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ABSTRACT OF THE DISSERTATION

Roles Played by Heater Size, Contact Angle, Surrounding Vessel Size, and

Surface Structure during Pool Boiling on Horizontal Surfaces

by

Zhenyu She
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2021
Professor Vijay K. Dhir, Chair

Nucleate boiling is ubiquitous from daily lives to engineering applications, and the
increasing demand for efficient heat transfer in the industry requires further un-
derstanding of it, especially on small scales where the knowledge on conventional
scales may no longer apply. This study investigated the effects of heater size,
contact angle, surrounding vessel size, and surface structure on nucleate boiling
heat transfer occurring on horizontal flat surfaces where the heater size is com-
parable to the two-dimensional "most dangerous” Taylor wavelength, aiming to
comprehend the parametric effects on nucleate boiling heat flux and critical heat

flux (CHF) and revisit the hydrodynamic theory near critical condition.

Saturated water at one-atmosphere pressure was boiled on horizontal flat cop-
per discs of diameters 1.0, 1.5, and 2.0 cm, respectively. The contact angle was
varied from about 10 to 80° by controlling thermal oxidation of the discs, while
the surrounding vessel size was changed by placing glass tubes of different inner

diameters around the discs. The surface structure in the form of microgrooves
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was fabricated by sanding the disc top surface. Boiling heat transfer data were
obtained up to CHF. Boiling curves and CHFs measured under different exper-
imental configurations were compared in terms of each parameter. Rohsenow’s
correlation was employed to assess the parametric effects on nucleate boiling heat
flux quantitatively. Vapor removal patterns were photographed in nucleate boiling
regime and near CHF. Vapor jet diameter and the dominant wavelength at water-
steam interface were measured from the photographs for the well wetted discs and

used to predict the corresponding CHF based on the hydrodynamic theory.

For well wetted surfaces, the boiling curve was insensitive to the heater size, but
the CHF increased when the heater size was reduced from 2.0 to 1.0 cm. Improving
the wettability delayed the onset of nucleate boiling and shifted the boiling curve
to the right while enhancing the CHF substantially. Enlarging the liquid-holding
vessel hardly affected the boiling curve at low heat fluxes but improved the CHF
slightly. The structured surface featured higher nucleate boiling heat flux resulting
from more active nucleation sites but showed no advantage in CHF over the plain
surface of similar size and contact angle. In this study, the highest measured CHF's
for plain and structured surfaces are close and both about 2.1 times Zuber’'s CHF
prediction for infinite horizontal flat plates. They were obtained on well wetted

1.0-cm-diameter discs surrounded by large vessels.
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CHAPTER 1

Introduction

Owing to its efficient heat transfer resulting from a large latent heat of vaporiza-
tion, pool boiling, generally nucleate boiling, is ubiquitous in daily lives as well
as engineering applications, e.g., from simple cooking to complex heat transfer
systems, such as but not limited to power plants, nuclear reactors, heat exchang-
ers, systems of air conditioning, refrigeration, and electronic cooling, etc. More
than eighty years of extensive studies by numerous researchers, it still remains an
active field of research and even attracts more attention with the development of
advanced electronic devices and miniatured energy systems as well as for address-
ing new challenges of safety management. The ongoing breakthroughs achieved in
semiconductor fabrication, e.g., shrinking transistor dimensions [5,6] and three-
dimensional packaging [7], enhance electronic performance. However, at the same
time, the associated high power densities of those small electronics create a great
challenge to thermal management. For example, the power dissipation from a
microprocessor chip has been predicted to exceed 800 W by 2026 from 270 W
in 2015 [8]. Supposing the die to be 2 cm x 2 cm in size, the average heat flux

would increase to 200 W/cm?

. Besides, local hot spots with heat fluxes several
times the average, sometimes exceeding 1 kW /cm?, are very common and can
potentially degrade the chip performance [9,10]. In other small electronic devices
like insulated-gate bipolar transistors used in hybrid electric vehicles, heat fluxes

up to 500 W/cm? are expected in the next generation as the operating voltage,

current, and frequency increase [11]. Furthermore, in high-energy applications



like nucleate reactors that normally operate below critical, abnormal situations
like hot spots in the core and cladding where critical condition may be exceeded
are inevitable and should be prevented [12]. Besides, extreme cases like the core
meltdown accident in Fukushima Daiichi nuclear power plant also rely on nucleate
boiling heat transfer process to efficiently cool down the core. Therefore, improv-

ing nucleate boiling heat transfer is also of great importance in such applications.

Numerous studies have been performed in applying and improving boiling
for heat dissipation in various configurations [13-16], such as microchannel flow
boiling, flash evaporation, two-phase jet impingement, and spray cooling to meet
different expectations of electronic cooling [17-20]. However, some fundamentals,
such as the characteristics of boiling on small surfaces, still lack understanding.
Since the bubble dynamics and vapor removal pattern can be quite different from
those on large scales, the pool boiling heat transfer on chip-scale surfaces is worth a
systematic study for the scientific design of electronic cooling systems. The study
will benefit more applications by revealing ways of enhancing nucleate boiling heat

transfer.

1.1 Fundamentals

1.1.1 Boiling curve

Potential, typically in the form of excess temperature or pressure drop, is re-
quired to drive phase change from liquid to vapor, namely, vaporization. There
are two different types of vaporization: boiling and evaporation. Unlike evapo-
ration, a passive and slow vaporization process only occurring at predetermined
liquid-vapor/gas interfaces, boiling is a rapid and violent type of vaporization
and takes place within liquids or at solid-liquid interfaces by generating a large

number of bubbles. In most heat transfer systems involving boiling, the driving



potential is excess temperature over the saturation temperature corresponding to
the system pressure. Boiling is initiated when the liquid is heated up beyond its
saturation temperature. As a result, bubbles form on the heater surface and/or
in the adjacent superheated liquid layer, thus creating liquid-vapor interfaces at
discrete sites on the surface [21]. At these sites, the liquid undergoes a vaporiza-
tion process and becomes vapor, during which a large amount of heat is removed
from the surface and stored as the latent heat of vaporization. Besides, the de-
velopment and departure of these bubbles lead to rapid mixing of the liquid near
the surface, which enhances the heat transfer. Thus, boiling is an efficient heat
transfer mode with a high heat transfer rate. Pool boiling refers to boiling under
natural convection, whereas in flow boiling, liquids are imposed by external means
to flow over heater surfaces [21]. Thus, the only difference lies in the influence of
flow motion. The buoyancy effect is significant in pool boiling where the liquid
is quiescent with only a part near the surface driven by natural convection and
mixing, while forced convection dominates in flow boiling. This study focuses on
pool boiling.

Nukiyama [22] firstly identified different regimes of pool boiling by immersing
power-controlled wires in saturated water. Immediately after that, Drew and
Mueller [23] solidified a complete boiling curve by contributing additional data.
Figure 1.1 shows a typical boiling curve of saturated water at normal earth gravity
and one-atmosphere pressure. The boiling curve plots boiling heat flux ¢ as a
function of surface superheat AT, on a logarithmic scale. Surface superheat AT}

is the excess of surface temperature 7T, over saturation temperature T, i.e.,
AT, =T, — Tyo. (1.1)

The liquid remains near its saturation temperature except that a portion adjacent
to the heater surface is superheated and features a sharp temperature gradient to

drive heat transfer. Therefore, the heat flux ¢ and surface superheat T, can be
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Figure 1.1: Typical boiling curve of saturated water at normal earth gravity and

one-atmosphere pressure

correlated in the form of Newton’s law of cooling as
q = hATj, (1.2)

where h is the heat transfer coefficient. Vapor removal patterns in different boiling

regimes are also illustrated in Figure 1.1.

Natural convection

As shown in Figure 1.1, heat transfer occurs once the surface temperature exceeds
the saturation temperature, i.e., Ty > T, = 100°C or AT, > 0°C. When the
surface superheat ATj is relatively small, more specifically, less than about 5°C,
no vaporization exists in this range as the heat transferred into the adjacent liquid

layer is inadequate to drive bubble formation at nucleation sites. The heat transfer
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within this regime can be described by natural convection.

Nucleate boiling

When the surface superheat ATy exceeds 5°C, vaporization occurs, and bubbles
start to form at discrete nucleation sites and depart from the surface, which de-
notes the onset of nucleate boiling (ONB), as marked by point A in Figure 1.1.
Since only a few scattered nucleation sites exist, bubbles form, grow, and depart
individually without interference. This range is the so-called isolated bubbles
region. Aside from the large latent heat of vaporization, the movement of bub-
bles induces considerable mixing of the liquid near the surface, thus significantly

increasing the heat flux ¢ and heat transfer coefficient h.

The nucleate boiling becomes fully developed when the surface superheat AT
is increased over 10°C, as marked by point B in Figure 1.1. More bubbles are
produced with more nucleation sites activated, thus increasing the heat flux ¢ and
heat transfer coefficient h. At the same time, the bubbles easily interfere and
coalesce with each other due to a high density, consequently causing the vapor to
escape from the surface in the form of jets. These vapor jets subsequently break
down and/or merge into slugs as getting farther away. With increasing surface
superheat AT}, the significant amount of generated vapor starts to inhibit the
fluid motion near the surface. The heat flux ¢ is still high but increases slower, as
denoted by point P at the corresponding segment of the boiling curve in Figure

1.1.

The heat flux g reaches its local maximum of about 110 W/cm? when the
surface superheat AT} is further increased to about 30°C. This maximum heat
flux of nucleate boiling is termed critical heat flux (CHF), as marked by point
C in Figure 1.1. At CHF, a large amount of vapor is generated. The stability

of the vapor jets or the ability of the liquid to rewet the surface determines the



maximum nucleate boiling heat flux [24].

In nucleate boiling regime, due to the violent vaporization and intense distur-
bance by bubbles, the heat flux ¢ and heat transfer coefficient h increase much
more sharply as the surface superheat ATy is increased, compared to that in nat-
ural convection regime. Since high heat fluxes and heat transfer coefficients are
associated with relatively low surface superheats in nucleate boiling regime, many
engineering systems involving boiling are generally designed to operate within this

regime [24,25].

Transition boiling

With a further increase in the surface superheat ATy from point C, the trend of
the boiling curve changes extraordinarily, as shown in Figure 1.1. In this so-called
transition boiling regime, a vapor film begins to develop and covers parts of the
surface with bubbles produced rapidly and densely. This film impedes the removal
of the generated vapor, resulting in a significant reduction in the local heat flux.
At any position on the surface, the local condition is unstable and may oscillate
between nucleate and film boilings [24]. Since more area becomes covered with
the vapor film as the surface superheat AT, is increased, the overall heat flux ¢
decreases, and so does the heat transfer coefficient h. This trend lasts until the
heat flux ¢ reaches its local minimum, where the vapor film covers the surface

completely, as marked by the Leidenfrost point D in Figure 1.1.

Film boiling

Starting from the Leidenfrost point, the boiling develops into the so-called film
boiling. A stable vapor film persists on the surface, and the generated vapor is

released from the film regularly. In this regime, heat transfer occurs by conduction



and radiation through the vapor film from the surface to the liquid, thus making
film boiling much less efficient than nucleate boiling. With increasing surface
superheat ATy, radiation becomes more significant and dominant. As a result,
the heat flux ¢ and heat transfer coefficient h increase as the surface superheat
ATy is increased, as shown in Figure 1.1. It should be pointed out that the
development of a boiling curve described above is obtained by increasing the
surface temperature T,. However, in many applications and experimental studies
[26], the heat flux ¢ rather than the surface temperature T is controlled. In such
cases, as the heat flux ¢ is increased by raising the supplied power, a boiling
state initially in nucleate boiling regime jumps into film boiling regime directly
without going through transition boiling regime when the CHF is exceeded, as
the positive arrows in Figure 1.1 show. Similarly, by decreasing the heat flux g,
a boiling state initially in film boiling regime develops following the boiling curve
and jumps into nucleate boiling regime directly when the vapor film becomes
unstable, as shown by the negative arrows in Figure 1.1. In engineering systems
operating within nucleate boiling regime, once the applied heat flux ¢ exceeds the
CHF, the working condition will immediately worsen and jump into film boiling
regime. The surface temperature T then soars and becomes extremely high,
e.g., Ty > 1000°C for water, as shown in Figure 1.1, subsequently causing surface
burnout. Enhancing nucleate boiling heat transfer and CHF is of great significance
in engineering applications, improving not only heat transfer efficiency but also

safety and reliability, thus being stressed in the present study.

1.1.2 Nucleation

With increasing surface superheat, the heat transfer gradually develops into nucle-
ate boiling regime from natural convection regime. The ONB is characterized by

the appearance of bubbles at discrete locations on the surface. These bubbles form



on cavities in which the trapped gas serves as nuclei for bubble generation [21].
Not only does the trapped gas promote nucleation by providing pre-existing liquid-
gas interfaces, but it also reduces the superheat required for nucleation. Based on
the Clausius-Clapeyron relation, the liquid temperature 7; needed for a bubble of

radius R to be in equilibrium within the liquid is given by

ZUTsat

T — Tsa e —
: ! pvhngb

(1.3)

where p,, 0, and hys, are the density of vapor, surface tension, and latent heat
of vaporization at the saturation temperature T, respectively. Dalton’s law
indicates that the pressure in the bubble nucleus p, should be equal to the sum

of the vapor pressure p, and gas pressure p,, i.e.,

Po = Pv +pg~ (14)

As the pressure difference across the liquid-vapor interface decreases by p,, the

required liquid temperature 7; decreases accordingly, i.e.,
20 Tsat
T — T = | = — —r 1.5
: : (Rb pg> Pohigg (1.5)

Unflooded cavities

Not all cavities on the surface can trap gas for nucleation. Bankoff [27], in an

early work, envisioned a criterion of gas entrapment in conical cavities, i.e.,
Y < 0 <180° — ¢, (1.6)

where ¢ is the cone angle of a cavity or the wedge angle of a groove, and 6 is the
contact angle of a liquid on the surface. With contact angle 6 in this range, the
liquid fills the upper portion of the corresponding cavity while trapping gas under-
neath. Thus, such cavities serve as potential nucleation sites and trigger bubble

formation once being activated. Subsequently, Ward and Forest [28] analyzed the
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relation between platelet adhesion and roughness of a synthetic biomaterial and

showed that the gas trapped in a long narrow fissure would be in equilibrium if
6 >90°+ /2, (1.7)

according to which wetted surfaces cannot trap gas in the conical cavities. Later,
Wang and Dhir [29] developed another criterion of gas entrapment by minimizing
the Helmholtz free energy of a system involving the liquid-gas interface in a cavity.

Based on their criterion, a cavity will trap gas if

6 > wminy (18)

where 1,,;, is the minimum cavity side angle of a spherical, conical, or sinusoidal
cavity. For spherical and conical cavities, 1,,;, is at the cavity mouth, whereas for
a sinusoidal cavity, ¥, is located where the cavity radius is half the cavity mouth
radius. It is worth pointing out that for conical cavities, the criterion developed
by Wang and Dhir is equivalent to that provided by Ward and Forest because of
Ymin = 90° 4+ /2 in these cases.

All the criteria mentioned above, namely, Equations (1.6) to (1.8), indicate
that hardly any cavities are unflooded on the surface when a well wetting lig-
uid is placed. Thus, theoretically, when no potential nucleation site exists, the
surface superheat should increase and approach that required for homogeneous
nucleation. However, the observed inception superheats for well wetting liquids,
though higher than those for partially wetting and dewetting liquids, are much
smaller than those required for homogeneous nucleation [30]. It is hypothesized
that gases dissolved in these liquids advance nucleation [21]. After inception,
bubbles generated on activated cavities can momentarily displace the liquid from
nearby flooded cavities, and some flooded cavities may dry out during the bubble
growth period. As a result, these cavities are activated and serve as nucleation

sites as long as the surface superheat is maintained. This activation improves the
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heat transfer, thus reducing the surface superheat at a fixed heat flux. Graphically,

the corresponding boiling curve shows hysteresis near the ONB.

Inception superheat

As for the inception superheat for boiling to occur on potential nucleation sites,
Griffith and Wallis [31] proposed that it should correspond to the minimum radius
of curvature of the liquid-vapor/gas interface, which was assumed to be equal to
the cavity mouth radius R.. Through the use of the Clausius-Clapeyron relation,
they obtained an expression as

2Oqﬁsat

AT ow =Ty — Ty = —2%
oW ! pvhngc

(1.9)

However, neither the contact angle effect nor the fact that a temperature gradient
exists within the superheated liquid layer on the surface is considered in this

equation.

Hsu [32] considered the effect of the temperature profile adjacent to the surface
on the minimum surface superheat required for nucleation. Figure 1.2 (a) illus-
trates the postulated scene of a bubble embryo growing on an unflooded cavity
in equilibrium within the superheated liquid layer of thickness ¢ on the surface.
In Hsu’s model, the bubble embryo will be in equilibrium if the temperature of
the liquid at the bubble tip is equal to the saturation temperature corresponding
to the pressure in the bubble. The temperature profile of the superheated liquid

layer is assumed to be linear along the normal direction of the surface, i.e.,
z z
Ty (2) — Tyt = (Ty — Tout) (1 - 5) = AT, (1 . 5) , (1.10)

as plotted in Figure 1.2 (b). The equation of a bubble in equilibrium, i.e., Equation
(1.3), can be applied at the bubble tip and becomes

20_Tsat

T (zp) — Tsar = m;
vllfg

(1.11)
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(b)

——Eq. (1.10)
——Eq. (1.11)
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Figure 1.2: (a) Bubble embryo growing on an unflooded cavity in equilibrium
within the superheated liquid layer on the surface. (b) Temperature profile of the

superheated liquid layer along the normal direction of the surface.
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where 2, and R} are the height and radius of a bubble embryo growing on a cavity

of mouth radius R,, respectively. They are mathematically correlated as
2y = Ry (1 + cosf) and R. = Ry sin 6. (1.12)

Therefore, when Equation (1.10) is tangent to Equation (1.11), as shown in Figure
1.2 (b), the tangent point corresponds to the minimum surface superheat required

for nucleation, i.e.,

8 (1 + cos ) OTsat
puhsgd

When the surface superheat exceeds it, more cavities will be activated. Then,

AT min = (1.13)

solving Equations (1.10) to (1.12) gives the size range of activated cavities, i.e.,

__dsinf 8(1+cos0)oTsar dsin 6 8(14-cos0)oTsar
nt s (1 /1 - Meiehe) < R, < (14 /1 - Mg | (1.14)

2(1+cos ) 2(1+cos )

as indicated by the intersections of Equations (1.10) and (1.11) in Figure 1.2 (b).

For a cavity of mouth radius R, to nucleate, the inception superheat is obtained

20T 50 sIn 6 (1 + cos®) R,
ATyyg=——— 1——|. 1.1
H poliygRe /< 0sinf ) (1.15)

According to this equation, the size of an activated cavity varies inversely as

as

surface superheat when R, < §.

In addition to Hsu’s criterion, Mizukami [33], Nishio [34], and more recently,
Wang and Dhir [29] proposed that the instability of vapor nuclei in cavities de-
termines the inception superheat. The vapor nucleus is stable if the curvature of
the liquid-vapor interface increases with increasing vapor volume. If K is the di-
mensionless modified curvature of the interface, and V"’ is the dimensionless vapor

volume, the stability criterion is expressed as

dK

> 0. 1.16
av’ ( )
The inception superheat is written as
2Uzjsat
A,—Ts,WD = —Kmax; (117>
pvhngc



where the maximum value of K corresponds to the condition when the interface

turns unstable. For geometric considerations, Wang and Dhir found

Ko = ! o= ) (1.18)
sinf 0> 90°

Equation (1.17) assumes that the cavity size is much smaller than the thermal
layer thickness. As it suggests, the inception superheat is the same as that given
by Griffith and Wallis, i.e., Equation (1.9), for wetted surfaces and decreases for
dewetted surfaces. Wang and Dhir had validated Equation (1.18) through experi-
ments on surfaces of different contact angles. Besides, it is worth pointing out that
Equation (1.18) is in the absence of any gas trapped in cavities. K,,,, decreases

with increasing mole fraction of gas, thus reducing the inception superheat for

cavities to nucleate [29].

Nucleation sites

On a given surface, more cavities are activated to work as nucleation sites with
increasing surface superheat, thus improving the heat transfer efficiency. In earlier
studies summarized by Hsu and Graham [35], it was noted that the number density
of active nucleation sites varies approximately as the square of heat flux or as
surface superheat to a power of 4 to 6. However, at that time, no attempt was
made to correlate either the proportionality constant or exponent with the surface

characteristics.

Mikic and Rohsenow [36] proposed that on commercial surfaces, the number

density of active nucleation sites /N, can be assumed to change in nucleate boiling

Rcmax "
N, ~ [ 2= : 1.19
( R. ) (1.19)

where R.max is the mouth radius of the largest activated cavity present on the

regime following

surface. The mouth radius R, of the cavity that nucleates at surface superheat
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ATy is given by Equation (1.9). Later, Bier et al. [37] deduced another expression
for the site density N, as

In N, = In Ny max [1 - (RRC ) } : (1.20)

where N max, the maximum value of the site density NN,, occurs at R. = 0. The
exponent n was found to depend on how a surface was prepared, and it was also
noted that Equation (1.20) needs modification for correlating data within a wide
pressure range. Cornwell and Brown [38] investigated the number density of active
nucleation sites N, on copper surfaces during boiling of water at one-atmosphere
pressure. They focused on cases of low heat fluxes on smooth and rough surfaces
and concluded that the site density N, varies as surface superheat AT in the
form of

N, ~ AT*5, (1.21)

where the proportionality constant was found to increase with increasing surface
roughness, but the exponent 4.5 was independent of surface roughness. This
trend of site density against surface roughness is consistent with that proposed
by Mikic and Rohsenow while opposite to that deduced by Bier et al., and the
exponent 4.5 falls within the range of 4 to 6 estimated by Hsu and Graham.
The correlation between the number density of active nucleation sites and system
pressure was further studied by Kocamustafaogullari and Ishii [39] who correlated
the site densities reported by previous researchers for water boiled on different

surfaces at pressures ranging from 1 to 198 bar.

