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Abstract: Wettability is known to play a major role in enhancing pool boiling heat
transfer. In this context bioinspired surfaces can bring significant advantages in pool
boiling applications. This work addresses a numerical investigation of bubble growth and
detachment on a biphilic surface pattern, namely in a superhydrophobic region
surrounded by a hydrophilic region. Surface characteristics resemble bioinspired
solutions explored in our research group, mainly considering the main topographical
characteristics. This numerical approach is intended to provide additional information to
an experimental approach, allowing to obtain temperature, pressure and velocity fields in
and around the bubble, which help to describe bubble dynamics. The model was validated
based on experimental data obtained with extensive image processing of synchronized
high-speed video and high-speed thermographic images. The results obtained here clearly
evidence that combining enhanced direct numerical simulations with high-resolution
transient experimental measurements is a promising tool to describe the complex and
intricate hydrodynamic and heat transfer phenomena governing pool boiling on heated
biphilic surfaces.

Keywords: Biphilic surfaces, bubble dynamics, two-phase heat transfer, time resolved
infrared thermography, CFD model.

1. Introduction
Surfaces with extreme wetting properties have been broadly explored within the last
decades to be used in a wide range of applications, from self-cleaning surfaces to surfaces
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aiding mass and heat transfer. The fast development of a variety of fabrication techniques
allowing to produce surfaces with customized wetting characteristics, (e.g. chemical
etching [1], plasma enhanced chemical vapour deposition [2], anodic oxidization [3],
sol−gel [4], among others) provided numerous patterns and solutions to be tested in a
wide range of applications. However, in spite of this variety of surfaces, they are not
always designed to cope with the actual demands of the applications. In this context,
bioinspired patterns may provide a systematic approach to this problem, and stable
Cassie-Baxter regimes can actually be obtained from bioinspired surfaces such as the
Lotus leaf [5] or the English weed leaf [6]. However, efficient patterns can only be
achieved if one can systematically understand the chemical properties and the
topographical parameters giving rise to such unique wetting characteristics. This
approach is particularly relevant when devising surfaces to enhance the heat transfer at
liquid-solid interactions, addressing phase change, which is of upmost relevance in
cooling systems dissipating high heat loads (e.g. in electronics cooling).
In fact, wettability is known to play a paramount role in pool boiling heat transfer
enhancement [7]. Several approaches have considered changing the surface topography
and/or chemistry to alter its wettability. In this context, recent studies report a significant
improvement in pool boiling heat transfer coefficients, using surfaces composed by
patterns

of

hydrophobic/superhydrophobic

micro-regions

in

hydrophilic/superhydrophilic substrates, the so-called biphilic surfaces [8]. Jo et al. [911] also report on the enhancement of heat transfer coefficients and critical heat flux
values for the pool boiling of water on biphilic surfaces, considering the use of a pattern
of hydrophobic regions on a hydrophilic substrate. Jo et al. [9-11] argue that this heat
transfer enhancement, and particularly the occurrence of a larger critical heat flux on the
biphilic surfaces is dependent on the ratio between hydrophobic regions and the
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hydrophilic substrate, rather than on the area of the hydrophobic regions and/or of the
distance between them, which are the parameters explored by Betz et al. [8]. Recent
studies have mainly focused on the development of biphilic surfaces to improve the heat
transfer coefficient and the critical heat flux, following an empirical trial-and-error
approach (e.g. [12-13]). However, it is known from recent fundamental studies that the
processes governing the heat transfer during single bubble dynamics play a vital role in
the actual thermal performance of these complex surfaces (e.g. [14-18]). Hence, a
systematic approach is required to accurately describe the intricate relation between
bubble dynamics and heat transfer occurring in single nucleation sites, gradually
extrapolating to a controlled number of sites, to better understand the interaction
phenomena. This approach has been followed by some authors, combining experimental
methods based on high-speed visualization and thermography (e.g. [19-20]).
This experimental approach allows capturing in detail the process of bubble growth
and departure but is unable to provide details on the flow inside the bubble and on the
particularities of the flow and temperature fields occurring near the bubbles and the
surface. Hence, a deeper knowledge on the dynamic behaviour of both the vapor inside the
bubble and the surrounding liquid could provide a deeper insight on the forces acting on the
bubble. Such detailed description also allows a clearer analysis of the relation between the
geometry and varying wettability patterns of the surface and its performance in terms of an
effective heat transfer enhancement. That can only be achieved with complementary work
on numerical simulations. Accurate models for the numerical simulation of two-phase
flows and particularly of boiling are a challenging task, mostly due to the difficulty in
achieving a proper reproduction of the liquid/vapour interface. This pushed researchers
to develop different methods of interface capturing/tracking. Examples valid for the
solution of droplet heat transfer during impact or nucleate pool boiling heat transfer

