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ABSTRACT

With new technologies taking advantages of the rapid miniaturization of devices to mi-

croscale across emerging industries, there is an unprecedented increase in the heat fluxes

generated. The relatively low phase-change thermal resistance associated with boiling is

beneficial for dissipating high heat flux densities in compact spaces. However, for boiling

heat transfer, a high degree of geometrical confinement significantly alters two-phase inter-

face dynamics which affects the flow pattern, wetting dynamics, and moreover, the heat

transfer rate of the boiling processes. Hence, it is crucial to have a deeper understanding

of the mechanistic effects of confinement on two-phase heat dissipation and carefully exam-

ine the applicability of boiling correlations developed for unconfined pool boiling to predict

and optimize design of extremely compact two-phase thermal management solutions. This

dissertation develops and demonstrate a fundamental understanding of the impact of con-

finement on pool boiling. To elucidate the mechanisms that impact confined boiling, this

study experimentally evaluates boiling characteristics through the quantification of boiling

curves and high-speed visualization across a range of gap spacing smaller than the capillary

length of the working fluid.

This work reveals the existence of two distinct boiling regime uniquely observed in boil-

ing in confined configurations (namely, intermittent boiling and partial dryout). In contrast

to pool boiling where the maximum heat transfer coefficient occurs below the critical heat

flux limit, the intermittent boiling regime demonstrates the highest heat transfer coefficient

in confined boiling. Then, this study provides a mechanistic explanation for the enhanced

heat transfer rate due to geometrical confinement. Mainly, small residual pockets of vapor,

termed ‘stem bubbles’ herein, remain on the boiling surface through a pinch-off process.

These stems bubbles act as seeds for vapor growth in the next phase of the boiling process

without the need for active nucleation sites. Furthermore, this dissertation develops a more

accurate, mechanistic-based model for the phenomena that occur at CHF in confined con-

figurations. The newly developed mechanistic understanding and model provides guidance

on new directions for designing extremely compact two-phase thermal solutions.
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1. INTRODUCTION

Pool boiling is the process of phase change from liquid to vapor through the generation of

bubbles on a heater surface which then depart by natural convection. For ‘pool’ boiling, as

opposed to flow boiling, a stationary bath of liquid is generally above the heated surface,

where generated vapor bubbles depart the heated surface by buoyancy. The large latent heat

of vaporization facilitates the removal of high heat density while maintaining boiling surface

at a relatively low temperature rise above the saturation temperature, often safely below

critical temperature limits for a system. Typically, operating above the design temperature

limits results in a material degradation or a malfunctioning of the systems. Therefore,

boiling is used in a numerous of technological applications as shown in Figure  1.1 . Currently,

the power industry still takes an advantage of the high heat transfer rates associated with

boiling for increasing the thermodynamic efficiency of extracting energy from solar, fossil, and

nuclear fuels. Boiling is also essential in other technological applications such as refrigeration

and air conditioning, food processing, and modern chemical and distillation processes.

Moreover, recent trends in modern devices miniaturization have spurred a new interest in

confined boiling. Examples of those modern devices include computer electronics, data cen-

ters, hybrid vehicle power electronics, aircraft, space craft avionics, x-ray medical devices,

and small modular nuclear reactor (SMR) [ 1 ], [  2 ]. In addition, new manufacturing tech-

nologies have enabled the semiconductor industry to vertically integrate active and passive

components within one package, i.e. ‘heterogeneous integration’. The emerging 3D heteroge-

neous integration technology reveal associated thermal challenges due to the higher thermal

resistances within the stack and the higher total power density. Appendix  A discusses the

benefit of heterogeneous integration and the associated thermal challenges.The relatively low

phase-change thermal resistance associated with boiling can exploited for dissipating high

heat flux densities in compact spaces.

These applications motivated researchers to understand the phenomenon of boiling start-

ing with the foundational work of Nukiyama in 1934 [  4 ]. Since the work of Nukiyama, con-

siderable progress in the understanding of the boiling phenomenon has been made including

boiling incipience, boiling hysteresis, heat transfer coefficient (HTC) associated with differ-
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Figure 1.1. Examples of Boiling Applications: recent technological ad-
vances across different industrial sectors have led to increases in the required
heat dissipation rates. Two-phase thermal management schemes use the latent
heat of vaporization to facilitate the removal of high heat density in various
applications such as transportation, defense, aerospace, energy, information
technologies, and water applications. Images are adapted from ”Recent Ad-
vances in High-flux, Two-phase Thermal Management” by Mudawar [ 3 ] with
permission.Copyright 2013 ©by ASME.

ence boiling regimes, and the critical heat flux [  5 ]. These research efforts continued, but

by the 1980’s, established models and theories were sufficient to describe most macroscopic

boiling processes enabling safe operation of large heat transfer systems [ 6 ].

Boiling is a chaotic and a complex two-phase flow phenomenon. This complexity stems

from the presence and the dynamic evolving of multiple interfaces covering a wide range of

length scales extending from the macroscale down to the molecular level [ 6 ]. As a result,

despite the decades of research and the growing importance of pool boiling, the fundamental

physical mechanisms associated with boiling processes are still not fully understood [ 7 ].

Geometrical confinement further complicates the boiling process where it significantly al-

ters the thermofluidic characteristics of pool boiling [  8 ]. Primarily, vapor bubbles generated

on the confined boiling surface are forced to grow parallel to the boiling surface extending

the area of influence of nucleation sites, whereas many of the models developed and the
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Figure 1.2. Influence of confinement of the thermofluidic character-
istics. The complexity of the boiling phenomena often necessitates statistical
treatment of experimental measurements to develop relevant understanding
and correlations. Many models developed for unconfined boiling focus on a
one-dimensional analysis normal to the boiling surface. However, confinement
wall forces the vapor bubble to grow parallel to the boiling surface. Therefore,
the applicability of models developed for unconfined boiling needs to be care-
fully examined to account for the effect of confinement.

understanding for pool boiling focus on a one-dimensional analysis normal to the boiling

surface as illustrated in Figure  1.2 . Therefore, the applicability of the existing pool boil-

ing mechanistic understanding and corresponding models should be carefully examined and

reevaluated prior applying them to confined boiling.

1.1 Research Objective

The objective of this work is to develop and demonstrate a fundamental un-

derstanding of the impacts of confinement on pool boiling in order to predict

and optimize the design of two-phase thermal transport processes. To elucidate

the mechanisms that impact confined boiling, this dissertation experimentally evaluates con-

fined boiling across a range of gap spacings through quantification of the boiling curves and

high-speed visualization of the bubble dynamics. Then, leveraging this deep mechanistic
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understanding of the confinement effect to develop a predictive model of the thermal be-

havior of confined boiling which will enable a wider practical systems implementation of the

technique.

1.2 Research Contributions

This dissertation generated new knowledge crucial to understanding the impact of con-

finement on boiling regimes, heat transfer coefficients, and critical heat fluxes, as summarized

below and demonstrated throughout the remainder of this dissertation:

Confined Boiling Regimes: The thermofluidic characteristics of two-phase heat transfer

are significantly affected by the spatial confinement. This work reveals the existence of

two distinct boiling regimes uniquely observed in boiling in confined configurations (namely,

intermittent boiling and partial dryout). Intermittent boiling exhibits a cyclic behavior

where the heat dissipation method from the boiling surface alternate between single-phase

and two-phase heat dissipation. In a nucleation-active confined boiling, rewetting liquid

from unconfined pool lowers the surface superheat and boiling ceases monetarily until the

surface heats up to the nucleation temperature. On the other hand, in the partial dryout

confined boiling regime, portions of the surface remain continually dried out throughout the

boiling process because the capillary forces are insufficient to overcome the viscous resistance

necessary to completely rewet the boiling surface.

Heat Transfer Coefficient for Confined Boiling: Previous experimental studies reported

that geometrical confinement results in enhancement of the heat transfer coefficient. How-

ever, previous work suggested that increased evaporation from the microlayer underneath

the distorted vapor bubble was the primary mechanism of enhancement. This work un-

veils nucleation-enhanced rewetting as a complimentary enhancement mechanism for the

nucleation-active boiling in confined configuration. As the vapor bubble grows, the confine-

ment wall forces liquid to flow parallel to the boiling surface, facilitating the rewetting of the

dry region of the boiling surface. On the other hand, for extremely confined configurations

this work reports the observation of nucleation-suppressed boiling, where small residual pock-

ets of vapor, termed ‘stem bubbles’ herein, remain on the boiling surface through a pinch-off
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process. These stem bubbles act as seeds for vapor growth in the next phase of the boiling

process and dominate the heat transfer enhancement in extremely confined boiling. Overall,

these processes provide an improved mechanistic understanding of the improvements in heat

transfer coefficients associated with confined boiling.

Critical Heat Flux for Confined Boiling: Geometrical confinement has detrimental effect

of the Critical Heat Flux (CHF) (i.e., the heat flux above which the boiling surface loses

direct contact to the liquid because of the formation of a stable vapor layer resulting in

drastic increase in overall thermal resistance). Moreover, the generalizability of much of the

previously developed confined CHF models is limited since they were mostly based on the

unconfined pool boiling triggering mechanism. This work develops a more complete, mech-

anistic based model for the phenomena that occur at CHF. The developed model postulates

that the CHF coincides with the irreversible growth of dry spots on the boiling surface. Com-

pared to existing models, the newly developed model improves the accuracy of predicting

the impact of the confinement geometry on the CHF up to a limit where boiling dynamics

are not affected by the confinement wall. This model increases confidence in the actual CHF

limit and allows for reduction in engineering “safety factors”.

1.3 Organization

This dissertation is organized into the following chapters:

Chapter 1 introduces and motivates the research.

Chapter 2 reviews the fundamentals of boiling processes and the recent advances in con-

fined boiling.

Chapter 3 describes the experimental investigation of the effect of confined boiling on the

boiling regimes and the consequences on the heat transfer performance in terms of the heat

transfer coefficient and the critical dryout limits of boiling.

Chapter 4 further explores the mechanisms of confined boiling and, based on high speed

video and thermal results, proposes “stem boiling” as the dominant heat transfer enhance-

ment mechanism for extremely confined boiling.
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Chapter 5 develops a mechanistic model to predict saturated pool boiling Critical Heat

Flux (CHF) in confined geometries.

Chapter 6 summarizes the major contributions of this dissertation and describes the future

research directions.
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2. REVIEW OF BOILING PROCESSES FUNDAMENTALS

This chapter reviews the fundamental of boiling processes and the recent advances in ac-

counting for the geometrical influence on the thermofluidic characteristics of boiling. While

there are some efforts to empirically account the geometrical implications in the boiling

process, based on this review, there is a lack of established models that accounts for the

implications on a fundamental level.

2.1 Boiling Heat Transfer

Similar to evaporation, boiling is the phase change process form liquid to vapor. How-

ever, there is key difference between evaporation and boiling. Evaporative phase change

occur at the liquid-vapor interface when the vapor pressure of at the interface is less that

the saturated pressure for a given temperature. Evaporation has proven to be an effective

approach for many electronics cooling applications. For examples, heat pipes [ 9 ] and vapor

chambers [  10 ] are evaporative-based thermal designs and commercially used in electronics

cooling applications. However, heat has to be transported from the solid surface to the evap-

orative interface through a liquid layer where wick materials are typically used to replenish

the evaporated liquid. The physical separation between desired cooling surface, solid surface,

and where the two-phase heat dissipation occurs leads to a trade off between solid surface

temperature and the maximum heat flux limit beyond which the liquid layer dries out [ 10 ].

In contrast, boiling phase change occurs at the solid-liquid interface when the solid surface

temperature is maintained above the saturation temperature of the working fluid. Boiling

is characterized by rapid vapor bubble generation at the solid-liquid interface. The growing

bubbles detach from the boiling surface and rise to the free surface when their buoyancy

forces overcome bubble adhesion forces. The coincidence of the boiling surface and the

two-phase heat dissipation mechanism has the potential to enable extremely miniaturized

thermal solutions allowing for a more compact thermal management system.

Boiling is a non-equilibrium process where the vapor bubbles are not in thermodynamic

equilibrium with surrounding liquid. In other words, the surrounding liquid temperature

and pressure is typically different that the temperature and vapor pressure inside the vapor
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bubble. Surface tension at the two-phase interface balances the pressure difference, while the

temperature difference drives heat transfer across the two-phase interface. Heat is transferred

from the bubble when the surrounding liquid is at lower temperature than the bubble causing

vapor condensation and eventually bubble collapse. In contrast, heat is transfer to the bubble

when the surrounding liquid is at higher temperature than the bubble causing bubble growth

and the bubble to rise to the top due to increasing buoyancy forces. This distinction classifies

boiling into two regimes: subcooled boiling and saturated boiling. Boiling is also classified

into pool boiling and flow boiling. In pool boiling, the bulk of the fluid is stationary. The

boiling surface relies on buoyancy driven flow for liquid rewetting. On the other hand, flow

boiling relies on an active pump to circulate working fluid within the thermal system. Boiling

typically occur at the inside wall of a sealed channel. Both boiling schemes require a separate

condenser that eventually dissipates the heat into the ambient environment.

One the conventional thermal performance metrics used is the heat transfer coefficient

(HTC or h). The heat transfer coefficient can be broadly defined as the coefficient of propor-

tionality between the temperature difference, ∆T , and the applied heat flux, q. Commonly

for boiling, the heat transfer coefficient is defined based on the temperature difference be-

tween the boiling surface temperature (Tb) and saturation temperature (Tsat): ∆T = Tb−Tsat.

This temperature difference is called the “excess temperature” or the “surface superheat”.

Unlike conduction where the temperature difference is linearly proportional to the heat flux,

the heat transfer coefficient during boiling depends on the surface superheat. Consequently,

boiling curves that relate the boiling heat flux as a function of the surface superheat are

used for characterizing the boiling thermal behavior. Figure  2.1 illustrates a representative

heat flux control pool boiling curve including four sequential boiling regimes. At low heat

fluxes, no bubbles are generated. Free (or natural) convection is sufficient to dissipate the

heat from the boiling surface. Once the onset or nucleation is reached, bubbles start forming

at certain sites, also known as nucleation sites, on the boiling surface. In the lower heat flux

range of the nucleate boiling regimes, isolated bubbles are formed. As the bubble detach

and depart the surface, liquid replenishes the vacated space rewetting the boiling surface

where the bubble detached. As the heat flux increases within the nucleate boiling regime,

bubbles form rapidly forming numerous continuous columns of vapor within the liquid. At
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Figure 2.1. Representation of a typical pool boiling curve.

large surface superheats, vapor is generated at high rates making it difficult for the liquid

to rewet the boiling surface. Consequently, unstable pockets of vapor partially cover the

boiling surface. The heat flux at this point is termed the critical heat flux (CHF) where

the boiling transitions from the nucleate boiling regime to film boiling. A continuous stable

vapor layer is formed on the entire boiling surface at the film boiling regime. The vapor

film acts an insulating layer where heat is only transfer through conduction and radiation.

Boiling processes exhibit a hysteresis effect. Once in the film boiling regime, heat flux needs

to reduced below the Leidenfrost point, which is much lower than CHF, to transition the

boiling back to nucleate boiling regime.
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The boiling regimes for flow boiling differ from pool boiling. Flow boiling regimes are

classified based on the relative amount of liquid to vapor and vary along the length of the

boiling channel. Figure  2.2 illustrates flow boiling regimes in a uniformly heated tube. Phase

change is initiated in the subcooled flow boiling regime. A large radial temperature gradient

characterizes this regime where bubbles are generated in the vicinity of the tube wall, while

subcooled liquid flows near the center of the tube. Eventually, liquid at the core of the

tube reaches saturation conditions and bubble can exist at any radial location at the bubbly

flow boiling regime. Further downstream the bubble density increases and adjacent bubbles

coalesce forming slugs in the slug flow regime. The annular flow regime follows with the

liquid forming a thin layer near the wall. It is worth noting that the highest heat transfer

Figure 2.2. Illustration on the flow boiling regimes along a vertical tube.
Similar to pool boiling, the heat transfer coefficient varies across different
boiling regimes. Notably, the highest heat transfer coefficient is observed at
the annular regime with no active nucleation sites on the boiling surface.
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coefficient in flow boiling is observed in annular regime with no active nucleation sites on the

heated surface. Rather, relatively large vapor core spans almost the entire cross-sectional

area of the channel. Eventually, the liquid layer around the vapor core get depleted leaving

the inner wall of the tube dry in the mist regime where the remaining liquid exist in a form

of droplets within the vapor core. After the droplets completely evaporate, heat is dissipated

through the forced convection of the moving vapor.

2.2 Boiling Models and Correlations

The characteristics of each boiling regime differ considerably. Hence, developing a unified

model that represents thermal behavior during boiling across multiple regimes has been a

challenge that yet to be solved. Among the boiling regimes, nucleate boiling is particularly

well studied due to its relevance in a wide variety of applications. A complete review of

all the effort in modeling all boiling regimes is beyond the scope of this thesis. Instead,

the following sections review a few approaches for modeling heat transport in the nucleate

boiling regimes and the operational limits of nucleate boiling.

2.2.1 Nucleate Boiling Correlations

The micro-agitation of fluid in the vicinity of nucleated bubbles is among the common

approaches to model the high heat transfer rate associated with nucleate boiling. Rohsenow

[ 11 ] used the micro-convection approach to develop a correlation adapted from single-phase

forced-convection correlation with a modified length and velocity scales. This approach

implies that boiling heat transfer correlation for the Nusselt number, Nub follows the form:

Nub = hLb

kl

= ARen
bPr

m
l , (2.1)

where h = q′′

Tb−Tsat
is the convection coefficient, Reb = ρvUbLb

µl
is the Reynolds number, Pr is

the Prandtl number, ρv is the vapor density. µl is the liquid viscosity, and kl is the liquid

thermal conductivity. Here, Lb is a suitable length scale and the Reynolds number is scaled

by the suitable velocity and the heat transfer coefficient is defined in relation to the surface
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superheat. Rohsenow [ 11 ] used the bubble departure diameter, dd, and the vapor superficial

velocity, Ub = q′′

ρvhlV
, as the scaling parameters to develop the following boiling heat transfer

correlation:

q′′

µlhlv

[
2σ

g(ρl − ρv)

]1/2

=
(

1
Csf

)1/r

Pr
−s/r
l

[
Cpl[Tb − Tsat(Pl)]

hlv

]1/r

, (2.2)

where Csf =
√

2Cbω
A

, dd = Lb = Cbω
[

2σ
g(ρl−ρv)

]1/2
, σ is the surface tension, ω is the contact

angle, ρl is the liquid density, g is the gravitational acceleration, hlv is the latent heat of

vaporization, cpl is the liquid heat capacity, and Cb, A, r, and s are fitting parameters specific

to the boiling system. Over the years, recommended fitting parameters have been listed for

common boiling systems [ 12 ].

Forster and Zuber [ 13 ] also developed a boiling correlation based on the micro-convection

approach. Their model used a bubble growth relation (developed in their earlier investiga-

tions [ 14 ]) such that the bubble radius, R, is given by the following relation for thermally-

controlled growth:

R = Ja(παlt)1/2, (2.3)

where

Ja = [T∞ − Tsat(P∞)]Cplρl

ρvhlv

. (2.4)

The growth rate for the bubble radius is

Ṙ = Ja
(

παl

4t

)1/2
. (2.5)

Using the bubble diameter (2R) and growth rate (Ṙ) as the length and velocity scales,

respectively, the boiling correlation becomes

Nub = q′′(2R)
(Tb − T∞)kl

, (2.6)

where

Reb = 2RρlṘ

µl

= πJa2Pr−1
l . (2.7)
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Note that Foster and Zuber’s correlation differs from Rohsenow’s correlation in number of

aspects. The heat transfer is defined in relation to the liquid bulk temperature instead of

the saturation temperature, the Reynolds number is independent of the bubble radius, and

the scale length is time dependent.

