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Abstract

Boiling has received considerable attention in the technology advancement of electronics
cooling for high-performance computing applications. Two-phase cooling has an advantage over
a single-phase cooling in the high heat removal rate with a small thermal gradient due to the latent
heat of vaporization. Many surface modifications have been done in the past including surface
roughness, mixed wettability and, porous wick copper play a crucial role in the liquid-vapor phase
change heat transfer. However, the mechanisms of high-pressure pool-boiling heat transfer
enhancement due to surface modifications has not been well studied or understood. The properties
of water, such as the latent heat of vaporization, surface tension, the difference in specific volume
of liquid and vapor, decrease at high-pressure. High-pressure pool-boiling heat transfer
enhancement is studied fundamentally on various engineered surfaces. The boiling tests are
performed at a maximum pressure of 90 psig (620.5 kPa) and then compared to results at 0 psig (0
kPa). The results indicate that the pressure influences the boiling performance through changes in
bubble dynamics. The bubble departure diameter, bubble departure frequency, and the active
nucleation sites change with pressure.

The pool-boiling heat transfer enhancement of a Teflon© coated surface is also
experimentally tested, using water as the working fluid. The boiling results are compared with a
plain surface at two different pressures, 30 and 45 psig. The maximum heat transfer enhancement
is found at low heat flux at high pressures. The primary reasons for the HTC enhancement at low
heat flux are increased active nucleation sites at low wall superheat and decreased bubble departure
size. A significant reduction in the wall superheat is also observed. The results suggest that

Teflon®© coated surface promotes nucleation because of the lower energy requirement.



The boiling results are also obtained for wick surfaces. The wick surfaces are fabricated
using a sintering process. The boiling results are compared with a plain surface. The reasons for
enhancements during pool-boiling heat transfer are primarily due to increased bubble generation,
higher bubble release frequency, reduced thermal-hydraulic length modulation, and enhanced
thermal conductivity due to the sintered wick layer. The analysis suggests that the Rayleigh-critical
wavelength decreases by 4.67 % of varying pressure, which may cause the bubble pinning between
the gaps of sintered particles and avoids the bubble coalescence. Changes in the pitch distance
indicate that a liquid-vapor phase separation happens at the solid/liquid interface, which impacts
the heat-transfer performance significantly.

Similarly, the role of the high-pressure over the wicking layer is further analyzed and
studied. It is found that the critical flow length, A, reduces by three times with 200 um particles.
The results suggest that the porous wick layer provides a capillary-assist to liquid flow effect, and
delays a surface dry out. The surface modification and the pressure amplify the boiling heat transfer
performance. All these reasons may contribute to the CHF, and HTC enhancement in the wicking

layer at high-pressure.
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Abstract

Boiling has received considerable attention in the technology advancement of electronics
cooling for high-performance computing applications. Two-phase cooling has an advantage over
a single-phase cooling in the high heat removal rate with a small thermal gradient due to the latent
heat of vaporization. Many surface modifications have been done in the past including surface
roughness, mixed wettability and, porous wick copper play a crucial role in the liquid-vapor phase
change heat transfer. However, the mechanisms of high-pressure pool-boiling heat transfer
enhancement due to surface modifications has not been well studied or understood. The properties
of water, such as the latent heat of vaporization, surface tension, the difference in specific volume
of liquid and vapor, decrease at high-pressure. High-pressure pool-boiling heat transfer
enhancement is studied fundamentally on various engineered surfaces. The boiling tests are
performed at a maximum pressure of 90 psig (620.5 kPa) and then compared to results at 0 psig (O
kPa). The results indicate that the pressure influences the boiling performance through changes in
bubble dynamics. The bubble departure diameter, bubble departure frequency, and the active
nucleation sites change with pressure.

The pool-boiling heat transfer enhancement of a Teflon© coated surface is also
experimentally tested, using water as the working fluid. The boiling results are compared with a
plain surface at two different pressures, 30 and 45 psig. The maximum heat transfer enhancement
is found at the low heat fluxes. At high heat fluxes, a negligible effect is observed in HTC. The
primary reasons for the HTC enhancement at low heat fluxes are active nucleation sites at low wall
superheat and bubble departure size. The Teflon© coated surface promotes nucleation because of

the lower surface energy requirement.



The boiling results are also obtained for wick surfaces. The wick surfaces are fabricated
using a sintering process. The boiling results are compared with a plain surface. The reasons for
enhancements in the pool-boiling performance are primarily due to increased bubble generation,
higher bubble release frequency, reduced thermal-hydraulic length modulation, and enhanced
thermal conductivity due to the sintered wick layer. The analysis suggests that the Rayleigh-critical
wavelength decreases by 4.67 % of varying pressure, which may cause the bubble pinning between
the gaps of sintered particles and avoids the bubble coalescence. Changes in the pitch distance
indicate that a liquid-vapor phase separation happens at the solid/liquid interface, which impacts
the heat-transfer performance significantly.

Similarly, the role of the high-pressure over the wicking layer is further analyzed and
studied. It is found that the critical flow length, Ay reduces by three times with 200 um particles.
The results suggest that the porous wick layer provides a capillary-assist to liquid flow effect, and
delays the surface dry out. The surface modification and the pressure amplify the boiling heat
transfer performance. All these reasons may contribute to the CHF, and HTC enhancement in the

wicking layer at high-pressure.
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Chapter 1 - Introduction

1.1 Background and Motivation

Over the next 25 years, a dramatic shift in energy demand is expected, roughly increasing from
110 to 160 gBtu of energy [1]. The increasing degree of interconnectivity, continuing growth in
data volume via personal electronic devices, advancing of embedded electronics system in
transportation systems, and extensive usage of electricity by large scale data center systems have
played a significant role in this energy demand shift [2]. The software companies such as Amazon,
Microsoft, Google, Facebook and other companies are looking for passive cooling solutions to

cool the processors and to reduce the electricity usage in large data centers.

Economical, reliable, and safe access to outer space is crucial to extend human presence in
space and explore in-space resources [3]. Achieving this goal requires novel spacecraft
technologies, including the next-generation thermal and water management systems for efficient
and lightweight spacecraft and habitats [4, 5]. Novel spacecraft technologies require advanced
passive cooling to transfer a large amount of heat in a small thermal resistance. The performance
of the liquid-vapor phase-change heat transfer is limited due to a requirement of a robust and
additional flow control system, which makes the system bulky, complicated, and increases the cost
of spacecraft. Several techniques have been developed for cooling solutions, including heat sinks,
cold plates, thermoelectric coolers, fans and blowers, heat pipes, vapor chambers, thermosiphons,
and others. These cooling solutions can be categorized broadly in two areas: air cooling and liquid
cooling. Liquid cooling can be further categorized into two areas: a single-phase and a two-phase

cooling system are shown in Fig 1.1.



In electronic systems, an air-cooling system comprises a heat sink and a mechanical rotating
device fan. The heat sink dissipates heat from the electronic system passively by a fluid medium
using a series of fans. An air-cooled system provides the most reliable, simpler, and affordable
cooling solution. However, an air cooling system makes the electronic system bulky, noisy, and
less efficient. It also provides limited cooling because of the low specific heat of air. For extensive
computing infrastructure like data centers, an air cooled system also requires a significant amount

of power input for the air conditioning system.

Cooling Methods
|

' !

Single-phase Two-phase

Figure 1.1 The most common electronic cooling methods

Liquid cooling has received significant interest in the new generation of electronic cooling systems
over the last three decades. Heat can be removed using a single-phase liquid in microchannels [6].
A two-phase cooled system has an advantage in the high heat removal rate as compared to a single-
phase cooled system due to the latent heat of vaporization. It can dissipate heat three times higher

in comparison to air cooling. However, liquid cooling has several limitations in real-life



applications. It requires a closed-loop system for heat dissipation. It also has the potential for

coolant leaking.

Such cooling methods can be used in a wide range of applications, including miniature electronic
cooling [7], renewable energy systems [8], electric vehicles [9][10], high power radars [11], and
immersion cooling [12][13] for high performance of computing systems (HPC), etc. A two-phase
cooling, i.e., pool-boiling, offers a passive heat flux cooling with a minimal temperature gradient.
However, the main technical challenges are limited to the heat removal capacity due to the Critical
Heat Flux (CHF) which is a transition to a low Heat Transfer Coefficient (HTC) due to surface dry
out. In the past, many methods have been employed for boiling heat transfer enhancement,
including surface modification, varying system pressure, and providing capillary driven flow using

various wick structures which are discussed in the next sections.



1.2 Literature Survey

1.2.1 Enhancement with surface modifications

In pool-boiling heat transfer, bubble generation plays a crucial role in the heat transfer
enhancement. Several approaches can enhance the performance of pool-boiling heat transfer either
by modifying the surface morphology [14] or altering the properties of the working fluid by
addition of nano-particles [15] [16]. The boiling heat transfer can be enhanced by varying the
system pressure [17]. All these methods enhance the heat transfer performance passively and can
be applied to single-phase or two-phase boiling heat transfer. These techniques promote higher
bubble generation decreasing the thermal resistance of a heated surface with or without increasing
surface area [15]. Today, there is a high demand for advanced thermal management to enhance the
performance of overall systems [18]. The application of passive techniques in boiling heat transfer
is of great interest because it offers a reliable and material savings solution with an advanced
thermal control and compactness feature [19]. Many approaches have been shown effective heat

transfer enhancement to pool-boiling heat transfer passively [20].

The surface engineering can be varied by introducing changes in the surface at micro and
nanoscales. Surface engineering approaches include surface roughness [21-22], micro/nano
structured surfaces [23-25], wettability [26-32], addition of nanoparticles [33], nanocoating [34],
modulated wick surfaces [35] and micro porous surfaces [36], extended surfaces like pin-finned
[37], swirl flow devices etc. Jones et.al [22] investigated the influence of surface roughness on the
performance of nucleate pool-boiling heat transfer. They found 210% enhancement in the heat
transfer coefficient for FC-77 (Fluorinert™ coolant) with a rough surface (surface roughness

between 1.08 um to 10 um) compared to the polished surface with a surface range between 0.027



um to 0.038 um. The importance of using rough surfaces in the performance of boiling heat

transfer lies in the increased number of nucleation sites and the size of cavities.

Honda and Wei [37] performed a series of pool-boiling experiments for the micro-pin-fin of 10-
50 um in thickness and 60-200 um in height for cooling electronic components. The surface was
fabricated by dry etching. They found a sharp increase in the slope of boiling curve with an
enhancement for the CHF and the HTC. The maximum value of allowable heat flux was reported
to be 84.5W/cm?, which is 4.2 times larger compared to the smooth chip with a chip dimension h

=270 um and t = 50 pm at ATsup = 45 K.

50 pm 50 pm

(a) PF50-60 (b) PF50-200 (c) PF50-270

Figure 1.2 SEM image of fabricated silicon chips with micro pin fins [37]

On the other hand, Rahman et al [38], achieved a CHF of 257 W/cm? for water on the fabricated
micro structured superhydrophilic surfaces with negligible contact angles. The research work

demonstrated the role of wickabililty as the main factor in the CHF enhancement. The usage of



biotemplated nanofabrication was featured with the Tobacco mosaic virus by varying length
scales, morphologies, roughness factors, and wickabilities. A CHF model was also correlated to
a dimensionless parameter for capillary action. The SEM images of microstructure geometries are

shown in Fig 1.3.

Microstructured Surfaces
(a)

Hierarchical Surfaces

Figure 1.3 SEM images of micro, nano, and hierarchically structured silicon surfaces, and
TMV coated micro/nano structures. All the geometries were fabricated using deep reactive
ion etching. The image is taken from the reference [38]

Betz et.al [28] investigated and achieved 165% and 200% of enhancement in the CHF and
the HTC respectively for the enhanced biphilic surfaces (combined hydrophilic and hydrophobic

patterns). The surfaces were characterized with different networks of combined hydrophilic and



hydrophobic regions. Varied wettability surface featured with hydrophilic surface over the
hydrophobic surface gives an advantage in transporting liquid to the heated surface and the
hydrophobic surface promotes bubble nucleation at lower wall superheat. A micrograph on

hydrophilic and hydrophobic network is shown in Fig 1.4. The onset nucleate boiling at the onset

e

Hydrophilic Network (+) 'Hydrophobic Network (-)

o o)

Figure 1.4 Topography of (a) hydrophilic and (b) hydrophobic surfaces with the patterned
diameter d and the pitch length p (c) nucleating bubble at the interface area of different
wettability [28].

point is also shown in Fig.1.4

Li and Betz [39], investigated pool-boiling heat transfer on the graphene oxide coated
surface at high-pressures. The surface was fabricated using a spray coating method. The result
showed a significant improvement in the HTC at high-pressure. The HTC was enhanced by a
126.8 % at 0 psig and 51.5 % at 45 psig for a heat flux of 30 W/cm?. In regards to bubble dynamics,
the bubble departure size at the graphene oxide surface was significantly smaller than the copper
surface. The HTC enhancement was related to the bubble departure size due to a pinning
mechanism on the micro and nanostructures in the graphene oxide coating surface and a higher
thermal conductivity. The topography of the graphene coated surface is shown in Fig.1.5. The top

and side view of the coated surface are shown in Fig 1.5.



Figure 1.5 The SEM image of (a) the plain copper surface and (c) the GO coated surface.
The 3D images are shown for (b) the plain copper and (d) the GO coated surface. The side
view of the coated GO coated surface is shown in (e).

1.2.2 Enhancement with varying system pressure

In the literature, many experimental results have reported heat transfer enhancement with pressure.
Sakashita et.al [17] studied the boiling behavior on a horizontal plate in saturated pool-boiling of
water at high-pressures (up to 701 kPa). The effect of pressure was found on the s bubble departure
size, but the bubble departure frequency of the coalesced bubbles showed negligible effect. A
direct correlation was also highlighted for the nucleation site densities with the pressure [40]. A
significant enhancement in the performance of low pressure pool-boiling has also been reported

[41-44]. The summary of high-pressure pool-boiling data is tabulated in Table 1-1.

There is not enough data to explain the complexity involved in the high-pressure pool-boiling heat
transfer [17]. There is a considerable need for experimental data to understand the physics involved

in the high-pressure pool-boiling.



