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ABSTRACT

A NOVEL APPROACH TO CONDENSATION MODELING AT
THE FIN TOP OF A GROOVED HEAT PIPE

Akdag, Osman
Ph.D., Department of Mechanical Engineering
Supervisor : Prof. Dr. Zafer Dursunkaya

Co-Supervisor : Dr. Yigit Akkug

August 2019, pages

Phase-change passive heat spreaders have the capability of carrying large amounts
of heat from a heat source to a heat sink creating a small temperature difference.
One common type of the passive heat spreaders is the heat pipes. The liquid
flow inside a heat pipe is driven by the capillary pressure gradient created by
a wick structure on the inner wall, which may be in the form of grooves, sin-
tered grains or wire meshes. In the literature, grooved heat pipes are the most
studied ones for modeling and experimentation due to their relatively simple
geometry and ease of manufacturing. During the operation of a grooved heat
pipe, continuous thin film condensation occurs on the fin top surfaces between
two consecutive grooves and the condensate flows into the grooves. Modeling
thin film condensation is crucial for an accurate estimation of grooved heat pipe
performance. In the current study, a novel approach is developed to model
the condensation and associated liquid flow in a fin-groove system. Conser-

vation of mass and momentum equations, augmented Young-Laplace equation



and Kucherov-Rikenglaz equation are solved simultaneously to calculate the film
thickness profile. Differently from the numerical models in the literature, in this
new approach the fin-groove corner is kept inside the solution domain and the
effect of disjoining pressure is taken into account. The results reveal that the dis-
joining pressure may become effective for some cases and creates a slope break
in the free surface of the liquid at the fin-groove corner. The current study
presents the first numerical model which resolves the corner region and shows
the effect of disjoining pressure on the thin film condensation in a fin-groove sys-
tem. Furthermore, a parametric study is performed and the effects of geometric
and thermophysical parameters on the condensation performance are discussed.
Lastly, the thin film condensation in non-perpendicular fin-grooves, where the
grooves are not rectangular but have inclined walls, is investigated and the effect

of fin-groove corner on the condensation is presented.

Keywords: Thin film condensation, grooved heat pipe, disjoining pressure, slope

break
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0z

OLUKLU BIR ISI BORUSUNUN KANATCIGINDAKI
YOGUSMANIN MODELLENMESINDE YENI BIR YAKLASIM

Akdag, Osman
Doktora, Makina Miihendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Zafer Dursunkaya

Ortak Tez Yoneticisi : Dr. Yigit Akkus

Agustos 2019, sayfa

Faz degigimli pasif 1s1 dagiticilar, yiiksek miktarda isiyi, 1s1 kaynagindan 1si
yutucuya diigiik sicakhik farki yaratarak tagima kabiliyetine sahiptir. Is1 boru-
lar1, pasif 1s1 dagiticilarin yaygin bir tipidir. Is1 borular: icerisindeki sivi akigi,
1s1 borularinin i¢ duvarlarindaki oluklu, sinterli veya telli fitil yapilar1 tarafin-
dan olugturulan kilcal basing fark: sayesinde saglanmaktadir. Oluklu 1s1 boru-
lar1, gorece sade geometrisi ve {iretim kolayligi nedeniyle, literatiirdeki sayisal
ve deneysel caligmalara en ¢ok konu olan 1s1 borularidir. Oluklu 1s1 borusunun
caligmasi sirasinda, ardigik iki oluk (kanal) arasindaki kanatcik yiizeyinde siirekli
olarak ince film yogusmasi meydana gelmekte ve yogusan sivi kanallarin icine
akmaktadir. Bu ince film yogugmasini modellemek, dogru bir 1s1 borusu ¢aligma
performans: tahmini yapabilmek icin oldukca énemlidir. Mevcut calismada, bir
kanatcik-kanal sistemindeki yogusmay1 ve ilgili sivi akigini modellemek i¢in 6z-

giin bir yaklagim geligtirilmigtir. Kiitle ve momentumun korunumu denklemleri,

vii



genigletilmis Young-Laplace denklemi ve Kucherov-Rikenglaz denklemi, film ka-
linlig1 profilini hesaplamak i¢in eg zamanl olarak c¢oziilmektedir. Literatiirdeki
modellerden farkh olarak, kanatcik-kanal kosesi ¢oziim bolgesi icine dahil edil-
mig ve ayrilma basincinin etkisi hesaba katilmigtir. Sonuglar gostermektedir ki,
ayrilma basinci belli durumlarda etkili olmakta ve kosede, sivi yiizeyinde egim
kwrilimana neden olabilmektedir. Mevcut ¢aligmada, kanatgik-kanal sistemindeki
kose bolgesini ¢oziimleyen ve ayrilma basincinin ince film yogusmasi iizerindeki
etkisini gosteren literatiirdeki ilk sayisal model sunulmusgtur. Ayrica, geometrik
ve termofiziksel parametrelerin yogusma performansi iizerindeki etkilerini tar-
tigan bir parametrik calisma yapilmigtir. Son olarak, dikdértgen olmayan (egik
duvarli) kanallara sahip kanatcik-kanal sistemlerindeki yogusma incelenmis ve

kbge acisinin yogusmaya olan etkisi gosterilmigtir.

Anahtar Kelimeler: Ince film yogusmasi, oluklu 1s1 borusu, ayrilma basinci, egim

kirilim
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CHAPTER 1

INTRODUCTION

The power density of the electronic chips have increased with the improvements
in the chip production technology, which enables the production of chips with
higher capacities and smaller sizes, resulting in an increase in the heat dissipation
of electronic chips while the heat removal area decreases. This high heat flux
generated by the chip should be removed efficiently in order to prevent elevated
chip temperatures and ensure proper operation. Hence, chip level and electronic
device level cooling methodologies have been widely studied by thermal engineers
and scientists. Passive heat spreaders which use the phase-change mechanism for
heat removal make use of high latent heat of vaporization, providing a sufficient
cooling with small temperature differences between the heat source and the heat
sink regions [1]. Another advantage of phase-change heat spreaders over single-
phase cooling techniques is that they are passive devices and thus, they do not

require external pumping.

One common type of the passive heat spreaders is the heat pipe, which have
been used in various cooling applications since their development in 1964 [2].
The operational principle and types of heat pipes are presented in the following

seciton.

1.1 Operational Principle and Types of Heat Pipes

Heat pipe is a sealed system containing a working fluid inside. As shown in
Fig. during the operation of a heat pipe, the liquid on the walls of the heat

pipe evaporates at the evaporator section, where a heat source is present, and



the vapor flows through the condenser section, where the heat sink is located.
The vapor, then, condenses on the walls of the heat pipe and flows back to the
evaporator section of the heat pipe through the wick structure embedded in the
inner wall surfaces. The driving force for the vapor flow from evaporator to
condenser section is the pressure gradient caused by the density gradient in the
gas phase. The liquid, on the other hand, flows from condenser to evaporator
section due to the capillary pressure gradient generated by wick structures on the
wall. The wick structures enable the formation of liquid menisci on the walls, and
as it is schematically shown in Fig. the radii of the menisci on the condenser
section are higher than the ones in the evaporator section due to the higher
liquid amount in the condenser section. This menisci radii difference creates a
capillary pressure gradient, which makes the liquid flow from the condenser to
the evaporator. The pressure gradient generated by virtue of the wick structures

is also referred as capillary pumping.

Heat source Heat sink

LN 0 0 N 0 S o )
e e e e ~—— Liquid flow——— LENEEEET

ERED SEERERD

Evaporator ! Adiabatic | Condenger
gection gection section

Figure 1.1: Flow inside the heat pipes and the menisci formed in the wick
structures 3]

In conventional heat pipes, the wick structures may be in the form of grooves,



sintered grains or wire meshes, examples of which are presented in Fig. [1.2]
Although all the wick structures have the same role in heat pipe operation,
their capillary pumping performance differ depending on the conditions that
heat pipes are used. Therefore, the wick structure type of a heat pipe must be

specifically selected for the particular cooling application.

Figure 1.2: Wick structure types: (a) grooves, (b) sintered grains, (c) wire
meshes [4]

There are different types of heat pipes used in various applications. The most
common type is the cylindrical heat pipe, which is simply a sealed tube with
wick structures on the inner wall as shown in Fig.[1.2] The operational principle
of cylindrical heat pipes is presented in Fig. The other type is the flat heat
pipe which has the same operational principle with the cylindrical heat pipe but
has a rectangular cross section as shown in Fig.[1.3] The rectangular heat pipes
provide larger areas for heat input in heat removal, which makes them preferable

in electronics cooling applications.

Another type of the heat pipe is the loop heat pipe which is shown in Fig. [I.4]
Different from the conventional heat pipes, loop heat pipes have separate liquid
and vapor lines and a compensation chamber (a liquid reservoir), which make
them advantageous in carrying heat efficiently to long distances and keeping the

evaporator wicks wetted in varying operational conditions.

The wariable conductance heat pipe is the type of the heat pipe which keeps
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Figure 1.3: Rectangular heat pipe [5)

the evaporator (or the heat source) at almost constant temperature while the
heat input varies. This is succeeded by changing the length of condenser section
by means of a non-condensing gas reservoir as it is shown in Fig. [[.5] Varying

the heat input changes the saturation pressure of the working liquid inside the

evaporator heat input
P <5
A IIIII771 Y
(1, zzzzZzZz2 A ) )
7 ™~

T
I
compensation wick vapor removal
T chamber channel ;
M L
\“quuid line vapor line /]
o condenser

\
Q ) L b DE _i/l
‘—.U7 heat output

Figure 1.4: Loop heat pipe |]§|]



heat pipe, which accordingly changes the volume of the non-condensing gas and
the length of the condenser section. At high heat input levels, the condenser
length increases and the sufficient area for the heat transfer to the heat sink is
ensured; at low heat input, on the other hand, the volume of the non-condensing
gas increases and the condenser length decreases, which restrains the temper-
ature decrease at the evaporator and keeps the heat source at almost constant
temperature. Therefore, the heat sources—like electronic components—do not

experience high temperature fluctuations when the heat dissipation varies.
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Figure 1.5: Variable conductive heat pipe [3]

Pulsating heat pipe is another kind of heat pipe, which are bent capillary tubes,
partially filled with a working liquid. The walls of the tubes do not have wick



structures and this is the fundamental difference between the pulsating and the
conventional ones. The small radius of the capillary tubes leads to formation of
vapor bubbles in between the liquid slugs and the pressure difference between
the vapor bubbles at the evaporator and condenser regions is the main driving
force for fluid flow from evaporator to condenser section. Pulsating heat pipes

can be open loop or closed loop type as shown in Fig.

Liquid Vapor Liquid Vapor

Figure 1.6: Open loop and closed loop pulsating heat pipes [7]

Micro heat pipes, which have hydraulic diameters at the order of 100 pum, can
be listed as the last type of heat pipes. Micro heat pipes can be of different
cross sectional shapes as shown in Fig. and generally, they do not have wick
structures on the walls but the corners of the heat pipe have a role similar to the
wicks, i.e. they create the capillary head and function as flow arteries. However,
with recent developments in MEMS-based micro heat pipes, new types of heat
pipes in micro scale such as capillary pumped loops, micro loop heat pipes, and
micro pulsating heat pipes, operational principle of which are similar to the ones
in macro scale heat pipes, are introduced [8] and some of these micro heat pipes

utilize wick structures for capillary pumping.
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1.2 Experimental and Numerical Studies on the Condensation in

Heat Pipes

Thermal characterization and overall performance evaluation of a heat pipe re-
quires detailed modeling of the physical phenomena involved in heat pipe op-
eration. However, developing numerical models is not straightforward since the
heat pipes include different scale problems: macro-scale in axial liquid and va-
por flow, micro-scale in thin film evaporation and condensation at the the wick
structures of evaporator and condenser and nano-scale at the contact line of
evaporating liquid. Numerical and experimental studies in heat pipe litera-
ture mostly investigate heat pipes with grooved wick structures due to their
advantages in developing numerical models and the relative ease of manufactur-
ing [10-{15]. Moreover, considering chip-level applications, it is not feasible to

apply sintered grains and wire meshes, while grooves can be engraved on the



semiconductors [16-18].

While the modeling of thin film evaporation is widely studied [19-42], studies
on the condensation modeling remain restricted [19-23,43,44]. In the condenser
section of a grooved heat pipe, the grooves are filled with liquid forming a menis-
cus, and liquid film forms on the fin top surfaces due to condensation of vapor
into its liquid phase on the wall. The liquid on the fin tops is much thinner
than inside the groove, which makes the resistance to heat transfer much lower
on the fin tops. Therefore, majority of condensation occurs on the fin tops and
the studies in the literature focus on the condensation process on fin top region.
All of the condensate formed on the fin tops is assumed to flow into the groove
in the existing condensation models [19-23,43,|44], which reduces the conden-
sation modeling to a two-dimensional problem in the condenser cross section
by neglecting the possible axial flow on the fin tops. The profile of the liquid-
vapor interface on the fin top surface is unknown prior to solving the fluid flow
problem. In the previous condensation models, different numerical methods and

boundary conditions were used for obtaining the liquid film profile.

Kamotani [43] developed a model for estimation of film thickness variation on a
fin top surface of a grooved heat pipe condenser. The liquid flow in this study
was modeled neglecting the effects of inertial and body forces and assuming that
the viscous forces are in balance with the pressure gradient. He assumed that the
fin-groove corner is a cylindrical surface and solved the condensation problem on
a domain containing half of the cylindrical fin-groove corner and the fin top wall.
The film profile both on the corner and the fin top surface were approximated
using 4" order polynomials. Symmetry conditions are applied at the central
plane of the fin top. At the half of the corner, where the solution domain
starts, the free surface was assumed to be tangent to the cylindrical wall and the
meniscus curvature inside the groove was assumed as continuous at this point.
At the transition from cylindrical surface to the planar fin top surface the film
thickness, slope, curvature, and the mass flow were all assumed as continuous.
The film thickness profile was obtained by solving the mass balance together
with the linear momentum equation. In pressure gradient and condensation

mass flux calculations, only the capillary pressure effect is considered and the



disjoining pressure is neglected.

Zhang and Faghri [44] used the volume of fluid (VOF) method for modeling the
condensation at the condenser section of grooved heat pipes. They neglected
the liquid flow in the axial direction and the problem domain they used was the
two-dimensional region between the central planes of two consecutive fins. They
applied symmetry boundary conditions at the fin central planes, wall boundary
condition at the bottom of the groove, and they assumed that as the vapor
condenses to its liquid phase, an identical amount of vapor enters the problem
domain at the top surface, which is in the vapor region. They obtained the
liquid-vapor interface at the fins and groove for cases with relatively high edge
angles (> 84°) and high temperature differences (5K and 10K). The effect of
disjoining pressure was neglected in their model. Their study was the first and
the only one that used VOF method for condensation modeling at the condenser

of a heat pipe.

Do et al. |21] obtained the free surface profile on the fin top of a grooved heat
pipe condenser by using the 4" order polynomial approximation suggested by
Kamotani [43]. They assumed that there is no axial flow on the fin top surface.
The liquid flow was modeled by neglecting the effects of inertial and body forces.
The condensation mass flux was calculated using the phase-change model sug-
gested by Wayner et al. [24], where the effect of temperature difference between
the wall and vapor, and the pressure difference across the liquid-vapor interface
were included. The effect of disjoining pressure was included in the conden-
sation mass flux calculation but it was neglected in the liquid flow in lateral
direction. The symmetry boundary conditions were used at the central plane
of the fin; and continuous curvature and continuous slope boundary conditions
were used at the fin-groove corner. The same model is used in the study of Do
and Jang [22] where they investigated the effects of nanofluids on the thermal

performace of grooved micro heat pipes.

Lefevre et al. [19] developed a nodal thermal model to predict the temperature
distribution in a flat grooved heat pipe. They presented a hydrodynamic model

for obtaining the film profile on the fin top at the condenser section. In this



model, they calculated the condensation mass flux using the heat flux distri-
bution in the axial direction in the groove which was obtained by their nodal
thermal model. Together with conservation of mass, they solved the linear mo-
mentum equation to obtain the liquid-vapor interface profile on the fin top. They
solved the condensation problem in the two-dimensional cross sectional area of
the grooves neglecting the effect of axial flow on the fin top. They also neglected
the effect of disjoining pressure on the interface profile. The symmetry boundary
conditions were used at the central plane of the fin; the curvature of the free
surface was assumed as zero at the fin-groove corner—i.e. there is an inflection
point at the corner; and the free surface slope was assumed as continuous at the

fin-groove corner.

The aforementioned studies present models for estimating the condensation on
the fin top surface of grooved heat pipes. For achieving this, the liquid film
profile on the fin top surface, which is unknown a priori, should be obtained.
As a common simplification, the profile of the free surface was assumed as a
4™ order polynomial in many studies [21-23,43|, yet there exists some studies
which utilized the hydrodynamic models or CFD methods for the free surface
estimation [19.120,44|. Moreover, the slope of the free surface at the fin top-
groove corner was assumed to be continuous by the previous studies [19}23,
43|. However, experimental study of Lips et al. [20] reported a slope break for
the free surface at the fin top-groove corner, which made the assumption of
continuous slope questionable. They indicated that their hydrodynamic model
|19,]20] overestimated the film thickness on the fin top and concluded that the
possible effect of disjoining pressure or the cross-flow on the fin top, which were
both neglected in their model, may be the underlying reason of this controversy.
It should be pointed out that the slope break at the corner causes the formation of
a substantially thinner film on the fin top surface, which results in an elevated
condensation flux due to the lower thermal resistance. Therefore, numerical
models tend to underestimate the total condensation flow rate unless the region

where the slope break occurs is resolved.

Disjoining pressure is a surface phenomenon governed by molecular forces similar

to the capillary pressure. Pressure jump across the liquid-vapor interface, ¢.e.
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pressure difference between the liquid and vapor phases, is related to disjoining
and capillary pressures through augmented Young-Laplace equation. Although
the effect of disjoining pressure on the pressure jump was considered in the
calculation of condensing mass flux in some previous modeling attempts |21}
22|, the contribution of disjoining pressure gradient to the liquid flow along
the condensing film was neglected in the previous studies. However, recently,
Alipour and Dursunkaya [45] presented a mass conserving model where they
included the effect of disjoining pressure both in condensation mass flux and
liquid film flow. They solved conservation of mass, linear momentum, augmented
Young-Laplace equations together with the phase-change equation based on the
kinetic theory of gases. Similar to previous models, axial flow was neglected and
the problem was solved in the two-dimensional cross sectional area of the grooves.
Symmetry conditions were used at the fin central plane and the continuous
slope and vanishing free surface curvature boundary conditions were used at
the fin-groove corner. The results revealed that including the effect of disjoining
pressure leads to an upper limit to the slope of the film at the corner, and beyond
this limit the matching between the liquid free surfaces inside the groove and on
the fin top is incompatible with the vanishing curvature condition at the corner.
No upper limit to slope was encountered when the disjoining pressure effect was

neglected.