Other investigators [ 15 ] validated that the convection to liquid is the main contributor

to heat dissipation of boiling surface. This validation justifies the use of micro-convection

approach for boiling correlations. However, micro-convection is a steady state approach

and boiling is a very dynamical physical phenomenon. Forster and Greif [ 14 ] proposed a

transient based model postulating that nucleated bubbles act as micro-pump that draws

cold bulk liquid into the boiling surface as the bubble departs the surface. Therefore, they

proposed the following model based on the bubble maximum radius, Rmax, bubble frequency,

f , and the nucleation site density, na:

q′′ = ρlcpl

(2π

3

)
R3

max

(1
2

)
(Tb − T∞)fna. (2.8)

Later, Mikic and Rohsenow [ 16 ] combined both the steady micro-convection approach with

the transient vapor-liquid exchange approach by superimposing convection dissipation in

between active nucleation sites. Their proposed correlation can be written in this form:

q̄′′

µlhlv

[
2σ

g(ρl − ρv)

]1/2

= B[Φ(Tb − Tsat)]m+1, (2.9)

where

Φ =
 k1/2

l ρ
17/8
l c

19/8
pl h

m−23/8
lv ρm−15/8

v

µl(ρl − ρv)9/8σm−11/8T
m−15/8
sat

1/(m+1)

, (2.10)

and B and m are system-dependent fitting parameters. Similarly, Zuber [  17 ] also proposed to

combine the micro-convection approached and the transient vapor-liquid exchange approach.

However, Zuber’s model uses the correlation developed for turbulent natural convection while

substituting the appropriate velocity, length, and time scales. The resulting correlation has

the form:
q′′L

kl

= C0

(
gL3

νlαl

[
β(Tb − Tsat) + π

6nad
2
d

ddf(ρl − ρv)
ρluT

])1/3

. (2.11)
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While micro-convection dominates the heat dissipation at the low heat flux range in

the isolated bubble regime, experimental data indicates that it does not accurately capture

the total heat dissipation at the higher range of heat flux where the spacing between active

nucleation sites is reduced. A large fraction of the heat is dissipated through the evaporation

of the microlayer underneath the bubble. Van Stralen [  18 ] validated experimentally that

a superposition of micro-convection and the latent heat of vaporization is an appropriate

approach to model boiling across a large of range of heat fluxes. Judd and Hwang [ 19 ]

also proposed a model that accounts for microlayer evaporation in addition to the micro-

convection and nucleate boiling mechanisms to predict the heat flux yielding the relationship

q′′ = 4.35 × 108nafVme + 184(Tw − T∞)4/3[1 −KπR2
bna] + 1543KR2

b

√
fna(Tb − T∞), (2.12)

where Vme is the volume of the microlayer evaporated, Rb is the radius of influence by bubble,

and K is the ratio between influence area around nucleation sites and the projected bubble

area at departure.

Most of the models described above idealized shapes and location of isolated bubbles and,

then, build a heat and mass transport model based on those idealizations. As a result, boiling

correlations requires prior knowledge about bubble frequencies, nucleation density, bubble

shape, and bubble size. Despite the intensive investigation efforts over many years, these

parameters are not well understood in boiling processes. As a result, best boiling correlations

still have 30-40 % deviation form experimental data. The uncertainties in analytical based

approaches paved the way for an empirical based approached that are validated in the tested

ranged only. Stephan and Abdelsalam [  20 ] proposed the empirical boiling heat transfer

correlations for various working fluids summarized in Table  2.1 .

2.2.2 Nucleation Onset

Bubble nucleation is classified into homogeneous nucleation (that is, bubble nucleation

completely in superheated liquid) and heterogeneous nucleation (i.e, nucleation at the in-

terface of fluid and solid). In the case of heterogeneous nucleation, when heat added to the
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Table 2.1. Empirical correlations for boiling heat transfer proposed by
Stephan and Abdelsalam [ 20 ].

For water in the pressure range 10−4 < P/PC < 0.886 with θ = 45◦:
q′′Db

kl(Tw−Tsat) = 2.46 × 106
(

q′′Db

klTsat

)0.673
(

hfgD2
b

α2
l

)−1.58 (
cpTsatD2

b

α2
l

)1.26 (
ρl−ρv

ρl

)5.22

For hydrocarbons in the pressure range 5.7 × 10−3 < P/PC <= 0.9 with θ = 35◦:
q′′Db

kl(Tw−Tsat) = 0.0546
((

q′′Db

klTsat

) (
ρv

ρl

)0.5
)0.67 (

hfgD2
b

α2
l

)0.248 (
ρl−ρv

ρl

)4.33

For cryogenic liquids in the pressure range 4.0 × 10−3 < P/PC <= 0.97 with θ = 1◦:
q′′Db

kl(Tw−Tsat) = 4.82
(

q′′Db

klTsat

)0.624 ( (ρcpk)c

(ρcpk)l

)0.1117 (ρv

ρl

)0.257
(

cpTsatD2
b

α2
l

)0.374 (
hfgD2

b

α2
l

)−0.329

For refrigerants in the pressure range 3.0 × 10−4 < P/PC < 0.78 with θ = 35◦:
q′′Db

kl(Tw−Tsat) = 207
(

q′′Db

klTsat

)0.745 (ρv

ρl

)0.581 ( νl

αl

)0.533

system through the solid heated surface, the liquid immediately adjacent to the solid inter-

face exhibit the highest temperature and may exceed the equilibrium saturation condition.

Hence, bubble nucleation is most likely to occur at the solid interface. Theoretical analysis

concluded that surface superheat approaches the homogeneous nucleation is required to ini-

tiate boiling at perfectly wetted liquid-solid interface [  21 ]. For instance, based on the liquid

phase stability analysis, water at atmospheric pressure is predicted to require wall temper-

ature around 300 °C to initiate boiling for a perfectly wetted liquid-solid interface with not

the presence of trapped gasses on the surface [  22 ]. However, this degree of superheat is

rarely observed experimentally. Instead, water start boils in a metal pan at wall superheat

no more than 15 °C. The low surface superheat required for boiling is attributed to the

presence of trapped gas within solid surface crevices. Most real solid surfaces contain defects

and irregularities leading to incomplete liquid wetting. The energy requirements to expand

pre-existing vapor-liquid interfaces are much lower than for initiating the vapor phase in the

fluid. Trapped gasses facilitating boiling at reduces surface superheat has been experimental

validated [  23 ]–[ 25 ]. Figure  2.3 illustrates vapor entrapment as a liquid wets the surfaces

leading to formation a nucleation site.
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Figure 2.3. Schematic of the vapor entrapping mechanism in the groove as
the liquid advances on the boiling surface.

The advancing contact angle, θa, of the triple line (vapor-liquid-solid) plays a crucial role

in trapping vapor in a surface groove angle of 2γ. As the liquid front moves, the liquid-vapor

interface will contact the opposite wall of the groove without completely wetting the groove if

θa > 2γ as shown in Figure  2.3 (a). Similarly, receding liquid line will leave liquid in the groove

if the receding contact angle is θr < 180 − 2γ. Contact angle hysteresis, θa − θr, improve

the probability of trapping gap in surface cavities. However, the effectiveness of trapped

gasses in initiating boiling depends on the rate of gas-liquid diffusion rate. For example,

pure degassed liquids dissolve trapped gasses faster than aerated liquid which deactivates

cavities. On the other hand, once nucleation sites become active and generate vapor, over

time all non-condensable gasses get removed leaving only vapor behind. If the surrounding

liquid cools down, the vapor may completely condense deactivating the nucleation site and

leading to boiling hysteresis.

The entrapped vapor plays a crucial role in determining the active nucleation site density

on the boiling surface and the onset conditions for nucleation. For an entrapped vapor embryo

to grow, its internal vapor pressure must overcome the external liquid pressure in addition

to the surface tension pressure. Once the nucleation site is activated bubbles are generated

in cyclic steady growth pattern usually termed the ebullition cycle as illustrated in Figure

 2.4 . The liquid surrounding the growing bubble is subjected to conductive temperature drop
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away from the boiling surface. Hsu [  26 ] proposed a semi-theoretical model accounting for

the non-uniform of the surrounding liquid in determining the range of surface cavities that

will be active for given boiling conditions. The model Hsu developed considers a trade off

in active nucleation site size between bubble radius of curvature and the temperature drop

away for the boiling surface.

Figure 2.4. Schematic of (a) bubble growth at a nucleation site on the boil-
ing surface. The liquid temperature is highest right at the solid interface (red)
and gradually reach the saturation temperature away from the solid interface
(blue).(b) the criteria for the onset of nucleate boiling. In order for the bubble
to grow, the temperature at the highest point of the bubble must be sufficient
to overcome the surface tension. The dashed black line represents the temper-
ature required for the bubble to grow for a given temperature. The red solid
lines represents the liquid temperature away for the solid interface. Increasing
the heat flux increases both the wall temperature and the temperature gra-
dient. Nucleation onset occurs first the solid line intersect with the dashed
line. More cavity size range are activated for heat fluxes higher that onset
conditions.

The Young-Laplace equation combined with Clausius-Clapeyron relation results in the

following relation between boiling conditions and radius of bubble embryos, re:

Tl − Tsat(Pl) = 2σTsat(Pl)
ρvhfgre

. (2.13)

36



Figure 2.5. The range of active cavity sizes using the model from Hsu [  26 ] as
a function of wall superheat for saturated water at atmospheric pressure and
thermal boundary layer of 0.2 mm. Temperature above saturated temperature
is required to onset nucleation. As the wall temperature increases, a larger
range of vapor embryos sizes get activated..

Hsu [  26 ] proposed that the radius of the bubble embryos, re, related to the mouth radius of

the cavity on which the bubble forms, rc, as 2rc = 1.6re. Mathematically, the range of active

cavity sizes, rmin and rmax is expressed as

rc,min

rc,max

 = δt

4

1 − (Tsat − T∞)
(Tb − T∞)

+

−


√√√√(1 − (Tsat − T∞)

(Tw − T∞)

)2

− 12.8σTsat(Pl)
ρvhlvδt(Tb − T∞)

 , (2.14)

where δt is the thickness of the thermal boundary layer. Figure  2.5 shows the predicted

range of active cavities using the model for incipience of Hsu [ 26 ].

2.3 Boiling Enhancement Techniques

Several techniques to enhance the boiling heat transfer coefficient and the critical heat

flux of boiling have been proposed. Based on the mechanisms of nucleate boiling and the

37



critical heat flux (CHF), the boiling heat transfer coefficient and CHF can be enhanced

through the following strategies:

• Increasing the abundance of the surfaces cavities that can act as nucleation sites

through trapped gas or vapor.

• Controlling the nucleation cavity size range to facilitate onset of nucleate boiling at

low superheat while activating more cavities at high heat flux.

• Drawing more liquid toward the contact line region under the bubble through increasing

surface wettability.

• Extending the solid-liquid interface area to enhance the overall heat transfer rate.

Modification of surface roughness as a technique for boiling enhancement has been ex-

plored since the early 1930’s [  27 ]. Increasing surface roughness increases the number of active

nucleation site which improves the nucleate boiling performance [  28 ]–[ 30 ]. Both incipience

and nucleate boiling heat transfer is affected by roughness [  28 ], [  29 ], [  31 ]. In fact, advanced

micro-machining technologies have enabled optimizing surface roughness morphology to fur-

ther improve boiling performance. For instance, the CHF of water on etched surfaces has

been reported to be up to 51% larger than sanded surfaces to the same roughness [ 32 ].

In addition, introducing a microstructured porous wick layer on the boiling surface adds

extra liquid flow paths through capillary driven flow in the interstitial spaces to the liquid-

vapor interface. Various models have been developed to predict the enhancement of CHF due

to the microstructured surfaces [ 33 ]–[ 35 ]. In general, the thickness of the microstructured

wick layer leads to a trade-off between increasing the boiling heat transfer coefficient and

increasing the CHF. While thick wick layers improve liquid flow to the liquid-vapor interface,

they also add a thermal contact resistance in the heat flow path.

Advanced manufacturing techniques have also enabled engineering boiling surfaces with

tunnels and reentrant cavities. As discussed in sections above, bubbles grow when the

internal pressure, which is directly correlated to vapor temperature, overcomes the effect of

surface tension and surrounding liquid pressure. Nakayama et al. [ 36 ] demonstrated that

convex vapor interface reduces the superheat required for the bubble to grow compared to
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concave vapor interfaces. The convex vapor interfaces were achieved by fabricating micro-

tunnels on the boiling surface then cover them with thin plate having rows of micro pores.

Under ‘suction-evaporation mode’, tunnels were filled by vapor and nucleate boiling occurred

at the cover plate pores. The bubble release from active sites caused liquid suction on inactive

sites resulting in convex vapor interface.

Microporous coatings on the boiling surface have been demonstrated to enhance pool

boiling performance. The enhancement relies on a combination of capillary-assisted liquid

supply, increased surface area, dense nucleation sites, and preferential vapor release route.

For FC-72 heat transfer fluid, surfaces coated with copper microparticles have been demon-

strated to reduce the required superheat for incipience by 80% while increasing the boiling

heat transfer coefficient by 330% in nucleate boiling and increasing the CHF by 100% [ 37 ].

Similarly, micro-fin patterns on the boiling surface induce capillary liquid flow in addition to

increasing the boiling surface area. Micro-fins were able to increase heat transfer coefficient

on boiling water by 300% and CHF by 300% compared to bare surfaces [ 38 ]. In general,

the boiling enhancements due to micro-structures have similar trends to that observed to

roughened surface. Boiling requires less superheat shifting the boiling curve to the left.

Additionally, wickability associated with micro-structures increase CHF.

Nanostructured boiling surfaces also have demonstrated improve boiling performance

[ 39 ]–[ 44 ]. Numerous studies demonstrated the improvement in water boiling CHF due to

the nanostructured boiling surfaces [ 45 ]–[ 52 ]. The nanostructures significantly decrease the

surface contact angle, however, the change in surface wettability solely does not accurately

explain the thermal enhancement. CHF models developed for highly wetting surfaces gener-

ally do not predict nanostructured boiling surfaces CHF. Thus, Rahman et al. [ 53 ] proposed

the use of wicking number, W i:

W i = V̇ ′
0ρl

ρ
1/2
v [σ(ρl − ρv)g]1/4

, (2.15)
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where V ′
0 is the initial wicked volume flow rate. The wicking number correlate the critical

heat flux of a wicking number to the critical heat flux of non-wicking surface, q′′
CHF,nw, for

the same condition as follows:

q′′
CHF

ρ
1/2
v hlv[σ(ρl − ρv)g]1/4

=
q′′

CHF,nw

ρ
1/2
v hlv[σ(ρl − ρv)g]1/4

[1 +W i]. (2.16)

While micro-/nano-structured surface demonstrated enhancement in boiling processes,

implementing them in applications requires additional considerations. The enhancements

tend to degrade due to fouling, thermal stresses, and absorbed material [ 54 ], [  55 ]. Modifi-

cation of surface wettability is another common approach to enhance boiling performance.

However, modification of surface wettability poses a trade-off between increased heat trans-

fer coefficient and increased CHF. While hydrophobic surfaces lower the boiling superheat

required for incipience and increase the heat transfer coefficient, they also lower the CHF

[ 56 ]–[ 60 ]. Investigations into the effect of contact angle on nucleate boiling found that hy-

drophobic surfaces hinders that detachment of the bubbles of the boiling surface facilitating

bubble growth and coalescence and eventually forming a vapor film on the surface. On the

other hand, hydrophilic surfaces increase the bubble departure diameter while reducing the

bubble generation frequency [ 61 ], [  62 ]. The trade-off in the impact of surface wettability

motivated investigations into the boiling performance of heterogeneous surfaces composed

of hydrophilic surfaces with hydrophobic patterns. Experiments have demonstrated that

heterogeneous surfaces improve both the nucleation boiling heat transfer coefficient and the

CHF [ 52 ], [ 63 ].

2.4 Limitations of Nucleate Boiling

In a typical boiling curve (Figure  2.1 ), nucleate boiling transitions into film boiling when

the applied heat flux reaches the critical heat flux (CHF). Before reaching the CHF, energy

has to transport through the following energy transfer mechanisms:

M1: Energy transfer across the solid-liquid interface.

M2: Energy transfer from the liquid-solid interface to the liquid-vapor interface.
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M3: Energy transfer across the liquid-vapor interface.

M4: Far field vapor transport away from the boiling surface preventing dryout.

M5: Far field liquid transport toward the boiling surface replenishing vaporized liquid.

M6: Near surface liquid transport and wetting of the surface in the contact line region.

Interruption in any of those mechanisms limits the boiling process. The boiling system

configuration determines which of those transfer mechanisms is the factor that limits the

maximum heat transfer rate for nucleate boiling. Models to predict CHF generally postulate

that one of the transfer mechanisms is the weak link in the boiling process chain. Analysis in-

dicates that the thermal energy carriers, phonons, scattering across the solid-liquid interface

is unlikely to be the limiting transport mechanism [  64 ], [  65 ]. Similarly, the maximum vapor

flux across the liquid-vapor interface using kinetic theory typically yields large maximum

transfer rate limits compared to the other transfer mechanisms [  65 ]. Thus, investigators

historically focused on either the far field counter flow of vapor and liquid or near field liquid

delivery to the contact line as the limiting factor in the nucleation boiling process.

Rohsenow and Griffith [  66 ] and Chang and Snyder [  67 ] postulated that the near field liq-

uid supply to the contact line limits nucleate boiling. As the applied heat flux increases, more

nucleation sites are activated. Eventually, a critical nucleation site density is reached where

liquid flow to the contact surface is blocked. However, models based on this approach require

accurate quantification of the bubble generation frequency and bubble departure diameter.

Despite previous efforts, those quantities are still not well understood and challenging to be

accurately quantified. In addition, visual evidence does not support the premise that round

bubbles are packed against the surface tightly near the CHF.

Another widely accepted analytical approach to predict CHF is through the analysis of

the hydrodynamic instabilities of far field counter flow liquid-vapor interfaces. Kutateladze

[ 68 ] employed a dimensional analysis approach to postulated the functional dependence of

the CHF on various parameters. This leads to the dimensionless Kutateladze number, Ku,

which is defined as:

Ku = qCHF

ρvhlv

[
ρ2

v

σ(ρl − ρv)g

]1/4

. (2.17)
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Figure 2.6. Illustrations of vapor columns on a heated surface at CHF as-
suming the system is limited by the hydrodynamic instability of the far field
liquid-vapor interfaces)

Chang [  69 ] was the first to suggest a link between CHF for pool boiling and the inter-

facial instability analysis developed by Taylor [ 70 ]. Influenced by Chang, Zuber [  71 ] further

developed the interface instability approach to explain the mechanisms of CHF for pool boil-

ing. Zuber’s model was further refined by Lienhard and Dhir [ 72 ] by assuming the vapor

columns leaving the boiling surfaces follow the Helmholtz instability at the CHF and are

spaced with nodes at the dominant unstable Taylor wavelength, λD = 2π(3σ/[(ρl −ρv)g])1/2.

Vapor columns diameters were also assumed be half of the vapor column spacing as depicted

in Figure  2.6 .

Assuming that vapor density is much lower than liquid density, the critical Helmholtz

velocity, uc is

uc =
[

2πσ

ρvλ

]1/2

. (2.18)

The mean vapor velocity in the column can be calculated using conservation of mass and

energy to be

uc = q′′
CHF

ρvhlv

(
Asurf

Acol

)
=
(16

π

)
qCHF

ρvhlv

. (2.19)

Using the Taylor wavelength most susceptible to instabilities and equating the relations for

uc yields

q′′
CHF = π

16(3)1/4ρvhlv

[
σ(ρI − ρv)g

ρ2
v

]1/4

(2.20)
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The generalizability of the model of Zuber [ 71 ] has been criticized [  69 ], [  72 ], [  73 ] since

it did not account for geometry, surface conditions, and wettability while experimental data

suggested that those factors have a strong influence on CHF. Subsequent investigations

adapted Zuber’s model when developing CHF correlations for finite boiling surface. Table

 2.3 summarizes those CHF correlations to account for additional factors such as wettability,

pressure, viscosity, and orientation.
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Models for CHF based purely hydrodynamic instability fail to address effects of the

boiling surface wettability while experimental data suggests that surface wettability charac-

teristics significantly effect CHF conditions [  82 ]–[ 85 ]. The limitation of the hydrodynamic

approach motivated Kandlikar [ 85 ] to develop a model for CHF based on the forces on the

vapor bubble parallel to the boiling surface. The model considers the change of momen-

tum forces due to evaporation, vapor recoil, as the triggering factor for CHF. Kandlikar [  85 ]

postulated that the CHF occurs when those forces are balanced resulting in the following

relation:

q′′
CHF = ρvhlv

1 + cosω
16

[2
π

+ π

4(1 + cosω) cos θ
]1/2 [σ(ρl − ρv)g

ρ2
v

]1/4

, (2.21)

where θ is the angle of the boiling surface relative to the buoyancy direction and ω is the

receding contact angle. The CHF model of Kandlikar [  85 ] indicates that CHF decreases as

the contact angle increases which is in agreement with experimental trends [  73 ], [  86 ]–[ 92 ]. In

the extreme case of a entirely non-wetting surface, the nucleate boiling regime is expected

to vanish as boiling transitions immediately to film boiling upon incipience.