Table 1-1 Summary of high-pressure pool-boiling heat transfer

Authors Pressure Range Fluid Surface Remark

Sakashita and atm. to 7 MPa Water  Horizontal  Primary bubble

Ono 2009, [17] upward size decreases,
no change in
the bubble
departure
frequency

Semeria, 1963 5 MPato 10 MPa Water  Horizontal  Size of

[45] cylinder departure
diameter is
inversely

proportional to
the pressure

Bobrovich and 0.1 MPato 5.35 MPa Water  Upward

Mamontva, 1965 facing

[46] rectangular
surface

Nisikawa etal.,  0.005to 4 MPa Water  Horizontal

1982 [47] 0.3mm
diameter
wire

1.2.3 Enhancement using wick structure

In pool-boiling heat transfer, the main challenges lie to a limited heat removal capacity due to a
low Critical Heat Flux (CHF), because of premature surface dry out and poor Heat Transfer
Coefficient (HTC) due to a premature surface dry out. To overcome these limitations, the
application of a uniform thickness porous-layer coating to the surface, have been shown to
passively provide effective heat transfer enhancement to boiling heat transfer [48][49].
Nasersharifi et.al [50] investigated saturated pool-boiling heat transfer performance on multilevel
modulated wicks, i.e, monolayer, columnar, and mushroom post wicks structure. The schematic
of the monolayer, columnar and mushroom post wicks structures are shown in Fig.1.6. They found

20% and 87% enhancement in the critical heat flux in monolayer wicks without and with the



mushroom post structure, compared to the plain surface for n-pentane. The CHF enhancement of
the mushroom wicks attributed to its pitch distance, 3.5 mm, which effectively reduce the
hydrodynamic instability (Rayleigh-Taylor) wavelength. Further reduction of the pitch distance, 1

mm, and a 250% enhancement for CHF was found.

Design A Design B Design C Design D
Plain Surface Monolayer Wick Post Wick Mushroom Wick
lm - Ip

‘8 Qp-3Arre 1 Am =1 [‘/T’\

— : N | )
" | * ' I

~ - ~ -

Subs;r:'lle‘ _ e St e

Figure 1.6 The schematic of multilevel modulate wick in pool-boiling including the plain
surface (Design A), monolayer (Design B), columnar posts (Design C), and mushroom posts
(Design D) wicks. The image is taken from reference [50].

Hwang and Kaviany [51] studied pool-boiling performance on thin uniform porous
coatings for different copper particles diameters from 40 microns to 80 microns with coating
thickness varying between 3 and 5 particles diameter. They found that a thin uniform coating
significantly influences the hydrodynamic instabilities by decreasing the critical Rayleigh-Taylor
wavelength. Jafari et.al [52] studied the performance of a two-phase heat transfer process on a free
foam porous structure fabricated by 3D metal printing technology. They examined the capillary
performance of 3D printed wick structures with the sintered powder, screen mesh, and composite
wick structures. Kandilkar [53] emphasized the dominating effect of evaporation momentum force

in the pool-boiling performance for microstructure surfaces through the bubble dynamics of
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nucleating bubbles. Chang and You [54] reported the enhancement in both the CHF and HTC of
the microporous coating and found that the enhancements are due to the increased nucleation site
density. Kim et. al [55] found that the microporous coating augments nucleate boiling performance
through increased latent heat transfer in the low heat flux region and through increased convection

heat transfer in the high heat flux region.

Table 1-2 Summary of the predicted critical heat flux correlations of plain and micro
structured surfaces during pool-boiling

Type of Surfaces Predicted Correlations

Plain Surface Qeurz = Ehl pg*go(pr — p ]1/4
(Zuber, 1959) [56] B2 !

dcur = Coqchrz

-1
Bi-porous sintered coatings C. = 184+ 1.75 (i) _451 {1 71
(Byon et.al, 2013) [57] p = L8+ LG) expmaslil
d 2
+in(5)) ]

1/2
Modulated Porous Layer — AR 21a’opy
. . dcHr = lg
(Liter and Kaviany, 2001) 9t
[58] . . l o r/z
" T gor = pg)
20p5 1"

Qenru = 0.52e2%84hy, [ g l
Uniform porous layer coating (o1 + pg) dpr)
(Polezhaev and Kovalev,
1990) [59] where d,,,. is the diameter of the breakthrough

bubble

Liter and Kaviany [58] investigated the modulated porous-layer coatings and found an
enhancement in the pool-boiling critical flux nearly three times over that of a plain surface. They
demonstrated the two independent mechanisms in a critical heat flux delay: decreased modulation

wavelength and the capillary pumping force. Byon et.al [57] investigated the pool-boiling critical
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heat flux of bi-porous sintered copper coatings in FC-72 and found the enhancement is primarily
a function of the particle size to cluster size ratio (d/D) and independent of the coating thickness.
Many correlations have been developed for the CHF of micro-structured surfaces. A summary of

the predicted correlations is shown in Table 1-2.
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1.3 Pool-Boiling Heat Transfer Theory

Pool-boiling heat transfer is an efficient way to transfer a large amount of heat in a small thermal

gradient because of high latent heat of vaporization. It is a complex, two-phase, and transient heat

transfer mechanism. It transfers heat through vapor bubbles from a heated surface in a superheated

liquid layer. A complete boiling process is generally described through a boiling curve. A typical

boiling curve for pool-boiling heat transfer is shown in Fig 1.7. It is basically drawn for the rate

of heat transfer versus degree of superheat. The rate of heat transferred through a unit area of a

heated surface is determined using Fourier’s law of heat conduction. The wall of superheat can be

determined as the temperature difference between the surface temperature Ts and the saturated

bulk fluid temperature Tsat.

Rate of Heat Transfer

Nucleate Boiling Transition Boiling Film Boiling
- e N4 ple » o >
Critical Heat Flu BOILING VAPOR BUBBLES FLOAT
- ECOMES ON A VAPOR cUsHION T
o o AND EVAPORATES VE
IRRR SLOWLY
I i
CONVECTION T T T T T HIT
VAPOR SURFA Vapor Cloud
BUBBLES \
COALESCE
AND FORM —
DISCRETEy \poR JETS g D «
BUBBLE I‘HTTI S
FYYI IR IFYYYIRIIVYIITR
FORMATION M ITHE T ITIerTT
2 10 40 100 >100

Degree of super heat (I, - To)

Figure 1.7 A typical boiling curve for pool-boiling heat transfer. C indicates the Critical Heat
Flux (CHF)
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A typical pool-boiling curve consists of four different boiling regimes based on the wall superheat
1.8 AT =T - Tsat.

1. Regime O-A: Natural convection boiling - AT <5°C

2. Regime A-B: Discrete vapor bubble formation - 5°C < AT < 10°C

3. Regime B-C: Nucleate boiling - 10°C < AT < 30°C

4. Regime CD: Transition boiling - 30°C < AT < 200°C

5. Regime D-E: Film boiling - 200°C < AT < beyond
These boiling regimes are shown in the boiling curve in Fig 1.7. A pool-boiling process starts at
an onset point when the first bubble nucleates to the surface. When the wall superheat increases to
10°C, the heat is transferred through a number of small bubbles through the surface followed by a
large number of vapor bubbles formation so called nucleate boiling. In pool-boiling heat transfer,
nucleate boiling plays an important role because the maximum heat is transferred in this regime
from the surface though vapor bubbles in the working fluid. As the wall superheat increases
further, the vapor bubbles start merging with the adjacent bubbles and form vapor jets [56]. In
nucleate pool-boiling, the heat flux cannot be increased indefinitely. The maximum heat is
transferred at a certain point C, called the Critical Heat Flux (CHF) for a certain value of wall
superheat. Beyond the CHF, the steam produced over the surface forms an insulating layer, which
impacts the heat transfer coefficient by decreasing the heat transfer rate. It occurs because a large
portion of the surface is covered by a vapor film, which acts as thermal insulation due to the low
thermal conductivity of vapor relative to the liquid. Immediately after CHF, the boiling becomes
unstable and vapor bubbles start exploding. At this point transition boiling occurs. As the heat flux
increases further, a film boiling starts at a very high wall superheat about 30K, beyond 200°C. The

vapor bubbles drift on a vapor cushion and evaporate very slowly.
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1.3.1 Nucleate Boiling

In 1950s, it was recognized that the boiling initiates from the nucleation of bubbles from the

surface imperfections/cavities present on the heated surface [34].

AN ﬁé\/ Eﬁ Hﬂ "

Figure 1.8 A schematic of cavity that entraps gas/vapor on the surface. The angle ¢ and ¥
represent the contact angle and cavity angle respectively [34].

Above 1 atm.

L 4

The gas/vapor present in the working fluid entraps in the cavities and act as a nuclei for bubble
nucleation as shown in Fig 1.8.

1.3.2 Active Nucleation Sites

According to the theory presented by Hsu [60], the size of active nucleation sites depends on the
wall superheats, pressure of the system, surface morphology and boundary layer thickness of the
superheated layer. The radius of active nucleation sites, r is expressed by:

) 0 Osat\>  4AC,
{Tmax> Tmin} =2_C1 1- ;:/ti\/(l_ Sa) - 56, (1.1)

For the saturated boiling condition, the fluid temperature is the same as the saturation temperature

of the liquid. Oy, is defined by Ty — Tgqe = 0.

15



4AC,

{rmax»rmin} = 2_61 1+ 1 56, (1-2)

where, 6 is the boundary layer thickness,C; = (1 + cos @)/sin @, C, = (1 + cos @), @ is the

wetting angle, A = 20T, /pyhw and, 0, =T, — Tsqut.

The cavity size depends on the properties of the working fluid and the surface wettability.

To study the effect of pressure on the cavity size, Eq. (1.1) is plotted at saturated conditions at

different pressures. Fig. 1.9 demonstrates the effect of pressure on the active nucleation size at a

micron level.
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Figure 1.9 The impact of pressure on the nucleation sites at high-pressures

Pressure activates the nucleation sites at a micron level as shown in Fig 1.9. For example, at the

same wall superheat of 10 K shown in Fig. 1.9, the size range of active nucleation sites is much

larger for 60 psig than the atmospheric pressure. Henceforth, we get more nucleation points on the

heated surface.
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Thermophysical properties of water change with increasing pressure. The thermophysical
properties of water are tabulated in Table 1-3 for different pressures.

Table 1-3 Thermophysical properties of water at high-pressures

Pressure | hfg p pv g o

(in psi) | (J/kg) (kg/m?) | (kg/m®) (m/s?) ( N/m)
15 2258000 958.5 0.591 9.81 0.0589
30 2203000 943.4 1.121 9.81 0.0546
45 2174000 934.6 1.496 9.81 0.0522
60 2133800 921.7 1.965 9.81 0.0505
75 2122500 918.4 2.010 9.81 0.0486

As pressure increases, the latent heat of vaporization and the specific volume of liquid decreases.
The active nucleation site size range can be determined from the equation (1.2) as a
function of wall superheat, 8,,. If the required heat flux for the inception of boiling is known, the

boundary layer thickness, 6 can be predicted using equation (1.3),

4kAC,
6= (1.3)
9o

where, k is the thermal conductivity of the liquid and g, is the required heat flux which can be

obtained from the experiments.
1.3.3 Bubble Departure Size
Based on hydrodynamic theory, Fritz [61] predicted the bubble departure diameter depends

on the surface tension of liquid, contact angle and the buoyant force, is shown in equation 1.4.

- 1/2
l (1.4)

D, = 0.0208¢ I—
¢ (o —py)
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where, D is the bubble departure diameter, ¢ is the contact angle, ¢ is the surface tension of the
liquid, p; and pg are the density of liquid and vapor.
1.3.4 Nucleation Site Density

The density of active nucleation sites plays a key role in the liquid- vapor phase change heat
transfer. Mikic and Rohsenow [62] correlates the active nucleation site density and the size of the

cavities present on the surface for the partial nucleate boiling regime. The expression is given by,

m

ne' = | (1.5)
a 40Toq '

pvhlg O
where, m is the empirical constant, D is the maximum cavity diameter of the surface, ¢ is the
surface tension of the liquid, T4, 1s the liquid saturation temperature, p,, is the vapor density, h;,
is latent heat of vaporization, and 6,, is the wall superheat.
1.3.5 Bubble Departure Frequency

The bubble release frequency can be estimated using Zuber’s [56] correlation, expressed by:

ag(p — pg)r/ !
e (1.6)

fDy = 0.59[

where, f is the bubble release frequency, D, is the departure diameter, g is the gravity, ¢ is the
surface tension and p; and p,, are the liquid and vapor density respectively.

1.3.5 Heat Transfer Coefficient

The heat transfer coefficient is determined by the Forster and Grief [63] micro convection model:

HTC = 2(2kypicp)/*Da* 1204 (1.7)
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Where, k; is the conductivity of the liquid, p; is the density of liquid, c,; is the specific heat of

liquid, D, is the departure diameter, f is the bubble release frequency and n,’ is the active

nucleation site densities.
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1.4 Outline and Objectives

1.4.1 Outline of the Thesis

The outline of the thesis is given in this section. The topics covered in the following sections are
as follows:

In Chapter 2, the design fabrication of the copper sample is illustrated with the high-pressure
pool-boiling test facility. The working principle of a back pressure regulator valve is also shown
in the chapter. The test procedure of the experiment is explained with the uncertainty
measurements in the experimental data. The objective of the work is to provide detailed
information about the design set up of the pool-boiling experimental facility.

In Chapter 3, the high-pressure pool-boiling theory is discussed using Hsu’s theory. The objective
of the work is to develop a fundamental understanding of the pool-boiling behavior at high-
pressure. The effect of high-pressure on the bubble dynamics is studied with the bubble departure
size, bubble departure frequency, and the nucleation site densities. The experimental results are
also validated with the existing models. The CHF enhancement is also discussed through bubble
dynamics. The HTC is compared with existing correlations in the literature.

In Chapter 4, the combined effect of wettability and high-pressure are explored in the
performance of pool-boiling heat transfer. The objective of this work is to explore the boiling
behavior and mechanism of heat transfer enhancement for a Teflon coated surface. The surface
preparation of a Teflon coating and characteristics are described in this section. The static contact
angle measurement is also performed for the polished copper surface, and the Teflon coated copper
surface. The bubble dynamic is studied analytically with the existing correlations for different
wettability. The pool-boiling results at high-pressure is discussed for the Teflon coated surface and

compared with the polished copper surface.
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In Chapter 5, a key approach for fabricating a wick structure is explained in detail. The objective
of this work is to understand the combined effect of wick structure and pressure in the heat transfer
enhancement mechanism. The surface characteristics are studied with static contact angle
measurements. The pool-boiling heat transfer enhancement and its mechanism are discussed in
this section. The results are compared and validated with the existing models for the enhanced heat
transfer for the sintered wicks.

In Chapter 6, the mechanism for heat transfer enhancement on a wick structure is discussed in
this chapter. The pool-boiling heat transfer enhancement using a porous wick structure depends on
many factors such as the size of the sintered wick particles, packaging structure, and the thermal
resistance provided by the layered wick. The objective of this chapter is to develop a theory which
explains the heat transfer enhancement mechanisms with the packaging pattern of the wick
particles. The pressure effect will further explain in the heat transfer enhancement mechanism. A
parametric study has been performed for heat transfer enhancement for different sizes of sintered
particles. We present a numerical model to optimize the size of sintered particles to enhance the
performance of pool-boiling at high-pressures.