4

applications are the MAC “Marker and Cell” method [21-22], the ALE “Arbitrary
Lagrangian Eulerian” method [23], the IBM “immersed boundary method” [24], the VOF
“Volume of Fluid” method [25-26], the LS “level-set” method [27-28] and a combination
of VOF and level-set, the so-called CLSVOF “Coupled Level Set Volume of Fluid”
method [29]. A more detailed description and review of interface tracking methods for
two-phase flows can be found in e.g. [30-31].
The present work addresses the further application of the model presented, validated
and applied in [26], for biphilic surfaces under extreme wetting conditions, i.e. addressing
the boiling on a hydrophilic surface with a superhydrophobic region. In more detail, the
numerical model predictions are initially validated against experimental data and then
used to export quantitative information that is not easy to be exported from the
experimental measurements.
Following our previous work [32] the superhydrophobic coating was found to present
a hierarchical surface topography, similar to that previously characterized in the English
weed [6]. The detailed characterization of such topography and the associated wetting
properties are therefore detailed and discussed in this paper, complementing the analysis
already performed in our recent study [33].

2 Experimental methodology
2.1 Experimental arrangement
The fundamental study of single bubble dynamics and corresponding heat transfer
mechanisms was performed using a temperature-controlled pool boiling setup coupled
with a high-speed camera and a high-speed infrared thermographic camera, which is
schematically represented in Fig. 1.
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Preheated and degassed water enter the boiling chamber represented in Fig. 1, being
kept at saturation temperature Tsat = 100ºC (at atmospheric pressure) using a PID
controller that regulates a cartridge heater. This cartridge heater, together with a coil
heater help to keep the working fluid at the required temperature. The pressure and
temperature of the working fluid were monitored using a pressure transducer (OMEGA
DYNE INC) and two type K thermocouples. The pressure transducer was placed at the
top of the setup. One thermocouple was positioned close to the heated surface and
connected to a DAQ reader. The other thermocouple was closer to the heat resistances
and connected to the PID controller which regulates the power output of the cartridge
heater. The temperature and the pressure inside the boiling chamber are accurately
controlled with a precision of 1ºC and 1.6 mbar, respectively.
The heating surface was a 20 μm thick stainless-steel foil (AISI304). It was heated by
Joule effect, by controlling the current provident by a HP6274B DC power supply. This
thickness was chosen to observe the interface temperature between the surface and the
liquid with the thermographic camera, as recommended in [31-32]. A more detailed
description of the entire setup, including a more detailed schematic of the experimental
arrangement is presented in [33]. The thickness of the foil was chosen following the
recommendations of [34].
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Fig. 1 Schematic of the experimental setup used to characterize the bubble dynamics and
heat transfer mechanisms.

2.2 Surface manufacturing and characterization
The hydrophilic surfaces with one central superhydrophobic region were prepared by
applying a stencil of PVC which defines the diameter of the superhydrophobic surface.
After applying the superhydrophobic spray (Neverwet-RustOleum) in various layers and
waiting for 12h, the stencil was removed, and the surface was cleaned. The diameter of
the superhydrophobic region was fixed at 1.5mm.
The wettability and topography of the surfaces was evaluated. To quantify the
wettability, the static contact angle θe was measured. The dynamic contact angle was also
characterized by measuring the quasi-static advancing θa and receding θr contact angles.
To evaluate these quantities, an optical tensiometer (THETA-Attension), was used by
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applying the sensile droplet methodology which was previously described in [6,35]. The
different wettability regimes observed are depicted in Fig. 2. This figure shows the main
wettability regimes where, hydrophilic surfaces promote high wetting (10º<θe<90º),
hydrophobic surfaces promote low wetting (90º<θe<150º) and superhydrophobic surfaces
(θe>150º) are characterized by enabling extremely low wetting conditions.

Fig. 2 Representation of the main wettability regimes.

The contact angles, presented in Table 1, clearly show that the stainless steel foil is
hydrophilic, while the coating is stably superhydrophobic, which is both confirmed by
the static and advancing contact angles larger than 150º and by the contact angle
hysteresis, ∆θ=θa-θr which is lower than 10º.

