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ABSTRACT
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Condensation, a natural phase change phenomenon, is extremely significant in a variety of
applications, from power generation to electronics cooling. While previous studies have
predominantly focused on experimental studies and single droplet simulations, there is a gap
in the literature on the comprehensive numerical analysis of dropwise condensation and
parameters affecting its performance. By simulating condensing flow on different surfaces and
performing parameter studies, this thesis reveals the effect of steam mass flux, contact angle,
material, subcooled temperature, and configuration. First, this study covers heat transfer
analysis during flow condensation on surfaces with uniform wettability. The unique aspect of
this thesis is using simulations to visualize the entire dropwise condensation cycle, elucidating
the dynamic processes. The findings reveal that higher steam mass flux improves heat transfer,
as droplet departure diameter adversely changes with steam mass flux. Surfaces with low
wettability exhibit substantial improvements in heat transfer (up to 33% increase in heat
transfer coefficient) at high steam mass fluxes compared to highly wettable surfaces. The
second part of the thesis investigates patterned surfaces, and the effect of pattern size and
mixed wettability on dropwise condensation behavior, droplet size, and heat transfer. The
findings identify the optimum pattern size for maximizing the heat transfer performance. Over
a variety of surface types, findings consistently revealed a beneficial relationship among
higher contact angles, decreased departure droplets, and superior heat transfer performance.
Furthermore, this thesis validates the developed numerical model through comparison with
experimental results, which provides the reliability of the computational approach in
accurately modelling dropwise condensation and in predicting and optimizing dropwise
condensation behavior for different applications.



OZET

FONKSIYONAL VE DESENLI YUZEYLER UZERINDE DAMLACIKLI
YOGUSMANIN SAYISAL INCELEMESI

HOSSEIN MOHASSEL
MEKATRONIK MUHENDISLIGI YUKSEK LISANS TEZI, ARALIK 2023

Tez Danmismani: Prof. Dr. ALI KOSAR
Ortak Danisman: Asst. Prof. ABDOLALI SADAGHIANI

Anahtar Kelimeler: damla yogunlasma, isi transferi gelistirme, bifilik ylzey,
stiperhidrofobik, damlacik dagilimi, sayisal analiz

Yogunlagma, dogal bir faz degisim olay1 olarak, enerji iretiminden elektronik sogutma alanina
kadar cesitli uygulamalarda son derece onemlidir. Onceki ¢alismalar genellikle deneysel
caligmalara ve tek damlacik simiilasyonlarina odaklanmig olsa da, damlali yogunlagsma ve
performansini etkileyen parametrelerin kapsamli sayisal analizi konusunda literatiirde bir
bosluk bulunmaktadir. Farkli yiizeylerde kondanse akisini simiile ederek ve parametre
caligmalar1 gergeklestirerek, bu tez buhar kiitlesi akisi, temas agisi, malzeme, sogutulmus
sicaklik ve konfigiirasyonun etkilerini ortaya cikarir. Ilk olarak, bu calisma uniform
1islanabilirlik 6zelliklerine sahip yiizeylerde akis yogunlagmasi sirasinda 1s1 transfer analizini
kapsar. Bu tezin benzersiz yani, dinamik siiregleri aydinlatmak i¢in simulasyonlar: kullanarak
damlali yogunlasma dongiisiiniin tamamin1 gorsellestirmesidir. Bulgular, daha yiiksek buhar
kiitlesi akisinin 1s1 transferini artirdigini, ¢iinkii damla ayrilma ¢apinin buhar kiitlesi akisi ile
olumsuz bir sekilde degistigini ortaya koymaktadir. Islanabilirligi diigiik yiizeyler, ytliksek
buhar kiitlesi akislarinda (%33'e kadar 1s1 transfer katsayisinda artis) yiiksek islanabilir
yiizeylere kiyasla 6nemli iyilestirmeler gostermektedir. Tezin ikinci kismi desenli yiizeyleri
ve desen boyutunun damlali yogunlasma davranigi, damla boyutu ve 1s1 transferi {izerindeki
etkilerini incelemektedir. Bulgular, 1s1 transfer performansini en iist diizeye ¢ikarmak icin
optimal desen boyutunu belirlemektedir. Farkl yiizey tiplerinde, bulgular siirekli olarak daha
yuksek temas agilari, azalmis ayrilma damlaciklar1 ve iistiin 1s1 transfer performansi arasinda
faydali bir iliski oldugunu ortaya koymaktadir. Ayrica, bu tez, deneysel sonuglarla
karsilagtirma yaparak gelistirilen sayisal modeli dogrular; bu da sayisal yaklagimin damlal
yogunlagsmay1 dogru bir sekilde modelleme ve farkli uygulamalar i¢in damlali yogunlagma
davranigini tahmin etme ve optimize etme konusundaki giivenilirligini saglar.
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1 INTRODUCTION

Condensation is a fundamental phase-change phenomenon that plays a crucial role in a wide
range of industrial and environmental applications. It is the transformation of a vapor or gas
into a liquid when it comes into contact with a cold surface. Understanding and optimizing
condensation is vital for enhancing the efficiency and sustainability of numerous technologies
and industries including power generation [1-3], solar thermal applications [4], building and
environmental thermal systems [5], water desalination systems [6-8], air conditioning [9, 10],
and electronics cooling [11, 12]. Therefore, improving the condensation process yields more
efficient and compact condensers, which in turn decreases the system weight and size and
boosts output energy in a variety of engineering applications, which could cause in lower costs
and emissions of COx.

Depending on the surface wettability, there are two distinct scenarios for condensation [13]:
dropwise condensation (DWC) when liquids do not wet the surface and filmwise condensation
(FWC) when the surface is wetted by liquids, schematically shown in FIG 1-1.

Dropwise condensation (DWC) is a specific mode of condensation that has attracted a great
deal of interest during recent years for its potential to significantly improve heat transfer and
energy efficiency [14]. In this mode, vapor or gas condenses into discrete droplets on the
condensing surface, which then fall off under gravity or shear force. Unlike filmwise
condensation, where a continuous liquid film forms, dropwise condensation offers advantages
such as reduced surface wetting and improved thermal performance. These features make it
appealing for applications where efficient heat transfer is crucial.

Two methods are employed to improve condensation heat transfer: active and passive
methods. Active methods involve applying external forces such as an electrical field [15],
while passive approaches control condensate droplet nucleation and growth by manipulating
surface properties or adding fluid additives, resulting in an improved performance [16].

The growing significance of dropwise condensation and the potential of engineered surfaces
for achieving high heat transfer rates, reduced energy consumption, and enhanced
environmental sustainability have driven extensive research efforts during recent years.
Advances in materials and surface treatments, coupled with a deeper understanding of the
underlying physical mechanisms, have proposed innovative opportunities across various
industries.
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FIG 1-1 Schematic showing the condensation types: a) filmwise condensation (FWC), b) dropwise
condensation (DWC)
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This thesis aims to comprehensively examine dropwise condensation behavior on engineered
surfaces, exploring key parameters such as the steam mass flux, wettability, temperature, and
material. To investigate the underlying mechanisms governing dropwise condensation, it is
crucial to delve into fundamentals of this process. This thesis presents a numerical analysis on
parameters influencing nucleation, droplet growth, and droplet departure in dropwise
condensation. By gaining a deeper understanding of the physics involved, we can lay the
foundation for optimizing the condensation performance on engineered surfaces. So that every
problem could be addressed in systems involving condensation heat transfer.

1.1 Literature Review

1.1.1 Plain Surfaces

Condensation is categorized as filmwise condensation (FWC) or dropwise condensation
(DWC) [17-19]. In FWC, heated vapor in contact with a cold surface forms a thin layer of
condensed water on the surface, which adds another layer of heat transfer resistance. On the
other hand, in DWC, vapor condensates into tiny droplets, following periodically a four-step
process: nucleation, growth, coalescence, and removal of droplet from the surface. DWC heat
transfer coefficient (HTC) is typically 4- 28 times greater than FWC's [20-22] due to discrete
drops having lower thermal resistance than a continuous film. Therefore, improvement in any
of these steps will enhance the efficiency of the condensation process, which will boost the
energy efficiency of the entire industrial system. Thus, optimization of this process plays an
indispensable role in energy and natural resource consumption reductions for a wide range of
applications [23-25]. Either passive techniques such as surface engineering and altering
surface wettability properties or active techniques such as vibration [26], acoustic [27], gas
generation [28], and electric fields [29] could be used for this task. Dropwise condensation is
also effective in reducing the size and weight of the condensers such as in thermal management
devices [30] and air conditioning systems [31].

Comparing condensation modes, dropwise condensation reveals lower wettability and surface
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free energy (SFE). The contact angle () is used to determine the wettability or hydrophobicity
level of a surface (as shown in FIG 1-2). The creation of a water droplet contact angle is
explained by Thomas Young [32] in terms of the surface energy of the surrounding vapor,
substrate, and fluid. A surface is classified as hydrophobic if the contact angle is greater than
or equal to 90 degrees. Moreover, a surface with a contact angle greater than 150 degrees is
highly hydrophobic, considered as superhydrophobic. While a surface with a contact angle
less than 90 degrees could be considered as hydrophilic. Droplet nucleation is influenced by
intrinsic wettability, enabling condensation at lower temperature differences on hydrophilic
surfaces. The advantage of dropwise over filmwise condensation lies in surface renewal,
wherein droplets slide down at a specific size, which facilitates small droplet growth through
direct vapor contact. Surface renewal enables the regeneration of small droplets on condensing
surfaces with low thermal resistance and promotes enhanced heat transfer. Studies by Cassie
and Baxter [33] and Wenzel [34] explored the impact of surface microstructure on
hydrophobicity. Dettre and Johnson [35, 36] investigated the influence of contact angle
hysteresis on wettability, defined as the difference between the contact angles of advancing
and receding droplets. Yaminksy [37] attributed varied contact angles to surface roughness,
which affects droplet contact-line pinning. Surface modifications that increase the contact
angles and minimize contact angle hysteresis typically enhance dropwise condensation heat
transfer.

FIG 1-2 Schematic of a droplet on a surface with a contact angle of 6

Since Schmidt et al.'s discovery of DWC [17], dropwise condensation over nonwetting
substrates has drawn much interest. A thorough investigation of flow and heat transfer
fundamentals reveals the effectiveness of surface modification as a valuable tool for enhancing
condensation heat transfer through continuous surface renewal and droplet shedding [9, 38,
39]. Surface modification, a broad field that includes diverse techniques, has evolved with
advances in nanotechnology and microfabrication, which allows access to more sophisticated
methods [40-45] and such modifications encompass changes in wettability, adhesion,
roughness, chemical composition. Surface modification, particularly related to wettability
control with superhydrophobic or hydrophobic surfaces, has attracted significant attention
[46-48]. Microstructured surfaces exhibit prolonged operational reliability while enhancing
the condensation performance.

During the 1970s, various studies explored techniques to enhance and sustain dropwise
condensation [19, 49, 50]. The focus was primarily on coating surfaces with low surface
energy materials. In a specific investigation [51], the researchers experimentally examined the
influence of wall wettability on steam condensation in microchannels, which revealed
significant effects on the heat transfer performance, pressure drop, and flow field regarding

3



the hydrophobicity of the microchannel’s wall. Compared to hydrophilic surfaces,
hydrophobic surfaces resulted in higher heat transfer rates and pressure drops. In subsequent
decades, advanced surface engineering methods were employed to facilitate early droplet
departure through coalescence-induced jumping or gravity to enhance rates of heat and mass
transfer during dropwise condensation. As an example, Lee et al. [52] experimentally
investigated the impact of artificial micro- and nano-sized porous surfaces on the thermal
efficiency of steam condensers. Their study suggested that these surfaces can enhance
dropwise condensation by increasing nucleation rates, reducing the formation of large
droplets, and promoting the creation of tiny droplets.

The critical size at which droplets can be detached from the surface, is a vital aspect of
dropwise condensation. Sliding droplets clear the surface, which allows the nucleation of new
and smaller droplets. Smaller droplets (R ~10 um) in dropwise condensation exhibit more
efficient heat transfer characteristics than larger ones [19, 53, 54]. Therefore, increasing the
percentage of small droplets on the surface is desirable. Passive methods, such as tilting the
surface [55, 56] or aligning it vertically [57], take advantage of gravity to enhance droplet
removal. Surface energy gradients constitute another technique to enhance droplet mobility
[58, 59]. Macner et al. [60] demonstrated a shift in droplet size distribution towards smaller
droplets compared to homogeneous energy surfaces. Furthermore, superhydrophobic surfaces
have been proposed to enhance condensation in numerous studies [61-63]. Dropwise
condensation on appropriately engineered superhydrophobic surfaces with low adhesion has
the potential in achieving significantly higher heat transfer coefficients, up to 100% more than
those on hydrophobic surfaces [63, 64]. This improvement in heat transfer is attributed to
condensate droplets jumping of the surface through coalescence, a phenomenon known as
"jumping-droplet condensation"[65, 66]. Coalescence leads to the removal of condensate,
which results in a reduction in the average droplet size on the surface, and consequently, a
decrease in vapor-to-surface thermal resistance [53, 67, 68].