To quantitatively predict the number density of active nucleation sites with
the knowledge of the size and cone or mouth angle distribution of cavities that
exist on the surface, Yang and Kim [40] and later Wang and Dhir [41] analyzed
statistically following the Poisson distribution that was noted by Gaertner [42],
Sultan and Judd [43], and Del Valle and Kenning [44]. Wang and Dhir studied the

effect of surface wettability during boiling of water at one-atmosphere pressure on
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mirror-finish copper surfaces and correlated the number density of cavities N, (in

cm~?) with cavity mouth diameter D, (in pum) as

9.0 x 10°D, 20 D, > 5.8um
Ne(D.) =< 10.3+2.4 x 106D, %2 3.5um < D, < 5.8um . (1.22)
2213.54+ 1.0 x 10°D,** D, < 3.5um

The number density of cavities of mouth angles less than v, (0° < %, < 180°)

can be approximately written as

1 — COS U

Ne () = — PN, (1.23)

where Ny is the number density of all cavities on the surface. Given the criterion
that a cavity can nucleate when it satisfies Equations (1.8) and (1.17), the number
density of active nucleation sites N, can be regarded as a function of contact angle

0 and surface superheat ATy, i.e.,

1—cosét

N, (0, ATy) = 5

N.(D,), (1.24)

where D, is a function of AT} as described by Equation (1.17). Subsequently,
Basu et al. [45] directly correlated the number density of active nucleation site IV,

(in cm™2) in nucleate boiling regime as

0.34 (1 — cos §) AT,? AT, < 15°
N, (0, AT,) = : (1.25)
3.4 x 1075 (1 — cos ) AT, AT, > 15°

The exponent of AT, 5.3 is equivalent to that of D. - 5.2 or - 5.4 in Equation
(1.22) considering that ATy is inversely proportional to D, as given by Equation
(1.17).

To mathematically describe nucleate boiling process and predict the heat flux,
additional parameters regarding bubble dynamics, such as bubble departure di-
ameter and release frequency [46-50], are needed. Many related studies have been

performed to investigate bubble growth and departure during boiling [51-54].
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However, since experimental results in this study are mainly analyzed qualita-

tively, these parameters are not discussed.

1.1.3 Wetting

As mentioned in the above section, surface wettability plays an important role in
nucleate boiling. A comprehensive understanding of it is necessary before carrying

out this study.

Wetting is a common phenomenon occurring when a liquid-vapor interface
contacts a solid surface. Wettability refers to the ability of a liquid to wet or
spread on a surface and depends on force balance between the molecules. When
the adhesive intermolecular force between the liquid and surface is greater than
the cohesive intermolecular force within the liquid, the liquid behaves wetting.

Otherwise, it is dewetting, e.g., droplets ball more on the surface.

Contact angle # is defined as the angle through the liquid between the solid-
liquid and liquid-vapor interfaces at a three-phase contact line, as illustrated in
Figures 1.3 (a) and (b), which show the contact angles 6 of a droplet and a
liquid containing a rooted bubble on surfaces. The latter reflects the scene during
boiling: bubbles generated on the heater surface create three-phase contact lines
where contact angles manifest themselves. In practice, the contact angle 6 is
usually employed to represent the wettability of a liquid on a surface and offers

an inverse measurement as it decreases with surface wettability improved.

Young’s equation

For a droplet on an ideal surface that is perfectly smooth, rigid, and chemically
homogeneous, in thermodynamical equilibrium, the contact angle 6 is determined

by the balance of interfacial tensions at the three-phase contact line and can be
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Figure 1.3: Schematics of the contact angles 6 of (a) a droplet and (b) a liquid
containing a rooted bubble on surfaces. Schematics of advancing contact angles
0,4, and receding contact angles 6,.. (¢) on a tilted surface of roll-off angle ¢, and
(b) by dispensing and drawing liquid using a fine needle. Schematics of apparent

contact angles 0, at (e) Wenzel and (f) Cassie-Baxter states on rough surfaces.

mathematically described by Young’s equation [55]
Ogw = Og + 07, COS 0, (1.26)

where oy, 04, and oy, (or o) are the solid-liquid, solid-vapor, and liquid-vapor
interfacial tensions, respectively. As can be seen from Equation (1.26), a liquid of
smaller surface tension o features a lower contact angle 6, namely, better wetta-
bility. Generally, a surface is called hydrophilic or wetted if it features a contact

angle 6 < 90° and is called hydrophobic or dewetted when 6 > 90°.
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Hysteresis

However, on a practical surface, a droplet features a spectrum of contact angles
6 [56]. The maximum and minimum values can be measured when the surface is
tilted enough that the droplet is about to slide off [57], as illustrated in Figure
1.3 (c). The tilting angle at this moment is defined as the roll-off angle ¢,. The
sliding front and tail of the droplet feature the so-called advancing contact angle
0.4, and receding contact angle 6,.., respectively, which usually correspond to the
maximum and minimum contact angles of a droplet on a practical surface. Figure
1.3 (d) illustrates another method. By placing a droplet on a surface using a
fine-needle syringe, the advancing contact angle 6,4, can be measured when the
needle incrementally dispenses liquid into the droplet, and the receding contact
angle 0,.. can be measured when liquid is gradually drawn back to the syringe [58].
Regardless of the method of measurement, the difference between advancing and

receding contact angles (6,4, — 0rcc) is defined as contact angle hysteresis.

On rough surfaces

The contact angle 8 of a droplet on an ideal surface can be regarded as an intrinsic
contact angle ¢;,, as the apparent contact angle 6,,, is affected by surface rough-
ness. Unlike intrinsic contact angles 6;,;, apparent contact angles 6,,, cannot be
calculated from Equation (1.26) directly. However, Equation (1.26) still applies at
three-phase contact lines where intrinsic contact angles 6,,; manifest. Depending
on the degree of liquid penetration, wetting on rough surfaces can be categorized

into two modes: Wenzel [59] and Cassie-Baxter [60] modes.

For wetting at Wenzel state, the droplet completely infiltrates into the surface

structure, as illustrated in Figure 1.3 (e). In equilibrium, the apparent contact
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angle 6,,, is calculated by [59]
oS Ogpp w = 1 €08 By, (1.27)

where 7 is the surface roughness factor that is defined as the ratio of actual surface
area to projected surface area. Equation (1.27) informs that surface roughness
amplifies the wetting and dewetting at Wenzel state by making wetted surfaces
more wetted and dewetted surfaces more dewetted. When the droplet does not
infiltrate at all, i.e., the surface structure is filled up with vapor/gas, as illustrated
in Figure 1.3 (f), wetting is at Cassie-Baxter state. The apparent contact angle

6.pp 0 equilibrium is calculated by [60]
08 Oupp.cB = f5€08 Oy + fs — 1, (1.28)

where f; is the fraction of surface area in contact with liquid. Equation (1.28) in-
dicates that at Cassie-Baxter state, the apparent contact angle ¢,,, monotonically
decreases with increasing fraction of surface area wetted by liquid f, regardless of

the intrinsic contact angle 6;,,;.

Either Wenzel or Cassie-Baxter state can be reached on a rough surface. The

tendency depends on the critical contact angle given by [61]

1_fs
r_fs.

Wenzel state is thermodynamically more favorable when the intrinsic contact angle

(1.29)

€08 O.pir =

O;ns 1s less than the critical contact angle 6.,.;;. Otherwise, Cassie-Baxter state is
more favored. As an energy threshold exists between these two states, either is
locally stable even with another more favorable as long as the threshold is not
overcome [62]. Transitions between Wenzel and Cassie-Baxter states are usually
caused by external factors. For example, a pressure exceeding the critical pressure
of Cassie-Baxter state can result in a transition to Wenzel state [63], while a reverse

transition needs other motivations, such as vibration, heating, or a current pulse
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for detachment [64,65]. In brief, work should be done to overcome the threshold
for the transitions. In engineering applications and experimental studies involving
boiling, heater surfaces are usually submerged in liquids for long times. Thus,
Wenzel state is more common regardless of surface wettability and topography

due to hydraulic pressure and the diffusion of trapped gas into boiled liquids [66].

1.2 Objectives of this study

The present study aims to experimentally investigate the roles played by heater
size, contact angle, surrounding vessel size, and surface structure during nucleate
boiling heat transfer occurring on horizontal flat surfaces of sizes comparable to
vapor jet size. Boiling heat transfer data were obtained up to CHF. Boiling curves
and CHF's measured under different experimental configurations were compared in
terms of each parameter. Rohsenow’s correlation was employed to assess the para-
metric effects on nucleate boiling heat flux quantitatively. Vapor removal patterns
were photographed in nucleate boiling regime and near CHF. Vapor jet diameter
and the dominant wavelength at water-steam interface were measured from the
photographs for the well wetted surfaces and used to revisit the hydrodynamic

theory.

1.3 Organization of this dissertation

This dissertation is composed of 7 chapters. The current chapter introduces the
fundamentals of boiling and wetting and the objectives of the present study. Chap-
ter 2 elaborates on the preparation of test surfaces and the design of experimental
apparatus and procedure. Chapter 3 provides data reduction and uncertainty
analysis. Chapters 4 and 5 present the boiling heat transfer data obtained on

plain surfaces, compare them in terms of heater size, contact angle, and surround-
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ing vessel size and discuss the parametric effects on nucleate boiling heat flux and
CHF, respectively. Chapter 6 presents and compares the boiling heat transfer
data obtained on plain and structured surfaces and discusses the surface struc-
ture effect on nucleate boiling heat flux and CHF. Chapter 7, finally, concludes
the findings of this study.
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CHAPTER 2

Experiments

This chapter presents the apparatus and procedure of experiments designed to
measure boiling heat transfer data of saturated water for horizontal flat heaters.
Each boiling experiment was configured based on its (i) heater size, (ii) contact
angle, (iii) surface type (plain or structured), and (iv) surrounding vessel size.
Prior to that, the methods of preparing plain and structured surfaces of different

contact angles are elaborated.

2.1 Preparation of test surfaces

Copper discs (110 Cu) of thickness d = 3 mm and diameters D = 1.0, 1.5, and
2.0 ecm were used as horizontal flat heaters in the boiling experiments. Wetting
characteristic of the surface was identified through the use of static contact angle.
Advancing or receding contact angle was not used. These dynamic angles change
during the boiling process and depend on the liquid-vapor interface velocity which
in turn would be affected by the surface superheat [67,68]. Before conducting any
treatment on the disc, a polishing routine was performed to ensure the disc top
surface was smooth without any bumps or scratches. For each disc, the top surface
was first rubbed with a 1200-grit sanding cloth (400 MX, Micro-Mesh) in a certain
direction 200 times and rubbed another 200 times after being rotated 90°. This
step was then repeated using a 1500-grit sanding cloth (4000 AO, Micro-Mesh).

The final polishing was performed using a 3000-grit sanding cloth (12000 AO,
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Figure 2.1: Uniform mirror finish reached on the disc top surface after being

processed following the polishing routine

Micro-Mesh) until a uniform mirror finish was reached, as shown in Figure 2.1.
Finally, the prepared surface was cleaned with a disposable ethyl alcohol cotton
swab and dried spontaneously in air. With all the steps above completed, the disc

was ready for subsequent use.

2.1.1 Plain surfaces
Surface wettability

The method of changing copper surface wettability by thermal oxidation in air
has been proposed and established for ages [69-72]. Regardless of the details, the
basic ideas were the same in the references, i.e., changing heating temperature

and heating time to vary the composition and thickness of the oxide layer forming
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Figure 2.2: Representative copper disc being heated by the digital hotplate in air
at 125°C

on a copper surface. In this study, to get different contact angles of the copper
disc without altering its surface topography, the disc was oxidized in air following

a predeveloped method [69, 71].

For this purpose, an experiment was performed on a representative copper disc
of thickness d = 3 mm and diameter D = 1.5 cm to determine the dependence
of contact angle on oxidation parameters, namely, heating temperature 7}, and
heating time ¢;. In this experiment, after being processed following the polishing
routine, the disc was placed on a digital hotplate (SP131635Q, Thermo Scientific)
to be heated in air at temperature 7}, as shown in Figure 2.2. The heating tem-
perature 1}, was precisely controlled by rotating the knob of the hotplate and was
directly displayed on its digital screen. In Figure 2.2, the representative disc was

being heated by the hotplate in air at 125°C. After heating time t,, the power
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Figure 2.3: Contact angle 6 as a function of heating temperature 7}, and heating

time t;, for the representative copper disc

was turned off. The disc subsequently cooled down along with the hotplate to
room temperature. Thereafter, a local contact angle was measured from a photo-
graph of a 0.01 mL deionized water droplet placed on the disc top surface. This
measurement was repeated three times by placing droplets at different locations
on the surface, and the average of these three values was used to represent the

contact angle 6 of the disc.

All the oxidized discs used in the boiling experiments were prepared following
the same polishing routine and oxidation procedure except that the heating tem-
perature T}, and heating time ¢; were varied to obtain different contact angles 6.
The unoxidized disc was processed following the polishing routine as well, only
with no oxidation. Its contact angle 6 was measured to be 90°. Figure 2.3 shows

the contact angle 6 as a function of heating temperature 7}, and heating time %,
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for the representative disc. It illustrates that the contact angle # can be contin-
uously decreased by heating the disc in air at a higher temperature and/or for a
longer time. Contact angles ranging from 77 to 9° were obtained following this
method. The smallest contact angle 9° was obtained on the disc when it had been
heated at 275°C for 30 min. When the disc had been heated to 300°C for 30 min,
the oxide layer forming on its top surface was found to be unstable and peeled
off during its cooldown period, as the photographs in Figure 2.3 show. Thus, it
was not feasible to obtain reliable contact angles below 9° using this approach.
Other than that, at lower temperatures, the oxide layer was chemically stable and

physically robust on the disc top surface, as has also been noted in Reference [69].

Surface chemistry

In the earlier section, the dependence of contact angle 6 on heating temperature 7},
and heating time ¢, was studied quantitatively. To explain the result qualitatively,

the oxide formation should be understood.

Both Cuy0 and CuO can form on a copper surface during its thermal oxidation

in air, as described by the chemical reactions,
4Cu+0y3 — 2Cu0 and 2Cuy0+05 — 4CuO.

In the early stage, only CusO forms on the surface. As the thickness of the Cu,O
layer increases with the development of the first reaction, the generation rate of
Cuy0 becomes slower as the number of Cu ions available for the first reaction at
the Cu-O, interface decreases. When the CuyO layer reaches critical thickness,
and the heating temperature is above 270°C [73], CuO will start to form at the
Cuy0-0O, interface following the second reaction. However, CuO is not expected

to exist below critical thickness where excessive Cu ions are available.

Following the thermal oxidation method with increasing heating temperature
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Ty, and/or heating time t;, five different contact angles, i.e., 8 = 77, 60, 48, 30,
and 9°, were obtained on the representative disc, as shown in Figure 2.4. The
unoxidized representative disc of contact angle 90° is shown as well. The surface
color changes from originally dark gold to orange, to red, to grey, to green, and
then to brown with the development of thermal oxidation. These unoxidized
and oxidized surfaces were characterized by X-ray diffraction (XRD) analysis to

further understand the essence of the improved wettability.

Unoxidized =125°C, t,=10 min

=150°C, t, = 10 min

=175°C, t, = 10 min

=175°C, t, =30 min

=275°C, t, = 30 min

Figure 2.4: Photographs of the unoxidized and oxidized representative copper
discs after being heated at different temperatures 7}, for different times t;, and then
cooling down to room temperature and corresponding photographs of droplets on

the surface
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Figure 2.5 (a) shows the diffraction intensity as a function of diffraction angle
20 for the unoxidized and oxidized surfaces presented in Figure 2.4. The diffrac-
tion peaks at 20 = 73° indicate that mainly CusO formed and persisted on the
oxidized surfaces. Only minimal CuO formed on the surface when the disc had
been heated at 275°C for 30 min, as shown by the tiny peak at 20 = 36°. It
agrees well with the finding by Tylecote [73] that the minimum temperature at
which CuO started to form in air was 270°C. According to the study by Lawless
and Gwathmey [74], here, CuO only existed at the very top of the oxide layer with
a quite low level of content. In their study, the oxide layers forming on copper
surfaces at temperatures between 170 and 450°C under pressures ranging from
0.8 mmHg to one-atmosphere pressure were found to mainly contain Cuy,O with

CuO only forming above certain thickness.

Figure 2.5 (b) shows an enlarged view of the diffraction peaks of Cu to bet-
ter differentiate the levels of oxygen content within the different surfaces. These
peaks monotonically shift to the right with the development of thermal oxidation.
It should be attributed to that the doped oxygen atoms decreased the distances
between the lattice planes within the oxide layer. The correlation between inter-

planar distance d; and its incident angle © is described by Bragg’s law,
nAx = 2d;sin ©, (2.1)

where n is a positive integer, and Ay represents the wavelength of the X-ray used
for XRD analysis. In Figure 2.5, Ax = 0.154 nm as the incident X-ray was of Cu K-
a energy. According to Bragg’s law, the incident angle © increases with decreasing
interplanar distance d; for a given diffraction peak. Therefore, the peaks in Figure
2.5 (b) gradually shift to the right. Meanwhile, due to phase transformation caused
by the lattice strain, the peaks tend to split. Since the surface free energy increases
with more oxygen atoms doped into the copper surface [75], the corresponding

contact angle 6 decreases.
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Figure 2.5: (a) Regular and (b) enlarged views of XRD patterns of the unoxidized

and oxidized surfaces presented in Figure 2.4
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It is worth noting that Takemura et al. [76], in their study, found the surface
roughness nearly unchanged, namely, ARa < 0.05 wm, when a copper sheet had
been heated at a temperature lower than 300°C for a time less than 60 min.
Since all the oxidized discs in this study were prepared within this range, even
including their cooldown periods, the improved wettability should be attributed
to the intrinsic contact angle change caused by the oxide layer rather than the
surface topography change. The plain discs of different contact angles 6 used in

the boiling experiments were obtained following the method described above.

2.1.2 Structured surfaces

Sanded orthogonally
once using a 280-grit
sanding sheet

75°

Heated at 275°C for
30 min in air

Figure 2.6: Photographs illustrating how (a) an unoxidized plain copper disc
was made into (b) a partially wetted structured copper disc and then made into
(c) a fully wetted structured copper disc. SEM images of the (d) plain and (e)

structured surfaces in top view.
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To fabricate a structured surface in a simple way, a plain disc, prepared follow-
ing the polishing routine with no oxidation, was sanded orthogonally once using a
280-grit sanding sheet. Then, the contact angle decreased from 90 to 75° because
of greater surface roughness, as shown in Figures 2.6 (a) and (b). A fully wetted
structured surface can be prepared with one more step following the oxidation
method proposed in the earlier section: heating the sanded disc at 275°C for 30
min in air. The contact angle then decreased to 0°, as shown in Figure 2.6 (c).
Scanning electron microscope (SEM) images are shown in Figures 2.6 (d) and
(e) for visualizing the surface topography difference between the plain and struc-
tured surfaces. In contrast to the plain surface, the structured surface features
microgrooves, whose width and depth were both around 10 um. In these ways,
the partially and fully wetted structured discs were obtained and featured contact

angles ¢ = 75 and (0°, respectively.

2.2 Experimental apparatus

Figure 2.7 (a) shows a schematic of the experimental apparatus assembled to
measure boiling heat transfer data of saturated water at normal earth gravity
and one-atmosphere pressure for horizontal flat heaters. The whole experimental
apparatus mainly consisted of two major sections: a heating base and a container

of boiling water.

2.2.1 Heating base

Aside from a sample disc serving as the heater, the heating base was made up of
a copper block (110 Cu), inner four cartridge heaters (CIR-30224, Omega Engi-
neering), and an outer ceramic fiber pedestal, as shown in Figure 2.7 (a). Figure

2.8 shows photographs of the (a) copper block and (b) cartridge heaters with
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FASTTEC IL4

Figure 2.7: (a) Schematic of the experimental apparatus before (left) and after
(right) assembly. (b) Sectional view of the assembled experimental apparatus and

sketches of the associated instruments.
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their dimensions labeled. The upper cylindrical part (3.0 cm diameter, 2.5 cm
height) of the copper block was used for conducting heat to the disc, whereas the
four cartridge heaters (1.3 cm diameter, 5.7 cm length) with a maximum heating
power of 500 W each were embedded in the lower cuboidal part (3.5 cm x 6.4
cm X 3.5 cm) of the copper block. The clearances between the copper block and
cartridge heaters were filled with thermal cement (OB-600, Omega Engineering)
to ensure they were completely contacted. To minimize heat loss, ceramic fiber
boards (2732F, BXI) featuring low thermal conductivity were fabricated into the
pedestal to insulate the copper block from its surroundings. In practice, for bet-
ter thermal insulation, additional ceramic fiber blankets of thickness 2 cm were
wrapped around the heating base, and their fragments were used to fill up the

remaining space between the copper block and pedestal.

2.2.2 Container

Look back at Figure 2.7 (a), a glass chamber (20.0 cm inner diameter, 30.0 cm
height), set over the heating base, was mounted on an aluminum plate and covered
by another aluminum plate on its top for storing boiling water. An opening of
diameter 4.0 cm was machined at the center of the bottom plate to match the
sample disc. Three openings were machined at the cover plate: two of diameter
1.0 cm for passing wires and one of diameter 2.0 cm for connecting a hose. Vapor
generated during boiling was led via this hose to a bucket filled with cool water.

It was condensed in such a way and poured back to the container regularly.

2.2.3 Instruments

Figure 2.7 (b) shows a sectional view of the assembled experimental apparatus
and sketches the associated instruments. Two immersion heaters rated at 300W

each were submerged in the water to maintain it near its saturation temperature.
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Figure 2.8: Photographs of the (a) copper block and (b) cartridge heaters with

their dimensions labeled
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Cross section < 0.5 mm x 1.0 mm

Figure 2.9: Photographs of the thermocouples T;, Ty, and T3 with their (a) di-
mensions and (b) locations labeled. (c¢) Photograph of the thermometer. 20.8°C

shown on the digital screen indicated room temperature in the laboratory.

Their on/off switch was controlled by a digital thermostat (DTC101, Digiten),
which monitored the water temperature and formed a feedback loop with the
immersion heaters to ensure the water was saturated. Besides, ceramic fiber
blankets of thickness 2 cm were wrapped around the glass chamber for reducing
heat dissipation while leaving an uncovered window for simultaneous observation
using a high-speed camera (IL4, Fastec Imaging). The four cartridge heaters
embedded in the copper block were connected to an adjustable voltage transformer
(TDGC2-5, YaeCCC) on the other end. By increasing the supplied voltage from
0 to 120 Volts, the heating base could provide heating power from 0 to 2000 W.