Table 1. Wetting properties of the hydrophilic and superhydrophobic regions of the test
surfaces. SD stands for standard deviation.
Wetting properties

θe [º] (SD)

θa[º] (SD)

θr[º] (SD)

∆θ=θa-θr [º] (SD)

Hydrophilic

64.2 (0.7)

76.7 (2.5)

34.4 (5.3)

42.3 (4.5)

Superhydrophobic

162.8 (2.7)

162.0 (3.7)

159.0 (4.2)

3.0 (8)

These specific wetting behaviours are well related to their topography. Hence, while
the hydrophilic stainless steel foil has a negligible surface roughness within the vertical

8

resolution of the Dektak3-Veeco profilometer (0.02µm), the superhydrophobic surface
depicted an apparently stochastic roughness profile with high mean and mean peak to
valley roughness values of Ra = 5.8 µm (with a standard deviation of 1.5µm) and Rz =
22.6 µm (with a standard deviation of 3.9mm). These values are averaged from 5
measurements.
A more detailed analysis of the surface topography performed by Laser Scanning
Confocal Microscopy (using a confocal microscope model SP8 from Leica) further shows
a complex structure with cavities, that is presented in our previous work [36]. Also in
[36], further analysis was done to the surface of the coating with scanning electron
microscope (SEM), using a FEI-QUANTA 200FEG operated in high vacuum mode at 20
kV (images were captured by a BackScattered Electron Detector - BSED, EverhartThornley Detector - ETD and in a combined mode of BSED and ETD) further identified
a hierarchical structure, consisting of larger cracks (around 30-500 µm in length and 240 µm in width) and cavities (around 2-90 µm in diameter) which are covered by a
"spongelike" porous mesh (with pores of the order of 5-75 nm in diameter). This complex
hierarchical structure strongly aids the formation of a stable superhydrophobic coating,
as detailed for instance in [6], who describe a similar hierarchical structure for the English
weed leaves. [6] clearly show that although the material/nature of the surface is relevant,
this particular surface structure was the main reason to support a stable superhydrophobic
regime. The thickness of the superhydrophobic coating, also estimated from the SEM
images is of the order of 26.5 µm.

2.3 Experimental procedure and uncertainties
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Experiments were performed at a saturation temperature of 373.5 ±0.3 K, measured
near the test surface, and pressure of 1000 ±10mbar. These conditions were continuously
monitored during the experiments. The heat flux was imposed to the thin stainless steel
sheet, based on the current intensity, I=3A; 5A; 7A; 9A, which correspond to imposed
heat fluxes of q” = 0.03W/cm2; 0.07W/cm2; 0.13W/cm2; 0.22W/cm2. These low values
correspond to the dissipated power by the heater, divided by the total surface area of the
stainless-steel foil. Therefore, these represent the heat flux averaged in the surface area.
Locally, the heat flux was measured in the superhydrophobic region by using a thermal
camera. The value of the local heat flux in this region is around 2-5 KW/m2, which is very
similar to the other values reported for boiling in superhydrophobic surfaces, e.g. [15].
High-speed images and thermal images were obtained from bubble dynamics on the
biphilic surfaces. The high-speed infrared camera (Onca MWIR-InSb-320) was placed
below the surface and the high-speed camera (Phantom v4.2) was placed on a frontal
glass window to record nucleation and bubble dynamics history (Fig. 1). The frame rate
of the high-speed camera was set to 2200 fps (1600fps when synchronized with the
thermographic camera) while the high-speed infrared camera images were recorded at
1600 fps. Relation µm/pixel, for the optical arrangements used was 100μm for the infrared
camera and 50μm for the high-speed camera. The bottom surface of the stainless-steel
foil was black matt painted with an emissivity of 0.96. Integration time in the high-speed
thermographic camera was set to 200ms. All quantities evaluated from image postprocessing were taken from an average of at least four events under similar conditions.
All calibration and post-processing procedures were performed using in-house algorithms
developed in MATLAB, as detailed in [33].
The main uncertainties are depicted in the quantities used to characterize bubble
dynamics, namely the maximum relative error associated to bubble diameter is 7.8%, the
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maximum error associated to the minimum contact angle is 26.5% and for the frequency
it varies between 15% and 30% depending on the imposed heat flux.

