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Abstract

A numerical investigation of the evaporation process of n-heptane and water liquid droplets impinging onto a hot substrate is pre-
sented. Three different temperatures are investigated, covering flow regimes below and above Leidenfrost temperature. The Navier–
Stokes equations expressing the flow distribution of the liquid and gas phases, coupled with the Volume of Fluid Method (VOF) for
tracking the liquid–gas interface, are solved numerically using the finite volume methodology. Both two-dimensional axisymmetric
and fully three-dimensional domains are utilized. An evaporation model coupled with the VOF methodology predicts the vapor blanket
height between the evaporating droplet and the substrate, for cases with substrate temperature above the Leidenfrost point, and the for-
mation of vapor bubbles in the region of nucleate boiling regime. The results are compared with available experimental data indicating
the outcome of the impingement and the droplet shape during the impingement process, while additional information for the droplet
evaporation rate and the temperature and vapor concentration fields is provided by the computational model.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Droplet evaporation; Volume of Fluid Method; Kinetic theory; Leidenfrost temperature
1. Introduction

The liquid–vapor phase change process, plays a signifi-
cant role in a number of technological applications in com-
bustion engines, cooling systems or refrigeration cycles. In
all the aforementioned applications, the dynamic behavior
of the impinging droplets and the heat transfer between the
liquid droplets and the hot surfaces are important factors,
which affect the mass transfer associated with liquid–vapor
phase change.

The mechanism of the droplet spreading and the
accompanying heat transfer is governed not only by non-
dimensional parameters as the droplet Weber (We), the
Reynolds (Re) number, Eckert (Ec) number, and Bond
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(Bo) number, but also by the temperature of the surface.
As the droplet impacts upon the hot solid surface, heat is
transferred from the solid to the liquid phase. This energy
transfer to the droplet increases its mean temperature,
while liquid vaporizes from the bottom of the droplet. If
the heat transfer rate is large enough during the impact,
liquid vaporized from the droplet forms a vapor layer
between the solid and the liquid phase, which repels the
droplet from the solid surface. In this case the heat transfer
reaches a local minimum and the evaporation lifetime of
the droplet becomes maximum. This phenomenon was first
observed by Leidenfrost [1] in 1756 and hence the behavior
is known as the Leidenfrost phenomenon. Based on the
evaporation lifetime of a droplet, mainly four different
evaporation regimes can be identified depending on the
wall temperature; film evaporation, nucleate boiling, tran-
sition boiling and film boiling. This work contributes to
the study of transition and film boiling impact regimes
only.
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Nomenclature

Bo Bond number, ð¼qliqgD2
o=rÞ

Cp non-dimensional pressure, ¼ DP= 1
2 qliqU2

o

� �
cp heat capacity (J/kg K)
DAB diffusivity of gas A to gas B, (=l/(Sc � q))
Ec Eckert number, ð¼ U 2

o=ðcpðT liq � T wÞÞÞ
Do initial diameter of droplet
Esur surface energy
Ekin kinetic energy
k thermal conductivity (W/mK), (=cp � l/Pr)
MB molecular weight (kg/kmol)
~n vector normal to interface of the two phases
Oh Ohnesorge number, (=lliq/(rqliqDo)0.5)
P pressure
Pr Prandtl number, (=lcp/k)
R universal gas constant (J/kmol K)
R computational radius
Ro radius of initial droplet
Re Reynolds number (=qliqDoUo/lliq)
Sc Schmidt number (=l/(qDAB))
SYG vapor concentration (mass of vapor (kg)/mass

of gas phase (kg))
T temperature
t time
~T stress tensor
~u velocity
Uo initial velocity of droplet

Ul velocity of an equivalent droplet of the ring
V volume
X X-axis of computational field
Y Y-axis of computational field
Z Z-axis of computational field
Zh height of spreading droplet
We Weber number, ð¼ qliqDoU 2

o=rÞ

Greek symbols

a volume of fluid (also noted as indicator func-
tion)

d vapor height
j curvature (m�1)
l dynamic viscosity
q density
r surface tension
�r thermal accommodation coefficient

Subscripts

gas gas phase
liq liquid phase
b base
vap vapor
cell computational cell
sat saturation point
w substrate or wall
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The collision dynamics of a liquid droplet impinging on
a hot surface has been investigated mainly experimentally.
Researchers have presented a sequence of photographs
showing the deformation process of liquid droplets impact-
ing on a hot surface. Wachters and Westerling [2] were
among the first to investigate the impact of a saturated
water droplet of about 2 mm in diameter impinging on a
polished gold surface heated to 400 �C, while Akao et al.
[3] inspected the deformation behavior of various liquid
droplets of 2 mm diameter on a chromium-plate copper
surface heated to the same temperature. Xiong and Yuen
[4] measured the time history of a n-heptane droplet
impinging on a stainless-steel surface heated to tempera-
tures between 63 �C and 605 �C. Chandra and Avedisian
[5] performed the same experiment with a temperature
range from 24 �C to 205 �C keeping a constant Weber
number We = 43 while the same authors in [6] have pre-
sented results for the deformation process of a droplet
impinging onto a porous ceramic surface. Naber and Far-
rell [7] examined the deformation process of liquid droplets
of 0.1–0.3 mm in diameter impinging on a hot stainless-
steel surface, while at the same time Anders et al. [8] inves-
tigated the rebounding phenomenon of ethanol droplets
impacting obliquely on a smooth chromium-plated copper
surface at 500 �C.
Ko and Chumg [9] investigated experimentally the effect
of wall temperature on the break-up process of n-decane
fuel, in the Leidenfrost temperature range of 220–330 �C,
and demonstrated that wall temperature variation shows
a peculiar nonlinear behavior in the droplet break-up prob-
ability, especially near 250 �C, which corresponds to the
temperature of local maximum droplet lifetime. Manzello
and Yang [10] examined the effect of an additive in a water
droplet on its collision dynamics on a stainless-steel surface
with the wall temperature varying from film evaporation to
film boiling regime for three Weber number impacts.

Bernardin et al. [11,12] realizing that the impact param-
eters can alter the collision outcome, conducted a thorough
series of experiments, concerning water droplets impinging
on a polished aluminium surface, with the main controlling
parameters of the phenomenon being droplet velocity,
resulting in We number from 20 to 220 and surface temper-
ature from 100 �C to 280 �C. They constructed droplet
impact regime maps, which distinguish between the various
boiling regimes for each of the three experimental We num-
bers investigated. Moreover, the heat flux from the surface
was measured, for different We numbers, drop impact fre-
quency and surface temperature, determining the two very
important points in the regime map, the Leidenfrost point
(LFP) and the critical heat flux point (CHF). The first
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corresponds to the minimum heat flux point and the second
to the lower temperature boundary of the transitional boil-
ing regime.