Wen et al. [69] controlled droplet behavior in each condensation stage during condensation by
creating unique superhydrophobic surfaces with nanowire micropatterns. This method led to
enhanced heat transfer and reduced departure diameter. Compared to superhydrophobic
surfaces with uniform nanowires, they observed 37% increase in the required heat flux for the
condensation of jumping droplets. The potential in enhancement in condensation heat transfer
has also been explored for advanced two-tier textured superhydrophobic surfaces, which
facilitated continuous dropwise condensation and rapid removal of condensate droplets [46].
However, nucleation within the roughness features hinders mobility by pinning droplets to the
surface during condensation [70, 71]. Surfaces facilitating condensate droplet generation in
the Cassie state have been explored to overcome these limitations, which promoted sustained
dropwise condensation and rapid condensate droplet removal [46, 71]. A comparison of single-
level structured surfaces and a two-tier roughness surface with nanowires on micro-pyramids
for condensation in ambient conditions revealed superior droplet mobility on the two-tier
surface under both wet (condensation) and dry conditions [72]. Reduced adhesion to the
pyramid side and prevention of the transition from the Cassie to Wenzel state were observed
due to the structures on the micro-pyramids of the two-tier surface.

The micro-scale coalescence of droplets on nanostructured superhydrophobic surfaces, where

surface energy was released and droplets jumped away from the surface against gravity, has
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gained increased attention since its first description by Boreyko and Chen [73]. Consequently,
superhydrophobic nanostructured surfaces were recently designed to promote droplet
jumping-induced removal [74, 75]. Using nanostructured CuO surfaces that facilitated droplet
jumping during condensation, Miljkovic et al. observed a 30% improvement in condensation
heat transfer [63].

Employing textured surfaces coated with a lubricating liquid is an additional strategy to
enhance droplet mobility, and enabled droplets to exhibit very low contact angle hysteresis
(~ 1°) and to promote dropwise condensation [76]. A recent study by Anand et al. [77]
demonstrated that condensate droplets as small as 100 wm became highly mobile on a surface
with hierarchical micronanoscale texture saturated with lubricant.

The mentioned droplet condensation studies were conducted in vast, unbounded environments,
primarily addressing steam droplet condensation and neglecting vapor shear. In those cases,
coalescence-induced jumping or gravity controls the primary droplet detachment mechanism.
However, during flow condensation, vapor shear becomes the primary droplet departure
mechanism. Reducing the cross-sectional area of the channel increases vapor shear rates and
vapor mass fluxes. The potential of hydrophobic surfaces in improving the steam flow
condensation heat transfer performance in minichannels and microchannels was explored in
the literature [51, 78-82]. Recently, Chehregani et al. [83] investigated condensed droplet
behavior in vapor flow with varying vapor quality and its impact on enhancing heat transfer.
They conducted heat transfer analysis, examined droplet dynamics, and performed a
visualization study on flow condensation in a minichannel. Increasing the steam mass flux
(SMF) led to a decrease in droplet departure diameter and a shift in droplet size distribution to
smaller radii, thereby improving condensation heat transfer. Comparing the tested
superhydrophobic surface to the reference plain hydrophobic surface, up to a 33%
improvement in the heat transfer was reported at lower steam quality.

Smaller droplets (100 nm to 10 um) contribute more to the condensation heat transfer
coefficient for thin hydrophobic coatings (< 1 um) because their conduction thermal
resistance is lower than that of larger droplets (> 10 um to 1mm). Calculating the heat
transfer rate in dropwise condensation involves the determination of the heat flux from a
condensing surface through a single droplet and then consideration of the heat flux through all
droplets on the surface using a distribution that provides the number of droplets within a
specific size range on an identified surface area [19, 84, 85]. This method assumes that droplets
of different sizes are uniformly dispersed across the condensing surface at random nucleation
sites. Therefore, understanding the droplet size distribution is crucial for determining the
overall surface heat transfer in dropwise and jumping-droplet condensation.

Numerous studies investigated the periodic distribution of droplet sizes during dropwise
condensation, and various parameters, including surface characteristics [86-88], surface
orientation [89-93], and subcooling temperature [94-96] influenced the rate of cyclic droplet
formation. The presence of droplets from various generations and sizes on the surface of the
same time which is due to multiple coalescences, complicates droplet size distribution
modeling. Since the pioneering work of Le Ferve and Rose [97], who introduced the concept
of droplet size distribution for analyzing heat transfer during dropwise condensation, several
models have been developed to predict the droplet size distribution for precise estimation of
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heat transfer during dropwise condensation [19, 98-103].

Rose et al. investigated the steady-state distribution of droplet sizes during dropwise
condensation on hydrophobic surfaces and emphasized on scenarios where droplets
predominantly grow through coalescence. Both numerical and experimental methods were
employed to validate the droplet distribution [104]. While the Rose distribution was initially
derived empirically, it was also independently modeled using fractal theory [105]. Abu Orabi
developed an analytical population balance model to predict the size distribution function for
droplets smaller than the coalescence radius, using the Rose distribution to establish boundary
conditions for the coalescence radius [100, 106]. However, the population balance concept
lacks support from computational or experimental evidence. Despite its suitability for
conventional dropwise condensation, Rose's distribution is not applicable to jumping-droplet
condensation and does not accurately represent the associated mechanics.

1.1.2 Biphilic Surfaces

Achieving dropwise condensation (DWC) with optimal features such as sufficient nucleation
sites, rapid droplet growth, and prompt droplet departure is challenging but crucial to prevent
thin liquid film formation on solid surfaces. Hence, the formation of dropwise or filmwise
condensation depends significantly on the surface wettability. Recently, biphilic surfaces with
mixed wettability were explored to provide sustained and effective dropwise condensation
[107-110]. The benefits of both dropwise and filmwise condensation can be combined on a
single surface by carefully developing surfaces with the optimal geometry and wettability.
Hydrophilic or less-hydrophobic surfaces exhibit higher nucleation rates than hydrophobic
surfaces due to a smaller free energy barrier [111], which heavily depends on the surface
wettability [112]. This implies that while a hydrophilic surface is necessary for achieving a
high condensation rate, a hydrophobic surface is required for DWC and a high heat transfer
coefficient [113]. Although hydrophobic surfaces generally have higher heat transfer
coefficients than hydrophilic surfaces, arranging different hydrophobic and hydrophilic
sections in a pattern may or may not improve the condensation heat transfer coefficient [31],
which is highly dependent on the configuration. The study by Leu et al. [114] indicates that
specific condensation surfaces with distinct patterns of hydrophobic and hydrophilic regions
can yield higher heat fluxes than completely hydrophobic surfaces, while other patterns may
produce heat fluxes lower than those of completely hydrophilic surfaces.

Achieving desired dropwise condensation with a high heat transfer rate requires a thorough
understanding and fine control of nucleation, development, coalescence, and droplet departure
on condensation surfaces with specific designs. The improvement of dropwise condensation
(DWC) and associated heat transfer depends on effectively balancing diverse surface
wettabilities required at different phases of the condensation cycle. Various approaches can be
employed to create two or more zones with different degrees of wettability on condensing
surfaces at different scales and ratios (i.e., pattern to contrasting environment ratio). The
degree of wettability contrast in the pattern design plays a crucial role in determining the
condensation heat transfer performance of the surface. Effective wettability contrast enhances
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droplet mobility, droplet-departure frequency, and condensation heat transfer rates [59, 60].
Furthermore, this technique can mitigate impediments by reducing the quantity and/or size of
droplets suspended below condenser tubes [115] or by partially controlling the condensate’s
course and/or direction.

The study of Daniel et al. [59] revealed that droplets tend to migrate arbitrarily from a less
wettable side to a more wettable one. Subsequently, Chen and colleagues [116] created
micropyramids with nanograss and a center-to-center spacing of 20- 40 um, which affected a
65% increase in droplet number density with mixed wettability. Due to the extremely low
steam mass flux in these investigations, the impact of the vapor drag force on the condensing
droplets was disregarded. Later, Chehregani et al. [117] studied the impact of flow on
condensing droplets on biphilic surfaces, and reported optimum island hydrophobic diameters
on a superhydrophobic surface as a function of steam mass flux.

Nature inspired the generation of engineered surfaces promoting dropwise condensation, by
mimicking nanofeatures seen on lotus leaves [118], Nepenthes pitcher plants [119], moss
Rhacocarpus [120], and Namib Desert insects [121]. Advanced engineering techniques such
as lithography [122], plasma treatment [123], electrodeposition [124], and sol-gel procedures
[125] were employed to produce different micro/nanostructures. Surface free energy is
adjusted through functional coatings using organic molecules, noble metals, rare earth oxides,
polymers [126, 127], self-assembled monolayers, [128], and porous coatings [129].
Maintaining dropwise condensation is crucial and requires a detailed understanding of droplet
behavior on various patterned surfaces. However, several significant issues should be resolved
before widespread use of engineered surfaces in energy systems. For instance, under severe
subcooling conditions, nucleation of nanoscale droplets within micro/nanostructures might
lead to pinned droplets and flooding issues [68, 130-132]. Investigating the flooding
mechanism and pinned droplets on micro/nanostructures is essential to prevent or delay the
formation of undesirable liquid thin films for effective heat transfer.

Additionally, understanding the effects of pattern design on wettability contrast and
condensation rates often involves parametric research efforts through experimental tests. The
optimum performance under a given operating condition can be achieved by determining the
best arrangement for a specific patterned surface design. However, the fundamental
characteristics of the fabrication process make experimental optimization challenging and
costly. Therefore, instead of relying on time-consuming and expensive experimental
parametric research efforts, modeling condensation on surfaces with various patterns can
provide insights into optimal design.

Previous valuable computational investigations highlighted the significant influence of
nucleation site quantity on droplet growth behavior [133]. A mathematical model predicting
droplet evolution, coalescence, and departure, incorporating contact angle and hysteresis
variation was successfully developed and validated against experimental data [56]. Subsequent
numerical analyses explored droplet dynamics and heat-transfer performance of various
wettability patterns. Specific attention was given to the impacts of pillar microstructure on
droplet dynamics, which include coalescence-induced droplet jump, pillar-induced droplet
jump, and droplet dragging by wettability gradients [134]. Later, numerical studies employing
the VOF (volume of fraction) method investigated different combinations of patterned textures

to identify optimal designs for desired dropwise condensation [135].
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The majority of studies in the literature have focused extensively on the condensation heat
transfer on nanostructured superhydrophobic surfaces, which demonstrate their potential to
enhance condensation heat transfer performance. However, these studies often overlooked the
impact of steam flow, specifically the vapor shear rate. Additionally, visualization studies in
existing literature have primarily focused on droplet cycle time, neglecting other crucial visual
parameters related to droplet dynamics, such as droplet number density, droplet departure
diameter, and the distribution of droplets on the condensing surface at different steam mass
fluxes.

Furthermore, in the exploration of condensation heat transfer on biphilic surfaces, while
existing studies provide valuable insights into the cooperative effects of biphilic surfaces, the
optimal ratio of pattern to superhydrophobic surface areas, crucial parameters for achieving
optimal thermal performance, have not been thoroughly investigated. Moreover, while these
studies offer valuable information about condensation heat transfer on various hybrid surfaces,
where the effect of vapor shear is often neglected, there remains a scarcity of numerical
research specifically addressing flow condensation on biphilic surfaces within a minichannel,
where vapor shear force governs the mechanism for droplet departure.

1.2 Motivation and Objective of the Thesis

Numerical simulation techniques provide a robust tool for gaining insights into the intricate
dynamics of dropwise condensation. This dissertation utilizes Computational Fluid Dynamics
(CFD) and covers simulations conducted using the Ansys FLUENT 2021 R2 software using
the VOF method. This method provides a detailed understanding of local flow behavior,
encompassing droplet distribution, size, and their influence on condensation rates.

This thesis aims to deepen the understanding of dropwise condensation physics at the
microscale by presenting fluid flow patterns, heat transfer, and droplet dynamics. Additionally,
the numerical simulations were validated against experimental results for contributing to the
development of accurate models and advancing the field.

Beyond fundamental research, the application of numerical simulation techniques aids in
designing and optimizing industrial condensers. The integration of numerical simulations with
experiments will enable the exploration of diverse operating conditions, provide insights into
dropwise condensation behavior and optimize practical applications. Simulations help in
optimizing geometric parameters such as pattern features and surface coatings and improving
the overall system performance. This thesis addresses gaps in the literature, related to a
comprehensive model for dropwise condensation, and focuses on the crucial droplet evolution
and mobility process on plain and biphilic surfaces.