The existing film condensation models use matching conditions between the
liquid free surfaces at the groove and fin top sides, which are based on the as-
sumptions of continuous slope and vanishing curvature. However, the models,
which were built on aforementioned assumptions, have not been experimentally
validated yet, even for simple geometries, such as grooved heat pipes [46]. There-
fore, validity of previous assumptions have not been justified by a comprehensive

numerical model or experimental observation.

1.3 Motivation and Scope of the Current Study

The current study aims to investigate the effect of disjoining pressure on the

condensation rate, film profile of the condensate on the fin top, and to scrutinize
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the validity of the continuous slope of the free surface assumption at the corner.
For this purpose, a uni-directional flow solver is developed and the condensation
problem on a fin-groove system is solved. A uni-directional flow solver is applied
to a solution domain, which starts at a point on the vertical wall of the groove
and ends at the centerline of the fin; thereby keeping the fin-groove corner inside
the solution domain and eliminating the need for using a boundary condition at
the corner. In the algorithm developed, the conservation of mass and momen-
tum equations, augmented Young-Laplace equation and the condensation mass
flux equation based on the kinetic theory of gases (Kucherov-Rikenglaz equa-
tion) are solved simultaneously to calculate the film thickness variation on the
fin top. The novel solution methodology utilized in the present study enables
the inclusion of the thinnest part of the liquid film near the groove edge to the
condensation model. Therefore, this work takes the first step towards a compre-
hensive understanding of the effect of molecular forces on the condensing liquid
film profile formed in a fin-groove system by including the disjoining pressure
effect and eliminating the continuous film slope assumption at the corner, which
is a fundamentally different approach compared to existing models in litera-
ture [19-23,43,44]. In addition to investigating the effect of disjoining pressure,
the effects of thermophysical and geometrical parameters on condensation in a

fin-groove system are also examined in the current dissertation.

The thesis is organized as follows: the problem definition and physical concepts
involved in the problem are introduced in Chapter [2; the uni-directional flow
model and the results showing the effect of disjoining pressure are given in
Chapter [3} the numerical validation of the uni-directional low model by using a
bi-directional flow solver is shown in Chapter [4} a parametric study discussing
the effects of thermophysical and geometrical parameters on condensation is
conducted in Chapter 5} the performance of grooved wall condensers with non-
perpendicular fin-groove corners are evaluated in Chapter [} and the conclusion

and suggested future studies are presented in Chapter

12



CHAPTER 2

PROBLEM DEFINITION AND PHYSICAL CONCEPTS

In this chapter, the physical problem for investigating the condensation process
on the fin top surface of a grooved wall is described. Physical concepts involved
in the problem such as capillary pressure, disjoining pressure, and condensation

are also introduced.

2.1 Problem Definition

The current study aims to investigate the condensation process on grooved walls
focusing on the fin-groove corner region. In the condenser section of grooved
heat pipes, the vapor condenses on the fin top surfaces forming a thin liquid
film. Then the condensate flows into the groove where it moves back to the
evaporator section by capillary pressure gradient. Although the condensation
models in the literature, including the numerical model presented by Lips et
al. [20], neglect the the effect of cross flow on the fin top (the flow in groove
axial direction) and disjoining pressure, either or both may be responsible for
the slope break at the corner, which has not been resolved by any numerical
models yet [20]. In the current study, the effect of disjoining pressure on the
thin liquid film profile on condenser section fin top surfaces is investigated. The
condensation problem is solved for an infinite fin-groove system, to eliminate the
ambiguous effect of cross flow on the fin top. In this system, there are an infinite
number of grooves in lateral direction. The planar grooved wall is sub-cooled to
a constant temperature and the vapor phase of the working fluid condenses on

the wall surface. The condensate is discharged from the bottom of the groove,
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as shown in Fig. 2.1 and length of the grooves are sufficiently long, so that the
variations in groove axial direction can be neglected. Therefore, the problem is
two-dimensional in the cross sectional plane of the fin-groove system. Moreover,
since the fin-groove system has a repeating pattern in the lateral direction, the

central planes of two adjacent fin and groove pair are the symmetry planes.

| Condensation Condensation

Symmetry / Symmetry

Axis Groove Liquid discharge Axis

Figure 2.1: Problem definition

The height of the liquid inside the groove depends on the amount of initial
liquid in the groove and the amount of liquid discharged at the groove bottom.
Therefore, different liquid heights inside the groove lead to different steady-state

film profile solutions on the fin top surface.

The infinite fin-groove system resembles the condenser sections of grooved heat
pipes, but since there is no variation in the direction of groove axis, this prob-
lem is simpler. Therefore, working on this proposed problem provides a better

understanding of the basic physics involved in condensation on grooved walls.

In this problem, the capillary pressure gradient is the main driving force for
the liquid film flow on the fin top surface; in addition to which, the disjoining

pressure is also significant in the regions where the liquid film is very thin; and
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the condensation of vapor is present due to the temperature difference between
the wall and vapor and the pressure difference across the liquid-vapor interface.

All of these concepts are described in detail in the following sections.

2.2 Capillary Pressure

Intermolecular forces on the liquid molecules are balanced if they are surrounded
symmetrically by identical molecules. However, in the close proximity of the free
surface of a liquid—which is the boundary between the liquid and gas media—the
intermolecular forces on the molecules become unbalanced. Together with the
tendency towards a minimum free surface energy, the unbalanced intermolecular
forces on the liquid free surface create the surface tension. The surface tension on
the curved surfaces generates a pressure difference across the liquid-gas interface,
which is also called a pressure jump (pjump). This pressure difference caused by
the effect of surface tension is called the capillary pressure and it is defined by

the Young-Laplace equation given below.

g o

jump — Pv — :c:_+_7

(2.1)
where, p, is the vapor pressure, p; is the liquid pressure, p. is the capillary pres-
sure, o is the surface tension, Ry and R, are the radii of the free surface in two
orthogonal directions. In the grooved heat pipes, the capillary pressure gradient
is the driving force for the liquid flow inside the groove in the longitudinal direc-
tion and the flow of the condensate on the fin top surfaces towards the grooves.
In the infinite fin-groove system problem, however, the flow in longitudinal di-
rection is negligible and the capillary effect is only responsible for the condensate
flow from fin top to groove. In both problems, the radius of curvature of the free
surface in groove longitudinal direction is much larger than the one in lateral
direction. Therefore, the radius in longitudinal direction can be neglected and

Young-Laplace equation can be written as;

=l a

Pe (2.2)
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where, R is the radius of curvature in lateral direction.

2.3 Disjoining Pressure

A system consisting of a liquid film on a solid surface and another fluid on
top of the film involves two interfaces at the transitions between solid-fluid and
fluid-fluid. At both interfaces there is a region where the interfacial forces are
effective. When there is a sufficient distance between the fluid-fluid interface
and the solid surface, the interaction of these interfacial forces is negligible and
the surface tension has the major effect on the shape of the film. For this
condition, at thermodynamic equilibrium, the Young-Laplace equation is the
necessary condition for the minimum surface energy. However, for very thin
films, the interfacial force regions of solid-fluid and fluid-fluid interfaces overlap
and additional forces are generated leading to an increase or decrease in liquid

pressure [47]. This pressure change is called the disjoining pressure.

For a better understanding of interaction between the two surfaces, the inter-
molecular forces should be explored. The van der Waals potential (dispersion

potential) between two neutral molecules is given by the London equation below:

w(D) = — (2.3)

where, C'is the London dispersion coefficient and D is the distance between the
molecules. The interaction force between the molecules is the negative derivative

of the interaction potential [48]:

f(p) = -2 (2.4)

To calculate the interaction potential between two flat surfaces, the intermolecu-
lar dispersion potential of each molecule with the surrounding molecules should
be considered. In [48], the dispersion potentials of all molecules in one body

with all molecules in other were integrated with an assumption of additivity,

16



and the dispersion potential per unit area, W, between two flat surfaces was

obtained as,

chn,lpn,Q

W) =—pw

(2.5)

where, 0 is the distance between surfaces and p,, is the number density of surface
materials. The interaction force per unit area, F', which can be also interpreted

as interaction pressure, is given as,

F(5) = _dW(9) _ 7Cpn1Pn2 '

do 643 (2.6)

The expression given in Eq. (2.6) defines the disjoining pressure, pg, caused by
the interaction of solid surface and liquid-gas interface in liquid thin films and
can be written in terms of Hamaker constant, A = 72Cp,, 1p,2, or in terms of

dispersion constant, Ay = A/6m, as given in the equation below.

A Ag

DPd

At this point, it is worth to note that the power relation for disjoining pressure,
which is given in Eq. , does not include the retardation and structural
effects and it is derived for non-polar liquids. Many studies in the literature, on
the other hand, used the power relation for even strong polar liquids [21}22}24,
32|, although it is not valid due to the presence of short range intermolecular
forces (hydrogen bonding, hydration forces etc.) in addition to the long range
intermolecular forces (van der Waals forces). In the present study, the problems
with non-polar liquids, such as octane, are solved to refrain from an improper

use of the power relation.

The Hamaker constant is measured experimentally and it is reported for various
individual materials. However, the information about the Hamaker constant val-
ues of many solid-liquid-gas systems is very limited in literature. There are also
some theoretical methods like combining rule which makes use of the Hamaker

constants of individual materials to calculate the Hamaker constant of a system
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composed of different solids, liquids and gases, but they do not always give a

good approximation [48].

The Young-Laplace equation is the necessary condition for thermodynamic equi-
librium and it does not involve the effect of disjoining pressure. Therefore, for
very thin films, where the disjoining pressure is significant, the thermodynamic
equilibrium analysis of liquid films should be revised. For a system consisting
of a cylindrical liquid droplet (i.e. curvature has only one component) on a
solid and the vapor as shown in Fig. the total Helmholtz free energy can be

written as [49):

E = / [a\/ 140,2+0g— 05+ W + (po —m)d| dx, (2.8)
0

where, o is the surface tension of the liquid-vapor interface, oy and o, are the
surface energies of solid-liquid and solid-vapor interfaces, respectively, § is the
droplet film thickness, p, is the vapor pressure, p; is the liquid pressure and W
is the dispersion potential corresponding to the interfacial interaction between

the solid surface and liquid-vapor interface (see Eq. (2.5)).

vapor

liquid

Xy p.9)

solid
— 3> X

Figure 2.2: A thermodynamic system including liquid droplet on a solid and

surrounding vapor [49]

At thermodynamic equilibrium, the liquid droplet has a shape such that the
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Helmbholtz free energy of the system is at minimum. This makes the case a clas-
sical calculus of variations problem. Let L(x,u(x),u,(z)) be a smooth function

on interval [xy, 25| and the functional, J, is defined as;

J(z) = /m L(z, u(z), us(z)) dz . (2.9)

xr1

The functional, J, has an extremum when the first variation of it is equal to

Z€ero, i.€.,

0J(z) = 5/332 L(z,u(z),uy(z)) dz =0, (2.10)

x1

where, 0 denotes the first variation operator. The necessary condition for

Eq. (2.10)) to hold is Euler-Lagrange equation, which is given in Eq. (2.11)) below.

- [L(agu(x), um(x))] ‘ - — [L(x,u(m), ux(x))] =0. (2.11)

f=u, du

The Helmholtz free energy defined in Eq. (2.8) is a functional which is the
definite integral of a function of x,  and ¢§,. For minimizing the Helmholtz free

energy, the first variation of it should be zero:

SE=0. (2.12)

Then the Euler-Lagrange equation for Eq. (2.12)) can be written as:

d d
%d—g(aw/l—i-éﬂ‘f‘asl_Usv+W+(pU_pl)5>’

§=0z

d
- %(a\/l + 6,740y — 0g + W + (py — pl)5) =0. (2.13)
Taking the derivatives, Eq. (2.13]) reduces to,

O dW

19



In Eq. (2.14)), the multiplier of surface tension, o, is the curvature, x (or 1/R), of
liquid film, so the first term is the capillary pressure; the second term, negative

derivative of the dispersion potential, is the disjoining pressure (see Eq. (2.6])
and Eq. (2.7)). Substituting them into Eq. (2.14)) yields:

Pjump = Pv — Pi :pc+pd, (215)

which is known as the augmented Young-Laplace equation. Different from the
Young-Laplace equation, the augmented Young-Laplace equation involves the

effect of disjoining pressure.

2.4 Phase-change

In a fin-groove system, a liquid film forms on the fin top surfaces as a result
of the condensation of vapor to liquid. This phase-change occurs due to the
temperature difference between the wall and vapor and the pressure difference
across the free surface. Therefore, in this problem, one of the crucial phenomena
to be modeled is the heat and mass transfer due to condensation process. The
condensation mass flux is given by Eq. (2.16]), which is derived by Schrage [50]
using the kinetic theory of gases and assuming small drift velocity of vapor

leaving or approaching the interface.

2c M \'? Dol P
n' = o 7 2.16
m. (2 _ c) (27TRU) (Tli/z Tvl/2 ) ( )

where, ¢ is the accommodation coeflicient, which is usually taken as unity |21}

29,35,138,140], M is the molar mass, R, is the universal gas constant, p, is bulk
vapor pressure and p, , is the vapor pressure at the free surface, 7T, is the vapor

temperature and T}, is the temperature at the free surface.

In the extended meniscus evaporation model presented by Wayner et al. |24],

the phase-change mass flux is calculated under the assumption that:
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T\ =T\, (2.17)

which is valid for small temperature differences. This assumption reduces the

phase-change mass flux expression to;

. 2c M 1/2

where (py, 1, — Do) is the difference of vapor pressure between the free surface and

the bulk region and it occurs due to additive effects of the temperature difference
between the free surface and the bulk vapor region, and the surface forces at the
liquid-vapor interface [24,42|, contributions of which are calculated by using the

Clausius-Clapeyron equation and the Kelvin equation, respectively.

The change of vapor pressure with varying temperature in a closed system where
the liquid is in equilibrium with its vapor is obtained by the Clauisus-Clapeyron

equation given below.

dp hlv 1
— = — 2.19
dlr v, —u T’ ( )

where, h;, is the latent heat of evaporation and v, and v; are the specific volumes
of vapor and liquid phases, respectively. Since the specific volume of vapor
phase is much higher than the one of liquid phase (v, > v;), the specific volume

difference can be approximated as:

Vy — U] R Uy - (220)

Assuming low pressure, the vapor specific volume can be obtained by the ideal

gas law:

Up = 2, (2.21)
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Therefore, for ideal gases, the Clausius-Clapeyron equation can be written as

follows:

dp p M
dl T2 R, '

(2.22)

Eq. (2.22) is integrated from liquid-vapor interface to bulk vapor region to obtain
the expression below, which defines the relation between the vapor pressures at

these two locations.

Do.iv hlvM 1 1
1 . = — - . 2.23
”( Do ) R, (Tv Tz) (2.23)

The term on the left-hand side of Eq. (2.23)) is approximated by Taylor series

expansion as follows:

Du,lv hlvM 1 1
Polv ) _ 4 _ - 2.24
( Do ) Ru (Tv T’lv) ’ ( )

and the vapor pressure difference between the free surface and the bulk vapor

region is obtained as:

hlv Mpv

— (T}, — 1) . 2.2
oo, 1, T (2:29)

pv,lv — Dy =

Eq. is the contribution of Clapeyron effect to the pressure difference. The
contribution of the surface forces, on the other hand, are calculated by Kelvin
equation, which defines the change of vapor pressure due to the surface forces.
Kelvin equation, originally, includes only the effect of surface tension (capillary

pressure, p.) as given in the equation below:

DPu.iv M
In : = ——D. 2.26
< Do ) pi R, (2.26)

However, for very thin films, the dispersion forces (disjoining pressure, p,) also

become significant. Padday [51] suggested that the effects of surface tension and
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the dispersion forces are additive and proposed the modified Kelvin equation

given below:

Do lv M
In (2o} = — 4 ) . 9.97
( = ) et p (2.27)

The term on the left-hand side of Eq. (2.27) is approximated by Taylor series

expansion as follows:

Do, lv _ _
DPv Pl Ruﬂv

(pc +pd) ) (228)

and the vapor pressure difference between the free surface and the bulk vapor

region, which is created by the surface forces, is obtained as:

Vipw
R, T},

Pojv — Pv = — (pe + pa) » (2.29)

where V] is the molar volume of the liquid.

The Egs. (2.25) and (2.29) are substituted into Eq. (2.18)) to obtain the expres-

sion below:

2c M 1/2 hiw Mp. Vip
i — oMPy oy o 2.30
Me =95, (27TRUTU) (RTZUTU( w=T) = p(p +pd)) - (2:30)

and can be further simplified to Eq.

iy = a(Ty = T,) = b(pe + pa) , (2.31a)

2c M \/2p,Mhy,
= 2.31b
¢ 2—c <27TRuﬂv> RuTvﬂv ’ ( )
2c M 172 p,V,
b— ( ) , 2.31
2—c 27TRuT}v Ruﬂv ( ; C)
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which is the equation for the rate of phase-change presented by Wayner et al. [24].

The phase-change model of Wayner et al. [24] can be modified by assuming pure
conduction within the liquid film as explained in [26] and writing the phase-
change mass flux expression in terms of wall and vapor temperature (7;, and
T, respectively), which eliminates the need of using the interface temperature,
T},. Applying the assumption of pure conduction within the liquid film, the

phase-change equation is obtained as follows:

v —a(Ty, —Ty) —b(py — )
= 2.32
Me 14 Cléhlv/kl ’ ( )

Eq. (2.32) is used for phase-change mass flux calculation in the current study.
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CHAPTER 3

UNI-DIRECTIONAL FLOW MODELING

In the current study, an algorithm is developed for solving the condensation
problem described in Chapter 2} In the flow solver algorithm, the liquid film
flow on the fin top is assumed as uni-directional in the direction parallel to the
solid surface. The details of the suggested model, such as the solution domain,
governing equations, boundary conditions, assumptions and solution approach
are described in the following sections. Moreover, the results which demonstrate

the effect of disjoining pressure on the liquid film profile are presented.