Temperatures at the centerline of the cylindrical part of the copper block were

measured with three type-K thermocouples of the same dimensions, as shown in
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Figure 2.9 (a). Their measuring junctions were of diameter 0.5 mm, and their
lengths embedded in the cylinder were 1.5 cm. The thermocouples, denoted by
Ty, Ty, and T3, were placed along the vertical axis downward in order with a
spacing of 5 mm between each, as shown in Figure 2.9 (b). The holes of diameter
1 mm, through which the thermocouples were inserted, were filled with thermal
cement (OB-600, Omega Engineering) to minimize their effect on the temperature
distribution within the cylinder and maintain the thermocouples in their desired
positions. This cement is thermally conductive but electrically insulated, thus
insulating the thermocouple wires from the surroundings in addition to their PFA
insulation skin until their junctions. To monitor and record the temperatures in
real time, as shown in Figure 2.9 (c), all the thermocouples were connected to a
digital thermometer (HH501DK, Omega Engineering) with a certificate of NIST
traceable calibration. Before use, they were calibrated again using a high-precision
platinum RTD thermometer (6412, Control Company) of uncertainty + 0.05°C
for temperatures ranging from 100 to 300°C in a sand bath. The uncertainty
in measuring temperatures with the thermocouples was less than + 0.2°C for
temperatures ranging from 100 to 250°C and less than £ 0.4°C for temperatures
ranging from 250 to 300°C.

2.2.4 Installation

Figure 2.10 illustrates the installation of a sample disc. The disc of a given di-
ameter, D = 1.5 cm in Figure 2.10, was bonded on the top of the cylindrical
part of the copper block by graphite adhesive (931C, Resbond). Since boiling
was only desired on the disc top surface, the remaining area of the cylinder top
and the outer edge of the disc should be thermally insulated. Thus, the disc was
surrounded by a PTFE ring (upper, 1 mm thickness) and a fiberglass ring (lower,

2 mm thickness) for thermal insulation. Both rings featured inner diameters that
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Figure 2.10: Demonstration of installing a 1.5-cm-diameter disc on the copper

block and matching it with the insulation rings and container bottom

were equal to the disc diameter. Their outer diameters were 4.0 cm and consis-
tent with the diameter of the opening at the bottom plate. The clearances were
sealed using silicone sealant (08663, 3M) to avoid leakage. With the insulation
rings blocking the heat transfer from the undesired area, boiling heat transfer only

occurred on the sample disc top surface.

To change the surrounding vessel size for the disc, glass tubes of different inner
diameters Dy were vertically placed around it, respectively. The ratio of heater
size to surrounding vessel size D/ Dr was made adjustable from 1 (D = Dr, a glass
tube of inner diameter equal to the disc diameter) to about 0 (D < Dr, no glass
tube). In such a way, the effect of surrounding vessel size can be individually
studied in a full range. Figure 2.11 illustrates changing the surrounding vessel

size for a 1.5-cm-diameter disc. Glass tubes of inner diameters (a) Dr = 1.5 cm,
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Figure 2.11: Demonstration of placing glass tubes of inner diameters (a) Dy =
1.5 cm, (b) Dy = 3.0 cm, and (c¢) Dy = 7.5 cm around a 1.5-cm-diameter disc.

(d) Dy = 20.0 cm when no glass tube was placed.

(b) Dy = 3.0 cm, and (c¢) Dy = 7.5 cm were placed around the disc, respectively.
When no glass tube was placed, the surrounding vessel size was the inner diameter
of the glass chamber, namely, (d) Dy = 20.0 cm. Correspondingly, the ratios of
heater size to surrounding vessel size were (a) D/Dr = 1, (b) D/Dr = 0.5, (c)
D/Dr = 0.2, and (d) D/Dr = 0.075 =~ 0. The same strategy was employed for

all the test discs in this study.

2.3 Experimental procedure

After assembling the experimental apparatus as described in the earlier section,

several steps were rigorously taken before starting a boiling experiment. Deion-
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ized water was deaerated by boiling in an electric kettle and then poured into the
container. Once completed, the immersion heaters started to work and kept the
water near its saturation temperature. The atmospheric pressure in the labora-
tory was measured to be 101.3 kPa using a barometric pressure sensor built in a
smartphone, and the water saturation temperature was about 100°C. In practice,
however, the water temperature cannot be perfectly uniform: the water near the
immersion heaters was at its saturation temperature while the remaining was at
lower temperatures. As monitored by the digital thermostat, the pool water was

maintained at 99 4+ 1°C.

A boiling experiment began with turning on the adjustable voltage trans-
former. It was adjusted by about 2 Volts each time to change the heating power
of the cartridge heaters. The heat generated was conducted along the cylindrical
part of the copper block to the disc and then transferred to the water by boiling.
When a steady state was reached, the supplied voltage U and temperatures 71, T,
and T3 were recorded. The steady-state condition was determined based on a cri-
terion that the temperatures measured with the thermocouples changed less than
0.2°C in 1 min. It typically took 15 to 20 min after changing the supplied voltage
to obtain steady-state temperatures. Meanwhile, the high-speed camera recorded
the corresponding vapor removal pattern on the disc. With the input power in-
creased in steps, the heat transfer started within natural convection regime and
gradually developed into nucleate boiling regime. The power was immediately cut
off when a sudden increase in 77 appeared on the thermometer, which indicated a
shift to transition boiling. Thus, the boiling heat transfer data were recorded up
to CHF. In each boiling experiment, the liquid height was maintained at about

20 cm by regularly adding deaerated water.

Note that the contact angle changed after each boiling experiment. It should be

attributed to that the residual oxygen in water can further oxidize the disc surface
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Table 2.1: Pre-, post-boiling, and mean contact angles of the boiling cases on

1.5-cm-diameter discs

Case no. Pre-boiling contact angle (°) Post-boiling contact angle (°) Mean contact angle, 6 (°)
1 (plain) 90 £+ 2 69 + 4 80
2 (plain) 74 + 2 51 + 6 63
3 (plain) 59 + 3 46 £ 5 53
4 (plain) 45 + 3 29 4+ 4 37
5 (plain 28 +4 25+ 4 27
6 (plain) 8§+3 15+5 12
7 (structured) 75+ 4 56 £ 6 66
8 (structured) ~ 0 ~0 0

even the water had been deaerated [77-79]. Besides, slight fouling was found on
the post-boiling discs, which might also change the contact angle. Therefore, the
contact angle was measured before and after each boiling experiment, and a mean
value of the pre- and post-boiling contact angles was used to correlate the CHF
data. Table 2.1 lists the pre-, post-boiling, and mean contact angles of the boiling
cases on 1.5-cm-diameter discs. Generally, on a copper surface with water as the
test liquid, the contact angle decreases with time due to surface oxidation. In
this work, no attempt was made to correlate the decrease in contact angle with
boiling time. It should also be noted that with the oxidation of an initially highly
oxidized copper surface, the oxide layer may become thick enough to peel off.
This, in turn, can lead to an increase in the post-boiling contact angle, as given

in Table 2.1.

2.4 Summary

Throughout this study, copper discs of thickness d = 3 mm and diameters D

= 1.0, 1.5, and 2.0 cm were used as horizontal flat heaters, on which saturated
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Table 2.2: Experimental parameters: heater size D, contact angle 6, surface type,

and surrounding vessel size Dy

Heater size, D (cm) | Contact angle!,  (°) | Surface type | Surrounding vessel size, Dy (cm)
10
27
43
54
1.0 1.0 2.0 5.0
65
80
0
66
12
27
37
93
1.5 1.5 3.0 7.5 20.0
63
80
0
66
12
24
39
51
2.0 2.0 4.0 10.0
60
80
0

62

Plain

Structured

Plain

Structured

Plain

Structured

! Mean contact angle: average of the pre- and post-boiling contact angles of each boiling

experiment.
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deionized water was boiled. Plain sample discs of contact angles 6 ranging from
90 to 9° were obtained by thermal oxidation. Structured sample discs of contact
angles # = 75 and 0° were obtained by sole sanding and sanding coupled with
thermal oxidation, respectively. Furthermore, the surrounding vessel size was
changed by placing glass tubes of different inner diameters Dy around the discs.
Table 2.2 summarizes the parameters of all the experiments employed to study the
individual and interacting effects of heater size, contact angle, surface structure,

and surrounding vessel size on nucleate boiling heat transfer of saturated water.
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CHAPTER 3

Data reduction

This chapter presents the methods of calculating the boiling heat flux and corre-
sponding surface temperature using the temperatures measured by thermocouples
at each steady state. Uncertainty analysis is also performed for the calculated heat

flux and surface temperature.

3.1 Energy balance method

Figure 3.1 shows a sectional view of the copper block with a 1.5-cm-diameter disc
bonded on top with the graphite adhesive. The heat generated from the four
cartridge heaters embedded in the lower cuboidal part of the copper block was
conducted along the upper cylindrical part of the copper block to the disc and
then transferred to the water in the form of boiling on the disc top surface. The
ceramic fiber thermally insulated the remaining area. The heat generation rate Q

of the cartridge heaters was expressed as
)= — (3.1)

where Ry, = 29.0 Q) is the average electrical resistance of the cartridge heaters (See

Appendix A). If there was no heat loss, the boiling heat flux ¢ should be

402

- 2
1= AR (3.2)

where A is the top surface area of the disc. Equation (3.2) calculates the upper

limit of the heat flux ¢ by considering no heat loss.
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Thermal insulation by ceramic fiber

Figure 3.1: Sectional view of the copper block with a 1.5-cm-diameter disc bonded

on top with the graphite adhesive

However, heat loss was inevitable during the experiment because of (i) a non-
zero thermal conductivity of the ceramic fiber and (ii) natural convection of air
surrounding the heating base. Radiation was ignored considering that aluminum
tapes pasted on the ceramic fiber featured low emissivity. Accordingly, the heat
loss was modeled as natural convective heat transfer between air and the outer
surface of the heating base. Assuming that the heating base was cubic of side
length 10 cm and natural convection of air occurred on its four sides with heat

transfer coefficient h,;, = 10 W/m? K, the heat loss AQ was given by
AQ = hair (To - Tair) Am (33)

where T, is the outer surface temperature of the heating base, T,;. is the air

2

temperature, and A, = 0.04 m* is the lateral surface area of the heating base.

Based on energy balance, subtracting Equation (3.3) from Equation (3.1) gave
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the boiling heat flux ¢ as

o 4U2 N hair (To - Tair) Ao
AR, A '

q (3.4)

As Equation (3.3) overestimates the heat loss by ignoring the heat transfer from
the container bottom and introducing an exaggerated heat transfer coefficient hy;,,
Equation (3.4) calculates the lower limit of the heat flux ¢. Thus, the heat flux ¢
should be within a range set by Equations (3.2) and (3.4), i.e.,

AU? hay (Ty — Tir) A, AU

AR, A <9< AR,

(3.5)

From the aspect of energy balance, Equation (3.5) estimates the boiling heat
flux ¢ using the measured voltage U and outer surface temperature of the heating
base T, at each steady state. However, its accuracy is limited because of the rough
estimation made on heat loss. Moreover, the corresponding surface temperature
T, cannot be obtained following this method. Therefore, another method using
spatial temperature distribution was developed. It gives more accurate heat flux

q and simultaneously calculates the corresponding surface temperature 7.

3.2 Spatial temperature distribution method

Assuming that no heat was dissipated through the ceramic fiber, the heat conduc-
tion domain can be regarded as a collection of the cylindrical part of the copper
block, graphite adhesive, and disc. To the best of the author’s knowledge, due to
the irregular geometry, the boiling heat flux ¢ and surface temperature T; cannot
be calculated analytically. However, they can be determined numerically using
the spatial temperature distribution at each steady state, namely, the measured

temperatures 17, Ts, and T3.
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Figure 3.2: Two-dimensional axisymmetric view of the computational domain
consisting of the copper cylinder, graphite adhesive, and disc with boundary con-

ditions labeled

3.2.1 Computational domain and assumptions

Figure 3.2 shows a two-dimensional axisymmetric view of the computational do-
main built in COMSOL. To make the problem mathematically tractable, the
following assumptions were made: (i) heat conduction within the domain was
steady-state, (ii) all materials were isotropic with constant thermal conductivi-

ties, and (iii) interfacial thermal resistances were neglected.

3.2.2 Governing equation and boundary conditions

Under the above assumptions, the local temperature 7" within each subdomain

was governed by a two-dimensional steady-state heat diffusion equation in r-z
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coordinates, i.e.,

o (T T
ror (r 87“) T2 =0 (3.6)

where the subscript ¢ denotes the subdomains, namely, the copper cylinder, graphite

adhesive, and disc.

Coupling the temperature fields of the subdomains ¢ and j in contact was
achieved by setting the temperature and heat flux continuous across their inter-
face, i.e.,
0T

oT;
Tz’|i_j = TJ|” and — kZ% = ko

where k is the thermal conductivity, and n is the unit normal vector at any given

(3.7)

)
ivj i

point on the interface denoted by the subscript i-j.

The heat flux through the z-axis vanished due to the axial symmetry of the

domain, i.e.,
oT;
g
or

Besides, there was no heat flux through the thermally insulated surfaces, i.e.,

= 0. (3.8)

Z-axis

et =0, (3.9)

where m is the unit normal vector at any given point on the thermally insulated
surfaces. Heat input ¢, was imposed on the bottom to model the heating of the

cartridge heaters, i.e.,

oT;
g = . 1
) qn (3 0)

bottom

—k;

Given the fact that the disc was made of 110 Cu featuring high thermal conduc-
tivity, a boundary condition of constant temperature 7T, was applied on the disc
top surface, i.e.,

Tilyop = Ts. (3.11)
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Start >

> Set g, and T, in Egs. (3.10) and (3.11)|

| Solve Eq. (3.6) along with Egs. (3.7) to (3.11)]

Increase o, if T3 - Ty o < T3 - Ty, decrease o/w
Increase T, if T, ., < T,, decrease o/w

I Tica=T1& T3 =T, ‘ ?

No

Yes
A

Record g and T

End

Figure 3.3: Algorithm of calculating the boiling heat flux ¢ and surface tempera-

ture T using the measured temperatures 77 and T3 at each steady state

3.2.3 Method of solution

As this heat transfer problem was steady-state with no heat source, only the ther-
mal conductivities of the subdomains were needed for its solution. The copper
block and disc were both made of 110 Cu featuring thermal conductivity k. = 386
W/m K. The thermal conductivity of the graphite adhesive is k, = 5.77 W/m
K. Unlike a classic heat transfer problem, namely, solving spatial temperature
distribution using the governing equation along with the specified boundary con-
ditions, the temperatures 77, T, and T3 were known here, while the heat input at
the bottom ¢;, and the temperature at the disc top surface T, were the unknowns

to be solved.

Figure 3.3 depicts a trial-and-error algorithm of calculating the boiling heat
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flux ¢ and surface temperature T, using the measured temperatures 77 and T3
at each steady state. Once the heat input ¢ in Equation (3.10) and the surface
temperature T in Equation (3.11) are set, the spatial temperature distribution
of the computational domain can be obtained by solving the governing Equation
(3.6) along with the boundary Equations (3.7) to (3.11) in COMSOL. Only when
the calculated temperatures 7} ., and T3 o match the measured temperatures 7
and T3, the heat input ¢, and surface temperature Ty are the correct boundary
conditions, and the boiling heat flux ¢ is obtained accordingly. If not, the heat
input ¢, and surface temperature T should be adjusted until the temperatures
match. Specifically, g, should be increased if T30y — T car < T3 — 171 otherwise
should be decreased, and T, should be increased if T} ., < T) otherwise should
be decreased. The measured temperature 75 is not involved in the algorithm but

compared with the calculated temperature T, ., for further validation.

3.2.4 Results for example cases

Table 3.1 tabulates the measured voltages U, outer surface temperatures of the
heating base T,, and temperatures 77, 715, and Tj for six example cases. Cases
1 and 2 are on a 1.0-cm-diameter disc and feature low and high heat fluxes,
respectively; Cases 3 and 4 are on a 1.5-cm-diameter disc and feature low and
high heat fluxes, respectively; Cases 5 and 6 are on a 2.0 cm-diameter disc and
feature low and high heat fluxes, respectively. The boiling heat fluxes ¢ and surface
temperatures Ty for these cases were calculated using the spatial temperature

distribution following the above algorithm.

Figure 3.4 shows the distribution of the local heat flux gj,.; through the disc
top surface along the radial direction for Cases (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and
(f) 6. It indicates that the local heat flux was almost uniform regardless of the

disc diameter and heat flux magnitude. As shown in Figure 3.4, on each surface,
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Figure 3.4: Distribution of the local heat flux ¢j,..; through the disc top surface
along the radial direction for Cases (a) 1, (b) 2, (¢) 3, (d) 4, (e) 5, and (f) 6
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Table 3.2: Heat fluxes ¢ and surface temperatures T for Cases 1 to 6 calculated

using the spatial temperature distribution considering no heat loss

Case no. Disc diameter, D (cm) Heat flux, ¢ (W/cm?) Surface temperature, T, (°C)

1 28.4 112.2
1.0

2 5.7 117.4

3 26.4 111.7
1.5

4 74.3 117.2

) 22.9 111.2
2.0

6 76.7 117.3

from center to edge, the local heat flux gj,q; Shows a small variance, i.e., 1.8 % to
7.3 % for Cases 1 to 6. Given the uniform distribution, the surface average heat
flux was employed to represent the boiling heat flux ¢q. Table 3.2 tabulates the

calculated heat fluxes ¢ and surface temperatures 7 for Cases 1 to 6.

Note that for boiling on a given surface, the boiling heat flux is a function
of surface temperature. Thus, the uniform local heat flux also indicates that the
boundary condition of constant temperature applied on the disc top surface was

valid.

3.2.5 Heat loss effect

Heat loss was absent in the earlier computation. Its effects on the calculated heat
flux ¢ and surface temperature T, were examined by modeling the heat dissipa-
tion through the ceramic fiber in COMSOL. Figure 3.5 shows a two-dimensional
axisymmetric view of the modified computational domain with the ceramic fiber
taken into account. Here, the ceramic fiber was modeled as a cylindrical shell
of outer diameter 10 cm with thermal conductivity &k = 0.082 W/m K. Aside

from the same assumptions made to make the problem mathematically tractable,
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Figure 3.5: Two-dimensional axisymmetric view of the computational domain
consisting of the copper cylinder, graphite adhesive, disc, and ceramic fiber with

boundary conditions labeled

the governing equation and boundary conditions were modified accordingly. Equa-
tions (3.6) and (3.7) were extended to the subdomain of the ceramic fiber. Besides,
the boundary Equations (3.8) to (3.11) were kept the same except for Equation
(3.9), which was replaced by a boundary condition describing the heat loss from
the right boundary. The heat loss was modeled as natural convective heat transfer

between air and the outer surface of the ceramic fiber, i.e.,

4 =0 _ 1. 9T
v 9z lbottom ~— 7’ v 9z

_ _1.9T;
top = 0, and ki,

hair (E - Tair‘) i (312)

right

With the modified governing equation and boundary conditions, the heat fluxes
q and surface temperatures T for Cases 1 to 6 were calculated using the spatial

temperature distribution following the algorithm depicted in Figure 3.3. Table

93



Table 3.3: Heat fluxes ¢ and surface temperatures T for Cases 1 to 6 calculated

using the spatial temperature distribution considering heat loss

Case no. Disc diameter, D (cm) Heat flux, ¢ (W/cm?) Surface temperature, T, (°C)

1 274 112.7
1.0

2 75.5 117.6

3 26.3 111.7
1.5

4 74.1 117.4

) 23.1 111.1
2.0

6 76.6 117.4

3.3 tabulates the calculated heat fluxes ¢ and surface temperatures T considering

heat loss.

As shown in Tables 3.2 and 3.3, the heat fluxes ¢ and surface temperatures 7T}
calculated considering no heat loss are in good agreement with those calculated
considering heat loss for all the example cases. The differences are less than 3.6
% for the heat fluxes ¢ and 0.4 % for the surface temperatures Ty, respectively.
It indicates that the heat dissipation through the ceramic fiber hardly affected
the dependences of the heat flux ¢ and surface temperature T, on the spatial
temperature distribution. Therefore, heat loss was reasonably neglected when
calculating the boiling heat flux ¢ and surface temperature T following the spatial

temperature distribution method.
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3.3 Uncertainty analysis

3.3.1 Uncertainties of boiling heat flux and surface temperature

The linear dependence between the boiling heat flux ¢ and temperature difference

(T3 — T) was described by (see Appendix B)

kc (T3 - Tl)

3.13
), (3.13)

q X

where d; = 10 mm is the distance between the thermocouples T} and T3. Given
the independence between k., d;, and (T3 — T7), the fractional uncertainty of the

heat flux ¢ was expressed as

) (S PEER e

Similarly, the linear dependence between the boiling heat flux ¢ and tempera-

ture difference (17 — Ts) was described by (see Appendix B)

d d,\ "
qox (Th — Ty) (k_ + k;_g) , (3.15)
c g

where d;, = 0.2 mm is the thickness of the graphite adhesive. The rightmost term

can be substituted with thermal insulance R;, i.e.,

d d
Ri=—+-2. (3.16)
ke =k,

Given the independence between d, k., dg4, and kg4, the uncertainty of the thermal

insulance R; was expressed as

d 2 1 2 d, 2 1 2
5Rr_¢(57%9 +<E&0 +(E?%O +<Ef%). (3.17)

Subsequently, the linear correlation between the heat flux ¢ and temperature

difference (77 — T) was simplified as

(Tl - Ts)

3.18
==, (318)

q X
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Table 3.4: Values and uncertainties of the physical quantities involved in uncer-

tainty analysis

Physical quantity Value Uncertainty
Thermal conductivity of 110 Cu, k. (W/m K) 386 5

Thermal conductivity of graphite adhesive, k, (W/m K)  5.77 0.01
Thickness of disc, d (mm) 3 0.01
Thickness of graphite adhesive, d, (mm) 0.2 0.01
Distance between thermocouples T} and T3, d; (mm) 10 0.5
Temperatures, 11, T», and T3 (°C) - 0.2

Temperature difference, (75 — T1) (°C) - 0.2v/2
Thermal insulance, R; x 10° (m? K/W) 4.2 0.2

and the fractional uncertainty of the temperature difference (7} —T}) was expressed

p G @

As the surface temperature T can be written as

as

Ts = Tl - (Tl - Ts) ) (320)

the uncertainty of the surface temperature T was then expressed as

0T, = \/(6T1)2 +[6(Ty — Ty))°. (3.21)

It is worth noting that any two of the temperatures 77, 15, and T3 can be
used to calculate the boiling heat flux ¢ and surface temperature T following the
spatial temperature distribution method. In this study, the temperatures 7} and
T3 were chosen. It resulted in the smallest uncertainties of the heat flux ¢ and

surface temperature 7Ty because of the largest distance between the corresponding
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Table 3.5: Heat flux uncertainties d¢ and surface temperature uncertainties 67

for Cases 1 to 6

Case no. Disc diameter, D (cm) Heat flux uncertainty, ¢ (W/cm?)  Surface temperature uncertainty, 67, (°C)

1 3.1 1.4
1.0

2 4.8 2.3

3 24 1.1
1.5

4 4.3 2.1

5 2.0 0.9
2.0

6 4.3 2.1

thermocouples, as described in Equation (3.14). Table 3.4 tabulates the values

and uncertainties of the physical quantities involved in uncertainty analysis.