Finally, the concluding remarks and future work are presented in Chapter 7. The full list of the
publications during the doctoral studies are listed at the end of the thesis with poster presentations
and conference proceedings. Abbreviations and nomenclatures are presented at the start of the

dissertation (page xvi and xvii).
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Chapter 2 - Experimental Setup

2.1 Introduction

The high-pressure pool-boiling experimental facility is presented in this chapter. The experiments
are performed on a plain copper surface at high-pressures. The pool-boiling performance is also
investigated for the sintered wick structures. The fabrication process of the wick layer is also
illustrated with the surface characterization. The experimental method, test procedures, data

reduction, and measurement uncertainties are presented in this chapter.

2.2 Fabrication Procedure

2.2.1 Sample Fabrication: Plain copper

The high-pressure pool-boiling experiments are performed on a plain copper surface. Copper is
chosen for pool-boiling tests because of its high thermal conductivity. The schematic of the copper
substrate with the heater arrangement is shown in Fig 2.1. The height of the copper rod is 7.62 cm
long. The top portion of the copper rod is 1 cm in diameter and 2.54 cm long. The bottom portion
is 2.54 cm in diameter and 2.51 cm long. The total surface area of the top portion of the heating
block is chosen as approximately 1 cm?. The copper rod is insulated with a PTFE block. The copper

rod is micro milled and cleaned by extra fine sand paper before the tests.

2.3 Experimental Setup, Test Procedure and Uncertainty

2.3.1 High-pressure Pool-boiling Test Facility

The schematic of the experimental setup is shown in Fig 2.2 including the heating block with the
Teflon insulated surface, heater arrangement, and data acquisition system. A similar test setup was
used in Dahariya and Betz [42]. The experimental setup is built for the maximum rated pressure

of 900 psig. It consists of a boiling vessel (17.94 cm long and 10.16 c¢cm in diameter with a wall
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thickness of 0.95 cm) made from 304 stainless steel. The end walls of the boiling vessel are tightly
sealed with the Poly Tetra Fluro Ethylene (PTFE) gaskets and flanged with 18 stainless steel % in.
threaded nuts. A copper helical tube is used to condense the steam inside the boiling vessel. A
pressure transducer is mounted on the top of the vessel to monitor the pressure inside the boiling
vessel during the experiments at high-pressures using the Data Acquisition system. The copper

block assembly with the insulated surfaces and heating rod is shown in Fig 2.1.

Insulated piece of Teflon maternial

]
i
: i
X2 %3
Thermocouples location

1%

Figure 2.1 The heater assembly with the copper substrate and the Teflon block.

The copper block is insulated with the PTFE surface. The gap is filled with a high temperature
copper sealant to avoid any water leakage and heat loss through the gap. Three thermocouple holes
are drilled through the vessel, the Teflon block, and the center of the copper rod to measure the
surface temperature. The three thermocouples were placed at x1 =3 mm, X2 =9 mm and x3 = 15
mm from the top surface of copper substrate. The surface temperature is extrapolated from the
measured temperatures from the thermocouple readings. High conductive thermal paste is applied
to the thermocouples to maintain a low resistance between the thermocouples and copper surface.
A K-type of thermocouple is placed inside the boiling vessel to measure the bulk temperature of

saturated water. The heat input is generated by a 500 W, 0.496"" Watlow fire rod cartridge heater.

The heater is inserted from the back end of the copper block of 2.54 cm diameter. The heat flux is
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provided using the AC-DC power controller manufactured by TDK-Lambda. The power input of
the cartridge heater is controlled by a relay controller with a duty cycle of 1-10 V analog input

over a period of 1s.
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Figure 2.2 The schematic of the pool-boiling experimental setup with the boiling vessel,
back pressure regulator, nitrogen gas, data acquisition system, thermocouples setting, sight
window, and heater assembly.

A 250 W, 120 V water heater is inserted from the side of the boiling vessel to maintain the water
saturation temperature during the experiments. The level of the water and the boiling behavior are
visualized through the 1 in. NPT Sapphire Bonded (maximum rated pressure 1000 PSI) window.

A 1/8 in. NPT glass window is mounted on the top of the boiling vessel to allow a lighting system
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to illuminate the inside of the vessel. The boiling process is recorded by a high speed camera (Sony
RX100 VI).

Two ports of 1/8 in. are used on the top flange for nitrogen gas inlet and water vapor outlet.
Nitrogen gas is used to pressurize the boiling vessel due to its inert property of Nitrogen gas. The
desired system pressure is maintained by regulating the nitrogen gas flow rate using a high-
pressure regulator gate valve of maximum rated pressure 1500 psi manufactured by Harris
Products Group. A butterfly gate valve is used between the boiling vessel and pressure regulator
valve to avoid back pressure flow of water vapor. To ensure a high level of safety, the entire system

is insulated and designed with metal piping.

Precision Back Pressure Regulator Working Principle of Back Pressure Regulator
by Equilibar

Set-Point Reference

/ Pressure

Special Diaphragm

Orifice

Steam

Steam Inlet Outlet

Figure 2.3 The working principle of precision back pressure valve of stainless steel body. It
controls the pressure by balancing three-way force where the diaphragm touches to the
outlet orifice.

A back pressure regulator valve (1/4 in port, maximum pressure 0 - 750 psi, maximum CV 1.2)
made of stainless steel 316/316 is used to release the extra pressure due to the formation of steam

inside the boiling vessel. It is purchased by Equilibar, Precision Pressure Control. The Equilibar

25



pressure regulator valve works differently from a traditional back pressure regulator valve. It
controls the inlet pressure by controlling three-way force from inlet, reference point and ambient.
The working principle of the back pressure regulating valve is shown in Fig. 2.3 with a picture of

the regulator valve.

2.3.2 Test Procedure

The pool-boiling experiment was performed in deionized water to avoid any contaminants being
deposited on the surface. The high-pressure pool-boiling test is performed in a pressurized boiling
chamber. The boiling vessel is first pressurized with compressed nitrogen gas. The nitrogen gas is
drawn from the nitrogen gas tank into the boiling vessel through a high-pressure regulator valve.
The system pressure is monitored for 5-6 minutes until the pressure stabilizes through the pressure
transducer. The bubble test is performed to ensure any gas leakage. As the pressure stabilizes, the
water is heated for an hour to remove the non-condensable gases from the boiling vessel. Once
degasification is performed, the heater rod is turned on to heat the copper surface. The surface
temperature, water temperature and pressure are monitored using the DAQ system in the computer
monitor. The boiling data is collected for an interval of 10 minutes after the system reaches steady
state. Steady state is defined as in the temperature measurement, when the surface temperature
reading changes at a rate of less than 1°C/min time averaged over a period of 10 min.
Measurements are taken for a minute for each heat flux at a scan rate of 60 data points. The water
level is constantly monitored to avoid water heater burn out. The surface temperature is determined
using an extrapolation technique. The measurements are taken at different heat fluxes to construct

a boiling curve.
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2.3.3 Data Reduction and Measurement Uncertainties

The recorded temperatures are averaged over the 60 data points for each heat flux. The surface
temperature is extrapolated from the recorded temperature from the thermocouple readings with
respect to the specified locations. The thermal gradient dT/dx is calculated using the three point
backward difference Taylor’s approximation expressed in Eg. (2.1).

dT 3T, — 4T, +Ts

= 2.1
dx 2Ax 21)

The heat flux is calculated assuming one-dimensional heat conduction in the copper heat block
using Fourier’s law of heat conduction. The governing equation of 1D heat conduction for the heat
flux is expressed in Eq (2.2),

dT

cu E (2-2)

q’ =~k

where, q" is the heat flux per unit area, k., is the thermal conductivity of copper, and dT/dx is the
thermal gradient.

A comprehensive uncertainty analysis is performed for the errors in the thermocouples, the
pressure sensing device and losses in the heat flux measurements. All the reported results include
these uncertainty estimates. The thermocouples are calibrated in the ice bath at 0° C and at saturated
boiling water temperature of 98.8°C (low boiling temperature due to the pressure change) at 310m
above sea level. The calibration is performed before the tests to reduce the bias errors in the test
readings. The error in the thermocouple and data acquisition system is +1.1 K, which is a 0.75%
error. The error in the pressure transducer is about 10.75 uV (0.08375 psig). The heat loss is
determined from a difference of the calculated and the applied heat flux. The uncertainty is

calculated in the measured heat flux using equation expressed in Eq. (2.3).
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where, U is the uncertainty, P is the parameter, a; is the measured parameter.

The error is estimated by evaluating uncertainty intervals for the thermal gradient and the intercept
surface temperature from the heated surface. The boiling tests are performed under atmospheric
condition for three times. The percentage of the error is calculated from the measured heat flux.

The hysteresis curve is plotted and shown in Fig. 2.4 with an error bar,
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Figure 2.4 Uncertainty study in the hysteresis curve drawn from three sets of data points at
0 psig (0 kPa) with the averaged error.

At Onset, the average error is 14.428% and at 30 W/cm? the error is 2.896% at 0 psig (OkPa). The

percentage of error is found to be higher at low heat flux than at high heat flux readings. A similar

28



calculation is performed for high-pressure pool-boiling readings. The average error found at 45
W/cm?is 16.452%, 12.345%, and 15.632% for 2(30 psig) (206.8 kPa), 45 psig (310.2 kPa) and 60

psig (413.7 kPa) respectively.
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Chapter 3 - High-pressure Pool-boiling Heat Transfer and

Mechanism on a Copper Surface

3.1 Introduction

Boiling has been extensively studied for a decade [14]. Many correlations have been deduced and
verified with the experimental data based on the bubble dynamics (bubble departure, departure
frequency, bubble coalescence and nucleation site densities), and mechanisms of heat transfer
(conduction, convection and evaporation). In order to understand the mechanism of pool-boiling
heat transfer enhancement at high-pressure, the bubble dynamics at the solid-liquid interface are
very important to study. The wettability affects the bubbles dynamic behavior, therefore it will
impact the performance of heat transfer. Thermophysical properties of water such as the latent heat
of vaporization, difference in specific densities of liquid and vapor, and surface tension decrease
at high-pressure, change the bubble dynamics. The pool-boiling experiments have been performed
at high-pressures. The results are discussed, critically analyzed with the previous work and
compared to the existing models. The pool-boiling heat transfer enhancement is explained using
an existing theoretical model at high-pressure. Later, the bubble dynamics (the bubble departure
size, bubble release frequency and nucleation site densities) are analyzed from the boiling videos.
The work presented in this section will draw attention to how the pressure will affect the

performance of pool-boiling heat transfer and the bubble dynamics.
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3.3 Results and Discussion

3.3.1 Bubble Dynamics

The pool-boiling heat transfer was investigated on the plain polished copper surface at different
pressures. In order to demonstrate the nucleate boiling behavior at high-pressures in the low heat
flux region, Fig. 3.1 shows the captured bubble images at 0 psig (0 kPa), 60 psig (413.7 kPa), and

90 psig (620.5 kPa).

Figure 3.1 Images of bubble formation at onset for (a) 0 psig (0 kPa) and (b) 60 psig (413.7
kPa) (c) 90 psig (620.5 kPa) [64]

At 0 psig (0 kPa), the bubble starts nucleating at 1.857 W/cm?. The effect of pressure can be seen
on the size of nucleating bubbles from the heated surface. The bubble departure diameter was
measured as approximately 4.58 mm, 2.42 mm, and 2.37 mm at 0 psig (0 kPa), 60 psig (413.7
kPa), and 90 psig respectively.

The size of the departing bubble was measured at different pressures as shown in Fig. 3.1, and the
effect of heat flux in the bubble growth was also visualized in Fig. 3.2 at different heat fluxes for
the 0 psig and 90 psig. Based on the image analysis, the bubble departure diameter was calculated.
An error bar was added for the combined standard deviation and the measurement uncertainty is

shown in Fig. 3.3.
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(a1)

0.1 cm

= 8.95 W/cm?

(b3)

q" = 20.43 W/cm?

Figure 3.2 The image sequence for the nucleate pool-boiling behavior at different heat
fluxes for pressures (a) 0 psig (0 kPa) and 90 psig (620.5 kPa) [64]

The effect of pressure can be seen on the primary departure bubble size as shown in Fig 3.2. The
pressure reduces the size of nucleating bubbles significantly with increasing heat fluxes. As the

heat flux is increased, the bubbles coalesce and form vapor. Approximately, 46% of the reduction
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is observed in the bubble size from the atmospheric condition to 90 psig (620.5 kPa). The results

were also compared with the most widely used correlation by Fritz [39], based on a force balance.
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Figure 3.3 The primary bubble departure size on the horizontal surface with a standard
error bar [64]

The results suggest that change in the specific volume of liquid-vapor may cause the change in
bubble departure size. The experimental results are plotted against the Fritz’s correlation and found
to be a similar trend. Sakashita et al. observed that the diameter of coalesced bubbles increases
with heat flux and pressure [17]. They found that the size of the departing bubble is inversely
proportional to pressure and leads bubble to coalesce at very low heat flux of 0.0614 MW/m?,
Sakashita et al. analyzed in their experiments at 2.70 MPa on the horizontal heating surface [40].
The size and primary bubble growth rates become smaller at high-pressures, and surface tension

forces dominate over buoyancy. Labuntsov et al. investigated the similar nature in the growth rates
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of departing bubbles at high-pressures [65]. They analyzed their studies based on the evaporation
rate of liquid close to the bubble base.

At high-pressures, the excess rate of change of enthalpy of the bulk liquid surrounding the bubbles
impacts the bubble size. The experiments were performed at high-pressures on horizontal and
vertical surfaces, and revealed that the pressure slows down the bubble growth rate. The rate of
departing bubbles was also measured. At 0 psig (0 kPa), the bubble takes approximately 17
seconds, and at 60 psig (413.7 kPa) it takes approximately 13 seconds. It shows that the bubble
departure frequency increases with increasing pressure. With increasing pressure the surface
tension of liquid decreases, which may affect the reaction forces on the departing bubbles.

3.3.2 The Bubble Departure Frequency

The bubble departure frequency was calculated from averaging the first sixty frames of the
departed bubble videos for every second. The theoretical curve was approximated by Zuber’s
correlation expressed in Eq. (1.6).

The experimental results for the bubble departure frequency were compared with the predicted
data as shown in Fig. 3.4. At high-pressure, the detachment frequency increases. A large variation
from he predicted results is noticed. However, a similar trend (same slope) can be seen in the
predicted and experimental data. The detachment frequency increases slightly with pressure which
is seen in the experimental data. The pressure effect on the departure frequency is hardly noticed
in the Zuber’s predicted theory.

Boborovich and Mamontva performed experiments across a wide range of pressures about 0.1 to
5.35 MPa on a 2 mm wide rectangular horizontal heating surface and found that the detachment
frequencies are unaffected by heat flux with little dependence on pressure [66]. However, they

observed a slight increase in the averaged values with pressure.
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Figure 3.4 Bubble departure frequency at different high-pressures [64]
Sakashita et.al observed the boiling behaviors on a horizontal, upward facing plate from

atmospheric pressure up to 7 MPa [17] and noticed a negligible effect in the detachment frequency
at high heat flux and pressure.