3.1 Physical domain

The condensation process is modeled for the infinite fin-groove system described
in Sec. The center planes of an adjacent fin and groove pair are the symmetry
planes due to the repeating pattern of the fin-groove system. Problem domain is
defined between these symmetry planes as shown in Fig. [3.1p. The liquid-vapor
interface within the problem domain is practically divided into two parts: the
intrinsic (bulk) meniscus region and the thin film region on the fin top. While
the former one is associated with relatively low condensation rates and a near
circular profile, the profile of the latter is of interest due to strong condensation,
especially near the corner region. Therefore, the current study strives to solve
the film profile on the fin top only. Solution domain for this film starts at a
point on the groove wall and ends at the line of symmetry of the fin and it is
composed of three regions as shown in Fig. 3.1b: groove wall (I), corner (II),

and fin top (III). The fin-groove corner is approximated by a cylindrical surface
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with radius, R,.

@) (b) Liquid film
L :Solution domain é
Intrinsic
meniscus :K_H\ :
region | \ i
/_H: Liquid film | |
|
\
|
Groove Fin \
|
\
|
| Groove

Fin

\\i}]\j {

——

Figure 3.1: Physical domain for the problem. (a) Problem domain is defined
between the center planes of an adjacent fin and groove pair. (b) Solution domain
includes the fin top and the close proximity of fin-groove corner extending to
the groove.

The governing equations are formulated using Cartesian coordinates for planar
surfaces and polar coordinates for the cylindrical surface. Origins of the Carte-
sian (z,y), (2/,y) and polar (r,p) coordinate systems are shown in Fig. [3.1b.
During the solution, as illustrated in Fig. [3.2] the governing equations are trans-

formed into the surface coordinate, s, the origin of which is also displayed in

Fig. [3.1p.

For the planar surfaces, where surface coordinate is linear, the coordinate trans-

formation is straightforward:

r=s, dv=ds. (3.1)

Eq. (3.1) is written for the fin top region and it is applicable on the groove wall,
with replacing = by z’.
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(a)

x (or x') b s
—>

Figure 3.2: Coordinate transformation. (a) Transformation from Cartesian co-
ordinates to surface coordinate. (b) Transformation from polar coordinates to
surface coordinate.

Switching to surface coordinate along the cylindrical surface, which is shown in

Fig. [3.2b, requires the following transformation:

Rop =38, Rydp =ds. (3.2)

3.2 Lubrication assumption

In the current model, creeping flow assumption is applied, which is similar to the
approximations made in case of the flow of a lubricant inside a journal bearing.
The main simplicity that the lubrication assumption brings is the utilization
of a parabolic velocity profile on the cylindrical surface of the journal bearing.
The lubrication assumption is valid as long as the diffusion time scale, t4,
is sufficiently smaller than the convection time scale, t.,n,, for the liquid flow.

The condition for the lubrication assumption can be written as the ratio of the
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diffusion to convection time scale as a function of the local film thickness, 6%,
extent of flow, Ly, kinematic viscosity v and the local average velocity as

follows:

tag o (%) <1, (3.3)

tcmw Lflow/ugC

which can be rearranged as a function of a local Reynolds number, Re”:

;j:f; ~0 ( waRem) <1. (3.4)
For the condition above, the local Reynolds number is defined as Re” = u*6” / v
on a planar surface, where u, is the local mean velocity parallel to the planar sur-
face. If the length of the surface in the direction of flow is much longer than the
film thickness or the local Reynolds number is small, lubrication assumption can
be utilized for the liquid flow on the planar surface. For the flow of condensate on
the fin top [19-23,43| or the flow of liquid on a heated planar substrate towards
the contact line [19-42], lubrication assumption has been widely utilized. For a
cylindrical surface, on the other hand, the local Reynolds number is defined as
Re? = u%o¥ / v, where u¥ is the local mean angular velocity in ¢-direction, and
the extent of the flow is expressed as the function of the radius of the cylindrical
surface (Lo, = Rop). For the journal bearing problems, the radial clearance
between the journal and the bearing is extremely small (§/R, < 1), therefore,
the lubrication assumption holds even for high rotational speed of the shaft.
In the condensate flow over fin-groove corner, on the other hand, the lubrica-
tion assumption holds even for comparable magnitudes of the film thickness and
corner radius, since, Reynolds number is excessively small, due to the very low
velocities. Therefore, in the current study, using the lubrication approximations,
parabolic velocity profiles are utilized in both planar and curved surfaces. The

details of the flow model are presented in the following section.
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3.3 Flow and condensation model

The mass balance within the condensing film can be expressed in terms of the
mass flow rate per unit depth along the surface coordinate, m’, and the conden-

. s
sation mass flux at the free surface, m,., as follows:

=~ . (3.5)

To obtain the liquid vapor interface profile, the solution domain is divided into
strips, length of which are As, as shown in Fig. 3.3 and the mass balance
equation (Eq. (3.5))) is discretized as,

! !
My — MYy

i L

Ne it (3.6)

where, 7 and (i 4+ 1) denotes the consecutive edges of a strip and 1 ;11) is the
average of the condensation mass fluxes at i*" and (i + 1) points. Starting the
from the first point on the groove wall region, at each strip shown in Fig.
the discretized mass balance equation given in Eq. is solved. The conden-

sation mass flux, m’c’( is calculated by the phase-change model presented

iit1)
in Sec. 2.4 using Eq. (2.32); and the mass flow rates in s-direction, i} and
M, are calculated by solving the conservation of linear momentum equation
together with the augmented Young-Laplace equation. The details are given in

the following paragraphs.

The force balance in the current problem is among the pressure and viscous
forces. Therefore, neglecting gravity and utilizing the lubrication assumption,
i.e. neglecting inertial and longitudinal diffusive terms, conservation of linear
momentum reduces to Egs. and for planar and cylindrical surfaces,
respectively, and these equations imply parabolic velocity profile inside the liquid

film in s-direction.

dp, d*u

Is Md_yQ 5 (3.7a)
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/ ~ Liquid film

Figure 3.3: Solution domain divided into strips and the mass balance at a strip

@_ d*u

ds MW ) (3.7b)

where, p; is the liquid pressure, p is the dynamic viscosity and w is the ve-
locity in the s-direction. Eq. , expressed for the fin top, is also appli-
cable on the groove wall, with replacing y by 1/, the local coordinate system.
Eqs. and are solved to obtain the velocity profiles at the planar
and curved surfaces using no slip boundary condition at the wall and zero-shear
boundary condition at the free surface. These boundary conditions can be writ-

ten for planar surfaces as follows:

at y=0, u=0, (3.8a)
du

ty=9, —=0 3.8b

a y Y dy Y ( )

and for the cylindrical surfaces as follows:

at r=R,, u=0, (3.9a)
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du
at r =R, + 0, 5—0, (3.9b)

Then, the parabolic velocity profiles for planar and cylindrical surfaces are ob-

tained as:

Ldp [y
_ (Y 1
u o ds (2 vl (3.10a)
Ldp (1, 20R, + R?
u s (27" (R, +0)r + 5 , (3.10b)

respectively. Eq. (3.10al) is written for fin top region. In order to obtain the
velocity profile in groove wall region, y in Eq. (3.10a)) should be replaced by v'.
The mass flow rates (per unit depth) in s-direction is calculated by integrating

these velocities from solid wall to free surface as follows:

0
m’:pl/ udy, (3.11a)
0

Ro+o
m' = pl/ wdr, (3.11b)

for planar and cylindrical surfaces, respectively. Performing these integrations,

the mass flow rate (per unit depth) along the surface coordinate is obtained as,

7 _idpl 63

— - .12
m 3vds (3.12)

for both planar and cylindrical surfaces. The liquid pressure, p;, is calculated
using the well-known augmented Young-Laplace equation which was introduced
in Sec. 2.3]and given in Eq. (2.15)). To calculate the liquid pressure gradient, the
augmented Young-Laplace equation is differentiated assuming constant vapor

pressure:

dpy d

= —— (pe ) 3.13
ds ds (pe + pa) ( )
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where, capillary pressure, p., is defined as,

Oes
Pe=0—""""77, 3.14a
(1+4.2)"? (3.142)

(6 4+ Ry) Ro2bgs — 2R,26,% — (6 + R,)*
(6 + R,)® + R,20.2"°

: (3.14b)

DPec =0

for planar and cylindrical surfaces, respectively. It is worth noting that the sub-

script s in Eqgs. (3.14a]), (3.14b]), and following equations denotes the derivative

with respect to s. The disjoining pressure is formulated by the power relation,

pg = Ag/83, as explained in Sec. Substituting the expressions of capil-
lary and disjoining pressures into Eqgs. (3.14a) and (3.14b)), the liquid pressure

gradient is obtained as:

2
A
@:—J 5553 — —|—30' 555 5552 +34d55, (315&)
ds (1 +532) / (1 +5s2) / )
dp  R,® (04 Ry)0sss —2(0 4 R,) 05 = 3R, 6,05
ds (6 + R + R,25,%] "

(R,% (8 + R,) 0ss — 2R,26,% — (6 + Ro)?) ((6 + Ro) 65 + R,%0,0s)

+ 30
(6 + R,)® + R,2.%)""

3A4

~5'0s, (3.15b)

for planar and cylindrical surfaces, respectively.

Mass flux of the phase-change at the interface is calculated based on the model
presented in Sec. which expresses the phase-change mass flux as functions
of the temperature difference between the vapor and interface (subcooling) and
the pressure difference across the interface (pressure jump). Substitution of the
mass flow rate per unit depth, m (Eq. (3.12)), and the condensation mass flux
at the free surface, m’c’ (Eq. ), into mass balance equation, Eq. , yields

the following relation:
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ii@:@) _a(T, = T,) = b(p,— )

_ 3.16
3vds ds 1+ adhy, [k ( )

For calculating the film profile on the fin top, the expressions for pressure gra-
dients in planar and cylindrical surfaces, which are given in Egs. (3.15a) and

(3.15b), respectively, are substituted into Eq. (3.16) separately; then the equa-
tions obtained are discretized as given in Eq. (3.6).

3.3.1 Boundary Conditions

Eq. , a 4™ order ODE of film thickness, requires four boundary conditions
at two locations, namely s = 0 and s = L, as shown in Fig. for the current
modeling approach. The solution starts at a point on the groove wall, where the
radius of curvature of the meniscus, R™, and the edge angle of the liquid-vapor
interface inside the groove, f,—the minimum value of which is the apparent
contact angle of liquid on the substrate—, are known. The first and second
derivatives of the film thickness at the boundary of the problem located in the
groove wall region are calculated based on R™ and 6,, which both depend on
the groove width and the amount of liquid inside the groove. The other two
boundary conditions, the first and third derivatives of the film thickness, are
defined at the boundary of the problem located at the central plane of the fin,

based on the symmetry condition.

The boundary conditions for the current model are listed below:

1+582 3/2
ds = —tanf,, 655=% at s =10, (3.17a)
s=0, 0ss5s=0at s=1L. (3.17b)

where L is the total length of the solution domain. Note that the symmetry
boundary condition implemented at s = L implies zero mass flow rate at this

point (m/|,_; = 0).
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6(s)

S

Figure 3.4: Boundary conditions

3.3.2 Matching Conditions

The algorithm divides the domain into strips as shown in Fig. and at each
strip, the mass conservation equation is solved. At the strip interfaces, continu-
ous film thickness and the continuous mass flux conditions are imposed. These
two conditions, together with the continuous solid wall curvature through the
planar and cylindrical surfaces, make the slope and the curvature of the free
surface continuous in each sub-domain. However, at the locations of transition
from groove wall to corner and from corner to fin top, there is a discontinuous
change of the solid wall curvature from zero to a finite value and from a finite
value to zero, respectively. Therefore, at these transition locations, imposing
the continuity of the film thickness and the mass flux are not sufficient to obtain
a continuous interface slope and curvature. Thus, in addition to the continuous
film thickness and mass flux, the continuity of the slope and the curvature of free
surface should also be imposed at the transition locations. For this purpose, the

physical matching conditions listed below are implemented at these locations:

(i) Continuous film thickness,
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(ii) Continuous stress at the free surface (smooth film thickness profile),
(iii) Continuous film curvature,

(iv) Continuous mass flow rate.

In the solution, Cartesian coordinates are used for planar surfaces, and polar
coordinates are used for the cylindrical surface. Neither Cartesian nor polar
coordinates can be used at the transition from one to another. Therefore, a
common definition of the geometry and parameters are required at the transition
locations. Based on this need, parametric definitions are used to implement the

matching conditions listed above.

The parametric representation of the wall and the liquid-vapor interface profile
for the transition from groove wall to cylindrical corner surface is shown in
Fig. B.5l In the algorithm, the solution starts at the groove wall side and the
film thickness is solved through fin top, successively. Therefore, at the specified
transition location, the parameters at the groove wall side are known and the

parameters at the corner side are to be calculated.

Liquid film

Figure 3.5: Parametric representation for the transition from groove wall to
corner
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For the parametric representation with the parameter t = p+m/2 (¢ is shown in
Fig. [3.1p), the position vector of the liquid-vapor interface, r(t), can be written

as.

r(t) =ro(t) + o(t)n(t) . (3.18)

where, the position vector of the solid wall, r,(¢), and the surface normal, ii(t),

are defined as:

Ro < 0
————cos(t)i+ R,j 0<t<m/2

ro(t) = ¢ sin(?) (3.19)
—Rycos(t)i+ Rosin(t)] w/2<t,

J 0<t<m/2
n(t) = X X (3.20)
—cos(t)i+sin(t)y w/2<t.

Matching condition (i) implies the continuity of the film thickness at the transi-
tion location, so the film thickness values at the corner and the groove sides are

equal:

5corner = 5groove . (321)

Matching condition (ii) is the smooth film thickness profile and it implies that
the tangent vector, T, of liquid-vapor interface is continuous throughout the

domain. Therefore, at the intersection location, namely at ¢ = 7/2;

Tcorner = Tgroove . (322)

The tangent vector can be defined in terms of the first derivative of the position

vector, as given below:

(3.23)



where, the first derivative of the position vector of the liquid-vapor interface,

r.(t), is defined as:

r(t) = ro.(t) + 6 (O)A(t) + 0 (¢)R (1) .

The first derivative of the wall position vector, r,(t), is;

R, :
ro,t(t) = SiIlQ(t) . .
R,sin(t)i+ R,cos(t)j w/2<t,

0<t<m/2

and the first derivative of the normal vector, fi(t), is;

) 0 0<t<m/2
0y (t) = A )
sin(t)i + cos(t)] w/2 <t.

(3.24)

(3.25)

(3.26)

Substituting Eqs. (3.25) and (3.26)) into Eq. (3.24), the parametric representation

of the first derivative of interface position vector, r,(t), is obtained as:

(Sfﬁi +04(1)j 0<t<m/2
re(t) = 4 [(R, + 8(t)) sin(t) — 6,(t) cos(t)]i

| +[(Ro +6(8)) cos(t) +0,(t) sin()]j 7/2 <.

(3.27)

Using Eq. (3.23), the tangent vector at the transition point, where ¢t = /2, is

calculated as:

Ro < 5 roove
i 4 ( t ) g

(Rg + (5t)groove2)1/2 (R(Q; + ((515)5]1”001162)

Tgroove = 1/2.] )

at the groove wall side (7/2 < t); and it is calculated as:

Ro + 5 N (515 ) corner

Tcorner = 971/2 1 9
[(Ro + 5)2 + (5t>corner ] [(Ro + 6)2 + (5t)corner }

1/2j Y
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at the corner side (0 <t < 7/2). In Eqgs. (3.28) and [3.29, the film thickness, 9,

is written without subscripts groove and corner, since it is equal at the groove

and corner sides (see Eq. (3.21))). According to Eq. (3.22)), the expressions given
in Eqgs. (3.28) and (3.29) are equal; using this equality, the first derivative of the

film thickness at the corner side (at t = 7/2) can be obtained as:

(Ro +6) (d¢)
(5t)corner = Ro

groove ) (3.30)

In the solution procedure, at this transition location, the first derivative of the
film thickness profile at the groove side, 0,|._,, is known. The transformation

from z’ coordinate to parameter ¢ can be performed by following equations:

/
t = arccot (——> , (3.31)

and,

R, ,

TR

(3.32)

The relation between the first derivatives with respect to ¢t and 2’ at the transi-

tion location, where 2’ = 0, is given below:

(0t) groove = Fo (027)| =g - (3.33)

At the corner side, since the differentials of ¢ and ¢ are equal (dt = dy), the

expression below can be written:

(0)corner = (90)| o - (3.34)

Substituting Eqs. (3.33) and (3.34) into Eq. (3.30)), the first derivative of the

film thickness at the corner is obtained as:
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Syl o= (Ro+08) 0wl - (3.35)

p=0 "

Matching condition (iii) states that the curvature of the liquid-vapor interface,

k, at the transition location is continuous:

Reorner = Rgroove - (336)

Since the curvature of the liquid-vapor interface at the groove side, Kgroope, 1S
known and it is equal to the the interface curvature at the corner side, Keorner
(Eq. (3.36)), the definition of curvature in polar coordinates can be used to

calculate the second derivative of the film thickness at the transition as follows:

3/2

2
59090‘4)0:0 = {Kcorner |:(Ro + 5)2 + (5‘P|<,0=0) :|

2 I
+2 (6], +(RO+5)2}R - (337

Matching condition (iv) is the continuity of the mass flow rate at the transition

location, which is:

Wl =il (3.38)

corner groove

!/
corner?

The mass flow rate per unit depth at the corner side, m is equal to the one

/
groove?

mass flow rate at the corner region is defined by Eq. (3.12). Substituting the
definition of pressure gradient (Eq. (3.15b)) into the mass flow rate equation
(Eq. (3.12))), the expression below is obtained:

in the groove side, m which is already calculated in the algorithm. The
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corner _3_V

Lo { BP0+ Ro) Sy = 2(6 + Ro)d, — 3R,0.0.,
[(6+ R,)* + R,%6.,2)"
(R,% (8 + R,) 0ss — 2R,26,% — (6 + Ro)?) ((6 + Ro) 65 + R,%0,0)

+ 30
(6 + Ro)® + R,2.%)"

3A
+ 57(158}53. (3.39)

At the corner region, s = R, and ds = R,dp. Using this transformation, the

third derivative of the film thickness at the transition location is obtained as:

5<p<ﬂ<ﬂ|¢=o = {

corner

03

3/ vRR,

g [0+ Ro) 8y —26,° — (4 Ro)’ [0+ Ro) 6y + 6,005 3A4 5.
(16 + R,)* + 6,7 ot
3/2
(6 + R,)* + 6,°
[_[ : e P2+ Ry) B, + 30,8, (p . (3.40)

where, all the derivatives with respect to ¢ are evaluated at ¢ = 0. Applying
aforementioned procedure, at the starting point of the cylindrical corner surface

(¢ = 0), the parameters;

(i) Film thickness, ¢ (Eq. (3.21))),
(ii) The first derivative of the film thickness, d, (Eq. (3.35)),
(ili) The second derivative of the film thickness, d,, (Eq. (3.37)),

(iv) The third derivative of the film thickness, .., (Eq. (3.40)),

are calculated. Using these four boundary (initial) conditions, the film thickness

profile at the corner region can be obtained.