Apart from the above-mentioned controlling parameters
for the description of such a phenomenon, secondary
parameters such as surface roughness, control the evolu-
tion of this phenomenon. Most of the researchers ignored
the effects of surface roughness on droplet heat transfer.
Cumo et al. [13], Baumeister et al. [14] and Nishio and Hir-
ata [15] observed that rough surfaces require a thicker
vapor layer between the droplet and the surface to sustain
film boiling and, therefore, possess a higher LFP tempera-
ture. Avedisian and Koplik [16] found that the LFP for
water droplets on porous ceramic surfaces increases with
increasing porosity. Engel [17] observed that surface rough-
ness promotes droplet break-up, and Ganic and Rohsenow
[18] reported surface roughness enhances liquid–solid con-
tact in dispersed droplet flow and hence increases film boil-
ing heat transfer. Fujimoto and Hatta [19] and Hatta et al.
[20] confirmed that the critical We number, above which
whether or not the droplet is disintegrated during deforma-
tion, depends on the kind of surface material. Wachters
and Westerling [2] observed experimentally that the critical
We number, above which disintegration of a droplet
impinging on a hot wall once the droplet is transformed
into an expanding torus is around 80.

Bernardin et al. [11,12] used three different surface finishes
and reported that although the temperature corresponding
to the critical heat flux (CHF) was fairly independent of sur-
face roughness, the Leidenfrost point (LFP) temperature was
especially sensitive to surface finish. They produced regime
maps illustrating not only the well-known boiling curve
regimes of liquid film, transition and nucleate boiling, but
also the complex liquid–solid interactions which occur dur-
ing the lifetime of the impacting droplet.

One more important secondary controlling parameter,
essential not only for the description of physics of this phe-
nomenon, but also for its numerical simulation, is the value
of contact angles. Bernardin et al. [11,12] using the sessile
drop technique measured the variation of contact angles
for an aluminum surface, as a function of surface temper-
ature, while Chandra et al. [21] studied the effect of contact
angles on droplet evaporation, adding varying amounts of
a surfactant to water.

A few studies have examined the effect of reduced grav-
ity. Siegel [22] has reviewed much of the work done on this
topic. The principal findings were that gravity has little
effect on the nucleate pool boiling heat transfer coefficients.
For low wall heat flux, vapor bubble diameters increase at
low gravity. Furthermore, the critical heat flux decreases in
the absence of buoyancy forces while stable film boiling can
be maintained at low gravity, but heat transfer is reduced.
Qiao and Chandra [23] performed a series of experiments,
using water and n-heptane, intending to isolate the effect of
buoyancy forces on droplet impact and boiling. Their
objective was to study the effect of gravity and liquid prop-
erties on transition from nucleate to film boiling.
Due to the highly complex nature of these processes,
development of methods to predict the associated heat
and mass transfer has often proved to be a difficult task.
Nevertheless, research efforts over several decades have
provided an understanding of many aspects of vaporiza-
tion or condensation. Important and interesting numerical
simulations of droplet collisions with a variety of methods
have also been published. The MAC-type solution method
to solve a finite-differencing approximation of the Navier–
Stokes equations governing an axisymmetric incompress-
ible fluid flow was used by Fujimoto and Hatta [19] and
Hatta et al. [20]. The simulation of the flow field inside
the liquid droplet has been performed assuming a simple
thermal distribution such that temperature becomes lower
(higher) on the upper (lower) side of the droplet and higher
with time. The unsteady thermal distribution inside the
droplet is not calculated, assuming the temperature of the
droplet’s bottom to be at the saturation temperature and
that a vapor layer exists between the droplet and solid
surface.

A number of analytical studies by Gottfried et al. [24],
Wachters et al. [25], Nguyen and Avedisian [26], and Zhang
and Gogos [27] are dealing with the Leidenfrost phenome-
non and the steady-state droplet film boiling. Indispensable
condition for these studies is that the droplet has a nearly
steady spherical shape, so that the heat transfer rates and
droplet evaporation times can be predicted successfully.

Pasandideh et al. [28] used a complete numerical solu-
tion of the Navier–Stokes and energy equations, based
on a modified SOLA-VOF method, to model droplet
deformation and solidification, including heat transfer in
the substrate. The heat transfer coefficient at the droplet-
substrate interface was estimated by matching numerical
predictions of the variation of substrate temperature with
measurements. Heat transfer in the droplet was modeled
by solving the energy equation, neglecting viscous dissipa-
tion, whilst the effect of substrate’s cooling on the droplet’s
evaporation was taken into account [29]. Following that,
Pasandideh et al. [30], extended the model developed by
Bussmann et al. [31] and combined a fixed-grid control vol-
ume discretization scheme of the flow and energy equations
with a volume tracking algorithm to track the droplet free
surface. Surface tension effects were also taken into
account. The energy equation both in the liquid and solid
portion of the droplet were solved using the Enthalpy
method in the case of solidification. More recent three-
dimensional codes have been used to model complex flows
such as impact on inclined surfaces resulting in droplet
break-up, as shown by Zheng and Zhang [32] and splash-
ing, according to Ghafouri-Azar et al. [33]. Zheng and
Zhang [32] developed an adaptive level set method for
moving boundary problems in the case of droplet spread-
ing and solidification.

Zhao and Poulikakos [34,35] studied numerically the
fluid dynamics and heat transfer phenomena both in drop-
let and the substrate, based on the Lagrangian formulation
and utilizing the finite element method in a deforming



306 N. Nikolopoulos et al. / International Journal of Heat and Mass Transfer 50 (2007) 303–319
mesh. The temperature fields developing in both the liquid
droplet and the substrate during the impingement process
were also determined. Waldvogel and Poulikakos [36]
followed the Langrangian formulation including surface
tension and heat transfer with solidification. They investi-
gated the effect of initial droplet temperature, impact
velocity, thermal contact resistance and initial substrate
temperature on droplet spreading, on final deposit shapes
and on the times to initiate and complete freezing. Butty
et al. [37] solved the energy equation in both the droplet
and substrate domain, implementing a time and space aver-
aged thermal contact resistance between the two thermal
domains. During calculations a regeneration of mesh tech-
nique is used, in order to enhance accuracy. Harvie and
Fletcher [38–40] coupled VOF methodology with a sepa-
rate one-dimensional algorithm to model not only the
hydrodynamic gross deformation of the droplet, impacting
onto a hot wall surface, but also the fluid flow within the
viscous vapor layer existing between the droplet and the
solid surface. The height of the vapor layer was assumed
to be several orders of magnitude smaller than the dimen-
sions of the droplet, resulting in a Knudsen number
approaching values of the order of 0.1. It is important to
note that the height of the vapor layer does not result from
the solution of the Navier–Stokes equations, but it was
assumed to be known. Furthermore, they used a kinetic
theory treatment in order to calculate conditions existing
at the non-equilibrium interface of the vapor layer, solving
the heat transfer within the solid, liquid and vapor phases.
This model was validated for a number of droplet impact
conditions, covering a wide range of We numbers and ini-
tial droplet and surface temperatures.