3.3.2 Uncertainties for example cases

With all the required values and uncertainties summarized in Tables 3.1, 3.2, and
3.4, the uncertainties of the boiling heat flux ¢ and surface temperature T, can be
calculated using Equations (3.14), (3.17), (3.19), and (3.21). Table 3.5 tabulates
the heat flux uncertainties d¢ and surface temperature uncertainties 67 for Cases

1 to 6.

3.4 Verification

Comparing the heat fluxes estimated following the energy balance method and
those calculated following the spatial temperature distribution method can help
verify the heat flux calculation. Table 3.6 tabulates the calculated heat fluxes ¢
for Cases 1 to 6 for comparison. The heat fluxes ¢ obtained following these two
methods agree well for all the example cases. Moreover, it indicates that the heat

flux ¢ calculated following the spatial temperature distribution method features
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Table 3.6: Heat fluxes ¢ for Cases 1 to 6 estimated following the energy bal-
ance method and those calculated following the spatial temperature distribution

method

Case no. Disc diameter, D (cm) Heat flux!, ¢ (W/cm?) Heat flux?, ¢ (W/cm?)

1 29 £5 28+ 3
1.0

2 79 £6 76 £ 5

3 28+ 3 26 £ 2
1.5

4 T3 4+ 4

5 24 £ 2 23 £2
2.0

6 79 £ 2 ==

! Heat flux estimated following the energy balance method,

2 Heat flux calculated following the spatial temperature distribution method.

smaller uncertainty and falls within the range estimated by the energy balance
method for most of the cases. Table 3.6 confirms the validity of the heat flux
calculation using either of these two methods and shows the advantage of the

spatial temperature distribution method.

3.5 Summary

Methods of calculating the boiling heat flux ¢ and corresponding surface temper-
ature T, were developed, exemplified, and verified. Besides, the uncertainties in
the calculated heat flux ¢ and surface temperature T, were also analyzed. Fol-
lowing the spatial temperature distribution method, the heat flux ¢ and surface
temperature T were calculated using the measured temperatures Ty, Ts, and Tj
at each steady state. The boiling heat transfer data under each experimental

configuration are tabulated along with their uncertainties in Appendix C.
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CHAPTER 4

Nucleate boiling heat flux

This chapter presents the boiling heat transfer data obtained on plain surfaces
under different experimental configurations and discusses the effects of heater
size, contact angle, and surrounding vessel size on nucleate boiling heat flux for
small horizontal surfaces. Prior to that, the background of nucleate boiling and

the parametric effects are introduced.

4.1 Background

4.1.1 Nucleate boiling

The ONB is marked by a sudden increase in the slope of a boiling curve, as shown
in Figure 1.1. With increasing surface superheat, the vaporization becomes more
rapid due to more active nucleation sites and higher bubble generation rate at each
site, which contributes to the enhancement in heat flux along with the associated
violent disturbance of the thermal layer and mixing of the liquid [24]. The heat
transfer process varies spatially and temporally, and the evaluation is further
complicated by the interference and coalescence of bubbles in lateral and vertical
directions. Owing to the complexity of the nucleate boiling process, only a few
mechanistic models have been developed to predict the heat flux as a function
of surface superheat and still rely on several empirical correlations [21]. Instead

of capturing the real process, the most widely used correlation for predicting the
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heat flux ¢ at a given surface superheat AT, was developed by Rohsenow [80]

based on dimensional analysis and expressed as

1/2 3
g(p— pv) cp AT
— yhg, | 2N ) _plPts ) 4.1
= fg[ o ] <Csfhfgprl” (4.1

Here, tu, pi, ¢p;, and Pr; are the dynamic viscosity, density, specific heat capac-
ity, and Prandtl number of liquid, respectively, g is the gravitational acceleration,
and all properties are evaluated at the saturation temperature. The correlating
constant Csy depends on the surface-liquid combination, and the exponent n has
a value of 1 for water and 1.7 for other liquids. For water boiled on polished and
scored copper surfaces, the value of Cs; approximates 0.0128 and 0.0068, respec-
tively. Though without considering bubble interaction, Rohsenow’s correlation
has been recognized to work for both partial and fully developed nucleate boil-
ing. Parametric effects on nucleate boiling can be reflected on the boiling curve

graphically and on the value of Cyy quantitatively.

4.1.2 Parametric effects

The first study of heater size effect on nucleate boiling was carried out on horizon-
tal wires and dates back to half a century ago. When the heater size becomes close
to the bubble departure diameter, its impact on nucleate boiling manifests [81,82].
The bubble departure diameters measured experimentally or calculated from the
correlations proposed by different researchers differ due to the complex situation of
dynamic measurement as well as its dependence on surface characteristics [83-85],
whereas it is generally scaled with respect to the capillary length [, i.e.,

== (4.2)

For saturated water at one-atmosphere pressure, [ = 0.25 cm. It roughly captures
the force balance on a bubble about to depart by relating surface tension and

buoyancy. Usually, the "heater size” means the characteristic length L. that is
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the width of a square heater or the diameter of a circular heater. Therefore, the
dimensionless length L./l, namely, the ratio of heater size L. to capillary length

[, has been widely adopted in studies to represent the relative scale of boiling.

Bakhru and Lienhard [81] found that nucleate boiling regime vanished when
boiling various saturated liquids using horizontal platinum wires of dimensionless
radii R (R' = R/l) from 0.0076 to 0.0806. In their study, the primary bubbles
wrapped around the thin wires before growing large enough to depart, and vapor
patches associated with boiling curves of monotonic increases were observed as a
result. Conventional boiling curve began to reestablish when the dimensionless
radius R’ increased to 0.1. Right after that, Baker [86] reported the boiling char-
acteristics of R-113 on vertical flat TaN surfaces of areas from 0.0106 to 2.00 cm?,
and both the saturated and subcooled boiling curves exhibited pronounced con-
tinuous left shift with decreasing heater size. He attributed the enhanced nucleate
boiling and increase in CHF to the leading edge and side flow effects, which was
later challenged by Park and Bergles [87] who boiled saturated R-113 on vertical
flat surfaces of different materials in 5- to 60-mm width and 5- or 10-mm height.
In their study, the boiling curve was insensitive to the heater size, while the CHF
increased as the heater width or height decreased. By boiling subcooled FC-72
on horizontal quartz wafers in square areas 0.65, 2.62, and 7.29 mm? in low and
high gravities (0.01g and 1.7¢g), respectively, Henry and Kim [88] also reported
boiling curves without nucleate boiling regime with the 0.65-mm? heating area in
low gravity. In high gravity, the 0.65-mm? heating area featured lower heat flux in
nucleate boiling regime. The threshold value of L./l above which nucleate boiling
is conventional (buoyancy dominated) was later determined by Raj and Kim [82]

to be 2.1 by boiling subcooled FC-72 and pentane on horizontal quartz wafers.

The direct dependence of nucleate boiling on surface wettability was first ex-

plored by Harrison and Levine [89] who boiled saturated stearic acid on horizon-
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tal flat 100 and 110 copper crystal planes at about 2.3 kPa. At a given surface
superheat, the more wetted surface (110) featured higher heat flux in natural
convection regime but lower heat flux in nucleate boiling regime. They qualita-
tively attributed the outcomes to a smaller thermal resistance of the more wetted
interface in natural convection regime and the more difficult ebullition on the
more wetted surface when nucleation occurred, respectively. Liaw and Dhir [90]
systematically investigated the contact angle effect by boiling saturated water on
a vertical flat copper surface of width 6.3 cm and height 10.3 cm. They found
that the boiling curve shifted to the right with decreasing contact angle, while
the trend of heat flux against surface superheat remained the same, which Girard
et al. [91] also found by boiling saturated water on horizontal flat 1 cm x 1 cm
copper surfaces. Besides, both studies showed that the CHF increased as the con-
tact angle was decreased. However, in contrast to the boiling curves reported by
Harrison and Levine, the natural convection regimes for different contact angles

showed no apparent difference in the studies by Liaw and Dhir and Girard.

Much more previous works focused on the role of contact angle in nucleation
and bubble dynamics during boiling, as discussed in Chapter 1. An augmented
version of Mikic and Rohsenow’s model [36] developed by Judd and Hwang [92]
incorporated the mechanisms of natural convection, nucleate boiling, and micro-
layer evaporation at bubble bases. With the help of several empirical correlations
and assumptions, they correlated the nucleate boiling heat flux to the number
density of active nucleation sites, bubble departure diameter, and bubble release
frequency, which are all governed by the contact angle. The nucleate boiling heat
flux at a given surface superheat is thus different for different contact angles, and
so is the heat transfer coefficient. With increasing surface superheat, nucleate boil-
ing becomes fully developed as the primary bubbles merge into larger mushroom

bubbles before leaving the surface. The heat transfer is then dominated by the
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vaporization of micro/macrolayers surrounding the vapor stems and thus depends
on the surface void fraction and stem geometry, both of which are also affected
by the contact angle, as experimentally revealed and numerically interpreted by

Dhir and Liaw [93].

It should be stressed that boiling experiments performed on small horizon-
tal surfaces recently were usually not enclosed by vertical sidewalls but in large
liquid-holding vessels. Unlike the negligible container effect on large heaters, the
container effect becomes noticeable with decreasing heater size [94]. However,
the effect of surrounding vessel size on nucleate boiling did not receive enough
attention even though it has been experimentally proved to affect CHF. Costello
et al. [94], Lienhard and Keeling [95], Elkassabgi and Lienhard [96], and Bock-
woldt et al. [97] found that enlarging surrounding vessel induced side flow during
boiling. The enhancement in CHF was attributed to the induced convention in
their studies, while the effect on nucleate boiling or heat transfer coefficient was

not discussed.

4.2 Results and discussion

Boiling curves for discs of diameters D = 1.0, 1.5, and 2.0 cm were obtained
for different contact angles # and surrounding vessel diameters Dr. A systematic
study investigating the effects of heater size, contact angle, and surrounding vessel
size on nucleate boiling heat flux was carried out by comparing the measured
boiling curves in terms of each parameter. Besides, Rohsenow’s correlation, i.e.,
Equation (4.1), was applied to fit the nucleate boiling heat transfer data to assess

the parametric effects on the correlating constant Cs;.
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Figure 4.1: Boiling curves for the discs of diameters D = 1.0, 1.5, and 2.0 cm with

contact angle 6 ~ 10°

4.2.1 Heater size effect

Figure 4.1 shows the boiling curves measured for the discs of diameters D =
1.0, 1.5, and 2.0 cm with contact angle  ~ 10° when the surrounding vessel
diameter D7 was equal to the disc diameter D, i.e., D/Dy = 1. As the surface
superheat increases, the heat flux first increases slowly as in natural convection
regime, then rises sharply as into nucleate boiling regime, and finally develops
gently until CHF is reached. As shown in Figure 4.1 (a), the boiling curves for
different disc diameters show no prominent difference in natural convection regime
and a large part of nucleate boiling regime. However, in approach to CHF, the
1.0- and 1.5-cm-diameter discs feature heat fluxes higher than that on the 2.0-cm-
diameter disc, and the CHF increases from 143 to 181 and to 203 W/cm? as the
disc diameter D decreases from 2.0 to 1.5 and to 1.0 cm. Figure 4.1 (b) shows
the boiling curves on a logarithmic scale, and Rhosenow’s correlation is plotted to

fit each boiling curve to assess the heater size effect. As shown in Figure 4.1 (b),
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Figure 4.2: Photographs of nucleate boiling near ¢ = 20 W/cm?# on the discs of
diameters (a) D = 1.0 cm, (b) D = 1.5 cm, and (¢) D = 2.0 cm with contact

angle 6 ~ 10°

a common linear trend is formed by the boiling heat transfer data for different
disc diameters, and the corresponding fit lines are close. The values of C; are
0.0168, 0.0164, and 0.0173 for the discs of diameters D = 1.0, 1.5, and 2.0 cm,
respectively, and feature differences less than 5 %, which is within the uncertainty

of data.

Figure 4.2 shows the photographs of nucleate boiling near ¢ = 20 W/cm? on
the discs of diameters (a) D = 1.0 cm, (b) D = 1.5 ¢cm, and (c) D = 2.0 cm with
contact angle 6 ~ 10°. As shown in Figure 4.2, at similar surface superheats ATj,
the discs feature similar heat fluxes ¢, and the generated vapor departs in similar

patterns from the surface despite the different heater sizes.

Figure 4.1 establishes that heater size hardly affects boiling curve but CHF.
As a result, the boiling heat transfer coefficient (HTC) is also independent of
heater size, as shown in Figure 4.3. It also agrees with the result by Kwark et
al. [98]. They also found that the boiling curve was insensitive to heater size
by boiling saturated water on horizontal square plain and Al,Oz-nanoparticles
copper surfaces of side lengths 0.75, 1, 1.5, and 2 c¢m that were not surrounded
by enclosing sidewalls. These outcomes are as expected since, under a given

condition, nucleate boiling heat transfer is governed by the number density of
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active nucleation sites, bubble departure diameter, and bubble release frequency
[36,92]. These parameters are determined by heater surface characteristics, e.g.,
temperature, finish, wettability, geometry, and orientation, but not heater size
when the heater size is much greater than the primary bubble size, as discussed in
Chapter 1. When approaching CHF, however, the vapor removal pattern is then
governed by hydrodynamics in addition to the surface characteristics. The CHF

differs for different heater sizes as a result.

4.2.2 Contact angle effect

Figure 4.4 shows the boiling curves measured for the discs of diameters (a-b) D =
1.0 cm, (c-d) D = 1.5 cm, and (e-f) D = 2.0 cm with contact angles 6 from about 10

to 80°. For all the cases, the surrounding vessel diameter Dy was equal to the disc
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Figure 4.4: Boiling curves for the discs of diameters (a-b) D = 1.0 cm, (c-d) D =

1.5 ¢m, and (e-f) D = 2.0 cm with different contact angles 6. For all the cases,

the ratio of heater size to surrounding vessel size D/Dy is 1.
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diameter D, i.e., D/Dr = 1. In each figure, the boiling curve monotonically shifts
to the left with decreasing CHF as the contact angle increases. For instance, as
shown in Figure 4.4 (c), at surface superheat AT, = 17°C, the heat flux ¢ is about
35 W/cm? on the 1.5-cm-diameter disc of contact angle §# = 12° and increases to
about 74 W/cm? as the contact angle 6 increases to 80° where CHF is reached.
The former disc of contact angle § = 12° reaches CHF of 181 W/cm? at surface
superheat AT, = 31°C.

Figures 4.4 (b), (d), and (f) show the boiling curves on logarithmic scales, and
Rhosenow’s correlation is plotted to fit each boiling curve. In each figure, the
linear trends formed by the boiling heat transfer data are consistent among the
discs of different contact angles, and the corresponding fit lines are thus parallel

to each other only with different values of Cy¢. Cs¢ decreases monotonically with
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increasing contact angle, as shown in Figure 4.5 which shows the value of Cy; as
a function of contact angle. For instance, it decreases by about 24 % from 0.0164
to 0.0125 as the contact angle increases from 12 to 80° for the 1.5-cm-diameter
disc. Figure 4.5 also indicates that C,y is hardly dependent on heater size for
a given contact angle. Values of Cys reported by Liaw and Dhir [90] are also
added in Figure 4.5 for comparison. Even though their values of C,; are greater
than those obtained in this study, both studies indicate that C,; decreases as the
contact angle increases. The difference in values of Cy; at a given contact angle
might result from different surface orientations as Liaw and Dhir boiled water on

a vertical flat copper surface.

Figures 4.6 to 4.8 in order show the photographs of nucleate boiling near ¢
= 20 W/cm? on the discs of diameters D = 1.0, 1.5, and 2.0 cm with different
contact angles 6, respectively. In each figure, as the contact angle increases, the
trend shows as either increasing heat flux ¢ or decreasing surface superheat AT

with another nearly unchanged.

Figure 4.4 establishes that a less wetted surface features (i) earlier ONB, (ii)
higher heat flux in nucleate boiling regime, but (iii) lower CHF. As one of the
results, the HTC is also greater on the less wetted surface at a given surface
superheat, as shown in Figure 4.9. Besides, the consistent trends in Figure 4.4
indicate that the dependence of heat flux on surface superheat in nucleate boiling
regime remains the same for different contact angles, which agrees with the ex-
perimental findings by Liaw and Dhir [90] and Girard et al. [91]. The earlier ONB
can be mathematically explained with Equation (1.13) developed by Hsu [32].
As shown in Figure 1.2, graphically, the curve representing Equation (1.11) will
move downward if the contact angle increases, thus reducing the minimum surface
superheat required for nucleation. In addition, it also broadens the size range of

cavities that can nucleate. Thus, more nucleation sites will be activated at a given
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Figure 4.6: Photographs of nucleate boiling near ¢ = 20 W/cm? on the 1.0-cm-
diameter disc of contact angles (a) 8 = 10°, (b) 6 = 27°, (c) 0 = 43°, (d) 6 = 54°,
(e) 8 =65°, and (f) 6 = 80°

Figure 4.7: Photographs of nucleate boiling near ¢ = 20 W/cm? on the 1.5-cm-
diameter disc of contact angles (a) § = 12°, (b) § = 27°, (c¢) # = 37°, (d) 6 = 53°,
(e) = 63°, and (f) 6 = 80°
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Figure 4.8: Photographs of nucleate boiling near ¢ = 20 W/cm
diameter disc of contact angles (a) 6 = 12°, (b) 6 = 24°, (c) 6 = 39°, (d) 0 = 51°,

(e) 8 =60°, and (f) 6 = 80°

surface superheat, which is also mathematically captured in Equation (1.24) by
Wang and Dhir [41] and Equation (1.25) by Basu et al. [45], respectively. The
increasing number density of nucleation sites contributes to a higher vapor gener-
ation rate, thus making the less wetted surface feature higher heat flux at a given

surface superheat.

As approaching CHF, the nucleate boiling becomes fully developed. The heat
transfer then relies on the vaporization of micro/macrolayers surrounding the
vapor stems standing on the surface as the thermal layer becomes quite thin
(~ 1075 m) compared to the stem diameter and height [93]. Dhir and Liaw [93]
argued that at the same surface void fraction, the heat flux and HTC on more
wetted surfaces are higher due to the smaller thermal resistance of less liquid
between the surface and stems. Therefore, when a less wetted surface reaches

CHF, the corresponding void fraction on a more wetted surface is still small,
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thus allowing further development of nucleate boiling and delaying CHF. For well
wetted surfaces, CHF is determined by the vapor removal limit rather than the

vapor production limit that sets CHF for partially wetted surfaces.

4.2.3 Surrounding vessel size effect

Figure 4.10 shows the boiling curves measured for the discs of diameters (a-b)
D = 1.0 cm, (¢-d) D = 1.5 cm, and (e-f) D = 2.0 cm surrounded by vessels
of different diameters Dr. For all the cases, the disc was well wetted, i.e., 0 ~
10°. In each figure, the boiling curves for different vessel diameters show no
prominent difference at low heat fluxes but slightly diverge at high heat fluxes.
The divergence seems to be independent of the vessel diameter as the larger vessel
does not always guarantee a higher or lower heat flux at a given surface superheat,
as shown in Figures 4.10 (a), (c), and (e). Thus, it is considered to be a result
of the increasing uncertainty in surface superheat at higher heat fluxes. However,
the CHF monotonically increases when the surrounding vessel is enlarged. For
instance, as shown in Figure 4.10 (c), the CHF increases from 181 to 218 W/cm?
for the well wetted 1.5-cm-diameter disc when the vessel diameter Dp increases
from 1.5 to 20.0 cm. Figures 4.10 (b), (d), and (f) show the boiling curves on
logarithmic scales, and Rhosenow’s correlation is plotted to fit each boiling curve.
In each figure, a common linear trend is formed by the boiling heat transfer
data for different vessel diameters, and the corresponding fit lines are close. For
instance, the values of C,y are 0.0164, 0.0161, 0.0163, and 0.0173 for the 1.5-cm-
diameter disc surrounded by vessels of diameters Dy = 1.5, 3.0, 7.5, and 20.0 cm,

respectively, and feature differences less than 7 %.

Figures 4.11 to 4.13 in order show the photographs of nucleate boiling near
q = 20 W/cm? on the discs of diameters D = 1.0, 1.5, and 2.0 cm surrounded

by vessels of different diameters Dr, respectively. In each figure, even though
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Figure 4.11: Photographs of nucleate boiling near ¢ = 20 W/cm? on the 1.0-cm-
diameter disc surrounded by vessels of diameters (a) Dy = 1.0 cm, (b) Dy = 2.0

cm, (¢) Dy = 5.0 cm, and (d) Dy = 20.0 cm

D=15cm
6=12°
D;=3.0cm

ATo=15°C
q =24 W/cm?

D=15cm
R
D;=20.0cm

ATSE18°C
g.= 13 W/cm?

Figure 4.12: Photographs of nucleate boiling near ¢ = 20 W/cm? on the 1.5-cm-
diameter disc surrounded by vessels of diameters (a) Dy = 1.5 cm, (b) Dy = 3.0

cm, (¢) Dy = 7.5 cm, and (d) Dy = 20.0 cm
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Figure 4.13: Photographs of nucleate boiling near ¢ = 20 W/cm? on the 2.0-cm-
diameter disc surrounded by vessels of diameters (a) Dy = 2.0 cm, (b) Dy = 4.0

cm, (¢) Dy = 10.0 cm, and (d) Dy = 20.0 cm

the generated vapor in the form of bubbles departs more dispersedly with the
surrounding vessel enlarged, the disc still features similar heat fluxes ¢ when the

surface superheats AT, are similar.

Figure 4.10 establishes that surrounding vessel size hardly affects boiling curve
at low heat fluxes but at high heat fluxes up to CHF. As a result, the HTC is also
independent of surrounding vessel size in the regime of low heat flux, as shown
in Figure 4.14. It can be attributed to the fact that the nucleate boiling heat
transfer far from critical condition relies much greater on the vapor generation
rate that is determined by heater surface characteristics than the convective effect
near the path boundary of vapor departure. In the regime of high heat flux, even
though the boiling curves in Figure 4.10 show no monotonic change due to the
uncertainty in surface superheat. However, the heat flux is expected to be higher

when the surrounding vessel is enlarged as the induced convection resulting from

76



Figure 4.14: HTC as a function of surface superheat AT} for the discs of diameters
(a) D = 1.0 cm, (b) D = 1.5 ¢cm, and (c) D = 2.0 ¢cm surrounded by vessels of

different diameters Dy
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the violent vapor removal is stronger. The surrounding vessel size, as expected,
plays a role near critical condition where the maximum vapor removal rate allowed
from the surface is affected by the path boundary, thus changing the CHF. The
HTC is different as well.