Numerical investigation of heat transfer enhancement in dropwise condensation in a
minichannel with a surface with uniform wettability was first made by the considering various
steam mass fluxes, wall temperatures, materials, and wettabilities. Results reveal the efficiency
of superhydrophobic surfaces in improving condensation heat transfer.

Furthermore, this thesis also explores heat transfer in flow condensation on biphilic surfaces,
8



conducting a parametric analysis was made for optimum designs. Transient simulations
provide visuals of droplet dynamics, indicating increased nucleation sites due to surface
wettability gradient. The developed model provides the accuracy in capturing droplets of
different sizes simultaneously, enhancing understanding of nucleation, development,
coalescence, and departure of droplets on specialized surfaces. As a result, thesis contributes
to achieving desired dropwise condensation with high heat transfer rates and improved droplet
mobilities.



2 METHODOLOGY

This chapter outlines the employed methodology for exploring dropwise condensation on both
horizontal plain and engineered surfaces. Comparisons in the heat transfer performance
between plain and biphilic surfaces were made, by using numerical simulations in the Ansys
FLUENT 2021 R2 software. Our goal is to gain insight into the underlying physics and
optimization in the surface design for improved heat transfer efficiency. This chapter covers
details on the simulation setup, governing equations, and numerical methods employed to
achieve the objectives of the thesis.

2.1 Governing Equations

The simulations were based on conservation equations for mass, momentum, and energy. The
Navier-Stokes equations were solved for the fluid flow, while the energy equation accounts
for heat transfer. The continuity equation is expressed as follows:

dp

It +V.(pu) =S,, (2-1)

where t is the time, p is the density, u is the velocity, and S,, is mass source term. The

momentum equations are expressed as:

9]

a—[; +V.(puuw) = -Vp+pg+V.(v)+ F (2-2)

where p stands for the static pressure, t is the stress tensor, pg and F; are the gravity and

external body forces, respectively. The energy equation is described as:

d(pE)
at

+ V.[u(pE + p)] = =V.(kVT) + S, (2-3)

where E, k, and T represent the energy, thermal conductivity, and temperature, respectively;
Sq s energy source term accounting for heat transfer changes during phase change.

2.2 Numerical Simulation Setup

2.2.1.1 Computational Domain and Boundary Conditions

In this thesis, a three-dimensional model of a rectangular cross-section minichannel was
developed with computational domain dimensions based on a specific experimental setup
[117], as shown in the FIG 2-1. The horizonal surface with the dimensions of
37 X 10 x 0.5 mm was considered. Due to numerical tool limitations and time constraints,
parametric studies were conducted using a 2D model.

The boundary conditions were determined based on the specific experimental setup. The inlet
conditions, including the mass flow rate and temperature, were set to match with the
experimental conditions. Five different steam mass fluxes (10,20,30,40,50 kg/m? s) were
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examined. The outlet boundary was specified as a pressure outlet. The lower boundary
condition was set to be a constant wall temperature with a 0.5 mm thickness, employing
materials including copper, aluminum, and steel. Periodic boundary conditions were applied
to side walls, and the non-slip boundary condition was implemented on the wall. Gravity
effects were considered in the y-direction.

Mass Flow Inlet

Pressure outlet

FIG 2-1: Schematic of computational domain and boundary conditions

2.2.2 Mesh and Mesh Convergence Analysis

The computational domain, where tiny droplets form on the cooled surface, was meshed using
structured meshes with quadrilateral (2D) or hexahedral (3D) linear elements. Elements
adjacent to the cooled surface were refined to smaller sizes to capture micro-scale droplet
growth. To prevent droplets from leaking into coarser mesh regions, a 1.2 ratio of element size
growth was implemented in the refinement region.

To ensure accuracy, mesh convergence analysis was conducted. FIG 2-2 displays the three-
dimensional mesh and example meshes used for the mesh independence study, each
corresponding to a two-dimensional model with 25,000, 280,000, 400,000, and 625,000
elements. Heat transfer coefficient examination showed that mesh convergence was achieved
with over 280,000 elements, where resulted in a 2% deviation from as a benchmarking case
for the ideal number of elements, illustrated in FIG 2-3. As a result, this work utilized 280,000
cells for precision and computational efficiency at the same time.
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a) b) c) d)
FIG 2-2: Mesh configuration of three-dimensional model’s computational domain and a zoomed-in

view of the mesh near the cooled wall, (a-d) Different Mesh Sizes used for the mesh independency
study: a) 25,000, b) 280,000, c) 400,000, and d) 625,000 elements

55 T T

50

0 1 2 3 4 5 6 7
Number of Elements «10°

FIG 2-3: Mesh independency study of the 2D-model on a superhydrophobic surface of a steam mass flux of
10 kg /m?s, which displays heat transfer coefficient with respect to varying mesh elements
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2.2.3 Material and the Physical Properties

Material properties of the working fluid including the density, viscosity, and thermal
conductivity were obtained from database values in Table 2-1. Density is considered to be
affected by temperature, and enthalpies adjusted to ensure that the variation between enthalpies
equates to the latent heat. Surface properties, such as surface tension and contact angle, were
used in simulations to address their impact on the heat transfer performance. The surface
material was copper with a 0.5 mm thickness in all studies, except when specified as aluminum
or steel. For superhydrophobic surfaces, the contact angle was 172 degrees, for hydrophobic
surfaces, it was 131 degrees, and for hydrophilic surfaces, it was 70 degrees.

Table 2-1 Material properties of the phases

Water Liquid Water Two-

Vapor phase

Density [kg/m?] p, = —0.0026429T? + 1.252209T + 859.0083 | Ideal gas

Dynamic Viscosity [mPas™] 0.001003 Piecewise
polynomial

Thermal Conductivity [W/m k] 0.6 0.0261

Enthalpy [k]/kg] 0 4.068e+07

Specific Heat Capacity [J/kg K] 4182 1.34e-05

Latent Heat of vaporization [k]/kg] | 4.068e+07

Surface Tension Coefficient [N/m] 0.0589

2.2.4 Simulation Procedure

The dropwise condensation of water in a horizontal minichannel was numerically simulated
using the commercial CFD program ANSYS FLUENT 21 R2 and the pressure-based finite
volume technique. The second-order upwind differencing method was applied to discretize the
terms in the momentum and energy equations. Pressure-velocity coupling was achieved using
the PISO method.

To visualize droplet growth, coalescence, and departure, a transient three-dimensional Volume
of Fluid (VOF) model was employed. This model was capable of continuously tracking the
liquid-vapor interface and droplet trajectories. Gravity was considered in the Y direction.
Surface wettability effects were modeled by integrating the surface tension model with the
wall adhesion angle. The Hertz-Knudsen equation, derived from Kkinetic theory, modeled
condensation. Turbulent fluctuations in velocities and scalar values were described using the
k — w model. The primary phase was set as water vapor, and the secondary phase was set as
liquid.
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2.2.4.1 Volume of Fluid (VOF) Method

The VOF method was employed to model multiphase flows during condensation by tracking
the liquid-gas interface through solving a transport equation for the volume fraction of the
liquid phase. This approach can accurately represent interface dynamics, including droplet
formation, growth, and shedding.

In the VOF model, a single set of equations for one phase is solved, and the solution is then
shared between phases, which considerably reduces simulation time where the location of the
interfaces of phases and the physical characteristics of the interfaces change with each iteration
of the calculation. This allows for precise determination of phase presence by monitoring the
location of the interface. The VOF model can handle two or more immiscible fluids and can
trace their movement by solving a single set of Navier-Stokes equations for each fluid's volume
fraction across the computational cell. Thus, in every control volume, the presence of a certain
phase can be precisely determined from the volume fraction in any of the following three
scenarios. In our study, using the volume fraction of the vapor phase as an example, if a, = 1,
the vapor phase fills the entire cell. The liquid phase occupies the cell if a, = 0. There is a
liquid-vapor interface in the cell if 0 < a, < 1. The total volume fraction regarding the
continuity equation of the phases remains consistent in each control volume as:

a,+ a =1 (2-4)
where a; and «a,, are volume fractions of liquid and vapor, respectively.

In this study, the secondary phase was considered to be liquid phase; the governing equations
were solved only for the secondary phase, and Eq(2-4) was used to determine the volume
fraction of the primary phase (a,,). The governing equations in the concept of the VOF model
were stated as follows with the continuity equation rewritten:

d(a;p1) o :

alt L4V (lap) = Mg (2-5)
d(aypy) o :

avt —+V. (Uaypy) = Mg (2-6)

where mi,_,; and m,_, ; are the source terms indicating volumetric mass transfer rates through
the droplet interface, as described in section 2.1. The momentum equation, shared between
phases through physical characteristics u and p, can be expressed as:

9 2
—- (i) +V.(py ) = —Vp + pg + V. [u(va + V) - S|+ 2-7)

Here, F;, which was developed by Brackbill [136] and used in the Ansys Fluent software to
consider the impact of surface tension, is the Continuum Surface Force (CSF) acting on the
interface between two phases and is discussed in detail in section 2.2.4.3. The VOF model
states that only the volume fractions of liquid and vapor are used to calculate the physical
properties of a mixture:

p=ap +a, py (2-8)
= +a, iy (2-9)
The energy equation shared by phases is expressed:
0(pE) _
5t + V.[u(pE + p)] = =V.(kVT) + S, (2-10)
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where k and E were computed based on the VOF model using the following equations of
mixture characteristics:

k= alkl + a, kv (2-11)
alplel + avpvcp
E= Y(T — Tyqr) (2-12)
ap; + aypy sat

where k; and k,, stand for the heat conductivity of liquid and vapor, respectively, and sz and
va are the specific heats of liquid and vapor, respectively. The energy source term S, derived

from latent heat (h;,,) and the mass source term ri,_,;, were used to calculate the heat transfer
between phases as:
Sing = Mgy hyy (2-13)
Sgo1 = Mysg  hyy (2-14)

2.2.4.2 Mass Transfer Model

In the multiphase VOF model, the evaporation-condensation model based on the Lee model
[137] was employed to simulate the processes of evaporation and condensation. This model
captures mass transfer between liquid and vapor phases along dynamic phases. The continuity
and energy equations in the VOF model of the Ansys Fluent software require source terms
which were proposed by De Schepper et al [138] in addition to the evaporation-condensation
mechanistic model [137]. This model relies on the temperature difference between local
temperature and saturation temperature and focused on phase transitions at quasi-
thermoequilibrium. Condensation occurs when the local temperature is below the saturation
temperature and concerts vapor mass to liquid phase. Evaporation and boiling occur otherwise.
The magnitude and direction of mass transfer were defined based on various temperature
regimes:

Cl- ap (Tl - Tsat)/Tsat Tl > Tsat

mg—)l = {0 Tl < Tsat (2_15)
. _ Cv- ayPy (Tv - Tsat)/Tsat Tv > Tsat
ml—)g - { 0 Tv < Tsat (2 16)

Where C, and C, are coefficients representing the relaxation time, and m,_, 4 is the rate of mass
transfer from the liquid phase to the vapor. The relaxation time coefficients (C; and C,,) can
vary significantly based on the interfacial mass flux. These coefficients are highly dependent
on the specific problem, and their ideal values should be determined through experimental
validation. In previous studies, values such as 100 or 750,000 [30-32] were used. Extremely
low values cause substantial differences between interfacial and saturation temperatures, while
very high values can lead to numerical convergence problems. Various parameters, including
mesh size, phase-change phenomena, mass flow rate, computational time step size, and
experimental conditions, can affect the relaxation time coefficient. In this study, C; and
C, were chosen as between 50000 and 850000 s~ based on operational conditions, which
minimized deviations from experimental results [83] and ensured the rapid observation of
droplet condensation.
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2.2.4.3 Surface Tension

Surface tension arises from molecular attraction within a fluid, and created a force that
balances the pressure gradient across a curved interface. This force minimizes surface free
energy by reducing the interface area when one of two separated fluids is not in spherical form.
The Young-Laplace equation relates interfacial tension (o) and equilibrium shape to the
pressure difference across the interface:

PI—Pu:U(%"'%) (2-17)
where orthogonal radii are denoted as r; and r,, with the pressure within the bubble or drop

(P;)greater than the pressure outside (Py;).
The Continuum Surface Force (CSF) model introduced by Brackbill [136] and implemented
in the ANSYS FLUENT software, computed surface tension at vapor-liquid interface cells.
The force at this interface, acting as a volume force, is incorporated as a source term in the
momentum equation using the divergence theorem. The equation for this force (F) is given
as:

alpl’cvvav + avpvklval

F=c0 T (2-18)
5 (o0 +py)
where o is the interfacial tension force between the liquid and vapor (in our case
0.0589 N/m). The CSF model utilizes local gradients in the surface normal at the interface to
calculate the surface curvature. Given that the gradient of volume fraction (a) is defined as

the surface normal n,

n=Va (2-19)
The unit normal's divergence, i = n/|n|, is used to define the curvature [136]:
Kk =V.A (2-20)
Thus, the curvature for the liquid (k;) and vapor (x,,) phases can be expressed as:

Va, Va,
K=V and K, =V. (2-21)

Vel [Va, |

2.2.4.4 Wall Adhesion

In the VOF model, cells adjacent to the wall have their surface normal adjusted using the wall
adhesion angle in conjunction with the surface tension model. This dynamic boundary
condition enables the adjustment of interface curvature near the wall. If ,, is the contact angle
at the wall, the surface normal at the cell next to the wall is given as:

A = A, cosb,, + t,sinb,, (2-22)
where 7, and t,, represent the normal and tangential unit vectors to the wall, respectively.
The combination of this contact angle with the surface normal located one cell away from the
wall yields the local curvature of the surface. This local curvature determines how the surface
tension formula adjusts the body force term.
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2.2.4.5 |Initialization and Convergence Criteria

The simulations were initialized with well-defined initial conditions, such as liquid volume
fraction and temperature profiles. Convergence criteria, including residual errors and physical
quantities, were monitored during the simulations to ensure precision and reliability.
Convergence criteria were set based on the desired level of accuracy and computational
resources. In this study, convergence criteria for the continuity, momentum, and volume of
fraction equations were set at 1073 , while it was set at 10~ for the energy equation.

