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Abstract

Abstract

Attaching micro-channel heat sinks operating under flow boiling conditions on heat
sources of electronic components is an efficient cooling technique which still
requires further improvements of designs. When developing this system, the
efficient heat transfer performance is essential, however, this development often
entangles with difficulties. The difficulties arise as existing prediction approaches
are underdeveloped and inadequate to perform the accurate prediction in wide
ranges of operating conditions. This inadequacy persists due to incomplete
discoveries of involved mechanisms that involve fluid and dynamics for the heat
transfer during the flow boiling. Also, the mechanisms involved in the flow boiling
process are complicated, hindering the development of more reliable approaches.
By addressing this issue, this study explores and investigates the relating
mechanisms.

The mechanisms of fluids during the flow boiling of subcooled liquids in micro-
channel heat sinks immediately before and during the nucleation of first bubbles
were explored in this study. This study then addressed the mechanisms of heat
transfer enhancement of flow boiling. Later, this study repeated with different
substrate materials of micro-channel heat sinks and working fluids. This study
serves the purpose to better understand the involved mechanisms during the flow
boiling of subcooled liquids in micro-channel heat sinks for the development of
more reliable approaches to predict the heat transfer.

This study regarding the mechanisms during the flow boiling in micro-channel
heat sinks implemented the numerical model associated with the Volume of Fluid
(VOF) in which corresponding governing equations were solved using a
computational fluid dynamics (CFD). In this model, computational domains of
micro-channel heat sinks in three dimensions that include the sub-domains of solids
and fluid were created to consider the conjugate heat transfer for better estimation
of data. The data collected in this study were from operating parameters of heat
flux, mass flux, and inlet temperature of the micro-channel at 500-3197 kW/m?,
115-389 kg/m? s, and 23-53°C, respectively. The micro-channel heat sinks
operated at the atmospheric pressure, and the corresponding substrate materials
chosen were steel, silicon, aluminium and copper, and working fluids selected were
water and ethanol. The numerical results agree well with the experimental data
from the previous study.

The results show that although the bubble nucleation is absent, the heat transfer
mechanisms in micro-channels possesses the nucleate boiling characteristic
involving the transient conduction with the existence of the phase change process.
The heat transfer mechanisms from the phase change process with the incomplete
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evaporation induce the ascending and descending flows and liquid-vapour mixture
on the heating surfaces. From the results, four different modes of heat transfer
mechanisms from the phase change process associated with ascending and
descending flows and liquid vapour mixture become apparent. The ascending and
descending flows on the heating surfaces appear with local increases of pressure
gradients near to the heating surfaces facilitating the heat transfer enhancement
due to phase change. On the other hand, the liquid-vapour mixture produced from
the phase change process impeding the heat transfer. In overall, the heat transfer
enhancement due to the phase change at the side surfaces in the micro-channel is
more extensive as compared to the bottom surface for each condition tested in this
study. Meanwhile, the amount of the liquid-vapour mixture accumulating on the
bottom surface is more massive as compared to the side surfaces, leading to the
impedance of the heat transfer. These heat transfer mechanisms also persist during
flow boiling in micro-channels. The heat transfer enhancement due to phase change
from the side and bottom surfaces also varies when employing different operating
conditions before and during flow boiling.

This study provides better insights for researchers and designers in industries
regarding the local mechanisms for the heat transfer during the flow boiling in
micro-channel heat sinks. These understandings assist the researchers to develop
the more reliable prediction methods to design new and better heat transfer
performance of micro-channel heat sinks and avoid repeating experiments which
are costly and tedious in procedures.
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A Area [m?]
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Ca Capillary number -

Co Courant number -

c Specific heat capacity [J/kg K]

D Constant -

d Diameter [m]

E Specific internal (thermal) energy [J/kg]

e Percentage error [%]

F Force [N]

F’ Force per unit length [N/m]

F” Force per unit area [N/m?]

F" Force per unit volume [N/m3]

F Factor -

f Function -

f Frequency [Hz]

Fo Fourier number -

G Mass flux [kg m?/s]

G Net mass flux [m/s?]

g Gravitational acceleration [m/s?]

H Height [m]

H Prancle number -

h Static specific enthalpy [J/kg]

h Standard state enthalpy [J/mol]

h Heat transfer coefficient [W/m? K]
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Superficial velocity

Jacob number

Constant of Boltzmann
Thermal conductivity

Knudsen number

Length

Mass

Mass flow rate

Mass flow rate per unit volume
Molar mass or molecular weight
Marangoni humber

Density of active nucleation
Number of molecule per unit volume
Homogeneous nucleation
Heterogeneous nucleation
Nusselt number

Normal

Unit normal

Prandtl number

Nusselt humber

Power

Pressure

Modified pressure

Volumetric rate of flow

Rate of heat transfer

Heat flux

Rate of the generation of heat or the rate of
interfacial heat transfer

Universal constant of gas
Ratio

Reynolds number

Radius

Volumetric source
Temperature

Time

Mean velocity

Velocity in x-direction

[m/s]
[m? kg/s? K]
[W/m K]
[m]

[kg]
[kg/s]
[kg/m?3s]
[kg/mol]
[1/m?]
[1/m?]
[1/m? s]
[1/m? s]
[W]

[Pa]

[Pa]
[m?3/s]
[W]
[W/m?]
[W/m?3]

[3/kg K]

[m]
[W/m?3]
[K]

[s]
[m/s]
[m/s]
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u Mean velocity in x-direction [m/s]

14 Volume [m]

v Velocity in y-direction [Mm/s]

v Mean velocity in y-direction [m/s]

|4 Volume [m3]

w Width [m]

We Weber number -

w Velocity in z-direction [m/s]

w Mean velocity in z-direction [m/s]

X Quality -

x Distance -

X Distance in x-direction [m]

y Distance in y-direction [m]

z Distance in z-direction [m]

Greek

A Difference -

¢] Non-dimensional temperature -

a Volume fraction -

B Half angle of a corner -

y Phase change or accommodation coefficient -

1) Thickness [m]

4 Damping factor -

n Efficiency -

] Contact angle [°]

K Curvature -

A Mean free path [m]

U Dynamic viscosity [kg/m s] or [Pa
s]

p Density [kg/m3]

o Surface tension [N/m]

T Shear stress [N/m?]

v Specific volume [m3/kg]

¢ Orientation angle [°]

Dbase Factor of base -

b Factor of curvature -

¢bs Factor of surface -
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Subscripts
a

ac

adv

app

asp

avg

bottom
bub

cav
char
cond
conv
cp

crit

cs
channel
D

d

eff
enh cond
eq

ev
excess
exp

f

fb

Factor of volume
Shear flow parameter

Surface available for the heterogeneous
nucleation per unit volume of liquid

Geometric correction factor for the minimum
work required to a critical nucleus

Activation
Accommodation
Advancing
Applied

Aspect

Average
Buoyancy

Base

Bottom

Bubble

Channel

Cavity
Characteristic
Conduction
Convection
Contact pressure
Critical
Cross-section
Channel

Drag
Dimension
Effective
Enhanced conduction
Equivalent
Evaporation
Excess
Experimental
Fluid

Flow boiling
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fc Forced convection

fin Fin

fr Friction

G Due to gravity

g Growth of bubble

h Hydraulic

I Due to inertia

i To be assigned to x-, y-, or z-direction, or
number, or phase type

ie Inlet extension

ifb Incipient flow boiling

inc Inclination

int Interface

J To be assigned to x-, y-, or z-direction, or
number

in Inlet

inf Influence

init Initial

k To be assigned to x-, y-, or z-direction, or
number

l Liquid

le Leave

local Local

M Due to mass

m To be assignhed to humber

mconv Convection of Marangoni

max Maximum

mean Mean

n To be assigned to nhumber

nc Natural convection

nl Nucleation

num Numerical

oe Outlet extension

ONB Onset of nucleate boiling

out Outlet

P Due to pressure

D At constant pressure
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pc Phase change

qsd Quasi-steady drag

r Reduction

rec Receding

ref Reference

rel Relative

s Solid

sm Sauter mean

st Due to surface tension

surf Surface

sat Saturation

sl Shear lift

sp Single phase

sub Sub-cooled

T Turbulent

t Top

tc Transient conduction due to stationary
bubble

tesl Transient conduction due to sliding bubble

th Thermal

tot Total

tc Transient conduction

ud Unsteady drag

|4 At constant volume
Vapour

vd Due to viscous dissipation

w Waiting

x x —direction

y y —direction

z z —direction
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3D Three-dimensional or three dimensions
CAC Critical aggregation concentration
CFD Computational fluid dynamics
CHF Critical heat flux

EDM Electrical discharge milling

FDB Fully developed boiling

LHS Left hand side

MAE Mean absolute error

MEMS Micro-electro-mechanical systems
NVG Net vapour generation

ONB Onset of nucleate boiling

RHS Right hand side

SVF Significant void flow
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Chapter 1 Introduction

1.1 Background of Research

Effective cooling techniques are essential for heat sources such as electronic
components and optical components, and equipment systems of nuclear and
microwave with high frequencies to dissipate the heat. The heat generated from the
heat sources is expected to increase in the future as can be seen in Figure 1.1 [1].
Figure 1.1 shows that thermal design powers (TDP) for high performances of
semiconductors (ITRS 2004 Update High Perf.) rise linearly in 2009-2010. In
following years, the TDP of the semiconductors remains constant associated with
smaller sizes of the electronic components, causing increments of dissipated heat.
The higher dissipated heat lead to higher tendencies to form local hot spots in the
heat sources. By preventing the local hot spots, better designs of cooling devices to
dissipate the heat as high as 500-3000 W/cm? or 5-30 MW/m? are necessary [2].
Such large amounts of heat dissipation are often beyond the capability of
conventional cooling technique.
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Figure 1.1: International Technology Roadmap for Semiconductors (ITRS)
[1]
There are several recent technologies of cooling methods for the heat dissipation
from heat sources [3]. One of the efficient liquid cooling methods as found by
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Tuckerman and Pease [4] is to attach the micro-channel heat sinks (as high as 790
W/cm?) made of the materials with high thermal conductivities associated with the
flow of liquid to the heat sources. This technique comprises of high surface-area-to-
volume ratios that facilitates higher heat dissipation than the conventional-sized
channels. For this reason, several studies relating to the micro-channel heat sinks
become available. In micro-channels, the heat transfer during flow boiling is higher
than single-phase flow of liquid [5] as can be observed in Figure 1.2. In Figure 1.2,
the range of heat transfer coefficient h of water which is attainable during the
single-phase flow and flow boiling are 8 x 10%2-7 x 10* W/m? K and 6 x 103-2 x 10°
W/m? K, respectively. The range of h during the flow boiling is higher due to the
existence of the bubble interfaces that absorbs more dissipated heat in the form of
latent heat at the lower rates of flow [6].

Forced Convection of

Water | | Single-Phase Flow
Flow
Water ’ | Boiling

| 1 1 1 | 1 |

10° 101 102 10° 104 10° 10® 107

h (W/m? K)

Figure 1.2: Attainable range of heat transfer coefficients h of water under
the conditions of forced convection of single-phase flow and flow boiling [5]
By differentiating micro-channels from conventional channels, some of the
criteria for classifications have been proposed by researchers. Mehendale et al. [7],
Kandlikar and Grande [8], and Kandlikar et al. [9] classified the channels based on
hydraulic diameters as listed in Table 1.1, Table 1.2, and Table 1.3, respectively.
This study adopts 3 mm as the threshold diameter d;, between macro- and micro-
channels, as classified by Kandlikar et al. [9] as a well-established theory for the
classification, is unavailable. Nevertheless, this threshold d; allows more relevant
studies to include in the literature review in Chapter 2.

Table 1.1: Classification of Channels from Mehendele et al. [7]

Class of channel Range of hydraulic diameter d,
Conventional channels d, =6 mm

Compact channels 1mm<d, <6 mm
Meso-channels 100 pym <dp, <1 mm
Micro-channels 1pm <d, <100 um
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Table 1.2: Classification of Channels from Kandlikar and Grande [8]

Class of channel Range of hydraulic diameter d,
Conventional channels dp, = 3 mm

Mini-channels 200 pm <dp <3 mMm
Micro-channels 10 pm <d, < 200 pm

Transitional micro-channels 1 um <d, <10 um

Transitional nano-channels 0.1pym <d, <1pum

Molecular nano-channels dp, < 0.1 pm

Table 1.3: Classification of Channels from Kandlikar et al. [9]

Class of channel Range of hydraulic diameter d,
Conventional channels d, = 3 mm

Macro- or mini-channels 200 pm <dp <3 mMm
Micro-channels 10 ym <d, < 200 pm

There are different cross-sectional shapes of micro-channel heat sinks such as
circular, rectangular, square, triangular, and trapezoidal micro-channels that
produce different heat transfer performance. The heat transfer performance for
different square and circular micro-channels is available in [10, 11]. Based on the
literature, the non-circular micro-channels with corners provide the feature as
active nucleation sites, serving better heat transfer than the circular micro-channel.
On the other hand, the triangular micro-channel (Figure 1.3a) as in [12] has one
corner, whereas rectangular (Figure 1.3b) and trapezoidal (Figure 1.3c) micro-
channels have two. Therefore, they provide more active nucleation sites and higher
heat transfer than the triangular micro-channels. On the other hand, the
performance of the heat transfer of the rectangular micro-channels is better than
the trapezoidal micro-channel with the lower temperature of the nucleation of
bubbles [10, 11]. Therefore, in this study, the rectangular micro-channels are
employed. The corresponding schematic diagram depicts in Figure 1.4 associated
with the features as follows:

e A fin is between two channels (with channel width W,, channel height H,,
channel length L., total finned surface areas A;yq,5in in Cchannels or the sum

of the surface areas of all fins 45, or 2H L., and unfinned portion areas A,,fin
or W.L., and width W;;,). The number of channels changes with W, and Wy;,.

e The micro-channels are on the top part of a substrate (with the dimension of
W, X H, X L,, and L, is equivalent to L., and the base area A, is W, X L;)
associated with the surface roughness.
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Figure 1.3: Cross-sectional views for (a) triangular (b) rectangular, and (c)
trapezoidal micro-channel heat sinks, and the corresponding number of
corners with the sites of the nucleation of bubbles
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Figure 1.4: A typical example of the schematic diagram of rectangular
micro-channel heat sink
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e An insulated plate covers the top part of the micro-channels and fins to
prevent the leakage of flow, whereas the base of substrate attaches to the
top part of the heat sources to allow the heat dissipation.

e Liquid enters the channels from inlets with mass fluxes m"” (the multiplied
product of the density of liquid p; and inlet velocity u;,) and temperatures T;,.

e The heat input to the channels involves heat fluxes g, at the base and heat
fluxes qorarfin (= apAb/Atotarrin) at the finned surfaces in the channels.

The micro-channel heat sinks can be designed to allow gases (e.g., air) enter
into the channels together with liquids to form gas bubbles in which the properties
are dissimilar to vapour bubbles nucleating in the channels. Also, the micro-channel
heat sinks designed under different levels of gravitation are also available.

Since flow boiling in rectangular micro-channel heat sinks is a promising cooling
technique, researchers have performed several related studies as highlighted in the
literature [3, 13-15] for better designs. When designing this cooling technology,
prediction of the corresponding heat transfer performance is essential by employing
prediction methods developed from the heat transfer trends and mechanisms. The
available prediction methods are empirical correlations and mechanistic prediction
methods. The empirical relationships of the heat transfer during flow boiling in
rectangular micro-channels are according to curve fittings to specific heat transfer
trends of experimental data. The mechanistic prediction methods of the heat
transfer during flow boiling in micro-channels are from understandings of the
corresponding heat transfer mechanisms [15]. Hence, the heat transfer trends and
mechanisms are necessary, and the related studies have been carried out by
researchers [16-21] to propose the prediction methods.

The heat transfer trends of flow boiling in micro-channels are strongly
dependent on the heat transfer mechanisms [15]. The heat transfer mechanisms
commonly appear in micro-channels are the nucleate boiling and convective boiling
as shown in the schematic diagram [22] in Figure 1.5. In Figure 1.5, both the
nucleate boiling and convective boiling dominant heat transfer consist of the bubbly,
slug, annular, and mist flow regimes. During the nucleate boiling, bubbly and slug
regions are more massive. Meanwhile, the annular flow is more extensive during
the convective boiling. During the nucleate boiling dominant heat transfer, the heat
transfer is strongly dependent on heat fluxes and less reliant on mass fluxes and
vapour qualities. On the other hand, the heat transfer is less dependent on heat
fluxes and strongly dependent on mass fluxes and vapour qualities for the
convective boiling dominant heat transfer. These two mechanisms can also coexist
in the micro-channels with complex mechanisms. Hence, the heat transfer
mechanisms are affected by both heat fluxes and mass fluxes, nevertheless,
depending on channel sizes and shapes, fluid types, etc. The substrate materials
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also can change the flow boiling process as a result of different axial heat
conduction with different thermal conductivities of substrate materials as evidence
in the studies of single-phase flow [23-25]. Although some studies propose the two
heat transfer mechanisms during the flow boiling in micro-channels, the actual heat
transfer mechanisms are more complicated than these mechanisms. Other
mechanisms are also significant [26] such as:

e Enhanced mixing of fluid away from the bubble due to rapid bubble growth
and collapse.

e Liquid flow modification at downstream of an attached or detached bubble.

e The heating of a thin liquid layer sandwiched between a big bubble and the
heat transfer surface.
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Figure 1.5: Schematic diagram of flow regimes and heat transfer
coefficients along a mini- or micro-channel with a uniform circumferential
heat flux for (a) nucleate boiling and (b) convective boiling dominant heat

transfer [22]
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When investigating the heat transfer during the flow boiling in micro-channels
through experiments, contradictions between experimental results with similar
conditions are possible [15]. These occurrences are likely due to:

The improper data collection methods, designed test facility, test sections,
and experiments, and flow instabilities [27] contributing to the discrepancies.

Difficulties in taking measurements. For instance, measuring devices such as
sensors are hardly setup at solid-fluid interfaces due to small length scales of
test sections and short time scales of flow activities [28]. These
disadvantages produce drastic errors in the measurements when the
experimental procedure is inappropriate [14, 15, 29].

Failure to control some significant operating conditions such as surface
roughness, channel dimension uncertainties, etc. [15] also causing the
discrepancies.

These limitations of the experimental studies warrant the need of alternating
approaches for the investigation of the heat transfer.

Since the experimental data of flow boiling in micro-channels differ from each
study, nearly all the existing prediction methods of empirical correlations proposed
from these data are inadequate to predict the heat transfer [9, 15, 30]. In other
words, these empirical relationships provide limited tested fluids and conditions
[15]. Also, the empirical correlations are inaccurate due to:

Employing or extrapolating them to different operating conditions, including
surface roughness, channel dimension uncertainties, etc. that are hardly
controlled [15]. For instance, the accuracy of most correlations deviated with
the changes of diameter from macro- to micro-scale and the heated length of
channels due to the variation of the heat transfer mechanisms of flow boiling.
Moreover, the transition from conventional-scale to micro-scale gives
significant effect on flow boiling associated with unfamiliar aspects, especially
for the nucleation and bubble dynamics as stated by Peng [31].

Referring to data read from the different setup of the test section (e.g.,
various heating methods) and different data reduction methods (e.g.,
measuring either local or average heat transfer coefficients).

Collecting heat transfer data from unreasonable test facility, measurement
system, and improper data reduction methods.

Neglecting or lacking of understandings of the heat transfer mechanisms that
produce local phenomena of heat transfer through flow patterns associated
with bubble dynamics that influence the heat transfer [15].

Disregarding variables that are significant on the heat transfer such as
properties of substrate materials, fluids, etc. also produce the inaccuracies.
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With these inadequacies of the empirical correlations, the more reliable mechanistic
prediction methods that consider the flow regimes associated with bubbles
dynamics are essential to understanding the corresponding heat transfer
mechanisms [15].

This development of mechanistic prediction methods requires the investigation
of the flow regimes associated with bubble dynamics relating to the heat transfer
and mechanisms [14, 15] to understand the heat transfer trends and mechanisms
[32]. The flow regimes are classified as bubbly, slug, annular, and mist as depicted
in Figure 1.5 [22] and sometimes they are categorised into subcooled flow boiling
and saturated flow boiling regimes [19]. These flow regimes emerge and vary with
different operating conditions and are accessible in flow regime maps, which are x-y
plots that show the variation of the flow regimes with variables. The investigation of
flow regimes serves essential details for better understanding of the complication of
the heat transfer mechanisms [9, 33, 34]. These details aid to focus on each
particular flow regime for more accurate mechanistic prediction methods of the heat
transfer coefficient. The details of flow regimes and heat transfer behaviours also
facilitate the exploration of new heat transfer mechanisms since the actual
mechanisms are more complicated than nucleate boiling and convective boiling as
already mentioned.

The flow regime of bubbly flow involving bubble dynamics and liquid flow is
evident in some studies, however, absent in other studies [15]. The bubbly flow is
unobtainable due to the short lifespan of bubbles in which they either coalesce or
grow to the channel size quickly [35]. Nevertheless, the bubbly flow in micro-
channels serves the advantage for high heat dissipation associated with low mass
quality corresponding to the nucleate boiling as stated by Houshmand and Peles
[26]. On the other hand, Kandlikar [36] also attempted to obtain the condition of
flow boiling with bubble nucleation while the bulk stream is still subcooled to avoid
elongated bubble flow pattern which is a limiting factor in the heat transfer. The
bubbly flow is dominant during the subcooled flow boiling regime as evident in the
study of Lee and Mudawar [37]. They [37] also mentioned that higher heat transfer
coefficients are possible with subcooled flow boiling as compared to saturated.
Therefore, studies relating to the bubbly flow during the subcooled flow boiling in
micro-channels are crucial.

Flow boiling begins when first bubble nucleates, however, unlike the
conventional-size channels, the characteristics of flow boiling emerge in the micro-
channels before the nucleation of the first bubble [31]. Also, the heat transfer at
this instant is higher as compared to flow boiling in conventional-sized channels.
This phenomenon is evident in the experimental studies of Peng and Wang [38-41]
and Peng et al. [42]. Peng and Wang [38-41] and Peng et al. [42] observed that
the heat transfer exhibited the characteristics of flow boiling in rectangular micro-
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channels at extremely low superheat about 2°C. Peng et al. [42] found that heat
fluxes higher than 10® W/m? or superheats above 100°C at atmospheric pressure
produce flow without bubble nucleation in micro-channels if employing a good seal
between the glass cover plate and micro-channels. This occurrence is possibly due
to the strong influence of the size scale of the liquid geometry on the phase-change
transition and corresponding flow boiling [42]. With this hypothesis, two concepts
of evaporating space and fictitious boiling are proposed [40]. The evaporating space
is the required space for the evaporation whereas fictitious boiling occurs when the
heat transfer performance possesses nucleate boiling characteristics even though
the bubbles are absent in the channels. If the micro-channel size is smaller than the
evaporating space, fictitious boiling occurs. On the other hand, if the setup is
improper in which some narrow gaps between the glass cover and the plate exist,
small bubbles nucleate at low superheats and heat fluxes. These holes that are
smaller than the channel size become the active nucleation sites. The fictitious
boiling involves extraordinary phase-change transport phenomena of
hydrodynamics and thermodynamics conditions, and the study regarding this
aspect is incomplete without the exploration of the corresponding mechanisms. Also,
the fictitious boiling is unavailable in the existing studies employing numerical
methods that facilitate the local investigation.

Nevertheless, the exploration of the liquid flow and bubble dynamics are
incomplete in which measurement of local values is arduous and the limitation to
visualise the bubble dynamics through experiments persist [14]. The hurdle to
observe the bubble dynamics is evident in the study of Barber et al. [43]. With
these limitations, researchers usually sceptically speculate the heat transfer
mechanisms rather than understand them through proven principles, indicating that
the knowledge of the mechanisms is insufficient from the experiments. With this
limitation of experimental tests, numerical methods are paramount importance to
explore the regional mechanisms. The numerical methods are the reliable approach
to examine the local mechanisms of heat transfer, especially those details which are
inaccessible from the experiments for the development of more reliable mechanistic
prediction methods [14]. Nevertheless, the numerical techniques still require
validation from experimental data.

By exploring and understanding these heat transfer mechanisms from liquid flow
and bubble dynamics just before and during the flow boiling in micro-channel heat
sinks, researchers and designers can incorporate the knowledge to develop more
reliable prediction methods. More reliable prediction methods assist in designing
new micro-channel heat sinks and avoiding repeating experiments which are costly
and tedious in procedure.
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1.2

Objective

The primary objective (or aim) of this study is to investigate the mechanisms of the
flow boiling of subcooled liquid with the low mass qualities of vapour in rectangular
micro-channel heat sinks numerically. The sub-objectives of this study are listed as
follows:

1.3

To explore the mechanisms during flow boiling of subcooled liquid with the
bubbly flow in micro-channel heat sinks from the effects of mass fluxes, heat
fluxes and inlet temperatures.

To address the variations of mechanisms during flow boiling of the subcooled
liquid with the bubbly flow in micro-channel heat sinks due to the impacts of
substrate materials.

To identify the changes of mechanisms during the flow boiling of subcooled
liquid with the bubbly flow in micro-channel heat sinks due to of the effects
of working fluids.

Outline of Thesis

After the introduction of research in this chapter, or Chapter 1, the following
chapters of this thesis comprise of:

Chapter 2 Literature Review: presents the past and current state regarding
findings and understandings from literature related to this study. This
chapter also summarised the corresponding gaps based on the evaluated
research about this study.

Chapter 3 Methodology: describes the operating parameters and numerical
models for the investigation of the dominance of mechanisms during the flow
boiling of subcooled liquids with the low mass qualities of vapour in micro-
channel heat sinks in this study.

Chapter 4 Effects of Mass Fluxes, Heat Fluxes, and Inlet Temperatures:
discusses the results of the changes of mechanisms due to the effects of
mass fluxes, heat fluxes, and inlet temperatures.

Chapter 5 Effects of Substrate Materials: discusses the results of the changes
of mechanisms due to the effects of substrate materials.

Chapter 6 Effects of Working Fluids: presents the results and discussion of
the changes of mechanisms when employing different working fluids.

Chapter 7 Conclusion: concludes the discussion of results.

10
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Chapter 2 Literature Review

This literature review describes the past and current state regarding significant
findings including understandings from the literature of existing studies related to
this study which are:

e Experimental studies of heat transfer trends and mechanisms of flow boiling
of subcooled liquids in rectangular micro-channels.

e Empirical correlations of heat transfer during flow boiling in micro-channels.
e Flow regimes of flow boiling in rectangular micro-channels.

e Experimental studies of characteristics and mechanisms of nucleate boiling
during flow boiling of subcooled liquids in rectangular micro-channels.

e Numerical studies of characteristics and mechanisms of nucleate boiling
during flow boiling of subcooled liquids in rectangular micro-channels.

e Mechanistic prediction methods of nucleate boiling during flow boiling in
rectangular micro-channels.

The sufficient literature employed in this review serves the purpose of the
presentation without making attempts to cite all literature. Based on the reviewed
literature, each section of this chapter also summarises the corresponding gaps
based on the evaluated research about this study to justify the objectives of this
work as listed in Section 1.2. This review also provides useful information when
conducting the investigation.

2.1 Experimental Studies of Heat Transfer Trends and Mechanisms
of Flow Boiling of Subcooled Liquids in Rectangular Micro-
Channels

For the sake of designing better cooling systems of flow boiling in rectangular
micro-channels, the identification of the corresponding heat transfer trends and
mechanisms are essential. For this purpose, researchers have carried out
experimental studies to investigate heat transfer of flow boiling of subcooled liquids
in micro-channels as cited in the recent review articles [13, 14]. By conducting the
experimental studies, researchers commonly employ:

e Microscopes and high-speed cameras to visualise the flow patterns in the
micro-channels.

e Flow meters to measure the flow rate of the working fluids from reservoir
tank or syringe pumps.

e Cartridge heaters connected to the power supply to heat up the micro-
channels.

11
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e Thermocouples or thermistors attaching at the base of the micro-channel
heat sink to measure the temperature.

The heat transfer trends during the flow boiling in micro-channel are according
to boiling curves. A typical example of the boiling curve of heat flux against heated
surface temperature in channels under different stages of flow boiling condition is
shown in Figure 2.1 [19]. At point A, the fluid enters the channel as a subcooled
single-phase liquid undergoing a heat transfer mode of single-phase convective
heat transfer. In the single-phase regime, the wall temperature increases linearly
with the heat flux and exceeding saturation temperature at point B. From point B,
when further increases g, until the stage C, the wall temperature exceeds the
threshold value for the occurrence of the onset of nucleate boiling (ONB). Beyond
point C, the boiling curve becomes steeper, and the total heat transfer involves the
single-phase convection and the nucleate boiling in the channel. When the heat flux
exceeds the stage D, the fluid experiences a fully developed boiling (FDB) and the
regime between point C and D is the partial boiling regime. As the fluid continues to
absorb heat, saturated boiling initiates at point E in which the bulk temperature
reaches local saturation temperatures. Above point E, the channel dry-out occurs as
the amount of the vapour increases.
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Figure 2.1: Boiling curve of flow boiling in channels [19]

The ONB refers to the location of the nucleation of the first bubble from the inlet
of channels at the state of subcooled boiling as mentioned in the literature [44, 45].
The ONB in micro-channels has attracted the attention of researchers for few
reasons [6]:

12
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e Determining the upper limit of design for heat sinks intended for the single
phase cooling only, and the lower limit for two-phase heat sinks planned for
the maximum heat dissipation with the prediction.

e Identifying the abrupt transition from the liquid flow to two-phase slug flow
in micro-channel from the calculation in which the change is unlikely to
emerge from the conventional channels.

e Providing the understanding of the phenomena of ONB to design the micro-
channel heat sinks from the prediction.

By identifying the ONB, researchers commonly employ two approaches. The first
method is determining the first set of bubbles appear on the surface of the channels
after the temperature on the surface of the channels exceeds the saturation
temperature [45, 46]. The first set of bubbles often appears near the outlet of the
channels. The second approach is identifying a sudden change of the slope of the
temperature and pressure drop against the heat flux.

Researchers have examined the trend of ONB through experimental studies, and
Table 2.1 summaries the operating parameters of selected experimental studies in
the literature. Qu and Mudawar [6] studied the ONB in channels with the small
increment of gy 5im from low values for all tested conditions until observing the
first set of bubbles. Then, gy rim that produces the ONB refers to qgyz. They [6]
found that qong, ATsupoue, @nd channel bottom surface superheat (3-21°C which is
insignificant) increase when increasing u;, and reduce of T;,. Liu et al. [47] have
collected the gy reading with the similar procedure as Qu and Mudawar [6] and
observed that when increasing m"”, py,.:, or H., or decreasing T;, or W,., qons
increases.

Table 2.1: Operating parameters of selected experimental studies of heat
transfer trends during ONB in rectangular micro-channels in the literature

Literature Operating parameter

Qu and Working fluid of deionised water; substrate of copper; p,,: of 1.2 bar;
Mudawar T;, of 30-90°C; u;, of 0.13-1.44 m/s; twenty-one 231 ym wide, 713
[6] pm high, and 4.48 cm long micro-channels.

Liu et al. Working fluid of deionised water; substrate of copper; q, of 9.88-
[47] 68.81 W/cm?; u;, of 0.32-0.92 m/s; T, of 41.2-92.0°C; p,,: of 97844-
107523 Pa; twenty-five 275 ym wide, 636 pm high, and 54.4 mm
long micro-channels, W, of 118 um H, of 2464 um, and W; of 542 um.

Other than the ONB, researchers have also studied the heat transfer trends and
mechanisms during flow boiling in rectangular micro-channels, and Table 2.2
summaries the operating parameters of selected experimental studies in the
literature.
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Table 2.2: Operating parameters of selected experimental studies of heat
transfer trends and mechanisms of flow boiling of subcooled liquids in
rectangular micro-channels in the literature

Literature Operating parameter

Qu and Working fluid of water; substrate of copper; g; of 20-135 W/cm?; m”

Mudawar of 135-402 kg/m? s; T;, of 30-60°C; p,,: of 1.17 bar; X, up to 0.2;

[16] twenty-one 231 ym wide, 713 um high, and 4.48 cm long micro-
channels, and Wy;, of 118 pm on 1 cm x 4.48 cm with a thickness of
2462 pm of the substrate.

Chen and Working fluid of dielectric liquid FC-77; substrate of silicon; g, of

Garimella 80-730 kW/m?; Q of 35-60 ml/min; T, of 71°C; p,,. of 1 atm; and

[18] twenty-four 389 ym wide, 389 um high, and 12.7 mm long micro-
channels on 12.7 x 12.7 mm? of the substrate.

Chen and Working fluid of dielectric liquid FC-77; substrate of copper; q;, of
Garimella 0.9-1.61 W/cm?; Q of 30-50 ml/min; subcooling AT, or T — Ty Of

[34] 17 K; poyue of 1 atm; and ten 504 ym wide, 2.5 mm high, and 25.4
mm long mico-channels on 25.4 mm x 25.4 mm x 7 mm of the
substrate.

Liu and Working fluid of water; substrate of copper; maximum gq; of 129

Garimella W/cm?; m" of 221-1283 kg/m? s; T, of 67-95°C; maximum X, of

[19] 0.2; micro-channel heat sink I is 275 pm wide, 636 um high, and

25.4 mm long, and Wy, of 542 pm; micro-channel heat sink II is

406 uym wide, 1063 um tall, and 25.4 mm long; 25.4 x 25.4 mm?
substrate; Wy, of 597 uym; and 7.5 pm wide re-entrant cavities.

Lee and Working fluid of HFE 7100 (T, of 60°C); substrate of copper; q; of

Mudawar 0-750 W/cm?; m" of 670-6730 kg/m? s; T,, of —30-0°C; p,,. of

[37, 48] 1.138 bar; 11-24 of 123.4-259.9 ym wide, 304-1041.3 um high,
and 25.27 mm long micro-channels, and Wy;, of 84.2-205.0 ym on
25.3 x 25.3 mm? of the substrate.

Harirchian Working fluid of dielectric liquid FC-77; substrate of silicon;
and maximum q; of 640 kW/m?; m” of 250-1600 kg/m? s; ATy, of 5°C;
Garimella Pout Of 1 atm; 2-60 of 100-5850 ym wide, 400 uym high, and 12.7
[20, 32, mm long micro-channels and W;, of 100-300 ym on 12.7 x 12.7
49] mm? of the substrate with a thickness of 650 pym.

Bertsch et Working fluid of refrigerant R-134a and R-245a; substrate of

al. [50] COPPEr; Grorarfin OF 0-22 W/cm?; m" of 20-350 kg/m? s; Tsqe Of 8-
30°C; psq Of 125-750 kPa; X of 0.2-0.9; 17-33 of 381-762.0 pm
wide, 953-1905 pm high, and 9.53 mm long micro-channels, and
Wy of 381-762.0 ym on 25.3 x 25.3 mm? of the substrate.
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Table 2.2: (Continued)

Literature Operating parameter

Galvis and Working fluid of water; substrate of copper; qioq;rin Within 4000

Culham kW/m?2; " of 340-1296 kg/m? s; AT, of 50.7-54.2°C; and p,,, of 1

[22] atm; AT,,, of 99°C; two micro-channel heat sinks; Each micro-
channel heat sink has one channel with different size of W, x H. X L,
of 241 x 198 x 21900 um?3 and 471 x 378 x 21900 uym3 on 44 x 10
x 13 mm? of the substrate.

Qu and Mudawar [16] found that h strongly dependent on m” but weakly
dependent on gq, , indicating that the dominant heat transfer mechanism is
convective boiling. The convective boiling in the study corresponds to the annular
flow. Therefore, the annular flow becomes apparent with a sudden transition when
thermodynamic equilibrium quality X, near 0. The annular flow regime is dominant
at moderate and high heat fluxes. On the other hand, an unexpected trend
becomes apparent in which h decreases with X, due to droplet entrainment at the
onset of annular flow regime near the outlet. The thermodynamic quality or vapour
quality at the exit, or exit quality X, is the mass fraction of vapour in which the
relationship is [21]:

1

X, =—
e hlg

o))
[E - Cp,l(Tsat — Tin) (2.1)
where h,, is the enthalpy of vaporisation, Q, is the volumetric flow rate of liquid, m
is the mass flow rate, c,, is the liquid specific heat at constant pressure, T, is the
saturation temperature, and T,,is the inlet temperature. Some researchers, for
instance, Liu and Garimella, define local vapour quality X as:

hl - hsat

X=—— 2.2
- (2:2)

where h; is the enthalpy of liquid and hy,; is the enthalpy at saturation conditions.
In the equation of X, (2.1) or X (2.2), the enthalpy term, which is directly
proportional to the mass of vapour produced, is often employed instead of the mass
of vapour term for the ease of calculation.

Chen and Garimella [18] observed that h increases with g;, and independent on
Q in fully developed boiling at lower q;. At higher q;, (exceeding 542, 673, and 730
kW/m? for 35, 47, and 60 ml/min, respectively), the reversed trend begins in which
h decreases with the increase of g, due to partial dry-out in some micro-channels
and forming stronger fluctuation of surface temperatures. In the later study, they
[34] discovered that the dependent of g, on surface temperature T;o o, rin bECOMeES
weaker when flow boiling begins. Also, h increases with Q, and surface dry-out first
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occurs near the outlet according to surface temperature measurements at three
locations (near the inlet, middle, and outlet of the channels).

Liu and Garimella [19] found that m" and T;, affect the ONB whereas
insignificant on the boiling curve once the ONB has occurred. Notwithstanding, the
inlet temperature or inlet subcooling is possible to modify the heat transfer
mechanisms as mentioned by Saha [15], and there is less investigation in this
aspect.

Both Chen and Garimella [34] and Liu and Garimella [19] showed that the
boiling curves overlap after the ONB for all measured flow rates. When increasing g,
further, the curves diverge and become dependent on mass flux.

Lee and Mudawar [37, 48] have employed the low fluid temperatures producing
subcooled flow boiling conditions in which the outlet fluid temperatures never reach
saturation for the study of the heat transfer. This situation is dissimilar to most of
the two-phase micro-channel heat sink studies in which the annular film
evaporation is the dominant mechanism for heat removal. They discovered that [37,
48] decreasing fluid temperature delays the onset of boiling and enhances the
cooling performance. Also, the heat flux along the micro-channel surfaces
decreases when implementing small d;, of channels with larger total wetted areas,
and therefore the void fraction reduces along the micro-channels. Also, lowering the
micro-channel width to a limit will cause bubbles to span the entire width and
provide the early transition to slug flow and reduce the cooling effectiveness. These
complex effects warrant the need for a comprehensive model for subcooled flow
boiling in micro-channel heat sinks. On the other hand, premature critical heat flux
(CHF) can occur at low mass fluxes. This incidence is due to the reverse flow of
vapour towards the inlet followed by the development of a large vapour mass in the
upstream plenum that prevents liquid from flowing into the channels. Nevertheless,
the premature CHF diminishes when decreasing fluid temperature or increasing flow
rate or both. During the premature CHF, the transitory dry-out occurs in the
channels associated with rising of surface temperatures, and the vapour build-up
causes an increase of the upstream pressure to remove the vapour mass to the
outlet. This process repeats in a cyclical manner associated with the gradual
increment of surface temperatures with each new cycle.

