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This study investigates the hydrodynamics and heat transfer of a droplet impinging on a heated superhydrophobic 
surface at low Weber numbers with subsequent bouncing through numerical simulations in the phase-

field framework. These structure-resolved simulations take into consideration the entrapment of air during 
impingement on the micro-textured surface and effectively replicate the hydrodynamic behavior observed in 
corresponding experimental studies [1]. The simulation results indicate notable differences in air entrainment 
and heat transfer dynamics for the same contact angle under varying surface topography. This offers the 
potential to deliberately modify the dynamics of heat transfer by manipulating the surface topography without 
significantly altering the wetting behavior. Additionally, an attempt to substitute the structure-resolved boundary 
with a temperature boundary condition, which incorporates the void fraction and thermal conductivity of the 
involved fluids, has been observed to be insufficient to reproduce the temperature evolution due to the absence 
of wetting physics description. These findings suggest that the primary source of variations in heat transfer is the 
alteration in the contact area with the surface, rather than the local thermophysical properties of the air/water 
mixture. Consequently, for an accurate evaluation of heat transfer on textured surfaces, it is imperative to employ 
simulations that consider the resolved surface topography.
1. Introduction

Central to many technological and industrial processes such as spray 
cooling and fuel injection is the phenomenon of individual droplets im-

pacting on heated surfaces [2]. One of the main goals in such processes 
is the enhancement of the heat transfer rate between the liquid and the 
solid surface [3]. Effective heat transfer requires that liquid comes into 
direct contact with the solid surface upon impact, however, a formation 
of thick liquid film over a surface is usually not favorable, as it reduces 
the heat transfer rate from the solid surface. For instance, in selective 
catalytic reduction (SCR) systems, such film formation due to the injec-

tion of a urea-water solution into automotive exhaust gas is considered 
to be undesirable [4]. This is linked to the fact that the film evaporation 
produces unwanted intermediates and by-products forming solid de-

posits [5], which impair the overall system performance. In such a case, 
the effect can be mitigated by a reduction of the drop contact time with 
the heated solid surfaces [6]. Analogous strategies are available in var-

ious contexts such as spray cooling [7,8], anti-acing [9], coating [10], 
refrigeration [11], and falling film evaporation [12]. By managing the 
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interaction between liquid and solid surfaces, these approaches aim to 
optimize their performance and enhance overall effectiveness.

Various parameters such as drop diameter, 𝑑0, drop impact velocity, 
𝑈0, gas-liquid surface tension, 𝜎, and physical properties of the droplet 
(density 𝜌 and viscosity 𝜇) determine the droplet behavior after impact 
on the flat surface. The outcome of drop impingement can be catego-

rized into deposition, rebounding, and splashing [13]. The outcome is 
governed by a balance between the inertial, viscous, and surface tension 
forces. Hereby, the main characteristic non-dimensional number is the 
Weber number 𝑊 𝑒 = 𝜌𝑈0

2𝑑0∕𝜎 [14], showing the importance of the 
drop inertia compared to its surface tension. In addition, the Reynolds 
number 𝑅𝑒 = 𝜌𝑈0𝑑0∕𝜇 plays an auxiliary role by characterizing the ra-

tio of inertial to viscous forces. Another influential parameter is the 
surface wettability, which is mainly determined by the chemical com-

position and surface properties such as surface roughness and its topog-

raphy. The hydrodynamic effect of surface wettability can be considered 
via an appropriate description of the contact angle behavior. Using the 
equilibrium contact angle 𝜃e, surfaces in contact with the water droplet 
are classified into hydrophilic (𝜃e < 90◦) and hydrophobic (𝜃e > 90◦) 
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Fig. 1. (a) 2D representation of problem: Cassie-Baxter state (drop is in con-

tact with the surface pins while the valleys are filled with air, blue droplet) 
or Wenzel state (drop fills the grooves, red droplet), (b) the top view of tex-

tured surfaces, (c) illustration of the surface structuring using square prisms. 
The characteristic dimensions of structured surfaces are: texture height ℎp , pin 
width 𝑙p and gap width 𝑙s . The parameters 𝑇f , 𝑇c , 𝑇s denote the temperatures 
at cell faces, cell centers and the bottom substrate, respectively. 𝛿 is the face-to-

cell distance. The green region indicates the void surface 𝐴s among gray solid 
pillar surfaces 𝐴p . (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.)

surfaces [15]. The surface topography directly affects the wettability 
whereas surfaces fabricated with micro/nano-textures can also become 
superhydrophobic (𝜃e > 150◦) [16]. As depicted in Fig. 1(a), the em-

bedded micro/nano-texture may form air pockets between the liquid 
drop and the surface substrate within the roughness troughs, known 
as Cassie-Baxter state [17]. Depending upon spatial configurations of 
structures, initial conditions, and thermophysical properties of the liq-

uid drop, the liquid–gas interface may penetrate the troughs between 
the micro-structures, thereby marking a transition to Wenzel state [18]. 
The behavior of droplets upon impingement can be altered using var-

ious surface structuring techniques. A surface structured with elevated 
pins can be characterized by the surface area fraction 𝑓v [17], and the 
surface roughness factor 𝑅p. The surface area fraction is defined as (see 
Fig. 1,b):

𝑓v = 1.0 −
𝐴p

𝐴s +𝐴p
, (1)

where 𝐴p represents the projected area of the pin region, and 𝐴s repre-

sents the projected area of the gap region between the pins. The surface 
roughness factor represents the ratio of the true apparent surface area to 
the projected area 𝐴app,s∕𝐴proj,s and is equal to 1.0 for a smooth surface 
[19]. For the uniform structured texture surface it is given by:

𝑅p = 1.0 +
4𝑙pℎp

(𝑙p + 𝑙s)2
, (2)

where 𝑙p and ℎp are the sizes of pins and 𝑙s is gap size. The spreading 
ratio 𝛽 = 𝑑(𝑡)∕𝑑0, with 𝑑0 representing the initial droplet diameter and 
𝑑(𝑡), describing the equivalent diameter of wetting area, as well as the 
film thickness is considered to be the most important characteristics of 
the droplet impingement hydrodynamics [20,2,14,19,21,22].

In the case of drop impingement on a hot dry solid surface, the 
impact outcomes are classified into several regimes: evaporation, nu-
2

cleate boiling, foaming, transitional boiling, and film boiling [23]. Al-
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though many studies investigated the droplet impact with high wall 
temperature conditions in the nucleate boiling and Leidenfrost regime 
[24,25], only a few have examined wall temperatures lower than the 
boiling point, i.e., in the film evaporation regime [26]. Roisman [27]

pointed out that evaporation is negligible during the spreading and 
receding stages of bouncing droplets in the film evaporation regime. 
The outcome of drop impingement at low Weber numbers in the film 
evaporation regime is thoroughly investigated in our previous stud-

ies [28,29]. These studies show that in the rebounding regime, a higher 
Weber number improves the cooling effectiveness on a smooth surface. 
Strotos et al. [30,31] proposed an equation for calculating the cooling 
effectiveness of an impinging droplet on a flat surface using transient 
heat conduction. However, their model is not intrinsically applicable to 
textured surfaces. Moon et al. [32] extended the cooling effectiveness 
model to account for the surface wetting condition after the droplet im-

pact. This modification takes into consideration the wetting behavior 
of the droplet on the surface. However, in order to use this extended 
model, experimental data is required to determine the wetting condi-

tion of the surface.