The pressure effect can be observed on the nucleation site densities. A different nucleation
behavior was measured at high-pressure. In Fig. 3.2, a higher number of active nucleating sites is
observed at 60 psig (413.7 kPa) at the onset boiling point compared to the atmospheric result.
Consequently, as the flux increases the bubble starts to coalesce with the neighboring bubbles
which can be seen in Fig. 3.2. Sakashita et.al, made a similar observation on the number of active
nucleation sites [40]. The effect of pressure was studied on the nucleation site densities at one heat
flux condition and found that the nucleation density increases in proportion to 1.5™ of the pressure.

3.3.2 Heat Transfer Performance

3.3.2.1 Heat Transfer Coefficient
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Fig 3.5 presents the heat transfer performance curves for different high-pressures.
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Figure 3.5 The heat transfer performance curve for different high-pressures [64]
For example, at 100 W/cm?, 50%, 75%, 125%, and 175% of enhancement was measured for 0 psig

(0 kPa) , 15 psig (103.4 kPa), 30 psig (206.6 kPa), 45 psig (310.2 kPa), and 60 psig (413. 7 kPa)
respectively. At 25 W/cm? of heat flux, the HTC value varies from 2- 4 W/cm? K for the pressure
value from 0 psig (0 kPa) to 60 psig (413.7 kPa). The results suggest that pressure has a significant
impact on the heat transfer performance at high heat flux. Guan et al. [67] found similar results in
saturated horizontal pool-boiling with chamber pressures of 150 kPa, 300 kPa, and 450 kPa on the
brass heater surface for pentane, hexane and FC-72. In the natural convection regime they had
noticed there was no significant change in the heat transfer coefficient with pressure. However,
they noticed a remarkable effect of pressure in the heat transfer coefficients at high heat flux. Li
and Betz [39], reported 126.8% enhancement in the HTC at atmospheric pressure and 51.5 % at

45 psig (308 kPa) on the Graphene Oxide (GO) coated surface at heat flux 30 W/cm?. The change
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in the HTC for the GO coated surface was related to the excessive bubble generation from the
surface and the enhanced thermal conductivity due to higher thermal conductivity of Graphene.

Figs. 3.6 — 3.10 compares the high-pressure data with the predicted values from different
correlations. The data were plotted for the measured heat transfer coefficient values against the
heat flux values. The most widely used correlation of the critical heat flux of Rohsenow [37]
expressed in Eq. (3.5) was used to compare the result. The model is mostly dependent on the

property of liquid and the surface property.

- lhlg

[g(pz - pv)] cpi(Ts = Tsar)]’ (35)
CsphpPr™ '

The HTC is a function of the various fluid properties. The fluid properties were evaluated at the
saturation temperature corresponding to the local pressure, and, Cs is a function of the particular
heating surface-fluid combination. In the modeling, the mass velocity of the vapor bubbles leaving
from the surface was considered, and also the contact angle was determined by the values of
0s1, O, and a,s, Which was determined by the kind of fluid and the heating surface. From the
boiling images, we observed the number of nucleation density increases at high-pressure, which
can cause the higher rate of vapor formation. In the end, we suggest that the model considers the
surface-fluid interaction which may be affected at high-pressure and the HTC best fits with the
Rohsenow’s predicted correlation.

The performance of the heat transfer coefficient was also determined by Foster’s [68] micro
convection model:

HTC = 2 (2MTk;pycp )/*Dg* %1 (3.6)

Where, 1’ is the active nucleation site density.
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The enhancement in the HTC was observed using the Forster’s correlation because the heat transfer
was attributed to the agitation of the liquid by the bubble motion, and it was determined by the
boiling parameters.

Stephan and Abdelsalam’s [69] considered pressure in the model is expressed in Eq. (3.7)

HTC,,,

i 0.246
= 0.0546 (ﬁ) l(P_v)l/ ’ (22 )r” (= pv>_4'33 (th£> (3.7)
' Dy P ki Tsat P a,?

Stephan and Abdelsalam’s correlation modeling was based on a mechanistic model. In the model,

D, represents the departure diameter and it was determined by Fritz’s correlation. A dimensionless
heat flux was modeled which was related to several dimensionless parameters that depended on
the fluid and solid properties. The regression analysis was used to identify the important fluid
property, and the values of exponents of the property group were obtained by matching predictions
with data. In addition, the surface property was also considered in the modeling.

Fig. 3.6 compares the heat performance data with the predicted models [68] [69][70] at 0 psig (0
kPa). The experimental data agree well with Rohsenow’s [70] model. 0.23 % of deviation was
found with the experimental value at 0 psig (0 kPa). At high-pressure, 0.84%, 0.96%, 2.22 %, and
2.54 % deviation was found at 15 psig (103.4 kPa), 30 psig (206.6 kPa), 45 psig (310.2 kPa), and
60 psig (413.7 kPa) respectively. The high-pressure data has a pretty good agreement with the
experimental values. Micro-convection theory considers bubble dynamics behavior in the
performance of pool-boiling prediction. The micro-convection model considers all the parameters
of bubble departure which are diameter, detachment frequency, and nucleation site density. It was
observed previously that pressure has a huge effect on the boiling performance. Therefore, this
could be the reason the model captured the experimental data well. The HTC value is under

predicted at atmospheric pressure by 4.69%. However, the high-pressure data are over predicted
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from 1.16%, 6.41%, 10.83% and 10.94%, at 15 psig (103.4 kPa), 30 psig (206.6 kPa), 45 psig
(310.2 kPa) and 60 psig (413.7 kPa), respectively. As the pressure increases, the percentage of
deviation increases. A similar trend is found in the predicted correlation by Stephan and
Abdelsalam’s [69]. At 0 psig (0 kPa), the value is under predicted by 12.44%. In comparison to
high-pressures, the range of deviation varies to 12.44% with the predicted model. However, at 15
psig (103.4 kPa), 3.21 % of deviation is found, capturing the high-pressure data is an acceptable
range of + 20%. As pressure increases, 18.23%, 21.36% and 23.72 % of differences are noticed at
30 psig (206.6 kPa), 45 psig (310.2 kPa) and 60 psig (413.7 kPa) respectively. A summary of the
percentage deviation from the experiment in the heat transfer coefficient value at different
pressures is tabulated in Table 3-2.

Table 3-1 Percentage of deviation from the experiment in the heat transfer coefficient at
different pressures.

. Pressure (in psig )
S. No. | Correlation 0 15 30 45 80

Rohsenow

1. (1951) [70] 0.23 0.84 0.96 2.22 2.54
Foster & Greif

2. (1959) [68] 4.69 1.16 6.41 10.83 10.94
Stephan &

3. Abdelsalam 12.44 3.21 18.23 21.36 23.72
(1980) [69]
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Figure 3.6 Comparison of heat transfer data at pressure 0 psig (0 kPa) with the predicted
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Figure 3.7 Comparison of heat transfer performance at pressure 15 psig (103.4 kPa) with
the predicted data using different models from the literature [64]
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Figure 3.8 Comparison of heat transfer performance at pressure 30 psig (206.6 kPa) with
the predicted data using different models from the literature [64]
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Figure 3.9 Comparison of heat transfer performance at pressure 45 psig (310.2 kPa) with
the predicted data using different models from the literature [74]
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Figure 3.10 Comparison for heat transfer performance at pressure 60 psig (413.7 kPa) with
the predicted data using different models from the literature [74]

3.3.2.2 Critical Heat Flux

The CHF is defined as the maximum thermal limit of the nucleate boiling and the lowest limit of
film boiling of a vapor cloud formation on the surface where the heat transfer performance starts
decreasing. The mechanism of Critical Heat Flux (CHF) for high-pressure pool-boiling is
explained in this section. In the experiment, the CHF is determined from the last stable observed
surface temperature. The CHF value is also compared with the different models as shown in Fig
3.11 to validate the experimental results.

The effect of pressure on the CHF is observed and analyzed. With the heat transfer performance,
the CHF increases with varying pressure. Zuber [56] was the first to explain the CHF mechanism

based on the hydrodynamic instabilities.
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Figure 3.11 Compared CHF values from the different models at high-pressures [64]

The most widely used correlation for the CHF by Zuber [56] is expressed in Eg. (3.8) and is used

to analyze the data.

q"cur = 11/24 p,"*hiy[ga(pr — py )IV* (3:8)
where, pi and py are the densities of liquid and vapor respectively, hy is the latent heat of
vaporization, g is the gravity, o is the surface tension.

The CHF depends on the properties of water. The Zuber hypothesis is based on the high flux
densities when excessive bubbles release from the heated surface in the form of vapor patch,
leading to vapor explosions. At the interface, the surface experiences a rapid evaporation and
forces the vapor upward to the fluid in the form of explosive jets. At this point, the boiling becomes
unstable and reaches to a transition point from nucleate boiling to film boiling. The predicted CHF

was 1.4 times higher than Zuber’s predicted theory. Lienhard and Dhir [71] predicted that the
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critical flux value was 1.4 times of Zuber’s value. Kandilkar [72] obtained the critical flux value

considering the contact angle of liquid and the surface orientation is expressed in Eq. (3.9).

1+ cos 2 I 5
q" cur = 7.5 (Tqb) [ﬁ + Z(l + cos p) cos O | q"' zuber (3.9)

where, ¢ is the contact angle and 0 is the surface orientation.

In recent studies, Guan et al [67] hypothesized a new mechanistic model based on how the vapor
momentum flux at the macro-layer of the liquid, that lifts up from the heating surface, dries out
the surface. Based on the theory, the critical heat flux for the horizontal surface is predicted as

expressed in Eq. (3.10):
— 1/4 1/10
o
0" cur = 0.2445 p,hy, [W] (%) (3.10)
v

The measured CHF is compared to the above predicted theories is shown in Fig 3.11.

The CHF is enhanced with increasing pressure. On the plain copper surface 110 W/cm?, 120
W/cm?, 122 W/cm?, 130 W/ecm? and 142 W/cm? of CHF was found at 0 psig (0 kPa), 15 psig
(103. 4 kPa) , 30 psig (206. 6 kPa), 45 psig (310.2 kPa), and 60 psig (413.7 kPa) respectively.
85 W/cm? + 15 W/cm? as reported by Li and Betz [73] at 0 psig (0 kPa). The CHF for high-
pressure, best fits with the predicted CHF by Kandlikar [72]. Whereas, the estimated CHF by
Zuber is under predicted for pressures less than 30 psig and over predicted for pressures greater
than 30 psig. The Zuber’s predicted CHF deviates at high-pressure with the experimental data. The
CHF deviates by 33.33% from the Kandlikar model. The predicted CHF from Dhir’s [71] theory
exceeds with the experimental value.

At low pressure from 0 psig (0 kPa) to 30 psig (206.6 kPa), the lift off model deduced by Guan
[67] is under predicted. As pressure increases, the lift off model over predicts the experimental

data. All these variations can be justified with the predicted theory because the pressure has a huge
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impact on bubble dynamics. Zuber’s model under predicts the experimental data because the
model was applicable for a 40 degree contact angle. Previously, it was discussed in the bubble
dynamics section, how the pressure effects the size of primary bubbles and frequencies.

At high heat flux it is hard to visualize the number of bubbles and their coalescing behavior, as
different bubble dynamics may occur at high heat flux. The evaporation rate might be affected due
to the decreasing size of bubbles and increasing number of nucleation sites. The heat could be
deported to the liquid in the form of a vapor train or vapor patch. The formation of the thermal
boundary layer and merging of vapor trains to the neighboring vapor trains may propagate a vapor
explosion, resulting in the enhancement of CHF. At high-pressure the surface tension of the liquid
also changes. None of the models captured the critical heat flux value at high-pressures. The study
suggests the need for a new model which can capture the physics of the dynamic behavior of

contact angle at high-pressure during pool-boiling.
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Chapter 4 - A Theoretical Study of the Performance of High-

pressure Pool-boiling with Increasing Contact Angles

4.1 Introduction

Despite extensive studies, the combined effect of high-pressure and surface wettability has not
been well studied and understood. This chapter discusses a fundamental understanding of the
critical role of dynamic surface wettability on bubble dynamics and boiling performance. The
theoretical results of high-pressure pool-boiling performance on hydrophobic surfaces at high-

pressures have been presented in this chapter.
4.2 Surface Preparation and Characteristics

The steps for Teflon solution preparation are based on [73]. Teflon© solution is prepared in
proportion of 1 part of the Teflon AF solution with 24 part of refrigerant FC-40. A polished copper
surface is coated with the Teflon© solution using dip coating. The thickness of the Teflon© coating
depends on the number of dips and the ratio of the solution.

Before the surface treatment, the copper surface is cleaned with an Isopropanol solution and kept
in an ultrasonic cleaner for 20 minutes. After the cleaning is performed, the copper surface is
dipped in the solution, and dried at ambient condition. The Teflon© coated surface is baked in the
oven for 165°C for 24 hours.

The static contact angle for the Teflon© coated copper surface is measured using a goniometer.

The contact angle for the plain copper surface is 68.34° and for the Teflon© coated surface is
114.85° as shown in Fig 4.1. The Teflon© coated surface exhibits a higher contact angle due to

the low adhesive force.
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Figure 4.1 The static contact angle of water on the plain copper surface and the Teflon
coated surface.

The Teflon®© coating layer adds a layer of thermal resistance to the surface. Due to the thermal
resistance, the temperature is lowered. At 50 W/cm? the temperature drop was measured to be
0.657 K using the heat conduction equation expressed in Eq (4.1).

qIIL

= (4.1)

AT =



where, AT is the temperature difference, q"” is the heat flux, L is the thickness of the Teflon©

coating, Kk is the thermal conductivity of the coating, and A is the total coated surface area.

T, Tsl
T
Te keef
Tj
kcu
Ts2

Figure 4.2 The configuration of Teflon coated copper surface with nomenclatures. Tsi, Tj,
and Ts2 are the surface temperatures. kit and kcu are the thermal conductivity of the
Teflon© coating and the copper surface respectively.

The total heat flux is determined using the conduction heat transfer equation with total effective
thermal conductivity, given by Eq (4.2). The schematic of the thermal network is shown in Fig
4.2.

1 1 1

— + 4.2
ktot kcu ktef ( )
where, k... is the total thermal conductivity, k., is the thermal conductivity of copper and k. is

the thermal conductivity of Teflon®©.

kcuktef (43)
kcu + ktef

ktot -
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4.3 Results and Discussion

This section presents the analytical results for the bubble dynamics and the performance of pool-
boiling heat transfer at high pressure for the Teflon© coated surface. The experimental results are
also compared with the analytical results in the later section.