4.3 Summary

The findings of this chapter are summarized as that (i) heater size does not af-
fect boiling curve when the heater size is much greater than the primary bubble
size/capillary length, (ii) boiling curve shifts to the left with increasing contact
angle, but the trend of heat flux against surface superheat remains the same, and
(iii) surrounding vessel size does not affect boiling curve at low heat fluxes. The
parametric effects of heater size, contact angle, and surrounding vessel size on

critical heat flux are detailed in the next chapter.
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CHAPTER 5

Critical heat flux

This chapter presents the CHF data obtained on plain surfaces under different
experimental configurations and discusses the effects of heater size, contact angle,
and surrounding vessel size on CHF for small horizontal surfaces. Prior to that,

the hydrodynamic theory of CHF and the parametric effects are introduced.

5.1 Background

5.1.1 Hydrodynamic theory

As shown in Figure 5.1, the pool boiling heat transfer occurring near critical
condition on horizontal flat heaters that are well wetted can be classified into three
categories depending on the vapor removal pattern. Figure 5.1 (a) illustrates the
vapor removal pattern at CHF for pool boiling on infinite horizontal flat plates
as proposed by Zuber [99]. In Zuber’s model, near critical condition, the vapor
generated on horizontal flat heaters escapes in the form of jets. These vapor jets
were assumed to locate on a square grid with spacings of two-dimensional Taylor
unstable wavelength. Zuber could not provide a basis for selecting either the

critical Taylor wavelength

(5.1)
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Figure 5.1: Vapor removal pattern at CHF for pool boiling on (a) infinite hori-
zontal flat plates, (b) small horizontal flat plate heaters of sizes between \; and

3A4, and (c) those of diameters less than A\, surrounded by enclosing sidewalls

or the "most dangerous” Taylor wavelength

g

N=27V3, | ————.
(p1—po)g

(5.2)

For saturated water at one-atmosphere pressure, A, = 1.57 cm and Ay = 2.72 cm.
The diameters of the vapor jets were assumed to be equal to half of their spacings.
It was proposed that at CHF, the liquid-vapor interface becomes unstable when
the relative vapor velocity reaches a critical value determined by the Helmholtz
unstable wavelength Ay. Thus, the instability of the vapor jets represents the
maximum possible rate at which vapor can be removed under surface tension
and buoyancy. Taking the Helmholtz unstable wavelength Ay to be equal to the

circumference of the vapor jet and using a Taylor unstable wavelength between
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Ae and Ay, Zuber [99,100] obtained the corresponding CHF expression as

U o (p—po)g]"
qCHF,z = ﬂpvhfg {—2} : (5.3)

For saturated water at one-atmosphere pressure, Equation (5.3) gives qogrz =
110 W/cm?. Equation (5.3) applies as long as the system pressure is much less
than the critical pressure. Zuber’s formulation benefited from earlier works of
Kutateladze [101-103]. Later, Lienhard and Dhir [104, 105] proposed that the
leading constant should be 0.149 instead of m/24 for large horizontal flat plate
heaters by arguing that the liquid-vapor interface would become unstable at a
shorter available Taylor wavelength, A4, where the spacings of the vapor jets were
equal to Ay as well. With the modified constant, the ratio goyr/qonrz is 1.14.
They also showed that a heater could not be called an infinite flat plate when its
size was less than 3)\; [106]. Figures 5.1 (b) and (c) show the postulated vapor
removal pattern at CHF for pool boiling on small horizontal flat plate heaters
of sizes between Ay and 3)\; and those of diameters less than A\; surrounded by

enclosing sidewalls, respectively.

5.1.2 Parametric effects

Lienhard et al. [106] investigated the heater size effect on CHF as most heaters
in earlier experimental studies could not be called infinite flat plates. Gogonin
and Kutateladze [107] boiled ethanol on horizontal flat ribbons of length 150 mm
and widths varying from 5 to 50 mm under different pressures. In their study, no
size effect was observed on the CHF for the upward-facing pool boiling in a large
chamber. In the first-of-its-kind study performed by Lienhard et al. [106], a series
of experiments were conducted by boiling various liquids on horizontal square and
circular flat plate heaters of different sizes. In their study, all the heater surfaces

were fully wetted and surrounded by enclosing sidewalls. No prominent heater
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size effect was found until the characteristic lengths L. of the heaters became less
than 3)\;. CHFs approximately 2.0 to 2.5 times Zuber’'s CHF prediction were
obtained from the heaters when their characteristic lengths L. decreased to 0.5\,.
They attributed this outcome to the change in the fraction of heater surface area
occupied by vapor jet. They argued that the fraction depended on the number of
vapor jets that could be accommodated on a heater when its characteristic length
L. was less than 3)\;. The vapor jet diameter was still assumed to be 0.5\4. As
such, CHF should then be determined by the actual number of vapor jets N; that

could be accommodated on the heater of surface area A [106], i.e.,

qCHF,small _ 114N]
qCeHF,Z AN

Similar dependences of CHF on heater size have also been found by Saylor [108]

(5.4)

and Rainey and You [109] who boiled FC-72 on horizontal flat heaters of different
sizes. Equation (5.4) could effectively explain the heater size effect on CHF within
the range Ay < L. < 3)\4, while it could not describe the trend of CHF against

heater size when the heater size becomes less than \;.

Many experimental studies have been performed to investigate the surface wet-
tability effect on CHF. Generally, the contact angle is employed as an indicator
of surface wettability. Berenson [110, 111] investigated the contact angle effect
on CHF by boiling n-pentane on a horizontal flat 5.1-cm-diameter copper surface
surrounded by a brass tube of inner diameter 5.8 cm. By adding a slight amount
of oleic acid into the liquid, the contact angle decreased from 10 to 0°. No obvious
contact angle effect was found on the CHF within this narrow contact angle range.
Several other studies had shown reductions in CHF with increasing contact angle.
Roy Chowdhury and Winterton [77] performed a transient boiling experiment to
study the contact angle effect by quenching vertical cylindrical heaters of diameter
18 mm and length 40 mm in water and methanol, respectively. Aluminum and

copper specimens with various surface treatments were used. They found that
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increasing the contact angle led to decrease in the CHF. The contact angle varied
from 102 to 0° in their study, and the variations in contact angle were achieved by
etching or anodizing the specimens and aging the surfaces via quenching repeat-
edly. Later, Liaw and Dhir [90,112] thoroughly studied the contact angle effect
by boiling water on a vertical flat copper surface of width 6.3 cm and height 10.3
cm. The CHF was found to decrease with increasing contact angle based on their
steady-state and transient cooling and heating measurements. In their study, the
contact angle was decreased by thermally oxidizing the copper surface. A contact
angle above 90° was obtained by depositing a thin coating of fluorosilicone sealant
on the surface. The measured CHF at a contact angle of 107° was about half of
that measured at a contact angle of 14°. Meanwhile, by performing transient
boiling of water on a horizontal flat 26.6-mm-diameter copper surface confined
by a glass tube, Maracy and Winterton [78] found that the CHF increased with
decreasing contact angle for both the heating and cooling runs. In their study,
the contact angle was decreased from 75 to 0° through surface aging by increas-
ing the number of experimental runs. Dhir and Liaw [93] argued that while the
hydrodynamic theory is based on the maximum vapor removal rate possible from
well wetted surfaces under available buoyancy, CHF for partially wetted surfaces
is limited by the maximum vapor generation rate that can be achieved on the sur-
face. With increasing contact angle, there is less area available for vaporization
of micro/macrolayers surrounding the vapor stems. Thus, the maximum rate at
which vapor can be generated before the surface is substantially covered with va-
por sets the upper limit of nucleate boiling heat flux on partially wetted surfaces.
In contrast, for well wetted surfaces, the wall void fraction is much smaller, and a
large fraction of the surface is covered with liquid. In such cases, the upper limit
of nucleate boiling heat flux is set by the maximum rate at which vapor gener-

ated on the surface can be removed. The vapor removal limit is larger than the
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vapor production limit on partially wetted surfaces. Kandlikar [113] postulated
that CHF is reached when the force due to the change of evaporation momentum
equals the sum of the forces due to surface tension and hydrostatic pressure at the
contact line of a bubble on the surface. Based on that hypothesis, he developed a
CHF correlation with dynamic receding contact angle 6,... and surface inclination

angle from horizontal ¢ taken into account, i.e.,

14-cos 2 T 1/2 a(pi—pv)g 1/4
qCHF frd (—16 rec) |:; —|— Z (1 + COS 97“60) COS QS:I ,O'Uh/fg |:T:| . (55)

It also shows that CHF decreases as the contact angle increases with fixed surface
orientation. Similar dependences of CHF on contact angle have also been shown
in experimental studies by Chen et al. [1], Kwark et al. [2], Ahn et al. [114],
O’Hanley et al. [115], and Girard et al. [91]. Even though some of these studies
mainly focused on pool boiling on structured surfaces, it can still be concluded
that CHF decreases with increasing contact angle by comparing the reported

CHF's solely for the plain surfaces of different contact angles.

Much less attention has been given to the surrounding sidewall effect on CHF'.
Costello et al. [94] found that a flat ribbon heater, mounted on a slightly wider
block, induced strong side flow in their pool boiling experiment. When the side
flow was blocked by the sidewall, the CHF was found to be much lower than it was
when the side flow was allowed. Moreover, they observed that the CHF increased
when the ribbon width was reduced and the side flow was permitted. Lienhard and
Keeling [95] boiled various liquids on horizontal nichrome ribbons of length 10.2
cm and widths ranging from 0.1 to 2.5 cm in a chamber of length 17.8 cm, width
9.5 cm, and height 7.6 cm. The CHF was found to increase with decreasing ribbon
width. They attributed this enhancement to the stronger induced convection when
the heater size was reduced with fixed surrounding sidewall. The surrounding
sidewall effect on CHF was further studied by Elkassabgi and Lienhard [96]. They

boiled methanol on a horizontal nichrome wire of diameter 0.813 mm and revealed
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that enlarging the spacing of the parallel sidewalls from 2 to 12 mm produced an
enhancement up to 50 % in the CHF. Later, Bockwoldt et al. [97] used a horizontal
flat nickel-plated copper surface of diameter 1.5 cm to boil water. The CHF was
enhanced by 25 % and reached 227 W /cm? by increasing the inner diameter of
the surrounding tube from 1.6 to 14.4 cm. Taken together, it is believed that
surrounding sidewall spacing can influence CHF for finite heaters. However, it
is worth pointing out that the surrounding sidewall effect has been ignored in
several earlier and some recent experimental studies [116-120]. Failing to keep the
surrounding sidewall spacing or ratio of heater size to surrounding sidewall spacing

unchanged among the experiments makes the comparison of results improper.

5.2 Results and discussion

CHF for the discs of diameters D = 1.0, 1.5, and 2.0 cm (0.37)\4, 0.55\;, and
0.74)\,) was measured for different contact angles § and surrounding vessel diame-
ters Dp. A systematic study investigating the effects of heater size, contact angle,
and surrounding vessel size on CHF was carried out by comparing the measured
CHFs in terms of each parameter. Besides, Zuber’s hydrodynamic theory was
modified to theoretically calculate the CHF for the well wetted surfaces with the

measured vapor jet diameter and dominant wavelength at water-steam interface.

5.2.1 Heater size effect

Figure 5.2 shows the dimensionless CHF measured for the discs of contact angle
0 ~ 10° as a function of heater size nondimensionalized with the two-dimensional
"most dangerous” Taylor wavelength L./\; when the surrounding vessel diameter
Dr was equal to the disc diameter D, i.e., D/Dr = 1. As the disc diameter D
decreases from 2.0 to 1.5 and to 1.0 cm, the CHF increases from 143 to 181 and
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Figure 5.2: Dimensionless CHF as a function of heater size in wavelengths L./\g

for the well wetted discs

to 203 W/cm?, and the dimensionless CHF, accordingly, increases from 1.30 to
1.64 and to 1.85. For comparison, dimensionless CHF's of various liquids reported
by Costello et al. [94], Lienhard et al. [106], and Maracy and Winterton [78] for
fully wetted (6 = 0°) horizontal heaters of different sizes are also given in Figure
5.2. As shown in Figure 5.2, the dependence of dimensionless CHF on heater size
in wavelengths L./); in this study is comparable to that of cited CHF data. The
consistent trend formed by the CHF data collectively confirms that CHF increases
with decreasing heater size and is higher than that for an infinite flat plate when
the heater size is less than Ay, ie., L./As < 1. Prediction from Equation (5.4)
proposed by Lienhard et al. [106] is also shown as a dotted line in Figure 5.2 with
N; = 1. The enhancement in CHF resulting from decreasing heater size when

j
L./M\q > 1is captured by Equation (5.4). However, when L./\; < 1, the observed
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CHF's are much less than the prediction with the one-jet model. As the heater
size continues to decrease, the fraction of heater surface area occupied by vapor
jet increases, allowing a higher fractional vapor removal rate, thereby enhancing

the CHF.

Figure 5.3 shows the sequential photographs of boiling near CHF for the discs
of diameters (a) D = 1.0 cm, (b) D = 1.5 ¢cm, and (¢) D = 2.0 cm with contact
angle 6 ~ 10° to visualize the corresponding vapor removal pattern. In the past,
some had argued about the validity of the assumption of the existence of vapor
jets in Zuber’s model. Here, a single vapor jet is clearly seen on the disc surface
near CHF. Each row of the sequential photographs depicts a complete cycle of
one vapor jet forming on the disc surface. From 0 to 100 ms, with a time interval
of 20 ms, six photographs in order show the development of the vapor jet. The
sequential photographs in Figure 5.3 visually validate the argument by Lienhard
et al. [106], that is, unlike the vapor removal pattern at CHF for large horizontal
flat plate heaters depicted in Zuber’s hydrodynamic theory, only one vapor jet
exists on heaters of sizes less than the two-dimensional "most dangerous” Taylor
wavelength \;. Furthermore, it is also observed that the vapor jet size, confined

by the surrounding vessel, decreases with decreasing heater size.

The dimensionless CHF for each disc can be calculated based on the hydrody-
namic theory using the actual vapor jet diameter that was directly measured from
the photographs taken when the vapor jet was fully developed. For the discs of
diameters D = 1.0, 1.5, and 2.0 ¢m, the measured jet diameters ranged from 0.65
to 0.87 ¢cm, 0.87 to 1.37 cm, and 1.05 to 1.55 c¢m, respectively, the corresponding
average jet diameters D, were 0.76, 1.12, and 1.30 cm. It is worth noting that
the vapor jet diameter D, = 1.30 cm observed on the 2.0-cm-diameter disc of
D/X\; = 0.74 is still about half of the two-dimensional "most dangerous” Tay-

lor wavelength Ay = 2.72 cm. The critical relative velocity for a plane interface
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Figure 5.4: Wavelengths at water-steam interface for the well wetted discs of
diameters (a) D = 1.0 cm and (b) D = 1.5 cm. (c) Half wavelengths at water-

steam interface for the well wetted 2.0-cm-diameter disc.

of inviscid liquid and vapor streams flowing parallel to each other is given by

Kelvin-Helmholtz instability, i.e.,

2m0 (p + po)
Vo—=V)) .. = ——m, 5.6
( l)cmt )\lepv ( )

where V; and V,, are the velocities of the liquid and vapor, respectively, in the direc-
tion of the vapor stream. An effort was also made to measure the Helmholtz un-
stable wavelength at water-steam interface from the photographs taken, as shown
in Figure 5.4. There is significant uncertainty in the measurement because of the
challenges of distinguishing the peak and valley of a wave and differentiating the
wave from breakups of the jet. For the discs of diameters D = 1.0, 1.5, and 2.0 cm,
the measured wavelengths ranged from 1.5 to 2.3 cm, 1.6 to 2.6 cm, and 1.3 to 2.6
cm, respectively, the corresponding average wavelengths Ay were 1.9, 2.1, and 2.0
cm. Figure 5.4 shows one of the clearest photographs of wavelengths measured at
water-steam interface for the discs of diameters (a) D = 1.0 cm and (b) D = 1.5
cm, and (c) half wavelengths measured for the 2.0-cm-diameter disc. It is of great
interest to note that the measured Helmholtz wavelengths Ay, varying from 1.3
to 2.6 cm, are comparable to the two-dimensional critical and "most dangerous”

Taylor wavelengths of 1.57 and 2.72 cm, respectively. The velocities of the liquid
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V; and vapor V,, are also governed by an equation of mass balance performed at a

horizontal cross section of the vapor stream, i.e.,
puAuVy + pi (A - Av) Vi =0, (5'7)

where A, is the cross-sectional area of the vapor jet, and A is the area of a unit
”cell” on which the vapor jet is located. As there is only one vapor jet existing on
the disc surface in this study, A is the top surface area of the disc. The critical
vapor velocity V,, .+ can be obtained by solving Equations (5.6) and (5.7) and

expressed as

2ro (Pl + pv) |: vav :| -
‘/v crit — 1+ . 5.8
ot A pipy p(A—A,) (58)
The CHF can be expressed in the form of energy balance as
vh % cry Av
qcHF = MT’t. (5.9)

By substituting the critical vapor velocity V,, ..x with Equation (5.8) and recog-
nizing (p; + pu)/p1 = 1 as long as the system pressure is enough less than the

critical pressure, the CHF expression can be written as

B [ 2mo oAy _1Av

Replacing A, /A by f, and dividing Equation (5.10) by Equation (5.3) give the

dimensionless CHF expression

1 1/4
qcHr 19.15 (i n Pu/ Pt ) [ o } . (5.11)
qcarz Vg \fo 1—f, (o1 — pv) g

According to Equation (5.11), the dimensionless CHF should be a function of the

Helmholtz unstable wavelength Ay and fraction of heater surface area occupied
by vapor jet f, for a given liquid under a certain condition. When f, is relatively
small, the term (p,/p;)/(1— f,) at low pressures is much less than the term 1/ f, in

Equation (5.11) and so can be reasonably omitted. For large horizontal flat plate
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Figure 5.5: Comparison of the measured dimensionless CHF and that calculated
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cm

heaters, \y = Ay = 2.72 em, f, = /16, and the dimensionless CHF is calculated
to be 1.14 [104,105]. In this study, however, the value of f, might be large for the
small discs. Thus, the term (p,/p;)/(1 — f,) in Equation (5.11) was included in

the following calculations.

By substituting the properties of saturated water and steam at one-atmosphere
pressure, i.e., 0 = 0.0589 N/m, p, = 957.9 kg/m?, and p, = 0.596 kg/m?, normal
earth gravitational acceleration g = 9.8 m/s?, as well as the average measured va-
por jet diameter D, (f, = (D,/D)?) and the average measured Helmholtz unstable
wavelength Ay for each disc into Equation (5.11), the corresponding dimensionless
CHF was calculated to be 4.02, 3.69, and 2.86 for the discs of diameters D = 1.0,

1.5, and 2.0 cm, respectively. Figure 5.5 shows the comparison of the measured
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dimensionless CHFs and those calculated from Equation (5.11). The bounds on
the calculated average values correspond to the cases when maximum and min-
imum values of D, were combined with maximum and minimum values of Ay,
respectively. It is not a surprise that the predicted CHFs are higher than the
measured CHFs. The two-phase flow is speculated to be more complicated than
just parallel flows of vapor and liquid traveling in opposite directions. The vapor
can drag part of the liquid nearby to move upward. This effect will not be signifi-
cant until the vapor jet is confined by the surrounding vessel. Besides, the route of
the liquid flowing back is squeezed into a thin film where the viscosity dominates.
These mechanisms not considered in the hydrodynamic theory dictate CHF when
the heater size becomes less than the two-dimensional "most dangerous” Taylor

wavelength \;.

5.2.2 Contact angle effect

Figure 5.6 shows the dimensionless CHF measured for the discs as a function
of contact angle # when the surrounding vessel diameter D was equal to the
disc diameter D, i.e., D/Dy = 1. For the discs of diameters D = 1.0, 1.5, and
2.0 cm, as the contact angle increases from about 10 to 80°, the CHF decreases
from 203 to 76 W/cm?, 181 to 74 W/cm?, and 143 to 77 W/cm?, respectively,
and the dimensionless CHF decreases from 1.85 to 0.69, 1.64 to 0.68, and 1.30
to 0.70, accordingly. CHFs reported by Maracy and Winterton [78] for a 2.66-
cm-diameter surface and Girard et al. [91] for a 1 cm X 1 cm surface of different
contact angles are also added for comparison. It should be pointed out that
Maracy and Winterton conducted transient boiling and the surface used by them
was confined by a glass tube of inner diameter that was equal to the surface
diameter, namely, D/ Dy = 1. Girard et al. performed steady-state boiling with a

large surrounding vessel, and the corresponding D /Dy was close to 0. As shown
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Figure 5.6: Dimensionless CHF as a function of contact angle 6 for the discs of

diameters D = 1.0, 1.5, and 2.0 cm

in Figure 5.6, the trend of CHF against contact angle 6 for the 1.0-cm-diameter
disc from this study is in good agreement with that for the 1 cm x 1 c¢m surface
reported by Girard et al. [91]. The CHF data in Figure 5.6 collectively show
that CHF decreases with increasing contact angle regardless of the heater size. In
addition, Figure 5.6 shows that CHF increases with decreasing heater size only for
low contact angles (or well wetted surfaces), which is attributed to the increase of
vapor removal limit, as discussed in the earlier sections. However, for high contact
angles (or partially wetted surfaces), it appears that it is not the vapor removal
limit that determines the maximum heat flux. Even the cited CHF data show
some variances at high contact angles, the heater size effect clearly diminishes
as the contact angle increases by observing the CHFs from this study. It is in

good agreement with the argument by Dhir and Liaw [93] that CHF for partially
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wetted surfaces is set by the vapor production limit, which is independent of the
heater size as long as there are many active nucleation sites on the surface. The
difference in CHF's for high contact angles reported in References [78,90,91] might
be attributed to experimental uncertainties, different types of boiling (steady-state
or transient), different methods or criteria of determining contact angle, different
surface orientations (horizontal or vertical), and other uncontrolled parameters,

such as surrounding vessel size and liquid height.