The objective of the present study is to understand how a structured 
textured surface affects heat transfer for a bouncing droplet on film 
evaporation regime where the substrate temperature is far below satu-

ration temperature and the evaporation is negligible. It is obvious that 
the surface structuring increases the effective area during the droplet 
impingement resulting in an enhancement in the heat transfer, how-

ever, at the same time, air entrapment in cavities may impair the heat 
transfer rate compared to a drop impact on a smooth surface. In or-

der to elucidate those scenarios, we consider a resolved simulation of 
the micro-structure and compare it to an implicit temperature boundary 
condition mimicking a structured surface with reduced computational 
cost for the Cassie-Baxter case. A thorough search of the relevant litera-

ture yielded that the heat transfer during the impact of a single droplet 
on a micro-textured hydrophobic surface has not been investigated with 
resolved simulations before.

2. Methodology

In the present study, the simulation of drop impact at low Weber 
number on the heated surface is performed with the in-house solver

phaseFieldFoam. According to previous studies [27,30,32], the evapo-

ration effect is ignored because the spreading and receding phases took 
place within a very short time (on the order of ten milliseconds). The 
computation utilizes the phase-field method with the coupled Cahn-

Hilliard-Navier-Stokes equations for two incompressible and immiscible 
phases being solved using OpenFOAM-extend framework. For more de-

tails on governing equations, numerical implementation, and validation 
of the solver phaseFieldFoam the reader is referred to [28,33].

2.1. Governing equations

In the utilized phase-field method, the order parameter 𝐶 describes 
the distribution of liquid (L) and gas (G) phase systems. It takes distinct 
values of 𝐶 = −1 for liquid and 𝐶 = 1 for gas in the bulk region, while 
it smoothly varies in the thin transition region at the interface between 
the phases. The non-dimensional Cahn number 𝐶𝑛 = 𝜀∕𝐿ref , relates the 
capillary width 𝜀 to the macroscopic characteristic length 𝐿ref , which 
is droplet initial diameter 𝑑0 in the present study and is kept constant 
at 𝐶𝑛 = 0.01. Then, the thickness of the diffuse interfacial region 4.16𝜀
is obtained [34]. The diffuse interface transport is specified with the 
Cahn-Hilliard equation:

𝜕𝐶

𝜕𝑡
+∇ ⋅ (𝐮𝐶) =𝑀∇2Φ, (3)

where the chemical potential Φ is:

𝜆
Φ=
𝜀2
𝐶(𝐶2 − 1) − 𝜆∇2𝐶 −∇𝜆 ⋅∇𝐶. (4)
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The positive diffusion parameter, also referred to as mobility 𝑀 =
𝜒𝜀2 is proportional to the square of capillary width, while the semi-

empirical coefficient 𝜒 fixed to 𝜒 = 1 m ⋅ s ⋅ kg−1 similar to our previous 
studies [5,28,29]. The homogeneous mixing energy coefficient is de-

rived for a planar interface at equilibrium as 𝜆 = 3
√
2∕4𝜎𝜀 [35]. The 

Navier-Stokes equation for two incompressible and immiscible phases 
in one-fluid formulation is given by:

𝜕(𝜌𝐮)
𝜕𝑡

+∇ ⋅ (𝜌𝐮𝐮) = −∇𝑝𝑑 + 𝜌𝐠+∇ ⋅ [𝜇(∇𝐮+ (∇𝐮)𝖳)] + 𝐟𝜎. (5)

The surface tension 𝐟𝜎 is expressed as:

𝐟𝜎 =Φ∇𝐶 +
(

1
𝜀2
𝐶(𝐶2 − 1) + 1

2
‖∇𝐶‖2)∇𝜆. (6)

We consider constant surface tension without Marangoni effects so the 
second term on the right-hand side of the equation becomes zero. The 
energy equation is given by:

𝜕𝑇

𝜕𝑡
+∇ ⋅ (𝐮𝑇 ) = ∇ ⋅ (𝛼∇𝑇 ), (7)

where 𝛼 = 𝑘∕𝜌𝑐p is thermal diffusivity. In the interface region, the 
physical properties 𝜑 ∈ [𝜇, 𝑘, 𝜌, 𝑐p] are calculated through arithmetic 
interpolation 𝜑 = 𝜑L(1 +𝐶)∕2 +𝜑G(1 −𝐶)∕2.

2.2. Boundary conditions at the heated wall

For the order parameter, a Neumann boundary condition is obtained 
accounting for contact angle 𝜃 [36]:

𝐧S ⋅∇𝐶 =
√
2
2

cos𝜃
𝜀

(1 −𝐶2), (8)

where 𝐧S is the outward unit vector normal to the solid surface. When 
a drop comes to rest on a smooth, heated surface, its contact angle 𝜃 is 
equal to the equilibrium contact angle 𝜃e, which is used to characterize

the wettability of the surface. In this case, if the substrate temperature 
𝑇s is fixed, a Dirichlet boundary condition can be applied to the tem-

perature at the solid boundary face 𝑇f (𝑇f = 𝑇s).
Dealing with textured surfaces, two approaches can be employed: 

the resolved approach and the modeled approach. With the resolved 
approach, all the small features of the textured surface up to the micro-

scale are included in the computational grid. The contact angle used for 
the wall boundary condition remains fixed at 𝜃e. The temperature at the 
fluid-solid interface is set equal to the temperature of the solid surface:

𝑇f = 𝑇s. (9)

With the modeled approach we aim to approximate the effect of 
the texture without explicitly resolving all the geometric details lead-

ing to high computational costs. The method employs a 1-dimensional 
implicit definition for the temperature boundary condition at the solid 
surface:

𝑇f =
𝑘𝑇cℎp + 𝑘eff𝑇s𝛿
𝑘ℎp + 𝑘eff𝛿

, (10)

where the temperature 𝑇f is determined by estimating the heat flux at 
the solid-liquid interface, as illustrated in Fig. 1(a). For more complex 
scenario e.g. superhydrophobic surfaces including temperature jump, 
the reader is referred to [37]. The influence of air entrapment within 
the texture’s pores is considered by incorporating the effective thermal 
conductivity, which is given by:

𝑘eff = 𝑓v𝑘G + (1.0 − 𝑓v)𝑘S, (11)

where 𝑘G and 𝑘S stand for the thermal conductivity of gas (entrapped 
air) and solid (silicon) phases, respectively. This boundary condition as-

sumes the establishment of the Cassie-Baxter state, where the apparent 
3

contact angle 𝜃cb is determined as [17]:
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Fig. 2. Schematic representation of the computational setups for drop impact 
on a solid surface for (a) 3D symmetric and (b) axisymmetric domain.

cos𝜃cb = −𝑓v + (1.0 − 𝑓v) cos𝜃S, (12)

where 𝜃S represent the equilibrium contact angles of the drops on the 
smooth plate. In this case, 𝜃 = 𝜃cb is considered for Eq. (8). More details 
about the derivation of the temperature implicit boundary condition 
can be found in Appendix.

3. Validation

This section aims to validate the numerical method implemented 
in the phasefieldFoam solver for the considered problem setup. Sev-

eral preceding investigations have already extensively validated the 
solver in various configurations for the hydrodynamics [22,38–40,5]

and for the heat transfer [28]. Here we expand these validation studies 
with a simulation of the impact of a single droplet on a heated struc-

tured hydrophobic surface using two numerical setups corresponding 
to two available experimental cases. The first case involves comparing 
the hydrodynamic characteristics of the droplet, such as contact time 
and spreading behavior on protrusion surfaces, with the experimental 
results of Jiang et al. [41]. The second case focuses on reproducing 
the experiment conducted by Guo et al. [1] to study the heat trans-

fer on micro-textured surfaces. Additional two simulations highlighting 
the resolution effects and the structure feature size are presented in the 
Appendix.