2.5 Geometrical Size Effect on Boiling

The typical boiling curves demonstrated in Section  2.1 characterize boiling when the

characteristic dimension of the heater is large compared to the capillary length of the working

fluid, Lb =
√
σ/g(ρl − ρv). Characteristics of two-phase heat dissipation in finite geometries

are significantly different compared to boiling from large surfaces in an unconfined pool.

Finite geometries affect the two-phase interface dynamics which affects the flow pattern,

wetting dynamics, and, moreover, heat transfer rate. Furthermore, the ebullition cycle

mechanism described in Subsection  2.2.2 assumes that the characteristic length is large

compared to the bubble departure diameter. Correlation of the departure diameter indicates

that typically equation to the capillary length for most systems. Hence, boiling curves for

heaters with characteristic length small compared to the capillary length is not expected to

follow the classical boiling curve. For instance, Bakhura and Lienhard [  93 ] collected boiling

curves for small diameter horizontal heater. The authors reported boiling curve for the small
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wire with a monotonic increase in heat flux along with the observation of ’patchy’ boiling,

where the boiling surface is partially covered in vapor blanket. The fraction of the boiling

surface area covered by vapor increases as the applied heat flux increases. that the when the

radius of the wire is less that 0.01Lb the local minimum and maximum value in the boiling

curves vanish. Similarly, Lienhard colleagues [  94 ]–[ 97 ] systematically investigated the effect

of finite boiling surfaces on the critical heat flux. The study adapted the hydrodynamics

instability framework described in subsection  2.2.2 and developed correlations for different

shapes as summarized in Table  2.3 . The lack of a universal correlation across different shapes

suggests that the hydrodynamics instability criteria is not sufficient to identify the triggering

mechanism for CHF in finite heater geometries.

Similarly, a small gap spacing above the boiling surface compared to the capillary length,

termed ‘confined boiling’ herein, affects the boiling characteristics. In one of the earliest in-

vestigations into confined boiling, Katto and Yokoya [  98 ] found that confined boiling reduces

the critical heat flux (CHF) and improves the average heat transfer coefficient compared to

unconfined boiling. In particular, boiling of deionized water at atmospheric pressure is sensi-

tive to the confinement gap space for gaps smaller than 2 mm. For gaps of 2 mm and larger,

the heat transfer characteristics were similar to unconfined pool boiling [  99 ]. Later investiga-

tions observed that, in addition to the confinement gap spacing, the area of confined boiling

surface impacts the heat transfer characteristics as well. Specifically, the heat transfer coef-

ficient and critical heat flux both reduced when the diameter of confined boiling surface was

increased [ 100 ]. Further, confined boiling is less sensitive to heater orientation, microgravity,

and surface roughness compared to unconfined boiling [ 101 ]–[ 104 ]. Yet, the surface wetta-

bility does impact confined boiling, as recent work has shown that using a superhydrophobic

confinement wall improved the thermal characteristics of confined boiling [  105 ]. The depar-

ture from classical boiling characteristics discusses above motivated investigators to develop

correlations to characterize the heat transfer rate in confined boiling configurations. Table

 2.4 summarizes the empirical correlations for heat transfer rate in terms of the gap spacing,

S. Furthermore, owing to the success of the hydrodynamics instability theory in predicting

CHF in pool boiling, subsequent investigations adapted Zuber’s framework when developing

correlations for CHF for confined boiling by including the gap spacing, S, in the empirical
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Table 2.3. Modified dimensionless CHF ratios, K = CHF
ρ0.5

v hlv [σg(ρl−ρv)]1/4 , based
on Zuber’s model [ 71 ] to account to finite geometrical effect.

Geometry Correlation Range of
Applicability

Infinite heater flat plat K = 1.14 L/Lb > 30

Small Heater of width or diame-
ter L with vertical side walls K = 1.14λ2

D

Aheater
9 < L/Lb < 20

Horizontal cylinder of radius R K = 0.89 + 2.27 exp
(
−3.44

√
R
Lb

)
R/Lb > 0.15

Large horizontal cylinder of ra-
dius R K = 0.90 R/Lb > 1.2

Small horizontal cylinder of ra-
dius R K = 0.94

(
R
Lb

)−1/4 0.15 ≤ R/Lb ≤
1.2

Large sphere of radius R K = 0.84 4.26 ≤ R/Lb

Small sphere of radius R K = 1.734
(

R
Lb

)−1/2 0.15 ≤ R/Lb ≤
4.26

Small horizontal ribbon oriented
vertically with side height H -
both sides heated

K = 1.18
(

H
Lb

)−1/4 0.15 ≤ H/Lb ≤
2.96

Small horizontal ribbon oriented
vertically with side height H -
back side insulated

K = 1.4
(

H
Lb

)−1/4 0.15 ≤ H/Lb ≤
5.86

Small, slender, horizontal cylin-
der body of arbitrary cross sec-
tion with transverse perimeter Lp

K = 1.4
(

Lp

Lb

)−1/4 0.15 ≤ R/Lb ≤
5.86

Small bluff body with character-
istic dimension L K = C0

(
L
Lb

)−1/2 Large L/Lb

correlation for the dimensionless CHF, K. Table  2.5 summarizes those modifications for

confined configurations.
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Table 2.5. Modified dimensionless CHF ratios, , K = CHF
ρ0.5

v hlv [σg(ρl−ρv)]1/4 , based
on Zuber’s model [ 71 ] to account to geometrical confinement effect.

Author(s) Correlation
Bonjour & Lallemand [ 111 ] K = 0.134

1+6.3910−5(ρl/ρv)1.343P 0.252
r (LH/S)1.517

Katto & Kosho [ 112 ] K = 0.18
1+0.00918(ρv/ρl)0.14[g (ρl−ρv)d2

σ
]0.5(d/S)

Kim & Suh [ 113 ] K = 0.17
1+6.8∗10−4(ρl/ρv)0.62(Deq/S)

Kim et al. [ 114 ] K = 0.131(0.6028S0.3694)
Misale et al. [ 101 ] K = 0.185

(
1

1+71.43e−1.32S

)
Monde et al. [ 115 ] K = 0.16

1+6.7∗10−4(ρl/ρv)0.6(LH/S)

2.6 Summary and Relation to this Work

The understanding of boiling has substantially increased due to the past investigations

discussed above. Section  2.1 demonstrated how the coefficient of proportionality between

the boiling surface superheat, ∆T , and the applied heat flux, q, (i.e. boiling curves) has been

used to define the boiling characteristics. Due to the complex nature of boiling, typically the

boiling phenomena is divided into regimes to simplify the appropriate governing mechanisms.

In fact, the boiling regimes are configuration dependent. For example, pool boiling and flow

boiling exhibit different boiling regimes. While confined boiling relies on buoyancy for the

departure of the generated bubbles, similar to pool boiling, the confinement wall induces a

significant local fluid flow parallel to the boiling surface. Hence, unique boiling regimes are

expected for confined boiling. Chapter  3 identifies those unique confined boiling regimes.

One of the main thermal metrics for boiling is the heat transfer coefficient. Section  2.2.1 

summarized the mechanisms for the main predictive models for the boiling heat transfer co-

efficient. Mainly, a convection analogy is made assuming that the generated bubbles induce

location fluid motion near the boiling surface which facilitates the convective transport of

heat. Section  2.2.1 reviewed different characteristic lengths and velocities used in a scaling

based analysis for boiling. However, in each model a specific mechanism was the base of the

developed model. For examples, one model postulates that bubbles behave as micropumps

drawing cold ambient fluid. Another model treats the vapor leaving the surface as an in-
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verted stagnation flow. Chapter  4 explores the appropriate mechanisms of heat transfer in

confined boiling which can serve as a base for a future predictive models for the confined boil-

ing heat transfer coefficient. Furthermore, section  2.3 summarized the common approaches

for enhancing the boiling heat transfer coefficient through micro-/nano-modification of the

boiling surface. The enhancements demonstrated tends to degrade due to fouling, thermal

stresses, and absorbed material. Chapter  4 provides an alternative enhancement technique

through confinement where the nucleation onset condition reviewed in section  2.2.2 is used

to distinguish between different enhancement mechanisms.

Lastly, section  2.4 reviewed the approaches used to predict the critical heat flux that

triggers the transition into film boiling. Among the widely accepted analytical approaches

use is the hydrodynamics instability. This framework is used include the influence of factors

that are not accounted for in the original development of the theory such as wettability,

orientation, and pressure. Section  2.5 demonstrated how subsequent investigations adapted

the hydrodynamics instability framework to predict the geometrical confinement effect on

CHF. However, chapter  5 re-evaluates the applicability of existing CHF frameworks and

proposes a new framework specifically for confinement configurations.

In brief, confinement significantly alter the boiling characteristics. Hence, a deeper mech-

anistic understanding of boiling in extremely compact spaces is crucial for designing effective

compact two-phase thermal management. This deeper understanding will facilitate the mod-

ification of the applicable extensive work that have been develop for unconfined boiling to

accommodate the effect of confinement. More broadly, further research in needed to de-

velop design guidelines for extremely compact two-phase thermal management solutions. for

extremely compact two-phase thermal management solutions.
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3. BOILING IN MICROSCALE GAPS 

1
 

Thermal management is one of the major operational concerns for data centers and accounts

for a significant fraction of total power consumption. Passive immersion cooling solutions

have been explored owing to their potential for offering low overall thermal resistance in

very dense rack configurations where there is no room for conventional heat sinks between

printed circuit boards. Further, in practice, regions of high heat flux are localized to where

processing units are positioned. Non-uniform heating, as well as local hot spots, could affect

thermal performance as a result of the need for rewetting of the surface with liquid during

boiling. This work explores immersion cooling in submillimeter confined liquid filled gaps

with localized heat sources. Specifically, this work investigates the thermofluidic character-

istics of highly confined boiling surfaces. A camera is used to visualize the two-phase flow

regimes and instabilities that occur prior to critical heat flux (CHF) limits. Two distinct

boiling regimes are observed (namely, intermittent boiling and partial dryout). Both the

heated fraction of the area within the confined region and the gap spacing affect the CHF

values and thermal performance prior to CHF. The optimum thermal performance, in terms

of the surface superheat, is experimentally observed for a confinement corresponding to a

Bond number of 0.2. However, at this optimum condition based on surface superheat, the

CHF is significantly reduced to 27 % of the unconfined CHF limit. Significant additional

reductions in the CHF are also experimentally observed when the adiabatic confinement sur-

face is extended beyond the heater edge. This additional fundamental understanding of the

impact of spatial confinement on the thermal performance of immersion cooling has broad

implications for two-phase thermal management solutions.
1This section is reproduced from A. A. Alsaati, D. M. Warsinger, J. A. Weibel, and A. M. Marconnet,
”Confined Immersion Cooling in Microscale Gaps,” 2020 19th IEEE Intersociety Conference on Thermal
and Thermomechanical Phenomena in Electronic Systems (ITherm), Orlando, FL, USA, 2020, pp. 475-481,
DOI:10.1109/ITherm45881.2020.9190616
CRediT Authorship Contribution Statement: A. A. Alsaati: Conceptualization, Data Curation, Formal Anal-
ysis, Investigation, Methodology, Software, Validation, Visualization, Writing - original draft, and Writing
- Review & Editing. D. M. Warsinger: Project Administration, Resources, Supervision, and Writing - Re-
view & Editing. J. A. Weibel: Conceptualization, Funding Acquisition, Project Administration, Resources,
Supervision, and Writing - Review & Editing. A. M. Marconnet: Conceptualization, Funding Acquisition,
Project Administration, Resources, Supervision, and Writing - Review & Editing.
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3.1 Introduction

In the modern digital era, data centers are an indispensable resource for almost any or-

ganization. The global market for cloud and data center networks was valued at $17 billion

in 2017 and growing annually at 15% [ 116 ]. US-based data centers alone are projected to

consume 73 billion kWh in 2020 (an equivalent to 1.8% of total US electricity consumption)

[ 117 ], [ 118 ]. Cooling is estimated to account for nearly a quarter of the total power consump-

tion of data centers [  119 ]. In addition to energy cost, inadequate data center cooling solutions

limit computing performance and reliability. Since the early 1990’s, thermal management of

complementary metal–oxide–semiconductor (CMOS) based processing electronics have in-

creasingly become the bottleneck for increasing the processing power [  120 ]. New products

and improved controls on air cooling of data centers have expanded the performance limits

while providing energy savings. However, room-based approaches that condition the bulk

air do not exploit the performance advantages of liquid cooling solutions applied nearer the

hot surfaces of high-power electronics [  121 ]. Additionally, rack-based liquid-cooling solutions

provide the flexibility for segmenting the cooling load within the data center [ 117 ].

Currently, two-phase liquid cooling is an active research area both in academia and

industry due to the improved maximum heat flux dissipation limits. In fact, researchers

have demonstrated intra-chip flow boiling solutions using dielectric coolants for hotspot heat

fluxes up to 2500 W cm−2 [ 122 ]–[ 127 ]. However, a radical change to electronics packaging

approaches would be required to achieve this level of thermal performance. Any active

two-phase cooling approach would further require pumps, hoses, manifolds, couplings, and

other components. Passive immersion cooling has the potential to simplify two-phase cooling

design by eliminating much of this additional hardware. Immersion cooling solutions become

viable and attractive for cooling computing systems with very high rack packing density [ 128 ].

Passive liquid immersion cooling solutions require an understanding of boiling phenomena

in highly confined spaces [  129 ], [  130 ]. In comparison to the extensive research on unconfined

pool boiling, the existing literature focusing on confined boiling is sparse. Katto et al. [ 99 ]

performed one of the earliest confined boiling studies and showed that confinement improves

the heat transfer coefficient while reducing CHF. Later studies demonstrated that confined

52



boiling has less sensitivity to the surface orientation [ 131 ] and roughness [ 104 ] compared

to unconfined conditions; however, nanostructured surfaces significantly improve the heat

transfer coefficient of confined boiling [  132 ]. Furthermore, the area of confined boiling has

been found to be inversely correlated to CHF for uniform heating [  100 ]. On the other hand,

confinement has been shown to reduce heat transfer coefficient for subcooled conditions [ 133 ].

Further mechanistic understanding of the confined boiling regimes leading to these trends, as

well as the effect of non-uniform heat fluxes, are crucial for implementing confined immersion

cooling.

The aim of this study is to identify and characterize boiling regimes for confined boiling

and to understand the effect of heat source size with respect to the confined zone. We

measure boiling curves for various confinement levels (i.e., the distance between the heated

surface and a confining plate) and visually observe the boiling regimes to understand the

heat transfer enhancement mechanisms. The study further aims to identify the confinement

geometry that results in a minimum surface superheat.

3.2 Experimental Setup

Figure  3.1 shows the experimental facility for the confined immersion cooling experiments.

The facility enables measurement of the boiling curve (heat flux and surface superheat) while

controlling the confinement gap size, S, and the confinement diameter, Dc, and fixing the

boiling diameter, Db. To elucidate the confined boiling characteristics, the facility is equipped

with a camera for visualizing the dynamic two-phase interfaces within the confinement gap.

The 25.4 mm-diameter boiling surface is oriented horizontally at the bottom of a double-

wall vacuum-insulated quartz glass cylinder chamber with an approximate volume of 500 m L−1

and inner diameter of 75 mm. The chamber is filled with deionized water (0.37 µS cm−1 )

consistently to a level of 10 cm above boiling surface.

A 1000 W cartridge heater (Watlow Firerod 1039; 1.27 cm diameter, 7.62 cm length)

supplies heat to the boiling surface through the 31.75 mm-diameter and 107.95 mm-height

copper rod. Three T-type thermocouples (Omega; ±0.3 K) embedded at the centerline of

the copper reference rod, spaced 6.35 mm apart along rod axis, measure the temperature
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Figure 3.1. Schematic illustration of the confined boiling experimental facil-
ity. Cartridge heaters (not shown) provide heat to the copper rod from below.
The heat flux and the boiling surface temperature are measured from thermo-
couples embedded in the copper rod. Thermal insulation surrounding the rod
minimizes the radial temperature gradient and heat losses. An adjustable glass
window confines boiling to within a controlled gap above the boiling surface.
A camera captures the two-phase interfaces in the confinement gap as viewed
through a rigid borescope. The pool of water is maintained at the saturation
temperature using two auxiliary cartridge heaters with temperature control
based on the thermocouples within the pool.

gradient, which is linearly correlated to the heat flux at steady state according to Fourier’s

law assuming one-dimensional heat flow. The radial non-uniformity in temperature at the

thermocouple locations is numerically estimated to be more than an order of magnitude less

than the thermocouple uncertainty. Using the measured temperature gradient to calculate

the heat flux accounts for heat losses through the insulation. A DAQ (Labjack U6pro)

logs the temperature measurements through Labview at a 1 Hz sampling rate. The surface

temperature is linearly extrapolated from the reference rod temperature measurements using

a (numerically estimated) thermal resistance of the stepped cylinder of copper beyond the

topmost thermocouple which is placed 12.7 mm below the boiling surface. To limit radial

conduction within the reference rod, a 1.8 cm-thick microporous insulation (MICROSIL)
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surrounds the rod. The reference rod is sealed to the boiling chamber with a Viton O-ring

at the step in the rod diameter.

In each experiment, a 6.35 mm-thick circular glass window is suspended above the boiling

surface with an adjustable gap size, S, to provide confinement of the fluid above the boiling

surface. The diameter of the window varies from the same diameter as the copper rod

(25.4 mm) to 50.8 mm in diameter; this is used to control and study the effect of the

relative area of the boiling surface to the confined region. The step of the copper rod

protrudes 5.5 mm above the chamber base. A Teflon ring flush with the top of the boiling

surface maintains a constant confinement gap throughout an extended region beyond the

confinement window, providing an adiabatic boundary around the periphery of the boiling

surface (see Figure 1 inset). Both the inner and outer diameter of the Teflon ring are sealed

with a high temperature sealant (Permatex 81160). Three spring-loaded set screws adjust

and level the confinement gap with a resolution of 2.2 µm/deg. The confinement gap size is

adjusted using reference stainless steel shims. The glass window and glass boiling chamber

permit optical access to the two-phase test section. The two-phase interfaces are visualized

at 480 frames per second through a rigid borescope (Hawkeye Pro Hardy) where the objective

lens is submerged in the liquid pool.

A chiller (PolyScience AD07R-40-A11B) circulates 90 °C cooling water through a copper

coil heat exchanger enclosed inside the top of the boiling chamber to condense vapor back to

the liquid pool. The facility body is electrically grounded to prevent charge accumulation and

reduce measurement noise. Two submerged auxiliary cartridge heaters (Omega HDC19110;

0.32 cm diameter, 8.89 cm length) along with two T-type thermocouples (Omega; ±0.3 K)

maintain the liquid pool at saturation conditions under atmospheric pressure. The chamber

is maintained at atmospheric pressure through an open vent as shown in Figure  3.1 .

Prior to collecting boiling data, the working fluid is boiled vigorously using the auxiliary

heaters to purge all non-condensable gasses trapped in the confined gap and dissolved in the

liquid. The degassing process is maintained for a minimum of 2 hr producing a saturated wa-

ter vapor condition. The working fluid is considered degassed when the boiling temperature

reaches within 0.3 °C of the pure liquid saturation temperature. Once the fluid is degassed,

the auxiliary heaters are controlled to maintain saturation condition in the chamber.
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The boiling curve data points correspond to a fixed input heat flux where temperature

measurements are stable (i.e., temperature measurements change less than 0.1 °C/min for a

duration of 10 min). After reaching steady state for every data point on the boiling curve,

the camera records the two-phase interfaces during boiling. This steady state measurement

is repeated with increasing input powers to obtain the entire boiling curve for each case

presented in the results. At each increment, the main heater is turned off momentarily

( 20 s) and then powered to the next heat flux level. During testing, the heat flux is

increased until CHF is reached, as indicated by a very steep temperature rise and confirmed

via visualization of film boiling. Finer power increments are used around the incipience of

boiling and CHF to improve the resolution of identifying these transitions.

3.3 Results and Discussion

3.3.1 Unconfined Pool Boiling Benchmark Testing

Prior to conducting the confined boiling measurements, the experiments are performed

for an unconfined pool boiling condition without the glass window in place. Four repeated

boiling curves plotting the applied heat flux (q′′) as a function of the surface superheat (Tb -

Tsat) are obtained to demonstrate repeatability (see Figure  3.2 ). The highest heat flux value

in each measurement run is taken as the CHF, as the next increment in heat flux results

in complete coverage of the boiling surface with a vapor film. The variation of measured

CHF values for this unconfined boiling configuration is found to be within ±6.6% of average.