The present investigation studies numerically the
impingement of n-heptane and water droplets on a hot sub-
strate under various temperatures, covering regimes above
and below the Leidenfrost temperature. Viscous dissipation
and surface tension effects are taken into account; the equa-
tions are solved numerically with the finite volume method-
ology, whilst the Volume of Fluid methodology of Hirt and
Nichols [41] is used for the tracking of the liquid–gas inter-
face. The methodology is coupled with an adaptive local
grid refinement technique, both in 2-D axisymmetric and
fully three-dimensional cases, allowing the prediction of
details of droplet’s levitation, above the Leidenfrost tem-
perature, without any ‘a priori’ assumption for the vapor
layer height. Moreover in contrast to other methodologies,
in the case of impact below the Leidenfrost point, the
entrapment of vapor between the liquid droplet and the
wall is predicted, The evaporation model coupled with
VOF methodology is used in an in-house developed CFD
code, predicting not only the deformation of the liquid
droplet and the height of vapor blanket in the case of the
above Leidenfrost temperature, but also the corresponding
temperature and vapor fields. The used model is validated
for a number of droplet impacts both for low and high We

numbers and substrate temperatures. The heat transfer
inside the substrate is not solved, as the substrate tempera-
ture is considered to be constant, the liquid–gas interface is
assumed to be at saturation conditions, whilst the effect of
substrate roughness on the droplet spreading is not taken
into account.

2. The numerical solution procedure

2.1. Fluid flow

The flow induced by the impact of a droplet on a hot
surface, is considered as two-dimensional axisymmetric
for cases A, B, and C (n-heptane) and for case D (water)
as three-dimensional; the details of the test conditions
investigated are summarized in Table 1. The volume frac-
tion, denoted by a, is introduced following the Volume of
Fluid Method (VOF) of Hirt and Nichols [41] in order to
distinguish between the gas and the liquid phases. This is
defined as:

a ¼ Volume of liquid phase

Total volume of the control volume
ð1Þ

where the a-function is equal to:

aðx; tÞ¼

1; for a point ðx; tÞ inside liquid phase

0; for a point ðx; tÞ inside gas phase

0< a< 1; for a point ðx; tÞ inside the transitional

area between the two phases

8>>><
>>>:

ð2Þ

For a single droplet splashing onto a wall film, the VOF
methodology has been successfully applied and the method
is described in more detail in Nikolopoulos et al. [42].

The momentum equation is written in the form:

oðq~uÞ
ot
þr � ðq~u�~u�~T Þ ¼ q~g þ~f r ð3Þ

where ~T is the stress tensor,~u is the velocity, q is the density
of the mixture and fr is the volumetric force due to surface
tension. The value of fr is equal to fr = r � j � ($a), where r
is the numerical value of the surface tension (for immiscible
fluids the value is always positive) and j is the curvature of
the interface region.

The flow field is solved numerically on two or three-
dimensional unstructured grids, using a recently developed
adaptive local grid refinement technique, following the
finite volume approximation, coupled with the VOF meth-
odology; a detailed discussion of the fluid flow model is
presented by Nikolopoulos et al. [42], while the adaptive
local grid refinement technique is used in order to enhance
accuracy of the predictions in the areas of interest (i.e. the
liquid–gas interface), with minimum computational cost, as
shown by Theodorakakos and Bergeles [43]. To account
for the high flow gradients near the free surface, the cells
are locally subdivided to successive resolution levels, on
both sides of the free surface. As a result, the interface is



Table 1
Test cases examined

Case A B C D

Liquid n-Heptane n-Heptane n-Heptane Water
Ro 0.00075 0.00075 0.00075 0.0015
Uo 0.8 0.8 0.8 2.34
We 34.52 34.52 34.52 222.10
Re 2156.09 2156.09 2156.09 7638.78
Oh 0.00273 0.00273 0.00273 0.00195
Bo 0 0 0 1.19
Ec 0.034 0.031 0.028 0.060
Tw (�C) 178 190 210 180
Tliq (�C) 25 25 25 27
Computational domain

(Xtot,Ytot,Ztot)
13.33Ro � 6.67Ro 13.33Ro � 6.67Ro 13.33Ro � 6.67Ro 10Ro � 10Ro � 6.67Ro

Base grid 60 � 30 (4 levels local
refinement)

60 � 30 (4 levels local
refinement)

60 � 30 (4 levels local
refinement)

45 � 45 � 30 (3 levels local
refinement)

Maximum number of grid nodes 11314 16353 13183 499132
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always enclosed by the densest grid region. A new locally
refined mesh is created every 20 time steps for the cases that
will be presented afterwards. The numerical cell at which
subdivision is performed, is locally refined by a factor of
3 for case D or 4 for cases A, B, and C (i.e. in two dimen-
sions an initial cell is split into four cells). In that way a new
grid with 1 level of local refinement is created. Obviously,
computations are more time efficient on the dynamically
adaptive grid, than on the equivalent fine resolution uni-
form grid.

The high-resolution differencing scheme CICSAM, pro-
posed by Ubbink and Issa [44] in the transport equation for
a (VOF-variable) is used. The discretization of the convec-
tion terms of the velocity components is based on a high
resolution convection-diffusion differencing scheme (HR
scheme) proposed by Jasak [45]. The time derivative was
discretized using a second-order differencing scheme
(Crank–Nicolson). Quadrangular (2D) or hexahedron
(3D) computational cells are used. Finally, the contact
angles at the advancing and receding contact lines are
assigned as boundary conditions.