The same matching conditions are applied at the transition from corner to fin

top. The parametric representation for this case is given in Fig.[3.6] At this tran-
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sition location, the parameters at the corner side are known and the parameters

at the fin top side are to be calculated.

. N .
:, Corner ;< ;2o r::,i~ >+ Fin top ;

Liquid film

Figure 3.6: Parametric representation for the transition from corner to fin top

For the parametric representation with the parameter ¢ = ¢ (¢ is shown in

Fig. [3.1b), the position vector of liquid-vapor interface is given by Eq. (3.18)),
where the position vector of the solid wall, r,(¢), and the surface normal, ii(t),

are defined as:

—R, cos(t)i + R, sin(t)j 0<t<m/2

r,(t) = R, I ) o (3.41)
Sn(t) cos(t)i + Roj T/2<t,

—costi+sintj 0<t<m/2
n(t) = Q Q / (3.42)
J /2 <t.

Matching condition (i) implies the continuity of the film thickness at the transi-
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tion location. Therefore, the film thickness values at the corner and the groove

sides are equal:

5fin = 5corner . (343)

Matching condition (ii), smooth film thickness profile, implies that the tangent
vector, T, of liquid-vapor interface is continuous throughout the domain. There-

fore, at the intersection location, namely at ¢t = 7 /2;

Tfin = Teorner - (344)

The definitions of the tangent vector, T, and the first derivative of the position
vector of the liquid-vapor interface, ry(t), are given in Eqgs. (3.23) and (3.24)),

respectively. The first derivative of the wall position vector, r,(t), is;

R,sin(t)i+ R,cos(t)] 0<t<m/2
ro.(t) = R, : <t (3.45)
sin?(t) e=n

and the first derivative of the normal vector, fi(t), is;

Sinti—i—costj 0<t<m/2
n(t) = Q Q / (3.46)
0 m/2<t.

Substituting Eqs and into Eq. (3.24), the parametric representation of

the first derivative of interface position vector, ry(t), is obtained as:

;

[(Ry + 6(t)) sin(t) — 0,(t) cos(t)]
r,(t) = { +[(Ro + 6(t)) cos(t) + &,(t)sin(t)]j 0<t<7w/2 (3.47)
sirﬁ?t)i—'—ét(t)j /2 <t.
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Using Eq. (3.23), the tangent vector at the transition point, where ¢t = /2, is

calculated as:

RO + 5 n (575 ) corner

Teorner = j , (348)
[(Ro + 5)2 + (5t)corner2] 1/2 [(Ro + 6)2 + <5t)corner2} 1/2
at the corner side (0 <t < 7/2); and it is calculated as:
Ro N (5 ) in N
T = i+ reviil (3.49)

(R2+ (0)5n”) " (B2 + (60)gin”)

at the fin top side (7/2 < ¢). In Eqgs. (3.48) and (3.49), the film thickness, 9,

is written without subscripts corner and fin, since it is equal at the corner and

fin top sides (see Eq. (3.43)). According to Eq. (3.44)), the expressions given in
Eqgs. (3.48) and (3.49)) are equal; using this equality, the first derivative of the
film thickness at the fin top side (at ¢ = 7/2) can be obtained as:

o (0
R ( t)corner . (350)

(5t)fm = R +0

In the solution procedure, at this transition location, the first derivative of the
film thickness profile, d,, at the corner side is known and it is related to the first

derivative with respect to t as follows:

<5t)corner = (590)|<p:71—/2 ) (351)

since the differentials of ¢ and ¢ are equal (dt = dy).

For the planar region, however, the transformation can be made as follows:

T
t= bl —— 3.52
arcco < I ) , (3.52)

o

and,
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R,

dt = ——2
R2 + 22

da . (3.53)

At the transition location, where x = 0, the first derivatives with respect to ¢

and z have the relation given below:

(6t>fin = R, <5z)|ac:0 ’ (354)

Substituting Eqgs. (3.51)) and (3.54)) into Eq. (3.50) the first derivative of the film

thickness at the fin top side is obtained as:

680‘(;:71'/2

Matching condition (iii) states that the curvature of the liquid-vapor interface,

k, at the the transition location is continuous:

R fin = Rcorner - (356)

Since the curvature of the liquid-vapor interface at the corner side, Kcorner, iS
known and it is equal to the the interface curvature at the fin top side, kg
(Eq. (3.56))), the definition of curvature in Cartesian coordinates can be used to

calculate the second derivative of the film thickness as follows:

3/2

Oawlyeo = Fipin (1 + (6al,_0)) (3.57)

Matching condition (iv) is the continuity of the mass flow rate at the transition

location, which is:

gy = e (3.58)

corner

The mass flow rate per unit depth at the fin side, m'fm, is equal to the one

!/
corner?

in the corner side, m which is already calculated in the algorithm. By
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substituting Eq. (3.15a) into Eq. (3.12]), the mass flow rate at the planar region

is defined as follows:

1 5553 635263 3A
M =—5- | —0 372 T30 52 T 4d 0s | 6% (3.59)
3v (14 0,%) (144,%) 0

At the fin top region, x = s, and therefore the third derivative film thickness at

the transition location is obtained as:

5 | _ 3m/fznlj + 30 (6»TSC|:C=O)2 é‘x|x:0 + 3Ad 5x|$:0
wrelp=0 = 53 2)5/2 04

(1+ (0el,m)”)

g

3/2

(3.60)

Applying the procedure, at the starting point of the planar surface (z = 0), the

parameters;

(i) Film thickness, ¢ (Eq. (3.43)),
(ii) The first derivative of the film thickness, 0, (Eq. (3.55))),
(iii) The second derivative of the film thickness, ¢, (Eq. (3.57)),

(iv) The third derivative of the film thickness, d,.. (Eq. (3.60))),

are calculated. Using these four boundary (initial) conditions, the film thickness

profile at the fin top surface can be obtained.

3.4 Solution approach

In the described problem, the distribution of the condensing film profile is un-
known a priori. The objective of the solver developed is to calculate the film
thickness along the surface coordinate in accordance with the boundary condi-

tions presented in Sec. The solution starts at a position on the groove wall
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with two specified boundary conditions at s = 0 (Eq. (8.17a))) and the initial
guesses for the film thickness, §, and mass flow rate, /. Thus, using four bound-
ary conditions at s = 0, the solver calculates the film thickness distribution up
to the central plane of the fin, where two symmetry boundary conditions are
expected to hold. In order to obtain the desired boundary conditions at the end
of the solution domain, initial guesses for the starting film thickness and mass
flow rate are iterated using two nested secant iteration loops. The flowchart for
the solution algorithm is given in Fig. and the details of the solution steps

are explained below.

Step-0. This step yields two boundary conditions, which are not subjected to
iteration during the solution algorithm, based on two geometrical inputs defined
at the starting point of the problem. More specifically, the first and second
derivatives of film profile at s = 0 are calculated using the edge angle and the

radius of curvature of the liquid film inside the groove, as given in Eq. (3.17a)).

Step-1. This step aims to calculate the other two boundary conditions, which are
the film thickness and the third derivative thereof, to initiate the solution process
at the starting mathematical boundary. While the film thickness is directly
provided as an input, the mass flow rate of the condensate, which is a function
of film thickness and its first, second and third derivatives (Eqgs. (3.12)—(3.15h)),
is utilized to calculate the third derivative at s = 0. The inputs provided in
this step are iterated during the solution in order to match the target boundary

conditions at the end of the domain.

Step-2. This step calculates the film profile (and the distribution of mass flow
rate) along the problem domain by solving the governing equation (Eq. (3.16))
based on the boundary conditions estimated in the previous steps. In the solu-
tion procedure, the solution domain is discretized into successive strips and the

mass balance is secured in each strip as given in Eq. (3.6]).

Step-3. This step checks if the zero slope boundary condition at the line of
symmetry (s = L) holds, using a sufficiently small tolerance, f’’. If the slope
is not sufficiently small, the previous step is repeated with a new film thickness

guess at s = 0, else Step-4 starts.
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Figure 3.7: Iterative computational scheme
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Step-4. The symmetry boundary condition specified for the third derivative of
film thickness given in Eq. (3.17b|) implies that the mass flow rate at the line of

symmetry of the fin is zero. This step checks if the mass flow rate is less than

a sufficiently small tolerance, €. If the flow rate is higher than the tolerance,
Step-1 is repeated with a new mass flow rate guess at s = 0, else the the iterative

process is terminated.

To summarize, the algorithm iteratively seeks for film thickness and mass flow
rate values at s = 0, which render the slope of the film profile and the mass
flow rate zero on the line of symmetry, utilizing two nested secant loops for root

finding.

3.5 Comparison with the Results in Literature

In this section, the condensation problem presented by Alipour and Dursunkaya
[45] is solved and their results are compared with the results of the current
model. The working fluid is water and temperature difference between the wall
and vapor (subcooling) is 1.0 K. The thermophysical and geometrical parameters
are presented in Table The thermophysical parameters are taken from [45).
Total fin length (40 um) and the edge angle inside the groove (64°) are specified
in accordance with [45]. The radius of the corner between the fin and groove
walls, R,, is assumed as 50nm. In their model, Alipour and Dursunkaya [45|
used vanishing curvature at the corner; however, in the current model, since
the corner region is kept inside the domain, the radius of meniscus curvature
inside the groove is given as a boundary condition, which is selected as 100 pm.
It is worth noting that the effect of meniscus curvature on the results is not
significant, which will be addressed in Chapter |5l Furthermore, water is a polar
substance, disjoining pressure model of which requires inclusion of the effect
of short range intermolecular forces. However, since the effect of disjoining

pressure on the film profile is negligible for the case solved, the power rule given

in Eq. (2.7) is used.

The film profile obtained for this problem is compared with the one obtained
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Table 3.1: Thermophysical properties and geometrical parameters used in the
condensation of water

Vapor temperature (K) T, | 343
Vapor pressure (Pa) Do 103300
Density of liquid (kg m™3) I 1000
Latent heat (Jkg™') by | 2.3 x 10°
Surface tension (Nm™') o 0.0589

Dynamic viscosity of liquid (Pas) | 2.79 x 1074
Thermal conductivity (Wm—'K™!) | & 0.6

Molar mass (kg mol™!) M | 0.018
Molar volume of liquid (m*mol™!) | V} 1.8 x 107°
Accommodation coefficient c 1
Dispersion constant, (J) Ag | 5.0x 1072

Radius of meniscus in groove (um) | R™ | 100

Edge angle inside the groove (°) o, 64
Fin top length (pm) Ly | 40

by Alipour and Dursunkaya [45] in Fig [3.8] The two film profiles are almost
the same, which shows that the current model converges to very similar results
with [45] for the problems with negligible disjoining pressure and small corner
radius. Moreover, in the results presented by Alipour and Dursunkaya [45], the
curvature is set to zero at x = 0. However, the current model includes the corner
region in the solution domain and the radius of curvature is specified as 100 pm
at the starting point on the groove wall (s = 0), and it vanishes and changes
sign in the corner region shown in Fig[3.1} Therefore, in the film profile obtained
by the current model, the location of the zero free surface curvature is not the
same with the one in [45], which does not lead to a significant difference in the

results.

There is no experimental or computational data in literature for high disjoining
pressure problems. Therefore, the comparison or validation of the current model
can not be performed for the problems with high disjoining pressure. The effect
of disjoining pressure on the film profile and condensation are discussed in the

following sections.
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Figure 3.8: Comparison of the film profile obtained by the current model with
the one presented by Alipour and Dursunkaya [45|

3.6 Results of Uni-directional Flow Model

Liquid film profiles on the fin top are obtained for various cases and the effect of
disjoining pressure on the film profile is investigated by focusing on the region
near the fin top-groove corner. The working fluid is octane and the solid is
silicon similar to previous phase-change studies [31,52|. The temperature and
the pressure of the vapor phase, together with the latent heat of vaporization are
selected following [52]. The numerical value of 3.18 x 1072! J for the dispersion
constant was used, similar to [31] and [52]. Other thermophysical properties of
the liquid and vapor are evaluated at 343 K using NIST Chemistry WebBook
[53]. Grooved heat pipes can be of various fin lengths, which is specified as
100 pm for the current problem. The effect of the fin length on the condensation
will also be discussed in Chapter 5] Thermophysical properties and geometrical

parameters used in the model are summarized in Table

3.6.1 Effect of subcooling

The condensation mass flux depends on the film thickness, pressure jump across
the liquid-vapor interface, the temperature difference (subcooling) between the
wall and vapor, and the thermophysical properties of the fluid. The film thick-

ness and pressure jump distributions are the results of the solver. Subcooling,
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Table 3.2: Thermophysical properties and geometrical parameters used in the

model
Vapor temperature (K) T, | 343
Vapor pressure (Pa) Py | 15869
Density of liquid (kg m~3) pI 661.38
Latent heat (Jkg™') hipy | 3.398 x 10°
Surface tension (Nm™!) o 0.016953

Dynamic viscosity of liquid (Pas) | g 3.1929 x 1074
Thermal conductivity (Wm™'K™1) | k 0.11136

Molar mass (kg mol™!) M | 0.11423
Molar volume of liquid (m*mol™!) |V} 1.7271 x 10~*
Accommodation coefficient c 1

Dispersion constant (J) Ag | 318 x 1072

Radius of meniscus in groove (um) | R™ | 800

Edge angle inside the groove (°) b, 30
Fin top length (um) Ly, | 100

on the other hand, is an input and directly affects the mass flux. Therefore, the
effect of subcooling on the results is of primary interest. While the corner radius,
R,, is taken as 30 nm, the values used for subcooling range between 1.0 K and
107* K, which is nearly isothermal. The edge angle inside the groove, 6,, and
the radius of meniscus inside the groove, R™, are selected as 30° and 800 nm,

respectively, which are within the application range for a grooved heat pipe.

Film thickness profiles obtained for four different subcooling values are presented
in Fig.[3.90 There is a slight difference in the film thickness profiles on the fin top
for 1.0, 1071, and 1072 K subcooling. However, for 1073 K, there is a significant
decrease in the film thickness. When the insets showing the variations of film
thickness profiles near the line of symmetry and corner region are examined, the
effect of subcooling on the film profiles is apparent: the film thickness decreases
with decreasing temperature difference. The slope of the film profiles, on the
other hand, do not change significantly from the groove side to the fin top for
subcooling values between 1072 and 1.0 K. However, for 1073 K subcooling, the

film profile conforms to the solid substrate surface at the corner region, and
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Figure 3.9: Effect of subcooling on the film thickness profile on the fin top

accordingly, at the fin top starting point (x = 0), the slope of the film profile is

smaller than the slopes obtained for higher subcooling values, which results in

a thinner film on the fin top. Therefore, the continuous slope assumption at the

fin top-groove corner, which is widely used in the literature and which implies

that the slope of the free surface does not change from groove side to fin top side
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of the corner region, is not valid for the near isothermal cases of the problem

investigated.

In the condensation problem solved, the driving force for the liquid flow is the
pressure gradient. The magnitude of the pressure gradient is related to the
mass flow in s-direction, 772/, and the film thickness, § (Eq. (3.12))). At the fin
center, the symmetry boundary conditions are satisfied and therefore, there is
no mass flow in s-direction. Thus, the pressure gradient at the fin center is
zero. As moving through the groove, the mass flow rate parallel to the solid
surface increases due to the condensation, and also the film thickness decreases
(Fig. , which both increase the liquid pressure gradient. As an example of
liquid pressure gradient variation, the distribution of the pressure gradient in the
problem with 102 K subcooling is plotted in Fig. . The groove wall region
is not specified in Fig. since the length of the groove wall is very small
(~ 0.05nm) in the problem solved. The pressure gradient is the highest at the
region where the liquid film is the thinnest and it decreases through the fin top
surface. At the fin top surface, there is a very small positive pressure gradient.
Only a small portion of fin top surface is included in Fig. since the pressure
gradient changes slightly in this region. The liquid pressure has two components;
namely, capillary pressure and disjoining pressure as explained in Sec. 2.3l The
variation of free surface curvature causes a capillary pressure gradient, and when
the film thickness is very small, the change in film thickness causes a disjoining
pressure gradient; the summation of these two pressure gradients is the liquid
pressure gradient distribution given in Fig. For a better understanding
of the physical mechanisms leading to the abrupt change of free surface slope
at the corner region, which is observed in the results of 1072 K subcooling, the
pressure distribution in the corner region, where the pressure gradient is the

highest, should be investigated.