Harirchian and Garimella [20, 32, 49] have evaluated the heat transfer during
the flow boiling in seven horizontal rectangular micro-channel heat sinks. They [49]
stated that cross-sectional area of micro-channels is a more appropriate parameter
to determine the heat transfer performance, instead of the width, depth, or aspect
ratio of micro-channels, individually. They [32, 49] observed that:

e The ONB occurs with a sharp drop of surface temperature as illustrated in the
boiling curve in Figure 2.2. The temperature then overshoots with a
sufficiently small increment of g/, sin for all tested conditions. In general,

16



Chapter 2 Literature Review

the ONB occurs at a low temperature and heat flux for lower m". The boiling
curves are also independent on m” in the nucleate boiling regimes for a fixed
channel size but dependent on m" at sufficiently high q¢o.q fin- This trend also

shows up in [19, 34]. The nucleate boiling is dominant up to high heat
totarfin fOr W, of 400 ym and more substantial. Nevertheless, the trend for
small W, of 100 um in Figure 2.2b is different from larger W, in which T, is
smaller at a fixed q/eq,rin @S compared to larger W, below qrorq;fin Of 125
kW/m?2. This occurrence is due to the rapid increase of vapour quality and
early formation of annular flow with such small W..

When increasing W, for a fixed m", the boiling curves converge into a single
curve after the ONB associated with a weak dependence of Tyyqfin ON

dtotarfin T€9ardless of the flow pattern. This occurrence shows that W, is

independent on the boiling curves, showing the characteristic of nucleate
boiling dominance. At higher qorq;fin s Toury DE€COMes more dependent on

dtotarrin @Nd the boiling curves diverge for different W..

Local h (measured near the outlet) is independent on m"” in the nucleate
boiling regimes for a fixed channel size. However, local h is dependent on m”
in the dominant region of convective boiling at higher g/, sin @nd more heat

dissipation as m" increases as shown in Figure 2.3.
Local h is independent of channel size for W, of 400 um and broader.

At a fixed qgorq rin @nd cross-sectional areas A, greater than 0.089 mm? (250

mm wide and 400 mm high), nucleate boiling is dominant up to extremely
high qorarrin a@s illustrated in Figure 2.4, and local h is independent on

channel size.

In Figure 2.4, local h is higher for A, smaller than 0.089 mm? at qio fin
below 150 kW/m?. When g rin @above 150 kW/m?, the curve crosses over
and is lower than larger micro-channels due to high X,. For this reason, slug
flow begins immediately at the incipience of boiling since these studies
employ extremely low subcooling (AT, of 5°C), and churn/annular flow also
forms at 10w qorq; rin- The churn/annular flow that possesses the feature of
vapour confinement provide larger local h as the heat transfer consists of
both nucleate boiling and liquid film evaporation mechanisms. AlSO, G¢otq fin
allows smaller variation of Ty, rin due to the dominance of nucleate boiling
when 4, smaller than 0.089 mm?>.

The flow becomes asymmetric when implementing larger W, of channels, or
larger aspect ratio in which two different flow patterns distribute at each side
across the channels.
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e Also, in Figure 2.3 and Figure 2.4, at higher qoq; rin, @ decrease of the local h
decreases due to partial drying of the heated surfaces.

e On the other hand, at a fixed q; as displayed in Figure 2.5, local h increases
with W, (dissimilar to Figure 2.4) and also Tiyqfin- HOWever, increasing W
decreases the maximum allowable g; (from q; of 640 to 300 kW/m? when W,
decreases from 5850 um to 100 pm) due to smaller surface enhancement
with larger micro-channels. In the study, the micro-channels with large W,
has less number of channels and therefore providing low surface areas in the
channels to dissipate heat from the base, and the maximum allowable g; is
low.

Bertsch et al. [50] have studied the heat transfer during the flow boiling in
horizontal rectangular micro-channel heat sinks. They [50] found that h increases
significantly with q/y¢q; in @nd X, but only slightly with m” and pg,, within the tested

conditions, indicating the nucleate boiling dominates the heat transfer. When X is
above 0.5, h decreases rapidly. Hence, the maximum h occurs at X between 0.1
and 0.5 depending on the tested conditions. R-134a is superior in the heat transfer
in the flow boiling regime as compared to R-245fa due to the higher molecular
mass and surface tension. The heat fluxes for ONB becomes higher when increasing
m" for both fluids in the tested condition. On the other hand, h weakly increases
when increasing m"” and almost constant with Ty, in this study. When d,, is smaller,
h becomes higher.
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Galvis and Culham [22] have investigated the heat transfer during the flow
boiling in two horizontal rectangular micro-channel heat sinks. They [22] found that
Qtotarrin fOr the ONB increases when increasing m"” for 241 x 198 pm? channel as

shown in the boiling curves in Figure 2.6. This occurrence is due to the reduction of
thermal boundary layer thickness that suppresses the ONB until the superheat
becomes sufficiently high. After the ONB, the nucleate boiling in which the slopes of
boiling curves of all m" all become steeper before the dry-out and converge into a
single curve above 7 K of superheat. In other words, the boiling curves are unlikely
to vary with the change of m”, showing that the boiling mechanism is nucleate
boiling dominance in 241 x 198 pym? channel. This trend is also similar to Harirchian
and Garimella. For 471 x 378 uym? as depicted in Figure 2.7, the convergence of the
boiling curves into a single curve is absent, implying that the convective boiling
dominates over nucleate boiling.

On the other hand, Galvis and Culham [22] also found that two-phase heat
transfer coefficient h,, decreases when increasing X as depicted in Figure 2.8 and

Figure 2.9 for the micro-channels with dimension of 241 x 198 x 21900 um?3 and
for 471 x 378 x 21900 um?3, respectively. In Figure 2.10 for 241 x 198 x 21900
pum? and Figure 2.11 for 471 x 378 x 21900 ym? of micro-channel, h;, also reduces

when increasing ¢" as also reported in the study of Steinke and Kandlikar [33].
When h,, decreases down to about 1000 kW/m? of qf,q; rin for 241 x 198 x 21900

um?3, hy, remains unchanged with X before the dry-out for all " as shown in Figure
2.10. This hy, trend converges into single boiling curve after 1000 kW/m? of qf,¢q; fin

in Figure 2.6 and associates with the slug flow from the flow visualisation. This
outcome indicates that the flow boiling is nucleate boiling dominance.
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Figure 2.6: Boiling curves (AT,,;, of 50°C) of micro-channel with channel
width, height, and length of 241 x 198 x 21900 um?3 [22]

From the investigation of Galvis and Culham [22], h,, for m" of 340 kg/m? s then
decreases abruptly until dry-out at X of 0.42 as shown in Figure 2.10. On the other
hand, he, varies with X (Figure 2.9) and q/q rin (Figure 2.10) for all tested m”
without converging boiling curve into a single curve as depicted in Figure 2.7, and
associated with a re-wetting flow. This result shows that the nucleate and
convective boiling are both of equal importance. On the other hand, reversed flow
emerges in the single channel due to the expansion of confined bubbles at the
upstream. The development of confined bubbles at the upstream also becomes the
reason for the occurrence of the reversed flow in multiple channels associated with
a non-uniform distribution of fluid in the channels. Also, the boiling curve shifts
upstream when increasing ATg,,.

There are none of the investigations regarding the effects of different types of
substrate materials on the heat transfer during the flow boiling in micro-channels.
The investigation of the effects of different substrates is only available in the
studies of single-phase flow [23-25]. In these studies [23-25], various substrate
materials with different thermal conductivities affect the axial heat conduction (heat
conduction along the length of the channel). The axial heat conduction is also in
turn affecting the heat transfer during the flow boiling; however, the investigation
regarding this aspect is unavailable. On the other hand, the studies regarding
effects of fluid types on flow boiling in micro-channels are only available in the
studies of Wang et al. [52, 53] and Wang and Sefiane [52, 53]. With the
inadequacy of the investigation, this numerical study attempts to address the effect
of substrate materials and working fluids on the heat transfer mechanisms during
flow boiling of subcooled liquids in micro-channels.

22




Chapter 2 Literature Review

4000

v v
. x
O m"=364 kg/m"s . x
ng R - x
WPUWH 0 m=730 kg/m’s . X §
N 2 e X
x m'=1097 kg/m™s . x
3000 H y
= 0 * m'=1373 kg/m’s Fots 1
E -x o O
L - o
E 2500 p « O 0 1
x 0 O
£ « 00O
~ 2000 p « 0o 4
= L ]
‘;; Quxny =976 *x00
S 15 « 00
8 1500 p x0 O E
e 8 =00
o 00
1000 ¢ « x DO 9
- x ﬁ)
9 % Q
500 F o o :% : -
« 0 ap S qonn =459
ll l-‘ A A A A " A A A A A A A A A A
S0 40 -30 -20 -10 0 10 20 30 40 S0 60

ATsup (°C)

Figure 2.7: Boiling curves (AT,,;, of 50°C) of micro-channel with channel
width, height, and length of 471 x 378 x 21900 um?3 [22]

TOH) p——r S S —
o C " =340 kg/ms
al0 b 0 " =681 L._g.l'm::x i
X " = 1024 kg/m’s
soo * " =1296 ke/m’s [1
e
E 400 by
Z
- £ 3 1
= 300 5
200f " o -
1 Y
L] & - IS ®
100 } Pom xm o .
o
O
0 ! . : .
0 0.1 0.2 0.3 D4 0.5

X

Figure 2.8: Local h,, against X of micro-channel with channel width, height,
and length of 241 x 198 x 21900 pm3 [22]

As stated in Section 1.1, the contradiction between experimental results with
similar conditions of flow boiling in micro-channels is possible [15] due to the
reasons mainly from the experimental errors. By eliminating these faults,
alternating approaches of reliable prediction methods for the investigation of the
heat transfer are necessary. This study is favourable to subcooled flow boiling with
characteristics of nucleate boiling due to higher average heat transfer coefficients
as compared to saturated flow boiling according to Lee and Mudawar [37].
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2.2 Empirical Correlations of Heat Transfer during Flow Boiling in
Micro-Channels

Based on the existing experimental results of flow boiling in micro-channels,
researchers have proposed several empirical correlations as cited in the recent
literature [15, 54]. These empirical relationships neglecting the mechanisms are
highly dependent on the measuring ranges of operating conditions for the accuracy.

Mahmoud and Karayiannis [54] observed that all the tested correlations
(nineteen correlations) are insufficiently general to predict their experimental data
of flow boiling in small to microtubes with acceptable accuracy from local and
average (global) h. The accuracy of most empirical relationships deviated with the
changes of diameter and the heated length of the channel due to the variation of
the modes or mechanisms of flow boiling in channels. When the tubes employed are
extremely short in length, it has the high tendency to undergo the domination of
the mechanisms of nucleate boiling (occurs when bubbles start growing) whereas
convective boiling (takes place when forming a thin film of liquid) for the more
extended channels. Also, the applied heat flux must be much higher at a similar
exit quality for the short channel as compared to the long channel. For these
reasons, the prediction becomes inaccurate when the unsuitable empirical
correlations are employed. They [54] have also proposed an empirical relationship
from 5152 data points predicting 92% of all data within +30% error bands at an
MAE of 14.3%. Nevertheless, further work is still necessary to evaluate the effect of
heated length.
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Saha [15] have also analysed the accuracy of twelve existing empirical
relationships derived from different approaches on 2336 data points from eleven
sets of experimental data in a wide range of test fluids and experimental ranges.
These relationships predict within +30% error bands. The correlations for flow
boiling in conventional channels are unable to work for the micro-channel flow
boiling associated with inconsistent heat transfer trends and mechanisms. Also,
none of the existing correlations can become general prediction method for flow
boiling in micro-channels. Furthermore, flow boiling in micro-channels involves
complicated mechanisms, and therefore the modification of the relationships for
conventional channels is unable to represent the actual mechanisms in micro-scale.

From previous studies, in general, the proposed empirical relationships are
inaccurate due to the reasons as stated in Section 1.1. With these inadequacies of
the empirical correlations, proper test facilities, instruments, sensors, data
reduction methods, designs of test sections, calibration and validation are
necessary before commencing experiments to produce reliable data [15]. Also, the
more reliable mechanistic prediction methods that consider the flow regimes
associated with bubble dynamics are highly necessary by understanding the local
heat transfer mechanisms [15], which are the target direction this study.

2.3 Flow Regimes of Flow Boiling in Rectangular Micro-Channels

During flow boiling, different flow regimes with varying patterns of flow become
apparent during flow boiling in micro-channels. The distinct flow regimes facilitate
the development of more accurate models of heat transfer coefficient to each flow
regime [22]. For this reason, the review regarding the experimental studies of flow
regimes of flow boiling in rectangular micro-channels is necessary for this study.
For this investigation, the flow regime selected is subcooled flow boiling with the
bubbly flow in rectangular micro-channels. Therefore, this review first introduces
the flow patterns and bubble dynamics during flow boiling of subcooled liquid in a
channel and then describes the existing flow regime maps of rectangular micro-
channels from the literature. The review of flow regime maps also serves the
purpose to determine which operating parameters produce the desired flow regimes
in this study.

The chosen experimental studies of flow regimes during flow boiling in
rectangular micro-channels associated with the operating parameters in the
literature are available in Table 2.3.

Kosar [55] has plotted a map of nucleate boiling and convective boiling with
Reynolds number Re against Boiling number Bo for flow boiling in horizontal
rectangular micro-channels. The Re against Bo serves the purpose to determine the
regime of the different boiling mechanism as illustrated in Figure 2.12. Re and Bo
are:
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Table 2.3: Operating parameters of selected experimental studies of flow
regimes of flow boiling in rectangular micro-channels in the literature

Literature

Operating parameter

Kosar [55]

Lee and
Mudawar
[17]

Zhang et

al. [56]

Chen and
Garimella
[18]

Liu and
Garimella
[19]

Harirchian
and
Garimella
[20, 32,
49, 57]

Galvis and
Culham
[22]

Working fluid of water; substrate of silicon; qfy¢q; fim Of 28-445 kW/m?;
m” of 41-302 kg/m? s; Ap of 0.4-3.0 kPa; five 200 um wide, 264 um
high, and 1 mm long micro-channels; Wy, of 200 um; and 7.5 pym
wide re-entrant cavities.

Working fluid of water; substrate of copper; q; of 15.9-93.8 W/cm?;
m" of 127-654 kg/m? s; p;, of 1.44-6.60 bar; exit quality X, of 0.26-
0.87; and fifty-three 231 ym wide, 713 pm high, and 25.27 mm long
micro-channels on 25.3 x 25.3 mm? of the substrate.

Working fluid of subcooled FC-72; substrate of silicon; Q of 0.038-
0.092 I/min; P of 20-60 W; ATy,;, around 31°C; and twenty-one 200
Mm wide, 2 mm high, and 15 mm long micro-channels.

Working fluid of dielectric liquid FC-77; substrate of silicon; g; of 80-
730 kW/m?; Q of 35-60 ml/min; T;, of 71°C; p,,: of 1 atm; twenty-
four 389 ym wide, 389 um high, and 12.7 mm long micro-channels on
12.7 x 12.7 mm? of the substrate.

Working fluid of water; substrate of copper; maximum g, of 129
W/cm?; m" of 221-1283 kg/m? s; T;, of 78.8-95.4°C; maximum X, of
0.2; five 406 pm wide, 1063 pym high, and 25.4 mm long micro-
channels on 25.4 x 25.4 mm? substrate; Wy Of 597 ym; and 7.5 pm
wide re-entrant cavities.

Working fluid of dielectric liquid FC-77; substrate of silicon; maximum
Qgurr Of 640 kKW/m?; m" of 225-1420 kg/m? s; AT, of 5°C; pyy of 1
atm; 2-60 of 400 ym wide, 100-400 ym high, and 12.7 mm long
micro-channels on 12.7 x 12.7 mm? of the substrate with a thickness
of 650 um; and Wy, of 100-300 pm.

Working fluid of water; substrate of copper; q; within 4000 kW/m?;
m" of 340-1296 kg/m? s; ATy, of 50.7-54.2°C; p,,: of 1 atm; single
channel of W, x H. x L, of 241 x 198 x 21900 um3 and 471 x 378 x
21900 pm?3 of on 44 x 10 x 13 mm?3 of the substrate.

respectively,

where d,, is the hydraulic diameter. The curve of transition is:
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Re,ri; = 163.59 — 2.73 x 10*Bo (2.5)

where Re.,;; is the critical Reynolds number. Figure 2.12 shows that the convective
boiling dominates at the high Re and Bo regime whereas nucleate boiling dominates
at the low Re and Bo regime. Nucleate boiling occurs when the heat flux increases
up to a specific value and causing the change of the temperature is weakly
dependent on heat flux in the micro-channels [58]. Besides, the nucleate boiling
dominates when applying a low mass flux to the micro-channels and a consistent
trend of the increase of the two-phase heat transfer coefficient with heat flux is
evident in Kosar [55]. Convective boiling is dominant when applying higher heat
fluxes and mass fluxes to the micro-channel. When raised the heat flux, the heat
transfer coefficient may decrease as the surface of the micro-channel dries out and
consequently reaches a constant value.
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Figure 2.12: Flow regime map of Re against Bo of nucleate boiling,
convective boiling, and dry-out of Kosar [55]

Lee and Mudawar [17] have studied the flow regimes during the flow boiling in a
horizontal rectangular micro-channel heat sink. They [17] discovered that nucleate
boiling with bubbly flow occur only at low X, (X, < 0.05) with low g5, and high q;
produce medium X, (0.05 < X, < 0.55) or high X, (X, > 0.55) flows dominated by
annular film evaporation.

Zhang et al. [56] have investigated the flow regimes during the flow boiling in a
micro-channel heat sink. They [56] observed that flow boiling begins at X < 0O,
showing that the subcooled boiling is significant, and becomes unstable at X > 0.2
associated with the two large-scale flow regimes of bubbly and slug flows in the
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channels. However, the annular flow was absent due to the small value of L./d;,
which is common in the electronic cooling.

Chen and Garimella [18] have investigated the heat transfer during the flow
boiling in a horizontal square micro-channel heat sink. They [18] found four
different flow patterns which are bubbly, slug, churn, and wispy-annular flow. The
bubbly flow dominates at low q; while the bubbles coalesce to form vapour slugs
when increasing q, . At high q, or when further rising q,, the flow regime of
alternating wispy-annular and churn flow appear in the downstream portion and
flow reversal becomes apparent near the inlet. q; to form fully developed boiling
regime is depending on 0,.

Liu and Garimella [19] have plotted a map for the single phase of liquid and
subcooled and saturated flow boiling in a rectangular micro-channel heat sink as
shown in Figure 2.13. When increasing the heat flux from single-phase flow in the
micro-channels, subcooled boiling appears at the outlet, and shifts upstream to a
certain length with a slight increase of the heat flux. Further increasing the heat
flux induces in the saturated boiling in the micro-channels. The existence of
different regimes under different channel conditions shows that the flow boiling is a
complicated process. The understanding regarding the characteristics of various
regions of flow boiling is still insufficient under the extensive range of geometrical
and boundary conditions.
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Figure 2.13: Flow regime map of q;,, (s, @against x/L. of single phase,
subcooled boiling, and saturated flow boiling (" of 330 kg/m?2 s and AT,,,
of 7.9°C) from Liu and Garimella [19]
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Harirchian and Garimella [20, 32, 49] have evaluated the flow regimes during
the flow boiling in a horizontal square micro-channel heat sink. The flow regimes
visualised in the study are at a location near the exit and along the centreline of the
length of micro-channel. They [32] discovered the five flow regimes which are
bubbly, slug, churn, wispy-annular, and annular flows in the channel as displayed in
Figure 2.14:

In the bubbly flow (Figure 2.14a), the bubbles are isolated round and smaller
than the cross-sectional areas of the channel. Bubbles are formed on heated
surfaces and detached from the surfaces after growing. The shape and size of
the bubbles are varied with the mass fluxes and heat fluxes. The bubbles
become smaller and more elongated when the mass flux increases in the
bubbly regime.

In the slug flow (Figure 2.14b), the broad and elongated bubbles form as a
result of the coalescence of small bubbles until occupying the entire cross-
section of the channel. Meanwhile, tiny bubbles still exist in the liquid
between the elongated bubbles.

In the churn flow (Figure 2.14c), the chunks of vapour form due to the
breakdown of the large bubbles from the slug flow and move downstream in
this regime. The rate of the formation of bubbles is higher and forming large
bubbles on the heating surface in the channel.

In the wispy-annular flow (Figure 2.14d), the micro-channels experience the
suppression of bubble nucleation, and the core of vapour present at the
centre of the channel with a thick and unstable film of liquid on the heating
surface. Moreover, broad and irregular shapes of the droplets of liquid
entrained into the core of vapour, while small bubbles exist in the film of
liquid. The thickness of the liquid layer decreases as the mass flux increases.

In the annular flow (Figure 2.14e), the film of liquid is thinner as compared
to the wispy-annular flow, with the formation of a wavy interface between
the film of liquid and core of vapour. Also, small and round droplets of liquid
enter into the vapour core, but the nucleation of bubbles in the film of liquid
is absent. The thickness of the liquid layer decreases as the mass flux
increases.

In the inverted annular flow (Figure 2.14f), the dry-out of the heating surface
occurs, and the channel reaches CHF. The core of liquid exists at the centre
of the current while the blanket of vapour is present on the heating surface.

Harirchian and Garimella [32, 57] have also created a flow regime map with m”
against qroq; sin When varying W, and H, for horizontal flow boiling in a rectangular
micro-channel heat sink as displayed in Figure 2.15. The flow regime map is
created based on the flow regimes discovered as shown in Figure 2.14. The multiple
regions are also often present along the channel and superimposed by complex
mechanisms when employing the sufficiently long channel. When employing smaller
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sizes of channels (e.g., 4,; < 0.144 mm?) and lower m"” (e.g. m” = 225 kg/m? s), the
slug and intermittent churn and annular flows appear immediately, however, the
bubbly flow is absent. The bubbly flow is only apparent at low q.,, when A or m"

surf
increases. When W, is more than 400 um, the patterns of flow of the bubbly and
intermittent churn/annular flow emerge, and the nucleate boiling is dominant up to

high qg,,r. In general, the transition of flow regimes occurs at higher qg,, when

increasing m". Nevertheless, the nucleate boiling diminishes at relatively low gg,,f
for 100 and 250 um of W..

Flow direction Bubbly flow

(@IS VWWQ
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B 0 0 0T

a Bulk liquid

Elongated vapor bubbles

P
Liquid slug "~ Vapor bubbles

Bulk liquid -

EQ SO~ %§ =
o

" Vapor chunks —

Vapor core . - Thin liquid film
4

S,

Liquid droplets "\ Vapor bubble

Vapor core ~_— Thin liquid film
—

Figure 2.14: Actual images (left) and sketched images (right) of flow
patterns in a shape of square of micro-channels (400 x 400 pm? and 12.7
mm long) made of silicon at the horizontal position under the condition of

flow boiling (AT,,; of 5°C) [32]

Harirchian and Garimella [35] have also developed the flow regime maps for the
transition from bubbly or slug flow to intermittent churn/wispy-annular or
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churn/annular flow of m" against quality X, of vapour and superficial velocity of
liquid J; against vapour J, as shown in Figure 2.14a and Figure 2.14b, respectively.
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Figure 2.15: Flow regime map of m" against gy, s, of W, of 100-5850 pm

and H, of 100-400 pm for bubble, slug, churn, wispy-annular, annular,
alternating bubbly/slug flow, alternating churn/wispy-annular flow, and
single-phase flow from Harirchian and Garimella [57]

When increasing q/y¢q; in (in Figure 2.13) or X (in Figure 2.14a), the patterns of
flow change from bubbly and slug flow to the intermittent churn/wispy-annular and
churn/annular occur. In Figure 2.14a, the transition occurs at lower X, when rising
m" for each tested W.. When employing smaller W,, changes of flow patterns place
at larger X,,. In Figure 2.14b, for W, lesser than 1000 um, the transition takes place
at higher J, when J; increases. In contrast, the change occurs at lower J, when J;
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increases W, broader than 1000 um. Also, the transition takes place at larger J,
when employing smaller W,. Harirchian and Garimella [35] also stated that the
developed map from the condensation, large channel and adiabatic two-phase flow
are inappropriate to predict the flow boiling in micro-channels.
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Figure 2.16: Flow regime map of (a) m" against X and (b) J, against J, of W,

of 100-5850 pm for the transition from bubbly or slug flow to intermittent

churn/wispy-annular or churn/annular flow from Harirchian and Garimella
[32]

Harirchian and Garimella [57] have distinguished the dominant regimes of
unconfined and confined flows in a map with Reynolds number Re against Bond
number Bo for horizontal flow boiling in a rectangular micro-channels. The confined
flow indicates the flow with a thin film of liquid on the fin surfaces while the vapour
flows within the film such as slug and confined annular flow. On the other hand, the
bubbly flow is the unconfined flow since the sizes of bubbles that are smaller than
the cross-section of the channel. The wispy-annular and annular flows are out of
the entity of confined flow as the wispy-annular, and annular flows are unnecessary
to occupy the entire cross-section of the channel. These regimes are distinguished
using the convective confinement number Bo%® x Re as the criterion of transition in
the maps of Reynolds number Re against the Bond number Bn as shown in Figure
2.17. Bn®> x Re depends on the dimensions of the channel, properties of the fluid,
and m" as:

0.5

1 —

Bn®5 x Re = —[g(pl—pg)] m"A.s = 160 (2.6)
Hi o

where A, is the cross-sectional area (W, x H.). Bo®® x Re is set arbitrarily as 160 to

represent the transition between the unconfined and confined flows. The value of

Bn®%% x Re for flow boiling of FC-77 is 160. When Bo®> x Re < 160, the confined flow
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is observed associated with the evaporation of thin film that contributes to the
additional heat transfer and produces higher heat transfer coefficients. Contrasting
with Bn%® x Re > 160, the nucleate boiling is dominant in the unconfined flow that
produces lower heat transfer coefficients.
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Figure 2.17: Flow regime map of Re against Bo of unconfined flow and
confined flow Harirchian and Garimella [57]

Harirchian and Garimella [57] have created a flow regime map with Bo X Re
against Bn%> x Re for horizontal flow boiling in rectangular micro-channel heat sinks,
as depicted in Figure 2.18. There are two lines to differentiate each pattern of flow,
which are:

e The vertical line of Bn®® x Re = 160 for the transition from the confined to
unconfined flow.

e The line of Bo =0.017(Bn%* x Re™%3) for the transition from bubbly and slug
(or confined slug) flows to churn/confined annular, churn/wispy-annular and
churn/annular flows.

For Bn%5 x Re > 160 (unconfined flow), the heat transfer coefficient is independent
of the size of the channel, and the correlations of nucleate boiling in pool boiling are
applicable for the prediction of heat transfer. For Bn%°> x Re < 160 (confined flow),
the empirical relationships or regime based models require modification for the
more accurate prediction of heat transfer. This developed flow regime map also
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agrees well with the existing experimental data with the working fluids of water and
fluorocarbon liquids.
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Figure 2.18: Flow regime map of Bo x Re against Bn’® x Re of confined flug,
churn/confined annular, bubbly, churn/wispy-annular, and churn/annular
from Harirchian and Garimella [57]

Galvis and Culham [22] have investigated the flow regimes during the flow
boiling in single horizontal rectangular micro-channel heat sinks. They [22]
captured the flow patterns at the midpoint of the length of the channel and
observed six different flow patterns which are bubbly, slug, churn, annular, wavy-
annular, and inverted annular flow as illustrated in Figure 2.19. The flow patterns
are depending on m”, ¢”, and channel sizes. The bubbly flow begins at low ¢" and
progressively develops to slug, churn, and annular flow when increasing ¢" for each
tested m" and channel sizes. However, the flow patterns are unlikely to all appear in
a channel for all tested conditions as evident in Figure 2.20. In Figure 2.20, the
bubbly flow is absent in 198 x 241 um micro-channel as the bubble confines from
the channel surface, and slug flow begins immediately after the ONB, and develop
to annular, and inverted at higher q". Also, the intermittent stream or multiple flow
patterns present in the channel due to re-wetting of the channel surface and the re-
wetting becomes the significant role for the development of flow patterns.
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Figure 2.19: Actual images (left) and enhanced with Matlab image
processing tool (right) of flow regimes of (a) bubbly flow, (b) slug flow, (c)
churn flow, (d) annular flow, (e) wavy annular flow, and (f) inverted
annular flow [22]

The existing flow regime maps of flow boiling in rectangular micro-channels
proposed are with the parameters of heat fluxes and mass fluxes. However, the
flow regime maps with the inlet temperatures (or degrees of subcooling), substrate
materials, and working fluids are unavailable. The inlet temperatures indeed have
little impact on the boiling curve according to Liu and Garimella [19] after the ONB
as stated in Section 2.1. On the other hand, Saha [15] mentioned that the inlet
temperature has some effects on the heat transfer coefficients. However, the
knowledge in this aspect is limited in the literature. Therefore, from the existing
flow regime maps, this study selects the operating parameters which are capable of
generating nucleate boiling during flow boiling of subcooled liquids in a micro-
channel heat sink. The operating parameters of heat flux and mass flux of the
micro-channel selected from the flow regime maps are at 500-3197 kW/m? and
115-389 kg/m? s, respectively. Without referring to the flow region maps, the range
of inlet temperature proposed in this investigation is 23-53°C. Furthermore, the
micro-channel heat sink in this study adopts the pressure of 1 atm, the substrate
materials of steel, silicon, aluminium and copper, and working fluids of water and
ethanol.
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Figure 2.20: Flow regime map of m" against q; of single-phase flow (SP),
slug flow (S), slug-annular flow (S-A), and inverted annular flow (I) from
Galvis and Culham [22]

2.4 Experimental Studies of Characteristics and Mechanisms of
Nucleate Boiling during Flow Boiling of Subcooled Liquids in
Rectangular Micro-Channels

When flow boiling occurs, the fluid flow involves liquid flow and bubble dynamics
associated with heat transfer in channels. The bubble dynamics consist of bubble
nucleation, collapse (or condensation), growth, departure, sliding dynamics, lift-off,
coalescence, etc. There are current findings of fluid flow and heat transfer from
experimental studies to understand the characteristics and mechanisms nucleate
boiling during flow boiling of subcooled liquids in rectangular micro-channels. These
studies are worthwhile to improve the heat transfer prediction methods, and
therefore the review regarding the findings of flow boiling behaviours from the
experimental studies at the current stage is necessary.

Peng and Wang [38-41] have observed an unfamiliar aspect of flow boiling in
rectangular micro-channels in which as the characteristics of flow boiling are
possible before bubble nucleation indicated in Section 1.1. In the investigation of
Peng and Wang [40], the bubbles only nucleate in the inlet plenum at extremely
high heat fluxes, causing the fluctuation of the liquid in the channels and rapid
deterioration of the heat transfer. On the other hand, if the setup is improper in
which some too narrow gaps between the glass cover and the plate exists, small
bubbles nucleate at low superheats and heat fluxes. The holes that are smaller than
the channel size become the active nucleation sites. This phenomenon refers to the
single-phase convection named fictitious boiling as also stated by Peng [31]. The
fictitious flow boiling has two main aspects:

37



Chapter 2 Literature Review

e The liquid has reached nucleate boiling conditions, however, the internal
evaporation and bubble growth are absent or many unseen microbubbles
that are unstable exist within the liquid.

e The bubble evaporation and generation occur as soon as the flow enters a
space ample enough for evaporating.

For fictitious boiling, the liquid is apparently in an unstable thermodynamic non-
equilibrium state. Peng [31] postulates that the fictitious boiling occurs as a result
of:

e The physical properties of the liquid in a non-equilibrium state are different
from any equilibrium states. For instance, the specific heat in a non-
equilibrium state is higher as compared to equilibrium conditions, allowing
the liquid to absorb or store more heat with high heat transfer rates without
undergoing the phase change.

e The liquid reaches conventional nucleate boiling conditions although the
internal evaporation and bubble growth are absent.

e The existence of unstable micro embryo bubbles within the non-equilibrium
liquid particularly on heating surfaces which are invisible. These bubbles are
too small to be stable and are likely to collapse according to the classical
theory of nucleation [59]. The unstable micro embryo bubbles nucleating and
collapsing intermittently and frequently cause the liquid to be in a high non-
equilibrium state associated and require a significant amount of energy to
maintain these bubbles. Therefore, the non-equilibrium liquid from the
fictitious boiling facilitates considerably the ability to absorb the heat as
compared to the standard nucleate boiling.

Investigators have captured the location of ONB in rectangular micro-channels
experimentally, and Table 2.4 lists down the selected experimental studies relating
to the spot of ONB. During the ONB, the size of nucleated bubbles is capable of
reaching as small as 10-20 um in the micro-channel as indicated by Kandlikar [60].

Qu and Mudawar [6] have visualised the location of ONB in a rectangular micro-
channel heat sink. They [6] stated that the ONB is a local phenomenon that
strongly depends on both hydrodynamics and thermal conditions and requires a
detailed understanding of the velocity and temperature distributions. In their [6]
study, a small number (5-8) of bubbles nucleate near the outlet of channels during
the incipient flow boiling with one or two bubbles per channel. Majority of the
bubbles nucleate at the bottom surface in the channels, while a few of bubbles
nucleate at the side surfaces. Also, the size of the nucleated bubble is comparable
to the micro-channel for small u;, and decreases with the increase of u;,. Bubble
departure size is almost similar to the micro-channel size for small w;, and
progressively increasing u;,.
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Table 2.4: Operating parameters of selected experimental studies relating
to the location of ONB in rectangular micro-channels in the literature

Literature Operating parameter

Qu and As stated in Table 2.1.
Mudawar

(6]

Zhang et Working fluid of deionised water; substrate of silicon; m" of 256 kg/m?
al. [61] s; 200 um wide, 130 ym high, and 20 mm long micro-channels; W, of
200 um; and H, of 670 um.

Liu et al. As stated in Table 2.1.
[47]

Mosyak et Working fluid of water; substrate of aluminium; T;,, of 20°C; m" of
al. [46] 15.4-77.1 kg/m? s; twenty-five 200 pm wide, 580 um high, and 20
mm long micro-channels; W, of 200 um; and H, of 670 um.

Zhang et al. [61] have found that the bubble nucleates at the corner of a
rectangular micro-channel heat sink as shown in Figure 2.21.

Figure 2.21: Visualisation of bubble at ONB [61]

Liu et al. [47] have captured the location of ONB in a rectangular micro-channel
heat sink. They [47] found that the bubbles were usually observed to form at the
bottom surface near to the vicinity of the corner and to the outlet of the channel as
illustrated in Figure 2.22 based on one of the conditions. This observation is similar
to Qu and Mudawar [6]. They [47] found that contact angle 6 of bubble decreases
when increasing the bubble radius. The incipient radius of bubble slightly decreases
when increasing the fluid velocity.

Mosyak et al. [46] have observed the location of ONB in a rectangular micro-
channel heat sink. The bubble was spotted to nucleate at the corner of the channel
as depicted in Figure 2.23.

There is a contradiction of the observation of ONB from the selected
experimental studies. Qu and Mudawar [6] and Liu et al. [47] discovered the
bubbles nucleate at the bottom surface near the corner and few bubbles nucleate
on side surfaces. On the other hand, Zhang et al. [61], and Mosyak et al. [46]
found that the bubbles frequently nucleate at corner surfaces as compared to the
bottom surface. This difference is possibly due to the different m” employed in each
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study. From Qu and Mudawar [6] and Liu et al. [47], m" are larger than the rest of
the selected experimental studies causing the difference of the ONB location within
a cross-section.

o
ble

Figure 2.22: Visualisation of bubble at ONB at p,,, of 104469 Pa of, T,, of
70.9°C of, u;, of 0.55 m/s, and q;, of 28.87 W/cm? from Liu et al. [47]

Figure 2.23: Visualisation of bubble at ONB from Mosyak et al. [46]

Table 2.5 summarised the operating parameters of selected experimental
studies with the findings of liquid flow and bubble dynamics associated with heat
transfer of nucleate boiling during subcooled flow boiling in rectangular micro-
channels.

Balasubramanian and Kandlikar [62] have evaluated the bubble dynamics during
the flow boiling in a horizontal rectangular micro-channel heat sink. They [62]
found that nucleation occurs in the bulk liquid and the thin film at a higher
frequency as compared to a single nucleating bubble in the channel, indicating the
nucleate boiling dominant heat transfer. The bubble experiences a sudden reduction
of growth rate when the bubble nucleates and remains confined to the surface.
After the bubble confines to the surface, the bubble grows at an extremely high
velocity towards the sides. The velocity of the bubble growth in their channel is
capable of reaching as high as 3.5 m/s. Also, the bubble grows and develops to slug
with a thin liquid film on the fin surfaces in the channel. The slug flow is dominant
for higher surface temperatures; however, a backflow toward the inlet can occur in
some cases, leading to severe flow maldistribution.
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Table 2.5: Operating parameters of selected experimental studies with the
findings of characteristics and mechanisms of nucleate boiling during flow
boiling of subcooled liquids in rectangular micro-channels in the literature

Literature Operating parameter

Balasubramanian Working fluid of water; substrate of copper; g, of 208-316
and Kandlikar kW/m?2; m" of 112-120 kg/m? s; Ty, of 121°C (by adjusting p;,);

[62] six 990 pm wide, 207 pm high, and 63.5 mm long micro-
channels.

Lee and As stated in Table 2.2.

Mudawar [37,

48]

Lee et al. [63] Working fluid of water; substrate of silicon; m"” within 138.9
kg/m? s; T;, of 24°C; absolute pressure pg,, of 100.8-101.5 kPa;
one 50-100 ym wide, 46-100 um high, and 64 mm long micro-
channel; and an artificial cavity 24 mm from the inlet with radius
of 12.5-16.4 ym at bottom surface in the micro-channel.

Lagus and Working fluid of water; substrate of copper; m” of 221-466

Kulacki [64] kg/m? s; g5 of 250-1780 kW/m?; T;, of 297.3-316.3 K; thirteen
406 uym wide, 508 pm high, and 1 cm long micro-channels over
an area of 1 cm? on a substrate of 9.2 x 2.8 x 0.36 cm?; W, of
330 ym; and 2.761 cm wide and 508 pm high inlet and outlet
plenums.

Bogojevic et al. Working fluid of water; substrate of silicon; g, of 138-537

[65] kW/m?2; m" of 71-204 kg/m? s; T;, of 71°C; fourty 150 um wide,
273 pm high, and 15 mm long micro-channels; Wy, of 100 pm;
and Hy, of 112 ym.

Lee and Mudawar [37, 48] have visualised the flow in horizontal rectangular
micro-channel heat sinks during flow boiling. They [37, 48] found that the ratio of
bubble separation distance to bubble diameter decreases, the likelihood of bubble
coalescence increases, and the number of nucleation sites increase when increasing
heat fluxes. In the micro-channels, both small discrete bubbles and slug flow
bubbles emerge at outlet regions in the same axial location. This occurrence is due
to the temperature gradient along the height of the micro-channels. The bubbles
are more likely to coalesce into large bubbles near the bottom heating surface
whereas near the top part of the channel has less superheat to grow and fuse the
small discrete bubbles. On the other hand, lower inlet temperatures facilitate the
intense condensation at the bubble interface with the reduction of the bubble
growth and coalescence.

Lee et al. [63] have carried out an experimental study of the bubble dynamics
during the flow boiling in single horizontal rectangular micro-channel heat sinks.
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They [63] observed that two distinct behaviours during the flow regime
development, depending on the superheat. The first bubble flow pattern noted is
that the earliest or first nucleating bubble detaches from the surface, sweeps
downstream and coalesces with subsequent bubbles in order of milliseconds. The
second bubble flow type found is that a single bubble explosively grows and
expands at the nucleating location in order of microseconds. Both behaviours depict
that the first nucleating bubble plays a vital role in changing the flow regime. When
the bubble grows in milliseconds, the bubble growth is in under heat-transfer-
controlled growth condition. The heat-transfer-controlled growth is the process of
bubble growth in which the heat from the surrounding liquid diffuses to the bubble
interface to cause the evaporation. However, the growth rate increases when the
bubble radius increases. On the other hand, a growing bubble is strongly dependent
on the thermal transport from the surrounding heated surfaces. When the bubble
grows in microseconds, the bubble growth rate is linear before increasing to the
size of the micro-channel, implying that the explosive growing bubble is under
inertia-controlled condition.