2.2. Heat transfer

Heat transfer in the droplet was predicted by solving
the energy equation, calculating all physical properties
as a function of the corresponding properties of the liquid
and gas (air and vapor) phase. Such properties are den-
sity, viscosity, heat capacity and Prandtl number. All
properties were assumed to vary with temperature and
pressure, including the diffusivity of vapor in air (DAB).
The surface tension coefficient is assumed to vary also
with temperature.

Heat transfer within the liquid phase is described by the
following thermal energy transport equation (enthalpy
equation) for incompressible fluids:

q
Dh0

Dt
¼ rðk � rT Þ þDP

Dt
þ _Q; ð4Þ
In this equation, _Q is a source term due to evaporation and
is equal to the amount of heat released, when liquid passes
through the liquid–vapor interface and evaporates:
_Q ¼ dm=dt
V cell

� �
� L; L ¼ ðCp;liq � Cp;vapÞ � T ; ð5Þ
where L is the latent heat of vaporization of liquid and
dm/dt the evaporation rate of the liquid phase.

The value of ~Q term is proportional to the mass flux of
liquid molecules which evaporate. Following Langmuir’s
[46] approach, whereby the liquid and vapor phases are
assumed to be separated by a discrete molecular layer,
but including the Schrage’s correction [47] to account for
molecular flow towards or away from the liquid surface,
the evaporated mass flux is equal to

dm=dt ¼ 2 � �r
2� �r

� �
� MBvap

2 � p � R

� �1=2

� P sat;liq

T 1=2
liq

� P sat;vap

T 1=2
vap

 !
> 0

ð6Þ
where �r is the thermal accommodation coefficient.
It seems that thermal accommodation coefficient has not

been measured with any real confidence yet, but its value is
in the range of 0–1. Here, a value of 0.5 has been chosen
both for n-heptane and water.

Apart from the energy equation, an additional trans-
port Eq. (7) for the concentration of vapor in the gas is
solved

ð1� aÞ � qair

DC
Dt
¼ r½ð1� aÞ � qair � DAB � rC� þ dm=dt

V cell

� �
ð7Þ

where C is the concentration of the vapor phase in the gas
phase (kgvapor/kggas). For the mixed phase of liquid and
gas, physical and thermodynamic properties are calculated
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as a function of a (volume fraction a), using linear interpo-
lation between the values of the two phases:

q ¼ aqliq þ ð1� aÞqgas

l ¼ alliq þ ð1� aÞlgas

Pr ¼ aPrliq þ ð1� aÞPrgas

ð8Þ

However, in the case of heat capacity, which has units of
J/(kg K), a mass and not volume weighted interpolation
is used in every computational cell, i.e.

Cp ¼
mliq

mtot

� Cp;liq þ 1� mliq

mtot

� �
� Cp;gas

Cp;gas ¼
mvap

mgas

� Cp;vap þ 1� mvap

mgas

� �
� Cp;air

¼ C � Cp;vap þ ð1� CÞ � Cp;air

ð9Þ

while the masses are calculated as:

mliq ¼ a � qliq � V cell

mvap ¼ ð1� aÞ � C � qgas � V cell

qgas ¼
P

R
MBgas
� T

;

MBgas ¼ x �MBvap þ ð1� xÞ �MBair; x-molar fraction

ð10Þ
where x is the molar fraction of vapor in the gas phase

x ¼
C

MBvap

C
MBvap
þ 1�C

MBair

ð11Þ

It should be mentioned that the kinetic theory of evap-
oration applies only when a gas/liquid interface exists. In
the regions where contact between the liquid droplet and
the hot substrate exists, no evaporation is calculated.

3. Numerical details

The value of the thermal accommodation coefficient is
assumed to be equal to 0.5, since no other reference for
these cases has been reported in the literature. Following
Langmuir’s [46] approach, the interface of the droplet is
assumed to be at saturation conditions, and the vapor
phase immediately adjacent to it. Substrate’s cooling is
not taken into account, since its temperature is supposed
to be constant. According to Chandra et al. [21] and Pasan-
dideh et al. [29] the substrate’s cooling increases, reducing
the static contact angle of the liquid droplet, resulting in
a maximum cooling at around 20 K, when the droplet is
totally evaporated. Finally, the effect of substrate’s rough-
ness on the spreading of the liquid droplet upon it is not
taken into account. However, specifically for case C,
neglecting substrate’s cooling is not affecting the evolution
of the phenomenon, since the droplet levitates over it.

The hydrodynamic and thermodynamic characteristics
of the impact of a single droplet onto a hot solid surface
depend on the characteristics of the impinging droplet i.e.
droplet diameter Do, initial droplet velocity Uo, on the
physical properties of the liquid and gas phase i.e. viscosity
l, density q, surface tension r, and also on the substrate
temperature Tw.

During the impact of the droplet onto a hot substrate,
depending on the substrate temperature, the droplet may
experience different heat transfer regimes of the boiling
curve such as: (a) natural convection, (b) nucleate boiling,
(c) transition boiling and (d) film boiling. Depending on the
We number, droplets may either spread on the surface and
then rebound (low We number, We < 30), or spread on the
surface but then, upon shrinking and rebounding droplets
split into a large globule and a small spherical droplet
(intermediate We number, 30 < We < 80). Finally, in the
high We number regime (We > 80), the droplet spreads
out radially into a flat disk, the rim of which breaks into
several small droplets which quickly disperse away from
the rim. The liquid film which is on the flat disk itself then
breaks up into many small droplets.

As a consequence, parameters including the droplet
Weber number (We), the Reynolds number (Re) or the
Ohnesorge number (Oh), which is a combination of We

and Re numbers, the Bond number (Bo) and the initial
temperature both of droplet and substrate are introduced
to describe the initial configuration of the phenomenon.

Both two and three-dimensional domains have been
used, the liquid phase is n-heptane or water correspond-
ingly and the gas phase is air under atmospheric pressure.
The range of parameters for which computations have been
performed, is given in Table 1.

In all cases the ‘‘base” grid employed consisted of 1800
cells in the 2-D axisymmetric and 60,750 in the 3-D case.
Three and four levels of local refinement in the case 3-D
and 2-D cases have been used, respectively, resulting in a
maximum number 500,000 computational cells for the 3-
D and 15,000 for the 2-D cases. The numerical simulation
for the axisymmetric cases A, B and C, lasted for 1 1/2 days
in a Pentium 4 2.4 GHz, while for case D computations
lasted for 30 days. At the start of calculations and after grid
refinement for the axisymmetric cases, the droplet is cov-
ered by 2300 cells, whilst 397 cells resolve the interface.
In the three-dimensional case the droplet is covered by
35.626 cells while the interface is resolved by 6657 cells.
Obviously, computations are more time efficient on the
present dynamically adaptive grid, than on the equivalent
fine resolution and uniform grid. Cases A, B and C would
require equivalent to 460,505 and case D equivalent to
3,067,0623 number of cells of a uniform fine grid.