For 1073 K subcooling, the free surface makes a sharper turn at the corner re-
gion. Therefore, there is a substantial change in the free surface curvature in
this region, which indicates the existence of a considerable capillary pressure
gradient. Moreover, the film thickness at the corner is much lower for 1073 K

subcooling, which means the effect of disjoining pressure is also higher. The
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Figure 3.10: Liquid pressure gradient, %, for 1072 K subcooling
s

capillary pressure, disjoining pressure and their summation (pressure jump) are
plotted in Fig. for all subcooling values. For the largest subcooling, film
thickness profile is the thickest due to the elevated condensation rates. At this
subcooling, the effect of disjoining pressure is negligible (see Fig. ) How-
ever, as the subcooling decreases, the effect of disjoining pressure becomes more
pronounced. For the smallest subcooling, disjoining pressure reaches its highest
magnitudes due to the thinner film profile. This large increase in disjoining pres-
sure is compensated by the capillary pressure as shown in Fig. [3.11d. Therefore,
the gradient of the capillary pressure is also high at the corner region for 1073 K
subcooling case. The curvature of the film profile changes abruptly to create
this high capillary pressure gradient, which leads to a sharp turn of the free
surface in the corner region. The result is a film profile tracing the cylindrical
wall surface for the smallest subcooling. The symmetric distribution of disjoin-
ing pressure in Fig. is also related to the conformal profile of the film due
to the fact that the thinnest part of the film profile occurs near the mid-point
of the cylindrical corner. For higher subcooling values, the film profiles become
thinnest, i.e. peak disjoining pressure occurs, before the mid-point of the corner

region (see Fig. |3.11p-c), since the effect of disjoining pressure is small.
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Figure 3.11: Capillary pressure, disjoining pressure and interface pressure jump
at corner region for subcooling values of (a) 1.0K, (b) 101K, (¢) 102K, (d)
103K

3.6.2 Effect of dispersion constant

To investigate the effect of dispersion forces on the film thickness, two additional
cases are solved using 1073 K subcooling: in the first one, the disjoining pressure
is neglected; and in the second one, a dispersion constant 1.5 times higher than
the actual value (4.77 x 10721 J) is used. The film thickness profiles obtained
are presented in Fig. [3.12] When the disjoining pressure is neglected, the film
thickness profile is very close to the one obtained for the 1.0 K subcooling case,

where the disjoining pressure effect is negligible due to the thicker film.
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Figure 3.12: Effect of dispersion constant on the film thickness profile (AT =
103K, Ry = 30nm)

The pressure jump across the interface, for the case where the disjoining pressure
is neglected, is equal to the capillary pressure (pjump = p.). The variation of
the pressure in the corner region, which is given in Fig. [3.13] is similar to the
one with 1.0 K subcooling case: the magnitude of capillary pressure does not
have a peak unlike the case where the effect disjoining pressure is significant. In
this case, the gradient in the capillary pressure is only due to the mass flow in
s-direction, 7/, and it increases with decreasing film thickness, ¢ (see Eq. .
Therefore, the capillary pressure gradient, and thus the rate of change of the
free surface curvature, is the highest at the corner region, where the mass flow
rate is the highest and the liquid film is the thinnest. This gradient in the free
surface curvature, changes the shape of the film profile from concave upward to
concave downward, at the corner region. However, since the gradient is not high

as it is when the disjoining pressure is present, the slope of the film is higher at
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the starting point of the fin top surface. Thus the film on the fin top is thicker

when the disjoining pressure is not taken into account.
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Figure 3.13: Pressure jump across the interface in the corner region when the
effect of disjoining presure is neglected (p;ump = pc)

While the total condensation mass flow rate (per unit depth) is 2.6x107 2 kg m!s*
for the solution with 3.18 x 1072! J dispersion constant, it is 1.4 x 107 kgm~*s~!
in the absence of disjoining pressure suggesting a 46% deficit in the condensing
vapor rate. The decrease in the the total condensation mass flow for the case
where the disjoining pressure is neglected, is attributed to the thicker liquid film
on the fin top which results in elevated resistance to the heat transfer. The

higher resistance leads to less heat transfer and decreases the condensation rate.

The dispersion constant, Ay, is defined as, Ay = A/6m, where A is the Hamaker
constant. The Hamaker constant is obtained experimentally and it is not re-
ported for many solid-liquid-gas systems in the literature. In addition, there
are some theoretical methods such as combining rule to calculate the Hamaker
constants for multi-material systems using the properties of individual materi-
als, but they do not always result in a valid approximation [48|. Consequently,

there is not a consensus about the Hamaker constants of many systems and the
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reported Hamaker constants lie in a wide range. In the current study, in addi-
tion to using a zero Hamaker constant (i.e. effectively eliminating the dispersion
effect), a second value, 1.5 times the original is used, to asses the effect of the
magnitude of disjoining pressure. This upper bound of the dispersion constant
elevates the total condensation mass flow rate to 3.6 x 1072 kgm~!s™! resulting
in a 38% excess condensation rate, since the higher disjoining pressure results
in a free surface conforming better to the solid substrate at the corner region,

which leads to a thinner film on the fin top.

The results obtained for these three cases reveal that exclusion of the disjoining
pressure effect in the condensation modeling results in misleading film thickness
profiles and mass flow rates for the small subcooling values in fin-groove systems.
Moreover, film thickness profiles and flow rates are sensitive to the magnitude
of the Hamaker constant. Therefore, depending on the type of molecular inter-
actions of different solid and fluid materials, the system may be influenced by

the dispersion forces even for higher subcoolings.

3.6.3 Effect of corner radius

Lubrication approximation is widely applied to model the liquid flow within thin
films including the problems with phase-changing interface. In the current prob-
lem, thin film is positioned on both the fin top and groove wall surfaces, where
the uni-directional flow of the condensate can be modeled using lubrication ap-
proximation along the solid surfaces. However, the condensate flowing into the
groove changes its direction at the intersection of the fin top and groove wall
(corner region), where the uni-directionality of the liquid flow is disturbed. In
order to utilize the lubrication approximation throughout the solution domain,
the corner was modeled as a cylindrical surface rather than a sharp, discontin-
uous edge. In this section, the effect of size of the corner radius on the film
thickness profile is investigated. The results are presented for the near isother-
mal case (1073 K subcooling), since the difference between the film profiles is

more prominent for this case.

Film profiles for 30, 60, and 100 nm corner radii are presented in Fig. [3.14] As
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Figure 3.14: Effect of corner radius on the film thickness profile (AT = 1073 K)

the corner becomes sharper, the free surface makes a sharper turn at the corner
and the liquid film on the fin top is thinner. Considering this trend, it can be
deduced that decreasing the radius further may lead to an even thinner film on
the fin top. Thus, the effect of disjoining pressure may be significant even for
higher subcooling values when the corner is sharper. However, decreasing the
corner radius further leads to the violation of the continuum and the lubrication
assumptions of the current model. Therefore, the results for smaller corner radii

are not presented.

3.6.4 On the validity of the assumptions

There are two assumptions that limit the cases which can be solved with the
current model. The first one is the lubrication approximation, which restricts
the usage of small corner radius and high subcooling, since both /R, ratio

and Reynolds number increase with reduced corner radius and elevated sub-
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cooling. As the subcooling decreases, the film thickness and Reynolds number
also decrease, but this time the second assumption, continuum, becomes a lim-
iting parameter, since the liquid film at the corner may become excessively thin.
Table |3.3| summarizes the parameters related to these two assumptions for the
selected cases. For 30 nm corner radius, the time scale ratio decreases from the
order of 1072 to 1079 as the subcooling decreases from 1.0 K to 1072 K. Keeping
the subcooling at 1073 K, the time scale ratio is of same order for 30, 60 and
100 nm corner radius. However, the minimum film thickness is much smaller for
the sharper corner. Therefore, the radius of curvature of the corner is limited
by the lubrication assumption for high subcoolings and is limited by continuum
assumption for low subcoolings. It is worth emphasizing that for the case with
1073 K subcooling and 30nm corner radius, the minimum local film thickness
becomes 2.1 nm, which may necessitate the inclusion of non-continuum effects,
such as wall slip and molecular layering. However, the region of this extremely
thin film occurs only around the local minima of the film and the extent of this

region is highly restricted.

Table 3.3: Minimum film thicknesses and time scale ratios at the corner region

Corner radius Subcooling  Minimum film Average time scale ratio

(nm) (K) thickness (nm) (taigr [teonw)
30 1.0 75.7 2.3 x 1072
30 101 33.6 1.2 x 1073
30 102 8.3 3.8 x107°
30 1073 2.1 1.0 x 1076
60 1073 3.9 9.7 x 1077
100 1073 5.3 9.8 x 1077
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CHAPTER 4

BI-DIRECTIONAL FLOW MODELING

The condensation models for heat pipes are very limited in literature. The
present models focus on the grooved heat pipe geometry due to the ease of mod-
eling. However, they have not been experimentally validated yet even for this
simple geometry [46]. There is only one experimental study [20] measuring the
liquid film profile on the fin top surface of a grooved heat pipe. However, simu-
lating the experiments presented by Lips et al. [20] using the model developed in
the current study is not possible because of several reasons: i) the experiments
were performed using methanol, a polar substance, which requires a completely
different disjoining pressure formulation with uncertain constants, not available
in literature; ii) because of the measuring method used, the position of the solid
wall and the liquid film could not be determined simultaneously; therefore, the
position of the solid wall was not exactly specified in the results presented; and
iii) the distribution of wall temperature or heat flux was not explicitly given on
the fin top. Therefore, the experimental validation of the current model is not
achievable at the moment, but a numerical validation can be performed by solv-
ing the same problem using a numerical methodology which does not utilize the
simplifying assumptions made in the current uni-directional modeling approach.
For this purpose, the commercial software COMSOL Multiphysics is used and
the details of modeling with COMSOL are presented in the following sections.
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4.1 Bi-directional Flow Model

Based on the lubrication approximation, the model developed in the current
study assumes that the liquid flow is uni-directional on the fin top in the direction
parallel to the solid surface. The advantages and the limitations brought by this
approximation are discussed in Chapter In this section, the condensation
problem is modeled in the same problem domain and equations of bi-directional
flow are solved. Thus, the effect of lubrication approximation and consequently,
uni-directional flow assumption on the results are investigated. The creeping flow
solver model of COMSOL software, which is based on Finite Element Method
(FEM), is used for this purpose. The problem domain, governing equations and

boundary conditions are given in the following sections.

4.1.1 Problem domain

The problem domain in Cartesian coordinates (z,y), which is presented in Fig.
starts at a point on the groove wall and ends at the central plane of the fin, as
described in Chapter 8] The lower boundary is the solid wall involving the
cylindrical corner comprised of fin top and groove wall surfaces; and the upper
boundary is the free surface of the liquid film formed by the condensate. The
main complexity of this problem is that the liquid film profile (upper boundary
of the problem) is unknown prior to solving the fluid flow problem and com-
mercially available CFD software do not have the capability of estimating the
liquid-vapor interface profile formed by the condensate on the fin top. Therefore,
the film profile is obtained by the uni-directional flow model and it is taken as
input to COMSOL model. Furthermore, the phase-change can not be solved in
COMSOL. Therefore, the condensation mass flux information is also gathered
from the results of uni-directional flow solution, details of which are given in the

following sections.
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Figure 4.1: The problem domain used in the COMSOL simulations

4.1.2 Governing equations

The purpose of solving the same problem with COMSOL is to scrutinize the

validity of the uni-directional flow assumption of the model developed in the

current study. Therefore, together with conservation of mass equation, conser-

vation of momentum equations in both z- and y-directions are solved in the

bi-directional model. The conservation of mass and momentum equations for an

incompressible and steady bi-directional flow with v and v velocities in z- and

y-directions, respectively, are given below.
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where, g* and ¢Y are the accelerations of gravity in z- and y-directions, respec-
tively. In the current problem, the flow of the condensate on the fin top, the
inertial terms are negligible due to very low velocities and the force balance is
among the pressure and viscous stress, ¢.e. gravitational force is also negligible.

Therefore, the conservation of momentum equations reduce to:

1 Op, v 0*u
_ 1 L T 44
0 p8x+y<8x2+0y2 ’ (4.4)
1 dp, v
0 >0y +V<8x2+_8y2 ) (4.5)

in z- and y-directions, respectively. To solve these equations, Creeping Flow
model in COMSOL is used. The software, by default, recommends the use of
second order interpolation for velocity and first order interpolation for pressure
in disretization of the equations, which are well suited for most of the creeping

flow simulations [54].

4.1.3 Boundary conditions

In bi-directional flow model, the liquid-vapor interface profile and the conden-
sation mass flux distribution, which are obtained by the uni-directional flow
algorithm, are taken as input, and the incompressible flow equations given in
the previous section are solved. The boundary conditions used in the solution
are summarized in Fig. At the fin central plane, symmetry boundary condi-
tions are used and the boundary of the problem domain at the groove wall side
is specified as a pressure outlet. In this condensation problem, the condensate
enters the domain at the free surface, where the shear stress is zero. However,
COMSOL does not allow to specify inflow and zero shear boundary conditions at
the same boundary. Therefore, at the free surface, slip wall boundary condition,

which implies zero shear at the free surface, is used and the condensation mass
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flux is specified at the solid wall, where the velocity in surface tangential direc-
tion is zero, which implies no slip, and the velocity in surface normal direction is
calculated according to the condensation mass flux obtained by uni-directional
flow model. It is worth to note that, since the magnitude of the condensation
mass flux is very small in this problem, specifying the condensation inflow at the
upper or lower boundary does not create a significant difference in the results in

terms of the numerical validation of uni-directional flow model.

Slip wall

Symmetry

Flow direction /

Fin central plane

Leaking wall

Starting point on the
groove wall

W

Pressure outlet

Figure 4.2: Boundary conditions specified in the COMSOL simulations

Both the symmetry and slip wall boundary conditions imply a zero cross flow

and vanishing shear stress at the boundary by imposing:

un=0, (4.6a)
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{ﬁ- [u <Vu + (Vu)Tﬂ } t=0, (4.6b)
where, u is the velocity vector, u = ui + vj, n is the unit normal vector of the

surface and t is the unit tangent vector of the surface at the boundary.

The pressure outlet boundary condition specifies the normal stress at the bound-

ary. The normal stress is defined as:

[—plI + (Vu + (Vu)Tﬂ A= —pi, (4.72)

Po < Do (4.7b)

where, T is identity matrix, p, is the relative pressure which is set to zero (p, = 0)
in current analyses, and p, is the pressure distribution at the boundary. In
COMSOL, the tangential component of stress is set to zero at the pressure

outlet boundary by default.

In leaking wall boundary condition, the velocity in surface tangential direction
is set to zero (no slip) and the velocity normal to the wall is calculated using the
condensation mass flux distribution obtained in the uni-directional flow model

as given below:

: (4.8a)

un=—, (4.8b)

where, t is the unit tangent vector of the solid wall.

4.1.4 Modeling approach

As mentioned previously, the free surface profile and the condensation mass flux
distribution are obtained in the uni-directional flow model and they are the in-

puts of COMSOL model. The free surface profile is a unique curve, specification
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of which is not straightforward in COMSOL. One way is to import several points
on the curve into the model and create interpolation curves passing through this
points. In the current model, the solid wall and the liquid free surface are created

using this approach.

Defining the symmetry, pressure outlet and free surface (slip wall) boundary
conditions is straightforward in COMSOL user interface. However, since the
condensation mass flux obtained in uni-directional flow algorithm is not con-
stant, specifying the leaking wall boundary condition requires a special treat-
ment, which is performed by dividing the solid wall into small segments and
setting the velocity at each segment in accordance with the local condensation

mass flux as shown in Figld.3

Liquid film

Flow direction

N |

Fin central
Leaking wall plane

" Starting point on the
“=| groove wall

Figure 4.3: Defining leaking wall boundary condition on the segments created
on solid wall

At the i"" segment, the condensation velocity normal to the wall, U.;, is calcu-

lated as follows:
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me;
Uci - —7, (49)

where, mlcll is the average condensation mass flux at the i’* segment. The sizes
of the segments on the planar walls are not critical since the direction of surface
normal does not change in the planar surfaces and the rate of change of conden-
sation mass flux is not high. However, in the cylindrical corner surface, the size
of the segments should be sufficiently small in order to capture the curved geom-
etry. In the current simulations, the cylindrical corner surface of 30 nm radius
is divided into 100 segments, and the planar surfaces are divided into segments
of 0.2 um. Since the total number of segments on the wall is high, specifying
the leaking wall boundary condition manually using the COMSOL user inter-
face is cumbersome. Therefore, the process of setting the simulation model
is automatized using COMSOL LiveLink™ for MATLAB, which enables the
establishment of simulation (COMSOL) model on MATLAB environment. In
the current study, the generation of problem domain, specification of boundary
conditions and solver settings are all performed on MATLAB using COMSOL

LiveLink™ interface.

4.2 Results of the Bi-directional Model

Using the COMSOL model described in this section, the simulations of con-
densation problems with subcooling of 1.0, 107!, 1072 and 1073 K, which are
discussed in Section [3.6.1] are performed. The pressure gradients and free sur-
face velocities obtained by the COMSOL model are compared with the results of
uni-directional model. It is worth noting that in uni-directional flow model, the
liquid pressure is specified by the summation of capillary and disjoining pres-
sures while in COMSOL, capillary and disjoining pressures are not modeled but
the liquid pressure is calculated in accordance with the aforementioned problem

domain and boundary conditions.

For 1.0 K subcooling case, the computational mesh consists of 226,568 elements.

The mesh independence is satisfied performing the simulation on three different
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meshes and the results obtained are almost identical in terms of the pressure

gradients and the velocities. The same mesh settings are used for all simulations.

In the COMSOL simulations, the boundary at the groove side is extended 20 nm
towards the groove to avoid the effect of numerical errors arising at the outlet
boundary such as pressure singularities at the corners of the boundary. The ex-
tended solid wall and liquid-vapor interface surface are specified as wall (no slip,
non-leaking) and slip wall boundary conditions, respectively. This modification

on the solution domain does not have a significant effect on the results.

Since the case with high disjoining pressure is of main interest, the results of the
case with 107 K subcooling are presented first. In Fig[4.4] the velocity contour,
velocity vectors, and u velocity profile at + = 30nm are presented. There is
a very low liquid velocity on the fin top surface; however, approaching to the
fin-groove corner, it increases with increasing amount of condensed liquid and
decreasing film thickness and reaches its maximum at the corner region. The
maximum velocity is about 2.6 x 1072 m/s, but the velocity contour in Fig.
ranges between 0 to 5.0 x 107m/s to demonstrate the distribution on the fin
top. In the uni-directional low model presented in Chapter [3] the liquid flow in
y- direction is neglected and the velocity profile is assumed as parabolic. The
zero shear boundary condition at the free surface makes the magnitude of the
velocity maximum at the free surface with vanishing derivative with respect to
y- coordinate. However, when the bi-directional simulations are performed, at
the free surface, the magnitude of u velocity is not maximum and the derivative
of u velocity with respect to y- coordinate is not zero, as shown in Figld.4p. This

difference is caused by the effect of v velocity in -y direction at the free surface.

The most critical region of this problem in terms of validity of the uni-directional
flow assumption is in the close proximity of the fin-groove corner, where the uni-
directionality of the liquid flow is disturbed the most. The velocity distribution
in the corner region is presented in Fig. The maximum velocity occurs at
the region where the liquid film is thinnest. As the film thickness increases in
both groove and fin directions, the liquid velocity at the free surface decreases,

as can be seen in Fig.
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Figure 4.4: The velocity distribution for 1072 K subcooling: (a) velocity contour
and velocity vectors on the fin top; (b)u velocity profile at = 30 nm

The high velocity in the corner region indicates a high pressure gradient in this
region. The pressure distribution in the corner region is given in Fig. as can
be seen in the figure, the pressure experiences an abrupt change at the region
where the liquid film is the thinnest, but at the fin top surface the rate of change
of pressure is very small. In the region near the central plane of the fin surface,
the pressure decreases through the fin-groove corner with a very small gradient
since the film thickness is high and the mass flow rate is low. As approaching to
the corner region, the film thickness decreases and the mass flow rate increases
with increasing amount of condensed liquid; therefore, the pressure gradient
increases (see Eq. . This is the reason of the rapid pressure change at the

corner region.
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Figure 4.5: The velocity distribution at the corner region for 1073 K subcooling

To investigate the deviation of the results of uni-directional flow model from the
bi-directional flow simulation results, the pressure gradients and the free surface
velocities are compared. This comparison is made at the corner region since it

is the most critical region with the highest gradients.

