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Abstract. The evaporation of water droplets, impinging with low Weber number and
gently depositing on heated surfaces of stainless steel is studied numerically using a
combination of fluid flow and heat transfer models. The coupled problem of heat
transfer between the surrounding air, the droplet and the wall together with the liquid
vaporization from the droplet’s free surface is predicted using a modified VOF
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methodology accounting for phase-change and variable liquid properties. The surface
cooling during droplet’s evaporation is predicted by solving simultaneously with the
fluid flow and heat transfer equations, the heat conduction equation within the solid
wall. The droplet’s evaporation rate is predicted using a model from the kinetic theory
of gases coupled with the Spalding mass transfer model, for different initial contact
angles and substrate’s temperatures, which have been varied between 20 to 90 degrees
and 60°C to 100°C, respectively. Additionally, results from a simplified and
computationally less demanding simulation methodology, accounting only for the heat
transfer and vaporisation processes using a time-dependent but pre-described droplet
shape while neglecting fluid flow are compared with those from the full solution. The
numerical results are compared against experiments for the droplet volume regression,

life time and droplet shape change, showing a good agreement.

Keywords: droplet, evaporation, VOF, heated plate.

NOMENCLATURE

A surface area , m’
Bwm Spalding number
Bo  Bond number Bo=p, 0L’ /o

ref
C vapour concentration (full solution) , kg/kg
Cp heat capacity , J/(kgK)

D diameter , m

Das  Vvapour diffusion coefficient , m%/s

Ec Eckert number Ec =U?/(c AT)

Fr Froude number Fr =U?/(gL)

fs volumetric force due to surface tension , N
g gravity , m/s’

Gr Grashof number Gr=g- 3-AT -D?/v?

heonv  heat transfer coefficient , W/(m*K)



evap

MW
Nu

Pr

mass transfer coefficient , m/s
thermal conductivity , W/(mK)
latent heat of vaporization , J/kg
reference length , m

mass , kg

evaporation rate , kg/s

molar weight , kg/kmole
Nusselt number Nu=h__ L . /k

conv —ref
pressure , Pa

Prandtl number Pr=x-c /k

universal gas constant , J/(kmole K)
Reynolds number Re=u-D/v
Sherwood number Sh=h_L, /D,

m —ref
temperature , K
stress tensor
velocity , m/s
droplet volume , m®
cell volume , m®
Weber number We = pU’D/o

vapour concentration (simplified model) , kg/kg

Greek symbols

(0}

D M

a © T =2 A

liquid volume fraction in cell , Vig/Vcan
cooling effectiveness factor

contact angle , degrees

curvature , m™

thermal accommodation coefficient
viscosity , kg/(ms)

density , kg/m®

surface tension , N/m



subscripts

0 initial

cont  contact
conv  convection
drop  droplet
evap  evaporation

gas gas phase

lig liquid phase
m mixture

00 infinity

S saturation
sol solid

surf surface

vap  vapour

1. INTRODUCTION

Liquid—vapour phase-change processes play a significant role in a number of
technological applications in combustion engines, cooling systems and refrigeration
cycles. The dynamic behaviour of the impinging droplets together with the heat transfer
process between the liquid and the heated surface affect the liquid-vapour phase-change
conditions. The mechanism of the droplet spreading and the accompanying heat transfer
is governed by well known non-dimensional numbers, namely the Weber (We),
Reynolds (Re), Eckert (Ec), Froude (Fr) and Bond (Bo) numbers as well as the
temperature of the surface. As the cooler droplet impacts upon the hotter solid surface,
heat is transferred from the solid to the liquid phase. The heat transfer to the droplet
increases the mean temperature of the liquid, while vaporisation takes place. The
collision dynamics of a liquid droplet impinging on a hot surface has attracted attention
in a number of experimental studies; some relevant publications [1-9] refer to a number
of experiments performed in this area. 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, transition boiling and film boiling. One
more important parameter affecting wall surface cooling and being essential not only for
the description of physics of this phenomenon but also for its numerical simulation, is
the value of contact angle at the air-liquid-solid triple line. In [8, 9] the sessile drop
technique has been used to measure the variation of contact angles for an aluminium
surface, as a function of surface temperature, while in [10] the effect of contact angles

on droplet evaporation was studied.