Fig. 2 provides a visual representation of the computational setups 
used in both validation cases: 3D domain (a) or axisymmetric quasi 
2D domain (b). The choice of the computational domain size is crucial 
and has been guided by prior investigations to ensure that the results 
remain independent of the chosen domain size [5,28]. For the present 
investigation the domain size with 𝑊 ×𝐿 ×𝐻= 1.5𝑑0 × 2.12𝑑0 × 1.5𝑑0
and 𝑊 ×𝐻=1.5𝑑0 × 7.5𝑑0 is chosen for 3D and axisymmetric domain, 
respectively.

For the initial state at 𝑡 = 0 s the droplet center is located at 𝑑0∕2
above the surface, in contrast to the reference experiments where it 
has been released from a certain position above the wall. This ap-

proach allows to maintain feasible computational costs, although it does 
not present the same initial condition. The droplet is assumed to be 
spherical with a diameter of 𝑑0 before impact, and a spatially uniform 
downward velocity 𝑈0 is prescribed as the initial condition. Due to the 
point contact of the droplet with the surface, the assessment of a po-

tential thermal boundary layer is excluded, representing a condition 
whose manifestation in the reference experiments is not documented. 
Moreover, placing the drop within a potential thermal boundary layer 
at the initial state would neglect the history of interaction with the 
surrounding air during its travel towards the wall. Instead, a uniform 
temperature profile is assigned initially, matching with the droplet tem-

perature specified in the experiments (27.8 ◦C for 𝜃e = 140◦ and 27.1 ◦C
for 𝜃e = 155◦) in diabatic cases. This approach is in line with similar 

numerical studies [28,42,43].
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Table 1

Thermophysical properties.

𝜇 [Pa.s] 𝜌 [kg/m3] 𝑐p [J/kg K] 𝑘 [W/m K]

isothermal cases based on [41]

Water 1 × 10−3 1000 - -

diabatic cases based on [1]

Water 9.01 × 10−4 998 4200 0.6
Air 1.48 × 10−5 1.29 1006 0.026
Silicon - 2329 700 120

Fig. 3. Schematic of the structured surfaces. The red area indicates the size of 
the selected domain for numerical simulation.

At the solid surface, the boundary conditions are set to no-slip for 
the velocity field in combination with Eq. (8) for the order parameter 
and Eq. (9) or Eq. (10) for temperature in diabatic cases. It’s important 
to highlight that the no-slip condition only valid for smooth surfaces or 
simulations employing a resolved approach. In the context of a modeled 
approach, establishing an accurate velocity boundary condition at the 
solid surface proves to be intricate and depends on upon the prevailing 
surface wetting conditions e.g. situations resembling the Cassie-Baxter 
condition, slip or partially slip conditions might be more suitable, while 
the no-slip condition, retained for scenarios akin to the Wenzel condi-

tion, serves as an approximation [44,45]. At the atmosphere boundary, 
the totalPressure is used for pressure, while homogeneous Neumann 
boundary conditions are imposed for velocity and order-parameter. For 
diabatic cases, the inletOutlet boundary condition is set for tempera-

ture. The structured grid is created with the OpenFOAM mesh generator

blockMesh utilizing hexahedral cells. The mesh independence is en-

sured, as the resolution of all the simulations is controlled with Cahn 
Number 𝐶𝑛 = 0.01 so the diffuse interface is resolved with 8 cells. The 
details of thermophysical properties for simulations are summarized in 
Table 1, the surface tension is set to 𝜎 = 0.072 N/m.

3.1. Isothermal case: drop impact on a single square notch

In the first validation scenario, the simulations are based on the sur-

face topology depicted in Fig. 3a corresponding to the experimental 
configuration investigated by Jiang et al. [41]. The structure consists of 
a smooth, flat plate with a single square notch at the top, measuring ap-

proximately 1mm in height. This height is approximately 0.24 times the 
droplet diameter, which is 𝑑0 = 4.14mm. The equilibrium contact angle 
for the droplet on this surface is 153.5◦. In order to reduce the compu-

tational cost, one quarter of the 3D domain with symmetric boundary 
conditions is employed as depicted in Fig. 2a. The number of cells is 
given by 𝑁𝑊 ×𝑁𝐿 ×𝑁𝐻 = 150 ×212 ×150. Two cases are examined at 
𝑊 𝑒 = 7.1, 20.8, where the Reynolds numbers are 1450, 2480 with im-

pact velocities of 0.35ms−1 and 0.60ms−1 , respectively.

The evolution of the droplet after impact on a single notch is de-

picted in Fig. 4. Depending on the Weber number, two possible scenar-

ios are observed: rebounding at 𝑊 𝑒 = 7.1 and breakup of the droplet at 
4

𝑊 𝑒 = 20.8. The numerical simulation is able to predict all significant 
International Journal of Heat and Mass Transfer 227 (2024) 125498

characteristics for the considered impact, including the spreading and 
recoiling process, the formation of capillary waves on the liquid sur-

face, the entrapment of air during impingement, and the generation of 
satellite droplets following the breakup of the main droplet. The agree-

ment between the numerical simulation and experimental observations 
demonstrates the capability of the utilized model to accurately capture 
the essential features of droplet dynamics in this scenario.

For the quantitative comparison, the spreading of the droplets in 
Fig. 5 is assessed using the droplet’s maximum spread-out ratio 𝛽∗(𝑡) =
𝑑max(𝑡)∕𝑑0 where 𝑑max is the maximum projected diameter on planes 
parallel to the reference plate. Note that with this definition the spread-

out ratio starts at 𝛽∗ = 1 since in the initial instant 𝑑max = 𝑑0. The 
observed local minimum and maximum values of 𝛽∗(𝑡) are in good 
agreement to the experimental data, occurring at almost similar time 
instants.

A slight difference in the magnitudes between the experimental and 
numerical curves is observed at later time instances, which can be ex-

plained with uncertainty in experimental data and simplifications in 
numerical setups. The experimental data [41] reports uncertainties of 
approximately 3% for impact velocity, 10% for Weber number, and 2%
for drop flow rate. The empirical correlation of 𝛽∗

max
∼𝑊 𝑒0.35 is pro-

posed for drop impact on protrusion surfaces [41] which contribute to 
an uncertainty of at least 𝑒𝛽∗max

∼ 3.5% for 𝛽∗
max

calculation in the ex-

periment. It is crucial to note that the uncertainty of 𝛽∗
max

derived from 
experimental cloud data can potentially be higher than the uncertainty 
calculation via correlation. It can be up to 10 − 15%, as indicated by 
Fink [22], attributed to nanometric defects on plate surfaces and possi-

ble contact line pinning, so deviation up to 15% can be considered as a 
reasonable agreement.

At 𝑊 𝑒 = 7.1 the initial spreading ratio is greater than 1, indicat-

ing a slightly oblate shape droplet prior to impact, while the numerical 
simulation assumes a perfect spherical shape. The spreading-out ratio 
quickly aligns with the experiment as the droplet spreads on the sur-

face before detachment. At the maximum spreading stage (Fig. 4a, b, 
𝑡 ≈ 24 ms), the droplet appears to spread less in the simulation com-

pared to the experiment, resulting a difference of approximately 14%
at the peaks. Then, the drop both in the experiment and simulation 
demonstrates a sudden contract in the recoiling stage, with the droplet 
forming bell shape.