In the uni-directional model, the pressure gradient in surface normal direction
is neglected and the gradient in s- direction is the main driving force for the
liquid flow. For comparing the gradient obtained in uni-directional flow model
with the one in the COMSOL bi-directional simulation, the pressure gradient
in COMSOL results are calculated at the middle height in liquid film (at §/2)
and they are plotted together in Fig. [1.7h. The results of uni-directional and
bi-directional models are in good agreement for 1073 K subcooling case, which
means the uni-directional assumption (or lubrication approximation) is valid for

this case.

As shown in Fig. [£.4b and explained previously, the profile of the velocity par-
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Figure 4.6: The pressure distribution at the corner region for 1073 K subcooling

allel to the solid surface deviates from the one assumed in uni-directional flow
model due to the effect of flow in surface normal direction. To investigate the
significance of this deviation, the s- component of the velocity at the free sur-
face obtained in COMSOL simulation is compared with the free surface velocity
obtained by uni-directional flow model in Fig. [f.7b. The free surface velocities
in two models are also in good agreement for this case. Therefore, it can be de-
duced that the assumption of uni-directional flow is valid for 1072 K subcooling

problem.

The condensation problems with 1072, 107! and 1.0 K subcoolings are also solved
by using the COMSOL model. The comparisons of the pressure gradient and
the free surface velocity at the corner region are presented in Fig. for all
subcooling values. As discussed in Section increasing the subcooling causes
a higher time scale ratio, which is defined in Eq. since both ¢/R, ratio and
Reynolds number increases due to the increase of film thickness and amount

of condensed liquid. The increase of time scale ratio deteriorates the accuracy
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Figure 4.7: Comparison of the results of uni-directional model and COMSOL
simulations for 1072 K subcooling: (a) pressure gradient, dp;/ds, at the corner
region at the middle height (§/2), (b) s- component of the free surface velocity
at the corner region

of the uni-directional flow model, since the lubrication approximation is only
valid for low time scale ratios. As given in Table [3.3] when the subcooling
is increased from 1073 to 1072 K, the average time scale ratio increases from
1.0 x 107% to 3.8 x 107°, which is still much less than one; and this increase
in time scale ratio causes a small difference between the uni-directional and bi-
directional simulation results as shown in Fig. and Fig. [4.8b. Increasing the
subcooling to 107! K increases the time scale ratio to 1.2x 1072 and the difference
in pressure gradients and free surface velocities obtained by uni-directional and
bi-directional simulations becomes more prominent as shown in Fig. and
Fig. [4.8d. The difference is the highest for 1.0 K subcooling case (Fig. and
Fig. ), where the average time scale ratio is 2.3 x 1072,

The results presented in Fig. show that the lubrication approximation is a
limiting parameter for high subcooling values in accordance with the discussions
made in Section [3.6f However, for 1.0 K subcooling case solved, the disjoining
pressure is not significant and the slope of the free surface is almost continuous
at the corner region as given in Section [3.6] Therefore, an accurate solution of

the film profile on the corner region, where the deviation from uni-directional

73



70,000 [ 0.000 [

r X - . . X
E 60,000 X ___ Unidirectional 0,001 ___Unidirectional X
E s model s model x
b - " x COMSOL x
S, 50,000 : « COMSOL B 0.002 :
€ : £ C
% 40,000 i = -0.003 |
s : 8 3
S 30,000 2 .0.004
) [ Q [
5 s > s
@ 20,000 -0.005 |
4] s ¥
a -0.006 |

10,000 F

O'................... _0_007'........................

000 001 002 003 004 005 000 001 002 003 004 0.05
s [um] s [um]
(@) (b)
15,000 0.000
_ I ___ Unidirectional L x
% model [ ___ Unidirectional x
a - x X x COMSOL -0.005 | model x
2. 10,000 0 x COMSOL X
£ - E
(0] L
S 2
3 £ .0.010
5 S
o >
= 5,000 ;
a i -0.015
9 -
o
0 L = 0020 Lo v
000 001 002 003 004 0.05 000 001 002 003 004 005
s [um] s [um]
(© (d)
15,000 0.000 [
I —— Unidirectional :
% model -0.010 g ___ Unidirectional 5 x
g I x COMSOL -0.020 | model 5
=.10,000 K X X X o X COMSOL
= X x X x £ -0.030 |
Q@ > b
g 5 0.040 |
(@] - F
I L .0.050 K
£ 5,000 > g
? I -0.060 [
8 [
a -0.070 [
o L-—-.,...,.,., .. -0.080:'"""""""""""'
000 001 002 003 004 005 000 001 002 003 004 005
s [um] s [um]
(e) ®

Figure 4.8: Comparison of the results of uni-directional model and COMSOL
simulations: pressure gradient, dp;/ds, at the corner region at the middle height
(6/2) for (a)1072, (¢)1071, (e)1.0 K subcoolings; s- component of the free surface
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flow is the highest, is not essential for estimating the film profile on the fin top
surface. Thus, the uni-directional model still gives a good approximation of film
thickness profile for 1.0 K, despite the deviation from the bi-directional simu-
lations observed at the corner region. At this point, it is worth to note that
in a heat pipe, at the starting point of condenser section, the subcooling is the
highest and the edge angle at the groove side, 0, is also high, which both lead
to a high film thickness at the corner. Therefore, the disjoining pressure effect
is not significant and the resolution of the corner region is not crucial at the far
end of the condenser. However, as approaching to the evaporator section, the
subcooling and the edge angle decrease, which both decreases the film thickness
at corner and increases the effect of disjoining pressure; and therefore, the reso-
lution of the corner region becomes critical. But this time, since the liquid mass
flow is low due to the low subcooling and the film is thin, the time scale ratio
is low. Therefore, bi-directional effects are not significant and the accuracy of
the uni-directional flow model is high. Morover, when the disjoining pressure is
significant, it makes the free surface more conformal to the solid wall, and this

also reduces the effect of flow in surface normal direction.
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CHAPTER 5

DIMENSIONLESS PARAMETERS FOR FIN CONDENSATION
AND PARAMETRIC STUDY OF CONDENSATION
PERFORMANCE

In this chapter, the effects of thermophysical and geometrical parameters on the
condensation process, disjoining pressure, and the film profile forming on the fin
top surface are investigated by a parametric study. For the parametric study, one
alternative is to work with the dimensional form of governing equations, where
the fluid properties and geometrical parameters can be changed independently
to investigate their effects. However, in this case, the physical interpretation
and categorization of the parameters which have similar effects on the solution
becomes complicated, since the parameters are present in more than one equa-
tion or term. On the other hand, by non-dimensionalizing the equations, the
parameters which have the similar effects on the solution are grouped together
in dimensionless numbers, which reduces the total number of independent pa-
rameters and enables the interpretation of the overall effects of independent
parameters. Therefore, the governing equations are non-dimensionalized and
the parametric study is made by changing the dimensionless numbers which

appear in non-dimensional forms of equations and boundary conditions.

The non-dimensionalization of the governing equations and the effects of non-
dimensional groups on the condensation, film profile, and disjoining pressure are

presented in the following sections.
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5.1 Non-dimensionalization of Governing Equations

In the uni-directional flow solver algorithm, the conservation of mass and mo-
mentum (Egs. and ([3.12))), augmented Young-Laplace equation (Eq. (2.15))
and phase-change equation based on model of Wayner et al. [24] (Eq. (2.32)) are
solved together to obtain the film profile on the fin top. There are more than a
unique way of non-dimensionalization of these equations; however, among the al-
ternatives, the reference scales and dimensionless groups identified in the current

method are more suitable for physical interpretation of the results.

The total length of solution domain, L, and the corner radius, R,, are the
two alternatives for reference length scale in non-dimensionalization. The effect
of the corner radius on the pressure distribution at the corner region, slope
break, and film thickness profile is more prominent. Therefore, in the non-

dimensionalization, the corner radius is defined as the reference length scale:

dref = R, (5.1)

and

Sref = RO. (52)

Using these reference parameters, the dimensionless film thickness and surface

coordinate are defined as:

o
0= — .
B (5.3)
S
= — 4
S RQ’ (5)

respectively. The first derivative of film thickness is already dimensionless:

55 =6, (5.5)
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and the second derivative of film thickness is non-dimensionalized as follows:

623 = (1/R—0)5255 = 535R07 (56)
(1/R,)

which implies the reference value given below for the second derivative of film

thickness:

5ss,ref = 1/Ro . (57)

The interval that the problem is solved, 0 < s < L, is non-dimensionalized by

reference length as follows:

0<s/R,<L/R,, (5.8)

which can be re-written as,

0< s <II, (5.9)

where, the first dimensionless group, Il; is identified as:

L
Hl — Eo . (510)

In the condensation problem solved, the liquid flow on the fin top surface is
mainly driven by the capillary pressure gradient and the disjoining pressure is
either negligible or effective in a very limited region of the domain. Therefore,
for non-dimensionalization of the pressure, the reference pressure scale is defined
in terms of the surface tension and the reference scale for the second derivative

of film thickness, as follows:
Pref = Uéss,ref = J/Ro . (511)
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Substituting Eqs. (3.14a)) — (3.14b) and Eq. (2.7)) into Eq. (2.15]), the augmented

Young-Laplace equation can be written as:

653 Ad
Pjump = O —s t =, (512&)
J P (1 + 582)3/2 63
25 _9p 252 _ 2 4
S 0(5 + R,) Ry™ss — 2R,%05° — (0 + R,) d (5.12)

([5+RO>2+RO2552}3/2 53

for planar and cylindrical surfaces, respectively. Dividing these equations by
the reference pressure given in Eq. (5.11) and using the non-dimensional film

thickness and its derivatives, the expressions below are obtained:

1 (1/R.)& 1 1
* = 5 5.13
e = TR (1 gty o MR 01
2 Gk x 20%2 2 [ Cx 2
L RGNS RN - RIG A A 1

p%'le *
J P O'/RO |:R02(5* + 1)2 + R025Z2:| 3/2 O—R(ZJ (5

for planar and cylindrical surfaces, respectively. Collecting the dimensional pa-
rameters, the non-dimensionalized augmented Young-Laplace equation can be

written as:

o 1
Doy = ———5— 4 Ty — (5.14a)
J P (1 + 5;2)3/2 5*3

* 1 * 9 x2 * 12 1
S Gl L Sk Ul M VS (5.14b)

T 1) 0 o

for planar and cylindrical surfaces, respectively, where the second dimensionless

group, Iy, is identified as:

M, =2 (5.15)



When the the reference length and pressure are substituted into the equation of
mass flow rate per unit depth in s- direction (Eq. (3.12)), the equation below is

obtained:

1 o 1 dp;
s l 3 ox3
m' = 3R R ds* R,°0™. (5.16)

Defining the reference mass flow rate per unit depth as:

L, oR,
= 0.17
mref v ) ( )

and dividing both sides of Eq. 1} by the reference mass flow, 7., the non-

dimensional mass flow rate per unit depth is obtained as:

e 1dp
m’* = —§£5*3. (5.18)

For non-dimesionalization of the condensation mass flux equation (Eq. ),
it is first multiplied by the total length, L, to convert the flux into flow rate
per unit depth and then the reference scales for length, pressure and mass flow
rate per unit depth defined previously are used for non-dimesionalization of this

equation. The expression obtained is given below:

-k L v vV .o
- AT — 2L p T
M = (aR,hu [K1)6" | o R, oR, R, iume

(5.19)

Collecting the dimensional terms, the non-dimensional condensation mass flow

rate equation is obtained as:

- 1

where, the 3 dimensionless groups are defined as:

ROhU
t, = S (5.21)
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I1 5.22
4 O_RO ) ( )
Lvb

The boundary conditions for the first and second derivative of film thickness,
0s and d,,, at the starting point of the solution domain on the groove wall
(s = 0) are calculated using the radius of meniscus, R™, and the edge angle, 6,
inside the groove, as explained in Chapter 3l Non-dimensionalizing the radius of
meniscus curvature by the reference length, the dimensionless group given below

is identified.

M= . (5.24)

T, =6,. (5.25)

Heat transfer rate is the fundamental indicator of heat pipe performance. There-
fore, in the parametric study, the condensation performance will be evaluated
by comparing the dimensionless heat transfer in each case. Heat transfer is
not used during the film thickness profile calculations in uni-directional model.
Therefore, the total heat transfer rate per unit depth, ¢/, is calculated as a result

of the post-process as follows:

q = mi_oh . (5.26)

where, m’_, is the total condensation mass flow rate per unit depth. Dividing
the equation above by the reference mass flow rate per unit depth, the expression

given below is obtained:
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1
oR,/v

¢ =m'p_ohis - (5.27)

Using the dimensionless groups defined previously, after some algebraic manip-

ulations, the non-dimensional heat transfer equation becomes,

1 ’ 1% H3H1 -
=q" = . 0.28

which implies a reference heat transfer rate per unit depth,

Qhop = kAT . (5.29)

5.2 Parametric Study Results

The parametric study is performed by investigating the effects of dimensionless
groups, which are presented in the previous section, on the condensation perfor-
mance (condensation mass flux and heat transfer) and disjoining pressure. First,
the effects of the parameters are investigated on the problems with negligible
disjoining pressure effect; then, by performing a parametric study on a problem
where the disjoining pressure is high, the relation between the dimensionless pa-
rameters and the effect of disjoining pressure are elucidated. The results are first
presented in the dimensionless basis, and then the effects of dimensional param-
eters, such as fluid properties and geometrical parameters, on the condensation

performance are discussed.

5.2.1 Parametric study for low disjoining pressure problems

The parametric study is first performed on a basic condensation problem where
the effect of disjoining pressure is negligible. For this purpose, the case with
octane as working fluid and 1.0 K subcooling, results of which are presented

in Chapter is selected as the baseline problem and it is solved by non-
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dimensionalized model. The values of the dimensionless groups (parameters)

calculated for this problem are given in Table

Table 5.1: Dimensionless numbers for the baseline problem (1.0 K subcooling)

11, | 1666.67
I, | 2.08 x 1074
II; | 0.29

T, | 1.51 x 107"
Il | 0.13

Ils | 26666.67
IT; | 30.00

The dimensionless film thickness profile on the fin top obtained for this case is
given in Fig. 5.1} where the Cartesian coordinates are non-dimensionalized by

the reference length as follows:

a
o L 5.30
TR (5.30)
.Y

-7 5.31
V=5 (5.31)

The parametric study is performed by solving the problem with different val-
ues of dimensionless parameters. At each run, only one parameter is changed
and the others are kept constant. To investigate the effect of a dimension-
less parameter, II;, two additional simulations are performed by setting this
dimensionless parameter to 1/3 and 10/3 of the baseline value of this parameter
(I1; = 1/3 X I pasetine and IT; = 10/3 X II; pasetine), Which is given in Table
This is applied for dimensionless numbers II; to Ilg; for the last dimensionless
number, II;, on the other hand, the two additional simulations are performed

by setting II; to 15 and 45.
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Figure 5.1: Dimensionless film profile obtained for the input parameters given
in Table .11

The fundamental performance parameter in a heat pipe is the heat transfer
rate; therefore, to investigate the effect of a dimensionless parameter on the

condensation performance, the dimensionless average heat flux ratios, ¢, i,

definition of which is given in the equation below, are compared for each run.

— ,/*4
7" __ T 7 (5.32)

ratio 7% .
baseline

where, ¢"*. is the dimensionless average heat flux calculated for the current

1

value of II;, and ¢”* is the dimensionless average heat flux in the baseline

baseline

problem. The dimensionless average heat flux, ¢”*, is defined as:
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=1 (5.33)

Heat transfer in condensation process is a function of condensation mass flow
and latent heat as given in Eq. (5.26)). Therefore, the dimensionless average
condensation mass flux, m/””*, is another important parameter in the evaluation

of the effects of dimensionless parameters and it is defined as follows:

= =0 (5.34)

Similar to the heat flux ratio, the dimensionless average condensation mass flux,

which is compared for each run, is defined as:

e
% mT
m! R

ratio — %
m” paseline

(5.35)

The condensation performance is a function of film thickness on the fin top,

since the thickness determines the resistance to heat transfer. Therefore, the

dimensionless film thickness ratios at the fin center (s* = IIy), 67,4, defined
below are also compared.
* z:‘
L,ratio — 5*—z ) (536)
L,baseline

When the disjoining pressure is significant, it causes a sudden slope change at
the corner region and decreases the film thickness on the fin top, as discussed in
Chapter [3l Therefore, to check the significance of disjoining pressure, the slope
at the groove side of the corner, (d;)groove, and the slope at the fin top side of

the corner, (0,) i, which are given below, are also checked for each simulation.

do*

(630) roove — 5 ) (537)
g dx =0
do*
)y =22 (5.38)
dx o /2
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For the baseline problem solved with the inputs given in Table the dimen-

sionless average heat flux is, ¢"* = 4.54 x 1073, the dimensionless average

baseline
condensation mass flux, /" paserine = 1.41 x 107%, and the dimensionless film

thickness at the fin center is, d} = 966.

L.baseline

The first dimensionless parameter to be investigated in the parametric study is
IT;. The effect of this dimensionless group is summarized in Table 5.2 II; is re-
lated to the length of the fin top. As it can be seen in Table[5.2] in all three cases,
at the corner region, the slope of the film profile does not change significantly
from groove side to fin top side. Therefore, the disjoining pressure effect is neg-
ligible in these cases. Keeping the other dimensionless groups constant, increase
in the dimensionless length, II;, causes a decrease of the average dimensionless
heat and mass fluxes, which can be attributed to the higher dimensionless liquid

film thickness on the fin top obtained for the higher II;.

Table 5.2: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of II; (baseline problem
with low disjoining pressure)

H1 Wrdtio WTGHO z,ratio (61)97"001)6 (5$)fm
1/3 x 11 pasetine 2.49 7.48 0.34 1.73 1.70
IT} pasetine 1.00 1.00 1.00 1.73 1.72

10/3 % I} pasetine ~ 0.35 0.11 3.33 1.73 1.73

The next dimensionless parameter, Il,, is basically related to the significance
of disjoining pressure since it involves the dispersion constant, A;. As can be
seen in the Table[5.3] in all 3 cases, the slope at the groove side and the fin side
are the same, which indicates that the disjoining pressure effect is negligible for
these cases. The film thickness, heat and mass flux ratios also do not change for

this range of Ils.