Due to the complexity of these physical processes, development of numerical methods
to predict the associated heat and mass transfer is a complicated task. Nevertheless,
research efforts over several years have provided an understanding of many aspects of
vaporisation or condensation. The MAC-type solution method has been used in [11, 12],
employing a finite-differencing approximation of the Navier-Stokes equations
expressed for axisymmetric and incompressible fluid flows. Fluid motion was induced
by a predefined temperature distribution between the lower and the upper side of the
droplet. The unsteady thermal distribution inside the droplet was not calculated,
assuming the temperature of the droplet’s bottom to be at the saturation temperature and
that a vapour layer exists between the droplet and solid surface. A number of analytical
studies [13-17] address the Leidenfrost phenomenon or the steady-state droplet film
boiling regime. In [18] a complete numerical solution of the Navier-Stokes and energy
equation based on a modified SOLA-VOF method for modelling droplet deformation
and solidification, including heat transfer in the substrate was used. 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 modelled by solving the energy equation, but viscous dissipation was
neglected. Later, the authors of [19] extended the model developed in [20] and
combined a fixed-grid control volume discretisation of the flow field 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 in both the liquid and
the solid portion of the droplet were solved using the enthalpy equation in the case of
solidification. More recent three-dimensional CFD codes have been used to model

complex flows such as impact on inclined surfaces in [21] and droplet break-up in [22].



In [21] an adaptive level-set method for moving boundary problems in the case of
droplet spreading and solidification was developed. In [23, 24] the fluid dynamics and
heat transfer phenomena were studied numerically both inside a droplet and the
substrate based on a Lagrangian formulation and utilising the finite element method
using a deforming mesh. The temperature field developing in both the liquid droplet and
the substrate during the impingement process was also determined. The authors of [25]
followed the Lagrangian formulation including surface tension and heat transfer. They
investigated the effect of initial droplet temperature, impact velocity, thermal contact
resistance and initial substrate temperature on droplet spreading, final deposit shapes
and time to initiate and complete freezing. In [26] the energy equation was solved in
both the droplet and substrate domain, implementing a time and space averaged thermal
contact resistance between the two materials. During calculations, a technique for mesh
regeneration was used in order to enhance accuracy. In [27-29] a VOF methodology
was presented, coupling an one-dimensional algorithm for modelling the hydrodynamic
gross deformation of the droplet impacting onto a hot wall surface and the fluid flow
within the viscous vapour layer existing between the droplet and the solid surface. The
height of the vapour layer was assumed to be several orders of magnitude smaller than
the dimensions of the droplet, resulting in a Knudsen number approaching values of the
order of 0.1 during droplet impact simulations. It is important to note that the height of
the vapour layer was not a result of the solution of the Navier-Stokes equations, but it
was assumed to be known. Furthermore, a kinetic-theory-based treatment was employed
for calculating the conditions on the non-equilibrium interfaces of the vapour layer by
solving the heat transfer rate within the solid, the liquid and the vapour phases. This
model was validated for a number of droplet impact conditions including a wide range
of We number impacts and initial droplet and surface temperature. In [30] a model
applicable to droplets evaporating on a high thermal conductivity surface is proposed; in
this model it has been assumed that the solid surface temperature is constant during
droplet evaporation, the contact angle decreases continuously during droplet
evaporation and the diameter of the wetted region under the droplet remains constant. In
contrast, the authors of [31] assumed constant contact angle during the entire
evaporation process, which can only be an accurate approximation during the last stage

of droplet evaporation when the receding contact angle has been reached. This is



addressed in [10] where a model has been proposed for predicting the evaporation of a
droplet in contact with a heated wall and the cooling of the solid plate; based on
experimental observations, it has been assumed that the deposited droplet is a spherical
cap and the contact angle is decreasing continuously during droplet evaporation, while
the diameter of the wetted area under the droplet remains constant. Once the limit of the
receding angle is reached, the liquid-solid contact angle remains constant, but the
contact diameter decreases following the liquid volume reduction, as in [31]. In [32] a
constant surface temperature has been assumed for a high thermal conductivity
aluminium substrate while the internal liquid motion has been taken into consideration.
The results have been compared with a model accounting only for the heat conduction

and revealing great differences between the two approaches.