For 𝑊 𝑒 = 20.8 the provided data in the figure only covers the period 
of time prior to droplet breakup, similar to the reference experiment. 
The droplet maximum 𝛽∗ is observed at the breakup instant with a 
maximum deviation of 9% for 𝛽∗

max
. Comparing the final snapshots of 

the droplets in Fig. 4c and d, it is evident that the drop breakup displays 
a subtle asymmetry in experiments arises from the aforementioned ir-
regularities in actual experiments and the slight variations in the initial 
drop shape. However in the simulation due to perfectly symmetrical ini-

tial condition, and ideal smooth surface and the imposition of symmetry 
boundary conditions exhibits a symmetry breakup.

3.2. Diabatic case: drop impact on heated micro-texture surface

In the second validation scenario based on the experiment by Guo et 
al. [1], a drop impact on micro-textured surface with the void fraction 
𝑓v = 0.56 is simulated on a smooth surface. The contact angle on the 
solid plate is 𝜃S = 120◦ and the droplet angle in contact with air is 𝜃G =
180◦. Then, the contact angle based on Cassie-Baxter Eq. (12) becomes 
𝜃cb = 140◦ and imposed as the equilibrium contact angle 𝜃e. For this 
validation, the computational domain is considered axisymmetric, as 
illustrated in Fig. 2b, and consists of a grid with 150 × 750 uniformly 
sized cells.

In Fig. 6, the numerical simulation of drop impact (𝑑0 = 2.3mm, 
𝑊 𝑒 = 20) on a heated surface (𝑇s = 60 ◦C) is compared with the ex-

periment [1]. The droplet sequence from numerical studies accurately 
captures the important details of drop hydrodynamics, including the 

capillary wave (𝑡 = 1.6ms), maximum spreading (𝑡 = 3ms), and con-
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Fig. 4. Comparison of instantaneous droplet shapes for numerical simulation and experiments [41] of a droplet impact on a single notch at Weber number of 7.1 (a, 
b) and 20.8 (c, d).
Fig. 5. Time history of maximum spread-out ratio compared with the exper-

iment [41] for droplet impact on the square notch. The simulations are per-

formed on a 3D symmetric domain with a notch.

tact time. Fig. 7 shows a comparison of temperature contours between 
the numerical simulation and high-speed infrared (IR) thermography 
data from [1]. The temperature contours exhibit a fair similarity. How-

ever, it should be noted that the informational content of IR images 
may be limited due to the presence of motion blur and high tempera-

ture bands at the droplet interface, which is linked to the fact that the 
droplet temperature, according to the authors, is captured with a hot 
surface at 60 ◦C placed in an environment with a background tempera-

ture of 50 ◦C. To mitigate these artifacts, the experimental droplet mean 
temperature is approximated by considering only the central part of the 
droplet surface, taking into account only the inner 20% of the pixels 
away from the surfaces (for more details the reader is referred to the 
original publication [1]). The numerical simulation calculates the mean 
temperature based on the entire droplet volume (Ω) using

𝑇d =
∫Ω 𝑇 d𝑉
∫Ω d𝑉

, (13)

or the mean surface temperature integrated within the volume of diffuse 
interface Ω𝑠 (−0.75 > 𝐶 > 0.75):

𝑇surf =
∫Ω𝑠 𝑇 d𝑉

∫Ω𝑠 d𝑉
. (14)

Further evaluation techniques trying to mimick experimental post-

processing pipeline have been tested, but essentially delivered results 
similar to 𝑇surf. More information on that can be found in the Ap-

pendix. In Fig. 8, the temperature of the droplet is plotted from the 
first impingement and rebounding to the second impact. The surface-
5

temperature-based estimation is found to be underestimating the drop 
temperature by 2-3 ◦C compared to the experimental values of 𝑇𝑑 dur-

ing the detached phase and overestimating it during the impingement. 
The volume-based temperature 𝑇𝑑 from simulation in turn shows a good 
agreement with the experimental results at the time before the impact 
or during the spreading phase, when the drop temperature distribution 
is almost uniform. The maximum volume-averaged temperature is ob-

served after maximum spreading in the recoil stage is reached. Herein, 
the computed droplet temperature strongly deviates from the experi-

ment. This might be related to the fact that the temperature distribution 
in the drop is highly non-uniform in the liquid film near the heated plate 
and, in the experiment, the region near the droplet bottom is excluded 
from the estimation of mean temperature as indicated in Fig. 7. Hence, a 
portion of temperature information near the heated solid is missing. The 
difference between experimental 𝑇𝑑 and numerical 𝑇surf might be asso-

ciated with the effects of local variation in emissivity and reflectivity 
due to the incident angle of the interface [46], which is not considered 
for the evaluation of temperature distribution in the experimental refer-

ence. Additionally, the transmission of the thermal radiation within the 
droplet might also affect the captured infrared thermography distribu-

tions providing information on temperature distribution also within a 
certain peripheral layer at the droplet interface [47]. Furthermore, the 
gray zone in Fig. 8 represents the time period where some parts of the 
droplet are located outside of the experimental observation frame. To 
our understanding, this leads to the presence of strong variation of 𝑇d
observed in the experimental profile. It has to be noted that both sim-

ulation drop temperatures coincide with the experimental values at the 
time instants around 𝑡 =75-80 ms, which is in line with the experiment-

based observation that the captured droplet temperature is supposed to 
represent the bulk temperature just prior to the second impingement 
event.

In order to examine the effect of air entrapment on heat trans-

fer rate, both Eq. (9) applied to the resolved structure simulation and 
Eq. (10) applied as a modeled temperature boundary condition on the 
wall are tested. Fig. 9 depicts the comparison of the two considered 
thermal boundary conditions at the heated wall for the corresponding 
simulations until the rebound. The modeled temperature represents the 
dynamic temperature that accounts for the air entrapment. As can be 
seen, it induces only a marginal reduction in the resultant surface tem-

perature and the surface temperature (𝑇s) at the bottom overlaps with 
the fixed boundary condition toward the detachment. Accordingly, it is 
observed that application of the Dirichlet boundary condition to the re-

solved structure instead of the modeled temperature does not affect the 
droplet mean temperature. Another drawback is that the model does 

not account for the possible increase in the effective contact area since 
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Fig. 6. Image sequence of a bouncing droplet with 𝑑0 = 2.3mm, 𝑊 𝑒 = 20. Top: experiment [1], bottom: smooth axis-symmetric simulation with 𝜃e = 140◦ , adopted 
from [28].

Fig. 7. Temperature contours for the droplet with 𝑑0 = 2.3mm, 𝑊 𝑒 = 20, 𝑇d,0 = 27.8 ◦C, and 𝑇s = 60 ◦C: a) high-speed infrared imaging [1], b) droplet interface and 
c) internal temperature of the smooth axisymmetric simulation with 𝜃 = 140◦ . Simulation figures use the same color bar as in the reference experiment.
e

Fig. 8. Comparison of the drop temperature between experiment [1] and ax-

isymmetric simulation of droplet impact on smooth surface with 𝑑0 = 2.3mm, 
𝑊 𝑒 = 20, 𝑇d,0 = 27.8 ◦C, and 𝑇s = 60 ◦C.

it is based on the assumption of a full Cassie-Baxter condition. To ac-

curately account for surface conditions, the surface structure has to be 
resolved.

4. Result and discussion

In order to understand how surface structure affects the droplet be-

havior, a series of drop impingement with 𝑊 𝑒 = 20 and 𝑑0 = 2.3mm
6

are simulated under varying surface structure topography. The solid 
Fig. 9. Dimensionless average surface temperature 𝑇 ∗ = (𝑇f − 𝑇d,0)∕(𝑇s,0 − 𝑇d,0)
for the fixed surface temperature in resolved structure scenario (Eq. (9)) and 
the modeled temperature boundary condition (Eq. (10)).

contact angle 𝜃S = 120◦ and the overall surface area fraction 𝑓v = 0.85
is the same for all considered textured surfaces. Thus, the equilibrium 
contact angle is 120◦ on a smooth surface, which increases up to 155◦
due to air entrapment in the Cassie-Baxter condition.