The third dimensionless paramater, II3, can be related to the resistance to con-
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Table 5.3: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of I, (baseline problem
with low disjoining pressure)

1, Wrutio Wmtio z,mtz‘o (5x>groove (5m)fin
1/3 x 2 pasetine 1.00 1.00 1.00 1.73 1.72

115 pasetine 1.00 1.00 1.00 1.73 1.72
10/3 x I pasetine  1.00 1.00 1.00 1.73 1.72

densation, increase of which reduces the rate of condensation. However, it is
worth to note that, the rate of condensation is not directly proportional to the
rate of heat transfer because the change of the latent heat, h;,, have oppo-
site effects on the condensation and heat transfer rates. This is also evident
in the definition of dimensionless heat transfer rate given in Eq. , where
II5 appears in numerator of the multiplier term of dimensionless mass flow rate,
m’ :*:o- The effect of I3 on the dimensionless results is summarized in Table
The dimensionless film thickness at the fin center and the slopes at the corner
region are the same for the three different simulations, which indicates that the
dimensionless film thickness profiles are almost the same for these cases. Despite
almost identical film profiles on the fin top, the dimensionless average condensa-
tion mass flux decreases and the dimensionless average heat flux increases with

increasing II;.

Table 5.4: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of I3 (baseline problem
with low disjoining pressure)

113 Wratio Wmtw 5z,mtz‘o (596)97’00116 (535 ) fin
1/3 X 113 pasetine 0.85 2.54 1.00 1.73 1.72
113 pasetine 1.00 1.00 1.00 1.73 1.72

10/3 x s poserine  1.14 0.34 1.00 1.73 1.72
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The significance of the temperature difference (subcooling), AT, in the conden-
sation rate is specified by the fourth dimensionless parameter, II,. Considering
Eq. , the effect of this parameter on the dimensionless condensation mass
flow rate is obvious: increase of Il causes an increase in the dimensionless con-
densation mass flow rate. However, since II; appears in the denominator of the
term multiplying the dimensionless mass flow rate, M’:*:O, in the definition of
the dimensionless heat flux given in Eq. , without solving the problem,
it can not be determined whether the change in the rate of dimensionless heat
transfer will be positive or negative when II; varies. The results for different
I, values are given in Table [5.5] For this range of II,, the film profiles on the
fin top are similar; the effect of disjoining pressure is negligible; the change in
average dimensionless mass flux is almost directly proportional to I1; however,
the average dimensionless heat flux changes inversely but not significantly with

varying 1l4.

Table 5.5: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of I1, (baseline problem
with low disjoining pressure)

E TS *
H4 q” ratio m"" ratio 5L,ratio (6:E)groo’ve (6m)fzn

1/3 % Iy pasetine 1.01 0.34 1.00 1.73 1.72

L4 pasetine 1.00 1.00 1.00 1.73 1.72
10/3 x Iy pasetine  0.99 3.28 1.00 1.73 1.72

The next dimensionless group, 15, determines the significance of pressure jump
across the liquid-vapor interface, pjymp, in the condensation rate. The results for
different II5 are presented in Table [5.6] The dimensionless film profile, conden-
sation mass flux and heat flux does not change in these three cases. Evaluating
the results for various Il4 and II5 together, it can be deduced that in condensa-
tion process, the effect of temperature difference has a dominance over pressure

difference for these cases solved, since the dimensionless condensation mass flux
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is much more sensitive to the change of Ily.

Table 5.6: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of Il5 (baseline problem
with low disjoining pressure)

I ONTES
H5 q” ratio m" ratio 627“1”‘0 (51:)5]7’001)6 (5ac)fm

1/3 x 5 pasetine 1.00 1.00 1.00 1.73 1.72
15 pasetine 1.00 1.00 1.00 1.73 1.72
10/3 x 5 pasetine ~ 1.00 1.00 1.00 1.73 1.72

The last two dimensionless groups are derived from the boundary conditions at
the groove side. Ilg is related to the radius of meniscus inside the groove, R™.
The upper limit of R™ is infinite which occurs when the groove is fully flooded.
The minimum value of R™ is specified by the width of the groove together with
the contact angle of the working liquid on the surface. The effect of 1l on the
dimensionless results is negligible for the cases solved as seen in Table which

shows that the film profile and heat and mass fluxes are almost the same.

Table 5.7: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of Il (baseline problem
with low disjoining pressure)

ES NS *
H6 q,/ ratio " atio 6L,Tatio (6CE>97"OOU€ (51 ) fin

1/3 x g pasetine 1.00 1.00 1.00 1.73 1.72

L6 pasetine 1.00 1.00 1.00 1.73 1.72
10/3 x g pasetine ~ 1.00 1.00 1.00 1.73 1.72

I1; is the edge angle inside the groove. While the upper bound of the edge angle
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is almost 90°, where the groove is fully flooded, the lower bound is the contact
angle of the liquid on the solid substrate, which is specified by the material
properties. As mentioned before, additional to the baseline problem, where
II; = 30, two simulations are performed for IT; = 15 and II; = 45. The results
are summarized in Table [5.8 The change in the slope from groove side to the
fin top side of the corner is negligible for the baseline problem and the case
with II; = 45. Therefore, the effect of disjoining pressure is negligible for these
cases. For the case with II; = 15, the change in the slope at the corner region is
higher, which is an indication of higher disjoining pressure. However, since the
change of the slope is still small, its effect on the film profile or the condensation
rate is not significant. There is a considerable increase in the dimensionless
film thickness as the edge angle decreases, which shows that the film thickness
strongly depends on the edge angle (II;). The resistance to condensation and
heat transfer increases with increasing film thickness on the fin top. Therefore,
the dimensionless average condensation and heat flux are lower for lower II;.
The changes in average mass and heat fluxes are directly proportional in these

cases, since the dimensionless parameters, II;, II3 and II, are kept constant.

Table 5.8: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of II; (baseline problem
with low disjoining pressure)

117 Wratio Wwatio 5z,mtio (5$)9T00ve (5as)fm

15 0.91 0.91 1.33 3.73 3.65
H?,baselme(: 30) 1.00 1.00 1.00 1.73 1.72

45 1.18 1.18 0.72 1.00 1.00
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5.2.2 Parametric study for high disjoining pressure problems

To investigate the relation between the dimensionless parameters and the dis-
joining pressure effect, a parametric study similar to the one presented in the
previous section is performed. In this study, the baseline problem is the one with
1072 K subcooling, where the magnitude of the disjoining pressure is higher but
it does not have a significant effect on the film profile as shown in Figs. [3.9

and . The dimensionless parameters for this case are listed in Table [5.9]

Table 5.9: Dimensionless numbers for the baseline problem (1072 K subcooling)

11, | 1666.67
I, | 2.08 x 1074
Il; | 0.29

I, | 1.51 x 1073
Il | 0.13

Ils | 26666.67
IT; | 30.00

The dimensionless film thickness profile on the fin top for the baseline prob-
lem is given in Fig. The dimensionless film thickness at the fin center is
6*

Lbaseline — 994; the dimensionless average heat flux is 0" pasetine = 447 x 1073;

and the dimensionless average condensation mass flux is " pasetine = 1.39x 1078,
The only difference of this baseline problem from the previous one is that Il is
1072 times lower in this problem. Therefore, there is not a significant change
in the dimensionless film thickness on the fin top and the dimensionless average
heat flux, but the dimensionless average mass flux changes almost directly pro-
portional to II;,. Note that, for the current baseline problem, the slope decreases
from 1.73 to 1.69 from groove side to fin top side at the corner region, which

indicates that the disjoining pressure effect starts to become prominent.

The parametric study on the relation between the dimensionless parameters and

the disjoining pressure effect starts with the first dimensionless parameter, I1;.
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Figure 5.2: Dimensionless film profile obtained for the input parameters given
in Table 5.9

When II; increases, the change in the slope at the corner region increases too,
as shown in Table Therefore, the disjoining pressure effect increases with
increasing dimensionless length, IT;. As it is observed in the low disjoining pres-
sure problems, the dimensionless average heat flux decreases with increasing I1;.
However, when the disjoining pressure is high, the change in the dimensionless
heat flux is suppressed. This suppression is due to the formation of thinner films
on the fin top by the effect of disjoining pressure, which reduces the resistance

to heat transfer.

The second dimensionless parameter, 11, is directly related to disjoining pressure

through the dispersion constant, A;. The increase of this dimensionless number
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Table 5.10: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of II; (baseline problem
with high disjoining pressure)

1 Wrutio Wratio z,ratio (556)97"001)8 (536 ) fin
1/3 % I} pasetine 2.26 6.79 0.34 1.73 1.70

IT} pasetine 1.00 1.00 1.00 1.73 1.69
10/3 x I} pasetine ~ 0.38 0.11 3.12 1.73 1.50

increases the effect of disjoining pressure, which results in an abrupt slope change
(slope break) at the corner region as shown in Table The dimensionless
film thickness decreases; and the dimensionless heat and mass fluxes increase

with increasing disjoining pressure effect, as expected.

Table 5.11: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of Il (baseline problem
with high disjoining pressure)

H2 Wratio WWM%O z,ratio (6I>97'OOU€ (62? ) fin
1/3 x Is pasetine 0.99 0.99 1.01 1.73 1.73
IL5 pasetine 1.00 1.00 1.00 1.73 1.69

10/3 x My paseiine 114 .14 0.79 1.73 1.14

As demonstrated in the previous section, Il3 is the resistance to condensation
mass flow and increase of I3 results in a decreased dimensionless condensation
mass flux. Despite the decrease in the dimensionless mass flux, the dimensionless
heat flux increases with increasing II3. The decrease in the mass flux decreases
the film thickness, which increases the effect of disjoining pressure. When the
disjoining pressure effect becomes significant, a thinner film forms on the fin top

due the slope break at the corner, and the decrease in the dimensionless mass
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flux is suppressed. This results in a higher increase in the dimensionless average
heat flux when compared with the one in the case with negligible disjoining
pressure. This effect of TI3 on the disjoining pressure (slope and film thickness)

and heat transfer performance is presented in Table |5.12]

Table 5.12: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of I3 (baseline problem
with high disjoining pressure)

Ik Ik
H3 q// ratio m" ratio 62,7‘atio (635)97"00116 (630)]0”1

1/3 x I3 pasetine 0.83 2.49 1.01 1.73 1.72
I3 pasetine 1.00 1.00 1.00 1.73 1.69
10/3 % I3 pasetine  1.24 0.37 0.93 1.73 1.47

I14 directly affects the condensation mass flux due to the presence of subcooling
term. As it decreases, the film thickness decreases due to the decreased con-
densation mass flow, which increases the disjoining pressure. The dimensionless
results summarizing the effect of II; on the disjoining pressure and the heat
and mass fluxes are given in Table : decreasing Il increases the change of
slope at the corner and decreases the dimensionless film thickness at the fin top.
The change in the dimensionless heat flux is not significant. The change in the
dimensionless mass flux would expected to be higher if the effect of disjoining

pressure were neglected.

The effect of the next dimensionless parameter, Il5, on the disjoining pressure
is not significant as it is presented in Table [5.14 However, as II; changes, a
higher variation in the dimensionless heat and mass fluxes are observed when
compared with the results obtained for negligible disjoining pressure case. This
can be attributed to the lower II; in the current baseline problem because it
reduces the significance of temperature difference in the condensation process

and thus, makes the problem more sensitive to change of I, which specifies
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Table 5.13: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of Il (baseline problem
with high disjoining pressure)

I NS
11, q// ratio m" atio z,ratio (556)97"001)8 (536 ) fin

1/3 X Mypasetine 097 032 0.91 1.73 1.41
Tt paseline 1.00  1.00  1.00 1.73 1.69
10/3 X Mypasetine ~ 1.02 341 1.01 1.73 1.72

the significance of the pressure jump across the interface. The decrease in the
mass and heat fluxes with increasing IlI; shows that the pressure jump across
the interface suppresses the condensation for the cases solved. This suppressing
is only possible when the pressure difference (or pressure jump) in Eq. is
negative, 7.e. liquid pressure is higher than the vapor pressure. The pressure
jump is the summation of capillary and disjoining pressures as given in Eq.
The disjoining pressure is positive everywhere in the domain but the capillary
pressure is positive at the groove side where the free surface is concave up and it is
negative at the fin top where the free surface is concave down. The suppression in
the condensation shows that the pressure jump is negative in most of the domain,
where the disjoining pressure is negligibly small and the capillary pressure is

negative due to the concave down shape of the free surface.

Table 5.14: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of I5 (baseline problem
with high disjoining pressure)

15 Wr(ztio WT’GUO z,ratio (650)97“001)6 (5$ ) fin
1/3 x 5 pasetine 1.03 1.03 1.00 1.73 1.70
15 pasetine 1.00 1.00 1.00 1.73 1.69

10/3 x II5 pasetine ~ 0.90 0.90 1.00 1.73 1.69
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The dimensionless results for varying Ilg, which is related to the meniscus cur-
vature inside the groove, are presented in Table [5.15] Similar to the results
obtained for negligible disjoining pressure problems in the previous section, the
effect of Il on the disjoining pressure is negligible, which shows that there is

not a distinct effect of Il on the condensation process.

Table 5.15: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of Il (baseline problem
with high disjoining pressure)

x VY *
HG q” ratio m/ ratio L,ratio ((Sgc)groove (5x)fm

1/3 X g pasetine 1.00 1.00 1.00 1.73 1.69
L6 pasetine 1.00 1.00 1.00 1.73 1.69
10/3 x g pasetine ~ 1.00 1.00 1.00 1.73 1.69

In the results presented up to this point, as the dimensionless parameters are
varying, the change in each dimensionless ratio is monotonic: they either increase
or decrease. However, as can be seen in the results presented in Table [5.16}
as II; changes, the variations in the dimensionless ratios are non-monotonic.
When 117 is increased from 30 to 45 the effect of disjoining pressure vanishes
but a thinner film forms on the fin top due to the higher edge angle, II;. In
the other case, where II; is reduced from 30 to 15, the film thickness would be
expected to increase if the effect of disjoining pressure were negligible; however,
contrary to the expected thicker film on the fin top, a remarkable slope break
occurs at the corner and reduces the film thickness on the fin top. Therefore,
as II; decreases, the effect of disjoining pressure increases. Consequently, for
this particular baseline problem, the dimensionless film thickness decreases with
both increasing and decreasing edge angle, II;. Due to the thinner films, the

dimensionless heat and mass flux increases in either case (II; = 15 or II; = 45).
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Table 5.16: Comparison of dimensionless average heat flux ratio, average mass
flux ratio, dimensionless film thickness ratio at the fin center and slopes at the
groove and fin sides of corner region for different values of II; (baseline problem
with high disjoining pressure)

117 Wrutio Wmtio z,mtio (5x)groove (5m)fin

15 1.07 1.07 0.91 3.73 1.41
7 pasetine (= 30)  1.00  1.00  1.00 1.73 1.69

45 1.20 1.20 0.72 1.00 1.00

5.2.3 Discussion on the dimensional parameters

In the previous section, the effects of dimensionless parameters on the dimension-
less heat and mass fluxes are presented. However, in engineering applications,
the effects of dimensional thermopyhsical or geometrical parameters on the di-
mensional heat and mass fluxes are of main interest. Therefore, in this part, the
dimensionless results obtained in the previous section will be discussed in the
dimensional basis. The dimensional parameters can be present in both reference
scales and dimensionless groups. Therefore, switching to dimensional basis, the
effects of a dimensional parameter on both reference scales and the dimensionless

parameters should be considered.

First, the effect of each thermopyhical parameters, which is about the selection
of working fluid, is evaluated. The discussions on these parameters are given in

the following paragraphs.

The effect of dispersion constant, A;. The dispersion constant is only present
in II;. Therefore, the effect of A; on the heat and mass fluxes are parallel to
the effect of II; on the dimensionless heat and mass fluxes: the increase of Ay
increases the effect of disjoining pressure, and when the disjoining pressure is
high enough to cause a slope break at the corner which results in a thinner film

on the fin top, both the heat and mass fluxes increase.

The effect of surface tension, o. The surface tension appears in dimensionless
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parameters Il and I1; and the reference mass flow rate, ri;, ;. The decrease of
the surface tension has the same effect of increasing A; on II;, which raises the
effect of disjoining pressure. The relation between the surface tension and dis-
joining pressure effect can be explained as follows: the mass flow in s- direction is
driven by the liquid pressure gradient, which is the summation of rate of change
of the disjoining and capillary pressures. The capillary pressure is a function
of surface tension and curvature (Eq. (2.2)). As the surface tension decreases
the rate of change of curvature increases to ensure the liquid flow, which results
in an abrupt change in curvature and slope. Therefore, decreasing the surface
tension amplifies the slope break caused by the disjoining pressure. However, as
the surface tension decreases, I, increases, which reduces the effect of disjoining
pressure due to the higher condensation mass flow. Moreover, for lower surface
tension, the reference mass flow rate decreases as well. Due to these effects of
surface tension on different dimensionless numbers and the reference scale make
it impossible to determine the effects of changing surface tension without solving
the problem if the disjoining pressure is significant. However, for the problems
with negligible disjoining pressure, the dimensionless average heat flux is not
sensitive to variation of II, and Ily; therefore, the effect of changing the surface
tension in low disjoining pressure problems is expected to be minor in terms of

average heat flux.

The effect of coefficient a. The dimensionless parameters 113 and I14 involve the
coefficient a. Comparing the effects of II5 and II, in both high and low disjoining
pressure problems, it can be stated that the dimensionless average heat flux is
much more sensitive to variation of IIs. Increase of the coefficient a increases
I13, which results in a significant increase in the dimensionless average heat flux.

Therefore, the dimensional heat flux also increases for higher coefficient a.

The effect of coefficient b. Coefficient b appears only in the dimensionless pa-
rameter II5, the variation of which does not have remarkable effect on the dimen-
sionless heat flux for the problems with high I1;. However, for low 114 problems,
higher the coefficient b, lower the dimensionless heat flux due to the negative
pressure jump, as discussed in the previous section. The change in the dimen-

sional heat flux is parallel to the dimensionless one.
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The effect of the latent heat, hy,. The only dimensionless parameter involving the
latent heat is II3. The increase of I3 results in a higher dimensionless average
heat flux for both low and high disjoining pressure problems. Therefore, the

condensation heat transfer is higher for liquids with higher latent heat.

The effect of liquid thermal conductivity, k;. The liquid thermal conductivity is
present in the dimensionless group II3 and the reference heat flux, ¢/, ;- Increas-
ing the thermal conductivity increases II3 and accordingly reduces the dimen-
sionless average heat flux for both high and low disjoining pressure problems.
However, since the reference heat flux is directly proportional to the thermal
conductivity, higher thermal conductivity has an increasing effect on the dimen-
sional heat flux (see Eqgs. and (5.29)). To evaluate the overall change of
dimensional heat transfer, the sensitivity of dimensionless heat transfer to Il
and the sensitivity of reference heat transfer to thermal conductivity should be
investigated. For the case with high disjoining pressure, for instance, when a 3
times higher thermal conductivity is used, which corresponds to 1/3 times lower
13, the dimensionless heat flux reduces to 0.83 of the original one. However,
the reference heat flux increases directly proportional to the thermal conductiv-
ity. Therefore, change of dimensional heat flux will be positive when the thermal
conductivity increases. The underlying reason of the enhancement in heat flux is

that increasing the thermal conductivity reduces the resistance to heat transfer.

