern map, Bd°®-
Re versus ‘Re , proposed by Harichian and Garimella [43]. The map is divided
into four regions: the confined slug, the confined annular/churn, bubbly, and
churn/annular. The solid lines depict the transition between the region. The
dashed line shows the fitted transition line for the confined slug to the confined
annular for the present work.
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channel length compared to the experiments conducted by Harirchian
and Garimella [43]. At a similar heat flux, the working liquid absorbs
more heat causing a higher vapour quality in the outlet. Hence, the
transition from the slug flow to the churn flow/annular flow occurs
earlier.

Zhuang et al. [69] developed a two-phase flow pattern map that
covered various saturation pressures, ranging between 1.5 MPa and 2.5
MPa. R170 was used as the working fluid, and the experiments were
conducted within a circular tube with a 4 mm inner diameter. The
proposed flow pattern map included important fluid properties such as
surface tension. For the vertical axis, a modified Weber number, We*,
was used and is defined in equations (23) and (24):

R€0'64
We* =245 g 7 ; for Rep <1250 (23)
Sud? (1 + 1.09X0.039)™
R 0,79Xo,157
We' = 0.85 6 u : for Re, > 1250 24)

Sud3 (1 4 1.09x00%9)**

where X, is defined as the Lockhart-Martinelli parameter turbulent
liquid-turbulent vapour flows, and Sug represents the vapour Suratman
number defined in equation (25):

D,
pGO-z H (25)

He

SMG =

Furthermore, the Lockhart-Martinelli parameter (turbulent liquid —
turbulent vapour), X,,, was used for the horizontal axis. The flow pattern
map was divided into five flow regimes: slug flow, plug flow, transition,
wavy annular flow, and smooth annular flow. The transition lines be-
tween those flow patterns were described in equations 26-29:

Smooth annular - wavy annular flow

We* =29.25X,°% (26)
Wavy annular - transition flow

We' =18.91X,,°% 27)
Transition - slug flow

We" =9.62X,°% (28)
Slug - plug flow

We* =4.38X,% (29)

Fig. 18 shows the comparison of the present experimental data with
the flow pattern of Zhuang et al. [69]. The results demonstrate that the
proposed flow pattern cannot accurately predict the present experi-
mental data well. In general, the slope of the proposed transition lines
seems representative. However, almost all data is located within the
annular flow pattern region. To develop the flow pattern map, Zhuang
et al. [69] stressed the importance of including the fluid surface tension
in the form of modified Weber numbers. The experimental database
utilised three different operating conditions, resulting in various surface
tension values ranging between 2.99 and 5.61 mN m™! which is lower
than the surface tension of the working liquid used in the present study.
Soliman [71] explained that surface tension plays an important role in
flow pattern transition since it acts as a stabilising force. This may
explain the tendency of the lower transition line of Zhuang et al. [69]
compared to those obtained in the present experimental data. Higher
surface tension provides more flow pattern stability resulting in a higher
inertia force being required to achieve flow pattern transitions. Further,
the high aspect ratio microchannel used here, when compared to the
symmetric channels utilised in the work of Zhuang et al. [69], also an-
ticipates different quantitative transitions when comparing our results.
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Fig. 19. Inlet and outlet pressure fluctuations (G = 28 kg m~2 s, equivalent
to Re = 56.8, ¢ = 4.7 kW m~2 horizontal flow).

4.5. Flow instability analysis

Two-phase flow instability is characterised by pressure fluctuations
seen during flow boiling. Fig. 19 depicts an example of the inlet and
outlet pressure fluctuations for the case of G = 28 kg m 2 s ! and q =
4.7 kW m~2 and a horizontal flow configuration. The figure shows that
there is a sudden pressure increase at a period of approximately 20 s,
with the inlet pressure reaching around 45 mbar. After a high-pressure
increase, it is followed by a lower pressure fluctuation that occurs
several times before a new cycle starts.

A short period (t = 60.9-61.9 s) of pressure data is correlated with
sequence images captured simultaneously by a high-speed video camera
to understand the reason for the pressure fluctuation seen during flow
boiling, as shown in Fig. 20. Initially, the pressure tends to be constant,
below 5 mbar, and the snapshot on point A shows that the channel is
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2571, equivalent to Re = 56.8, ¢ = 4.7 kW m™2).

The snapshot on the right and left sides of the main figure represents the phenomenon shown in a particular time pointed by the represented letters.

filled by liquid phase (single-phase flow). At t = 61.309 s, the bubble
nucleation occurs in the channel. A sharp increase in both the inlet and
outlet pressures is seen as the bubble grows rapidly. As suggested by
Wang et al. [72], the rapid bubble growth triggers flow reversal due to
the vapour bubble forces attempting to overcome the inertial force of the
bulk liquid. This phenomenon can be observed at t = 61.323 s. When the
vapour phase dominates within the microchannel, the pressure gradu-
ally drops. This is in accord with findings made by Kenning et al. [73],
which suggested that the bubble growth initially causes a pressure in-
crease followed by a gradual decrease when the bubble continues to
expand and approach the end of the channel. Att = 61.460 s, the vapour
dominant phase occupies the full observation area.