From the above discussion becomes clear that so far no study has actually taken into
account consistently all the effects taking place during the vaporisation of a droplet
deposited on a heated plate. This is addressed in the present study where the coupled
fluid flow and heat transfer equations are simultaneously solved both for the liquid and
the solid by considering the local vaporisation rate at the liquid-air interface and
accounting for variable physical properties as function of local temperature. Predictions
are performed and compared with the experiments of [10, 33], which address the effects
of the initial contact angle and solid surface temperature on droplet evaporation. Past
work from the authors’ group presented in [34, 35] thoroughly describes the numerical
tools used to predict the different flow regimes formed during impaction of droplets on
liquid surfaces. Here emphasis is given to the description of the vaporisation models
themselves. This represents an extension of the model used in [35] and in which the
vaporisation rate model was based on the well-known Sherwood number correlations
for heat/mass transfer of spherical droplets. To avoid this restriction, a local
vaporisation rate model is derived here independently of the droplet shape. This model
is validated against predictions of the well known correlations of the integral
vaporisation rate of spherical droplets. In addition to the full fluid flow and heat transfer
equations, a simplified model, initially proposed by [10], is also used here for

comparing the results of the full solution with previously presented simpler and less



demanding computational models. From this comparison, the effect on the vaporization
rate of the liquid flow motion is quantified.

In the next section of the paper, a description of the test cases simulated is presented,
followed by description of the mathematical model and the obtained results. The most

important conclusions are summarised at the end.

2. TEST CASES SIMULATED

According to data reported in [10, 33] water droplets fall from a height of 50 mm onto a
hot stainless steel surface. The impact velocity is approximately 1.0 m/s and the Weber
number varied from 27 to 41 for all cases tested, which is small enough to result to
droplet deposition on the solid surface. The plate thickness is 6.35mm and its surface
area is 50.8x50.8mm?; the plate is heated from below by two 125W heaters while its
temperature was measured by a thermocouple. The initial liquid-solid contact angle was
controlled by adding a surfactant (sodium dodecyl sulfate) in water. The surfactant
concentrations used were Oppm, 100ppm and 1000ppm by weight, which result to 90°,
55° and 20° equilibrium contact angles, respectively. These concentrations are low
enough to leave the thermophysical properties of water unaffected. The droplet sizes for
the three different surfactant concentration levels were 2.05mm, 2.02mm and 2.07mm,
respectively. The initial surface temperature was set between 60°C to 100°C, which is
low enough for nucleate boiling regime to prevail. The ambient room temperature of
20°C and atmospheric pressure were held constant during the experiment, whilst the
initial droplet temperature was 20°C. Droplet evaporation was recorded using a high
resolution video camera. The droplet volume was determined by measuring the
liquid/solid contact diameter and the droplet height, and assuming the droplet to be a
spherical cap section.

3. SIMULATION MODEL



Simulation of the above described experiment is performed by dividing the relevant
fluid and heat transfer processes into two stages. In the first stage, the droplet dynamics
from the time it impacts onto the wall until it reaches an equilibrium state is
investigated. During this transitional period the droplet’s mean temperature and
vaporisation process are estimated. These calculations show that freezing of the droplet
surface translational motion is achieved at approximately within 1% of the total droplet
vaporisation time. In the second stage, which lasts for the 99% of the total droplet life
time, the evaporation of the droplet is studied effectively without droplet transitional
motion and with fluid circulation induced by the heat transfer process. This stage is
examined using two different approaches. Initially, the full set of Navier-Stokes
equations including energy and vapour transport equation coupled with VOF
methodology, are solved simultaneously with the heat conduction equation inside the
solid wall. Alternatively, a simplified model is used in order to reduce the calculation
time. In this model only the evaporation and heat conduction processes between the
liquid and the wall are considered while the droplet shape is predefined up to complete