Lagus and Kulacki [64] have examined the bubble dynamics during flow boiling
in @ micro-channel heat sink. They [64] discovered that the bubbly flow is the
precursors to the bubble nucleation of expanding vapour slug flow. From the bubble
dynamics, r~t'/3 for the bubble growth and then the bubble suddenly expands
when reaching the width of the channel. Also, the reversals in bubbles and vapour
slug flow become apparent with slug movement and upstream interface evaporation.

Bogojevic et al. [65] have evaluated the bubble dynamics during the flow boiling
in a horizontal rectangular micro-channel heat sink. They [65] found that the
bubble growth rate in the micro-channels is different from pool boiling and flow
boiling in macroscale channels due to confinement of micro-channel and interaction
between channels cause extraordinary bubble dynamics in micro-channels. Three
stages of bubble growth from the bottom and side surfaces emerge in the channels
as observed in one of the condition (g of 245 kW/m? and m" of 153 kg/m? s) at the
centre along the length of the channel as illustrated in Figure 2.24. In Figure 2.24,
The first stage (I) is rapid bubble growth in a linear trend, indicating that inertia
forces (or inertia-controlled growth) are dominant when the small bubble in a highly
superheated liquid layer. The inertia-controlled growth is the process of bubble
growth in which the interface of the bubble pushing the surrounding liquid, allowing
the inertia of the surrounding liquid to exist. Then, in the second stage (II), the
bubble growth stagnates when the bubble interacting more with a lower superheat
that slows down the evaporation rate on the bubble contact surface. This process
occurs due to the thermal diffusion controlling the heat transfer (or heat-transfer-
controlled growth) through the liquid with lower superheat. Consequently, in the
third stage (III), the bubble interface accelerates and reaches closer to the next
channel surfaces due to bubble growth in confined space of the micro-channel. This
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process arises due to the high superheated liquid layer near the surfaces that
enhances the evaporation and increasing the bubble growth rate. The first two
stages are similar to the bubble growth in the pool boiling and flow boiling in
conventional-sized channels whereas phase three is an exclusive behaviour in
micro-channels.

In the similar study, Bogojevic et al. [65] also observed that the period between
bubble nucleation and explosion, or bubble lifetime and departure diameter and
height change with q; and m", and decreases with increasing Reynolds number Re.
The bubble lifetime decreases exponentially with g, /m". When the bubble lifetime is
shorter, the fluctuation frequency during higher flow boiling instabilities whereas
the frequency fluctuation is lower for longer bubble lifetime associated with more
moderate growth rate and high amplitudes in pressure and temperature. The
bubble grows in the axial direction in the micro-channel and susceptible to flow
instabilities and flow reversal that affect the bubble growth. When the liquid film
exists, evaporation is the dominant heat transfer mechanisms determining the
liguid film thickness which decreases when increasing q; .

Bogojevic et al. [65] and Wang and Sefiane [53] have attempted to distinguish
transition point between inertia-controlled and heat-transfer-controlled growth in
the study. In the investigation of Bogojevic et al. [65], the data points collected are
limited, especially near the transition instant. This insufficiency causes the
estimation of the transition point to be imprecise from the curve line imposed from
few data points. Wang and Sefiane [53] have addressed the transition point of
bubble growth stage in a micro-channel heat sink for different heat fluxes and mass
fluxes. The mass fluxes that Wang and Sefiane [53] employed are much lower than
Bogojevic et al. [65]. Wang and Sefiane [53] found that the transition point is
earlier with higher heat fluxes whereas mass fluxes have negligible effects on the
transition point. When reducing ranges of heat fluxes employed by Bogojevic et al.
[65] to Wang and Sefiane [53], the trend of the transition point of bubble growth
only becomes readable from the experimental studies. In other words, the
experimental studies are only capable of studying the transition point of bubble
growth stage at low mass fluxes. By distinguishing the transition point more
precisely in broader ranges of mass fluxes, numerical methods which are capable of
providing more data points with the local variation of the phenomenon are
necessary. Nevertheless, these studies are unavailable at the moment. Also, the
evaluation of the bubble growth is inadequate with the comparison of the bubble
growth including the transition point of bubbles in different locations. Furthermore,
the transition point between the two bubble growth processes for different T;,,
substrate materials, and types of fluids is unavailable.
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Figure 2.24: (a) Bottom surface bubble and (b) side surface bubble growth
curves in subcooled flow boiling for gq; of 445 kW/m?2 and " of 153 kg/m?
s

Kandlikar [36, 66] has compared the flow boiling in micro-channels with
nucleate pool boiling and discovered significant similarities of bubble growth
associated with the heat transfer mechanisms. In both boiling processes, vapour
bubbles nucleated grow through the evaporation at the liquid-vapour interface, and
the heating surface with the vapour is adjacent to a microlayer. During flow boiling,
the front and back of an elongated bubble are similar to the interfaces during
growth and departure phases of a nucleating bubble in pool boiling, respectively. In
pool boiling, the transient conduction mechanism due to re-wetting of the heating
surface during the bubble departure is equivalent to the transient conduction
mechanism at the liquid between two elongated bubbles during flow boiling. Also,
when flow boiling occurs, the micro-convection mechanism occurs and provides a
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pathway for the heat transfer from the superheated layer experiencing the transient
conduction to the bubble surface at the upstream. This micro-convection indeed
induces flow circulation within the liquid and causes evaporation at the bubble
surface at the upstream. Consequently, the liquid accelerates due to the
evaporation of the elongated bubble behind the liquid. With the evaporation, the
liquid mass decreases at the liquid-vapour interface between the liquid and the
elongated bubble.

As mentioned in Section 1.1, the findings through the exploration from
experimental studies regarding the characteristics and mechanisms of nucleate
boiling during flow boiling of subcooled liquids in rectangular micro-channels are
incomplete. The features and mechanisms insufficiently explored involves:

e The local hydrodynamics and thermodynamic of fictitious boiling.
e The liquid flow patterns.

e The movements of bubbles from the side surfaces top through a microscope
as also stated by Barber et al. [67].

On the other hand, Kandlikar [68] observed many times that the bubbles are just
visible through the record from a high-speed camera with the speed of 1000-6000
fps, and replaying the frames at a slow rate of 30 fps. When further increasing the
superheat, the frequency of the nucleation of bubbles becomes exceptionally rapid
and problematic for the camera to capture the bubbles even at the speed of 6000
fps. With this limitation of experimental tests, numerical methods are paramount
importance to explore the regional mechanisms. The numerical methods are the
reliable approach to examine the local mechanisms of heat transfer, especially
those details which are inaccessible from the experiments for the development of
more reliable mechanistic prediction methods [14]. For this reason, this study
employs a numerical technique to explore the local heat transfer mechanisms.

2.5 Numerical Studies of Characteristics and Mechanisms of
Nucleate Boiling during Flow Boiling of Subcooled Liquids in
Rectangular Micro-Channels

Researchers have employed numerical techniques to investigate characteristics and
mechanisms of flow boiling of subcooled liquids in rectangular micro-channels, and
this section presents the review of findings of these studies.

The numerical models employed for the investigation of flow boiling in
rectangular micro-channels by researchers involve [69]:

¢ Navier-Stokes governing equations (consist of continuity, momentum, and
energy equations) including additional source terms associated with
appropriate assumption.
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e The definition of the source terms of interphase mass transfer. Both
momentum and energy equations in equation exclude the source terms of
interfacial momentum transfer and heat transfer as the phase change cancels
out in the summed momentum and energy equations. This exclusion is legit
as the summed momentum and energy sources are zero to maintain
conservation of momentum and energy in the system.

e The definition of the corresponding boundary conditions (e.g., inlet velocities,
temperatures, and volume fraction, heat fluxes, outlet pressures, surface
conditions - slip or no-slip, etc.).

e The interface capturing methods (out of other two methods which are
boundary integral methods and finite element methods). The interface
capturing (and tracking) methods are numerical methods for multiphase
flows, including flow boiling, by explicitly capturing the interface when the
interface is larger than the grid size. The interface capturing methods involve
only a single set of conservation equations with an additional advection
equation to track the interface [69]. The methods also consider a single
homogeneous flow of the two phases of liquid and vapour in which all the
phases of fluids have similar velocity, pressure, and temperature fields.

e The phase change model.
e The surface tension model.
The governing equations of the numerical models are available in [69].

The interface capturing methods consist of many types [69]. The two types of
the methods commonly implemented in the existing numerical study of flow boiling
in rectangular micro-channel heat sinks are the volume of fluid (VOF) [63, 70-72]
and level-set methods [29, 73-79]. The VOF method proposed by Hirt and Nuchols
[80] is an interface capturing approach by tracking the presence of the two phases
or liquid-vapour interface. The liquid-vapour interface is traceable by applying
numerical schemes such as geometrical reconstruction [81, 82], higher order
difference schemes [83], etc. Another interface capturing method of the level-set
proposed by Osher and Sethian [84] and further improved by Sussman et al. [43]
implements a level-set function as the colour function to define the interface. The
level-set function assumes positive values in one phase and negative values in
another phase, and the value at the interface is zero. The absolute value of the
level-set function determines the shortest distance from the given location to the
interface. In the interface capturing methods, the governing equations require the
selection of phase change model and surface tension model. The available phase
change models are according to experimental data and theoretical models, heat
conduction, and kinetic theory.
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Comparing to VOF method, the level-set method possesses a disadvantage that
the level-set function advection equation produces more mathematical errors when
the interface experiences severe stretching or tearing as stated by Rider and Kothe
[81]. The incidence causes the loss of mass conservation. Then, Nourgaliev et al.
[85] suggested a way to improve the mass conservation equation in the level-set
method applying higher order discretisation to solve the advection equations. On
the other hand, the VOF method is computationally cheaper as compared to the
level-set method and conserves mass [69]. However, the VOF method excludes
explicit distance function and therefore harder to determine the interface curvature
accurately. The level-set method has a distance function present for the interface
curvature calculation and is more computationally expensive. This incidence is due
to an additional step of re-distance the interface location which uncertainty
produces a better estimation of curvature. Nevertheless, a strategy is available to
couple the level-set and VOF methods together in the calculation to combine their
advantageous parts [86].

The available phase change model of the numerical techniques comprise of three
classes [69]:

e Phase change models based on experimental data and theoretical models.
¢ Phase change models based on heat conduction.
¢ Kinetic-based phase change models.

The numerical studies adopting the phase change model based on experimental
data and theoretical models are Zu et al. [87] and Zhuan and Wang [70-72],
respectively. Zu et al. [87] inject a vapour mass flow into the micro-channel with
the same rate as the bubble growth of the experiment of Gedupudi et al. [88]. On
the other hand, Zhuan and Wang [70-72] implement the theoretical model of
bubble growth of Plesset and Zwick [89] while applying a heat flux at the liquid-
vapour interface with a calculated mass flux. With these settings, both the applied
heat flux and vapour mass flow rate are attainable through back-calculation from
the bubble growth rate. When the bubble diameter is about to reach the tube
diameter, the bubble growth rate becomes stagnant while a liquid film appears
between the interface and tube surface. The bubble then experiences the heat
conduction, and the phase change continues. Also, the bubble growth in the
simulation is identical to the experimental observations or theoretical calculations,
allowing the simulation to concentrate on the modelling of following processes
(such as film evaporation).

The phase change model based on heat conduction assumes the phase change
at the liquid-vapour interface occurs as a result of the difference of the energy
conducted to and from the liquid-vapour interface. This model is available in the
numerical studies of flow boiling in rectangular micro-channels [29, 73-79]. In the
model, the energy of heat available for the phase change is proportional to the
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difference of heat conduction between the liquid to the interface and the interface
to the vapour. The phase change also causes the mass flux at the interface with a
relationship as:

_ n- (leTl - kvVTv)
hlv

m" (2.7)
where m" is positive for evaporation or boiling process and negative for
condensation process.

The kinetic-based phase change models are according to the kinetic theories of
liquid and vapour, and the development begins from Schrage [90]. Schrage [90]
firstly studied the mass transfer process at the liquid-vapour interface, followed by
the review of the work of Schrage [90] and also Rohsenow [91] from Tanasawa
[92]. Tanasawa [92] then provides an interphase mass transfer model for
interphase condensation as:

L, 2y (1 \"2p,hy
minterface = 2 _ Y (ZTTR) 71]3/21] (Tint - Tv) (28)

v
where My errqce 1S iNterphase mass transfer per unit area, y is phase change or

accommodation coefficient, R is gas constant, and h;, is latent heat. Equation (2.8)
assumes the temperature jump across the liquid and vapour interface is small
relative to absolute vapour temperature and includes Clausius-Clapeyron relation to
change the pressure difference term into a temperature difference term. Tanasawa
[92] also stated that the measurement of y is complicated and the range of y is
from 0.04 to 1 depending on the fluid. This phase change model has been applied
in the simulation of flow boiling in micro-channels from Zhou et al. [93]. Equation
(2.8) can also be expressed as:

. 2Y Dy — Dsat
Minterface = (29)
2—vy [2nRT,

Comparing to phase change model based on heat conduction and kinetic theory,
the utility of phase change model based on experimental data and theoretical
models is limited [69]. This incidence is due to each experimental data, and the
analytical model is only available for certain specific cases. The phase change model
based on heat conduction is more simple and easy to apply; however, this model is
inaccurate as the phase change rate is only according to the heat conduction in the
phase without capturing the interface kinetic limitations of an interface. Among the
three types of phase change models, the kinetic-based models are the most
accurate. The kinetic-based models are accurate due to the consideration of phase
change flux based on the physics at the interface and therefore capturing the
kinetic limitation.
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The surface tension model commonly employed to evaluate the surface tension
effect at the phase interphase is the Continuum Surface Force (CSF) model
proposed by Brackhill et al. [94]. The CSF model estimates the surface tension
induced stress change by a body force acting on a small but finite fluid region
surrounding the interface and is available in Brackhill et al. [94].

The researchers have adopted different operating parameters for the numerical
investigation relating to the location of ONB in rectangular micro-channels as listed

in Table 2.6.

Table 2.6: Operating parameters of selected numerical studies of
characteristics and mechanisms of nucleate boiling during flow boiling of
subcooled liquids in rectangular micro-channels in the literature

Literature

Operating parameter

Qu and

Mudawar

(6]

Lee
Son [75]

Mukherjee
and
Kandlikar
[29]

Mukherjee
and
Kandlikar
[73]

Mukherjee
and
Kandlikar
[74]

and

As stated in Table 2.1, 6 of 30° and 80°, and neglecting g.

Working fluid of water (properties at 1 atm); u;, of 0.12 m/s, pgmp Of
1 atm; ATy, of 5-20 K; reference length [, of 1 mm; H =W in most
with H = 0.4; L = 10-22.5; a bubble with 7,y ne 0f 5 X 10-3 mm on
the bottom heating surface in the microchannel; 6 of 30-50°; and
considering g.

Working fluid of water (properties at 100°C); u;, of 0.146 m/s; T;, of
100-107°C; Tgup of 100-107°C; Tr = 100°C; one 200 pm wide, 200
um high, and 1 mm long micro-channel; a bubble with 7, i, of 20
pm at 0.2 mm along the length at the centre of bottom surface of the
micro-channel; 6 of 50°; and neglecting g.

Working fluid of water (properties at 100°C); u;, of 0.146 m/s; T;, of
102°C; Ty, of 108°C; T, = 102°C; one 200 ym wide, 200 ym high,
and 800 pym long micro-channel; a bubble with 7y, ;,;; of 20 pm at 0.2
mm along the length at the centre of bottom surface of the micro-
channel; 6 of 20-80°; and considering g.

Working fluid of water (properties at 100°C except varying ¢ of 0.03-
0.0589 N/m?); u;, of 0.146 m/s; T, of 102°C; T, of 108°C; T; of
102°C; one 200 pm wide, 200 pm high, and 800 um long micro-
channel; a bubble with 7, 0f 20 pm at 0.2 mm along the length at
the centre of bottom surface of the micro-channel; 8 of 40°; and
considering g.
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Table 2.6: (Continued)

Literature

Operating parameter

Suh et al.
[76]

Mukherjee
[77]

Mukherjee
and
Kandlikar
[78]

Zhuan and

Wang [71]

Lee et al.
[95]

Mukherjee
et al. [79]

Zhuan et
al. [72]

Working fluid of water (properties at 1 atm); substrate of silicon
(pscps = 0.43p;cy,; and ks = 230k;); u, of 0.1 m/s; Ty, = Tgqe = 100°C;
AT, of 5-15 K; one to three H. = 0.2 mm, W, = 0.4 mm, L, = 10 mm
micro-channels; a bubble with 73, n: Of 5 x 10 mm on the heated
bottom wall of each microchannel; Wy, of 0.125 mm; length before
inlet of 0.1 mm; 6 of 30°-50°; and considering g.

Working fluid of water (properties at 100°C); Re of 100; ATy, of 8 K;
Tr of 100°C; one 200 pym wide, 200 pym high, and 800 pm long micro-
channel; 6,.. of 20°-40°; 6,4, of 40°-80°; and neglecting g.

Working fluid of water (properties at 100°C); u;, of 0.12 m/s; T;, of
103°C; Tgyr of 112°C; Ty of 103°C; one 200 ym wide, 200 um high,
and 800 ym long micro-channel; a bubble with 7, ;n;; 0f 20 pm at 0.2
mm along the length at the centre of bottom surface of the micro-
channel; 6 of 40°; and neglecting g.

Working fluid of water (properties at 1 atm); u;, of 0.65 m/s; T;, of
30-100°C; qtorqrfin Of 16.16-70 W/cm?; p;,, of 1 atm; m of vapour of
2.35 x 108 kg/s through a circular inlet with a diameter of 0.2 mm at
the side heating surface at x of 10 mm; one 275 uym wide, 636 um
high, and 25.4 mm long micro-channel; and considering g.

Working fluid of water; substrate of Pyrex glass, silicon, aluminium
and copper; 200 x 200 pm?, 500 x 500 pm?, and 1 x 1 mm? smooth
thin Pt heater of located between the working fluid and the substrate;
rate of heat generation q;, of 1013-5 x 10!3 W/m?3; Re of 500-3500; T;,
of 20°C; one 200 pm-1 mm wide and 200 pm-1 mm micro-channel,
W, of 118 um H,, of 2464 pm; W, of 542 um; and @ of 90°.

Working fluid of water (properties at 100°C); Re of 50-200; T;, of
102°C; ATy, of 5-10 K; Tr of 102°C; one 200 ym wide, 200 pm high,
and 800 um long micro-channel; a bubble with 7y, of 20 pm at 0.2

mm along the length at the centre of bottom surface of the micro-
channel; o of 0.03-0.0589 N/m?; 6 of 20°-80°; and considering g.

Working fluid of HFE 7100 (properties at Ty, of 60°C); g, of 0-750
W/cm?; m"” of 670-6730 kg/m? s; T;, of —30-0°C; p,,, of 1.138 bar;
11-24 of 123.4-259.9 ym wide, 304-1041.3 pm high, and 25.27 mm
long micro-channels, and considering g.

Qu and Mudawar [6] have developed a numerical model to study the location of
ONB during the incipient flow boiling in a rectangular micro-channel heat sink. The
numerical model developed is according to a criterion of bubble departure that
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considers the force balance on a bubble, superheating of the entire surface of the
bubble, axial heat conduction, conjugate heat transfer, and fully developed laminar
flow. The locations of the bubble that nucleate at the bottom and side surfaces and
corner are also considered in the model as displayed in Figure 2.25. Figure 2.25
shows that the bubble more easily expands into the channel corner when increasing
the contact angle from 0° to more than 45°. Also, when the contact angle exceeds
45°, the liquid layer between the bubble and the channel corner is impossible to
exist. The nucleation of the first bubble is absent at the corner, although the
location provides the hottest spot. Instead, the first bubble that satisfies the
criterion of superheat for the nucleation was predicted to nucleate at the bottom
surface, which is close to the corner. This occurrence is due to the smallest gradient
of temperature that causes the weak heat transfer at the corner. Nevertheless, the
location of the bubble nucleation contradicts with the outcome from Yin et al. [96]
as mentioned in Section 2.4 in which Yin et al. [96] observed majority of bubbles
nucleate at the corners. This difference is possibly due to the different " between
the study of Qu and Mudawar [6] and Yin et al. [96] in which Yin et al. [96] applied
lower values of m"” than Qu and Mudawar [6].

Lee and Son [75] have investigated the bubble dynamics and heat transfer
associated with nucleate boiling in a rectangular microchannel through the
numerical model. In the numerical model, they solve the governing equations of
conservation of mass, momentum, and energy in the liquid and vapour phases and
track the liquid-vapour interface by a level set method. They [75] discovered that
the channel size which is smaller than the bubble departure diameter and smaller
contact angle cause the bubble growth rate coupling with the heat transfer rate to
significantly increase. Also, when increasing the contact angle from 0° to more than
45°, the bubble more easily expand into the channel corner similar to the
observation of Qu and Mudawar [6] as depicted in Figure 2.25. This incidence
causes the decrease of the surface heat flux in the micro-channel with more vapour
region direct contact with the surfaces. On the other hand, when decreasing the
contact angle, the heat transfer rate increases.

Mukherjee and Kandlikar [29] have numerically examined the vapour bubble
growth during flow boiling in a micro-channel by employing SIMPLER method [97]
to solve the Navier-Stokes equations associated with the level set approach. The
SIMPLER method refers to the semi-implicit method for pressure-linked equations
revised. The level set method serves the purpose to capture the liquid-vapour
interface. The numerical model also includes a bubble with initial radius located at a
location along the length and the centre within the cross-section of the micro-
channel. They [29] observed that the first bubble grows steadily followed by a rapid
axial growth when the bubble is almost occupying the cross-section of the micro-
channel. During the fast axial growth, the vapour patch or region with vapour
directly contact with the heating surface appears. Meanwhile, within the cross-
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section, a thin liquid layer retains between the bubble and the channel surfaces.
This thin layer causes the rapid axial growth of the bubble with a high evaporation
rate. The rate of bubble growth bubble is also higher with more substantial liquid
superheat while the bubble growth rate is lower with larger Re. Also, during the
bubble growth, the upstream interface of the bubble tends to move forward and
backwards. Furthermore, the bubble growth rate changes insignificantly with the
effect of gravity.

Hbub
a

Sidewall
Bubble

Buttom
Wall
Bubble
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Figure 2.25: (a) Axial view of nucleated bubbles at the bottom and side
surfaces, and corner, and (b) side view of nucleated bubble [6]

Mukherjee and Kandlikar [73] have also evaluated the effect of arbitrary contact
angles on the growing vapour bubble and area-averaged surface heat transfer on a
surface in a micro-channel. They employed the similar approach as their previous
study [29]. In this numerical study, they [73] found that the lower the contact
angle causes higher surface heat transfer and bubble growth rate with the
formation of a liquid layer. The liquid layer is between the downstream bubble
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interface and the channel surface. On the other hand, smaller contact angles
provide smaller surface tension force and evaporation momentum force.

Mukherjee and Kandlikar [74] at the same time have also studied the effect of
surface tension on vapour bubble growth and surface heat transfer during flow
boiling in micro-channels with the similar approach [29]. They [74] found that the
surface tension is insignificant to the bubble growth and surface heat transfer.
Nevertheless, with the low surface tension, the bubble shape varies in which the
bubbles become longer and thinner, causing higher surface heat transfer.

Suh et al. [76] have examined the bubble dynamics, flow, and heat transfer
during flow boiling in parallel micro-channels by employing the numerical model of
Lee and Son [75]. They [76] also consider the axial heat conduction and conjugate
heat transfer by including a physical wall in their computational domain of micro-
channel. They [76] observed that the backward bubble expansion leads to the
reverse flow in the multiple micro-channels and the bubble formation s
unsymmetrical in the micro-channels. The reverse flow becomes more significant
when decreasing the contact angle and increasing the heating surface superheat.
Also, the backward bubble causes the boiling heat transfer rate to fall in the
multiple micro-channels as compared to the single micro-channel. The bubble
growth occurs in a micro-channel, the area and time-averaged heat flux reduced is
about 9-30% whereas 27-34% for all the micro-channels.

Mukherjee [78] employed the similar numerical technique of Mukherjee and
Kandlikar [29] to examine the heat transfer mechanism exists on the surfaces in
the micro-channel during flow boiling. He [78] discovered that the smaller contact
angles improve the heating surface heat transfer during flow boiling which is
dissimilar to nucleate pool boiling in which the heat transfer increases with contact
angles. Also, the heat transfer at the receding bubble interface is higher than the
advancing bubble interface. Furthermore, the primary heat transfer mechanism is
the thin-film evaporation that forms the apparent nucleate boiling characteristic in
the micro-channel. With their numerical technique, the liquid circulation associated
with the transient heat conduction is absent on the heating surface in the micro-
channel.

Zhuan and Wang [71] implements the VOF multiphase flow model to study the
nucleate boiling water in micro-channels. They categorised the bubble growth in the
micro-channel into two stages. At the first stage, the bubble growth through the
control of the surface tension whereas the incipient heat transfer dominant at the
second stage of the boiling process. Also, they summarised from their analysis that
Marangoni heat transfer is significant during the ONB in the micro-channels. On the
other hand, in the micro-channels, two stages of nucleate boiling emerge. During
the first stage, the suppression of bubble from surface tension while Marangoni
convection dominating the interface heat transfer. In the second stage, the surface
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superheat is larger than the transitional point, causing sufficiently large heat flux of
the ONB to overcome the surface tension. With the more substantial heat flux, the
bubbles expand rapidly and lift-off from the surface. Furthermore, higher heat
fluxes produce larger volume fractions of vapour at the outlet of the micro-channel.
Moreover, the bubbles experience the pressure spike at the nucleation sites as a
result of the surface tension on the interface which produces the possibility of the
disruption in the flow.

Lee et al. [95] have investigated ONB of water in rectangular micro-channels
under the pulsed heating with the numerical model of VOF. They [95] observed that
the instant for the appearance of the location of ONB was determined when the
void fraction first appears on the surface of micro-heater. The simulated
temperature of heater over-estimates the experimental data due to the imperfect
insulation of experimental devices and multiple layers of metal underneath the Pt
micro-heater. The ONB occurs faster when increasing the power of micro-heater.
Also, the substrate materials of copper, aluminium, silicon, and Pyrex with thermal
diffusivities ks/psc, s of 11.33, 8.55, 8.03, and 0.078 ym?/s in the descending order
produce shorter transient time.

With the numerical model of Mukherjee and Kandlikar [29], Mukherjee et al. [79]
have analysed the heat transfer mechanisms on the heating surface during the
vapour bubble growth in a micro-channel. They [75] found that the heated surface
heat transfer increased with the superheat of heating surface and bubble growth
rate in the micro-channel. However, the heat transfer is almost unaffected by the
liquid flow rate. The surface heat transfer raises mainly as a result of the movement
of the evaporating liquid-vapour interface. The bubble growth tends to push the
liquid towards the micro-channel surfaces, suppressing the growth of the thermal
boundary layers.

Zhuan and Wang [71] later extended their numerical study to evaluate the
mechanism of bubble dynamics and heat transfer of subcooled flow boiling in a
micro-channel. For the bubble dynamics, Zhuan and Wang [71] discovered that the
coalescence seldom occurs during the nucleation which is consistent with the
observation from Lee and Mudawar [37, 48]. During subcooled flow boiling, the
ONB commonly occurs on the heating surfaces while the departure of bubbles or
bubbles that lift-off from the surfaces seldom occur upstream. Furthermore, the
ONB occurs at the later time, and the bubbles slowly grow with high aspect ratios.
Also, the bubble expands at the lower rates and in smaller sizes in the superheated
liquid layer near the heating surfaces when increasing the degrees of subcooling
and decreasing heat fluxes. Moreover, with the higher degrees of subcooling, the
bubble departure sizes are smaller with lesser coalescence effects and the
occurrence of slug flow delays. Furthermore, the temperature of lift-off bubbles
decreases when the condensation of bubble interfaces becomes more frequent. For
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the bubbles with lift-off diameter larger than the thickness of the superheated layer
during higher heat fluxes, the bubble reaches unstable state, and the interface
oscillates with rapid condensation beyond the superheated layer. This occurrence
causes some bubbles to shrink and break or collapse. Therefore, the condensation
of bubble interface as a result of the effect of the subcooled liquid suppresses the
bubble growth and coalescence, delaying the appearance of annular flow. At high
degrees of subcooling, the Marangoni heat flux at the initial time of nucleation
controls the interface in which the surface tension suppressing the bubble is
substantial, causing low bubble growth rates. The Marangoni heat flux reduces
when increasing surface heat fluxes with higher bubble growth rates and lifts-off,
and consequently forming the developed subcooled flow boiling.

Zhuan and Wang [72] have also compared the difference of the bubble
behaviours between subcooled and saturated flow boiling. During subcooled flow
boiling, the bubbles disperse within the micro-channels whereas the bubbles rapidly
grow and form slugs during saturated flow boiling. During the saturated flow boiling,
the flow regime frequently encountered in the micro-channel is either slug or
annular flow whereas bubbly flow dominates at higher degrees of subcooling and
heat fluxes. The annular flow seldom occurs in the broad range of mass and heat
fluxes during the subcooled flow boiling. The high degree of subcooling delays the
ONB during subcooled flow boiling as compared to saturated flow boiling. Also,
during the subcooled flow boiling, the fluid is at the thermal-developing region in
which the thermal boundary layer becomes thicker along the flow direction while
the heat transfer coefficient decreases rapidly. In the thermal-developing region,
the heterogeneous temperature is significant, causing non-uniformity of the
interfacial evaporation and condensation during subcooled flow boiling. The thermal
boundary layer during flow boiling of subcooled liquids also possesses high
gradients of temperature, leading to non-uniform temperature distribution along
the interface of the growing bubbles.

Although researchers have conducted the numerical studies of nucleate boiling
during flow boiling of subcooled liquids in rectangular micro-channels and observed
various complex processes, the investigation is inadequate. In most of the existing
numerical studies, as found and reviewed in this section, the researchers arbitrarily
impose a bubble at the initial time of the numerical simulation opposing to the real
condition. By assuming the arbitrary bubble at the initial time, the bubble
nucleation process associated with the fictitious boiling encountered in the
experimental studies of Peng and Wang [38-41] as reviewed in Section 2.4 remains
unexplored. Moreover, from the literature, the studies regarding the effect of
substrate materials and working fluids on the characteristics and mechanisms of
nucleate boiling are inadequate. Therefore, this investigation evaluates the impacts
of substrate materials, and working fluids as well as mass fluxes, heat fluxes, inlet
temperatures on the changes of the regional characteristics and mechanisms. The
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features and mechanisms explored and studied at the different operating
parameters provide useful information for the development of the prediction
methods to design better micro-channel heat sinks.

2.6 Mechanistic Prediction Methods of Nucleate Boiling during Flow
Boiling in Rectangular Micro-Channels

Since conducting numerical studies are computationally expensive and time-
consuming, the reliable mechanistic prediction methods of nucleate boiling of flow
boiling in rectangular micro-channels are highly necessary.

There are mechanistic prediction methods of nucleate boiling in the literature to
predict the ONB during flow boiling in rectangular micro-channels.

Peng et al. [42, 98] have proposed a non-dimensional parameter N,,, and
related criteria of the bubble nucleation during the liquid flow in micro-channels.
They derived [42, 98] N, based on the thermodynamic aspects of phase
transformations of liquid and interaction of the bubble growth process and the
micro-channel geometry in micro-channels as derived in (2.10):

hy,a,

Bl Cr(vy, — Vl)qgotal,findh

Npp (2.10)
where N,,,;, is the dimensionless parameter, «, is the thermal diffusivity of vapour,
and C is an empirical constant which is obtainable from the experiment. The
nucleation occurs when N, <1 . N, also considers the effect of liquid
thermophysical properties. This model depicts that the liquid in small micro-
channels is capable of absorbing the large sensible heat with high heat transfer
rates which are possible to exceed the nucleate boiling in micro-channels. This
condition resembles the fictitious boiling requiring further investigation.

Liu et al. [47] have developed an analytical model of ONB in rectangular micro-
channels. The model incorporates the effects of fluid inlet conditions, contact angle,
and geometry of the micro-channel as depicted in (2.11):

( B W+ Ww) "
qll;WbLb 1+ 21}[3 HC b
Tin + NW.H " Vsar
plcp,luin( c c) (Nufd,3kl)/dh
20C ( B W, + WW) "
= q
pvhlvkl 1+ 277.8 Hc b (2.11)
20C B We + Wfin
Tourr — Tsar = 2+/T. ( ) b
surf sat Sat\/pvhlvkl 1 + 277,3 HC qb

Nug, s = 8.235(1 — 1.883/8 + 3.767/B% — 5.814/3 + 5.361/B* — 2/B%)
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where g, is heat flux at the channel base; W, is width of channel base; L, is length
of channel base; c,, is specific heat of liquid at constant pressure; u;, is velocity at
inlet; N is number of channels; 7 is efficiency of fin; W, is channel width; W, is fin
width; H, is the channel height; g is aspect ratio H./W.; Nus,3 is Nusselt number for
fully developed in a three sides heated rectangular channel; and D, is hydraulic
diameter. Nug,3; is available in Shah and London [99]. These analytical models
assume uniform heat fluxes along the three-sided heating surfaces (bottom and
side surfaces) in the micro-channel and produce the readings with 20% higher as
compared to the experimental data. This discrepancy is due to the assumption of
uniform heat fluxes.

Liu et al. [47] have also compared their analytical model with other prediction
models of ONB in subcooled flow boiling in conventional-sized channels from the
literature. From the literature employing conventional sized channels, Liu et al.
have selected the analytical models of ONB of Hsu [100], Sato and Matsumura
[101], Bergles and Rohsenow [102], Davis and Anderson [103], Kandlikar et al.
[104], and Celata et al. [105].

Hsu [100] has first created the criterion of the nucleation of a bubble for flow
boiling and pool boiling (at pressure equals to or less than atmospheric pressure of
water on the heating surface made of stainless steel with 20-170°C of temperature).
When developing the model, he [100] considers the size range of active cavities as
a function of temperature or heat flux. When the temperature of the liquid exceeds
the temperature at the equilibrium of bubble in a cavity, the bubble nucleates and
the radius of the bubble r,,;,, changes as shown in Figure 2.26a. Also, in Figure
2.26a, the hemispherical bubble with ry,,;, = .4, that grows out from the cavity has
the smaller radius of curvature. When r,,,;, > .4, the bubble possesses the shape of
the truncated sphere with the height of bubble y,,;,, contact angle 6 and the limiting
thickness of thermal boundary layer § as depicted in Figure 2.26b. On the other
hand, Figure 2.26c illustrates the criterion of bubble nucleation when interception
between the curves of the liquid temperature and equilibrium of bubble exists with
sufficient development of the thermal layer. Moreover, the thermal layer near the
nucleation site is slightly thinner as compared to the bulk liquid during the bubble
nucleation without experiencing any distortions. Therefore, the nucleation site
possesses the shorter length of between the heating surface and the isotherm line
at the temperature at the top part of the bubble than the bulk liquid.

When developing the criterion of the nucleation of a bubble for flow boiling and
pool boiling, Hsu [100] assumes 6 as 53.1°, y,,, = 1.6ry,, and critical radius r..; =
27.4,- When both curves of liquid temperature and equilibrium of bubble intercept
each other at a tangent point with y,,, = ., the bubble nucleation is normally
absence. The bubble nucleation takes place when further increasing the superheat
of the heating surface until the interception occurs at two points from both curves
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with y = r,,,;,, and y = n,,,4,. The bubble nucleation occurs when increasing ¢” until the
liquid temperature reaches or exceeds the temperature of the equilibrium of bubble
With 7.y min @Nd Teqymax AS:

(2.12)
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Figure 2.26: Characteristics of the nucleation of bubble (a) change of
radius of curvature of bubble in a cavity, (b) a chopped spherical bubble,
and (c) criterion for the nucleation of bubble [106]
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From equation (2.12), Hsu [100] plotted the active cavity range for different
thermal boundary layer thickness of saturated water as shown in Figure 2.27a.
Meanwhile, Figure 2.27b depicts the active cavity range for different subcooling
ATg,, with a constant thermal boundary layer thickness of 0.5 mm at atmospheric
pressure. The plots in Figure 2.27 indicate that superheat is prerequisite for any
cavities in a finite range of r.,,. The bubble nucleation becomes difficult with smaller
active cavity ranges when thermal boundary layer thickness reduces. The criterion
of nucleation of Hsu [100] with the term of incipient heat flux g5y (the heat flux
during the threshold of incipience of flow boiling) with the assumption of 6 of 53.1°
is also obtainable as expressed in (2.13):

2
Qg = kfhlvpv(Tsurf - Tsat) (2.13)
12.80T4;

Sato and Matsumura [101] have derived an analytical relationship from the
criterion of nucleation of Hsu [100] for the incipient heat flux g,y With the term of
wall superheat for the study of incipient subcooled flow boiling. They [101] created
the analytical model created considers the bubble shape of the hemispherical
sphere in which r,,;, = . and 8 = 90°. The model of g,y Of Sato and Matsumura
[101] is:

2
" _ kfhlvpv(Tsurf - Tsat) (2 14)
ONB — 80—Tsat

Bergles and Rohsenow [102] have proposed a graphical solution according to
the experimental studies of the heat transfer of flow boiling of distilled water in a
circular tube made of stainless steel. The circular tube is at d. of 0.094 in and L. of
5.48 operated at p of 15-2000 Ib¢/in? and 11-57 m/s. The circular tube attaches to
29 and 48 of L./d. of a heated segment with an annulus with the inner surface
(0.0645 in of d;,..r) Mmade of stainless steel and the outer surface made of Pyrex
glass (5 mm of d,,.r). The analytical model postulates that the hemispherical
bubble nucleus grows when satisfying the superheat criterion at length between
bubble radius and the heating surface as derived in (2.15) and (2.16).

. p°'°234/2.16
AT, = 0.555 <$}’Zf156 (2.15)

where p in bar, AT, in K, and gqgyz in MW/m?, and

” 2.30/p0.0234-
qonB = 15-6p1'156(Tsurf - Tsat) (2.16)
where qoyp in Btu/hr-ft2, p in psia, and all T (or T, s and Ty,,) in °F, respectively.

Davis and Anderson [103] have created a prediction technique of ONB by
retaining the contact angle as a variable. With the variable contact angle, the
hemispherical bubble nucleus grows when satisfying the superheat -criterion
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between the heating surface and the bubble radius. The prediction model of Davis
and Anderson [103] is:

n _ kfhlvpv(Tsurf - Tsat)2

= (2.17)
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Figure 2.27: Active cavity range for (a) different thermal boundary layer
thickness of saturated water and (b) different AT,,;, and constant thermal
boundary layer thickness of 0.5 mm [100]

Kandlikar et al. [104] have also proposed a mechanistic model of ONB by
assuming the liquid temperature at the bubble top equals to the stagnation point in
the thermal boundary layer. The mechanistic model of Kandlikar et al. [104] is:

2
" _ kfhlvpv(Tsurf - Tsat)
ONB 8.80 Tyt

(2.18)

Celata et al. [105] have defined an analytical approach of ONB from
experimental study of sub-cooled deionised water in a circular channel made of
stainless steel. The channel is at d. of 8 mm and L, of 100 mm with p,,; of 1.0-2.5
MPa, T;, of 30-60°C, and u;, of 5-10 m/s. They assume that ONB occurs when the
experimental data diverge from the theoretical prediction in the pressure against
heat flux plot. The prediction approach of Celata et al. [105] is:

" 2
qonB = 0-00195(Tsurf - Tsat) exp(0.023p) (219)

The analytical model of Liu et al. [47] agrees well with other models developed
from the conventional sized channels from the literature [100-103] as reviewed
above except the prediction models of Hsu [104] and Celata et al. [105]. On the
other hand, the mechanistic model of Liu et al. [47] matches the best with the
model of Davis and Anderson [103].

