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ABSTRACT

ABSTRACT

In this study, the escalating demand for efficient thermal management solutions in electronic
devices and fuel cells, catering to their continuous operation under temperatures below 85C°,
prompted the need for the effective heat dissipation. This necessity arises from the factors of
work performance, reliability and material constraints in electronic component applications.
Among various cooling methods, refrigerant flow boiling in microchannels holds promise due
to its potential advantages over those conventional approaches. Nevertheless, it confronts
challenges such as the elevated pressure drop, diminishing heat transfer efficiency along flow
direction, and potential flow instability at high heat flux conditions. After comprehensive
reviews and assessments, flow boiling of refrigerant-based functional fluids in microchannels

is selected as the preferred thermal management approach.

The study utilizes numerical simulation method to enhance the comprehension of heat transfer
between the melting phase change material (PCM) particles and boiling fluid. Subsequently, it
delves into the multiphase flow heat transfer performance of pure and the zeotropic refrigerant
fluids in microchannels. Moreover, it explores the influence of thermophysical properties of
functional particles on the flow boiling heat transfer performance of refrigerant-based fluids
under specific thermal operating conditions. These insights have implications for developing

functional fluids for cooling electronic devices and fuel cells.

Accordingly, the heat transfer performance and the mutually influencing process are analyzed

and evaluated qualitatively and quantitatively. The following findings are observed:

(1) The mutual interactions between a melting particle and the boiling coolant in a confined
space were analyzed by using simulation methods, such as the dynamic meshing method. The
research reveals that the heat-absorbing melting particle can significantly enhance local heat
transfer under the same heat transfer conditions. However, it can also lead to a deterioration in
heat transfer performance. This mainly depends on the vapor coverage rate on the surfaces,
referred to as the vapor fraction on surfaces, during the multiphase flow heat transfer process.
The analysis indicates that the attachment of some large-size bubbles to the heating surfaces
not only reduces the bubble generation rate on hot walls, thus decreasing the evaporation heat

transfer, but also hampers the transfer of heat from wall to coolant. It is well-established that
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the thermal conductivity of gas is lower than that of liquid for the same material. Hence, the
vapor fraction on wall surfaces is the primary factor that affects the heat transfer performance
of multiphase flow in microchannels. This provides a viable direction for further enhancing
heat transfer performance, such as incorporating the nanosize functional particles in coolants

and utilizing non-isothermal phase change fluids.

(2) The effect of adding functional particles suspended in R134a on flow boiling heat transfer
performance in microchannels was investigated comparatively. These particles could enhance
the thermal properties of base fluid, such as thermal conductivity and the equivalent thermal
capacity during the melting processes of PCM particles. The Volume OF Fluid (VOF) method,
incorporating the LEE model and the equivalent physical properties approach, was validated
with experimental data in literature. This method was then employed to simulate multiphase
flow of R134a-based functional fluids in microchannels. The results indicate that, compared
to R134a at the same thermal conditions, functional fluids with different types of particles can
enhance flow boiling heat transfer coefficient (HTC) through various mechanisms. The high
thermal conductivity particles increase the effective thermal conductivity of coolants, while
the melting of PCM particles could shift the flow boiling pattern to one with a higher HTC
value (e.g., from slug flow to nucleate flow) at the same inlet mass flux and wall heat flux.
Additionally, the melting processes of PCM particles in R134a could decrease the vapor rate

of R134a in the domain and result in a lower total pressure drop compared to pure R134a.

However, it is difficult to obtain nanoparticles with both high thermal conductivity and high
heat melting rate in practice. Therefore, a systematic analysis was conducted to examine the
mutual impact of the thermal conductivity and the melting heat of functional particles on heat
transfer performance of R134a under the ideal conditions. It is found that there is a minimum
matching data of particle thermal conductivity and the melting heat, at which the heat transfer
coefficient of functional fluid is the same as that of R134a under the same conditions such as
mass flow rate and heat flux. It provides support for the optimal selection and preparation of

functional particles in practical applications.

(3) The heat transfer performance of NH3/H>O flow boiling in microchannels was extensively

studied as it is a promising working fluid for cooling high-power electronic devices. It has the

II
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largest boiling latent heat among available refrigerants within the operating temperature range
of electronic components. Since the calculating method adopted in previous studies is only
applicable for immiscible mixture, a new approach is proposed to simulate flow boiling heat
transfer of zeotropic mixture in microchannels. It couples the multiphase VOF method with a
modified LEE method and a quasi-ideal properties treatment of zeotropic mixture. Due to the
lack of experimental data on NH3/H2O flow boiling in microchannels, this method is validated

by experimental data of R134a and R245fa available in the literature.

The results indicate that there is a threshold data of the NH3 concentration to achieve a certain
heat dissipation rate at the same mass flux and heating wall temperature. For instance, when
the inlet NH3 concentration is 25%mol., it could dissipate the heat up to 0.8 MW/m? at a mass
flux of 184 kg/(m?-s) and a heating wall temperature of 50 °C. The heat transfer capability of
NH3/H>O in microchannels is remarkable. The overall heat flux is about 1.41 MW/m? with the
maximum local heat flux up to 1.52 MW/m?at a mass flux of 552 kg/(m?s) and a heating wall

temperature of 50°C.

(4) The multiphase flow and heat transfer performance of the NH3/H2O based PCM slurries in
microchannels is assessed by adopting the same assumptions and methodologies as before.
The effects of some major physical and operational parameters, such as inlet NH3 and particle
concentration, surface wettability and the melting latent heat of PCM particles are evaluated
comparatively. Similar to R134a, the addition of PCM particles in the NH3/H2O mixture has
both positive and negative effects on heat transfer performance. The larger melting latent heat
of PCM particles and the better wettability of heating surfaces, the larger enhancement of the
heat transfer performance. Conversely, the more and larger bubbles attaching to surfaces, the

worse the performance degradation.

Since the evaporating latent heat of the NH3/H20O mixture is orders of magnitude larger than
the melting latent heat of phase change materials available in applications, the positive effect
is weakened significantly. In order to further enhance heat transfer performance, it is effective
to improve flow boiling heat transfer performance of the NH3/H>O mixture in microchannels

and ensure the suspended particles melted completely before they exit the heat sink. such as

11l
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the heating surface modification and the optimal matching of the operating parameters during

the practical operations.

Overall, this study provides comprehensive insights into the intricate multiphase flow heat
transfer process in microchannels, providing a valuable foundation for advancing functional
fluids, and offering significant implications for enhancing the thermal management strategies

in cooling the electronic devices and fuel cells

v
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Chapter-1 Background
1.1-Introduction

This chapter provides a concise overview of the current research status and challenges in the
thermal management for the electronic devices and fuel cells. It compares the performance of
various advanced cooling approaches available and ultimately presents the main structure and

objectives of this study. The main technical roadmap is illustrated in Figure.1 as follows.

Cooling requirement in high heat flux dissipation applications
¥
Heat Flux (~4.5 MW/m®) || Wall surface T (< 8513) Tyan difference (< 307T)
; [ ] .
Active solutions with external power Advanced enhancement methods
¥ ¥
1) Single phase forced convection 1) Capillary-driven devices
2) Multiphase impingement 2) Change channel structures
=
3) Multiphase spray cooling 3) Modify surface characteristics
4) Flow boiling in microchannel 4) Improve coolant properties
e .
Major advantages Functional fluids
Large area to volume ratio Nanofluid | | Enhance coolant properties
Small T variation on surface PCM slurry Additional melting heat
High heat flux at small flow flux NH3H;0 () High boiling latant heat
§ 0
Flow boiling in microchannel of NH:/H;O mixture based functional fluids

Figure.1 The background, motivation and main research contents of this work

Currently, there is an urgent requirement for advanced thermal management technologies to
efficiently dissipate high-level heat generated in practical applications, such as the advanced
electronic components in data centers, fuel cells, and Li-ion batteries in electric vehicles. It is
predicted that in the future, the heat flux needed to be dissipated in advanced electronic
devices will reach up to 4.5 MW/m?> while operating in a maximum temperature of 85°C and

maintaining the largest temperature difference of less than 30°C.
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Among various cooling methods available, flow boiling in microchannels is considered to be
highly effective in the heat dissipation process. Furthermore, the use of functional fluids, such
as nanofluids and PCM slurries that incorporate functional particles to enhance the physical
properties of coolants, is expected to be a promising approach for further enhancing the heat

transfer performance of flow boiling in microchannels.

Therefore, the main objective is to evaluate the heat transfer performance of functional fluids
flow boiling in microchannels, such as R134a and the NH3/H>O mixture as well as functional
fluids. Additionally, this research aims to identify the dominant factors and investigate their

corresponding effects on the heat transfer performance.
1.2-Urgent requirement for high-level heat dissipation technologies

The ever-increasing demand for high-level heat dissipation in electronic devices and fuel
cells has created an urgent need for highly effective thermal management solutions in various

applications.
1.2.1-Data centers and electronics systems

There is a significant increase in the electricity consumption of data centers in recent years,
mainly due to the the ever-increasing growth of data center market and the rapid development
of electronic components. It is predicted that the annual increases in electricity consumption
in data centers could reach as high as 15-20% [ 1], which is responsible for 3% of the global
electricity use in 2017 and will rise to 4.5% in 2025 [2]. Remarkably, the CO; emissions
produced by data centers are equivalent to those of the aviation industry, making the IT

industry responsible for 2% of global CO; emissions [3].

Figure.2 depicts the breakdown of energy consumption (a) and the carbon footprint (b) in a
typical data center. The numbers located above the bars correspond to the respective values in

each figure.

It is found that the cooling system accounts for the largest part of the total electronic power
consumption, up to 38% of the support-side systems. This exceeds the energy consumption
by the processors in data center systems [4]. Although the proportion of CO2 emissions from
cooling systems has decreased from 32% in 2002 to 21% in 2020, the CO; emissions in 2012

were approximately 2.2 times higher than those in 2002. This is attributed to the significant
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increase in the total carbon emissions from data centers, which surged from 76 Mt CO; in

2002 to 259 Mt CO2 in 2020 [5].
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Figure.2 Composition of Energy consumption [4] and carbon footprint [5] in typical data centers
An efficient cooling management system is urgently needed to ensure the performance, safety,
and longevity of electronic components in data centers. As discussed before, the majority of
electricity consumed in data centers is converted into heat energy. Table.1 lists the sizes and
heat fluxes of processors in high-performance computing devices. If this heat is not promptly
removed, it may result in overheating, posing a threat to the safety of electronic devices and
systems [3,6]. In order to maintain a safe operating temperature and humidity for electronic
components, approximately 38% of electricity used in a data center is consumed for thermal
management [3,4]. Therefore, the electricity assumption and CO» emissions of data centers
could be significantly reduced by improving the efficiency of thermal management. This also

directly impacts the overall performance of data centers.
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Table.1 The sizes and heat fluxes of processors in high-performance computing devices [7,8]

Processor Die size Power Heat flux Heat flux in 2026

ORACLE SPARC T4 | 403.0mm? | 240W (2011) 0.60 MW/m? (2011) 800W | 2.0 MW/m?

i7-4790K 177.0mm?> | 88 W (2014) 0.50 MW/m? (2014) | 800W | 4.5 MW/m?
i7-8700K 153.6mm> | 95 W (2017) 0.62 MW/m? (2017) | 800W | 5.2 MW/m?
19-10900K 206.1 mm? | 125W (2020) 0.61 MW/m? (2020) | 800W | 3.9 MW/m?

Furthermore, the heat dissipation density, also known as heat flux, of electronics like CPUs is
significantly higher than the average value of a data center system [9]. For instance, the CPU
dissipates 63% of the total electricity consumed in a computing node manufactured by 65nm
technology [10]. According to Table.1, the heat flux of a processor has already reached 0.62
MW/m? [8]. It is also predicted that the power of high-end microprocessors will reach 800W
by 2026, resulting in a maximum heat flux up to 5.2 MW/m? [7]. If the heat is not efficiently
dissipated from the components, it can cause a rapid increase in chip temperatures, leading to

decreased CPU performance and potentially jeopardizing the lifespan of devices.

The maximum local heat fluxes on electronic chips are larger than the average of electronic
devices. Hot spots are common in processors due to the non-uniform arrangement of different
components with varying heat on electronic chips. For example, the logic cells which only
occupy 25% of the chip area can dissipate up to 90% of the total heat and generate local heat

fluxes that are 6 to 10 times higher than the average [11].

Low Heat Flux Low Temperature

F|

Hlilg;wl;—|eat Flux High T.emperature
Figure.3 Distributions of local heat flux and temperature in the base of microprocessors [7,11]
For most of the electronic components, if the surface temperature exceeds the average value
by 30°C, it can result in a decrease in calculating speed by more than 15% [12]. Furthermore,
the operating temperature of electronic devices should be kept below 85°C in order to ensure

the performance, reliability and lifetime [13]. For example, when the temperature is reduced
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from 100°C to 70°C, the leakage power (namely power lost) of CPUs could be decreased by
50% [14] and enlarge the longevity of devices, accordingly.

Generally, there is a pressing need to investigate innovative and effective cooling solutions to
dissipate high levels of the non-uniform heat from microprocessors in order to ensure that the

peak temperature remains below 85 “C in advanced electronics applications in the future.
1.2.2-PEM fuel cell and Li-ion battery systems

Recently, the environment pollution, such as air pollution, has been worsening severely and
rapidly. Road transport was responsible for around 80% of air pollution and almost 1/4 of the
global GHG emissions [15]. Therefore, it is a great of interest to reduce air pollution focusing
on the pollution sources, specifically power supply systems. When compared to the internal
combustion engines (ICE), fuel cells and electric power supply systems offer great potential

benefits in reducing these environmental issues.

Polymer electrolyte membrane (PEM) fuel cell is a promising option in the transportation and
portable power fields due to its inherent advantages including the low operating temperature
(less than 80C°), the zero emissions, high energy efficiency and fast responses [16]. However,
the durability of PEM fuel cells is one of the main limitations to the commercial applications
[17]. High temperature could lead to the membrane dryness, resulting in the increased ionic
resistance and risks of material degradation [18]. Therefore, the development of effective heat
dissipation techniques is crucial for maintaining the operating temperature of PEM fuel cells

around 80°C.

The electricity storage system is an essential component of electric vehicles (EVs). Currently,
there are several different electric storage techniques available for EVs, including flywheels,
ultra-capacitors and batteries. Among them, the Li-ion batteries are commonly used mainly
due to high power and energy density, long lifespan, and relatively low costs [19,20,21]. It is
predicted that the annual demand for Li-ion batteries would be 408 GWh by 2025 and 1293
GWh by 2030 in EVs [22].

Thermal management system (TMS) is crucial to ensure the optimal performance of batteries.
Typically, batteries account for about 75% of the total power cost in vehicles [23]. Similar to

fuel cells, if this heat is not dissipated effectively, it can result in rapid temperature increases
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and uneven temperature distributions, which can potentially lead to significant deterioration

in performance and reduction in lifespan.

The optimal operating temperature range for a Li-ion battery is 15 to 35°C, in order to avoid
the negative impacts on its lifetime, safety and performance [21,24]. It has high-risk to failure
when the operating temperature exceeds 70°C [21,25]. Further rise in temperature causes the
degradation of power and capacity and even the thermal runaway [20,26]. For example, a 1K
increase in temperature can shorten the battery's lifetime by 2 months within 30~40°C [27]. A
temperature difference of more than 5°C can result in a 10% degradation in power capability

and a 25% increase in thermal aging [28].

In conclusion, it is crucial to address the challenges of local hotspots and temperature non-
uniformity by implementing an effective thermal management system in PEM fuel cells and

Li-ion batteries.
1.3-Different types of thermal management approaches

As mentioned before, it is necessary to adopt an effective thermal management to control the

temperature within a proper range and ensure the temperature uniformity.

Different types of cooling approaches have been proposed and implemented in applications.
These approaches can be classified based on either the heat transfer mechanisms or the type
of coolants in Figure.4. The cooling approaches can be categorized into passive and active
schemes. Passive systems rely on capillary force (such as heat pipes) or buoyancy force (such
as air natural convection and liquid pool boiling) to circulate coolants. The active systems use
fans, compressors (such as air forced convection), or pumps (such as forced convection and

flow boiling) to achieve higher cooling capacity and optimize the performance of devices.

Compared to traditional macro-scale heat sinks, microchannels have significant advantages in
enhancing both single-phase and multi-phase flow heat transfer capabilities due to their large
surface area to volume ratio. For instance, a microchannel with a width of 40 um and a depth
of 200 um has a surface area to volume ratio of 15,294 m?/m3, which is 23.5 times greater
than that of a compact macro-scale heat sink with a ratio of 650 m?/m? [29]. In this study, the

heat transfer performance in microchannels will be compared with other cooling techniques.
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The geometric parameters of heat sinks, operating conditions and heat transfer performance

of different cooling approaches are listed in Appendix 1.

[_., Natural convection

L

Air cooling |
&

Forced convection

+| Single-phase # Microchannel (H;O+Rrgrigerant)
B |
—| Indirect method |-
L ~# Microchannel (Refrigerant)
Multi-phase J
- |—¢b Heat pipe (H,O+Rrgrigerant)

Liguid cooling

Pooling boiling {Refrigerant)

+| Multi-phase l'—

| Direct method

| Single-phase

‘{--b Spray (H:0+Rrgrigerant)

"+ Impingement (H,O+Rrgrigerant)

Figure.4 The classification of different cooling approaches available for the thermal management

Generally, passive cooling systems such as air natural convection, heat pipes, and liquid pool
boiling have reached their maximum heat transfer capacities. However, it is not sufficient to
meet the increasing demands for heat dissipation in the future. For example, the maximum
capacity of natural air convection is about 0.15 MW/m? [30]. The cooling capacities of air
forced convection in microchannels and miniature heat pipes are less than 1.5 [31] and 0.68
MW/m? [32], respectively. Wang et al. [33] investigated the cooling performance of a hybrid
air-forced convection with heat pipes embedded in sink and found that the minimum thermal
resistance was 0.15 C°/W at 176 W and air velocity of 3 m/s. Pool boiling on porous graphite
using HFE-7100 had a maximum critical heat flux of up to 0.7 MW/m? at a wall temperature
below 85°C [34]. Therefore, though the heat dissipation capacity of those passive systems has
increased to some extent for cooling electronic devices, it still falls significantly short of

meeting the ever-increasing requirements.

The active cooling methods include forced convection in microchannels, spray cooling, and
impingement cooling. Table.2 presents the thermophysical properties of commonly used pure
liquid coolants. It is evident that water is an optimal coolant for single-phase cooling due to

its excellent specific heat capacity. According to experimental studies in the literature, the
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heat flux achieved by forced convection of water in microchannels reached up to 7.9 MW/m?,
but at the cost of a high pressure drop of 214 kPa and a temperature rise of 71°C between the
substrate and inlet fluid [35,36]. Single-phase spray cooling using water could dissipate heat
at a rate of 2.5 MW/m? with a pressure drop of 500 kPa [37]. The impingement method for
single-phase water cooling could achieve a heat flux of 4.7 MW/m? with a pressure drop of
241 kPa [38] for cooling electronic devices. Figure.5 illustrates experimental results depicting
the effects of mass fluxes and geometric parameters (e.g., shapes and sizes) on heat fluxes of
single-phase water forced convection in microchannels, where the heating wall temperature is
maintained below 85°C. It indicates that the heat fluxes can be enhanced by increasing mass
fluxes, decreasing channel sizes and employing complex geometric shapes of microchannels.

However, these come at the cost of large pressure losses. The details are listed in Appendix 1.
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Figure.5 Heat flux comparison of water single phase convection in microchannels ([39,40,41,42,43])

Multiphase heat transfer methods, such as flow boiling in microchannels, spray cooling, and
impingement cooling, are highly effective for cooling applications due to the heat absorbed in
phase change processes. As mentioned earlier, It is crucial to select appropriate coolants with
the saturated temperature lower than the maximum operating temperature of devices, such as
fuel cells at 80 C and electronic components at 85°C[12]. Therefore, water is not acceptable
as a coolant for multiphase cooling of electronic devices, despite its excellent properties, such
as high latent heat of evaporation. Table.2 Presents important physical properties of available

coolants that have saturated temperatures below 100°C at a pressure of 1 bar.

Table.2 The main saturated thermophysical properties of some traditional coolants at 1bar [44,45]

No. Coolants M Tiat Plig CPlig qLH Miq
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/ / g/mol C kg/m? kJ/(kg-K) kJ/kg W/(m'K)
1 NH; 17 -333 682.0 4.45 1369.5 0.666
2 R134a 102 -26.1 1377 1.28 217.0 0.104
3 R245fa 134 15.1 1365 1.30 196.0 0.091
4 FC-72 338 56.0 1680 1.10 88.0 0.057
5 HFE-7100 250 61.0 1520 1.17 125.0 0.061
6 NH3/H20 (19.5%mol) / 50.0 981.0 421 1443.0 0.579
7 NH3/H>0 (6.0%mol) / 80.0 972.8 421 1719.0 0.642
8 H>O 18.0 100 958.4 422 2256.5 0.679

The heat transfer performance of refrigerant multiphase impingement and spray are compared
as follows. Table.3 presents representative experimental data from literature on refrigerants
such as FC-72, R134a, R245fa, and HFE7100. The detailed data can be found in Appendix 1.
In this table, Twan, Tin, and Tsa represent the average surface temperature, inlet temperature,
and saturated temperature of coolants, respectively. d; denotes the diameter of jet nozzles and
H represents the distance between the nozzles and the heating surfaces. Generally, refrigerant
multiphase impingement and spray techniques have excellent cooling capabilities. The heat
flux of impingement cooling on smooth surfaces is about 1.1 MW/m? [46]. While the micro-
jet impingement on pin-fins and/or porous coated surfaces can enhance cooling capability, it
also leads to significantly high pressure drops (up to 241 kPa [47]) and velocity (10 m/s [48]).

Table.3 Heat transfer performance of two-phase impingement methods in the literature (T <85 C)

Surfaces Twail Tin Tsat H d; q dp year
T T T mm | mm W/cm? kPa /
FC-72
Smooth 68.9 | 47.0 | 50.0 5 0.24 40.8 241 2011 [47]
Submerged pin fins | 75.2 | 21.0 | 56.0 / / 166.5 / 2011 [49]
Microchannel 68.4 | 30.0 | 50.0 | 1.5 | 0.24 133.0 / 2014 [50]
HFE7100

Smooth 68.0 | 56.0 | 61.0 | 20 | 0.76 69.0 210 2014 [51]
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Pin fins & Porous 69.0 | 51.0 | 61.0 | 2.5 0.75 954 2.7 2015 [52]

Minichannel 81.6 0.0 / 3 0.3 285.6 16.7 2009 [53]
R134a

Smooth 425 | 26.0 | 31.0 / 2.0 113.7 / 2012 [46]

Submerged micro jet | 55.2 | 17.0 | 47.0 / 0.11 335.0 / 2010 [48]

Among those active cooling methods, forced flow boiling in microchannels stands out as a
promising and efficient technique for cooling applications. This is mainly due to its compact
size, relative low cost, high heat dissipation rate, and small coolant requirement [54,55]. For
instance, the latent heat of R134a is approximately 170 times greater than its sensible heat for
a 1 K temperature difference. Consequently, this method has the ability to reduce both the
mass flow of coolants and pumping power required, while maintaining a small temperature
difference on heating surfaces (only slightly higher than the coolant's saturation temperature).
This also contributes to improved reliability by reducing thermal stress [56]. Moreover, when
the channel diameter is less than 0.51mm, the stratified flow pattern disappears [13]. As a
result, the risk of local dryout is reduced when compared to macrochannels. Therefore, flow
boiling in microchannel is an effective method for the hotspot management and temperature
uniformity.

Table.4 Heat transfer performance of flow boiling in microchannel in literature (Twan <85 C)

Shapes Twail Tin Tsat WxH-L G q dp year
/ T T T umxpm-mm | kg/(m?s) | W/em? | kPa /
FC-72
Straight 81.0 233 | 56.5 | 220x 55-10 578 32.8 67 2019 [57]
Straight 83.2 233 | 56.5 | 220x 55-10 2311 65.7 109 2019 [57]
Oblique fins 70.7 26.5 | 56.5 | 300x1190-25 394 70.4 5.8 2016 [58]
HFE7100

Straight 84.5 150 | 61.0 | 200x573-20 550 379 / 2021 [59]
Straight 83.1 0 63.0 | 260x1041-10 1682 278.3 7.4 2008 [60]
Micro cavities 74.4 18.0 | 61.0 | 200x250-10 1155 175.2 / 2018 [61]
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R134a
Straight 34.8 15.0 | 25.0 | 100x500-15 400 30.5 / 2013 [62]
Straight 85.0 22.0 | 25.0 | 199x756-39 3000 197.7 / 2010 [63]

Table.4 lists some representative experimental results of FC-71, HFE7100 and R134a flow
boiling in microchannel at Twan less than 85 ‘C. Flow boiling heat transfer of HFE7100 in
straight microchannels could dissipate 2.78 MW/m? with 7.4 kPa pressure drop [60], where
HFE7100 impinging cooling on a smooth surface achieved 69 W/cm? with 210 kPa pressure
loss [51]. A hybrid cooling method with impingement on microchannels, could increase heat
dissipation rate to 2.86 MW/m? with 16.7 kPa pressure loss [53]. Therefore, refrigerants flow

boiling in microchannel is a promising method to cool electronic devices and fuel cells.
1.4-Enhancement methods for flow boiling in microchannel

Despite the mentioned advantages, flow boiling in microchannels still poses some challenges
in applications such as high pressure drop, deterioration of heat transfer capability along flow
direction and severe flow instability [55,64]. Additionally, the thermophysical properties of
refrigerants such as FC72, R134a and R234fa are smaller than those of water. Therefore, it is

necessary to take measurements to enhance refrigerant flow boiling heat transfer performance.

In order to suppress severe flow instability and further increase heat transfer performance in
microchannels, different methods have been presented and experimentally investigated in the
literature. These include improving thermophysical properties of coolants (e.g., nanofluid and
EPCM slurry), modifying the surface morphology (e.g., surface coating and porous structures)
and altering the channel structures (e.g., diverging cross-sections, pin fins and interconnected
channel nets) [64,65,66]. Functional fluids also can be combined utilized with the surface and

geometric modifications in practical applications.

Figure.6 presents the thermal conductivity and specific heat capacity of various representative
fluids and nanoparticles as reported in the literature. It is evident that refrigerants exhibit low
thermal conductivity compared to the metals, metallic oxides and carbon nanotubes. Figure.7
shows the enhancement of thermal conductivity by adding nanosize Al,O3; and CNT particles
into water. It is clear that the thermal conductivity of coolant could be linearly increased with

the increase of concentration. Moreover, the extent of thermal conductivity is influenced by
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the nanoparticle sizes. The larger thermal conductivity and smaller sizes of nanoparticles, the

more thermal conductivity enhancement of nanofluids.
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Figure.6 Thermal conductivity and specific heat capacity of fluids and nanoparticles [67,68,69,44,70]
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Figure.7 Thermal conductivity enhancement by adding Al;O3 and CNT nanoparticles (A1:03/H>0: 10-
13nm [71,72], 30nm [72,73], 36-40nm [74,75,76]; CNT/H>O: 9.2nm [77], 10~40nm [78])

Table.5 presents the enhancement of heat transfer coefficient (HTC) in the convective flow of
single-phase Al2O3/H20 nanofluid in microchannels [79-83]. It reveals that the addition of
Al>Os3 nanoparticles at low concentrations can enhance the HTCs by up to 70% compared to
water in microchannels.

Table.5 HTC enhancement of water-Al:O3z nanofluid single phase convection in microchannel

Year Din WxL L Size QA1203 Tin Remax | HTC enhancement
/ um umxpm cm | nm / (& / %
2014 [79] / 500%800 50 13 | 0.25%vol. / 989 18.0
2013 [80] 500 / 120 | 20 | 0.77%vol. | 18.0 2000 10.6
2014 [81] / 400x560 50 20 | 1.0%vol. | 24.5 2000 49.0
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2009 [82] / 50%50 15 170 | 1.8 %vol. | 21.0 300 32.0

2010 [83] / 283x800 50 33 | 2.0%vol. | 32.6 1676 70.0

However, the effect of nanofluids on flow boiling in microchannels is inconsistent and even
contradictory [84]. The heat transfer performance could either be enhanced [85,86,87] or
weakened [88,89,90], depending on the nanoparticle concentrations and operating conditions
[91]. For example, Xu et al. [86] indicated that the flow boiling HTC of Al2O3/H20 nanofluid
was enhanced due to local dryout inhibition and area enlargement of liquid film evaporation.
However, Lee and Mudawar [88] pointed out that the Al,O3;/H>O nanofluid was unsuitable
for flow boiling in microchannels due to a high risk of the disastrous failure by nanoparticle
deposition on surfaces. Chehade et al. [87] showed that the HTC of Ag/H>O nanofluid was
enhanced by 162% at low concentrations, but with the enhancement decreased dramatically
at high vapor qualities. Henderson et al. [92] found that the HTC of R134a/SiO> nanofluid
was decreased by 55% compared with that of R134a. However, the HTC of R134a/POE/CuO
nanofluid could be improved by 76% compared to that of R134a/POE mixture.

The phase change emulsion (PCE) and nano-size encapsulated phase change material slurries
(PCMs) are also utilized to improve the single-phase convective heat transfer performance. It
is found that the local Nusselt number of phase-change emulsion (e.g., n-hexadecane/water,
20%wt) was about 2.3-3.2 times that of water at the same operating conditions [93]. However,
few studies were carried out on flow boiling heat transfer of PCE or EPCMs in microchannel.
The main obstacles include the risk of liquid leakage and low thermal conductivity of PCM
(less than 0.4 W/(m-K)) [94,95]. Recently, different materials and manufacturing methods
have been investigated to improve the effective thermal conductivity of EPCM particles, as
physical properties of EPCM particles mainly depend on the core/shell materials and particle
sizes [96]. Taking n-octadecane as an example, it could be encapsulated with materials such
as poly (ethyl methacrylate) and the metal-plated organic composite materials [97,98,99]. In
those cases, thermal conductivity and the melting latent heat of particles are in ranges of
0.25-1.35W/(m'K) and 208.7-107.9kJ/kg respectively, compared to that of pure n-octadecane
with 0.146 W/(m'K) and 227 kJ/kg, correspondingly.
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Therefore, flow boiling of refrigerant-based functional fluid (e.g., nanofluid and PCM slurries)
in microchannels represents a possible and promising approach to improve cooling capacity

for thermal management of electronic components and fuel cells in the future.

Comparing to pure refrigerants, the zeotropic mixture such as R123a/R245fa and NH3/H;O,
could better match the operating temperature with surface profiles due to the non-isothermal
phase-change feature [100]. Furthermore, it can also delay serious dryout at high heat fluxes
and significantly increase the critical heat flux (CHF) in microchannels [101,102]. Guo et al.
[103] found that the R134a/R245fa mixture in a horizontal tube had lower pressure drop and
higher HTC than pure R245fa. Dang et al. [104,105] conducted experimental studies on the
R134a/R245fa mixture flow boiling in a rectangular microchannel. It had smaller HTCs than

pure fluids, but could delay dryout at high heat fluxes and significantly increase the CHF.

The NH3/H>O mixture has been widely used as a working fluid in refrigeration systems for
decades. According to Table.2, the evaporating latent heat of NH3/H>O mixture is larger than
pure refrigerants. At a concentration of 20% by mass and a saturated temperature of 50°C, the
NH3/H>0 mixture has an evaporating latent heat of 1689 kJ/kg, which is higher than that of
the R134a/R245fa mixture (167 kJ/kg) and the R123/R134a mixture (167 kl/kg). However,
most experimental studies in the literature are conducted in large-scale sinks and the heat
transfer empirical correlations are not applicable to predict flow boiling heat transfer
performance of the NH3/H>O mixture in microchannels. This is due to the difference in
bubble dynamics and flow patterns [106]. Kern et al. [100] evaluated flow boiling heat
transfer correlations for the macro-scale NH3/H>O heat exchanger design, including two flow
boiling correlations and three correlations modified based on pool boiling correlations.
Taboas et al. [107,108] studied NH3/H20 flow boiling in a vertical plate heat exchanger with
a hydraulic diameter of 4 mm. Arima et al. [109,110] investigated its performance in a
vertical plate evaporator with a gap size of 2 mm. Bor et al. [111] found that the HTC of
NH3/H20 in a single channel annulus with a hydraulic diameter of 0.4 mm increased with
inlet vapor quality, mass and heat fluxes. Additionally, there are only a few numerical

performance studies on NH3/H>O flow boiling in microchannels available in the literature.

In conclusion, the present study has identified flow boiling in microchannels as a promising

thermal management solution for electronic devices and fuel cells, utilizing refrigerant-based
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functional fluids such as R134a or the NH3/H>O mixture based nanofluid and PCM slurries.
Additionally, numerical simulation is selected to evaluate the heat transfer performance of

multiphase flow in microchannels.
1.5-Aims and objectives

The primary aim of this study is to advance the understanding of heat transfer during the flow
boiling of functional fluids in microchannels, to investigate the impacts of coolant properties
and the key parameters on heat transfer performance, and to explore effective approaches for
enhancing thermal management in cooling electronic components and fuel cells in the future.

The specific aims and objectives of this research are outlined as follows:
Chapter 1: Background

* Objectives: Briefly introduce the background and main challenges in thermal management
for cooling the advanced electronic devices and fuel cells, as well as present the dominant
restrictive conditions that govern the choice of cooling methods (i.e., the maximum tolerable
temperature and temperature gradient on heated surfaces). Conduct a comparative analysis of
the heat dissipation capacities of some available cooling approaches under those mentioned
constraints. Present the core subjects of enhancing the heat transfer and set the context for the

following chapters by highlighting the need for investigation and proper treatments.
Chapter 2: Literature review

¢ Objectives: Systematically summarize the latest research on the heat transfer theories, heat
transfer characteristics, and prediction models of flow boiling heat transfer in microchannels.
Conduct a comparative analysis of the primary factors affecting the heat transfer performance,
identify the potentials, key trends and research methodologies of the promising enhancement
approaches. Evaluate numerical models and computational approaches adopted for predicting
flow boiling heat transfer performance in microchannels. Outline methods and approaches for
the heat transfer enhancement, specifying the key parameters, evaluation criteria and research
topics, as well as the numerical simulation models and computational approaches employed

in the present work.

Chapter 3: Simulation methods for multiphase flow heat transfer
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* Objectives: Briefly explain the computational models and simulation methods employed in
this study to analyze transit subcooled multiphase flow and heat transfer in microchannels. It
encompasses the mathematical models describing thermodynamic and transport properties of
functional fluids, the mass and heat transfer models within multiphase interfaces (i.e., liquid
boiling and solid melting), the initial and boundary conditions, and the specific computational

methods utilized in each chapter.
Chapter 4: Flow boiling heat transfer of water with a PCM particle

* Aim: Explore the key factors and their impacts on the heat transfer performance between a
melting and moving particle with the neighbor fluid and heated walls in this intricate physical

process. Provide a reference for the subsequent analysis of functional fluids in microchannels.

* Objectives: Briefly introduce the research content, specify the assumptions and simulation
treatment in this chapter, conduct the grid independence and the model validation. Investigate
the effect of a PCM particle melting and moving on heat transfer performance of subcooled
water flow boiling in a vertical microchannel. Reveal the effects of surface wettability and
the particle density on the transient heat transfer performance and analyze the interactions
between the particle and the surrounding fluid at different flow boiling patterns. Evaluate the

mentioned methods and identify the key parameters for the subsequent investigation.
Chapter 5: Flow boiling heat transfer of R134a based functional fluid

¢ Aim: Conduct a parametric sensitivity analysis to understand the thermal properties effects

of functional particles on the heat transfer performance of pure R134a in microchannels.

* Objectives: Provide a brief introduction to the research content, outline the assumptions
and methodologies, perform the grid independence assessment and validate the calculating
model. Investigate heat transfer performance of R134a-based functional fluids flow boiling in
a horizontal microchannel. Explore the impacts of the functional particle properties such as
thermal conductivity and the melting latent heat of PCM particles, as well as key parameters
on heat transfer performance. Reveal the mechanisms responsible for enhancing flow boiling
heat transfer performance of functional fluids by conducting an analysis of the heat transfer

performance and the corresponding flow fields.
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Chapter 6: Flow boiling heat transfer of the NH3/H,O mixture

* Aim: Evaluate the heat dissipation capacity and investigate the mechanisms of flow boiling
heat transfer of the NH3/H>O mixture in microchannels, aiming to cool electronic devices and

fuel cells.

* Objectives: Propose a modified VOF-LEE model and a corresponding simulation approach
suitable for predicting the non-isothermal flow boiling heat transfer performance of zeotropic
mixtures based on the theoretical analysis and reasonable simplifications. Conduct the grid
independence assessment and the simulation model validation. Investigate the effects of the
main thermal parameters such as inlet mass flux, inlet NH3 concentration and heating wall
temperature on the heat transfer performance and flow patterns of the NH3/H,O mixture flow
boiling in microchannels. Evaluate the characteristics and potential of the NH3/H>O mixture

for cooling electronic devices and fuel cells.
Chapter 7: Flow boiling heat transfer of the NH3/H>O/PCM slurries

* Aim: Explore the intricate behavior of multiphase flow heat transfer of the NH3/H>O/PCM

slurries in microchannels and analyze their influence on enhancing heat transfer performance.

* Objectives: Explain those assumptions and simplification of adopted mathematical models
and computational methods. Evaluate the heat transfer performance and the influence of the
suspended PCM particles properties (e.g., the melting temperature and the melting latent heat)
on heat transfer performance of the NH3/H>O mixture flow boiling under different conditions.
Analyze the mechanism of interactions and mutual influences among different phases during
the transient subcooled flow boiling process in microchannels. Assess benefits and challenges

of enhanced heat transfer performance by adding PCM particles into the NH3/H,O mixture.
Chapter 8: Conclusion and future work

* Objectives: Summarize the main contributions and outcomes of simulation work focusing
on enhancing heat transfer performance of various fluids flow boiling in microchannels for
cooling electronic devices. Discuss the implications of the findings for the actual applications
and advanced thermal management in the future. Propose potential areas and suggestions for

future research, focusing on the experimental test and refined numerical simulation study.
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Chapter-2 Literature review

2.1-Introduction

In this chapter, recent studies on flow boiling heat transfer performance in microchannels of

pure refrigerants, the zeotropic mixture and functional fluids are reviewed, individually.
2.2-Flow boiling heat transfer in microchannels
2.2.1-General heat transfer performance

Flow boiling heat transfer is sensitive to various parameters, such as the physical properties
of coolants, the geometrical shapes and dimensions of sinks, as well as operational conditions

like inlet mass fluxes, degree of subcooling and heat fluxes, among others.
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Figure.8 Relation of heat flux [112] and pressure drop curve in boiling heat transfer [113]

Traditional boiling curves of heat flux and pressure drop are shown in Figure.8. Once boiling
phenomenon is triggered at onset of nucleating boiling (ONB) position, heat flux is improved

significantly with continuously increasing of wall temperature at the same mass flux, leading
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to the intense nucleate boiling processes. Owing to fast bubbles generations and insufficient
liquid rewetting to surfaces, some large-size vapors will appear and give rise to decrease local
heat transfer capability. Critical heat flux (CHF) is considered as a safety thread for boiling,
after which heat flux begins to decrease sharply. Further increasing heating temperature, flow
boiling will be changed to transiting pattern in which pressure becomes unstable [112]. The
onset of flow instability (OFI) is another important criterion in safety applications. Pressure
drop fluctuation could be exacerbated severely and trigger devastating damages to devices.
The OFI is at the minimum point of pressure drops versus mass fluxes in macrochannels at

the constant inlet temperature and heating fluxes [113].

The heat transfer curves for subcooled flow boiling in microchannels differ from traditional
cases. For instance, Figure.9 illustrates M-shaped curves that show the relationship between
heat transfer coefficients (HTCs) and vapor quality [114,115]. Vapor quality is defined as the
mass ratio of saturated vapor in a two-phase mixture. For saturated flow boiling in Figure.10,
it ranges from 0 to 1, where 0 represents a saturated liquid state and 1 represents a saturated
vapor state. In subcooled flow boiling in Figure.9, the evaporation occurs in the liquid phase
before reaching its boiling point. When the liquid starts to boil, the vapor is generated near
the heat surfaced but rapidly condenses back into the liquid due to the lower temperature of
surroundings. In this case, the value of a factor (X), which has the same formula of the vapor

quality (x) is negative in order to differentiate it from the saturated liquid in Figure.9.
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Figure.9 M-shape curve of flow boiling heat transfer in microchannels [114,115]

In a M-shape curve, there are two HTC polar points. The first point is at the transition from

bubbly flow to intermittent flow, and the second point is at the turning point from moderate
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to filming flow before local dryout. For example, the first polar of heat transfer coefficient
(HTC) is found to be the maximum value for Octane or R113 in Figure.9, while the second
polar is associated with the largest HTC for H>O [116]. The research also noted that the flow

boiling HTC of water in microchannels is degraded due to severe instability at high heat flux.
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Figure.10 Local flow boiling HTC and bubbles transition at a constant heat flux [117]
The relation between the local HTC and flow patterns in a microchannel under constant heat
flux was explained by Kim and Lee [117]. Firstly, the nucleation begins along the walls near
the inlet, leading to the formation of small bubbles. As the evaporation continues, the bubbles
increase in size and number, resulting in a bubbly flow. These bubbles then coalesce into the
oblong shapes and trigger a transition to churn flow. Finally, the annular flow is formed when
the elongated bubbles merge to create a continuous vapor with a thin liquid film near surfaces.
It is also discovered that the location of the highest local HTC is influenced by the positions
where the bubbles form [118]. Additionally, the diameters of the departing bubbles decrease
as the mass flux increases [119]. The maximum HTC occurs near the onset of nucleation at

the entrance, which differs from flow boiling in macrochannels shown in Figure.11 [120].
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Figure.11 Relations of local HTCs with vapor quality in different mass and heat fluxes [120]
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Qu and Mudawar [121] assessed eight classical flow boiling empirical correlations and found
those correlations did not accurately predict trends with experimental data. This was
attributed to the unique nature of flow boiling in microchannels and the actual conditions
falling outside the ranges of the correlations. Additionally, the geometrical parameters such
as aspect ratio, structures and surface textures of microchannels were identified as important
factors in the heat transfer performance in microchannels. For instance, Markal and Aydin
[122] experimentally investigated the effect of channel aspect ratio on water flow boiling in
microchannels, while maintaining the same hydraulic diameter of 0.1mm. The results showed
that the HTC increased with the aspect ratio up to 3.54, and then decreased at higher aspect
ratios. The pressure drop increased with the heat flux due to the rise in evaporation

momentum force, but no regular relations with the aspect ratio were observed.
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Figure.12 Channel aspect ratio effect of microchannels on flow boiling HTC and pressure drops [122]
Table.6 presents the main experimental data on water flow boiling heat transfer in rectangular
microchannels. In this table, N¢, Nis, and O denote the numbers of channels, heated surfaces,

and the flow direction orientation, respectively.