3. Numerical methodology
3.1. Governing Equations
In the present work, the model is developed in open-source software OpenFOAM.
Also, a user modified Volume Of Fluid (VOF) solver was used to characterize the multiphase interfaces. This solver has been enhanced to include a treatment for spurious
velocity dampening, which is common in other VOF methodologies. Another useful
feature is an improved dynamic contact angle treatment, for more realistic modelling of
the wettability derived surface tension forces. Finally, a phase-change model was
implemented in the fluid domain with conjugate heat-transfer in the solid domain. The
equations for mass, momentum, energy, and volume fraction are presented in this chapter.
In this model, the liquid and vapour phases are treated as incompressible, Newtonian
fluids. The used solver has been previously validated with other multi-phase interactions
[26,30,36-37]. These include cases of adiabatic and diabatic bubble and droplet dynamics,
which were compared against experimental data and analytical solutions.
The mass conservation equation is given as:
�⃗� = 𝜌𝜌̇
∇ ∙ �𝜌𝜌𝐔𝐔

(1)

In Equation 1, ρ represents the fluid density and �U⃗ is the velocity vector. On the right

side of the mass conservation equation the term ρ̇ represents, mass change due to phase
change. The following equation describes the momentum conservation:

∂
T
�⃗� + ∇ ∙ �𝜌𝜌𝐔𝐔
�⃗𝐔𝐔
�⃗� − ∇ ∙ �𝜇𝜇 �∇𝐔𝐔
�⃗ + �∇𝐔𝐔
�⃗� �� = −∇p + 𝐟𝐟⃗𝐒𝐒𝐒𝐒 + 𝐟𝐟⃗𝐠𝐠
�ρ𝐔𝐔
∂t
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(2)

On the left-hand side, the terms account for acceleration, convection and viscosity
driven diffusion, where μ represents the bulk dynamic viscosity. On the right-hand side
of the equation the internal and external source terms are present. Here surface tension
and gravitational forces are represented by 𝐟𝐟⃗𝐒𝐒𝐒𝐒 and 𝐟𝐟⃗𝐠𝐠 respectively and ∇p is the pressure

gradient. Surface tension was modelled based on the work of Brackbill et al. [38], which
is commonly used. The following equation represents the conservation of energy in the
computational domain:
∂
�⃗𝜌𝜌𝑐𝑐𝑝𝑝 𝑇𝑇� − ∇ ∙ (𝜆𝜆𝜆𝜆𝜆𝜆) = ℎ̇
�𝜌𝜌𝑐𝑐𝑝𝑝 𝑇𝑇� + ∇ ∙ �𝐔𝐔
∂t

(3)

On the left side of Equation 3, the first term represents the temperature variation with
time, where T represents the temperature field and cp is the heat capacity. The second
term represents the convection term. The third term is the diffusive term, given by
conduction where λ represents thermal conductivity. On the right-hand side, there is a
source term (ℎ̇), which represents the contribution of phase change, by evaporation or

condensation, to the enthalpy. The latent heat of the phase-change is accounted for in this
term. The VOF equation is given by a balance of the volume fraction α. When the cell
has no liquid the volume fraction is 0. The cell is full with liquid when the volume fraction
is 1. The following equation describes the volume of fraction change in the domain:
∂𝛼𝛼
𝜌𝜌̇
��⃗� − ∇ ∙ �𝛼𝛼 (1 − 𝛼𝛼 )𝐔𝐔
�⃗𝐫𝐫 � = 𝛼𝛼
+ ∇ ∙ �𝛼𝛼𝑼𝑼
∂t
𝜌𝜌

(4)

The sharpening of the liquid-vapour interface is very important. Here, this was
achieved through extra compression, by changing Equation (4) and introducing the term
�⃗𝐫𝐫 �, where 𝐔𝐔
�⃗𝐫𝐫 is an artificial compression velocity. On the right-hand side
∇ ∙ �𝛼𝛼(1 − 𝛼𝛼)𝐔𝐔
𝜌𝜌̇

of Equation (4), there is the source term ( 𝛼𝛼). This is an important term which accounts
𝜌𝜌

for the evaporation/convection mass source. The velocity ﬁeld has therefore a source of
12

divergence. The fluid properties are then calculated as weighted averages over the both
phases. A given property γ, is calculated by multiplying the respective fraction of the
phase by the liquid (γl) and vapour (γv ) fluid properties. The volume fraction 𝛼𝛼 is used to
calculate the final value of γ given by γ=αγl+(1- α)γv. To adequately supress spurious
currents, as previously mentioned, the VOF solver was customized.
The detailed version of this improved VOF method can be found in the work of
Georgoulas et al. [31] alongside the development and validation of the methodology,
which was used in the present work.
In the solid domain, only the energy conservation equation is calculated and is defined
by:
∂
�ρ c T� = ∇ ∙ (λs ∇𝑇𝑇)
∂t s ps

(5)

Where ρ𝑠𝑠 and cps are the solid density and heat capacity respectively. At the interface

between the solid and fluid regions, the temperature is coupled. For this coupling, the
following conditions apply:
𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑠𝑠 𝜆𝜆𝑓𝑓 ,

𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝑇𝑇𝑠𝑠
= 𝜆𝜆𝑠𝑠
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(6)

where 𝑇𝑇𝑓𝑓 and 𝑇𝑇𝑠𝑠 represent the temperatures in the fluid and solid side of the boundary,

respectively. 𝜆𝜆𝑓𝑓 and 𝜆𝜆𝑠𝑠 represent the thermal conductivity of the fluid and solid domains

at the boundary, respectively.
3.2. Phase Change Model

Hardt and Wondra [39] originally suggested the implementation of the VOF and LS
methods used in this work. So, in the following section the user-enhanced VOF phasechanged model will be described briefly.
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The mass flux at the interface of the two phases (𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ), which is derived from

evaporation/condensation is calculated with the following equation:
𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 ℎ𝑙𝑙𝑙𝑙

(7)

where 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖 -𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 represents the superheat, calculated by subtracting the saturation

temperature 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 from the interface temperature 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖 . This term is then divided by 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖

which is the heat resistance at the interface and the latent heat of evaporation ℎ𝑙𝑙𝑙𝑙 at the
saturation temperature. The interfacial heat resistance is calculated by the following
equation:
𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖

3/2

2 − 𝛾𝛾 �2π𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠
=
2
𝛾𝛾
𝜌𝜌𝑣𝑣
ℎ𝑙𝑙𝑙𝑙

(8)

Equation 8 represents a fitting function. This is proved by the varying uncertainty of
the γ parameter, contained within the range 0 < γ < 1. In this case, the parameter γ, which
can be referred to as the evaporation/condensation coefficient is equal to 1. Here, 𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔
𝑅𝑅

represents the specific gas constant of the fluid which is given by 𝑀𝑀 , where R is the universal

gas constant and M is the molar mass of the fluid.

The mass flux from evaporation and condensation, calculated through Equation (7) is
added to the conservation equations, through the definition of adequate volumetric source
term. The volumetric source term is calculated by multiplying the flux of evaporated mass
at the interface by the magnitude of the volume fraction gradient. This definition is
explicit in the equation below:
𝜌𝜌̇ 0 = 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 |∇𝑎𝑎|

(9)

To calculate the “Net Mass Flow” one should then integrate this initial source term
field through the entire interface. To do this the following equation was used:
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𝑚𝑚̇𝑖𝑖𝑖𝑖𝑖𝑖 = � 𝜌𝜌̇ 0 𝑑𝑑𝑑𝑑

(10)

The “Net Mass Flow” is very relevant to guarantee mass conservation in the domain.
The mass source magnitudes of liquid and vapour should be equal, as they represent the
net evaporation rate. In order to avoid computational instabilities, the initially calculated
sharp source term is smeared over a finite number of computational cells. This is done
through the solution of a diffusion equation for the smooth distribution of source terms.
This is shown below:

𝜌𝜌̇1 − 𝛻𝛻 ∙ [(𝐷𝐷𝐷𝐷𝐷𝐷)𝛻𝛻𝜌𝜌̇1 ] = 𝜌𝜌̇ 0

(11)

As it can be seen, an is artificial time step Δτ is utilised for this purpose, and Neumann
boundary conditions are applied in all boundaries of the domain, for the smeared source
term 𝜌𝜌̇1 . Despite this artificial smearing of the original source term, the integral values of

the sharp and the smooth fields remain the same. It is important to note that the overall
width of the smeared field is proportional to the square root of diffusion constant “D”
times the artificial time step “Δτ”. The chosen value of “D” must be in each case adjusted
to the mesh resolution to ensure smearing over a finite number of cells.
The next step, in this process of avoiding computational instabilities, is to take the source
terms in all cells that do not contain pure liquid or vapour (α < 1 − αcut and α > αcut, where

αcut is set to 0.05) and artificially set them to zero. After this step, the interface cells a not
subjected any more to source terms. Therefore, the interface is only transported by the
calculated velocity field. This ensures that the transport algorithm for the volume fraction
field and the associated interface compression (described previously) can work efficiently
without any interference with the evaporation/condensation source term field. In order
however to maintain continuity, the remaining source term field needs to be scaled
accordingly on the liquid and the vapour side through the use of scaling coefficients. This
15

final scaling step ensures that the mass is globally conserved. The proposed scaling
coefficients 𝑁𝑁𝑙𝑙 and 𝑁𝑁𝑣𝑣 are in effect the ratio of net mass flow 𝑚𝑚̇𝑖𝑖𝑖𝑖𝑖𝑖 , to the volume integrals