The average measured CHF value is also compared to the theoretical prediction proposed

by Lienhard and Dhir [ 72 ]:

CHF = π

24ρvhlv

(
σ(ρl − ρv)g

ρ2
v

) 1
4

. (3.1)

The average measured CHF value (96.8 W/cm2) is within 12.5% of theoretical prediction

(110.7 W/cm2). These unconfined boiling curves serve as a baseline for comparison to the

confined boiling cases.
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3.3.2 Confined Boiling Characterization

Confined boiling curves are measured for four confinement gaps ranging from 128 µm

to 762 µm. For this set of tests, the confinement window has the same area as the boiling

surface (Ab/Ac = 1) and is aligned directly above. For the presentation of confined boiling

data, the gap size, S, is normalized by the capillary length, L, of the fluid to yield the

nondimensional Bond number,

Bo = S

Lc

= S√
σ

g(ρl−ρv)
. (3.2)

A Bond number much larger than unity indicates that the size vapor bubbles that depart

from the boiling surface are much smaller than the gap size (or in the case of unconfined

boiling, freely depart from the surface). However, for Bond numbers on the order of unity

or less, these length scales are similar and the confinement wall will interface with the vapor

Figure 3.2. Experimental facility repeatability tests for the unconfined pool
boiling curve. The highest heat flux value in each run represents the critical
heat flux (CHF) compared to the theoretical prediction (green line). The
inset images show the transition from (a) nucleate boiling to (b) film boiling
following an increment to a heat flux higher than CHF.
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bubbles generated at the boiling surface [  99 ]. In this study, a range of Bond number from

0.05 (corresponding to S = 128 µm) to 0.30 (S = 762 µm) is investigated.

Boiling curves are shown in Figure 3 for multiple different Bond numbers (i.e., degrees

of confinement). The unconfined boiling curve is plotted as a dashed line for reference.

As a general trend, the surface superheat is lower for the confined cases compared to the

unconfined boiling case at similar heat fluxes. However, the critical heat flux is significantly

reduced when boiling is confined. From interpretation of the boiling curve data alongside the

optical visualizations, two distinct boiling regimes are identified for confined boiling beyond

natural convection regime: intermittent boiling and partial dryout.

Like unconfined boiling, the natural convection regime (gray shaded region of Figure  3.3 )

is characterized by a lack of boiling within the gap at elevated surface superheats. At low

heat flux values (approximately less than 10% of confined boiling CHF), heat is dissipated

through conduction and single-phase natural convection. At higher heat flux values, the

surface superheat becomes large enough to initiate nucleation within the confined space.

Upon vapor nucleation, there is a transition to the intermittent boiling regime (green

shaded region of Figure  3.3 ). This boiling regime exhibits a time-periodic oscillatory be-

havior at steady state, as observed both through the transient boiling surface temperature

measurements and the visualizations (see Figure  3.4 ). During these oscillations, the tem-

perature of the liquid within the confined cavity rises until it reaches the minimum required

superheat to achieve nucleation. Then, vapor bubbles nucleate and expand radially outward

until reaching the outer periphery of the confinement window, where surface tension and

buoyancy forces facilitate extraction of vapor from the confined region into the liquid pool.

Consequently, liquid from the surrounding pool flows radially inward to fill the volume dis-

placed by the departed vapor bubble. This capillary-assisted radial inward flow of liquid

at the saturation temperature has a quenching effect on the boiling surface, lowering its

temperature below the required nucleation temperature. This process repeats in a cyclic

manner. As the heat flux increases, the frequency of this oscillatory behavior increases. The

boiling curve in this complete rewetting regime exhibits a negative slope (i.e., reducing time-

averaged superheat with increasing heat flux) as a result of the higher quenching frequencies

at higher heat fluxes.
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Figure 3.3. Boiling curve for different nondimensional confinement gaps sizes
(Bo = S/L) are shown as solid lines. Natural convection (gray shaded region)
is observed at low heat fluxes where no nucleation sites are activated. During
intermittent boiling (shaded in green), vapor is generated slowly enough that
the entire boiling surface is able to rewet following periodic vapor departure
from the gap. Finally, as the vapor generation frequency increases, the boiling
transition to partial dryout regime (shaded in red) where regions of the boiling
surface remain continually covered with vapor. The unconfined boiling curve
is shown in blue as a dashed line for reference (regimes do not apply).

As the frequency of vapor generation further increases at higher heat fluxes, the capillary

forces are insufficient to overcome the viscous resistance and maintain complete rewetting of

the surface with liquid as vapor escapes the confinement gap. Consequently, some regions of

the boiling surface remain covered with vapor and the boiling behavior transitions into the

partial dryout regime (red shaded region of Figure  3.3 ). The dry area is most often observed

at the center of the boiling surface – that is, the locations with the largest distance from

the confinement window edge. As observed from the visualizations, the percentage of dry

area to wetted area increases as heat flux values increases, resulting in higher average steady

state temperatures as demonstrated in the confined boiling curves. Confinement has a severe

deleterious effect on the critical heat flux, with a severity that depends on the confinement
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gap size. Nevertheless, of all confinement gaps tested, the maximum measured CHF is only

27% of the unconfined CHF.

Figure 3.4. Surface temperature oscillations in the intermittent boiling
regime (Bo = 0.09, q′′=1.5 W cm−2). In the portions of the data where the
surface temperature rises with time, the confined liquid is heated without
phase change (inset (a)) until the minimum required superheat for nucleation
is reached. Inset (b) illustrates the nucleation of vapor bubbles that escape
from confinement region and are replaced by a sudden inrush of saturated liq-
uid from surrounding pool that quenches the boiling surface.

3.3.3 Confined Boiling Heat Transfer Enhancement

As demonstrated with the boiling curves (Figure  3.3 ), confined boiling typically main-

tains the surface at a lower temperature compared to unconfined boiling prior to CHF. The

enhancement in confined heat transfer is attributed to two potential mechanisms illustrated

in Figure  3.5 . The high heat transfer rates associated with nucleate boiling is widely at-

tributed to microlayer evaporation near the three-phase contact line [ 30 ], [  134 ]. In confined

boiling, the confinement window above the boiling surface restricts the vapor bubble growth

normal to the boiling surface. Hence, the vapor bubble is forced to grow radially along the

boiling surface from the point of nucleation. This elongates the thin liquid layer on the

boiling surface underneath the bubble (also known as the microlayer); see Figure  3.5 (a). As
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Figure 3.5. Confined boiling heat transfer enhancement mechanisms. (a)
Confinement induces radial growth of vapor bubbles enlarging the microlayer
coverage compared to unconfined boiling. (b-e) A time series of images that
illustrate nucleation-enhanced rewetting where the volume expansion during
phase change at nucleation site (red dot) displaces liquid from wet areas to
dry areas.

a result, confined vapor bubbles have larger microlayer areas compared to the unconfined

case where bubbles can freely depart from the boiling surface.

The second enhancement mechanism is the nucleation-enhanced rewetting. Vapor nu-

cleation first occurs on a portion of the confinement gap filled with liquid. Rapid volume

expansion due to phase change at a nucleation site is observed to force liquid to rewet dry

regions of the boiling surface, as shown in the time series of images in Figure  3.5 (b-d). As

a result, dry spots reside on the boiling surface for a shorter duration, lowering the average

surface temperature.

3.3.4 Impact of Confinement Gap and Window Size

Both the fraction of the area within the confined region heated by the boiling surface

(Ab/Ac) and gap spacing (S) affect the CHF values and thermal performance prior CHF.

In practice, regions of high heat flux generation on immersion-cooled electronic boards

are localized where processing units are positioned. To understand how the relative size

of localized heated regions affect the thermal performance of highly confined immersion
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Figure 3.6. Influence of confinement gap size on the CHF for differing frac-
tions of the area within the confined region heated by the boiling surface.

cooling solutions, boiling curves are obtained for cases where the confinement window size is

extended beyond the heater edge. This study investigates an extension range from Ab/Ac =

1 to Ab/Ac = 0.25. The results indicate that positioning heat sources further from the edge

of the confinement region has detrimental consequences on the performance under confined

boiling conditions. Generally, the boiling curves for the extended confinement window size

(not shown) illustrate the same boiling regimes previously discussed. However, at any given

degree of confinement, CHF is observed to be significantly lowered when the confinement

window is extended, as shown in Figure  3.6 .

The thermal performance of confined boiling is highly sensitive to confinement. Two phys-

ical phenomena are correlated to the degree of confinement: the capillary pressure generated

in the gap that assists rewetting and the counteracting viscous resistance. To illustrate the

impact of confinement on the boiling surface temperature, Figure  3.7 illustrates the interpo-

lated surface superheats linearly interpolated from the boiling curves for multiple constant

heat fluxes as a function of Bond number for (a) Ab/Ac = 1 and (b) Ab/Ac = 0.25. Consis-

tently, there is a local minimum in surface superheat for the Bo = 0.2 indicating a tradeoff
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Figure 3.7. Influence of confinement gap size on the boiling surface superheat
for differing heat fluxes. Cases are shown where (a) the boiling surface and
confinement window are the same diameter and (b) where the boiling surface
area is 1/2 of the confinement window area. A local minimum is observed near
Bo = 0.2.

in the available capillary pressure and viscous resistance, which scale differently with the gap

size S. At the minimum superheat, the confined fluid demonstrates the maximum ability

for rewetting. Similar trends with Bond number are observed for the case where the confine-

ment window extends beyond the boiling surface. These preliminary experimental results

indicate that the optimum confinement gap is not sensitive to the heat flux or extension of

the confinement area.

3.4 Summary

Boiling has been experimentally investigated under extremely confined gaps from 128

µm to 762 µm. Two distinct boiling regimes are identified. Similar to unconfined boiling, at

low heat fluxes, heat is dissipated by conduction and natural convection. Once the boiling

surface temperature reaches a minimum required superheat for nucleation, the boiling tran-

sitions into the intermittent boiling regime. This regime exhibits a time-periodic oscillatory

behavior. Following vapor bubble departure from the confinement region, rewetting liquid

from the surrounding pool lowers the surface superheat and boiling ceases momentarily until

the surface heats back up to the nucleation temperature. In this regime, higher heat flux

values corresponded to high vapor generation frequencies, higher surface quenching frequen-

cies, and lower time-averaged surface temperatures. Finally, in the partial dryout regime at
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higher heat fluxes, portions of the surface remain continually dried out, where the capillary

forces are insufficient to overcome the viscous resistances necessary to completely rewet the

surface as vapor is extracted from the gap at a high velocity.

Compared to unconfined pool boiling, the average confined boiling surface temperatures

are lower at similar heat flux values. Nucleation-enhanced rewetting and a larger microlayer

area are proposed to be the mechanisms for the enhanced thermal performance in confined

boiling and merit further investigation. The optimum thermal performance is experimentally

observed for a confinement gap size corresponding to a Bond number of 0.2. Despite a

promising surface temperature reduction, the CHF for this optimum confinement gap size is

only 27% of the unconfined CHF. Even more severe reductions in CHF are observed when

the confinement region is extended to an area larger than the heater. Further investigation

is recommended to improve the surface rewetting and increase CHF while preserving the

heat transfer enhancement.

This improved fundamental understanding of geometrically confined boiling is important

for the design of high-rack-density immersion cooling thermal solutions for data centers and

other compact two-phase thermal management solutions.
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4. STEM BUBBLES BOILING 

1
 

Boiling has long been sought as the heat dissipation mechanism for a wide variety of compact

thermal management applications owing to low-resistance heat transport, high heat flux

limits, and surface isothermalization. This work aims to elucidate the thermofluidic transport

mechanisms of boiling in extremely confined gaps through experimental measure of the

temporal evolution of heat fluxes and surface temperatures during deionized water boiling,

as well as high-speed visualization of bubble formation. The flow visualizations reveal small

residual pockets of vapor, termed ‘stem bubbles’ herein, that remain on the boiling surface

through a pinch-off process vapor escapes through the edges of the confined heated region.

These stem bubbles act as seeds for vapor growth in the next phase of the boiling process

and dictate the boiling performance for extremely confined boiling as defined based on a

dimensionless ratio of the gap spacing to capillary length (Bo ≤ 0.35 - 0.5). This conclusion

is supported by the thermal response of the surface, namely, because activation of nucleation

sites is not required for stem bubble boiling, phase change occurs at a reduced surface

superheat at a given heat flux compared to nucleate boiling. Criteria for the dimensionless

confinement gap spacing are identified to harness this improved heat transfer rate of the

stem bubble boiling regime. This new understanding of boiling in extremely confined gaps

offers a new direction to design compact two-phase thermal management solutions through

utilizing the unique enhancements provided by the vapor stem bubble boiling regime.

4.1 Introduction

The performance of various electronic systems including data centers, supercomputers,

and power electronics depends on the ability to maintain device temperature below a set limit
1This section is reproduced from A. A. Alsaati„ D. M. Warsinger, J. A. Weibel, and A. M. Marconnet,
“Vapor Stem Bubbles as the Dominant Heat Transfer Enhancement Mechanism in Extremely Confined
Boiling”, International Journal of Heat and Mass Transfer, vol 177, 121520, 2021. DOI:10.1016/j.ijheat-
masstransfer.2021.121520
CRediT Authorship Contribution Statement: A. A. Alsaati: Conceptualization, Data Curation, Formal Anal-
ysis, Investigation, Methodology, Software, Validation, Visualization, Writing - original draft, and Writing
- Review & Editing. D. M. Warsinger: Project Administration, Resources, Supervision, and Writing - Re-
view & Editing. J. A. Weibel: Conceptualization, Funding Acquisition, Project Administration, Resources,
Supervision, and Writing - Review & Editing. A. M. Marconnet: Conceptualization, Funding Acquisition,
Project Administration, Resources, Supervision, and Writing - Review & Editing.
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while dissipating a large amount of waste heat [  135 ]–[ 141 ]. For many years, air-cooled heat

sinks and single-phase liquid cold plates have been relied upon to dissipate the heat generated.

However, the trend of electronic component miniaturization has driven up heat fluxes to

levels where these traditional methods fail to maintain safe operating temperatures. Thermal

management using two-phase cooling schemes holds promise to maintain device temperatures

within the allowed limits while dissipating higher heat fluxes owing to the latent heat of the

cooling. Decades of research on two-phase thermal management solutions, both passive

(i.e., vapor chambers [  142 ], heat pipes [  143 ], and immersion cooling [  144 ]) and active (i.e.,

flow boiling based heat sinks [  145 ]), have significantly matured these technologies. However,

aggressive recent trends of embedded cooling, where the coolant flows within the die or

package , in addition to the tendency to heterogeneously integrate multiple electronic devices

within a single package, poses significant geometrical limitations on the available space in

which two-phase cooling solutions can be implemented, motivating a further investigation

into the implications of extreme geometric confinement on vapor generation mechanisms

during boiling.

Nucleate boiling is the target regime of operation because of it offers the highest heat

transfer coefficient in pool boiling. Improving nucleate boiling performance has motivated

numerous enhancement techniques that use surface modifications to extend surface area

[ 146 ], increase nucleation site density [  147 ], and improve surface wicking [  148 ]. These stud-

ies generally characterize the bubble nucleation behavior and performance enhancement in

unconfined conditions, that is, from a boiling surface submerged in a large pool such that

the vapor formed is not affected by the surrounding geometry. On the other hand, in active

flow boiling schemes, the coolant is typically pumped through small channels, such that the

vapor forms two-phase regimes that are well-known to be affected by the degree of geometric

confinement [  149 ]–[ 152 ]. In confined flow boiling, vapor bubbles span the entire channel cross

section; the highest heat transfer coefficient is achieved in the annular flow regime, where

bubble nucleation is suppressed, and the main phase change mechanism is evaporation from

a thin liquid film surrounding the vapor core. The current investigation, and following re-

view of the literature, focuses on boiling in confined gaps where there is no active pumping.

Despite being entirely passive, this situation shares some traits of confined flow boiling in
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that the volumetric expansion of the fluid during phase change in extremely confined spaces

induces a significant local fluid flow where the vapor bubbles are highly confined by the sur-

rounding geometry. Therefore, confined boiling is of interest as a means to passively achieve

enhanced heat transfer coefficients beyond unconfined nucleate boiling.

Characteristics of two-phase heat dissipation in confined spaces are different compared to

boiling from large surfaces in an unconfined pool. Confinement of the fluid affects the two-

phase interface dynamics which affects the flow pattern, wetting dynamics, and, moreover,

heat transfer rate. In one of the earliest investigations into confined boiling, Katto and

Yokoya [  98 ] found that confined boiling reduces the critical heat flux (CHF) and improves

the average heat transfer coefficient compared to unconfined boiling. In particular, boiling

of deionized water at atmospheric pressure is sensitive to the confinement gap space for gaps

smaller than 2 mm. At gaps of 2 mm and above, the heat transfer characteristics were

similar to unconfined pool boiling [  99 ]. Later investigations observed that, in addition to

the confinement gap spacing, the area of confined boiling surface impacts the heat transfer

characteristics as well. Specifically, the heat transfer coefficient and critical heat flux both

reduced when the diameter of confined boiling surface was increased [ 100 ]. Further, confined

boiling is less sensitive to heater orientation, microgravity, and surface roughness compared

to unconfined boiling [ 101 ]–[ 104 ]. Yet, the surface wettability does impact confined boiling,

as recent work has shown that using a superhydrophobic confinement wall improved the

thermal characteristics of confined boiling [ 105 ].

Since Katto and Yokoya [ 98 ] observed that the superheat of the boiling surface reduces

as the confinement gap becomes smaller than the bubble detachment diameter, scholars

have been attributing the enhancement in heat transfer coefficient to the deformation of the

vapor bubble by the confinement plate which results in the broadening of its microlayer [ 98 ]–

[ 105 ]. This microlayer theory is rooted in the extensive research on unconfined pool boiling

for which the high heat transfer rate associated is widely attributed to evaporation of the

microlayer of liquid near the three-phase contact line [  30 ], [ 153 ]. However, a confinement

wall also significantly alters the two-phase interface dynamics, as the bubble must grow

within the confined space, and the rewetting of liquid on the boiling surface. Hence, the

mechanistic explanation of the enhanced heat transfer rate in confined boiling should consider
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and encompass the effect of confinement on the complete cycle of vapor bubble growth,

departure from the gap, and surface rewetting.

Many experimental studies have provided insight into factors that affect confined boiling

enhancement and cannot be attributed to the microlayer enhancements theory. Specifically,

past works showed that the heat flux, fluid properties (viz., viscosity), surface coatings,

and the geometrical shape of the confinement periphery impact confined boiling. Stutz et

al. [ 154 ] reported that enhancement in heat transfer with confined boiling deteriorates at

high heat flux. Even though the combined fluid properties would result in lowering the

bubble departure diameter, Lallemand et al. [ 155 ] observed higher heat transfer coefficient

for mixtures of water/ethylene glycol compared to pure water in confined configurations. It

was concluded that the increase of fluid viscosity was advantageous for confined boiling at

high heat flux. Additionally, Sarode et al. [ 105 ] experimentally observed that hydrophobic

confining surfaces enhance the heat transfer coefficient compared hydrophilic surfaces. Souza

et al. [ 132 ] evaluated nanocoated boiling surfaces for confined boiling. While the nanocoating

reduced the heat transfer coefficient in the unconfined case due the reduction of nucleation

sites, it is improved in the confined configuration. Furthermore, the enhancement was found

to be sensitive to the geometrical divergence rate of the step from the confinement region

to the unconfined fluid pool [  131 ]. All of the above enhancements cannot be explained

by the microlayer enhancement theory and indicate that the bubble interface dynamics

play a critical role in enhancing heat transfer characteristics in confined boiling. Moreover,

confined boiling often exhibits unique periodic spikes in the surface temperature as reported

by Kapitz et al. [ 104 ]. In fact, unlike the relatively consistent bubble generation that

occurs in unconfined boiling, in our past work [ 156 ], the highest heat transfer coefficient

for confined boiling was observed within an intermittent boiling regime (a regime uniquely

observed in confined boiling having periods of boiling interspersed with sensible heating that

causes periodic spikes in the surface temperature). A deeper understanding of this distinct

intermittent boiling regime is required to understand the enhancement mechanisms.