2.3 Validation of Simulation Results

FIG 2-4 illustrates the comparison between the numerical results of the model and
experimental data of Chehreghani et al [83]. This comparison validates the proposed model,
which predicts heat and mass transfer in dropwise condensation for various parameters.

Heat transfer coefficients for hydrophilic, hydrophobic, and superhydrophobic surfaces were
considered, at steam mass fluxes ranging from 10 kg/m?sto 50 kg/m? s and contact angles
of 70°,131° and 172°, respectively. FIG 2-4 clearly demonstrates that the developed
numerical method accurately predicts condensation heat transfer coefficient, with a maximum
10% deviation from experimental data. This prediction is attributed to the effective use of the
VOF approach, which ensures comprehensive capture of heat and mass transfer at the interface
between water vapor and liquid.
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FIG 2-4: Comparison in condensation heat transfer coefficients on various surfaces: numerical calculations of
the model and experimental data by Chehrghani et al. [83].
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3 RESULTS AND DISCUSSION FOR PLAIN SURFACES

This section explores the effect of different parameters on flow dropwise condensation heat
transfer enhancement and provides a comprehensive and parametric study on surface material,
wettability, and operating conditions.

3.1 Effect of Steam Mass Flux on Wall Heat Flux

Superhydrophobic surfaces possess properties that promote dropwise condensation by
facilitating the formation and easy removal of condensate droplets. The droplet formation and
the distribution of wall heat flux for steam mass fluxes (SMF) of 10,20,30,40,50 kg/m? s on
the superhydrophobic surface with 8 = 172° are illustrated in FIG 3-1. Droplet formation is
illustrated using the iso-surface value a; = 0.5 of the liquid volume fraction.

According to the results, increasing SMF increases wall heat flux, as depicted in FIG 3-1. Two
factors contribute to this effect. Firstly, the reduction in droplet size due to increased SMF
leads to a thinner thermal boundary layer near the condensing surface, which allows for more
efficient heat transfer and contributes to increased wall heat flux. Secondly, the increasing
SMF augments shear stresses, which facilitate the easy removal of droplets and further
improves heat transfer, as illustrated in FIG 3-1(e).

As shown in FIG 3-1, an increase in steam mass flux leads to a decrease in the average droplet
size. This is attributed to the heightened shear force that facilitates the removal of droplets
before they can grow larger. The droplet forms and is swiftly eliminated prior to the substantial
growth when the inlet mass flux increases to 50 kg/m?s, as seen in FIG 3-1(a)—(e).

Two opposing forces control droplet removal in flow condensation: the droplet adhesion force
(Faqn) in the opposite direction and the vapor-droplet shear force (Fy,q4) in the flow direction.
The condensed droplet is subject to a vapor shear stress force, which makes droplets move off
the surface. The adhesion force needs to be overcome by vapor drag in order to remove the
droplets. As a result of the balance between the adhesion and drag force, droplet departure
diameter reduces with mass flow rate, as depicted in FIG 3-1(a)-(e). As the mass flow rate and
subsequently velocity increase, the drag force increases as shown in this formula:

Fdrag = %pvugAcD (3-1)
where p,, and u,, represent the vapor density and velocity, respectively, and A is the frontal
area of the deformed droplet. cj, is the drag coefficient that depends on the droplet shape. As
the droplet shape is deformed by the contact angle, ¢, depends on the contact angle. According
to Minle et al. [139], the adhesion force exerted on a liquid droplet of any shape is expressed
as:
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Faan = ko (cos Oy — €08 Oppin) Ly (3-2)
where (cos 0,4, — €0s Onin) 1S the hysteresis contact and L, is the droplet bases length; and
k is the defined parameter that takes the irregular and deformed geometries of the liquid
droplet into account in addition to consideration of a variety of contact angles.
Superhydrophobic surfaces exhibit a low contact angle hysteresis, which enables easy droplet
sliding. However, at low velocities, droplets move, develop, expand, and coalesce slowly, as
depicted in FIG 3-1(a). Higher vapor velocity promotes droplet removal and continuous
dropwise condensation, as shown in FIG 3-1(e).

Wall heat flux [N ! . I
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FIG 3-1 Iso-surface of @, = 0.5 and wall heat flux distribution on superhydrophobic surfaces att = 0.5 s
for various steam mass fluxes: a) SMF10, b) SMF20, c) SMF30, d)SMF40, e)SMF50 kg/m?s

FIG 3-2 shows droplet formation and wall heat flux distribution on hydrophobic surfaces with
6 = 131° at various inlet steam mass fluxes. At low steam mass flux (SMF = 10 kg/m?),
the droplets are difficult to be removed due to drag force reduction, which leads to coalescence
and the formation of larger droplets and results in increased thermal resistance and poor wall
heat flux (FIG 3-2(a)). Considerable heat flux is observed at specific locations where droplets
exist. Similar to superhydrophobic surfaces, FIG 3-2 shows that increased SMF reduces the
droplet size and improves the removal frequency due to the increased shear force. However,
droplets on hydrophobic surfaces are larger compared to superhydrophobic surfaces.
Additionally, the wall heat flux is lower on hydrophobic surfaces. Utilizing superhydrophobic
surfaces can boost wall heat flux by up to 88% compared to the hydrophobic surfaces.

As the flow velocity increases, overall condensation rate intensifies compared to low-velocity
conditions, which causes more small liquid droplets on the surface and leads to a more even
distribution of wall heat flux.
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FIG 3-2 Iso-surface of a; = 0.5 and wall heat flux distribution on hydrophobic surfaces at t = 0.5 s for
various steam mass fluxes: a) SMF10, b) SMF20, ¢) SMF30, d)SMF40, e)SMF50 kg/m? s

Using the iso-surface value a; = 0.5 of the liquid volume fraction and corresponding
temperature distribution, the liquid droplet evolution during condensation is displayed in FIG
3-3 (for a superhydrophobic surface at SMF = 10 kg/m?s and 6 = 172° at mid-plane).
The droplet begins to nucleate in direct contact of hot vapor with the cold surface, as shown
in FIG 3-3(a) (red circle). Then, droplets approach one another and begin to coalesce. This
happens both in a perpendicular direction to the flow (FIG 3-3(b)) and in the direction of the
flow (FIG 3-3(c)), which generates a larger droplet. Red circle in FIG 3-3(b) displays a large
droplet grew due to coalescences of two neighboring droplets in the perpendicular direction to
the flow. Following this, the droplet coalesces with the several nearby droplets in the flow
direction, and it further enlarges, as shown with blue box in FIG 3-3(c). Then, droplets begin
to sweep, which creates space for the nucleation in the following condensation cycle.
Coalescence is a critical aspect as it triggers the formation of larger droplets, which are more
prone to shedding from the surface. This shedding of droplets enhances heat transfer efficiency
by preventing the accumulation of a continuous water film, which promotes a cycle of
nucleation and condensation. Finally, the resulting combined droplet elongates vertically due
to the reaction force raised from the surface.

In FIG 3-3, the temperature distribution aligns with the steps of droplet evolution depicted by
the iso-surface. It illustrates the coalescence of small droplets, their enlargement, and the
subsequent cleaning in a surface for new nucleation cycle. Notably, in FIG 3-3 (b), where
coalescence occurs perpendicular direction to the flow, the resulting merged droplet is
obscured in the corresponding temperature distribution. It becomes visible in FIG 3-3 (c) as it
enlarges through coalescence in the flow direction.
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FIG 3-3 Iso-surface of @, = 0.5 and temperature distribution of droplet evolution on the superhydrophobic
surface at SMF 10 kg/m?s in successive time steps: a) Droplet growth, b) Droplet coalescence in the mid-
plane in the perpendicular direction to the flow direction, c) Droplet coalescence in the mid plane in the flow
direction, d) Droplet rise up in the mid-plane in the flow direction

FIG 3-4 discusses dropwise condensation on hydrophobic surfaces with the contact angle of
6 = 131° in terms of temperature distribution and droplet growth using iso-surface of a; =
0.5 at SMF 10 kg/m?s. Red circle in FIG 3-4(a) depicts the start of the nucleation. In FIG
3-4(b), the droplets begin merging as adjacent ones make contact. Similar to the
superhydrophobic surfaces, coalescence occurs in both the flow direction (FIG 3-4(b)) and the
perpendicular direction to the flow direction (FIG 3-4(d)). However, larger droplets form
through coalescence on hydrophobic surfaces compared to the superhydrophobic ones.

In FIG 3-4(b), two droplets get closer in the flow direction. In FIG 3-4(c), resulting combined
large droplet can be seen (red circle). FIG 3-4(d) depicts subsequent coalescence perpendicular
to the flow direction, which demonstrates how a droplet can undergo multiple coalescence
during its growth until reaching the departure radius. The blue box in FIG 3-4(d) illustrates
droplet shedding resulting from coalescence, thereby clearing the space for subsequent
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nucleation cycle.

For the hydrophobic surface, the temperature distribution related to iso-surface is presented in
FIG 3-4, which depicts the stages of the growth, coalescence, and shedding. The smallest
droplet, undergoing growth, is initially positioned nearby the largest droplet in FIG 3-4(a).
Coalescence initiates in the flow direction in FIG 3-4 (b) as condensation progresses. In FIG
3-4(c), a small droplet disappears due to coalescence, and a larger droplet form. FIG 3-4(d)
illustrates the continued expansion of the merged large droplet through coalescence
perpendicular to the flow direction, which involves another hidden droplet in FIG 3-4(c).
Eventually, the resulting large droplet becomes invisible in the temperature contours upon
exiting the mid-plane. This process of coalescence and re-nucleation repeats alternately until
the large droplet reaches its maximum departure size. Besides, when comparing the droplet
motion on hydrophobic (FIG 3-4) and superhydrophobic surfaces (FIG 3-3), it is evident that
the motion of droplets is more visible on hydrophobic surfaces.

These observations highlight the importance of three-dimensional numerical studies for
understanding the dropwise condensation process that is crucial for optimizing heat transfer.
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FIG 3-4 Droplet evolution on hydrophobic surface for SMF 10 kg/m?s in successive time steps: a) Droplet
growth, b) Droplet coalescence in the mid-plane in the flow direction, c) Droplet raise-up in the mid-plane in
the flow direction, d) Droplet coalescence in the mid-plane perpendicular to the flow direction

Dropwise condensation is a cyclic procedure, encompassing droplet nucleation, growth,
coalescence, and departure. Investigating of this cycle serves as a valuable tool for
characterizing the condensation phenomenon. To compare the dropwise condensation
performance of hydrophobic and superhydrophobic surfaces, FIG 3-5 and FIG 3-6 illustrate
condensation cycles with stages of nucleation (stage 1), growth (stage Il), coalescence (stage
III), and departure (stage IV). In this analysis, t represents the full cycle period.