In addition, there are further slight pressure jumps during the flow
boiling phenomenon, which can be associated with the bubble behav-
iour inside the microchannel. It is found that the mixing of the liquid and
vapour phases, followed by a bubble nucleation event in the thin liquid
film, as shown at t = 61.608 s (point F), also triggers a slight increase in
the outlet pressure. This pressure increase is, however, not as high as
that which was caused by the rapid bubble elongation growth. At t =
61.781 s, the coalescence between two elongated bubbles, initially

separated by the liquid phase, occurs in the outlet section of the
microchannel. The bubble movement, followed by bubble growth due to
evaporation, disturbs the stability of the liquid phase allowing two
consecutive elongated bubbles to merge. This observation shows that
the sequence of events also triggers a slight pressure jump.

Fig. 21 shows the flow boiling instability phenomenon in terms of
temperature and pressure characteristics for the case of G = 28 kg m 2
571, ¢ = 4.7 kW m~2 under horizontal flow. The temperature fluctuation
can be observed via IR thermography by capturing the evolution of wall
temperature, Ty, during flow boiling. Here, as shown in the upper part
of Fig. 21 a), the heated length was divided into ten regions. The average
wall temperature of the region was obtained and plotted in Fig. 21 a)
which depicts the channel wall temperature fluctuation versus time (s)
during horizontal flow boiling for the case of low heat flux. The figure
depicts a periodic fluctuation with a high amplitude and low frequency.
During the low heat flux cases, the bubble grows from the nucleation site
and experiences elongation until it fills the channel. The occurrence of
intermittent liquid dominant and vapour dominant phases is the main
reason for this periodic fluctuation. During the liquid-dominant phase,
the wall temperature keeps increasing. As bubble nucleation occurs,
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Fig. 21. Flow characteristics for horizontal microchannel flow boiling case at low heat flux (G = 28 kg m2s7h equivalent to Re = 56.8, ¢ = 4.7 kW m2). a) IR
thermography of the microchannel wall temperature. The upper part illustrates the region of measurement. The lower part of the figure shows the average wall
temperature, Ty (°C), fluctuation versus time, t (s). b) The fluctuation of inlet pressure, P;, (mbar), and outlet pressure, P, (mbar), versus time. c) The result of FFT
analysis of pressure drop (Py— Poy)-
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there is a heat transfer improvement that leads to a temperature drop.
Furthermore, Fig. 21 b) and Fig. 21 c) show the pressure characteristics
during the flow boiling. In detail, Fig. 21 b) shows the pressure reading
in the inlet and outlet section while Fig. 21 c¢) shows the result of the Fast
Fourier Transform (FFT) analysis on the time-series data of pressure
drop fluctuations. The high-pressure jump, which is similar to the trend
of temperature fluctuation, represents the rapid bubble elongation in
both the downstream and upstream directions. On the other hand, the
low-pressure reading is due to the presence of a liquid dominant phase in
the channel. The FFT result of the data reveals that the dominant fre-
quency of this series is around 0.3 Hz, which is in accord with the cyclic
temperature fluctuation.

As the heat flux is increased, more active nucleation sites appear
within the channel. The presence of numerous small bubbles causes
coalescence to occur more frequently, and it prevents the bubble from
evolving into an elongated bubble. In addition, the increase of heat flux
increases the vapour quality within the channel, so the intermittent
flow, in the form of slug flow, is rarely observed. The transition of flow
behaviour inside the channel directly influences both temperature and
pressure fluctuations. Fig. 22 a) shows the channel wall temperature
fluctuation for the case of G =28 kgm 2s *and g =14.5kWm 2 ata
horizontal flow configuration. The figure reveals that the temperature
fluctuation has a higher frequency when compared to the case of low
heat flux, which is presented in Fig. 21 a). In addition, the trend of
temperature fluctuation for the measured regions of low heat flux shows
a similar behaviour. On the other hand, the complex liquid-vapour in-
teractions observed for high heat fluxes cause the local temperature
fluctuation to differ for each region. This local fluctuation is affected by
several phenomena, such as bubble nucleation, bubble coalescence, and
liquid-vapour mixing.