Li and Cheng [11] have employed the model of classical nucleation kinetic
theory to examine the nucleation temperature of the fluid at the ONB in a micro-
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channel. The micro-channel is 60 pm wide, 60 um long, and 1 cm long at g;, of 300
W/cm? at the bottom surface, T, of 25°C, m of 0-6 mg/s. They [11] examined
effects of the angles of a corner on the bubble nucleation in the micro-channel with
a model defined as:

Tsat 16mo3w

NEKT, (2.20)
Skaub ln <01Va—b‘,;f[blp>

where T, is the temperature of bubble; T,,; is the saturation temperature; w is the
geometric correction factor for the minimum work required to a critical nucleus; N,
is the number of molecule per unit volume; C is a constant; k is the constant of
Boltzmann (1.3806488 x 1023 kg m2/s2 K); y is the surface available for the
heterogeneous nucleation per unit volume of liquid; N, is the density of the active
site of nucleation; and # is the Prancle number. This model is applicable for both
homogeneous and heterogeneous nucleation. The homogeneous nucleation is the
nucleation that occurs in the bulk of superheated liquid whereas the heterogeneous
nucleation is the nucleation that initiates in a cavity of a surface. For homogeneous
nucleation, w =y = C = 1. For heterogeneous nucleation, ¢ = 2/3, and w and y are:

Tyup — Tsar = hp
vPv

w=£(1+cos€)2(2—c059) (2.21)
21

and

¢=%(1+c059) (2.22)

respectively, where g is the half angle of a corner and 6 is the contact angle of a
bubble. N, is equivalent to Ngp,m and Ny, for the homogeneous and
heterogeneous nucleation in superheated liquids, respectively. N pom @and Ny pee are
governed as:

kaub) 16mo3
N = N, — .
@hom 0 ( H 3kTyyup (Poup — P1)? (2.23)
and
kT 16ma3w
_ anr2/3 bub _
Nanee = No 1/)( H )exp [ 3KTyyup (Ppup — Pz)z] (2.24)

respectively. From equation (2.23) and (2.24), k is the thermal conductivity, p,.» is
the pressure of bubble, and p, is the pressure of the liquid. H from equation (2.20),
(2.23), and (2.24) possesses an expression as:

kaub
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where m is the mass of a molecule. The corners of a micro-channel act as pseudo-
micro-cavities due to their sizes in micro-scale size, which will decrease the
nucleation temperature for the heterogeneous nucleation of a bubble. The tested
angles are 60°, 90° and 120° for triangular, rectangular and trapezoidal micro-
channels, respectively. The measurement is according to the heat transfer from one
side of corners. The temperatures of the nucleation of bubbles become lower with
the lower angles of corners. In other words, the triangular micro-channel gives the
lowest temperature of the nucleation of bubbles, while the trapezoidal micro-
channel provides the highest temperature of the nucleation of bubbles. The
temperature of the nucleation in rectangular micro-channel is between the values of
triangular and trapezoidal micro-channels. Moreover, the predicted temperature of
nucleation is relatively higher than the experimental data due to the assumption of
the smooth surface in the micro-channel.

Mosyak et al. [46] have developed a mechanistic relationship based on the
difference between wall excess temperature and bulk fluid temperature at ONB to
the difference between in saturation temperature and fluid temperature to analyse
the condition of ONB. The relation is according to the equations of continuity and
energy as derived in (2.26):

- 2H. + W,
qonpLong(2H, ) —1 (2.26)
puin(Tf,ONB - Tin)Hch

If Tr onp = Tsqe, €Quation (2.26) becomes:

qongLong(2H + W,) _
PUin (Tsat - Tin)HCVVC

(2.27)

This mechanistic model provides the estimation of Ty,y; at ONB and the
dependence of Ty oyz ON ONB cross-section on inlet flow temperature as illustrated
in Figure 2.28. In Figure 2.28, ATsypong = Tsat — Tr,ong @Nd ATsyp ong = Tsurron — Tsats
and the dark region indicates the location where the temperature T exceeds Ty,;. At
this vicinity, the maximum probability of the formation of bubble embryo takes
place. The nucleation criteria proposed from the conventional sized channel predict
well the parameters such as cavity radius and wall excess temperature by
implementing experimental data collected.

The investigation of subcooled ONB in a micro-channel under the pulsed heating
has been conducted by Lee et al. [95]. The theoretical superheat for the nucleation
[100-102, 104, 107] disagrees with the transient ONB of convective flow, but
higher than both the simulated and experimental data. This difference is due to the
condition of the simulated result is dissimilar with the theoretical superheat, which
is according to the criterion of nucleation as shown in Figure 2.26c. In Figure 2.26c,
the temperature gradient of liquid is linear and overlapping with the curve of the
temperature of the bubble when reaching the state of steady. On the other hand,
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the temperature gradient of transient ONB is relatively higher, and therefore higher
superheat is required to satisfy the criterion of nucleation with the sensible heat
flux at the instant. In other words, the temperature of liquid decreased
exponentially with the distance away from the surface during the transient ONB,
while overlapping with the curve of the temperature of the bubble. Consequently,
when substituting the applied sensible heat flux into the equation of theoretical
superheat, the obtained value of theoretical superheat will be much greater than
the simulated result and the experimental data.

Lp LM

R e

Tsurf
T,
AT ons surf
. l’ H 3 ﬂ'Tsu'p,ONB
Tsat ﬂ'Ts'uE;',O,"«"}En' I \ T / Tsrzr
Y
f.ONB
AT.p0m8 \\-._ _/‘

T Loys
L J T; ons
Lons

+ T:'n
r=0 T;, r=0

— -

2 h qg.\-‘ﬁ',: & qs,\rgl

Flow| "m Flow | Yin
don5 ‘i'g,\-'a,:
(a) Tfﬂﬂ"ﬂ‘ < Teae (b) Tf,o,\rg AT e

Figure 2.28: Distribution of the temperature of fluid at the cross section of
the location of ONB () T;gng < Tso @nd (b) Tfonp = T, [46]

Other than the mechanistic approaches of ONB, researchers have also proposed
the mechanistic models of nucleate boiling to analyse forces on the liquid-vapour
interface during flow boiling in rectangular micro-channels.

Kandlikar [36, 108] has analysed the forces on a bubble during flow boiling in a
micro-channel as depicted in Figure 2.29. In Figure 2.29, the bubble interface
involves the forces due to the change of the momentum F;;, surface tension at the
base, Fi, and F;, of the bubble and gravitational force F; per unit length. Each
force per unit length owns a derivation as indicated in the literature [36, 108]. The
change of momentum between the liquid and vapour phases occurs due to higher
velocities of the vapour phase as compared to the liquid phase. With the change of
momentum, a force exists on the liquid-vapour interface with a higher evaporation
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rate at the vapour patch on the heated surfaces in the micro-channel. This
occurrence causes the bubble grew rapidly and moved along the flow direction. The
bubble moves against the flow direction of the fluid when the pressure inside the
bubble increases. The gravitational force in the micro-channel is relatively
insignificant as compared to the forces due to the inertia per unit length F; and
change of the momentum. The forces due to the variation of the momentum
overcome the forces holding the bubble which are the surface tension and
gravitational force. These forces form a relationship as:

Fy = Fgp + Fop e + F¢ (2.28)

Kandlikar [36, 108] also observed that the evaporation momentum force acting
on the evaporating interface plays a significant role is larger than the inertia and
shear forces and depends on applied heat fluxes. The large evaporation momentum
force with high evaporation rates at the onset of bubble nucleation is taking the role
to facilitate the rapid interface movement, sometimes leading to reversed flow in
micro-channels. Apart from the evaporation momentum force, both the viscous
force and surface tension force are also significant in the micro-channel.
Nevertheless, the viscous force is more important than surface tension with a
smaller hydraulic diameter when flow boiling occurs. The smaller hydraulic diameter
reduces the Reynolds number, which is the ratio of the inertia force to the viscous
force, and therefore the viscous force is vital in a micro-channel. However, the
surface tension is still significant in micro-channels, and thus the consideration of
the surface tension is still necessary.
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Figure 2.29: Free body diagram of the forces acting on a liquid-vapour
interface in a channel [108]

Later Yin et al. [109] have analysed the importance of the forces acting on the
meniscus of an evaporating and elongating bubble during flow in micro-channels
theoretically. They [109] compared the evaporating momentum force and shear
force to other forces such as surface tension force and gravity force. According to
their [109] theoretical analysis, the evaporating momentum force is always
negligible in micro-channels during flow boiling, unlike the outcome from Kandlikar
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[36, 108]. On the other hand, the shear force depends on the particular operating
conditions such as channel dimension. When the channel dimension of hydraulic
diameter is 10-100 ym, the consideration of the shear force is necessary whereas
negligible for the hydraulic diameter of 100 pm-1 mm.

Researchers have also proposed the mechanistic techniques of nucleate boiling
to evaluate the motion of growing bubbles during flow boiling in rectangular micro-
channels. During flow boiling in micro-channels, the movement of expanding
bubbles including bubble departure, sliding dynamics, and lift-off is obtainable
through analysing various forces acting on a bubble as depicted in Figure 2.30 from
Yin [110]. These forces are in the directions parallel and normal to horizontal
heating surfaces and according to the studies of Klausner et al. [111] and Kandlikar
[112] as:

ZFx :Fst,x+Fud,x+Fqsd+Ezv,x (2.29)
Z Fy = Fst,y + Fud,y + FSl + Fh + Fcp + Fev,y (2.30)

where Fy; is surface tension force; F,, is unsteady drag force from the asymmetrical
growth of bubble and dynamic effect of the unsteady liquid; F,; is shear lift force; F,
is hydraulic force; F, is force due to contact pressure; F, is force due to the
evaporation near heated surfaces in micro-channels; and F,,4 is quasi steady-drag
force in the flow direction. Each force possesses an expression which is available in
the literature [111, 112]. When the forces are equivalent to 0 in x- and y-direction,
the growing bubble stagnates on the nucleation site. When F, > 0, the bubble lifts-
off to the main flow in the direction vertical to the bottom heating surface.
Meanwhile, the bubble slides on the channel surfaces without detaching from the
heating surfaces.

Indeed, the unsteady drag force F,; in the flow direction is negligible [113] for
the nearly constant bubble size during flow boiling in micro-channels as observed in
the experimental study of Yin et al. [110] as indicated in Section 2.4. Also, in the
theoretical study of Yin et al. [109], the evaporation momentum force is negligible,
and therefore F,, is insignificant. By omitting F,,4, and F,,, from equation (2.29),
bubble sliding occurs when the sum of F,., and F,; exceeding zero, indicating the
breaking of force balance. Since the bubble growth rate is small with the initial
immobility in highly subcooled liquid, F,s, is almost constant, and the breaking of
force balance is mainly due to the change of Fy,. During the evaporation, the
bubble contact diameter and contact angles change while reassuring the balance of
Fysq @and Fg , is possible before a specific time. When the bubble contact diameter
and contact angles suddenly change associated with the instantaneous change of
Fs», the breaking of force balance occurs, and the bubble starts sliding along the
heating surface. The breaking of force balance becomes easier when increasing
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mass fluxes and for large heat fluxes. The breaking of force balance is capable of
recovering by the adaptive surface tension force caused by the flexibility of the
bubble interface that occurs during the slow sliding of the bubble in the earlier
stage. When bubbles continue to slide in the flow direction, strong disturbance with
serious destabilisation due to the severe disruption to the force balance of the
sliding bubble suddenly becomes apparent in the mainstream. This occurrence
usually emerges at the downstream of the micro-channel, during the confinement
of the bubble in the slow sliding stage, and during the coalescence and discharge of
the confined/elongated bubble.

Flow direction

F:

Figure 2.30: Schematic diagram of forces acting on a bubble during flow
boiling in a micro-channel ¢,

The existing mechanistic models of nucleate boiling during flow boiling in
rectangular micro-channels are merely capable of predicting the ONB, analysing the
forces on a bubble, and motion of growing bubbles. Nevertheless, the mechanistic
models still insufficient to accurately predicting nucleate boiling during flow boiling
in rectangular micro-channels in broad ranges. This inadequacy is probably due to
the overlook of some of the mechanisms of the complicated process of flow boiling
while proposing the mechanistic models. The mechanisms commonly neglected in
the models are axial heat conduction and conjugate heat transfer between the
heating surfaces and fluids in the micro-channels which are significant. Also, the
mechanisms of liquid flow patterns that might involve fictitious flow boiling in the
micro-channels are unexplored in the numerical studies. Therefore, the insufficient
studies of the liquid flow patterns lead to the shallow understanding of the
mechanisms to generate the more reliable mechanistic models. As a result, the
existing models are more dependent on empirical parameters instead of the theory,
including the semi-empirical models [15]. For this reason, this numerical study
attempts to explore the mechanisms associated with the consideration of axial heat
conduction and conjugate heat transfer with different mass fluxes, heat fluxes, and
inlet temperatures. Also, this study also continues with the investigation of the
impacts of changing substrate materials and working fluids on the mechanisms in
which the information is limited at the current stage.
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Chapter 3 Methodology

This study employs the numerical method to investigate the mechanisms of
nucleate boiling during the flow boiling of subcooled liquid with the bubbly flow in
rectangular micro-channel heat sinks. By addressing this study, defining operating
parameters and employing a suitable numerical model are essential.

3.1 Operating Parameters

The operating parameters of p, q,, m", Ti,, W, H., Wy, and H,, set in this study are 1
atm, 500-3197 kW/m?2, 115-389 kg/m? s, 23-53°C, 200 ym, 264 pm, 200 ym, and
264 pm, respectively. These selected ranges of parameters manage to produce the
subcooled flow boiling with the bubbly flow in the rectangular micro-channel heat
sinks based on the literature review as presented in Section 2.3. Therefore, this
study employs these values for the investigation of the mechanisms. When
employing q; around 30 MW/m?, larger m" are necessary to produce this flow
boiling condition which complicates the numerical simulation process and are
beyond the capability of the existing resources. Also, this study has limited ability
to implement as stated in Section 1.1. Also, this study intends to explore the
mechanisms to develop better heat transfer prediction methods aiding to design
better heat transfer performance of the micro-channel heat sinks. This intention is
achievable from the operating parameters employed in this study without the
necessity to implement such high values of q; which are more computationally
expensive. Other than these parameters, settings of thermo-physical properties of
substrate materials and working fluids are needed. The substrate materials selected
in this study are stainless steel, silicon, aluminium and copper, whereas the
working fluids chosen are water and ethanol. The thermo-physical properties of
these materials are available in Table 3.1. In Table 3.1, the thermal diffusivity is
equivalent to ks/psc,s whereas volumetric heat capacity equals to psc,s. For the
working fluids of water and ethanol, the thermo-physical properties are available in
Table 3.2 and Table 3.4 list down the of water and ethanol, respectively.
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Table 3.1: Thermo-physical properties of substrate materials

Substrate material

Thermo-physical property Silicon Aluminium Stainless Copper
steel
Density (kg/m3) 2330 2702 7900 8950

Specific heat at constant

pressure (J/kg K) 700 903 477 395

Thermal conductivity (W/m K) 141.2 237 14.9 401

Thermal diffusivity (x 10° m?/s) 8.657 9.713 0.395 11.340
. . 3

}//or#mKe)trlc heat capacity (x 10 1631 2440 3768 3535

Table 3.2: Thermo-physical properties of the working fluid of water in the
liquid and vapour phases

Working fluid

Water in the liquid Water in the
phase (at the vapour phase (at

Thermo-physical Property

reference the reference
temperature T, of temperature T, of
298 K) 298.15 K)

Density (kg/m?3) 958.4 0.59837

ﬁfeesc;ﬂge (?/ekagt K)at constant 4182 1890

Thermal conductivity (W/m K) 0.6 0.0261

Viscosity (Pa s) 0.001003 1.34 x 10

Molecular weight (kg/kmol) 18.0152 18.01534

(SJt/""k”rgglr)d state  enthalpy _; 858412 x 108 -2.418379 x 10°
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Table 3.3: Thermo-physical properties of the working fluid of ethanol in the

liquid and vapour phases

Working fluid

Ethanol in the liquid Ethanol in the
_ . phase (at the vapour phase (at

Thermo-physical Property reference the reference
temperature T, of temperature T, of
298 K) 298.15 K)

Density (kg/m?3) 758.105 1.37203

Specific heat at constant

pressure (J/kg K) 3255.8 1668.1

Thermal conductivity (W/m K)  0.16917 0.01973

Viscosity (Pa s) 0.000450 1.01 x 10~

Molecular weight (kg/kmol) 46 46

Standard state enthalpy 22.770 x 10° -7.353 x 10°

(3/kmol)

3.2 Numerical Model

By setting up the numerical model, the necessary procedures are:

Also,

Defining computational domain.
Applying governing equations.
Determining boundary conditions.
Defining initial conditions.
Applying discretisation methods.
Defining under-relaxation factors.
Setting convergence criteria.
Validating numerical model.

selecting the suitable numerical model in this study requires reasonable

assumptions, and this numerical investigation assumes:

Fluids are in the continuous flow.

Thermo-physical properties are constant, except for the viscosity of liquid
and vapour (due to the more substantial variation of the temperature at the
region of high gradient of temperature).

The axial heat conduction of substrate and fluid and conjugate heat transfer
exist.

Dispersed and immiscible flows of fluids occur between the liquid and vapour
phases.
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e The flow is steady.

e The interface of the bubbles is in thermal equilibrium.

e Viscous dissipation presents in the fluid.

e The flow and the heat transfer are in the quasi-steady state.
¢ Heat radiation is negligible.

The assumption of continuous flow is valid when satisfying a criterion in which
Knudsen number Kn < 1073 from the measurement of rarefaction of fluid [114]. Kn
is the ratio of molecular mean free path A and hydraulic diameter d,. 1 is equivalent
to 1/NA_,. according to kinetic theory where N is the number of molecule per unit
volume, and A is the cross-sectional area of the collision of molecule. Kn is 3.5 x
107°-3.5 x 10 for water with d,, of 10-100 um, and Kn is even lower at higher d, of
the micro-channel in this study, which is 227.5 ym. Therefore, the assumption of
the fluids in the continuous flow is valid. With this assumption, the continuum
model (with the equations of Navier-Stokes) is applicable in this numerical study.
Also, with the assumption of constant densities of fluids, the flow is incompressible.
Furthermore, by accounting the axial heat conduction of substrate and conjugate
heat transfer in the numerical model, the inclusion of a physical wall of micro-
channel in the computational domains is necessary. Furthermore, with the
assumption of stable flow, the computational domain generated is only a single
micro-channel instead of multi-channel. With the interface of bubbles, the suitable
model for the evaluation of the position of the interface between the immiscible
fluids is Volume of Fluid (VOF) model from the approach of Euler-Euler as
mentioned in [115]. Hence, the VOF model combines with the Navier-Stokes
equations to evaluate the mechanisms of nucleate boiling during the flow boiling of
subcooled liquids in micro-channel heat sinks in this study. This model is available
in the software of CFD solver of ANSYS Fluent™, and therefore this numerical
investigation employs ANSYS Fluent™ to obtain the numerical solutions.

3.2.1 Computational Domain

The computational domain created in this study consists of the micro-channel heat
sink with the sub-domains of micro-channel and substrate; inlet extension; and
outlet extension in 3D as shown in Figure 3.1. The inlet extension allows the
specification of uniform conditions of the inlet of the inlet extension and enables the
flow to form hydro-dynamically at the inlet of micro-channel as the real condition.
Ensuring the stream to develop hydro-dynamically at the inlet of micro-channel
allows proper comparison between the numerical results and experimental data. For
this purpose, the inlet extension needs to possess a sufficient length L;, of inlet
extension for each Re, and L,, employed in this numerical study is 4 mm. Meanwhile,
the outlet extension added to the other end of micro-channel serves the purpose to
avoid the influence of the reversed fluid flow on the numerical accuracy. For this
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intention, the outlet extension requires a sufficient length L., and L,, implemented
in this study is 4 mm. In this study, there are two different geometries of micro-
channel. The first micro-channel is 264 pm wide, 200 pm high, and 1 cm long with
Wein of 200 um and H, of 137 pm according to the dimensions employed by Kosar
et al. [116]. On the other hand, the second micro-channel is 150 ym wide, 273 um
high, and 15 mm long with W; of 100 ym and H, of 112 um following the
dimensions implemented by Bogojevic et al. [65]. In the computational domain, the
location of the origin is at the cross-sectional plane of the inlet with W,/2 and H,./2
from the side and bottom surfaces of micro-channel, respectively.

The computational domain defined comprises of the number of grids in a
hexahedron shape for the micro-channel, inlet extension, outlet extension, and
substrate as shown in Figure 3.2.

For the computational domain with the dimensions of Kosar et al. [116], the
numbers of grids of the fluid domains of inlet extension and outlet extension are
400 x 27 x 20 (x xy x z along the length, height, and width) and micro-channel is
1000 x 27 x 20, respectively. For the computational domain with the dimensions of
Bogojevic et al. [65], the numbers of grids of the fluid region of inlet extension and
outlet extension are 400 x 28 x 15 (x x y X z along the length, height, and width)
and micro-channel is 1500 x 28 x 15, respectively. In both of the computational
domains, the fluid domains are having an average value of 10 ym, the length,
height, and width along the x-, y-, and z-axis of grids. Consequently, along with y-
and z-axis from the edges of the fluid domains, narrower grids are necessary as the
locations possess more complex msechanisms of flow and heat transfer. The
smaller grids from the sides possess the minimum height and length along with y-
and z-axis. The heights and lengths gradually increase from the edges towards the
mainstream and reaching the maximum grid height and length, producing a ratio of
maximum to minimum grid height and length. This configuration of grids allows
better estimation of local values at the edges and convergence of solutions. For this
purpose, the ratio of maximum to minimum grid heights and lengths employed in
this numerical study is 3.0 which is sufficient for the convergence of solutions.
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Figure 3.1: Schematic diagram of the computational domain of micro-
channel heat sink with the inlet extension and outlet extension

For both computational domains with the dimensions of Kosar et al. [116] and
Bogojevic et al. [65], the substrate generated consists of two sections of A and B
and one section of C. Each section of A, B, and C possesses different number,
length along with x-axis, height along with y-axis, and width along with z-axis of
grids. The two parts of A extend from both left and right of side surfaces (y-z plane)
of micro-channel. The two sections of B extend from the base of two sections of A.
The section of C extends from the bottom surface (x-z plane) of micro-channel. The
length along with x-axis of the grids of the substrate for all segments set in this
study is uniform at 10.0 um. For the two sections of A, the number of grids
employed in this investigation is 4 with the uniform width along with z-axis of each
grid. Meanwhile, the number and height of grids along with y-axis of the two
sections of A implemented in this study are identical to the number and height of
grids along with y-axis of the micro-channel. For the two parts of B, the number of
grids applied in this investigation is 4 with the uniform width along with z-axis. On
the other hand, the number of grids along with y-axis of the two sections of B
adopted in this study is 6 with the uniform height of each grid. For the segment of
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C, the number and breath of grids along z-axis set in this investigation are similar
to the number and width of grids along with z-axis of the micro-channel. Meanwhile,
the number of grids along with y-axis of the section of C employed in this study is 6
with the uniform height of each grid.

These settings of grids provide the computational domain with 1,356,000 grids
for the computational domain with the geometries of Kosar et al. [116] whereas
1,509,000 grids for the computational domain with the geometries of Bogojevic et
al. [65].

A 4

s

Figure 3.2: Mesh of the computational domain in cross-sectional view (y-z
plane)

3.2.2 Governing Equations

This numerical study employs the continuum model (Navier-Stokes equations)
associated with the VOF model to address mechanisms of fluid flow and heat
transfer during the flow boiling of subcooled liquids in micro-channel heat sinks.

Flow boiling involves the fluids in the phases of liquid and vapour. For this
reason, a model with the variable of volume fraction a of different phases is
essential in the governing equations of Navier-Stokes to perform the calculations of
heat transfer. a« of each medium at different locations may vary from 0 to 1. The
sum of the volume fraction of liquid a; and vapour «a, equals to unity as:

ata,=1 (3.1)

With the model of VOF, the mass of fluid between the liquid and vapour phases
in each computational cell are traceable from the mass conservation equations of
these two phases as:

a 7 . o m
3t (aipy) + V- (ayp,U)) = mhgy, — myy (3.2)

0 53 s m s m
a (avpv) +V- (avvav) =My — My (33)
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where p is density; t is time; U is mean velocity; m, is the mass flow rate from the
liquid to vapour per unit volume in the cells due to the evaporation; and my,; is the
mass flow rate from the vapour to liquid per unit volume in the cells due to the
condensation. The subscript [ and v represent liquid phase and vapour phase,

respectively. The equation (3.2) and (3.3) stand for:

Rate of change of Net rate flow of mass by Net mass flow rate per
mass per unit volume convection per unit _ unit volume from liquid
of the cell in liquid or volume of the cell in ~ to vapour phase or from
vapour phase liquid or vapour phase vapour to liquid phase

Also, each medium possesses different fluid properties. The fluid properties of each
computational cell with different phases are obtainable by summing the fraction of
fluid properties of the phases at each of the cell. For flow boiling in micro-channels
that involve a two-phase system, the expression of p in each cell is:

p = ap+ aypy (3.4)

By assuming p; and p, as constants, the fluid is incompressible, and this study also
considers all other properties as constants. In between the liquid and vapour

m

phases, or at the liquid-vapour interface, the net mass flow rate mp e, rqce €Xists,
and the relationship of 1, erfqce iS:

AIII

/] o

Minterface = Minterface % (35)
bub

where A" is the density of the interfacial area, and V,,, is the volume of the bubble.
One of the equations of m;, between the liquid and vapour is the equation of

interface

Hertz-Knudsen [117] is:

N/ m
Minterface = Cac 2mRToq (» — Psat) (3.6)
1/ sa

where C,. is the coefficient of accommodation corresponding to the portion of the
molecules of the vapour absorbed by the surface of the liquid, # is the molecular
weight, and R is the universal constant of gas. C,. approaches 1.0 near the
condition of equilibrium at the interface of bubble [115]. p relates to T under the
saturation condition, according to the equation of Clausius-Clapeyron as:

d_P _ hlv

daTr Tsat(l/pv - 1/P1) (3 7)
" .

P — Dsat = — = (T = Tsar)

Tsat(l/pv - 1/pl)

Substituting equation (3.7) into equation (3.6) gives:
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’ m h;,
g, =C Toqt — T 3.8
Minterface ac anTsat Tsat(l/pv _ 1/pl) ( sat ) ( )

By assuming the diameter of all vapour bubbles are identical, A" /V,,;, from equation
(3.5) becomes:

AIII 6
-0 (3.9)

Vbub dsm

where dg,, is the Sauter mean diameter which is the average size of bubbles.
Substituting equation (3.8) and (3.9) into equation (3.5) gives:

m hlv 6a
m;, =C ’ (Tsqt = T) — (3.10)
interface 4 J2MRTsq¢ Toar (1/py — 1/pp) sat dsm

From equation (3.10), the derivation of m;;, and my,; are:

6 m pvhyy Tsar —T)
< m C a T, > T.
My =4 dsm acJ 2R sqr P1 — Py P Tsat : sat
0 T, < Tgqt (3.11)
6 m pyhy, Tsor — Ty
= m C T S T
Myt =\ dsm acJ 2R T sqt P1 — Py “p Tsat Y sat
0 T, > Teat

From equation (3.11), the definition of the frequency of the mass transfer from the
liquid to vapour f;, and from the vapour to liquid phase f,; are:

6 m pvhlv
=—C /
flv dsm e ZnRTsat P1— Py
6
for = dor Cac

(3.12)
m - phy,
2T[RTsat P1— Py
respectively. Substituting equation (3.12) into equation (3.11) provides:
Tsat - Tl
/] a —— T = T.
my, = flv 1P Tsat l sat
0 T, <T.
. . l sat (313)
sat — ‘v
s app— T,<T.
my = fvl 1P Tsat v sat
0 T, > Tsat
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C,. and d,,, from equation (3.10) to (3.12) are usually unknown, and therefore
arbitrarily setting f;, and f,; in equation (3.12) becomes an option to match the
numerical results with the experimental data [115]. £, and f,; vary for different
numerical studies in the past. Adopting the extremely high f;,, and f,, causes the
problem of numerical convergence, while employing too small f;, and f,,; yields to a
significant deviation between the interfacial and saturation temperatures. The
numerical studies of flow boiling in the literature [118, 119] set the f;, and f,; at
100/s numerically to maintain the temperature at the interface of bubble at T,,; +1
K. However, this is unrealistic as compared to the experimental data during the flow
boiling of subcooled liquids in micro-channel heat sinks with the relatively high
superheat. On the other hand, the numerical studies in the literature [120, 121]
employed 0.1/s for both f;, and f,; for the condition of flow boiling, and this value
gives close numerical results with the experimental data. Therefore, both f;, and f,,
set are 0.1/s in this numerical study of flow boiling of subcooled liquids in micro-
channel heat sinks.

Unlike the mass conversation equations separately tracking the mass of both
liguid and vapour phases, the momentum and energy conservation equations
consider sharing both mediums in each computational cell in the VOF model.

The momentum conservation equation is:
0, - NN o S
5 (p0) + V- (pUT) = ~Wp' + V- ((VU +VUT)) + (p = prer)g + E" (3.14)

where p' is the modified pressure, u is the dynamic viscosity, p,.s is the reference

density, g is the gravitational acceleration vector, and F” is the interfacial force per
unit volume vector. Equation (3.14) physically means:

Rate of Net rate of Strain Gravitational Inter-
change flow Modified rate bod force facial

of velocity _ pressure . + ery unit force per
velocity out of the ~ term in in the SOIume in unit

of the cell by the cell cell the cell volume in
cell convection the cell

Vp' in equation (3.14) possesses the expression of:

Vp' = Vp — prerg (3.15)

where p is the pressure that includes the hydrostatic head and p,.f is the density at
the value of a reference. p,., set in this numerical study is the density of the
lightest phase of the computational domain as suggested in the literature [122],
which is the vapour phase. This setting allows the exclusion of the hydrostatic
pressure within the lightest medium in the cells and improves the round-off
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accuracy of the momentum balance. u in equation (3.14) involves the relationship
of:

p= oy + ayiy (3.16)

On the other hand, this numerical study adopts the continuum model of the forces
acting on surfaces from Brackbill et al. [94] to model F” in equation (3.14). In the
model, when a spherical interface appears between the phases in the fluid elements,
an interfacial force due to the surface tension o between the phases raises. The
surface tension is the force acting perpendicularly inward of the spherical surface to
make the interface contract, thereby increasing the pressure on the concave side of
the interface. Hence, F” in equation (3.14) becomes:

apiy,Va, + a,pykVay

ﬁm =g 3.17
0.5(p; + py) (3.17)

where k; and k, are the curvature of the interface of liquid and vapour, respectively,

in which k¥, = —x,, and Va; = —Va,,, since only two phases present in a cell, which

yield:

> (a1p1 + aypy),Va,

F"=¢ 3.18
0.5(p; + pv) ( )

The energy conservation equation for fluid domains is:
a ol —
ﬁ(pE)+v-(U(pE+p'))=\7-(k\7T)+v.(r-U) (3.19)

where E is specific internal (thermal) energy of the fluid, k is thermal conductivity,
T is temperature, 7 is shear stress, and q" is the rate of interfacial heat transfer.
Equation (3.19) literally stands for:

Net rate energy
per unit volume of Net rate of Viscous

+ fluid element by = heat into fluid + dissipation of
convection and element fluid element
modified pressure

Rate of change
of energy per
unit volume of
fluid element

E in equation (3.19) has an expression of:
E = alplEl + avvav
ap + Ay Py

where E; and E, are specific internal energies of liquid and vapour phases,
respectively. E; and E, in equation (3.20) possess definitions of:

(3.20)

E, = CV,l(TL - Tref) (3.21)
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and

Ey = cyu(Ty = Trer) (3.22)

respectively. k involves a relationship of:

k = aik; + a,k, (3.23)
The energy conservation equation for the solid domains is:

J (puE) = V- (e7T) (3.24)

where p, is the density of the solid, E; is the specific internal energy of solid, and k;
is the thermal conductivity of solid. Equation (3.24) indicates:

Rate of change of
energy per unit
volume of substrate
element

Net rate of
heat into fluid
element

3.2.3 Boundary Conditions

The boundary conditions of computational domain as shown in Figure 3.1 in this
numerical study are as following:

e At the inlet of inlet extension (y-z plane at x = —4 mm),
q=apm=1,a,=v=w=0 u=wy,, T=T, (3.25)
e At the outlet of outlet extension (y-z plane at x = 14 mm),

P = Dour = 1 atm; Ay = Qg packflow,out — 0; T= Tbackflow,out = 90°C (326)

e At the base surface of the micro-channel heat sink (x-z plane at y = —H,), the
heat flux is q;.

e The computational domain involves a conjugate heat transfer at the interface
between the fluid and solid domains (x-y plane at z = -W_./2 and z =W_./2, and
x —z plane at y = —H./2) or the heating surfaces in the micro-channel heat
sink. Therefore, at the heating surfaces in the micro-channel heat sink, the
average heat flux is qroeq fin-

e The surface of the micro-channel heat sink at the top adjacent to the domain
of solid and fluid at the x-z plane at y = H, is at the condition of adiabatic.

e The surfaces of the micro-channel heat sink at front and back adjacent to the
solid domain at y-z plane x = 0 and x = L. are at the condition of adiabatic.
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e The surfaces of inlet extension, and outlet extensions at the x-y plane at z =
—W./2 and z=W,./2, and x — z plane at y = 0 and y = H, are at the condition of
adiabatic.

e At the surfaces adjacent to the fluid domains of micro-channel, inlet
extension, and outlet extension, an arbitrary contact angle 6 of the liquid to
vapour phase set is at 70°. This setting is according to the average value of
the experiment of nucleate boiling from Cole [123] with the limited
information regarding the dynamic contact angle 6 at the surfaces in the
micro-channel.

e The side surfaces of the solid domains (x-y planes at z = -W_/2 - W, /2 and z =
W./2 + W, /2) are symmetrical.

e All other surfaces of computational domain are smooth.

3.2.4 Initial Conditions

The initial conditions of the computational domain are as follows:
Pinie = 1 atM; @y inie = Vinit = Winie = 05 Uinie = Uin; Tinie = T (3.27)

3.2.5 Discretisation Methods

This numerical study employs the discretisation methods to solve the governing
equations associated with the VOF model involving the variables at the faces of
each cell using a solver of CFD, named ANSYS Fluent™. The discretisation method
implemented to solve the governing equations is the scheme of the pressure-
velocity coupling of Pressure-Implicit with Splitting of Operators (PISO) from Issa
[124]. PISO is the recommended scheme for transient flow prediction and able to
maintain a stable calculation with more substantial time steps and under-relaxation
factors. When considering VOF Model, solving the mass equation of the secondary
phase, which is the vapour phase in this study, is needed through a time
discretisation. On the other hand, the mass equation of the primary phase, or the
liquid phase, is solvable from Equation (3.1). The time discretisation for the mass
equation of vapour phase is obtainable through the explicit scheme. Meanwhile, the
discretisation methods to solve each term containing the variables at the faces of
each cell in the governing equations are available as listed in Table 3.4. The
discretisation methods are suitable for the numerical study of flow boiling in micro-
channels with excellent levels of convergence, accuracy and robustness [115, 122].
Unlike the other faces of each cell, at the outlet of outlet extension, the velocity,
temperature, and volume fraction of fluid are implicitly obtainable from the solution
information on the boundary nodes.
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Table 3.4: Discretisation methods of each term in governing equations

Term Discretisation Method
Transient term First Order Implicit [115]
Convective term Third Order Upwind [125]
Diffusive term Central-Differencing [115]
Gradient term Least Squares Cell-Based [126]
Pressure term PRESTO! [127]

Volume fraction of the vapour phase Compressive [115]

3.2.6 Under-relaxation Factors

The under-relaxation factors selected in this numerical investigation is 1 for all
variables (pressure, density, body forces, momentum, the mass of vaporisation,
and energy) to improve the robustness of numerical calculations and stabilise the
behaviour of the convergence of nonlinear iterations in the estimates.

3.2.7 Convergence Criteria

The convergence criteria ensuring the convergence of solutions with high levels of
accuracy in the simulation in this numerical study is essential. This investigation
justifies the convergence of numerical solutions by making sure that the globally
scaled residuals of continuity, and x-, y- and z-velocities decrease below 10
whereas below 10°® for the energy [122]. By satisfying these criteria, the
sufficiently small time step adopted in this study is necessary, and this investigation
employs variable time step within small values of 10°-1071° s, The time step varies
while avoiding the maximum global Courant number Co to exceed an amount value
manually proposed to ensure the stable and accurate calculations. In this numerical
study, the maximum global Co employed is 0.5, and for each of the time step, the
maximum number of iterations set was at 40.

On the other hand, the numerical simulation is capable of producing a steady
state for the condition of single-phase flow (With q¢ora1 fin = 95Ab/Atotarfin)- Dissimilar
to the single-phase flow, flow boiling requires a significantly longer time or almost
impossible to reach steady state. Thus, this numerical study conducts the numerical
simulation up to the time Ats, of flow boiling of 10 ms for each tested condition.
When Ats, reaches 10 ms, qioq;rin IS at least more than 70% of qpA,/Acotarfin (With

qgotal,fin < qI’),Ab/Atotal,fin) .

3.2.8 Validation of Numerical Model

Having setup the numerical model for the investigation, the next numerical
procedure of this study is to validate the numerical model with existing
experimental data and prediction methods. This study implements the experimental
data from Kosar et al. [116] and Bogojevic et al. [65] to validate of the numerical
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model with the computational domains with the dimensions according to both
studies. The computational domains according to the geometries of the micro-
channel heat sink of Kosar et al. [116] and Bogojevic et al. [65] are the first and
second computational domains, respectively, as described in Section 3.2.1.

The experimental data of Kosar et al. [116] employed to validate the numerical
model iS qrorqrfin @9AINSt Ty eurr- The experimental data are from the operating
parameters of working fluid of water, the substrate of silicon, p,,; of 1 atm, T;, of
23°C, and m" of 115-389 kg/m? s. qioraifin @9aINSt Taygqnrr from the present
numerical model and experimental data of Kosar et al. [65] is evident in Figure 3.3.
In Figure 3.3, q/ytarfin @9@INSt Tyyg oury from the present numerical model agrees well
with the experimental data of Kosar et al. [116] at the beginning stage of flow
boiling for each m" tested in this study.