Regarding the superhydrophobic surface, FIG 3-5 depicts a comparison between the numerical
simulations results and the available experimental results of a complete cycle for dropwise
condensation at a steam mass flux of 10 kg/m?s in a previous study [83]. At stage I, the
droplet nucleation begins. A number of factors such as the temperature and wettability of the
surface, the hydrothermal characteristics of vapors, and the amount of non-condensable gas
present in the vapor flow influence the droplet nucleation rate. The stages Il and I11 correspond
to the growth of the droplet as a consequence of continued vapor condensation. Also, the
further droplet growth caused by the calescence of the nearby tiny droplets can be seen in FIG
3-5 via blue and red circles (stage 1l and stage I11). Later, the vapor drag force overcomes the
adhesion force. Upon reaching a critical size, the droplets slide down while cleaning the
surface and exposing it to vapor, as shown by green box (stage V).
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FIG 3-5 Comparison of numerical and experimental [83] visualization of droplets evolution on the
superhydrophobic surface at steam mass flux (SMF) of 10 kg/m?s at different time steps

FIG 3-6 presents a comprehensive analysis of dropwise condensation on a hydrophobic surface
by comparing experimental results [83] with numerical simulation results under the same
conditions. The stage I, similar to the superhydrophobic surface, depicts the initial nucleation
of droplets on the hydrophobic surface. The distribution of droplet sizes at this stage suggests
that the hydrophobic surface experiences a faster droplet coalescence than the
superhydrophobic surface, which results in larger droplets on the hydrophobic surface.
However, a more uniform droplet size distribution is offered by the superhydrophobic surface,
shown in FIG 3-5. The performance of heat transfer is adversely affected by the spreading of
large droplets over the hydrophobic surface, which acts as a thermal resistance. As time
progresses to the stage I1, both the experimental and simulated results reveal a certain growth
pattern and distribution of droplets.

The stage Il represents a critical point in the droplet cycle, which is associated with the
departure of droplets from the surface. Unlike the superhydrophobic surface, the droplet
departure time varies noticeably for different droplets on the hydrophobic surface. Even
though droplets in green box are forced away from the surface by shear force, in the stage 1V,
several droplets (red circle) are still attached to the surface.

While droplets on the hydrophobic surface grow more quickly, their cycle duration is longer
than those on the superhydrophobic surface. At the end of the cycle, the droplets on the
hydrophobic surface are significantly larger because of the increased surface wettability. Until
the vapor shear rate becomes high enough to separate the droplets from the hydrophobic
surface, the droplets usually keep expanding on the surface. Larger droplets are more likely to
leave the surface, but smaller droplets may also leave from hydrophobic and superhydrophobic
surfaces (as indicated by the green box in FIG 3-6) as a result of two neighboring droplets
coalescence. Because of the vapor shear rate and released surface energy, some smaller
droplets (in comparison to the droplet diameter at the final stage of the cycle) could become
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sufficiently mobile to escape from the surface. Under the same conditions, the results of the
numerical simulations are in good agreement with the experimental results related to the flow
patterns observed during the experiments. This suggests that the model is reasonable and
trustworthy and it can be used to predict the droplet dynamics in flow condensation on various
surfaces.

stage T stage 11 stage 111 stage IV

.‘ . .
t=201.3 ms (v/4) t=402.5 ms (t/2) t603.8 ms (31/4) t=805 ms (1)

FIG 3-6 Comparison between numerical and experimental [83] results on droplet evolution on the
hydrophobic surface at the steam mass flux (SMF) of 10 kg/m?s and different time steps

The comparison between simulation and experimental results of dropwise condensation on a
superhydrophobic and hydrophobic surfaces for a range of SMF is presented in FIG 3-7.
Interestingly, the size of the droplets on the superhydrophobic surface consistently decreases
with increasing steam mass flux. Upon an increase in steam mass flux, the vapor shear rate
makes the droplets leave the surface more quickly.

FIG 3-7 shows the effect of the steam velocity on the droplet departure radius. The mean
droplet departure radius decreases with the mass flux. As demonstrated in FIG 3-7, an increase
in the steam mass flux (SMF) from 10 to 20 kg/m?s results in a significant reduction in the
size of the leaving droplets at the end of the condensation cycle. When the SMF approaches
30 kg/m?s, the difference becomes much more noticeable. The droplet departure size
decreases with increasing steam mass flux, however beyond this SMF (40 and 50 kg/m?s),
this effect diminishes.

This trend is also observed on the hydrophobic surface (FIG 3-7). Despite the larger droplet
sizes, the higher surface energy of this surface makes it more difficult for droplets to detach,
even though the vapor shear rate is greater.

The model accurately depicts the reduction in the droplet size, which confirms its validity as
shown in FIG 3-7. This highlights the influence of mass flux on droplet distribution on
superhydrophobic and hydrophobic surfaces.

As the droplet size decreases, heat transfer coefficient increases. Thus, strategies to reduce the
droplet size will be useful for enhancing dropwise flow condensation heat transfer.
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Particularly, the maximum departure radius needs to be decreased.

Smaller droplet departure diameter
by increasing steam mass flux

10 kg/m?2s 20 kg/m?s 30 k G,
a)

FIG 3-7 Comparison between numerical and experimental [83] results on droplet distribution at different
steam mass fluxes at the end of the dropwise condensation cycle a) superhydrophobic and b) hydrophobic
surfaces

3.2 Droplet distribution on superhydrophobic surface

The droplet distribution histogram constructed in the cycles of simulations of dropwise
condensation on hydrophobic and superhydrophobic surfaces using the software ImageJ
provides a comprehensive understanding of the periodic evolution of droplet dynamics. The
analysis was conducted at four different time instants, which offers a detailed examination of
how droplet distribution changes during the condensation process. Importantly, these

simulations cover a wide range of inlet steam mass fluxes, which makes it possible to compare
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the performance of hydrophobic and superhydrophobic surfaces under different operating
conditions.

FIG 3-8(a) illustrates the droplet distribution on a superhydrophobic surface throughout a cycle
of dropwise condensation at the steam mass flux SMF 10 kg/m?s. This histogram shows a
predominance of small droplets at the first time instant, revealing the beginning of nucleation
on the superhydrophobic surface. This early stage is crucial for understanding how effectively
the surface promotes droplet formation, which is a key factor for efficient heat transfer. At
subsequent time instant in FIG 3-8(a), the number of tiny droplets ( less than 100um)
decreases and the number of larger droplets increases, indicating the evolution of droplet size
through coalescence.

The distribution is influenced by coalescence and shedding mechanisms throughout time, as
seen in the third and final period in FIG 3-8(a). While the quantity of small droplets decreases
over time until the cycles completion at the end of the cycle in FIG 3-8(a), the creation of new
droplets due to direct condensation is shown as the beginning of a new cycle. By the end of
the cycle, droplets reach their maximum size and leave, thereby creating space for new
nucleation in the subsequent condensation cycle. This leads to a slight increase in the number
of droplets less than 100 um at the cycle completion instance for all steam mass fluxes. The
droplet distribution histogram effectively displays the performance of the superhydrophobic
surface in terms of size and number of droplets. Smaller droplets consistently grow at each
time instant on the superhydrophobic surface, which indicates effective shedding and shorter
contact times.

Furthermore, the effect of steam mass flux on droplet distribution was investigated. Designing
surfaces for the most possible heat transfer enhancement is limited to maintenance of
performance under different mass flux conditions. It is apparent that an increase in the vapor
mass flux leads to a decrease in the droplet departure radius, as depicted in FIG 3-8, which
results in an increase in the heat transfer coefficient (HTC).
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FIG 3-8 Droplet distribution histogram for the superhydrophobic surface at a range of steam mass fluxes: a)
10 kg/m?s,b) 20 kg/m?s, c) 30 kg/m?s, d) 40 kg/m?s, €) 50 kg/m?s

3.3 Droplet distribution on hydrophobic surface

FIG 3-9 illustrates the droplet distribution during a cycle of dropwise condensation on the
hydrophobic surface at different steam mass fluxes ranging from 10 kg/m?sto 50 kg/m?s.
As can be seen in FIG 3-9, at the initial time instant, the histogram for the hydrophobic surface
has a distribution of larger droplets which is consistent with the inherent nature of hydrophobic
surfaces. In contrast to this surface, the superhydrophobic surface has a large number of
smaller droplets, which is indicative of its enhanced ability to facilitate dropwise condensation.
As time progresses, the hydrophobic surface continues to promote larger droplets through
coalescence, while the superhydrophobic surface keeps having mostly small droplets (FIG
3-8), which reflects efficient shedding for this surface.

When examining the effect of steam mass flux on droplet distribution, it can be seen that higher
mass fluxes intensify condensation, which influences the size and density of droplets.
However, it's noteworthy that the droplet departure size decreases on both surfaces with steam
mass flux.

The comparison in the droplet distribution histograms for hydrophobic and superhydrophobic
surfaces at each period enables a direct evaluation of their performances. The
superhydrophobic surface’s ability to maintain a higher number of small droplets of different
mass fluxes shows its superiority in promoting effective dropwise condensation (shown in FIG
3-8). In contrast, the hydrophobic surface consistently leads to a distribution of larger droplets,
which indicates its inclination towards film condensation.
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FIG 3-9 Droplet distribution histograms on the hydrophobic surface at different steam mass fluxes: a)
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3.4 Effect of Material on Heat Transfer Coefficient

In this section, the effects of contact angle, surface material, and steam mass flux on dropwise
condensation were examined, and five steam mass flux values of 10, 20, 30,40,50 kg/m?s
were considered. Copper, aluminum, and steel are commonly used materials. Thus, three
distinct materials, copper, aluminum, and steel, were taken into consideration in order to
further analyze how material properties such as thermal conductivity (k), heat capacity (cy),
and density (p) affect the heat transfer coefficient and droplet sizes. High thermal conductivity
of copper promotes effective condensation, which enables heat to be transferred away from
the surface quickly. Aluminum is lightweight and has good thermal conductivity but is not as
effective as copper in terms of heat conduction. Steel, while robust, has a low contact angle,
which impacts the formation and shedding of droplets.

As seen in FIG 3-10, the copper surface provides a larger heat transfer coefficient (HTC) than
the others and less HTC on steel surfaces in all scenarios. This might be the result of steel
having a lower thermal diffusivity (ast.e; = k/pc, = 4e — 6) and copper having a higher
thermal diffusivity (acopper = k/pc, = 1e —4). ANSYS FLUENT utilizes the thermal
resistance of the wall (Ax/k) to calculate heat transfer within it. The thermal resistance is
determined by the ratio of wall thickness (Ax) to the thermal conductivity of the material (k).
Since the wall thickness remains constant in all scenarios, the thermal conductivity of the
surface material plays a significant role in heat transfer.
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Table 3-1 Material properties of the surface

copper steel aluminum
Density,p [kg/m3] 8978 8030 2719
Thermal conductivity, k [W/(m k)] | 387.6 16.27 202.4
Heat capacity, ¢, [//(kg k)] 381 502.48 871

To expand the study to explore the impact of wettability on heat transfer, three contact angles
were considered: 70°, 131°, and 172°, which correspond to hydrophilic (Hphi), hydrophobic
(Hpho), and superhydrophobic (Shpho) surfaces, respectively. FIG 3-10 exhibits an increase
in the heat transfer coefficient with an enhanced contact angle. This trend remains consistent
for all materials, including the coefficient is low for the steel surface showing less variation.
Notably, the heat transfer coefficient increase is the largest for hydrophilic surfaces, as evident
in the case of copper.

An increase in mass flow rate impacts the heat transfer coefficient (HTC) in two ways. Firstly,
it increases the steam velocity, which leads to increased shear stress and reduces condensate
thickness. Secondly, there is a rise in momentum transfer between steam and condensate
liquid. As a result, the heat transfer coefficient increases with increasing mass flow rate, which
agrees with findings in Chehrhghani et al.'s study [83].

In FIG 3-10, HTC increased by 90% on the copper hydrophobic surface while the increase
is 60% on the copper superhydrophobic surface upon an increase in the steam mass flux from
10 to 50 kg/m? s. Steel surfaces consistently have low HTC, but copper superhydrophobic
surfaces cause a larger HTC attributed to their thermal properties.
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FIG 3-10: The effect of steam mass flux, surface material properties, and wettability on heat transfer coefficient
(HTC)

FIG 3-11 displays the impact of wettability on the maximum droplet size (departure size). In
this case, by the vapor drag force acting on the droplet, which is proportional to the fluid
velocity and the droplets' frontal area is critical.

FIG 3-10 illustrates how superhydrophobic surfaces, which outperform hydrophobic and
hydrophilic surfaces, significantly improve dropwise condensation. These surfaces exhibit
exceptional water-repelling characteristics, typically characterized by high contact angles.
Considering the expression h = r(1 — cos8), it becomes apparent that, for a droplet with an
identical radius, the height is greater at a larger contact angle, leading to an increased drag
force on the droplet. This enhanced drag force contributes to an increase in droplet height and
a reduction in the contact area with the surface. As depicted in FIG 3.11, the superhydrophobic
surface denotes a greater droplet height compared to hydrophobic surfaces. Furthermore, FIG
3.11 clearly displays the correlation between heat transfer coefficient and droplet departure
size.