To elucidate the mechanisms that impact confined boiling, this study experimentally

evaluates confined boiling across a range of gap spacings through quantification of the boil-

ing curves and high-speed visualization of the bubble dynamics. We observe that small
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residual regions of vapor left behind when vapor from a bubble escapes through the edges

of the confined region, termed ’vapor stem bubbles’, provide seeds for subsequent boiling

without requiring nucleation of a new vapor bubble to continue the cycle of vapor growth

and departure. We propose that these vapor stem bubbles, complementary with the micro-

layer enhancement of the bubble growth process, are a primary mechanism of heat transfer

enhancement in confined boiling, particularly in the intermittent boiling regime. In the fol-

lowing sections, we discuss the experimental setup used to investigate the heat transfer in

confined boiling and report the influence of gap spacing on the mechanisms of vapor genera-

tion observed. Then, boiling curves for various confined geometries are evaluated to identify

the dominant enhancement mechanism of confined boiling.

4.2 Experimental Methods

The confined boiling apparatus, illustrated in Figure  4.1 , is designed to measure the

surface heat flux and superheat for a fixed heated surface diameter, D, and controlled con-

finement gap spacing, S. A glass window with adjustable vertical positioning creates the

confined boiling region above the heated surface. A high-speed camera is used to visualize

the two-phase interface dynamics, in order to characterize the mechanisms of the enhance-

ment in heat transfer during confined boiling. The confined boiling apparatus, described

in detail below, is significantly modified from its original form used for unconfined boiling

experiments, previously described by Hunter et al. [ 157 ].

The quartz glass double-wall vacuum-insulated chamber holds approximately 500 mL of

deionized water (HACH-HQ 40d: 0.37 µS cm−1) within a 75 mm inner diameter. The vacuum

insulation minimizes heat losses from the liquid pool. The 25.4 mm-diameter boiling surface

is oriented horizontally at the bottom of the boiling chamber. Prior to collecting each boiling

curve data set, the boiling surface is polished using 2000 grit emery paper to remove any

oxidation. After polishing, the boiling surface has a contact angle of 86.8 °. Throughout the

experiments the liquid level was maintained about 100 mm above the boiling surface.

A cartridge heater (Watlow Firerod 1039; 12.7 mm diameter, 76.2 mm length; 1000 W)

heats the 107.95 mm-long and 31.75 mm-diameter reference copper rod. Adjusting the sup-
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Figure 4.1. Cross-sectional schematic of the confined boiling experimental
apparatus. An electrical heater supplies heat into a copper rod of known
thermal conductivity. Three temperature measurements along the rod with
embedded thermocouples quantify the heat flux and are extrapolated to es-
timate the boiling surface temperature. A glass window confines boiling to
within the gap of controlled the vertical distance between the boiling surface
and the confinement wall, S. A high-speed camera captures the two-phase
interface dynamics through a rigid borescope during boiling. Two auxiliary
heaters maintain the liquid pool at the saturation temperature. A pressure
transducer measures the chamber internal pressure. The exterior of the boiling
chamber and the copper rod are well insulated to minimize heat losses.

plied voltage controls the heat flux into boiling surface. The temperature gradient along

the reference rod is measured by three embedded T-type thermocouples (Omega; ±0.3 K).

The thermocouples are spaced 6.35 mm apart along the centerline of the reference rod.

One-dimensional heat flow is assumed such that the temperature gradient can be linearly

correlated to the heat flux at steady state according to Fourier’s law. A 18 mm-thick micro-

porous insulation (MICROSIL) covers the perimeter of the reference rod to minimize heat

losses. As the reference rod steps down from 31.75 mm diameter to the 25.4 mm diame-

ter boiling surface, the temperature of the boiling surface is linearly extrapolated using a

numerically-estimated thermal resistance of the step from the closest thermocouple temper-
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ature (12.7 mm below the boiling surface) and the measured heat flux. Minimal spatial

temperature inhomogeneities are expected on the boiling surface because of the relativity

large copper reference block between the heat source and the boiling surface. The temper-

ature measurements are logged at 1 Hz sampling rate via a data acquisition (DAQ) system

(LabJack U6pro) through LabVIEW. The thermocouple cold junction compensation is done

using a built-in temperature sensor within the DAQ.

A Viton O-ring seals the reference rod to the boiling chamber. The boiling apparatus

body is electrically grounded to reduce measurement noise and prevent charge accumulation.

In addition to the main heater, the apparatus is equipped with two additional submerged aux-

iliary cartridge heaters (Omega HDC19110; 3.2 mm diameter, 88.9 mm length) to maintain

the fluid in the reservoir at saturation conditions. To purge non-condensable gases dissolved

in the working fluid and trapped within the confinement space, the auxiliary heaters boil the

working fluid vigorously for a minimum of 2 h prior to collecting boiling data on saturated

water vapor conditions. Throughout the data collection period, the liquid in the reservoir is

maintained within 0.3 °C of the saturation temperature by the auxiliary heaters. A condenser

coil within the chamber maintains the pressure inside the boiling chamber at 101.8 kPa as

monitored using an internal pressure transducer (ASHCROFT, G17MEK15F2VAC/30). An

external DC power supply (HP E 3611A) excites the pressure transducer and a DAQ (NI

9219) logs the pressure measurements. A chiller (Thermo Fisher, ARCTIC A 25) circulates

95 °C cooling water through the stainless-steel condenser coil enclosed inside the boiling

chamber to condense vapor back to liquid. Two T-type thermocouples (Omega; ±0.3 K)

monitor the liquid reservoir temperature.

To study confined boiling, a 6.35 mm-thick circular glass window is suspended above the

boiling surface. The confinement window diameter matches the 25.4 mm diameter boiling

surface. The confinement window has a static contact angle of 85.0 °. Three spring-loaded set

screws level and adjust the confinement gap height, S, with a resolution of 2.2 µm/°. Stainless

steel reference shims are used to calibrate the confinement gap spacing. The copper boiling

surface protrudes 5.5 mm above the chamber base. To prevent boiling off the sidewalls of this

protrusion, a Teflon ring seals (Permatex 81160) and insulates the protruded side walls. The

glass confinement window permits top-down optical viewing of the confined boiling region.
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A high-speed camera (Photron FASTCAM 100K) captures the two-phase interface dynamics

at 10,000 frames per second through a rigid borescope (Hawkeye Pro Hardy) submerged in

the liquid reservoir. A plasma light source (THORLABS, HPL5345) illuminates the confined

test section.

A boiling curve is obtained by measuring the steady state surface superheat as a function

of the heat flux supplied to boiling surface. We define steady state as when the temperature

measurements vary by less than 0.1 °C/min for 10 min. At steady state, the camera records

flow visualization movies of the two-phase interface dynamics. After collecting steady state

data at a given heat flux, the power is increased and the system is allowed to reach a new

steady state. This process is repeated to obtain the entire boiling curve up to the critical heat

flux. This CHF event is observed in the data as a very rapid surface temperature rise and

the system is immediately shut down. The highest heat flux reported therefore corresponds

to the last steady state data point prior to CHF.

To characterize the influence of confinement, boiling curves are acquired for multiple

different confinement gap spacing in separate tests. The confinement gap spacing, S, is

varied from 254 µm to 2286 µm. The Bond number, Bo, normalizes the confinement gap

spacing by the capillary length, Lc, as:

Bo = S

Lc

= S√
σ

g(ρl−ρv)
, (4.1)

where ρl and ρv are the density of liquid and vapor respectively, and g is the gravitational

acceleration. Boiling is generally considered unconfined when the Bond number is much

larger than unity, meaning the size of the vapor bubbles departing the boiling surface are

much smaller than the confinement gap spacing. However, the confinement wall interacts

with the vapor bubbles when the Bond number is near or below unity. The aforementioned

confinement gap spacings are selected to focus on confined boiling behaviors and correspond

to a Bond number range from 0.10 (at S = 254 µm) to 0.91 (S=2286 µm).
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4.3 Results and Discussion

The confinement gap spacing determines the thermal and the dynamic behavior of con-

fined boiling. This section reports and discuss the visual observations and thermal charac-

teristics as the confinement gap spacing is varied. Two distinct characteristic behaviors are

observed with respect to the gap spacing, namely: nucleation-suppressed confined boiling

characterized by enhancement of the heat transfer coefficient through vapor stem bubbles;

and nucleation-active confined boiling where nucleate boiling predominates by critical heat

flux is reduced compared to unconfined conditions.

4.3.1 Confined Boiling Flow Visualization

Figures  4.2 and  4.3 show time series of images from the high-speed flow visualizations

that illustrate the confinement gap spacing effect on the two-phase interface dynamics during

boiling. A transition in boiling characteristics is observed around some spacing threshold,

below which nucleation is suppressed (Figure  4.2 ). Vapor bubbles span the gap between

the confinement wall and the boiling surface, restricting vapor bubble growth to a two-

dimensional plane parallel to the boiling surface. Eventually, the trapped bubble grows

and reaches the outer periphery of the confinement zone. The combination of buoyancy

and surface tension forces facilitate the extraction of vapor from the confinement zone.

Consequently, liquid is replenished from surrounding pool. However, the liquid rewetting

rate varies spatially based on the viscous resistance between the two-phase interface and

confinement outer periphery. The variable rewetting rate along the two-phase interface

results in splitting of the confined vapor bubble as it exits the confinement gap, with only

partial escape of the vapor. As illustrated in the supplemental video, no pinning of the

interface is observed. This rewetting process leaves a residual vapor ‘stem’ bubble in the

gap from which then next vapor generation cycle stems, and so the process continues in a

repeating manner.

In contrast, active nucleation sites are observed for gap spacings larger than the thresh-

old. Vapor is able to completely exhaust from the gap due to the lesser viscous resistance

to rewetting, and stem bubbles are not formed. Rather, as shown in Figure  4.3 , isolated
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Figure 4.2. Top view of the boiling surface at several points in time for a
nucleation-suppressed confined circular boiling surface (Bo = 0.30 with q′′ =
10 W/cm2). As the vapor expands (red arrows in t2) and then escapes (red
arrow in t3) confinement, liquid replaces the vapor volume within the confined
region (blue arrows in t4 and t5). Within the extremely confined boiling region,
rewetting occurs at different rates at different positions along the two-phase
interface. Viscous resistance slows the rewetting of regions furthers from the
confinement edge as shown at time steps t4 and t5. As a result, most of
the vapor bubble escapes the confined region, but partially leaves behind a
stem vapor bubble in the confined space at in time step t6. This new vapor
bubble stems from the vapor left from the preceding vapor bubble and the
cycle repeats.

spherical vapor bubbles grow from active nucleation sites after vapor departs from the gap.

Then, adjacent bubbles formed at different nucleation sites eventually coalesce into single

bubbles having lower surface curvature. The change in bubble curvature, and the associated

internal pressure forces across the two-phase interface, allowing for an abrupt increase in the

growth rate of the coalesced vapor bubble. Due to the complete evacuation of vapor from

the confinement gap, the vapor bubbles in following cycles also initiate from vapor embryos

at nucleation sites on boiling surface. Note that for nucleation active confined boiling at

higher powers, multiple bubbles often form throughout the surface and these cycles happen

simultaneously and not necessarily synchronously.
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4.3.2 Effect of Confinement Gap Spacing on Boiling Heat Transfer

Confined boiling curves are measured for five confinement gap spacings from 254 µm

to 2286 µm. First, to validate the boiling facility measurements, four repeated unconfined

pool boiling curves are measured without suspending the confinement glass above the boiling

surface. The measured CHF values of these unconfined pool boiling tests were all within

±6.6% of average measurement (q′′
CHF = 96.8 W/cm2). Additionally, the average CHF value

is within 12.5% of the theoretical value for finite surfaces [ 72 ] of 110.7 W/cm2.

Figure 4.3. Top view of the boiling surface at several points in time for a
nucleation-active confined circular boiling surface (Bo= 0.63, q′′ = 14 W/cm2).
Consecutive isolated bubbles forms from an active nucleation site as shown
inside the yellow circle at time step t1. Then, adjacent bubbles formed at
different nucleation sites eventually coalesce into single bubbles having lower
surface curvature as demonstrated inside the green circles at time steps t2 and
t3. The change in bubble curvature, and the associated internal pressure forces
across the two-phase interface, allow for an abrupt increase in the growth rate
of the coalesced vapor bubble (red arrows in time step t4). The vapor bubble
escapes confinement completely when it reaches the confinement edge (red
arrows in time steps t5 and t6).
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Boiling curves for varying confinement gap spacing are obtained by measuring the steady

state surface superheat as a function of the heat flux supplied to boiling surface. The confined

boiling data are compared to the average of the unconfined pool boiling data by plotting the

surface superheat (Figure  4.4 ) and heat transfer coefficient (Figure  4.5 ) as a function of the

heat flux.

The transition in the two-phase dynamics characteristics with respect to gap spacing

influences the boiling curves during confined boiling. For the case of nucleation-active con-

fined boiling, the minimum incipience superheat criterion for nucleation site activation must

be met to initiate and maintain boiling. While surface wettability affects nucleation onset,

ultimately, the driving force , surface superheat, must overcome the interface surface tension

for a given vapor embryo size for the bubble to grow. Minimum incipience criteria have been

developed by Hsu [  21 ], [  26 ] where the vapor embryo is assumed to exist at the mouth of a

cavity on the boiling surface and subjected to the bulk liquid temperature gradient as illus-

trated in Figure  4.6 . Hereafter, the minimum incipient heat flux, q′′
i , for a given superheat

required for incipience, Ti − Tsat, is expressed as follow:

q′′
i = klhlv

a∗8σTsatνlv

(Ti − Tsat)2, (4.2)

where kl is the fluid thermal conductivity, hlv is the latent heat of vaporization, σ is the

surface tension, νlv is the difference of specific volume between phases, Ti − Tsat is the

difference between the minimum incipience surface temperature and saturation temperature,

and a∗ is a geometrical factor that relates the height of the vapor embryo to the radius of the

vapor embryo. Note that we use a∗ = 1.6 for unconfined boiling while a∗ = 1.0 for confined

boiling. A brief derivation of Equation  4.2 can be found in the appendix.

For unconfined boiling, during nucleate boiling, new vapor bubbles grow from the residual

vapor embryo left behind the departed bubbles at the nucleation site in a cyclic manner,

usually referred to as the ebullition cycle. The residual vapor bubble radii are larger than

cavity mouth radius [ 26 ], and therefore, boiling can be maintained at active nucleation sites

at superheats lower than the incipience criterion for the unconfined configuration. However,

nucleation-active confined boiling improvement is limited by the minimum incipient boiling
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Figure 4.4. Boiling curves for different non-dimensional confinement gap size
(Bo = S/Lc). The boiling process spans three distinct characteristics high-
lighted by different shaded regions. In the partial dryout (shaded in red),
regions of the boiling surface remain continually covered with vapor due to
restriction of liquid replenishing imposed by the confinement wall. As a result,
boiling occurs at a higher surface superheat compared to a similar heat flux in
the unconfined boiling curve. The blue shaded region is the nucleation-active
confined boiling region. Nucleation-active confined boiling is limited by the
minimum superheat for incipience as expressed in Equation  4.2 (green dashed
line). Enhancements to the heat transfer coefficient are mainly attributed
to the larger evaporative microlayer in confined boiling, where active nucle-
ation sites are required to generate new vapor bubble, as demonstrated for
nucleation-active confined boiling curves (Bo = 0.9 and 0.63). On the other
hand, for nucleation-suppressed confined boiling (Bo = 0.1, 0.2, and 0.3), va-
por generates from the vapor stem bubbles left behind from a previous bubble
growth and escape cycle in the nucleation-suppressed region (shaded in green).
The relatively large radius of stem bubbles compared to vapor embryos allows
vapor generation at superheat lower than the minimum superheat required for
vapor embryos growth from the boiling surface.
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Figure 4.5. Heat transfer coefficient for different non-dimensional gap sizes
(Bo = S/Lc) as a function of heat flux. For the unconfined boiling case, the
heat transfer coefficient increases with heat flux due to the increase in the
active nucleation site density reaching a maximum unconfined heat transfer
coefficient at CHF. However, in nucleation-suppressed confined boiling (Bo =
0.1, 0.2 and 0.3), the maximum heat transfer coefficient is achieved at the low
range of heat flux values due to the stem bubble boiling enhancement mech-
anism. Similar enhancements are not observed in nucleation-active confined
boiling (Bo = 0.63 and 0.9), where the main heat transfer coefficient enhance-
ment mechanism is the extension in the area of the evaporative microlayer
which is limited to the minimum incipience superheat criterion (dashed green
line).
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Figure 4.6. Schematic of (a) bubble growth at a nucleation site and (b)
bubble growth within a confined boiling system. As the confined vapor bubble
grows parallel to boiling surface (red arrow), the induced flow (blue arrow)
agitates the protruded region of the vapor embryos and reduces its radius to
the local surface roughness on the boiling surface. As a result, nucleation
sites within the confined boiling space are hydrodynamically deactivated and
the minimum superheat for nucleation onset is required to maintain boiling
within the confined space. Note the color gradient in the left panel illustrates
the temperature gradient from the surface temperature (red) to the saturation
temperature (blue).

criteria expressed in Equation  4.2 (nucleate boiling is highlighted in the blue shaded region).

In the nucleation-active confined boiling curves (Bo = 0.63 and 0.91), at low heat fluxes,

the vapor bubbles expand parallel to the boiling surface. This increases the microlayer

area underneath the vapor bubble which enhances heat transfer rate at a given surface

superheat relative to the unconfined boiling curves. We attribute the microlayer enhancement

constraint in nucleation-active confined boiling to hydrodynamic deactivation of nucleation

sites. As the confined vapor bubbles grow parallel to boiling surface, the induced flow agitates

the protruded region of the residual vapor bubble and reduces its radius to the surface cavity

mouth radius as illustrated in Figure  4.6 . As a result, the minimum criteria for incipient

boiling is required to maintain nucleation-active confined boiling.

In contrast, in the nucleation-suppressed confined boiling (green-shaded region), vapor

stem bubbles are available to sustain phase change without requiring activation or growth

of vapor embryo at nucleation sites (as in the nucleation-active confined boiling). Never-

theless, an active nucleation site is needed only to initiate the phase change process in the
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nucleation-suppressed region resulting in initial temperature overshoot. However, after boil-

ing initiation, an active nucleation site is no longer needed and stem bubbles facilitate ther-

mal enhancements beyond the minimum incipience boiling criterion in nucleation-suppressed

confined boiling cases (Bo = 0.10, 0.20, and 0.30). On the other hand, once the minimum

incipience boiling criterion is met at the higher range of heat flux (Equation  4.2 ), simulta-

neous occurrence of both vapor stem bubbles and nucleate boiling are visually observed as

illustrated in the supplemental video. Bubbles nucleate while the liquid rewets the boiling

surface, limiting the radial inward penetration of the liquid in the confined gap. As a result,

the nucleation-suppressed confined boiling curves abruptly shifts into a partial dryout boil-

ing region where regions of boiling surface remain continually covered in vapor due to the

restriction of liquid replenishing imposed by the confinement wall. Consequently, the aver-

age boiling surface superheat exceeds the equivalent superheat of an unconfined boiling in a

similar heat flux value (red shaded region). This notable shift in surface superheat indicates

that stem bubble boiling is the dominant heat transfer enhancement mechanism leading to an

increased heat transfer coefficient in nucleation-suppressed confined boiling configurations.