liquid vaporization, as described above in [10].
3.1 VOF methodology

The flow induced by the impact of a droplet on a hot surface is considered as two-
dimensional and axisymmetric. For identifying each phase separately a volume fraction,
denoted by a, is introduced following the Volume of Fluid Method (VOF), initially
proposed in [36]. In the VOF method the volume fraction a is defined as:

oo Volume of liquid phase 1)
Total volume of the control volume

where the a-function is 1 inside the liquid, O in the gas phase and values between 0 and
1 in the interface area. The transport equation of the volume fraction a, taking into

account the effects of evaporation and liquid thermal expansion is given by:
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The momentum equations expressing both phases are written in the form:
%+V-(pﬁ®ﬁ-f):p§+fo 3)

- -
where T is the stress tensor, uis the velocity and f; is the volumetric force due to

surface tension. The value of f; is equal to f_, =c-x-(Va), where ¢ is the numerical

value of the surface tension and « is the curvature of the interface region. The flow field
is solved numerically on two unstructured grids, using a recently developed adaptive
local grid refinement technique in order to track the liquid-gas interface. A detailed
discussion of the fluid flow model used here is presented in [35], while the adaptive
local grid refinement technique used in order to enhance accuracy of the predictions in
the areas of interest (i.e the liquid-gas interface), with the minimum computational cost
can be found in [37]. To account for the high flow gradients near the free surface, the
cells are locally subdivided to various resolution levels, prescribed by the user in either
sides of the free surface. As a result, the interface is always enclosed by the densest grid
region. A new locally refined mesh is created every 20 time steps. Figure 1 shows a
typical example of the application of the local refinement technique to the case studied

here.

The high-resolution differencing scheme CICSAM, proposed in [38] in the transport
equation for the volume fraction o is used. The discretisation of the convection terms of
the velocity components is based on a high resolution convection-diffusion differencing
scheme proposed in [39]. The time derivative was discretised using a second-order
differencing scheme (Crank-Nicolson). Finally, the contact angles at the advancing and
receding contact lines are assigned as boundary conditions. Additionally the energy

transport equation and the vapour transport equation are solved:
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DT Dp Myl
D Y(kVT)+ 2P e 4
Pey o = VKV + 3 V., (4)
DC n.‘]eva
(1 - (l)p gas = V[(l - G)p gasDAB VC] + P (5)

Dt

cell

For the mixed phase of liquid and gas, while gas phase is a mixture of air and vapour
phase, most of the physical and thermodynamic properties are calculated as a function

of volume fraction a, using linear interpolation between the values of the two phases:

p= apliq + (1_ 0L)pgas
n= a“liq + (l_ a)ugas (6)
Pr = aPr;, + (1-a)Pr,

Heat capacity is calculated as mass and not volume weighted for a computational cell,

i.e.:

_ mqu 1 mqu 7
Cp __'Cp,liq +( _m_)'Cp,gas ( )
tot tot

and the masses are calculated as:

Mo i p'vcell y (8)
Myig =0 Pyig -

cell

The properties of gas mixture are calculated as a function of vapour concentration C,
using linear interpolation between the values of the thermodynamic properties of pure

air and vapour.
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The properties of the pure species (liquid, air and vapour) are assumed to be function of

temperature [40] and thus they are updated at every calculation time step.