1200 1 ¢m” =115 kg/m2 s (present numerical model)
{ Em" = 265 kg/m2 s (present numerical model) o
1000 { Am” = 389 kg/m2 s (present numerical model) o ,
1 Xm” =115kg/m2 s [116] o
—_ 1 Xm” =265 kg/m2 s [116] OA X
NE 800 1 om” =389 kg/m2 s [116] a 5
1 o) X
Ny ] o X
E 600 1 ¢ »
3 ] o o . "
§ T o X X X
£ 400 ] o oy X" . X
= ] O mx o x & X *
] 0O x X oy X
200 - o X ox ¥
1 ¥ X o x *X
e x® X
O T T T T T T T T T T T T T T T T T T T
30 50 70 90 110
Tbottom (oc)

Figure 3.3: q;¢q,5in @9ainst Tyyi0m from the present numerical model and
experimental data of Kosar et al. [116]

On the other hand, the experimental data of Bogojevic et al. [65] implemented
are height Hy,;, of the bubble at the centre along the length of channel against
lifetime t,,, of the bubble. The experimental data are from the operating
parameters of working fluid of water, substrate of silicon, 1 atm of p,,;, 445 kW/m?
of q5, 71°C of T;;,, 153 kg/m? s of m” as shown in Figure 3.4. In Figure 3.4, there
are discrepancies in H,,;, from the numerical model and the experimental data of
Bogojevic et al. [65] for the growth of bubble due to the dissipated heat of the
experiment. Nevertheless, H,,, against t,,, from the numerical model compares
well with the experimental data of Bogojevic et al. [65] in overall.
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Figure 3.4: H,,;, at the centre along the length of channel against ¢, for

the present numerical model and experimental data of Bogojevic et al. [65]

Other than the experimental data, this study also employs the prediction models
of ONB from the literature [47, 100, 101, 103, 104] as reviewed in Section 2.6 for
the validation of the numerical model. The prediction models predict the trend of
qonp @dainst ATy, at the location of ONB, and this study identifies the slope by
finding qoyp for different AT,,,,. From the numerical model, the trend is obtainable
through reading qpyp and ATy, at the location of ONB. With the slope of the
prediction models and numerical model, the validation of the numerical model with
the prediction model is attainable as illustrated in Figure 3.5. Figure 3.5 shows that
the present numerical model agrees well with the existing prediction models of ONB
from the literature [47, 100, 101, 103, 104].
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Figure 3.5: AT, against q,,; for the present numerical results and existing
models of ONB from researchers [47, 100, 101, 103, 104]
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Chapter 4 Effects of Mass Fluxes,
Heat Fluxes, and Inlet
Temperatures

This chapter discusses results regarding the mechanisms of fluid flow and heat
transfer before and during flow boiling of subcooled water in silicon rectangular
micro-channel heat sinks. The micro-channel heat sink had one 200 um wide, 264
um high, 1 cm long micro-channel with Wy, of 200 ym, and H,, of 137 ym. Also, the
micro-channel heat sink was at m" of 115-389 kg/m? s, qp of 1561-3197 kW/m?, T,
of 23-53°C, and p,,; of 1 atm.

4.1 Transient Heat Transfer for Different Mass Fluxes, Heat Fluxes
and Inlet Temperatures before Flow Boiling

This study started by monitoring the transient heat transfer when water was
flowing into the silicon micro-channels before nucleation of first bubble Ats, < O for
different m”, q5, and T;,. For different m", q;, and T;,, the transient heat transfer of
totarfin @9QINSt Tyyy ourp before flow boiling is evident in Figure 4.1, Figure 4.2, and
Figure 4.3, respectively.

In Figure 4.1, at m” of 165 kg/m?* s, T;,, = 23°C, and g, = 1561 kW/M?, qfyea; rin
increased steadily with Ty, q.r UP to @about 103°C. When T, . further increased,
the increment of qo,; rin DECame relatively larger with the relatively steeper curve

in @ non-uniform behaviour. This change of trend of the curve indicates that the
condition is at the nucleate boiling regime with bubble nucleation. However, the
bubble nucleation was absent in the simulation case. The similar outcome was also
visible in the study of Lin et al. [128, 129] and Peng and co-workers [38, 42, 80,
81, 130] in which the bubbles were absent although the boiling curve reached the
nucleate boiling regime in micro-channels. Peng [31] described this behaviour as
the fictitious boiling in which the heat transfer performance possesses nucleate
boiling characteristics even though bubbles are absent in channels. He [31] stated
an aspect of the fictitious boiling that the liquid has reached nucleate boiling
conditions. However, within the liquid, the internal evaporation and bubble growth
is absent, or many unseen microbubbles that are unstable exist within the liquid.
The liquid reaching the nucleate boiling conditions also indicates the existence of
phase change process associated with the unstable flow and the production of the
liquid-vapour mixture.
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At low m"” of 165 kg/m? s, Ty sury feached the first mark at about 111°C and
Ats, of —5.8 ms after the steep increase of qoq; fin With the rapid development of
nucleate boiling characteristic. Then, T4, . reached the second mark at about
113°C where At at about —2.9 ms and qgoq i Slightly dropped with the unstable
flow. Consequently, qorq;fin fluctuated with Ty, o0 Within the values about 680 and
725 kW/m? up to Ats, = 0 at the end of the curve at T,y s Of 121°C associated
with the nucleation of the first bubble.

850

165 kg/m2 s
" =265 kg/m2s

m” = 389 kg/m2 s
450 T T T T T T T
90 95 100 105 110 115 120 125 130

Tavg,surf (oc)

3
I

Figure 4.1: Transient heat transfer data of q;,,, i, against T, ., s of water
flowing in silicon micro-channels for different m" at T;,, = 23°C and q;, =
1561 kW/m? before flow boiling At;, < 0 (first and second marks at At

about -5.8 and —-2.9 ms, respectively, of each curve)

When applied moderate m” of 265 kg/m? s as illustrated in Figure 4.1, qioq fin
increased at higher ranges with T4, @s compared to low m” of 165 kg/m? s
associated with the thinner thermal boundary layer. Also, the change of the trend
of the curve from steady to steep and non-uniform occurred at lower T, s about

100°C for the moderate m". When T,,, s reached the first mark with Ats, about
—5.8 ms about 105°C, a steep increase of qoq; rin just began. This trend of the
moderate m"” was unlike the low m” in which the steep increase occurred before Atg,
at about —5.8 ms. Then, for the moderate m", Ty, s reached the second mark
approximately 107.5°C at about At;, of —2.9 ms associated with the steep increase
Of qrotarrin Within Atg, about —5.8 and —2.9 ms. These occurrences imply that the
rapid development of nucleate boiling characteristic occurring at different At for
the low and moderate m".
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Figure 4.2: Tr
flowing in

ient heat transfer data of g/, against T, ., of water

icon micro-channels for different q; at m” = 389 kg/m? s and
before flow boiling Ats, < 0 (first and second marks at A¢f, about
-5.8 and -2.9 ms, respectively, of each curve)
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Figure 4.3: Transient heat transfer data of q;,,, /i, against T, ., s of water

flowing in silicon the micro-channels for different T;, at m”" = 389 kg/m?s
and q; = 1691 kW/m? before flow boiling At;, < 0 (first and second marks

at Aty about —5.8 and -2.9 ms, respectively, of each curve)

For the low m”, the trend changed before Ats, of about —5.8 ms whereas Atg, at

approximately —5.8 ms for the moderate m"” of 265 kg/m? s as shown in Figure 4.1.
This presence is due to the thicker thermal boundary layer, leading to more
extensive regions with the unsteady flow as compared to the moderate m". The

87




Chapter 4 Effects of Mass Fluxes, Heat Fluxes, and Inlet Temperatures

more unstable flow from the low m"” requires the larger T, ., s for the bubble
nucleation which is only reachable with longer At;, before the bubble nucleation as
compared to the moderate m". With the longer Ats, before the bubble nucleation to
reach the sufficiently large Ty, ¢ p for the low m”, Ats for the change of trend
occurs earlier as compared to the moderate m".

When applied high m” of 389 kg/m? s as depicted in Figure 4.1, qioqfin
increased at higher ranges with Tg,, s associated with the thinner thermal
boundary layer as compared to moderate m” of 265 kg/m? s. Also, the change of
the trend of the curves from steady to steep and non-uniform occurred at lower
Tavg,surr @bout 96°C with the development of the nucleate boiling characteristic.

Then, Taygsurr reached the first mark at about 101°C at Atg, about —5.8 ms, second
mark at about 102°C at Aty about —2.9 ms, and about 103°C at At;, = 0 when
increased qrorqp fin-

Nevertheless, for high m" of 389 kg/m? s, the steep increase of qrpq fin Was
unavailable due to the thinner thermal boundary layer as compared to lower m" of
165 and 265 kg/m? s as illustrated in Figure 4.1. With the smaller thermal
boundary layer of high m"”, the heating process is slower with lesser superheat
producing the lower steepness of boiling curve as compared to lower m"”. The more
moderate steepness of boiling curve for high m"” indicates the less rapid
development of nucleate boiling characteristic as compared to lower m". With the
slower heating process, high m" requires longer At;, for the bubble nucleation and
the increment of q¢oq; i Was less rapid for high m” as compared to lower m”. The
longer At;, for the bubble nucleation of high n" also implies the earlier change of
trend of qoqrin due to phase change as compared to lower m” before Ats, about
—5.8 ms.

When employed low to moderate g; of 1561 kW/m? to 3197 kW/m? as shown in
Figure 4.2, q{otairin iNCreased at higher ranges with T4 before bubble
nucleation. These occurrences are due to thinner thermal boundary layer when
dtotarfin 1S at the same value when increasing g, requiring more substantial Tyyg curf
for the bubble nucleation. Nevertheless, at low g, of 1561 and 1691 kW/m? applied
were close to each other as compared to other q; employed and produced the
boiling curves almost overlapped with each other. From low to moderate ¢, the
change of the trend of boiling curves from steady to steep and non-uniform
occurred at higher Tuygsurf @Nd qrorarfin @lsO due to the thinner thermal boundary
layer. The thinner thermal boundary layer from low to moderate g, requires more
substantial Tgyg sury @Nd Gfoearrin to produce the change of the trend of the boiling
curves. Also, from low to moderate q,, qrorarfin iNCreased rapidly from Ats, about
—5.8 to —2.8 ms with more rapid heat transfer process, indicating the fast
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development of nucleate boiling characteristic. However, when employed high q; of
3197 kW/M?, qfprarrin increased less rapid from Atg, about —5.8 to —2.8 ms due to
the production of more massive amount of liquid-vapour mixture on the heating
surfaces inhibiting heat transfer.

When increased T;, from 23°C to 53°C at fixed m"” of 389 kg/m? s and q; of 1691
kW/m? as illustrated in Figure 4.3, qoq rin decreased, and Toyg 0. increased before
the bubble nucleation. In other words, before the bubble nucleation, the change of
trend of the boiling curves from steady to steep and non-uniform occurred at lower
Atotarfin AN higher Toyg curr+ Qrorarrin r€duced with the increase of Ty, is mere as a

result of the lesser temperature difference between heating surface and bulk fluid
before the bubble nucleation. Meanwhile, Ty,  «f inCreased when increasing Ty, is
due to the relatively thicker thermal boundary layer, causing the more substantial
unstable flow restricting the bubble nucleation. With the more unstable flow from
the more extensive T;, requires more extensive T, .. r fOr the bubble nucleation.

On the other hand, when increased T;, from 23°C to 38°C, from At;, about —5.8
to —2.9 ms, the increment of qiyq; fin @Nd Toygsury beCame more substantial as
depicted in Figure 4.3. This existence is due to the thicker thermal boundary layer
for T, of 38°C as compared to T;, of 23°C, leading to more significant unstable flow
facilitating the larger increment of qro.q fin @aNd Tayg surs- When further increased Ty,
from 38° to 53°C, the change of the increment qioqrim aNd Tapgeury Was less

significant. This occurrence is as a result of the generation of more liquid-vapour
mixture at larger T, of 53°C suppressing the further increment of qoq; rin and

Tavg,surf @S COMpared to T;, of 38°C.

4.2 Heat Transfer Mechanisms before Flow Boiling

For the understanding of the phenomenon producing the trend of transient heat
transfer before flow boiling when applying different conditions, the exploration of
the corresponding mechanisms is essential. For this purpose, this study investigates
of local hydrodynamic and thermal conditions through velocity vector, pressure,
fluid density, and heat transfer distributions before flow boiling (Ats, < 0 or t—

tong < 0).

This study employs qj., and ATy, for the investigation of the heat transfer

n

distribution. gq;,.,; iS @ non-dimensional parameter which is equivalent to q;,.4

"

q{’omlﬁn and involves the heat transfer components of CIl”o*cal,pc and Qlocal fc - Clz"o*caz,pc

"

and qocairc Stand for the non-dimensional local heat transfer with and without

"

phase change, respectively. q;’gcal,pc and Qlocarfc Ar€ equivalent to ql”ocal_pc/q;’om,ﬂn
'’

and qrocarfe/Arotar,rins TESPECtiVElY. qrocqfc IS the local heat flux of single-phase flow
forced convection of liquid without undergoing the phase change. qjcqfc IS
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obtainable by repeating the simulation of the similar condition without phase

"

change process. On the other hand, qjocqipc Stands for qjcaipe/drotar fin+ Aocarpe 1S the

"

local heat flux involving phase change. By reading qjgcq;rc @Nd qjocarpe @t similar Aty

" "%

and location, the heat transfer enhancement of qjy.q,pc from q5.q;rc Was identifiable.

The local hydrodynamic and thermal conditions first investigated were at m”, T;,,
and g, of 165 kg/m? s, 23°C, and 1561 kW/m?, respectively in x-y planes at z =
0.08 mm at Ats, of about —5.8 ms with the plots in Figure 4.4. The x-y planes
chosen was at z= 0.08 mm since the plane was near to the location for the
nucleation of the first bubble to show the flow characteristics related to the
discussion. At of x-y planes at z = 0.08 mm, the variation of flow from liquid-phase
flow forced convection occurred at x* of about 0.3-1.0, and therefore the plots
presented are at x* of 0.3-1.0. The velocity vector distributions and plots of g ..
and ATy,,, against x* included dash lines to distinguish different fluid flow patterns
with parallel flow of fluid on the bottom heating surface.

For x* of 0.3-0.4, as shown in Figure 4.4a, even before bubble nucleation, five
short ranges of ascending and descending flows in A1-A5 became apparent.
Meanwhile, in other regions, the current retained parallel to the heating surface.
Indeed, the variation of flow before bubble nucleation during pool boiling also
appeared in the experimental studies of Semaria [131], Brown [132] and Wang et
al. [133, 134]. Wang et al. [133, 134] encountered ascending jet flow before
nucleate boiling occurred, indicating the presence of the density difference within
the fluid causing the buoyancy effects induced by the phase change process.
According to Semaria [131] and Wang et al. [133, 134], the jet flow is hardly
visible from bared eyes. They were only able to observe the jet flow ascended in all
directions above heating surfaces before pool boiling by employing the zoom light
routine and CCD camera. This observation also implies that the similar phenomenon
of ascending jet flow is also possible to occur before flow boiling although none of
the existing experimental studies observed with current experimental techniques.
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Figure 4.4: Velocity vector, pressure (Pa), and density (kg/m3)
distributions at x-y plane and q;,.,; and AT,,, against x* at y = 0 at z= 0.08

mm when At;, = —5.8 ms for q; = 1561 kW/m?, m" = 165 kg/m?s, and T, =
23°C in silicon micro-channel

The ascending and descending flows triggered when liquid-vapour mixture

formed before flow boiling as observed in fluid density distribution in Figure 4.4a.

The liquid-vapour mixture created as a result of phase change process assumed in
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the phase change model. Although the liquid-vapour mixture formed, the formation
of bubbles was absent due to the incomplete phase change process. This
observation matches with the explanations from Peng [31] regarding one of the
possible reason for the occurrence of fictitious boiling before flow boiling. Peng [31]
postulated one of the reasons for the presence of the fictitious boiling is due to the
existence of the nucleate boiling conditions of the liquid that is unstable.

Other than Peng [31], Semaria [131] and Wang et al. [133, 134] also explained
that the existence of liquid-vapour mixture is possible when they observed jet flow
before pool boiling. Wang et al. [133, 134] stated that the liquid-vapour mixture
presents with the condensation of vapour in the jets before the bubble nucleation.
They [133, 134] also found that the downward jet flows changed direction upward
gradually due to buoyancy effect, implying that the jet flow has an apparent density
difference from the ambient liquid due to phase change. Collier and Thome [135]
also stated that the nucleation of the bubble is absent, but the hot liquid jets
travelled from a superheated layer unto the cold liquid during the incipient pool
boiling in the sub-cooled liquid. The jet flow associated with the ascending flow
before pool boiling observed from Wang et al. [133, 134] facilitates the higher heat
transfer. Therefore, these phenomena observed during pool boiling is also possible
to occur during flow boiling, contributing to the fictitious boiling with the nucleate
boiling characteristics before the flow boiling as found by Peng [31]. Nevertheless,
the descending flow was absent for jet flow in the studies of Wang et al. [133, 134]
before pool boiling. On the other hand, before flow boiling in this study, the fluid
flow along the channel imposed the descending flow.

When the liquid-vapour mixture formed in the channel, the local rise of pressure
gradient became apparent at A1-A6 as depicted in pressure distribution in Figure
4.4a. Figure 4.4a also illustrates that the local velocities decreased while the
ascending and descending flows occurred on the heating surface in these regions as
illustrated Figure 4.4a. These occurrences obey Bernoulli’s principle (with Bernoulli
equation of dp/dx =—-pUdU/dx ) in which the pressure gradient of flow is
proportional to the convective acceleration in opposite sign as stated by Nechayev
[136] and in Schlichting et al. [137]. Nechayev [136] also mentioned that the
reversed flow is possible when the local pressure exceeds the flow pressure drop.
This stream also characterises the early transition to the turbulent flow from the
low flow rates or mass fluxes of the bulk liquid.

From the plots of the velocity vector, pressure, and density distribution and q;,.4
and ATy, against x* of 0.3-0.4 in Figure 4.4a, the first mode of heat transfer
mechanisms became apparent at A1-A5. In the first mode, the flow from the
heating surface ascended and the local velocities decreased with the regional rise of
pressure gradients when the liquid-vapour mixture appeared from the phase
change process. The local increase in pressure gradients with the local decrease of
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velocities or weak momentum of flow within on the heating surface obeys the
Bernoulli’s principle. Since the pressure gradients were relatively higher than the
bulk liquid, flow reversal appeared within the low velocities of the liquid.

During the first mode of heat transfer mechanism at A1-A5 within x* as

" "

illustrated in Figure 4.4a, qjocq1pc D€gan at low values. gjgeq . decreased with the
small local flow velocities associated with the liquid-vapour mixture on the heating

"

surface impeding the heat transfer. Also, qycq,c fluctuated near these areas due to
the turbulent flow causing the high tendency of the fluctuation of local thickness of
thermal layer as stated by Hsu and Graham [106]. The flow began to descend while
Qlocalpc INCreased and ATy, slightly decreased with the existence of ascending and
descending flows from the phase change. The descending flow brings the colder
bulk fluid on the heating surface with the lesser amount of vapour to allow the local
increase of transient heat conduction. Although the liquid-vapour mixture was
apparent, the bubble nucleation was absent in these regions. At the downstream of
A5, A6 consisted of ascending flow, and the descending flow occurred at Bl as
shown in Figure 4.4b that possessed the first mode of heat transfer mechanism.

In most of the regions of x* of 0.3-0.4, qj5.q1pc Was relatively lower than qjy.q; rc

with the insignificant length scales of ascending and descending flows as illustrated
in Figure 4.4a. This incidence causes lesser interaction with colder bulk fluid, and
therefore these regions are too small to affect the heat transfer. Also, in most of
the regions of x* of 0.3-0.4, the liquid-vapour mixture existed on the heating
surface, leading to the impedance of the heat transfer. Nevertheless, the
descending flow occurred with the increment of gjgcq .. This presence is as a result
of the relatively colder fluid descending on the heating surface with the lesser
amount of vapour inducing the transient conduction. In x* of 0.3-0.4, the vicinity
With gjgeqrpc €Xceeding qjoeq rc ONly occurred at x* of 0.365 and 0.385.

In x* of 0.4-0.5 as displayed in Figure 4.4b, the ascending and descending flows
occurred at B2, B3, B4, and B5 involved the second mode of heat transfer
mechanism. When the current near the heating surface entered these regions, both
pressure gradient and the amount of vapour rose, indicating that the liquid-vapour
mixture present due to the phase change process. However, the amount of the
vapour increased more significant than the increase of pressure gradient with the
rise of ATy,,,. When the amount of the vapour increased, the flow travelled parallel
to the heating surface in relatively higher velocities to satisfy the conservation of
momentum. At the flow near to the downstream part of the liquid-vapour mixture,
the flow ascended due to the micro-convection. This occurrence resembles the
mechanism in which micro-convection produced circulation within the liquid slug
while evaporation at the receding liquid-vapour interface (in which the contact
angle decreased) at the left-hand side of the circulation flow as encountered by
Kandlikar [36]. The micro-convection imposes flow resistance in the bulk fluid in
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which the fluid convection pushed towards the bulk fluid and therefore the flow
velocities within the micro-convection on the heating surface is relatively low.

The ascending and descending flows at x* of 0.4-0.5 as shown in Figure 4.4b
occurred at relatively larger length scales than x* of 0.3-0.4 as depicted in Figure
4.4a. At x* of 0.4-0.5, the amount of liquid-vapour mixture was also more than x*
of 0.3-0.4 with the more substantial ATy,,,, allowing more activities of phase change.
The considerable length scales of ascending and descending flows also appeared
due to more significant buoyancy and gravity effects with the more substantial
amount of liquid-vapour mixture. The more extensive buoyancy effects cause the
flow to ascend to the bulk fluid in larger length scales, and then to descend with
gravity effects. This occurrence imposes broader regions with flow resistance
associated with low flow velocities for x* of 0.4-0.5 as compared to 0.3-0.4.

In the regions of B2, B3, B4, and B5 as displayed in Figure 4.4b, qjpcq,c D€gan

"

at values slightly lower than gj .4 Once the ascending flow occurred. This
phenomenon was also part of the second mode of heat transfer mechanism with

"

the existence of more massive liquid-vapour mixture. Then, qjy.q,c increased with
the transient conduction and local ATy, decreased gradually within these regions
along x* when the flow descended, implying the increase of local heat transfer.
Qlocalpc AlSO increased with the transient conduction when the liquid-vapour mixture
was sliding along with the heating surface at the upstream of the mixture. Although
the mixture present, the bubble nucleation was absent in these regions. At B5, an
ascending flow emerged, and another part of descending flow occurred at C1 as
shown in Figure 4.4c that possessed the second mode of heat transfer mechanism.
On the other hand, at x* of 0.4-0.5, the first mode of heat transfer mechanism was
absent.

In overall, at x* of 0.4-0.5 as illustrated in Figure 4.4b, more regions possessed

" (E]

Qlocalpc @DOVE qlocqpc With as compared to x* of 0.3-0.4 as shown in Figure 4.4a.
The more regions with gjgcq;,c @bOVe qpeq; s OCCUrred with the broader length scales

of ascending and descending flows for x* of 0.4-0.5 as compared to x* of 0.3-0.4.
This occurrence is due to the relatively more significant heat transfer rates at x* of
0.4-0.5 as compared to x* of 0.3-0.4. With the larger heat transfer rates, x* of 0.4-
0.5 possesses the larger length scales of ascending and descending flows as
compared to x* of 0.3-0.4. The broader length scales of ascending and descending
flows bring the more substantial amount of the colder bulk fluid with the lesser
amount of vapour on the heating surface enhancing the heat transfer.

At x* of 0.5-0.6 as depicted in Figure 4.4c, the third mode of heat transfer
mechanism became apparent in C2 and C5. Meanwhile, C3 and C5 possessed the
fourth mode of heat transfer mechanism. The first mode of heat transfer
mechanism emerged in C4.
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In C2 as shown in Figure 4.4c, the third mode of heat transfer mechanism
resembled some feature as the first mode in which the flow decelerated and
ascended once local pressure gradient rose. The pressure gradient rose together
with the formation of the liquid-vapour mixture in the broader scales with the more
substantial heat transfer rates at C2 as compared to the upstream. In C2, from the
downstream of the liquid-vapour mixture, the second ascending and descending
flows occurred. The second ascending stream emerged due to the micro-convection
associated with the buoyancy and gravity effects. This occurrence is also evident in
the second mode of heat transfer mechanism. C5 also involved the ascending flow,
and decelerating flow appeared in the region of the local rise of pressure gradient
with the liquid-vapour mixture. The ascending flow at C5 also continued with the
descending flow at the downstream portion of the liquid-vapour mixture as evident
in D1 as illustrated in Figure 4.4d. Also, from the downstream of the liquid-vapour
mixture in D1, another ascending flow occurred from the heating surface as a result
of the micro-convection associated with buoyancy and gravity effects. Therefore, C5
and D1 comprised the third mode of heat transfer mechanism. However, the
current in D1 rose further towards the bulk fluid as compared to the ascended flow
C2 induced by the micro-convection. This presence is due to the more substantial
buoyancy effects and the more massive amount of liquid-vapour mixture generated
from more significant heat transfer rates at D1 as compared to C2 at the upstream.

During the third mode of heat transfer mechanism as evident in C2 and C5 as
depicted in Figure 4.4c and D1 in Figure 4.4d, from the liquid-vapour mixture,

" "

Qlocarpc WAS lower than g4 .. Meanwhile, in C2 and D1, at the downstream of the

liquid-vapour mixture, the increment of g, above gqjeq s became more

significant while AT;,,,, decreased further with the ascending and descending flows.

The increment of qjqpc @bOVe qioeqrc DECame more significant while AT,

decreased further at the downstream of the liquid-vapour mixture in C2 and D1 due
to the micro-convection as compared to the upstream. Also, the micro-convection
occurs with the more significant buoyancy and gravity effects with the more
massive liquid-vapour mixture in C2 and D1 as compared to the upstream. With the
more substantial buoyancy and gravity effects during the micro-convection

occurred at the downstream of the liquid-vapour mixture, the increment of qjgcq ¢

"

above qjocq ;e beCame more significant while ATy, decreased further. Meanwhile,

"%

the local rise of gjpcqpc in C2 and D1 also occurred at the upstream of the liquid-

vapour mixture due to the transient conduction when the liquid-vapour mixture is
moving along the heating surface. However, bubble nucleation was absent in these
regions.

The fourth mode of heat transfer mechanism as depicted in Figure 4.4c occurred
in C3. In C3, the flow travelled almost parallel and along the heating surface at
relatively higher velocities. The more elevated velocities of flow appeared as the
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amount of vapour from the phase change process rises more significant in C3 as
compared to the local increase in pressure gradient. Since the amount of vapour
significantly rose, the local velocities increased and travelled parallel along the
heating surface to satisfy the conservation of momentum. This presence is similar
to the second mode of heat transfer mechanism. Nevertheless, unlike the second
mode, the ascending and descending flows were insignificant in this fourth mode of
heat transfer mechanism. The flow near to the liquid-vapour mixture possessed low

"

Qlocape Which is close to gjyeq; rc in C3. When the flow moved away from the region

"

with the liquid-vapour mixture, qjo.qpc Significantly increased while AT, reduced,
indicating the increase of the heat transfer. Meanwhile, the local rise of gjpcqipc
became apparent at the upstream of the liquid-vapour mixture due to the transient

conduction when the liquid-vapour mixture moved along the heating surface.
However, bubble nucleation was absent in these regions.

For the remaining regions in x* of 0.6-0.9 as displayed from Figure 4.4d to
Figure 4.4g, the heat transfer mechanisms from first to fourth modes also became
apparent. The first mode of heat transfer mechanism emerged in E2, F3-G1, G3,
and G4. Meanwhile, G2 involved the second mode of heat transfer mechanism. The
third mode of heat transfer mechanism became evident in D2, E3-F1, and F2. On
the other hand, D3 and E1 experienced the fourth mode of heat transfer
mechanism. The flow in D3-E1 travelled at relatively higher velocities with lower
local densities as compared to the current in C4 with the fourth mode of heat
transfer mechanism. The more elevated velocities occurred with the relatively
higher amount of vapour phase change with lower local densities on the heating
surface to conserve the momentum at the downstream as compared the upstream.

Each mode of heat transfer mechanism appeared to occur in statistical
behaviour with different tendencies along the micro-channel before flow boiling as
observed in Figure 4.4. The probability of the occurrence of the first mode of heat
transfer mechanism was higher at the onset of ascending and descending flows of
the channel nearest to the inlet. The second and third mode of heat transfer
mechanism became apparent slightly downstream of the micro-channel with the
higher rise of the amount of vapour near the heating surface as compared to the
increase of pressure gradient. On the other hand, along with the length of the
micro-channel, only a few regions involved the fourth mode of heat transfer
mechanism. Towards the downstream, in overall, the region with g4, above

"%

dlocarfc DECAamMe broader as compared to the upstream with the more active
ascending and descending flows due to phase change enhancing heat transfer. The
ascended flow imposed more extensive regions with flow resistance associated with
low flow velocities. When the current began to descend with colder bulk fluid to the
heating surface towards the downstream, qjo.qc Substantially increased through
the transient conduction while AT, decreased in the vicinity.
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The evaluation of the local hydrodynamic and thermal conditions continued with
larger m"” of 389 kg/m? s at fixed T;, = 23°C and q, = 1561 kW/m? at Aty about
—5.8 ms (Aty, of —5.787 ms). This condition is accessible from velocity vector,
pressure, and fluid density distributions and g, and ATy, against x* as illustrated
in Figure 4.5. In this case, the first bubble nucleated at At;, of 0 near z=—-0.08 mm
and therefore x-y planes selected was at z=—-0.08 mm for the evaluation. At x-y
planes at z=-0.08 mm, the variation of flow from liquid-phase flow forced
convection at this condition began at x* of 0.6-0.7. Therefore, the plots presented
are only for x* of 0.6-1.0 from Figure 4.5a to Figure 4.5d at this condition. At Aty
about —5.8 ms, the variation of flow for m"” of 389 kg/m? s began closer to the
outlet as compared to m" of 165 kg/m? s as shown in Figure 4.4.

At m"” of 389 kg/m? s as depicted in Figure 4.5, ascending and descending flows
also occurred associated with the four modes of heat transfer mechanisms. The first
mode occurred at C3 and D3. Meanwhile, B2, B4, C1, and D1 experienced the
second mode. The third mode was evident at A1, A2, B3, C4, and D2. On the other
hand, B1 and C2 involved the fourth mode. The first mode occurred lesser with
higher m" of 389 kg/m? s than " of 165 kg/m? s. Similar to m"” of 165 kg/m? s, the
fourth mode at m"” of 389 kg/m? s occurred less frequent before flow boiling as
compared to other modes of heat transfer mechanisms.

Within x* of 0.6-1.0 at m” of 389 kg/m? s at Ats, about —5.8 ms as shown in

"

Figure 4.5, the region with qjy.q,c lower than qj,.4 ;. Was relatively broad. This area

at m” of 389 kg/m? s was more extensive than the region at smaller m” of 165
kg/m? s as illustrated in Figure 4.4 for each mode of heat transfer mechanism. Also,

"%

Qlocapc DEIOW qoeq ;o Was relatively larger for m” of 389 kg/m? s as compared to m”

of 165 kg/m? s. Furthermore, this region generated relatively lower length scales of
ascending and descending flows from the regional rise of pressure gradients while
the liquid-vapour mixture retained on the heating surface. These incidences are due
to the suppression of micro-convection associated with buoyancy and gravity
effects with the thinner thermal boundary layer from higher m". The lower length
scales of ascending and descending flows indicates the cold bulk fluid falling on the
heating surface is lesser associated with the liquid-vapour mixture suppressing the
heat transfer for higher m".
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Figure 4.5: Velocity vector, pressure (Pa), and density (kg/m3)

"

distributions at x-y plane and q;,.,; and AT,,,, against x* at y = 0 at z = -0.08
mm when At;, = —5.8 ms for q; = 1561 kW/m?, m" = 389 kg/m?s, and T, =
23°C in silicon micro-channel

Once completed exploring the local hydrodynamic and thermal conditions for
different m", this study advanced by evaluating the impacts of employing higher q;
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on the conditions. The higher g; implemented in this study is 2030 kW/m? at fixed
m" = 389 kg/m? s and T;,, = 23°C at Aty, about —5.8 ms (Atg, of —=5.742 ms). At Aty,
about —5.8 ms, the variation of flow for g; of 2030 kW/m? began further from the
outlet as compared to q; of 1561 kW/m? as shown in Figure 4.5.

When applied higher g5 of 2030 kW/m?, the ascending and descending flows
occurred, and the first mode of heat transfer mechanism was dominant. Meanwhile,
none of the regions experienced the second mode of heat transfer mechanism, and
few areas involved the third and fourth mode of heat transfer at g; of 2030 kW/m?2.
At g, of 2030 kW/m?2, the amount of liquid-vapour mixture accumulating on the
heating surface was more massive due to phase change as compared to g, of 1561
as shown in Figure 4.5. Meanwhile, at about As, of —5.8 ms, the ascending and
descending flows due to phase change was less active with the thinner thermal
boundary layer at gq; of 2030 kW/m? as compared to 1561 kW/m2. Moreover, the
higher g, of 2030 kW/m? also caused more regions experienced gy, lower than
Qiocarc With higher ATg,,,. The less active ascending and descending flows at g, of
2030 kW/m? at Ag, of —5.8 ms cause the weaker transient conduction, leading to

" "

more regions With qjocqpc DEIOW qjgeq) fe-

Other than varying m" and q;, this study also continued to explore the change of
T;, on the local hydrodynamic and thermal conditions. These conditions are
accessible from velocity vector, pressure, and fluid density distributions and q; .4
and ATy, against x* for higher T;,,. The higher T;;, employed in this study was 53°C
at fixed m" = 389 kg/m? s and q, = 1561 kW/m? at about At;, of —=5.8 ms. At Aty
about —5.8 ms, the heat transfer mechanism at most of the regions near the
location of first bubble nucleation still maintained as single-phase flow forced
convection with the parallel flow on the heating surface. This occurrence implies
that the significance of nucleate boiling characteristic becomes lesser when
increasing T;, before the bubble nucleation.

4.3 Effects of Mass Fluxes before Flow Boiling

From the different modes of heat transfer mechanisms, this study continued to
evaluate the effects of mass fluxes on these heat transfer mechanisms before flow
boiling. The investigation accessed the heat transfer mechanisms through the local
and average heat transfer components, and the heat transfer enhancement of
phase change.

This study examined the local peripheral average heat transfer components with

"

the non-dimensional term of q;,.,; which stands for ql’:)cal/qgotal,fin' q;;,ml/q;'otal_fm

H n n n n n n
consists Of qlocal,side,pc/Qtotal,fin /4 qlocal,side,fc/qtotal,fin 4 CIlocal,bottom,pc/Qtotal,fin ! and

"

14 n H " nx
qwcal,bottom,fc/qtotal,fin which denote as qlocal,side,pc ! qwcal,side,fc ’ qlocal,bottom,pc ! and
" H n n H
qw*cal,bottom,fcr respeCtlveIY' ‘hocal,side,pc and qwcal,side,fc are IocaI perlpheral average
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heat flux at the side surface with phase change and forced convection without
phase change, respectively. qpocaipottompe @NA iocarbortomsc are local peripheral
average heat flux at the bottom surface with phase change and forced convection
without phase change, respectively. qjocqrsige e @Nd Giocarbottom,sc @r€ Obtainable by
repeating the simulation of the similar condition without phase change process. By

"%

reading these heat transfer components, the changes of heat transfer of qjcq; sige pe

from Qiocal,side,fc and ngcal,bottom,pc from ql,;;cal,bottom,fc anng x/Lc are identifiable. The

local peripheral average heat flux of each component along the channel obtained
also reflects the change of transient heat transfer data in Figure 4.1.

In this study, the selected Ats, along x* were at about —5.8 and —-2.9 ms for

each tested m” of 165, 265, and 389 kg/m? s as depicted in Figure 4.6, Figure 4.7,
and Figure 4.8, respectively. For each tested m" at about At;, of —5.8 and —2.9 ms,
the peaks of qiocarsigepc FaiISEA AbOVE qocqrsigesc At the side surfaces when phase
change occurred. Also, at about Ats, of —5.8 and —2.9 ms for each m" tested in this
study, the peaks of qjycqrpottompc @ISO raised above qjpeqrpottom e When phase change
occurred. Nevertheless, the peaks of qpasigepc Were relatively more than
Qlocalbottompc fOr €aCh m” employed in this investigation. This presence is due to the
stronger ascending and descending flows at side surface as compared to the bottom
surface. Also, along x*, the regions With qj5.q;pottompc PEIOW Qiocarpottom,rc WEFE mMore
than the regions with qjpcarsigepe 1OWEr than qpoeasigesc- ThiS occurrence is mainly
due to the relatively larger Ty, .0tq @t the bottom surface, generating more liquid-

vapour mixture covering the bottom surface as observed in Figure 4.4 as compared
to the side surfaces.

For low m"” of 165 kg/m? s at about Ats, of —5.8 ms illustrated in Figure 4.6a, the
peaks of qiocarsigepc @NA Qlocarbottompe triggered. Also, at about At of —5.8 ms for
the low m", q/oearin iNCreased steeply with T,y s before Aty of —5.8 ms as
observed in Figure 4.1. This presence indicates that the nucleate boiling
characteristic develops through the rise of these peaks. These peaks raised are
mainly due to ascending and descending flows from relatively thick thermal
boundary layer according to the observation from Figure 4.4, regardless of which
modes of heat transfer mechanism. At At;, about —2.9 ms as shown in Figure 4.6b,
the number of peaks of qjpcarsigepc ANA Qiocarpottompe Fe€duced at the side surface.
Meanwhile, qiocaipottompe DEIOW qrocarpottom e OCCUPiEd the larger regions at Aty
about —2.9 ms while q¢oq; rin dropped slightly at Ats, about —2.9 ms from —5.8 ms.
This incidence is due to the larger amount of liquid-vapour mixture covering the
heating surfaces when At increases with more heat entering into the micro-
channel, especially at the bottom surface. From At;, about —5.8 to —2.8 ms, bubble

nucleation was absent. This incidence is due to the disturbance of ascending and
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descending flows that suppressed the bubble nucleation, causing the bubble
nucleation occurs only at higher ATy, at Ats, = 0 while qgpeq fin fluctuating.
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Figure 4.6: q;,., along x* for m" of 165 kg/m? s at q;, of 1561 kW/m? and T;,
of 23°C at Ats, about (a) 5.8 and (b) -2.9 ms
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Figure 4.7: q;,.,; along x* for " of 265 kg/m? s at q; of 1561 kW/m? and T,

local

of 23°C at Ats, about (a) —5.8 and (b) —2.9 ms
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Figure 4.8: q;,.,; along x* for " of 389 kg/m? s at q; of 1561 kW/m? and T,
of 23°C at Ats, about (a) —5.8 and (b) —2.9 ms

For moderate m” of 265 kg/m? s, from Ats, at about —5.8 ms as shown in Figure

4.7, the peaks of qipcarsidgepc @3N Qiocarbottompe SO appeared. However, the peaks for
the moderate m" began closer to the downstream of the channel as compared to
low " of 165 kg/m? s as shown in Figure 4.6. On the other hand, the number and
magnitudes from moderate were still relatively lesser than the low m". The peaks
caused the steep increase of qioq rin at different Atg, for the low and moderate m”

as evident in Figure 4.1. However, for low m", the steep rise of q/yq rin bDEgGaN
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before Ats, about —5.8 ms whereas for the moderate m", the steep increase began
at Aty, about —5.8 ms depicted in Figure 4.1. Therefore, at about At of —5.8 ms
for the moderate m"” shows that the lower number and magnitude of peaks with the
lesser intensity of nucleate boiling characteristic as compared to the small m".
These occurrences are due to the thinner thermal boundary layer for the moderate
m", causing the less substantial ascending and descending flows as compared to the
low m". The less significant ascending and descending flows for the low m"
facilitates the bubble nucleation with the more stable flow. The more stable flow
from the moderate m"” requires the lesser superheat for the bubble nucleation which
is reachable with shorter At;, before the bubble nucleation as compared to the low

m". With the shorter At;, before the bubble nucleation to reach the sufficiently high
Tavg,surs fOr the small m”, at Ats, about —5.8 ms, the number and magnitudes were
more than the moderate m".