Figure 5.7 shows the sequential photographs of boiling near CHF for the 1.5-
cm-diameter disc to visualize the corresponding vapor removal pattern when the
disc featured contact angles (a) 6 = 12°, (b) § = 37°, and (c) 6 = 63°. When the
disc features different contact angles 6, the vapor generated always tends to fill
the surrounding vessel and shows no obvious difference in the vapor jet size. Even
so, as the contact angle # increases from 12 to 63°, the vapor jet appears to take
less space and leave more space for liquid flowing back toward the disc surface,
as shown in the photographs taken at 60 ms in Figure 5.7, which is possibly

attributed to the reduced vapor generation rate with increasing contact angle 6.

Both Dhir and Liaw’s vapor generation model [93] and Kandlikar’s force bal-
ance model [113] can explain the decrease in CHF with worsening surface wetta-
bility. Meanwhile, the former can also capture the interacting effect of heater size
and contact angle on CHF. Figure 5.6 shows no apparent heater size effect for the
partially wetted discs as the CHF is set by the maximum vapor generation rate,
which is independent of the heater size. However, for the well wetted discs, the
CHF is set by the maximum vapor removal rate as assumed in the hydrodynamic

theory.
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5.2.3 Surrounding vessel size effect

Figure 5.8 shows the dimensionless CHF measured for the discs of contact angle
6 ~ 10° as a function of the ratio of heater size to surrounding vessel size D/Dr.
For the discs of diameters D = 1.0, 1.5, and 2.0 cm, as the vessel diameter increases
from the disc diameter to 20.0 cm, the CHF increases from 203 to 233 W/cm?,
181 to 218 W/cm?, and 143 to 150 W/cm?, respectively, and the dimensionless
CHF increases from 1.85 to 2.11, 1.64 to 1.98, and 1.30 to 1.36, accordingly.
CHF's reported by Bockwoldt et al. [97] for a horizontal 1.5-cm-diameter surface
are also added for comparison. They did not report contact angle but stated
that CHF was measured for the nickel-plated copper surface that was aged until
the CHF became stable. Thus, it is assumed that the surface used by them was
well wetted. Besides, as they investigated the effects of surrounding vessel size
and liquid height, only the CHFs measured for liquid heights of about 20 cm are
plotted in Figure 5.8 to eliminate any effect of changed liquid height. It can be
seen from Figure 5.8 that the trend of CHF against the ratio of heater size to
surrounding vessel size D/ Dy for the 1.5-cm-diameter disc from this study agrees
well with that for the 1.5-cm-diameter surface reported by Bockwoldt et al. [97].
Figure 5.8 establishes that CHF increases as the surrounding vessel size increases.
Besides, the CHF data also point out that the magnitude of enhancement in CHF
decreases as the heater size increases. For the 2.0-cm-diameter disc, the effect of

surrounding vessel size is within the uncertainty of the CHF data.

Figure 5.9 shows the sequential photographs of boiling near CHF for the 1.5-
cm-diameter disc of contact angle § = 12° to visualize the corresponding vapor
removal pattern when the disc was surrounded by vessels of diameters (a) Dy = 1.5
cm, (b) Dy = 3.0 cm, (¢) Dy = 7.5 ¢cm, and (d) Dy = 20.0 cm. As seen in Figure
5.9 (a), when the vessel diameter Dp is 1.5 c¢m, the generated vapor develops

vertically into a continuous vapor jet. However, when the vessel diameter Dr
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increases to 3.0, to 7.5, and to 20.0 cm, as shown in Figures 5.9 (b) to (d), the
removal of generated vapor in a continuous columnar structure appears to break
down, and large vapor slugs, which appear to be discontinuous, now leave the disc

surface.

The enhancement in CHF by enlarging the surrounding vessel can be at-
tributed to induced convection flow as well as improved stability of vapor columns.
As the surrounding vessel size increases, the induced convection flow increases con-
vective heat transfer contribution and affects the formation and stability of vapor
jets. As can be deduced from Equation (5.6), the upward flow of liquid adjacent
to the vapor jet will increase the critical vapor velocity for instability to occur,

thus increasing the CHF. However, for larger heaters, when the vapor jet diameter
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is much smaller than the heater size, the convective contribution will increase. In
the absence of measurement of the flow field in the vicinity of the vapor jets, it is

difficult to separate the contribution of each.

5.3 Summary

The findings of this chapter are summarized as that (i) for well wetted surfaces,
critical heat flux increases with decreasing heater size when the heater size L. is
less than the two-dimensional " most dangerous” Taylor wavelength A4 and appears
to reach an asymptotic value at L./\g ~ 0.3, (ii) critical heat flux decreases with
increasing contact angle regardless of the heater size, (iii) the heater size effect on
critical heat flux is not pronounced for partially wetted surfaces where the critical
heat flux is limited by the maximum vapor generation rate, which is independent of
the heater size when many active nucleation sites are present, and (iv) critical heat
flux increases with increasing surrounding vessel size. However, this enhancement

degrades with increasing heater size.
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CHAPTER 6

Surface structure effect

This chapter presents the boiling heat transfer data obtained on structured and
plain surfaces and discusses the surface structure effect on nucleate boiling heat
flux for small horizontal surfaces. Comparisons of boiling curves and CHF's for
structured and plain surfaces are also performed. Prior to that, the background

of the surface structure effect is introduced.

6.1 Background

By analyzing a dataset collecting CHF's of various surface-liquid combinations
reported by Berenson [110], Lienhard and Dhir [104], Ramilison and Lienhard
[121], Rajab and Winterton [122], and Reguillot [123], Ramilison et al. [124] found
that surface wettability greatly affects CHF while surface roughness influences it
weakly. All the data were selected from horizontal flat plate heaters of sizes
greater than 2.0 times the two-dimensional "most dangerous” Taylor wavelength
Ag¢ to eliminate the influence of heater size. They postulated that the surface
roughness effect mainly manifests in early nucleate boiling regime where little

interaction occurs between neighboring nucleation sites.

However, with the development and application of micro/nanofabrication tech-
niques, a large number of boiling experiments have been carried out on mi-
cro/nanostructured surfaces and showed enhancement in nucleate boiling heat flux

and CHF to various degrees. In References [2,125-129], nanoparticles were either
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directly added in test liquids to create nanofluids or deposited on heater surfaces
to form micro/nanostructures. In References [1,3,130-133], carbon nanotubes
formed by chemical vapor deposition or nanowires fabricated by either electro-
chemical etching or deposition were applied. Besides, in References [4,134-138|,
microstructures in the form of micropillar or microcavity arrays were fabricated
and in several works were coupled with nanoparticles or nanowires to form hier-

archical structures on heater surfaces.

The majority of these studies attribute the enhancement in nucleate boiling
heat flux to a larger heating area and increased number of nucleation sites and
ascribe the increase in CHF to improved surface wettability and ”wicking effect”
resulting from the micro/nanostructure added on the heater surface [1,3,91,114,
119]. However, it is crucial to isolate the contribution of added structure from
that of improved wettability as the structure can change the apparent contact
angle of a surface, as introduced in Chapter 1. Besides, it is also noted that the
effects of heater size and surrounding vessel size were ignored in many studies. The
enhancements in CHF were concluded based on improper comparisons of the CHFs
obtained on small surfaces in large vessels with Zuber’s CHF prediction for infinite
horizontal flat plates. Therefore, it is worth investigating the individual effects of
surface structure on nucleate boiling heat flux and CHF by well controlling the

remaining experimental parameters during the study.

6.2 Results and discussion

Figure 6.1 shows the SEM images of (a) Si-nanowires and (b) Cu-nanowires sur-
faces investigated by Chen et al. [1], (c) and (d) AlyOs-nanoparticles surfaces
investigated by Kwark et al. [2], (e) and (f) Si-nanowires surfaces investigated by

Lu et al. [3], and (g) and (h) Cu-nanowires and (i) Cu-micropillars & nanowires

101



Figure 6.1: SEM images of (a) Si-nanowires and (b) Cu-nanowires surfaces in
side view [1], (c) and (d) AlyOs-nanoparticles surfaces in top view [2], (e) and (f)
Si-nanowires surfaces in side view [3], and (g) and (h) Cu-nanowires surfaces in

side view and (i) Cu-micropillars & nanowires surface in top view [4]

surfaces investigated by Wen et al. [4]. The corresponding boiling curves of satu-
rated water are shown in Figure 6.2, and the boiling curve measured in this study
for the 1.0-cm-diameter plain disc of contact angle § = 10° is added for compari-
son. For all the cases, the characteristic length of surface L, is 1.0 cm except L, =
0.8 cm in the work of Wen et al., and the surrounding vessel is much larger than
the surface, i.e., D/Dr ~ 0. As shown in Figure 6.2, the structured surface shows
earlier ONB and higher heat flux at a given surface superheat in nucleate boiling
regime for most of the cases. For instance, at surface superheat AT, = 20°C, the

structured surfaces show heat fluxes ¢ up to 2.5 times that for the plain surface.

To investigate the surface structure effect on nucleate boiling heat flux and
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Figure 6.2: Boiling curves for the structured surfaces shown in Figure 6.1. For all

the cases, the ratio of heater size to surrounding vessel size D/Dr is about 0.

CHF more rigorously and thoroughly, boiling curves for structured discs of diam-
eters D = 1.0, 1.5, and 2.0 cm were obtained for different contact angles # and
surrounding vessel diameters Dr. The structured discs were fabricated following
the methods developed in Chapter 2, in which the SEM image of the structured
surface is also shown. The boiling curves measured for the structured and plain
discs were compared by keeping other parameters nearly the same. Rohsenow’s
correlation, i.e., Equation (4.1), was applied to fit the nucleate boiling heat trans-
fer data to assess the surface structure effect on the correlating constant Cy¢. In
addition, the CHFs measured for the well wetted structured and plain discs were

compared with those reported in other studies.
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6.2.1 On nucleate boiling heat flux
For well wetted surfaces

Figure 6.3 shows the boiling curves measured for the well wetted structured discs
of diameters (a-b) D = 1.0 cm, (c-d) D = 1.5 c¢cm, and (e-f) D = 2.0 cm with
contact angle 6 = 0°. In addition, the boiling curves measured for the well wetted
plain discs of contact angle 6 ~ 10° are added for comparison. For all the cases,
the surrounding vessel diameter Dy was equal to the disc diameter D, i.e., D/Dr
= 1. In each figure, the boiling curve steepens and develops into nucleate boiling
regime earlier with structure added on the surface, while the CHF hardly changes.
For instance, as shown in Figure 6.3 (c), at surface superheat ATy = 19°C, the
heat flux ¢ is about 49 W/cm? on the 1.5-cm-diameter plain disc and increases to
about 112 W/cm? as the surface becomes structured. The corresponding CHFs

are 181 and 190 W /cm?, respectively, which are nearly the same.

Figures 6.3 (b), (d), and (f) show the boiling curves on logarithmic scales, and
Rhosenow’s correlation is plotted to fit each boiling curve. In each figure, the
linear trends formed by the boiling heat transfer data are consistent between the
structured and plain discs. Therefore, the exponent 3 on surface superheat AT in
Rohsenow’s correlation was kept the same as that chosen for the plain discs. The
corresponding fit lines are thus parallel to each other only with different values
of Csy. Csy decreases greatly with structure added on the surface. For instance,
it decreases by about 24 % from 0.0164 to 0.0125 with structure added on the

1.5-cm-diameter plain disc.

For partially wetted surfaces

It is also of great interest to look at the surface structure effect on nucleate boil-

ing heat flux for partially wetted surfaces. Figure 6.4 shows the boiling curves
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Figure 6.3: Boiling curves for the well wetted structured and plain discs of diam-

eters (a-b) D = 1.0 cm, (c-d) D = 1.5 c¢m, and (e-f) D = 2.0 cm with similar

contact angles 6. For all the cases, the ratio of heater size to surrounding vessel

size D/ Dy is 1.
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measured for the partially wetted structured discs of diameters (a-b) D = 1.0 cm,
(c-d) D = 1.5 cm, and (e-f) D = 2.0 cm with contact angle 6 ~ 60°. For compar-
ison, the boiling curves measured for the partially wetted plain discs of contact
angle 0 =~ 60° are added. For all the cases, the surrounding vessel diameter D
was equal to the disc diameter D, i.e., D/Dr = 1. In each figure, the structured
surface features higher heat flux at a given surface superheat in nucleate boil-
ing regime but shows similar CHF, which is consistent with the outcome for the
well wetted discs. For instance, as shown in Figure 6.4 (c), at surface superheat
AT, = 14°C, the heat flux ¢ is about 38 W/cm? on the 1.5-cm-diameter plain
disc and increases to about 84 W /cm? with structure added on the surface. The
corresponding CHFs are 92 and 95 W /cm?, respectively, which are nearly the
same. Figures 6.4 (b), (d), and (f) show the boiling curves on logarithmic scales,
and Rhosenow’s correlation is plotted to fit each boiling curve. In each figure,
the linear trends formed by the boiling heat transfer data are consistent between
the structured and plain discs only with decreasing C; as the surface becomes
structured. For instance, it decreases by about 24 % from 0.0131 to 0.0099 with

structure added on the 1.5-cm-diameter plain disc.

Figure 6.5 shows the value of Cs as a function of contact angle for the struc-
tured and plain discs. It indicates that for structured surfaces, C; still decreases
with increasing contact angle as long as the surface topography remains un-
changed, which agrees with that for plain surfaces, as discussed in Chapter 4.

Thus, Csf is not just a function of contact angle but also of surface topography.

Figure 6.6 shows the photographs of nucleate boiling near ¢ = 20 W/cm? on
the well wetted structured and plain discs of diameters D = 1.0, 1.5, and 2.0 cm
with similar contact angles . The structured discs feature higher heat fluxes q at
lower surface superheats AT;. A similar outcome is also found in Figure 6.7 which

2

shows the photographs of nucleate boiling near ¢ = 20 W/cm? on the partially
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contact angle @ for the structured and plain discs

wetted structured and plain discs of similar contact angles 6.

Figures 6.3 and 6.4 establish that adding structure on a heater surface con-
tributes to earlier ONB and higher heat flux in nucleate boiling regime. As one
of the results, the structured surface also features higher HTC at a given surface
superheat, as shown in Figures 6.8 and 6.9. Moreover, the consistent trends in
Figures 6.3 and 6.4 indicate that the dependence of heat flux on surface superheat

in nucleate boiling regime remains the same among structured and plain surfaces.

The enhancement in nucleate boiling heat flux can be attributed to the increase
of nucleation sites resulting from the microgrooves created on the surface. These
microgrooves, as shown in Figure 2.6, about 10 um in both width and depth,
might not work as nucleation sites directly as the dimensions are greater than the

sizes of unflooded cavities (~ 0.1 to 1 um). However, the tiny scratches and pits
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Figure 6.6: Photographs of nucleate boiling near ¢ = 20 W/cm? on the well wetted
1.0-cm-diameter (a) structured and (b) plain discs of similar contact angles 6, 1.5-
cm-diameter (c) structured and (d) plain discs of similar contact angles 6, and

2.0-cm-diameter (e) structured and (f) plain discs of similar contact angles ¢
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Figure 6.7: Photographs of nucleate boiling near ¢ = 20 W/cm? on the partially
wetted 1.0-cm-diameter (a) structured and (b) plain discs of similar contact angles
6, 1.5-cm-diameter (c) structured and (d) plain discs of similar contact angles 6,

and 2.0-cm-diameter (e) structured and (f) plain discs of similar contact angles 6
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introduced along with the sanding process are smaller than the microgrooves and
can potentially serve as additional nucleation sites. Thus, the increased number
density of nucleation sites contributes to a higher vapor generation rate, which
makes the structured surface feature higher heat flux at a given surface super-
heat. It should be stressed that the above outcomes are based on the structured
surfaces fabricated in this study. Structures fabricated in other studies might be
in favorable dimensions and can introduce more nucleation sites on the surface.
Besides, when the structure dimensions become comparable to the vapor stem
size (~ 1073 m) in fully developed nucleate boiling regime, the structure can also
reduce the thermal resistance by penetrating the liquid between the surface and

stems.

6.2.2 On critical heat flux

In the earlier section, Figures 6.3 and 6.4 also indicate that the CHF is indepen-
dent of the surface topography as long as the heater size and contact angle are
fixed. As discussed in Chapters 4 and 5, CHF for a plain surface mainly relies
on the heater size and surface wettability. Therefore, CHF for a partially wet-
ted plain surface will increase with structure added if the structure improves the
surface wettability. When a plain surface is well wetted, the CHF should corre-
spond to the maximum vapor removal rate described in the hydrodynamic theory
and thus remains unchanged even with structure added on the surface. In this
study, for plain surfaces, the highest measured CHF of 233 W/cm? was obtained
on the 1.0-cm-diameter disc of contact angle & = 10° surrounded by a 20.0-cm-
diameter vessel. Making the disc structured reduced the contact angle 6 to 0°,
while the measured CHF is 229 W /cm? and hardly changed. Similar CHFs were
also reported by Bockwoldt et al. (L. = 1.5 cm and gogr = 227 W/cm?) [97],
Girard et al. (L. = 1.0 cm and gopp = 202 W/cm?) [91], and Das et al. (L.
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= 0.9 em and gepr = 236 W/ecm?) [139] who boiled saturated water on small
plain surfaces that were well wetted. It is worth noting that enhanced CHFs,
recently reported in some experimental studies and claimed to be the results of

adding micro/nanostructures, also reached about 2.0 to 2.5 times Zuber’s CHF

prediction [1-4,98,114,137,139].

Table 6.1 summarizes the experimental parameters and surface characteristics
of several representative studies and this study. In these studies, CHF was mea-
sured for either plain or structured surfaces or both. Several essentials need to
be pointed out before comparing the CHFs. (i) Different methods and criteria of
determining contact angle were employed in these studies, e.g., Chu et al. [137]
adopted receding contact angles, while the rest used apparent static contact an-
gles. Besides, measuring contact angles before and after boiling can also give
different values due to surface aging and potential fouling, e.g., in this study, the
pre- and post-boiling contact angles can show a difference up to 23°, as shown
in Table 2.1. Other factors like droplet size, time of measurement after placing
droplet, and liquid and surface temperatures can also affect measured contact an-
gle. (ii) The ratios of heater size to surrounding vessel size were different in these
studies. As shown in Table 6.1, Lienhard et al. [106], Maracy and Winterton [78],
and Bockwoldt et al. [97] performed boiling near D/Dy = 1, while the remain-
ing conducted boiling near D/D7y = 0 or did not report any information about
liquid-holding vessel. (iii) Liquid heights might be different in these studies as
well. Elkassabgi and Lienhard [96] and Bockwoldt et al. [97] studied the effect of
liquid height on CHF and found that CHF increased and asymptotically reached
its maximum with increasing liquid height. Overall, these existing and potential

differences should be aware when comparing the CHF's from these studies.

Figure 6.10 shows the dimensionless CHF as a function of heater size nondi-

mensionalized with the two-dimensional "most dangerous” Taylor wavelength
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Figure 6.10: Dimensionless CHF as a function of heater size in wavelengths L./\y

for the well wetted plain and structured surfaces

L./ A for the well wetted plain and structured surfaces of contact angles 6 < 20°
from the studies summarized in Table 6.1. It indicates that CHF above that for
large horizontal flat plate heaters only occurs when the heater size is less than Ay,
i.e., L./A\q < 1, regardless of the surface topography. The variances among the
CHF's at a given heater size in Figure 6.10 can be attributed to the experimental
uncertainties and different experimental parameters as discussed above. However,
at L./\g = 0.73, relatively large variances exist between the CHF's reported by
Chu et al. [137] and Lu et al. [3] for their structured surfaces of contact angle
60 = 0°. Compared to the CHFs from this study, as shown in Figure 6.10, the
CHF's reported by Chu et al. are higher, and that reported by Lu et al. is lower.
It cannot be interpreted by the contribution of surface roughness that was pro-

posed by Chu et al. as the Si-nanowires surface used by Lu et al. also featured
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great roughness. Besides, a CHF reported by Chen et al. [1] at L./\g = 0.37
appears to be lower than the remaining, which cannot be explained as the plain
surface was also well wetted. Despite several CHF's not following the trend of CHF
against heater size, the upper envelope of the CHF data clearly indicates that for
well wetted surfaces, CHF increases with decreasing heater size and asymptoti-
cally reaches about 2.0 to 2.5 times Zuber’s CHF prediction whether the surfaces

are plain or structured.

According to the above comparison, it is rational to infer that the enhancement
in CHF by adding structures is attributed to the surface wettability improved
by the structures rather than the structures themselves. CHFs above that for
large horizontal flat plate heaters result from decreasing the sizes of well wetted
surfaces to less than the two-dimensional "most dangerous” Taylor wavelength
A4, as discussed in Chapter 5. For well wetted surfaces, CHF is governed by the

hydrodynamic limit rather than the surface characteristics.

6.3 Summary

The findings of this chapter are summarized as that (i) adding structure on a
heater surface can lift up the boiling curve and enhance the nucleate boiling heat
flux by introducing more nucleation sites, (ii) adding structure can also increase
the critical heat flux by improving the surface wettability, and however, (iii) crit-
ical heat flux depends on heater size and contact angle and is independent of

surface topography.
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CHAPTER 7

Conclusion

By boiling saturated water at one-atmosphere pressure on horizontal flat heaters
of sizes less than the two-dimensional "most dangerous” Taylor wavelength but
much greater than the capillary length, with different contact angles, surrounded
by vessels of different sizes, and of plain and structured surfaces, the following

conclusions are arrived at.

1. For well wetted surfaces, boiling curve is insensitive to heater size, but
critical heat flux increases with decreasing heater size when the heater size L. is
less than the two-dimensional "most dangerous” Taylor wavelength A\; and appears

to reach an asymptotic value at L./A; =~ 0.3.

2. Hydrodynamic theory with modification overpredicts critical heat flux when
the heater size L. is less than the two-dimensional " most dangerous” Taylor wave-
length Ayz. It indicates that the liquid viscosity should be considered when the

vapor jet is confined.

3. Boiling curve shifts to the left with decreasing critical heat flux when the

contact angle increases regardless of the heater size.

4. The heater size effect on critical heat flux is not pronounced for partially
wetted surfaces where the critical heat flux is limited by the maximum vapor gen-
eration rate, which is independent of the heater size when many active nucleation

sites are present.

5. Enlarging the surrounding vessel does not affect boiling curve at low heat
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fluxes but increases critical heat flux. However, this enhancement degrades with

increasing heater size.

6. Surface roughness/structure promotes nucleate boiling, while critical heat

flux is still governed by heater size and contact angle.