4.3.1 Bubble Dynamics: Bubble Departure Diameter

The bubble departure diameter and departure frequency were determined using the Fritz
correlation, expressed in Eq. (1.4) and (1.6) respectively. Fig 4.3 shows the bubble departure
diameter in mm for three different pressures. The bubble departure diameter was calculated based
on the Fritz model by balancing surface tension and buoyancy forces. The departure diameter of a
bubble is plotted as a function of varying contact angle for three different pressures as shown in
Fig 4.3. The result shows that the departure diameter decreases with pressure. At 100° of contact

angle, the departure diameter decreases by 3-4%.
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Figure 4.3 The departure diameter as function of contact angle for a plain surface at high-
pressures.

49



At lower wetting angle the changes are negligible. In comparison to higher contact angles, the
bubble departure diameter is larger than the lower contact angle surface. For example, for 0 psig
(OkPa) the bubble departure diameter is 22 mm at 50°. On the other hand, for the contact angle
100°, the departure dimeter is 48 mm. The difference in the bubble departure diameter can be
related to the surface energy.

4.3.2 Bubble Release Frequency

Based on Zuber’s model, the departure frequency is inversely proportional to the departure
diameter. The departure frequency is calculated based on the equation expressed in Eg. 1.6. The
equation was derived from the critical velocity required to obtain Kelvin-Helmholtz instabilities
as discussed in Chapter 1. The bubble departure frequency is drawn as a function of contact angle.
The results show that the bubble release frequency decreases with varying contact angle. This can

be related to the change in surface tension associated with the surface properties of the Teflon

coating.
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Figure 4.4 The departure frequency as function of contact angle for a plain surface at high-
pressures.
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The low surface energy promotes nucleation due to the less energy requirement, which helps in
increasing active nucleation sites. Also, the pressure increases the bubble departure frequency
that can be related to change in the thermodynamic properties of the water at high-pressure.
4.3.3 Nucleation Site Density

The active nucleation site density is determined based on Hsu’s theory. The range of active
nucleation sites was drawn as a function of superheat using the Hsu’ correlation. Using the plots,
the size range of active nucleation sites can be estimated. The results were plotted for three wetting
angles at different pressures. The effect of wettability on the size range of active nucleation site
can be seen in Fig 4.5. The size range of active nucleation sites shifts from 8 pm — 1 um at 0 psig
(OkPa). It also decreases the wall superheat. The bubble nucleates at a lower wall superheat, which
shows that nucleation requires less energy. The results suggest that the changes in the wetting
angle significantly affect the number of active nucleation sites with wall superheat. The high-
pressure results also exhibits that pressure decreases the wall superheat by three folds and the range

of nucleation size by two orders of magnitude.
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Figure 4.5 The size range of active nucleation sites for three wetting angles at three
different pressures

4.3.4 Heat Transfer Performance

The heat transfer performance is determined using the equation expressed in Eq. (1.7). The HTC
depends on departure diameter, bubble release frequency and the active nucleation site densities.
As it is discussed in the previous section, the pressure and the contact angle both influence the
boiling parameters. The HTC results shown in Fig 4.6, suggest that the surface modification
induced by changing the wetting property enhances the boiling performance from 0.001 to 100 in

three orders of magnitude.

52



()

10000
1000
100
10

0.1
0.01
0.001

Heat Transfer Coefficient (HTC)

0 5 10 15 20 25 30
Wall Superheat (°C)

—A—J=25deg 88— =65deg —— =105 deg

(b)

100000
10000

1000 [
100
10 W

30 psig

1 F

o©
[EY
T

0.01
0001 1 1 1 1 1 ]
0 5 10 15 20 2 30

Wall Superheat (°C)

Heat Transfer Coefficient (HTC)

(&)1

—A—J=25deg 88— =65deg —— =105 deg

(©) |
@) 60 psig

F 10000000 [

z

£ 100000 | /_“o“"’w

)

e 1000

[

@]

O 10

3]

a 0.1

o

t 0001 1 1 1 1 1 ]
8 0 5 10 15 20 25 30
T

Wall Superheat (°C)

—&—J=25deg 88— =65deg ——J =105 deg
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The pressure further amplifies the performance of pool-boiling heat transfer that can be related to

the lower wall of superheat and the number of bubble nucleates at the low heat flux.
4.4 Experimental Results

The high-pressure pool-boiling test results on a hydrophobic Teflon© coated surface is shown in
Fig. 4.7. The results are compared with a plain surface for water. The boiling curves for 30 and 45
psig are shown in Fig.4.7. The CHF was not reached in these tests. The high-pressure pool-boiling
test results show an enhancement for the plain surface which was already discussed in Chapter 3.
The boiling curves for the Teflon coated surface shift to the left with the pressure. The trend lines
for both surfaces indicate that the heat transfer improves with the pressure. The slope of the Teflon
coated surface for high-pressure is higher than the plain copper surface. At 10 K of wall superheat,
the heat flux is two times higher than the plain surface for 30 psig. The heat transfer enhances
further at high-pressure, 45 psig. The heat transfer improvement with the pressure can be related
to the increased number of bubble nucleation, decreased bubble departure size and the increased
departure frequency.

The pressure also affects the wall superheat. The boiling onset for high-pressure data is
significantly smaller than the plain copper surface. For example, at a heat flux of 50 W/cm? the
wall superheat reduces by 35% and 45% for 30 psig and 45 psig, respectively. The changes in the
wall superheat can be related to the size of the departure bubbles and the thermal conductivity of
the Teflon coating. It is observed from the boiling videos, the Teflon© coated surface promotes

nucleation at a low wall superheat and transfer heat through a larger bubble.
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Figure 4.7 High-pressure pool-boiling curves of Teflon© coated surface and Plain surface

The heat transfer performance is compared for both the surfaces using the HTC curves as shown
in Fig 4.8. The performance curve is shown as a function of the heat flux. For the Teflon© coated
surface, the maximum heat transfer coefficient is found to be 10 W/cm?.K for 45 psig at 50 W/cm?.
Further increase of heat flux, a negligible effect is noticed in the HTC curve. The reason could be
the saturated bubble departure size due to the pressure and surface wettability effect. In comparison
to the plain surface, the HTC for the Teflon© coated surface is 100% higher for 45 psig. The results
indicate that the surface wettability has a higher impact than the fluid property change due to

pressure effect at low heat fluxes. On the Teflon coated surface the bubble departure size was
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found 1.4 times larger than the plain copper surface, which can be related to the decreased
wettability of the hydrophobic surface. In conclusion, the enhanced HTC for the Teflon© can be

related to the bubble departure size and number of active nucleation sites.
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Figure 4.8 Heat transfer performance of Teflon© coated surface and Plain surface
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Chapter 5 - High-pressure Pool-boiling Performance on Sintered

Wicks

5.1 Introduction

In this chapter, we explore the impact of pressure on the performance of pool-boiling heat transfer
using 200 um copper sintered particle wick structures. The objective of this chapter is to
understand the boiling behavior associated with the high-pressure due to the wick structure. The
bubble dynamics have been studied at varying pressure forthe wick structure. The mechanism for

the enhancement is explained in the results and discussion in the later sections.

5.2 Materials and Methods: Sintered Particle Wick Structure

5.2.1 Fabrication Method

The wick structures are provided by Wichita State University. A detailed key approach for the
sintering process is illustrated in Fig 5.1 [35]. The wick structure is fabricated by using
commercially available copper powder. A 2.54 cm long copper rod is machined for the wick
fabrication. The copper rod is finished smoothly using sand paper and cleaned using isopropanol
solution before sintering. A layer of copper powder of a desired thickness is sintered on the
commercially available copper rod of 1 cm in diameter and 2.54 cm long. A stainless steel based
inverted mold is designed for the wick layer with a +25 um tolerance limit. Before the sintering,
a thin layer of carbon powder is applied to avoid any copper particles sticking to the mold surface.
The copper rod is perfectly inserted into the mold. The copper power is spread uniformly on the
top of the polished copper rod. The entirely assembly of the inverted mold and the copper powder

is kept in a furnace filled with Argon gas flow with 50 sccm (standard cubic centimetre per minute)
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for two hours at 950°C. The fabricated wick is allowed to cool down naturally in the ambient
temperature with a cooling rate of 5 -10 °C per minute. The same procedure is applied for the three
layer wicks of different copper powder size. A different size of the copper powder is used in
fabricating the wick. The top view of the fabricated wick of the 200 um size of the copper particles

is shown in Fig 5.1.

(b) (c)

Copper particles
: 4

Stainless steel Finished copper

< Spreading sintered
based mold substrate

particles

(d) (e)

. Furnace filled

Final end product: Monolayer wick

Cooled the
with Argon gas, Surche at
50 sccm. for ambient
two hoursat T = condition
950°C

Force applied

Figure 5.1 The schematic of the sintering process of the monolayer sintered wick surface. (a)
200 um copper particles are used for the monolayer sintered wick surface (b) A cylindrical
stainless steel based mold is machined to fabricate the sintered wick on the finished copper
substrate (c) Particles are poured uniformly in the mold cavity (d) The poured particles are
kept in the furnace filled with argon gas for two hours at 950°C. (e) The wick is cooled at
ambient condition and released from the mold (f) The fabricated monolayer wick on the
cylindrical copper substrate and the microscopic image of the wick are also shown.

The same fabrication process has been followed for fabricating the wick layers of layered wick
structures. Table. 5-1 includes the properties of the wick layers featured with the particle size,

number of layers, thickness and porosity. The porosity of all the wicks is maintained at 0.45. After
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the sintering process, samples are tested under a confocal microscope to inspect the particles

arrangements.

Table 5-1 List of the sintered copper powder samples and their geometric properties

Sample . Particle No. . Thickness
diameter of Layer (in pm)
A 100 1 100
B 100 3 300
C 200 1 200
D 200 3 600
E 300 1 300
F 300 3 900
G 100/200 1 300
H 550 1 550
I 550 2 550

(a) Plain copper surface

(b) Monolayer wick surface

_’E‘_

(c) Three-layer wick surface

Figure 5.2 The side and top view of boiling test surfaces (a) Plain copper surface (b)
Monolayer wick surface and (c) Three-layer wick surface. The top view is the microscopic
view of the sintered particle wick surfaces at 350 X zoom.
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5.3 Surface Characterization: Surface Features

The pool-boiling experiment is performed on the plain copper and wick structure of different
particle sizes. The sintered wick structures are examined using a confocal microscope. The top
view of the single-layer wicks of particle size 100 and 200 um are shown in Fig 5.3. The images
are investigated to examine the packing arrangements of sintered particles in the wick structure.
The sintered particles are packed in a hexagonal arrangement as shown in Fig. 5.3 for the 100 pm

sintered particle. The particles are well jointed with the neighboring particles.

50 pm

e

93,386 ym
, »

Figure 5.3 Top view of the sintered wick of particle size (a) 100 and (b) 200 pm.

5.3.1 Contact Angle Measurements

The static contact angle is measured using a goniometer. The contact angles of the wick of particle
size, 200 um and the plain surface are 100.96° and 80.52°, respectively as shown in Fig. 5.4,
showing that the wick increases the contact angle by 25%. Wettability tests are also carried out for
the other three surfaces. The measured contact angles are shown in Fig. 5.4(a). The plain copper
surface shows a moderate contact angle change, 83.84° to 98.47° as the volume of water droplet
increases from 1 pl to 5 ul. However, the wick surface significantly changes the contact angle as

the volume of water increases. It indicates that the gravity/capillary-driven water imbibition in the
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wick surface plays an important role. The wick surface was kept at 125°C for 48 hours in the oven
to oxidize the surface and the contact angle was measured again. After the surface treatment, the

contact angle is found to be 98.53°.

(a) Angle = 80.52 degrees
Base width = 2.7465 mm

Angle = 100.96 degrees
Base width = 2.0775 mm

Figure 5.4 The zoomed top view of copper substrates and the contact angle measurement
using the Goniometer. (a) The smoothed polished copper surface of diameter ~1 cm with
contact angle 80.52 degree and (b) the mono layer wick structure of 200 pm sintered copper
particles with contact angle 100.96 degrees. The base width of the bubble is also shown.

5.4 Results

The high-pressure pool-boiling results are shown in Fig. 5.5, which compares the boiling

performance of the plain copper surface to the surface featuring with the sintered particles of 200
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um wick surface. The results are shown for the single-layer wick surface for three different high-

pressures:

drawn for the heat flux q”,

200

=
a
o

100

Heat flux, g, W/cm?

50

0 psig (0 kPa), 15 psig (103.4 kPa), and 30 psig (206.8 kPa). The boiling curve is

and degree of superheat AT = Ts - Tsat as shown in Fig. 5.5.
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Figure 5.5 The high-pressure pool-boiling curves for plain copper surface and 200 micron
monolayer wick surface for three different gauge pressures: 0 psig (0 kPa), 15 psig (103.4
kPa), and 30 psig (206.8 kPa). The critical heat flux is for each pressure is highlighted with

a right headed arrow.

For the plain copper surface, a CHF 102.14 W/cm? is found at AT = 22.87K, which agrees with

the previous work, found to be 85 W/cm? at 28 K, within the uncertainty, +15 W/cm? [58]. The

difference in the CHF can be related to the different surface roughness. For the plain copper

surface, the critical flux values are 118.23 W/cm? and 130.24 W/cm? at 15 psig (103.4 kPa), and

30 psig (206.8 kPa) respectively. Li and Betz, 2017 reported pool-boiling results at high-pressure

62



on the graphene oxide coated surface with critical heat flux values 80 W/cm?, 90 W/cm?, and 105
W/cm? at 0 kPa , 103.4 kPa, and 206.8 kPa respectively [39]. The enhanced CHF at high-pressure
was reported due to the change in the bubble dynamics and pinning mechanisms at high-pressure
pool-boiling. At high-pressure the properties of water i.e, the specific volume of liquid and the
latent heat of vaporization decrease. The effect of change in the properties of water was observed
in the bubble departure size and the bubble departure frequency, which influence the boiling
performance [64]. A 46% reduction in the bubble size was found from the 0 psig (0 kPa) to 90
psig (620.5 kPa) with 10 - 12 % of an error margin. Further enhancement in the CHF and the
degree of wall superheat are found in the monolayer wick structure. The boiling curves for the
wick structure shown in Fig. 5.5 are steeper than the plain copper surface. The measured critical
heat flux for the monolayer sintered wick structure is 179.63, 182.42, and 198.16 W/cm? at 0 psig
(0 kPa), 15 psig (103.4 kPa), and 30 psig (206.8 kPa), respectively. For the monolayer wick, the
maximum heat flux, 198.16 W/cm? is obtained at 9.89 K of superheat for 30 psig (206.8 kPa). At
the gauge pressure of 0 psig (0 kPa), the CHF is 1.75 times higher for the wick surface as compared
to the plain copper surface at 0 psig (0 kPa). A significant reduction in the degree of superheat is
noticed in the monolayer wick at the given heat flux compared to the plain copper surface. For the
wick surface, the maximum heat flux is obtained at AT = 9.87 K at 30 psig (206.8 kPa). Whereas,
the maximum heat flux is obtained for the plain copper at 28.79 K. The degree of wall superheat
is relatively smaller than the plain copper surface, which enhances the HTC. Twenty-percent
enhancement in the CHF was reported in the CHF value for the wick structure (200 um wick) for
n-pentane [50]. The low wick superheat was related to the increased effective thermal conductivity.