In this series of simulation, the resolved approach is employed. 
A quarter of the 3D computational domain as illustrated in Fig. 2a is 
utilized with 𝑊 × 𝐿 ×𝐻= 𝑑0 × 𝑑0 × 3𝑑0 and discretized with a grid 
resolution of 200 ×200 ×600 hexahedral cells. A structured region with 
[𝑑0 ×𝑑0 ×ℎp] as depicted in Fig. 3b, is created by repeating prisms with 
dimensions of [𝑙p × 𝑙p × ℎp] as demonstrated in Fig. 1c and added to 
the bottom by using the same grid resolution. The height of the square 

pin pillars is fixed to ℎp = 80 μm while the pillar width 𝑙p is varied to 
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Fig. 10. The comparison of experimental images [1] (a) at 𝑑0 = 2.3 mm and 𝑊 𝑒 = 20 with instantaneous droplet shapes for the 3D textured surface simulations 
(b, c, d) and for the 3D smooth surface simulations (e, f) with two different contact angles. The last column shows the drop instant at rebound corresponds to the 

contact time.

create different substrates, so 𝑙p = 23,34.5,69.0 μm. The corresponding 
gap sizes and roughness factors are determined as 𝑙s = 34.5,57.5,115
μm, and 𝑅p = 3.23, 2.30, 1.65 respectively. The roughness factor of the 
experimental surface is calculated as 2.29. The resulting meshes con-

sist of approximately 24.3 million cells with the uniformly distributed 
cell size of Δ𝑥 = 0.005𝑑0, corresponding to a physical length of 11.5
μm. The number of cells in the smallest single gap among pillars varies 
from 42 to 420 cells depending on the square pin size. Mass conser-

vation in these simulations has been verified by monitoring the time 
history of the droplet volume. The deviation in volume remains below 
0.0001% of the initial droplet volume throughout the entire simulation 
period.

Two smooth surface configurations are simulated as reference cases: 
one with an equilibrium contact angle 𝜃e equal to 𝜃S (i.e., 𝜃e = 𝜃S =
120◦) and another with 𝜃e = 𝜃cb = 155◦ to investigate the effect of 
surface topography on drop behavior mimicked through variation in 
contact angle. The simulations aim to explore how the surface proper-

ties can be accounted for using the Cassie-Baxter condition described 
by Eq. (12).

4.1. Contact time

In Fig. 10 the visual comparison of drop impingement on different 
micro-structured surface is presented. The last picture in each line cor-

responds to the contact time at which the rebound stage begins. The 
experiment conducted by Guo et al. [1] investigates a textured surface 
with roughness and void fraction comparable to our numerical simu-

lation. However, there are some differences in the pin and gap sizes 
used in the experiment. Specifically, the pin size in the experiment is 
7

𝑙p = 7 μm, while the gap size is 𝑙s = 9 μm. It is also worth noting that 
the pins in the experiment are cylindrical in shape, which contrasts with 
the square-shaped pins used in our numerical simulation.

In the simulation of a smooth surface using both contact angles 
(120◦ and 155◦), the contact time is overestimated compared to the ex-

perimental results. However, the visual comparison shows better agree-

ment with the experiment for the contact angle of 155◦ as reported 
by Guo et al. [1], confirming the Cassie-Baxter condition. During the 
spreading stage, which is governed by inertia, the drop behavior is 
nearly the same on both smooth and textured surfaces (for 𝑡 ≤ 3 ms). 
The main difference arises during the recoiling stage, where friction 
forces play a significant role. The shear force between a water droplet 
and a solid plate is much higher than the force between a droplet and a 
gas layer. Consequently, the contact time for smooth cases is longer due 
to the absence of drop interaction with gas layer. For textured surfaces, 
the behavior is more complex. On one hand, the contact area varies 
based on the structure topography and the wetted area may become 
larger than in the smooth case if the Wenzel state occurs and the droplet 
wets the sides of pillar substrates. In this case, the contact time period 
will tend to be much longer. On the other hand, if the Cassie-Baxter 
condition applies, a smaller portion of the droplet stays in contact with 
the solid surface, while the rest is in contact with air, resulting in lower 
friction and a smaller contact time.

In general in the same void fraction, higher roughness factors re-

sulting from smaller pillar separations lead to reduced contact time as 
the drop can not fully penetrate into the surface texture and the chance 
of air entrapment increases which leads smaller shear stress in recoil 
stage. This is why the textured surface simulation with 𝑅p = 1.65 ex-

hibits a significantly longer contact time compared to other compact 
textured surfaces, indicating that this particular textured surface aligns 

more with the Wenzel condition rather than the Cassie-Baxter condi-



International Journal of Heat and Mass Transfer 227 (2024) 125498M. Toprak, N. Samkhaniani and A. Stroh

Fig. 11. Side (a) and top (b) views of instantaneous droplet shapes of the 3D textured simulations with 𝑅p = 3.23 (left) and 𝑅p = 1.65 (right) at 𝑡 = 2 ms. The red 
lines mark the three-phase-contact line.
Fig. 12. Time history of air entrapment 𝑓a for the 3D drop impact simulations 
with surface fraction 𝑓v = 0.85 various micro-textured surfaces. The data are 
demonstrated until the rebound for each case.

tion. Interestingly, the case with 𝑅p = 2.30 demonstrates the shortest 
contact time, breaking the trend of decreasing contact time with in-

creasing structure size in the textured surfaces. This behavior can be 
attributed to the droplet shape and the presence of capillary waves as 
can be seen in Fig. 10. During the recoiling stage (for around 𝑡 > 3 ms), 
the central part of the droplet quickly rises up and creates an elongated 
shape, which combined with the capillary waves results in lower con-

tact time.

4.2. Air entrapment

Fig. 11 provides an example of air entrapment beneath the droplet 
during impingement on the textured surface. The presence of texture 
leads to different degrees of air entrapment during droplet impinge-

ment. The parameter 𝑓a is introduced to characterizing air entrapment 
between the pillars. It is quantified as 𝑓a = 1.0 −𝐴bot,c∕𝐴top,c and rep-

resents the difference between the droplet contact areas at the pillars 
root (ℎ = 0) to pillars tip (ℎ = ℎp). In essence, when 𝑓a = 0, the sub-

strate is totally wetted, indicating the Wenzel condition. When 𝑓a = 1.0, 
the droplet only contacts the pillars’ tips, leading to a non-wetting 
Cassie-Baxter condition. A value between 0 and 1 represents a tran-

sition between Wenzel and Cassie conditions.

The temporal air entrapment index during drop impingement is pre-

sented in Fig. 12 for different textured surfaces. Please note, that air 
entrapment does not occur on smooth surfaces. The size of the gaps 
between the micro-pillars of the surface texture, represented by the 
roughness factor 𝑅p strongly influences the air entrapment underneath 
the droplet. The case with 𝑅p = 3.23 with compact pillar arrangement 
exhibits the highest level of air entrapment, reaching the Cassie-Baxter 
state or non-wetting condition. In this case, a significant portion of 
the droplet surface remains suspended on the air pockets entrapped 
in the textured surface. Only slight portion of droplet exhibits wetting 
along the pillar without reaching the substrate of the textured surface 
during the spreading stage. Conversely, the case with pillar dispersed 
arrangement at 𝑅p = 1.65 with 𝑙s = 0.05𝑑0 experiences almost no air 
8

entrapment or total-wetting condition, approaching the Wenzel state. 
Fig. 13. The spreading ratio of droplet (𝑑0 = 2.3mm, 𝑊 𝑒 = 20) on different 
textured (𝑅p > 1.00) and smooth (𝑅p = 1.00) surfaces.