From Atg, at about —5.8 ms to —2.9 ms for moderate m" of 265 kg/m? s, the
peaks of qipcarsidepc AN dlocarpottompe DECAME More significant as depicted in Figure
4.7. These peaks are the factor for the steep increase of qpiqrfin With Tapgsurs
inducing more substantial nucleate boiling characteristic from Ats, about —5.8 to
—2.9 ms as shown in Figure 4.1. On the other hand, T,y between Atg, of 0 at
the bubble nucleation and —2.9 ms was closer for moderate m"” as compared to low
m". This situation indicates that moderate m" requires the more additional rise of
Tavg,surs fOr the bubble nucleation from Atg, about —2.9 to 0 ms as compared to low
m". This difference is due to the relatively more rapid growth of the ascending and
descending flows with Aty for m” of 165 kg/m? s as compared to m" of 265 kg/m? s.
The more massive flow disturbance of m” of 165 kg/m? s acquires more additional
rise of Tgyysurs fOr the bubble nucleation as compared to m” of 265 kg/m? s.
Meanwhile, when Atg, reached about —2.9 ms, the regions With qjgcq;pottompe DEIOW

Qlocaipottom,rc €Xtended more for m” of 265 kg/m? s. This incidence is due to the

generation of the more liquid-vapour mixture at the bottom surface with more heat
travelled on the bottom heating surface.

When applied high m" of 389 kg/m? s at Aty about —5.8 ms, the peaks of
Qiocalsidepc AN Qlocarpottompe APPEAred as depicted in Figure 4.8a. However, the
peaks for the high m"” was more significant as compared to moderate m" of 265
kg/m? s as shown in Figure 4.7a. The peaks also began closer to the downstream of
the channel at Aty about -5.8 ms for high m" as compared to moderate m".

Nevertheless, at Ats, about —5.8 ms, the peaks were relatively higher in magnitude
for high m" as compared to moderate m". Meanwhile, for high m", Ty qny Was
smaller at any qgqrin @S compared to moderate m” associated with smaller
increment of q/yq; rin @S depicted in Figure 4.1. Also, for the high m", the change of
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trend of q{oqrin DEgAN much earlier than Ats, of —5.8 ms while close to about Aty,
of —5.8 ms for the moderate m".

The observation from the heat distribution and transient heat transfer for high
m" of 389 kg/m? s at Aty, about —5.8 ms as observed in Figure 4.8a and Figure 4.1
is due to the slow heating process. For high m" of 389 kg/m? s, the heating process
is slower than the moderate m" of 265 kg/m? s, and therefore the thermal boundary
layer is thinner. With the more gradual heating process, the high m" requires longer
Ats,, for the bubble nucleation and the increment of g5 rin Was less rapid for high
m" as compared to the moderate m". Also, the susbtantial m" possesses the earlier
change of trend of qioq fin before Atq, about —5.8 ms associated with the more
previous development of nucleate boiling characteristic as compared to the
moderate m". Therefore, at Aty, about —5.8 ms, for the high m", the nucleate
boiling characteristic halfway developed whereas the development was just near to
initial stage for the moderate m". Consequently, at Ats, about —5.8 ms, the peaks
were relatively higher in magnitude for the high m" as compared to the moderate
m". Meanwhile, from the low to moderate m", the region with qjocq1pottompc DEIOW
Qlocalbottom,rc WAS smaller due to the slower heating process to generate the liquid-
vapour mixture inhibiting the heat transfer.

For high m"” of 389 kg/m? s, when Ats, reached about —2.9 ms as shown in
Figure 4.8b from Ats, about —5.8 ms as illustrated in Figure 4.8a, the peaks
developed towards upstream with slightly larger magnitude. However, the change
was less significant from At;, of —5.8 to —2.9 ms for m" of 389 kg/m? s as
compared to " of 265 kg/m? s. Also, high " possessed smaller T, o With the
less rapid increment of q/y¢q rin @S cOmMpared to moderate m” as illustrated in Figure

4.1. These occurrences induce the lesser amount of ascending and descending
flows for high m" , producing less rapid development of nucleate boiling
characteristic as compared to moderate m”. Moreover, for high m”, the heating
process is slower with the thinner thermal boundary layer as compared to moderate

14

m"”. Meanwhile, for high m", the increment of regions with qiocqpottompe DEIOW
Qlocalbottom,fc WAS lesser from Aty, about —5.8 to —2.9 ms as compared to moderate

14

m”. However, these regions at high m” were smaller than m” of 265 kg/m? s
associated with the slower heating process, creating the lesser liquid-vapour
mixture.

With the local peripheral average heat transfer components along x* from Figure
4.6 to Figure 4.8, the average heat transfer components are attainable for different
m” at different At;, as illustrated in Figure 4.9. The average heat transfer

components are presentable in the non-dimensional term of ¢”* which stands for

n

14 : * LS n "% H n
q”/Qtotal,fin' qﬂ* comprises of qside,pcl cIside,fcl qb;ttom,pcl Qbottom,fc which are QSide,pc/
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n

qgotal,finl q;’ide,fc/qgotal,finl qgottom,pc/qilrlotal,finl and qll)’ottom,fc/qgotal,finr reSpeCtive|Y- qside,pc
and qgiqe rc Fepresent the heat transfer with and without phase change, respectively,

at the side surface in the micro-channel. On the other hand, qpottompc @Nd Ghortom,fe

represent the heat transfer with and without phase change, respectively, at the
bottom surface in the micro-channel. By obtaining these local peripheral average
heat transfer components, the overall heat transfer contribution due to phase
change is identifiable.

"%

For low m"” of 165 kg/m? s at about At;, of —5.8 ms, the increment of gy e

"%

from qgjg. s Was apparent as depicted in Figure 4.9a. Also, the increment of g4y, ¢

"%

from qgize s for the low m” was more significant than moderate m” of 265 kg/m? s.
Meanwhile, gporrompc WaS close to but slightly lower than qgoi¢om . fOr both the low

and moderate m” of 165 and 265 kg/m? s, respectively. At the high m", the
increment of qgiye »c from qgize rr beCame slightly more substantial than the lower m".

Meanwhile, qy5iompc Was almost identical to gppom, s @t high m” of 389 kg/m? s.

When Ats, reached about —2.9 ms as shown in Figure 4.9b, the increment of

"* "*

sigepc TrOM qgige rc for low m” of 165 kg/m? s dropped from Aty about —5.8 ms
illustrated in Figure 4.9a. Meanwhile, for the low m", qporrompc Fe€tained close to but

"%

slightly lower than q,;1om rc- At moderate m” of 265 kg/m? s at Atg, about —2.9 ms,

"% "

increment of qgjye »c from qgiy. r Was significantly larger as compared to Ats, about

"

—5.8 ms. Meanwhile, the slight increment of gottompe frOM Gporeom e Was also

" "

evident. At high m” at Ats, about —2.9 ms, the increment of g4y, ,c from qgize o Was
slightly higher than Ats, about —5.8 ms. Meanwhile, gpo¢rompc retained almost close

"

tO Gpottomc @t high m” at about Ats, of —2.9 ms. For each m”, the increment of

"% "% "

Asigepc fTOM Qgigerc Was more substantial than the increment of gyoerompe from

"

Abottom,fc - THiS occurrence is mainly due to the more significant ascending and
descending flows facilitating the transient conduction as the side surface as
compared to the bottom surface at each m"”. Also, at each m", the more massive
amount of liquid-vapour mixture is accumulating on the bottom surface and
impeding the heat transfer.
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Figure 4.9: q" against " at q;, 1561 kW/m? and T;, of 23°C at At;, about (a)
-5.8 and (b) —-2.9 ms

The following part of the study is to evaluate the overall heat transfer
enhancement from phase change through h* ((h,. — hs.)/hs.) for different m” at Atg,
about —5.8 and —2.9 ms as plotted in Figure 4.10. When applied low m" of 165
kg/m? s, h* was relatively high at Ats, about —5.8 ms. The larger h* is mainly as a
result of the ascending and descending flows facilitating the transient heat transfer,
indicating more significant nucleate boiling characteristic at the low m" at about Aty
of —5.8 ms. Then, h* slightly dropped when Atg, reached about —2.9 ms at the low
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14

m" . h* dropped at At;, about — 2.9 ms mainly due to the relatively more
considerable amount of liquid-vapour mixture that caused the slightly lesser
amount of peaks as compared to Ats, about —5.8 ms. When employed moderate m”
of 265 kg/m? s, h* was low at Ats, about —5.8 ms and then significantly rose when
Aty, reached about —2.9 ms and higher than h* at the low m". Therefore, for the
moderate m”, h" increased rapidly with Ats, by triggering more ascending and
descending flows facilitating transient conduction, implying the significant
development of nucleate boiling characteristic before bubble nucleation. For high m”
of 389 kg/m* s, h* was relatively higher than the moderate m" at about At;;, of —5.8

ms and slightly increased when At;, reached —2.9 ms. This occurrence is due to the

slow heating process with thin thermal boundary layer at the high m", leading to
the less rapid development of nucleate boiling characteristic.

0.12
P ¢ At_fb about -5.8 ms
0.10 A B At_fb about -2.9 ms
0.08 -
- [ |
= 0.06 -
[ |
0.04 1 ¢
0.02 A
L 2
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0 100 200 300 400 500
" (kg/m?2 s)

Figure 4.10: h* against m" at q;, 1561 kW/m? and T;, of 23°C at At, about
-5.8 and -2.9 ms

4.4 Effects of Mass Fluxes during Flow Boiling

Once completed addressing the effects of m” on the local and average heat transfer
and heat transfer enhancement before flow boiling, the investigation proceeded
with these effects during flow boiling. When flow boiling occurs, the heating surface
involves heat transfer towards liquid and vapour associated with the expression of

14 .
Qtotal,fin as:

" iiq Qvap ” ”
q mn =7t =g T4 4.1
total,fin Asurf Asurf iq vap ( )

I

Since qgorqrrin iNVOlves heat flux components of qj;, and qy,,, the exploration of
the local peripheral average distribution of gj;, and g4, at the side and bottom
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surfaces along the channel are necessary. The local peripheral average qj;;, and qpqp

1

at the side surfaces are qjocqisidgeiig @3N Qiocar sigevap, F€SPECtively. On the other hand,
the |OC3| ql”iq and qgap at bOttom Surface are ql,:)cal,bottom,liq and qz:)cal,bottom,vap ’

N - " n n
reSpeCtlve|Y- Addlng CIlocal,side,liqr qlocal,side,vapl QIocal,bottom,liqr and ql”ocal,bottom,vap at eaCh
location is equivalent to q;,.,;- The local heat transfer are presentable through a

"%

non-dimensional term of qjg.q Which is qjoca1/qtotar rin- M€anwhile, dividing the local

heat transfer components of qz:)cal,side,liql Q{:)cal,side,vapl qz:)cal,bottom,liql and qzz)cal,bottom,vap
bY Gtotarrin 9ive the non-dimensional terms of qigcassideiqr Qiocatsidevapr Giocatbottom,iiqr
and qiocaiportomvaps F€SPECtively. The heat transfer enhancement of flow boiling at
the side surfaces is observable by comparing qipcaisigeriq @aNd Qiocarsidgevap With
Qlocalside,fc + ocalsidesc 1S @ non-dimensional component referring to qiocarside,rc/
Atotarfinr @Nd Qlocarsiae rc 1S the local heat flux at side surface without phase change.
On the other hand, the heat transfer improvement from flow boiling at the bottom
surface is approachable by comparing qjpcaportomiiq @Nd  Qocarpottomvap With
Qiocalbottomfec + QlocaLpottomse 1S @ non-dimensional component representing
Qlocalbottom,fe/ Arotat,fin 1+ ANA Qlocarpottom e 1S the local heat flux at bottom surface

without phase change.

The local heat transfer of flow boiling along x* at Ats, about 10 ms at the side

and bottom surfaces for different m” is evident in Figure 4.11. Also, the regions with
qlnz;kcal,side,liq below qzlt;kcal,side,fc were lesser than the regions With Ql,:;kcal,bottom,liq belOW

Qlocalbottom,fc TOF €ach m”. At each ", amount and magnitude of peaks of qj;.q;side,uig

"

were relatively higher than qpocaipottomiiq - ThisS occurrence is due to the more

substantial amount of liquid-vapour mixture covering the bottom surface with larger
AT, suppressing the heat transfer as compared to the side surfaces for each m”.

However, from low to high m"” of 165 to 389 kg/m? s, the regions with peaks of

"

Qiocalsideiq AN Qlocarpottomiig D€GAN closer towards the downstream as shown in

Figure 4.11. Also, from the low to high m", the number and magnitude of the peaks
became more significant. Meanwhile, from the low to high m", the regions with

"

Qlocalpottom,iig PEIOW than qiocq1 pottom rc €XteNded lesser from the downstream towards

the upstream of the bottom surface. These occurrences are due to the thinner
thermal boundary layer and the smaller amount of liquid-vapour mixture for the
ascending and descending flows enhancing the heat transfer at side surfaces for
higher m". Also, from the low to high m", the humber and magnitude of the peaks
became more substantial.
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Figure 4.11: q;;.,; along x* for m" of (a) 165, (b) 265, and (c) 389 kg/m? s
at q, of 1561 kW/m? and T;, of 23°C at At, about 10 ms

Meanwhile, at each m"” as shown in Figure 4.11, the regions with qjyq1sidevap

below zero was evident and some small peaks of gy sidgevap ADOVE zero emerged.
Also, these regions and peaks were more than the areas with qjycq1pottomvap DEIOW

"

zero and the peaks of qjocq1sigevap- ThiS incidence coincides with the observation

from Federov and Viskanta [138]. They [138] observed that the heat at first comes
from bottom surface with least convective resistance. Then, the heat passes
through the fluid and enters into the substrate at side surfaces of corners instead of
transferring to the bulk fluid. This process leads to the formation of more vortexes
of heat at the side surface near the corners as compared to the bottom surface.
Subsequently, at the side surface near the corners, the local negative heat fluxes in
which heat transferred from the fluid to the solid is more than the bottom surface.
This incidence becomes more apparent in the vapour phase mostly forming near to
the corners as compared to the liquid phase for each m" in this study. When m"
increased, the peaks of qjocq15igevap @Nd the regions with negative heat fluxes of

"%

Qlocaisidevap T€AUCed and began closer to the downstream. Meanwhile, when

"

increased m", changes of qjcqsidevap @ Qiocarpottomvap PECAME less significant due

to the thinner thermal boundary layer. In general, both g4 sigevap a@nd

"%

Qlocalpottomvap N MOSt regions with phase change were close to 0 for each m"” due to
the low conductivity of the vapour phase.

Based on local peripheral average heat flux components, the corresponding
average values for each m" at Aty;, about 10 ms are identifiable as depicted in
Figure 4.12. In Figure 4.12, when m" increased, the increment of g

" "

side,liq from qside,fc
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was relatively higher. This occurrence is mainly due to the more intensive
ascending and descending flows enhancing the heat transfer. On the other hand,

" "

Tbottom,iiq WAS almost close to quouomsc fOr €ach m”. This incidence is due to the
more massive liquid-vapour mixture on the bottom surface for each m" inhibiting
the heat transfer. On the other hand, both gy vap @Nd Ghottomvap WEre almost close
to zero for each m" due to the weak thermal conductivity of the vapour phase.

This study continued to access the overall heat transfer enhancement of h* for
different m” at Ats, about 10 ms. When m" increased, h* increased as shown Figure

" "%

4.13 with the higher increment of qggeuq from ggge . during flow boiling as
illustrated in Figure 4.12. The larger h* presents with the formation of more
massive ascending and descending flows with transient conduction, indicating the
more substantial development of nucleate boiling characteristic.
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Figure 4.12: q"* against " at q; of 1561 kW/m? and T, of 23°C at Aty
about 10 ms
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Figure 4.13: h* against m" at q, of 1561 kW/m? and T;, of 23°C at At;, about
10 ms

4.5 Location of Bubble Nucleation for Different Mass Fluxes

Once completed accessing the heat transfer, the next section of the study is to
examine the location of bubble nucleation within the cross-section during flow
boiling for different m". The site of bubble nucleation includes the corner, side and
bottom within the cross-section of the micro-channel.

When m" increased, the number of bubbles reduced as evident in Figure 4.14
during flow boiling at about At;, of 10 ms due to the thinner thermal boundary layer
impeding the bubble nucleation. The bubbles mainly nucleated at the corner while
few bubbles nucleated at side surfaces and none of the bubble nucleated at the
bottom surface for each m”. For each m”, the bubbles nucleated the most at the
corners since the corners possess the characteristic of nucleation site, facilitating
for the bubble nucleation. Meanwhile, for each m"”, more bubble nucleated at the
side surfaces due to the larger amount of the heat conduction as compared to the
bottom surface.
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Figure 4.14: Location of bubble nucleation against m" at q; of 1561 kW /m?
and T, of 23°C at Ats, within 0 and 10 ms

4.6 Effects of Heat Fluxes before Flow Boiling

Attempted the evaluation of effects of m", the study proceeded with the
examination of the impacts of ¢, on the local and average heat transfer and heat
transfer enhancement before flow boiling. The local and average heat transfer
components observed for different g, helps to explain the trends of transient heat
transfer data in Figure 4.2.

The local heat transfer components for different q, are observable from gq;,.,; for
each component along x* as illustrated in Figure 4.8 and from Figure 4.15 to Figure
4.18. From Figure 4.8 and from Figure 4.15 to Figure 4.18, q; is from 1561 to 3197
kW/m? at m" of 389 kg/m? s and T;, of 23°C at about Ats;, of —=5.8 ms and —2.9 ms.
For each g, at about At;, of —5.8 and —2.9 ms, the peaks of qjp.qsigepc @Nd

n* "

qwcal,bottom,pc rose above qlocal,side,fc and ql"t;cal,bottom,fcl resDeCtive|Y- HOWGVGF, the

peaks of qiocarsidzepc WEre relatively more than qigeqpottompe fOr €ach q,. Meanwhile,

for each g,, the regions with qjycqpottompe PEIOW Giocarpottom,rc WEFE More than the
nx

regions With qz;)*cal,side,pc below CIlocal,side,fC' These peaks and regions ngkcal,bottom,pc

below q;,, became greater and began further towards the downstream

n
local,bottom,fc
from Ats, of —5.8 ms and —2.9 ms for each q,. These occurrences are observable

when varying m" as evident in Section 4.3.
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Figure 4.15: q;;.,, along x* for q; of 1691 kW/m? at " of 389 kg/m? s and
T;, of 23°C at Ats, about (a) —5.8 and (b) —2.9 ms
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Figure 4.16: q;,.,; along x* for q; of 2030 kW/m? at m" of 389 kg/m? s and
T;, of 23°C at Ats, about (a) —5.8 and (b) —2.9 ms
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Figure 4.17: q;,.,, along x* for q; of 2706 kW/m? at " of 389 kg/m? s and
T;, of 23°C at Ats, about (a) —5.8 and (b) —2.9 ms

126



Chapter 4 Effects of Mass Fluxes, Heat Fluxes, and Inlet Temperatures

1.6
1.4

q”*_local,side,pc

...... "k .
1.2 q”*_local,side,fc

q”*_local,bottom,pc
1.0

= = q”*_local,bottom,fc

ocal

i‘_0'8
=
0.6 A
0.4 1\ T T
\~___ o S S
0.2 A T T T N
0.0 ' ' ' '
0.0 0.2 0.4 0.6 0.8 1.0
X*
(a)
1.4
”x i
1o q”*_local,side,pc
...... q”*_local,side,fc
1.0 q”*_local,bottom,pc
%0.8 = = q"”*_local,bottom,fc

X*

(b)
Figure 4.18: q;,.,, along x* for q; of 3197 kW/m? at " of 389 kg/m? s and
T;, of 23°C at Ats, about (a) —5.8 and (b) —2.9 ms

When increased q; from 1561 to 3197 kW/m? as depicted in Figure 4.8 and from
Figure 4.15 to Figure 4.18, the onset of peaks of qjpcqisidepc AN dlocarpottompe MOVEd
towards upstream. From low to moderate g, of 1561 to 2706 kW/m?, at about At;,
of —5.8 ms, the peaks became relatively lower in magnitudes. Meanwhile, from the
low to moderate g5, the increment of qio rin a@lso became less significant as
illustrated in Figure 4.2. This incidence implies the lesser significance of nucleate

boiling characteristic from the low to moderate g;. Also, from the small to moderate
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qp , regions With qocaipottompe PEIOW qrocarpottom e DECAME lesser with the lower
magnitude. These occurrences are mainly due to the thinner thermal boundary
layer extending more towards the inlet from the low to moderate q;. As a result,
from the small to moderate g, at about At;, of —5.8 ms, the ascending and
descending flows became less intense. The less substantial ascending and
descending flows cause the lesser magnitudes of peaks and lower occupancy of the
liquid-vapour mixture reducing the regions with qio.qpottompe DEIOW Glocarpottom,fe

from the low to moderate q;.

At moderate g, of 2706 kW/m? at At, about —5.8 ms, the peaks of g cq;sige pe
formed over broad regions of x* of 0.3-0.4 as shown in Figure 4.17a. This
occurrence is due to the sufficiently high AT, at side surfaces to induce the

ascending and descending flows as evident in Figure 4.19.

Figure 4.19: Ascending and descending flows formed from side surfaces

At Atg, about —2.9 ms, from low to moderate g, of 1561 to 2706 kW/m?, the
amount and magnitude of peaks of increased significantly as evident in Figure 4.8b
and from Figure 4.15b to Figure 4.17b. The significant increase of the number of
peaks occurring with the more considerable rise of q/,q; fin from low to moderate g,
of 1561 to 2706 kW/m? when Ats, reached about —2.9 ms from —5.8 ms shown in
Figure 4.2. Therefore, the significant increase of peaks from the low to moderate g,
when Ats, reached —2.9 ms from —5.8 ms induces more rapid development of
nucleate boiling characteristic. Also, from the small to moderate q;, when Atg,
reached about of —2.9 ms from —5.8 ms, the regions with qiycaipottompc DEIOW
Qlocalbottom,fc DECAME mMore extensive. This incidence is due to the more rapid rise
and the substantial amount of heat entering into the micro-channel generating
more liquid-vapour mixture impeding the heat transfer.
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When applied high g, of 3197 kW/m? at At;, about —5.8 ms as depicted in Figure
4.18a, two peaks of qjpcqsigepc @S €ncountered at moderate g, of 2706 kW/m?
emerged as illustrated in Figure 4.17a. These peaks formed at x* of 0.2-0.5 and
0.7-0.8 for the high q; at about Ats, of —5.8 ms. However, the peaks at x* of 0.2-
0.5 for the high ¢, was broader than the peaks at x* of 0.3-0.4 for g, of 2706
kW/m? as shown in Figure 4.17a. This presence is due to the relatively larger ATy,
at side surfaces at the big g, facilitating larger ascending and descending flows as
compared to the moderate q,. At x* of 0.2-0.5 for the high g;, the ascending and
descending flows formed from the side surfaces were at the similar pattern as
shown in Figure 4.19. Meanwhile, at the high q,, qiscaipottompc WaS almost close to
Qlocalpottom e dU€ to the small thermal boundary layer causing insignificant
activation of the ascending and descending flows. Also, with the thin thermal
boundary layer, the amount of the liquid-vapour mixture is less significant for the
high g, as compared to lower g, . With these occurrences, the nucleate boiling
characteristic becomes less significant at such high g, at about At;, of —5.8 ms.

When Atg, reached about —2.9 ms for high g, of 3197 kW/m?, the peaks of
Qlocalsidepc DECAME More significant as compared to Ats, at about —5.8 ms as shown
in Figure 4.18b. At about and qjyca1pottompc M€aNWhile, at the high g;, the increment
Of Gfotarrin WasS lesser with the more elevated Ty, ..y @s compared to the moderate
qp from Atg, about —5.8 ms to —2.9 ms as depicted in Figure 4.2. These occurrences
are as a result of the more rapid heating process at the high g, generating the
larger amount of liquid-vapour mixture suppressing the heat transfer with the less
significant nucleate boiling characteristic. However, more regions With qjgcarpottompe
lower than qjocarpottompc formed for the high g, as compared to the moderate qy.
Meanwhile, the massive g, possessed lower increment of q/y¢q; i from Ats, of —5.8
ms to —2.9 ms as compared to the moderate q,. This occurrence is due to the
relatively higher amount of liquid-vapour mixture impeding the heat transfer at the
large qy,.

From the local average peripheral heat transfer components, the corresponding
average values are approachable for different g, at different At;, by plotting ¢"* of

each heat transfer element as illustrated in Figure 4.20. In general, the increment

"

of q;’{;ie_pc from side,fc WS larger than the increment of q,’,’;tmm,pc from q;,';twm,fc for

n "% "

each q,. Meanwhile, for each q;, qpottompc Was almost close to qporeomrc- IN Figure

4.20a, at Ats, about —5.8 ms, the increment of ggjye . from qgge s Was relatively

less for each g;. Nevertheless, from low to moderate g, of 1561 to 2706 kW/m? at

" "%

Atgp, about —5.8 ms, the increment of qgiye ,c from qgiye £ Slightly decreased. On the

" "

other hand, the increment of qgiye,c from qgige s Slightly increased from moderate g,
of 2706 kW/m? to high g, of 3197 kW/m?. When At;, reached about —2.9 ms from
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—5.8 ms for each g, as shown in Figure 4.20b, the increment of qgge,c from qgige fc
became more significant. From low to moderate q, at Ats, about —2.9 ms, the

"

increment of qgge . from qgiy. (c became larger. Meanwhile, increment of guorrompe
from quottomysc iNCreased and then decreased from low to moderate g, . When

" "%

employed high g, of 3197 kW/m?, the increment of both gy, from qgye . and

Tbottom,pc from q;’izelfc reduced. Also, qporrompc dropped further from Tbottom,fc from
moderate to high q;.
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Figure 4.20: q"* against q; at 1" of 389 kg/m? s and T;, of 23°C at At;, about
(a) -5.8 and (b) —-2.9 ms
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In overall, according to Figure 4.20, g4, increased from qgg, ;c Was more than
the gpottompe Faised from quorom e fOr €ach qp. This presence is mainly due to the
more extensive ascending and descending flows, enhancing the heat transfer of the
side surfaces as compared to the bottom surface for each g,. On the other hand, for
each ¢", the amount of liquid-vapour mixture accumulating on the bottom surface is

more significant as compared to side surfaces and impeding the heat transfer.

This investigation then proceeded with the evaluation of the overall heat transfer
enhancement of h* for different g, at different At, as illustrated in Figure 4.21. In
Figure 4.21, from low to moderate g, of 1561 to 2706 kW/m? at about Aty of —5.8
ms, h* reduced. This occurrence is mainly as a result of the thinner thermal
boundary layer leading to lesser amount and magnitudes of ascending and
descending flows of higher g;,. From Ats, about —5.8 ms to —2.9 ms, h* increased
from low to moderate q,. From low to moderate q, at At;, about —2.9 ms, h”
increased with the significantly more intense ascending and descending flows with
the significant nucleate boiling characteristic. In overall, from low to moderate g,
the trend of h* decreased with g, changed to h* increased with q; when Atg,
increased before flow boiling.
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Figure 4.21: h* against q; at m" of 389 kg/m? s and T;, of 23°C at At, about
-5.8 and -2.9 ms
When applied high g, of 3197 kW/m? at about Ats;, of —5.8 ms, h* increased as
illustrated in Figure 4.21. This presence is primarily due to the sufficiently high AT,
causing more intense ascending and descending flows. When At reached —2.9 ms,
h* for high q, increased. From moderate to high q, at about At, of —2.9 ms, h*

dropped. This incidence implies the more liquid-vapour mixture that suppressing
the heat transfer for high g, at about At, of —2.9 ms. From moderate to high g,
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before flow boiling, the trend of h* increased with g, changed to h* decreased with
qp, when At, before flow boiling increased.

In general, from Figure 4.21, the more substantial h* leads to that the more
significant nucleate boiling characteristic. From low to moderate q,, the increment
of h* with At;, became more significant, indicating the rapid development of
nucleate boiling characteristic. On the other hand, the increase of h* with Atg,
became smaller from moderate to high g,, implying the less rapid development of
nucleate boiling characteristic.

4.7 Effects of Heat Fluxes during Flow Boiling

When finished addressing the effects of q, on the local and average heat transfer
enhancement and heat transfer enhancement before flow boiling, the investigation
proceeded by examining these changes during flow boiling.

The study of local heat transfer for different q; during flow boiling is accessible
through the plots of q;,., of each heat transfer component along x*. For the study,
the conditions selected were from Figure 4.11c while increasing g, from the default
value of 1561 kW/m? at Ats, about 10 ms as depicted in Figure 4.22. At each g,
the amount and magnitudes of peaks of qjy.q;sige,iiqg ADOVE Glocarside rc WEFe relatively
higher than qggtal,bottom,liq above qggtal,bottom,fc' Also, the regions with Qf:)*caz,bottom,liq
below qjocarpottom e WEre more than the regions with qioca;sigeiq DEIOW Giocar sige rc fOF

"

each gq,. On the other hand, for each q,, peaks of qjocqisidgevap @Nd regions with

"

negative heat fluxes especially from qjgcq;sigevap @PP€ared. Moreover, the regions of

"

negative heat fluxes of qjpcqisigevap WEre more than the regions of negative heat

"

ﬂUXGS Of CIl’:)*cal,bottom,vap fOF eaCh qllal- In Overa”/ bOth qlocal,side,vap and ngkcal,bottom,vap at
most regions were close to zero for each g;. These occurrences are also observable
when changing m"” as evident in Section 4.4.

From low to high g, of 1561 to 3197 kW/m? as illustrated in Figure 4.11c and
from Figure 4.22a to Figure 4.22d, the peaks of qjpcq;siqe i DEGAN nearer to the inlet
towards downstream. Also, during flow boiling, the number of the peaks also
became more substantial from the low to high q;. This existence is mainly due to
the higher superheat of the heating surfaces, causing more ascending and
descending flows enhancing the heat transfer. Nevertheless, from low to moderate

qp , especially at the bottom surface, the regions with qocqpottomiiq DEIOW

Qlocalbottom,fc WAS relatively larger. This occurrence is primarily due to the more
substantial amount of liquid-vapour mixture accumulating on the heating surface
and restricting the heat transfer from low to moderate q,. On the other hand, from
the moderate to high q; of 3197 kW/m?, as compared to side surfaces, the number
of peaks at the bottom surface became relatively lower. Also, the bottom surface
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produced more extensive regions wWith qjocq1 pottom,iiq PEIOW Giocarpottom,re @S COMpared
to the side surfaces at the high g;. These presences are as a result of the higher
Tavg,surs @t the bottom surface, generating the more significant amount of liquid-
vapour mixture on the heating surface impeding the heat transfer from moderate to

n

high q5. On the other hand, when increased q,, the regions with the peaks of
Qlocalsidevap €Xt€Nded more towards the inlet from the outlet. This occurrence is due
to larger T,y surs Of side surface generating more vortexes in the vapour phase

when increasing q,.
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Figure 4.22: q,,.,; along x* for q, of (a) 1691, (b) 2030, (c) 2706, and (d)
3197 kW/m? at m" of 389 kg/m? s and T;, of 23°C at At;, about 10 ms
With the local average peripheral distribution of each heat flux component, the

corresponding average values for different g, at At;, about 10 ms are observable as
shown in Figure 4.23. In Figure 4.23, from low to moderate g, of 1561 to 2706
kW/m?, the increment of g, 1, from qgiy s became slightly larger. This occurrence
is mainly as a result of the more massive amount of ascending and descending
flows enhancing the heat transfer from low to moderate g; of 1561 to 2706 kW/m?.
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Nevertheless, from low to moderate q,, qporrom,iiq F€AUCEd further from qpoeiom fc due
to the larger amount of liquid-vapour mixture inhibiting the heat transfer. When

" "

further increased g, to 3197 kW/m?, increment of qgjy, ;4 from qgiy, o reduced and

"

Thottomiq F€AUCEd even further from qpo.om .- These presences are primarily due to
the even larger amount of liquid-vapour mixture suppressing the heat transfer from

n "x nx

moderate to high q,. For each gy, qsigevap @aNd Qpottomvap WEFe almost close to zero
with the low thermal conductivity of the vapour phase.
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Figure 4.23: q"* against q; at 1" of 389 kg/m? s and T, of 23°C at At;, about
10 ms

The study then continued with the examination of the overall heat transfer
enhancement of h* for different q; at Ats, about 10 ms as illustrated in Figure 4.24.
In Figure 4.24, at low q; of 1561 kW/m?, h* was higher as compared to q; of 1691
and 2030 kW/m?2. This difference is explainable by referring to the heating state for
different q. For low g, of 1561 kW/mM?, q/,q,in reached about 98% of (g, x A,)/A.
(Ap is the base area, and A, is channel surface area) within Atg, of 10 ms which was
close to quasi-steady state. This occurrence also indicates that the development of
nucleate boiling characteristic is also almost reaching the steady state and
becoming significant for low g, of 1561 kW/m? at this condition at At;, of 10 ms.
With the massive nucleate boiling characteristic, the ascending and descending
flows are substantial with the transient conduction for low g; of 1561 kW/m? at Aty,
of 10 ms. However, for larger g, of 1691 and 2030 kW/m?, g/, fin F€ached about
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96 and 93 %, respectively, at Aty, about 10 ms which were further from the quasi-
steady state. This incidence also implies that the nucleate boiling characteristic is
still developing for larger g, of 1691 and 2030 kW/m? at Ats, of 10 ms. In other

words, the larger g, requires longer At to reach the quasi-steady state and
ultimately develop the nucleate boiling characteristic.

0.14
0.12 - S
0.10 | S

0.08 - ¢

*
e

0.06 ~
0.04 A

0.02 A

0.00

0 1000 2000 3000 4000
q", (kW/m2)

Figure 4.24: h* against q; at m" of 389 kg/m? s and T;, of 23°C at At;, about
10 ms
When further increased q; from 1691 to 2706 kW/m?, h* raised as illustrated in
Figure 4.24. This presence is as a result of the more massive ascending and
descending flows that enhanced heat transfer, indicating more significant nucleate
boiling characteristic when increasing q; from 1691 to 2706 kW/m?2. When further
increased q; to 3197 kW/m?, h* dropped. This occurrence is primarily due to
significantly increase the amount of liquid-vapour mixture, especially on the bottom
surface that restricted heat transfer, and therefore the nucleate boiling
characteristic is lesser when further rising q;.

4.8 Location of Bubble Nucleation for Different Heat Fluxes

Once finished analysing the heat transfer, the investigation continued to identify
the effects of q; on the location of bubble nucleation within the cross-section.

When q; increased, the number of bubbles rose during flow boiling at about Atg,
of 10 ms as illustrated in Figure 4.25 with more substantial heat conduction to
activate more nucleation sites. The bubbles mainly nucleated at the corners while
the number of bubbles nucleated at the side and bottom surfaces increased slightly
with larger q,. The bubbles at the side surfaces were relatively more than the
bubbles at the bottom surface for each q;. These occurrences also observable when
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varying m” as evident in Section 4.5. The bubbles nucleated at the bottom surface

14

increased slightly with higher q,.
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Figure 4.25: Location of bubble nucleation against q; at " of 389 kg/m? s
and T, of 23°C at Ats, within 0 and 10 ms

4.9 Effects of Inlet Temperatures before Flow Boiling

n

Addressed the effects of m” and g, , the investigation proceeded with the
identification of the impacts of T,, on the local and average heat transfer
components and heat transfer enhancement before flow boiling. The local and
overall heat transfer elements observed for different T;, assist to explain the trends
of transient heat transfer data in Figure 4.3.

The local heat transfer components for different T;, are attainable from gq;,., for
each component along x* as depicted in Figure 4.15, Figure 4.26, and Figure 4.27.

From Figure 4.15, Figure 4.26, and Figure 4.27, T;, are 23, 38, and 53°C,
respectively, at m” of 389 kg/m? s and q; of 1691 kW/m? at about Aty of —5.8 and

—2.9 ms. For each T;, at about Ats, of —5.8 and —2.9 ms, the peaks of qjcqisidepe
and qzlt)*cal,bottom,pc rose above ql"t;cal,side,fc and ql"t;cal,bottom,fcl respeCtive|Y- Howeverl the
peaks of qjpcqrsizepc WEre relatively more than qioeqpottompe fOr €ach T,. Meanwhile,
for each T;,, the regions with qjgeqipottompec DEIOW Glocarpottom e WEFE more than the
regions With qjocarsigepc DEIOW diocarsidesc - These peaks and regions gigeqrbottom,pe
below qjocqrpottom e DECAME greater and further towards the downstream from Aty

of —5.8 ms and —2.9 ms for each T;,. These existence are observable when varying
m" and g, as found in Section 4.3 and Section 4.6, respectively.
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Figure 4.26: q;,.,, along x* for T;, of 38°C at " of 389 kg/m? s and q;, of
1691 kW/m? at Ats, about (a) —5.8 and (b) -2.9 ms
When increased T;, to 38°C from the condition employed in Figure 4.15, at Aty
about —5.8 ms, peaks of qjocqisidepc @A Qlocarpottompc IENErated nearer to upstream
as depicted in Figure 4.26a. However, the peaks were significantly lesser in amount

and magnitude as compared to T;, of 23°C shown in Figure 4.15a. Meanwhile, when
increased T;, from 23 to 38°C at about Aty of —5.8 ms, T,y iNCreased as

illustrated in Figure 4.3. Also, regions With qjy.q;pottompc PEIOW Giocarpottom,rc @ISO
lesser when increased T, to 38°C. These occurrences are due to the lesser
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temperature difference between heating surfaces and bulk fluid when increasing T;,
from 23°C to 38°C, causing less intense ascending and descending flows and liquid-
vapour mixture. Therefore, from T;, of 23°C to 38°C at about Ats, of —5.8 ms, the
nucleate boiling characteristic becomes weaker, causing lesser amount and
magnitude of peaks and regions with qjgcq;pottompe PEIOW Glocarbottom, fe-
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Figure 4.27: q;,.,, along x* for T, of 53°C at " of 389 kg/m? s and q; of
1691 kW/m? at At;, about (a) —5.8 and (b) -2.9 ms

When Atg, reached about —2.9 ms for T;;, of 38°C as illustrated in Figure 4.26b,

significant amount and magnitude of peaks of qjycqisidepc @3N Alocarpottompe fOrmed.
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Also, the number of peaks was more than T;, of 23°C as depicted in Figure 4.15b.
Meanwhile, when applying larger Ty, Tsfqavg iNCreased more with Ats, as evident in
Figure 4.3. In Figure 4.3, at T;, of 38°C, T4 s between Atg, of —5.8 ms and 0 ms
and between Atg, of —2.9 ms and 0 ms were more significant as compared to T;, of
23°C. Tayg,surr between Atg, of —=5.8 ms and 0 ms for T;, of 38°C is 5.0°C whereas
2.0°C for T;, of 23°C. On the other hand, Ty,  ury between Aty of —2.9 ms and 0 ms
for T;, of 38°C was 2.0°C whereas 1.0°C for T;, of 23°C. The more substantial
differences of Tg,4 urr between the duration of Ats, of —5.8 and —2.9 ms for T;, of
38° as compared to 23°C imply the more substantial increase of Tgf qvg With Atgy,.
With the more significant rate of rising of T, (., When higher rates of heat
entering into the micro-channel for higher T;,, within the given At;,, the thermal
boundary layer is thicker before the bubble nucleation. Also, for larger T;,, the
thermal boundary layer developed is relatively thicker causing larger length scales
of ascending and descending flows to allow more substantial heat transfer at about
Aty, of —2.9 ms. This occurrence also indicates the more rapid development of

nucleate boiling characteristic for higher T;,,. Meanwhile, regions with qigcq1pottompe
below qiocarpottom rc iNCreased when Aty, reached about —2.9 ms as a result of the

more substantial amount of liquid-vapour mixture on the bottom surface
suppressing the heat transfer.