7. For plain surfaces, the highest measured critical heat flux of 233 W/cm? or
2.11 times Zuber’s critical heat flux prediction for infinite horizontal flat plates
was obtained on a 1.0-cm-diameter disc of contact angle 10° surrounded by a
large vessel. Adding structure on the surface reduced the contact angle to 0° and

enhanced the nucleate boiling but not the critical heat flux.
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Appendix A

Characterization of cartridge heaters

The four cartridge heaters used in this study are identical in dimensions and
feature the same electrical behavior. Figure A.1 shows the voltage-current char-
acteristic for one of the cartridge heaters with a zero-intercept linear fit line added.
The slope, namely, the electrical resistance of the cartridge heater, is 29.17 4 0.08
2, and the corresponding coefficient of determination is 1. The average electrical
resistance is determined to be R, = 29.0 + 0.2 Q based on the characterization

of all the four cartridge heaters.
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10 ©&# |- Zero-intercept linear fit line
o slope =29.17 £ 0.08 Q
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Current, | (A)

Figure A.1: Voltage-current characteristic for one of the cartridge heaters
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Appendix B

Verification of linear dependences

The linear correlation between the boiling heat flux ¢ and temperature differ-
ence (T3-T7), and that between the boiling heat flux ¢ and temperature difference
(T1—Ty) declared in Chapter 3 were verified by linear regression. For demonstra-
tion, the measured temperatures and calculated boiling heat transfer data for the
discs of diameters D = 1.0, 1.5, and 2.0 cm with contact angle # = 80° and the
ratio of heater size to surrounding vessel size D/Dy = 1 were used. The surface
temperatures T, and corresponding heat fluxes ¢ for each case are tabulated in

Tables C.6, C.12, and C.18 in Appendix C for reference.

Figure B.1 shows the heat flux ¢ as a function of k.(73-1})/d; for the discs of
diameters (a) D = 1.0 cm, (¢) D = 1.5 ¢cm, and (e) D = 2.0 cm, and the heat
flux ¢ as a function of (T1-T)/(d/k. + dy/k,) in (b), (d), and (f), correspond-
ingly. A zero-intercept linear fit line is added in each figure to assess the linear
correlation declared in Equation (3.13) or (3.15) and calculate the corresponding
proportionality constant. As shown in Figure B.1, all the coefficients of determi-
nation are about 1, which proves the linearity. Moreover, all the proportionality
constants feature fractional uncertainties less than 0.3 %, which results from the
limited precision of the numerical simulation. The fractional uncertainties of the
proportionality constants are much smaller compared with those of the variables
in Equations (3.13) and (3.15), thus being reasonably neglected in the uncertainty

analysis.
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Figure B.1: Heat flux ¢ as a function of k.(73-17)/d; for the discs of diameters

(a) D =1.0cm, (¢) D =15 cm, and (e) D = 2.0 cm. Heat flux ¢ as a function
of (Ih-T5)/(d/k. + d,/k,) for the discs of diameters (b) D = 1.0 cm, (d) D = 1.5
cm, and (f) D = 2.0 cm.
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Appendix C

Boiling heat transfer data

The surface temperature Ty and corresponding boiling heat flux ¢ were calculated
following the spatial temperature distribution method developed in Chapter 3
using the measured temperatures 77, T5, and T3 at each steady state. The surface
temperature T, and its uncertainty 07, were rounded to the tenths place for a
higher resolution of the boiling curve, while the heat flux ¢ and its uncertainty
0q were rounded to the nearest integer in consideration of the latter magnitude.
Tables C.1 to C.6, C.7 to C.12, and C.13 to C.18 summarize the boiling heat
transfer data and uncertainties for the plain discs of diameters D = 1.0, 1.5, and
2.0 cm, respectively. Tables C.19 and C.20, C.21 and C.22, and C.23 and C.24
summarize the boiling heat transfer data and uncertainties for the structured discs

of diameters D = 1.0, 1.5, and 2.0 cm, respectively.
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Table C.1: Surface temperatures T and corresponding heat fluxes ¢ for the 1.0-
cm-diameter plain disc of contact angle # = 10° surrounded by vessels of different

diameters Dp

T, 6T q 5q Dr =5.0cm
Q) °C) (W/em2)  (W/em?) 105.8 1.1 1 3
Dy = 1.0 cm 111.8 1.1 11 3
109.0 1.1 6 3 114.3 1.3 20 3
114.7 1.3 18 3 116.9 1.5 37 3
116.5 1.4 27 3 118.8 1.8 53 4
120.5 2.0 61 4 120.9 2.2 71 5
122.9 2.5 84 5 123.8 2.9 99 6
124.7 3.1 110 6 125.9 3.4 121 7
126.8 3.8 135 7 128.3 4.1 146 8
128.6 4.4 158 9 130.0 4.5 163 9
130.6 5.0 183 10 132.0 5.2 188 10
131.7 5.4 196 10 133.8 5.7 209 11
132.8 5.5 201 11 134.6 6.0 219 12
133.2 5.6 203 11 135.1 6.2 228 12
Dy = 2.0 cm 135.8 6.3 233 12

108.4 1.1 5 3 Dr = 20.0 cm
113.9 1.2 15 3 109.9 1.1 3 3
115.8 1.4 27 3 113.7 1.2 15 3
117.7 1.6 44 4 116.3 1.4 27 3
119.8 2.0 63 4 118.1 1.5 40 3
121.8 2.6 87 5 119.8 1.8 53 4
123.6 3.2 111 6 121.2 2.1 65 4
125.6 3.8 134 7 122.5 2.4 78 5
127.1 43 153 8 123.6 2.7 91 5
129.5 5.0 184 10 125.3 3.1 106 6
130.5 5.3 193 10 126.6 3.4 120 7
131.9 5.7 209 11 128.2 3.8 135 7
132.8 5.8 212 11 130.4 4.4 160 9
131.8 4.8 174 9
134.2 5.4 198 11
135.6 5.9 215 11
137.3 6.3 231 12
137.9 6.3 233 12
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Table C.2: Surface temperatures T and corresponding heat fluxes ¢ for the 1.0-
cm-diameter plain disc of contact angle = 27° surrounded by vessels of different

diameters Dr

Ts 0T q 5q D7 =5.0cm

(°C) (°C) (W/em2)  (W/em?) 108.0 1.1 5 3

Dy =1.0 cm 113.7 1.3 292 3
106.2 1.2 2 3 117.2 1.7 49 4
112.6 1.2 14 3 119.2 2.1 68 4
115.0 1.3 24 3 120.7 2.5 33 5
116.9 1.5 38 3 122.2 2.8 97 6
118.3 1.8 51 4 123.7 3.3 115 7
120.1 2.1 68 4 124.9 3.7 132 7
121.8 25 84 5 125.9 4.0 145 8
123.6 2.9 101 6 126.6 4.3 154 8
125.1 3.4 118 7 128.0 4.7 169 9
126.1 3.7 130 7 128.5 4.8 176 9
126.9 4.0 143 8 129.1 5.1 184 10
127.7 4.3 155 ] 129.8 5.2 190 10
127.9 4.4 160 9 Dy = 20.0 cm

Dp = 2.0 cm 109.0 1.1 8 3
107.7 1.1 4 3 113.5 1.3 23 3
113.6 1.3 18 3 115.7 1.5 39 3
116.4 14 35 3 117.1 1.7 50 4
117.9 1.8 51 4 119.0 2.1 65 4
119.3 2.1 64 4 121.0 2.5 83 5
120.6 2.4 78 5 123.1 3.0 105 6
121.8 2.7 90 5 124.6 3.4 120 7
123.7 3.2 111 6 126.3 3.9 138 8
125.0 3.6 128 7 127.8 4.3 154 8
125.7 3.9 139 8 129.5 4.8 173 9
127.0 4.3 154 ] 130.5 5.0 184 10
128.1 4.6 166 9 130.7 5.2 188 10
128.5 4.6 168 9
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Table C.3: Surface temperatures T and corresponding heat fluxes ¢ for the 1.0-
cm-diameter plain disc of contact angle = 43° surrounded by vessels of different

diameters Dr

Ts 8T q 5q Dy = 5.0 cm
°C) °C) (W/em?)  (W/em?) 110.0 1.2 10 3
Dy — 1.0 cm 112.6 1.3 21 3
108.4 1.1 6 3 115.8 1.5 41 3
110.6 1.1 10 3 117.4 1.8 54 4
113.6 1.3 23 3 119.1 2.2 72 5
116.5 1.6 45 4 120.5 2.6 86 5
117.9 1.9 57 4 121.8 2.9 101 6
119.5 2.2 70 5 122.8 3.2 114 6
120.6 2.4 80 5 123.5 3.6 126 7
122.0 2.7 93 6 125.1 4.0 144 8
123.6 3.1 108 6 125.2 4.0 145 8
124.6 3.4 119 7 Dr = 20.0 cm
125.2 3.5 125 7 108.4 1.1 7 3
125.3 3.6 127 7 111.6 1.3 19 3
Dy = 2.0 cm 114.7 1.6 42 3
107.9 1.1 5 3 116.6 1.9 55 4
112.0 1.3 17 3 118.5 2.2 69 4
115.1 1.5 39 3 120.1 2.5 84 5
116.7 1.8 51 4 121.4 2.9 99 6
118.7 2.0 63 4 122.9 3.3 115 7
120.1 2.3 7 5 124.9 3.9 138 8
121.3 2.6 ]9 5 125.9 4.2 149 8
122.5 2.9 100 6 126.2 4.2 152 8
123.8 3.2 114 6
124.9 3.6 126 7
125.6 3.8 133 7
126.3 3.9 139 8
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Table C.4: Surface temperatures Ty and corresponding heat fluxes ¢ for the 1.0-
cm-diameter plain disc of contact angle = 54° surrounded by vessels of different

diameters Dr

Ts 0T q 5q Dr = 5.0 cm

(°C) (°C) (W/Cm2) (W/sz) 106.0 1.2 3 3

Dy = 1.0 cm 111.0 1.3 17 3
110.1 1.1 11 3 114.1 1.5 37 3
113.8 1.4 29 3 115.0 1.6 45 4
115.6 1.6 44 3 117.0 2.0 62 4
117.1 1.9 56 4 118.6 2.5 84 5
118.1 2.1 64 4 120.1 2.9 101 6
119.7 2.4 79 5 121.3 3.3 114 6
121.3 2.8 96 6 122.6 3.6 127 7
122.7 3.1 110 6 123.2 3.6 129 7
122.8 3.2 111 6 Dr =20.0 cm

Dy = 2.0 cm 109.0 1.1 9 3
110.6 1.2 12 3 112.2 1.3 26 3
114.3 1.4 35 3 114.8 1.7 48 4
116.6 1.8 52 4 116.5 2.1 64 4
117.9 2.1 65 4 117.9 2.4 79 5
120.1 2.6 89 5 119.8 2.8 97 6
121.3 3.0 102 6 121.4 3.2 113 6
122.2 3.3 114 6 122.8 3.6 128 7
122.4 3.4 119 7 123.3 3.7 131 7
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Table C.5: Surface temperatures T and corresponding heat fluxes ¢ for the 1.0-
cm-diameter plain disc of contact angle # = 65° surrounded by vessels of different

diameters Dy

Ts 5T q 5q Dr = 5.0 cm
o) Q) (W/em2)  (W/em?) 107.9 1.1 5 3
Dy = 1.0 cm 110.4 1.3 17 3
107.5 1.1 4 3 112.0 1.4 28 3
110.4 1.2 15 3 113.6 1.6 42 3
112.0 1.3 2 3 114.9 1.9 55 4
113.8 15 39 3 116.3 2.1 68 4
114.2 1.6 43 3 117.6 2.4 80 5
115.6 1.9 58 4 118.8 2.7 93 6
116.7 2.2 70 5 119.7 2.9 101 6
117.6 2.4 80 5 120.3 3.0 105 6
118.5 2.7 92 5 Dy = 20.0 cm
118.7 2.7 93 6 108.7 1.1 7 3
Dy = 2.0 cm 110.5 1.2 16 3
108.3 1.1 6 3 112.4 1.4 29 3
110.0 1.2 12 3 113.6 1.5 41 3
111.3 1.3 21 3 114.5 1.7 50 4
113.7 1.5 39 3 115.5 2.0 62 4
115.3 1.8 52 4 116.6 2.3 76 5
117.1 2.1 68 4 117.5 2.6 87 5
118.3 2.4 79 5 118.5 2.9 99 6
119.3 2.7 92 5 119.3 3.0 103 6
119.7 2.9 98 6
120.0 2.9 99 6
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Table C.6: Surface temperatures T and corresponding heat fluxes ¢ for the 1.0-
cm-diameter plain disc of contact angle # = 80° surrounded by vessels of different

diameters Dr

Ts 0T q 8q D7 =5.0cm
(°C) (°C) (W/em?)  (W/cm?) 107.6 11 5 3
Dy =1.0cm 109.8 1.2 12 3
105.3 1.1 1 3 111.9 1.4 30 3
110.5 1.3 17 3 113.1 1.6 44 4
112.2 1.4 28 3 114.4 1.9 57 4
113.2 1.5 36 3 115.7 2.2 72 5
114.2 1.6 45 4 116.7 2.5 82 5
115.7 2.0 60 4 117.2 2.6 88 5
116.4 2.1 66 4 Dy = 20.0 cm
117.1 2.3 74 5 107.3 1.1 7 3
117.4 2.3 76 5 109.2 1.1 11 3
Dy — 2.0 em 111.8 1.4 28 3
107.0 1.1 5 3 113.5 1.5 41 3
110.0 1.2 15 3 115.8 2.0 60 4
111.8 1.4 30 3 117.5 2.3 75 5
113.3 1.6 44 3 118.7 2.6 85 5
114.5 1.9 58 4 119.1 2.6 88 5
115.7 2.2 69 4
116.4 2.4 79 5
116.6 2.5 81 5

129



Table C.7: Surface temperatures T and corresponding heat fluxes ¢ for the 1.5-
cm-diameter plain disc of contact angle # = 12° surrounded by vessels of different

diameters Dr

Ty 8T q 5q Dp =7.5cm
(°C) (°C) (W/Cm2) (W/sz) 110.1 0.8 6 2
Dy — 1.5 cm 113.1 0.9 13 2
109.3 0.8 6 9 116.5 1.2 34 3
114.6 1.0 20 2 119.8 1.8 60 4
117.0 1.2 35 3 121.7 2.3 82 5
118.9 1.5 49 3 124.7 3.2 117 6
121.3 2.0 70 4 126.5 3.7 136 7
122.7 25 89 5 128.3 4.2 156 8
124.6 3.0 110 6 130.0 4.8 180 10
126.3 3.5 129 7 131.5 5.2 196 10
127.8 4.0 148 8 132.7 5.7 213 11
130.2 4.6 170 9 133.0 5.8 218 11
131.0 4.8 178 9 Dy = 20.0 cm
131.2 4.8 181 10 109.7 0.8 5 2
Dp = 3.0 cm 113.1 0.9 13 2
111.5 0.9 8 2 118.8 1.5 49 3
115.4 1.0 24 2 120.4 1.8 60 4
117.8 1.4 40 3 122.8 2.3 82 5
119.3 1.7 54 3 1245 2.7 98 5
120.8 2.0 69 4 126.4 3.2 117 6
121.4 2.2 76 4 128.5 3.7 136 7
123.1 2.7 97 5 130.1 4.2 157 8
123.9 3.0 108 6 132.7 4.8 180 10
126.2 3.7 136 7 134.3 5.2 196 10
126.9 4.0 149 8 135.2 5.6 211 11
127.9 45 166 9 135.2 5.7 215 11
129.9 4.8 181 10 134.8 5.8 218 11
131.6 5.1 192 10
131.6 5.2 195 10
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Table C.8: Surface temperatures T, and corresponding heat fluxes ¢ for the 1.5-
cm-diameter plain disc of contact angle 8 = 27° surrounded by vessels of different

diameters Dr

Ts 0T q dq Dpr =7.5cm
©C) ©C) (W/em?)  (W/cm?) 109.8 0.8 8 2
Dy — 1.5 cm 115.3 1.1 28 2
111.1 0.9 11 2 117.5 1.4 44 3
115.0 1.1 27 9 119.1 1.8 59 4
116.7 1.3 38 3 120.8 2.2 79 5
118.1 1.6 51 3 122.1 2.6 95 5
120.1 2.0 68 4 122.9 2.9 105 6
121.6 2.4 86 5 123.9 3.3 120 7
123.1 2.7 99 5 125.4 3.8 140 7
124.3 3.1 113 6 125.8 3.9 144 8
125.7 3.5 131 7 126.2 4.1 153 8
127.2 3.9 146 ] 126.9 4.4 165 9
127.3 4.1 152 8 127.3 4.5 169 9
Dr = 3.0 cm Dr = 20.0 cm
113.0 1.0 18 2 112.4 0.9 16 2
115.3 1.1 29 2 115.4 1.1 31 3
116.8 1.3 38 3 117.8 1.5 49 3
120.0 2.0 68 4 119.3 1.9 64 4
121.3 2.3 81 5 120.9 2.3 83 5
122.4 2.6 95 5 122.3 2.7 97 5
123.1 2.8 103 6 123.9 3.2 115 6
123.6 3.0 108 6 125.6 3.6 134 7
125.0 3.4 125 7 127.0 4.0 149 8
126.1 3.8 140 8 128.3 4.4 163 9
126.3 4.1 154 8 128.4 4.6 170 9
126.0 4.3 159 8
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Table C.9: Surface temperatures T and corresponding heat fluxes ¢ for the 1.5-
cm-diameter plain disc of contact angle § = 37° surrounded by vessels of different

diameters Dy

T, 5T q 5q Dr =7.5cm
°C) ) (W/em2) (W /cm?) 110.9 0.9 13 2
Dy = 1.5 cm 112.8 1.0 22 2
110.5 0.9 10 9 114.6 1.2 32 3
113.2 1.0 20 9 116.0 1.4 44 3
115.4 1.3 36 3 117.4 1.7 58 4
117.5 1.6 52 3 118.8 2.1 72 4
119.2 1.9 67 4 120.1 2.4 85 5
120.0 2.1 75 4 121.1 2.6 94 5
121.4 2.4 &7 5 121.9 2.8 102 6
123.1 2.9 105 6 123.4 3.2 118 6
124.1 3.2 117 6 124.4 3.6 132 7
125.1 3.5 127 7 125.2 3.8 142 8
125.1 3.5 131 7 125.6 4.0 147 8
Dr = 3.0 cm Dp = 20.0 cm
110.2 0.8 9 9 107.8 0.8 4 2
113.3 1.0 23 2 112.2 1.0 20 2
116.4 1.4 45 3 114.9 1.3 36 3
118.2 1.8 59 4 117.2 1.7 55 3
119.5 2.1 74 4 118.8 2.1 72 4
120.8 2.5 88 5 120.5 2.5 91 5
121.9 2.8 100 6 122.3 3.0 108 6
123.3 3.1 115 6 123.0 3.1 115 6
124.2 3.4 127 7 124.2 34 126 7
125.4 3.7 138 7 125.2 3.5 131 7
125.6 3.8 141 g 125.3 3.9 145 8
125.6 4.0 149 8
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Table C.10: Surface temperatures T and corresponding heat fluxes ¢ for the 1.5-
cm-diameter plain disc of contact angle # = 53° surrounded by vessels of different

diameters Dr

Ts 5T q 5q Dy =7.5cm
(°C) (°C) (W/Cm2) (W/CmZ) 110.9 0.9 12 2
Dy — 1.5 cm 113.7 1.0 25 2
108.9 0.8 8 2 115.1 1.3 38 3
112.1 1.0 20 2 116.9 1.7 54 3
114.6 1.4 40 3 118.1 2.0 68 4
116.3 1.6 54 3 119.2 2.2 76 4
117.7 2.0 69 4 120.1 2.5 88 5
119.0 2.3 81 5 122.0 3.0 110 6
119.8 2.6 93 5 122.5 3.3 120 7
120.6 2.9 104 6 122.8 3.3 122 7
121.0 2.9 107 6 Dr =20.0 cm
Dy — 3.0 cm 107.4 0.8 5 2
109.2 0.9 8 9 111.9 1.0 17 2
112.2 1.0 19 2 114.9 1.2 35 3
114.4 1.2 34 3 116.9 1.7 54 3
116.2 15 49 3 118.6 2.1 74 4
117.8 1.9 63 4 119.8 2.5 90 5
118.9 2.1 73 4 120.7 2.9 106 6
119.9 2.4 84 5 121.2 3.0 111 6
121.0 2.7 97 5 121.3 3.2 119 6
121.4 3.0 110 6 121.2 3.3 122 7
121.2 3.1 113 6
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Table C.11: Surface temperatures T, and corresponding heat fluxes ¢ for the 1.5-
cm-diameter plain disc of contact angle § = 63° surrounded by vessels of different

diameters Dr

Ts 0T q dq Dpr =7.5cm
(°C) (°C) (W/em?)  (W/cm?2) 108.6 0.9 8 2
Dp = 1.5 cm 111.5 1.0 24 2
108.0 0.8 7 9 113.3 1.2 35 3
110.7 1.0 17 2 114.3 1.4 42 3
112.3 1.1 26 2 115.3 1.6 52 3
113.9 1.3 38 3 116.6 1.9 64 4
114.5 1.4 45 3 118.1 2.1 75 4
115.9 1.7 55 3 119.2 2.5 90 5
117.0 1.9 65 4 119.6 2.7 97 5
117.8 2.1 74 4 120.1 2.9 104 6
118.8 2.4 84 5 119.7 2.9 104 6
119.2 2.6 92 5 Dy = 20.0 cm
119.3 2.6 92 5 107.5 0.8 6 2
Dy — 3.0 em 110.9 1.0 18 2
105.0 0.9 1 9 112.6 1.1 29 2
107.5 0.8 6 9 113.9 1.3 40 3
109.6 0.9 13 9 114.8 1.5 49 3
111.4 1.0 22 9 115.9 1.8 59 4
113.2 1.2 33 3 117.2 2.1 72 4
115.1 1.5 47 3 118.2 2.3 83 5
116.4 1.7 58 4 119.2 2.6 95 5
117.5 2.0 70 4 119.9 2.8 102 6
119.0 2.3 83 5 119.5 2.9 104 6
120.1 2.6 95 5
120.2 2.7 97 5
120.4 2.7 97 5
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Table C.12: Surface temperatures T and corresponding heat fluxes ¢ for the 1.5-
cm-diameter plain disc of contact angle # = 80° surrounded by vessels of different