In this scenario, some small bubbles of entrapped air can be observed 
adhering to the surface substrate at the drop impact point. The surface 
at 𝑅p = 2.30 exhibits a partial-wetting condition where neither a full 
penetration nor a high air entrapment occurs. It falls somewhere be-

tween those extremes with 𝑓a ≈ 0.5 during both droplet spreading and 
recoiling stage. In this scenario, various segments of the droplet show-

case distinct wetting behaviors: some portions adhere to and wet the 
substrates, others wet the pillars, while yet another part of the droplet 
merely touches the tips of the pillars. The evaluation of Laplace pres-

sure i.e. pressure drop across the liquid-gas interface during the initial 
state of impingement shows that higher Laplace pressure can be ob-

served within the gaps of surface texture for higher roughness factors – 
around 400, 700 and 1000 Pa for 𝑅𝑝 = 1.65, 2.30 & 3.23, correspond-

ingly. The higher pressure drop is known to increase repellency of a 
microstructured surface, so the observed trends are in line with the lit-
erature reports [48]. The temporal dynamics of wetting conditions are 
visually depicted through the incorporation of additional videos which 
are made available in the supplementary material.

This section reveals for drop impingement at identical Weber num-

ber on the surfaces with the same void fraction textured, the surface 
topology plays a crucial role on the wetting condition. Introducing vari-

ations in the Weber number further underscores the complexity of the 
wetting phenomenon. So the simplified models such as Eq. (12) and 
Eq. (11) based only on the surface void fraction are insufficient to ac-

count the whole air entrapment phenomena. This is evident from the 
absence of air entrapment in cases with lower 𝑅p values compared to 
both the experimental and high 𝑅p simulation results at Fig. 13 in the 
next section. Higher surface roughness factor indicates the presence of 
compact pillar arrangement with slimmer gaps, resulting in a smaller 
𝑙s∕𝑑0 ratio, which promotes air entrapment under droplets during im-

pact.

4.3. Spreading ratio

The spreading behavior of a drop impingement is quantified with 
the spreading ratio 𝛽c = 𝑑c(𝑡)∕𝑑0 on the contact plane with respect to 
the experiment [1]. To estimate the spreading ratio, a reference plane 

for the contact diameter 𝑑c is introduced in the numerical simulation. 



M. Toprak, N. Samkhaniani and A. Stroh

The location of the reference plane is considered as half the inter-

face thickness above the tips of the textured surfaces corresponding to 
ℎc = 2.08 𝑑0𝐶𝑛 = 470 μm in order to be able to capture the variation in 
the order parameter 𝐶 . In Fig. 13, the estimated spreading ratio from 
simulations is compared with the experimental data by Guo et al. [1]. 
The maximum spreading occurs at the smooth surface and 𝜃e = 120◦. In-

creasing the contact angle up to 155◦ decreases both 𝛽c and contact time 
as the surface becomes more hydrophobic. Increasing surface rough-

ness hinders drop motion in the spreading stage, while in the recoiling 
stage, the air entrapment promotes drop rebounding. The textured sur-

faces with small pin separations (𝑅p = 2.30, 3.23) demonstrate a good 
agreement with the experiment in the recoiling stage. It can be inferred 
that both surfaces with high roughness factors and the smooth surface 
with a contact angle of 𝜃e = 155◦ meet the Cassie-Baxter conditions 
and are more likely to resemble the experimental observations. At the 
same time, the rough surface with largest scales at 𝑅p = 1.65 and the 
smooth surface with 𝜃e = 120◦ rather resemble the Wenzel state and 
significantly deviate from the experimental results. It is worth noting 
that droplets impinging on textured surfaces with larger pin spacing 
(𝑅p = 1.65 and 𝑅p = 2.30) show step-like behavior in 𝛽c profiles during 
the recoiling phase, which are not observed for the other textured sur-

face. These steps can be attributed to the dynamic motion of the contact 
line as it follows the sides of surface features. During this process, the 
contact line not only conforms to the texture in the wall-parallel plane 
but also adjusts to its geometry in the wall-normal direction, creating 
the observed steps in the 𝛽c profiles.

4.4. Energy analysis

Three energy contributions are quantified for the impinging process 
based on simulation results:

surface energy 𝐸s = 𝜎𝐴LG + (𝜎LS − 𝜎SG)𝐴LS, (15)

kinetic energy 𝐸k = ∫
Ω

𝜌(𝐮 ⋅ 𝐮) d𝑉 , (16)

gravitational energy 𝐸g = ∫
Ω

𝜌|𝐠|ℎd𝑉 , (17)

where 𝐴LG represents the interface area between liquid and gas, while 
𝐴LS represents the interface area between liquid and solid. The parame-

ters 𝜎, 𝜎LS, 𝜎SG denote interfacial tensions of the liquid-gas, liquid-solid 
and solid-gas phases, respectively. The vertical distance, denoted by ℎ, 
is measured from the bottom wall in the smooth surfaces and from the 
top of the pins in the textured cases. The total initial energy at 𝑡 = 0 s is 
obtained as:

𝐸tot,0 =𝐸s,0 +𝐸k,0 +𝐸g,0 = 𝜎𝜋𝑑20 +
1
2
𝜌𝑈2

0

(1
6
𝜋𝑑30

)
+ 𝜌|𝐠|𝑑0

2

(1
6
𝜋𝑑30

)
.

(18)

The energy dissipation during drop impingement can be evaluated us-

ing the principle of energy conservation, expressed as 𝐸d(𝑡) = 𝐸tot,0 −
𝐸s(𝑡) − 𝐸k(𝑡) − 𝐸g(𝑡). It is important to note that the computed en-

ergy dissipation represents the viscous dissipation, excluding the energy 
losses associated with heat transfer. Thus, it solely accounts for me-

chanical work. Fig. 14 illustrates the energy components of a droplet 
during drop impingement from impact to the first rebound. It can be 
observed that the variation in gravitational energy is insignificant com-

pared to the other energy components. The minimum kinetic energy 
is reached around the maximum spreading ratio, indicating the initi-

ation of the recoiling stage. At this point, the surface energy is at its 
maximum. Toward the rebound, kinetic energy first reaches a local 
maximum and then gradually decreases, converting to gravitational and 
surface energy. Throughout the droplet impingement process, the en-
9

ergy dissipation continuously increases. These qualitative trends remain 
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Fig. 14. Variations in energy contributions for the 3D drop impact simulation 
with 𝑑0 = 2.3mm, 𝑊 𝑒 = 20 on the smooth surface with 𝜃e = 120◦ for surface 
(𝐸s), kinetic (𝐸k ), gravitational (𝐸g) energies and dissipation (𝐸d).

Fig. 15. Instantaneous energy budgets (𝐸𝑖∕𝐸tot,0) of the droplets at maximum 
spreading (top) and detachment point (bottom) for the resolved textured (𝑅p >

1.00) and smooth surface simulations (𝑅p = 1.00). SS: smooth surface, NW: non-

wetting, PW: partial-wetting, TW: total-wetting.

for all considered configurations, with slight deviations in the contribu-

tion magnitudes.