Case C is identical to that previously studied by Harvie
and Fletcher [40] using 50 � 140 square cells over a compu-
tational domain of 9.33Ro � 3.33Ro. Cases A, B and C
have been examined experimentally by Qiao and Chandra
[23], in low gravity environment. Case D has been exam-
ined experimentally by Bernardin et al. [52]. In case D
the hot substrate is located at plane Z = 0 and the gravity
is pointed downwards; mirror boundary conditions that



Fig. 1. (a) Numerical grid and (b) some basic global quantities concerning the spreading droplet.
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allow the simulation of a droplet on the axis X = Y = 0
with fourfold symmetry are introduced.

The evaporation model is coupled with the VOF meth-
odology. As a result, the vapor layer forming between the
liquid and the solid surface can be predicted during the
numerical solution without a need for ‘a priori’ assumption
of its height. During the calculations, all hydrodynamic
and thermodynamic coefficients including surface tension
are a function of temperature. However, it should be
noticed that the heat transfer inside the substrate is not
solved, and the substrate’s temperature is considered to
be constant.

A typical form of the droplet’s shape with the corre-
sponding numerical grid just before impact is shown in
Fig. 1a. Two dimensions are used to characterize droplet
spreading as function of time: the radius of the wetted area,
Rmax, and the maximum droplet height above the surface
Zh. Fig. 1b shows schematically the definition of these
parameters, which have been also investigated and
reported in recent literature.

4. Presentation and discussion of the results

4.1. Time evolution of n-heptane droplet impingement

4.1.1. n-Heptane, Tw = 178 �C (case A)
The impact of n-heptane droplet on a hot stainless-steel

at low gravity environment has been investigated experi-
mentally by Qiao and Chandra [23]. Low gravity boiling
experiments have shown that inertial and surface tension
effects are sufficient to cause bubble creation during nucle-
ate boiling, even in the absence of buoyancy, Siegel [22],
Straub et al. [48], Oka et al. [49] and Ervin et al. [50]. As
reported by Qiao and Chandra [23], the Leidenfrost temper-
ature of n-heptane is 200 �C, which corresponds to its ther-
modynamic superheat limit, a property that is not affected
by gravity. As a result, the conditions of this case corre-
spond to low We number impact and as far as the heat
map regime is concerned, it belongs to transition boiling.

Chandra and Avedisian [5] conducted experiments with
n-heptane droplets impinging on stainless steel surface, and
reported a variation of contact angle between the liquid
and the surface, as a function of surface’s temperature.
For Tw=178 �C, this angle is equal to around 100�; this
value has been incorporated into the numerical model.

Fig. 2a presents computational results at successive time
steps, during droplet impingement for case A, at which
Qiao and Chandra [23] present their experimental droplet
shapes. The comparison between the predicted droplet
shapes and the experimental ones is generally good. At
the initial stages (Fig. 2a, t = 0.2 ms) of the impact, a small
bubble of air close to the centre line between the droplet
and the substrate is formed. At the same time, the droplet
spreads radially roughly until t = 4 ms where it reaches its
maximum spreading radius. Following, the liquid begins to
shrink towards the axis of symmetry while at the same time
its central part lifts up due to the effect of internal bubble
growing. This is clear during the time period between
t = 4.95–6.6 ms after impact. As can be seen in Fig. 2a,
the numerical simulation predicts the initial spreading of
the droplet on the surface (Fig. 2a, t = 4 ms), the shrinking
and lifting of droplet, while the droplet remains in contact
with the surface until t = 13.6 ms is reached. This behavior
is also confirmed by the corresponding experimental data.

Since Tw is above the boiling point of n-heptane
(Tb = 98.4 �C) nucleate boiling occurs within in the contact
surface between the surface and the droplet. The vapor
bubbles grow from surface imperfections and cavities in
which liquid and air are trapped, promoting heterogeneous
nucleate boiling. An increasing number of surface nucle-
ation sites are activated as temperature increases and the
droplet evaporation time decreases with increasing Tw.
For Tw > 180 �C the pressure of the vapor formed below
the droplet increases enough to levitate the droplet and
the bulk liquid mass makes only intermittent contact
with the surface, as reported by Nishio and Hirata [51].
This is confirmed by the present numerical predictions,
without need for use of any other empirical model for het-
erogeneous nucleate boiling. This can be seen in Fig. 2a. at
time corresponding to t = 4 ms after impact. The bubbles
present inside the droplet at the initial stages of the impact
(Fig. 2a, t = 0.2 ms), merge together forming vapor slugs



Fig. 2. (a) Droplet shape evolution for case A and (b) vector field (We = 34.52, Re = 2156, Tw = 178 �C, Ec = 0.034).
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that move upward (opposite to ~U oÞ inside the liquid and
towards its surface (Fig. 2a, t = 4.0 ms). This mechanism
forces the central part of the droplet to lift off from the
heated surface, as can be seen in Fig. 2a during the time
window between t = 6.6–13.6 ms.

The motion of the droplet towards the substrate induces
a gas velocity field, in the form of a vortex ring attached to
the droplet (Fig. 2b, t = 0.2, 0.8 ms). This vortex ring is
always attached to the rim of the spreading droplet,
(Fig. 2b, t = 0.8 ms), and at time 2.95 ms, when the droplet
begins to shrink, changes its flow direction (Fig. 2b,
t = 4.0 ms). The value of the maximum gas jetting velo-
city is approximately 444% of the droplet impact
velocity, whilst the liquid jetting velocity is approximately
315% of the droplet impact velocity. Values of pressure
up to approximately 1016% ðCp ¼ ðP � P ooð¼ 1 atmÞÞ=
ð0:5qliqU 2

ooÞÞ of the initial droplet kinetic energy during
the initial stages of droplet impact appear at t = 0.1 ms
(Fig. 3a and b), and a magnified view of the droplet base
indicates that a vapor bubble is created between the droplet
Fig. 3. (a) Pressure contour within the droplet at 0.1 ms, (b) velocity field at
(We = 34.52, Re = 2156, Tw = 178 �C, Ec = 0.034).
and the substrate, while inside it a vortex ring of the gas
phase exists (Fig. 3b and c).