Table.6 Experimental researches of water flow boiling heat transfer in microchannel

Ref Microchannel WxDxL Tin G Qmax h
/ Nc/Nhs/O/material mm C kg/(m2.s) | kW/m? | kW/(m2K)
2016 [118] 1/3/H silicon 2.54x0.42x25.4 86 182/380 320 0-45
2017 [119] 1/1/H silicon 5.01x0.52%80.0 90 200-400 250 0-15
2007 [120] 1/3/V copper 0.807x0.346x330 40~50 | 200-1500 200 0-70
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2012 [123] 1/3/H copper 0.241x0.198%21.9 46~49 | 340-1297 2197 0-400

2016 [122] 29/3/H copper Dn=0.1, AR=0.37~5.0 50 151-324 131 0-20

In conclusion, there are four key parameters that characterize the performance of boiling heat
transfer. These parameters include the superheat for the onset of nucleation boiling (ATong),
the heat transfer coefficient (HTC), the critical heat flux (CHF) and the related superheat
(ATchr). Therefore, the main guideline for improving the heat transfer performance is to
induce the onset of nucleation boiling at low heat flux cases, delay the CHF at high heat flux

cases and promote overall and local heat transfer coefficients [124].
2.2.2-Flow boiling instability

According to the discussion in Chapter 1, refrigerants such as R134a, FC-72 and HFE7100
are chosen as potential coolants for cooling electronic devices and fuel cells. This is mainly
due to the dielectric properties, chemical stability, electrical inertness and the saturation
temperature below 85 C°. The dielectric properties of coolants play a crucial role in the
cooling of electronic components, as they directly affect the cooling efficiency, lifespan and
safety under high loads and in complex environments. For example, Saums et al. [125]
compared different pumped-supply cooling techniques for semiconductors in electric vehicles
and found that the heat dissipation rate of R134a flow boiling was 96% and 125% greater
than that of single-phase water and air cooling, respectively. Madhour et al. [126] studied
R134a flow boiling heat transfer in microchannels for cooling the microelectronic CPUs and
indicated that the local HTC could reach up to 270 kW/(m?K) with a maximum pressure
drop of 94 kPa at 188 W/cm? and 1000 kg/(m?:s) to keep the microchip under 85C°.

However, there are still some shortcomings that need to be addressed in practical applications,
especially in cases of high-level heat dissipation where flow boiling instability might occur.
The instability can lead to high pressure drop and severe deterioration of heat transfer
capability along the direction. For pure refrigerants, they have problems in high-level heat
application due to poor thermophysical properties such as small thermal conductivity, latent
heat and high wettability feature [127,128]. Compared to water, refrigerants have super-
wettability properties with small contact angles (e.g., 0°of FC72 and 62°of H,O [129], 8°of

R134a on copper surfaces [130]). Small contact angles could make fluids deep penetration
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into surface cavities, leading to high surface superheat for nucleation. For example, You et al.
[130] measured the superheat degrees of FC72 on different surfaces (e.g. Pt, SiO2, and Al>O3)
and found that the superheat was 18-51C° at the incipient nucleation stage. Once the bubble
nucleation occurs, the excessive superheat quickly dissipates, leading to the acute boiling
process. Therefore, flow instability is a serious problem that needs to be effectively resolved
as it can lead to severe fluctuations in pressure and temperature and even devastating dry out.

The details of flow boiling instability are presented in Figure.13.
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Figure.13 Logic relations of flow boiling instability in microchannel and available treatments

Flow instability is more pronounced in microchannels compared to macrochannels, primarily
due to the combined effects of the strong surface tension forces and thick thermal boundary
layers in confined channels [55]. The primary reason is an amount of vapor generated on the
heated surfaces, which then moves into the channel domain. This leads to rapid growth and

elongation of bubbles, bubble collision and merging, clogging and flow reversal at the inlet.
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Several factors affect the extent of instability, including physical properties of coolants, the

geometric parameters, microchannel structures, inlet subcooling and the heat/mass flux ratio.

Wang and Cheng [131] investigated the stability of subcooled water flow boiling in a
microchannel. The unstable flow boiling occurred when the exit vapor quality was larger than
0.013. Lee and Liu [65] found that inlet orifices and expanding channels could alleviated the
flow instability in microchannels. Edel and Mukherjee [132] found that the bubble growth
rate increased with an increase in superheat and this growth was restrained by increasing the

mass flux before the clogging process occurred.
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Figure.14 Inlet temperature effect on flow instability and three stages of bubble growth [133]

Bogojevic et al. [134] observed two types of instabilities in their study: the high-amplitude
and low-frequency (HALF), as well as the low-amplitude and high-frequency (LAHF). These
instabilities were found to be dependent on the heat/mass flux ratio and inlet temperature. In
the HALF case, the frequency decreased with increasing heat fluxes or decreasing inlet mass

fluxes, while a low inlet temperature resulted in high magnitudes of temperature fluctuations.
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They also investigated instabilities under non-uniform hotspot cases [135] and found that at
low heat fluxes, the fluctuation was HALF, which then changed to lower amplitude and
higher frequency (LAHF) as the heat fluxes increased. In the HALF case, the fluctuation of
the wall temperature was primarily driven by the oscillation of inlet mass flux. Additionally,
it was observed that there are three stages of bubble growth: rapid growth, stagnation and
accelerated growth [133]. As the bubble growth rate slows down and the bubble lifetime

lengthens, the amplitude of fluctuations increases and the frequency decreases.
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Figure.15 Types of wall-liquid-bubble forces on bubbles in flow boiling in microchannels [136] (Fp-
buoyancy F; Fi- inertia F; Fu- evaporation momentum F; Fs- surface tension F; Fr- shear F)

The wettability of heating surfaces has a significant effect on the flow instability. Alam et al.
[136] investigated the effects of contact angles (e.g., 45.13° and 10.21°) on flow boiling in
microchannels, respectively. It revealed that surface tension dominated the behavior at small
to moderate mass flux, while the inertia force became the governing factor at high mass flux
cases. Moreover, it was found that a nanowire surface with a smaller contact angle of 10.21°
enhanced the critical heat flux due to higher surface tension force at the liquid-vapor interface.

The main geometric parameters of microchannels and the experimental conditions are listed
in Table.7.

Table.7 Experimental studies on the flow instability in microchannels

Year Ref Channel material D WxDxL Tin G Q
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/ / / / mm mm T Kg/m?s | kW/m?

2010 [65] 48/H-Rec silicon | 0.353 0.235x0.710%20 70-95 25-114 60-380

2011 [132] 1/H-Rec Brass / 0.201x0.266%25 64/80/98 | 122/200 36-228

2013 [133,134] 40/H-Rec silicon | 0.194 0.15%0.273x15 25/71 42-433 138-537

2016 [136] 5/H-Rec silicon | 0.234 0.22x0.25x10 / 100-600 ~3500

In general, several principal methods were studied experimentally to mitigate the instability
and enhance the heat transfer capability of flow boiling in microchannels. These include the
modification of coolant properties, the structures and geometric parameters of sinks and the

heated surface morphology.
2.2.3-Geometrical modification of channels

In this part, some representative experimental investigations on the geometrical modification
methods to ease flow instability in microchannel were analyzed and compared systematically.

The general relations of basic principles and methods are listed in Figure.16.

Basic principles »{ Technical methods |+ Geometry structures
¥ ¥ ¥
Flush bubble out Increase inlet velocity Orifice or expanding
Control bubble growth Control superheat Nucleation sites
Reduce reverse flow Increase vapor space Segmented, Oblique
Smooth slug evacuation Better rewetting Cavities, Pin fins

Figure.16 Logic relations of Geometrical modification to ease flow instability in microchannel

As discussed before, the primary strategies for addressing flow instability in microchannels
involve the effective control and regulation of bubble generation in proximity to the heated
surfaces, as well as the management of their dynamic evolution within the domain.

In general, the principles and treatments of alleviating flow instability are summarized in

Figure.16, which include the following:

1. Flush large-size bubbles out of channels quickly before they block the domain (e.g., using

inlet orifices to increase inlet velocity).
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2. Control bubble growth rates to suppress confined bubbles in domain (e.g., increasing inlet

subcooling, controlling surface superheat, and coating nano-size cavities on the surfaces

to regulate nucleation sites).

3. Reduce reverse flow (e.g., using expanding channels to increase space for large bubbles

near the exit and employing oblique fins to break bubbles into smaller pieces).

4. Smooth slug evacuation (e.g., expanding the downstream channel and applying rewetting

surfaces to ensure thin liquid layers exiting between surfaces and slug/annular bubbles).

The main parameters of some experimental cases on H>O flow instability in microchannel are

listed in Table.8. The detailed results and main findings were introduced as follows.

Table.8 Some experimental investigations on the geometrical modification for flow instability

Ref Shape/ Material D WxDxL Tin G Q
mm mm C Kg/m?.s kW/m?
2007 [137] Trap/Si 0.186 | —x0.146x30 35 38.6-162 | 227-498
2008 [138] Trap/Si 0.186 | —x0.146x30 35 91-787 184-486
2011 [139] Div/Si 0.120 —Xx—x26 28-48 99-297 0-500
2011 [140] Expand/SS / 0.3x1.153x25 90 100-133 0-1400
2013 [141] Rec/Al / 0.1x0.1x10 / 283-2370 /
2014 [142] Rec/Si / 0.22x0.25x10 40 160-404 | 500-6000
2015 [143] Div/Cu 0.522 | —x0.75x25.7 30 100-350 10-350
2015 [144] Reen Q/Cu 0.776 —x—x45 60/90 200/300 0-550
2016 [145] Inter/Cu 0.400 —x—x45 30/60/90 100-250 100-900
2017 [146] Inter Q/copper 0.781 / 60,90 125-300 0-900
2017 [147] | Micro pin/copper 0.4(0.6) x0.5(1.5) 90 500 83-593

Wang et al. [137] discovered that the isolated bubbles were pushed away by the incoming

liquid in a stable state. They also observed that the amplitudes of pressures and temperatures

in Type-B were smaller than those in Type-A, and no fluctuations were observed in Type-C

under the same condition [138]. Szczukiewicz et al. [141] demonstrated that significant
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temperature and pressure fluctuations were observed without any inlet restrictions. However,

the utilization of inlet restrictions effectively prevented the fluctuations in Figure.17.

Type-C

Figure.17 Geometry structures of microchannels with and without inlet restrictions [138,141]

Lu et al. [139] discovered that the hybrid effects of the artificial nucleation sites and
diverging microchannels could reduce the wall superheat and also enhance the heat transfer
performance. Balasubramanian et al. [140] found that the expanding channels exhibited lower
pressure drop and higher heat transfer coefficients compared to straight channels. Prajapati et
al. [143] found that the segmented channels demonstrated a higher HTC compared to other
channel geometries. Although there was a slight increase in the pressure drop, the segmented

channels could completely alleviate bubble clogging.
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(a) Uniform (b) Diverging (c) Segmented

Figure.18 Geometry structures of microchannels with different constructions [143]

Yang et al. [142] found that the heat transfer coefficient and critical heat flux of inlet
restricted nanowire microchannels were enhanced by up to 326% and 317% respectively,
compared to those of the plain-wall microchannels. This was attributed to promoted nucleate

boiling, induced film renewal, and improved film evaporation in Figure.19.
Silicon Nanowired Plain-wall Microchannel Inlet restricted

2

Figure.19 Structure diagram of microchannels with different constructions [142]
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Deng et al. [144] found that the HTC enhancement of flow boiling in the Q-shaped reentrant
microchannels was up to 70% in large subcooling and moderate at high heat fluxes, while the
pressure drop was close to 40% of that in rectangular channels. They [146] also found that
the flow boiling heat transfer coefficient in interconnected reentrant microchannels of semi-
closed Q and transverse shapes could be improved up to 280% by providing more flow

passages and diminishing confinement effects with the addition of transverse microchannels.

Uhmit: muan

Figure.20 Structure diagram of different microchannels with the Q-shaped cavities [144,146]

Zhang et al. [145] investigated flow boiling heat transfer in interconnected microchannel nets
(IMN) and rectangular microchannels (RMC). The IMN microchannels exhibited higher heat
transfer coefficient and lower pressure drop compared to the RMC at 180 kg/(m?2.s), but these
trends were reversed at 250 kW/(m?.s). However, the flow stability was compromised when
the heat flux was increased to 250 kW/(m?.s).

1.2 mn

Square pores
45 mm atinterseclions () 4 mm|

a7l

20 mm

Figure.21 Structure diagram of interconnected microchannel net [145]

Wan et al. [147] compared the effects of different shapes of micro pin fins (e.g., square,
circular, diamond and streamline) on flow boiling heat transfer performance. The shape of the
fins did not influence the onset of bubble nucleation. However, the diamond shape resulted in
the worst HTC and severe instability, whereas the square shape had the largest HTC due to its

ability to hinder slugs and facilitate rewetting channels.
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Figure.22 Structure diagram of microchannels with different shapes of pin fins [147]
Generally, the above discussions focused on the effects of channel geometry on the instability
of flow boiling in microchannels. It is clear that an appropriate structure could mitigate the
flow instability and enhance the heat transfer performance effectively. Figure.23 compares
the effects of different structures and geometric parameters on flow boiling of refrigerants

(e.g., FC72 and HFE7100) in microchannels with a wall temperature below 85C°.
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Figure.23 Effects of channel structures and geometrical parameters on flow boiling in microchannel
(a) FC-72 [148,57,58,149], (b) HFE7100 [150,151,152,59,153,61]

In Figure.23(a), the heat flux of FC72 exhibits nearly linear increase with the mass flux at
low conditions, but the increment becomes small and tends to approach zero at the high mass

flux cases. By utilizing microchannels with finned structures, such as straight and oblique
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fins, the heat flux can be significantly intensified compared to that in straight microchannels
at similar mass flux and wall temperature conditions. For example, in an oblique channel, a
specific inlet mass flux of 349kg/ (m?.s) and a pressure drop of 5.1kPa are required to achieve
a heat flux of 59 W/cm?. On the other hand, a straight channel necessitates a different inlet
mass flux of 2311 kg/ (m?.s) and a higher pressure drop of 109 kPa to achieve a heat flux of
66 W/cm?.

Similarly, the heat flux of HFE7100 in the nanostructured channels shown in Figure.23(b) is
considerably higher than that in straight microchannels with the same hydraulic diameter and
inlet mass flux. Furthermore, by integrating flow boiling with multiple micro-nozzles and
micro-cavities, the heat flux could be enhanced up to 175.2 W/cm?, whereas the maximum
values in the straight and nanostructured microchannels are 75.8 W/cm? and 111.8 W/cm?,

respectively.

2.2.4-Wettablility and roughness effects

As discussed before, the surface modification could enhance the heat transfer performance in
microchannels, such as to reduce the superheat at the onset of nucleate boiling (ONB) and the
critical heat flux (CHF), to improve the heat transfer coefficient at low heat loads and
increase the CHF at high heat fluxes, as well as to alleviate dry out and instability under

extreme high heat dissipation conditions, as illustrated in Figure.24.

[— Base Surface ‘
CHF — Modified Surface

Heat flux q

Superheat (K)

Figure.24 The main principles of surface modified treatment shown in boiling curve

The wettability represented by the solid-liquid contact angle and the surface morphology
symbolized by surface roughness (Ra), are two crucial factors that can influence flow boiling

in microchannels [154]. Recently, different definitions of contact angles have been proposed
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for the static and dynamic situations. The equilibrium contact angle, which is the primary and
widely used measure, is calculated by Young's equation under the assumption that the surface

is ideally homogeneous, smooth and clean.
- = 2-1)

Where 7., ys1 and vy are the solid-vapor, solid-liquid and liquid-vapor interfacial tensions,

respectively. a is the equilibrium contact angle shown in Figure.25.

Contact angle

Vapor T
K ~0° 00° ~150°
Liquid sl a ) \
- fe oo LEED R -3
o
Superhvdrophilic Superhyvdrophobic

Figure.25 Illustration of contact angle and wettability classification [154]

While wettability primarily affects bubble departure diameter and frequency, as well as the
liquid-wall contact area (expressed as the vapor area fraction on surfaces-xwal), roughness can
impact the effective heat transfer area, active nucleation sites, and capillary force on surfaces.
Therefore, surface modification methods such as material coating, micro-cavities, and nano-
structure treatments are expected to yield higher HTC and CHF of flow boiling compared to
smooth surfaces, as illustrated in Figure.26. It is generally accepted that at low heat fluxes,
the HTC can be improved by reducing wettability and roughening surfaces to decrease the
ONB (Onset of Nucleate Boiling) point and increase the density of active nucleation sites on
surfaces. On the other hand, increasing wettability and employing wicking structures can
delay the CHF point in high heat dissipation scenarios, as they directly result in enhanced

liquid affinity and rewetting on surfaces [155,156,127].

Tprove HIC Reduce wettability Decrease the ONB point
]
D e Roughen surface Increase nucleation sites
Increase wettability |—»| Obtain high liquid affinity
o Eomor |
a Use wicking structure |-»| Promote liquid rewetting

Figure.26 Surface modification methods to enhance flow boiling heat transfer performance

Surface wettability could be classified into superhydrophilic (contact angle ~0°), hydrophilic,
hydrophobic and superhydrophobic (contact angle >150°) types in Figure.25. Generally, the
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superhydrophilic surface could induce natural spreading to enhance capillary transport, while
the superhydrophobic has merits of self-cleaning and reducing hydrodynamic drag. Hence,
the superhydrophobic has features to promote bubbles attached on the surfaces and reduce the
superheat for inducing nucleation boiling at low heat fluxes (i.e., decreasing the Tons).
Differently, the superhydrophilic one could form a thin liquid film near hot walls till a severe
evaporating phenomenon generated on surfaces (delaying the CHF point) in Figure.27.

In Figure 25, the surface wettability could be classified into four types: the superhydrophilic,
hydrophilic, hydrophobic and superhydrophobic. The superhydrophilic ones could promote
natural spreading and enhance capillary transport. On the other hand, the superhydrophobic
surfaces have the advantage of self-cleaning and reducing hydrodynamic drag. Therefore, the
superhydrophobic surfaces are beneficial for promoting bubble attachment and reducing the
superheat required for nucleation boiling at low heat fluxes. In contrast, the superhydrophilic
surfaces form a thin liquid film near the heated walls until a severe evaporating phenomenon

occurs (thus delaying the CHF point) in Figure 27.

‘ Superhydrophobic |—# Reduce the energy barrier & hydrodynamic drag

Q Reduce superheat for nucleation Suppress bubbles to detach from walls |

Superhydrophilic ‘ -+ FEnhance capillary transport & liguid affinity to surface

& Increase departure diameter Decrease departure frequency of bubbles |

Figure.27 Mechanisms of superhydrophilic and superhydrophobic surfaces in flow boiling processes

Based on the discussions about the effects of wettability and roughness on flow boiling heat
transfer, experimental studies have been conducted to investigate methods for improving the
heat transfer performance. These encompass surface modification techniques, such as nano-
structure and surface-roughening treatments, along with the utilization of biphilic wettability

and smart material coatings on surfaces. as shown in Figure.28.

Generally, the heated surfaces could be modified to have superhydrophilic, superhydrophobic,
and biphilic properties by fabricating nano-structures with special materials, shapes, sizes and

manufacturing methods. Those specific materials with inherent characteristics of spontaneous
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wettability change regulated by surface temperatures can be coated on surfaces to increase

the heat transfer coefficients at low heat fluxes and the critical heat fluxes at high heat loads.

More nucleation sites on surface Superhydrophobic |-»| HTC

MNanostructure |4

Large capillary F for rewetting Superhydrophilic |-» CHF

Increasing the nucleation site-HTC, few effect on AP

Roughness &

Maintaining uniform T.,s but increasing P fluctuation

Balance wettability effect on bubble nucleation and departure

Biphilic

Exist an optimum ratio to obtain the maximum CHF and HTC

Surface wettahility is auto-variable with surface temperature

Smart material ¢

Hydrophobic at small T,,,;--HTC; Hydrophilic at large T,,;--CHF

Figure.28 The important performance of alternative surface modification treatment

According to the Young's equation, it is evident that the contact angle of surfaces is related to
the physical properties of the liquid and surfaces, which are determined by factors such as the
material and the operating temperature. Figure.29 (a) presents the different contact angles of
water on various surfaces, ranging from 22° to 112°. Therefore, the surface modification
methods, including the chemical treatment, material and microstructure coating, nanoparticle

deposition and coating, have been employed to expand the range of wettability in applications.

For instance, the effect of nanoparticle coating on the wettability and roughness of copper
surfaces is shown in Figure.29 (b). Compared to copper, silica is hydrophilic and fluor silane
is hydrophobic. By coating the nano-size SiO; or SiO2-fluorosilane particles, the wettability
of copper can be altered from the superhydrophilic one (8°) to the superhydrophobic (155°).
The higher particle concentration results in larger surface roughness and a higher density of
active nucleating sites on the surfaces. Consequently, the heat transfer performance, such as
pool and flow boiling in macro/microchannels, can be enhanced through appropriate surface

modification treatments.
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Figure.29 Effects of (a) solid materials on wettability and [157,158,159,160] (b) nanofluid
deposition on wettability and roughness [157]
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The wettability has a significant impact on pool boiling heat transfer performance. Phan et al.
[158] found that the maximum heat transfer coefficients for pool boiling of water occurred
when the contact angle was close to 0° or 90° at a constant heat flux. Hydrophobic surfaces
can reduce the wall superheat necessary for bubble nucleation, but make it difficult for the
bubbles to escape from the surface, resulting in large areas covered by vapor and a decrease
in HTC at high heat fluxes. However, as the wettability increases, the departure diameter of
the bubbles increases while the departure frequency decreases. Jo et al. [161] conducted a
comparative study on water pool boiling heat transfer on surfaces with different wettability
characteristics: hydrophilic surfaces with a contact angle of 54°, hydrophobic surfaces with a
contact angle of 123°, and heterogeneous wetting surfaces. Result showed that hydrophobic
surfaces exhibit an earlier onset of nucleate boiling, a higher heat transfer coefficient, but a
lower critical heat flux compared to hydrophilic surfaces. This is attributed to the fact that the
temperature at the onset of nucleate boiling (ONB) decreases as the contact angle increases,
resulting in improved nucleation heat transfer on surfaces with lower wettability, especially at

low heat fluxes.

Figure.30 compares the effects of surface modification on the CHF of pool boiling, including
chemical treatment [159], the nano-cone array and nanowire treatment [159,160], and porous
and nanoparticle coating methods [162,157,163,164,165]. In general, the CHFs increase as
the wettability increases, and the increment is mainly dependent on those factors such as the

modification techniques and materials. For the same materials such as Ni and NiCr, the CHF
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enhancement by nano-structure modification is larger than that of chemical treatment at the
same wettability. Furthermore, the treatment of nanoparticle/porous coatings could increase

the wettability close to 0 and achieve the highest CHFs.
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Figure.30 Effects of contact angles on CHF in pooling boiling by various surface modification
methods [159,160,162,157,163,164,165]

Wettability also has an effect on flow boiling in microchannel. Choi et al. [166] indicated that
in a hydrophobic microchannel with a contact angle of 105°, the HTC and pressure drop were
larger than those in a hydrophilic microchannel with a contact angle of 25°. This difference
was mainly attributed to the presence of active nucleation sites and the occurrence of unstable
elongated bubbles/liquid film motions at high vapor qualities on the hydrophobic surfaces.
Sadaghiani et al. [167] investigated the effect of mini/nano-structures with contact angles of
80.16°, 78.5°, 120.16° and 140.75° on water flow boiling heat transfer in a microchannel.
The nanostructured surfaces (e.g., a=120.16° and 140.75°) exhibited higher HTCs compared
to the base surface (0=80.16°) under the same mass and heat fluxes. This improvement was
attributed to the more active nucleating sites, better uniform distribution of nucleation sites,
and a larger effective surface area on the nanostructured surfaces. Liu et al. [168] investigated
the effects of the wettability (with contact angles of 0°, 36°, and 103°) on flow instability in a
microchannel. The study revealed that periodic temperature fluctuations were observed only
on the hydrophilic (a=36°) surface, where the bubbles underwent the nucleation, growth and

merging into confined shapes before flushed out by the inlet liquid.

Zhang et al. [169] investigated the effects of wettability and microstructure on the saturated
flow boiling in microchannels. It is found that while the maximum HTC of 365 kW/(m?.K)
was obtained at the case of TS3 under low heat flux conditions, the highest CHF of 1627
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kW/m? was achieved at the case of TS2, which were 6.3 and 1.6 times higher than that of

plain surfaces, respectively.
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Figure.31 Geometric structures of microchannels and contact angles of different surfaces [169]

Surface roughness is an important factor affecting boiling heat transfer. Rough surfaces have
a higher density of the active nucleation sites compared to smooth surfaces. Boiling on the
smooth surfaces requires a higher superheat, which leads to a rapid bubble growth and large
oscillations in pressure and temperature. Alam et al. [170] studied the effect of roughness on
water flow boiling in a micro gap. It is found that the increasing of surface roughness could
increase both the density of active nucleation sites and the heat transfer coefficient, while the
pressure drop remained unchanged at the same conditions. Jayaramu et al. [171] investigated
the roughness effects on water flow boiling in microchannels with different copper surfaces, a
fresh one, an aged one and a cleaned one under the same conditions. The fresh surface had a
higher HTC compared to the aged one, attributed to the greater wettability caused by thermal
oxidation. The cleaned surface had a greater HTC than the fresh one due to an increase in

roughness and the presence of more active nucleation sites.

To further improve the heat transfer performance in a wide range of conditions, surfaces with
hybrid wettability have been investigated by researchers. Jo et al. [172] studied the effect of
hybrid wettability on water pool boiling heat transfer by coating a hydrophilic substrate with
hydrophobic dots. They found that the area ratio, defined as the hydrophobic area divided by
the total surface area, had a significant effect on the critical heat flux, but a negligible effect
on HTC. To achieve high CHF and HTC simultaneously, the hydrophobic dots (a=123°)
needed to be manufactured at a microscale level on hydrophilic (0=54°) surfaces with a small
area ratio. Betz et al. [173] found that a hybrid flat surface (a=7 and 110°) enhanced the HTC

and CHF by 100% and 65%, respectively, compared to a hydrophilic surface.
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Figure.32 Definition of area ratio A and the results of flow boiling heat transfer enhancement [174]

Motezakker et al. [174] conducted a study on the effect of biphilic wettability for pool boiling.
They aimed to determine the optimal surface ratio of hydrophilic (¢=20°) and hydrophobic
surfaces (a=165°). The results showed that the case with an area ratio of 38.46% exhibited
the highest CHF of 1970 kW/m? and the HTC of 9 MW/ (m? K). It was observed that in cases
with an area ratio greater than 38.46%, the earlier interactions of nucleated bubbles resulted
in the formation of a vapor blanket, which led to lower CHF and HTC. When the area ratio
exceeded 38.46%, the interaction of nucleated bubbles occurred earlier, causing vapor

blanket formation and triggering CHF at lower heat fluxes.

Additionally, it is evident that the contact angle decreases with increasing temperature, as the

interfacial tension is inversely dependent on temperature, as shown in Figure.33.
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Figure.33 Relations of contact angle with temperature on different material surfaces [175,176]

Hence, smart materials with variable wettability that auto-adjust with temperature are another

promising choice for improving the heat transfer performance in various applications. Kim et
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al. [176] studied the effects of smart material (such as TiO> and ZnO) surfaces on water flow
boiling heat transfer, which can naturally change the wettability with the surface temperature.
For example, the contact angle of ZnO is decreased from 100° to 26°, when the temperature
of surface is increased from 100 to 200C°. In comparison to SiO,, the ZnO surfaces exhibited
hydrophobic behavior at low temperatures, which facilitated nucleation and consequently led
to increase the HTCs. However, for the high superheat cases, the ZnO surfaces became
hydrophilic, allowing them to supply liquid to local dry-out regions and effectively delaying
or inhibiting the degradation of critical heat flux (CHF).

In this study, flow boiling of water, R134a and the NH3/H>O mixture in microchannels was
investigated by the CFD method. Contact angles of pure water and R134a were referenced in
the literature. Since pure refrigerants are superhydrophilic (e.g., R134a and R22 with contact
angles of 4-5° on the aluminum surfaces [177]), and the suspended nanoparticles can increase
the wettability as shown in Figure.29, the contact angle of the NH3/H,O mixture was set as

zero and the effect of particles on refrigerant wettability was neglected in this work.

The effect of surface roughness on R134a flow boiling in microchannels was investigated
using experimental methods. For example, Mohamed et al. [178] and Karayiannis et al. [179]
studied the roughness effect on R134a flow boiling in a welded and a seamless stainless-steel
tube, respectively. In the case of the seamless tube, the heat transfer was primarily influenced
by the nucleate boiling effects, with the heat transfer coefficient being dependent on the heat
flux and unaffected by the mass flux and vapor quality. Conversely, there was no substantial
impact on the HTC in the welded tube, but it elevated wall superheat levels at the onset of
nucleate boiling. Ong and Thome [180] investigated R134a flow boiling in a stainless-steel
mini-channel at a saturated temperature of 31 C°. They found that heat flux had a stronger
effect on the HTC at low vapor quality, while the mass flux had a relatively stronger effect at
high vapor quality. Jafari et al. [181] investigated the roughness effect on R134a flow boiling
in a copper microchannel at a saturated temperature of 10C°. Their observations revealed that
the HTC increased by as much as 45% with an increase in surface roughness from 0.21um to

2.38um.
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2.2.5-Flow boiling of zeotropic mixture

Selecting a working fluid with excellent thermophysical properties is one of the most crucial
methods for enhancing the cooling performance. The fluid not only directly influences the
heat dissipation capacity and operating conditions, but also interacts with the geometric and

surface modifications [182].

Since the safe operating temperature of electronic components is less than 85C°, refrigerants
such as NH3, R134a and R245fa can be used as alternative coolants at pressures higher than
atmospheric pressure. For example, R245fa has a saturated temperature of 25C° at a pressure
of 0.149MPa [183]. Some experimental studies on the refrigerants flow boiling are listed in
Table.9. Madhour et al. [126] investigated R134a flow boiling in a microchannel for cooling
the CPUs. It is found that the maximum value of the HTC could reach up to 270 kW/(m2.K)
with a maximum temperature gradient of 0.3 C°/mm and the highest pressure drop of 94 kPa

at a mass flux of 1000 kg/(m?.s). Those related experiments were conducted on a CPU-based

chip operating at 85C°.
Table.9 Experimental studies of pure R134a, R245fa and NH; flow boiling in mini/microchannel
D or WxH Tsat p G Qmax | Xmax Ref
mm T MPa kg/s kW/m?

R134a 0.100x0.68 60~63 1.70~1.80 205~1000 | 1890 | 1.0 | 2011[126]
R134a 0.100x0.50 25 0.68 400~1500 | 310 | 0.16 | 2013 [62]
R134a 0.382x0.47 13~23 / 150~600 127 | 0.92 | 2016 [184]
R134a 0.382x0.47 18,23,28 / 800~1200 | 460 0.6 | 2018 [185]
R245fa 0.233x0.68 | 23.7~43.9 0.14~0.27 281~1501 | 1900 | 0.78 | 2008 [183]
R134a,R245fa | 0.381x0.95 8~30 0.13~0.75 20~350 220 0.9 | 2009 [186]
R134a,R245fa | ¢$0.40~2.00 31 0.79~0.18 100~900 226 | 0.75 | 2014 [187]
R134a,R245fa | ¢$0.38~2.32 | 21.5~58.3 0.40~1.20 49~2200 185 | 0.93 | 2016 [188]
R134a,R245fa | ¢$0.51~0.79 31 0.79 300~2000 | 200 0.8 | 2016 [189]
NH;3 ¢1.22,1.70 23,33,43 / 100~500 355 1.0 | 2012 [190]
NH;3; $0.98-2.16 30~60 / 75~225 / 0.8 | 2016 [191]
NH; 1.00x1.10 27.5~47.5 1.00~1.54 66~148 12.2 | 0.01 | 2017 [192]
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Refrigerant binary mixtures, such as R123a/R245fa and NH3/H2O, are potential coolants for
dissipating heat in the electronic devices. These can align the operating temperature with the
heated surface profiles, due to the non-isothermal phase-change feature [100]. The saturated
temperature of a binary mixture is controlled by adjusting the pressure and the concentration.
As the boiling occurs, the concentration of the volatile component in the mixture diminishes,
resulting in a rise in the saturated temperature of coolants. This could impede the growth of
bubbles and delay the dry-out, thus contributing to an enhancement in the CHFs [101,102].
Despite the HTCs of the mixtures are typically lower than those of pure fluids under the same
conditions [100], flow boiling of the zeotropic mixture has attracted considerable attentions.
Figure.34 illustrates the differences in flow boiling heat transfer between pure and zeotropic

mixtures in microchannels.

Flow boiling of zeotropic refrigerant mixture in microchannel
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Figure.34 Characteristics and the mechanisms of zeotropic mixture flow boiling in microchannel

Table.10 documents experimental studies on flow boiling heat transfer of R134a/R245fa and

NH;3/H20 binary mixtures with the saturation temperature ranges of 18°C to 95°C.
Table.10 Experimental researches of R134a/R245fa and NH3/HO in flow boiling heat transfer

Concentration D Tsat p G Qmax | Xmax Ref
(by mass) mm C MPa kg/s  |kW/m2| /
R134a/R245fa
82/18 03 28~4310.54~0.84 | 280~469 | 34 0.7 2016[103]
20/80, 27/73,43/57 3 28~32 0.4 300~800 | 69 0.8 | 2016[193]
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10/90, 30/70,70/30 1x1 single 18.5 / 60~1100 | 120 1.0 2017 [104]

10/90, 30/70,70/30 2x1 multi 26 / 300~400 | 350 1.0 2018 [105]
NH3/H20

39%~48% $25.8 / 0.88~1.24| 4.2~9.0 | 18.1 / 1999 [196]

42%,55%,61% 06 70~90 | 0.15~2.0 {707~2688| 18.5 | 0.6 2005 [195]

42%~62% D4 Plate / 0.7~1.5 | 70~140 50 0.2 2010 [107]

90% dg2 Plate 18.5 | 0.7~0.9 | 7.5~15 23 0.4 2011 [110]

In general, the HTC of the R134a/R245fa mixture is significantly lower than that of R134a
and similar to that of R245fa [193,104,105]. This is contrary to the findings in the ¢3 tube,
where the HTC is higher at a high concentration of R134a (i.e., 82% mass) [103]. The binary
mixture has a lower pressure drop but a higher HTC compared to R245fa. At high saturation
temperatures, the inlet mass flux and the concentration have less impact on the HTCs at large
heat fluxes [105]. While R134a is more prone to local dry out than R345fa, the addition of a
small amount of R134a to R245fa could enhance the CHF and the HTC at high heat fluxes
[102, 105]. Furthermore, the segmented microchannel design does not improve the HTC of
the mixture but can delay heat transfer degradation and enhance the CHF for both pure and

zeotropic fluids [105].

The mechanisms of zeotropic mixture flow boiling in microchannels are different with that of
pure fluids in microchannels, mainly due to the binary effects of confined channels and the
non-thermal phase change feature on the bubble dynamics. For example, seven different flow
patterns in the R32/R125/R134a mixture and five classic types in the R13a/R245fa mixture
were observed in a microchannel, respectively [102,104]. Four patterns in the R134a/R245fa

mixture were identified in a $3mm circular tube [193].

The flow pattern transitions in the zeotropic mixtures are delayed and the degree of hysteresis
is influenced by the concentration and temperature glide, which significantly affects the flow
boiling heat transfer performance [104]. In the nucleating boiling region, the degradation of
flow boiling HTC for zeotropic mixtures is mainly caused by the reduction of wall superheat
and the additional mass transfer resistance [100,102,193]. In the convective flow boiling

region, it is primarily caused by changes in the physical properties of fluids, such as the
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increase of dynamic viscosity [182,194]. It is also indicated that the performance degradation
of the zeotropic mixture is mitigated at high vapor quality due to the capillary and Marangoni

effects [104].

Currently, the NH3/H,O mixture has been widely used as a working fluid in large industrial
refrigeration systems due to its environmental-friendly nature and the high boiling latent heat.
The latent heats of NH3/H20, R134a/R245fa and R123/R134a (0.2/0.8 by mass) at a saturated
temperature of 323.15 K are 1689 kl/kg, 167 kJ/kg and 155.5 kJ/kg, respectively, which are
calculated by REFPROP. Recently, the minimization design of cooling systems has reduced

concerns about its toxicity, making it possible to use for cooling electronic applications [190].

The heat transfer correlations for the NH3/H>O mixture in the macro-scale cooling equipment
have been assessed and the modified prediction models have been developed in the literature
[100,195,196]. Additionally, the flow boiling of NH3/H>O in the mini-scale plate sink was
experimentally investigated at inlet concentrations of 42%-90% and pressures of 0.7-1.5MPa
shown in Table.10 [107,110]. In general, the overall HTC is highly dependent on mass fluxes
and insignificantly affected by heat fluxes and pressure at large vapor quality from 0.1 to 0.22
[107,108]. Moreover, local HTC increases with the increase in vapor quality and mass fluxes

but decreases with heat fluxes [109,110].

Therefore, flow boiling heat transfer of the NH3/H>O mixture in microchannels is an efficient
and promising method to enhance the heat dissipation capability of thermal management for
the electronic devices. However, the empirical correlations and calculating models developed
for flow boiling in macrochannels are not applicable for that in microchannels due to the
differences in the bubble dynamics and flow patterns [106]. It becomes crucial to investigate
flow boiling of NH3/H2O in microchannels for the further understanding and improving heat

transfer performances.
2.2.6-Flow boiling of nanofluids

As discussed before, refrigerants (e.g., R134a and R245¢fa) are suitable for cooling electronic
devices. However, they also have shortcomings related to the poor thermophysical properties
such as low thermal conductivity and the small boiling latent heat. Therefore, the addition of

nanosize functional particles to refrigerants is an efficient approach to enhance single-phase
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convective heat transfer in microchannels and is a promising method to improve flow boiling

performance [7,54].

Nanofluid is a liquid mixture with nanosize high thermal conductivity particles suspended in
a base fluid. While most studies show that nanofluids enable larger heat transfer coefficients
for single-phase convection compared to the base fluids under the same conditions [197], the
effects on heat transfer performance of flow boiling are inconsistent and even contradictory,

which are summarized in Figure.35.

Flow boiling of refrigerant-based nanofluid in microchannel
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Figure.35 Influences of suspended nanosize particles on refrigerants flow boiling in microchannel

Generally, flow boiling heat transfer is affected by suspended nanosize particles through their
effects on thermophysical properties (e.g., thermal conductivity and viscosity) of coolants,
surface modifications (e.g., the wettability and roughness) and dynamic interactions (e.g., the
thickness of boundary layer and flow boiling patterns). It is the mutual-coupling interactions

that finally dominate the effects on the heat transfer performance in microchannels.
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Compared to those base fluids, the HTCs of nanofluid flow boiling in microchannels could be
either enhanced [85,86,87,202] or deteriorated [88,198,89,90,204], majorly depended on the
physical properties of fluids and nanoparticles, geometrical parameters of channels and the

operating conditions [91]. Some experimental cases are shown in Table.11.

Boudouh et al. [85] found that the HTCs of Cu/H2O nanofluid flow boiling were increased
mainly due to the higher viscosity compared to the base fluid. Xu et al. [86] found that the
HTC was enhanced as the local inhibition of dryout and the enlargement of the liquid film
evaporation area caused by the addition of Al>O3; nanoparticles into water. Chehade et al. [87]
observed that the HTC enhancement of Ag/H>O nanofluid was about 162% at a concentration
of 50 mg/L, but the enhancement capability decreased dramatically at high vapor qualities.
Additionally, the largest local HTC was observed at the entrance where the vapor quality was
low, and the local HTC decreased along the flow direction. Duursma et al. [202] found that
the maximum enhancement of HTC in Al,Os/ethanol flow boiling occurred at a nanoparticle

concentration of 0.05%.

In contrast, Lee et al. [88] investigated single and multiphase flow heat transfer of Al203/H20
nanofluid in microchannels and found that the nanofluid was not suitable for flow boiling due
to the disastrous failure caused by the nanoparticle depositions on the heated surfaces. Once
the nucleate boiling occurred, the nanoparticles began to deposit into large clusters, adhere to
surfaces and quickly spread throughout the entire microchannel, leading to destructive failure.
They also highlighted that the deposition was primarily caused by severe disturbance of the
boundary layers, as well as the serious flow obstruction due to the localized evaporation and
additional turbulence. Wu et al. [198] observed the depositions of Al,O3/H>O nanofluids at a
high wall temperature and a low concentration condition, especially at corners where the fluid
velocity was low. Moreira et al. [89] investigated the effects of nanoparticle types (i.e., Al2Os,
Si0; and Cu), concentrations and sizes on flow boiling heat transfer performance. The HTC
decreased at a large concentration of 0.1 vol.%, and it also depended on particle sizes in small
concentration conditions. The smaller particles (e.g., less than 30nm), the lower HTC values.
This was caused by the heated surface modifications due to the deposition of nanoparticles:
larger sizes of nanoparticles could generate a uniform texture similar to the original surfaces,

but smaller particles could produce thin layers with notable peaks and valleys of oscillation.
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Zhang et al. [90] found that the HTC of the graphene oxide/H>O nanofluid was smaller than
that of water and it was degraded by increasing the concentration. The generated non-porous
deposition layer could block the active bubble nucleation sites and inhibit the heat transfer
performance. It is the physical interactions of particles that trigger the particle depositions.
Increasing the inlet mass flow, temperature and concentration could intensify the extent of the

particle depositions.

Furthermore, Diao et al. [91] found an optimal concentration of the Al>O3/R141b nanofluid
for the maximum value of HTC in microchannels. Compared to the HTC of R141b, that of
the nanofluid was higher at a low concentration of 0.001vol.%, primarily due to the increased
nucleation density on heated surfaces. However, the HTC was lower at a higher concentration
of 0.1vol.% due to elevated thermal resistance by the particle deposition. Hence, the observed
effect is attributed to surface modifications caused by nanoparticle deposition, rather than the

dispersion of nanoparticles in the base fluid.

HTC enhancement Severe disturbance of houndary layer
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Figure.36 Different results of nanofluid on flow boiling HTC in microchannel

The CHF in microchannel could be significantly enhanced by adding nanoparticles into base
fluids [88,199,200,201,90]. Comparing to that of water, the CHF of the Al,O3/H>0O nanofluid
(i.e., 0.1%vol.) was improved by about 31% at 652 kg/(mZ2.s) [199]. Furthermore, the CHF
was enhanced by increasing inlet mass fluxes, initial subcooling and concentrations [199,201].
The enhancement could be attributed to the increase in surface wettability, bubble numbers in

the microchannel and the decrease in bubble lifetime in the domain [88,200,90]. For example,
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the contact angles were 85.9° of H,O and 76.0° of the Al,O3/H>O nanofluid (0.1%vol) on
stainless steel surfaces [204]. Furthermore, Nascimento et al. [203] found that the effects of
particle types (e.g., AlOs;, SiO7), concentrations (e.g., 0.01,0.01%vol) and sizes (e.g.,
10~80nm) on the CHF were negligible at high vapor qualities between 0.65 and 0.84.