In the boiling curve, the boiling onset is as important as determining the CHF. The HTC is
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determined with a ratio of heat flux and the wick superheat. Fig. 5.6 and Fig. 5.7 show the HTC

as a function of the superheat and the heat flux, respectively.
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Figure 5.6 The heat transfer performance of high-pressure pool-boiling data for three
different gauge pressures: 0 psig (0 kPa), 15 psig (103.4 kPa), and 30 psig (206.8 kPa).

The cumulative effect of the surface modification of the wicking layer and increasing pressure
further enhances the HTC. For the plain copper surface, the heat transfer performance curve
exhibits enhancement by 75 % at 30 psig (206.8 kPa) compared to 0 psig (0 kPa). The maximum
HTC is observed at a degree of wall superheat around 6 K and 28 K for the wick surface and the
plain surface, shown in Fig. 5.6. The wick layer reduces the degree of superheat significantly. The
maximum HTC, 252.46 kW/m?K is observed for the heat flux at 100 W/cm? at 30 psig (206.8 kPa)
shown in Fig. 5.6. The heat transfer performance is enhanced by 100% at 30 psig (206.8 kPa)

compared to 0 kPa.
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Figure 5.7 the heat transfer performance of high-pressure pool-boiling for three different
gauge pressures: 0 psig (0 kPa), 15 psig (104.5 kPa), and 30 psig (206.8 kPa). Heat transfer
coefficient in KW/m?K verses Heat flux (q’’) in W/em?.

The enhancement is obtained due to the low superheat and a different boiling behavior which is
explained in the next section. At high heat flux, the HTC further decreases. For the other two
pressures 0 psig (0 kPa) and 15 psig (130.4 kPa), the maximum HTC is found approximately 145
kW/m? K and 195 kW/m? K at 150 W/cm? of heat flux shown in Fig. 5.7. It can be related to a
change in the boiling behavior at higher pressure. Fig. 5.8 shows the boiling images of the wick
surface at different heat fluxes for the two pressures. Fig. 5.8(1a) — (1f) show the recorded boiling

images for 0 psig (0 kPa) and Fig. 5.8 (2a) — (2f) show the boiling images for 30 psig (206.8 kPa).
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Figure 5.8 The recorded nucleate pool-boiling images for the 200 pum mono layer wick
structure are shown in 1(a) — 1(f) at 0 psig (0 kPa) at different heat fluxes. The high-
pressure boiling images at 30 psig (206.8 kPa) for the monolayer wick are shown in 2(a) —
2(f) for different heat fluxes
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For the wick surface bubbles begin nucleating at heat fluxes of 5-10 W/cm? and a degree of
superheat of 0.5-1.0 K, which is similar to the plain copper surface [58]. The bubble departure size
is approximately 3 mm as shown in Fig 5.8(1a). The nucleate boiling is observed up to the heat
flux value of 100 W/cm?. The results suggest that the boiling on the wick stretches the nucleate
boiling region for a longer duration. At heat flux greater than 100 W/cm?, the nucleating bubble
starts merging with the neighboring bubbles, leading to boiling in the form of slugs or columns,
see Fig. 5.8. The effect of pressure on the bubble size is observed in the boiling images at 30 psig
(206.8 kPa) as shown in Fig. 5.8 (2a) — (2f). The bubble size reduces significantly from 3 mmto 1
mm, which is 1.5 times lower than 0 psig (0 kPa). At higher heat fluxes, the bubbles start pinning
on the wick surface, and the boiling starts in the form of a series of jets and generates excessive
bubbles from the surface to the working fluid. The jets start forming at a low heat flux of 21.723
W/cm?, which is captured in the boiling pictures. The results demonstrate that there is a series
formation of the jet streams of liquid and vapor on the wick surface. At high heat flux, the jets start
merging with the liquid and vapor streams which may lead to inter bubble-dynamic. The boiling
becomes violent at higher heat fluxes and creates strong thermal stress on the surface and reaches

a maximum limit of the nucleate boiling.

5.5 Discussion

During pool-boiling, nucleate boiling plays a vital role in the heat transfer process, and the cavity
size behavior at saturation condition is important to study which was discussed in Chapter 2.

From the bubble visualization, it is noticed that pressure affects the bubble departure size. The size
of the departing bubble decreases. The change in the bubble departure size can be quantified by

the pressure effect using the Fritz correlation [61], expressed in Eq. (5.2),
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where ¢ is the surface tension of the water, g is the acceleration of the gravity, ¢ is the wetting
angle, prand py are the densities of the liquid and vapor, respectively.

For example, the bubble departure diameter decreases from 4.5 mm to 4.00 mm for the pressure
ranging from O kPa to 620.5 kPa, respectively, using Fritz's correlation. Similarly, the bubble
departure diameter for the wick surface at 0 psig, is relatively smaller than the plain copper surface
that can be seen in the boiling pictures. The surface roughness and the space between the two
sintered particles could be the main reasons for the small bubble departure size. At high-pressure,
the bubble departure size reduces further due to the pressure effect which also affects the bubble
departure frequency. The smaller bubbles moves faster from the surface and transport heat through
excessive bubble generation to the fluid. The higher bubble frequency rate can be related to the
change in the thermo-physical properties of water at high-pressure. For example, the surface
tension of water is 0.0589 N/m and 0.052 N/m at 0 kPa and 206.8 kPa respectively. At high-
pressure, 11.7% of change is noticed in the surface tension of the water. Similarly, a 2.6% change
is seen in the difference in the density of water and vapor — the total percentage of change in the
property of water results in the reduction of bubble departure size.

The performance of the heat transfer of the wick surface can be explained with the increased active
nucleation site densities at higher pressure. The micro convection theory of Foster, 1959 postulates
that the HTC linearly depends on the boiling parameters, i.e., bubble departure diameter, bubble
departure frequency, and the bubble nucleation site density. The correlation for the HTC is
expressed in Eq. (5.3),

HTC = 2 (2MTk;pycp )/*Dg* %1 (5.3)
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where k; is the conductivity of the liquid, c,,; is the specific heat of the liquid, p, is the density of

the liquid, D, is the bubble departure diameter, f is detachment frequency, and n,’ is the active
nucleation site density.

The HTC is directly proportional to the nucleation site density. The results shown in Fig. 6, show
that the high-pressure pool-boiling has a different boiling behavior. The onset point of wall
superheat is smaller than at 0 kPa. It indicates that the boiling starts at a low wall superheat, AT =
Ts - Tsat. As already discussed in the previous section; the pressure activates the nucleation sites at
the micron size scale. The number of active nucleation sites on the wick surface at 206.8 kPa is
significantly higher than at 0 kPa as shown in Fig 8. The enhanced heat transfer performance with
the surface modifications, and the pressure is shown in Fig 7. The HTC is enhanced three times
compared to the plain surface by the surface modification. We further increase the HTC four times
compared to the plain surface by varying the system pressure and with the surface modification.
This shows there is a coupled effect of surface modification and system pressure. The possible
reasons for the boiling performance enhancement by pressure could be an increased number of
active nucleation sites and available surface area for heat transfer due to the wick, which may
support to bubble nucleation. Also, the sintered wick increases the effective thermal conductivity
of the surface [35]. The increased effective thermal conductivity of the single-layer wick increases
the heat flux per unit square of the heating surface. Therefore, the HTC is enhanced!

However, Zuber’s model was the first to describe the dry out mechanism responsible for CHF for
the infinite plain copper surface [56]. He emphasized the role of the area portion of covered
evaporating vapor on the surface and the critical Rayleigh-Taylor wavelength in the CHF
mechanisms. According to the Rayleigh-Taylor theory of instabilities, the critical heat flux

depends on(Agzr)~Y/2, where Ay is the wavelength, which is a function of the property of water.
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The wavelength at the onset of hydrodynamic instabilities can be reduced by varying two
variables: changing the thermo-physical properties of the water with varying pressure and
employing porous-layer coatings on the surface. The pool-boiling mechanisms on the plain copper
surface and the wick surface are shown in Fig 5.9. For the plain copper surface, the CHF occurs at
high heat flux densities when the bubbles start merging, and the vapor columns start generating in

the form of vapor jets.

Plain Surface Monolayer Wick Monolayer Wick
at ambient at ambient at high pressure

(Ap= RT c) (Am= 44 (Am= Ay
| \% H %
Capillary force helps
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tQCHFt i QCHF i QCHF”

Figure 5.9 Comparison of high-pressure pool-boiling mechanism for the plain copper
surface and the monolayer wick surface. The critical heat flux, wick geometries, counter
current of liquid and vapor flow paths, hydrodynamic instability wavelength are also
shown. The role of capillary force in rewetting the wick surface is illustrated.

Further, the increase of the heat flux density results in increasing the number of continuous jet
columns. The process continues until the two neighboring vapor column jets start interacting and
reaches the critical velocity of the vapor. When the system enters the critical stage, the system
becomes unstable. However, on the wick surface at high heat flux density, a delay is observed in
the adjacent column of vapor jets. Due to the porous structure, the bubbles start pinning between
the wick and the nucleate boiling begins at a low superheat. The bubble pinning ceases the merging

of the jet columns with the adjacent jets and controls the liquid-vapor phase separation.

70



Interestingly, pressure has more control in the liquid-vapor phase separation by decreasing the
modulation wavelength 4,,, and is shown in Fig 5.10.

Based on the classical theory of hydrodynamic liquid-choking limit, the modulation in the porous
layer coating separates the liquid-vapor by pumping cold fluid through the capillary action from
the surface to an evaporation sites [51]. The theory also hypothesized that the counter motion of
the fluids causes a viscous-drag resistance in the liquid. Based on the assumptions, the CHF is
determined as a function of the fluid properties, coating material properties, and the macro and

pore-scale geometries of the coating is expressed in Eq (6). For a uniform thin porous-layer, the

critical flux is,
li 7l
qcHF ) (5.4)
I1 1/4 1/2
2P Ahy[og(or = pg)] A
and,
b 2
Ay = (s.sssn) d, (5.5)

where, € is the porosity, and d is the diameter of the copper particle.

The given correlation depends on the constant empirical parameter n is shown in Eq. (7). The
critical heat flux is calculated for the uniform thin porous-layer coating using Eq. (6), with € =0.4
and n = 1.2, and diameter d = 200 um. The predicted critical heat flux for 0 psig (0.0 kPa), 15 psig
(130.4 kPa), and 30 psig (206.8 kPa) is found 178.76, 230.05, and 255.94 kW/m?, respectively.
The predicted CHF is 1.5 times higher than the plain surface. The measured CHF 179.63 KW/m?
at 0 psig agrees well with the predicted value. However, the values at higher pressure are over
predicted with the measured CHF, 182.42 kW/m?, and 198.16 kW/m? for 130.4 kPa, and 206.8

kPa, respectively. The enhanced CHF suggests that the pressure has a significant effect on the
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modulation wavelength. Calculating the modulation wavelength for pressure ranging from 0 kPa
- 206.8 kPa, Am varies from 22.5 mm to 21.45 mm. It reduces the distance of the pinned liquid-
vapor jet streams by 4.67%. The significant change in the pitch distance is observed in the boiling
images. It indicates that there is a liquid-vapor phase separation that happens at the solid/liquid
interface which impacts the heat-transfer performance significantly. If we calculate the flow
critical length scale for a 200-um particle diameter and the porosity & ranging between 0.4-0.5,
then Ay lies between 8.6 — 2.5 mm. This reduces Ay by three orders of magnitude. The analysis

suggests that the porous structure plays a dominating role in the CHF enhancement by a factor of

1/2
(’}L—m) . Finally, an optimized wick design is needed to maximize the critical heat flux by pore

spacing and vapor departure sites using different sizes of sintered particles.
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Chapter 6 - High-pressure Pool-boiling Heat Transfer Enhancement

Mechanism of Different Particle Size Wicks

6.1 Introduction

In chapter 3, high-pressure pool-boiling performance was studied, and it is found that the pressure
influences the boiling performance. The pressure has an impact on the bubble dynamics, resulting
in the enhanced nucleate pool-boiling heat transfer. It is found that the surface modification with
the wick structure also improves the boiling performance due to the vital role of the capillary
driving force in liquid transport through the porous layer. The pressure effect is also studied in the
heat transfer performance in chapter 5. However, the performance of pool-boiling heat transfer on
porous structure relies on the capillary pressure i.e, capillary driving force, which is attributed to
the particle size, packaging parameters, thermal resistance, and the number of wick layers. The
boiling performance is explored on different sizes of sintered copper particle wicks at atmospheric
pressure. This chapter will also explain how the particle size and the wicking layer influence the
performance of pool-boiling heat transfer.

6.2 Sintered Wick Fabrication and Experimental Setup

The design method of wick fabrication is demonstrated in the previous chapter. A similar
experimental setup explained in Chapter 2 is used to perform the boiling tests. The experimental
procedure with the data uncertainty are elaborated in Chapter 2. The heat flux is calculated using
Fourier’s law of heat conduction with the measured temperatures using the three thermocouples.

The configuration for the heater arrangement is also demonstrated in Chapter 2. Finally, HTC is
calculated using the ratio of measured heat flux and the degree of wall superheats. The possible

reasons for the heat transfer enhancement are explained in the results and discussion section.
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6.3 Surface Characteristics

The wick images are taken using a confocal microscope, as shown in Table 6-1. The top views
with the measured contact angles are shown in Table 6-1 and Table 6-2. The wicks are fabricated
using three different particle sizes varying from 100 pm to 550 um. The boiling performances are
studied to investigate the effect of the particle size. The boiling tests are performed on all the
surfaces shown in Table 6.1 and Table 6.2. The fabricated wicks, shown in Table 6-1, show that
the particles are distributed uniformly in a closed hexagonal arrangement. Table 6-2 demonstrates
the surface characteristics of the layered wick of the different particle sizes. Due to an additional
layer on the base wick, a difference can be seen in the layered wicks in comparison to the
monolayer wicks. A flat smoothed surface is seen in the monolayer wick images. However, a
secondary layer of the particles is noticed underneath the top layer of the layered wicks. The
wetting property has been also studied for all the wick surfaces. For the monolayer wick of 100,
200 and 550 um particle size is 107.2 +2°, 108.84 £ 2°, and 97.12 + 2° respectively. The wicking
layer increases the contact angle due to high pore densities in the wick. The static contact angle on
a smoothed polished copper surface is to be 80.52° [42]. The surface wettability is increased by
33.13%, 35.17%, and 20.62% for the 100, 200, and 550 pm wick, respectively. The maximum
enhancement is found for the 200 um particle wick compared to the plain surface. The 550 um
wick shows the lowest increment in the surface wettability. The differences in surface wettability
can be possible due to the cavity size, particle spacing, and particle arrangement. The bigger
particles may create more space between the particles. The large cavity size in the wick may

provide a higher surface-volume ratio in the wick.
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Table 6-1 The microscopic images of the single-layer wicks with the static contact angle
measurements.