In Fig. 4a and b the corresponding temperature and
vapor fields at representative time instants are presented.
Initially the temperature in the droplet area is lower due
to droplet cooling effect, but latter the droplet is heated
up, liquid evaporates and creates the expansion of the cen-
tral bubble, Fig. 4a, t = 13.6 ms.

The bubble beneath the liquid is full of vapor due to
evaporation, as can be seen in Fig. 4b at times between
t = 0.2 ms and 4.0 ms, while the gas field around the
droplet has less vapor concentration. At later stages when
droplet rebounds, the vapor concentration around the
lower-side part of the droplet increases, due to the convec-
tive transport of vapor from the droplet-substrate area, as
can be seen in Fig. 4b at the time of t = 13.6 ms.

4.1.2. n-Heptane, Tw = 190 �C (case B)

Like in case A, case B is characterized by a low impact
We number and it can be classified in the transition boiling
0.8 ms and (c) zoom area inside the vapor bubble at 0.8 ms, for case A



Fig. 4. (a) Temperature filed for case A, and (b) vapor concentration field (We = 34.52, Re = 2156, Tw = 178 �C, Ec = 0.034).
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regime. For Tw = 190 �C, the contact angle is greater than
in case A, and equals to around 120�. The numerical simu-
lation of this phenomenon predicts, Fig. 5a, spreading of
the droplet on the surface and then its rebound, which is
confirmed by the corresponding experimental data. With
increasing surface superheat, the evaporation rate is higher
than in case A and the vapor bubble volume is larger; this
is shown in Fig. 6b at t = 4.0 ms. The pressure difference
force which the vapor bubble exerts on the liquid opposes
liquid moving towards the surface; as a result, compared to
case A lift off from the substrate is faster and at a higher
level. The latter is confirmed both by the experimental
and numerical results shown at t = 6.6 ms in Fig. 5a. At
this time, the droplet almost lifts off from the substrate,
while two satellite droplets are formed at its base. The per-
centage volume of these two small satellite droplets is equal
Fig. 5. (a) Droplet shape evolution for case B and (b) vector
to 0.038% and 0.242% of the initial droplet’s volume. At
t = 13.6 ms, the droplet has lift-off at a distance almost
21/2 Ro above the substrate’s surface, while at the same
time in the previously examined case A, it was still almost
touching it.

The motion of the droplet towards the substrate induces
a similar to case A gas velocity field, in the form of a vortex
ring attached to the droplet, as shown in Fig. 5b at t = 0.2
and 0.8 ms. The values of the maximum gas jetting and
liquid jetting velocity are approximately 496% and 317%
of the droplet impact velocity, respectively. Values of pres-
sure up to 2140% ðCp ¼ ðP � P ooð¼ 1 atmÞÞ=ð0:5qliqU 2

ooÞÞ
of the initial droplet kinetic energy during the initial stages
of droplet impact are calculated. It is of interest also to
note that both the maximum non-dimensional air and
liquid jetting velocity are almost equal for both cases A
field (We = 34.52, Re = 2156, Tw = 190 �C, Ec = 0.034).



Fig. 6. (a) Temperature filed for case B, and (b) vapor concentration field (We = 34.52, Re = 2156, Tw = 190 �C, Ec = 0.034).
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and B, indicating the similarity of the hydrodynamic
impingement process at the initial stages of droplet impact,
independently of the substrate’s temperature. However, at
latter times the corresponding pressure rise below the drop-
let is different. In case B the maximum pressure is much
higher than in case A, due to the faster evaporation rate
induced by the higher wall temperature.

The time evolution both of temperature and vapor con-
centration are similar to those of case A, except for the fact
that the vapor bubble in this case B is bigger at the same
time after impact, than in case A; as a consequence, the
temperature diffusion process is more intensive as shown
in Fig. 6a and b.

4.1.3. n-Heptane, Tw = 210 �C (case C)

Case C corresponds to film boiling regime which exists
for substrate temperatures above the Leidenfrost point of
Fig. 7. (a) Droplet shape evolution for case C and (b) vector
vaporization. At this point, the heat flux is minimum and
the surface is fully covered by a vapor blanket and heat
transfer from the surface to the liquid is only through con-
duction from this vapor layer. However, as the surface tem-
perature is increased above the Leidenfrost point, radiation
through the vapor film becomes significant and the heat
flux increases with increasing wall temperature.

Under these conditions no contact of the liquid droplet
with the substrate at any time is observed, and as a conse-
quence not only the droplet shape is different from the pre-
vious cases, but also the hydrodynamic behavior changes.
The predicted hydrodynamic and thermodynamic behavior
agrees well both with the corresponding numerical simula-
tion of Harvie and Fletcher [40] and the corresponding
experimental data of Qiao and Chandra [23].

Fig. 7a presents a time sequence of predicted droplet
shapes of droplet wall collision for case C. As the droplet
field (We = 34.52, Re = 2156, Tw = 210 �C, Ec = 0.034).
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hits the substrate, spreads onto the vapor film until about
time t = 2.95 ms and then starts the receding phase, until
its complete rebound from the surface; at t = 13.6 ms the
droplet is levitated around 1.6Ro from the wall.

Qiao and Chandra [23] performing this experiment
reported that the vapor film between the liquid and the
solid phase has a uniform thickness d, and under this
assumption they calculated its value as well as the surface
temperature variation using an one-dimensional heat con-
duction model across the vapor film. This was also con-
firmed by Harvie and Fletcher [39,40]. The numerical
results presented here indicate that this assumption is valid
only during the advancing phase of the droplet spreading,
but not during the receding phase due to the non uniform
distribution of surface tension forces in the region of the
interface. As can be seen in Fig. 7a and 8b at t = 4.0 ms,
there is an increase of the vapor thickness below the neck
formed induced by the surface tension coefficient variation
with temperature.