4.3.3 Vapor Stem Bubbles

Figure  4.7 schematically illustrates the proposed mechanism by which vapor stem bubbles

enhance heat transfer in confined boiling configurations. The significant viscous resistance

varies the rewetting rate along the two-phase interface in nucleation-suppressed confined

boiling which results in splitting of the confined vapor bubble as it exits the confinement

gap, with only partial escape of the vapor. The size of residual vapor stem bubble is on

the same scale as the confinement gap spacing. Due to the difference in two-phase interface

radius, surface tension forces on vapor stem bubbles are weaker compared to vapor embryos

in nucleation site. Hence, the vapor stem bubble can begin to grow at surface superheat lower

than incipience minimum criterion and without requiring activation of additional nucleation

sites on the boiling surface, thereby lowering the overall thermal resistance in nucleation-

suppressed confined boiling.
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Figure 4.7. Flow visualizations and complementary schematics of the cycle
of bubble growth and escape in nucleation-suppressed confined boiling. The
time series demonstrates a life cycle of vapor bubble growing between the
boiling surface and the confinement wall. In the first image t1, confinement
limits the bubble to growing only parallel to the boiling surface. After the
bubble reaches the edge of the confined zone, it can escape into the liquid
pool. Liquid replaces the escaped vapor bubble at variable wetting rates across
the two-phase interface, t2. The red arrows illustrate the vapor outflow of the
confinement and the blue arrows illustrate the liquid inflow. Viscous resistance
slows the rewetting for regions furthest from confinement edge which results in
vapor splitting and partial vapor escape as illustrated in t3. Thus, stem vapor
bubbles form from the residual trapped vapor within the confined space, t4.
Because no active nucleation sites are required for stem bubble boiling, phase
change occurs at reduced superheat compared to nucleate based boiling. This
cycle then repeats.
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The concept of vapor stem bubbles can potentially explain some of the previous confined

boiling experimental observations that cannot be explained by the microlayer theory en-

hancement alone, as reviewed in the introduction. In boiling regimes with these vapor stem

bubbles, interface dynamics and fluid viscosity control the formation of the residual stem

bubble. Further, the chaotic nature of boiling has a stochastic effect on forming the residual

stem bubble within the confined space. In other words, even for a steady constant operating

condition, there is a probability of complete vapor bubble escape for which a stem vapor

bubble is not left behind for the next bubble generation cycle. In this case, active nucleation

sites are required to reinitiate phase change on boiling surface. Since, these nucleation-site

vapor embryos have smaller radius than the vapor stem bubble, the heat will momentarily

be dissipated through the sensible heating of local fluid until the minimum superheat re-

quired for nucleation site activation is reached. As a result, the high heat transfer coefficient

caused by the phase change is briefly not observed. This momentary pause of phase change

would result in the distinct intermittent boiling regimes uniquely observed in confined boiling

configurations [ 156 ].

Vapor stem bubbles are formed during confined boiling only when confinement gap is

smaller than a spacing threshold. In order to harness the enhanced thermal performance of

this boiling behavior in applications, it is crucial to generally predict the gap spacing thresh-

old below which these stem bubbles form (i.e., the transition from nucleation-suppressed to

nucleation-active confined boiling). The formation of isolated spherical nucleated vapor bub-

bles is one of the distinct characteristics of nucleation-active confined boiling. On the other

hand, significant viscous resistance induces the formation of the stem bubbles in nucleation-

suppressed confined boiling. Therefore, one would expect that the confinement gap threshold

is closely related to the vapor bubble growth dynamics near the heated surface. In general,

the bubble growth process at any instant of time is affected by the interaction of the pres-

sure difference across the two-phase interface and the fluid momentum, as well as by the

rate of heat transfer across the two-phase interface. The contribution of each of these factors

varies throughout the life cycle of the vapor bubble. Inertia-controlled growth dominates the

hemispherical growth at early stages of bubble growth. During inertia-controlled growth,

heat transfer to the interface is not the limiting factor, but rather the growth is limited by
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the momentum interaction between the bubble and the surrounding liquid. Once the vapor

internal pressure equilibrates with surrounding liquid pressure, the bubble transforms into

spherical shape and its growth rate is limited by relatively slower heat transfer rate across the

two-phase interface [  21 ], referred to as thermal-controlled growth. Hence, thermal-controlled

growth exhibits lower viscous resistance compared to the inertia growth due to the difference

in growth rate.

We propose that the rate of the vapor bubble growth directly correlates to the transi-

tion between nucleation-suppressed and nucleation-active confined boiling. We attribute the

formation of stem bubbles to the variable liquid rewetting rate along the two-phase inter-

face due to the significant viscous resistance. Because the viscous resistance of liquid flow

is proportional to velocity, viscous resistance is expected to split the trapped bubble when

the interface velocity is relatively high. The faster inertia-controlled bubble growth leads to

higher viscous resistance compared to the thermal-controlled bubble growth. In addition,

the trapped bubble could reach the confinement edge before equilibrating its internal vapor

pressure to surrounding liquid pressure during the inertia-controlled growth. Furthermore,

consequent stem bubbles would have radii of curvature smaller than the transition radius

between inertia- controlled and thermal-controlled bubble growth, and hence, it would have

high internal pressure which helps increasing the bubble ejection velocity from the confine-

ment region. As a result, liquid replaces the escaped bubble volume at equally high velocity

resulting in the formation of stem bubbles. In other words, vapor stem bubble enhancement

mechanism is significant when the confinement gap is smaller than the transition radius from

inertia-controlled to thermal-controlled growth. Van Stralen et al. [ 158 ] proposed that the

temporal-dependence of the radius of the vapor bubble, R(t), can be modelled as a super-

position of the radii in the inertial-controlled, R1, and the thermal controlled, R2, regimes

as:

R(t) = R1(t)R2(t)
R1(t) +R2(t)

, (4.3)
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where R1 and R2 are defined as:

R1 = 0.8165

ρvhlv(Tw − Tsat)exp
(

−
(

t
td

)1/2
)

ρlTsat

 t, (4.4)

R2 =
[
1.9544

(
b∗exp

(
−
(
t

td

)1/2))
+ 0.3730Pr−1/6

l

(
exp

(
−
(
t

td

)1/2))]
Ja(αlt)1/2, (4.5)

where ρl, αl, and Prl are the density, thermal diffusivity, and Prandtl number of the liquid,

hlv is the latent heat of vaporization, (Tw − Tsat) is the superheat of the boiling surface, t is

time, Ja is Jackob number, and td is the bubble departure time, which is obtained based on

the departure diameter, dd, using the following equations [ 17 ], [ 159 ]:

dd =

√√√√0.042Ja2σ

g(ρl − ρv) , (4.6)

and

td = dd

0.59
(

σ(ρl−ρv)
ρ2

l

)1/4 . (4.7)

b∗ is a geometrical correction factor to account for the fact that only portion of the hemi-

spherical bubble near the heated surface is in contact with the superheated liquid. This

parameter is defined as [ 158 ]:

b∗ = 1.3908 R2(td)
Ja

√
αt

− 0.1908Pr−1/6
l . (4.8)

Figure  4.8 (a) the ratio of the heat transfer coefficient between confined and unconfined boil-

ing (hcon(q′′)/h∞(q′′)) as a function of the heat flux for various gaps spacings. Figure  4.8 (a)

illustrates the thermal enhancement magnitudes for various confined boiling spacings com-

pared to similar heat flux levels in an unconfined cdnfiguration. Confinement enhances heat

transfer at the lower range of heat fluxes tested while degrading heat transfer at the higher

range of heat fluxes. Figure 8 (b) shows the temporal evolution of the non-dimensionalized di-
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ameter of the vapor bubble (Γ = d/L) using the above bubble growth model (Equations  4.3 )

for the range of superheats required for onset of nucleate boiling as observed during uncon-

fined boiling testing (Ti − Tsat ∼ 4-5 °C). The criteria for onset of nucleation depend on the

working fluid wettability and the surface morphology. Since the same boiling surface and

working fluid are used in the unconfined tests, the nucleation onset superheat in unconfined

boiling is used. During inertia-controlled growth, the bubble grows relatively fast and in a

hemispherical shape. As the bubble growth transitions to the thermal-controlled growth,

the bubble transforms into a spherical shape. In this study the transition between the two

regimes is identified when the bubble growth rate decays by 90% of initial value. From Figure

8(b) we see this transition diameters, Γ, occur in the range of ∼ 0.35 - 0.5. Comparing to

Figure 8(a), there is a noteworthy increase in the heat transfer enhancement when the con-

finement gap spacing, Bo, becomes smaller than this bubble transition diameters, Γ (note

that both of these parameters are normalized by the same capillary length scale, so they

can be directly compared in magnitude). This indicates that the transition in heat transfer

enhancement mechanism from stem bubble boiling (nucleation-suppressed confined boiling)

to microlayer based enhancement (nucleation-active confined boiling) occurs when the gap

spacing is sufficiently small to obstruct the initial hemispherical vapor growth normal to the

boiling surface.

4.4 Summary

In summary, we measure heat transfer characteristics and observe the interface dynamics

for confined boiling of water occurring in confinement gap spacings from Bo = 0.10 to 0.91.

In agreement with earlier work on confined boiling, confinement enhances the heat transfer

rate compared to unconfined boiling. However, previous work purported that the primary

mechanism of enhancement was increased evaporation from a microlayer underneath the

distorted vapor bubble, which cannot explain all past observations of enhancement in the past

literature. Our work shows that the microlayer is indeed attributable for enhancement in heat

transfer, but only for nucleation-active confined boiling (0.5 ≤ Bo ≤ 1.0). On the other hand,

for nucleation-suppressed confined boiling (Bo ≤ 0.35 - 0.5), newly observed vapor stem
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bubbles offer the dominant mechanism to enhance heat transfer. In this extremely confined

regime, non-uniform surface rewetting result in only partial evacuation of the vapor exiting

from the confinement gap. Thus, stem vapor bubbles form from the residual trapped vapor

within the confined space. Because no active nucleation sites are required for stem bubble

boiling, phase change occurs at reduced superheat compared to nucleate based boiling. This

newly reported enhancement mechanism was observed both visually via a high-speed camera

and is supported by the measured thermal response. Based on this improved understanding,

three distinct confined boiling characteristics are identified (namely: nucleation-suppressed

confined boiling, nucleation-active confined boiling, and partial dryout). Additionally, a

threshold for the confinement gap spacing has been identified to predict the occurrence of

stem bubble boiling. This improved understanding of the enhancement in heat transfer in

Figure 4.8. (a) Confinement enhancement ratio in the heat transfer coefficient
compared to unconfined boiling (hcon(q′′)/h∞(q′′)) as a function of heat flux
illustrating the impact of the gap size on the transition between nucleation-
active to nucleation-suppressed confined boiling. (b) Temporal evolution of
the non-dimensional vapor bubble diameter (d/Lc) predicted from Equations
 4.3 - 4.8 for the range of heat fluxes required for the onset of nucleate boiling
observed experimentally (Ti − Tsat ∼ 4-5 °C). The transition between inertia
controlled and thermal controlled growth regimes occurs when the growth
rate decays by 90% of initial value. Enhancements in heat transfer due to the
vapor stem bubbles are significant when the confinement gap is smaller than
the transition between the two bubble growth regimes.
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extremely confined boiling has an important impact on designing compact two-phase thermal

management solutions.
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4.A Nucleation Onset Model

The incipience model used in Equation  4.2 is based on Hsu [  26 ]. Starting from a me-

chanical force balance across the two-phase interface:

Pv = Pl + 2σ
r
, (4.9)

where σ is the surface tension. Combining with the Clausius Clapyron equation,

∂P

∂T
= Tvfg

hfg

, (4.10)

and the conduction based temperature drop for the liquid near the boiling surface results in

the following expression:

Tl = Tsat + Tsatvvf

hfg

= Tw − q′′a∗r

kl

, (4.11)

where a∗ is a geometrical factor that relates the height to the radius of the vapor embryo.

In the confined configuration, a∗ equals to 1 due to hydrodynamic deactivation. For the

unconfined configuration, a∗ equals to 1.6 [  30 ] due to the ebullition cycle. Rearranging

terms yields the following expression that can be solved for the active vapor embryo size:

q′′a∗r2

kl

− (Tw − Tsat)r + Tsatvfg2σ
hfg

= 0. (4.12)

Specifically, the range of active vapor embryos sizes is given by

rmax

rmin

 =

(Tw − Tsat)

+

−


√

(Tw − Tsat)2 − 8q′′

kl

σTsatvvg

hfg

2a∗ q′′

kl

. (4.13)

The onset condition corresponds to rtan = r1 = r2, such that

rtan = (Tw − Tsat)
2a∗ q′′

kl

. (4.14)
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Plugging Equation  4.14 into Equation  4.12 yields the criteria for the heat flux at the onset

of nucleate boiling:

q′′
onset = hfgkl(Tw − Tsat)2

8a∗σTsaTvfg
. (4.15)
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5. CRITICAL HEAT FLUX (CHF) IN CONFINED GAPS

Boiling enables high rates of heat transfer from a surface made possible at a relatively low

thermal resistance motivating the use of two-phase cooling for increasingly compact ther-

mal management solutions. However, extreme geometrical confinement of the liquid above

the boiling surfaces is known to have detrimental effects on maximum heat transfer rate by

inducing premature onset of film boiling. Moreover, previously developed critical heat flux

(CHF) models for confined geometries focused on triggering mechanisms associated with

unconfined pool boiling and, thus, are not generalizable. This work proposes a new mecha-

nistic model for predicting CHF during boiling within in narrow gap, specifically developed

to account for confinement effects on the triggering mechanism. The model postulates that

occurrence of CHF coincides with the irreversible growth of a dry spot on the boiling sur-

face. Three competing forces govern the two-phase interface dynamics, namely vapor recoil,

surface tension, and hydrostatic forces. Dryout is triggered when the vapor recoil force due

to vaporization at the two-phase interface balances the combined surface tension and hy-

drostatic forces leading to irreversible growth of the dry spot. The present work offers a

predictive confined CHF model that accounts for confined boiling surface shape, size, ori-

entation, confinement gap spacing, and working fluid properties, with a single fluid-specific

fitting coefficient that represents the ratio of vapor area to the confinement opening area

near CHF conditions. Notably, the developed CHF model is also effective in predicting the

threshold gap below which confinement reduces pool boiling CHF. The model is compared

to 197 experimentally measured confined CHF data points available from 10 studies in the

literature that represent 7 different working fluids and a range of boiling surface inclinations

and shapes. The model predicts the confinement-reduced CHF values with a mean error of

2% and standard deviation of 21%, which is less than half of the error compared to all other

available predictive models. This clarification of the triggering mechanism and improved

prediction accuracy of CHF, as offered by the current study, will enable broader practical

system implementation of compact two-phase cooling technologies.
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5.1 Introduction

The use of the latent heat of vaporization during boiling facilitates the removal of high

heat densities while maintaining the boiling surface below operational temperature limits.

Therefore, boiling is used in various energy conversion and heat exchanging applications

[ 160 ]. To meet demands for compact and lightweight thermal management devices, in-

creasing the surface-to-volume ratio of two-phase heat exchangers is advantageous in various

industrial and scientific applications [  161 ]. There is also growing interest in developing minia-

ture cooling technologies that use passive boiling principles in confined geometries such as

thermosyphons [ 162 ], pulsating heat pipes [  163 ], immersion cooling, [  129 ], and two-phase

heat spreaders [ 164 ].

The ubiquity of pool boiling in many industrial and thermal management applications has

motivated researchers for decades to understand and characterize the associated transport

processes and limits [  21 ]. One of the most important boiling characteristics for two-phase

thermal management systems is the critical heat flux (CHF), which represents the maximum

heat flux at which nucleate boiling can be sustained; above this limit, a system under con-

stant heat flux condition will transition to film boiling [  160 ]. Operating the system above

CHF (i.e., in the film boiling regime) results in a drastic increase in the thermal transport

resistance due to the formation of a stable vapor blanket that can lead to a catastrophic

temperature rise. Restricting boiling to occur in a narrow gap above the boiling surface,

termed ‘confined boiling’ hereinafter, significantly alters the thermofluidic characteristics of

pool boiling [  8 ]. Primarily, vapor bubbles are forced to grow parallel to the boiling surface,

extending the vapor coverage area associated with each nucleation site, whereas many of the

models developed for pool boiling focus on vapor flow normal to the boiling surface. There-

fore, the applicability of existing predictive macroscale CHF models needs to be carefully

examined to account for these effects of confinement.

This work develops a model to predict CHF that accounts for the mechanistic influence

of small gap spacing above the boiling surface, heater size, shape, and orientation on pool

boiling. First, a review of the existing confined CHF models is presented. Then, we propose

a new model for the CHF during boiling in a confined gap based on the micro-hydrodynamics
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along the triple contact line on the boiling surface. The accuracy and generality of the de-

veloped CHF model, in comparison to previous models, is evaluated against an experimental

dataset collected from the literature. Notably, the developed CHF model is also effective in

predicting the threshold gap below which confinement reduces pool boiling CHF.

5.2 State-of-the-Art Models for CHF in Confined Geometries

The phenomenon of CHF has been experimentally reported since the late 19th century.

In 1888, Lang [  165 ] experimentally observed that the boiler efficiency in generating steam

drastically decreases when the boiling surface superheat reaches a certain limit. Many re-

searchers have since observed the CHF phenomenon and provided further insights into this

behavior. However, boiling is a chaotic and a complex two-phase flow phenomenon owing to

the dynamic evolution of multiple interfaces covering a wide range of length scales extend-

ing from the macroscale down to the molecular level [ 166 ]. Therefore, dimensionless groups

and empirical constants are often employed in developing correlations useful for engineering

applications. Bonilla and Perry [  91 ] proposed one of the earliest correlations for CHF purely

from experimental data. While empirical correlations lack generality and are only appli-

cable in the range of conditions tested, incorporating mechanistic aspects of boiling into

such empirical correlations can broaden their range of applicability. This section discusses

theoretical frameworks that have been developed as a basis for a wide range of available

models to predict CHF; the specific focus of this brief review is on pool boiling in confined

configurations, that is, when the growth of vapor bubbles normal to the boiling surface is

interfered with another solid surface before complete detachment of the bubble from the

boiling surface, such as due to a parallel plate that forms a narrow gap above the boiling

surface.

Geometrical confinement above the boiling surface and/or boiling from heaters of small

sizes compared to the bubble dimensions significantly alters the thermofluidic characteristics

of pool boiling compared to large surfaces. While there is not yet an agreed upon criterion

for the dimension threshold for boiling a liquid in a confined gap above a heated surface,

many works compare the gap spacing (or height), S, or the characteristic length of the
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heater, such as diameter, D, or length, L, to the capillary length of the working fluid, Lc,

to define a cutoff where the dimensions alter the pool boiling characteristics. For decades, it

has been experimentally observed that confinement reduces the critical heat flux [  98 ], [  99 ],

[ 101 ]–[ 104 ]. Significant progress has been made in understanding the underlying mechanism

of flow boiling in microchannels where the working fluid is actively pumped through the

confined gaps [  167 ], [  168 ]. However, less is understood about the mechanism of CHF during

pool boiling in confined geometries, where the vapor bubbles must depart the surface by

buoyancy [  8 ]. Although many experimental studies have characterized the effect of geomet-

rical confinement on pool boiling, a predictive correlation for CHF that can be applied to

wide range of heater sizes, orientations, gap spacings, and working fluids has not yet been

developed [ 8 ].

A common approach taken to predict the CHF for confined boiling is to modify models

originally developed for unconfined pool boiling with factors that account for the effect of

confinement. The seminal work of Zuber [ 71 ] formulated one of the most widely adopted

theoretical frameworks for predicting the CHF for unconfined pool boiling from large flat

surfaces. This hydrodynamic theory postulates that vapor generated at the boiling surface

forms a periodic array of vapor jets, and that the CHF occurs when the liquid-vapor interfaces

of these jets become unstable and block liquid supply back to the boiling surface. Using the

critical Helmholtz velocity [  70 ] as the instability criteria, Zuber [  71 ] proposed the following

relation for CHF, q′′
CHF,Z:

q′′
CHF,Z

ρ0.5
v hlv[σg(ρl − ρv)]1/4 = K, (5.1)

where K is constant, hereafter referred to as the dimensionless CHF ratio. The original work

[ 71 ] proposed K = π

24 , for finite surface. Later, Lienhard and Dhir [ 72 ] refined the model to

show that a value of K = π

16 (3)1/4 was more accurate for flat boiling surfaces much larger

than the Helmholtz unstable wavelength.

Despite being perhaps the most common model developed to date, the generalizability of

Zuber’s CHF prediction has been criticized [ 69 ], [  72 ], [  73 ], [  166 ] because it does not account

for pressure, surface conditions, viscosity, and wettability despite experimental data suggest-
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Table 5.1. A summary of the dimensionless CHF ratios modified to account
for additional factors, K = q′′

CHF,Z
ρ0.5

v hlv [σg(ρl−ρv)]1/4 .

Dimensionless CHF Ratio W
et

ta
bi

lit
y

Pr
es

su
re

V
isc

os
ity

O
rie

nt
at

io
n

C
on

fin
em

en
t

R
ef

er
en

ce

K =π/24 [ 71 ]
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K =0.171 (1+0.324×10−3β2)1/4

(0.018β)1/2

√
[ 74 ]

K =0.0336(π − β)3R0.125
a

√
[ 75 ]
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) [
2
π
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l
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]
×
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√
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σ
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√
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√
[ 113 ]
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√

[ 114 ]
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(

1
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) √
[ 101 ]
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1+6.7×10−4(ρl/ρv)0.6(L/S)

√
[ 115 ]
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ing that all of these factors have a strong influence on the CHF. Nevertheless, owing to the

success of the underlying hydrodynamic instability theory in predicting CHF in pool boil-

ing, subsequent investigations [  74 ]–[ 81 ] attempting to resolve these effects on CHF typically

adapted Zuber’s framework by including additional empirical factors in the dimensionless

CHF ratio, K. The first portion of Table  5.1 summarizes those modifications for unconfined

configurations.