The pressure drops in nanofluid flow boiling were greater than those in base fluids and were
further amplified with higher concentrations. This is mainly attributed to the high viscosity of
nanofluids and the formation of large nanoparticle clusters by the deposition [88,198,85,202].
However, Xu et al. [86] pointed out that nanofluids could reduce pressure drops compared to
base fluids, mainly due to the inhibition of dry patch development and the existence of some

miniature bubbles in the microchannel.

Xu et al. [86] found that the addition of Al>Os particles could stabilize the flow boiling of
water in microchannels without particle deposition. This stabilization is mainly caused by the
sustenance of miniature bubbles in the domain and the inhibition of dryout on surfaces. Yu et
al. [204] indicated that the Al2O3 nanoparticles in H>O can delay the onset of nucleate boiling
and suppress the onset of flow instability. This can be attributed to changes in the active
nucleation site density and surface wettability mainly due to the particle deposition and the
reduction in the thickness of thermal boundary layers. However, Vafaei et al. [199] found that
the frequency and amplitude of inlet pressure and temperature oscillations in Al>O3/H20
nanofluid flow boiling were larger than that of water due to changes of the surface wettability.
Duursma et al. [202] pointed out that the pressure drop was unstable and the frequency and

amplitude of fluctuations were dependent on nanofluid concentrations.

The effects of nanoparticles on the flow patterns and bubble dynamics are different and even
controversial. Xu et al. [86] observed that the main pattern of water flow boiling in channels
was the elongated bubbles, while the miniature bubbles in nanofluid were observed under the
same conditions. However, Vafaei et al. [199] found that the Al,O3/H,O nanofluids had more
numbers of elongated bubbles than deionized water. The intensity of nanoparticle depositions
increased with time and the concentrations once nucleation was triggered. The inconsistent or
contradictory results of flow patterns can be attributed to the surface modification, which is a
dominant factor [199]. The effects of nanoparticles on the surface modification and the flow

boiling heat transfer performance in microchannels have been discussed in the previous work.
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Table.11 Heat transfer performance and main parameters of nanofluid flow boiling in microchannel

Microchannel Nanofluid Parameters Operational condition Performance
et Channels | Material Size (mm) Fluid Particle Size(nm) X (vol/wt) Ti('C) | G (kg/m?.s) h | CHF | AP
2007[88] 21 Cu 0.22Wx0.82H | Water ALOs 36 1, 2%vol 30 2.15~5.55g/s ! 1 1
2009[198] 8 Si Dn0.195 Water ALOs 56 0.15,0.26%vol 35 40~280mm?/s ! 1
2010[85] 50 Cu 2.0Wx0.5H Water Cu 35 ~0.0056%vol 64 167~616 1 1
2011[199,200] 1 SS $0.51 Water ALOs3 25 0.001~0.1%vol 55 600~1650 1
2012 [86] 1 Si 0.1Wx0.25H Water ALOs 40 0.2%wt 20~27 171~401 1 l
2013[87] 50 Cu 2.0Wx0.5H Water Ag 35 ~0.000475%vol 60 87~653 1
2013 [91] 25 Cu 0.25Wx0.5H R141b ALOs3 13 0.001~0.1%vol / 50~800 T
2014 [201] 1 SS $0.51 Water ALOs3 25 0.001~0.1%vol | 20~55 600~1950 1
2015 [202] 1 / Dn0.57~1.4 ethanol ALOs 50 0.01~0.1%vol / 11.2~44.8 1 1
2017 [89] 1 SS ¢1.1x200L Water | ALOs3,S02 15~80 0.001~0.1%vol 75 200~600 !
2017 [90] 5 Cu 2.5Wx0.5H Water GO 2.3 0.005~0.05%wt / 40,60mL/min ! 1
2019 [203] 1 SS $1.1x200L Water | AlOs3,Si02 10~80 0.01~0.1%vol 100 133~494 -
2015 [204] 1 SS $1.1x306L Water ALOs / 0.01~0.1%vol 80~91 680~3100 !
Symbol: SS: Stainless steel; 1: Performance enhancement; |: Performance deterioration; —: Performance stabilization
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2.2.7-Flow boiling of EPCM slurries

The nano/micro-size encapsulated phase change slurry (EPCM) is a type of functional fluids,
in which the particles containing the phase change material inside are encapsulated by shells
and dispersed in a base fluid. Compared to the base fluid, the EPCM particles have larger heat
transfer areas, higher effective heat capacity and maintain nearly constant temperatures during
the phase change process. The shells separate the PCM from the base fluid, increasing particle
stability and allowing for a wider range of material selections [205]. Therefore, the addition of
EPCM particles to base fluid is an effective and promising method to further enhance the heat

transfer performance in microchannels [206].

Several critical principles should be considered when choosing a suitable PCM material. For
instance, the melting temperature of the PCM should match the operational temperature, and
the volume change rate during the melting process should be minimal. The shell material used
to encapsulate the particles should possess excellent sealing properties, chemical stability, and
mechanical durability for withstanding high temperatures and the pumping process. Moreover,
the heat transfer performance of EPCM slurries depends primarily on the physical properties
of PCMs and shells, the particle sizes and concentrations, as well as the operating conditions.
Table.12 presents main properties of classic organic and inorganic PCMs, such as the melting

latent heat, density and thermal conductivity.

Table.12 Properties ccomparisons of organic and inorganic PCMs [207, 208, 209, 210, 211, 212]

Properties Organic PCM Inorganic PCM
/ Paraffin Non-paraffin Salt hydrates Metal
Timetting ('C) 9.9~84.2 7.8~81 8.1~80 10.7~72
Latent heat (kJ/kg) 60~273 85.7~259 68~377 25~90.9
Density (kg/m?) 751.6~1304 830~1580 976~2194 >5903
Thermal conductivity (W(m-K)) 0.14~0.75 0.097~0.36 0.46~1.34 10~54
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Accordingly, the organic PCMs are acceptable materials for the EPCM particles suspended in
refrigerants due to their advantages, such as the wide temperature ranges, high latent heat of
melting, chemical stability and small subcooling, safety and recyclability, compatibility with
conventional shell materials [213]. Furthermore, the densities of organic PCMs are similar to
those of refrigerants (e.g., R134a and the NH3/H>O mixture in Table.2), which can prevent
particle sedimentation caused by the gravity effects, even though the thermal conductivities

are much smaller than those of salt hydrates and metals [214].

The phase change emulsion (PCE) and EPCMs have been demonstrated to improve the
single-phase convection performance. F. Ma et al. [93] experimentally investigated the heat
transfer of PCE (n-hexadecane/H:>0) in laminar flow and found that the local Nusselt number
of PCE (20 % wt.) was about 2.3-3.2 times that of pure water under the same conditions. Ho
et al. [215] investigated the single-phase heat transfer of H,O-based EPCM slurries in a
microchannel. The heat transfer effectiveness could be improved by 52% at Re of 133 and a
latent-sensible heat ratio of 0.0472. Wang et al. [216] studied the single-phase convective heat
transfer of mEPCM/ H»O slurries in a microchannel. The Nusselt number of the EPCM slurry
(2%vol.) could be increased by 34% compared to that of water due to its effect on destroying
the thermal boundary layer and reducing the layer thickness. Wu et al. [217] experimentally
studied the single-phase convection of poly-a-olefin (PAO)-based nanosize EPCM slurries in
a microchannel. The HTC value of slurries with 30% indium nanoparticles was 47 kW/(m?-K),
twice as high as that of pure PAO. Hence, compared to the base fluid, the positive effect of
EPCM melting processes was larger than the negative effect of poor thermal conductivity for

single-phase convective heat transfer in a microchannel.

However, there are few studies in the literature regarding flow boiling of PCE or EPCMs in a
microchannel. The main challenges might be the risks of the liquid leakage and low thermal

conductivity of PCM (less than 0.4 W/(m-K)) [94,95].

Table.13 Thermal properties of phase change materials available for electronic cooling applications

Material/symbol Tmelting Latent heat Density Thermal conductivity | Specific heat

/ C kJ/kg kg/m’ W/(m'K) kJ/(kg'K)
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Heptadecane | C17 19-23 164-240 760-778 0.21 /
Octadecane | C18 28 243-245 814-865 0.15-0.36 1.9-2.16
Nonadecane | C19 32 222 785 / /
Eicozane C20 37 247 788 0.15 2.46
Heneicozane | C21 40 200-216 758-791 / /
P116-Wax / 48-50 209 786 0.14-0.5 2.89

As mentioned before, the physical properties, such as latent heat and thermal conductivity of
EPCM slurries are critical for the heat transfer capability in applications. These properties are
primarily dependent on the core and shell materials, the particle sizes and concentrations [96].
Consequently, different PCM material and manufacturing techniques have been investigated

to enhance the properties, particularly the effective thermal conductivity of EPCM particles.

The organic polymers, such as polystyrene (PS) and poly (methyl methacrylate) (PMMA), are
popular utilized as shell materials due to their excellent sealing performance to avoid leakage.
However, their thermal conductivities are fairly low compared to base fluids or metal/metal-
oxide nanofluids. Hence, it is feasible to enhance effective thermal conductivities of EPCM
particles by adding high-performance materials (e.g., CNT, Al2Os, TiO2, SiO», graphene and

metals in Figure.6) into organic materials.

For example, the thermal conductivity of 4wt.% MWCNTs-SA! modified EPCM particle was
increased by 79.2% compared to that of the original EPCM particle (paraffin/UFR) [218]. The
thermal conductivity of paraffin-based EPCM particle was improved from 0.244 to 0.382
W/(m-K) by adding nano-Al>O3 into shell materials (PMMA-MA?) [219]. Similarly, it could
be increased from 0.232 to 0.363 W/(m'K) by adding modified Si3N4 powders [220] and from
0.192 to 0.3 W/(m'K) by adding the TiO; particles into PMMA [221] for encapsulating the
microscale n-Octadecane (C18) particles. Zhang et al. [222] and He et al. [223] conducted a

' MWCNTs-SA: muti-wall carbon nanotube - stearyl alcohol. UFR: Urea form aldehyde resin.

2 PMMA-MA: poly (methyl methacrylate)-co-methyl acrylate.
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systematic investigation into SiO2 encapsulation methods for C18-based EPCM particles. The
particle thermal conductivity could be obtained from 0.375 W/(m'K) to 0.981 W/(m'K) when
the encapsulating ratio of particle varied from 10.5 to 69.5%. When the encapsulation ratio of
the C18/CaCO; EPCM particle was set at 22.44%, a remarkable enhancement of thermal
conductivity up to 1.674 W/(m'K) was achieved with a melting latent heat of 46.93 kJ/kg
[224]. Furthermore, graphene is a promising type of carbon materials for the EPCM particles
due to its excellent thermal conductivity (5kW/(m'K)). Liu et al. [225] fabricated paraffin-
based EPCM particles encapsulated by TiO»/graphene hybrid shell materials, and the thermal
conductivity was improved from 0.64 to 0.98 W/(m-K) with a melting latent heat of 160 kJ/kg.
Wang et al. [226] found that the thermal conductivity of n-eicosane/SiO> PCM particles was
increased by 193% when NaBH4 reduced the graphene oxide (i.e., 1wt.%) was added to the
capsule shells. Al-Shannaq et al. [96] developed an innovative manufacturing approach for
coating Ag on the RT21/PMMA micro-capsules. The thermal conductivity of particle could
be improved up to 2.41 W/(m'K) compared to 0.19 W/(m-K) of non-material coated EPCMs.
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Figure.37 Relation of relative thermal conductivity and encapsulation ratio of modified EPCM
particles [,99,221,219,223]
Compared to the micro-size EPCM slurries, the nanosize EPCM slurries have attracted much
more attentions mainly due to larger specific surface areas, better dispersibility and improved
mechanical properties in pumped heat transfer processes [227]. Therefore, it is important to
further enhance heat transfer performance by increasing the thermal conductivities of nNEPCM

particles. For instance, Dhivya et al. [228] fabricated different types of nano-capsules with
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metal coatings (e.g., cobalt, copper and silver) for ethyl esters fatty acid eutectic mixture/SiO>
EPCMs, resulting in an increase of thermal conductivity from 0.257 to 0.713 W/(m-K). Zhu et
al. [99] synthesized different silver-coated C18/SiO,-PDA EPCM particles, and the thermal
conductivity was significantly improved from 0.536 to 1.346 W/(m'K) compared to that of
pure C18 of 0.146 W/(m'K). Additionally, Zhu et al. [229] found that the maximum thermal
conductivities of C18/Si0O, and C18/SiO»/graphene EPCM particles were 0.642 and 1.494

W/(m-K), respectively.

In conclusion, the thermal conductivities of traditional organic-organic PCM particles can be
enhanced up to ten times the original capsules, and even higher than that of base fluids by
adding the materials with high thermal conductivity into the organic shells. As a result, these
modified EPCM capsules have great potential to improve single-phase and flow boiling heat

transfer performance of EPCM slurries in microchannels.

However, it is important to note that the enhancement of thermal conductivity in the modified
PCM particles comes at the expense of reduction in the melting latent heat per unit, as shown
in Figure.37. The encapsulation ratio, which represents the effectiveness of encapsulation, is
defined as the ratio of the melting latent heat between encapsulated particle and pure phase
change material. Generally, the addition of high-performance additives in shell materials leads
to an increase in thermal conductivity but a decrease in the melting latent heat of the capsules.
Both thermal conductivity and melting latent heat play important roles in the heat transfer of
EPCM slurries. Therefore, there may be an optimal choice of modified EPCM particles based
on the assessment of heat dissipation capability and cost. For instance, Jiang et al. [219] chose
the case with R=53.81% and k=0.31 W/( m'K) in Figure.37 as the optimal point for the nano-
Al;0O3 modified EPCMs in the energy-saving building applications.

Therefore, in the present study, it is necessary to investigate the effects of thermal properties,
such as thermal conductivity and melting latent heat of particles, on flow boiling heat transfer
of refrigerant-based PCM slurries in microchannels. This can provide a clearer understanding

and more engineering insights for heat dissipation applications in the future.
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2.3-Numerical simulation method for flow boiling

Besides conducting experimental studies, computational fluid dynamics (CFD) methods have
been widely accepted as an alternative approach to predict the heat transfer performance and
investigate the basic mechanisms involved. This is due to the advantages of the CFD method,
such as the ability to evaluate the multi-scale spatial and temporal distributions of the thermal
parameters (e.g., velocity, temperature, and pressure) and flow patterns (e.g., bubble dynamics
and transition) in complex flow and heat transfer processes. These capabilities can overcome
the limitations of advanced dynamic visualization measurements in experiments, which are
often affected by environmental conditions and equipment performance. For example, some
numerical studies were conducted to study flow boiling heat transfer performance of different
coolants (nanofluid [230], pure coolants [231] and binary fluids [232]) as well as single phase
convection of functional fluids (e.g., nanofluid [233], PCE [93] and EPCM slurry [234]) in

microchannels.

As mentioned in Chapter 1, the primary focus of this work is the flow boiling heat transfer of
pure refrigerants and the NH3/H>O mixture with and without suspended functional particles
(e.g., nanofluid and PCM slurries) in microchannels. Therefore, this section about numerical
methods will be divided into three parts, including flow boiling of pure coolants, flow boiling

of zeotropic mixture and the heat transfer performance of functional fluids in microchannels.
2.3.1-Flow boiling of pure fluids in microchannel

Comparing to single phase convective flow, it is challenging for multiphase flow to capture
interfaces between different phases and calculate mass and heat transfer through interfacial
surfaces. In principle, subcooled flow boiling heat transfer could be divided into two regions:
a high-temperature region with heat flux partitioning near walls and a low-temperature region

in domain with complex bubble dynamics flowed away from walls [235].

There are two types of multiphase models to simulate flow boiling heat transfer of pure fluids:
the Eulerian-Eulerian model with the wall heat flux partitioning (EE-RPI) [235, 236] and the
Volume of Fluid model coupled with the LEE method (VOF-LEE) [237]. The RPI model is a
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mathematical framework developed by the Rensselaer Polytechnic Institute (RPI) to simulate
the interactions between different phases in multiphase flow heat transfer. The VOF method is
a numerical technique to track the interface between phases as they move and interact in a
domain. It's often employed to accurately capture the behavior of fluid interfaces, including

the deformation, breakup and coalescence.

In general, the EE-RPI method is well-suited for calculating near-wall heat fluxes, while the
VOF-LEE method is focused on bubble dynamics and flow patterns to predict heat transfer
performance. Specifically, the EE-RPI method is particularly suitable for highly subcooled
flow boiling heat transfer in macrochannels, where nucleated bubbles occur near the heated
walls but do not dominate the domain. On the other hand, the VOF-LEE model is appropriate
for predicting slightly subcooled or saturated flow boiling heat transfer in mini/microchannels.
This is due to its consideration of large-size bubble behaviors and flow patterns, allowing it to

effectively simulate the heat transfer performance, especially at higher vapor qualities.

In the RPI model, the wall heat flux is divided into three separate components: single-phase
convection (qc), quenching (qq), and evaporating (qc) heat fluxes. These components depend
on nucleation-related parameters such as active nucleation site density (Na), bubble departure

diameter (dbw), and bubble departure frequency (f) in Figure.38 [238].
= + + (2-2)

= - ) a-)

Where Ty and T; represent the wall and liquid temperature, respectively. Ay denotes the area
of influence, which indicates the fraction of heating surfaces covered by bubbles. h refers to
the HTC of single-phase convective heat transfer. hg, represents the latent heat. py is the vapor
density. k; and A are the thermal conductivity and thermal diffusivity of liquid, respectively.
In Figure.38, the onset of nucleate boiling (ONB) is defined as the point at which nucleated
bubbles begin to form on hot surfaces, while the net of vapor generation (NVG) refers to the

location where a large bubble escapes from the hot walls.
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Figure.38 Illustration of subcooled flow boiling at a uniform heat flux condition

Due to the inherent complexity of boiling heat transfer on heating walls, these parameters are
influenced by the operating conditions (e.g., subcooling, mass and heat fluxes), the properties
of coolants (e.g., thermal conductivity and diffusivity) and heating surfaces (e.g., wettability).
For example, there are many empirical correlations (e.g., 16 cases of N, 11 cases of dpw, and
7 cases of f) developed and summarized in the literature [235]. However, it is difficult to find
a combination of correlations that can accurately predict flow boiling heat transfer in a wide

range of applications due to these limitations.

As discussed earlier, two crucial steps influence the accuracy of numerical simulation results:
capturing interfaces between phases and calculating mass transfer at interfacial surfaces. For
pure fluids, several methods have been proposed to track the interfaces, including Level Set,
VOF, Lattice-Boltzmann and hybrid methods like CLSVOF. Moreover, various models for
the mass transfer have been introduced, such as the Rankine-Hugoniot model, Schrage model

and Lee model [237, 239].

Rankin-Hugoniot =— =—F— (2-3)

Schrage = = (2-4)

Lee =— = |—

, > (2-5)
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In summary, both the RPI model and the VOF method have their strengths and weaknesses to
study multiphase flow and heat transfer. The selection among these methods depends on the
specific research goals, desired level of accuracy, available computational resources and the
nature of the multiphase flow. The VOF method is excellent at capturing fluid interfaces and
tracking movements accurately, which is crucial in multiphase flow heat transfer. It is mainly
due to its simplicity, computational efficiency and accurate mass conservation. Additionally,
its limitation in accurately predicting interface profiles is alleviated by coupling the geometric

reconstruction scheme in ANSY'S [240].

While the Rankine-Hugoniot method (Eqn.2-3) is a physics-based model that relies on energy
transferring across the vapor-liquid interface through thermal conduction, the Schrage model
(Eqn.2-4) is linked to temperature and pressure based on the gas kinetic theory. However, the
applicability of those methods is limited as the mass source term (= | |) 1S non-zero
at interfaces, indicating that the phase change only occurs at interfaces. Therefore, in order to
broaden its scope, Lee [241] simplified the Schrage model by making assumptions that entail
phase change taking place at a constant pressure and in a quasi-thermo-equilibrium state
driven by the disparity between the local temperature and the saturated temperature. In other
words, the VOF-LEE model can be adopted to simulate full-scale flow boiling heat transfer

from subcooled to saturated boiling cases.

In present work, the VOF-LEE method was selected to predict the heat transfer performance
of flow boiling in microchannels. Several simulation cases in the literature are summarized in
Table.14. For example, Fang et al. [242] investigated the heat transfer performance of flow
boiling in a microchannel featuring vapor-venting capabilities with the utilization of a porous
membrane. The results revealed that this novel microchannel led to a significant reduction in

pressure drop, prevention of flow instabilities, and mitigation of local dryout occurrences.

Wong and Chong [243] applied the VOF-LEE method to investigate the transition of water
flow boiling from single-phase flow to the onset of nucleation in a microchannel. Cheng et al.
[244] simulated the growth of individual bubbles and Wei et al. [245] studied the behaviors of

multiple bubbles in subcooled flow boiling. Both studies compared the bubble growth rates
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with experimental data and the correlations documented in literature. Prajapati et al. [246]
conducted researches on the dynamic behavior of bubbles, the heat transfer performance and
instability in a segmented microchannel. The bubble transition process predicted by the CFD
method aligned well with the observed visual results. Furthermore, Luo et al. [247] studied
the effect of different manifold arrangements on flow boiling of HFE-7100 in a microchannel.
Their findings indicated that the H and U-shaped microchannels exhibited better heat transfer

performance and lower pressure drop.

Furthermore, Kim et al. [248] investigated the effects of wettability and flow orientations on
H>O flow boiling heat transfer in a microchannel by a VOF method [249]. The results were
consistent with experimental data, showing that the wall superheat at the boiling point was
smaller in hydrophobic channels. Additionally, the CHF on hydrophilic surfaces was higher
than on hydrophobic surfaces at mass fluxes below 100 kg/(m?-s), but lower at mass fluxes
larger than 200kg/(m?-s). Subsequently, they [256] conducted further research on the effects
of different heterogeneous wettability on flow boiling in microchannels by the VOF-LEE
method. The parallel surface showed the lowest average surface temperature at mass fluxes
less than 500 kg/(m?'s) due to enhanced bubble movements. In contrast, the dotted surface
had the best performance at mass fluxes larger than 500 kg/(m?'s) because of a higher density
of active nucleation sites at 350 kW/m?. Additionally, an optimal value of hydrophobic area
fraction was found, such as 0.165 for the crosswise pattern and 0.32 for the parallel pattern. A
detailed analysis revealed that a smaller hydrophobic area could curtail the bubble nucleation
density, while a larger hydrophobic area could impede the bubble movement away from the
nucleation sites and stimulate the rate of bubble growth. Generally, the VOF-LEE method is
capable to predict the heat transfer performance and bubble dynamic behaviors of multiphase

flow in microchannel in present research.
The mathematical model is presented as follows.
Where, T and Tsa represent local temperature and saturated temperature of coolants, while o

and p denote the volume fraction and density in the calculating cell, respectively. Importantly,
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ri is an empirical relaxation factor, with a wide range from 0.1 to 10° s™!, corresponding to the

minimum saturation temperature deviation listed in Table.14.

Table.14 Heat transfer performance of flow boiling heat transfer by VOF-LEE method

Year Fluid / Cross section I Iy Tsub G Scheme
/ / / mm / / K kg/(m?2.s) /
2015 [250] Pentane 3D D8.9 0.1 0.1 1 134 PISO
2019 [251] Acetone 3D D12 0.1 0.1 5 0.045 /
2019 [252] H20 2D W50 0.1 0.1 / / PISO
2017 [253] HFE7100 | 2D W6 1 1 5 20-210 PISO
2019 [240] FC72 2D W5 10 10 ~34 | 446~2432 PISO
2020 [254] FC72 3D W2.5xH5 100 | 0.1 ~36 | 176~2453 PISO
2008 [255] R141B 3D D6 100 | 100 | 8-10 | 120-180 PISO
2011 [245] HO 3D W2xH5 100 | 100 10 320 PISO
2010 [242] H20 3D WO0.15xH0.3 100 | 100 3.5 270 PISO
2015 [243] H>O 3D W0.22xH0.26 100 | 100 77 115 PISO
2020 [247] HFE7100 | 3D W0.05xH0.2 100 | 10° 7 100~600 /
2020 [256] H20 3D WI1.5xH0.7 100 | 100 0 100-800 PISO
2019 [244] HO 2D / 800 | 800 Pool boiling PISO
2020 [257] H,O 3D W0.315xH0.6 | 1000 | 1000 20 250-500 PISO
2018 [258] R134a 3D D8.38 5500 | 5500 | Con | 100-400 | SIMPLE
2015 [259] FC72 2D D11.89 33315|33315| Con | 184-459 PISO

Additionally, the r; values for evaporation and condensation factors are based on assumptions

of small subcooled, cross-section area and inlet velocity conditions [252]. Thus, a major

challenge for applying the LEE model is choosing an appropriate value, as it greatly impacts

predictions of surface temperatures and pressures, flow patterns and interfacial behaviors in

microchannels [240]. Literature reviews indicate that the values depend on some factors such

as the mesh sizes, computational time steps, channel geometries and operational conditions
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[247]. While a small one can cause significant temperature deviations between interfacial and

saturation temperatures, a large one led to the numerical convergence problems.

Therefore, the factor, r;, should be validated by comparing the heat transfer performance and
bubble dynamics with experimental data. For instance, Lee et al. [240] investigated the effect
of rj ranging from 5 to 80 on local wall temperature and bubble behaviors of subcooled flow
boiling in a 2D channel at the same conditions. Finally, a value of 10 was chosen as the most
appropriate compared to experimental results. Furthermore, Lee et al. [252] studied the shear-
lift effect on highly subcooled flow boiling in a 3D channel and selected a value of 100 from
5 cases (in ranges of 10-1000) to predict the bubble formations, interfacial behavior and wall

temperature with experimental data.
2.3.2-Flow boiling of binary mixture in microchannel

The literature review indicates that the VOF-LEE method is capable to conduct studies on the
heat transfer of pure working fluids flow boiling in microchannels, due to its simplicity, low
computational requirements and accuracy in maintaining mass conservation [258]. However,
flow boiling heat transfer of the miscible mixture like the NH3/H20O mixture is more intricate
compared to that of pure fluids [260]. For example, the mass and heat transfers, occurring at
the interface between the liquid and gas phases in the miscible mixture, exhibit variability and
dependence on several factors such as the variable saturated concentration of the more volatile
component in the miscible mixture. Therefore, it is difficult to calculate by traditional models

like the LEE model.

In order to simulate flow boiling heat transfer of the miscible mixture, the VOF model needs
to be modified based on some specific assumptions in literature. For example, Banerjee [261]
utilized the VOF method coupled with the effective diffusion model of the liquid mixture to
simulate flow boiling of the ethanol/isooctane mixture in a 2D macro-scale stratified domain.
Similarly, Zhang et al. [262] employed the same approach to investigate flow boiling of the
isobutene/pentane mixture within a 2D macro-scale domain. Lima et al. [263] investigated the
steady-state heat transfer performance of the NH3/H,O mixture in a 2D macro-scale plate by

considering the gas and liquid mixture as the separate uniform phases. However, there have
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been limited numerical investigations carried out on flow boiling heat transfer performance
and bubble dynamics of the zeotropic mixture in microchannels. The NH3/H>O mixture is a
complex zeotropic mixture, as it comprises more than two species such as NH3-H,O, NH4",
NH,, OH™ and H3O". Therefore, an exclusive mass diffusion model of the NH3/H,O mixture
is essential to predict the heat transfer performance. Unfortunately, no such model is proposed

or available for reference at present.

Moreover, it costs a tremendous of computing resources when the mass diffusion of multiple
species is coupled with the VOF model in microchannels. For the cases of unsteady flow and
heat transfer, it is essential to ensure that the maximum Courant number remains below one to
maintain the stability and accuracy in simulations. In other words, the smaller the spatial size
of a grid, the smaller the time step size. Therefore, it requires huge computational resources
and time for simulating flow boiling in microchannels. Furthermore, the VOF method relies
on solving the Navier-Stokes equations coupled with the continuity equation of the volume
fraction. The interfaces among distinct species are tracked by monitoring the volume fractions
of different fluid phases in each computational cell. Hence, when the variety of substances in
fluid increases, the calculating workload will multiply significantly. Therefore, it is necessary
to undertake a distinct modification of the original VOF-LEE method in order to simulate

multiphase heat transfer of the zeotropic mixture based on reasonable hypothetical conditions.

In summary, the VOF-LEE method is one of the promising approaches for investigating the
heat transfer performance and bubble dynamics of pure fluids in microchannels. Furthermore,
though the original VOF-LEE method may not be directly applicable for the miscible mixture,
this method can also be competent for multiphase heat transfer studies through the appropriate
model adjustments under reasonable assumptions. Meanwhile, there are notable distinctions
between flow boiling heat transfer of the NH3/H,O mixture and the conventional refrigerants.
Therefore, special modifications are required for the original VOF-LEE method to investigate

the flow boiling heat transfer of the NH3/H>O mixture in microchannels.

A new modified VOF/LEE model was proposed by the author [232] and employed to conduct

the studies on flow boiling heat transfer of the NH3/H>O mixture in microchannels. Generally,
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the NH3/H2O mixture is presumed to be a pure fluid with the same thermophysical properties
of binary mixture in vapor and liquid states. Additionally, the mass transfer at the liquid-vapor
interface of the NH3/H>O mixture is driven by the difference between local concentration and
the saturation concentration of NH3 in the liquid phase. This is in contrast to the case of a pure
fluid, where the difference lies between the local temperature and the saturation temperature.
The impacts of surface morphology, including factors like wettability, are taken into account
in this modified method. It is achieved by selecting an appropriate factor as referenced in the

literature [264]. The detailed mathematical model will be presented as follows.
2.3.3-Flow boiling of functional fluids in microchannel

As discussed before, there are two types of functional fluids available to enhance heat transfer
performance in microchannels: nanofluids containing high thermal conductivity particles, and
PCM slurries incorporating encapsulated phase change materials in base fluids. Furthermore,
two approaches are utilized for simulating the convective heat transfer of functional fluids in
the literature: the single-phase method and the two-phase method, including the VOF method
[233,234]. In the single-phase method, the mixture is regarded as a homogeneous fluid with a
set of averaged thermophysical properties. On the other hand, the two-phase method treats the
liquid-particle mixture as comprising two distinct phases: liquid and solid, with each phase

characterized by its own set of properties.

By comparing single-phase and two-phase models for simulating convective heat transfer of
functional fluids, it is determined that the VOF model is a suitable choice for functional fluids
with a high concentration of particles. Additionally, it demonstrates commendable calculating
accuracy compared with experimental data, while maintaining acceptable computational costs
[233, 265, 266]. Moreover, the effective heat capacity method has been employed in relevant

simulations to consider the impact of EPCM melting on the heat transfer performance [267].

In conclusion, the integration of the VOF model with suitable phase change models appears to
be a viable option for effectively simulating flow boiling heat transfer of functional fluids in
microchannels. For example, Mohammed et al. [230] and Soleimani et al. [268] employed the

VOF-LEE model to simulate flow boiling heat transfer of nanofluids including acetone/ZnBr>

62



Chapter-2 Literature review

/ZnO and HFE-7100/A1,03 in mini/microchannels. The nanoparticles were represented as a

cloud-like phase, individually.
2.4-Summary

Flow boiling in microchannels is distinguished by a notable surface-to-volume ratio and high
heat transfer performance, such as heat flux and HTC. This has attracted extensive attention
owing to its capacity to meet the heat dissipation demands of electronic devices. However, its
application faces several challenges including elevated flow resistance, deterioration of heat
dissipation capacity along the flow direction and instability under high heat flux conditions.
So far, a considerable number of solutions and approaches have been proposed and researched
in the literature to mitigate flow instability and enhance the heat transfer performance of flow
boiling in microchannels. These include the modification of coolant physical properties, the
structures and geometric parameters of sinks, as well as the heat surface morphology. Among
those methods, choosing a coolant with excellent thermophysical properties is one of the most
important methods, as it not only directly impacts the heat dissipation capacity, but also could

be interacted with the other approaches.

Theoretical analysis indicates that there are several physical properties of coolants that affect
the heat transfer performance of flow boiling in microchannels, such as specific heat capacity,
thermal conductivity, wettability and surface tension, latent heat of evaporating and melting,
etc. Therefore, it is a potentially promising approach to enhance heat transfer performance by
selecting coolants with high latent heat of evaporation and incorporating functional particles

to increase thermal conductivity and effective specific heat capacity in cooling conditions.

Theoretical analysis indicates that various thermophysical properties of coolants influence the
heat transfer performance of flow boiling in microchannels. These properties include specific
heat capacity, thermal conductivity, wettability, surface tension, latent heat of evaporation and
melting, etc. Hence, it presents a promising approach for enhancing heat transfer efficiency by
opting for coolants with a high latent heat of evaporation (such as the NH3/H,O mixture) and
incorporating functional particles (such as nanofluids and PCM slurries) to augment thermal

conductivity and effective specific heat capacity within the cooling conditions. However, it is
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worth noting that the addition of functional particles into coolants might potentially introduce
adverse effects on flow boiling heat transfer in microchannels. These effects could increase
pressure drop and reduce the heat transfer capability mainly due to the elevated viscosity and
the deposition of particles on heating surfaces. Hence, there is an urgent necessity to conduct
researches on the mutual effects of different physical properties of coolants on heat transfer

performance under a wide range of operating conditions.

Numerical simulation is an effective and feasible method for conducting the aforementioned
studies on flow boiling heat transfer performance and mechanism analyses. According to the
literature review and practical assessment of simulation methods in this chapter, the VOF
method is employed to analyze the heat transfer performance in microchannels. Additionally,
specific simulation methods have been adopted to conduct the detailed performance analyses,

tailored to various research subjects and objectives in different aspects.
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Chapter-3 Simulation methods for multiphase flow heat transfer

3.1-Introduction

As mentioned previously, the multiphase VOF method is adopted to simulate the heat transfer
performance of different coolants flow boiling in microchannels, including pure fluid, binary
mixture and functional fluids. This chapter is to introduce the important numerical simulation
methods utilized in this study. These methods encompass physical properties of the NH3z/H,O
mixture, the VOF method, the liquid-vapor and solid-liquid phase change methods, dynamic
meshing method and boundary conditions. The mathematical models and methods utilized in

different chapters are illustrated in the following diagram.

' | H20O with a zingle PCM particle

Flow boiling of water -the VOF/LEE model

Chapter 4 -
i | Particle moving -the dynamic mezhing model and hard ball collizion model

Particle melting - the melting and zolidification model

E134a-bazed functional fluid: The Newtonian-like and incompressible fluid

Flow boiling of K134a-the VOF/LEE model

Functional particle  -the VOF/LEE model !
Chapter £ & —
; the equivalent thermophysical properties i

The effective heat capacity method (rectangular profile)

the Vand eguation for vizcosity

' | the NH3/H20 mixture: a quasi-ides] mixture

Flow boiling of NHYH20O mixture-the VOF/modified LEE model ]
Chapter 6 ® Jr
i | The vapor-liguid equilibrinm equation with pressure and temperature :

The phyzical and tranzportation propertiez of liguid and gazeonz NHAHO mixture

Chapter 7 —+ The NHYH2O/PCM slurriez: a gquazi-ideal Newtonian-like and incompreszible fluid o

Figure.39 The main assumptions and multiphase mass and heat transfer models adopted in different chapters
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As discussed before, the present work primarily focuses on studying the transient heat transfer
performance of subcooled flow boiling in microchannels by using different functional fluids.
More precisely, it includes the transitional processes from the single-phase laminar flow to the
multiphase turbulent flow. In present work, the warm start approach is utilized to reduce the
convergence process of transient simulations while providing accurate results. This approach
involves using the convergent results of a steady-state single phase laminar flow as the initial
conditions for the subsequent transient simulation of flow boiling heat transfer. This can help
reduce the computing time and improve the accuracy of the transient simulations by starting

from a state that closely resembles the realistic flow conditions [278].

In general, the realizable k-¢ model is chosen as the turbulent calculation model for scenarios
involving turbulent flow boiling processes. This model is well-suited for simulating subcooled
flow boiling processes, encompassing the transition from laminar flow to turbulent boiling
flow. Additionally, the coupling of pressure and velocity is achieved through the utilization of
the PISO algorithm. The momentum and energy equations are discretized by a second-order
upwind scheme. Furthermore, the pressure and volume fraction interpolations are performed

by the PRESTO and the Geo-Reconstruct discretization methods, respectively.

To ensure the simulation stability, a variable time step is chosen with the maximum Global
Courant number less than 0.25. The convergence criteria are achieved by setting the absolute
residuals to a value of 1e*. Those measures contribute to accurate and reliable simulations of

flow boiling in microchannels.
3.2-General physical properties of coolants

In this study, a variety of fluids are chosen as coolants. These include pure water in Chapter 4,
pure R134a and R134a-based functional fluids in Chapter 5, along with a zeotropic mixture of
the NH3/H,O mixture and its functional fluids in Chapters 6 and Chapters 7. The multiphase
VOF model is utilized for capturing the interfaces of different phases, such as vapors, liquids
and suspended solid particles during flow boiling of liquids and the melting of phase change
material in particles. Therefore, it is crucial to select an appropriate mathematical model for

each phase to accurately calculate the physical properties in ANSYS by suitable methods.
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Generally, the main physical properties of pure materials, such as H>O, R134a, Al,O3, and n-
Octadecane, are calculated by built-in methods in ANSY'S software or set by reference data in
the literature. However, there are no suitable calculation packages embedded in ANSYS for
the properties of NH3/H>O mixture. Therefore, it is necessary to choose a set of mathematical

equations and then compile them into the ANSYS by using User-Defined Functions (UDFs).

Different with pure fluids like water, the NH3/H>O mixture consists of more than one species
in the liquid and gas phases. The properties play a dominant role in determining the accuracy
and computational speed of simulations. Therefore, it is crucial to choose simple and efficient
mathematical models to accurately calculate the physical and transport properties. Recently,
some simplified formulations have been adopted to calculate the vapor-liquid equilibrium and
physical properties of the NH3/H,O mixture in applications. These properties include density
and thermal conductivity, the critical temperature and critical pressure, enthalpy and specific

heat capacity, dynamic viscosity and surface tension [269,270,271,272].

The vapor-liquid equilibrium of the NH3/H>O mixture is as follows:

(=0 ar [ ()

(3-1)

(,)=1- [(1—) (—) /3] (3-2)

(3-3)
(=0 (1-—) a-)~
0
The latent heat of the saturated NH3/H>O mixture:
= , ( ’ )_ , ( ’ ) (3'4)

67



Chapter-3 Simulation methods for multiphase flow heat transfer

Where T and p represent the temperature (K) and pressure (Pa), respectively. The variables x
and y denote the molar fractions of NH3 in vapor and liquid phases, while hg and h; represent
the enthalpies of the vapor and liquid mixture, respectively. Ahg, corresponds to latent heat of
evaporation (kJ/kg).

The critical temperature and pressure of mixture:

4 4
= o= (3-5)

=0 =0

The main thermophysical properties of the liquid mixture include:

€)= L lw)*r@=> () (3-6)
= NH3( ﬁHg) + (1 - ) 2 ( 2 ) (3'7)
In = In NH3)+(1_ ) L, ( ,)+ () (3-8)
= NH3( NH3)+(1_ ), ( ) )"‘ () (3-9)
= NH3( NH3)+(1_ ) 5 ( ) )"‘ () (3-10)

Where, x and y represent the molar fractions of NH3 in the liquid and vapor phases, while the
variables and are specific enthalpies (kJ/kg) of the liquid and vapor phases, respectively.

is the specific latent heat of evaporation (kJ/kg). , , , and are the specific heat
capacity (kJ/(kg-K)), thermal conductivity (mW/(m-K)), dynamic viscosity (uPa-s), surface
tension (mN/m) and density (kg/m?) of the mixture, respectively. The detailed mathematical

models along with their corresponding coefficients can be found in Appendix-1.

These physical and transport properties, along with the NH3 mole fractions in the saturated

liquid and gaseous phases of the NH3/H,O mixture, are plotted as follows.
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3.3-The multiphase VOF Method

The volume of fluid (VOF) model is widely employed to study complex fluid interactions and
multiphase flows, as it could accurately track the interfaces between liquid and vapor phases.
It relies on solving a set of the Navier-Stokes equations coupled with the continuity equation
for the volume fraction of different fluid phases in each computational cell [260]. It assigns a
value between 0 and 1 to represent the portion of a cell occupied by a specific phase of fluids,

thereby capturing the movement of liquid-gas boundaries during phase change processes.

For the short horizontal microchannel cases discussed in present work, the gravitational effect
is neglected in the 2D domain. It has been observed that the gravity has a minimal impact on
flow boiling in microchannels due to the increasingly dominant influence of surface tension,

particularly when the channel size is less than 0.5mm [273].

The continuity equation for each phase is as follows:

—( )+ ( )= 3-11)

=1 (3-12)
=1

Where , ,and denote the volume fraction, density, and velocity of phase q in each cell,

respectively.  represents the mass source term (kg/s) from phase p to phase q, which can

be calculated using the phase change model. Taking the case of R134a-based functional fluid
as example, the mass transfer between the liquid and vapor phases of R134a is calculated by
using the LEE model, while the values for the mass transfer between the particle cloud phase

and the liquid and vapor phases of R134a are set to zero.

The momentum and energy equations for each phase are as follows:

—(H)+ C )= + [ + )]+ (3-13)
—(C )+ [(C +)]I= (e D)+ (3-14)
Where density , dynamic viscosity and effective thermal conductivity are the volume-

averaged variables, energy and temperature are the mass-averaged parameters in each cell.
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= (3-15)

= (3-16)

Where for each phase is based on the specific heat at a shared temperature in the cell, the
surface tension force is considered a source in the momentum equation. It is calculated

by using the continuum surface force method (CSF) as follows [274].

[QEaYZ e17)
Where is the local interface curvature and is the surface tension coefficient.
3.4-Phase change model of evaporation

For coolants, two types of liquids are chosen in present work: pure fluids such as water and
R134a, and a zeotropic binary mixture of NH3/H>O. Consequently, two mathematical models

are adopted to calculate the mass and heat transfer during the evaporation.
3.4.1-Pure fluids

The Lee model, a simplified version of the Schrage model, is employed to calculate the rates
of mass and heat transfer at the liquid-vapor interface of pure fluids. This model considers the
quasi-thermo-equilibrium phase change occurring at a constant pressure. Mass transfer across
the interfaces is driven by the deviation of the local fluid temperature from the corresponding

saturated temperature of the fluid in the cells [275].