As SMF varies from 10 to 20 kg/m? s, noticeable variations in droplet size occur on the
superhydrophobic surface. Subsequently, an increase in SMF from 20 to 30 kg/m? s results
in a significant reduction in droplet size, as depicted in FIG 3-11(a). Beyond this point, changes
in SMF have no further impact on droplet size, which aligns with the results in FIG 3-7(a).
For the hydrophobic surface, droplet size consistently decreases with an increase in SMF.
Hydrophobic surfaces have departure droplet sizes larger than superhydrophobic surfaces at
high SMF. Steel surfaces lead to larger droplet sizes in every scenario.

As the steam mass flux (SMF) and vapor velocity increase, the drag force intensifies, which
causes a decrease in the droplet departure height on the steel superhydrophobic surface from
172 to 15 um, as depicted in FIG 3-11(a). There is an obvious connection between small
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droplet sizes and high heat transfer coefficient (HTC). This is attributed to the fact that the
thermal resistance of a droplet rises with an increase in size. Hence, smaller droplets are
advantageous for achieving a higher heat transfer coefficient (HTC).

Depending on the particular application, having higher SMF is one of approaches that can
improve the heat transfer coefficient (HTC) in dropwise condensation (DWC). While HTC
benefits from higher SMF, it comes at the expense of a larger pressure drop.
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FIG 3-11 Maximum droplet size variation of different materials with the stam mass flux (SMF) on : a)
superhydrophobic surfaces and b) hydrophobic surfaces

3.5 Effect of Subcooled temperature

As depicted in FIG 3-12, an increase in temperature difference between vapor and cooling
wall enhances heat transfer coefficient through dropwise condensation on both hydrophobic
and superhydrophobic surfaces. Our simulations encompass three distinct materials: copper,
aluminum, and steel.

FIG 3-12 shows that subcooled temperature exhibits less effect on steel superhydrophobic
surface in comparison to other instances, but the overall trend of heat transfer enhancement is
the same in all cases. This can be attributed to the less thermal conductivity of the steel.

FIG 3-12 can be divided into three sections. The first section, characterized by a temperature
differential of less than 40°C, exhibits a small slope. This is attributed to the low rate of
condensation and droplet formation. Additionally, the condensation rate is noticeably low in
this section for both hydrophobic and superhydrophobic surfaces due to the small temperature
difference and weak driving force. In the context of low subcooled temperatures, the impact
of the contact angle on the heat transfer coefficient is insignificant.

In the second section, upon an increase in temperature difference, a higher number of droplets
form on the surface. This leads to an enhancement of the condensation rate and surface
renewal. Consequently, the slope of heat transfer coefficient becomes larger, particularly
within the temperature difference range of 40 and 60°C.

In the third section, a higher subcooled temperature leads to a sharp increase in the heat transfer
coefficient. As can be seen in FIG 3-12, superhydrophobic surfaces reveal a more significant
increase in heat transfer coefficient (HTC) compared to hydrophobic surfaces. It is evident that

the heat transfer coefficient is influenced not only by subcooled temperature but also by
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surface characteristics and thermal properties. Copper and aluminum, sharing similar thermal
characteristics, have closely aligned heat transfer coefficient (HTC) values on the
superhydrophobic surface. FIG 3-12 clearly illustrates the relationship among HTC, contact
angle, and subcooled temperature. Accordingly, copper superhydrophobic surfaces, which
possess higher contact angles and thermal properties, under greater subcooled temperature
condition show superior heat transfer coefficients (HTC).

Hydrophobic Superhydrophobic
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FIG 3-12 Effect of subcooled temperature on heat transfer coefficient with various materials of a)
hydrophobic surfaces, and b) superhydrophobic surfaces

3.6 Effect of contact angle on heat transfer coefficient

One of the crucial factors influencing condensation heat transfer is surface wettability, which
is characterized by the contact angle. FIG 3-13 shows the impact of contact angle on the heat
transfer coefficient for various surface materials at steam mass flux of 10 kg/m?s.

FIG 3-13 can be split to three sections. The first section includes hydrophilic surfaces with
contact angles between 70° and 90°, having water-attracting characteristics that tend to have
smaller contact angles. In this portion of the plot, the heat transfer coefficient (HTC) varies at
the highest rate compared to the other sections, nearly doubling. This could be attributed to
the influence of contact angle and its relationship with droplet size, which consequently affects
the drag force.

The second section involves hydrophobic surfaces with contact angles ranging from
90° and 150°. The variation in the heat transfer coefficient is less pronounced compared to
the other sections. HTC slightly increases, and the overall heat transfer coefficient in this
section is lower than that of the superhydrophobic section but higher than that of the
hydrophilic surfaces.

The third section belongs to superhydrophobic surfaces with contact angles between
150° and 172°. In this section, an increase in contact angle consistently leads to a higher heat
transfer coefficient (HTC). Our simulation results indicate that a larger contact angle is
preferable for achieving a higher condensation heat transfer.

Steel surfaces display a significant variation in heat transfer coefficient with hydrophilic
characteristics, but this variation becomes insignificant afterwards. In contrast, copper and
aluminum surfaces exhibit similar behavior with contact angle. However, in line with earlier
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findings, copper consistently demonstrates superior heat transfer coefficients.
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FIG 3-13 Contact angle effect on heat transfer coefficient on surfaces with different material at SMF

10 kg/m?s

FIG 3-14 displays a comparison between the numerical simulation results and a well-known
theory for a droplet on a surface for various material including copper, aluminum, and steel. It
is generally known that the ratio of droplet wet length to droplet height at various contact
angles on solid surfaces in the equilibrium state is determined as D/h = 2sin6/(1 — cos@)
[140]. The simulation results as shown in FIG 3-14 illustrate that the ratio of droplet wet length
to droplet height at various contact angles can well match with the theoretical predictions for
all cases.
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FIG 3-14 Comparison of numerical results with the theory [140] on various surfaces with changing the
contact angle.
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FIG 3-15 demonstrates that droplet mobility during dropwise condensation is influenced by
contact angle. Droplets enlarge from the nucleation to the departure size as a result of a balance
between forces that make droplets move (gravity and drag) and retentive forces (droplet
adhesion). In our studies, where the surface is horizontally oriented, the adhesion force and
vapor shear stress counteract, leading to the continuous sweeping and renewal of the surface.
The retentive force is solely dependent on the droplet size, not on its position on the surface,
since wettability is uniform throughout the surface.

At a low contact angle, the droplet makes continuously move as it grows via vapor
condensation and coalescence with neighboring droplets, as depicted in FIG 3-15(a). As the
contact angle increases, mobility significantly decreases compared to hydrophilic surfaces. In
FIG 3-15(b)-(c), it can be observed that the droplet, begins to move during growth from
nucleation until reaching a specific location where adhesion force outweighs the drag force.
At this point, the droplet remains at a fixed position until drag force surpasses adhesion force,
which makes the droplet resume movement. On hydrophobic surfaces, the droplet moves more
rapidly than on superhydrophobic ones.
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4 RESULTS AND DISCUSSION FOR FUNCTIONAL SURFACES

In this chapter, the results of the numerical analysis on heat transfer in flow condensation on
biphilic surfaces within a minichannel were presented. Two different designs were developed
by altering the wettability contrast between the surface pattern and the substrate. In the first
design, the region surrounding the patterns is superhydrophobic, while the patterns themselves
are hydrophobic. The main objective is to enhance the DWC rate. In the alternate scenario, the
substate is also superhydrophobic, but the patterns are hydrophilic. This second design aimes
to benefit from the advantageof FWC. A parametric study was conducted to identify optimum
designs in each case, by varying both pattern size (D) and steam mass flux (SMF). Pattern
sizes of 300,700, and 900 um and SMF of 10,20,30 kg/m? s were considered.

The computational domain, mesh , structure, and boundary conditions utilized in this chapter
are illustrated in FIG 4-1. The computational domain includes a mass flow inlet, a pressure
outlet, symmetry, and a wall boundary condition as a patterned cooling surface, depicted in
FIG 4-1. Gravity acts in the Y direction. The patterned surface consists of a copper
superhydrophobic substrate with a thickness of 0.5 mm and 150 nm chromium patterns, while
the pattern size is denoted as D. The entire domain has dimensions of 37 X 1 mm, as shown
in FIG 4-1. The cooling wall maintains a constant subcooled wall temperature.

a) 37(mm)

Symumetry B.C
[(mm) mp Mass flow inlet g Pressure outlet mmp
Cooling Wall B.C

b)

FIG 4-1 a) schematic of the design, b) Computational domain, mesh and boundary conditions used for the
biphilic surfaces. The 'D' value indicates the surface pattern size in micrometers; for instance, ‘D700’ stands
for a biphilic surface with hydrophobic size of 700 micrometers.

As discussed in the previous chapter, dropwise condensation on rough superhydrophobic
surfaces leads to higher heat-transfer rates compared to dropwise condensation on smooth
hydrophobic surfaces. Nevertheless, superhydrophobic surfaces have poor individual droplet
growth rates because of their severe apparent advancing contact angles, which limits the
overall performance. Also, the efficiency of heat transfer would be hindered by the high
thermal resistance and huge nucleation energy barrier under the Cassie-state condensate drops
on superhydrophobic surfaces. Moreover, improperly designed superhydrophobic surfaces
might trap droplets in a strongly pinned Wenzel state, leading to undesired flooding
condensation under high supersaturation conditions. Careful design, optimization of geometry
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and wettability, will enable effective condensation heat transfer on a single surface. Our
numerical study provides design guidelines for biphilic surface development, which aims to
enhance condensation heat transfer. FIG 4-2 compares our simulation results with the
experimental data from the literature [117], which demonstrates on a good agreement (within
a 20% discripancy) for biphilic surfaces.
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FIG 4-2 Validation of the numerical heat transfer coefficients with the heat transfer coefficient measured by
Chehrghani et al [117].

4.1 Condensation flow pattern and droplet distribution for hydrophilic spots

A present study was conducted to assess the effect of wettability contrast on dropwise
condensation and droplet distribution. Dropwise condensation across the entire channel were
investigated on three distinct hydrophobic patterned surfaces (D300, D700, and D900) at
steam mass fluxes of 10,20, and 30 kg/m? s, as shown in FIG 4-3 to FIG 4-5 .

FIG 4-3 depicts the vapor volume fraction contours of a horizontal copper substrate with
hydrophobic patterns (D300) at three different Cross sections
(0-3mm,17-20 mm,and 34-37mm) and steam mass fluxes (SMF) of
10,20, and 30 kg/m?s. Condensed liquid forms on the cooling wall due to the temperature
difference between the high-temperature vapor and encountering the cold wall surface. As
shown in FIG 4-3, there is minimum accumulation of liquid droplets at the entrance section of
the wall in all cases where the shear force surpasses inertial forces. FIG 4-3(a)-(c) reveals that
an increase in SMF leads to a higher number of uniformly distributed little droplets across the
entire wall. Resembling the behavior observed on uniform superhydrophobic surfaces, the
droplet size diminishes with increasing SMF. Thus, the largest droplet size appears at the lower
SMF of 10 kg/m?s, as can be seen in FIG 4-3(a). Moreover, larger droplets form consistently
on hydrophobic patterned regions in all scenarios, due to droplet’s tendency to move from
lower to higher surface free energy.

The patterned surface enhances the frequency of droplet removal, which is attributed to two
factors. First, shedding occurs at a smaller droplet size due to low wettability characteristics
of the superhydrophobic surfaces; on superhydrophobic surfaces, condensate droplets can
spontaneously depart via coalescence-induced jumping or self-propelled droplet jumping,
thereby creating tremendous potential for improved heat transfer by rapidly refreshing cold
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superhydrophobic surfaces. Second, higher wettability on hydrophobic surfaces leads to more
frequent vapor condensation, which keeps superhydrophobic surfaces cleaner and boosting
heat transfer. The phenomenon of droplet jumping is demonstrated in FIG 4-3, where the
height of jumped droplets is greater at SMF 10 kg/m?s (FIG 4-3(a)). The size and frequency
self-propelled jumping droplets decrease with SMF.