Fig. 7b shows the corresponding velocity vector distri-
bution in the computational domain with the time. The
maximum of the gas and liquid jetting velocities are
approximately 639% and 261% of the droplet impact veloc-
ity, respectively. Values of pressure up to approximately
872% of the initial droplet kinetic velocity appear ðCp ¼
ðP � P ooð¼ 1 atmÞÞ=ð0:5qliqU 2

ooÞÞ.
In Fig. 8a and b the calculated temperature and vapor

fields is presented at the same representative time steps
after impact shown previously for cases A and B. As can
be seen, in this case C the temperature close to the droplet
is lower. This is due to the vapor ‘blanket’, which reduces
the heat flux from the substrate to the droplet, as can be
seen in Fig. 8b at t = 4.0 ms. At 2.2 ms the vapor height
is equal to almost 2% Ro and increases to about 4% Ro

and 20% Ro at t = 2.95 ms and t = 4.95 ms after impact,
respectively.
Fig. 8. (a) Temperature filed for case C, and (b) vapor concentra
4.2. Characteristics of flow field

4.2.1. Maximum gas–liquid jetting velocity and pressure

during the initial stages of the impact

The calculated non-dimensional pressure becomes max-
imum in case B; this is due to the higher wall temperature
compared to case A, but still below the Leidenfrost point.
The maximum non-dimensional gas and liquid jetting
velocity are of the same order of magnitude for both cases
A and B and exhibit the same temporal evolution, accom-
panied with contact of the droplet with the substrate, while
in case C an increase of the maximum gas velocity is pre-
dicted with a simultaneous decrease of the maximum liquid
velocity. For cases A, B and C, the maximum gas velocity
increases until 0.06 ms after impact, whilst the maximum
liquid velocity increases until 0.1 ms followed by a
decrease.

4.2.2. Spreading rate

Two characteristic lengths are used to quantify droplet
spreading: the radius of the wetted area Rmax, and the
droplet height above the surface Zh, which are defined in
Fig. 1b. Normalizing these parameters with the initial
droplet radius Ro yields the so-called ‘spread factor’ and
the dimensionless height.

The definition of the ‘spread factor’ is unambiguous
when Tw < TLeid, when the droplet wets the surface. In case
C, where Tw > TLeid and the droplet no longer wets the sur-
face, this term can be defined as the radius of the flattened
area covered by the droplet at the vapor-liquid interface
during deformation. Fig. 9 shows the comparison of these
parameters with the corresponding experimental data.
The numerical predictions are in a good agreement with
the experimental data for the maximum spreading radius
for cases B and C, and the maximum height for all cases,
up to time 7.0 ms after impact. The small differences may
tion field (We = 34.52, Re = 2156., Tw = 210 �C, Ec = 0.034).
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Fig. 9. (a) Maximum non-dimensional radius and (b) maximum non-dimensional height of spreading droplet for cases A, B and C.
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be attributed mainly to the fact that in reality the substrate
temperature is not constant as cooling takes place during
the impact of a liquid droplet. As a result, this changes
not only the values of the contact angles and therefore the
spreading rate of the droplet, but also the evaporation rate,
especially in cases A and B. The effects of the aforemen-
tioned parameters are not included in the numerical model.

Moreover we obtained the experimental values of max-
imum spreading and height by measuring these quantities
from the corresponding experimental photos from the
paper of Qiao and Chandra [23] and as a result small dif-
ferences may occur, since these quantities were not
reported in their paper.

Both the experimental data and the numerical results
show that the ‘spread factor’ and the height of droplet
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Fig. 10. Time evolution of average heat flux (a) reduced to the substrate’s surf
are independent of surface temperature in the early period
of impact until times t < 2 ms, which is also confirmed by
Chandra and Avedisian in [5]. Furthermore, the spreading
radius of the droplet decreases as the temperature
increases, while the spreading height increases.

4.2.3. Heat flux, droplet’s temperature and evaporated

liquid mass

The average heat flux based on the whole substrate sur-
face (constant reference area) and the average heat flux for
the liquid based on the droplet surface which is in contact
with the substrate are calculated. This evolution is shown
in Fig. 10, where it is found that, for the three cases, the
average heat flux from the substrate to the liquid increases
as the substrate temperature decreases. This behavior is
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confirmed by the well-known boiling curve in the transition
boiling regime, in which the wall heat flux decreases, as the
wall superheat T � Tw increases, reaching a minimum heat
flux rate at the Leidenfrost point. In Fig. 10a, the maxi-
mum value for each case is reached almost at the same time
of t = 3.0 ms after the impact, which corresponds almost to
the start of the receding phase of the droplet on the sub-
strate. When the droplet rebounds, the average heat flux
is close to zero. The heat flux, which is perceptible by the
liquid surface, is shown in Fig. 10b. This value is higher
for case B, than for case A, while in case C is equal to zero,
indicating that there is no contact of the liquid with the
substrate at any time.

The heat flux that the droplet experiences, inevitably
affects its mean temperature; this is plotted in Fig. 11a
as a function of time. The mean droplet temperature
increases as the wall temperature decreases reaching a
value of 80.12 �C in case A and 52.28 �C in case B. In case
C, the mean droplet temperature is only 5.2 �C above its
initial temperature. In Fig. 11b, the percentage of non-
evaporated liquid volume is plotted as a function of time.
For case A the increased mean droplet temperature results
to the maximum evaporated liquid mass. The correspond-
ing amounts of liquid evaporated until 16 ms after impact
are 1.9%, 1.56% and only 0.282%, for cases A, B and C,
respectively.

4.2.4. Vapor bubbles

In cases A and B a vapor bubble is formed inside the
impacting droplet, which is an important characteristic of
the transition boiling regime. The bubble changes in size
and shape, until the droplet detaches from the wall. Its vol-
ume and the mean pressure (relative to the atmospheric)
inside it are presented for cases A and B in Fig. 12a and
b, respectively. From Fig. 12a it is evident that during
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Fig. 11. (a) Mean droplet’s temperature and (b) percentag
the evolution of the impact process, both for the advancing
and the receding phases, the bubble volume increases. This
increase is much higher in case B than in case A, since the
evaporation rate is greater and more vapor is produced.
Especially for case B, the bubble volume almost reaches
that of the initial droplet.

The mean pressure within the bubble oscillates around
the atmospheric (initial) pressure for case A, while in case
B, decreases up to 3 ms, after the impact, and later
increases reaching again atmospheric pressure. In case C
no vapor bubble is formed and the pressure within the
vapor blanket decreases, as shown in Fig. 12b, reaching
nearly atmospheric pressure at the latest stages of the
process.

4.2.5. Grid independency of the results

For this type of simulation, due to the very fine scales
involved one cannot expect to obtain totally mesh indepen-
dent numerical solution. The results presented have been
obtained with four levels of local refinement corresponding
to a cell size of Do/140. Note that in the numerical studies
reported by Harvie and Fletcher [40] for case C, a cell size
of Do/50 has been used. In order to test the grid depen-
dency of the results, cases A and C have been rerun using
three and five levels of local refinement corresponding to
a cell size of Do/70 and Do/280, respectively.