(3-18)

- (3-19)

Where gru represents latent heat of evaporation at the operating pressure, rj is an empirical

relaxation factor, also known as the mass transfer intensity factor, measured in units of s,
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The value of ri ranges from 0.1 to 107 in the literature [237]. It is determined by factors such
as the mesh sizes, time steps of numerical simulation, the operating conditions, geometric
configurations and parameters of channels in specific cases [247,276]. Moreover, it has been
observed that a small value of r; may cause the temperature in interfacial cells to deviate from
the saturation temperature, while a large one increases the difficulty to achieve convergence

in the governing equations. Some simulation cases related to this aspect are listed in Table.14.

Generally, the selection of r; values for various cases in present work should be validated by
comparing simulation results with experimental data, such as the HTC and pressure drop. For
instance, a r; value of 100 was chosen for water in Chapter 4. This practice ensures that the

chosen value accurately captures the characteristics of particular system under investigation.
3.4.2-NH3/H»O

As discussed before, the original Lee model is only applicable to pure fluids. For a zeotropic
mixture such as NH3/H>O, the mass transfer of different components between different phases
is crucial in the non-isothermal evaporating process. The mass diffusion of each component in
the mixture, primarily characterized by the concentration gradients of respective species, is

considered as a key factor affecting the heat transfer performance [104].

According to the detailed analysis presented in the section 2.3.2, it is essential to ascertain an
efficient and feasible computational approach capable of accurately predicting flow boiling of
NH3/H20 in microchannels. In this study, the VOF method is integrated with a modified LEE
model and a treatment of the quasi-ideal properties of the zeotropic mixture, aiming to predict
flow boiling of NH3/H>O in microchannels. This adapted LEE model, which was proposed by
author [237], is employed for calculating the species transport in each phase at the interfaces

in present work. The details are presented as follows.

(1) Species transport in the liquid and gaseous mixture. The NH3/H,O mixture is treated as
two distinct homogeneous phases: the saturated liquid phase and the saturated gaseous phase.
Consequently, the species diffusion of different components in the same phase is disregarded

in this approach. To compensate this shortage, the effective properties of each saturated phase
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were calculated by some industrial calculating correlations. Those thermophysical properties
are correlated with local saturated concentration of the NH3/H,O mixture, which depends on

local pressure and temperature.

(2) Mass transfer at the liquid-gas interfaces. The original LEE model is a widely-accepted
version of Schrage model based on the kinetic theory of gases. It addresses the quasi-thermo-
equilibrium phase changes under the constant pressure conditions, driven by the temperature
deviation between the local temperature and the saturated value of pure fluid. Likewise, the
phase change of the NH3/H>O mixture could be triggered by the NH3z concentration deviation
between the local concentration and the saturated value. Therefore, it is a feasible approach to
modify the original LEE model for flow boiling of NH3/H20 in microchannels based on some

reasonable assumptions and an analysis of phase change processes.

The non-isothermal phase change flow boiling process of NH3/H:O is described as follows:
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Figure.42 Phase diagram of multiphase flow of NH3/H>O mixture at constant pressure

In Figure.42, the inlet temperature and the concentration of the NH3/H>O mixture are denoted
as T. and x,, respectively (at point a). As the inlet concentration X, is lower than the saturated
value X5, the mixture remains in an undersaturated liquid state until reaching the bubble point
bs. When the mixture temperature reaches the saturated temperature Tos corresponding to the
local pressure and concentration, the bubble nucleation occurs at the heating surfaces. Due to
the non-isothermal phase change nature of the NH3/H>O mixture, the temperature of liquid

saturated mixture increases gradually between Tvs and Tq (at dew point d), with the decrease
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of the concentration of the liquid NH3/H>O mixture. As the evaporating process continues, the
concentration of easily volatile component NHj3 in the liquid decreases, leading to an increase
of the saturated temperature. For a given pressure, there is a one-to-one correspondence
between the saturation temperature Ts and the saturation concentration xs. Therefore, this non-
isothermal boiling process can be explained in another perspective. When the fluid
temperature increased to point ¢, the corresponding NH3 concentration x. is greater than local
saturation concentration Xcs at a transient non-equilibrium evaporating state. Hence, the

unmatched concentration Ax can be seen as the driving force for the evaporation [232].

Therefore, the primary driving force for mass transfer of the NH3/H>O mixture at interfaces is
assumed to be the difference between the local concentration and the saturated concentration
of NH3/H>O (which are functions of local temperature and pressure). Consequently, the mass
transfer rate is considered to be proportional to the deviation in NH3 concentration at the local
level. Since the liquid and gas phases are initially treated as separate homogeneous phases, the
concentration difference can be approximated as Ax~x,-X¢s. Accordingly, the Lee model can

be modified as follows:

(3-20)

Where S, represents the mass transfer rate at the liquid-gas interfaces, x and Xsa denote the
inlet and local saturated concentration of the liquid, respectively. Similar to the original LEE
model, the factor r; is an empirical coefficient that is further optimized to better describe the
mass transfer and diffusion phenomena of the mixture with experimental data available at the
same conditions. In this work, a value of 100 is chosen for the NH3/H>0O mixture flow boiling,

referring to the literature on refrigerates flow boiling in Table.14., and validated in Chapter 6.

Boiling heat is the product of mass transfer and the latent heat of evaporation. Therefore, the
corresponding heat rate Qg can be calculated when the mass transfer rate Sg is determined. For
the NH3/H20 mixture, the latent heat of evaporation qu is related to the local pressure and

temperature, as shown in Figure 43.
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Figure.43 Latent heat of NH3/H>O mixture as functions temperature at 0.1 MPa
3.5-Phase change model of melting

Two different models are adopted to simulate the melting and heat transfer processes of phase
change material (PCM), including the melting and solidification method for a large-size PCM

particle and the equivalent heat capacity method for a cloud of nanosized PCM particles.
3.5.1-The melting and solidification method

The melting and solidification of phase change material (PCM) is modelled by the enthalpy-
porosity method in ANSYS Fluent. In this approach, the solid-liquid interface is not tracked
explicitly, but considered as a mushy zone during the PCM melting process. Specifically, the
mushy zone is treated as a “pseudo” porous zone with the porosity equal to the liquid fraction.
The liquid fraction of each cell is calculated based on the enthalpy balance in each iteration,
and is assigned a value of 0 for the solid phase and 1 for the liquid phase. Furthermore, this
model could be utilized with the VOF model in ANSYS. Therefore, flow boiling heat transfer
with a PCM particle melting in microchannels could be simulated by coupling this model with
the VOF model and the dynamic meshing method in present work. The physical equations of

this method are described in this section.

The energy equation is written as follows [260].
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—( )+ C )= D+ meting (3-21)

Where , o, Smeliing are the total enthalpy, density and source term, respectively. The total

enthalpy is computed as the sum of sensible enthalpy and latent heat content A .

- ( + ) + (3-22)

Where  and T,.rare the reference enthalpy and temperature, , and are specific heat at a

Il
+

constant pressure, liquid fraction and latent heat of melting, respectively.

The liquid fraction ranges between 0 and 1, with a value of 1 indicating pure liquid and a

value of 0 representing the solid phase. It is defined as

=0 <
=1 >

_ (3-23)
= >

Where Tsoniaus and Tiiguiaus represent the starting and completion temperatures of PCM melting,

respectively.

For the pure material, Tsosiaus 1s the same as Tjiguiaus. In this case, the source term in the energy

equation could be calculated based on specific heat, proposed by Voller [277].

melting =— ) (3-24)
+1 — +  —
{ = [0 M (3-25)
+1 — [ , +1]

Where  is the melting temperature (K) of pure material and AH “!is the superscript referring
to data of the next iteration.
The momentum equation is written as follows.

—( )+ ( )=— + - + + (3-26)
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Where and are the velocity of working fluid (m/s) and stress tensor, p and Sr are the static
pressure (MPa) and source term respectively. The source term, caused by the reduced porosity

in the mushy zone, could be calculated as the following equation.

— )2
SCID (3-27)
(°+)
Where is a small number to prevent the division by zero, is the mushy zone constant,

and  are the velocity of fluid and the extra force due to the pulling of solidified material
out of the domain. In the present study, since an incompressible phase change material (PCM)
is encapsulated in a rigid nanosize particle in present work, and are considered as zero,

resulting in a source term of momentum that is also zero.

Moreover, in the case of a pure substance encapsulated in a constant-volume particle, phase
change occurs at a uniform melting temperature. As a result, the impacts of species diffusion
in the multiphase zones, along with the buoyancy effects stemming from variations in density

due to alterations in temperature and species composition, are excluded from consideration.
3.5.2-The equivalent heat capacity method

As discussed before, the assessment reveals that it would require an unbearable consumption
of computational resources and time for tracking all the nanosize PCM particles suspended in
fluid within microchannels, along with accounting for the impacts of melting, movement, and
mutual collisions on multiphase flow heat transfer. Therefore, it is needed to make a trade-off
between computational accuracy and computation time. Consequently, a viable approach is to
treat the suspended nanosize encapsulated particles as a pseudo pure fluid, resembling a cloud.
This implies that the collision effects of particles on multiphase flow and heat transfer, as well

as the melting time of PCM particles are not considered in this study.

The equivalent heat capacity method, often implemented with profiles like the rectangular and
sinusoidal stepped profiles, is employed to simplify the thermal analysis of the encapsulated
PCM particles. For example, the rectangular stepped profile divides the melting process into

discrete segments characterized by a constant heat capacity. By doing so, a complex transient
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simulation could be simplified while maintaining a reasonable level of accuracy. Therefore,
the equivalent heat capacity method with the rectangular stepped profile [206] in Figure.44 is

utilized to estimate the melting effect of the encapsulated PCM particles in microchannels.

The rectangular profile of the equivalent heat capacity of EPCM particles can be expressed as,

= (3 = = s (328)

Where c;c and cpp (J/kg-K) represent the specific heat capacities of PCM and EPCM particles,
respectively. hn, denotes the melting latent heat of PCM. Tuy, Ti, and T indicate the initial
and final temperatures within the melting regions, respectively. The values depend on various

factors, including the core and shell materials, shell thickness, and diameter of particles.

A
ch1
=
[&]
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Q-LIJ
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cpg — cp,
m,start Tm,end1 Tm,end2 Tm,end3

T (K)
Figure.44 Rectangular profile of the equivalent heat capacity method for PCM melting

According to Figure.44, for an PCM particle with the same latent heat of melting, a narrower
melting temperature range, indicates a greater absorption heat per unit temperature during the
melting compared to a wider melting case. This leads to a larger enhancement of the apparent
specific heat capacity cp. In this study, the impact of the PCM melting heat absorption per unit
temperature (referred to as the melting heat dissipation rate) will be investigated in relation to

flow boiling heat transfer in microchannels.
3.6-Dynamic meshing method

The dynamic meshing method is commonly utilized in ANSYS for modelling the rigid-body

flows in which the shape of domain changes with time due to the motion along the boundaries.
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This motion could be an unprescribed motion, where the subsequent movement is determined
based on the results at the current time. For example, the translation and rotational velocities
could be calculated by the six-degree-of-freedom (six DOF) solver for the force balances on a
solid body. The mesh is then automatically updated at each time step to generate a boundary.

Furthermore, the dynamic mesh model is also applicable to multiphase flow.

This study initially investigates the impact of a melting and moving PCM particle on the heat
transfer performance of pure fluid flow boiling in microchannels. In this section, the melting
process of the phase-change material inside the particle is simulated by using the melting and
solidification method, and the movement of the particle is calculated by the dynamic meshing

method.

With respect to dynamic meshes, the conservation equation for a general scalar , applicable

to all models in an arbitrary control volume, can be formulated as follows:

— + (- ) = .+ (3-29)

Where is the fluid density, is the diffusion coefficient, is the source term, and  are

the flow velocity and the mesh velocity of the moving mesh, respectively.

The moving actions of the particle are determined by the forces and moments on the centre of
gravity, including the translational motion in the inertial coordinate system and the rotational

motions in the body coordinate system. These equations are solved by the six DOF solver.

In a 2D simulation case, they are calculated by the following equations [260].

= = — (3'3 0)
= = 1 ( — X ) (3'3 1)
Where , , , and represent the mass, inertia tensor, translational and angular

acceleration, translational and angular velocity vector of the rigid EPCM particle, respectively.
Additionally, and  denote the overall force and moment vectors acting on the EPCM

particle, respectively.
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The moments are transformed from the inertial to body coordinates by following equations.

- ] (3-32)

Where is the Eluer angles of the z-axis rotation.

After calculating the accelerations by solving the aforementioned equations, the translational
and angular velocities are determined by the fourth-order Adams-Moulton integration method.
These velocities are subsequently employed to compute the body's position for the purpose of

dynamic meshing.
3.7-Initial and Boundary conditions

The present study employed the velocity-inlet and pressure-outlet conditions. To account for
the potential occurrence of incomplete development and ensure fully developed flows at the
outlet, the back-flow temperature was adjusted equal to the mass-averaged temperature of the

forward flow at the previous time step. This adjustment was performed using a UDF code.

4 ( ).

backflow — ; >0 (3-33)
_ ( )

In this equation, Trackfiow represents the mass-averaged back-flow temperature, while pi, uxi, A,
and T; represent the density, velocity in the x-axis flow direction, area, and temperature of the

mixture at the ith grid cell of the outlet boundary, respectively.

Since the inlet coolant of each case in present work is in a subcooled state (such as ATgp >5K
for water, ATsu >1K for R134a and the NH3/H>O mixture), a steady single-phase flow field
was simulated initially. The results obtained with a residual error of 10~ were then employed

as the initial condition for the subsequent flow boiling heat transfer simulation [278].

For subcooled flow of fluid in microchannels, the inlet Reynolds number (Re) is calculated by

the following formula:

- (3-34)
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Where , and represents the density, inlet velocity and the dynamic viscosity of the fluid,
respectively.  is a characteristic length of the heat sink, commonly denoted as the hydraulic

diameter of channels.

Under the same conditions, the inlet Reynolds number in microchannels is notably lower than
that in macrochannels, primarily due to its much smaller hydraulic diameter. Consequently, in
the majority of scenarios, the single-phase convective flow in microchannels is typically in a
laminar flow process. However, this smooth laminar flow can be disrupted by the occurrence
of the evaporation phenomena such as the bubble nucleation, flow pattern transitions, bubble
detachment, liquid deposition, and even local surface dryout [195]. For example, the bubble
generation and detachment phenomena occurring on the heated surface could create the local
disturbances and then disrupt laminar flow. These processes have impacts on the heat transfer

performance and fluid behaviors in microchannels.

To accurately simulate such complex flows with strong streamline curvature and vortices, the
realizable k-¢ model is adopted in present work according to references in the literature. This
model has shown superior performance and has been validated in previous investigations on

flow boiling heat transfer in mini/microchannels by other researchers [253,279].

In general, the transient VOF-explicit method was employed and integrated with other proper
mathematical models to simulate multiphase flow boiling processes. The pressure-implicit
splitting of operators (PISO) algorithm was chosen for pressure-velocity coupling, employing
the second-order upwind discretization for the momentum and energy equations. Additionally,
the PRESTO algorithm was employed for pressure interpolation, while the Geo-Reconstruct
discretization was employed for the volume fraction interpolation. The variable time step was
regulated to ensure the maximum Global Courant number below 0.25. The convergence was

attained when the scaled residual for the continuity equation reached to 1x10.
3.8-Summary

This chapter systematically introduces the hypotheses, the calculating theories, and utilization

treatments of those simulation models adopted in this work. Generally, this work sequentially
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investigates the mutual relations and heat transfer performance of a single functional particle
melting and moving in water flow boiling, as well as numerous particles melting and moving

in R134a and the NH3/H>O mixture flow boiling in microchannels.

Based on reliable simplification and assumptions, the calculating models and computational
methods utilized in this study are determined by theoretical analysis and comprehensive
assessment, including the vapor-liquid equilibrium state, the thermodynamic and transport
properties of the NH3/H>O mixture, the capturing method of multiple interfaces (i.e., VOF),
the mass and heat transfer models in the liquid-vapor interfacial surfaces (e.g., the LEE model
for pure fluid, the modified LEE model for zeotropic mixtures), the melting of PCM materials
(i.e., the enthalpy-porosity method and the equivalent heat capacity method), the initial and
boundary conditions (e.g. dynamic meshing method and fully developed flows treatment at
outlet). Furthermore, the warm start approach is utilized by using the convergent results of a
steady-state single phase laminar flow as the initial conditions for the subsequent transient

simulation of flow boiling heat transfer.
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Chapter-4 Flow boiling heat transfer of water with a PCM particle

4.1-Introduction

Based on the detailed analysis before, flow boiling with suspended PCM particles melting in
microchannels appears as a promising and effective approach for cooling electronic devices.
However, there are still several challenges persisting in its implementation such as complexity,
particle-related issues (e.g., agglomeration and setting) and the optimization considerations.
Among them, the complexity resulting from the interactions between flow boiling and particle
melting makes the optimization design and integration of system, material selection and PCM

particle preparation more challenging.

Following the structural framework outlined in Chapter 1, this chapter primarily investigates
flow boiling heat transfer of water with a PCM particle melting and moving in microchannels.
The aim is to explore the key factors and their corresponding impacts on the local and overall
heat transfer performance between the melting particle, the neighbour fluid and the hot walls
within this intricate physical process. Additionally, considering the gravity effect of the PCM
particle while avoiding the detrimental impact of the particle deposition on the dynamic grid
reconstructions, this work studies the flow boiling process in a vertical microchannel. Taking
into consideration of the geometric and temporal scales, which correspond to millimetre and
millisecond orders of magnitude, respectively, the heating walls are maintained at a constant

temperature condition [244, 262, 280]. The subject of study is illustrated in Figure.45.

As shown in Figure.45, this part employed a 2D single-channel vertical copper microchannel
with dimensions of 6mm in length and 0.4mm in width. For cases with a single PCM particle,
a particle with a diameter of 0.3mm was set at the bottom and moving with water towards the
top of the channel. The inlet fluid temperature and the wall temperature are set at 95°C and
105°C, respectively. The saturation temperature of water is 100°C at 1 bar and the melting
temperature of the PCM is chosen at 96°C, referencing to the original material Bi52Pb30Sn18
in the literature [283]. Furthermore, inlet mass flux of water is set at 50 kg/(m?-s) with inlet

liquid velocity at 0.05m/s and the liquid Reynolds number at 40 in present work.
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Figure.45 Research Description of the main numerical simulation cases in chapter 4

In this scenario, the single-phase laminar flow heat transfer of water firstly occurs at the inlet
of the channel. As the heat is transferred from walls to the fluid, the temperatures of water and
particle begin to rise. Upon reaching the phase change temperature, the material in the moving
particle starts to melt and the water near the heated walls begins to evaporate quickly. When
the flow and heat transfer processes continue, the bubbles nucleation and the disturbance near
the walls become more intense. Consequently, the local laminar flow could transit into local
turbulent flow. Taking pure water flow boiling at 11ms in this study as an example, while the
inlet velocity of liquid is 0.05m/s, the maximum local velocity is up to 6.13m/s in the domain
during the boiling process. Correspondingly, the local gas Reynolds number is in the order of
magnitude of millions. Hence, it is necessary to choose a proper turbulence model that could

accurately descript and predict the transitional region between laminar and turbulent flows.

Among those available turbulence models, the realizable k-¢ model has been validated against
experimental data as a tool for simulating the intricate flow boiling heat transfer behaviors in
microchannels, contributing to the accurate and insightful analyses in applications [253,279].
the realizable k-¢ model is an advanced turbulence model as it takes into account the physics
of turbulence more accurately, leading to reliable and accurate predictions of flow patterns,
velocity profiles and heat transfer characteristics, especially in regions with rapid changes in
flow or near-wall interactions of flow boiling in microchannels. Furthermore, it is also a type

of turbulence model that has been specifically developed to accurately capture the transition
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from laminar to turbulent flow. Therefore, the realizable k- model is chosen as the turbulence

model for predicting multiphase flow boiling process in microchannels in this work.

With the continuous growth and flow of bubbles, large bubbles start to detach from the walls
and finally move out of the channel. In this process, those bubbles could collide with the
neighbor particle and hot wall, further complicating the local flow and heat transfer within the
confined space. Furthermore, four cases were conducted to investigate the effects of heating
surface wettability and PCM density (which is used to account for different particle velocity)

on the heat transfer performance.
4.2-Basical assumptions and treatments

In this chapter, the VOF-LEE method was employed to simulate flow boiling heat transfer of
water, while the dynamic meshing and the melting method were utilized to predict the moving

and melting process of the single PCM particle in a microchannel.

As analyzed in Section 4.1, when large bubbles detach from hot surfaces, they are potential to
collide with the adjacent PCM particle. This collision could result in oscillatory motion of the
particle between the opposing walls. In cases where the dynamic motions of bubbles on both
sides of the particle are not synchronized, the collision between the particle and the wall may
occur. In present work, a hard ball collision model is adopted to simulate the collision process
between the particle and the walls when this scenario happens. In this model, the particle is
considered as a rigid, non-deformable sphere, with no energy loss occurring during collision.
More specifically, the velocity component in the flow direction remains unchanged, while the

component perpendicular to the wall maintains a constant magnitude but changes direction.

In present work, the PCM particle is supposed as a rigid PCM particle and its moving process
is simulated by dynamic meshing method. In order to avoid the negative grid-related issues
arising during grid movement and deformation processes, the collision is considered to occur

when the distance between the particle with each wall is three times the grid sizes.

Generally, the effects of a single PCM particle melting on water subcooled flow boiling heat
transfer performance, such as pressure drop, the overall and local HTCs, were investigated in

this chapter. All cases were conducted under the same inlet mass flux condition.
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4.3-Grid independence and model validation

In order to ensure the accuracy of the results, the mesh independence and model validations
were firstly conducted in the same computational geometry of microchannel with a length of
6mm and a width of 0.4mm. Additionally, a convergent fully-developed single-phase flow
field was calculated under a heating temperature of 99°C and the result was adopted as the
initial condition for unsteady flow boiling processes. This not only reduced the computational

time significantly, but also provided realistic physical conditions for the simulation [278].
4.3.1-Mesh independence test

In the present work, two different types of calculation domains and their corresponding mesh
structures were used for simulations with and without a PCM particle. The fixed-quadrilateral
grids were employed for cases without a PCM particle, while dynamic re-meshing triangular

grids were utilized for cases involving a PCM particle as shown in in Figure.46.
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Figure.46 Fixed-quadrilateral (a) and dynamic re-meshing triangular grids (b,c) for flow boiling with

and without a physical PCM particle

As discussed in the section 2.3, the performance simulation for flow boiling heat transfer in
microchannels by the VOF method will cost huge computational resources and time. For the
transient flow and boiling cases, in order to ensure the computational accuracy and stability, it
is necessary to maintain the maximum Courant number at the order of magnitude of 0.25. The

smaller size of a grid, the smaller time step size. In order to accurately capture the small-size
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bubble nucleating and evolution in intense flow boiling process, the grid size is often chosen
at the micrometer scale, accompanied by a corresponding time step in the microsecond range.
Furthermore, in order to achieve the high-quality remeshing grids that meet the requirements
for the accuracy and stability, it is imperative to carefully choose and finely adjust a series of
dynamic meshing parameters based on specific cases. Those parameters include deformation
limits, smoothing factors and remeshing frequency. This significantly increases the computing
workload and cost of numerical simulations. For example, when utilizing a 32-core server in

present work, it takes approximately one month to finish a simulating case.

The results of grid independence test are shown in Figure.47.
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Figure.47 Grid independence test of water flow boiling in microchannel at (a) 100 and (b) 500 kW/m’

Considering the computational resources and the availability of experimental data conducted
for water flow boiling in microchannels in the literature, the fixed-quadrilateral grid structure

was selected to validate the mesh independence and the subsequent methods. Once validated,
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the grid size was used as a reference to generate dynamic triangular grids for simulating flow

boiling with a PCM particle, thereby optimizing computational efficiency.

Four different sizes of uniform quadrilateral mesh structures were tested under the same inlet
mass flux and heating temperature: 150 kg/(m?-s) and 95C°, respectively. The vapor fraction
of water in the domain was computed and compared in unsteady flow. Furthermore, two cases
with different heat fluxes were investigated to examine the size effects on the nucleation and
growth processes of bubbles. As shown in Figure.47, the results indicate that a coarser mesh
(e.g., 8.9um) can increase the volume fraction of vapor during the bubble nucleation process,
but these diminish when the bubble rate reaches a sufficient level at 500 kW/m? (e.g., point C

in Figure.47 (b)). Finally, a mesh size of 7.3um was chosen for the following simulation.

For the dynamic meshing cases, the average mesh size of the triangular grids was also initially
set to 7.3um. The minimum length scale was defined as Sum and the maximum skewness was

limited to 0.5 during the dynamic re-meshing processes.
4.3.2-Simulation model validation

Considering the available computational resources and research objectives in this chapter, the
heat transfer performance simulation was conducted in a two-dimensional microchannel with
dimensions of 6mm in length and 0.4mm in width. Due to the lack of experimental data under
the same cases, the model validation was carried out by using published experimental data in

the literature. The contact angle of water on copper material is assumed to be 86° [264].

Some experimental studies of subcooled water flow boiling in microchannels were conducted
in the literature. For example, Prajapati et al. [281] compared the heat transfer performance of
subcooled water flow boiling in a uniform cross-section microchannels with dimensions of
25.7mm in length, 0.4mm in width and 0.75mm in height. Qu and Mudawar [282] studied the
saturated flow boiling heat transfer in a microchannels with dimensions of 44.8mm in length,
0.23mm in width and 0.71mm in height. Moreover, both studies have some experimental data
acquired at the same inlet temperature of 30°C and an inlet mass flux ranging from 130 to 135

kg/(m?-s). Therefore, those are chosen to validate the model and marked in Figure.49.
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However, Qu and Mudawar [282] gave the variations of the saturated water flow boiling HTC
against thermodynamic equilibrium quality, whereas Prajapati [281] depicted local HTCs near
the channel outlet as a function of the effective heat fluxes. Furthermore, there exist notable
differences in terms of the channel lengths, thermocouple placements and effective heat fluxes
between the two experiments. Meanwhile, in this chapter, the heating surfaces for simulations
are maintained at a constant temperature, as discussed in section 4.1. Therefore, it is necessary
to select a universal and suitable parameter for conducting a comparative analysis of the heat

transfer performance between the CFD simulations and experimental results.

For saturated flow boiling, the vapor quality, refers to the proportion of vapor in the saturated
mixture, is a critical dimensionless factor to evaluate the heat transfer characteristics. A vapor
quality of 0 indicates that the mixture is in a saturated liquid state. For subcooled flow boiling,
the flow can be categorized into two regions, including the subcooled region near the entrance
and the saturated region near the exit of microchannels, which can be divided by a location of
zero thermodynamic equilibrium quality. This location is determined by using a heat balance
calculation in Eqn. 4-1, assuming a uniform fluid temperature across the cross-section of the
heat sink. The equilibrium is a state where various properties of liquid no longer change over

time. Similar to that of saturated flow, a value of 0 indicates a fully liquid state.

In this section, subcooled flow boiling of water in a short microchannel is investigated under a
large degree of subcooling. This microchannel is 6mm in length and the degree of subcooling
is 70°C. In this scenario, it is insufficient time and heat transfer area for water to engage in
heat exchange with hot walls. Hence, a distinct transitional region arises between single-phase
flow and saturated boiling. In this region, heat transfer is in a state of incomplete development.
More specifically, localized boiling and nucleation begin to occur, leading to the formation of
tiny bubbles near the hot surfaces even though the temperature of bulk fluid is still below the
saturation temperature. Additionally, the wall boundary condition in the simulation is defined
as a constant temperature ranging from of 40 to 120°C, aligning with the conditions observed
in the reference cases [281, 282]. Generally, there are three distinct flow regions present in the
domain: single-phase flow, a transitional region and saturated flow in Figure.49 (b). Therefore,
for the cases in this work, the fluid at the outlet may exist in three states: single-phase liquid

state, the non-equilibrium gas-liquid mixture state and the saturated gas-liquid mixture state.
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In summary, in order to better assess the accuracy of the simulation model across those three
states, a new factor denoted as Xexit 1s introduced in present work, building on the concept of
the exit thermodynamic equilibrium vapor quality Xexit. Specifically, in the cases of saturated
flow boiling, it is equivalent to the vapor quality Xexit. For single-phase liquid flow, it assumes
negative with a greater absolute value indicating a higher degree of subcooling at the outlet of
channels. In transitional flow, it also remains negative, indicating that the average temperature
of the bulk fluid at the outlet remains below the saturation temperature, while phase change

occurs near the heated walls.

The formula for calculating the factor Xeit is identical to that of thermodynamic equilibrium

vapor quality Xexit. The specific equation is shown as follows:

_ wallC ¢ch*2 ch) = c¢h ch ( sat— in)
exit — o 4-1)

Where gwan, m and G represent the heat flux (kW/m?), mass flow rate (kg/s) and inlet mass
flux (kg/m?s), respectively. and g, are specific heat capacity (kJ/(kg:K)) and latent heat of
evaporation (kJ/kg), n, cn and  denote the width(m), height(m) and length(m) of

channels, respectively.
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Figure.48 Definition of the major geometric parameters of the cross-section area in microchannels

Finally, &t is calculated by the following equivalence formula with the boiling number Bo,

the subcooled temperature ¢, and the hydraulic diameter

fg

exit = 4 sub (4-2)
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wall _ _ 4 ch ch
sub — sat —  in -
fg ch t2 ¢

(4-3)

For instance, the average heat flux (qwan) at different cases were plotted as a function of flow
time (t) in Figure.49(a). It can be considered a dynamic stable state when the heat flux (qwai)
fluctuated around a certain value (referred to as the stable point) regularly. The heat transfer
coefficient (HTC) is then calculated as follows.

_ wall
md—~— (4_4)

wall = midm

Where and igm are the wall temperature of channels and the mass average temperature (K)

of fluid in the axial line of the bulk domain, respectively.
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Figure.49 Heat fluxes (a) and the HTCs of the numerical and referenced cases (b). [281, 282]
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The validation results are shown in Figure.49 (b), where the solid points denote experimental
data in the literature and the connected hollow-dots for simulation results. . is the overall
flow boiling HTCs, while 54 and ¢, are the coefficients in the Sth and 6th part close to the
exit of the domain, in which the microchannel was divided into six parts along flow direction

averagely.

The results demonstrate a favourable concurrence between the simulation results of subcooled
flow boiling in the present work and the experimental data in the literature, exhibiting relative
errors of approximately +25%. Consequently, the simulation model utilized in this chapter is
employed with confidence to predict the water flow and heat transfer process, spanning from

single-phase flow to saturated flow boiling in microchannels.
4.4-Results and discussion

4.4.1-The overall heat transfer performance
In this chapter, six cases listed in Table.15 were conducted to compare the effects of a single
PCM particle melting and moving on subcooled water flow boiling in a vertical microchannel.

Additionally, the shell thickness of particles is neglected in present work.

Table.15 The main ooperational conditions of different cases. p is the original density of PCM

Case0 Casel Case2 Case3 Case4 Case5
Wettability (a) 86° 0° 86° 0° 86° 0°
No., density (p) No No Single, p Single, p Single, p/2 Single, p/2

As discussed in Chapter 2, the wettability of heating surfaces is an important factor that could
affect flow boiling heat transfer performance in microchannels. Therefore, the cases of water
in a copper microchannel (with a contact angle of 86°) and a superhydrophilic channel (with a
contact angle of 0°) were compared in this study. The surface wettability of the PCM particle
is assumed to be congruent with that of hot walls. Meanwhile, the additional heat absorbed
during the PCM melting process could enhance the heat transfer performance. Consequently,
the cases of flow boiling with and without a PCM particle were simulated, individually. The
material is referred to the original material of Bis;Pb3oSnis [283] (e.g., density of 9600kg/m?,
thermal conductivity of 24W/(m-K), the specific heat capacity of 0.167kJ/(kg-K), the melting
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temperature of 369.15K and latent heat of 34.7kJ/kg). Additionally, the relative flow velocity
between particles and the surrounding fluid is also one of the dominant factors influencing the
convective heat transfer performance. In this context, a virtual PCM material was postulated
and used to comparatively investigate the buoyancy effect of the PCM particles on the heat
transfer performance. Except for the density, which is half that of the reference material, all

other physical properties remain unchanged. The boundary conditions are listed in Table.16.

Table.16 Boundary conditions of water flow boiling with a PCM particle in present simulation

Inlet Temperature Inlet mass flux Wall temperature Outlet pressure Diameter of PCM
Tin Gin Twall Pout (I)
368.15K 50kg/(m?2.s) 378.15K 0.1MPa 0.3mm

Flow boiling heat transfer performance, including the heat fluxes, HTC, the vapor fraction on
hot walls, the mass-averaged temperature in the midsection, the area-averaged outlet velocity
and total pressure drop, are presented as a function of flow time. They are calculated by using

the following methods.
wall( —05)+ wall( )+ wall( +0.5)

wallave( ) = 3 (4-5)
)+ ight ()
Wall( ) — wall left > wallright (4-6)
Where i eft( ) is the mentioned area-averaged parameter on left side heating wall.
_ waII,ave( )
mid,ave( ) - — ( ) 4-7)

Where () is the mass-averaged temperature (K) in the mid section of channel.

Figure.50 illustrates the unstable transient relations between the overall heat fluxes, HTCs and
pressure drops for the six cases. It is observed that the heat fluxes in Figure.50 (a) and HTCs
in Figure.50 (b) on the superhydrophilic surfaces (such as Casel represented by solid points)
are higher than that on the copper cases (such as Case0 represented by hollow points) at the
same conditions. Furthermore, the presence of a large PCM particle (such as in Case3 and 5)
melting and moving in the domain could enhance the heat transfer performance. For instance,

the time-averaged HTCs of Case 3 and Case5 with a PCM particle are about 60 kW/(m?-K),
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demonstrating a 50% increase compared to that of pure water in Case 1. However, it is worth

noting that the magnitudes and average values of pressure drops in Figure.50 (c) are greater in

superhydrophilic cases (solid points) than that in copper cases (hollow points).
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Generally, these variations are related to the dynamic changes in bubble morphology and flow
boiling patterns in microchannels. For example, the fluctuation of pressure drop observed in
Figure.50(c), ranging from negative to positive values, can be attributed to the combination of
multiple factors. These factors encompass flow pattern transitions, interactions between vapor
and liquid phases, intermittent boiling, and even hydrodynamic instabilities. Specifically, the
formation and collapse of bubbles, particularly near the heated walls of microchannels, can
result in uneven pressure distributions and trigger the fluctuation in local pressure. As bubbles
form, they momentarily reduce the flow area, causing a transient increase in local velocity and
a subsequent pressure reduction. Conversely, when bubbles collapse, they can create pressure
waves that increase the local pressure. Therefore, it is the intricate dynamics of complex two-
phase flows in microchannels that leads to intermittent boiling and the associated oscillations

in pressure drop. Flow patterns of different cases at 6ms and 11ms are compared in Figure.51.

Table.17 listed and compared the main heat transfer performance (e.g., the overall heat fluxes

Q, heat transfer coefficient h and the relative rate Rg) at 6ms and 11ms in 6 cases.

Table.17 Main parameter data at 6ms and 11ms in different cases

t=6ms t=11ms
No. Q Re h Re | Xwan | RE Q Rk h Re | Xwan | RE
kW/m?| % [kW/(m2K)| % - % [kW/m?| % [kW/(mK)| % - %
case0 |318.8| - | 42.56 - 10329 - 183.6 | - 34.15 - 10.539| -

casel |[406.827.6| 59.16 [39.0|0.049| -85.0 | 262.7 | 43.1 | 62.81 | 83.9 |0.074| -86.2

case2 |286.4|-10.2| 39.69 |-6.7 |0.441| 33.9 | 212.4 | 15.7 | 43.03 | 26.0 |0.498| -7.6

case3 |[404.9|27.0| 64.82 [52.3|0.075|-77.4 | 241.0 | 31.3 | 54.84 | 60.6 |0.083| -84.6

case4 |285.6|-10.4| 39.93 |-6.2 0444 | 349 | 208.3 | 13.5| 40.94 | 19.9 [0.510| -5.5

caseS |[427.7|34.1| 69.36 [63.0(0.068 | -79.3 | 242.4 | 32.1 | 53.33 | 56.2 [0.083| -84.5

Comparing to the reference case (Case 0) of pure water flow boiling in a copper microchannel
with an inlet mass flux of 50 kg/(m?-s) and a wall superheat of 5C°, the heat flux (and HTCs)
in Casel with a superhydrophilic channel could be increased by 27.6% (and 39%) and 43.1%
(and 83.9%) at 6ms and 11ms, respectively. Morshed et al. [284] investigated water flow
boiling in a microchannel with a hydraulic diameter of 0.672um by experimental study and
found that the HTCs could be enhanced by up to 56% when the contact angle of the heating

surfaces was reduced from 97° to 56° using a surface nanowire coating method.
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Furthermore, when a single PCM particle is added to a copper microchannel, such as in Case
2 and Case 4, the heat fluxes (and HTCs) initially decrease at 6ms and then increase at 11ms.
In contrast, when a large PCM particle is added to a superhydrophilic microchannel, like in
Case 3 and Case 5, the mentioned heat transfer characteristics are enhanced throughout the
entire process. The maximum improvement in heat flux (and HTC) at 6ms is 34.1% (and 63%)
in Case 5, while it is 43.9% (and 83.9%) at 11ms in Casel. Therefore, the surface coating

treatment is considered as a primary approach for improving flow boiling heat transfer.

Moreover, it has been observed that the heat transfer performance, including heat fluxes and
HTCs, can be significantly improved by reducing the vapor fractions on the heated walls. This
reduction can be achieved either by coating the heating surfaces to decrease their wettability
or by introducing a large PCM particle. Therefore, it is needed to further investigate the heat
transfer performance in relation to flow patterns. The distributions of vapors in domain at 6ms

and 11ms are exhibited in Figure.51.
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Figure.51 Flow patterns of the vapor fraction at 6ms and 11ms in different cases

Based on Figure.51, the dominant flow patterns observed in the microchannel were nucleating
and bubbly flows at 6ms, as well as intermittent and elongated slug flows at 11ms. In general,
the heat fluxes of the initial stage at 6ms were higher than those during the fully-developed

stage at 1 1ms, despite having the same inlet mass flux and heating temperature.

Comparing those flow patterns of six cases at 6ms in Figure.51(a), it is evident that the vapor

fractions on the heated surfaces of the superhydrophilic channels (e.g., Case 1, 3 and 5) are
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smaller than those of the copper channels (e.g., Case 0, 2 and 4). Additionally, the heat fluxes
and bubble sizes in the former three cases are larger than those in the latter cases, respectively.
As the previously discussion in Figure.50 and Table.17, for the same inlet mass flux and wall
temperature, the superhydrophilic channel such as Case 1 results in the attachment of smaller-
sized bubbles to hot surfaces. This attachment effectively inhibits thermal barriers caused by
large bubbles, as the thermal conductivity of vapor is much smaller than that of liquid, which
can occur between the hot surfaces and flow domain. Consequently, more heat is dissipated
from the heated walls into the working fluid, and more liquid evaporates into vapor within the

domain under the same conditions.

However, when compared to cases without a PCM particle in a copper channel (such as Case
1), the addition of a large PCM particle (such as Case 2 and 4) resulted in a decrease in heat
fluxes by 10%. This decrease can be attributed to an increase in the vapor fraction on the
heating surfaces by 33.9% and 34.9%, respectively. In contrast, although the addition of a
large PCM particle also increased the vapor fraction on the superhydrophilic walls, as seen in
Case 5 compared to Case 1, it actually improved the heat fluxes from 406.8 to 427.7 kW/m?
in Table.17. This indicates that the heat transfer performance is optimal during the nucleating
stage and the bubbly stage throughout the entire flow boiling process, as discussed earlier and
shown in Figure.8 to Figure.10. Furthermore, it is noteworthy that the melting and movement
of a PCM particle in the fluid could further enhance the heat transfer capability to some extent

in a superhydrophilic microchannel.

Different flow patterns at 11ms are depicted in Figure.51(b). While the dominant flow pattern
is bubbly flow with large isolated bubbles attached to the copper walls (e.g., Case 0, 2 and 4),
it is the intermittent slug flow with elongated bubbles moving in the domain and a thin liquid
layer observed near the superhydrophilic walls (e.g., Case 1, 3 and 5). As shown in Table.17,
the overall heat fluxes (and HTCs) in the superhydrophilic channels (e.g., Case 1) are at least
31.3% (and 56.2%) higher than those in the copper channels (e.g., Case 0). Correspondingly,
under identical conditions, higher heat fluxes result in the generation of larger vapor fractions
within the domain. Therefore, an appropriate surface morphology treatment can significantly
enhance the heat transfer capability in a specific application. Additionally, when compared to

flow boiling of water in a copper microchannel (e.g., Case 0), the inclusion of a PCM particle
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(e.g., Case 2 and 4) could increase heat flux (and HTC) near the particle by more than 13.5%
(and 19.9%), according to the current numerical study under the same operational conditions.
The particle has a diameter of 0.3mm and the length of microchannel is 6mm. Consequently,
the addition of a melting and moving PCM particle in the domain has the potential to enhance
the heat dissipation capacity near the particle. Furthermore, the coupled treatment, as seen in
Case 3 and Case 5, could also enhance the heat fluxes (and HTCs) by as much as 32.1% (and
60.6%) in comparison to the reference Case 0. This involves surface morphology treatment on

both the heated walls and PCM particle surface, each of which has a superhydrophilic feature.
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Figure.52 Relations of vapor fraction on heating walls and outlet velocity in different cases

Additionally, when compared to the heat transfer performance of flow boiling in Case 0, Case
1 exhibits the most significant enhancement among the aforementioned cases in present study.
According to Table.17, it is found that the enhancements of heat fluxes and HTCs are strongly

related to the changes of vapor fraction on heated walls (xwai1) by those treatments. This could
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be further supported by comparing the trends of the area-average vapor fraction on the heating

walls (xwan) in Figure.52 (a) with those of heat fluxes and HTCs in Figure.50, respectively.

Furthermore, the increments of heat fluxes also lead to an increase of the outlet velocity of the
fluid, as shown in Figure 52(b), as more liquid is evaporated into vapor under the same inlet
mass fluxes and heating temperature. In general, lower vapor fractions on the heating surfaces

result in higher heat fluxes and HTCs at the same operating condition.

In other words, throughout the entire flow boiling process in a microchannel, which includes
nucleating, bubbly, and slug flow regimes, the effects of adding a single PCM particle on heat
transfer characteristics are primarily determined by its influence on flow patterns, particularly
the vapor fraction on the heating walls. Consequently, it is crucial to investigate the local heat

transfer performance in the vicinity of the PCM particle.
4.4.2-The local heat transfer performance

As mentioned earlier, this section will investigate the local heat transfer characteristics near

the melting and moving PCM particle. The variation ratio of heat flux 5 as well as the

ratio of velocity in the vertical direction will be calculated using the following formulas.
wall( ) — waII,IocaI( ) — wall( ) % 100% (4-8)
Wall( )
() =— 2« 100% 4-9)
O

Where an and i jocal are the area-averaged heat flux (kW/m?) of entire heated surfaces
and local surfaces near the moving PCM particle, respectively. Similarly, pay and  oytiety
are the y-axis velocities of the PCM particle and the liquid-vapor mixture at the channel exit,
respectively. As the Figure.53 demonstrates the correlations of the variation ratios of heat flux
and the vapor fractions on heated walls with flow time, the corresponding vapor distributions
near the PCM particle are depicted in Figure.54.