The effect of kinematic viscosity of liquid, v. The kinematic viscosity appears in
the definitions of dimensionless groups II; and II5 and the reference mass flux,
1. When the effect of temperature difference is dominant over the effect of
pressure difference in condensation process (Il is high), the dimensionless heat
flux is not sensitive to the changes in II; and II;. However, when the effect of
pressure difference is significant (114 is low), high kinematic viscosity (or high

II5) may suppress the heat flux.

The dimensional parameters discussed up to this point are related to the selec-
tion of working fluid and the solid substrate. The effect of geometrical param-
eters such as total length, L, corner radius, R,, radius of meniscus curvature,

R™, and the edge angle inside the groove, 60,, are discussed in the following
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paragraphs.

The effect of fin length, Ly;,. The length is present in the dimensionless groups
1, 114, and II5. Among them, the average dimensionless heat flux is most sensi-
tive to the changes in II; for both low and high disjoining problems. Therefore,
the decrease in the total length is expected to enhance the average heat flux due

to the thinner film forming on the fin top.

The effect of corner radius, R,. The corner radius appears in most of the dimen-
sionless parameters and the reference scales. Therefore, evaluating the effect of
the corner radius on the heat transfer performance through the dimensionless
groups is not possible. However, in Chapter [3, it is shown that the sharper
corners increases the effect of disjoining pressure, which results in higher heat
flux due to the slope break at the corner and thinner film on the film top. The
condensation problem with 1.0 K subcooling and 30 nm corner radius, results of
which are presented in Chapter (3] is solved in this part with higher corner radius
of 100 nm. The results obtained shows that the film profile remains very close to
the one with 30 nm radius and the average condensation mass flux rate decreases
1.6% for 100 nm radius, which is not a significant change. In this problem, the
effect of disjoining pressure is negligible; therefore, it can be stated that if the
corner radius changes in this range, it does not have a considerable effect on the

heat transfer performance in the cases with negligible disjoining pressure.

The effect of radius of meniscus inside the groove, R™. The radius of meniscus
is a boundary condition at the groove side and it is only present in the dimen-
sionless parameter Ilg, the effect of which is negligible for both high and low

disjoining problems.

The effect of edge angle inside the groove, 6,,. The edge angle is the other bound-
ary condition at the groove side, which is equal to the dimensionless parameter
IT;. As discussed in the previous section, decreasing edge angle results in a
thicker film on the fin top when the disjoining pressure is negligible. However,
for high disjoining problems, lower edge angles increase the effect of disjoining
pressure and consequently, it may cause formation of a thinner film on the fin

top.
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5.2.4 Comments on the grooved heat pipes

The parametric study shows that using fluids with high latent heat, h;,, high
thermal conduction coefficient, k;, and high coefficient ¢ makes a substantial
improvement in the heat transfer performance in condenser section of a grooved
heat pipe. Under certain conditions discussed previously, the effect of disjoining
pressure enhances the heat transfer by leading to a thinner film on the fin top.
When the liquids with higher dispersion constant, A,, are used in a grooved heat
pipe, the effect of disjoining pressure on the condensation heat transfer may be

considerable.

The performance of a working fluid inside a heat pipe is generally evaluated by
merit number [55]. It is based on the axial liquid flow (through surface tension,
o, and kinematic viscosity, ), and the phase-change (through latent heat, hy,),

as given in the definition below:

O'hlv

Ny = (5.39)

Higher surface tension increases the axial capillary pumping capacity and lower
kinematic viscosity decreases the shear losses in axial flow. Also, the heat trans-
fer due to the phase-change can be enhanced by high latent heat. Therefore, for
better heat transfer performance, working fluids with high merit number should
be used. In terms of the condensation performance on the fin top, high surface
tension and low kinematic viscosity do not have a significant effect; high latent
heat, on the other hand, is preferred. Therefore, working fluids with high merit
number are better for condensation performance as well as the axial liquid flow

in a grooved heat pipe.

The fin length, Ly, is the fundamental geometrical parameter in condensation
on the fin top of a grooved wall. The condensation heat flux is higher for narrower
fins (small Ly;,). However, in a heat pipe, the condensation heat flux is not
the only performance parameter. Therefore, the optimum fin length should be
decided on by considering the evaporation and capillary pumping performances,

in addition to condensation performance.

102



In a grooved heat pipe, from condenser through evaporator section, the edge an-
gle decreases with decreasing liquid amount inside the groove. In the numerical
models of grooved heat pipes in the literature, the effect of disjoining pressure
is neglected and the slope of the film at the fin-groove corner is assumed as
continuous. Therefore, the liquid film thickness on the fin top increases with
decreasing edge angle until the zero subcooling point between the condenser
and evaporator. This creates a singularity at this point because the liquid film
on the fin top surface has a finite thickness at the condenser side while there is
no liquid on the fin top at the evaporator side, which is physically unrealistic.
Considering the results obtained for different II; values, it can be speculated
that one of the mechanisms which gradually decreases the film thickness on the
fin top at the close proximity of zero subcooling point may be the disjoining
pressure, because both decreasing the subcooling (I1;) and the edge angle (II5)
intensify the effect of disjoining pressure. However, to make a detailed study on
this hypothesis and to obtain the film profile on the fin top at the close proxim-
ity of the zero subcooling point, utilization of a three-dimensional model which

solves the flow in the groove axial direction is required.

5.2.5 Case study with real fluids

In this part, the condensation cases with real fluids are solved and the effects
of thermophysical properties of the fluids are elucidated in the light of the di-
mensionless analysis presented in previous sections. The fin-groove geometry
and subcooling value (temperature difference between the wall and vapor) are
the same for all cases. Condensation of benzene and water on fused silica are
solved in addition to the condensation of octane on silicon, results of which are
presented previously, and both dimensional and dimensionless heat and mass

fluxes are compared.

The comparison of thermophysical properties of octane, water, and benzene
are given in Table The properties listed are evaluated at the saturation
pressure at 343.0 K. The dispersion constants of water and benzene which are

listed in [24] are used in the current study. The thermal conductivity and the
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viscosity of benzene are taken from [56] and [57], respectively. NIST Chemistry
WebBook [53| is used for all other properties.

Table 5.17: Thermophysical properties of octane, water and benzene

Octane Water Benzene
Ag (J) 318 x 10721 2.87 x 10721 3.41 x 102!
o (Nm™1) 0.016953 0.064508 0.022413
a (kg m™2s7 1K) 3.18 2.67 9.80
b (kg m™2s7'Pat) 4.85x 107 4.02x 1077 1.01 x 107°
hyy (Jkg™t) 3.398 x 10°  2.333 x 10°  4.021 x 10°
kr (Wm—tK™1) 0.11136 0.66298 0.12739
v (m?s7) 4.823 x 1077 4.139 x 1077 4.298 x 1077

Using the properties given in Table the condensation problems of 1.0 K
subcooling are solved for the same geometry presented in Section [3.6] At this
point, it should be noted that water is a polar substance, disjoining pressure
model of which requires inclusion of the effect of short range intermolecular
forces. However, the power rule for disjoining pressure given in Eq. is still
used for water, since the effect of disjoining pressure for the cases with 1.0K
subcooling is negligible. The dimensionless parameters calculated for octane,

water, and benzene are given in Table [5.18

The simulations are performed with the inputs listed in Table The dimen-
sionless average mass and heat fluxes (7" and ¢”*, respectively) obtained are
presented in Table [5.19] The effect of disjoining pressure in the cases solved
in this part is not significant since the subcooling value is high, which leads to
formation of a thicker film. Therefore, effect of II; on condensation is negligible.
Moreover, since the subcooling is high, the main driving force for condensation
is the temperature difference, which means that the dependence of condensation
on II5 is not strong. Comparing the cases with octane and water; Il3 values

are very close but water has a smaller II, value. Therefore, dimensionless mass
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Table 5.18: Dimensionless parameters calculated for octane, water and benzene

Octane Water Benzene
Iy 1666.67 1666.67 1666.67
II, 2.08x107* 494 x10° 1.70 x 1074
115 0.29 0.28 0.93
I, 0.15 0.03 0.31
115 0.13 0.01 0.24
Il 26666.67 26666.67 26666.67
II; 30.00 30.00 30.00

flux is smaller for the case with water. On the other hand, benzene has higher
I13 and II, compared to octane. Increasing II3 and I, has opposite effects on
dimensionless mass flux and their overall effect leads to a decrease in mass flux
for the case with benzene. The dimensionless heat flux is not sensitive to the
changes in 114, but it increases with increasing 3. Therefore, cases with octane
and water result in close dimensionless heat fluxes, but using benzene increases

the dimensionless heat flux due to higher II;.

Table 5.19: Dimensionless average mass and heat fluxes calculated for octane,
water and benzene

Octane Water Benzene
m™ 141 x107% 278 x 1077 1.03 x 107
¢ 4.54x107% 458 x 1073 5.09 x 1073

As mentioned previously, the fundamental performance parameter is the dimen-
sional heat flux. The results obtained here are converted to dimensional basis,
and the average heat fluxes of three cases are compared together with the av-
erage mass fluxes in Table [5.20L The values of reference scales for mass flow
and heat transfer should also be considered in order to discuss the dimensional

results. Therefore, the reference scales for three fluids are also presented in Ta-
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ble[2.20l The difference in dimensional mass fluxes of octane and water cases are
not as high as the one in dimensionless mass flux due to higher ;. , of water.
Furthermore, although the dimensionless mass flux of benzene is lower than that
of octane, the dimensional mass flux of benzene is higher as a result of higher
m,.; of benzene. Comparing the dimensional average heat fluxes of water and
benzene, despite similar dimensionless heat fluxes, higher q;,ef of water, which
is due to the higher thermal conductivity, results in a substantially higher di-
mensional heat flux for water. The effect of higher thermal conductivity is also

evident in the higher dimensional heat flux obtained for benzene.

Table 5.20: Dimensional average mass and heat fluxes calculated for octane,
water and benzene

Octane Water Benzene
il (kgm™'s™!) 1.05 x 107* 4.68 x 107 1.56 x 10~°
Goy Wm™) 1.11 x 107" 6.63 x 107" 1.27 x 107!
m” (kgm™2s71)  4.96 x 1072 4.33 x 1072 5.38 x 1072
¢’ (Wm™?) 1.69 x 10*  1.01 x 10°  2.16 x 10*

To summarize, the performance of the heat pipe condenser section can be im-
proved by using fluids with: high latent heat, h;,, which elevates the rate of
phase-change heat transfer; high thermal conductivity, k;, which reduces the
resistance to heat transfer through the liquid film; and high o /v ratio which ap-
pears in m;,ef and enhances the liquid transport due to higher capillary pressure

and lower shear.
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CHAPTER 6

PERFORMANCE OF CONDENSERS WITH
NON-PERPENDICULAR FIN-GROOVE CORNER

In a grooved heat pipe, the liquid mass transfer inside the groove from condenser
to evaporator section is sustained by the capillary pressure difference, which is
generated by varying radius of meniscus curvature inside the groove. At the far
end of the condenser section, the groove is almost flooded with liquid leading
to a very high meniscus radius. Moving towards the evaporator section, the
liquid amount inside the groove reduces and the radius of meniscus decreases.
In a rectangular groove the lower limit of the meniscus radius is specified by
the contact angle together with the groove width. However, the lower limit of
meniscus radius can be altered by changing the orientation of the groove wall,
i.e., making an inclined groove wall with respect to the fin top surface. In this
chapter, the effect of non-perpendicular fin-groove corner, which can be present
in an unconventional grooved heat pipe design, on the condenser performance is

investigated.

6.1 Problem definition for non-perpendicular fin-groove corner

Condensation on the rectangular grooves is solved in the previous sections and
effects of disjoining pressure, thermophysical and geometrical parameters on
condensation are discussed. In this section, on the other hand, a new parameter
specifying the the angle of the fin-groove corner is defined and the effect of corner
angle on condensation performance is investigated. The problem solved in this

section is the same as the fin-groove system defined in Chapter |2| except the
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orientation of the groove walls. The groove walls are not perpendicular to fin

top surfaces, as shown in Fig.

Condensation Condensation

! / 1 ‘ I ' '
1 1
Symmetry ; Symmetry

. Groove ' .
Axis Liquid discharge Axis

Figure 6.1: Fin-groove system with non-perpendicular fin-groove corner

The corner connecting the fin and groove walls is assumed as a cylindrical surface
as it is in the previous problems. The corner angle, ~, is shown in Fig. [6.2a—c

for v < 90°, v = 90° and ~ > 90°, respectively.

The uni-directional flow solver algorithm is utilized to solve the cases with vari-
ous fin-groove corner angles. The solution domain starts at a point on the groove
wall (s =0 in Fig. and ends at the line of symmetry of the fin top surface.
The results showing the effect of changing the corner angle on the condensation

performance are presented in the following section.
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Liquid film Liquid film Liquid film
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Figure 6.2: Definition of corner angle, ~y, for a) v < 90°; b) v = 90°; ¢) v > 90°

6.2 Results and discussion

In a grooved heat pipe, the grooves are almost flooded with liquid at the far end
of the condenser section and the edge angle is very high, i.e. the free surface
is almost parallel to fin top surface. Therefore, the effect of corner angle is not
distinguishable at this region. However, as the edge angle, 6,, decreases, the
effect of corner angle becomes important. In this part, the effect of corner angle
on the condensation performance is shown for a moderate edge angle, 0, = 45°,
and a small subcooling value, AT = 0.01 K, which are likely to be present at the
region close to the transition from condenser to evaporator section of a grooved
heat pipe. Octane is used as the working fluid. The thermophysical properties
of octane given in Table are used. The radius of the cylindrical corner,
R, = 30 nm, the length of the fin top surface, Ly;, = 100 um and the radius of

meniscus inside the groove, R™ = 800 um for all cases.

The film thickness profiles obtained for different corner angles are given in
Fig. As the corner angle increases, the film thickness on the fin top in-
creases as can be seen in the figure. The edge angle, 0,, which is the angle
between the free surface and the groove wall, is the same in all cases. Therefore,
varying the corner angle changes the slope of the free surface at the starting
point of the solution domain, ¢.e. the slope of the free surface is smaller for
lower corner angles since the edge angle is kept constant. Thus, the lower corner

angles results in thinner film thickness profiles on the fin top.
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The thickness of the film on the fin top surface is associated with the condensa-
tion mass flux as discussed previously. The total condensation mass flow rates
per unit depth, m/_, for the cases with different corner angles are presented in

Table [6.1] Decreasing the corner angle from 120° to 60° results in a 2.2 times



higher condensation mass flow rate, which is directly proportional to the heat

transfer.

Table 6.1: Total condensation mass flow rates for different corner angles

v (°) 60 75 90 105 120
W]y (x10%kgm~'s™!) 52 37 2.9 25 24

The simulations performed for various the corner angles show that when the
edge angle is low, the film thickness on the fin top increases with increasing
corner angle leading to a deterioration in heat transfer performance. The edge
angle is associated with the amount of liquid inside the groove and it decreases
with decreasing liquid amount. Therefore, for the grooved heat pipe designs with
high corner angles, the liquid amount inside the grooves at the condenser section

should be high in order to avoid suffering from low condensation performance.
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CHAPTER 7

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

7.1 Conclusion

A solution methodology is developed to construct a comprehensive model of thin
film condensation in a fin-groove system, which is the representative unit struc-
ture for grooved wicks. The model proposed keeps the fin-groove corner inside
the solution domain and eliminates the need for using boundary conditions at
the corner, which were utilized in previous models and based on the assump-
tions of continuous slope and zero or continuous curvature of free surface at the
corner. The model proposed enables the investigation of the effect of dispersion
forces—without structural effects—on the film profile of a non-polar liquid by
keeping the fin-groove corner, where the film becomes thinnest, inside the so-
lution domain. The results show that when the dispersion forces are effective
in the corner region, the liquid film conforms to the solid surface in the close
proximity of the corner leading to an abrupt change, a slope break, in the film
profile. A similar finding was reported in a previous experimental study [20],
where the axial liquid flow and disjoining pressure were speculated to be the pos-
sible sources for the slope break. Although the problem modeled in the current
study is not identical to the problem experimented with, a similar configuration
(without axial flow) studied in the current work reveals that disjoining pressure
can bend the liquid-vapor interface such that a thinner film forms on the fin top.
This finding shows that the assumption of continuous slope of the free surface at
the corner region may not be valid for the cases with high disjoining pressures.

High disjoining pressure effect leads to formation of thinner film on the fin top
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surface due to the slope break and accordingly, increases the condensation rate

by reducing the thermal resistance.

The validity of the assumptions used in the modeling are elucidated in detail
by discussing the time scale ratios obtained for the cases studied and solving
the same cases based on bi-directional flow of the condensate using COMSOL

Multiphysics software.

A parametric study is performed with dimensionless parameters to understand
the effects of thermophysical and geometrical parameters on disjoining pressure
and condensation performance. The results reveal that using fluids with high la-
tent heat, high thermal conductivity, and high liquid surface tension to viscosity
ratio improves the condensation performance. Moreover, any thermophysical or
geometrical effect that leads to formation of thinner film at the corner region

intensifies the effect of disjoining pressure on the film profile.

Lastly, the algorithm developed is used to solve the condensation on grooved
walls with non-perpendicular fin-groove corners and the condensation perfor-
mance for different configurations are discussed. Results reveal that increasing
the corner angle causes formation of thicker liquid film on the fin top and re-

duction in condensation performance for small edge angles.

7.2 Suggestions For Future Work

The current model is developed for non-polar liquids. A future research can
be conducted to investigate the effects of polarity and structural forces such as

molecular layering in a similar fin-groove system.

The uni-directional flow model presented in the current study utilizes some
matching conditions at the transitions from planar to curved and curved to
planar surfaces. Use of these matching conditions can be eliminated by modi-
fying the algorithm if a generalized orthogonal curvilinear coordinate system is
used for defining the solid surface. This modification would enable the use of

the current algorithm for the thin film flow on any arbitrary planar or curved
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surfaces.

The condensation model proposed in the current study should be embedded into
a three-dimensional mass conserving model of grooved heat pipes for investigat-
ing the effects of axial flow on the fin top surfaces and the film profile at the

transition region from condenser to evaporator section.
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