When further increased T;, to 53°C, at Aty about —5.8 ms as illustrated in
Figure 4.27a, peaks of qjpcqrsigepc fOrmed nearer to upstream as compared to T;, of
38°C as shown in Figure 4.26a. The peaks of qjgcqrsigepc fOF Tin to 53°C was also
higher especially near the outlet at x/L. 0.7-1.0 as compared to T;, of 38°C. This
occurrence is due to sufficiently high AT, at side surfaces to initiate larger length
scales of ascending and descending flows enhancing the heat transfer when further
increasing T;, at about Ats, of —5.8 ms. Meanwhile, at x/L. of 0.7-1.0, the region
With gjocarpottompe DEIOW Glocarportompe @PPEAred and was more substantial for T;, of

53°C as compared to T;, of 38°C.

When Atg, reached about —2.9 ms for T;;, of 53°C as illustrated in Figure 4.27b,

significant amount and magnitude of peaks of qjycqisidepc @ANA locarpottompe fOrmed.

The amount and magnitude of peaks of g/, at T;,, of 53°C at about Atg, of

local,side,pc
—2.9 ms was relatively more than T;, of 38°C as shown in Figure 4.26b. This
presence occurred with the similar mechanisms when increasing T;, to 38°C from
23°C as denoted in Figure 4.15 and from about Aty of —5.8 ms to —2.9 ms.
However, the peaks of qjgcqrpottompe fOF Tin Of 53°C at about Ats, of —2.9 ms were
relatively lesser as compared to T;, of 38°C. Also, for T, of 53°C at about At of

—2.9 ms, the regions With qycaipottompe PEIOW Qiocarpottom,rec fOr Tin Of 53°C were

more than T;, of 38°C. This incidence is due to the more significant amount of
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liquid-vapour mixture on the bottom surface suppressing the heat transfer for
larger T;, of 53°C as compared to 38°C. For T;, of 53°C, although the number of
peaks of qjocq1sigepc WAsS higher as compared to lower Ty, the number of peaks of
Qlocalpottompc WAS lesser as compared to lower T;,. These combined outcomes of T;,
of 53°C occurred with the increment of qo.q; fin With Tyyg curs @lmost similar to Ty, of
38°C as illustrated in Figure 4.3.

Through the local average peripheral heat fluxes along channels, the
corresponding average values are attainable for different T, at different Ats, as
shown in Figure 4.28. From T;, of 23°C to 38°C at about Aty, of —5.8 as illustrated

" "

in Figure 4.28a, the increment of qgiy, . from qgi4., reduced. Also, when increased

"

Tin from 23°C to 38°C, quorrompe Was slightly lower than qpoirom .- When Ty, further
increased to 53°C, increment of qgj, . from qg4.,. became higher. Meanwhile, at
Tin Of 53°C, qportompc dropped and became even lower than quouomysc- When Aty
reached about —2.9 ms as illustrated in Figure 4.28b, the increment of qgj, ,,. from
sige,sc Slightly increased when T, increased. At T, of 23°C, 38°C, and 53°C,
respectively, quotompc WAsS above, near to, and below qpoomfc, FeSpectively, at
about Ats, of —2.9 ms. In other words, quotrompe dropped when T, increased at
about Atg, of —2.9 ms. In general, the increment of gz, from qgjy, ;. for each Ty,
is mainly due to the more ascending and descending flows facilitating the transient
conduction. On the other hand, for each T;, the decrement of qporompe from
Thottom,rc DECAMeE more apparent at higher T;,. This incidence implies that the more
substantial amount of liquid-vapour mixture accumulates on the bottom surface
with higher T;,, impeding the heat transfer.

The next part of the study is to identify the overall heat transfer enhancement
due to phase change for different T;,, and Ats,. The investigation of the overall heat
transfer enhancement is observable by plotting h* against T;, at Ats, about —5.8 and
—2.9 ms as illustrated in Figure 4.29. In Figure 4.29, from T;, of 23 to 38°C, h*
dropped at At about —5.8 ms. This occurrence is as a result of the lower
temperature difference between heating surface and bulk fluid suppressing more
the ascending and descending flows and inhibiting the heat transfer as compared to
T;n of 23°C at about Ats, of —5.8 ms. When applied high T;,, of 53°C, h* became
slightly higher. This occurrence is due to sufficiently large ATy, at side surfaces
facilitating ascending and descending flows for heat transfer enhancement for T;, of
53°C as compared to Tj;, of 38°C at about Ats, fo —5.8 ms. When At;;, reached about
—2.9 ms as depicted in Figure 4.29, h* increased with T;,. This presence is due to
the more rapid development of nucleate boiling characteristic with At;, for higher
Tin.
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Figure 4.28: ¢"* against T, at m" of 389 kg/m?2 s and q; of 1691 kW/m? at

Ats, about (a) -5.8 and (b) -2.9 ms
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Figure 4.29: h* against T;, at " of 389 kg/m?2 s and q; of 1691 kW/m? at
Ats, about —5.8 and -2.9 ms

4.10 Effects of Inlet Temperatures during Flow Boiling

Once examined changes of T;, before flow boiling, the next part of the investigation
is local and average heat transfer components and heat transfer enhancement for
different T;,, during flow boiling in micro-channels.

The estimation of the local heat transfer for different T;, during flow boiling is
attainable from the plots of q,.,; of each heat transfer component along x*. The
chosen conditions are from Figure 4.22a while increasing T;, from the default value
of 23°C at Ats, about 10 ms as depicted in Figure 4.30. At each T;;,, the amount and

magnitudes of peaks of qj,, were relatively higher than the peaks of

local,side,liq
n* n*

H H n*
qlocal,bottom,liq' A|SO, the reglons Wlth qlocal,bottom,liq bE|OW qwcal,bottom,fc were more

" "

than the regions With q;5.q;side1iqg P€IOW Giocarside rc fOr €ach Ty,. On the other hand,

"

for each T;,, the number of peaks of qiocq1sidevap @Nd nNegative heat fluxes from

"% "

qlocal,side,vap became apparent- In general/ bOth qwcal,side,vap and QI”;cal,bottom,vap at
most regions were close to zero for each T;, due to the low thermal conductivity of
the vapour phase. These occurrences are also evident for different " and q; as
discussed in Section 4.4 and Section 4.7, respectively.

When increased T;, as depicted in Figure 4.22a and Figure 4.30a, and Figure
4.30b, peaks of qjocqaisidetiq @Nd diocarpottomiiq PEJAN closer to the inlet and the
number of peaks also increased. These occurrences are due to the more substantial
amount of ascending and descending flows enhancing the heat transfer with higher

T;,. Meanwhile, with larger T;,, larger regions with Qlocal,bottom,liq below ql”(;kcal,bottom,fc
formed at the bottom surface. This incidence is as a result of the thicker thermal
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boundary layer with larger AT;,,, forming the more massive amount of liquid-
vapour mixture impeding the heat transfer. When increased T;,, the number of
peaks of qjpcarsigevap @Nd regions with negative qppeq;sigevapy aPPeared due to the

formation of the larger amount of vortexes at corners and nearer to the upstream
towards downstream. Meanwhile, qjpcqrpottomvap WaS almost close to zero along the

micro-channel for each Ty,.
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Figure 4.30: q;,.,; along x* for T;, of (a) 38 and (b) 53°C at " of 389 kg/m?
s and q; of 1691 kW/m? at At;, about 10 ms
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From each local heat flux component, the corresponding average heat transfer
components are obtainable by plotting ¢ against T at At;, about 10 ms as

"

depicted in Figure 4.31. In Figure 4.31, when T;, increased, increment of qgjye g
from qgiq. c D€Came slightly larger. This change is due to the larger length scales of
ascending and descending flows for larger T, . Meanwhile, when increased T;,,

Tbottomiq F€AUCEd further from qpoeom .- This incidence is due to the larger amount
of liquid-vapour mixture formed particularly on the bottom surface when increasing
Tin. On the other hand, qgye vap @aNd Ghortomvap fOr €ach T, were almost close to 0 is

due to the low thermal conductivity of the vapour phase.
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Figure 4.31: ¢"* against T, at m" of 389 kg/m? s and q; of 1691 kW/m? at
Atfb about 10 ms

This investigation then continued with the evaluation of the heat transfer
enhancement of h* for different T;, during flow boiling as illustrated in Figure 4.32.
In Figure 4.32 in which At was at about 10 ms, from T;, of 23°C to 38°C, h~
increased with the relatively more peaks of qjpcqpottomyiq @S illustrated in Figure
4.30a. This presence is as a result of the more ascending and descending flows
enhancing the heat transfer from T, of 23°C to 38°C associated with the more
substantial nucleate boiling characteristic. Consequently, h* reduced from T;, of
38°C to 53°C. This existence is due to the higher amount of liquid-vapour mixture
accumulating on the bottom surface impeding the heat transfer with the less
intense nucleate boiling characteristic from T;,, of 38°C to 53°C.
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Figure 4.32: h* against T;, at " of 389 kg/m?2 s and q; of 1691 kW/m? at
Ats, about 10 ms

4.11 Location of Bubble Nucleation for Different Inlet Temperatures

When completed evaluating the heat transfer components and enhancements, this
study proceeded to identify the location of bubble nucleation within the cross-
section during flow boiling for different T;,.

When increased T;,, the number of bubbles increased due to the relatively larger
AT, to activate more nucleation sites during flow boiling at about At;, of 10 ms as
depicted in Figure 4.33. For each T;,, the bubbles mainly nucleated at the corner. In
general, for each T;,, the bubbles nucleated at side surfaces was more than the
bottom surface. The number of bubbles at side surfaces was relatively higher as
compared to the bottom surface for each T;,. This presence also achievable when
changing m" and q, as evident in Section 4.5 and Section 4.8, respectively.
However, when increased T;, bubbles nucleated on bottom surface was absent.
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Figure 4.33: Location of bubble nucleation against T, at m"” of 389 kg/m?s
and q;, of 1691 kW/m? at At;, within 0 and 10 ms
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Chapter 5 Effects of Substrate
Materials

This chapter presents the result and discussion regarding the effects of substrate
materials on the mechanisms of fluid flow and heat transfer before and during flow
boiling of water in a rectangular micro-channel heat sink. The micro-channel heat
sink has one 200 pm wide, 264 uym high, and 1 cm long micro-channel with W;;, of
200 ym and H, of 137 pm. Also, the micro-channel is at m"” of 389 kg/m? s, q; of
2030 kW/m?, T;, of 23°C, and p,,; of 1 atm. The selected substrate materials in this
study are silicon, aluminium, stainless steel, and copper.

5.1 Transient Heat Transfer for Different Substrate Materials before
Flow Boiling

This study began by observing the transient heat transfer of water in the substrates
of micro-channel heat sinks made of different materials of silicon, aluminium,
stainless steel, and copper before flow boiling. The transient heat transfer is
attainable by plotting q/y¢q; rin @gainst AT,  qurp for these substrate materials before
flow boiling as illustrated in Figure 5.1.

1100
— Sijlicon

- 1000 H ceeeeee Aluminium
NE === Stainless steel
E 900 1 e = Copper
)
£ 800
¥ 700

60

90 95 100 105 110 115
Tavg,surf (oc)

Figure 5.1: Transient heat transfer data of q;,., i, @gainst T, ., for the
substrates of micro-channel heat sinks made of different materials before
flow boiling At < 0 (the first and second marks at each curve are at Aty
about —-5.8 and -2.9 ms, respectively, and the marks at each curve from
the substrate materials of silicon, aluminium, stainless steel, and copper

are oval, square, triangle, and cross, respectively)
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In Figure 5.1, at about Tgug s Of 95°C, qfyearrin Was higher in the order of

copper, stainless steel, aluminium, and silicon. This difference is as a result of lower
density p, in this order of substrate materials as stated in Table 3.1. The lower pg in
this order of substrate materials allows more substantial heat transfer rate to enter
into the micro-channel with Ty, «,.rs When the flow is still at the single-phase at the

unsteady state.

At Ats, about 5.8, —2.9, and 0 (the end of each curve) ms before the bubble
nucleation, and 0 ms as depicted in Figure 5.1, qfoq;,fin @Nd Tayg sury decreased in

the order of silicon, aluminium, and copper. This occurrence is due to the combined
effects of higher thermal conductivities k; and thermal diffusivities a, in this order
of substrate materials as depicted in Table 3.1. The more considerable thermal
conductivities k; and thermal diffusivities a, in this order of substrate materials
possess the lower thermal resistance of the heat transferring from the bottom
surface at the exit of the micro-channel towards the upstream. Therefore, the
substrate materials with higher k; cause the more extensive heat conduction
towards upstream and the side surfaces at the similar qfoq; rin @S also observed

during the single-phase flow in the literature [23-25]. The higher a; of substrate
materials facilitates more substantial heat transfer rates from the hotter to colder
regions within the substrate. Therefore, in this order of the substrate materials, the
amount of heat conducting towards the downstream and side surfaces becomes
more significant at the higher rate before the bubble nucleation before the bubble
nucleation. Consequently, before the bubble nucleation, with the larger k,; and a; in
this order of the substrate materials, the vicinities with the unstable flow
significantly become lesser. Also, in this order of the substrate materials, the
regions of unsteady flow, leading to the smaller q/,tq; fin @aNd Tupgours before the

bubble nucleation.

However, qrorarfin @Nd Taygsury reduced less significant in the order of the
substrate materials of silicon, aluminium, and copper became less significant before
the bubble nucleation as illustrated in Figure 5.1. For the substrate materials of
silicon, aluminium, and copper, q;yq rin F€ached about 88.8%, 76.4%, and 73.8%
of (g5 X Ap)/A, respectively, during the bubble nucleation at about At, of 0. Before
the bubble nucleation, the larger a, producing larger heat conduction rate when
changing the substrate material from silicon to aluminium also produce less
significant increment of q;pq; fin @Nd Tayg sury With Atg,. However, even higher kg and
a; when changing the substrate material from aluminium to copper is superfluous
with the slight increment of the heat conduction and the rates from hotter to colder
locations. Consequently, the minor increase in the amount and rates of heat
conduction when changing the substrate material from aluminium to copper
produces less significant decrement of the unstable flow regions. Therefore, with
the less substantial decrement of the unstable flow regions, the decrement of

150




Chapter 5 Effects of Substrate Materials

Atotarfin AN Tapgcury DECOMeEs lesser when changing the substrate material from

aluminium to copper before the bubble nucleation. Before the bubble nucleation,
the excessive a; when changing the substrate material from aluminium to copper
causes an insignificant variation of the increment of ;o) fin @Nd Tayg sury With Atgy.

Also, in the order of the substrate materials of silicon, copper, and aluminium,
the increment of q/ya;,fin @Nd Tayg rin With Ats, from about —5.8 ms to 0 ms became
less substantial as depicted in Figure 5.1. These incidences imply that the combined
effects of higher k;, a;, and volumetric heat capacities pc, s in this order of the
substrate materials. The higher k; and a, in this order of the substrate materials
cause the more significant amount and rates of heat conduction from the hotter to
colder regions, producing the lesser unstable flows. Meanwhile, the higher pc,
provides the lower heat transfer rates from the surrounding into a body according
to the lumped system analysis from the transient heat transfer as evident in Cengel
and Ghajar [139]. Hence, the higher p;c, s in this order of the substrate materials
produce the lesser heat transfer rates from the base to the substrate and smaller
unstable flow regions. The lesser unstable flow regions in this order of the substrate
materials with the higher kg, a;, and pgc,  facilitate substantially lower increment of
Qtotarfin AN Tapgeury With Atg, before the bubble nucleation.

On the other hand, when changed the substrate material to stainless steel, the
ranges of qorarpin @Nd Tavgsury Decame lower before the bubble nucleation as

depicted in Figure 5.1. This incidence is due to the combined effects of significantly
lower kg and a, of stainless steel as compared to other substrate materials tested in
this study as stated in Table 3.1. The substantially small k,; of the substrate with
high thermal resistance causing more heat concentrates on the bottom surface
from the downstream is also apparent during the single-phase flow in the literature
[23-25]. The considerable low a, of the substrate material causes low heat transfer
rates from the hotter to colder vicinities within the substrate. At the bottom surface,
with the more heat conduction, the unstable flow regions become more extensive
before the bubble nucleation from stainless steel among the substrate materials
tested in this study. Also, before the bubble nucleation, the heat conduction to the
bottom surface is more than the side surfaces from stainless steel as compared to
other substrate materials tested in this investigation. Therefore, with the more heat
on the bottom surface than the side surfaces for stainless steel as compared to
other substrate materials examined in this study, g rin @Nd Tapgsurs are

significantly lower.
Also, the substrate material of stainless steel before the bubble nucleation
produced the less substantial increment of qyeq; i @Nd Tapgsury With Atg, from —5.8

ms to 0 ms. This presence is due to the combined effects of significantly lower kg,
as, and higher pgc,; of stainless steel as compared to other substrate materials
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tested in this evaluation. With the lower k; and a, of stainless steel as compared to
others in this study, more heat concentrates on the bottom surface than side
surfaces. Also, the higher psc,; allows lesser heat transfer rates from the base to
the substrate as compared to other substrate materials. As a result, these
combined effects cause the less insignificant increment of q/,¢q; fin @Nd Tapgcury With
Atgp.

5.2 Effects of Substrate Materials before Flow Boiling

Evaluated the transient heat transfer, the investigation continued with the analysis
the local and average heat transfer elements and heat transfer enhancement for
different substrate materials at different At;, . The local and average heat
components for different substrate materials assist in explaining the trend of
transient heat transfer data as shown in Figure 5.1.

The local heat transfer components for different substrate materials at different
Aty, are accessible by plotting q;,.,; Of each heat transfer element along the micro-
channel as illustrated in Figure 4.16, Figure 5.2, Figure 5.3, and Figure 5.4. From
Figure 4.16, Figure 5.2, Figure 5.3, and Figure 5.4, the substrate materials are
silicon, aluminium, copper, and stainless steel, respectively, at q; of 2030 kW/m?,

m” of 389 kg/m? s, and T, of 23°C. In overall, the increment of q/y.41sigepc from

CIl”;cal,side,fc were more than the increment of q{gcal,bottom,pc from q;,o*cal,bottom,fc for all
the substrate materials for both Ats, about —5.8 and —2.9 ms. From about Atg, of
—5.8 ms to —2.9 ms, more peaks and regions With qgcqipottompc DEIOW locarbottom,fe
grew and began further from the downstream for each substrate material. This
occurrence is also observable when varying m”, q,, and T;, as discussed in Section
4.3, 4.6, and 4.9, respectively.

The substrate material of silicon produced different heat distribution as shown in
Figure 4.16 as compared to the substrate materials of aluminium and copper as
depicted in Figure 5.2 and Figure 5.3. Compared to the substrate materials of
silicon before the bubble nucleation, aluminium and copper produced lesser amount
and magnitude of peaks of qjoq1sidepc AN locarpottompc- MEANWhIle, the peaks began
nearer to downstream when changed the substrate material from silicon to
aluminium and copper. Moreover, when replaced the substrate material from silicon
to aluminium and copper, the regions with qjocq;pottompe PEIOW Glocqarpottom, rc DECAME
less extensive. Furthermore, the substrate materials of aluminium and copper
possessed lower ranges of qroq;fin @Nd Tapgsury @S cOmpared to silicon before the

bubble nucleation as illustrated in Figure 5.1.
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Figure 5.2: q;,., along x* for aluminium micro-channel at A¢;, about (a)
—-5.8 and (b) -2.9 ms
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Figure 5.3: q,., along x* for copper micro-channel at At;, about (a) —-5.8
and (b) —-2.9 ms
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Figure 5.4: q;,., along x* for stainless steel micro-channel at A¢;, about (a)
—-5.8 and (b) -2.9 ms

The differences of the substrate material of silicon as shown in Figure 4.16 with
of aluminium and copper as illustrated in Figure 5.2 and Figure 5.3, respectively,
are due to the different k;. The substrate material of silicon possesses the larger kg
than aluminium and copper, producing lower thermal resistance, leading to higher
heat conduction towards upstream and side surfaces. The higher heat conduction
causes lesser heat to concentrate from the downstream and lesser unstable flows
with the insignificant nucleate boiling characteristic of the substrate materials of
aluminium and copper as compared to silicon. The fewer unsteady flow leads to the
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smaller amount and amplitudes of the peaks for the substrate materials with higher
k. of aluminium and copper as compared to silicon before the bubble nucleation.
The lesser amount and magnitudes of the peaks from the substrate materials of
aluminium and copper imply that the length scales of ascending and descending
flows are smaller than silicon before the bubble nucleation.

From Ats, about —5.8 ms to —2.9 ms, the change of heat distribution of the
substrate materials of silicon, aluminium, and copper is also evident in Figure 4.16,
Figure 5.2, and Figure 5.3, respectively. The substrate material of silicon,
aluminium, and copper produced more significant amount and magnitudes of peaks

"

of Giocarsidzepc AN locarpottompe frOM Atg, about —5.8 ms to —2.9 ms. However, the
peaks begin further from the downstream for the substrate material of silicon as
compared to aluminium and copper from Atg, about —5.8 ms to —2.9 ms. Also, the
substrate materials of aluminium and copper produced the smaller increment of the
amount and magnitudes of the peaks from Ats, about —5.8 ms to —2.9 ms as
compared to silicon. Meanwhile, from Ats, about —5.8 ms to —2.9 ms, the increment
Of Gotarfin With Tapgeury fOr the substrate material was more significant as compared
to aluminium and copper as evident in Figure 5.1. Furthermore, from Ats, about
—5.8 ms to —2.9 ms, the regions With qigcapottompec PEIOW Giocarpottom,rc DECAME
lesser for the substrate materials of aluminium and copper as compared to silicon.

The change of heat distribution with Ats, of the substrate materials of silicon,
aluminium, and copper as shown in in Figure 4.16, Figure 5.2, and Figure 5.3,
respectively, is due to the different a, and psc, . The higher a; of the substrate
materials of aluminium and copper causes higher heat conduction rates on the
bottom surface from the downstream to the upstream and side surfaces as
compared to silicon. The more substantial heat conduction rates on the bottom
surface from the downstream to the upstream and side surfaces cause the smaller
amount of heat concentrating on the bottom surface from the downstream.
Meanwhile, the higher psc, of the substrate materials cause lesser heat transfer
rates from the base to the substrate. This presence leads to the lower increment of
the amount and magnitudes of the peaks from about At, of —5.8 ms to —2.9 ms for
the substrate material of aluminium and copper as compared to silicon. Therefore
the substrate materials of aluminium and copper possess the less significant
development of the nucleate boiling characteristic as compared to the substrate
material of silicon from Ats, about —5.8 ms to —2.9 ms. Also, from At;, about —5.8
ms to —2.9 ms, the liquid-vapour mixture produced from the substrate material of
aluminium and copper is lesser than silicon with the lower heat from the
downstream. With the less massive liquid-vapour mixture of the substrate material
of aluminium and copper from Ats, about —5.8 ms to —2.9 ms, the regions with

"%

Qlocalbottompc DEIOW q;;;;allbottomﬂ are lesser as compared to silicon.
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"

From the substrate materials of aluminium and copper, the peaks of qjyca1side pe
began at the almost identical location as shown in Figure 5.2 and Figure 5.3,
respectively, at about Ats, of —5.8 and —2.9 ms. Meanwhile, at about Ats, of —5.8,
—2.9, and 0 ms, q¢orqarfin AN Tapgeury fOr the substrate material of aluminium and

copper were almost similar as depicted in Figure 5.1. This occurrence implies that
the increase of k; and a;, when changing the substrate material from aluminium to
copper is excessive for the heat conduction and its rates at the side surfaces. With
the smaller increment of the magnitudes and rates of heat conduction when
switching the substrate material from aluminium to copper before the bubble
nucleation, the peaks commence at almost the similar location. When At;, reached
about —2.9 ms from —5.8 ms, for both the substrate materials of aluminium and
copper, the peaks begin at the site further from the downstream with more heat
entering into the micro-channel.

Nevertheless, the substrate material of copper as illustrated in Figure 5.3
produced slightly larger magnitudes of peaks of qjyca1sigepc than aluminium as

depicted in Figure 5.2 at both At;, about —5.8 and —2.9 ms. Meanwhile, at both Aty

about —5.8, —2.9, and 0 ms, the substrate material of copper produced slightly
lesser qiorarfin @Nd Taygsury @S CcOmMpared to aluminium for each Atg, as illustrated in
Figure 5.1. This presence is as a result of the relatively higher k; and a; of the
substrate material of copper as compared to aluminium. The higher k; of the
substrate material of copper as compared to aluminium allows more heat
conduction towards the upstream and side surfaces from the bottom surface at the
downstream. With higher a; when changing the substrate material from aluminium
to copper, the heat conduction rates into the micro-channel are more substantial
when the unsteady flow with the colder fluid descending on hotter heating surfaces.
These combined effects cause more unstable streams at the side surfaces with the
larger magnitudes of peaks for the substrate material of copper as compared to the
aluminium before the bubble nucleation. Hence, the heat distribution on the bottom
surface becomes slightly lesser for the substrate material of copper as compared to
aluminium at both Ats, about —5.8 and —2.9 ms. Therefore, for the substrate
material of copper, the unsteady flows on the bottom surface become lesser as
compared to aluminium for the bubble nucleation. With the smaller unstable
streams on the bottom surface of the substrate material of copper, at about At of
—5.8, —2.9, and 0 ms with lesser g/, rin aNd Tapgsury @S cOMpared to aluminium.

On the other hand, at about Ats, of —5.8 ms, the peaks of qiycarpottompc WAS
absent for the substrate material of aluminium as depicted in Figure 5.2a. However,
few peaks of qpcaipottompc @PPeared for the substrate material of copper as
illustrated in Figure 5.3a. Meanwhile, for the substrate material of copper, the
regions of qipcaipottompe PEIOW  Giocarportomrc @PPeared whereas absent for the
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substrate material of aluminium. This presence is due to the increase of a; when
changing the substrate material from aluminium to copper. The larger a;, when
changing the substrate material from aluminium to copper produces higher heat
transfer rates from the hotter to colder regions when unstable flows appear from
the downstream.

When At;, reached —2.9 ms, the substrate material of aluminium as shown in
Figure 5.2b produced relatively more massive peaks of qjocq1 pottompc @S COMpared to
copper as illustrated in Figure 5.3b. Also, the regions of qgcqpottompe DEIOW
Qlocalbottom,fc TOF the substrate material of aluminium appeared with larger amplitude
as compared to copper. This existence is due to the relatively lower psc, of the
substrate material of aluminium as compared to copper. The smaller pgc, s of the
substrate material of aluminium as compared to copper allows higher heat transfer
rates from the base to the substrate. With the higher heat transfer rates from the
base to the substrate of aluminium as compared to copper, relatively more massive
peaks of qjpcarportompe DECOME apparent at about At;, —2.9 ms. Also, before the

bubble nucleation, the more substantial heat conduction from the base to the
substrate causes slightly greater liquid-vapour mixture from the substrate material
of aluminium as compared to copper. The mass massive liquid-vapour mixture from
the substrate material of aluminium as compared to copper leads to more extensive

. . "% n*
regions with iocal,bottom,pc below Qiocat,bottom,fc-

Comparing to the substrate materials of silicon, aluminium, and stainless steel
as illustrated in Figure 4.16, Figure 5.2, and Figure 5.3, respectively, the outcomes
from stainless steel was dissimilar as shown in Figure 5.4. When employed the

"

substrate material of stainless steel, the curves of qjpca;sigepc @3N Qlocarbottompe With
peaks almost overlapped to each other before the bubble nucleation at both At,.

Also, the peaks of qjocqisidepc frOM Giocarsiae rc fOr the substrate materials of stainless

steel is more than the peaks of qiycaipottompe FFOM Qiocarpottom e - Meanwhile, the
substrate material of stainless steel produced the lower range of q/q fin and
Tavg,surr @t both Atq, as compared to others employed in this study as depicted in
Figure 5.1.

From Figure 4.16, Figure 5.2, Figure 5.3, and Figure 5.4, the differences of the
outcomes for the substrate material of stainless steel as compared to others in this
study are due to extremely low kg and a;. With the substantially low kg, and a; of
stainless steel as compared to others in this investigation, the heat conduction
concentrating on the bottom surface is even higher at the lower rates. The massive
heat accumulating on the bottom surface of the substrate material of stainless steel
is also almost comparable to the side surfaces as compared to other substrate
materials. Consequently, for the substrate material of stainless steel with the

massive heat accumulating on the bottom surface, the curves of qjpcq;sigepc @Nd
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Qlocatpottompc With peaks almost overlapped to each other. With more substantial

heat on the bottom surface for the substrate material of stainless steel as
compared to others, the thick thermal boundary layer formed from the bottom

(£3

surface as evident in Figure 5.5. Meanwhile, the peaks of qjycq;sigepc from the
substrate material of stainless steel formed mainly from high-temperature
gradients of the thermal boundary layer. The high-temperature gradients of the
thermal boundary layer of the substrate material of stainless steel commonly
appeared at the top part of the side surfaces, causing the peaks of qj5.q; sige pc MoOre

n*
tha n QIocal,bottom,pc .

.\1_
*--.':E:'Il:‘:|
-.:"_;:}
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Figure 5.5: A thermal boundary layer in the micro-channel heat sink made
of stainless steel at a cross-section with the liquid-vapour mixture before
flow boiling

From Atg, about —5.8 ms to —2.9 ms, for the substrate material of stainless steel,
the increment of the amount and magnitude of the peaks of g4 sigepc Was
insignificant as evident in Figure 5.4. The substrate material of stainless steel also
produced the less substantial increment of the regions with gjocqipottompe DEIOW
Qlocaipottom fc- AlSO, for the substrate material of stainless steel, the increment of
Atotarfin @Nd Tapgsury Defore the bubble nucleation was evident as observed in Figure
5.1, indicating the insignificant development of nucleate boiling characteristic. This
incidence is due to the substantially low k; and a, for the substrate material of
stainless steel as compared to others in this study. The considerably low k, of the
substrate material of stainless steel causes more heat concentrating on the bottom
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surface as compared to other substrate materials in this study. The significantly low
a, for the substrate material of stainless steel produces low heat transfer rate from
hotter to colder regions of the substrate, leading to the lesser increment of the
peaks. The lower rate of heat transferring mostly to the bottom surface for the
substrate material of stainless steel as compared to others causes the smaller

"

increment of the peaks of qjgcqisigepc With Ats, . Also, the substrate material of

stainless steel with the lower rate of heat transferring mostly to the bottom surface
produces the insignificant increase of the liquid vapour mixture with At as
compared to others. This incidence causes the less significant increment of the
regions With qpocaipottompe PEIOW Qrocarpottom, re With Atsy, for the substrate material of
stainless steel as compared to others.

However, for the substrate material of stainless steel, the increment of the
number of peaks of qjycqrpottompc WAS considerably high when Atg, reached —2.9 ms

from —5.4 ms as evident in Figure 5.4. Also, the increment of the peaks of
Qlocalbottompe With Atg, for the substrate material of stainless steel was larger as
compared to others in this study as illustrated in Figure 4.16, Figure 5.2, and Figure
5.3. Moreover, the peaks produced from the substrate material of stainless steel
began further from the downstream when At;, reached —2.9 ms as compared to
others in this study. This occurrence is due to significantly low k, providing more
heat accumulating on the bottom surface for the substrate material of stainless
steel as compared to others tested in this investigation. The substrate material of
stainless steel producing more massive heat on the bottom surface causes the
considerably larger increment of the peaks when Ats, reaches about —2.9 ms. At
about Ats, of —2.9 ms, the more substantial heat on the bottom surface of the
substrate material of stainless steel also causes more massive amount liquid-
vapour mixtures as compared to others in this investigation. This incidence causes
the broader regions with qjgcaipottompe PEIOW iocarpottom, rc fOr the substrate material
of stainless steel as compared to other in this study.

Based on the local average peripheral heat fluxes due to phase change along the
micro-channel for different substrate materials at At;, about —5.8 and —2.9 ms, the

corresponding average values are observable as illustrated in Figure 5.6.

" *

At about Ats, of —5.8 ms as depicted in Figure 5.6a, the increment of qgiye .

"%

from qgiue r fOr the substrate material of silicon was slightly higher as compared to

" "

aluminium and copper. On the other hand, the increment of gy, from qgiye s fOr
the substrate material of aluminium was slightly lower than copper. For the

"

substrate material of silicon, aluminium, and copper, qy5¢tompc Was nearly close to

"% " "

Abottomfc + Gsizepc @Nd qsigerc fOr the substrate material of stainless steel was

significantly lower as compared to other substrate materials tested in this study at
about Ats, of —5.8 ms. At about Ats, of —5.8 mMS, qportompe ANA Gportompc fOr the
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substrate material of stainless steel was substantially larger as compared to other
tested substrate materials employed in this investigation. Therefore, for the
substrate material of stainless steel, at about At of —5.8 ms, all the heat transfer
components were closer to each other as compared to other substrate materials
implemented in this study. Moreover, for the substrate material of stainless steel,

"% "

Abottompc WS slightly lower than gpoirom . at about Ats, of —5.8 ms. Meanwhile,

" "

sigepc WAS larger than qgjy, ¢, for the substrate material of stainless steel at about
Atgp, of —5.8 ms.

When At;, reached about —2.9 ms, in general, the increment of qg from

side,pc
"%

sige,;c DECAMeE more significant for all the substrate materials from At about —5.8

ms depicted in Figure 5.6. Nevertheless, the substrate material of silicon produced
significantly larger increment of gz, from qgjy. s @s compared to aluminium and

copper at about Ats, of —2.9 ms. Also, at about Atf, of —2.9 ms, the increment of

"= "

Abottompc TTOM Gporeom, rc WAsS also present for the substrate material of silicon. On the
other hand, the increment of gz, from gy, s for the substrate material of copper
was higher than aluminium at about Ats, of —2.9 ms. Meanwhile, at about At of

"

—2.9 MS, qpottompc WaS almost close to gporom - fOr both of the substrate materials
of aluminium and copper.

In Figure 5.6, in general, the increment of qgj,.,,. Was more than qpgiompe for

each substrate material. The increment of qgj,,. from each substrate material is
mainly due to the ascending and descending flows created in the micro-channel
enhancing the heat transfer. Meanwhile, the insignificant increment of g4y, ,,c is as a
result of the considerable amount of the liquid-vapour mixture on the bottom
surface from each substrate material.

Consequently, this study continued with the corresponding heat transfer
enhancement h* of the substrate material was studied as shown in Figure 5.7.

In Figure 5.7, at about At, of —5.8 ms, h* was higher for the substrate material
of silicon as compared to aluminium and copper. This incidence is due to the
relatively lower kg for the substrate material of silicon as compared to aluminium
and copper. The lower k, of the substrate material of silicon allows more heat to
concentrate on the bottom surface near the outlet, causing the relatively more
massive amount of the liquid-vapour mixture on the bottom surface as compared to
aluminium and copper. When At reached about —2.9 ms, h* for the substrate
material of silicon substantially increased more than others in this study. This
presence is due to the lower ks, ag, and pgc, s for the substrate material of silicon as
compared to aluminium and copper. The lower k, and a, of the substrate material of
silicon facilitate more heat conduction on the bottom surface from the outlet at the
higher rates as compared to aluminium and copper. On the other hand, the lower
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pscps for the substrate material of silicon allows higher heat transfer rates from the
bottom surface to the body of the substrate. The more substantial heat transfer
rates for the substrate material of silicon as compared to aluminium and copper
produce the more rapid increment of ascending and descending flows enhancing
the heat transfer. Therefore, with the more extensive increment of ascending and
descending streams from the substrate material of silicon, h* increased significantly
with Aty, as compared to aluminium and copper.
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Figure 5.6: q"* for micro-channels made of different substrate materials at
Ats, about (a) -5.8 and (b) -2.9 ms
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Meanwhile, the substrate material of copper produced higher h* as compared to
aluminium at about Ats, of —5.8 ms as shown in Figure 5.7. When Ats, reached
about —2.9 ms, h* for the substrate material of copper was also more than
aluminium. This occurrence is as a result of the more extensive ks and c, ; for the
substrate material of copper as compared to aluminium. The higher k; and a, of the
substrate material of copper produce more heat conduction towards the side
surfaces and upstream from the outlet at the lesser rates as compared to copper.
The more substantial a, for the substrate material of copper also causes more rapid
heat transfer rates from the heating surfaces towards the colder fluid descending
on the surfaces as compared to aluminium. Subsequently, the more substantial
heat transfer rates towards the side surfaces and upstream of the substrate
material of copper lead to higher h* as compared to aluminium.
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Figure 5.7: h* for micro-channels made of different substrate materials at
Ats, about 5.8 and -2.9 ms

However, the substrate material of stainless steel produced the larger h* with
the even lower ks as compared to silicon at about At;, of —5.8 ms as depicted in
Figure 5.7. This occurrence is as a result of the even more extensive heat
accumulating on the bottom surface with significantly low kg for the substrate
material of stainless steel as compared to silicon. With more substantial heat on the
bottom surface for the substrate material of stainless steel as compared to silicon,
the thick thermal boundary layer formed from the bottom surface as evident in
Figure 5.5. Meanwhile, the peaks of qjocqisigepc from the substrate material of
stainless steel formed mainly from high-temperature gradients of the thermal
boundary layer. The high-temperature gradients of the thermal boundary layer of
the substrate material of stainless steel commonly appeared at the top part of the
side surfaces, leading to the higher h* as compared to silicon.
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Nevertheless, when Ats, reached about —2.9 ms, the increment of h* for the
substrate material of stainless steel was lesser as compared to silicon as illustrated
in Figure 5.7. This incidence is as a result of the substantially lower k; and a, and
higher ¢, ;p; for the substrate material of stainless steel as compared to silicon. The
lower k; and a, for the substrate material of stainless steel causes more heat
accumulating on the bottom surface with the more moderate rates as compared to
silicon. Meanwhile, the higher psc,¢ for the substrate material of stainless steel
produces lower heat transfer rates from the bottom surface towards the body of the
substrate as compared to silicon. Therefore, with the combined effects of
significantly lower k; and a; and higher ¢, ;p; for the substrate material of stainless
steel, the increment of h* with At;, becomes less significant as compared to silicon.

5.3 Effects of Substrate Materials during Flow Boiling

Once completed addressing the heat transfer before flow boiling, the next
evaluation is regarding the effects of each substrate material on local and average
heat transfer and heat transfer enhancement during flow boiling.

The investigation of the local heat transfer during flow boiling is obtainable
through plotting q;,.,; for each heat transfer element along x* of each substrate
material. For the plots, the conditions chosen are from Figure 4.22b while changing
the substrate materials at At;, about 10 ms as illustrated in Figure 5.8. For the

substrate materials of silicon, aluminium, and copper, the amount and magnitudes
of peaks of qjpcqrsigeiq WETE More than the peaks of qjpcqrportom,iiq dUring flow boiling.

"

On the other hand, the regions With qjocaipottomiiq PEIOW dipcarpottom e WEFE€ mMore

" "

than the regions with qjgcqisigeiiq PEIOW Giocarsidesc fOr €ach substrate material.
Meanwhile, for each substrate material, the number of peaks of qjy.q;sigevap @Nd

"

negative heat fluxes from qjocq1sidevap €Merged during flow boiling. Furthermore, the

"

regions with the negative heat fluxes of qjycq;sigevap during flow boiling were more
than q;,, for each substrate material. In general, during flow boiling, both

local,bottom,vap

Qiocal,sidevap @Nd Qlocarpottomvap @t MOSt regions during flow boiling were close to zero.