In general, the local heat fluxes on the walls near the PCM particle are lower than the overall
heat flux values during the bubbly flow period (e.g., at 6ms). However, during the intermittent
slug flow period (e.g., at 1 1ms), local heat fluxes exhibit larger values with some fluctuations,

as shown in Figure.53(a). Correspondingly, the vapor fractions Xwai near the PCM particle, as
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depicted in Figure.53(b), also exhibit more pronounced fluctuations in the copper cases (e.g.,
Case 2 and 4) compared to the superhydrophilic cases (e.g., Case 3 and 5). While local vapor
fraction near the PCM particle is higher than the overall vapor fraction during the bubbly flow
period from 4 to 8ms, it begins to fluctuate during the slug flow period after 8ms in the copper
channels (e.g., Case 2 and 4). Hence, it is inferred that the variations in the vapor fractions on
the heating walls caused by the melting and movement of the PCM particle play a significant

role in determining local heat fluxes near the particle.

Additionally, the variations of 6Qwan and Xwan near the PCM particle are more pronounced in
the copper cases (e.g., Case 2 and 4, especially the Case 4 with a smaller PCM density of p/2)
compared to the superhydrophilic cases (e.g., Case 3 and 5), as shown in Figure.53. Therefore,
it is needed to compare the vapor distributions near the PCM particle in Figure.54 and assess

the complex influence of surface wettability and PCM density on heat transfer performance.
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Figure.53 Relations of heat flux ratios(a) and vapor fraction on walls (b) with flow time
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The vapor distributions near the PCM particle are depicted in Figure.54.
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Figure.54 Comparisons of the vapor fraction distributions near the PCM particle in cases

The temporal variation of vapor fractions on the heated walls is illustrated Figure.53(b), along
with the corresponding distribution of bubbles within the flow domain near the PCM particle,
as depicted in Figure.54. It is clear that the existing of a big PCM particle within flow domain
could hinder the nucleated bubbles detaching from the heated walls and moving into the main
fluid near the PCM particle. In consequence, some big-size bubbles occur between the heating
walls and the particle surface, leading to the obvious reduction of heat dissipation from local
walls near the particle to the material inside the encapsulated particle. This adverse effect is

more serious in copper cases (e.g., Case2) than in superhydrophilic cases (e.g., Case3).

The main parameters, including the area-averaged heat flux Qvanave and the vapor fraction on

the PCM particle surface Xpanave over flow time, are displayed in Figure.55.
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Figure.55 Relations of heat flux (a) and vapor fraction (b) on the particle surface with flow time

As mentioned earlier in this chapter, the surface wettability of the PCM particle is assumed to
be the same as that of the heating walls in the respective cases. Specifically, the contact angles
of the PCM particle surfaces are set as 86° and 0° in the copper and superhydrophilic channels,
respectively. Consequently, the values of Xvanave in the copper cases (e.g., Case 2) are larger
than those in the superhydrophilic cases (e.g., Case 3), resulting in smaller values of Qpaitave in
the former cases compared to the latter cases under the same conditions. Furthermore, for the
same wettability, a lower density of the PCM material leads to smaller values of Xpallave and

larger values of Qpanave during the bubbly flow period between 4 and 8ms.

However, when the flow boiling process is developed to the interment slug flow period (such
as that at 11ms in Figure.51), those mentioned parameters began to exhibit cyclic fluctuations.
According to the results shown in Figure.57(a), it can be observed that the velocity along the
flow direction (named as the y-velocity in vertical microchannels) of the PCM particle in
cases with lower PCM density (e.g., Case 5) is larger than that with higher density (e.g., Case
3). Furthermore, it accelerates quickly during the flow boiling development, especially at the
superhydrophilic cases, which is dominated by the unbalanced resultant forces along the flow

direction during the dynamic flow along the flow direction shown in Figure.56.

= (F +F g ™ Diuoyancy,y ) )+ g— ( Erensiony + ZF bubbles,y ) 0 (4-10)

T fistitem second item
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Where Fg, Fouoyancy,y, and Finertiay represent the gravity, buoyancy and inertia forces acting on

the PCM particle, XF ensiony and Zoubbles,y denote the net force along the flow direction between

the PCM particle and the liquid, the bubbles attached to the PCM surface, respectively.
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Figure.56 Different types of forces on the PCM particle in flow boiling in a vertical microchannel

Therefore, for a case involving a PCM particle in a vertical microchannel, the dominant factor

affecting the first component in Eqn. 4-10 is the PCM density. A lower density results in a

larger net force in the reverse flow direction.
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Additionally, the second component depends on the vapor fraction of bubbles in the domain.
A smaller contact angle between the heated walls and the PCM particle surfaces lead to a
larger net force in the flow direction. Specifically, a lower density of the PCM material and
smaller contact angles of the surfaces contribute to a greater increase in the particle velocity
along the flow direction, as illustrated in Figure.57(a). Moreover, the accelerated PCM
particle has the capability to disrupt neighboring bubbles and carry them away from the
heated walls. This phenomenon leads to the periodic fluctuations in local heat transfer
performance (e.g., 0Qvan) during intermittent flow periods, as depicted in Figure.53(a).
Furthermore, a lower wettability of the particle surfaces and faster speed of the PCM particle
result in more heat being transferred to the PCM material, as also depicted by the larger liquid

fraction of the particle, ypem,v.ave, in Figure.57(b).

The Figure.58 illustrates the distributions of liquid PCM material within the particle at various

flow times in different cases.
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Figure.58 Comparisons of liquid PCM distributions inside the big PCM particle in cases

As explained before, the PCM particle is considered as a rigid particle moving in the domain.
The melting of a pure substance inside the particle is treated as a pseudo-porous zone, where
the porosity is equivalent to the liquid fraction. This fraction is calculated by an enthalpy
balance in each cell. Specifically, the melting heat transfer process of an incompressible pure
substance melting at a constant temperature is simulated in a fixed-volume zone. Hence, in

this multiphase flow and heat transfer process, the heat absorbed from the heated wall
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continuously accumulates along the flow direction, resulting in an increasing temperature of
fluid along the flow direction until it reaches a steady heat transfer state. Since the PCM
melting temperature is 96°C, which is lower than the boiling temperature of water at 100°C,
the temperature of the upper part in the particle is higher than that of the bottom part prior to
the complete melting. Therefore, the PCM melting in the particle progresses from the top to
the bottom over time, as depicted in Figure.58. Meanwhile, the uneven distribution of the
liquid phase within the particle is primarily attributed to the non-uniform heat conduction
occurring around the particle and its interaction with the vapor-liquid mixture of water during

the transient heat transfer process, as presented in Figure.51and Figure.54.

Furthermore, according to Figure.57 and Figure.58, it is important to notice that in the present
study, the maximum velocity and liquid fraction of the PCM particle are 1.36m/s and 26.5%vol
at 11ms in Case5, respectively. Hence, it is easy to deduce that the PCM particle in all cases
undergoes the partial melting during the multiphase flow in this microchannel in Figure.51. In
other words, the completed melting of the PCM particle takes the longer residence time in the
heat exchange domain. Therefore, in order to fully utilize the endothermic melting process of
the PCM material to enhance the heat dissipation capacity, some measures need to be taken to
ensure that the PCM particle melt completely before exiting the microchannel by optimizing

the geometric parameters and physical properties of the channel and the PCM particle.

Generally, the overall and local heat transfer performance of flow boiling in microchannels is
dominated by flow patterns. Taking the mentioned cases in the present study as examples, the
nucleating flow and bubbly flow occur in the initial stages, while the fully-developed stage is
characterized by the intermittent slug flow. The heat dissipation capacity is determined by the
combined effects of bubbles generated on the heated walls and the dynamic movement in the
domain. Therefore, whether the addition of a PCM particle in fluid could enhance or weaken
the heat transfer performance is dependent with the impacts on flow patterns in microchannels.
For example, the morphology treatment of heating surfaces (e.g., the superhydrophilic case of
Casel) promotes the rapid escape of generated bubbles from the heating walls, creating clear
spaces for the nucleation of smaller bubbles on the heated walls. This allows for flow patterns
characterized by a thin liquid layer between the heating surfaces and large bubbles in the bulk

domain, thereby significantly enhancing the heat transfer performance.
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In conclusion, the effect of the melting and moving PCM particle on flow boiling heat transfer

performance near the particle is summarized in Figure.59.
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Figure.59 The PCM particle effects on flow boiling heat transfer in domain

Based on the aforementioned results, the presence of a PCM particle has positive and negative
impacts on flow boiling heat transfer performance of water in microchannels. In general, the
endothermal melting process directly absorbs the heat from the adjacent vapor-liquid mixture,
resulting in increased heat dissipation from local heated walls compared to the case without a
PCM particle. Furthermore, if it could inhibit the growth rate of large-size bubbles attached
on the heated walls, it will further improve the heat transfer performance. However, if not or
even hindering the bubbles escape from local heated walls due to the particle occupation near
the domain, it will decrease the local heat transfer performance. Therefore, it is necessary to
match the geometrical parameters and physical properties of particle for further enhancing the

heat dissipation in applications.
4.5- Summary

In this chapter, the flow boiling heat transfer of water in a microchannel with a single PCM
particle (e.g., the diameter of 0.3mm) melting and moving in a vertical microchannel (e.g., the

width of 0.4mm and the length of 6mm) is investigated using hybrid approaches in ANSYS.
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The VOF/LEE method is employed to simulate the water flow boiling phenomenon, while the
Dynamic Meshing method as well as the Melting and Solidification method are utilized to
predict the endothermal melting and moving effects of a single PCM particle on multiphase
flow heat transfer in the microchannel. Initially, a grid independence test is conducted to
ensure the accuracy, followed by the validation of the VOF/LEE method with some published
experimental data of water flow boiling in microchannels. Finally, the study investigates the
melting and moving effects of a PCM particle on overall and local heat transfer performance,
including heat fluxes, HTCs and flow patterns. All the cases are carried out under identical
conditions, including an inlet mass flux of 50 kg/(m?.s), inlet temperature of 95C° and heated

wall temperature of 105C°.
According to those aforementioned analysis, the main results are found as follows,

(1) The calculation models and simulation methods used in present work could predict flow
boiling process (e.g., single phase, nucleating and bubbly flow, intermittent slug flow) with a
PCM particle melting and moving in microchannels. However, it costs significant computing

resources and time.

(2) The surface wettability of heating walls has a dominant effect on flow boiling heat transfer
performance. Comparing to the heat transfer performance in a copper microchannel, the heat
flux and HTC in a superhydrophilic case exhibited the enhancements of by 27.6% and 39% in
bubbly flow, along with the improvements of 43% and 83.9% in intermittent and slug flow.

However, the aptitude of total pressure drop is increased by 45%.

(3) The presence of a melting and moving PCM particle has both advantage and disadvantage
effects on heat transfer performance of water flow boiling in microchannels. On one hand, the
additional heat of the PCM endothermal melting and the accelerated movement of the particle
in the fluid could significantly increase local heat dissipation. On the other hand, the particle
also could impede the movement of large bubbles attached on walls from entering the bulk
flow and being carried away from the channel, resulting in a deterioration of the heat transfer

performance near the particle.
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(4) The melting degree of the phase change material, which is encapsulated inside the particle,
is strongly influenced by both the residence time of the particle moving through the sink and
the heat transfer capacity between the particle and the surrounding fluid. Therefore, in order
to optimize the beneficial impact of the heat absorption through the PCM melting on the heat
transfer capability, it is essential to take measures for ensuring the complete melting of PCM

before the particle moves out of the channel.
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Chapter-5 Flow boiling heat transfer of R134a based functional fluid

5.1-Introduction

As planned in the section 1.5, this chapter focuses on investigating flow boiling of functional
fluid with suspended particles melting in microchannels using numerical methods for cooling
the electronic devices. According to Table.2, R134a is a dielectric super-wetting fluid with a
high boiling latent heat of 217 kJ/kg at 1bar, allowing for the evaporation in the appropriate
temperature limits of the electronic components (e.g., below 85C°) [125, 285]. Hence, R134a

is selected as the base fluid for this chapter.

In this chapter, the investigation of flow boiling heat transfer of R134a-based functional fluids
in a horizonal microchannel is conducted by the numerical approach. It is carried out by using
the VOF-LEE method and the equivalent properties approach, which encompasses factors like

the specific heat capacity and viscosity of functional fluids.

Both the literature reviews in Chapter 2 and the simulation studies in Chapter 4 have indicated
that there are some different and interrelated factors influencing the heat transfer performance
of flow boiling in microchannels, including the structural and geometric parameters of heat
sinks, the thermophysical properties of work fluids, as well as the operational conditions such
as the temperature and pressure requirements in applications. Among them, the properties of
fluids serve as the foundation for flow boiling heat transfer performance. Therefore, only clear
understanding those heat transfer characteristics under given scenarios can the optimal design

of the cooling systems, the selections of fluids and other related utilizations be achieved.

Specifically, the effects of physical properties of functional particles suspended in R134a (e.g.,
thermal conductivity and latent heat of melting), as well as particle concentrations and heat
fluxes on heat transfer performance (e.g., HTCs, pressure drop and performance evaluation
criteria (PEC)) are systematically studied in a 2D horizontal microchannel under the constant
heat flux and mass flux condition. The microchannel possesses dimensions of 0.5mm in width,

20mm in length, and 0.05mm in thickness.
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5.2-Basical assumptions and treatments

Flow boiling of functional fluid with the suspended PCM particles melting in microchannels
is a complex heat and mass transfer phenomenon. To ensure the numerical convergence and
strike a balance between computing resources and acceptable accuracy, the numerical model

employed in present study is simplified based on the following assumptions and treatments:

(1) The R134a-based functional fluid is separated into three continuous phases for simulations:
liquid R134a, vapor R134a and a suspended cloud of particles. It is assumed that the particles
are uniformly mixed with the liquid R134a, which means that the behaviour and distribution
of nanoparticles are treated as if they form a continuous and homogeneous medium, rather
than being treated as discrete particles. This simplification allows for the usage of continuum
fluid mechanics to describe the motion of both fluid and the suspended nanoparticles, as well
as the heat transfer interactions between them. This approach is useful when the concentration
of particles is relatively low and their impact on the overall fluid behavior is not dominant.
However, this assumption might lead to some loss of accuracy, as it doesn't fully capture the

discrete nature and interactions between individual nanoparticles.

(2) The inlet temperature of working fluid and the onset PCM melting temperature are set as
30 and 30.5°C, respectively. The saturated temperature of R134a is chosen as 31°C at 8 bars.
For simplicity, thermal radiation is ignored and the thermophysical properties of each phase
are assumed to remain constant in Table 1, as the temperature change is minimal for the entire
microchannel process. Additionally, the effective heat capacity method (rectangular profile)
was employed to account for the PCM melting effect on thermal performance of fluids [206].
This method involves considering the PCM melting phase change as an effective change in
heat capacity over a defined temperature range, represented by a rectangular profile. By doing
so, this enables to consider the effects of the PCM phase transitions on heat transfer without
explicitly modeling the intricate melting processes. Furthermore, the effective heat capacity
method with a rectangular profile allows to simplify the complex melting behavior by treating

it as a change in heat capacity, making it easier to incorporate into performance calculations.
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(3) A R134a-based functional fluid with the nanosize particle volume concentrations of up to
25% is considered as a Newtonian-like and incompressible fluid, based on some experimental
results in literature [286, 287]. Those relevant results demonstrate that, within this threshold
concentration, the functional fluid's viscosity remains relatively constant over a range of shear
rates, resembling the behaviour of a Newtonian fluid. Moreover, the dynamic viscosity of the
fluid mixtures is computed by using the Vand’s equation [288, 289], which takes into account

the viscosities of individual components as well as the concentrations.

Furthermore, the literature review focused on nanofluid flow boiling heat transfer in chapter 2
has indicated that the maximum concentrations in most experimental studies are typically
around 5% vol... Therefore, the majority cases in the subsequent numerical simulations are
conducted with inlet concentrations not exceeding 5%. Only a few of cases are conducted at

inlet concentrations larger than 5%vol. and they are considered as references.

(4) The VOF-LEE model is used to simulate the heat transfer process of R134a flow boiling
in this part. It is postulated that the evaporation occurs at the positions where the local fluid
temperature surpasses the saturated temperature of R134a. The degree of evaporation depends
on the differences between local fluid temperature and the saturated temperature, along with
the empirical relaxation factor “r”” in LEE model, as depicted in the equation (3-18). The value

of factor is selected through the validation of the numerical results against experimental data.

(5) The realizable k-¢ model is chosen as the turbulent model for multiphase flow boiling in
microchannels [253, 290], which has been explained in section 4.1. It is a refined turbulence
model that could well predict flow patterns, velocity profiles and heat transfer characteristics,
especially in regions with rapid changes in near-wall interactions of subcooled flow boiling in
microchannels. Furthermore, it is also a valuable tool for accurately simulating complex flow

process, such as those encountered during the transition from laminar to turbulent flows.

The investigated scenarios of subcooled flow boiling in microchannels are typical transitional
flows involving both laminar and turbulent flow regimes. For the case with an inlet mass flux
of 400 kg/(m?s) and a heat flux of 69 kW/m?, the inlet velocity of R134a is about 0.338 m/s

and the average liquid Reynolds number is around 22 at the inlet of channel. Additionally, the
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largest local velocity in the domain is approximately 1.69 m/s with a corresponding Reynolds

number of 11287. Therefore, the realizable k-¢ model is suitable for the present study.

The PISO algorithm is used for the pressure-velocity coupling and the second-order upwind
discretization for the momentum and energy equations. The PRESTO and Geo-Reconstruct
discretization methods are used for pressure and volume fraction interpolations. The variable
time step is managed to maintain the maximum Global Courant number below 0.25, while the

absolute residuals are adjusted to 1 x 10 to achieve numerical convergence.

(6) The main thermophysical properties are listed in Table.18.

Table.18 Thermophysical properties of R134a and PCM particles in present work

Properties Unit R134a[180,291] PCM [98,292]
liquid gas solid
Tsat and Trmelting T 31 31 30.5and 31.5
Latent heat of melting, H kJ/kg 173 173 up to 208.7
Density, p kg/m?3 1183.5 37.6 840
Specific heat capacity, ¢ J/(kg'K) 1451.1 1072.5 1900
Thermal conductivity, k W/(m-K) 0.079 0.014 0.390

5.3-Grid independence and model validation
5.3.1-Mesh independence test

To capture small-size bubbles in viscous boundary layer, a non-uniform quadrilateral mesh
refined towards the heating walls was employed in the computational domain, as shown in

Figure.60.
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Figure.60 Schematic of numerical simulation construction and domain in Chapter 5
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The objective of this chapter is to simulate the multiphase flow heat transfer of a R134a based
functional fluid in a 2D horizontal stainless steel microchannel (with 0.5 mm widthx20 mm
lengthx0.05mm thickness) under a constant heat flux condition. A mesh independence test
was conducted based on R134a flow boiling in the same domain. Four different mesh sizes
were evaluated with an inlet mass flux of 200kg/(m?-s) and a heat flux of 16kW/m?. The area-
averaged vapor fraction of R134a on inner walls in microchannels (xwa1) was used as the
indicator for mesh independence. The results were plotted against the flow time revolution

and the average grid size (i.e., di-d4), as shown in Figure.61.

Accordingly, it is observed that when the grid size was below 10um, the differences in vapor
fractions among different mesh sizes were less than 3%. This indicates that the grid size was
adequately refined to capture the formation of small bubbles on the heated surfaces. In other
words, this grid size could accurately predict the local degree of saturation on the heated walls.

Consequently, a size of 10pum was chosen for the subsequent simulations in this study.
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Figure.61 Grid independent test based on vapor fraction on inner heating surfaces of R134a
5.3.2-Simulation model validation

In the present study, the validation of those adopted numerical models was carried out in two
separate steps due to the limited availability of experimental data for R134a-based functional
fluid flow boiling in microchannels. Firstly, the multiphase VOF/LEE model for flow boiling
was validated using experimental data of R134a flow boiling in a 1.1 mm diameter tube [293,
294, 295]. The contact angle and surface tension of R134a on stainless steel surfaces were set

at 2° and 7.3x107 N/m, respectively [177]. Then, the VOF/the equivalent properties method
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was validated based on single-phase convective heat transfer performance of functional fluids

(i.e., 20% weight concentration of n-hexadecane in water) in a 2mm diameter tube [93].
(1) Validation of R134a flow boiling method (i.e., the VOF/LEE model)

As discussed in section 3.4.1, one of the challenges in adopting the LEE model as the mass
and heat transfer model for flow boiling is to select an appropriate value rin Equation 9. This
parameter significantly impacts the accuracy, such as the heated temperature, pressure drops,
liquid-vapor interfacial behaviors and flow patterns in microchannels [240, 247]. For example,
the effects of the factor on the heat transfer performance under the same operational condition

is illustrated in Figure.62. the larger value of r, the higher HTC at the same conditions.
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Figure.62 Relations of flow boiling heat transfer performance with empirical factor rin LEE model

Hence, the simulation results obtained by using the selected r values were compared with the
corresponding experimental data for flow boiling HTCs and pressure drops in Figure.63. The
results indicate that the numerical model and settings in this study can accurately predict both
the HTCs within £2.5% deviation and pressure drops within £15% deviation of R134a flow

boiling in channels, when the optimum values are set based on experimental data.

Additionally, the effect of suspended particles on the factor r of flow boiling is disregarded in
the subsequent work due to a lack of reliable experimental data for the modification. Hence,
the value r of R134a-based functional fluid is assumed to be the same as that of pure R134a in

flow boiling under the identical conditions, which has been validated in the present section.
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Figure.63 Comparisons of HTCs [293,294] and (b) pressure drop of R134a between numerical and
experimental results in a microchannel [295]

(2) Validation of PCM melting method (i.e., the effective heat capacity method)

As mentioned before, there is few experimental data available of PCM slurries flow boiling in
microchannels. Therefore, the equivalent heat capacity method for PCM melting is validated
with experimental data from single-phase convective flow of n-hexadecane/H>O emulsion in a
mini-tube (Dy=2mm), as depicted in Figure.64. It is noteworthy that the simulation results of

HTCs matched well with the experimental data with an error of £15% in reference cases [93].
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Figure.64 Comparisons of heat transfer results between numerical and experimental cases for local HTCs
of n-hexadecane/H>0 emulsion (with PCM melting) in a mini-channel [93]
In general, the VOF-LEE-equivalent properties methods, which include the consideration of
the equivalent properties such as heat capacity and viscosity, are considered acceptable for

investigating the heat transfer performance of R134a-based functional fluids in microchannels.
5.4- Results and discussion

As mentioned in Section 2.2, the phase change materials are valuable in thermal management
due to their ability to absorb the extra heat through melting process at a constant temperature.
Additionally, in order to increase the heating area and prevent the leakage of the melted PCM
into the surrounding fluids, the material could be encapsulated within shell materials to form
the encapsulated phase change materials (EPCMs). Therefore, the purpose of this section is to
investigate the properties effects of those encapsulated particles (e.g., the equivalent thermal
conductivity and the latent heat of melting) on flow boiling heat transfer performance of
R134a-based functional fluid in microchannel at a constant heat flux condition. The effects of

particle concentration, mass and heat fluxes were explored in details.

As elaborated in the section 2.2.7, there are various factors that affect the equivalent physical
properties of the encapsulated phase change material (EPCM) particles, such as the latent heat

of fusion, the thermal conductivity and the temperature ranges of phase changing processes.

Specifically, the thermal conductivity ratio and the encapsulation ratio of the PCM particles

are defined as the respective ratios of these parameters for the particle and the PCM material.
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While a higher encapsulation ratio means that a larger heat absorbed during the phase change
process, a higher thermal conductivity ratio leads to better heat transfer between the particles
and their surroundings. From the heat transfer perspective, a higher thermal conductivity ratio
combined with an appropriate encapsulation ratio of particles could enhance the overall heat
transfer performance. However, it is a complex task to find the optimal balance between these
ratios. It is not only dependent on the types of the core and shell materials, but also on those
factors such as the diameters and the encapsulation layer thicknesses of particles, the practical
constraints related to the material processing techniques and procedures. Consequently, even
for the same PCM material, the properties of the PCM particles can exhibit notable variations
due to the disparities in the preparation methods. Taking octadecane (C18) as an example, the
thermal conductivity ratio of the particles ranges from 2 to 10 within the encapsulated ratio
variation range of 0.1 to 0.8, as depicted in Figure.37. The main properties of the metal coated
encapsulated particles of octadecane, including the thermal conductivity (k), the melting latent
heat (hm) and melting temperature range (ATw), are listed in Table.19. Those are dependent on
the size of capsules and the content of the PCM material in particles, which play critical roles
in the cooling applications [96].

Table.19 The main properties of n-OD (C18) based metal coated EPCM particles in literature [96]

Tm hm ATm k Cp o]

T kl/kg W/(mK) | kI/(kg'’K) | (kg/m?)
n-OD/PMMA 31.1 208.7 12.8 0.390 1.900 840
n-OD/Si0s 28.5 126.9 9.5 0.246 2.305 1184
n-OD/Si0:-PDA-Ag (8) 28.0 72.0 8.8 0.536 2.525 1768
n-OD/Si0,-PDA-Ag (16) | 28.0 49.3 93 0.518 1.727 2306
n-OD/Si0.-PDA-Ag (32) | 27.8 33.2 8.6 0.840 1.579 3128
n-OD/Si0,-PAD-Ag (48) | 27.5 26.1 8.1 1.346 1.273 3916

Moreover, unlike the isothermal melting phenomena of most pure phase change materials, the
melting process of the EPCM particles follows a non-isothermal phase transition pattern. This
is mainly due to a combination of factors related to the heat transfer mechanisms, the material

properties and external conditions, such as the thermal resistance caused by the encapsulation
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layer surrounding the particles. As the discussion before, the PCM particles are presumed to
behave as a pure fluid, and those impact on the isothermal flow boiling of R134a is studied in
this chapter. Hence, it is crucial to consider the effect of the non-isothermal melting behaviour
of the PCM particles. Therefore, the latent heat rate of PCM particles, quantified as the latent
heat per the unit melting temperature (qm) in the equation 5-1, is adopted to describe the non-

isothermal melting feature.

= (5-1)

Where, qm is latent heat per unit melting temperature (kJ/(kg-K)), hn is total latent heat (kJ/kg)

and ATy is the melting temperature range (K) of PCM particles.

In conclusion, this chapter primarily conducts a comparative study to investigate the effects of
thermal properties (i.e., thermal conductivity and the latent heat per unit melting temperature
and dynamic viscosity) and inlet concentrations of functional particles on the multiphase flow
heat transfer performance of R134a flow boiling in microchannels under the same conditions
[293-295]. The dynamic viscosity of functional fluids is related to the inlet concentrations and
the properties of base fluid and functional particles. Drawing from the literature reviews and
prospective advancement in the PCM materials and the associated encapsulation technologies,
this study investigates the separate and interactive effects of the properties on the heat transfer
performance across a wide range of thermal conductivity k from 0.08-10.0W/(m-K) and latent
heat per the unit temperature qm from 0-417.4kJ/(kg-K) by a predefined combination method.
In particular, these include the materials that are currently feasible for production (e.g., pure
n-Octadecane with k of 0.4 W/(m-'K) and qm of 208.7(kJ/(kg-K)), as well as the TiO: particle
with k of 10 W/(m'K) and gm of 0) and those that might become attainable in the future (e.g.,
the metal-coated EPCM particle with k of 1W/(m-K) and qm of 41.74(kJ/(kg-K)). Furthermore,
some virtual materials, which are impractical in actual applications, are also studied to assess
the sensitivity of the properties regarding the impacts on the heat transfer performance. These
include the PCM particle with a thermal conductivity similar to that of R134a (0.08 W/(m-K)),
as well as those akin to the thermal conductivity of TiO: particles (10W/(m-K)).
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The relevant boundary conditions are listed in Table.20.

Table.20 The main boundary conditions of numerical simulations in Chapter 5

Parameters Units Values
Inlet temperature of functional fluid, Tin T 30
R134a boiling temperature (at 8 bar), T T 31
Latent heat per unit melting temperature, gm kJ/(kg-K) 0-417.4
Particle thermal conductivity, k W/(m-K) 0.08-10.0
Mass fluxes, G kg/(m?-s) 200, 400
Heat fluxes, qwal kW/m? 27-69
Inlet concentration of suspended particles, y vol. 0-15%

Flow boiling HTCs, pressure drops and performance evaluation criteria (PEC) are determined
to evaluate the heat transfer performance of flow boiling in microchannels. These results were
calculated once the flow and heat transfer process reached a steady state, as a transient
arithmetic model was utilized in this study.

For example, the overall HTC and pressure drop were calculated by

— :1[ walli—( in* out,i)/z] (5-2)
overall —

:1| . | (5-3)

overall =

Where, hoverall, APoverail and qwan are the overall HTC (kW/(m?-K)), pressure drop (Pa) and heat
flux (kW/m?), while Twan, Tin and Tou are the area-averaged channel inner wall temperature,
mass-averaged inlet and outlet fluid temperatures (K) in microchannel, respectively. Pix, and

31
1

Pou are fluid pressure at channel inlet and outlet. The index “i” denotes an individual transient
time point after thermal and hydrodynamic equilibrium state. A total number of “n” individual

time points were considered for assessing the time-averaged performance at equilibrium state.

The performance evaluation criteria (FOM), a comparative ratio to demonstrate the advantage

of one fluid/system over another in internal flow cooling applications, was calculated by [296]

mixture/ R134a

(5-4)

mixture/ R134a
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Where, h and AP are the overall HTC (kW/(m?*K)) and pressure drop (Pa) in microchannel.
The subscripts “mixture” and “R134a” denote the improved R134a-based functional fluid and

pure R134a fluid, respectively.

The local HTC was calculated by

=1 [ wallj — fluid,j,i] (5-5)

localj —

where, hiocal and qwan are local HTC (kW/(m?-K)) and heat flux (kW/m?). The index j indicates
the individual spatial locations for where the local HTC being evaluated. Twan is local area-
averaged channel wall temperature and Thuig 1s the local mass-averaged bulk temperature (K)

at corresponding individual evaluation points along channel wall.
5.4.1-Effects of particle properties on the overall performance

The present study examined and compared the effects of added particle properties, including
enhanced thermal conductivity and latent heat on the overall heat transfer performance (such
as HTC, pressure drop, and FOM) of R134a-based functional fluids. The investigation was
conducted in comparison to pure R134a under a constant heat flux of 69 kW/m? and mass
fluxes of 200 or 400 kg/(m?‘s). Various simulation cases were considered and the thermal
conductivity and latent heat of the functional fluids were varied according to Table.19. For the
analysis of thermal conductivity effects, the base case assumed that the added particles had no
associated latent heat and possessed the same thermal conductivity as base fluid, pure R134a
(0.08 W/(m'K)). When examining the impact of the melting latent heat, thermal conductivity

of particles was set at 0.4 W/(m-K), based on the reference value for pure n-Octadecane.
5.4.1.1-Flow boiling HTC

Figure.65 presents the results of the overall HTCs in microchannels for functional fluids with
different thermal conductivity and latent heat improvements. The evaluations were performed

under the same conditions for two different mass fluxes and three particle concentrations.
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As shown in Figure.65, the HTCs of the modified functional fluids in the microchannels were
enhanced compared to those of pure R134a (represented by the solid dot lines). These trends
were observed when the thermal conductivity and the melting latent heat per unit temperature
increased due to the addition of particles with higher thermal conductivity and greater latent
heat under the same conditions. Additionally, the HTCs exhibit a positive correlation with the

inlet mass fluxes and particle concentrations.
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Figure.65 Effects of thermal conductivity(a) and latent heat per unit melting temperature (b) on the overall
HTCs of R134a-based functional fluid in microchannel (G-mass flux (kg/(m?-s)), y-volume concentration)
Furthermore, for the same particle concentration, the increase in thermal conductivity and the
melting latent heat per unit temperature of functional fluid leads to an increase in the HTCs.
However, the rate of increase gradually diminishes as the thermal conductivity and latent heat
values become higher. For instance, at a mass flux of 200 kg/(m?-s) and a concentration of 5%
vol. (depicted by black chain-dotted lines) in Figure.65(a), the HTCs remain nearly constant

when the thermal conductivity and the latent heat per unit temperature of particles exceed 5
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W/(m-K) and 208.7 kJ/(kg-K), respectively. Generally, it can be observed that the HTC values
reach 9.9 kW/(m?K) for pure R134a, 13.0 kW/(m?-K) for R134a with particles of enhanced
thermal conductivity, and 12.9 kW/(m?-K) for R134a with particles of enhanced latent heat.

Furthermore, it is worth noting that the HTCs in the different thermal conductivity cases are a
nearly similarity under the operating conditions of 400 kg/(m?s) and 15%vol., compared to
the conditions of 200 kg/(m?-s) and 25%vol. in Figure.65 (a). This suggests that the multiple
factors, such as the mass flux, particle concentration and other parameters, can influence flow
boiling HTCs. An optimal case of these factors may exist to achieve the maximum HTC for a
specific practical application. To gain a better understanding of the particle property’s effect
on the HTCs in microchannels, the observations of flow boiling patterns (referred to as bubble
distribution in the flow domain) and the area-averaged surface vapor fraction are presented in

Figure.66 and Figure.67, respectively,

Figure.66 presents the flow boiling patterns in microchannels at 400 kg/(m?:s) and 69 kw/m?
for pure R134a, R134a-based functional fluids with higher thermal conductivity and larger

melting latent heat particles, respectively.

Accordingly, under the same mass and heat flux conditions, the flow patterns observed in the
microchannel at steady state are characterized by large bubbles and transitioning towards slug
flow for pure R134a. In contrast, the flow patterns of R-134a based latent heating functional
fluids (e.g., E1-E4) demonstrate that the addition of particles with higher latent heat, resulting
in additional effective heat capacity in fluid, can shift the flow patterns from near-slug flow
back to near-bubbly flow at the same particle concentration (e.g., 5%vol. and 15%vol.). This
transition effect becomes more pronounced with increasing latent heat and concentration of
the added PCM particles. Consequently, flow boiling HTC is enhanced by adding particles
with higher latent heat, and it further increases with an increment in the effective latent heat,

as also illustrated in Figure.65.

Nevertheless, when comparing the effects of adding particles with high thermal conductivity
on flow boiling patterns, the influence is either insignificant or even reversed (e.g., N1-N4) in

Figure.65. This can be attributed to two main factors: the improved overall effective thermal
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conductivity of fluid and the deposition of particles on the heated surfaces [86]. Therefore, the
enhancements in HTCs, resulting from the incorporation of functional particles with higher
thermal conductivities in Figure.66, could be primarily interpreted from the perspective of the

improved overall thermal conductivity in microchannels rather than the flow patterns.

Figure.66 presented bubble and particle distributions of R134a and different functional fluids
flow boiling in microchannels at a mass flux of 400 kg/(m?:s) and a heat flux of 69kW/m?. As
shown in subfigure RO, it illustrates a typical subcooled flow boiling heat transfer phenomena,
encompassing the transition from single-phase convection flow at the inlet to the intermittent
slug flow boiling heat transfer near the outlet. The subfigures N4 and Y4 depict the outcomes

of the functional particle with the same properties and particle concentration.
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Figure.66 The bubble and particle distribution of R134a based functional fluids near the outlet of
microchannels at a mass flux 400 kg/(m?*-s) and a heat flux 69 kW/m? (E: EPCM, N: Nanofluid)

Figure.67 illustrates the relations between the area-averaged vapor fraction on heated surfaces

(i.e., Xwal, ave) and thermal properties (i.e., thermal conductivity k and the latent heat per unit
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temperature gm) of functional particles in microchannels under the mass fluxes of 200 and 400

kg/(m?-s) and a heat flux of 69 kW/m?.
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Figure.67 Effects of thermal conductivity(a) and latent heat per unit melting temperature (b) on the area-
averaged surface vapor fraction in microchannels (G-mass flux (kg/(m?-s)), y-volume concentration)
According to Figure.67(a), it is evident that the addition of thermal conductivity functional
particles could increase the vapor fractions on heated surfaces compared to pure R134a at 69
kW/m? (depicted by black dotted lines). Furthermore, as the thermal conductivity continues to
increase, the surface vapor fraction values decline but do not ultimately converge to the values
observed for pure R134a. This may be attributed to the tendency of bubbles to be retained on
heated surfaces due to the particle deposition near the surfaces [88,90]. Notably, these solid
particles that accumulate on the heated surfaces possess higher thermal conductivities. Similar
trends can be observed in Figure.67(b), where the vapor fractions on heated surfaces decrease

as more effective latent heat becomes available in the fluid through the addition of latent heat
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functional PCM particles. This suggests that the addition of latent heat functional particles in
R134a helps limit the accumulation of surface bubbles, thereby preventing the local dry-out at

high heat fluxes [114, 282].

In order to explain the property effects of functional particles in R134a on flow boiling HTCs

clearly and concisely, the relations of HTCs with the vapor fraction on the heated surfaces are

plotted in Figure.68.
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Figure.68 Relations of flow boiling HTCs with vapor fraction on surfaces for Ri134a-based functional
Sluids in microchannel with different (a) particle properties and (b) mass fluxes at 69 kW/m?
Compared to pure R134a flow boiling (i.e., inlet particle concentration y is 0) at 400kg/(m?s)
and 69kW/m 2, the addition of functional particles could enhance the HTCs based on different
tendency of the vapor fraction on the heated surfaces with various thermal properties and inlet
concentrations of functional particles in Figure.68 (a). While the facts of suspended particles

aggregated and deposited near heated surfaces could increase the vapor fraction on the heated
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surfaces, the effects of the extra endothermal heat and thermal conductivity enhancement of
functional particles could decrease the values Xwail, ave more or less. It is the balance of positive
and negative effects, depended on properties and inlet concentrations of particles, that finally
dominants the vapor fraction on the heated surfaces. This could explain the existence of the
curved lines (e.g., E3, E4 and N4) in Figure.68 (a). Similarly, the inlet mass fluxes of coolants
also affect change rules of the vapor fraction on the heated surfaces at 69 kW/m?. The more

mass flux means that there are the more particles melting and attached on the heated surfaces.

5.4.1.2-Pressure drop

The effects of adding higher thermal conductivity and melting latent heat functional particles

to R134a on pressure drops in microchannel are illustrated in Figure.69.
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Figure.69 Effects of thermal conductivity(a) and latent heat per unit melting temperature (b) on the time-

averaged pressure drop in microchannels (G-mass flux (kg/(m?-s)), y-volume concentration)
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Accordingly, it can be observed in Figure.69 that the addition of solid particles increases the
pressure drops of R134a flow boiling in microchannels. For example, almost all of pressure
drops in Figure.69 (a) are larger than the corresponding values for R134a, primarily due to the
increased liquid viscosity resulting from the addition of solid particles in R134a. Furthermore,
the pressure drop rises further as the particle concentration increases at a certain mass flux
condition. It is also evident that the pressure drop values are greater for higher mass flow rates
when comparing the values in Figure.69(a). The pressure drop is mainly influenced by the
physical properties of the fluid and the added particles, such as the effective fluid viscosity

and the possible aggregation of particles in the bulk fluid [88,202].

However, the property effects of functional particles on pressure drops in a microchannel are
not the same. The pressure drops barely change with increased thermal conductivity, as shown
in Figure.69(a). This implies that changes in thermal conductivity of particles and the fluid
have limited impacts on pressure drops under the same mass and heat flux conditions (equally
at the same vapor quality). On the other hand, increasing the latent heat of the added particles
results in a decrease in pressure drop, which can be attributed to the additional heat absorbed
during the particle phase-changing process in Figure.69(b). In other words, the endothermic
PCM melting process reduces the vapor fractions of R134a in the bulk fluid under the same
operational conditions. This shift in flow patterns and attenuation of turbulent flow resistance

can be observed in Figure.66 and Figure.69.
5.4.1.3-Figure of Merit

In order to evaluate the overall heat transfer performance in microchannels and compare the
effects of adding functional particles to R134a, the Figures of Merit (FOMs) are calculated by
the equation (5-4) and plotted in Figure.70, based on the corresponding HTCs and pressure
drop results obtained before. The thermal conductivity and latent heat properties of R134a are

0.08 W/(m-K™") and 173 kJ/kg, respectively.

The overall indicator (FOM) is defined as the ratio between the heat transfer ratio (modified

over the base fluid) and the pressure drop ratio (modified over the base fluid). It is commonly
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used to provide a general assessment of the overall benefits of a specific treatment (such as

fluid modification) for enhancing heat transfer.
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Figure.70 Effects of thermal conductivity(a) and latent heat per unit melting temperature (b) on the FOM in
microchannels (G-mass flux (kg/(m?-s)), y-volume concentration)

Generally, it is clear in Figure.70 that the FOMs increase and tend to stabilize as the thermal

conductivity (k) increases in Figure.70 (a), and as the melting latent heat per temperature (qm)

increases in Figure.70(b), for the added functional particles at the same concentration, mass,

and heat fluxes. This indicates that the mentioned fluid modification treatments have positive

effects on improving the heat dissipation capacity, as assessed by the combined evaluation of

flow boiling heat transfer coefficients (HTCs) and pressure drops.

Furthermore, it is observed that the enhancement level of the FOM for latent heat functional

particles in Figure.70(b) is greater than that for pure improved thermal conductivity particles

129



Chapter-5 Flow boiling heat transfer of R134a based functional fluid

in Figure.70 (a), especially when considering the maximum values (the final stable state of the
curves) under the same conditions. For example, the largest FOMs are 2 in Figure.70(a) and
4.4 in Figure.70(b), respectively. This can be explained by the results obtained from the HTCs
in Figure.65 and the pressure drops in Figure.69. The HTCs increase with the properties and
the concentrations of added latent heat functional particles and enhanced thermal conductivity
particles under the same conditions. However, pressure drops decrease due to the additional
endothermal heat induced by PCM particle melting processes, while they increase in the cases

of improved thermal conductivity solid particles.
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Figure.71 Effect of particle concentrations on the FOMs of functional fluid flow boiling with (a)
different properties and (b) mass fluxes in microchannel at 69 kW/m?

Specifically, the FOMs are less than one in cases where the thermal conductivity is smaller
than that of pure R134a (i.e., 0.08 W/(m‘K)) or when the melting latent heat is negligible. For

example, taking the cases without melting (e.g., points on the y-axis) in Figure.70(b), the
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FOMs are smaller than 1. This indicates that adding particles to the base fluid could worsen

the heat transfer performance in these cases.