Vapor.Volume Fraction
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FIG 4-3 Vapor volume fraction contour of the biphilic surface with hydrophobic pattern of D300 at t = 0.5s
at different cross-sections of the computational domain for various steam mass fluxes: a) SMF 10; b) SMF
20, ¢) SMF 30 kg/m? s
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The efficiency of condensation on biphilic surfaces is significantly influenced by the ratio of
hydrophobic to superhydrophobic regions. In this context, this ratio is increased by reducing
the superhydrophobic region, by changing the pattern size to 700um. The distribution of vapor
volume fraction at different steam mass flux (SMF) for biphilic surface with the pattern size
of 700um (D700) is shown in FIG 4-4. Similar to D300 biphilic surfaces, the condensate
droplets do not accumulate at the entrance section of the channel, owing to the shear force
dominating the inertial forces. In comparison to D300 biphilic surface, there is a decrease in
droplet-jumping frequency on the D700 biphilic surface (especially as SMF increases), due to
a reduced area of superhydrophobic surface. As SMF increases, the droplets become smaller.
The FIG 4-4(c)) reveals a more even distribution of a larger number of small droplets at high
SMF. In contrast to D300 biphilic surfaces, the larger droplets are not confined to the
hydrophobic zones, which demonstrates the mobility of droplets on D700. These mobile
droplets can result in liquid bridging between patterns that they can also migrate across the
channel as can be seen in the first section in FIG 4-4(a).
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FIG 4-4 Vapor volume fraction contours of the biphilic surfaces with hydrophobic pattern of D700 at t=0.5s
at different cross-sections of the computational domain for various steam mass fluxes: a) SMF 10; b) SMF
20,¢) SMF 30 kg/m? s

In FIG 4-5 , vapor volume fraction contours are presented at three distinct sections of the
minichannel with the biphilic surface having 900um patterns (D900) at three different SMF.
As shown in FIG 4-5 , the droplets on D900 surface are smaller compared to D300 and D700.
Unlike previous cases, droplets are also formed in the entrance section of the minichannel, due
to an expanded hydrophobic region and consequently increased nucleation sites. However,
shear force dominates the inertial forces with SMF resulting in less droplets in entrance section
as can be seen in FIG 4-5 (c).

Owing to fewer superhydrophobic areas, less droplet-jumping is observed on top of D900
patterned surfaces. In all cases, for lower steam mass flux (SMF), it can be observed that the
nearby superhydrophobic zone hinders the droplets forming in the hydrophobic patterns from
rolling downhill once they reach a certain departure diameter. In other words, the droplets
were pinned to the hydrophobic surfaces, and also small droplets are dragged to the patterned
regions.

To sum up, the dropwise condensation results on biphilic surfaces reveal that the
superhydrophobic zone is predominantly covered by relatively smaller droplets, while larger
droplets are observed in the hydrophobic regions, shown in FIG 4-3 to FIG 4-5 . This trend is
attributed to the higher surface energy and condensation rates on hydrophobic surfaces. Unlike
the scenario of a plain hydrophobic or superhydrophobic surface, the maximum droplet size is
reduced, and droplets are generated at a higher frequency rate on biphilic surfaces. Also, the
droplet distribution changes with variations in the pattern. Furthermore, biphilic surfaces with
high-surface-energy regions on a superhydrophobic substrate exhibit increased jumping-
droplet condensation and consequently higher surface-removal rate, which leads to a larger
heat-transfer coefficient in comparison to homogeneous superhydrophobic surfaces.
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4.2 Droplet Motion on biphilic surfaces with hydrophobic patterns

Using the developed model, the droplet motion along the minichannel in the direction of the
flow on different biphilic surface is illustrates in FIG 4-6. Our transient simulations allow us
to monitor the droplet movement during condensation proccess.

The condensation process and the droplet migration on the biphilic surface with hydrophobic
pattern of D300 is depicted for SMF of 10 kg/m? s in FIG 4-6(a). Initially, liquid droplet
nucleates on the superhydrophobic surface; then, the condensate liquid separates from its
original nucleate position and moves towards the high surface energy side in the flow direction,
where shear force dominates. For a brief period of time, nucleated droplets fluctuate at the left
edge between hydrophobic and superhydrophobic region due to coalesencse with adjacent tiny
droplets around the left edge of the spot. Later, it spontaneously moves on the mixed wettable
surface, driven by unbalanced surface tension, which leads to an increase in the droplet-surface
contact area. During droplet growth, droplet sticks at a specific point for a short period of time;
then, the droplet keeps enlargening while traverseing the hydrophobic region by coalesencse
with other small droplets. Subsequently, it moves to the right edge of the hydrophobic spot,
sustaining further expansion and remaining in place.

In FIG 4-6(b), the droplet mobility on the biphilic surface with hydrophobic pattern of D700
is demonstrated for SMF of 10 kg/m?s. First, the condensate liquid nucleates on the
hydrophobic region. The nucleate droplet migrates to reach a specific point where it stops for
a short period as it grows. The droplet then migrates, coalesces with nearby tiny droplets, and
becomes larger; it pins at the right edge of the first spot for a short period of time. Unlike D300
biphilic surface, the droplet quickly moves to reach the right edge of the second hydrophobic
spot, rather than adhering to the right edge of the first hydrophobic region within the same
time frame. Finally, the droplet continues to grow next to the right edge of the second spot. As
illustrated in FIG 4-6 (b), the droplet moves along during the greatest distance in the same
duration on the D700 surface in comparison to the other cases.

The droplet motion on the biphilic surface with hydrophobic pattern of D900 can be seen in
FIG 4-6(c). As can be seen, similar to D700 biphilic surface, nucleation starts on the
hydrophobic spot on biphilic surface with hydrophobic pattern of D900. Thus, nucleation and
growth process are similar to D700 biphilic surface; subsequently, the droplet continues to
increase in size as it moves across the hydrophobic region, merging with smaller droplets.
Afterward, it advances to the right edge of the hydrophobic spot, and undergoes additional
expansion while maintaining its position. The droplet undergoes the same process for both
D300 and D900 biphilic surfaces, while being pinned at the right edge of the hydrophobic spot,
as illustrated in FIG 4-6 (a) and FIG 4-6 (c), respectively. However, the speed of droplet
movement varies with changes in spot wettability.

Finally, to summarize, the findings indicate the significant impact of area ratio on the
nucleation sites as well as the force balance that governs droplet motion determine whether
the droplet remains mobile or becomes pinned. The area ratios of the hydrophobic to
superhydrophobic region for biphilic surfaces with hydrophobic patterns of D300, D700, and
D900 are 0.43, 2.3, and 9 respectively.
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4.3 Condensation flow pattern and droplet distribution for hydrophilic spots

The coexistence of dropwise condensation (DWC) and filmwise condensation (FWC) zones
on the condensing surface provides an alternative approach to enhance surface renewal in
conjunction with nucleation rate. This arrangement may involve having hydrophilic patterned
zones on a superhydrophobic substrate. In the dropwise condensation (DWC) zone, surface
renewal occurs via coalescence, jumping, and sweeping. This happens more often in areas
with lower thermal resistance, which improves the overall heat transfer performance. Although
DWC zones on superhydrophobic surfaces is known for high heat transfer coefficients,
nucleation rates on hydrophilic surfaces are higher. Here, using the same pattern ratio of the
previous section, we integrate dropwise and filmwise condensation models for having a hybrid
system.

Three different patterned surfaces (D300, D700, and D900) were used to study dropwise
condensation across the minichannel on the biphilic surface with hydrophilic spots at steam
mass fluxes of 10, 20, and 30 kg/m? s. Unlike biphilic surfaces featuring hydrophobic spots,
droplets consistently nucleate at the entry section in all scenarios on biphilic surfaces with
hydrophilic spots, as shown in FIG 4-7 to FIG 4-9. However, as the steam mass flux (SMF)
increases, which suggests a higher velocity, the enhancing shear force significantly reduces
the formation of liquid droplets at the entrance portion of the wall.

FIG 4-7 illustrates that as the steam mass flux (SMF) increases, there is a larger number of
small droplets uniformly distributed across the entire wall, which is accompanied by a decrease
in the number of large droplets (FIG 4-7(c)). The droplet size decreases with SMF, a
phenomenon that is consistent with observations made on all the surfaces utilized in this thesis.
Consequently, the largest droplet size is evident at an SMF of 10 kg/m? s (FIG 4-7(a),FIG
4-8(a), FIG 4-9(a)). Additionally, larger droplets consistently form on hydrophilic patterned
regions in all scenarios, driven by the droplet inclination to move from lower to higher surface
free energy and the higher wettability characteristic of hydrophilic surfaces. The use of
hydrophilic spots ensures controlled positions for nucleation and keeping superhydrophobic
surfaces free for renewal. On the other hand, biphilic surfaces with hydrophilic spots enhance
liquid coverage due to their high wettability, which results in larger droplet sizes with extended
contact lines and lower heat transfer coefficients (HTC) compared to biphilic surfaces with
hydrophobic spots. As shown in FIG 4-7 to FIG 4-9, droplet jumping on biphilic surfaces
depends on their design. The frequency of renewal through droplet jumping is notably higher
on biphilic surfaces of D300 in comparison to other cases.
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FIG 4-7 Vapor volume fraction contours for the biphilic surface with the hydrophilic pattern of D300 at t =
0.5 s at different sections of the computational domain for various steam mass fluxes: a) SMF 10; b) SMF
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FIG 4-8 illustrates the vapor volume fraction distribution for the biphilic surface witha 700um
hydrophilic pattern size (D700) at varying steam mass fluxes (SMF). Similar to D300 biphilic
surfaces, condensate droplets accumulate at the entrance section due to enhanced areas with
higher surface energy.

Compared to the D300 biphilic surface, the D700 surface has a reduced frequency of droplet
jumping, particularly with increasing SMF, which is attributed to the diminished
superhydrophobic surface area. At higher SMF, droplets become smaller, which results in a
more uniform distribution of numerous small droplets, as evident in FIG 4-8(c). Unlike D300
biphilic surfaces, larger droplets on D700 are not confined to hydrophilic zones, which depicts
droplet mobility. These mobile droplets can lead to liquid bridging between patterns and
migration across the channel, as can be seen in FIG 4-8 (a).
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FIG 4-8 Vapor volume fraction contours for the biphilic surface with the hydrophilic pattern of D700 at t =
0.5 s at different sections of the computational domain for various steam mass fluxes: a) SMF 10; b) SMF

20, ¢) SMF 30 kg/m? s

FIG 4-9 displays vapor volume fraction contours for the biphilic surface with 900um
hydrophilic patterns (D900) in three sections of the minichannel at different steam mass fluxes
(SMF). The droplets on the D900 surface are smaller than those on D300 and D700 at the same
SMEF. Unlike previous cases, fewer droplets form in the entrance section, and with increasing
SMF, shear force dominates inertial forces, which causes in fewer droplets in the entrance
section, as shown in FIG 4-9(c).
Due to fewer superhydrophobic areas, droplet-jumping is less observed on D900 patterned
surfaces. In all cases, at lower SMF, the nearby superhydrophobic zone impedes droplets
forming in the hydrophophilic patterns from rolling downhill, pinning them to the surfaces and
dragging small droplets to the patterned regions.
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FIG 4-9 Vapor volume fraction contours for the biphilic surface with the hydrophilic pattern of D900 at t =
0.5 s at different sections of the computational domain for various steam mass fluxes: a) SMF 10; b) SMF
20, ¢) SMF 30 kg/m? s

4.4 Coalescence-induced jumping

Even though the wettability of superhydrophobic and hydrophobic surfaces are the same as
those from the previous chapter, the various combinations of these surfaces have a significant
impact on the dynamic behavior of the condensate droplet for biphilic surfaces. FIG 4-10
shows the coalescence of the self-propelled jumping motion of condensate droplets on the
superhydrophobic zone of the biphilic surface with the hydrophobic pattern of D700 at SMF
20 kg/m?s. This motion originates from the surface energy generated during droplet
coalescence.

Jumping droplets on the superhydrophobic surface and a pinned droplet on the hydrophobic
spot can be seen in FIG 4-10 at t=400 ms. Then, the flying droplet moves in the flow direction
and collides with the other jumping droplets; they begin merging and along a liquid bridge is
extended at t=410 and 412 ms. Subsequently, a large droplet forms and the large condensate
droplets falls due to gravity on the superhydrophobic region at t = 420 ms. Simultaneously,
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at t = 420 ms, additional new nucleated liquids appear near both the droplets on the
hydrophobic spot and the superhydrophobic zone. At t = 430 ms, the left nucleated
condensate coalesces with the other jumping droplet and rolls down on the superhydrophobic
zone. At t = 440 ms, the large droplet on the superhydrophobic region moves along the
opposite direction of the flow, approaching to the other large droplet on the hydrophobic spot.
The surface energy produced during drop coalescence appears to be the driving force behind
the self-propelled motion of the drops. At t = 450 ms, the droplet coalescence occurs, and a
bigger droplet forms. At t = 460 ms, the big droplet is dragged to the hydrophobic spot from
the superhydrophobic region due to the higher surface energy of the hydrophobic spot.
Surface-renewal can be seen at t = 440 ms. It is evident that by jumping, the droplet is
removed on its own without the assistance of outside forces, which potentially improves
condensation heat transfer (self-removal). FIG 4-10 reveals that the condensates can quickly
be self-removed due to the sharp tip of the patterned surface, which reduces the solid-liquid
contact area and surface adhesion to condensed droplets.

These findings shed light on the spontaneous upward movement of condensates and will direct
surface structure design towards a direction of the increase of the upward Laplace pressure
that causes the condensate's upward migration and Wenzel to Cassie transition, as well as the
ensuing self-removal. Our results demonstrate that while jumping action is observed only on
the superhydrophobic surface, which plays a crucial role in reaching high heat transfer by
increasing the removal rate, it is not necessarily associated with the superhydrophilicity of the
surface. As can be seen the jumping action is observed on hybrid surfaces and not on the
uniform superhydrophobic surface.