(over the entire computational domain) of the smooth source term field in each of the pure
phases:
𝑁𝑁𝑙𝑙 = 𝑚𝑚̇𝑖𝑖𝑖𝑖𝑖𝑖 ��(𝛼𝛼 − 1 + 𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐 ) 𝜌𝜌̇1 𝑑𝑑𝑑𝑑�
𝑁𝑁𝑣𝑣 = 𝑚𝑚̇𝑖𝑖𝑖𝑖𝑖𝑖 ��(𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐 − 𝛼𝛼 ) 𝜌𝜌̇1 𝑑𝑑𝑑𝑑�

−1

(12)

−1

(13)

After this necessary scaling, the final source term field is calculated using the following
equation:
𝜌𝜌̇ = 𝑁𝑁𝑣𝑣 (𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑎𝑎)𝜌𝜌̇1 − 𝑁𝑁𝑙𝑙 (𝑎𝑎 − 1 + 𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐 )𝜌𝜌̇1

(14)

3.3. Dynamic Contact Angle Treatment
The Dynamic Contact Angle (DCA) model, originally proposed by Kistler [40], was
implemented in the numerical simulation model used in the present work. The
implemented DCA model was also previously validated with experimental data for
droplet impacts in different wettability surfaces [37].
In more detail, the proposed treatment calculates the dynamic/apparent contact angle,
𝜃𝜃𝑑𝑑 , in each calculation timestep using the Hoffman function, 𝑓𝑓𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 , as follows:
−1
𝜃𝜃𝑑𝑑 = 𝑓𝑓𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 �𝐶𝐶𝑎𝑎 + 𝑓𝑓𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
(𝜃𝜃𝜀𝜀 )�

(15)

where 𝜃𝜃𝜀𝜀 is the equilibrium contact angle. The capillary number, 𝐶𝐶𝑎𝑎 , is calculated as 𝐶𝐶𝑎𝑎 =
𝜇𝜇𝑈𝑈𝐶𝐶𝐶𝐶
𝛾𝛾

−1
, and 𝑈𝑈𝐶𝐶𝐶𝐶 is the spreading velocity of the contact line. 𝑓𝑓𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
is the inverse function of

“Hoffman’s” empirical function which is calculated as shown below:
𝑓𝑓𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = acos �1 − 2tanh �5.16 �
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𝑥𝑥

1+1.31𝑥𝑥 0.99

�

0.706

��

(16)

Further details on the development and validation of the proposed DCA treatment can be
found in the work of Vontas et al. (2017) [41].

3.4 Numerical setup and computational domain
The first step for the present application was deciding on the domain features. A scheme
of the chosen features is represented in Fig. 3. The size of the domain was chosen based on
the observed experimental measurements, as it considers the expected detachment size of
the bubble. Since the bubble shape is axisymmetric, to save computational power, a 5° 3D
wedge domain with a symmetry axis was chosen, in order to perform 2D-Axisymmetric
simulations. On the base of the domain, near the bubble centre, a cavity was placed. When
setting the initial conditions, the purpose of the cavity will be to hold some vapour from
which the bubble will grow. The domain base must also be divided in superhydrophobic and
hydrophilic regions. A different boundary condition is applied to each, setting a dynamic
contact angle equal to the one measured experimentally. Another of the boundary conditions
applied to the base is a fixed temperature gradient calculated from the applied heat flux in
the experiment.
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Fig. 3 Schematic representation of domain size and characteristics.
3.5 Mesh independency
After choosing the domain a mesh independency study was conducted. Fig. 4
illustrates the overall process followed for the mesh independency study. First, a coarse
mesh with vertical and horizontal grading was tested. Grading allows high resolution near
the bubble region and lower resolution further away, improving computing speed. The
coarser mesh has 1E-5m cells inside the cavity. These are the smallest cells in the domain
and due to the grading, cell size grows as one moves away from the bubble centre. On a
next iteration, an extra refinement layer was placed on top of the superhydrophobic area
to guarantee a small cell size inside and around the vapour bubble. Finally, the cell size
was further refined utilising half of the previous stage edge size and also adding another
region of only vertical grading. In Fig. 4, one can also see the number of cells in each
case.
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Fig. 4 Mesh independence study. Schematic of the refinement and grading in each
example.

The 3 meshes were computed and later the results were compared. In Fig. 5 the border
of the bubble is compared in all meshes and plotted against the experimental results.
It is clear from this image that the refinement of the coarse mesh led to a result closer
to the experimental data. The next mesh refinement had minimal effect on the results as
shown in Fig. 5. Both the red and green lines are very close to each other. It was
concluded then that the medium mesh constitutes the mesh independent solution for the
purposes of the present investigation.
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Fig. 5 Mesh independence study on the bubble border.