According to the aforementioned reviews on nanofluid flow boiling in section 2.26 and Table
11, it has been pointed out that the suspended particles can block the active bubble nucleation
sites, inhibit heat transfer from surfaces, and ultimately deteriorate heat transfer performance
in microchannels. This is primarily due to the surface modification caused by the deposition
of particles on heated surfaces [88,90,198]. Hence, in order to counteract the adverse effects
of added particles on the flow boiling heat transfer, it is necessary to select particle materials
with higher thermal conductivity than the base fluid or with a certain melting latent heat. For
instance, to ensure that the FOM is greater than 1 in Figure 71(a), the thermal conductivity of
particles without the melting effects (e.g., N3-N5) should be larger than 1 W/(m-K), while the
latent heat per temperature of particles (e.g., E1-E4) with 0.08 W/(m-K) needs to be greater
than 20.87 kW/(m?-K). The properties of R134a are 0.08 W/(m'K) and 173 kJ/kg, respectively.

The effect of inlet mass flux on the FOM is complex. In the cases of coolants with improved
thermal conductivity particles in Figure.70 (a) and small latent heat particles in Figure.70 (b),
increasing inlet mass flux results in a smaller FOM value under the same condition. This is
because a higher inlet mass flux leads to more particles being suspended in the domain and
attached to heated surfaces. However, for cases with particles having a large latent heat, an
increase in inlet mass flux means that more additional heat is absorbed by the PCM melting
process. This reduces the evaporation degree (indicated as the vapor fraction in the domain) of
R134a, which can transform the large-size bubbles into small bubbles as shown in Figure.66
and ultimately increase the HTC while decreasing the pressure drop. Consequently, the FOM

is larger than that without melting in Figure.70 (b).

In conclusion, the FOMs of R134a-based latent heat functional fluids are higher than unity 1.
This is primarily due to the balances between the advantages and disadvantages arising from
the effects of properties (e.g., thermal conductivity and latent heat per unit temperature) and

suspended particles on flow boiling in microchannels. For the improved thermal conductivity
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functional fluid, the thermal conductivity of particles needs to be significantly higher than that

of the base fluid in order to achieve FOM values greater than unity 1.
5.4.2-Effect of heat fluxes on the overall performance

In the previous section, the impact of functional particles on flow boiling of R134a-based
functional fluid was evaluated at a constant heat flux of 69 kW/m?. In this section, the effect
of heat fluxes on the heat transfer performance of functional fluid has been investigated at a
particle concentration of 15% vol., as depicted in Figure.72. To facilitate a better comparison
of the property effects, the thermal conductivity of the latent heat functional particles was set
to be the same as that of the pure thermal conductivity functional fluid (0.4 W/(m-K)). The
latent heat rate of the PCM particles was set as 417.4 kJ/(kg-K).
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Figure.72 Effects of heat fluxes on (a) HTCs and (b) pressure drops of R134a-based functional fluids
flow boiling in microchannel
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As observed in Figure.72 (a), the HTCs of R134a-based functional fluids, whether thermal
conductivity or latent heat functional types, are increased with higher heat fluxes on heated
walls. This indicates that the heat flux, which contributes to the nucleation process in flow
boiling, has a positive effect on R134a flow boiling heat transfer in the range of 27-69 kW/m?

for both types of investigated functional fluids.

Furthermore, when the inlet mass flux is increased from 200 to 400 kg/(m?s), the HTC values
decrease at low heat fluxes (e.g., 27 kW/m?) but increase at high heat fluxes (e.g., 69 kW/m?),
particularly for latent heat functional fluid. This is because at low heat fluxes, which are far
from slug flow and critical heat flux, nucleation (i.e., bubble formation) enhances flow boiling
heat transfer. However, at higher flow rates, there is less time for the fluid to interact with the
heating surfaces, which can deteriorate the nucleation and the HTCs [117]. This phenomenon
becomes more pronounced with the addition of latent heat functional particles, which could
shift the flow pattern of R134a rom slug flow to bubbly flow. Conversely, for flow boiling
heat transfer primarily governed by convection under high heat flux conditions, the excessive
nucleation could lead to local bubble accumulation and subsequent the dry-out [114]. Hence,
a higher flow rate is preferred to enhance convection and diminish the bubble accumulation
on the heated surfaces at a high heat flux condition. The results in Figure.72(a) can be better
attained by examining the corresponding bubble distribution in microchannels, as illustrated

in Figure.73.

The pressure drops of R134a-based functional fluids with a 15%vol. particle concentration are
plotted against various heat fluxes in Figure.72(b). It is indicated that the pressure drops
increase with higher heat fluxes due to the induction of increased vapor quality and escalated
turbulence resistance, as also illustrated in Figure.73. Additionally, the pressure drops also

rise with an increase of mass flux due to the elevated flow resistance.

Moreover, functional fluids containing particles with enhanced thermal conductivity exhibit
the highest pressure drops, surpassing those of the R134a base fluid. This rise in pressure
drops is attributed to the increase in viscosity caused by the addition of particles. However,

the pressure drops of functional fluids with latent heat functional particles are much lower,
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and in fact, lower than those of pure R134a, especially under high heat flux conditions. One
possible explanation, as discussed earlier, is that the additional available heat capacity in the
bulk can delay the development of flow boiling (i.e., moving towards slug flow) and reduce
the flow resistance in the domain. A clearer understanding of the findings in Figure.72 (b) can

be attained in conjunction with the corresponding bubble distributions depicted in Figure.73.
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Figure.73 Bubble distribution flow patterns of R134a based functional fluids in microchannel at mass
Sluxes of 200, 400 kg/(m?-s) and heat fluxes of 27, 69 kW/m? (left A-F: 27 kW/m? right a-f: 69 kW/m?)

Therefore, the overall heat transfer performance of R134a-based functional fluids multiphase
flow in microchannels ultimately depends on the balance among the nucleation, convection,

particle interactions and latent heat absorption.
5.4.3-Effects of suspended particles on local performance

In order to further investigate the heat transfer mechanisms of R134a-based functional fluids

during flow boiling in a microchannel, the results of local heat transfer coefficients (HTCs)
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along the x-axis flowing direction at a mass flux of 400 kg/(m?-s) and a heat flux of 69 kW/m?

are presented in Figure.74.
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Figure.74 Comparison of local HTCs along the x-axis flow direction for R134a based functional fluids at
400 kg/(m?-s), 69 kW/m?, 15% vol.

According to Figure.74, the local HTC f pure R134a initially increases and then maintains
almost a constant value near the exit of the microchannel. This local HTC curve for R134a
differs from the typical curve observed for water flow boiling in a channel, which shows an
initial rise followed by a decline after reaching a maximum value, as depicted in Figure.75.
The main reason is likely the distinct surface wettability of pure R134a compared to water, as
R134a exhibits a superhydrophilic feature [254,297, 298]. Furthermore, it can be observed
that the addition of functional particles enhances flow boiling heat transfer, as indicated by all

local HTCs of functional fluids exceeding those of pure R134a under the given conditions.
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Figure.75 Schematics of bubble distribution in domain and local HTC values of water flow boiling in a

channel at a uniform heat flux condition [117].
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Nonetheless, the mechanisms of flow boiling differ between thermal conductivity and latent
heat functional particles introduced to R134a, despite their shared characteristic of being solid
particles integrated into pure R134a, which in turn elevates the fluid's viscosity. In Figure.74,
it becomes evident that the local HTC near the channel exit of the functional fluid, containing
suspended particles with enhanced thermal conductivity of 5 W/(m'K), experiences a decrease
(e.g., at 10-20 mm in the direction, marked by the brown dotted line with a reversed triangle).
This reduction is a consequence of flow boiling evolving towards slug flow at the exit and the
gradual inhibition of nucleate boiling due to particle deposition, as depicted in Figure.66.
However, this diminishment is averted in all functional fluids containing latent heat functional
particles (represented by the brown solid line with a reversed triangle in these figures). The
presence of particles with significantly higher latent heat within the bulk fluid may reshape
the original bubble distribution through additional heat absorption (where the total heat Qwan
is equal to the sum of the melting heat QRri34a, voiling and the boiling heat Qpcm, melting), thereby

promoting enhanced flow boiling heat transfer (indicated by the red arrow in Figure.75).
5.5-Summary

In this study, numerical simulations were conducted to investigate heat transfer performance
of R134a-based functional fluids flow boiling in a horizontal microchannel. The functional
fluids were modified by adding particles with higher thermal conductivity and melting latent
heat into the base fluid of R134a. The simulations were performed under a constant heat flux
condition. The VOF-LEE model was employed to simulate R134a flow boiling, while the
effective heat capacity method was used to model the melting of PCM particles. The validity
of the numerical model was confirmed by comparing the simulation results with experimental
data in the literature. The effects of some factors, such as the properties of particles, particle
concentration, mass and heat fluxes on the heat transfer performance in microchannels were

thoroughly evaluated by the validated numerical model. The main remarks are as follows:

(1) Adding functional particles with improved thermal conductivity or the effective latent heat
could enhance R134a flow boiling heat transfer in microchannels. However, the mechanisms

between the heat transfer enhancements by adding different suspended particles are different.
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Latent heat functional particles could provide base fluid R134a with additional heat capacity
but more importantly help shift flow patterns to be in favor of flow boiling heat transfer (e.g.,
transform slug flow to bubbly flow). While high thermal conductivity particles contribute to
flow boiling heat transfer performance mainly through the enhancement of equivalent thermal

conductivity and heat conduction of coolants.

(2) Pressure drops of R134a flow boiling in microchannels may be presumed to increase due
to the addition of suspended solid particles. Indeed, the pressure drop was found increased
when the latent heat functional particles added to base fluid. This suggests that the improved
thermal conductivity has little impact on pressure drops in microchannels, and that pressure
drops are mainly influenced by the increase in fluid viscosity. However, significant reductions
in flow boiling pressure drop were observed in the microchannel when latent heat functional
particles were added to the base fluid R134a. This can be attributed to the favorable shift in
flow patterns induced by the additional available heat capacity in the bulk fluid, resulting

from the presence of latent heat functional particles.

(3) The flow boiling FOMs of non-melting functional fluids such as high thermal conductivity
nanofluids suspended in microchannels are barely above or even lower than 1, primarily due
to the significant increase in pressure drops caused by the addition of particles. On the other
hand, the FOMs of latent heat functional fluids (such as the PCM emulsions and slurries) are
always greater than 1, indicating that there are thermal performance benefits from the addition
of particles with the endothermal heat absorption. This results in enhanced heat transfer while

reducing the penalty of pressure drop.

(4) The local flow boiling heat transfer characteristics of R134a in microchannels differ from
those of water. Therefore, it is important to consider the differences in fluid properties, such
as the wettability on heated surfaces. For example, the R134a exhibits superhydrophilicity on
stainless steel surfaces, whereas water does not. The results of the current study also suggest
that the addition of latent heat functional particles can improve the distribution of bubbles in
the channel. This is achieved through the additional available heat capacity provided by the

particles, which helps prevent local dry-out on heated surfaces, especially at high heat fluxes.
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Chapter-6 Flow boiling heat transfer of the NH3/H>O mixture

6.1-Introduction

In this chapter, a novel simulation method (i.e., the VOF-modified LEE model) is adopted to
investigate heat transfer performance of the NH3/H>O mixture flow boiling in microchannels

for enhancing heat dissipation capability in electronic cooling applications.

Flow boiling of the zeotropic mixture is a non-isothermal phase changing phenomenon under
a constant pressure condition, which is different with that of pure fluid. This feature holds the
potential to mitigate irreversibility of heat transfer in heat exchangers and enhance the energy
efficiency of phase change-related thermal applications. Moreover, the properties, such as the
saturation temperature of the zeotropic mixture can be flexibly adjusted by manipulating the
inlet concentrations of the more volatile component. This adjustability confers advantages in
multiphase applications that have stringent limits on the maximum operating temperatures, as
seen in electronics industry. For instance, while water cannot evaporate at S0C°, an NH3/H>O

mixture can accomplish this when an appropriate NH3 concentration is selected at 1 bar.

As discussed in Chapter 1, the NH3/H2O mixture has been widely used as a zeotropic mixture
in industrial refrigeration systems for several decades. One of its primary advantages lies in
its high latent heat of evaporation. For instance, the NH3/H>O mixture exhibits an evaporating
latent heat value of 1689 kJ/kg at a saturation temperature of 323.15 K, in contrast to that of
167 kJ/kg for the R134a/R245fa mixture and 155.5 kJ/kg for the R123/R134a mixture under

the same saturated temperature. Therefore, the NH3/H>O mixture is selected for this section.

However, it has been observed that the majority of experimental studies in the literature were
conducted in large-scale heat exchangers, and the empirical correlations derived from those
studies may not be applicable for predicting the heat transfer performance of the NH3/H>O
mixture flow boiling in microchannels. This is dominantly due to the differences in the bubble
dynamics and flow patterns that occur in microchannels. Furthermore, there are only a limited

number of numerical studies available that specifically investigate the NH3/H>O mixture flow
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boiling in microchannels. Therefore, it is of great significance to conduct dedicated numerical

studies to investigate flow boiling of the NH3/H>0O mixtures in microchannels.

In general, numerical simulations were conducted to investigate the impacts of inlet mass flux,
the NH3 concentration at the inlet, and heated wall temperature on the overall and local heat
transfer performance of NH3/H>O mixtures in a single horizontal microchannel (i.e., with 0.4

mm width and 6 mm length) under a constant wall temperature condition.
6.2-Basical assumptions ad treatments

As discussed in Chapter 2, numerical performance simulations of the NH3/H>O mixture flow
boiling present huge challenges due to its complex phenomena, making it computationally
demanding and time-consuming. Unlike those pure fluids such as H>O and NH3, the NH3/H>O
mixture contain multiple species (e.g., NH3-H20, NH*", NH*, and OH") with distinct physical
properties (e.g., density and viscosity) in both the liquid and gaseous phases. Currently, there
is a lack of dedicated mass diffusion models available specifically tailored for the NH3/H.O
mixture. Additionally, the original multiphase VOF model and the phase change LEE method
are not suitable for accurately simulating the non-isothermal flow boiling process. Therefore,
it is necessary to identify an appropriate method and simplify the simulation models based on

reasonable assumptions.

Generally, the effective physical and transport properties of the NH3/H,O mixtures, as well as
a modified LEE model incorporated into the VOF model, are adopted based on the following

assumptions.

(1) The binary zeotropic mixture of NH3/H>O is treated as two separate homogeneous phases:
the saturated liquid and gaseous phases. Therefore, the species diffusion effect is not directly
considered in individual phases. During the phase change processes of the zeotropic mixture,
the vaporization of a fluid with a higher content of the more volatile component leads to the
development of a concentration gradient in the liquid phase near the interfaces (e.g., the liquid
becomes richer in the less volatile species). These gradients are responsible for mass transport

near the interfaces. To address this issue, the effective thermophysical and transport properties
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in each phase are considered and obtained based on the practical correlations. This approach
ensures that the local saturation concentration of the NH3/H,O mixture is taken into account
in the aforementioned properties, which are all related to local pressure and temperature. The

detailed models are presented in section 3.2.

(2) A modified LEE model is employed to calculate the mass and heat transfer in interfaces,
considering the difference in local concentration compared to the saturated NH3 concentration
as functions of local temperature and pressure. As the liquid and gaseous phases of NH3/H>O
are treated as the homogeneous phases, the concentration difference of NH3 in liquid phase is
supposed to be approximated as Ax~xX-Xs, Where X and X sa¢ represent local NH3z concentration
and local saturated concentration of liquid mixture, respectively. In present work, the main
operating temperature range is spanning from 30 to 50°C and the length of heat sink is 6mm.
Hence, it is assumed that the local concentration of the NH3/H2O solution undergoes minimal
variation in this constrained scenario. Specifically, the local concentration of liquid mixture in
microchannels is supposed to be equal to that of inlet concentration (xi»). This simplification
helps mitigate computational complexity and reduce the demand on computational resources.

The details are illustrated in section 3.4.2.

Importantly, the relaxation factor (r;) in the modified LEE model is an empirical coefficient
which could be further optimized to accurately describe mass transfer and species diffusion in

the zeotropic mixture, especially when relevant experimental data is available.

(3) Surface wettability of NH3/H>O on heated walls is assumed to be superhydrophilic with a
contact angle set to zero in this chapter. Although limited studies have focused on the surface
wettability effect of the zeotropic mixture flow boiling in microchannels, some experimental
investigations in the literature on flow boiling of pure fluids in microchannels have indicated
that a superhydrophilic surface could significantly enhance the HTC and the critical heat flux

(CHF) in microchannels under the high heat flux conditions. This enhancement is primarily
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attributed to the uniform distribution of a thin liquid film on heated surfaces and the resulting
delay in partial dryout [297,299]. Currently, the contact angle is commonly used to quantify
and characterize the surface wettability, where a smaller angle indicates higher wettability and
vice versa. Therefore, the contact angle of the NH3/H20 mixture on the heated surfaces in the

microchannel is set to 0, indicating the superhydrophilic characteristic.

(4) The Realizable k-¢ model is adopted as the turbulence model in this chapter mainly due to
its superior performance for complex flow and strong heat transfer process, as demonstrated
in previous investigations on flow boiling heat transfer in microchannels [253,279]. The PISO
algorithm is chosen for pressure-velocity coupling, the second-order upwind discretization is
used for momentum and energy equations, and PRESTO and Geo-Reconstruct discretization
are employed for pressure and volume fraction interpolation, respectively. The variable time
step is controlled by the Global Courant number, set up to 0.25, and the absolute residuals of

the continuity equation are maintained at 1 x 104,
(5) Apart from assumed preconditions, the others are similar to those in section 5.2.
6.3-Grid independence and model validation

The computational domain in this study is illustrated in Figure.76. The schematic diagram of
a classic experimental test section is depicted in Figure.76(a) for flow boiling in microchannel.
The coolant flows inside a rectangular channel with three sides heated (left, right, and bottom),

while the top is covered by a quartz plate for visual observation of bubbles and flow patterns.
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Figure.76 Schematic of numerical simulation construction on NHs/H>O flow boiling
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Therefore, the computational domain was simplified to a 2D rectangular horizontal domain
with a width of 0.4mm and a length of 6mm in Figure.76 (b) and the gravity force is neglected
in this work. As the length is only 6 mm, the interfaces between heated walls and fluids were
assumed as constant temperature surfaces [244,262,280]. A non-uniform quadrilateral mesh
was employed for the computational domain in Figure.76 (c). The mesh was gradually refined

towards walls to accurately capture small-size nucleating bubbles in the boundary layers.
6.3.1-Mesh independence test

A mesh independence test was conducted in the computational domain, shown in Figure.77.
Eight mesh sizes were evaluated at mass flux of 46 kg/(m?:s), the NH3 concentration of 30%

mol. and heating wall temperature of 50 °C.
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Figure.77 Grid independent tests based on vapor fraction (a) and heat flux (b) on heating wall
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In Figure.77, the area-averaged vapor fraction on heated surfaces (xwan) and the heat fluxes of
heated walls (qwan) are plotted against varying grid sizes to demonstrate the effect of grid size
on the numerical results. It can be observed that when the average grid size was decreased to
6.2 um and below, the variations in vapor fractions and heat fluxes among cases with different
grid sizes were less than 3%. Therefore, the average grid size of 6.2 um satisfactorily met the

requirement for mesh independence and was selected for the present study.
6.3.2-Simulation model validation

Since there are limited experimental investigations available in the literature on the NH3/H>O
mixture flow boiling in microchannels, the simulation methods were adopted in two separate
steps as follows: (1) In section 4.3, the VOF-LEE model was validated with experimental data
of subcooled water flow boiling heat transfer in microchannels. Since water can be considered
as a special case of an NH3/H>O mixture with zero concentrations, this validation served as an
indirect validation for the VOF-LEE model. (2) To further validate the VOF-modified LEE
model, additional numerical simulations were conducted based on flow boiling heat transfer
of an R134a/R245fa mixture (i.e., 70/30 by wt.%) in a 2D microchannel. The conditions were
designed to duplicate the experimental conditions described in the literature [300], including a
constant heat flux at 33 kW/m? and a saturating temperature of 18.5C°. The properties of the
R134a/R245fa mixture were obtained by NIST REFPROP 9.1 [301].

In order to comply with experimental data in the literature [300], the same equation of outlet

vapor quality X was employed as follows:
1

==- . - ) (6-1)

where, X is the vapor quality at channel outlet, Q is total heat input from the heating surfaces,
hyy is the evaporation latent heat of zeotropic mixture, ,cp1, Tin and Tsat,in are mass flux, liquid

specific heat, inlet fluid temperature and saturation temperature, respectively.

Flow boiling HTC of the numerical results were calculated according to the equation below:

= (6-2)
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where, h is the overall HTC in microchannels, q is the heat flux of heated walls, Twai, ave is the

area-averaged temperature on surfaces, Tmix is temperature of the R134a/R245fa mixture.

The results of flow flowing HTCs and flow patterns of experimental and numerical simulation

cases are compared and demonstrated in Figure.78 and Figure.79.
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Figure.78 HTC result comparisons among numerical and referenced experimental cases of
R134a/R245fa mixture (70/30 by wt.%) in the microchannel

(b) Slug flow

Figure.79 Comparisons of corresponding confined bubble and slug flow patterns of R134a/R245fa
mixture (70/30 by wt.%) between the experiment and numerical simulation
As depicted in Figure.78, the simulation results obtained using the VOF-modified Lee model
successfully capture the trend of flow boiling HTCs as a function of outlet vapor quality (Xou)
at a heat flux of 33 kW/m?. In this graph, the dashed red line represents the curve of values
with a positive deviation of +35% from experimental values at the same outlet vapor qualities,
while the red dots denote the simulation results. Consequently, it is clear that the maximum

deviations between the experimental and numerical results are around 35%, with an average
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deviation of about 25.6% under the same conditions. Additionally, as shown in Figure.79, the
simulated flow patterns (e.g., confined bubble in Figure.79(a) and slug flow in Figure.79(b))
closely correspond to the visually observed flow patterns in the experimental visualization of
the R134a/R245fa mixture (70/30 by wt.%) flow boiling in the microchannels. In conclusion,
the results indicate that this model is capable of predicting the heat transfer performance and
flow patterns of the zeotropic mixture flow boiling in microchannels, meeting the anticipated

requirements of this study.

Furthermore, as observed in Figure.78, the simulation results consistently over-predicted the
relevant experimental values. This discrepancy can be attributed to the combined effects of
assumptions and simplifications in the current numerical model. One possible reason could be
the omission of mass diffusion equations in the present model, which is recognized as one of
the primary factors leading to the degradation of heat transfer performance in the zeotropic

mixture flow boiling compared to pure fluids [300].

As discussed in the section 3.4, selecting an appropriate coefficient is a significant challenge
when adopting the LEE model as the phase change model. As there is almost no experimental
data of NH3/H20 flow boiling in microchannels, this factor r in present work was referred to
the values of pure refrigerants flow boiling in the literature in Table.14, and validated with the
R134a/R245fa mixture flow boiling in microchannels as explained above. Hence, the same r

value was used for the simulation of NH3/H2O flow boiling cases.

In conclusion, the numerical method adopted in this study, which includes the VOF/modified
LEE model, has been validated and thus is appropriately utilized for investigations on the heat

transfer of the NH3/H>O mixture flow boiling in microchannels.
6.4-Results and discussion

It is generally accepted that there are two main mechanisms for flow boiling heat transfer in
microchannels, namely the convection boiling and nucleate boiling. Empirical correlations for
flow boiling often combine the single-phase convection (hsp) and pool nucleation boiling (huy)

correlations, incorporating various enhancement or superposition factors (E, S) that capture
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mutual effects shown in Equation 6-3 [302,303]. Among these correlations, the most
important factors influencing flow boiling heat transfer performance are the mass flux (which
dominates convection) and the heat flux (which is related to wall superheat).
]1/

tp — [( sp) +( ) (6-3)

In addition, the inlet concentration of the more volatile component in the zeotropic mixture is
another significant parameter that distinguishes flow boiling of zeotropic mixtures from pure
fluids [105,300,304,305]. Hence, the effects of inlet mass flux (Gin), inlet NH3 concentration
(xnn3) and the heated wall temperature (Twan) on flow boiling of NH3/H20O in microchannels
were investigated and compared under a constant wall temperature, which was set below 85°C

to comply with the maximum sustainable temperature of electronic devices [13,306].

Accordingly, the relevant simulation conditions in this study are listed in Table.21. Figure.80
shows the phase diagram of NH3/H>O by the mole fraction and temperature at 0.1MPa. In the
diagram, the left blue line represents the saturated liquid line of NH3, while the right red line
represents the saturated vapor curve of NH3. To ensure the NH3/H>O mixture in a subcooled
state (i.e., inlet temperature of 20°C) before it entering the microchannel and undergoing flow
boiling at a wall temperature of 50°C, the mole fraction of NH3; was selected within the range

0f 0.2 to 0.36, as determined from the phase diagram.

Table.21 The simulation conditions on flow boiling of NH3/H>O mixture in Chapter 6

Gin Xin Twall
Parameter Values
kg/(m?:s) - C
Gin (kg/(m?.s)) | 46,92, 138, 184, 230, 276, 368, 460, 552 - 0.15,0.35 50
Xin 0.15,0.19, 0.20, 0.25, 0.3, 0.35 46, 184, 276, 552 - 50
Twan (K) 20.5,21.5, 30, 50, 70 46, 184, 276, 552 0.35 -

Additionally, the surface wettability of microchannel for the NH3/H>O mixture were treated as
the superhydrophilic with contact angle of 0 featuring optimum flow boiling performance.
The overall and local heat transfer performance of NH3/H>O flow boiling in the microchannel

are analysed comparatively. When the average heat fluxes of the two heated surfaces fluctuate
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regularly with flow time in a stability range, the averaged values of those parameters (e.g.,

heat fluxes in Figure.81) in the regular periods are considered dynamically stable after 22ms.

S

xory

Figure.80 Simulation cases shown in saturated NH; solution properties plots at 0.1MPa
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Figure.81 Relations of the area-averaged heat fluxes with flow time at different inlet mass fluxes

The overall HTC is calculated by

(Lt ri)

2
=1 wall — ( + out,i)/2 (6‘4)

overall —

Where hoyeran is the overall HTC (kW/(m2-K)), qu and qr are the area-averaged heat fluxes
(kW/m?) at left and right heating wall in microchannel in Figure.82. a1, and oy are the
wall temperature, the mass-averaged inlet and outlet fluid temperature (K), respectively. The

index “i” denotes an individual transient point in time after the dynamic equilibrium of flow
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boiling. A total number of “n” individual time points were considered for evaluating the time-

average HTC within the equilibrium state.

Left wall a1 a2 a3 ad as
Inlet Qutlet
= Mid Mid s
Right wall a1 a2 a3 a4 a5
Figure.82 Schematic diagram of boundaries and local positions in domain
The local HTC is calculated by
i+ rid)
2 6
=L wan = fidji (6-3)

localj —

Where hiocal is the local HTC (kW/(m?K)), qi and g are local area-averaged wall heat fluxes
(kW/m?) at left and right walls. The index “j” indicates the individual locations for where the
local HTC investigated, shown as “al...a5” in Figure.82. Tnuia is local mass-averaged fluid

13 2

temperature (K) to the individual locations “al...a5”. The length of each area “a;” is 0.5 mm.
6.4.1-Effect of inlet mass flux

In this section, the effect of inlet mass fluxes effect on the heat transfer performance of single-
phase convection (i.e., cases with inlet mole concentration at 0, denoted as Xinnu3=0) and
subcooled flow boiling (i.e., with inlet concentration at 35%mol, denoted as xinnu3=35%mol.)

is investigated and compared at the same wall temperature of 50°C and pressure of 0.1 MPa.
6.4.1.1-The overall heat transfer performance

The effects of inlet mass fluxes on the overall HTCs (hayem), flow patterns in the domain and
wall heat fluxes (qwan) of single-phase convection and flow boiling of NH3/H>O at 50C° are
plotted in Figure.83. As depicted in Figure.83(a), the HTC of single-phase convective flow
(i.e., Xin, Nu3=0, represented by the green line) exhibits a linear correlation with mass fluxes.
On the other hand, the HTC of the NH3/H>O flow boiling (i.e., Xin, Nnu3=35% mol., represented
by the blue line) initially increases linearly with inlet mass flux (A-B), followed by a gradual

decrease in the growth rate (B-D), and eventually reaches a nearly constant value with further
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increases in the inlet mass flux (D-E). Furthermore, it can be observed that the HTCs of the
NH3/H>O flow boiling (i.e., Xin, Nnu3=35%mol.) surpass those for single-phase convection (i.e.,
XinNnH3=0) at a consistent wall temperature of 50°C. This indicates that the NH3/H>O mixture
proves to be a more preferable choice compared to water (not be boiling at 50°C and 0.1 MPa)

for effectively managing heat in electronic devices that operate below 50°C.
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Figure.83 Effects of mass fluxes on (a) the overall heat fluxes, (b) vapor distribution in domain and (c)
the overall HTC of NH3/H:O in microchannel at 50 C
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Furthermore, the trend of the HTCs versus mass fluxes at 35% mol. exhibits a similarity to the
well-known classic flow boiling behavior in microchannels. In the nucleated boiling dominant
region, the HTC is primarily influenced by heat flux but shows less sensitivity to inlet mass
flux and vapor quality. On the other hand, in the convective boiling dominant region, the HTC

is dependent on mass flux and vapor quality but remains independent of heat flux [114,121].
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Figure.84 Effects of mass fluxes on (a) the vapor fraction and (b) the overall pressure drop of
NH3/H>0 in microchannel at 50 C
The corresponding flow patterns (A-E) are illustrated in Figure.83(b), with Case A depicting
the intermittent slug flow, Case B representing partial confined bubbly flow, Case C showing
small bubbly flow, as well as Cases D and E indicating the nucleated flow. The area-averaged
vapor fraction on the heated surfaces (Xwai) and in the domain (Xauig) are plotted in Figure.84

(a). It can be observed that, for the same wall temperature (Twan), higher inlet mass flux (Gin)
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leads to higher heat flux and HTC, but lower thermal equilibrium vapor quality as indicated
by the vapor fractions Xwan and xsuia. Specifically, when inlet mass flux exceeds 276 kg/ (m?.s)
from Case C to Case E, the xwan remains constant in Figure.84 (a), and the HTC reaches its
maximum value and becomes constant with a slight decrease in Figure.83 (a). Accordingly,
the nucleated boiling region (e.g., Cases C-E) is typically associated with a low vapor quality,
favoring the generation of relatively small bubbles on heated surfaces. On the other hand, the
convective flow boiling region (e.g., Case A) features a high vapor quality with large bubbles

attached to the heating surfaces, leading to the nucleation inhibition on the heated walls.

Additionally, the relationship between the absolute area-averaged pressure drops (|AP| ave)
and the inlet mass flux (Gin) is plotted in Figure.84(b). The pressure drop in flow boiling is
significantly higher than that in single-phase convection at the same wall temperature (Twai)
and mass flux (Gin). For single-phase convective flow under the same heated wall temperature,
an increase in the inlet mass flux results in a higher fluid velocity, greater viscous losses and
consequently a higher total pressure drop. However, for the flow boiling process under the
given wall temperature condition, the pattern of variation in total pressure drop with respect to

the inlet mass flux differs significantly from that of single-phase convective flow.

Generally, the pressure drops in flow boiling cases initially decrease with the increase of inlet
mass fluxes within a small range of Gi, (e.g., from Case A to Case F). Then they start to rise
and eventually follow a trend similar to that of single-phase convection at high mass fluxes
(e.g., from Case C to Case E) in Figure.84 (b). As shown in the corresponding flow patterns in
Figure.83 (b), it is evident that the flow pattern transitions from the intermittent slug flow to
the nucleating flow with the increase of inlet mass fluxes. Therefore, the decrease in pressure
drops from case A to Case F with the increase of mass fluxes is primary due to the rapid
decrease of vapor fractions in the domain (Xauig). It is generally accepted that the pressure loss
in gas-liquid flow is higher than that in liquid-phase flow under the same mass fluxes. This is
because the gas-liquid interfaces introduce additional frictional resistance and surface tension
between droplets and bubbles, resulting in greater energy dissipation and larger pressure loss.

The larger the sizes and quantity of bubbles, the greater the increase in pressure drops. When
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the sizes of bubbles in the domain are small (e.g., in Case D and Case E), the trend of pressure

drop increment with inlet mass flux is similar to that of single-phase flow.

In order to evaluate the heat dissipation capability of NH3/H>O flow boiling in microchannels,
the overall area-averaged heat flux at a constant heated wall temperature (Twan) is plotted as a
function of inlet mass flux in Figure.83(c). As shown, both single-phase and flow boiling heat
transfer exhibit improved overall heat fluxes with increasing inlet mass fluxes. For cases at
552 kg/(m?*s), the overall heat flux of NH3/H,O mixture flow boiling (Point E) can reach up
to 1.41 MW/m?, which is 2.05 times higher than that of single-phase convective heat transfer
(e.g., the Case B of 0.69 MW/m? at xi» = 0). On the other hand, for the same heat dissipation
rate of 0.69 MW/m? at the device temperature of 50°C, the required mass flux of NH3/H,O in
flow boiling case (e.g., the Case A) is 166.2 kg/(m?s), which is only 30% of the requirement
in single-phase convection case (e.g., the Case B at xi, = 0). This indicates that less electrical
power consumption is needed for circulating coolant in practical applications. Therefore, flow
boiling of the NH3/H>O mixture in microchannels presents a promising alternative approach

for cooling high power density electronics.
6.4.1.2-The local heat transfer performance

The effects of mass fluxes on local heat fluxes quocal, the vapor fraction on local surfaces Xwan
and the HTCs of NH3/H2O flow boiling at various locations in microchannels, shown as “al-
a5” in Figure.82, are plotted in Figure.85, individually.

According to Figure.85(a), the local heat flux (qucal) at each position (e.g., qai-qas) follows the
same trend as inlet mass flux (Giy) at a constant wall temperature. As the mass flux increases
from 46 to 552 kg/(m?-s), the local heat flux initially increases linearly and then stabilizes
around 1.5 W/m? when the mass flux exceeds a certain value (referred to as a turning point).
The turning point increases with the distance from the inlet position. Based on Figure.83(b)
and Figure.85(b), the local vapor fraction on heated surfaces (xwai) at each position decreases
as the inlet mass flux increases at a constant wall temperature of 50°C. The closer the location
is to the microchannel exit, the faster the decrease in local vapor fraction on heated surfaces

(xwan). This is because the evaporation process progresses in the flow direction, resulting in a
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faster rate of bubble generation and growth on the heated surfaces with increasing inlet mass
flux. This, in turn, leads to a cleaner local space available for nucleation at the same constant
wall temperature. When local vapor fraction on the heated surfaces reaches its minimum level

(e.g., the position al in Case C), the local heat flux remains stable as the mass flux increases.
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Figure.85 Effects of mass fluxes on (a) local heat fluxes, (b) vapor fraction on local surfaces, (c,d)
fluid temperature in midsection and (e) local HTCs of NH3/H>O in flowing direction at 50 C
Figure.85(c) illustrates the effect of inlet mass flux on the mass-averaged fluid temperature in
the local midsection of the microchannel (Tmid, m) at a constant wall temperature (Twan). It is
reasonable that the local temperature of the bulk fluid increases from the entrance to the outlet

due to the development of the evaporation process.

In Figure.85(d), it is observed that the local wall temperature (Twan) increases slowly from the
inlet temperature (Tin) and then follows a regular increase at high inlet mass fluxes (e.g., Case
E). However, at lower inlet mass fluxes (e.g., Case A), the local Twan rises quickly and then
approaches Tywan along the flow direction. This indicates the non-isothermal phase changing

process of the NH3/H,O mixture. However, in the heat sink region, the fluid temperature at
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the same location decreases with increasing inlet mass flux at a constant wall temperature.
This is because the existence time of the fluid in the heat sink is reduced by the increased inlet
mass flux (i.e., velocity). If the inlet mass flux is sufficiently high (resulting in an extremely
short fluid residence time at a local position), the local fluid temperature tends to be the same
as the inlet temperature (Tin). For example, the local temperature at al near the entrance (Tiocar)
reaches inlet temperature (Tin), when inlet mass flux exceeds 368 kg/(m?-s). Fundamentally,
the local temperature of the NH3/H>O mixture in the domain depends on the combined effects

of the fluid residence time in the domain and the non-isothermal phase change characteristics.

Based on the formula Eqn. (6-5), the local heat transfer coefficient (HTC) can be calculated
and plotted in Figure.85 (e). The variation trend of the local flow boiling HTC (hiocar) with the
inlet mass flux (Gin) at a constant wall temperature shows a different pattern in Figure.85(e).
Initially, local HTC increases and reaches a maximum value of approximately 85 kW/(m?K).
Then, it starts to decrease and eventually stabilizes at around 50 kW/(m*K) as the flow
boiling process becomes fully developed with increasing mass flux (e.g., at the local position
al in Case E). The changing patterns and corresponding explanations near the inlet and outlet

of the heat sink are discussed in detail as follows.

According to the curve of the local position al, close to the inlet, the local flow boiling HTC
initially increased from "A" to "G" and then decreased from "G" to "E" with increasing mass
flux. For cases at low mass fluxes (e.g., A-G), the increment of Gi, positively influenced the
HTC values by enhancing the removal of large bubbles from hot surfaces at higher rates, thus
facilitating local bubble growth. On the other hand, for cases at high values of Gi, (e.g., G-E),
the local flow boiling capability was suppressed due to insufficient time for the fluid to
interact with the hot surfaces and undergo complete boiling, caused by the high inlet flow rate.
As a result, there existed an optimum mass flux point at "F" where these two effects were well
balanced. Furthermore, it can be observed that there was a common maximum value of local
HTC for all locations (al-a5), around 85 kW/(m?K), although occurring at different optimum
mass fluxes. This indicates the presence of a consistent upper limit for the favorable effects of

nucleation and convection on local flow boiling performance, primarily governed by the NH3
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concentration (i.e., the more volatile component in the binary mixture) at the constant wall

temperature, regardless of the location in the microchannel.

However, local flow boiling behavior near the outlet (a5) is different and can be considered as
the continuation of the flow boiling behavior at the inlet as shown in Figure.89 (e). This can
be explained by the fact that the subcooled fluid just starts to boil at the inlet, while flow
boiling is fully developed at the outlet, as the bulk fluid has already traversed the entire length
of the heating surfaces. It is also important to note that the concentration of NH3 in the bulk
fluid decreases along the microchannel due to evaporation (from al to a5). Hence, the flow
pattern at a5, close to the outlet, is fully developed slug flow at low mass fluxes and fully
developed bubbly flow at high mass fluxes, at the constant wall temperature Twai, as depicted
in Figure.83(b). Accordingly, as shown in Figure.89 (e), the HTC value at a5 increases with
mass flux. As flow boiling is fully developed and only a small amount of NHj is left in the
bulk fluid, the heat transfer performance is mainly dependent on the convective part and mass

flux. This is further supported by the near-zero vapor fraction on heated walls in Figure 83(b).
6.4.2-Effect of inlet concentration

Compared to pure fluids, the concentration of the more volatile component in binary mixture,
which is related to thermal and mass diffusion, is one of the most essential factors governing
flow boiling heat transfer in the mixture. Additionally, in the present work, the heated wall
temperature is only above the saturated temperature of NH; and not H>O throughout the entire
domain. Furthermore, the degree of subcooling is also determined by the inlet concentration
of NH3 at a certain pressure. This concentration affects the temporal and spatial distributions

of NH3/H>O flow boiling along the flow direction.

The effect of inlet concentration (Xin) on flow boiling heat transfer performance is complex.
As discussed in section 3.4.2 regarding the modified LEE model for the zeotropic mixture, the
difference between the local liquid concentration and the saturated concentration is considered
as the driving force for the evaporation. Furthermore, the heat dissipation capacities of flow

boiling in microchannels are strongly related to flow patterns, as depicted in Figure 10.
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Therefore, the effect of inlet concentration of NH3/H20 on the heat transfer performance will
be investigated. This includes one case of single-phase flow with an inlet concentration (Xin)
of NH3/H>O at 0.19 and four cases of subcooled flow boiling with that at 0.2, 0.25, 0.3 and
0.35. The investigations will be conducted at a constant heated wall temperature of 50°C and
an operational pressure of 0.1 MPa. It is important to note that the saturated concentration of

the NH3/H>O mixture is 0.194 under the corresponding conditions.
6.4.2.1-The overall heat transfer performance

The inlet concentration effect of the NH3/H>O mixture on the overall heat flux (qwan) and the
corresponding HTC at the same inlet temperature (Tin) of 20°C and heated wall temperatures
(Twat) of 50°C is shown in Figure.86 (a) and Figure.86 (c). Generally, the relation between the
heat transfer performance (qwan and HTC) and inlet concentration of NH3/H>O (xnu3) can be
divided into three stages: initial linear increase, followed by gradual degradation, and finally

independence from xnms.

Taking the cases of an inlet mass flux at 276 kg/(m?s) as examples (represented by the brown
line in Figure.86 (a)), the average flow boiling HTCs remained almost constant when the inlet
concentrations (Xin) were below 0.2, as the degree of nucleate boiling was insignificant. Then,
as the inlet concentrations (Xin) gradually increased (e.g., from c0 to cl), the HTCs started to
increase gradually due to the enhancement of nucleation effects until flow boiling reached a

nearly stable state (e.g., at c2).

The main reason for this behavior might be that the increase in inlet concentration (Xi») of the
NH3/H>O mixture does not always benefit the overall flow boiling heat transfer performance.
This is because the presence of large-sized bubbles attached to the surfaces could reduce the
numbers of the effective nucleation sites. Additionally, the adverse effects of surface tension
gradients, the dilution and dissolution of NH3 caused by local concentration gradients in the
microchannel, should also be considered to some extent. Finally, the HTCs reached a nearly
constant level in cases cl and c2. Furthermore, the trend curves of HTCs in Figure.86 (a) are
different at different mass fluxes. The HTC reaches a steady value earlier for smaller inlet

concentrations (Xin) in cases with lower inlet mass fluxes. This is observed by comparing the
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curves for a mass flux of 46 kg/(m?-s) (red line) and that of 276 kg/(m?-s) (brown line). Hence,
inlet mass flux is another dominant factor, alongside the inlet NH3 concentration, that affects
the onset of nucleate boiling (ONB) and the development of flow boiling along the length of
the channel. As mentioned previously, a higher fluid velocity implies less time for the fluid to
interact with heated surfaces. This directly influences the initiation of nucleate boiling and the

interactions of bubbles with the surfaces.
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Figure.86 Effect of inlet concentration on (a) the overall HTC, (b) vapor fraction on surfaces, (c) heat
fluxes, (d) vapor fraction in domain, (e) outlet temperature and (f) relative pressure drop ratio of the

NH;3/H>0 mixture in microchannel

Generally, the overall HTC (i.e., have, m) of NH3/H20 flow boiling in microchannels depends

on the mutual effects of inlet mass flux (Gin) and inlet NH3 concentration (Xin) at a constant

heated temperature. Comparing the cases at 276 kg/(m?s) and 552 kg/(m?ss), it is observed
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that the HTC for a higher inlet mass flux of 552 kg/(m?:s) is larger than that for the lower
mass flux of 276 kg/(m?:s) under a small inlet concentration of 20%mol. and a high value of
35%mol.. However, the HTC for a higher mass flux is smaller than that for a lower mass flux
at inlet concentration levels (e.g., Xin=25% and 30%mol.). The corresponding vapor fraction
on heated walls (xwan) is plotted in Figure.86 (c). It is found that, at a constant wall
temperature (Twan), the vapor fraction on heated walls (xwai) increases with increasing inlet
concentration (Xin) for the same inlet mass flux (Gin). Moreover, the increment rate of the
vapor fraction on heated walls (xwan) at a higher inlet concentration (xi») of 35%mol. increases

more rapidly as the inlet mass flux (Gin) decreases.