FIG 4-10 The coalesence of jumping droplet mechanism on the superhydrophobic zone of the biphilic
surface with hydrophobic pattern of D700 at SMF 20 kg /m? s.
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4.5 Droplet Evolution

Velocity distribution and the mechanism of droplet growth during coalescence on the
hydrophobic zone of the biphilic surface with the hydrophobic pattern of D900 are depicted at
SMF 10 kg/m? s in detail in FIG 4-11. As shown in FIG 4-11(a), Moving droplet migrate
toward stationary droplet and then the liquid bridge begin to form as they merge. Merging
process occurs when the liquid bridge expanded and movement of the droplet, causing a vortex
to form close to the top of the stationary droplet and an opposite velocity to arise near the
liquid bridge (shown in FIG 4-11(b)). Due to its initial velocity, the left side droplet exhibits a
quicker rate of deformation and an asymmetrical shape in the liquid bridge. Capillary force
induces the large opposite velocity near the liquid bridge when two droplets coalesce. Then
vortex arises on top of the stationary droplet with the proceeding of mergence (shown in FIG
4-11(c)). A vertical upward reaction force arises when the liquid bridge and surface come
together, causing the droplet to retract in X direction while expanding in Y direction (shown
in FIG 4-11(c)). Following their merging into a single droplet, the wettability gradient's
directional force causes a noticeable variation in the average velocity distribution within the
droplet. (shown in FIG 4-11(e)). This aligns with the droplet movement as the left droplet
undergoes a slight movement towards the right direction, while the right droplet nearly
maintains its original position.

FIG 4-11 The evolution of the vapor-liquid interface and the velocity distribution during droplet coalescence
in the hydrophobic region of the biphilic surface with hydrophobic patterns of D900 at SMF 10 kg/m?s .

In this section, the velocity distribution and coalescence mechanism on the hydrophobic spot
of the biphilic surface with hydrophobic patterns of D700 is illustrated at SMF 20 kg/m? s in
FIG 4-12. FIG 4-12(a) displays the internal velocity vectors of two droplets that get closer,
near the surface step between hydrophobic and superhydrophobic regions. First, in the stage |
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the right side droplet migrate from low surface energy to the high surface energy, while the
left side droplet that is situated on the high surface energy is stationary. As expected, the
condensing droplets proceed from a lowest to a greater wettability zone, or from
superhydrophobic to hydrophobic regions, as shown in FIG 4-12(a). Then, in the stage 1l the
liquid bridge begins to expand. On the liquid bridge, a capillary force differences increases the
mobility of the right droplet and inhibits the left droplet's movement on the high surface free
energy pattern. As a result, significant velocity toward high surface energy pattern and
opposing vortices form on top and below the liquid bridge. Finally, the resulting merged
droplet is dragged to the hydrophobic pattern, as seen in FIG 4-12(a).

FIG 4-12(b) illustrates the coalescence mechanism of two droplet on the hydrophobic zone of
the biphilic surface with hydrophobic patterns of D700 at SMF 20 kg/m? s. As can be seen,
the right side droplet is stationary while the left side droplet is moving droplet. First, in stage
I, the moving droplet migrate towards the stationary droplet. Second, in stage Il two droplets
on the hydrophobic zone contact each other and begin to form a bridge similar to the
mechanism as seen in FIG 4-11 and FIG 4-12(a). resulting in the large opposite velocity near
the liquid bridge when two droplets coalesce induced by capillary force. Then vortex arises on
top of the stationary droplet with the proceeding of mergence. Finally, the smaller droplet is
drawn towards the larger one due to its velocity vectors pointing in the direction of the larger
droplet as can be seen in the stage Ill. In both cases, the velocity vectors direct the smaller
droplet towards merging with the larger one.
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FIG 4-12 Velocity distribution and coalescence mechanism on the hydrophobic spot of the biphilic surface
with hydrophobic patterns of D700 at SMF 20 kg/m? s; a) near the surface step of the hydrophobic zone, b)
on the hydrophobic zone.

4.6 Heat Transfer analysis

FIG 4-13 displays the condensation heat transfer coefficient (HTC) for nine various surfaces
with varying pattern size (D) at different steam mass fluxes (SMF). The comparison consists
of plain superhydrophobic (Shpho), plain hydrophobic (hpho), and plain hydrophilic (hphi)
surfaces. Additionally, there are six biphilic surfaces labeled with 'D," denotes as the pattern
size in micrometers, and prefixed with hphi and hpho to indicate the pattern type as hydrophilic
and hydrophobic, respectively.

As can be seen, the condensation heat transfer coefficient increases with increasing steam mass
flux for all surfaces, but the enhancement rate varies based on surface properties. Vapor shear
force, which drives droplet removal in dropwise flow condensation, increases with steam mass
flux. As a result, the departure radius of droplets decreases as they are removed from the
surface in smaller sizes, due to the intensified vapor shear force at the condensed droplet
interface. This removal process facilitates the nucleation of new droplets, thereby enhancing
the condensation heat transfer performance.

At all steam mass fluxes, there is a consistent decrease in the heat transfer coefficient with an
increase in the size of the hydrophobic pattern across both biphilic surface design. As a result,
the minimum heat transfer coefficient is associated with the D900 biphilic surface at an SMF
of 10 kg/m?s, while the maximum is observed for the D300 surface at an SMF of
30 kg/m?s. The observed trend can be attributed to two reasons; first, the effect of surface
renewal on the heat transfer coefficient. Biphilic surfaces with smaller pattern sizes contain a
higher proportion of superhydrophobic surfaces, which facilitates effective droplet removal
and consequently leads to an enhanced heat transfer coefficient. Furthermore, hydrophobic

56



patterns increase the number of nucleation sites, where further contributes to the improvement
of heat transfer. Second, the impact of pinned droplets formation plays a major role. As the
size of pattern increases, formation of larger pinned droplets reduces the surface removal time.
As a result, the heat transfer coefficient decreases.

Biphilic surfaces with hydrophilic patterns exhibit a similar trend. Nevertheless, these surfaces
demonstrate superior heat transfer performance when compared to biphilic surfaces with
hydrophobic patterns, due to their higher droplet nucleation rate. It suggests that it is preferable
to optimize spot wettability to maximize individual droplet growth rates while ensuring
efficient droplet removal.

The model results indicate that biphilic surfaces with mixed wettability perform significantly
better in condensation heat transfer in comparison to surfaces with uniform wettability
including hydrophobic and hydrophilic surfaces, and hydrophilic surfaces exhibit a poor heat
transfer performance in comparison to all scenarios. This improvement is attributed to the
combined effects of surface structure and mixed wettability, which rises droplet departure
frequency, condensation cycle period, and prevent flooding. There is an optimal pattern size
for each steam mass flux (shown with green circle), where heat transfer performance is at its
peak. For steam mass fluxes of 10, 20, and 30 kg/m?s, the optimum pattern size is found to
be 300 um with a hydrophilic pattern, 300 wm with hydrophobic pattern, and 300 um with
hydrophobic pattern, respectively, with the ratio of pattern to superhydrophobic surface area
7.6 . The highest observed heat transfer coefficient in this experiment is 83 kW /m?*K,
achieved at a mass flux of 30 kg/m?s on the biphilic surface with a hydrophobic pattern size
of 300 um. The findings align with prior experimental research [117] for steam mass flux
(SMF) values of 20 and 30 kg/m?s. However, for SMF 10 kg/m?®s, the optimal heat transfer
is enhanced via additional study of the hydrophilic pattern.
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FIG 4-13 Time-averaged heat transfer coefficients at different SMFs on various surfaces : plain
superhydrophobic (Shpho), plain hydrophobic (hpho), and plain hydrophilic (hphi) surfaces, biphilic surfaces
labeled with 'D," denoting the pattern size in micrometers, and prefixed with hphi and hpho to indicate the
pattern type as hydrophilic and hydrophobic, respectively.

57



5 CONCLUSIONS

This dissertation presents an extensive modeling investigation on dropwise condensation on
diverse surfaces with varying contact angles, materials, and designs. The primary goal was to
analyze the effect of steam mass flux and different wettability combinations on heat transfer,
which aims to identify the optimal surface characteristics and steam mass flux for achieving
maximum heat transfer. Functional surfaces included hydrophilic, hydrophobic,
superhydrophobic, and innovative biphilic surfaces.

Based on the findings presented in this thesis, the following conclusions can be drawn:

e The findings consistently showed a positive correlation among higher contact angles,
lower wettability, and superior heat transfer performance on surfaces with uniform
wettability. Irrespective of the surface material, superhydrophobic surfaces
consistently demonstrated a higher heat transfer performance.

e The strong alignment between numerical simulations and experimental data highlights
the reliability of the model in accurately representing real-world condensation
processes. This validation not only strengthens the credibility of the model but also
confirms the practical functionality of the model for predicting and optimizing
dropwise condensation behavior.

e The three-dimensional model can capture each stage of the condensation process. It
provides detailed information about multiple successive coalescences, coalescence
occurring in various directions, droplet jumping, simultaneous presence of droplets of
different sizes during condensation, pinned droplets, and vortices around the droplet
during coalescence.

e At agiven steam mass flux, the heat transfer coefficient consistently decreases as the
hydrophobic pattern size increases. Biphilic surfaces with hydrophilic patterns display
a comparable trend but outperform surfaces with hydrophobic patterns and uniform
wettability due to their higher droplet nucleation rate. This indicates that optimizing
spot wettability is preferable for maximizing individual droplet growth rates while
minimizing droplet adhesion. The thesis visually illustrated enhanced droplet
nucleation and rapid sweeping, which resulted from both extended sweeping time and
spatial control of droplet nucleation.

e The strategies proposed in this thesis, such as employing specific mixed wettability
surface configurations, increasing steam mass flux, and reducing wettability,
contribute to a reduction in the average droplet size. This reduction, in turn, enhances
the efficiency of condensation heat transfer.

e Another approach employed in this thesis is boosting the heat transfer coefficient
involving increasing nucleation sites and reducing condensation cycle time through the
unique design of biphilic surfaces. Consequently, the integration of biphilic surfaces at
higher steam mass flux contributes to a further increase in the heat transfer coefficient.
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6 Future Work

This dissertation has contributed significantly to the understanding of dropwise condensation
by conducting an extensive numerical investigation on diverse surfaces. The comprehensive
exploration of contact angles, materials, and designs aimed to identify optimal surface
characteristics and steam mass flux for maximizing heat transfer efficiency. The following
future work suggestions emerge from the conclusions drawn in this thesis:

Further optimization studies could explore a broader range of parameters, such as steam
pressure, steam quality, and surface roughness, to identify comprehensive sets of conditions
for maximizing heat transfer efficiency. This could provide more versatile guidelines for
adapting the technology to diverse operating environments.

Expanding the model to address minichannels with various cross-sectional areas could offer
insights into the specific dynamics of condensation in such configurations, contributing to a
thorough understanding of condensation heat transfer phenomena.

Extending the numerical model to investigate the effects of integrating gravity and shear force,
especially in conjunction with tilting the surface, is recommended. This extension would
deepen the understanding of the removal phenomenon, considering scenarios where both
forces contribute to cleaning the surface—going beyond the limitations of our current model,
which only considered horizontal surfaces with negligible gravity effects.

Future research could delve into multi-scale analyses to explore the interplay between micro
and macroscopic factors influencing dropwise condensation. Investigating how nanoscale
surface features contribute to overall heat transfer efficiency could provide a thorough
understanding and guide the design of tailored surfaces.

Exploring future biphilic surface designs that incorporate a combination of hydrophilic and
hydrophobic patterns with varying ratios on a superhydrophobic background is recommended.
This approach aims to leverage the advantages of both surface types, potentially leading to the
creation of more efficient surfaces tailored to specific application requirements.

Further exploration could involve varying the ratio of pattern to substrate across a wide range
of sizes, as well as adjusting pattern heights. Understanding the flow patterns with variations
in pattern heights and the impact of drag coefficients and acting forces may contribute valuable
insights for application-oriented surface designs.
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Appendix A

For droplet distribution analysis using ImageJ software, a black and white image was utilized
which was derived from the simulations (liquid volume fraction contour), known as binary.
To distinguish particles from the background, a specific threshold range was defined. Pixels
in the image with values below the threshold were turned black, and those with values above
the threshold were turned white. Then, watershed was applied to separate the overlapping
particles. Finally, particle analysis was performed which provided information regarding the
area of particles that were used to compute the diameter of the particles. Subsequently, the
information was analyzed via origin software to identify the number of droplets and their
histogram.
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Figure 1. Droplet distribution and droplet counting from a) results of the simulation b) thresholds
image using ImageJ software, c) droplet analysis using ImageJ software
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