3.6 Validation conditions
To validate the numerical model, the experimental conditions presented in Table 2 were
reproduced numerically.

Table 2. Parameters of the experiments and numerical simulation.
Parameters

Values
1.39E3 [W/m2]

Applied heat flux
Hydrophilic region wettability characterization:

Super

Advancing Contact Angle

85.54 [º]

Receding Contact Angle

34.37 [º]

Hydrophobic

region

wettability

characterization:
Advancing Contact Angle

160.88 [º]

Receding Contact Angle

158.98 [º]
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Region diameter

1.5 [mm]

4. Results and discussion
In this chapter the results from the numerical model will be compared to the
experimental data. Due to the limitations of the experimental results one should rely on
the numerical results for additional insight if they are proven valid. Therefore, further
analysis of the numerical results is also conducted, as a complementary information
source.

4.1. Image based analysis of the results
In Fig. 6, a macroscopic, qualitative comparison of the numerical and experimental
results is conducted by comparing the bubble growth with respect to time. As it can be
observed there is a very close agreement between the numerical predictions and the
experimental results, regarding the spatial and temporal evolution of the bubble.
The behaviour of the bubble in the different time steps depict specific shapes. There is
an initial stage characterized by a hemispheric growth, a vertical elongation followed by
a neck formation and a “necking” phase quickly transitioning to the bubble detachment.
The experimental observation and characterization of the bubble growth is detailed in our
previous work [36] and is in overall agreement with the numerical simulation.
The numerical results seem to mimic very closely the dynamic behaviour and force
interactions during the bubble departure. Due to the effect of surface wettability, surface
tension forces keeping the bubble from detaching delay the eventual departure, and a
lower departure frequency is observed in both cases. When the buoyancy forces, that
increase due to the bubble growth, begin to surpass surface tension, one can observe the
formation of a neck in the elongated bubble. This is represented in the numerical results
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where the necking phenomena is clear, as it is possible to see in Figure 6 at t=2.020s.
Finally, the bubble detaches and in both cases a vapour layer is left behind covering the
superhydrophobic region. Here the low pressures formed bellow the bubble, stretch this
vapour layer forming a triangular shape, also well represented in the numerical results.
The sudden detachment also creates a wave on the bubble, which is propagated vertically,
a phenomenon which was captured by the model, as seen in t=2.024s. These results agree
with those recently reported in [36]: The size of the bubble is constricted by the adhesive
forces applied in the boundaries between the superhydrophobic and hydrophilic regions.
Hence, the size and frequency of the bubbles is affected by the size of the
superhydrophobic region. Pontes et al. [36] show that smaller superhydrophobic regions
are advantageous as they allow producing smaller bubbles but at relatively higher
departure frequencies and overall producing larger evaporated mass fluxes, which are
directly related to larger values of the latent heat of evaporation. These results were useful
to establish here major dimensions and validate the model. However, the experimental
data does not provide information on pressure, temperature and velocity distributions in
and around the bubble, which is important to understand bubble dynamics and in a near
future relate it with the particular heat transfer processes which govern pool boiling heat
transfer.
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Fig. 6 Visual comparison of the experimental and numerical results in several stages of
bubble growth. Time values presented are the numerical simulation timesteps.

4.2 Quantitative Validation
In this subsection a further detailed quantitative comparison between numerical
predictions and experimental results is conducted. From the post processing of the highspeed images, it was possible to get several dynamic parameters that can be used to
validate the model. Since, the simulation starts without any initial bubble seed (but with
just some vapour patched in the previously mentioned geometric cavity), and the
experiment starts with a pinned vapor layer, the time of the experimental results needed
to be shifted accordingly so that the numerically predicted bubble growth was
synchronised with the experiments. For this purpose, the point where the numerically
generated bubble touched the edge of the superhydrophobic area, was selected as the start
of the experimental results.
Initially, the generated vapour volume with respect to time is compared, as depicted in
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Fig. 7. The volume was calculated in both cases by revolving the 2D border shape around
the central axis. It is possible to see in this figure the similarity in the shape of both curves.
In both cases the vapour volume grows linearly to around 20 mm3, after which it detaches.
This happens due to a sudden break of balance between the surface tension forces and
buoyancy forces. Moreover, it should be highlighted that the time of bubble detachment
in both the experimental measurements as well as in the numerical predictions is slightly
after t=2.0 s.
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Vapour Volume (mm3)
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Fig. 7 Vapour volume vs time. Comparison between numerical and experimental results.