Similarly, the overall heat flux (qwan) dissipated from the heated walls converges to a constant
value as the inlet concentration (Xin) of NH3/H>O increases at different mass flow rates under
the constant heated temperature (Twan), as shown in Figure.86 (c) (e.g., red and blue lines). In
other words, there is a threshold of inlet concentration (xin) of NH3/H20 to maintain a certain
level of heat dissipation capacity at a given mass flux. Additionally, it is evident that the value
of qwan increases with Gi, at the same inlet concentration (Xin) and heated temperature (Twan).
This means that a higher mass flux results in a faster fluid velocity in the domain, leading to
more efficient sweeping of bubbles from heated surfaces (as seen in Xwan in Figure.86 (b)) and
in the heat sink (as seen in Xfui¢ in Figure.86 (d)). Furthermore, the HTC does not follow the
same pattern as qwan. For instance, the HTC (hwan) at 276 kg/(m?-s) is greater than that at 552
kg/(m?s) under the same inlet concentration (xin) of 25%mol. The possible reason might be
the variable outlet temperature (Tou, m) in Figure 86 (e), which tends towards the maximum

value of Twan due to the non-isothermal phase change characteristics of the NH3/H>O mixture.

The relative ratio of pressure drops, defined as the ratio of total pressure drop in flow boiling
to that in single-phase convective flow at the same conditions, is presented in Figure.86(f). It
is evident that the inlet mass flux (Gin) plays a significant role in the pressure drop of single-
phase convection and flow boiling in microchannels. Therefore, this relative parameter is used
to assess the effect of inlet NH3 concentration (Xin) on the pressure drop at the same heated

wall temperature (Twan). The value of this parameter increases with increasing the inlet NH3
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concentration (Xin) at the same mass flux, but this enhancement is weakened by increasing the

inlet mass flux (Gin). This trend is roughly similar to that observed for xfui¢ in Figure.86 (e).

In order to further investigate the effect of the concentration on flow boiling in microchannels,
the dynamic stable distributions of bubbles and fluid temperature in the flow domain at 276

kg/(m?-s) are presented in Figure.87, individually.
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Figure.87 Effect of inlet concentration on dynamic stable distributions of (a) bubbles and (b) fluid
temperature in domain at 276 kg/ (m°.s)
Accordingly, for the case with an inlet concentration (Xin) at 20%vol, which is slightly higher
than the saturated NH3 concentration of 19.4%vol at a heated temperature (Twan) of S0C° and
1 bar, a laminar single-phase convective flow is observed in Figure.87(b). When the inlet NH3
concentration is increased to 25%vol, the corresponding saturation temperature of NH3/H,O
decreases as shown in Figure.80. Consequently, the degree of subcooling (which is defined as

the temperature difference between a liquid and its saturation temperature at a given pressure)
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decreases and the nucleate boiling of fluid is triggered on the heated surfaces. Simultaneously,
the temperature layer near the hot walls is disrupted by the small-sized bubbles generated and
growing on the heated surfaces, even though the inlet liquid flow remains in a laminar state.
This disturbance also enhances the heat transfer capability from the hot walls to the bulk fluid.
Consequently, the overall heat flux is increased due to the combined effect of nucleation and

local turbulent flow.

With a further increase in the inlet NH; concentration (xin), the nucleate boiling intensity is
also accelerated at the front part of microchannels due to the decreased subcooling. However,
the heat transfer performance is degraded at the tail part due to the decreased temperature
difference between the heating walls and the local fluid temperature. There exists a turning
point where the local heat flux is equal to the overall heat flux under the given conditions, and
this location moves towards the entrance as the concentration increases before the onset of
evaporation at the entrance. This will be further discussed in the subsequent analysis of local

heat transfer performance.

6.4.2.2-The local heat transfer performance

As discussed in section 6.4.2.1, the overall heat fluxes (qwai) and HTC (have, m) for cases with
inlet mass fluxes of 184 and 276 kg/(m?s) exhibit three distinct stages with varying inlet NH3
concentration (Xin) in Figure.86 (a) and (c). Therefore, in this section, we will investigate the
local heat transfer performances of NH3/H>O mixture at mass fluxes of 184 and 276 kg/ (m?-s)
at different positions along the microchannels, indicated as al to a5 in Figure.82. The position

al refers to the location near the entrance, while a5 represents the location near the exit.

Accordingly, the changing trend of the local heat flux (qiocal) With inlet concentration (xin) at
the same heated temperature (Twan) and inlet mass flux (Gin) can be divided into four stages,
as shown in Figure.88 (a): an initial linear increase, followed by gradual improvement up to a
maximum, then a decrease and finally reaching a constant value. Through the analysis of the
flow patterns (i.e., bubble distribution) shown in Figure 87(a), it is found that the subcooled
flow boiling process gradually develops along the flow direction with the same rules. This

includes the transition from the single-phase flow at the inlet to nucleated flow, bubbly flow,
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intermittent slug flow, and even local dryout at the exit. Correspondingly, the local heat flux
(quocal) 1s the largest at the nucleated flow stage, followed by the bubbly flow stage, throughout
the entire flow boiling process under the same conditions. In the case of local dryout, the local
heat flux (quoca) 1S even smaller than that of the single-phase convective flow, as the thermal
conductivity of coolants in the liquid state is generally larger than that in the gaseous state.
Therefore, the values of local heat flux qica for flow boiling, such as case A (i.e., xin=25%

mol., Gin=184 kg/(m?s)) and case B (i.e., xi=30%mol., Gin=276 kg/(m?-s)), decrease along

the flow direction at the same heated wall temperature (Twan) in Figure.88 (a).

1800
1100 .‘
N'g 1350 - 750 .i "
— ‘l
; 400
é 900 0123456
3
2 450
[en
8
0
015 0.2
100
—_ 80
< "
NE' 75 55 /_J’ A
E 30 .
5 50 0123456
g
©
S 25
< "
0
0.15 0.2
326
320
."
sz & "
g 290 "
£ 01234586
E308
£
A A
299 ;;
290
0.15 0.2

0.25

0.25

G=184 kg/(mZ.s)
A L ]
o =
| |
* .
b §
v
A
0.25 0.3
in
A
A ‘
v
o
-
L ]

G=184 kg/(m?.s)

0.3

e <P >
e <4

® 2
G=184 kg/(mZ.s)

0.3

> <

0.35

bt m

0.35

* 4>

0.35

hd qa1
= qaz
44,
v,

A qas

0.4

eh
mh,
¢ ha:!
v ha4.

A haS

a1

oT
uT,
¢ Ta3
Y Ta4

ATa5

al

0.4

1800

< 1350

E

2

= 900
©
8

g

1500

LS
950 ]

450 ii
0
0.15 0.2
(a)
100
— 95 L |
4 Rl
' 75 65 A e
£ o
E 50 ¥0123456
E
©
8 25
< L 2
0
0.15 0.2
(b)
326
320
./.
-
37 &
< n
=~ 0123456
€
._c_,-308
€
i—
299 AA
290
0.15 0.2
(©)

163

G=276 kg/(mZ.s)

B
°
]
4
v
v
A A
0.25 0.3
in
A
v
L 4
A ]
¥ o
» B

G=276 kg/(mZ.s)

0.25 0.3

G=276kg/(m>.s)
B

»

A v
¢
v
¢ =
H °
0.25 0.3

0.35

0.35

e 4>

0.35

b qa1
- qaZ
44q,,
va,

- qas

0.4

eh
mh,
¢ ha:!
v ha4.

a1

a5

0.4

oT
uT,
¢ Ta3
Y Ta4

al

a5

0.4



Chapter-7 Flow boiling heat transfer of the NH3/H>O/PCM slurries

Figure.88 Effect of inlet concentration on (a) local heat fluxes, (b) local HTCs and (c) local fluid
temperatures in midsection at 184 and 276 kg/ (m°.s)
Furthermore, both the inlet concentration (xi») and inlet mass flux (Gin) have dominant effects
on the boiling development process at the same wall temperature (Twan). In the nucleated flow
regime (e.g., red circle lines at al near the entrance), the values of local heat flux (qiocal) are
enhanced by increasing Xi» and Gin. However, they decrease with a further increment of inlet
concentration (e.g., Xin =25%-35%mol.) and/or a decrease in inlet mass flux (Gin) when larger-
size bubbles exist near the heated walls (e.g., blue upper-triangle lines at a5 near the outlet).
In general, the local heat fluxes (qwan) are directly dependent on the flow patterns, which are

mainly affected by the inlet concentration (xin) and mass fluxes (Gin) in in flow boiling.

According to the formula of local HTC (hiocat) in Eqn. (6.5), the local HTC (hiocar) is mainly
related to local heat flux (qiocal) and local temperature in the midsection (Tmi¢) at a constant
heated wall temperature (Twan). Hence, it is merited to analyze inlet concentration (xi») and

inlet mass flux (Gin) effects on the local temperature in the midsection (Twmia), primarily.

Coji+ i)

2

wall = fluid,j,i

localj —

It is clear from Figure.88 (c) that the local mass-averaged temperature (Tmiq) of the NH3/H2O
mixture in the midsection increases with the distance from the entrance (i.e., from al to a5 in
the sub-graph) and the inlet concentration (xin). However, it decreases with an increase in the
inlet mass flux (Gin) at a constant heated wall temperature (Twai). The extent of influence on
Tmia depends mainly on the combined effects of these factors within the range from the inlet
fluid temperature (Tin) to the heated wall temperature (Twan). Generally, the distinct curves of
Tmia are determined by the inherent non-isothermal phase change characteristics of zeotropic

mixtures (e.g., NH3/H>O), which differ from those observed during pure fluid evaporation.

Based on the aforementioned investigation of local heat flux (qical) and local temperature in

the midsection (Tmid), it is easy to analyze the complex effects on the local HTC (hioca) and
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understand the corresponding flow boiling mechanism of the zeotropic mixture at a constant
heated wall temperature (Twan). Generally, the local HTC (hiocal) increases linearly with inlet
concentration (xin) before local heat flux (qiocat) begins to decline, followed by a small drop-
off as shown in Figure.88 (b). The turning point of hi,cat 0Occurs at a higher inlet concentration
(xin) (30%mol.) compared to local HTC (hiocal) (i.e., 25%mol.), as observed in the cases at
local positions b4 (green lower-triangle line) and b5 (blue upper-triangle line) at 184 kg/(m?s)
shown in Figure.88 (b, left). In other words, although local heat flux (qucal) starts to decrease
when inlet concentration (Xin) is increased from 25% to 30%mol., local HTC (hioca) continues
to increase mainly due to the increment of local fluid temperature in the midsection (Tmia) of
flow boiling in microchannels. Similarly, local HTC (hiocal) increases along the flow direction,
even though local heat flux (qiocal) decreases, as local fluid temperature in the midsection (Tmia)

also continues to rise under the same conditions.

Furthermore, the values and change patterns of local heat flux (qiocar) and the HTC (hioca) with
inlet concentration (xin) differ significantly near the entrance (i.e., al) and the exit (i.e., a5) in
Figure.88. For instance, under the same conditions (i.e., inlet concentration of 35%vol, inlet
mass flux of 184 kg/(m?'s) and the heated wall temperature of 50C°), local heat flux (qiocal) at
location al is much larger than that at a5. Therefore, a comparative study of the combined

effects on local heat flux (qucar) at locations al and a5 is conducted and presented in Figure.§89.
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Figure.89 Effect of inlet concentration and mass flux on local heat flux near (a) the entrance at al and

(b) the exit at a5 of microchannel

For the location al near the entrance, when the inlet mass flux (Gin) is equal to or greater than

184 kg/(m?-s) and inlet concentration (xin) is equal to or greater than 25% mol., the heat flux
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(quocat) remains independent of inlet mass flux (Gin) at the same inlet concentration (xin), but it
linearly increases with the increase of inlet concentration (xin) at the same Gin and Tywan. This
is a typical characteristic of nucleation heat transfer dominant flow boiling in a microchannel.
In the cases shown in Figure 87 at 276 kg/(m?s), it is observed that only tiny-size bubble
nucleation occurs in the boundary layers near the entrance, resembling a homogeneous heat
transfer process along the surfaces, similar to pool boiling. Furthermore, a higher x;, results in
a more intense nucleation boiling of the NH3/H2O mixture on the hot surfaces, leading to
larger values of qioca at the same heated wall temperature (Twan). When inlet mass flux (Gin) is
very small, such as 46 kg/(m?-s), the local velocity is also low, causing larger-size bubbles to

exist near the heating surfaces, which hinders heat transfer.

In contrast, the values of local heat flux (qucal) at a5 near the exit increase with increasing
inlet mass flux (Gin) at the same inlet concentration (xin), which is similar to the classic feature
of convective heat transfer dominant flow boiling in microchannel. Considering the elongated
slug flow as an example, the presence of large-size bubbles in the domain indicates significant
liquid evaporation into vapor, resulting in a drastic velocity increase across the cross-section
at the same inlet mass flux (Gin). A higher Gix at high vapor quality leads to a larger velocity
increment, which enhances the convective effect on heat transfer significantly. Furthermore,
the effects of inlet concentration (xin) on local heat flux (qucal) at a5 vary at different values of
Gin, similar to the effects observed for different local heat flux (quoca) at the same inlet mass
flux (Gin) of 184 kg/(m?'s) in Figure.88 (a). Therefore, the local heat flux (qiocal) is primarily
influenced by the local flow pattern (i.e., bubble numbers and sizes), which is adjusted by the
combined effects of inlet concentration (Xin), inlet mass flux (Gin) and the local distance from

the entrance (i.e., the degree of flow boiling development).

In general, local HTC (hiocal) and local heat flux (qiocal) are determined by the location, inlet
mass flux (Gin) and inlet concentration (Xin). Heat transfer deterioration is more likely to occur
closer to the entrance and with lower inlet mass flux (Gin) at the same inlet concentration (Xin)
and heated wall temperature (Twai). Unlike pure fluids, the inlet concentration (xin) plays a

crucial role as it not only influences the local fluid temperature in the non-isothermal phase
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change process of zeotropic mixtures but also directly affects the effective bubble nucleation

density on hot surfaces and the transition of flow patterns.
6.4.3-Effect of heating temperature

The above analysis of the heat transfer performance is conducted based on a constant heated
temperature (Twan) of 50°C. In this part, the effect of heated temperature on the heat transfer

performance is investigated while maintaining a constant inlet concentration (Xin) of 35% mol..
6.4.3.1-The overall heat transfer performance

The relations between heat transfer performances (e.g., qwa, h and AP) and some parameters

(e.g., Tour and Xwai) with heated wall temperature (Twa) and inlet mass flux (Gin) are plotted in

Figure.90.
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Figure.90 Effect of heating temperature on (a) the overall heat flux, (b) HTC, (c) outlet temperature,
(d) vapor fraction on walls, (e) pressure drop and (f) vapor fraction in domain at various Gin
According to Figure.90(a), it is evident that the heat flux (qwan) increases linearly with heated
temperature (Twan) at the constant inlet mass flux (Gin) and inlet concentration (xin). A larger
Gin results in a higher enhancement of qwan. This can be attributed to the increased nucleating
effect by raising the heated wall temperature (Twa) and the improved convection effect due to
the increment of inlet mass flux (Gin), which collectively enhance the overall heat transfer

capability such as the heat flux (qwar).

In contrast, the vapor fraction on surfaces (xwan) exhibits different behavior. It increases with
the increment of the heated wall temperature (Twan) at the same inlet mass flux, but decreases
when inlet mass flux (Gin) is increased at the same heated wall temperature (Twan) and inlet
concentration (Xin), as shown in Figure.90(b). This means that both the reduction of the vapor
faction on surfaces (xwan) with increasing inlet mass flux (Gin) at the same wall temperature
(Twan) and the increase of vapor faction on surfaces (Xwai) by raising heated wall temperature
(Twan) at the same inlet mass flux (Gin) contribute to the enhancement of the heat flux (qwan) at
the same inlet concentration (Xin). In the case of nucleating flow at 552 kg/(m?'s), the increase
in the vapor faction on surfaces (xwan) is relatively small when heated wall temperature (Twan)
is increased from 30 to 70C°, but it significantly enhances heat wall (qwan). However, for the
elongated slug flow at 46 kg/(m?-s), although there is a larger increase in the vapor faction on

surfaces (Xwan), it only leads to a small enhancement of heat flux under the same conditions.
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Therefore, it is the combined effects of inlet mass flux (Gin), the heated wall temperature (Twan)
and flow boiling patterns determined by these factors that ultimately govern heat flux (qwan) at

the same inlet concentration (Xin).

However, the relationship between the HTC (have) and heated wall temperature (Twan) differs
from that of the heat wall (qwan) at the same mass flux (Gin). Importantly, the trend of the HTC
(have) with the heated wall temperature (Twan), under the constant inlet NH3 concentration (Xin)
and inlet mass flux (Gin) as shown in Figure.90 (c), is similar to the trend observed with xi, at
the constant Twan and Gi, in Figure.86 (a), as well as with inlet mass flux (Giy) at the constant
Xin and Twan in Figure 83(a). For instance, when considering cases where the inlet mass flux
(Gin) is no less than 184 kg/(m?.s), the HTC (hav) increases linearly when the heated wall
temperature (Twan) is below 30C°, and then stabilizes to a certain extent when it reaches 50C°

or higher in Figure.90 (c).

Similarly, this is also due to the non-isothermal phase change feature of the zeotropic mixture.
As discussed in section 6.4.2, the fluid temperature of NH3/H>O tends to approach the heated
wall temperature during the evaporation process. Consequently, the outlet temperature (Tout, m)
increases linearly with the increment of heated wall temperature (Twan), as shown in Figure.90
(d). Furthermore, the rate of increase in the outlet temperature (Tou, m) of mixture is weakened
by increasing inlet mass flux (Gin) at the same inlet concentration (Xin), as the residence time
of the coolant in the domain is shortened by raising inlet mass flux (Gin) (i.€., inlet velocity of
uin), thereby hindering the increase rate of outlet temperature (Tou, m) of mixture. According to
Figure.90 (d), the outlet temperature (Tou, m) slightly decreases when inlet mass flux (Gin) is
less than 184 kg/(m?:s), and then decreases rapidly with further increases in inlet mass flux at
the same conditions. However, the wall heat flux (qwai) continues to increase with increasing
inlet mass flux (Gin) under the same conditions in Figure 90(a). Therefore, it is the complex
mutual effects of heat flux (qwan), heated wall temperature (Twan) and the outlet temperature
(Tout, m) that ultimately determine the HTC (have), as indicated by the calculation formula of
the overall HTC in Equation (6-4).
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wall,i
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Figure.90 (e) illustrates the effects of heated wall temperature (Twan) and inlet mass flux (Gin)
on the total pressure drop (AP) at a constant inlet concentration (xin). Generally, the change
patterns of AP are complex and depend on different factors. As discussed in section 2.2.1, the
total pressure drop is influenced by factors such as inlet mass flux (liquid Reynolds number),
the vapor fraction in the domain (xsuid) and the strong interactions of bubbles in the thermal
boundary layers, including local turbulence induced by bubble nucleation related to the vapor

fraction on heated surfaces (Xwar).

Furthermore, the evaporation degree of mixture is affected by mutual influence of inlet mass
flux (Gin), inlet NH3 concentration (xin) and the heated wall temperature (Twai), among others.
For instance, the total pressure drop (AP) generally increases with the heated wall temperature
(Twan) at the same conditions, since the evaporation is enhanced and the bubble growth rate is
accelerated by increasing the wall temperature (Twan). However, in the case of Tywan at S0C° or
70C°, the pressure drop (AP) initially decreases with increasing the inlet mass flux (Giy) from
46 to 184 kg/(m?-s) since the vapor fraction in the domain (xguia) also decreases significantly
in Figure.90 (e). However, the pressure drop (AP) starts to rise again with further increases in
inlet mass flux (Gin), when some small-size bubbles are present and moving in the domain
(i.e., the nucleating and bubbly flow), resembling the features of the single-phase convection.
Therefore, it is the dynamic balance of factors that ultimately determines the total pressure

drop (AP) in flow boiling of the NH3/H>O mixture in microchannels.
6.4.3.2-The local heat transfer performance

The local heat flux (qioca) and local HTC (hiocal) of the NH3/H>O mixture at 276 kg/(m?-s) are
plotted at different heated wall temperatures (Twan) in Figure.91. The distributions of fluid

temperature (Tnuid) and the bubbles in the domain are shown in Figure.92.

Similar to the overall heat flux (qave) in Figure.90, the local heat flux (quoca) increases linearly

with heated wall temperature (Twai) under the same conditions in Figure.91(a). This indicates
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that Twan serves as the driving force for flow boiling heat transfer. The closer the position is to
the entrance (e.g., al), the higher the local heat flux (qucar) at that local position. However, the
rate of increase in qiocal is not the same for different positions along the microchannel. Both
the magnitude and slope of qiocal Versus Twan decrease from al near the entrance to a5 near the
exit. This is explained in Figure.92 (b), which shows the gradual development of NH3/H,O
flow boiling along the flow direction, transitioning from a nucleated boiling dominant state
(e.g., the bubbly flow) near the entrance (i.e., al) to a convection boiling dominant state (e.g.,

large-size bubbly flow and slug flow) closer to the outlet (i.e., a5).
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Figure.91 Effect of heating temperature on (a) local heat flux (b) local HTC and (c) fluid temperature
in midsection at 276 kg/(m?.s)
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Figure.92 Effect of heating temperature on (a) fluid temperature distribution and (b) vapor fraction
distribution of NH3/H>O flow boiling in microchannel at 276 kg/(m’-s)
Furthermore, with the increase in the heated wall temperature (Twan), the local heat flux (hiocal)
shows a sharp improvement initially at locations near the entrance (e.g., al) and increases
with a tendency to stabilize at around 75 kW/(m?-K) along the flow direction (e.g., from a3 to

a5) in Figure 91(b). In the case where the heated wall temperature (Twan) is set at 30°C, local
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heat flux (hiocar) increases from al to a5 as flow boiling of NH3/H2O progresses from the
subcooled flow (e.g., al) to nucleating flow (e.g., a2, a3, and a4), and finally to bubbly flow
(e.g., a5) without any large bubbles attached to the heating surfaces, as illustrated in Figure.92
(b). However, when the heated wall temperature (Twan) is increased to 50 and 70C°, the values
of local heat flux (hiocal) remain stable with slight fluctuations, except for hica at al. This is
because the flow patterns at locations from a2 to a5 are characterized by bubbly flow without
any significant bubbles blocking the channel in Figure.92 (b). In these cases, the local fluid

temperatures (Tmia) increase with the same level of local heat flux (qocal) in Figure.91 (c).
6.4.4-General performance evaluation

According to aforementioned investigations, the local HTCs of NH3/H20O mixture flow boiling at
different conditions (e.g., inlet mass flux (Gin), inlet concentration (xis)and heated temperature
(Twan)) are summarized as a function of local vapor fraction on wall surfaces (Xwai), which is

difficult to be measured actually in experimental studies, as plotted in Figure.93.

Based on the aforementioned investigations, the local HTCs of NH3/H>O flow boiling under
different conditions (e.g., inlet mass flux Gi,, inlet NH3 concentration x;, and the heated wall
temperature Twan) are summarized as a function of the local vapor fraction on surfaces (Xwai).
Nevertheless, it's worth noting that it is challenging to measure the vapor fraction on surfaces

(xwan) during experimental studies. The summary of the local HTCs is presented in Figure.93.
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Figure.93 Local HTC with vapor fraction on heating wall surface of NH3/H>O in microchannel

174



Chapter-7 Flow boiling heat transfer of the NH3/H>O/PCM slurries

As depicted in Figure.93, the simulation results of local HTC (hiocal) versus the vapor fraction
on heated surfaces (xwal), regardless of inlet mass flux (Giy), inlet NH3 concentration (Xi,) and
heated wall temperature (Twan), follow the classic M-shaped curves observed for flow boiling
HTCs versus the vapor quality in different refrigerants, as shown in Figure.9. Specifically, as
the vapor fraction on heated surfaces (xwan) increases, the local HTC (hioca) €xhibits a linear
increase at low values of xwan (corresponding to the nucleating flow), followed by a decline at
moderate value of the vapor fraction on heated surfaces (xwan) (indicative of small-size bubbly
flow) after reaching a maximum value of around 85 kW/(m?-K). Subsequently, the local HTC
(hiocal) decreases slowly at high vapor fraction on heated surfaces (xwan) associated with large-
size bubbly and slug flow until it undergoes a sudden jump to a higher local HTC (hiocal)
(indicative of elongated slug flow and film evaporation flow), as observed in the "T70" curve
in this study. Furthermore, as previously analyzed, the flow pattern (including the distribution
of bubbles in the domain) in NH3/H2O flow boiling in microchannels is primarily determined

by the combined and mutual effects of Gin, Xin, Twai, and other factors.

In summary, it can be concluded that the flow boiling crisis and local dry-out are successfully
prevented for NH3/H2O mixture at all the cases in this study (i.e., the wall temperature (Twan)
less than 70°C, inlet NH3 concentration (Xin) less than 35% mol. and inlet mass flux (Gin) less

than 552 kg/(m?:s)).
6.5- Summary

In present work, numerical simulation was conducted to investigate flow boiling heat transfer
performance of the binary mixture (i.e., NH3/H>0) in a horizontal microchannel with 0.4 mm
width and 6mm length at the constant heated wall temperature condition. A novel approach,
which couples the quasi-ideal properties of the NH3/H>O mixture, multiphase VOF and
modified LEE method, has been introduced and adopted to simulate the non-isothermal phase
changing process in microchannel. The combined effects of inlet mass flux (ranging from 46
to 552 kg/(m?-K)), inlet NH3 concentration (ranging from 15% mol. to 35%mol.) and heated
wall temperature (ranging from 20.5°C to 70°C) on heat transfer performance are investigated

comparatively.
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The main findings of this study are summarized as follows:

(1) The heat transfer performance of NH3/H>O flow boiling in microchannels is superior to
that of water at a constant heated temperature of 50 C°, making it a promising approach for
thermal management of electronic devices. At the same inlet mass flux of 552 kg/(m?s), the
overall heat dissipation rate of the NH3/H>O flow boiling can reach up to 1.41 MW/m?, which
is 2.05 times higher than that of water single-phase convective heat transfer. Moreover, for
the same heat flux of 0.69 MW/m?, the required inlet mass flux for the NH3H2O flow boiling
is only 166.2 kg/(m?s), which is just 30% of the demand for water single-phase convection.
Additionally, the maximum values of local heat flux and HTC for the NH3/H2O flow boiling

are approximately 1.52MW/m? and 85kW/(m?*-K), respectively, as observed in this study.

(2) Flow boiling heat transfer performance of the NH3/H>O mixture in microchannels follows
the classic flow boiling characteristics observed in pure fluids, such as the M-shaped curve of
HTC versus vapor quality. However, it is also important to note that the non-isothermal phase
change behaviour of the zeotropic mixture introduces an additional factor, as the saturated
temperature of the mixture is dependent on the concentration and pressure. This difference in

behaviour is a distinct feature of the zeotropic mixture compared to pure fluids.

(3) It has been observed that the overall heat flux and HTC of the NH3/H>O mixture initially
increase linearly and eventually become independent of inlet mass flux (Gin) or inlet NH3
concentration (Xin)) at a constant inlet concentration (xin) or inlet mass flux (Gin) and heated
wall temperature (Twan). It suggests the presence of a threshold value of inlet concentration
(xin) or inlet mass flux (Gin) required to maintain a certain level of heat dissipation at the given
conditions. Beyond this threshold, further increases in inlet concentration (Xin) or inlet mass
flux (Gin) would not significantly benefit the dissipation of heat. For instance, the threshold
inlet concentration is found to be 25% mol. for the case of an inlet mass flux at 184 kg/(m?:s)

and a heated wall temperature at 50C°.

(4) Based on the distributions of bubbles and fluid temperature in the domain, it is observed
that flow patterns, such as the nucleating, bubbly and intermittent slug flow, are influenced by

the combined and mutual effects of inlet mass flux (Gin), inlet concentration (Xin), and heated
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wall temperature (Twan). Furthermore, the flow patterns play a crucial role in determining the
phase change behaviour of the NH3/H2O flow boiling heat transfer performance. Specifically,
the convective boiling dominates the heat transfer performance during the bubbly flow stage,

while nucleating boiling becomes prominent during the slug flow or partial dryout flow stages.

(5) Moreover, it is important to note that no local dry-out was observed in all the cases of the
NH3/H>0O mixture flow boiling in microchannels (i.e., the heated wall temperature less than
70C?°, inlet concentration less than 35% mol. and inlet mass flux less than 552kg/(m?s)). This
indicates that the NH3/H>O mixture has the ability to delay local dry-out even under high heat

dissipation conditions. This makes it a promising fluid to cool the electronic components.
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Chapter-7 Flow boiling heat transfer of the NH3z/H,O/PCM slurries

7.1 Introduction

In this chapter, flow boiling of the NH3/H20 mixture based PCM slurries in microchannels is
investigated to assess the mutual effects of two non-isothermal phase change phenomena on
the enhancement of heat dissipation capacity for cooling electronic devices. The effects of the
melting temperature (Tmeling), the melting latent (qm) of the PCM particles, as well as contact
angle (a) of heated walls and PCM particles, are analyzed comparatively. It is conducted at a
constant inlet NH3 concentration (xin) of 35%mol., an inlet fluid temperature (Tin) of 20°C and
a heated wall temperature (Twai) of 50°C, along with various inlet mass fluxes (Gin) and inlet

particle concentrations (yin). The melting temperature of the particle is set as 1K in this work.
7.2-Basical assumption and treatment

The prerequisite hypotheses for simulating the multiphase flow of the NH3/H,O/PCM mixture
in microchannels are similar to those of the R134a-based functional fluid in Chapter 5 and the

NH3/H20 mixture in Chapter 6. They are listed briefly as follows.

(1) The NH3/H20O/PCM mixture is considered a Newtonian-like and incompressible fluid and
is divided into three separated homogeneous phases: the liquid and gaseous NH3/H>O mixture
and a suspended cloud of PCM particles. In present work, the NH3/H>O mixture is assumed to
be a pure substance with the same equivalent thermal and transport properties of the saturated
NH3/H20 mixture. Similarly, the particles are treated as a continuous medium rather than the
discrete phase. These properties of this virtual fluids (e.g., density, temperature, velocity, etc.)
are considered to exhibit the continuous distribution in the domain, facilitating the analysis of
flow and heat transfer behaviors of nanoscale particles in simulations without considering the

individual particle’s position and movement at the nanoscale.

In the simulation, an inlet boundary condition with an average velocity is employed, which is
determined by the mass balance equation. The mixture at the inlet is in a uniform mixed state,

comprising the liquid phase of NH3/H2O (Phase-1), the gaseous phase of NH3/H>O (Phase-g)
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and the virtual PCM phase (Phase-s). Since the mixture at the inlet is in a subcooled state, the
volume fraction of gaseous phase (phase-g) at the inlet is set to 0. Additionally, the inlet PCM
concentration (ypcm) 1S set by specifying the volume fraction of the virtual phase (Phase-s) to
represent the presence of particles in the NH3/H,O/PCM mixture. Therefore, the distribution
and interactions of the particles with the liquid and gaseous NH3/H>O mixture are investigated

without considering the individual positions and motions of individual particles.

(2) The multiphase VOF-modified LEE method and the quasi-ideal-mixture treatment of the
NH3/H>O mixture are used to simulate the non-isothermal phase change in the microchannels.
The effective heat capacity method with a rectangular profile as well as the effective dynamic
viscosity method (VAND) are employed to consider the flow and melting effects of the PCM

particles suspended in the mixture.

(3) The realizable k-¢ model is chosen as the turbulence model. The PISO algorithm is chosen
for pressure-velocity coupling, the second-order upwind discretization is used for momentum
and energy equations, and PRESTO and Geo-Reconstruct discretization are employed for
pressure and volume fraction interpolation, respectively. The variable time step is controlled
by the Global Courant number, set up to a maximum of 0.25, and the absolute residuals of the

continuity equation are set to le™.

(4) As described in Chapter 3, the warm start approach is used in present work to simulate the
subcooled flow boiling heat transfer in microchannels. Specifically, the convergent result of a
steady-state laminar flow is utilized as the initial conditions for the multiple-phases changing

process of the NH3/H>O/PCM mixture.
7.3-Grid independence and model validation

The computational domain is selected as a 2D rectangular horizontal channel with a width of
0.4 mm and a length of 6mm. Similar to the horizontal microchannels studied in the previous
work, the gravity effect on flow boiling heat transfer performance is neglected in this chapter.
Both of the hot walls in a 2D channel represent the left and right sides in an actual rectangular

microchannel, as illustrated in Figure.76.
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According to the grid independence tests conducted in the chapter 6, a grid size of 6.2 um is
selected in this part to simulate the NH3/H>O/PCM mixture. Similarly, since few experimental
data of the NH3/H>O/PCM mixture flow boiling in microchannels is available in the literature,

the model validation is carried out as introduced in those previous chapters.
7.4-Results and discussion

The major assessments were focused on the effects of properties (e.g., thermal conductivity
and the latent heat) of various coolants (i.e., the R134a based functional fluid in chapter 5 and
the NH3/H>O mixture in chapter 6) and boundary conditions (e.g., inlet mass flux, the wall
heat flux and inlet particles concentration in chapter 5, the heated wall temperature and inlet
NH3 concentration in chapter 6) on multiphase heat transfer performance in microchannels.
Therefore, this chapter aims to explore the effects of the melting temperature (Tmeling) and the
latent heat per unit temperature (qm) of the PCM material, as well as the contact angle (o) of
surfaces on the multiphase flow heat transfer of the NH3/H>O/PCM mixture. The properties of
the PCM particle and the saturated NH3/H>O mixture at 1 bar are listed in Table.22.

Table.22 Physical properties of PCM and the saturated NH3/H>O solution at 50 C and 1bar

Density | Thermal conductivity | Viscosity | Specific heat | Specific latent heat
kg/m? W/(m-K) Pa-s kJ/(kg.K) kJ/kg
PCM 1304 0.48 1.72 %107 0.69 201
NH3/H20 923 0.53 1.52x 10 4.22 1443

7.4.1-Effect of the PCM melting temperature

The impact of the PCM particle melting temperature (Tmeliing) On the single-phase convective
heat transfer performance such as the heat flux (qwai) and HTC (have) of NH3/H>O based PCM
slurries in microchannels are analyzed under the conditions of an inlet fluid temperature (Tin)
of 20°C and a heated wall temperature (Twai) of 50°C. The inlet concentration of NH3 (xin) is
set at 15%mol. and that of the particles (yin) is fixed at 5%mol. in the NH3/H20/PCM mixture.
According to Figure.42, the saturated concentration of the NH3/H>O mixture at 1 bar is about

19.4 %mol. at a saturated temperature of 50°C. Hence, the mixture with a NH3 concentration
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of 15%mol. remains in an undersaturated state under a maximum temperature of 50°C at 1bar.

The results are presented comparatively in Figure.94.
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Figure.94 Effect of PCM melting temperature on (a) the overall heat flux and (b) HTC of single-phase
convective heat transfer of NH3/H>O/PCM mixture in microchannel at a heated temperature 50 C
According to Figure.94, it is observed that the overall heat flux (qwan) and HTC (have) of the
NH3/H,O/PCM mixture increase when the melting temperature (Tmeiing) 0f PCM particles is
set between inlet temperature (Tin) and the wall temperature (Twan). However, the maximum
enhancement rates (6q/q and dh/h) are less than 5% compared to the cases without the PCM
melting in microchannels. Additionally, the absolute increments of qwan and HTC are slightly
reduced by increasing inlet mass flux (Gin) from 47 to 563 kg/(m?-s). This can be attributed to
the expansion of the non-melted area in the domain, wherein the local temperature is below

the melting point of PCM particles. This expansion occurs as the inlet mass flux is increased.
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Furthermore, the results in Figure.95 illustrate the effects of the melting temperature (Tmelting)
of the PCM particles on the overall heat flux (qwan), the HTC (have), the fluid temperature at
the exit (Tou,m) and the vapor fraction on the heated surfaces (xwan) of the NH3/H>O mixture

flow boiling with PCM melting in the microchannel, individually.
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Figure.95 Effect of PCM melting temperature on (a) heat flux, (b) HTC, (c) the outlet temperature and
(d) the vapor fraction on heated surfaces of the NHs/H>O0/PCM mixture in microchannel
Based on Figure.95 (a) and Figure.95 (b), the result reveal that both the overall heat flux (qwan)
and HTC (have) exhibit an initial increase, reaching their peak values, and then followed by a
gradual decrease with the increment of the melting temperature (Tmeling). This highlights the
significance of choosing an appropriate PCM material with a melting temperature (Tmelting)
that matches well with the NH3/H20 flow boiling conditions. The incorporation of suspended
PCM particles in the mixture presents both advantages and disadvantages for the NH3/H>O

flow boiling heat transfer within a heat sink.

According to Figure.95 (c), the mass-averaged fluid temperature at the exit (Tou,m) decreases
as inlet mass flux (Giy) is increased at the same conditions. This is mainly due to the increased
inlet velocity (uin), which reduces the residence time of the fluid flowing through the domain.
Consequently, when the out temperature (Tou) is lower than the melting temperature (Tmelting)
at the intersection points such as A and B, it indicates that only a portion of the PCM particles
near the heated surfaces can melt and absorb heat from the walls. As a result, the heat transfer

enhancement effect of the PCM particles is significantly diminished.

Correspondingly, the vapor fraction on the heated surfaces (xwan) initially decreases towards
its minimum value and then starts to increase rapidly in Figure.95 (d). This suggests that the
suspended particles in the mixture have both positive and negative effects on the generation

and adhesion of bubbles on hot walls. The endothermic melting of the PCM materials in the
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particles could mitigate the growth rate of bubbles by absorbing heat from the neighbor fluid.
However, those suspended particles could physically impede the departures of bubbles from
the wall surfaces, thereby increasing the vapor fraction on the heated surfaces (xwai). Hence, it
is the balance between these factors that finally determines the impact on the flow boiling and

heat transfer performance of the NH3/H,O/PCM mixture.

In order to further understand the heat transfer mechanism affects by the melting temperature
(Trmelting) in the NH3/H20/PCM mixture multiphase flow in microchannels. The distributions of
fluid temperature and the PCM locations in the domain are presented in Figure.96 at the
different melting temperature (Tmeliing Or Trn) ranging from 30C° to 45C°. The same conditions
are maintained at inlet temperature (Tin) of 20C°, the heated wall temperature (Twan) of 50C°,
inlet mass flux (Gin) of 282 kg/(m?-s), inlet NH3 concentration (Xin or xnu3) of 35%mol. and
inlet PCM particle concentration (yin or yrcm) of 5%vol.. Hence, in order to clearly illustrate

the melted areas of PCM particles in the flow domain, the contour values are set between inlet

temperature and the melting temperature in ranges of 30-45C° in Figure.96.
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Figure.96 Effect of PCM melting temperatures on fluid temperature distribution of NH3/H,O/PCM
mixture flow boiling in microchannel at heating temperature 50 C
As an example, in the case where the melting temperature of the PCM particles is 30°C, the
upper temperature limit is defined as 303.15K, as depicted in the first cloud chart in Figure.96.
This chart illustrates the PCM melting region through the red-shaded area when the particles

are present in the flow domain. Consequently, it is clear that the melting temperature (Tmelting)
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exerts a notable influence on local fluid temperature in the domain, directly determining the
extent of the endothermic melting of PCM particles. Lower values of the melting temperature

(Tmetiing) correspond to larger PCM melting areas within the domain.

Additionally, inlet mass flux (Gin) has a significant impact on the heat transfer performance of
the NH3/H>O/PCM mixture. Comparing the case without PCM melting (i.e. Tmelting™Twal), the
maximum relative enhancement of the heat fluxes (qwan) and the HTC (have) at 47kg/(m?:s)) is
larger than that at 47 kg/(m?-s) in Figure.95 (a) and (b). Furthermore, both heat fluxes and the
HTCs of the NH3/H>O/PCM mixture are larger than those of the NH3/H>O mixture at 47
kg/(m?-s) but smaller at 563 kg/(m?:s) under the conditions of inlet NH3 concentration (Xin) of
35%mol., inlet particle concentration (yrcm) of 5%vol. and the heated wall temperature (Twan)
of 50°C. For a moderate inlet mass flux of 282 kg/(m?:s), it is necessary to select a suitable

value of the PCM melting temperature (Tmeling) below 40°C for enhancing the heat dissipation.

Figure.97 illustrates the effects of inlet mass flux (Gin) on the distribution of fluid temperature,
the gaseous phase of the NH3/H,O mixture and the virtual phase of the PCM particle between
the melting temperature (Tmeiing) 0f 35°C and the heated wall temperature (Twan) of 50°C.
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Figure.97 Effect of inlet mass fluxes on (a) fluid temperature, (b) vapors and (c) PCM distributions of
NH3/H>O/PCM mixture flow boiling in microchannel at Tywan of 50 T
In order to provide a clear representation for the distributions of the gaseous phase, the virtual
phase of the PCM particles and the melting areas of the PCM particles in the microchannel,
some special treatments have been applied to the upper limit values in these aforementioned
cloud charts in Figure.97. For the cloud chart of gas phase in Figure.97 (b), the upper limit of
the vapor concentration (xnm3) is set as unit. Consequently, the red region corresponds to the
bubble area. For the cloud chart of the virtual PCM phase in Figure.97 (c), the upper limit of
the particle concentration (ypcm) is defined as the inlet concentration value of 5%vol.. As a
result, the blue region in this chart roughly represents the area where PCM particles are absent,
while the red region represents the areas that the concentration remains stable or aggregates,
as the concentration is no less than the inlet value. For the cloud chart of the fluid temperature
distribution in Figure.97 (a), the upper limit of fluid temperature (T) is chosen as the melting
temperature (Tmeling) 0f the PCM particles. Clearly, the red region indicates the area where the
PCM particles can undergo the melting phase change, whereas the blue region represents the

area where phase change cannot occur.