Fig. 15 illustrates a comparative analysis of the energy budget at dif-

ferent textured surfaces at 𝜃𝑒 = 120◦ in contrast to two smooth surfaces 
at 𝜃𝑒 = 120◦, 150◦ during two distinct stages—maximum spreading and 
rebound—under varying wetting conditions. The graph highlights sev-

eral important findings: Surface energy (𝐸s) is lowest on NW surfaces 
and highest on TW surfaces, indicating variations in droplet wetting 
and adhesion. NW and PW surfaces show the highest kinetic energy 
(𝐸k ) during both maximum spreading and rebound, reflecting air en-

trapment preserves drop kinetic energy as reduces energy dissipation 
due to viscous effect. In contrast, TW surfaces exhibit the highest dissi-

pated energy (𝐸d), signifying greater energy loss due to viscous effects 
and contact line pinning.

4.5. Heat transfer

The cooling effectiveness 𝛾 is a measure of how well a droplet 
absorbs heat compared to the maximum amount of heat it could po-

tentially absorb [1]. It is defined as:

𝛾(𝑡) =
𝑚𝑐v (𝑇d(𝑡) − 𝑇d,0)
𝑚𝑐v (𝑇s − 𝑇d,0)

, (19)

where 𝑚 is the mass of the droplet, 𝑐v is the specific heat capacity and 
𝑇d and 𝑇s are the temperatures of the droplet and the substrate tem-
perature, respectively. This approach considers the total heat transfer 
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Fig. 16. Bulk cooling effectiveness values of the 3D resolved simulations with 
𝑑0 = 2.3mm, 𝑊 𝑒 = 20. SS: Smooth surface, NW: Non-wetting, PW: Partial-

wetting, TW: Total-wetting.

by the droplet including the convective heat transfer from the thermal 
boundary layer.

The temporal evolution of cooling effectiveness is depicted in 
Fig. 16. After impingement, the average temperature of the droplet ex-

periences a rapid increase. This temperature rise can be attributed to 
the significant temperature gradient existing between the thin liquid 
film during the spreading stage and the heated solid substrate. The heat 
transfer from the solid surface to the droplet leads to a rapid increase 
in droplet temperature indicating the wall heat transfer is the strongest 
during the spreading phase confirming the observations by Herbert et 
al. [49]. Subsequently, during the recoiling stage (𝑡 > 3 ms), the rate 
of cooling effectiveness gradually decreases. This phenomenon mainly 
arises due to the reduction in the contact area between the droplet and 
the solid substrate. As the droplet recoils, the contact area diminishes, 
and the upper portion of the droplet becomes surrounded by the bulk 
air at a lower temperature. Consequently, the heat transfer is mitigated, 
resulting in a gradual decline in the cooling effectiveness.

The parameters that influence the overall cooling effectiveness in 
the first place are the contact area, the air entrapment index, and the 
contact time. No distinct trend between 𝑅p and final 𝛾 values can be 
observed as the simulations yield different air entrapment values al-

tering droplet hydrodynamics. During the spreading stage, all textured 
surfaces exhibit improved heat transfer into the droplet compared to 
smooth surface simulations, as a result of their increased surface area, 
which is characterized by the roughness factor 𝑅p. Then, the cooling ef-

fectiveness substantially depends on the wetting state. For the present 
study, the total heat transfer to the droplet is smaller in a non-wetting 
case (𝑅p = 3.23) or a partially-wetting case (𝑅p = 2.30) than in flat sur-

faces but for total-wetting conditions (𝑅p = 1.65), it is vice versa. These 
results display the influence of contact area and are compatible with 
previous studies [32,50,51].

In Figs. 10 and 13, it is evident that the textured cases with 𝑅p = 2.30
and 𝑅p = 3.23 exhibit similar spreading behavior, indicating compara-

ble droplet hydrodynamics. Despite the slightly shorter contact time for 
the case with 𝑅p = 2.30, it results in a distinct enhancement in heat 
transfer, with a 13% increase in the final 𝛾 value compared to the case 
with 𝑅p = 3.23. The primary factor contributing to this difference is the 
increased contact area beneath the droplet in contact with the heated 
surface texture. The textured surface with 𝑅p = 2.30 provides a larger 
contact area, enabling more efficient heat transfer compared to the case 
with 𝑅p = 3.23. These findings suggest that surface topology plays a 
significant role in achieving notable variations in bulk cooling effec-

tiveness, thereby holding substantial potential for relevant engineering 
applications. For instance, the strategic introduction of larger gap sizes 
on a surface, which slightly reduces 𝑅p while maintaining the same 
void ratio, can enhance overall system efficiency in heat transfer with-

out compromising droplet spreading characteristics.

Among all the simulated cases, the textured case with the lowest 
roughness (i.e. 𝑅p = 1.65) demonstrates the highest final cooling ef-

fectiveness with 𝛾 ≈ 0.18. As discussed in the previous sections, this 
particular case does not reproduce the superhydrophobic wetting char-
10

acteristics observed in the experiment or other simulations. Instead, 
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it experiences a full penetration into the pins during the drop impact 
(total-wetting) as shown in Fig. 11 and spreads more compared to the 
other textured surfaces as shown in Fig. 13. Nevertheless, this design 
might be advantageous in certain engineering applications, as it facil-

itates increased contact area without air entrainment. Consequently, 
it achieves the highest cooling effectiveness among the textured and 
smooth cases with the same material properties (i.e. 𝜃e = 120◦).

5. Conclusion

The present numerical study is shown to be able to reproduce experi-

mental observations of a drop impact on smooth and structured surface 
and can be considered as a complementary tool for extraction of fur-

ther details on impinging process. In this work, we firstly observe that a 
consideration of the structured surface through the so-called modeled 
approach utilizing a corrected boundary condition for the temperature 
instead of resolving the structure does not deliver meaningful results, 
since this simplification cannot capture the effect of the contact area 
change. Hence, for a better understanding of the influence of micro-

texture topography during drop impingement, a series of numerical 
simulations with the resolved approach is conducted.

It is confirmed that the wetting characteristics of superhydropho-

bic textured surfaces can be replicated using the phase-field method. 
This is achieved by mimicking the surface topography with the same 
void ratio as the substrate in the reference experimental study utilizing 
a square-shaped pin for texture. Surface topography, characterized by 
the roughness factor 𝑅p, is found to strongly influence the air entrain-

ment behavior during droplet impingement. Higher roughness factor 
values lead to increased air entrainment and a greater resemblance to 
the Cassie-Baxter state. The effect of surface structuring on air entrap-

ment cannot be fully linked to the void ratio alone, as there is a positive 
correlation between surface roughness and air entrapment. The surface 
roughness and the size of gaps between considered micro-pillars play 
a crucial role in the intensification of air entrapment under droplets. 
Based on our simulation results, we observe that the cooling effective-

ness of drop impingement on a heated wall can be altered by manipulat-

ing the surface topology. Textured surfaces with low roughness factor 
values enhance the heat exchange with the wall surface compared to 
smooth surface simulations, as the contact area increases. Conversely, 
the textured surfaces with high roughness factor values can lead to 
a more intricate behavior, potentially resulting in both enhanced and 
reduced cooling effectiveness depending on their impact on wetting. 
Additional investigations incorporating a systematic examination of di-

verse surface topographies, pin heights, droplet sizes, Weber numbers, 
and wall temperatures have the potential to uncover more insights into 
the phenomenon of drop impingement on structured surfaces, thereby 
enhancing our understanding of this subject.
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Appendix

Modeled temperature boundary condition

The dynamic boundary condition to implicitly treat the air entrain-

ment beneath the droplets is calculated by a conductive heat transfer 
equilibrium achieved at the top of pins on the surface, between the 
neighbor cell center and the bottom of the pins. The variation of the 
temperature and velocity profiles beneath the pins is neglected. The 
effective conductivity 𝑘eff combining the pins and entrapped air is cal-

culated with respect to Eq. (11).