Furthermore, the evolution of the apparent contact angle with respect to time is
compared in Fig. 8. Also, in this case, the numerical predictions are quite close to the
experimental results. The numerical model successfully captures the initial drop from a
high contact angle value that is also observed in the experimental measurements.
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Furthermore, during the bubble growth phase, both in the experimental measurements as
well as in the numerical predictions the dynamic contact angle fluctuates around 60º.
Finally, at the latest stage of the considered bubble growth, the numerically predicted
contact angle increases again following the experimentally measured trend. The slight
difference in the fluctuations that are observed in both cases might be attributed to the
axisymmetric assumption in the numerical simulation, that restricts the bubble
fluctuations at the central axis.
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Fig. 8 Contact angle comparison between experimental and numerical results.

Finally, thermographic images were also post processed and the time-averaged
temperature profiles in the tank base was compared between experimental measurements
and numerical predictions. This is depicted by Fig. 9, where 1D temperature profiles
along bubble base radius are plotted. As it can be seen, the experimentally measured
temperature gradients with respect to the bubble base radius are well predicted by the
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numerical simulation. However, there is a visible temperature difference of around 1.5ºC.
This difference could be explained by the initial conditions of the numerical simulation,
as the initial temperature boundary layer in the liquid was not developed, since the
simulation starts with vapour patched within the geometric cavity. Another clear
difference is near the bubble centre (at distance=0). There is a clear temperature drop in
the numerical results, which contrasts with a continued temperature growth in the
experimental data. This can be again attributed to the presence of the central geometric
cavity in the numerical domain. However, the expected temperature drop near the contact
line is well captured by the numerical model. This is due to the evaporation occurring at
that contact line between the liquid/vapour interface and the heated solid surface.
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Distance from center (mm)

Fig. 9 Comparison between the thermographical and the numerical temperature profiles.

The results discussed so far indicate that the proposed numerical simulation model
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adequately predicts the considered phenomenon.

4.3 Numerical Results Analysis
Having validated the model, a more in-depth study on the velocity and temperature
profiles inside the bubble can be made. The extracted colormaps for the studied case are
shown in Fig. 10. For four different timesteps, both the velocity magnitude and the
superheat are plotted side by side. The superheat represents the temperature difference
above the working fluid saturation temperature (100ºC). The liquid/vapour interface is
represented by the white line. Streamlines (grey coloured lines) are also superimposed.
The temperature results portrait a hotter region near the surface and inside the bubble.
This region gets hotter as time passes, as the result of the formation of the thermal
boundary layer. On the bubble contact line, lower temperatures can be seen. Evaporation
occurring in this area can justify these lower temperature values.
Regarding the velocity results, in earlier timesteps the fluid velocity is close to zero.
As time passes, higher velocities can be seen during the detachment, mainly in the vapour
region. Here, the streamlines, at t=1.725 and t= 2.021, show that the vapour is moving
from the contact line to the top of the bubble. Very high velocities can also be seen at the
bubble neck during necking, as the red region shows in timestep 2.021. The neckingdetachment timeframe is very small, so these should stand out as the bubble detaches.
When finally, the bubble detaches, there is a large fluid circulation from the outside to the
region bellow the bubble. This can be explained by the expected lower pressure during
detachment as the bubble moves.
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Fig. 10 Velocity magnitude and Temperature inside and outside the bubble.
5. Conclusions
This work addresses a numerical investigation of bubble growth and detachment on a
superhydrophobic region surrounded by a hydrophilic region. The model was validated
based on the post processing of high-speed images, synchronized with high-speed
infrared thermographic images, which recorded the dynamic and thermal processes
occurring during bubble nucleation, growth and detachment. The dynamic behaviour of
the bubble was accurately replicated by the model. Data on temperature and velocity
profiles that cannot be extracted from the experimental measurements were postprocessed from the simulation results. For a more complete validation of the model,
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further simulations need to be made testing different wettability as well as thermal
conditions. Furthermore, to investigate the thermal response of the surface, the conjugate
heat transfer version of the utilised numerical simulation framework must be applied in
the future.
This study also explored the possible kind of results that can be extracted from a
numerical study to complement a detailed experimental study. The velocity fields and
temperature maps are, for example, unique to the numerical results and highly valuable
to understand bubble dynamics and the related heat transfer processes occurring during
bubble growth and detachment.
In conclusion, from the overall results of the present investigation it is obvious that the
combination of enhanced direct numerical simulations with high-resolution transient
experimental measurements can constitute a promising tool for further and deep
understanding of the hydrodynamic and heat transfer characteristics of pool boiling on
heated biphilic surfaces.
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