As introduced in Section 7.2, the liquid NH3/H,O/PCM mixture is treated as a Newtonian-like
fluid and is divided into three distinct homogeneous phases: the liquid phase of the NH3/H,O
mixture (Phase-1), the gaseous phase of the NH3/H>O mixture (Phase-g) and the virtual phase
of the PCM particles (Phase-s). In this chapter, the inlet mixture in each case is in a subcooled
state, which means that the volume fraction of gaseous phase (phase-g) at the inlet is set to 0.

Moreover, the inlet PCM concentration (ypcm) 1s determined by setting the volume fraction of
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the virtual phase (Phase-s) to represent the suspension of particles in the mixture. Therefore,

the flow boiling heat transfer of the NH3/H>O/PCM mixture could be explained as follows.

For the case of an inlet mass flux (Gin) of 282kg/(m?-s) and a constant wall temperature (Twan)
of 50°C, it is the laminar flow near the entrance, since the corresponding inlet liquid Reynolds
number is about 288. Consequently, the fluid temperature near the entrance remains relatively
uniform, with a gradual increase near the walls, as depicted in Figure.97 (a). In this scenario,
the virtual phase of the PCM particles (Phase-s) near the inlet continues to be uniform with a
concentration (ypcm) of 5%vol. as shown in Figure.97(c). When the fluid temperature near the
walls reaches the saturation point of the NH3/H>O mixture, the nucleate boiling occurs on the
heated surfaces, leading to the disruption (e.g., the fluid temperature) in the thermal boundary
layer of the laminar flow shown in Figure.97(a). During the transient flow and heat transfer
process, small bubbles start to grow, collide and merge with others, detach from the heated
walls, and eventually exit the channel along with the bulk fluid. Meanwhile, these bubbles
begin to occupy the positions previously held by the liquids of the NH3/H,O mixture and the
particles, resulting in the particle aggregation and the completed disruption of flow field. For
the same case before, the maximum values of velocity, liquid and gaseous Reynolds number
in the fluid domain could reach 2.52 m/s, 2529 and 121910, respectively. Furthermore, when
the fluid temperature (T) in the flow domain reaches the melting point (Tmeling) as shown in
Figure.97 (a), the PCM particles at that location will undergo the endothermic melting process.
At this moment, the absorbed heat is described by the increase in specific heat capacity of the

virtual PCM particle phase.

Generally, the PCM particle distribution is primarily determined by the evaporation degree of
the NH3/H>O mixture. It indicates that the inlet mass flux (Gin) effect on the flow boiling heat
transfer performance is complex mainly due to the mutual effects of flow patterns, the PCM
locations and the melting degrees in the domain. For example, compared to the slug flow at an
inlet mass flux of 47 kg/(m?-s), the PCM particles are more uniformly suspended in fluid but

with the fewer melting areas in the nucleated flow boiling at a mass flux of 563 kg/(m?s).
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Basically, the PCM melting theoretically enhances the heat dissipation rate from hot surfaces,
suppresses bubble collision and coalescence, decreases the vapor fraction in the domain (Xfuid),
and directly improves heat transfer performance. However, it can also accelerate the bubble-
wall adhesion effects due to the tendency of the small-size particles to be pushed towards thin
boundary layers near walls during the bubble growth. As a result, this hinders the movement
of small bubbles nucleated near the walls and flowing out along with the bulk in the channel.
Consequently, the vapor fraction on hot surfaces (xwai) increases, reducing the density of the
active nucleation sites and the effective thermal conductivity (A) of the NH3/H,O mixture. It is
worth noting that the thermal conductivity of the gaseous saturated NH3/H>O mixture (Avapor)

is smaller than that of the liquid-phase mixture (Aiquid) at the same condition.

To accurately assess the potential heat transfer enhancement of the NH3/H>O/PCM mixture in
microchannels at a heated wall temperature of 50°C, the values of heat flux (qwan)are plotted
in Figure.98. While the cases A and case B represent single-phase convective flow and flow
boiling heat transfer of the NH3/H,O mixture respectively, the cases C and case D correspond

to the cases involving the PCM particles melting in the microchannel.
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Figure.98 The overall heat fluxes comparison of the NH3/H>O/PCM mixture flow boiling with and
without PCM melting in microchannel at a constant Twai of 50 T
As depicted in Figure.98, the heat dissipation capacity could be significantly enhanced by
considering the NH3/H>0O mixture based functional fluids as alternative coolants to water for

the cooling applications, particularly in the situation operating at a temperature below 100°C.

Furthermore, the heat dissipation capacity experiences the further enhancement only when the
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PCM particles fully melt in the NH3/H2O mixture during flow boiling, as observed in case D.
However, the extent of improvement is limited. As observed in the results of R134a-based
functional fluid flow boiling discussed in Chapter 5, the heat flux (qwan) can be increased by
selecting PCM materials with higher thermal conductivity and melting latent heat compared
to those of the NH3/H>O mixture. The latent heat of the PCM particles is 201 kJ/kg, while that
of the NH3/H,O mixture is 1443 kJ/kg at 1 bar.

In conclusion, the melting temperature (Tmeling) impact on the heat transfer performance of the
NH3/H,O/PCM mixture is primarily determined by its influence on the melting degree of the
suspended PCM particles flowing through the microchannel. This melting degree, in turn, is
affected by various factors, including inlet concentration of NH3 (xin), and the PCM (yrcm),
inlet mass flux (Gin), the heated wall temperature (Twai) and the ratio of latent heat between

the NH3/H2O evaporation and the PCM melting, among others.
7.4.2-Effect of the PCM melting latent heat

The effects of the melting latent heat (qm) and inlet concentration (y or ypcm) of the PCM
particles on the heat flux (qwan) at an inlet NH3 concentration (xin) of 35%mol. and a heated
wall temperature (Twai) of 50°C are investigated in Figure.99. The melting temperature of the

PCM particles is set as 1K.

It is observed in Figure.99 (a) that the overall heat flux (qwan) exhibits an approximately linear
enhancement with the increase in the melting latent (qm) under the same conditions. Moreover,
the rate of increase in the overall heat flux (qwan) becomes higher with a larger inlet mass flux
(Gin). For instance, when qn is six times higher than the original PCM material as referenced
in this study, and considering the same magnitude of NH3/H>O mixture boiling latent heat, the
overall heat flux (qwan) can be increased by 52.8% at a Gin of 47.1 kg/(m?-s) and by 28.6% at a
Gin of 565.2 kg/(m?:s), with a PCM concentration of 5%vol.

Moreover, the heat flux (qwan) can also be improved by increasing the PCM concentration (y),
while keeping the heat flux (qwan) constant (e.g., case D and E, case F and G) in Figure.99 (b).

The enhancement of the heat flux (qwan) becomes larger with higher values of inlet mass flux
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(Gin) and/or the melting latent heat (qm). Additionally, for cases with the same product of the
PCM concentration (y) and the melting latent heat (qm) (e.g., case E and F), the positive effect
of the melting latent heat (qm) on the heat flux (qwan) is more pronounced than that of the
concentration (y) at a lower inlet mass flux (Gin) (e.g., 47.1 kg/(m?-s)), and the relative impact
of the PCM concentration (y) becomes more significant with increasing inlet mass flux (Gin)
(e.g., 565.2 kg/(m?-s)). This observation is consistent with the previously discussed concept of
the actual absorbed heat, which is closely related to the melting degree of the PCM particles

suspended in the liquid/vapor mixture flowing through the microchannel.
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Figure.99 The overall heat fluxes comparison of the NH3/HO/PCM mixture flow boiling at different (a)
the melting latent heat and (b) inlet concentration of PCMs at a constant Tyway of 50 C
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7.4.3-Effect of surface wettability

As reviewed in section 2.2.4, the surface wettability (i.e., contact angle) has important effects
on flow boiling heat transfer performance in microchannel. For example, the HTC at low heat
flux could be improved by reducing the wettability (i.e., increasing contact angle), while the
CHF phenomenon could be delayed and therefore to improve the CHF at high heat fluxes by
increasing it. Additionally, it is accepted that the nanosize particles deposited or coated on
surfaces could also change the wettability in Figure.29. Therefore, the wettability effect on
flow boiling heat transfer of NH3/H,O/PCM mixture will be investigated in this part. The

contact angles of heating walls and PCM particles surfaces are set as 45°.

As discussed in section 2.2.4, the surface wettability, characterized by the contact angle, plays
a crucial role in flow boiling heat transfer in microchannels. Lowering the wettability (i.e.,
increasing the contact angle) can improve the HTC at low heat fluxes, while increasing the
wettability can delay the critical heat flux (CHF) phenomenon, thereby enhancing the CHF at
high heat fluxes. Additionally, it is known that the wettability can be altered by depositing or
coating nanosize particles on surfaces, as shown in Figure.29. In this section, the effect of
wettability (represented by o) on the flow boiling heat transfer of the NH3/H>O/PCM mixture

will be investigated. The contact angles of the heated walls and PCM particles are set to 45°.

The contact angle effects on the heat flux (qwan)and the HTC (havwe) of the NH3/H.O/PCM
mixture flow boiling at different melting temperature (Tmeling) under the same conditions of
inlet NH3 concentration (xin) of 35%mol., inlet PCM particle concentration (y) of 5%vol.,
inlet mass flux (Gin) of 82.6kg/(m?s) and heated wall temperature (Twan) of 50°C is shown in
Figure.100.
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Figure. 100 Effect of surface wettability on (a) the overall heat flux, (b) HTC and (c) vapor fraction on
surfaces of NH3/H>O/PCM mixture flow boiling in microchannel at Tyau of 50 C

It is found that the increase of the contact angle (o) from 0° to 45° under the same conditions
results in a decrease in the heat flux (qwan) and the HTC (have), while the vapor fraction on

surfaces (Xwan) increases rapidly. For the hydrophobic surface (a=45°) at a temperature of
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35°C, the heat flux (qwan) and the HTC (have) decrease by 8.6% and 13.2% respectively, while
the vapor fraction on surfaces (Xwan) increases quickly from 1.5 to 17% by volume compared
to the superhydrophilic surface at 0°. Some experimental studies in the literature [127,155,156]
generally support the idea that increasing surface wettability (i.e., decreasing contact angle)
can enhance flow boiling heat transfer performance, such as the CHF at high heat dissipation
rates. The high-wettability surfaces (e.g., a=0°) exhibit strong liquid affinity, generate thin
film boiling flow patterns, and effectively rewet hot surfaces under high heat flux conditions
(qwan). Therefore, the decrease in the heat flux (qwan) shown in Figure.100 (a) by reducing the
contact angle at a constant wall temperature (Twani) leads to higher HTCs at high vapor quality
conditions depicted in Figure.100 (b).

The distributions of bubbles (i.e., gaseous NH3/H>0) and PCMs are displayed in Figure.101.

t=0.026s

Gin=282.6kg/(m?s), xin=0.35, y=0.05, Tm=35°C, Twan=50°C, a=0° C

A } ':-3 T 6 w | T _‘if.‘l_l r

Gin=282.6kg/(m?.s), xin=0.35, y=0.05, Tm=35°C, Twan=50°C, a=45°

Figure. 101 Distributions of bubbles and PCM in domain at different surface wettability conditions

It is evident that the spatial distributions of bubbles and the PCM particles near surfaces and
in the domain strongly are strongly influenced with each other. During the initial evaporating
stage of the NH3/H>0O mixture (e.g., A), the particles are uniformly suspended throughout the
domain. However, as the process progresses, they become unevenly dispersed within the

liquid, occupying spaces between the large-sized bubbles and heating walls (e.g., B and C).
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Consequently, the surface properties, such as wettability of the heating walls and particles,
play a crucial role in determining the heat dissipation capacity by directly affecting the mutual

interactions between the heating walls, bubbles and particles.
7.5-Summary

In this chapter, the multiphase flow heat transfer performance of NH3/H>O/PCM mixture was
investigated by CFD methods based on basic assumptions, validations and results before. The
effects of the melting temperature (Tmeing) and the latent heat of PCM particle (qm) as well as

the surface wettability were evaluated comparatively. It is found that:

(1) There are both positive and negative effects on flow boiling heat transfer of the NH3/H,O
mixture when PCM particles are added and undergo melting and movement in a microchannel.
The endothermic phase change action of PCM melting can enhance the overall heat transfer
capability. However, the presence of PCM particles sedimented on the heated surfaces can
increase the vapor fraction on surfaces, thereby impeding heat transfer between the walls and
coolants, especially under high heat flux conditions (e.g., low patterns of large-size bubbly,
slug flow and partial dryout). Therefore, whether the inclusion of suspended PCM particles in
the NH3/H20 mixture enhances the heat dissipation capability depends on finding a balance
between the advantageous and adverse effects in practical conditions. For instance, a larger
PCM melting latent heat and better surface wettability at high heat dissipation rates would
result in a greater enhancement of the heat transfer performance. Conversely, an increase in
the number and size of bubbles attached to the heating surfaces at the same temperature would

lead to a deterioration in heat transfer performance.

(2) Furthermore, it is necessary to implement measures to ensure the PCM particles melted
completely before exiting the heat sink. This can be achieved by optimizing the physical and
practical parameters and aligning controllable variables (e.g., inlet mass flux) with the actual

heat-dissipating requirements.

Chapter-8 Conclusion and future work
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8.1 General conclusions

In conclusion, this study has introduced a promising approach to enhance flow boiling heat
transfer performance in microchannels by using functional fluids as the coolants. Additionally,
the heat transfer performance has been systematically compared and evaluated by numerical
simulation methods. The main aim is to gain a comprehensive understanding of the critical
factors influencing heat transfer performance and to devise effective strategies for improving
thermal management in electronic devices and fuel cells. Through the evaluation of the heat

transfer capabilities, the following findings have been established:
Chapter 1: Background

(1) The urgent requirement and limitations for cooling the advanced electronics and fuel cells
is to dissipate the high-level non-uniform heat effectively for ensuring the peak temperature

lower than 85°C and maintaining the largest temperature difference of less than 30°C.

(2) Flow boiling of refrigerant in microchannels was chosen as an effective method according
to the comprehensive experimental performance comparisons of available passive and active
cooling approaches at the maximum temperature less than 85°C in the literature. The addition
of functional particles in coolants is a promising approach to further enhance the heat transfer

performance of R134a and the NH3/H>O mixture flow boiling in microchannels.
Chapter 2: Literature review

(1) According to an extensive literature review on flow boiling heat transfer in microchannels,
some methods including the modification of coolants, the structures and geometric parameters
of sinks and the surfaces morphology were identified as the promising approaches for further

enhancing flow boiling heat transfer performance individually or in combination.

(2) The VOF model, when combined with some specialized treatments, is generally accepted
and adopted as a promising option for simulating flow boiling of pure fluid and single-phase
convective heat transfer of functional fluids in microchannels. Consequently, it is selected to
be hybrid utilized with the LEE model and the equivalent properties treatments of fluids for

predicting multiphase flow heat transfer performance of functional fluids in microchannels.
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Chapter 3: Simulation methods for multiphase flow heat transfer

(1) Based on some reasonable simplification and assumptions, these mathematic models and
computational methods utilized in present study have been determined by theoretical analysis
and comprehensive assessment, including the vapor-liquid equilibrium state, thermodynamic
and transport properties of the NH3/H>O mixture, the capturing method of multiple interfaces
(i.e., VOF), the mass and heat transfer models in the liquid-vapor interfacial surfaces (e.g., the
LEE model for pure fluid, the modified LEE model for the zeotropic mixture), the melting of
PCM materials (i.e., the enthalpy-porosity method and the equivalent heat capacity method),
the initial and boundary conditions (e.g. dynamic meshing method and fully developed flows
treatment at outlet). Furthermore, the warm start approach is utilized by using the convergent
results of a steady-state single phase laminar flow as the initial conditions for the subsequent

transient simulation of flow boiling heat transfer.

(2) All the relevant models and methods are compiled and processed using the User-Defined

Function (UDF) approach in ANSYS.
Chapter 4: Flow boiling heat transfer of water with a PCM particle

(1) The impact of a PCM particle melting and moving on water flow boiling heat transfer in a
vertical microchannel was explored through the utilization of by using the VOF, the enthalpy-
porosity and dynamic meshing methods. The effects of surface wettability and particle density,
along with the interactions between the particle and the surrounding fluid, were analyzed at

various flow patterns to assess their influence on transient heat transfer performance.

(2) Surface wettability plays a significant role in influencing vapor fraction on heated surfaces,
especially under high heat dissipation rates. This factor is crucial in affecting the heat transfer
performance. Regarding a PCM particle, the melting and movement within a confined domain
exert both beneficial and detrimental effects on the neighboring heat transfer performance
during flow boiling in microchannels. While it could increase local heat dissipation due to the

extra absorbed melting heat and local turbulence enhancement of a moving particle, it also has
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risks to deteriorate the performance as the particle in a confined domain could impede bubbles

departing from hot walls.
Chapter S: Flow boiling heat transfer of R134a based functional fluid

(1) Multiphase flow heat transfer performance of R134a-based functional fluid was revealed
in a horizontal microchannel. The effects of particle properties and some thermal parameters
on the heat transfer performance were comparatively investigated and discussed by the VOF-

LEE and the effective heat capacity methods.

(2) Flow boiling HTCs of R134a in microchannels could be enhanced by adding functional
particles with different mechanisms related to the particle types. While the equivalent thermal
conductivity of coolants could be enhanced by adding functional particles with high thermal
conductivity, flow boiling patterns could be shifted to that with a higher HTC (e.g., from slug
flow to nucleated flow at the same heat flux) by the melting of PCM particles. Differently, the
pressure drops could be increased as the increment of fluid viscosity by adding particles, but it
also could be declined significantly attributed to the favorable flow pattern changes induced
by adding the melting latent particles. The FOMs of latent heat functional fluids (e.g., PCM
emulsion and slurries) were greater than those of the non-melting fluids (e.g., nanofluid) at
the same conditions, indicating that the additions of PCM particles in R134a could increase

the heat transfer performance comprehensively.
Chapter 6: Flow boiling heat transfer of the NH3/H>0O mixture

(1) The non-isothermal flow boiling of the NH3/H>O mixture in a horizonal microchannel was
investigated by adopting a novel simplified calculating approach (i.e., the VOF-modified LEE
model coupled with the quasi-ideal properties treatment of NH3/H20). The proposed approach
was validated with the published experimental data (i.e., the HTCs and flow patterns) of the

R134a/R245fa mixture flow boiling in microchannels.

(2) It is found that there is existing a threshold value of inlet NH; concentration to maintain a

certain of heat dissipation rate at a given inlet mass flux and a maximum heated temperature.
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For a case with an inlet mass flux at 552 kg/(m?-s) and an NH3 concentration at 35%mol., the

overall and the local heat fluxes could reach up to 1.41 and 1.52 MW/m?, respectively.

(3) Flow boiling of the NH3/H>O mixture obeys classic flow boiling characteristics of pure
coolants except for the non-isothermal phase change feature. There is no local dry-out existed
in microchannels in present study. Therefore, the NH3/H>O mixture could delay local dry-out
at a high heat dissipation and is a promising coolant for maintaining a certain temperature of

electronic components.
Chapter 7: Flow boiling heat transfer of the NH3/H2O/PCM slurries

(1) The multiphase flow heat transfer performance of a NH3/H>O/PCM mixture was evaluated
in a horizontal microchannel. The effects are taken into consideration including the melting
temperature and melting latent heat of PCM materials, inlet concentrations of PCM particles

and NH3, and the surface wettability, etc.

(2) Similar to that of R134a based functional fluid, there are positive and negative effects on
flow boiling heat transfer performance of the NH; /H2O mixture by adding PCM particles.
Furthermore, it is necessary to take measures to ensure the PCM particles melted completely
before exiting the sink, such as optimizing particle properties (e.g., the melting temperature)
and thermal parameters (e.g., inlet concentrations of NH3 and particles), as well as matching

the controllable variables (e.g., mass flux) with the actual heat-dissipating demands.

In general, the utilization of flow boiling heat transfer of the NH3/H>O mixture and functional
fluids (characterized with high thermal conductivity and melting latent heat) in microchannels
is promising for cooling the high-heat dissipation electronic devices and fuel cells under the
operational temperature below 85C°. However, it also has inherent risks that could potentially
compromise cooling performance. Therefore, it is necessary to take measures to mitigate the
adverse cases occurred in applications such as the non-melted particles exiting the sinks and

the deposition of particles on the heated surfaces.
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8.2 Future work

Building upon the investigation conducted in this study, the evaluation of multiphase flow
heat transfer performance of functional fluids in microchannels was accomplished by the CFD
method grounded in some rational assumptions and simplified treatments. In order to gain a
deeper comprehension of the interactive mechanisms governing multiphase flow heat transfer
performance in microchannels and to provide more advanced thermal management solutions
for cooling electronics and fuel cells, the suggestions for future research, encompassing both

experimental and numerical studies, are listed as follows.
Experimental test aspects

The primary objective of future experimental work is to validate the results obtained through
the CFD method in this study and to achieve reliable outcomes regarding the multiphase flow
heat transfer performance of functional fluids in microchannels. To achieve this, the design

and construction of an experimental setup are crucial. It should have the capability:

(1) To accurately measure the dominant transient and spatial parameters (e.g., the velocity and

temperature) within the nano/micro-scale spaces without interrupting the original flow.

(2) To capture the entire processes of the bubble formation and development in different flow
patterns, including the nucleation near the entrance, growth, elongation, collision, coalescence

and the departure from the domain.

The proposed experimental work should encompass the analysis of individual and combined
effects of various factors (e.g., the geometric parameters and functional fluids) in a broader

range of parameters and conditions on heat transfer performance and flow pattern.
Numerical simulation aspects

The refinement and optimization of the mathematical models and calculating methods should
be pursued to increase their accuracy and predictive capabilities, leading to more reliable and
effective simulations. For flow boiling of the NH3/H>O mixture with functional particles in

microchannels, it is noteworthy to consider the effects of species diffusion, bubble nucleation
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and department in the boundary layers of the mixture, the mutual effects of particles with

bubbles and walls, as well as the mass and heat transfer in multiphase interfaces.
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Appendix-1 Flow boiling heat transfer in literature

Table.23 Flow boiling heat transfer in microchannel (Twan <85 C) -Experimental literature review

Shape Twall Tin Tsat WxH-L G q dp year
C C T umxum-mm | kg/(m%s) | W/em? | kPa
FC-72
Straight 66.3 54.1 56.1 225%276-16 531 12.8 / 2012 [148]
Straight 81.0 233 | 56.5 220x 55-10 578 32.8 67 2019 [57]
Straight 83.2 233 56.5 220%x 55-10 2311 65.7 109 2019 [57]
Straight fins 83.8 29.5 / 350%1190-25 349 38.4 3.0 2015 [149]
Oblique fins 70.7 26.5 56.5 | 300x1190-25 394 70.4 5.8 2016 [58]
Oblique fins 82.2 29.5 / 340x1170-25 349 59.1 5.1 2015 [149]
HFE7100
Straight 76.0 54.6 59.6 700%350-25 250 33.5 / 2019 [151]
Straight 78.9 25.0 61.0 220x 52-10 1561 46.8 37 2021 [152]
Straight 83.8 25.0 61.0 220%250-10 1600 57.0 / 2018 [153]
Straight 84.5 15.0 61.0 200x573-20 550 37.9 / 2021 [59]
Straight 83.1 0.0 63.0 | 260x1041-10 1682 278.3 7.4 2008 [60]
Manifold 68.7 35.0 61.0 60x%250-0.8 1290 140.4 52.2 | 2020[307]
Nano structured 82.6 25.0 61.0 220%250-10 1300 111.8 / 2018 [153]
Micro cavities 74.4 18.0 61.0 200%x250-10 1155 175.2 / 2018 [61]
R134a

Straight 43.6 20.0 | 29.1 381x953-9.5 334 29.5 / 2009 [186]
Straight 38.5 / 32.2 500x500-45 994 43.6 / 2019 [308]
Straight 353 28.0 | 28.0 470%382-30 1200 48.7 / 2018 [185]
Straight 30.0 / 24.0 300x700-20 300 28.7 / 2017 [309]
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Straight 348 15.0 | 25.0 100x500-15 400 30.5 / 2013 [62]
Straight 28.3 20.0 | 20.0 382x470-40 1000 52.4 / 2020 [310]
Straight 85.0 220 | 25.0 199%x756-39 3000 197.7 / 2010 [63]
R245fa
Straight 52.1 20.0 | 26.0 | 381x953-9.5 334 27.6 / 2009 [186]
Straight 38.0 25.0 | 30.0 123%x494-15 500 23.8 18.7 | 2015 [311]
Straight 39.5 20.0 | 30.0 123%x494-15 300 28.4 / 2015 [311]
Pin fins microgap 84.4 13.0 / 200%200-11 2632 148.5 | 201.4 | 2018 [312]
Pin fins microgap 84.1 13.0 / 200%200-11 7896 219.0 450 | 2018 [312]

Table.24 Single phase convection in microchannel (Tywan <85 C) -Experimental literature review

Shape Twall Tin Tsat WxH-L G q dp year
T T T umxpm-mm | kg/(m%s) | W/em? | kPa
Air
Radical micro 80 20 / 10x40-D4 / 4.5 345 | 2008 [313]
5E10)
Micro-slot 84.9 22.0 100 200%x250-10 430 105.5 2020 [39]
Plain 82.4 30.0 100 80x200-10 815 108.9 39.2 2021 [40]
Straight 67.0 30.0 100 1000x490-40 1188 32.7 3.7 2019 [41]
Nanowire Manifold 81.7 35.0 100 250%250-/ 1250 79.3 2019 [42]
Interconnected 85.0 60.0 100 80%200-10 963 56.0 2021 [43]
Groove 80.7 60.0 100 80x200-10 815 39.1 13.2 2021 [40]
Table.25Heat transfer performance of water heat pipes (Twai <85 C) -Experimental literature review
Types Twall Tin Shape and size q Q R year
T T / W/cm? W CT/W
Air-based HP 35.0 27.7 | 4 U-shape, 8mm 9.4 150 0.074 | 2020 [314]
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Air-based embedded HP 63.5 25.0 3 U-shape 85.0 / 0.170 | 2017 [315]
Air-based sintered wick HP 41.4 30.0 10cmx8cm 81.6 360 0.032 | 2011 [316]
Ultra-thin plate HP 57.0 | 25.0 12cmx12cm 22.7 160 0.156 | 2019 [317]

Table.26 Heat transfer of two phase impingement (Twan <85 C) -Experimental literature review

Shape Twall | Tin Tsat H dj q dp Other year
T T T mm | mm | W/em? | kPa
FC-72
Smooth 68.9 | 47.0 | 50.0 5 0.24 40.8 241 Re4977 2011 [47]
Pin fins 63.8 47.0 | 50.0 5 0.24 84.5 241 Re4977 2011 [47]
Smooth 822 21.0 | 56.0 / / 77.8 / 2m/s 2011 [49]
Submerged pin fins 75.2 21.0 | 56.0 / / 166.5 / 2m/s 2011 [49]
Microchannel 68.4 30.0 | 50.0 1.5 0.24 | 133.0 / 450ml 2014 [50]
Hx0O
Smooth-0.176bar 85.0 573 | 573 H/dj=6 76.7 Re8844 2012 [318]
Smooth-0.176bar 85.0 | 403 | 573 H/dj=6 162.2 Re5966 2012 [318]
HFE7100
Smooth 68.0 56.0 | 61.0 20 0.76 69.0 210 7.15¢c/s 2014 [51]
Minichannel 81.6 0.0 3 0.3 285.6 | 16.7 | 23.3cm’s | 2009 [53]
Pin fins 78.5 51.0 | 61.0 | 25 0.75 77.2 1.7 10.5¢g/s 2015 [52]
Pin fins & Porous 69.0 51.0 | 61.0 2.5 0.75 95.4 2.7 10.5g/s 2015 [52]
R134a
Submerged micro jet | 67.3 20.1 29.1 4.7 2.1 218.6 / 4m/s 2021 [319]
Submerged micro jet | 55.2 17.0 | 47.0 / 0.11 335.0 / 10m/s 2010 [48]
Smooth 42.5 26.0 | 31.0 / 2.0 113.7 / 4m/s 2012 [46]
Circular micro pins 44.5 26.0 31.0 / 2.0 209.0 / 2.2m/s 2012 [46]
Hydrofoil micro pins | 68.6 26.0 | 36.0 / 2.0 277.1 / 1.7m/s 2012 [46]
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R245fa
Pin fins & Porous 61.1 40.0 | 45.0 0.5 0.75 | 218.0 6.4 2017 [320]
Flat porous 57.2 40.0 | 45.0 0.5 0.75 145.3 4.1 2017 [320]
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Table.27 Heat transfer of two phase spray cooling (Twai <85 C) -Experimental literature review

Shape Twall | Tin Tsat H dj q dp Other year
T T T mm | mm | W/em? | kPa
FC-72
Multi-nozzle plate 77.8 >51 53.0 9 3.18 50.3 241 / 2003 [321]
Smooth flat 85.0 | 23.5 | 56.0 10 0.20 59.6 / 0.67cm/s | 2006 [322]
H20
Sinlge-nozzle-30° 84.7 | 28.0 | 100.0 2 / 2504 | 500 5.2L/h 2010 [37]
Flat 80.3 100.0 | 15 1.0 178.5 / 41.6L/h | 2013 [323]
Micro groove-30° 81.0 100.0 | 15 1.0 267.9 / 41.6L/h | 2013 [323]
HFE7100
Plain 799 | 304 | 604 | 94 0.76 443 / 4.7cm¥/s | 2014 [324]
Micro porous 74.1 304 | 60.4 9.4 0.76 140.7 / 4.7cm’/s | 2014 [324]
Horizontal fins-75° 51.1 16.0 | 61.0 80 0.4 81.6 / 5.2L/h 2015 [325]
Vertical fins-75° 57.8 16.0 | 61.0 80 0.4 56.0 / 5.2L/h 2015 [325]
R134a
Smooth flat 442 / 10.0 | 8.8 0.3 8.8 123.5 480.0 2013 [326]
Square pins flat 44.8 / 100 | 7.8 0.3 7.8 211.7 480.0 2013 [326]
Rough surface 47.6 | 203 | 203 12 0.76 12 167.1 107.0 2013 [327]

Table.28 Single phase convection of air and water in microchannel (Twan <85 C) -Experimental

literature review

Shape Twall Tin Tsat WxH-L G q dp year
T T T umxpm-mm | kg/(m%s) | W/em? | kPa
Air
Radical micro 80 20 / 10x40-D4 / 4.5 345 | 2008 [313]
HO
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Patterned 79.5 24.0 100 750%200-20 203 53.2 2019 [328]
Micro-slot 84.9 22.0 100 200x250-10 430 105.5 2020 [39]
Plain 82.4 30.0 100 80x200-10 815 1089 | 39.2 | 2021 [40]
Straight 67.0 30.0 100 | 1000%x490-40 1188 32.7 3.7 2019 [41]
Nanowire Manifold 81.7 35.0 100 250%250-/ 1250 79.3 2019 [42]
Interconnected 85.0 60.0 100 80%200-10 963 56.0 2021 [43]
Groove 80.7 60.0 100 80%200-10 815 39.1 13.2 | 2021 [40]
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Appendix-2 Calculation mathematical model of NH3/H2O mixture

A2.1-Vapor-liquid equilibrium and thermodynamic properties

Assuming gas phase is an ideal mixture of real components, the specific enthalpy ( , ) can

be calculated from the enthalpy of pure ammonia and water.

(,)=@Q-) (,)+ C,) (A2-1)

T (A2-2)

The value corresponding to the phase equilibrium state has to be substituted for pressure. The

functions reproducing the selected experimental data are shown as the following structure:

(=0 a-) [ (9 (A2.3)
(=0 a) [ () (A2-4
(. )=1- [ a-) () /3] (A2-5)
(=0 (=-1 (A2-6)
(=0 (1-——) a-)~ (A27)

Where, h and M are specific enthalpy (kJ/kg) and molar weight (kg/mol), p and T are pressure
(MPa) and temperature (K), x and y are the ammonia mole fraction in the liquid and gaseous

phases, respectively.
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Table.29 Parameters of T(p,x) and T(p,y)

4
(o= a [ | cor=e a )

i m; nj ai 1 m; n; ai
1 0 0 +0.322302e+1 1 0 0 +0.324004e+1
2 0 1 -0.384206¢0 2 0 1 -0.395920e0
3 0 2 +0.460965e-1 3 0 2 +0.435624e-1
4 0 3 -0.378945¢-2 4 0 3 -0.218943e-2
5 0 4 +0.135610e-3 5 1 0 -0.143526e+1
6 1 0 +0.487755¢0 6 1 1 +0.105256e+1
7 1 1 -0.120108e0 7 1 2 -0.719281e-1
8 1 2 +0.106154e-1 8 2 0 +0.122362e+2
9 2 3 -0.533589¢-3 9 2 1 -0.224368e+1
10 4 0 +0.785041e+1 10 3 0 -0.201780e+2
11 5 0 -0.115941e+2 11 3 1 +0.110834e+1
12 5 1 -0.523150e-1 12 4 0 +0.145399e+2
13 6 0 +0.489596e+1 13 4 2 +0.644312e0
14 13 1 +0.421059¢-1 14 5 0 -0.221246e+1

15 5 2 -0.756266¢0

16 6 0 -0.135529¢+1

17 7 2 +0.183541e0

0=100 , (=2MPa 0 =100 , o =2MPa
Table.30 Parameters of y(p,x)
(H=1- | a-> (5 /3]
0

1 mj nj aj 1 mj nj aj
1 0 0 +1.98022017e+1 8 3 2 -3.42198402¢+3
2 0 1 -1.18092669¢+1 9 4 3 +1.19403127e+4
3 0 6 +2.77479980e+1 10 5 4 -2.45413777e+4
4 0 7 -2.88634277e+1 11 6 5 +2.91591865¢e+4
5 1 0 -5.91616608e+1 12 7 6 -1.84782290e+4
6 2 1 +5.78091305¢e+2 13 7 7 +2.34819434e+1
7 2 2 -6.21736743¢0 14 8 7 +4.80310617e+3

o = 2MPa
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Table.31 Parameters of hi(T,x) and he(T,y)

(=0 (=-1) (=0 (1-—) a-)
0 0
i mi ni ai 1 mi ni ai
1 0 1 -0.761080e+1 1 0 0 +0.128827¢+1
2 0 4 +0.256905¢e+2 2 1 0 +0.125247¢0
3 0 8 -0.247092e+3 3 2 0 -0.208748e+1
4 0 9 +0.325952e+3 4 3 0 +0.217696e+1
5 0 12 -0.158854¢+3 5 0 2 +0.235687¢e+1
6 0 14 +0.619084¢+2 6 1 2 -0.886987e+1
7 1 0 +0.114314e+2 7 2 2 +0.102635e+2
8 1 1 +0.118157e+1 8 3 2 -0.237440e+1
9 2 1 +0.284179¢+1 9 0 3 -0.670515¢e+1
10 3 3 +0.741609¢+1 10 1 3 +0.164508e+2
11 5 3 +0.891844¢+3 11 2 3 -0.936849¢+1
12 5 4 -0.161309¢+4 12 0 4 +0.842254¢+1
13 5 5 +0.622106e+3 13 1 4 -0.858807e+1
14 6 2 -0.207588e+3 14 0 5 -0.277049¢e+1
15 6 4 -0.687393e+1 15 4 6 -0.961248e0
16 8 0 +0.350716e+1 16 2 7 +0.988009¢0
17 1 10 +0.308482¢0
o =100kJ kg™t ,=273.16 o =1000kJ kg™, =324
Table.32 Comparison between reference data and calculated results
P X T Teal dT hiiq hiigeat | dhiiq | hgas hgascal | dhgas
MPa T T % | kl/kkg | kl/kg % %
0.111 | 180.0 | 180.7 | 0.15 | 691.9 | 698.6 | 0.96 | 2200.0 | 2201.7 | 0.08
0.152 | 170.0 | 170.1 | 0.01 | 621.8 | 627.5 | 0.90 | 2039.0 | 2044.3 | 0.26
0.191 | 160.0 | 160.5 | 0.11 | 557.8 | 566.1 | 1.48 | 1920.2 | 1927.3 | 0.37
20 0.232 | 150.0 | 150.5 | 0.12 | 496.9 | 504.0 | 1.42 | 1818.0 | 1824.0 | 0.33
0.277 | 140.0 | 139.9 | 0.02 | 4329 | 438.6 | 1.31 | 1728.0 | 1729.3 | 0.07
0.319 | 130.0 | 130.3 | 0.06 | 372.0 | 379.8 | 2.11 | 1661.5 | 1654.9 | 0.40
0.364 | 120.0 | 1204 | 0.11 | 314.1 | 321.4 | 2.32 | 1607.6 | 1589.5 | 1.14
0.413 | 110.0 | 1103 | 0.07 | 259.3 | 264.0 | 1.84 | 15653 | 15324 | 2.14
0.002 0.212 | -30.0 | -30.3 | 0.12 | -281.8 | -285.1 | 1.17 | 1294.3 | 1293.2 | 0.08
0.283 | -40.0 | -39.7 | 0.12 | -367.1 | -369.1 | 0.56 | 1252.2 | 1238.3 | 1.12
0.132 | 0.0 0.3 0.12 | -95.8 | -98.3 | 2.67 | 1483.8 | 1476.7 | 0.49
0.006 | 0.193 | -10.0 | -9.7 | 0.11 | -184.1 | -184.8 | 0.35 | 1367.0 | 1354.0 | 0.96
0.257 | -20.0 | -19.4 | 0.25 | -266.4 | -267.6 | 0.44 | 1314.9 | 1289.3 | 1.99
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A2.2-Mixture critical temperature and pressure

4

= 4:0 ' - (A2-8)

=0
Table.33 Data of the mentioned constant factors
1 0 1 2 3 4
a 647.14 -199.822371 | 109.035522 | -239.626217 88.689691
bi 220.64 -37.923795 36.424739 -41.851597 -63.805617
700 T T T T 250

600 | 200 1
< 3
o 500 ¢ L 150
= 0
8
400 1 100 ¢ 1
® Sassen(1990) = Sassen(1990)
——Model Model
300 : - : : 50 - : - -
0 0.2 04 06 08 1 0 0.2 04 06 08 1
XNH3 XNH3

Figure. 102 Comparisons between the mentioned calculated and experimental data

A2.3-Specific thermal capacity of saturated liquid mixtures at constant pressure

( | ) = NH3( NH3) + (1 - ) 2 ( 2 ) (A2-9)
()= + (A2-10)
=1- =1-—— = = NH3 = 2
NH3 2
— — NH3 — — 2
NH = NHz = 2 T 2 -

Table.34Data of the mentioned constant factors

Acp Bep Acp Bep

NH; 3.875648 0.242125 H20 3.665785 0.236312
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cp,Sat(kJ/kg.K)

23

18

13}

3

200

* Haar (1978)

Model

250 300 350 400

TNH3 (K)

450

60

45 ¢

Cpsat(kI/kg.K)

15+

0

200

= |APWS (1997)
Model

30

300 400 500 600

THZO (K)

700

Figure.103 Comparisons between the mentioned calculated and experimental data

A2.4-Thermal conductivity of liquid mixtures

A formulation for a quasi-ideal mixture is proposed on the basis of the corresponding values

of thermal conductivity of pure substances.

ns(ne) A=) L, ()

NHs ( NiHg) =

Ny = g
NHz = NHz\ NH3

( fia)

=0

) 0.425

NH3( 2 )

= ()

=0

Table.35 Data of the mentioned constant factors

(A2-11)

(A2-12)

(A2-13)

aji b;
+4.337955277951E+01 +1.393817844866E+04
+2.977570649380E-01 -2.290029884326E+02

+1.201385831428E-03

+1.574616703210E+00

+6.690272416636E-06

-5.703760390821E-03

-6.385698179523E-08

+1.186140465478E-05

+1.748929658112E-10

-1.418455074425E-08

N | N[N | R WR[(N =D =

-1.993882238051E-13

+8.992400966905E-12

+8.431881950442E-17

-2.310804485420E-15
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A iy (MW/M.K)

800 — — — — ‘ . ‘ . .
650" "Stmey. ]
e ey
r S v
2 .l N " - 4
500 |- RN e —
[ g e o _ ¢
i I e P ]
350 || ® Baranov (1996)-303K v R ~3
[ Model-303K ~-3
®  Baranov (1996)-352K 1
200"~ Model-352K |
[ | ¥ Baranov (1996)-375K
[ |====Model-375K
50 i i i | i i i | i i i L |
0 02 04 0.6 038 1
XNH:.’a

Figure. 104 Comparisons between the mentioned calculated and experimental data

A2.5-Dynamic viscosity of liquid mixtures

In = In NHB( NH3)+(1_ ) 2( 2)+

= <O.534 —0.815 ) ()

()=638 (1— )11% [1 _ —0585 (1— )0-18]

[ gaa( NHs) 0? ( 2 )]
NHs( NH3) - ( NHs) 2 ( 2 ):

=0 =0

Table.36 Data of the mentioned constant factors

(A2-14)

(A2-15)

(A2-16)

(A2-17)

i aj bi
+1.313855631536E+05 +6.553381577055E+05
-2.963607788649E+03 -9.797988524738E+03
+2.898320250404E+01 +6.252789912829E+01

-1.582768545381E-01

-2.203671360114E-01

+5.194840712025E-04

+4.627538225879E-04

-1.022531596503E-06

-5.786969589318E-07

+1.116009925788E-09

+3.989469497756E-10

NN W N | =[O

-5.204716001922E-13

-1.169518240457E-13
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2000 T T T T .
® 10C-Pinevic | 1
B 20°C-Frank ]
1600 O 20C-Pleskov |
¥ 30C-Pinevic |
. 7 30C-Frank |
%) A 40C-
i 1200 4ODC F.rank.
a < 60C-Pinevic | |
= = 10°C-Model 1
x e T (e = = 20C-Model | ]
E SOOE ---------- ====30'C-Model | -
P L T = = 40°C-Model
E ~., o .
— ~- ——60C-Model | |
400 [~ 3
0 t |
0 0.2 04 0.6 08 1
XNH3

Figure. 105 Comparisons between the mentioned calculated and experimental data

A2.6 Liquid Mixture density

s () +@= ), () (A2-18)
i =1- =1—— = —_NHs __ 2
B ( ) NH3 2
=0
H>O NH;
i A b i A b
0 1 0 0 1 0
1 +1.993771843 1/3 1 +2.02491283 1/3
2 +1.0985211604 2/3 2 +0.84049667 2/3
3 -0.5094492996 5/3 3 +0.30155852 5/3
4 -1.761912427 16/3 4 -0.20926619 16/3
5 -44.9005480267 43/3 5 -74.60250177 43/3
6 -723692.2618632 110/3 6 +4089.79277506 70/3
1100 T T T T T
950?7
m’g\ 800:
%E‘ 650 - © 001C
< [ |~o—0.01C-cal
= 400°C
500 - | —B—40.0 C-Cal
v 80.0C
- |~v—s80.0C-Cal
350 : : : : : : : : : : : :
0 02 04 0.6 038 1
XNH3

Figure.106 Comparisons between the mentioned calculated and experimental data
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