Fig. 22 b) shows the inlet and outlet pressure fluctuation for the case
of G =28 kg m2s!and ¢ = 145 kW m~2 at a horizontal flow
configuration. Similar to the temperature fluctuation seen in Fig. 22 a),
the pressure behaviour undergoes intense fluctuations. The intense
boiling and liquid-vapour interaction at a high heat flux produce local
pressure fluctuation and become more dominant compared to the
pressure fluctuation caused by the rapid bubble elongation process. This
behaviour is described as high-frequency oscillation as suggested by
previous researchers [38,72]. In addition, Fig. 22 b) shows the results of
the FFT analysis from the pressure drop time-series data. The dominant
frequency is found at around 4.3 Hz which is higher than the dominant
frequency of the low heat flux case.

The observed flow instability during the microchannel flow boiling is
strongly related to the bubble behaviour and the dominant flow pattern.
The previous discussion shows that the bubble growth and rapid
expansion along the channel trigger a very high amplitude oscillation
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with low frequency, i.e., long period. Hence, it is possible to conclude
that the long period oscillation, caused by periodic bubble growth along
the channel, is associated with intermittent flow, plug and slug flow. On
the other hand, the short amplitude oscillation with high frequency, i.e.,
short period, is caused by complex liquid vapour interactions such as
bubble nucleation (without bubble elongation process) in liquid slug or
thin film and the liquid slug breakage. Those phenomena are mostly
found in both churn and annular flow.

Fig. 23 shows the observed flow instability as a function of mass flux,
G (kg m 2 s’l), and heat flux, g (kW m~2). The figure reveals that under
similar mass flux, the long period oscillation instability occurs at the low
heat fluxes case. While as the mass flux increases, so does the heat flux
needed to ensure the transition from long period oscillation instability to
short period oscillation instability. It should be noted that Fig. 23 shows
the data for the horizontal flow of the present work. Section 4.3 suggests
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that in the present work, there is no significant influence in the observed
flow pattern for horizontal and vertical upward flow, so it is expected
that the general trend of flow instability for horizontal and vertical
upward flow remains the same. The flow instability trend in the present
study was compared with that seen in the previous investigation. Wang
et al. [50] investigated the flow boiling of water in both a single trap-
ezoidal microchannel (a hydraulic diameter of 186 pm) and parallel
microchannels. Based on the pressure and temperature fluctuation,
three instability regimes of flow boiling were proposed. The study sug-
gested the ratio of heat and mass flux as the transition line between the
flow regime in a single channel, illustrated by the solid line in Fig. 23.
The figure shows that the first transition line between the stable flow
and oscillation flow can accurately predict the data in the present study.
The proposed transition line for long period oscillation to short period
oscillation (g = 0.32G) is also close to the transition line of the present
study (¢ = 0.22G). The present study is focused on low mass fluxes, and
it is found that all observed data are classified as unstable flow. Further
experiments should be focused on the stable-unstable flow transition
area towards achieving the goal of better thermal performance while
maintaining a low mass flow rate in the micro cooling system.

5. Conclusion

The present experimental study investigated the bubble dynamics
observed during flow boiling in a single, high aspect ratio microchannel
equal to 10 with a hydraulic diameter of 909 pm. HFE7000 was chosen
as the working fluid, and a transparent heating technique was utilised to
provide uniform heating while maintaining transparency to enable a
high-quality visualisation study. The conclusions of the present study
are summarised below.

1. The bubble growth in the microchannel is divided into three stages.
The transition from free bubble growth to partially confined growth
occurs when the bubble equivalent diameters equal the channel
depth. In addition, the bubble length-to-width aspect ratio of 1.1 is
chosen as the onset of bubble elongation, representing the transition
between the partial confinement and fully confined growth stages.

2. The effect of heat flux and mass flux, and buoyancy force due to
channel orientation on bubble behaviour under the current experi-
mental conditions is demonstrated. In vertical upward flow, the
bubble experiences a slight decrease in the bubble length-to-width
aspect ratio while it moves faster eased by buoyancy force. In
terms of bubble typical shape, in horizontal flow, the bubble has a
symmetrical shape, whilst a flat-shaped tail is found in vertical flow.

3. Although some differences are observed on the bubble dynamics
behaviour when comparing the different orientations, these in turn
do not influence significantly the flow pattern map reported.
Therefore, further studies should be conducted to formulate the
dominant parameters that influence the flow pattern development
during microchannel flow boiling to be able to produce a pattern
map that successfully predicts the flow pattern transition for this and
other studies.

4. Two types of flow instabilities were observed based on the flow
visualisation supported by the temperature and pressure character-
istics. The first type of instability, high amplitude and long period
oscillation, are observed in the slug flow due to the bubble rapid
expansion along the channel. The second type of instability, short
period oscillation, is associated with churn and annular flow due to
the occurrence of multiple nucleation process and the breakage of
liquid slug or liquid film. The transition between the instability is
found as a function of the ratio of mass flux and heat flux which
follows a correlation of ¢ = 0.22G.
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