Single-layer Wick

200 um 550 um

Averaged static contact angle

107.21 + 2° 108.84 + 2° 97.12 £ 2°

The surface characteristics for the layered wick were also studied. The maximum layer thickness
for the 100, 200, and 550 um wick is ~300, 600, and 1100 um, respectively. The three layer 200
um wick demonstrates the highest surface wettability among all the surfaces. The reason for the
enhanced surface wettability may be due to the density of the air pockets in the wick. The contact
angle for the 550 um multilayer wick is improved by 5.16% compared to the monolayer wick.
This enhancement can related to the number of layers despite of the thickness of the wick. The 100

um multilayer wick shows a slight reduction in the wettability. The contact angle is reduced by
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6.79% compared to the monolayer wick. The pore size and the compactness in the particle

arrangement can be the possible reasons for the contact angle reduction.

Table 6-2 The microscopic images of the multilayer wicks and the static contact angle
measurements

Multilayer Wick

Surface Wettability

[Angle = 11861 degrees
gl Righ - 3553 degrecs |Base wadth = 1.1191mm
B = 2.2051mm

Averaged Static Contact Angle
99.92 £+ 2° 118.64 + 2° 102.42 + 2°
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6.4 Results and Discussion

6.4.1 Effect of Particle size on the Boiling Performance
The parametric effects of particle size on pool-boiling performance are investigated with particle
sizes ranging from 100 pum to 550 um, and the results are compared with the polished copper
surface. The particles are uniformly distributed with the same particle sizes and with varied particle
sizes ranging 100 um to 550 um. For the single-layer wick, the thickness of the wick is similar to
the particle diameter. The boiling curves for the single-layer wick of particle sizes ranging from
100 pm to 550 um are shown in Fig 6.1. The heat flux is measured up to CHF which is displayed
in the boiling curve. Each boiling test is performed three times and the heat flux is measured by
averaging the measured heat flux. The boiling curve is plotted for the measured heat flux as a
function of the wall superheat for all the surfaces. For the plain copper (polished, non-oxidized
copper surface), the average measured CHF is 112.14 W/cm?. The result agrees well with the
predicted result of the past studies [39] [64] within £15 W/cm? uncertainty. In comparison to the
plain copper surface, the boiling performance is enhanced. The CHF for the 100, 200, 550, and
100/200 pm sintered wick 1s 184.33, 218.78, 142.68, and 134.54 W/cm?, respectively. The CHF
is enhanced by 64.37%, 95.09%, 27.23%, and 19.19% for the 100, 200, 550, and 100/200 pum
sintered wick, respectively. However, for the largest particle size of 550 um, the CHF is enhanced
by 27.23%, which is relatively smaller than other smaller particle size wicks. For the largest
particle size, 550 pm, the onset is 2K at 25 W/cm? of the heat flux, which is reduced by eight times
as compared to the plain copper surface.

In comparison to the other wicks, the wall superheat is significantly smaller that can be due
to the enhanced surface area with the large particle size, bubble departure size, and the cavity size.

The heat dissipation is relatively higher compared to other wicks, which can be related to the
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density of active nucleation sites on the surface. A bigger bubble departure size and low departure
frequency can cause a bubble coalescence near to the interface, which leads to more vapor
formation at the surface compared to the smaller wicks. An excessive vapor formation can further
lead to achieving the CHF sooner. The CHF mechanism is explained in detail in the discussion
section. The HTC is enhanced at the low heat flux due to a low wall superheat and increased
surface area, as shown in Fig 6.2. However, the HTC reduces with varying heat flux. The HTC
curve for the 550 um exhibits similar behavior to a hydrophobic surface.

For the smallest particle size 100 um single-layer, the boiling curve shows a similar trend as the
200 um sintered copper wick. At low heat flux less than 75 W/cm?, the heat dissipation is higher
for the 100 pum particle size wick. However, at low heat fluxes, the 200 um particle wick dissipates
less heat than the 100 um wick due to the active nucleation site densities and the cavity size. The
boiling curves of 100 and 200 pum particle intersect at a heat flux of 75W/cm?. It may occur due to
the difference in the capillary pressure supplied by different sizes of the pores with the phase
change during boiling. For the 200 um particle, the capillary pressure could be higher than the
capillary provided by the smaller particle size at the intersection point. The difference in the
capillary pressure may lead to a controlled liquid-vapor flow over the wick.

For the single-layer wick, the maximum CHF is achieved for the 200 um particle diameter size
wick. The CHF enhancement can relate to the higher number of nucleation sites available at any
heat flux over the same area for the smaller particle sizes. The HTC is three times higher than the
polished copper surface for a heat flux of 100 W/cm?.

For the 100 um single-layer wick, the HTC is enhanced further in comparison to the polished
copper surface due to the number of active nucleation sites. At 100 W/cm?, the HTC is 2.14 times

higher than the plain copper surface. A possible reason for the reduced CHF could be related to
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the dominant effect of the heat transfer area rather than reduced hydraulic resistance with the
addition of coating layers [75].

The HTC is further enhanced with the 100/200 um particle wick over the polished copper surface.
The particles are uniformly distributed with particle size ranging from 100 um and 200 um. The
boiling curve for 100/200 um shown in Fig 6.1 follows a similar trend as the plain copper surface.

The heat transfer coefficient is enhanced with the CHF over the plain copper surface.
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Figure 6.1 The boiling curves of averaged heat flux (g in W/cm?) and wall superheat (°C)
for the sintered copper particle size varying from 100 um to 550 um and the polished
copper surface The CHF is also indicated for each surfaces with a right headed arrow.

The reason for the HTC enhancement can be related to the cavity size, higher number of active
nucleation sites, and/or the capillary pressure supplied by the porous wick as discussed previously.
However, the 100/200 um wick underperforms among the uniformly distributed wick surfaces for

the different particle sizes. The CHF and HTC are significantly smaller compared to the 100 um
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and 200 um single-layer wick. The difference in the CHF and HTC maybe due to the difference in

the bubble dynamics.
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Figure 6.2 The boiling performance curves of heat transfer coefficient (HTC in kW/m?.K)
and heat flux, q in W/cm? for the sintered copper particle size varying from 100 pm to 550
um. A comparison is done with the polished copper surface at a heat flux of 100 W/cm?.

6.4.2 Effect of sintered wick layer on the boiling performance

The pool-boiling performance is further enhanced with the wick layers. The boiling performance

is significantly improved with the number of wick layers, as shown in Fig 6.1. The results are

compared with the plain copper and the single-layer wick. For the 200 um wick, the CHF is found

to be 245.12 W/cm?, which is increased by 118% and 25% for the single-layer 200 pm wick and

the polished copper surface respectively. The improvement can be related to the enhanced surface
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area due to the number of layers, enhanced effective thermal conductivity, improved capillary flow
length by the porous layer, and the improved boiling parameters (increased active nucleation sites,
reduced bubble departure size sue to the surface roughness, and the bubble pinning at the particle
interface). The HTC is significantly improved for all the heat fluxes, as shown in Fig 6.2. At 50
W/cm? of heat flux, the wall superheat is reduced by 75% compared to the polished copper surface
as shown in Fig 6.1. The superheat reduction can be related to the enhanced thermal conductivity
and the increased evaporation surface area compared to the single-layer wick [50][51].

For the 100 um multilayer wick, the HTC is further enhanced compared to the single-layer wick.
The CHF is improved by 18% from the monolayer wick of the same particle size. The HTC is
enhanced with the multilayer uniform wick due to the low wall superheat. At low heat flux, high
heat dissipation is found as compared to the single-layer wick. However, at high heat flux, the heat
transfer performance reduces. This enhancement may occur due to the bubble coalescence and
vapor traping in the porous layer from the smaller pore sizes. In comparison to the 200 um
multilayer wick, the HTC is higher at the low heat flux because of high heat dissipation and the
low superheat. The boiling curves intersect at a point of heat flux of 150W/cm?. In comparison to
the single-layer wick, the boiling curves intersect at a heat flux of 75W/cm?, which is half of the
heat flux. This can be related to the wicking rate supplied by the capillary-driven pressure by the
wicks and the liquid flow resistance within the wicking layer.

6.4.3. Discussion

Similar studies in the literature have shown the same effect of particle size on boiling heat transfer
enhancement with sintered coatings. Sarangi et al. [75] performed the boiling tests on sintered
particles ranging from 45-53 pum to 850-1000 um in size. The optimized particle was found to be

~100 pum for the boiling enhancement with a 95% reduction in the wall superheat and the maximum
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CHF 121 kW/m? for FC-72. The least performance was reported for the bigger particles (850 —
1000 pum) due the increased number of nucleation sites formed by the porous surface with a higher
rate of bubble coalescence at the wall interface and vapor clogging which hinders the bubble
departure. Chang and You [77] performed boiling tests for the micro-porous enhanced surfaces
using five different sizes of diamond particles for FC-72. The maximum heat transfer coefficient
was reported for particle sizes ranging from 2 to 20 um. Further increase in the particle sizes led
to a reduction in the HTC. The effect of particle size on the boiling performance corresponded to
the liquid layer thickness that was predicted to become superheated between successive bubble
departures. The studies also emphasized that layer addition increase the hydraulic resistance
without any effect benefit.

In the present study, a similar trade off in the CHF enhancement and the HTC improvement is
found. The 200 pum particles achieved the maximum CHF among the particle sizes of 100 um and
550 um. The nucleate boiling behavior can be explained with the bubble dynamics at low heat
fluxes. The bubble dynamics can be explained using the boiling images taken by a high speed
camera at 2000 fps for (a) plain copper surface (b) 200 um single-layer wick, and (c¢) 550 um wick
at onset and a higher heat flux shown in Fig 6.3. The bubble departure size significantly reduces
with a surface modification by porous wick. At onset, the bubble departure size is 4 mm while the
departure size significantly reduces to a smaller size for the 200 um. This can be related to the
pores size. However, the bubble departure increases for 550 um which is expected because of a
large pore size. At high heat fluxes, the boiling behavior differs from the plain copper surface.

Excessive vapor formation is found due to the rapid bubble coalescence.
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At Onset High Heat Flux
A. Plain Copper Surface
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B. 200 um wick — Single-layer
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s
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Figure 6.3 Compared boiling images for (a) polished copper surface (b) 250 um and (c) 550
pm at two different heat fluxes.
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The boiling on the wick surfaces occurs through vapor jet columns at high heat fluxes as shown in
the boiling images Fig 6.3. This indicates that the wick may offer a controlled liquid-vapor flow
driven by capillary pressure which may cause a delay in surface dry out.

The bubble departure size further increases for the 550 um particles due to the large cavity size
which is shown in Fig 6.3. A larger cavity size nucleates the bubble at a low onset for low heat
fluxes that cause to a high HTC. As the heat flux increases, the bubble size may saturate and cause
inter-bubble dynamics which can cause jet formation at the interface. A similar trend is found on
a Teflon coated surface.

The CHF enhancement is difficult to explain with the bubble dynamics due to rapid vapor
formation at high heat fluxes. Considering Zuber’s model, the CHF was explained with the
distance spacing between the vapor masses known as the Rayliegh-Taylor wavelength in
Chapter 5. In order to understand the CHF enhancement with the microstructure, it is very
important to understand the capillary limit supplied by the porous wick with different particle sizes.
In pool-boiling, the nucleate boiling reaches a limit when the maximum heat flux is achieved and
the working fluid evaporates very quickly leading to system towards the maximum limit. In wick
structure, the capillary pressure plays a significant role in the liquid flow through the wick. If the
capillary pressure in the wick goes to a beyond the maximum limit called the critical pressure,
choking may occur before reaching the maximum heat flux. Based on this mechanism, the
capillary pressure P, can be defined by Young-Laplace equation is expressed in Eq. (7.1)

20
P.=— (7.2)

rC
Where, AP is the pressure difference between the liquid fluids, o is the surface tension, rc is the

critical radius of the cavity size.
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Eq 7.1 indicates that the amount of capillary pressure in the wick directly relates to the pores/cavity
size. The excess pressure due to capillary-driven force may result in the tendency of liquid to either
penetrate into the porous matrix or remain separate from it.
The liquid velocity is determined using the continuity equation,

m=pAcv (7.2)
Where, m is the mass flow rate, p is the density of the liquid, Acis capillary surface area, and v is
the velocity of the liquid.

From Darcy’s law, the pressure drop is defined as,

AP pv 23

Where, AP is the pressure difference between the liquid fluids, u is the dynamic viscosity of the
liquid, v is the liquid velocity, and « is the permeability.
The permeability is expressed mathematically,

3 2
=t (7.4)
180 (1 — £)?

Where, k is the permeability, d,, is the particle diameter, € is the porosity.

The heat transfer rate, Q is related to the mass flow rate and latent heat is expressed by,
Q = mdhy (7.5)

Where, m is the mass flow rate, and Ahyq is the enthalpy of the liquid-vapor.

Equating Eq 7.1, 7.2, 7.3 and 7.4, for monolayer the governing equation changes to,

20 Kk _pA
Geur = —X—X—

Ah 7.6
7. u Lm v ( )

The CHF can be predicted from equation 7.6 which depends on the geometrical parameters. The

CHF depends on the capillary pressure, geometry parameter, the liquid meniscus and the fluid
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properties. From Eq 7.6, it is noticed that the CHF directly dependent on the capillary area that can
impact the wicking volumetric flow rate through the porous wick. Hu et al. [79] provided an
extended wicking-based CHF model for the micro-pillar arrays which depends on the volumetric
wicking rate. Similarly, the present model suggests that for CHF modeling it is important to
optimize the cavity size for maximizing the capillary pressure. In order to calculate the optimum
cavity size, the particle packaging also plays a crucial role which can be seen in Fig 6.4. The side

and top views showing different types of particle arrangement are shown in Fig 6.4.

rc/'

Heat Flux
a2 _ d’-lla?
Capillary area A, n

Figure 6.4 The side and top views of the cavity for various particle packaging arrangements.
re, Lm, Acrepresent the critical radius, meniscus length and the capillary area respectively.