These results have indicated that the hydrodynamic
behavior of the impacting droplet in case A does not
change even using three levels of local refinement. How-
ever, the thermodynamic behavior changes, as vapor bub-
bles are not entrapped whilst in case C, vapor blanket is
not predicted. Using however five levels of local refinement
in cases A and C, both the hydrodynamic and thermody-
namic behavior were almost the same with the correspond-
ing ones using four levels of local refinement.
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4.3. Water, Tw = 180 �C (case D)

The impact of water on a hot aluminum surface under
the effect of gravity was investigated experimentally by Ber-
nardin et al. [52]. This case has been simulated in three
dimensions and presented here. The Leidenfrost tempera-
ture of water is 225 �C [11]. The main differences of this
case in respect to the previous ones is that it corresponds
to high impact We number, and the liquid is water, which
has a different behavior from n-heptane. The wall temper-
ature of 180 �C corresponds to the midpoint of the boiling
transition regime. For Tw = 180 �C and water, the advanc-
ing angle incorporated to the numerical method is equal to
60�.

Fig. 13a presents a time sequence of predicted pictures
of the droplet impact for this case D. As the droplet hits
the substrate, spreads on it forming a liquid film until
about time t = 4.0 ms. Since the substrate temperature is
below the Leidenfrost temperature and the impact is char-
acterized by a very high We number, the droplet experi-
ences contact with the substrate. The spreading film
becomes unstable in less than 3 ms, during which vapor
is produced, the film becomes highly disturbed but remains
intact for the first 3.4 ms, after which it begins to break-up
into a large array of droplets which spread radially out-
wards. The numerical simulation of this phenomenon
agrees quite well with the corresponding experimental data
[52], at representative times between t = 0.3 and 5.0 ms,
Fig. 13a. The disintegration of the film into secondary very
small droplets is due to two main mechanisms. Firstly, the
We number of the impact is very high, and even if the
surface was cold, the impact would lead to splashing.
Secondly, the vapor bubbles within the spreading liquid
film enforce this phenomenon, since the formation of bub-
bles and the reduction of surface tension in this region
induces perturbations in the expanding film, which lead
to its disintegration.

At time 3.4 ms after impact, a liquid torus is detached
from the expanding film, which doesn’t disintegrate into
secondary droplets. According to Wachters and Westerling
[2] the critical We number for torus disintegration is around
80. According to Wu [53] the critical We number, above
which an expanding torus breaks up, depends on the initial
perturbations; in the present case the local We number of
the torus at this time is calculated to be equal to 40.

Like in the previous cases, the motion of the droplet
towards the substrate induces a gas velocity field, in the
form of a vortex ring attached to the droplet, t = 0.3–
4.4 ms, Fig. 14. The values of the maximum gas and liquid
jetting velocities are 337% and 278% of the droplet impact
velocity, respectively. The mass of film begins to collapse at
t = 4.4 ms, Fig. 14, as it is evident at the cross-section of
slice Z = 5% Ztot. This film break-up completes at time
5.0 ms. The predicted mean height of the film at the start
of its disintegration is around 5.5% of the initial droplet
diameter.

In Fig. 13b and c the temperature and water vapor dis-
tributions are presented, respectively, at representative time
steps. The temperature of the gas phase is much higher
compared to the temperature of the liquid droplet, due to
the different specific heat capacity value of the two media;
the vapor concentration predicted for case D is smaller
compared to that of n-heptane for case A, which refers to
almost the same substrate temperature of Tw = 178 �C.



Fig. 13. (a) Droplet shape evolution for case D at vertical slices (45�), (b) corresponding temperature field and (c) corresponding vapor filed (We = 222,
Re = 7639, Tw = 180 �C, Bo = 1.19, Ec = 0.06).

Fig. 14. Vector field for case D at vertical (45�) and horizontal slices (Z = 5% Ztot) (We = 222, Re = 7639, Tw = 180 �C, Bo = 1.19, Ec = 0.06).
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Fig. 15a shows the evolution of the spreading radius for
case D, with the corresponding experimental data, where a
good agreement is found. The liquid spreading for case D is
faster compared to cases A, B and C, since the We number
of impact for this case is much bigger.

4.3.1. Heat flux, droplet’s temperature and evaporated liquid

mass
The average heat flux from the substrate to the liquid

phase per substrate’s surface area is calculated and plotted
as function of time in Fig. 15b. The average heat flux is
higher for water than for n-heptane and as a result, it
affects its mean temperature which reaches a maximum
value of 73.32 �C, as shown in Fig. 15c in contrast to
n-heptane, for which a maximum temperature of 58.93 �C
was predicted at 5.16 ms after impact. Finally the percent-
age of droplet liquid mass vaporized during the impact is
0.16% at 5 ms as can be seen in Fig. 15d. This percentage
is less than the corresponding value predicted for h-heptane
for cases A and B.

5. Conclusions

The flow development during normal impingement of
droplets onto a hot wall was numerically studied using a
finite volume Navier–Stokes equations flow solver incorpo-
rating the Volume of Fluid (VOF) methodology. Use of an
evaporation model predicting the vapor produced during
impact, together with numerical solution of two additional
transport equations for the temperature and vapor concen-
tration fields has allowed estimations of the coupled hydro-
dynamic and thermodynamic process. The numerical
model utilizes an adaptive local grid refinement technique
at the liquid–gas interface which has allowed prediction
of the flow development taking place during droplet
impingement on a heated surface with temperature below
or above the Leidenfrost point. Droplet levitation from
the surface was calculated without any ‘a priori’ assump-
tion for the vapor layer height forming between the liquid
and the wall. For high impact We number but on a surface
with temperature below Leidenfrost, the splashing of the
liquid associated with the formation of a ring detached
from the spreading lamella is predicted, while the remain-
ing film becomes highly disturbed and breaks into a large
array of droplets. Moreover, formation of vapor bubbles
within the bulk of the liquid was predicted while its volume
was calculated transiently during the numerical solution.

The numerical results agree reasonably well with the
experimental data, both qualitatively, in terms of the liquid
droplet shape deformation process and quantitative, in
terms of the spreading rate and height. Information regard-
ing the temperature, concentration and pressure fields
developing at scales that is not possible to estimate exper-
imentally has been provided. Additional information for
averaged or point properties, such as the total vapor bub-
ble entrapment, the maximum droplet deformation, and
the air and liquid jetting velocities have been reported.
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