Similarly, this hydrodynamic instability theory has been commonly reused as a frame-

work for CHF predictions that accounts for the confinement effect [  101 ], [ 111 ]–[ 115 ]. The

second portion of Table  5.1 summarizes empirical correlations have been developed for the

dimensionless CHF ratio, K, as a function of the confinement gap spacing, S, channel length,

L, and heater diameter, D. However, it is crucial to revisit the underlying assumptions taken

in developing these CHF models based on the hydrodynamic instability theory to reassess

their generalized applicability for confined boiling configurations.

The hydrodynamic instability framework idealizes the vapor flow morphology as be-

ing large vapor columns normal to the boiling surface. Further, these vapor columns are

assumed to arrange in a rectangular array on the boiling surface, as depicted in Figure

 5.1 -a, where the array spacing is equal to the dominant unstable Taylor wavelength, λH =

2π(3σ/[(ρl − ρv)g])1/2. Vapor columns diameters were further assumed be half of the vapor

column spacing. The CHF occurs when the average vapor velocity, uv is equal to the critical

Helmholtz velocity, uc:

uc =
[

2πσ

ρvλH

]1/2

. (5.2)

Using energy and mass conservation, the average vapor velocity, uv, is

uv =
16 q′′

CHF,Z

πρvhlv
. (5.3)

Combining Eqn.  5.2 and Eqn.  5.3 leads to the CHF correlation in Eqn.  5.1 . While this

idealization is rational (albeit disputed) for unconfined conditions, as illustrated in Figure

 5.1 -b, the existence of a confinement wall above the boiling surface would surely prohibit the
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Figure 5.1. Two-phase interface dynamics comparison during un-
confined and confined pool boiling. (a) Illustration of the theoretical
framework for the hydrodynamic instability theory for predicting CHF in sat-
urated pool boiling on an infinite unconfined flat plate. The CHF is postulated
to occur when the two-phase interfaces of the unconfined vapor columns are
unstable based on the Helmholtz criterion. (b) Illustration of the effect of a
confinement wall above a horizontal boiling surface on the two-phase interface
dynamics. Instead of forming vapor columns normal to the surface, vapor bub-
bles are forced to grow parallel to the boiling surface. In both panels, arrows
indicate the liquid (blue) and vapor (red) flow paths.
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formation of such vapor columns normal to the boiling surface. As a result, the mechanism

of CHF for confined pool boiling is expected to differ significantly.

Several studies develop alternative approaches for predicting the CHF for confined pool

boiling that do not use hydrodynamic instability frameworks. Chang and Yao [  169 ] inves-

tigated the CHF phenomena in confined geometries by conducting experiments on a ver-

tical cylindrical heater confined by a concentric tube where the bottom opening is sealed

and the fluid can access the confinement cavity from the top opening only. In contrast to

confined CHF models in Table  5.1 , their developed confined CHF model is based on the

well-established understanding of hydrodynamic countercurrent flooding in tubes, namely,

the Wallis [  170 ] correlation for countercurrent flooding. The final form of the confined CHF

prediction based on the countercurrent flow framework is

q′′
CHF,Co

ρvhfg

√
ρv

gD(ρl − ρv) = 0.38
(1 + (ρv/ρv)0.25)2(L/S) . (5.4)

In this configuration, gravity pulls the liquid down while buoyancy lifts the vapor up.

The flooding phenomenon was best described as a transition from counter-current flow to a

co-current flow, where the vapor flow reverses the flow direction of a fraction of the liquid

entering the cavity [  171 ]. While this framework is specifically tailored to the two-phase

flow regimes expected in confined configurations, the chosen CHF triggering mechanism,

countercurrent flooding, contradicts the experimental observations by others [ 172 ]–[ 174 ],

which have shown that during confined boiling the heated surface partially dries out at

high heat fluxes just before reaching the CHF condition. In other words, liquid only rewets

regions near the confined heater perimeter, such that the interior regions of the gap further

away from the perimeter are solely occupied by vapor. Chyu [ 175 ] also developed a confined

CHF model not based on the hydrodynamic instability theory. Rather, their analysis was

based on a one-dimensional momentum conservation of the two-phase flow in narrow vertical

channels. Their analysis postulated that the CHF occurs when the buoyancy driven upward

momentum is insufficient to balance the momentum of the displaced liquid and associated

frictional forces. The expression CHF was derived to be
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q′′
CHF,Co = ρvhlv(S/L)

[
gL sin θ(ρl/ρv − 2)

1 + fL/(2S)

]0.5

, (5.5)

where L is the channel length and f is the friction factor defined as

f = 0.13
(
ρl − ρv

ρv

)0.5
s
√gρl − ρv

σ

1.3

. (5.6)

While such a friction-based framework is suitable for vertical channels, where the buoy-

ancy drives the vapor flow upward and liquid is supplied from the bottom inlet to the channel,

it is challenging to extrapolate this framework into horizontal confined surfaces that have

no clear distinction between liquid inlet and vapor outlet along the confinement perimeter.

In contrast to earlier semi-empirical models, Zhao et al.[ 176 ] developed an analytical model

for the confined CHF based on the depletion rate of the liquid microlayer underneath the

confined bubble,

q′′
CHF,Co =

qpl(tib + ts) +
∫ td+ts

tib+ts
k∆Ts
δma

τD
, (5.7)

where qpl is the heat flux of the unconfined pool boiling, td,tib and ts are respectively the

total duration for the complete depletion of the microlayer underneath the coalesced confined

vapor bubble, the microlayer evaporation duration at the critical thickness and the bubble

growth time as the bubble reaches the confinement wall, δma is the microlayer thickness, ∆Ts

is the boiling surface superheat. The analysis considered that the confinement wall forces

the individual vapor bubbles to grow parallel to the boiling surface resulting in coalescence

and formation of a vapor ‘mushroom’ inside the confined space, where τD is the period of

the vapor mushroom formation. This approach is impractical for engineering applications

because many of terms in Eqn.  5.7 cannot be quantified a priori for a given confined boiling

configuration.
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5.3 CHF Model Development

The literature review above identified the lack of a mechanistic CHF correlations for con-

fined boiling configurations that can be readily applied to across a wide range of parameters.

Generally, the boiling process consists of a various energy transport process coupled with the

flow hydrodynamics. Energy needs to transfer across the solid-liquid interface, through the

liquid, and across the liquid-vapor interface; generated vapor must flow away while liquid

rewets the boiling surface. Interruptions of any of these individual transport mechanisms

would act to limit the overall boiling transport as well. Further, the specific boiling system

configuration may determine which of these transport mechanisms is the rate-limiting factor.

Hence, models for the CHF generally postulate that one of the transfer mechanisms is the

weak link when developing the model framework [  21 ]. Scattering of thermal energy carriers

(phonons) across the solid-liquid interface (e.g., the Kapitza resistance) is unlikely to be the

limiting transport mechanism [  64 ], [  177 ]. Similarly, the maximum possible vapor flux, and

associated heat transfer rate, across the liquid-vapor interface based on kinetic theory is typ-

ically much larger compared to the other transfer mechanisms [ 65 ]. Thus, researchers have

historically attributed the limit to hydrodynamic mechanisms, either focusing on the far-field

vapor-liquid counterflow or the near-surface liquid delivery to the evaporating contact line

[ 21 ].

Experimental visualizations including our own past work has revealed that confined boil-

ing surfaces exhibit partial dryout as the CHF conditions are approached [  172 ]–[ 174 ]. In

other words, liquid does not rewet the entire boiling surface. Further, the fraction of the

surface experiencing partial dryout qualitatively increases as the heat flux increases near

the CHF condition. Therefore, the triggering mechanism for CHF in confined configuration

should consider the near-surface micro-hydrodynamic forces around the triple contact line.

In fact, this mechanism is argued to be the triggering mechanism even for unconfined pool

boiling. Theofanous and colleagues [ 166 ], [  178 ], [  179 ] challenged the widely held view that

the hydrodynamic instability is the triggering mechanism for pool boiling CHF and postu-

lated that CHF is triggered when the forces along the triple contact line are balanced, leading

to irreversible growth of a dry spot area on the boiling surface. Kandlikar [ 85 ] also used a
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similar approach to develop a model for unconfined CHF that accounts for both surface

wettability and orientation.

Considering this triggering mechanism for CHF in confined boiling, a predictive model

must consider the forces acting on the two-phase interface. Figure  5.2 -a depicts the forces

considered in the model developed herein. Namely, surface rewetting is assumed to be

governed by a balance between the surface tension force, FS, the hydrostatic force, FG, and

the vapor recoil force, Fm. At low heat fluxes, both hydrostatic and surface tension forces can

overcome the vapor recoil force allowing for complete rewetting of the boiling surface. On

the other hand, as the applied heat flux increases, the vapor recoil force due to evaporation

becomes larger than the combined hydrostatic and surface tension forces forming a partial dry

patch at inner most region of confined space. The average equilibrium spread of the region

experiencing partial dryout grows irreversibly proportional to the average applied heat flux

until it encompasses the entire heater area, leading to a boiling crisis at the CHF condition.

Furthermore, the two-phase interface is assumed to undergo unstable undulations along its

perimeter, as illustrated in Figure  5.2 -b. Just prior to CHF, the two-phase undulation is

assumed to be at the heater perimeter where only a portion of the two-phase interface is

in contact with the boiling surface. In the model developed below, it is important to note

that the heater surface is assumed to entirely cover one side of the confinement gap while

the opposing confinement wall is assumed to be adiabatic, as shown.

Vapor recoil forces the contact line to recede and can be evaluated based on the dynamic

pressure, Pd, of the vapor phase:

Pd ≈ 1/2ρvu
2
v. (5.8)

Assuming that all of the heat is dissipated by the latent heat of vaporization, the vapor

velocity is

uv = q′′
i

ρvhlv
, (5.9)

where q′′
i is the heat flux at the vaporization interface, which can be expressed as q′′

i =

(q′′
bAb) /Ai where the subscript b indicates heat flux based on the area of the boiling surface.
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Figure 5.2. Micro-hydrodynamics at the contact line as the govern-
ing mechanism for CHF in confined geometries (a) Side-view schematic
of the cross-section of the confined boiling system where a bubble is growing
within a gap spacing, S, from the boiling surface of a diameter, D. Forces
governing the two-phase interface dynamics are illustrated with blue arrows.
These include the hydrostatic forces, FG, surface tension forces, FS, and the
vapor momentum forces, Fm. (b) Cross-sectional top view of the base of the
confined vapor bubble just prior to CHF. Undulations in the perimeter of the
bubble extend partially outside the confined boiling region allowing partial
rewetting of the boiling surface near the confinement space perimeter (i.e., the
liquid inlet regions). The ratio of the vapor outlet regions (shown in red) to
the full perimeter of the boiling surface (combined red and blue line), defined
as ψ, is the single fitting parameter in our newly developed correlation.
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The area of the two-phase interface depends on its shape of the two-phase interface and is an

unknown. However, the vaporization area at CHF is assumed to be linearly correlated with

the confinement inlet-outlet opening area to the unconfined reservoir, Agap. A correlation

parameter, ψ, is hence introduced and represents the ratio of the interface area to the

confinement opening area. This ratio is assumed to be dependent on the working fluid

properties only. Combining the equations above results in the following expression for the

vapor momentum force:

Fm = q′′2
b A

2
b

2ρvh2
lvAgap(1 − ψ) . (5.10)

At the CHF condition, the model postulates that the vapor recoil forces are balanced

by surface tension and hydrostatic pressure. Surface tension acts at the three-phase con-

tact lines of the confined vapor. Because the confinement wall is adiabatic, we assume that

no evaporation takes place from the top two-phase interface of the confined vapor bubble.

Hence, a liquid layer over the confinement wall is preserved and not depleted at CHF (i.e.,

the confinement wall remains completely wetted). This assumption agrees with visual obser-

vations from our previous work [  172 ]. On the other hand, the evaporating liquid microlayer

on the boiling surface is assumed to completely depleted such that the contact line is normal

to the boiling surface. Based on these assumptions, the surface tension forces acting at the

liquid layer over the adiabatic confinement wall can be expressed as:

Fs = εσ, (5.11)

where ε is the perimeter of the boiling surface. It is worth noting that the proposed CHF

model assumes that the microlayer contact is completely depleted at CHF such that the

triple contact line is normal to the boiling surface. However, if this condition is not satisfied

the influence of the contact angle would be included in model fitting where the contact angle

is a lumped with other fluid properties in one fitting parameter, ψ. Lastly, the hydrostatic

force can be expressed in term of the effective depth of the interface, Hi, as follow:

FG = Hig(ρl − ρv)Agap. (5.12)
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Critical heat flux is triggered when

Fs = Fs + FG. (5.13)

Combining Equations ( 5.10 - 5.13 ) yields an expression for CHF:

q′′
CHF,Co =

√√√√2ρvh2
lvAgap(1 − ψ)
A2

b
(εσ +Hig(ρl − ρv)Agap);

(
q′′

CHF,Co

q′′
CHF,Z

< 1
)
. (5.14)

The development of the confined CHF expression enables the prediction of the gap spacing

threshold, below which confinement reduces the CHF compared to unconfined pool boiling.

The predicted gap spacing threshold corresponds to the value where the confined CHF (Eqn.

 5.14 ) matches the unconfined pool boiling CHF (Eqn.  5.1 ). Hence, the geometrical confine-

ment effect on CHF can be indicated by the ratio between confined CHF and unconfined

CHF:

q′′
CHF,Co

q′′
CHF,Z

=

√√√√2Agap(1 − ψ)ε
K2A2

b

(
Lc + HiAgap

εLc

)
, (5.15)

where K is the dimensionless unconfined CHF ratio defined in Eqn  5.1 and Lc is the capillary

length of the working fluid. Boiling is considered unconfined when the confined CHF to the

unconfined CHF ratio is larger than unity. Figure  5.5 illustrates the absolute mean error of

the confined CHF model increases if the proposed cutoff is increased beyond the threshold

values of unity. Thus, the model proposed here is deemed accurate for cases where the

predicted CHF with confinement is lower than the CHF predicted for unconfined boiling.

The generic expression for CHF in Eqn.  5.14 can be expressed for a particular geometry.

For example, the CHF for a circular horizontal confined boiling surface of a diameter, D,

and gap size, S, is

q′′
CHF,Co =

√√√√32ρvh2
lvS(1 − ψ)
D2

(
σ + g

S2

2 (ρl − ρv)
)
. (5.16)
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Similarly, the CHF expression can be tailored to an inclined straight channel of length,

L, uniform rectangular cross-sectional area with channel height, i.egap size, S and channel

width, W . When the channel is submerged in liquid pool with two openings at both ends of

the channel and inclination angle, θ, where θ = 90◦ represents a vertical channel, the CHF

can be expressed as:

q′′
CHF,Co =

√√√√8ρvh2
lvS(1 − ψ)
L2

(
σ + g(SL sin θ + S2

2 cos θ)(ρl − ρv])
)
. (5.17)

5.4 Results and Discussion

The confined pool boiling CHF model presented by Eqn.  5.14 is compared to experi-

mental data available from 10 distinct studies in the literature [  100 ], [  102 ], [  111 ]–[ 113 ], [  115 ],

[ 172 ], [ 180 ]–[ 182 ]. To the best of our knowledge, this dataset comprises all the data that

quantifies the effect the gap spacings on the CHF of confined pool boiling, in particular

where there is an adiabatic wall parallel to the heated surface (and having the same area)

that confines the boiling to the narrow gap formed between. All data are under atmo-

spheric pressure conditions and for flat boiling surfaces without enhancement modifications

such as porous coatings. This data set includes a total of 197 experimental measurement

of CHF under confined conditions using various working fluids that include water, ethanol,

FC-72, HFE-7100, R113, n-pentane, and benzene. In general, two confinement geometries

are considered, circular horizontal confined boiling surfaces (Eqn.  5.16 ) and both vertical

and inclined rectangular channels where heating is applied to one side of the channel and the

entire channel is submerged in a liquid pool (Eqn.  5.17 ). Table  5.2 summarized the dataset

including the ranges of confinement gap spacings.
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Table 5.2. Collected database of experimental CHF in confined geometries.
Working
Fluid Shape Geometry Range Reference

Water Circular Horizontal S = [0.2-2.2] mm
D = 25.4 mm [ 172 ]

n-pentate Circular Horizontal S = [0.1-0.5] mm
D = 12 mm [ 180 ]

Water Circular Horizontal S = [0.1-0.3] mm
D = [5-20] mm [ 100 ]

Water, R113,
Ethanol,
Benzene

Circular Horizontal S = [0.1-8] mm
D = [10-20] mm [ 112 ]

Water Circular Horizontal S =0.1 mm
D = 20 mm [ 181 ]

HFE-7100 Circular Horizontal S = [0.5-3.5] mm
D = 30 mm [ 102 ]

R113 Rectangular Vertical Channel
S = [0.3 – 2.5] mm
L = 50 mm
W = 20mm

[ 111 ]

FC72 Rectangular Vertical Channel
S = [0.4 – 1] mm
L = 20 mm
W = 20 mm

[ 182 ]

Water,
Ethanol Rectangular Vertical Channel

S = [0.45–5] mm
L = [20-50] mm
W = 10 mm

[ 115 ]

Water Inclined Rectangular Channel
S = [1-2] mm
L = 35 mm
W = 15 mm; θ= [0 – 90]

[ 113 ]

As discussed in the confined CHF model development above, the ratio of the interface

area to the confinement opening area is an unknown assumed to depend on the working fluid.

In effect, estimated values for ψ are obtained through a least-squares fitting of the model

predictions to the experimental dataset. The predictive model is also able to predict the gap

spacing threshold, below which confinement reduces the CHF compared to unconfined pool

boiling, as well as accurately predict this reduction of the CHF.
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Figure  5.3 compares the CHF model predictions to the experimental data points cate-

gorized by fluid type. The vapor area ratio is found to range from 0.92 < ψ < 0.97 across

various working fluids. The experimental and predicted values are both normalized against

Zuber’s limit for unconfined boiling (Eqn.  5.1 ). The proposed model accurately depicts the

effect of confinement on CHF, as indicated by the agreement with the experimental data

in the range of where the predictions are less than gap spacing threshold estimated by the

Zuber limit (q′′
CHF,Co < q′′

CHF,Z). In this range, the predictions collapse within the gray-shaded

region indicating ±30% from the experimental data. As expected, the model is not suitable

when it predicts a CHF value larger than the Zuber limit (q′′
CHF,Co > q′′

CHF,Z). In this range,

the experimental data are accurately predicted by Zuber’s limit, with the data points col-

lapsing into the green-shaded region indicating ±30% from Zuber’s limit. In practice, the

proposed model should be employed for accurate prediction of CHF only for gap spacings

below the threshold, and above the threshold Zuber’s limit should instead be used. Thus,

the predicted threshold in the gap spacing separating the confined and unconfined boiling

regimes thereby corresponds to approximately unity in the normalized predicted heat flux

value (q′′
CHF,Co/q

′′
CHF,Z=1) and the limiting gap spacing, S, can be determined as a function

of system parameters from Equations  5.15 -  5.17 .

Figure  5.4 compares the error in the prediction of CHF data for gap spacings below

the threshold using the model developed in this work to other models in the literature,

which are based on different triggering mechanism for CHF. The threshold gap spacing

is defined uniquely for each model when the predicted CHF matches Zuber’s limit for pool

boiling. Several works [ 101 ], [  111 ]–[ 115 ] based on the hydrodynamic instability framework are

illustrated in green in Figure  5.4 . Despite having a low mean error, these models demonstrate

the widest range of error among the tested models, indicating their lack of generality in

predicting confined CHF across different geometries and fluid types. This is attributed to

the fact that these models presume a CHF triggering mechanism that is associated with

unconfined boiling when developing the empirical correlation.