Thus shows that the capillary pressure is inversely proportional to the critical radius. It suggests
that the capillary pressure increases significantly with reduced particle size. For example at
ambient condition, the capillary pressure varies from 1178, 589, 214 kPa for the 100, 200, and 550

um particle size. The capillary pressure decreases with the particle size. However, in boiling a two-

phase-change occurs at the interface though the vapor bubbles. Smaller particles may activate
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nucleation sites at low heat fluxes due to the smaller cavity size. But, that can also lead to vapor
trapping in between the cavities and choking of the capillary flow path, resulting in less vapor
bubbles escape from the heated surface. In addition, a bigger cavity size is also not favorable for
the boiling performance enhancement due to the low capillary pressure and the larger bubble

departure size.

6.5 Effect of Sintered Copper Particle Size and the Wick Layer on the Boiling

Performance at High-pressures

The results for the high-pressure pool-boiling are described in the following sections. The boiling
tests are performed to explore the phase-change heat transfer on the wick surfaces of different
particles size. The effect of the layer on the boiling performance at high-pressures is discussed.
The results are compared with the boiling results of the polished copper surface. The boiling
mechanism and the possible reasons for the boiling enhancement with the wick layers are
described in the discussion section.

6.5.1 100 pm single and multilayer

Pool-boiling curves for the copper surface and a single-layer 100 pum particle wick are compared
in Fig 6.5. The tests are performed for DI water at three different pressures. The open symbols
refer to the plain copper surface, while the dotted symbols refer to results for the wick surface.
Measured critical heat fluxes for all the surfaces are marked with the right headed arrows. The
pressure effect on the boiling performance enhancement on the polished copper surface is shown
in Fig 7 [64]. The wick also affects the boiling performance, which was explained in the previous
section. The boiling performance is further enhanced at high-pressures. The sintered wick exhibits
better boiling performance with lower wall superheat for low heat fluxes as shown in Fig 6.5. A

lower wall superheat can be related to the enhanced surface area with the wick particles, the cavity
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size, and the supplied capillary pressure by the wick. The measured critical heat flux is observed
to be 184.34, 199.64, and 208.36 W/cm? at 0 psig (0 kPa), 15 psig (103.4 kPa), and 30 psig (206.8
kPa).

In comparison to the plain copper surface, the CHF is enhanced by 64.38%, 68.8%, and 59.89%
for 0 psig (0 kPa), 15 psig (103.4 kPa), and 30 psig (206.8 kPa) respectively. Fig 6.6 demonstrates
the heat transfer performance for the 100 pm sintered wick. For example, at 100W/cm?, the HTC
is 2.5X times than the polished copper surface at 0 psig (0 kPa). The sintered wick offers 2X times
enhancement with the pressure.

The boiling performance is enhanced further with the multilayer wick, as shown in Fig. 6.7, and
6.8. The observed CHF is 218.78, 221. 34, and 225.14 W/cm? at 0, 15, and 30 psig, respectively.
In comparison to the single-layer wick, the CHF is enhanced by 18.68%, 9.98%, and 7.45% at 0
psig (0 kPa), 15 psig (103.4 kPa), and 30 psig (206.8 kPa) respectively. On the other hand, the
CHF is improved by 95.09%, 87.21%, and 72.89% at 0 psig (0 kPa), 15 psig (103.4 kPa), and 30
psig (206.8 kPa) respectively compared to the polished copper surface. The multilayer outperforms
the boiling performance over a single-layer wick. The difference in the CHF enhancement can
relate to hydrodynamic behavior. It is interesting to note that the multilayer wicks perform best in
comparison to the single-layer wick, as shown in Fig. 6.8. The HTC is 5X times and 4X times for
the multiplayer wick than the polished copper surface at 0 psig (0 kPa) and 30 psig (206.8 kPa),

respectively.
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Figure 6.5 The boiling curve for 100 micron single-layer wick at different high-pressures
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Figure 6.6 The heat transfer performance curve for 100 micron single-layer wick at
different high-pressures
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Figure 6.7 The boiling curve for 100 micron multilayer wick at different high-pressures
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The boiling test was also performed for the 200 um size multilayer wick, as shown in Fig 6.9 and
6.10. The boiling curves are for the 100 and 200 um multilayers at high-pressures are different.
The 200 um multilayer offers enhancement with all the heat fluxes, while the 100 pm sintered
particle the boiling performance maximizes at a specific heat flux, and then the performance starts
deteriorating. The difference in the mechanism can be related to the wick layer thickness and how
the capillary flow path improves within the layers.
6.5.2 Discussion

The multilayer wick offers a combination of high heat dissipation from a large heated area
along with a low wall superheat. Many studies have reported that multilayer wick provides several
benefits in the capillary-fed boiling [50][51][74] [75] [76] [77] [78]. It is reported in the past
studies, a thick wick (of thickness-to-particle diameter ratio ranging from 4 to 5) with multilayers
of sintered particles can dissipate high powers however exhibits large thermal resistances due to
vapor clogging in the wick pore spaces during boiling [75]. The present analysis suggests that the
pressure has the potential to provide separate flow pathways of liquid-vapor flow from the wicks.
As the boiling curves for multilayer wick of different particle sizes shows, boiling performance
improves significantly at high-pressures. The mechanism of high-pressure capillary fed boiling is
shown in Fig 6.11. The red and green arteries represent the liquid and vapor flow from the wick.
Indeed, pressure affects the boiling performance due to changes in the thermophysical properties
of water and bubble dynamics. The pressure activates the nucleation sites at a low superheat [64].
It also impacts the bubble departure diameter and the nucleation site densities. A similar effect is
observed in the bubble dynamics of high-pressure capillary fed boiling for the multilayer wick.
Due to surface modification, the multilayer wicks provide more cavities in the wick. However

many studies have reported a low heat dissipation due to thermal resistance for multilayer wicks
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due to vapor clogging. Smaller particles wick provides less permeability that hinders the vapor
escape for the wick. In the present studies, we have made the following observations in the boiling
behavior as compared to the ambient pressure:

1. Increased nucleation sites

2. Smaller departure diameter with a high-frequency rate

3. Boiling through jet columns

Pressure improves capillary feed

Sintered Layer

Nucleation point Heat Flux

Figure 6.11 The mechanism of high-pressure capillary fed nucleate boiling.

The increased number of active nucleation sites in the multilayer wick can be related to the
pressure and the surface features provided by the multilayer wicks. Also, the pressure may open
the cavity mouths at a low superheat that can help in activating more nucleation sites. It is also
possible that pressure may impact the vapor flow path underneath the wick particles to prevent

vapor choking underneath the wicks improving the capillary flow length of liquid-vapor between
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the particles, regardless of the cavity size. Therefore, the multilayer wick amplifies the pool-
boiling performance by offering a liquid-vapor flow separation from the particles that delays the

surface dry out.
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Chapter 7 - Conclusions and Future Work

7.1 Summary

The performance of high-pressure pool-boiling heat transfer and its mechanisms are discussed and
critically analyzed for the different engineered surfaces:

In chapter 2, the pool-boiling setup is demonstrated with the test procedure. The experimental
work is designed based on the previous work [65]. The design fabrication of the plain copper
substrates is also discussed in detail. The methods for the uncertainty and error measurements are
also presented. In the high-pressure pool-boiling experimental set up the back pressure regulator
valve plays an important role in maintaining pressure inside the boiling chamber. The working
principle of the back pressure regulator valve is also explained in the chapter. This chapter will
help in building a high-pressure pool-boiling experimental setup and running boiling tests for
future experimental work.

Chapter 3 provides a systematic study of high-pressure pool-boiling on a plain copper surface for
water. The hydrodynamic behavior of primary bubbles at high-pressure is studied and analyzed
using visualization technique. The impact of pressure on the bubble departure size, detachment
frequencies, and nucleation site densities is studied. High-pressure boiling has also shown a
different bubble dynamic behavior. The performance of high-pressure pool-boiling heat transfer is
discussed. The boiling data and heat transfer coefficient values are compared and validated with
different predicted theories. The heat transfer coefficient value is measured and analyzed at
different heat fluxes. A significant change is noticed at the high heat fluxes compared to the low
heat fluxes. The maximum heat transfer enhancement is found to be 175% at 60 psig (413.7 kPa).
The results suggest that pressure enhances heat transfer. The CHF is also calculated and compared

with the predicted theories. The trend for the CHF at high-pressures is found similar to the
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Kandlikar’s predicted theory. The CHF enhancement with the pressures is explained with the
macro layer theory.

The combined effects of pressure and wettability on the performance of pool-boiling heat transfer
is studied in chapter 4. The size of active nucleation sites, bubble departure diameter, bubble
release frequency and the nucleation site density are studied with the existing models for different
pressures. As we increase the pressure, the size of the nucleating bubble decreases and the bubble
release frequency increases due to change in the thermophysical properties of water. A similar
behavior is found for the plain surface. The effect of wettability is also investigated. The change
in the wettability gives a benefit in the bubble incipient wall superheat. The wall superheat
decreases by 35% and 45% at 30 and 45 psig, respectively. At 50W/cm? of heat flux, the heat

transfer improves by 100% at 45 psig. At low heat flux, the Teflon© coated surface exhibits the

maximum enhancement. However, at a high heat fluxes, 100W/cm?, the HTC is reduced by 50%.

The result in the HTC enhancement at low heat flux for the Teflon© can be related to the bubble

departure size and active nucleation sites densities.

In chapter 5, the high-pressure pool-boiling performance is studied for the monolayer sintered
copper powder wick surface using water as a working fluid. The wick structure was fabricated
using a multi-step sintering process with 200 um copper particles. The wick improves the surface
wettability due to the cavities present in the wicks. The heat transfer performance is compared to
the plain copper surface. The results found that the critical heat flux for the monolayer wick surface
is 1.75 times higher than that of the plain surface at 0 psig (0 kPa). However, the critical heat flux
is only 1.1 times higher than that of 30 psig (206.8 kPa) for the wick surface. The heat transfer
performance enhancement is related to the possible decrease in the hydrodynamic instability and

the capillary effect in rewetting the surface. It is found that pressure has a significant impact on
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the modulation wavelength. It reduces by 4.67% for the pressures ranging from 0 psig (0 kPa) —
30 psig (206.8 kPa) and controls the liquid-vapor phase separation at the solid-liquid interface with
a bubble pinning effect. The wick surface also decreases the wall superheat by three orders of
magnitude at 50W/cm?. The maximum heat transfer coefficient, 252.46 W/cm? K is found at 100
W/cm? of heat flux for 30 psig (206.8 kPa). The high-pressure boiling result shows that the heat
transfer coefficient is enhanced by 100% as compared to 0 kPa. The surface modification increases
the HTC by three orders of magnitude with respect to the plain copper surface. However, the
pressure further amplifies the performance by four times compared to the plain copper surface.
The HTC enhancement is related to the increased number of nucleation sites, enhanced effective
thermal conductivity, and increased evaporation surface area. Overall, the surface modification
and the pressure amplify the heat transfer performance and dissipate a large amount of heat
passively at a low thermal resistance, thus enhancing CHF and the HTC.

The effect of different sizes of sintered particle wicks on the boiling performance at high-pressures
is studied. The design fabrication of the sintered wick layer is also discussed in Chapter 6. The
pool-boiling results of monolayer wick of different particle sizes are compared with the polished

copper surface. The results demonstrate that the 250 um sintered particles perform best among the
particle sizes studied. Particle sizes less than 250 um enhance the nucleate boiling heat transfer at
the low heat fluxes with a low wall superheat due to small cavity sizes and increased active
nucleation sites. However, the CHF for the smaller particle size decreases because of the low
thermal resistance due to vapor clogging: Particle size greater than 250 um performs the worst.
The HTC curve for the bigger particle exhibits a similar behavior of a hydrophobic surface. It
provides high thermal efficiency at the low heat fluxes due to large cavity sizes (larger bubble

departure diameter) and a low wall superheat. The boiling performance decreases further as the
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heat flux increases. This chapter also demonstrates a model to validate the experimental results.
The high-pressure boiling results are also discussed for the monolayer and multilayer wicks. The
possible reason for the enhancement due to the pressure effect is presented. The mechanism of
high-pressure capillary fed boiling is also discussed in this chapter. It is suggested that the pressure
opens the cavity mouths and improves the vapor flow path underneath the wick particles, which
prevents the vapor choking underneath the wicks that may enhance the capillary flow length of

liquid-vapor between the particles regardless of cavity size/permeability.
7.2 Suggested Future Work

In the introduction section, it is highlighted that the two-phase cooling has been receiving
considerable interest in advanced thermal management. Indeed, two-phase heat transfer is difficult
to understand due to complicated heat transfer mechanisms of conduction, convection, radiation,
and evaporation. The present work will bring attention to pool-boiling heat transfer enhancement
at high-pressures. The following action will provide a future direction to the technology
advancement of two-phase cooling technology:

1. Development of an analytical model for the CHF of high-pressure pool-boiling heat
transfer

In chapter 3, the experimental results are compared with the existing models. None of the models
capture the CHF and HTC enhancement mechanism with high-pressure. Moreover, the present
study demonstrates different hydrodynamic behavior. More experimental data is required to
understand the bubble dynamics at high-pressures during boiling heat transfer. A new mechanistic
modeling is needed to explain the CHF enhancement mechanism.

2. Numerical modeling of high-pressure pool-boiling behavior

98



It is well understood that performing a numerical simulation for boiling is a challenging task for
the two-phase heat transfer. More numerical modeling is needed for solving mass, momentum,
and energy equations to understand the boiling behavior with surface modifications.

3. High-pressure Pool-boiling on varying wettability

In the present study, high-pressure pool-boiling heat transfer enhancement is performed for a
Teflon coated hydrophobic surface. In the past, low surface energy like Teflon coating surface has
been ignored for the boiling applications. Teflon coated surfaces can be utilized in small power
dissipation electronic cooling applications. The effect of coating thickness layer on the boiling
performance can be explored in the future.

4. Flow visualization and Thermography study of nucleating bubbles

In nucleate boiling heat transfer bubble dynamics play an essential role in the heat transfer
enhancement. At high-pressure, the bubble departs faster from the heated surface than at
atmospheric pressure. High-speed flow visualization and thermography would help us to capture
the vapor bubbles and understand the thermal stratification at the nucleation points. This study will
provide a better understanding of bubble dynamics with surface modifications.

5. Analytical modeling for capturing the CHF mechanism for sintered wicks

Several experimental studies have been performed to model the CHF mechanism for the capillary
fed boiling for different sizes of sintered particles. In the present study, it is also seen that high-
pressure pool-boiling exhibits different boiling behavior. A qualitative explanation has been
provided to explain heat transfer enhancement. However, it is desirable to model the bubble
dynamics to better understand the effect of the coating layer on the bubble incipience
characteristics. The present study also provides mechanistic modeling based on the particle size

and induced capillary pressure supplied by the wicks. The CHF depends on various parameters
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like critical radius, capillary flow length, and the capillary area. It is desirable to define all these

parameters accurately to explain the high-pressure capillary fed boiling mechanism.
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