diameters Dr

Ts 6T q 8q D =7.5cm
(°C) (°C) (W /cm?) (W/cm?) 107.0 0.8 5 2
Dy — 1.5 cm 109.9 0.9 16 2
105.8 0.8 2 9 111.7 1.1 30 3
110.2 0.9 16 2 113.1 1.4 40 3
111.7 1.1 26 2 114.4 1.6 51 3
113.0 1.2 35 3 115.4 1.8 61 4
114.2 1.5 46 3 116.3 2.0 71 4
115.4 1.7 58 4 117.1 2.3 81 5
116.4 1.9 66 4 116.4 2.3 83 5
117.0 2.1 74 4 Dp = 20.0 cm
117.2 2.1 74 4 104.8 0.8 2 2
Dr = 3.0 cm 108.2 0.8 9 2
108.8 0.9 11 2 109.6 0.9 16 2
110.7 1.0 23 2 111.4 1.1 29 2
111.9 1.2 31 3 112.7 1.3 38 3
113.3 1.4 43 3 114.2 1.6 52 3
114.4 1.6 54 3 115.4 1.8 63 4
115.6 1.9 65 4 116.5 21 72 4
116.5 2.1 73 4 117.0 2.3 80 5
116.5 2.2 79 5 117.2 2.3 83 5
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Table C.13: Surface temperatures Ts and corresponding heat fluxes ¢ for the 2.0-
cm-diameter plain disc of contact angle # = 12° surrounded by vessels of different

diameters Dy

Ts 0T q 5q Dp = 10.0 cm
(°C) (°Q) (W/em?)  (W/cm?) 108.6 0.7 4 2
Dy = 2.0 cm 110.9 0.7 8 2
105.6 0.7 1 9 114.6 0.8 19 2
110.3 0.7 7 9 117.0 1.0 28 2
115.1 0.9 21 2 118.9 1.2 38 3
116.4 1.0 29 9 121.3 1.5 50 3
118.1 1.3 41 3 123.7 1.9 66 4
119.2 1.4 48 3 125.2 2.2 78 4
120.1 1.6 56 3 127.7 2.7 98 5
121.3 1.8 66 4 129.4 3.0 113 6
123.1 2.2 78 4 130.4 3.3 123 7
124.8 2.5 91 5 131.5 3.6 135 7
125.8 2.7 99 5 132.2 3.8 144 8
127.1 2.9 109 6 133.3 4.0 149 8
129.0 3.3 122 7 133.5 4.0 151 8
130.8 3.7 138 7 Dp = 20.0 cm
131.3 3.8 142 7 107.3 0.7 3 2
132.0 3.8 143 8 111.2 0.7 8 2
Dy = 4.0 cm 113.2 0.7 12 2
106.1 0.7 2 9 115.9 0.9 21 2
109.8 0.7 6 2 118.2 1.1 32 2
114.2 0.8 17 2 119.9 1.2 40 3
115.6 0.9 25 9 122.0 1.6 56 3
117.2 1.1 34 2 124.0 1.9 69 4
118.7 1.3 44 3 125.9 2.3 85 5
119.7 1.5 51 3 127.6 2.6 97 5
121.2 1.8 63 4 129.2 3.0 113 6
123.1 2.1 77 4 130.3 3.3 123 7
124.1 2.3 85 5 131.3 3.6 136 7
125.4 2.6 95 5 132.5 4.0 150 8
127.0 2.9 107 6
128.9 3.3 124 7
129.5 3.5 130 7
130.6 3.7 140 7
131.7 4.0 151 8
132.2 4.0 151 8
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Table C.14: Surface temperatures T, and corresponding heat fluxes ¢ for the 2.0-
cm-diameter plain disc of contact angle 8 = 24° surrounded by vessels of different

diameters Dr

Ts 0T q 5q D7 = 10.0 cm
(°C) (°C) (W/em?)  (W/em?) 108.0 0.7 4 2
Dp = 2.0 cm 112.0 0.8 11 2
107.0 0.7 3 9 116.3 1.1 32 2
110.4 0.7 7 9 117.9 1.3 44 3
114.1 0.8 17 2 118.5 1.5 50 3
116.5 1.1 31 2 120.2 1.9 67 4
118.2 1.3 43 3 121.1 2.1 76 4
119.6 1.5 53 3 121.8 2.3 86 5
121.5 1.9 69 4 122.6 2.6 94 5
122.4 2.9 80 4 123.3 2.8 102 5
123.8 2.6 96 5 124.3 3.0 113 6
124.3 2.8 103 6 125.2 3.2 121 6
124.9 3.0 110 6 126.6 3.5 132 7
125.4 3.2 118 6 1271 3.6 134 7
126.3 3.4 126 7 Dy = 20.0 cm
127.1 3.6 133 7 106.5 0.7 2 2
127.4 3.6 136 7 1114 0.8 10 2
Dy = 4.0 cm 112.8 0.7 14 2
109.0 0.7 5 9 114.9 0.9 23 2
111.4 0.7 8 9 116.5 1.1 32 2
113.8 0.8 16 2 118.4 1.3 43 3
116.2 1.0 30 9 119.3 1.5 51 3
118.2 1.3 43 3 120.3 1.7 60 3
119.4 1.6 54 3 1211 2.0 70 4
120.7 1.9 67 4 122.1 2.2 80 4
121.5 2.0 73 4 123.0 2.5 92 5
121.9 2.9 81 4 123.8 2.7 101 5
122.6 2.4 89 5 124.7 3.1 114 6
123.5 2.8 102 5 125.6 3.4 126 7
124.2 3.0 113 6 126.6 3.6 133 7
125.1 3.3 123 7 127.1 3.6 135 7
125.9 3.6 133 7
126.0 3.6 137 7
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Table C.15: Surface temperatures T and corresponding heat fluxes ¢ for the 2.0-
cm-diameter plain disc of contact angle # = 39° surrounded by vessels of different

diameters Dy

Ts 6T q 5q Dy = 10.0 cm
°C) °C) (W/em2)  (W/em?) 109.1 0.7 8 2
Dy — 2.0 cm 111.7 0.8 17 2
108.3 0.7 6 9 113.1 0.9 22 2
112.3 0.8 17 2 114.4 11 31 2
114.5 1.0 30 9 115.6 1.3 43 3
115.9 1.3 41 3 116.9 1.6 54 3
116.7 1.4 48 3 118.0 1.8 62 4
117.7 1.6 56 3 119.2 2.1 76 4
118.4 1.8 63 4 120.7 2.5 90 5
119.5 2.0 71 4 121.8 2.7 101 5
120.4 2.2 80 4 122.9 3.0 110 6
1215 25 91 5 123.3 3.2 118 6
122.5 2.8 103 6 124.0 3.1 116 6
123.3 3.0 113 6 Dp = 20.0 cm
123.4 3.1 116 6 105.6 0.7 3 2
Dp = 4.0 cm 110.8 0.7 12 2
110.1 0.8 10 2 112.6 0.8 17 2
112.7 0.8 19 2 113.5 0.9 24 2
114.1 0.9 24 2 115.0 11 33 2
115.6 1.1 36 9 116.5 1.3 43 3
116.5 1.3 a4 3 1174 1.5 50 3
117.8 1.6 55 3 118.7 1.6 58 3
118.6 1.8 62 4 120.1 1.9 68 4
119.5 2.0 70 4 121.1 21 77 4
119.9 2.0 73 4 121.8 2.3 85 5
121.9 2.5 91 5 123.0 2.5 93 5
122.9 2.7 100 5 123.6 2.7 100 5
123.7 3.0 110 6 123.9 2.9 109 6
124.0 3.1 115 6 124.3 31 114 6
124.5 3.2 119 6
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Table C.16: Surface temperatures T and corresponding heat fluxes ¢ for the 2.0-
cm-diameter plain disc of contact angle 8 = 51° surrounded by vessels of different

diameters Dy

Ts 6T q 5q D7 =10.0 cm

(°C) (°Q) (W/em?)  (W/cm?) 106.3 0.7 2 2

Dp = 2.0 cm 110.0 0.7 10 2
107.6 0.7 3 9 113.0 0.9 26 2
110.7 0.7 12 9 113.6 1.1 32 2
112.5 0.9 21 2 114.4 1.3 41 3
114.0 1.1 31 2 115.9 1.6 54 3
115.4 15 49 3 116.7 1.7 61 4
116.3 1.7 60 3 117.5 2.0 70 4
117.1 2.0 70 4 118.7 2.2 81 4
118.0 2.2 78 4 119.4 2.4 88 5
118.9 2.4 90 5 120.4 2.6 97 5
119.3 2.6 96 5 120.8 2.7 100 5
120.0 2.7 101 5 121.1 2.8 104 6
120.4 2.8 103 6 Dr = 20.0 cm

Dy = 4.0 cm 106.1 0.7 2 2
107.8 0.7 3 2 108.6 0.7 6 2
110.3 0.8 11 2 109.8 0.8 10 9
111.7 0.8 17 9 111.1 0.8 15 2
113.5 1.0 30 2 1125 0.9 23 2
114.3 1.2 38 3 113.6 1.1 31 2
115.1 1.5 49 3 114.8 1.3 41 3
116.1 1.7 60 3 116.0 1.5 52 3
117.0 2.0 70 4 17.1 1.7 60 3
117.8 2.2 78 4 118.2 2.0 71 4
118.8 2.5 91 5 119.3 2.3 82 5
119.1 2.6 94 5 120.1 2.5 90 5
120.1 2.8 103 6 121.0 2.7 99 5
120.5 2.9 108 6 121.5 2.8 105 6
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Table C.17: Surface temperatures T and corresponding heat fluxes ¢ for the 2.0-
cm-diameter plain disc of contact angle # = 60° surrounded by vessels of different

diameters Dy

Ts 8T q 5q D7 =10.0 cm
) ) (W/em2)  (W/cm?) 106.1 0.7 2 2
Dy = 2.0 cm 108.3 0.7 9 2
107.2 0.7 4 9 110.4 0.8 17 2
109.0 0.7 10 2 111.9 0.9 26 2
110.9 0.8 17 2 113.5 1.2 37 2
112.6 1.0 27 2 114.4 1.3 42 3
113.9 1.2 37 2 115.5 1.5 52 3
114.8 1.3 45 3 116.8 1.8 63 4
116.0 1.6 54 3 118.7 2.0 73 4
117.2 1.8 64 4 119.3 2.4 89 5
118.0 2.0 72 4 119.6 2.6 95 5
119.0 2.2 82 5 120.2 2.6 97 5
119.5 2.4 87 5 Dy = 20.0 cm
120.2 2.5 92 5 107.4 0.7 5 9
Dy = 4.0 cm 109.3 0.7 10 2
105.8 0.7 2 9 111.2 0.8 19 2
107.5 0.7 5 9 112.8 1.0 27 2
109.4 0.8 11 2 114.1 1.2 36 2
111.4 0.9 21 9 114.9 1.3 43 3
113.0 1.0 29 2 116.3 1.5 53 3
114.9 1.3 42 3 117.8 1.8 64 4
116.0 1.5 51 3 118.9 2.0 73 4
116.9 1.8 63 4 119.8 2.2 82 5
118.7 2.1 74 4 120.3 2.5 92 5
120.3 2.4 88 5 120.9 2.6 97 5
120.4 2.6 95 5
120.4 2.6 97 5
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Table C.18: Surface temperatures T and corresponding heat fluxes ¢ for the 2.0-
cm-diameter plain disc of contact angle # = 80° surrounded by vessels of different

diameters Dy

Ts 0T q 5q D7 = 10.0 cm
°C) ©C) (W/em?)  (W/em?) 107.1 0.7 6 2
Dy = 2.0 cm 109.7 0.8 17 2
105.0 0.7 2 9 111.8 1.0 29 2
107.9 0.7 9 9 113.1 1.2 38 3
109.5 0.8 15 2 114.0 1.4 45 3
111.2 0.9 23 2 115.1 1.6 55 3
112.7 1.1 34 2 116.2 1.8 64 4
114.0 1.4 a7 3 117.0 2.0 71 4
114.7 1.6 54 3 1179 2.2 80 4
116.2 1.9 66 4 118.1 2.3 82 5
116.8 2.1 74 4 Dr = 20.0 cm
117.3 2.1 77 4 107.1 0.7 6 2
Dy = 4.0 cm 108.8 0.7 12 2
105.4 0.7 2 2 110.4 0.8 20 2
109.7 0.8 16 2 1123 1.0 29 2
111.4 1.0 26 2 113.3 1.2 36 2
112.5 1.1 34 2 114.3 1.4 45 3
113.5 1.3 42 3 115.4 15 53 3
114.3 1.5 49 3 116.1 1.7 61 4
115.0 1.6 56 3 117.2 2.0 73 4
115.4 1.7 59 3 118.1 2.2 78 4
116.0 1.9 66 4 117.8 2.2 82 5
116.7 2.1 75 4
117.1 2.2 78 4
117.2 2.2 82 5
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Table C.19: Surface temperatures T and corresponding heat fluxes ¢ for the 1.0-
cm-diameter structured disc of contact angle § = 0° surrounded by vessels of

different diameters Dy

Ts 8T q 5q Dy = 5.0 cm
(°C) (°C) (W/cm?) (W /cm?) 109.9 1.2 19 3
Dy = 1.0 cm 113.7 1.6 40 3
108.6 1.2 14 3 115.7 1.9 55 4
113.0 1.4 32 3 117.2 2.3 77 5
115.3 1.8 53 4 118.5 2.9 98 6
117.1 2.2 69 4 119.8 3.4 119 7
118.5 2.6 87 5 120.9 3.8 136 8
119.8 3.1 108 6 121.3 4.4 160 9
121.7 3.7 131 7 122.7 4.9 176 9
123.2 4.3 155 8 124.0 5.3 194 10
124.4 4.8 174 9 124.8 5.8 211 11
125.5 5.2 188 10 125.4 5.8 213 11
125.9 5.4 199 11 126.0 6.2 226 12
126.3 5.6 205 11 126.1 6.2 227 12
Dy = 2.0 cm 127.2 6.4 236 12

109.6 1.3 16 3 Dr =20.0 cm
112.3 1.3 28 3 108.5 1.2 13 3
114.8 1.8 53 4 111.0 1.2 20 3
116.9 2.3 75 5 114.1 1.6 44 4
118.3 2.7 93 6 115.8 2.0 60 4
119.8 3.2 114 6 116.7 2.3 74 5
120.9 3.6 129 7 117.9 2.8 96 6
122.1 4.1 146 8 119.4 3.4 119 7
123.5 4.6 167 9 120.5 3.9 140 8
124.6 5.2 188 10 122.4 4.5 164 9
125.3 5.6 206 11 123.6 5.1 185 10
126.1 5.8 211 11 124.7 5.5 201 11
125.6 5.9 217 12
126.3 6.2 226 12
127.0 6.2 229 12
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Table C.20: Surface temperatures T and corresponding heat fluxes ¢ for the 1.0-
cm-diameter structured disc of contact angle # = 66° surrounded by vessels of

different diameters Dy

Ts 0T q 5q Dr = 5.0 cm
(°C) (°C) (W/Cm2) (W/sz) 106.2 1.2 7 3
Dy = 1.0 cm 108.4 1.2 20 3
105.2 1.0 5 3 111.1 1.6 42 3
108.0 1.2 16 3 113.0 2.0 60 4
110.8 1.4 32 3 114.0 2.3 73 5
112.1 1.7 49 4 114.6 2.7 92 5
113.2 2.1 67 4 114.9 2.9 99 6
113.7 2.3 74 5 115.3 2.9 100 6
114.7 2.7 90 5 Dy = 20.0 cm
114.5 2.8 96 6 106.5 1.2 8 3
115.2 2.8 96 6 108.5 1.2 20 3
Dy — 2.0 em 110.4 1.5 36 3
106.4 1.2 8 3 111.5 1.8 51 4
108.6 1.3 23 3 112.9 2.1 66 4
110.8 1.5 39 3 113.6 2.5 82 5
112.3 1.9 57 4 114.3 2.8 97 6
113.4 2.3 73 5 114.9 2.9 101 6
114.2 2.6 89 5
114.4 2.9 99 6
114.9 3.0 102 6
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Table C.21: Surface temperatures T and corresponding heat fluxes ¢ for the 1.5-
cm-diameter structured disc of contact angle # = 0° surrounded by vessels of

different diameters Dy

Ts 6T q 5q Dy =7.5cm
(°C) (°C) (W/em?)  (W/cm?) 109.9 0.9 17 2
Dy = 1.5 cm 111.5 1.1 26 2
107.7 0.9 10 9 113.7 1.4 44 3
1115 1.0 22 9 115.4 1.8 60 4
113.7 1.3 40 3 117.0 2.3 82 5
115.8 1.7 57 4 118.4 2.9 104 6
117.2 2.2 78 4 119.8 3.5 128 7
118.1 2.6 95 5 120.8 3.9 145 8
119.4 3.1 112 6 121.9 4.4 165 9
120.7 3.5 129 7 122.9 4.8 180 10
121.7 4.0 148 ] 123.9 5.4 204 11
122.6 4.4 164 9 124.2 5.6 211 11
123.5 4.9 181 10 Dy = 20.0 cm
124.1 5.1 190 10 110.2 1.0 18 2
Dy — 3.0 cm 112.7 1.2 33 3
109.5 0.9 13 2 115.1 1.6 54 3
110.4 0.9 15 2 116.4 2.1 72 4
112.8 1.2 32 3 1174 2.5 90 5
115.2 15 49 3 118.5 3.0 108 6
116.7 1.9 65 4 119.8 3.5 130 7
117.1 2.1 74 4 121.0 4.0 148 8
117.9 2.4 36 5 121.8 4.5 169 9
119.4 2.9 104 6 122.9 5.0 188 10
120.7 3.4 124 7 124.0 5.6 210 11
121.7 3.9 145 ] 124.8 5.8 219 11
123.0 4.4 165 9
123.9 5.0 185 10
124.7 5.4 201 11
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Table C.22: Surface temperatures T and corresponding heat fluxes ¢ for the 1.5-
cm-diameter structured disc of contact angle § = 66° surrounded by vessels of

different diameters Dy

Ts 5T q 5q Dy =7.5cm
(°C) (°C) (W/em2)  (W/cm?2) 106.3 0.9 6 2
Dy — 1.5 cm 108.1 0.9 14 2
106.0 0.9 6 9 109.3 1.0 20 2
107.8 0.9 15 2 110.9 1.2 32 3
109.8 1.2 30 3 112.2 1.4 43 3
111.2 1.4 43 3 112.8 1.6 53 3
112.5 1.7 56 4 113.8 1.9 64 4
113.0 2.0 71 4 114.4 2.2 7 4
114.1 2.4 84 5 114.9 2.5 91 5
114.4 2.6 94 5 1154 2.7 99 5
114.6 2.6 95 5 Dy = 20.0 cm
Dy — 3.0 cm 106.8 0.9 8 2
105.8 0.8 5 2 108.7 0.9 18 2
107.4 0.9 11 2 110.6 1.2 31 3
109.2 1.0 23 9 111.7 1.4 43 3
110.9 1.3 36 3 1129 1.7 56 4
111.7 1.5 a7 3 113.4 1.9 67 4
112.7 1.7 56 4 114.2 2.3 79 5
113.7 2.0 71 4 115.0 2.5 90 5
114.2 2.4 84 5 115.5 2.7 99 5
115.3 2.7 96 5 115.4 2.8 100 6
115.4 2.7 99 5
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Table C.23: Surface temperatures T and corresponding heat fluxes ¢ for the 2.0-
cm-diameter structured disc of contact angle # = 0° surrounded by vessels of

different diameters Dy

Ts 6T q 5q D7 =10.0 cm
e) ©C) (W/em2)  (W/em?) 107.9 0.7 5 2
D7 = 2.0 cm 109.6 0.8 12 2
107.0 0.7 3 9 112.4 1.1 32 2
109.6 0.8 13 9 114.7 1.5 52 3
112.1 1.0 26 2 116.3 1.9 68 4
113.9 1.2 40 3 116.7 21 78 4
115.0 1.5 51 3 117.6 2.5 90 5
116.0 1.8 63 4 118.6 2.9 109 6
117.3 2.2 ]1 4 119.6 3.3 123 7
118.3 2.6 96 5 120.3 3.6 133 7
119.3 2.9 108 6 120.7 3.8 143 8
119.8 3.2 119 6 121.1 4.0 149 8
120.5 3.4 127 7 121.4 4.1 152 8
121.1 3.6 134 7 Dr =20.0 cm
121.6 3.8 142 8 107.4 0.7 3 2
Dpr = 4.0 cm 110.0 0.8 16 2
106.9 0.7 3 2 112.8 1.2 36 2
110.3 0.8 15 9 114.5 1.5 52 3
112.9 1.1 33 9 116.0 1.8 65 4
114.8 1.4 49 3 116.9 2.2 79 4
116.0 1.7 60 3 118.2 2.7 99 5
117.2 2.1 74 4 119.0 3.1 115 6
118.3 2.4 87 5 120.1 3.5 133 7
119.3 2.8 104 6 120.4 3.8 141 7
120.4 3.2 119 6 120.9 3.9 147 8
121.1 3.6 134 7 121.5 4.1 152 8
121.2 3.8 141 7
122.0 3.8 142 7
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Table C.24: Surface temperatures T and corresponding heat fluxes ¢ for the 2.0-
cm-diameter structured disc of contact angle § = 62° surrounded by vessels of

different diameters Dy

T 5T q 5q Dy = 10.0 cm
o) Q) (W/em2)  (W/em?) 107.6 0.7 8 2
Dy = 2.0 cm 109.8 0.8 20 2
106.1 0.7 5 9 111.4 1.1 31 2
108.0 0.7 12 2 112.4 1.3 43 3
109.8 0.8 20 9 113.2 1.6 56 3
111.0 1.0 30 2 114.2 1.9 69 4
112.2 1.3 42 3 114.7 2.1 78 4
112.8 1.5 49 3 115.3 2.4 90 5
113.5 1.7 61 4 115.6 2.4 39 5
114.0 2.0 73 4 Dy = 20.0 cm
114.6 2.3 84 5 106.0 0.7 5 2
115.0 2.4 90 5 107.7 0.7 13 2
Dy — 4.0 cm 109.2 0.9 20 2
107.2 0.7 7 9 110.7 1.1 31 2
108.6 0.8 14 2 112.0 1.3 45 3
109.8 0.9 23 2 112.6 15 53 3
111.3 1.1 33 2 113.4 1.9 66 4
112.4 1.3 45 3 114.5 2.2 81 4
113.5 1.6 58 3 114.8 2.4 90 5
114.4 2.0 71 4 115.1 2.5 93 5
114.7 2.2 81 4
115.1 2.4 88 5
115.4 2.5 90 5
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