The correlations of Chang and Yao [  169 ] and Chyu [  175 ], highlighted in blue in Figure

 5.4 , include the confinement effects on the hydrodynamics of the two-phase interface. This

framework reduces the spread of error; however, both models drastically underestimate the
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CHF values on average. The model of Chang & Yao [  169 ] postulates that CHF coincides

with the countercurrent flooding phenomenon. Yet, there are experimental observations

indicate the flooding, or partial dryout, occurs at heat fluxes lower that the CHF value

[ 172 ]–[ 174 ]. This explains the tendency of the model to underestimate the experimental

CHF values in confined configurations. Similarly, the model of Chyu [  175 ], which is based

on a friction framework, underestimates CHF values. This model assumes that the generated

vapor traverses the entire confined space from the evaporation interface at the liquid inlet

opening to the unconfined space through a vapor outlet opening. While this scenario can

be correct in vertical channels, during confined boiling in a horizontal gap, the inlet and

outlet openings are not well defined and generated vapor does not necessarily flow through

the entire confined space.

Figure 5.3. Assessment of the proposed model for CHF in confined
geometries. Both the experimental and predicted CHF are normalized by the
prediction for the unconfined CHF from Zuber [  71 ]. The solid black reference
line indicates a perfect match, and the gray shaded region indicates ±30% from
this reference line. This comparison is limited to a region where the proposed
model is valid, namely, up to Zuber’s limit for unconfined conditions (a value
of 1 on the normalized axes). Thereafter, a green line indicates Zuber’s limit
and the shaded region illustrates ±30% around this limit.
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Figure 5.4. Accuracy of the confined CHF models. The error is cal-
culated by comparing the model to the experimental data points (N) in the
dataset that are below the gap spacing threshold. The mean (µ) and standard
deviation (STD) of the prediction error for each model are tabulated within
the plot. The notch in the box marks the mean error, whereas the box edges
mark the 25th and the 75th percentiles. The dashed whiskers illustrate the
full range of the calculated error in the data set. The results of the proposed
model that is based on the micro-hydrodynamics balance in this work is shown
in black in the first row, demonstrating low mean error and a narrow spread
of the error compared to the models shown in subsequent rows that are based
on alternative frameworks.

The confined CHF model proposed in this work based on a micro-hydro-dynamics force

balance, as marked in black in the top row, demonstrates both a very low mean error

and narrow spread of error compared to other existing models. We believe the enhanced

accuracy of this model is due to capturing the correct triggering mechanism for CHF in

confined geometries. Specifically, the boiling crisis in confined geometries is caused by an

imbalance of forces acting on the triple contact line that leads to irreversible growth of the

dry spot on the boiling surface.
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5.5 Summary

The boiling crisis in confined geometries has been previously described using empirical

corrections made to models originally developed for unconfined geometries, which limits their

accuracy outside a small range of applicability. To aid in engineering design, it is necessary

to develop more generalized mechanistic CHF models for confined boiling. Therefore, it is

critical to identify the triggering mechanism for CHF specific to boiling in these confined

configurations. In this work, we developed a new mechanistic CHF model that accurately

predicts the influence of confinement geometry on the boiling crisis. The model postulates

that the insufficient liquid rewetting forces at the boiling surface edges are the triggering

mechanism for CHF in confined geometries. A modeling framework was therefore developed

based on the micro-hydrodynamics of the triple contact line on the boiling surface considering

the competing vapor recoil, surface tension, and hydrostatic forces that govern the two-phase

interface dynamics. Dryout is triggered when the vapor recoil force due to vaporization at

the two-phase interface balances the combined surface tension and hydrostatic forces, leading

to irreversible dryout of the surface.

The accuracy of the newly developed model is assessed by comparing to all available

experimental data for confined CHF in the literature, consisting of 7 working fluids and a

range of confinement gap spacings, heater sizes, shapes, and orientations. Notably, the model

is able predict CHF for horizontal confined surfaces that have no clear distinction between

liquid inlet and vapor outlet along the confinement perimeter. The model is able to predict

the experimental CHF data with a mean percentage error of 2% and a standard deviation of

21% when the boiling dynamics are governed by confinement, a vast improvement compared

to other confined CHF models available in the literature. The model is also able to identify

the limit at which confinement no longer affects CHF, above which unconfined pool boiling

CHF models should be used. In addition to offering a prediction tool for pool boiling CHF

in confined conditions, this work provides a framework that can potentially be extended to

include additional forces, such as liquid momentum forces, for predictions in flow boiling

applications.
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5.A Confinement Threshold Limit

Figure 5.5. Sensitivity of the Confinement Threshold. The error is
calculated by comparing the model for the confined CHF model (Eqn.  5.14 )
to the experimental data points in the dataset that are below the proposed
confinement threshold limit (Eqn.  5.15 ). The vertical black dashed line corre-
sponds to the confinement threshold of one where the confined CHF matches
the unconfined CHF. The confinement threshold depends on the dimensionless
unconfined CHF ratio, K. The error is calculated for two values of K found
in the literature (blue and orange lines). In both cases, the minimum error
is found near a ratio of one indicating that the cutoff in the applicability of
the model is when the predicted CHF with confinement match the unconfined
prediction.
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6. CONCLUSIONS AND FUTURE OUTLOOK

6.1 Conclusions

This dissertation investigated the implications of the high degree of geometrical confine-

ments on two-phase heat dissipation characteristics. Specifically, this work experimentally

quantified the thermal and the hydrodynamic impact of gap spacing above the boiling surface

and the fraction of the area within the confined region heated by the boiling surface. Then,

leveraging the understanding of phenomena involved in confined boiling, a mechanistic-based

model was developed to predict the implication of geometrical confinement on thermal char-

acteristics. This dissertation advances the current state of knowledge regarding the impli-

cations of geometrical confinements on boiling regimes, heat transfer coefficient, and critical

heat flux.

Experimental results showed that the thermofluidic characteristics of the two-phase heat

transfer are significantly affected by the spatial confinement. This work revealed the exis-

tence of two distinct boiling regimes uniquely observed in boiling in confined configurations

(namely, intermittent boiling and partial dryout). Intermittent boiling exhibits a time-

periodic oscillatory behavior where the heat dissipation method from the boiling surface

alternate between single-phase and two-phase heat dissipation. In a nucleation-active con-

fined boiling, rewetting liquid from unconfined pool lowers the surface superheat and boiling

ceases monetarily until the surface heats up to the nucleation temperature. On the other

hand, in the partial dryout confined boiling regime, portion of the surface remain continu-

ally dried out, where the capillary forces are insufficient to overcome the viscous resistance

necessary to completely rewet the boiling surface.

Previous experimental studies reported that geometrical confinement improves the heat

transfer coefficient and purported that the primary mechanism of enhancement is the enlarge-

ment of the evaporative microlayer area underneath the distorted vapor bubble. However,

this mechanism cannot explain all the observations of heat transfer enhancement. Chapter

 3 proposed nucleation enhancement wetting as a complimentary enhancement mechanism

in nucleation-active confined boiling. Particularly, the confinement wall enhances the liquid

micro-convection flow parallel to the boiling surface which improves the rewetting of the dry
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spots on the boiling surface. On the other hand, for extremely confined boiling, Chapter  4 

reported the observation of nucleation-suppressed boiling. The flow visualization revealed

small residual vapor pockets, termed ‘stem bubbles’, remain on the surface through a pinch-

off process as vapor bubbles escape the confinement. The presence of these stem bubbles

seeds the consequent vapor generation cycle and mitigates the need for bubbles to nucle-

ate on the surface. Stem bubbles dominate the enhancement in extremely confined boiling

surpassing the maximum enhancement limit of nucleate-active boiling.

Lastly, the confinement wall restricts the replenishing of liquid and limits the rewetting of

the boiling surface. As a result, confinement significantly lowers the dryout limit. This effect

is exacerbated when the confinement wall extends beyond the heated region of the boiling

surface. In Chapter  5 , a mechanistic-based model for confined CHF is developed based on

the micro-hydrodynamic force balance along the triple contact line. The developed model

postulated that the CHF occurrences coincide with the irreversible growth of the dry spot

on the boiling surface. The developed model demonstrated improved accuracy compared to

alternative model which enables increased confidence in the actual CHF limit.

6.2 Future Outlook

The reported improved mechanistic understanding of heat transfer characteristics in con-

fined boiling has an important impact and offers a new direction for designing compact

two-phase thermal management solutions. However, further research efforts are needed to

facilitate the technology transfer into practical systems. Specifically, scientific investigations

to aid the development of the confined boiling technology targeting three objectives are pro-

posed. First, the use of stem bubble boiling enhancement for dielectric coolants. Second,

developing a technique to control the formation of stem bubbles. Third, developing guide-

lines to use the confinement wall wettability in order to improve the thermal performance of

extremely compacted two-phase heat exchangers.
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6.2.1 Stem Bubble Boiling of Dielectric Coolants

Water is an excellent working fluid from the thermal management perspective; however its

use is often prohibited in applications requiring electric insulation such as the direct cooling

of electronics and power devices. Highly wetting dielectric working fluids, including perflu-

orocarbons, hydrofluoroethers, and fluoroketones, are commercially available. However, the

high wetting nature of those working fluid cause appreciable penetration of the liquid into

the boiling surface cavities. The penetration yields vapor embryos that are smaller than

the surface cavities, hence, increasing the incipience surface superheat. Previous studies

reported that 46 ◦C surface superheat is required to initiate nucleation of perfluorocarbons

(for example, FC-72) [ 183 ]. This thermal overshoot can potentially cause thermal shock to

the electronic package and lead to reliability complications. Stem bubble boiling can be

sustained without the need for continually active nucleation sites. Hence, operating in this

regime can potentially overcome these challenges. In particular, observations reveal that

stem bubbles are formed only when the confinement gap is smaller than a spacing threshold.

In order to harness the enhancement of this boiling behavior in application, it is crucial to

predict the gap spacing threshold below which these stem bubbles form. In Chapter  4 , a

framework was introduced to identify the threshold spacing with relation to the physical

properties of the working fluid. However, this framework needs to be validated with dielec-

tric working fluids. Hence, I propose to extend the experiments t dielectric fluids in order to

further validate the framework.

6.2.2 Control the Formation of Stem Bubbles

The chaotic nature of boiling has a stochastic effect on forming the residual stem bubble

within the confined space. In other words, even for a steady constant operating condition,

there is a probability of complete vapor bubble escape for which a stem vapor bubble is

not left behind for the next bubble generation cycle. In this case, active nucleation sites

are required to reinitiate phase change on boiling surface. Since, these nucleation-site vapor

embryos have smaller radius than the vapor stem bubble, the heat will momentarily be

dissipated through the sensible heating of local fluid until the minimum superheat required
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for nucleation site activation is reached. As result, the momentary pause of phase change

would lower the time average heat transfer coefficient. As an illustration, boiling curves

for hydrophilic confinement wall is collected and compared to the untreated confinement

wall. Visualization of the two-phase interfaces confirms that hydrophilic surfaces promote

the complete rewetting of the confined boiling surface. Therefore, stem bubble enhancement

are reduced for hydrophilic surface compared to the untreated surfaces as shown in Figure

 6.1 . To increase the probability of stem bubble formation, I propose the use of heterogeneous

surfaces with patterns of hydrophobic sites within the hydrophilic surface. Hydrophobic site

can split the trapped vapor bubble as it escapes the confinement, lowering the probability of

complete rewetting of the boiling surface as shown in Figure  6.2 . In addition, the location

of the stem bubbles might be influenced by the location of the hydrophobic split sites. To

this end, hydrophobic split sites can be strategically located close to hot spots to potentially

improve the local heat transfer coefficient.

Figure 6.1. Illustration of the confinement wall wettability effect on the heat
transfer coefficient. Hydrophilic confinement wall promote complete rewetting
of the boiling surface which reduces the enhancement associated with stem
bubbles. .
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Figure 6.2. Illustration of the confinement wall wettability pattern concept
for improving probability of stem bubble formation. Hydrophobic sites splits
the vapor bubble as it escapes the confinement reducing the probability of
complete rewetting.

6.2.3 Use Confinement Wall Wettability for Confined CHF Enhancement

While confinement enhances the heat transfer coefficient, it has been demonstrated that

confinement reduces the critical heat flux (CHF) of a boiling surface significantly. Even

more serve reductions in CHF are observed when the region with confined fluid thickness is

extended to an area larger than the heated zone. Chapter  5 illustrated that forces governing

the near-field liquid rewetting at the confined heater edge are critical in determining the

maximum heat flux that can be dissipated through the confined boiling surface. Mainly,

the confined CHF, Equation  5.14 , is determined by the geometrical dimensions, working

fluid properties, and the ratio of vapor area at the confinement edge, α. While geometrical

dimension and working fluid can be easily controlled to achieve the targeted CHF, constrains

can be imposed on the limit is which those two factors can be manipulated. For example,

thermal management solutions in electronic packages have restrict volumetric constrains and

fluid properties constrains. In such cases, the manipulation of the ratio of vapor area at the
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confinement perimeter can be advantageous in enabling the dissipating of targeted power

of the confined boiling surfaces. I propose the use of super hydrophobic patterns on the

confinement wall to designate vapor outlet and liquid intel sections along the confinement

perimeter as shown in Figure  6.3 . The supper hydrophobic layer can facilitate the formation

of a thin vapor layer on the confinement wall. As the trapped vapor bubble expands and

reaches the super hydrophobic region, vapor regions can coalesce reducing the mass transport

resistance for the radial outflow of vapor in selected regions only

Figure 6.3. Illustration of the confinement wall wettability pattern concept
for manipulating the vapor area ratio at the confinement perimeter. The thin
vapor layer on the super hydrophobic surface coalesce with the expanding
trapped vapor bubble. As a results, mass transport of teh radially outflow of
vapor is reduced on selected sections only.
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A. HETEROGENEOUS INTEGRATION OF ELECTRONICS

AND ASSOCIATED THERMAL CHALLENGES

Digital transformation is expanding into almost all markets motivating technology innovation

in electronics packaging. There is an increasing number of applications demanding smarter

and smaller devices with increased performance driven by global trends such as artificial

intelligence, environmental consciousness, well-being, mobility, connectivity, and enhanced

used experience. Computing and packages trends have come a long way from the first work-

ing point-contact transistor at a separation of 250 µm[ 184 ] to the 5 nm-technology-node now

used in manufacturing with a wide range of single and multiple die packaging. Initially, in-

creasing performance was the primary focus of technological innovation. However, nowadays,

miniaturization, cost, and increasing functionality have become critical drivers for techno-

logical innovation. Further, expected growth in connectivity, the internet of things (IoT),

artificial intelligence, and many more digital applications across diverse markets will con-

tinue increase the demand complexity of electronics packaging. As a result, more industries

are expanding into heterogeneous integration to satisfy the growing requirements.

The ability to integrate two or more active or passive components within one package, i.e.

heterogeneous integration, has several major benefits. Components within electronic devices

can be co-designed and optimized for higher performance, faster time to market, smaller

form factor, and lower cost [  185 ]. In fact, heterogeneous integration has already been im-

plemented for logic and memory integration, RF and FEM modules, MEMS and sensing

modules, IoT, wireless connectivity packages, and power management [ 186 ]. The increase in

integration complexity to address the increasing functionality results in an increasing number

of inputs and outputs (I/Os). One of the key enablers of complex integration is the success

of through-silicon via (TSV) interposer technology, also called “2.5D” packaging platforms,

which enables high interconnect density between side-by-side active devices through a redis-

tribution layer and TSVs. Consequently, expanding TSVs into Three-dimensional integration

has been the identified as the key technology for the future of heterogeneous integration by

industrial consortia [  187 ]. In effect, multiple international roadmap initiatives have been

established to facilitate technology development of electronics 3D integration such the In-
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ternational Roadmap for Devices and Systems (IRDS) and The Heterogeneous Integration

Roadmap (HIR). In fact, in 2019, the market for 3D packaging was already a US$ 4.76

billion market and is expected to have the highest Compound Annual Growth Rate (CAGR)

among Integrated Circuit (IC) packaging technologies [ 188 ].

In 1965, Gordon Moore projected a trend where the number of transistors in a dense Inte-

grated Circuits (ICs) doubles every two years [  189 ]. Ever since, his projection, also known as

Moore’s law, has been the industry guide for setting research and developments goals. These

aggressive goals resulted in tremendous improvement in performance and miniaturization

over the last decades. Remarkably, the scaling of transistor dimensions only accounts for

half of the miniaturization of digital devices [ 189 ]. Densification of electronics relies on the

densifying the packaging of the electronics, which requires efficient thermal management.

Hence, technological advances in packaging and thermal management are crucial for further

reduction of the volume of the electronic systems. While substantial work has been done,

still there is still room for development: the volume of active transistors in a device accounts

for less than 1 ppm of the entire system volume [ 190 ].

Vertical integration of active component, also called 3D integration, has the potential

to unleash the next era of computing. With advances in Through Silicon Via (TSV) tech-

nology, 3D integration has been realized in commercial products. However, 3D integration

is limited moderate heat dissipation: 50W for single side heat removal [  191 ]. Cooling has

been identified as one on the main limiting factor for 3D stacked dies owing to the increase

of the volumetric power density and added thermal interfaces in a dense system integration

packaging [ 192 ], [ 193 ]. The increasing demand for 3D integration motivates the development

of novel cooling solutions specifically designed for 3D packages.

The emerging 3D heterogeneous integration technology uncover associated thermal chal-

lenges due to the higher thermal resistances within the stack and the higher total power

density. In general, an effective thermal solution must address two main challenges. First,

multiple thermal interfaces within stacked dies increases the spreading resistance of inter-

nal hotspots, while simultaneously stacking dies increases the total power density flux at

the topmost layer attached to the heat sink. Second, the 3D heterogeneous integration

of diverse components within package lead to differing power generation and temperature
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limits which results in undesirable thermal cross talk between high power components and

temperature-sensitive low power components.

For low power devices backside heat removal, originally developed for single chip devices,

can be exploited. For flip-chip packages, a cold plate absorbs the generated heat from the

back side of the active die. Typically, a high thermally conductive lid protects the chip

mechanically [  194 ]. Thermal interface materials (TIMs) improve thermal coupling across

solid-solid interfaces. The total thermal resistance from the chip to the cold plate is reduced

through a direct attachment of the cold plate to the chip in a lidless configuration at the

cost of reducing mechanical robustness [  195 ], [  196 ]. Furthermore, to eliminate TIMs in the

thermal path, the cold plate can be integrated in the topmost chip of the stack through

embedded microfluidic channels within the silicon layer.

Dual-side cooling can reduce the thermal constraints on the 3D chip stacks. Dual-side

cooling can be realized by integrating sealed fluid channels into the interposer in between the

TSVs [  197 ]. Ultimately, in order to truly realize volumetric heat removal, cooling channels

need to be integrated in between active dies within the chip stack [ 197 ], [  198 ]. Hence, a co-

design approach is required for the integration of TSVs and interlayer cooling channels, which

poses a major challenge. High density TSVs at pitch below 100 um along with chip foot print

more than 2 cm2 result in cooling channels with relatively large length and small hydraulic

diameter, which limits the cooling performance significantly. Many hydraulic design options

have been proposed to enhance interlayer cooling performance such as fluid networks, 4-port

fluid delivery, temporal workload allocation strategies [ 199 ].

Advancement of single-phase cooling designs have improved performance compared to

conventional microchannels, achieving thermal resistances as low as 10 mm2KW−1 [ 200 ].

However, single-phase cooling schemes relies on the sensible heating of the fluid to absorb

the heat along the heated cavity which induces high inlet-outlet thermal chip gradient. As a

result, thermomechanical stresses can be significant. On the other hand, two-phase cooling

utilizes the latent heat of vaporization to dissipate heat. The two-phase cooling approach is

highly attractive for embedded volumetric cooling scheme. Since it relies on phase change

to absorb the heat from the surface, the fluid maintains near saturation temperature across

the chip [  201 ]. Furthermore, boiling of a heat transfer fluid within an electronics package
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can potentially overcome the thermal challenges that heterogeneous integration introduces.

Multiple thermal interfaces within current packages hinder the spreading of internal hot

spots. The relatively low phase-change thermal resistance associated with boiling is beneficial

to reduce internal hot spot temperatures and avoid other thermomechanical complications

[ 202 ]. Further, the heterogeneous integration of diverse components within package lead

to differing power generation and temperature limits. Confined boiling of a working fluid

contained within a package may maintain isothermalization across these components and

limit thermal cross talk due to the inherent self-adjusting thermal resistance [  203 ]. However,

the high degree of geometrical confinement significantly alters the two-phase heat dissipation

characteristics. Hence, it is crucial to have a deeper understanding of the mechanistic effects

of confinement on two-phase heat dissipation in order to predict and optimize design of

two-phase cooling solution for thermal management.
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