These occurrences are also evident for different m", q5, and T, as discussed in
Section 4.4, Section 4.7, and Section 4.10, respectively. However, the amount and

"

magnitudes of peaks of qiocq1portomiiq fOr the substrate material of stainless steel

was more than qjpeaisigeriq N Which the discussion regarding this outcome is

available in this section.

In Figure 4.22b and Figure 5.8, during flow boiling at At;, about 10 ms, in the

order of the substrate materials of silicon, aluminium, and copper, the peaks of
Qlocalside lig D€GaAN nearer from the downstream. Also, the amount and magnitude of

"%

peaks of qiocaside,iiq Slightly decreased in this order of the substrate materials during
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flow boiling. Meanwhile, the regions with peaks of g, and regions with

local,side,vap
"% &3

Qlocalsidevap PEIOW Glocarside,rc DECAMeE less extensive in this order of the substrate

materials. These occurrences are due to the relatively higher k; producing more
heat conduction towards upstream and side surfaces in this order of the substrate
materials during flow boiling. Hence, the heat concentrating on the bottom surface
in this order of the substrate materials became lesser. The fewer heat accumulating
on the bottom surface produces less significant ascending flows of hotter fluid and
descending of colder fluid towards the side surfaces in this order of the substrate
materials. Meanwhile, in this order of the substrate materials, vortexes at the
corners became lesser. With the fewer eddies at the corners in this order of the
substrate materials, the amount and magnitude of peaks of g, and

local,side,liq
"%

Qlocalsidevap SHightly decreased during flow boiling. During flow boiling, the less
substantial vortexes at the corners also result in lesser regions and began nearer to
downstream With qiocarsigevap DEIOW qiocarsiaesc iN this order of the substrate
materials.
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Figure 5.8: q,,.,, along x* for (a) aluminium, (b) copper, and (c) stainless
steel micro-channels at A¢;;, about 10 ms

In the order of the substrate materials of silicon, aluminium, and copper, the

regions  With  qjocaipottomiiq PEIOW  Qlocarbottom e @ISO began  further from the

downstream as illustrated in Figure 4.22b and Figure 5.8. As this order of the
substrate materials possesses the larger k, with lesser heat concentrating on the
bottom surface, the amount of the liquid-vapour mixture becomes relatively less
massive during flow boiling. The less extensive amount of liquid-vapour mixture in
this order of the substrate materials causes the smaller vicinities With qjcq; pottom,iig

below qjocarpottom, rc At the bottom surface during flow boiling.
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When changed the substrate material to stainless steel, unlike others, the heat
fluxes at the side surfaces and bottom surface almost overlapped each other during
flow boiling as illustrated in Figure 4.22b and Figure 5.8. Also, during flow boiling,

"

the peaks of qjocarsideriq @NA Glocarportom,iiq P€9AN further from the downstream for

the substrate material of stainless steel as compared to others in this study.
Moreover, the magnitudes of peaks of qjpcaiportomiiq WaS relatively higher than
Qlocarsideliq TOF the substrate material of stainless steel as compared to others in this
investigation during flow boiling. Meanwhile, during flow boiling, for the substrate
material of stainless steel, the regions With qcapottomvap PEIOW  Giocarpottom,fe
extended further from the outlet as compared to others in this investigation.

These outcomes from Figure 4.22b and Figure 5.8 are due to the extremely
small k, of the substrate material of stainless steel allowing significantly more
massive heat accumulating on the bottom surface as compared to others in this
study. With more heat transferring to the bottom surface of the substrate material
of stainless steel, the relatively high magnitude of peaks of gjycqaiportom,1iq €MErged
as compared to qipcaisigeriq - Me€anwhile, during flow boiling, for the substrate

material of stainless steel, with more heat transferring to the bottom surface, the
amount of liquid-vapour mixture on the bottom surface becomes more massive.
The more extensive amount of liquid-vapour mixture for the substrate material of
stainless steel as compared to others in this study produces more considerable

"

regions With qigcarpottomvap PEIOW Qiocarbottom,rc- AlSO, for the substrate material of

stainless steel, the more heat accumulating on the bottom surface also causes the
significantly thicker thermal boundary as compared to others in this study during
flow boiling. With the substantially thicker thermal boundary layer of the substrate
material of stainless steel, the temperature gradients of the top part of the side

surfaces are steeper, forming the peaks of qjp.q; side,tiq-

From the local heat flux values, the corresponding average heat fluxes at each
surface are accessible for different substrate materials at Atf, about 10 ms. For the

substrate material of silicon, the increment of qgye from qgg. . Was evident

during flow boiling as depicted in Figure 5.9. Meanwhile, during flow boiling, for the

"

substrate material of silicon, quorrom,iiq DEIOW Ghorromrc @ISO became apparent. When

changed the substrate material from silicon to aluminium and copper, the

increment of qgiye 114 from qgige o Was almost similar during flow boiling. On the other

hand, for both the substrate materials of aluminium and copper, during flow boiling,

"% "%

Abottomig WAS N€Arer tO qporrom rc- When changed the substrate material from silicon,

aluminium, or copper to stainless steel, qgiye g @aNd qgige s decreased during flow
boiling. Meanwhile, for the substrate material of stainless steel, gpoomiiq @nd
"x

Abottom,rc INCreased during flow boiling. Therefore, during flow boiling, for the
substrate material of stainless steel, all heat transfer components were closer to
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"% "%

each other. Also, the increment of qgyeiq from qgge s Was less significant for the

substrate material of stainless steel as compared to others in this study during flow
boiling. Similar to other substrate materials employed in this study, stainless steel

" "

produced qyoetom,iiqg @lMOSt close to gporrom s during flow boiling.

"% "% %

In overall, the increment of qgye i from qgize (e Was more than gporomiq from
Tbottom,fc TOr €ach substrate material during flow boiling. This occurrence is due to

as a result of more massive ascending and descending flows during flow boiling
from the side surfaces as compared to the bottom surface. Also, from all the

" "%

substrate materials, the insignificant variation of q,otromiiq frOM gporeom rc during flow

boiling. This incidence is due to the higher amount of the liquid-vapour mixture on
the bottom surfaces as compared to the side surfaces during flow boiling. On the

"

other hand, from all the substrate materials, the changes of qgiye vap @Nd Gpottomvap

were also less significant during flow boiling due to the low thermal conductivity of
the vapour phase.

Once examined local and average heat transfer, the following section of the
investigation is the corresponding heat transfer enhancement of h* for different
substrate materials during flow boiling. The analysis is achievable by plotting h* for
different substrate materials at Ats, about 10 ms during flow boiling as shown in
Figure 5.10. In Figure 5.10, in the order of the substrate materials of silicon,
aluminium, and copper, h* increased. This occurrence is due to the higher k, in this
order of the substrate materials, allowing more heat conduction towards the
upstream and side surfaces with lesser heat concentrating on the bottom surface.
With the fewer heat accumulating on the bottom surface in this order of the
substrate materials, the formation of the amount of liquid-vapour mixture impeding
the heat transfer became lesser. The lesser generation of the amount of liquid-
vapour mixture on the heating surface in this order of the substrate materials
during flow boiling causes h* to increase.

For the substrate material of stainless steel, h* was slightly larger although k; is
significantly lower as compared to silicon as evident in Figure 5.10. This presence is
due to more heat accumulating on the bottom surface of the substrate material of
stainless steel, causing more intensive ascending and descending flows as
compared to others in this study. The more active ascending and descending
currents facilitate more heat transfer enhancement with larger h* for the substrate
material of stainless steel as compared to silicon. The more extensive heat
concentrating on the bottom surface also produces the more massive liquid-vapour
mixture for the substrate material of stainless steel as compared to others in this
study. Nevertheless, the ascending and descending flows are intensively
suppressing the impact of liquid-vapour mixture inhibiting the heat transfer for the
substrate material of stainless steel as compared to others in this study.
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5.4 Location of Bubble Nucleation and Bubble Growth for Different
Substrate Materials

Once finished studying the heat transfer, the study proceeded to investigate the
location of bubble nucleation within the cross-section of the micro-channel during
flow boiling for different substrate materials.

In the order of the substrate materials of silicon, aluminium, and copper, the
number of bubbles during flow boiling became less substantial at about At;, of 10
ms as illustrated in Figure 5.11. This incidence is due to relatively larger k, of in this
order of the substrate materials, causing lesser heat concentrating on the bottom
surface inducing the lesser bubble nucleation. When changed the substrate material
to stainless steel, the number of bubbles were also smaller than silicon, although
the stainless steel possesses significantly lesser k, than silicon. This presence is due
to the even more heat accumulating with substantially lower k; for the substrate
material of stainless steel as compared to silicon. With the even more heat
concentrating on the bottom surface, the ascending and descending streams
becomes more intensive for the substrate material of stainless steel as compared to
silicon. The more massive ascending and descending flows indicate the more
unstable flow suppresses the bubble nucleation for the substrate material of
stainless steel as compared to silicon.

During flow boiling at about Ats, of 10 ms, the bubbles mainly nucleated at the
corners and the lesser number of bubbles nucleated at the side and bottom
surfaces for the substrate materials of silicon, aluminium, and copper as depicted in
Figure 5.11. In this order of the substrate materials with the larger kg, the number
of bubbles at the corners and side surfaces became lesser during flow boiling. This
incidence is due to the relatively more heat conduction towards the side surfaces in
this order of the substrate materials with the larger k. With the more heat
conduction to the side surfaces, the flow at the side surfaces becomes more
unstable, inhibiting the bubble nucleation in this order of the substrate materials
during flow boiling. Meanwhile, during flow boiling, the substrate material of copper
produced more bubbles at the bottom surface as compared to silicon and
aluminium. This occurrence is also as a result of larger k, for the substrate material
of copper as compared to silicon and aluminium, resulting in more heat conduction
towards the upstream and side surfaces. With the more heat conduction towards
the upstream and side surfaces for the substrate material of copper, the heat
accumulating on the bottom surface becomes lesser as compared to silicon and
aluminium. The fewer heat concentrating on the bottom surface leads to more
stable flow facilitating the bubble nucleation on the bottom surface for the substrate
material of copper as compared to silicon and aluminium.
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Figure 5.11: Location of bubble nucleation against substrate material at
Ats, within 0 and 10 ms

For the substrate material of stainless steel, the majority of the bubbles also
nucleated at the corners during flow boiling at about Ats, of 10 ms as shown in
Figure 5.11. However, the number of bubbles at the corners of the substrate
material of stainless steel was lesser as compared to silicon, although the more
heat concentrating on the bottom surface. This incidence is also due to the
extremely low k, of stainless steel, allowing more heat accumulating at the corners
associated with the more unstable flow suppressing slightly more the bubble
nucleation as compared to silicon.

Meanwhile, the number of bubbles at the side surfaces for the substrate material
of stainless steel was few and comparable to silicon and aluminium as illustrated in
Figure 5.11. This occurrence is due to the insufficiently high k, of the substrate
material of stainless steel, silicon, and aluminium, causing the heat accumulating
on the bottom surface to generate unstable flow. Also, the unsteady flow induced
from the substrate material of stainless steel, silicon, and aluminium is sufficient to
suppress the bubble nucleation, causing the comparable bubble nucleation on the
bottom surface. On the other hand, the bubble nucleation at the side surfaces of
the substrate material of stainless steel was the least among the substrate
materials due to the significantly low k,. With the significantly low k; of the
substrate material of stainless steel, the amount heat conduction towards the side
surfaces is considerably lesser to generate the phase change regions for the bubble
nucleation.

171



Chapter 5 Effects of Substrate Materials

172



Chapter 6 Effects of Working Fluids

Chapter 6 Effects of Working Fluids

This chapter presents results and discussion regarding effects of working fluids on
mechanisms of heat transfer and fluid flow before and during flow boiling in silicon
rectangular micro-channels. The micro-channel heat sink has one 200 um wide,
264 pym high, and 1 cm long micro-channel with W;;, of 200 um and H,, of 137 pm.
Also, the micro-channel is at m” of 389 kg/m? s, T;, of 23°C, and p,,; of 1 atm. For
each working fluid, instead of fixing g, for each working fluid, this study selected
AToyg sup (= Tavgsurr — Tsae) @t the final Ats, as the controlling input parameter. For
each working fluid, setting appropriate g, is necessary to control AT, ., and
produce almost similar AT,  «,, at the final Atg,. In this study, AT, ., Chosen was
16°C at the selected final At, at about 10 ms for each working fluid. The selected
working fluids in this study were water and ethanol. AT, Of 16°C at Ats, about
10 ms of water was obtainable with g; of 2030 kW/m? as the conditions as shown in
Figure 4.16. For ethanol, AT, «, reached 16°C at Atg, about 10 ms at g, of 566
kW/m?2.

6.1 Transient Heat Transfer for Different Working Fluids before
Flow Boiling

This investigation starts with the evaluation of the transient heat transfer behaviour
of water and ethanol flowing in silicon rectangular micro-channels before the
nucleation of first bubble At;, < 0. This analysis is attainable by plotting q/,¢q; fin
against AT,y 4 . s fOor water and ethanol before flow boiling as illustrated in Figure
6.1.

In Figure 6.1, water was at the higher range of g/, sin @ssociated with higher gy
to obtain ATy, 4 «p Of 16°C at Atg, about 10 ms as compared to ethanol. Also, for
the working fluid of water, the increment of qyqfin and ATgygap Was more
significant as compared to ethanol from Ats, about —5.8 ms to 0. Also, the curve
from Ats, about —5.8 ms to 0 was steeper for the working fluid of water as
compared to ethanol, indicating the more rapid development of nucleate boiling
characteristic. Kim et al. [140] also observed that the working fluid of water
produced higher heat transfer rates as compared to saturated FC-72. This outcome
is as a result of larger latent heats h;,, (24 times) and thermal diffusivity a; (5.5
times) of the working fluid of water as compared to saturated FC-72. In this study,
h;, of the working fluid of water is 2.3 times, and q; is about 2.2 times larger than
ethanol, allowing higher heat transfer rates of phase change. During flow boiling in
micro-channels, the surface tension o produces insignificant effects on the heat
transfer as found in the numerical study of Mukherjee and Kanlikar [74]. Therefore,
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the change of o produces the negligible effect on the increment of q/q fin @nd
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Figure 6.1: Transient heat transfer data of q;,., /i, @gainst T, s Of

different working fluids flowing in micro-channels made at " = 389 kg/m?
S, AT g sury @about 16°C at Ats, of 10 ms, and T;,, = 23°C before flow boiling

Ats, < O (first and second marks at Ats, about —5.8 and -2.9 ms,
respectively)

6.2 Effects of Working Fluids before Flow Boiling

Examined the transient heat transfer, this study proceeded with the exploration of
the local heat transfer behaviour for different working fluids before flow boiling. For
the investigation of the local heat transfer behaviour, the plots of q;,., for each
heat transfer component at each surface along the micro-channel for different
working fluids before flow boiling are essential. The plots for the working fluid of
water at Ats, about —5.8 and —2.9 ms are available in Figure 4.16 whereas for
ethanol are evident in Figure 6.2.

"

For each working fluid, the increment of qjp.q1sigepc frOM diocarsiderc WAS More
than the increment of qiocabottompe FFOM Qlocarpottom, e AL DOth Ats, about —5.8 and
—2.9 ms as shown in Figure 4.16 and Figure 6.2. Also, at both At;, about —5.8 and
—2.9 ms, the regions With qiocapottompc PEIOW Giocarpottomsc WEFE more than the

"%
local,side,pc

"

regions with g below qjocqisigesc- From about Atg, of —5.8 ms to —2.9 ms,

"%

more peaks and regions With qiocapottompec PEIOW Giocarbottom e GF€W and began
further from the downstream for each working fluid. This occurrence is also
observable when varying m", q,, T;,, and substrate materials as discussed in
Section 4.3, 4.6, 4.9, and 5.2, respectively.
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Figure 6.2: q;,.,; along x* for ethanol flowing in silicon micro-channel at m"
of 389 kg/m?s, AT, ,, of 16°C at At;, about 10 ms, and T;, of 23°C at Aty,
about (a) -5.8 and (b) —-2.9 ms

From Figure 4.16a and Figure 6.2a, at At;, about —5.8 ms, the amount and

"%

magnitude of peaks of qjocqsigepc fOr the working fluid of water was still less
significant as compared to ethanol. Also, for the working fluid of water, the amount
and magnitude of peaks of g pottompe WaS less substantial as compared to
ethanol. Moreover, for the working fluid of water, the regions with qiyca1pottompc

"%

below qiocarportom,rc WAS also larger than ethanol. These occurrences are due to the
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relatively larger h;,, and q; of the working fluid of water as compared to ethanol,
producing higher heat transfer rates of phase change as also observed by Kim et al.
[140]. The more significant heat transfer rates for the working fluid of water
facilitates the formation of the ascending and descending flows associated with the
liquid-vapour mixture. However, at Ats, about —5.8 ms, the working fluid of water is
still at the initial stage of phase change in which the ascending and descending
flows are still less intense. Instead, the liquid-vapour mixture on the heating
surfaces is more significant at At;, about — 5.8 ms. With the less intensive
ascending and descending flows for the working fluid of water at Ats, about —5.8

"%

ms, the amount and magnitude of peaks of qjocqisigepc @3N Gocarbottompe Ar€ lesser
as compared to ethanol. Meanwhile, with the more massive liquid-vapour mixture
at Ats, about —5.8 ms, the regions with qjocqipottompe PEIOW Giocarpottom e fOr the
working fluid of water are more substantial than ethanol.

"

At about Atg, of —2.9 ms, the amount and magnitude of peaks of qjo.q;sigepc from

the working fluid of water was more significant as compared to ethanol as displayed
in Figure 4.16b and Figure 6.2b. Moreover, the working fluid of water possessed the
more substantial amount and magnitude of peaks of qjycqrpottompc @S COMpared to
ethanol at about At;, of —2.9 ms. Furthermore, the working fluid of water produced
the steeper increment of qoq; fin With Taygcurr @S compared to ethanol as shown in
Figure 6.1. Meanwhile, at about At;, of —2.9 ms, for the working fluid of water, the
regions With qjoeqipottompe PEIOW Giocarbottomsec WEre€ more massive than ethanol.
These occurrences are also due to the more substantial h;,, and q; facilitating the
higher heat transfer rates of phase change for the working fluid of water as
compared to ethanol. With the more intense heat transfer rates during phase
change when Ats, reached —2.9 ms for the working fluid of water, the peaks of

"%

Qlocalsidepc @Nd Qlocarpottompc AF€ MoOre massive as compared to ethanol. Also, for the
working fluid of water at about Ats, of —2.9 ms, the higher heat transfer rates
during phase change also induce more massive liquid-vapour mixture on the
bottom surface. With the more massive liquid-vapour mixture, the regions with
Qlocalpottompc DEIOW locarpottom,rc DECOMES more for the working fluid of water as

compared to ethanol at about Ats, of —2.9 ms.

Based on the local distribution of heat fluxes due to phase change, the average
heat fluxes for different working fluids at At;, about —5.8 and —2.9 ms is accessible.

" "%

At Ats, about —5.8 as depicted in Figure 6.3a, the increment of qgjye e from qgige fc

for the working fluid of water was relatively lower than ethanol. Meanwhile,
dbottompc fOr the working fluid of water was also almost close to but slightly lower

"

than gpottomc- ON the other hand, for the working fluid of ethanol, gsttompc Was

"%

also almost near to but slightly higher than quoerom .- From Atg, about —5.8 ms to
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"% "%

—2.9 ms as shown in Figure 6.3b, the increment of peaks of qgizepc from qgige fc
became more apparent for the working fluid of water. Also, for the working fluid of

"

water, the increment of q,oeompe FrOM Gporeom e AlISO existed at about Ats, of —2.9

"% "

ms. However, for the working fluid of ethanol, the increment of gy ,c from qgige fc

"

was lesser as compared to water. On the other hand, qusttompc Was still almost
closer to qpoetomsc @t about Atg, of —2.9 ms for the working fluid of ethanol as
compared to water.

" "

In overall, the increment of qgje,c from qgze (e Was more than qpoompe from

"

Thottom,rc fOr €ach working fluid as depicted in Figure 6.3. This presence is as a

result of more intensive ascending and ascending flows on the side surfaces as
compared to the bottom surface enhancing the heat transfer for each working fluid.

"

On the other hand, the insignificant variation of qpotompc FrOM quoreom e IS due to the

existence of the liquid-vapour mixture on the bottom surface inhibiting the heat
transfer.

Once finished studying the local and average heat fluxes, the following section
of the investigation is to evaluate the heat transfer enhancement of h* for different
working fluids before flow boiling. The heat transfer enhancement is observable by
plotting h* for water and ethanol at Aty, about —5.8 and —2.9 ms as evident in
Figure 6.4. In Figure 6.4, h* for water was still lower than ethanol at Aty, about
—5.8 ms. This presence is due to the larger h;,, and a; producing the higher heat
transfer rates of phase change for the working fluid of water as compared to
ethanol. With the higher heat transfer rates during phase change, at Ats, about
-5.8 ms, the working fluid of water is even at the beginning stage of the phase
change process. During the beginning stage of the phase change process, the
ascending and descending flows are still less active for the working fluid of water.
Instead, at the beginning stage of the phase change process, the liquid-vapour
mixture formed is more significant for the working fluid of water, causing the lower
h* at Atg, about —5.8 ms. On the other hand, for the working fluid of ethanol, at Aty,
about —5.8 ms, the phase change process develops more than water associated
with more active as compared to water. With the more significant development of
the phase change process, h* for the substrate material of ethanol is higher than
water at about Ats, of —5.8 ms.

When Atg, reached about —2.9 ms, h* for the working fluid of water was higher
with the more significant increment as compared to ethanol. These occurrences are
due to the larger h;,, and q; for the working fluid of water as compared to ethanol.
The larger h;, and a; contributes to the more substantial heat transfer rates of
phase change for the working fluid of water as compared to ethanol. With the larger
heat transfer rates during phase change for the working fluid of water, the
formation of the ascending and descending flows becomes more rapid as compared
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to ethanol. Therefore, the more rapid creation of the ascending and descending
streams for the working fluid of water produces the more significant change of h*
with Ats, as compared to ethanol.
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Figure 6.3: q"* for different working fluids flowing in silicon micro-channel
at " of 389 kg/m? s, AT,, ., of 16°C at Aty, about 10 ms, and T;, of 23°C

at Ats, about (a) -5.8 and (b) —-2.9 ms
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Figure 6.4: h* for different working fluids at m" of 389 kg/m?s, AT, ., of
16°C at Ats, about 10 ms, and T;, of 23°C at A¢s, about —5.8 and -2.9 ms

6.3 Effects of Working Fluids during Flow Boiling

Once finished studying the mechanisms before flow boiling, the investigation
continued with the examination of the mechanisms during flow boiling for different
working fluids.

The study of the local heat transfer is accessible during flow boiling by plotting

"%

each qj,., Of each heat transfer component along x* for each working at about Aty

of 10 ms. For the investigation, the conditions selected were from Figure 4.22b for
the working fluid of water while changing the working fluid to ethanol as illustrated
in Figure 6.5. For each working fluid, the amount and magnitudes of peaks of

"% "% l/£]

qlocal,side,liq above qlocal,side,fc were relatively higher than QIocal,bottom,liq above

"%

H H n* n*
qlocal,bottom,fc' A|SO, the reglons Wlth qlocal,bottom,liq belOW qwcal,bottom,fc were more than

"% "

the regions With qjgcqisidgeiiq PEIOW qiocqisiae e fOr €ach for each working fluid. On the
other hand, for each working fluid, the number of peaks of q;, and negative

local,side,vap
nx

heat fluxes from qjpcqisizevap DECAMe apparent. In general, both qj .4 sigevap @Nd

"%

Qlocalpottomvap @t MOSt regions were close to zero for each working fluid due to the
low thermal conductivity of the vapour phase. These presences are also evident for
different m", qp,and T;, as discussed in Section 4.4, Section 4.7, Section 4.10, and
Section 5.3, respectively.

During flow boiling, from Figure 4.22b and Figure 6.5, when changed the
working fluid of water to ethanol, the amount and magnitude of peaks of qj5.q;sige,uiq
and  qiocaipottomiiq D€Came  relatively smaller. Meanwhile, the regions with

"%

Qiocalpottomiiq PEIOW Glocarbottom, rc FOF the working fluid of ethanol were also lesser as
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compared to water. On the other hand, the peaks of g}, and regions with

local,side,vap
"%

Qlocalsidevap DEIOW zero for ethanol also became less significant as compared to
water. These occurrences are as a result of more substantial h;, and a; producing
larger heat transfer rates of phase change for the working fluid of water as
compared to ethanol. The more significant heat transfer rates of phase change
facilitate larger length scales of ascending and descending flows while the larger
amount of liquid-vapour mixture for the working fluid of water compared to ethanol.

1.8
1.6
1.4
1.2
1.0

q”*_local,side,liq

= « «q”*_local,side,vap
------ q”*_local,side,fc
q"”*_local,bottom,liq
q”*_local,bottom,vap

*E 0.8 A = == q”*_local,bottom,fc
= 0.6 -
0.4 -
0.2 -
0.0 - = = e e e e e
-0.2 . . . .
0.0 0.2 0.4 0.6 0.8 1.0
X*

Figure 6.5: q;,., along x* for ethanol at At;, about 10 ms

Based on local heat fluxes, the corresponding average heat fluxes for different
working fluids during flow boiling at Ats, about 10 ms are attainable as depicted in

Figure 6.6. In Figure 6.6, the increment of qgjy, ;i from ggjye . Was more substantial
for the working fluid of water as compared to ethanol during flow boiling. On the

"

other hand, during flow boiling, quottomiiq dropped from quoeom e for the working

"

fluid of water. Meanwhile, quotrom,iq Slightly increased from qpoeom  for the working
fluid of ethanol during flow boiling. For both water and ethanol, qgjge,q, and

"%

Tbottomvap WEre almost close to zero. In general, the increment of qgjye 14 from qgiye fc

" "

was more substantial than qpoiomiq frOM pottomse fOr e€ach working fluid. This

presence is due to the more massive ascending and descending flows during flow
boiling for the working fluid of water as compared to ethanol. Also, from all the
working fluids, the insignificant variation of qyoeomiiq froOM quoreom s IS due to the
existence of the liquid-vapour mixture during flow boiling. On the other hand, from
all the working fluids, the changes of qevep aNd Ghortomvap WEre also less

significant during flow boiling due to the low thermal conductivity of the vapour
phase.
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Once assessed local and average heat fluxes, the investigation continued with
the corresponding heat transfer enhancement h* for different working fluids during
flow boiling at Ats, about 10 ms. h* for the working fluid of water was higher as
compared to ethanol during flow boiling as depicted in Figure 6.7. These different
outcomes are due to more substantial h;, and a; producing the more significant
heat transfer rates of phase change for the working fluid of water as compared to
ethanol. The higher heat transfer rates of phase change for the working fluid of
water produce larger length scales of ascending and descending flows enhancing
the heat transfer, leading to more extensive h* as compared to ethanol.
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Figure 6.6: q"" for micro-channels made of different working fluids at A¢g,
about 10 ms
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Figure 6.7: h* for micro-channels made of different working fluids at Aty
about 10 ms

6.4 Location of Bubble Nucleation and Bubble Growth for Different
Working Fluids

Once completed studying the heat transfer, the investigation proceeded to evaluate
the location of bubble nucleation within the cross-section of the micro-channel
during flow boiling for different working fluids.

The working fluid of water produced the more substantial number of bubbles as
compared to ethanol as illustrated in Figure 5.11. The bubbles mainly nucleated at
the corners of both working fluids while the bubbles nucleating at the side and
bottom surfaces were only observable for the working fluid of water during flow
boiling. These occurrences are due the larger h;,, and a, for the working fluid of
water, aiding to the higher tendency for the bubble nucleation as compared to
ethanol.
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Chapter 7 Conclusions

This study investigated the mechanisms of heat transfer before and during
subcooled flow boiling with the bubbly flow in the rectangular micro-channel heat
sink. For the investigation of this condition, operating parameters of p, q,, m", T,
set were 1 atm, 500-3197 kW/m?, 115-389 kg/m? s, 23-53°C, 200 ym, 264 um,
200 ym, and 264 um, respectively. The micro-channels employed in this study
consist of different substrate materials which were silicon, aluminium, copper, and
steel whereas the selected working fluids chosen were water and ethanol. For the
study of the mechanisms, this study conducted the numerical simulations by
employing numerical model with Navier-Stokes equations and phase change model
of VOF that considers 3D conjugate heat transfer. The numerical model agrees well
with the existing experimental data, indicating that the numerical model is
sufficiently accurate.

Although the bubble nucleation was absent, heat transfer in micro-channels
behaved as the characteristic of nucleate boiling according to transient boiling
curves plotted. This occurrence is due to the presence of liquid-vapour mixture
from incomplete evaporation. With the presence of liquid-vapour mixture, the
transient conduction occurs when the mixture moving on heating surfaces and
therefore enhancing the heat transfer. The liquid-vapour mixture appears while
pressure gradients rise on the heating surface causing the jet flow. When the jet
flow becomes apparent, the hot fluid from the heating surface raises to the bulk
fluid while the colder fluid descends on the heating surface enhancing the heat
transfer.

Four different modes of heat transfer mechanisms appear before flow boiling
associated with ascending and descending flows to enhance heat transfer. The first
mode occurs when the local pressure gradient rises with the generation of the
liquid-vapour mixture causing the ascending and descending streams. The second
mode becomes apparent when the local increase of the amount of liquid-vapour
mixture is more significant than pressure rise, leading to the ascending and
descending flows to occur when the current travelling near the downstream of the
region with the local increase of pressure gradient. The third mode mainly occurs
further from the location of onset of ascending and descending flows with the
thicker thermal boundary layer. During third mode, similar to the first mode,
ascending and descending flows occur at the location with the local rise of pressure
gradient and amount of liquid-vapour mixture. At the downstream of the liquid-
vapour mixture with the local increase in the pressure gradient, the micro-
convection occurs and causes another ascending and descending flows. The micro-
convection combined with the effect of gravity and buoyancy effects with the
existence of the liquid vapour mixture. The liquid-vapour mixture becomes more
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massive with thicker thermal boundary layer towards the downstream with the
more substantial effects of the gravity and buoyancy, leading to the more intense
ascending and descending flows. At the fourth mode, the flow almost parallel to
heating surface although local pressure rise occurred due to the extremely high
amount of liquid-vapour mixture formed on the heating surface.

Before flow boiling, the heat transfer in micro-channels due to the transient
conduction and ascending and descending flows become more significant towards
downstream at lower mass fluxes. At the low mass flux, the first mode occurs near
to the location of onset of ascending and descending flows followed by second
modes and consequently third mode along the micro-channel. The fourth mode
occurs lesser in overall. When increasing m”, the first mode occurred relatively less
frequent at the similar time before the bubble nucleation. At the same time before
the bubble nucleation, when increased ¢, the first mode occurred more frequent.

The increase and decrease of local heat transfer as a result of phase change on
the side and bottom surfaces before and during flow boiling for each tested
conditions are possible. The increase of local heat transfer is as a result of the more
active ascending and descending flows generated from the phase change process
enhancing the heat transfer. On the other hand, the decrease of the local heat
transfer is due to the existence of liquid-vapour mixture created from the phase
change process impeding the heat transfer. During flow boiling, the local increase
and decrease of heat transfer of the vapour phase are also observable for all
conditions employed in this study, especially at the side surfaces. However, the
heat fluxes to the vapour phase with the low thermal conductivity on the side and
bottom surfaces are almost close to zero for all conditions set in this study. The
bubbles mainly nucleate at the corners with the smaller number of bubbles
nucleates at the side and bottom surfaces during flow boiling for all conditions
tested in this study.

At the low mass flux, the heat transfer enhancement due to phase change is
relatively high and decreases with time before the bubble nucleation. At the
moderate mass flux, before flow boiling, the heat transfer enhancement due to
phase change raises significantly with time. At the high mass flux, the increment of
heat transfer enhancement due to phase change becomes less substantial with time.
When increasing the mass fluxes during flow boiling, the heat transfer due to phase
change at the side surfaces increases with mass fluxes and is insignificant at the
bottom surface. During flow boiling, the heat transfer enhancement due to phase
change increases when increasing the mass fluxes. When raising the mass fluxes,
the number of bubbles decreases during flow boiling.

Before flow boiling, from low to moderate base heat fluxes, the increment of
heat transfer enhancement with time becomes more substantial. On the other hand,
from moderate to high base heat fluxes, the decrement of heat transfer
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enhancement with time becomes apparent. When increasing the base heat fluxes,
during flow boiling, the heat transfer due to phase change at the side surfaces
increases and then decreases during flow boiling. Meanwhile, the heat transfer due
to phase change at the bottom surface decreases with the base heat fluxes. At 10
ms from the time of onset of flow boiling, the low base heat flux produces almost
complete development of nucleate boiling characteristic as compared to the
moderate base heat flux. Therefore, from small to moderate base heat fluxes, at 10
ms from the time of onset of flow boiling, the heat transfer enhancement due to
phase change becomes less substantial. Then, the heat transfer enhancement due
to phase change increases when further increasing the base heat fluxes. When
employing the even higher base heat flux, the heat transfer enhancement due to
phase change decreases again with the generation of more massive liquid-vapour
mixture inhibiting the heat transfer. On the other hand, the number of bubbles
increases with base heat fluxes during flow boiling.

Before flow boiling, in overall, the heat transfer due to phase change at the side
surfaces increases with the inlet temperature while decreases with the inlet
temperature at the bottom surface. When increasing the inlet temperature, the
increment of heat transfer enhancement with time becomes more substantial.
When increasing inlet temperature, the regions with the phase change become
broader during flow boiling. Also, the heat transfer due to phase change at the side
surfaces increases while decreases at the bottom surface when increasing the inlet
temperature during flow boiling. As a result, when increasing the inlet temperature,
the heat transfer enhancement increases and then decreases during flow boiling.
Also, during flow boiling, the number of bubbles increase when increasing the inlet
temperature.

Before flow boiling, the regions with the phase change become lesser at both
side and bottom surfaces in the order of the substrate materials of silicon,
aluminium, and copper. The substrate material of silicon produces the most rapid
increment of the heat transfer enhancement due to phase change before flow
boiling. The heat transfer enhancement for the substrate material of aluminium is
lesser than copper before flow boiling. Meanwhile, the increment of heat transfer
enhancement with time due to phase change before flow boiling for the substrate
material of aluminium is comparable with copper. On the other hand, the increment
of heat transfer enhancement with time due to phase change for the substrate
material of stainless steel is less significant as compared to silicon before flow
boiling.

In the order of the substrate materials of silicon, aluminium, and copper with
higher thermal conductivities, the regions with the phase change become higher on
both side and bottom surfaces during flow boiling. Nevertheless, during flow boiling,
for the substrate material of stainless steel, the heat transfer enhancement of
stainless steel with the significantly lower thermal conductivity is slightly more
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significant as compared to silicon. During flow boiling, in the order of the substrate
materials of silicon, aluminium, and copper, the number of bubbles at the corners
surfaces during flow boiling became less substantial. The quantity of bubbles for the
substrate material of stainless steel on the side surface is lesser as compared to
silicon. The number of bubbles at the bottom surface of the substrate material of
stainless steel is few and comparable to silicon and aluminium while slightly more
significant for copper. On the other hand, the bubble nucleation at the side surface
of the substrate material of stainless steel was the least among the substrate
materials.

Before flow boiling, the increment of regions with phase change and heat
transfer due to phase change with Atg, for the working fluid of water is more rapid
as compared to ethanol. The vicinities with phase change and heat transfer
enhancement due to phase change for the working fluid of water is more extensive
as compared to ethanol during flow boiling. During flow boiling, the working fluid of
water produces the more substantial number of bubbles as compared to ethanol.

This study provides the insights regarding the heat transfer mechanisms due to
phase change before and during flow boiling in micro-channels from the exploration
for the researchers and designers in industries. The understandings assist the
researchers and designers to develop the more reliable prediction methods of the
heat transfer performance of micro-channel heat sinks under flow boiling condition
with the consideration of these mechanisms. The more reliable prediction methods
aid to avoid repeating experiments which are costly and tedious in procedures.
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Appendix A

Appendix A Flow Chart of Numerical
Algorithm

In the numerical study of flow boiling in micro-channels, numerical algorithm of
PISO pressure-velocity coupling scheme associates with explicit time discretisation
scheme of mass equation of vapour phase in transient flow is employed. The flow
chart of the numerical algorithm is shown in Figure A.1 and outlined as follows:

1. Initialise first set of variables where a;"" = a; i, @™ = Qpinic s P = Pinie s
U™ = Ui, V= Vinie, W= Winies ET = Eppiey KT = ke @and 0™ = 0

2. A time step value was set.

3. The discretised mass equation of vapour phase was solved using initial values
a,”* to obtain the volume fraction of vapour «,, followed by computing the
volume fraction of liquid phase «;. The vapour phase mass equation was
solved once per time step.

4. The discretised momentum equations were solved using p**, u**, v*** and
I

5. First equation of pressure correction was solved to obtain first corrected
pressure p**' using u™*, v*** and w***. The first equation of pressure correction
is derived from mass equations and momentum equations.

6. The p*, u**, v*** and w*** were corrected using the first equation of pressure
correction to obtain a second set of pressure field p** and velocity field u**,
v*™ and w**.

7. The second pressure correction equation was solved to obtain second
corrected pressure field p*'.

8. The p*, u*, v** and w** were corrected using the second pressure correction
equation to obtain a third set of pressure field p*, and velocity field u*, v* and
w’.

9. The discretised governing equations for energy, turbulence kinetic energy
and specific dissipation rate were then solved using the initial values E***,
k**and o™ to obtain a first set of energy E*, turbulence kinetic energy k*
and specific dissipation rate w*.

10.The calculations were repeated from the step 4 to solve discretised
momentum equations by setting p** =p*, v =u*, v =v*, W =w*, B =
E*, k™ = k*and o™ = w* until the solution converges.

11.If the solutions are converged, repeat the calculations from step 2 to
calculate solutions for the next time step by setting setting p*™* =p, u*™** =u,

v =v, w=w, E™ =E, k™ =k and o™ = w until the time t reaches t,,,,-
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Initialise values of variables
Rk = Dinit, U** = Ujpie, V**
*= kinit, W** = Winie

it = Al init, o = Qy,inity P * = Vinit,
W = Winie, E*** = Ejnir, k**

I

‘ Set time step At ‘

Lett=t+ At

‘ Solve discretised mass equations of vapour ‘

air, v

‘ Solve discretised momentum equations ‘

u***, V***, W***

‘ Solve first pressure correction equation ‘

ok
p

Set

kkk — gk g pkkk — gk
1% =p-,u =uv,

Set
al*** = aI, av*** = aV,

‘ Correct pressure and velocities ‘

V*** = V*, W*** = W*,

p**** = p, u*** =u,
V*** =v, W*** =w,

p**' u**’ V**, W**

E*** = E*, k*** = k*,

EX*% = B Jrr =
WFFF = *

(U*** =w

‘ Solve second pressure correction equation ‘

p*

‘ Correct pressure and velocities ‘

P*, u*, ve, w*

Solve discretised equations of energy, turbulence
kinetic energy, specific dissipation rate

E*, k¥, w*

Convergence?
No

Yes

a, ay, p, U, v, w, E, k, w

No

Figure A.1: PISO pressure velocity coupling scheme associated with
explicit time discretisation scheme of mass equation of vapour phase
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