The total heat transfer 𝑄 is calculated by the multiplication of con-

tact area 𝐴c and heat flux 𝐪 and semi-discretized in 1-dimension as:

𝜕𝑄

𝜕𝑡
=𝐴c 𝑘

Δ𝑇
𝐻
, (20)

where 𝑘 is the thermal conductivity, Δ𝑇 is the temperature difference 
and 𝐻 is the vertical distance from the boundary face.

The thermal conductivity of a cell is calculated by the weighted 
arithmetic interpolation of thermal properties of fluids with respect to 
order parameter 𝐶 , and denoted by 𝑘. The temperature at cell centers 
and faces is denoted by 𝑇c and 𝑇f , while the substrate temperature is de-

noted by 𝑇s. The face-to-cell distance and the height of pillars are given 
by 𝛿 and ℎp, respectively. Since an ideal Cassie-Baxter state is assumed, 
the apparent contact area and the boundary area of computational cells 
are considered the same and eliminated from the balanced equation. A 
sketch of the heat balance is shown in Fig. 1 and its formula is given by:

𝑘
𝑇f − 𝑇c
𝛿

= 𝑘eff
𝑇s − 𝑇f
ℎp

. (21)

After mathematical manipulations, the dynamic face temperature 𝑇f is 
obtained as:

𝑇f =
𝑘𝑇cℎp + 𝑘eff𝑇s𝛿
𝑘ℎp + 𝑘eff𝛿

. (22)

Measurement uncertainty of the drop temperatures

In the experiment performed by Guo et al. [1], thermal images of the 
droplets by the infrared camera exhibit a deficit, compared to the im-

ages by the high-speed camera. As the color bar of the thermal images 
was set to a range of 23 − 45 ◦C to exclude the background color corre-

sponding to 50 ◦C, the portions of the droplet that have a temperature 
greater than 45 ◦C are excluded as well. As can be seen by compar-

ing Figs. 6 and 7, the thermal images do not record the lower portion 
of the droplets during contact. This results from the high temperatures 
achieved at the bottom during the contact with a hot wall with 60 ◦C. 
Hence, the data calculated by the experimental group might not re-

flect the real temperature of the droplet and could display irregular 
fluctuations during the contact time. Acknowledging the challenges in 
capturing the droplet thermal behavior with an infrared camera, valida-
11

tion excludes the data during and after contact. Instead, the focus lies on 
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Fig. 17. Comparison of the drop temperature evaluation approaches between 
experiment and axisymmetric simulation of droplet impact on smooth surface 
with 𝑑0 = 2.3mm, 𝑊 𝑒 = 20, 𝑇d,0 = 27.8 ◦C, and 𝑇s = 60 ◦C.

temperature values prior to the time instant of second contact, specif-

ically during bouncing close to 80 ms. In this range, the droplet heats 
up during contact for an extended duration and might reach a homo-

geneous temperature distribution. Hence, its temperature re-enters the 
measurement limits and also presents the bulk temperature of droplet.

For the comparison with the experimental study we consider various 
drop temperature extraction approaches for the numerical data:

• Volume-averaged temperature 𝑇𝑑 (Eq. (13))

The temperature within the liquid phase (phase parameter 𝐶 > 0) 
is integrated in the 3D-domain.

• Surface-averaged temperature 𝑇surf

The temperature is integrated in 3D-domain in the region where 
the diffuse gas-liquid interface is present (−0.75 < 𝐶 < 0.75).

• Averaged temperature for the side-view render of the droplet 𝑇surf,r1

The shape of the droplet is extracted at 𝐶=0 and rendered in a 
lateral perspective using the visualization software package Par-

aView. Subsequently, the obtained surface is color-coded based on 
its temperature. This rendering process is repeated for each simula-

tion time step, and the resulting images are further post-processed. 
Specifically, temperature averaging is conducted exclusively on 
those pixels that convey temperature information.

• Average of the temperature from the thinned-out render 𝑇surf,r2

This assessment methodology aims to replicate the post-processing 
procedures employed in the experimental investigation. The im-

ages generated for the estimation of 𝑇surf,r1 are subjected to thin-

ning, as outlined in [52], wherein a specified number of pixel 
layers are removed. This thinning process is implemented to selec-

tively retain the core temperature information and align with the 
post-processing criteria outlined in the experimental study. The al-

gorithm has been fine-tuned based on the reported post-processing 
information from the experimental study [1], wherein only the in-

nermost 20% of the imaged droplet was employed for temperature 
estimation.

Fig. 17 presents the comparison of the results for the considered four 
approaches. It is evident that the estimations based on surface temper-

ature converge to a consistent level beyond the 20 ms mark, exhibiting 
overlap up to the second contact point occurring around 80 ms. Nev-

ertheless, this magnitude is lower than the temperature recorded in 
the experiment by 2-3 ◦C. Notably, substantial disparities in the eval-

uation methods emerge during the initial impact of the droplet (before 
the detachment) and during the final phase (after second contact). In 
this stage, the visibility of the surface is markedly influenced by the 
deformation of the droplet, leading to variations in the averaged quan-

tities. The deformation leads to an occurrence of occluded surface areas 
in the side-view 2D representation, so the predictions rather provide 
a lower temperature estimations (𝑇surf,r1 and 𝑇surf,r2) than the estima-
tions based on the entire 3D surface area (𝑇surf). The evaluations based 
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Fig. 18. Bulk cooling effectiveness values of the 3D resolved simulations at 
𝑅𝑝 = 3.23 with 𝑑0 = 2.3mm, 𝑊 𝑒 = 20, NW: Non-wetting.

on thinned-out rendering more accurately capture the temporal evo-

lution of the experiment in the phase preceding droplet detachment. 
A good alignment between experimental and simulated temperature 
assessments for the volume-averaged bulk temperature 𝑇𝑑 is achieved 
after 50 ms. This is in agreement with experimental observations that 
the recorded droplet temperature is intended to represent the bulk 
temperature just before the second impingement event. At the time 
instant 𝑡 =75-80 ms, consistent temperatures are noted across all consid-

ered evaluation methods. We hypothesize that the discrepancy between 
surface-temperature-based estimations from simulation and their exper-

imental counterparts might arise from the intricate transfer function 
embedded in the experimental IR imaging. Implementing this transfer 
function accurately with simulation data proves challenging.

Supplementary simulations

Two additional simulations are conducted to confirm the choice of 
resolution for the 3D resolved simulations, supplementing the presented 
test cases (see Fig. 18). The first simulation is performed with a sur-

face characterized with 𝑙p = 0.005𝑑0 and 𝑙s = 0.005𝑑0, 0.010𝑑0. As the 
grid size and the void ratio (𝑓v = 0.85) is kept consistent throughout 
the study, this test case results in two different but evenly distributed 
gap widths in 𝑥− and 𝑧− directions. The scales of this configuration 
are closer to the scales of the reference experiment (𝑙p ≈ 0.003𝑑0, 𝑙s ≈
0.004𝑑0). The surface roughness parameter is determined as 𝑅p = 5.15. 
The second simulation represents a more refined version of the case 
with 𝑅p = 3.23, in which only the pin-region resolution close to the 
structured surface is doubled. Due to the high computational costs this 
simulation is performed until 𝑡 = 5.5 ms. The results of these simula-

tions are depicted in Fig. 16. As can be seen in the figure, the curves 
fully overlap with the simulation results carried out at the chosen reso-

lution. A converging wetting behavior of the droplet is observed when 
the structured surface features becoming smaller.

Appendix A. Supplementary material

Supplementary material related to this article can be found online 
at https://doi .org /10 .1016 /j .ijheatmasstransfer .2024 .125498.
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