3.2 VOF evaporation model

An important part of the simulation is the modelling of evaporation source terms. The
model used is based on Fick’s law using as driving force the local concentration
gradient in the interface and assuming that the interface is saturated. The evaporation

rate is given by:

: dm dC
mevap = E = pgasDAB Aliq—cell (E) (10)
surf
Aqu—cell = VceII |Va|

This model is independent of the flow conditions and shape of the liquid-air interface.
In order to validate the evaporation model, a test case of a single droplet was
considered. A standing liquid droplet of n-nonane with an initial uniform temperature of
300K was left to vaporise in an environment of 400K temperature under atmospheric
pressure. As reference, the Spalding’s infinite conductivity model was employed, which
assumes uniform temperature inside the droplet, and thus it is referred to as 0-D model:

dm

mevap = E = hmpgasAdrop ’ In(1+ BM )

12
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In addition to that, the Spalding’s finite conductivity model which takes into account the
temperature distribution as function of the droplet radius [41, 42] has been also used and
referred to as the 1-D model. These models have been validated over a number of cases
and they can be considered as accurate enough for the range of conditions relevant to
this study. For the full liquid flow, heat transfer and vaporisation processes simulation
that has to be validated, the above described VOF methodology has been coupled
independently with both the Spalding’s global evaporation model and the Fick’s local
evaporation model. Comparison of the results obtained with these four different
approaches can be seen in the following Figure 2. As it can be seen, the local
evaporation model predicts accurately the evaporation process and it gives the same
result as with all other three models. It has to be noted though that the Spalding’s global
evaporation model, can only be used in cases with a known reference length and certain
flow conditions around the droplet (known in the present case), while Fick’s local

model, overcomes these limitations.

3.3 Boundary conditions

The computational domain is assumed to be axisymmetric, as shown in Figure 3. The
droplet’s shape is initially approximated by a spherical cap sector. Two different grids
are used in order to simulate the flow and temperature distribution of the surrounding
gas, inside the liquid droplet, as well as the temperature distribution inside the solid
wall. For the temperature and the vapour concentration field the following boundary
conditions have been assumed; in the open boundaries for the case of velocity vectors
facing inwards the computational domain, it has been assumed that the gas entering is
dry air with 293 K temperature; for the case of velocity vectors facing outwards the
computational domain, a zero 1% gradient boundary condition is assumed. A constant

heat flux (different for each case) is assumed at the lower boundary of the solid and
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equal to the heat loss due to convection form the upper edge of the plate in order to keep
the initial surface temperature constant. The initial temperature distribution inside the
solid wall is assumed to be linear. An important part of the simulation is the coupling of
the boundary conditions of the gas-liquid phase and the solid wall. Initially the wall has
a constant temperature on its surface. During the solution it has been assumed that the
heat fluxes between the common boundaries are equal, thus allowing estimation of the
wall temperature at the common boundary cells. The contact angle changes during the
evaporation process according to the total evaporation rate of the droplet. When the
observed limit of receding contact angle is reached, the contact angle remains constant
and the VOF methodology predicts then the reduction of the contact diameter.

3.4 Simplified Model

The above described coupled liquid flow and heat transfer solution is computationally
expensive, mainly due to the Courant number-based restrictions on the time step of the
VOF methodology; typically, it requires more than 10 CPU days on a high-end single
processor PC. As a result, it is not practical to be used for parametric studies of
engineering interest. Therefore, a simplified model, similar to that proposed in [10] is
also adopted here. This simplified model, which does not account for the fluid motion,
speeds-up calculations about 30 times. The computational domain used in this approach
is again assumed to be axisymmetric, as shown in Figure 4a and Figure 4b. Initially
liquid vaporisation is calculated assuming that its contact area with the solid surface
remains constant. The shape of the liquid is pre-defined and approximated with a
spherical cap with decreasing height. This assumption holds until the contact angle at
the air-liquid-solid interface reaches the experimentally determined receding contact
angle. From that point onwards, the contact angle is assumed to remain constant; as a
result vaporisation of the liquid retains a similarity of the droplet’s shape and thus both
liqguid height and liquid-solid contact area decrease simultaneously until full
vaporisation of the remaining liquid. The grid used was body-fitted in the liquid-solid

system and remapping of the solved variables was performed at each time step.
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The heat conduction equation is solved simultaneously inside the liquid and the solid
material; the boundary conditions used are the following:

At the gas-liquid interface: — k;;, (;—-Ir; = Neonvatiq(Tiig — Too) + Mgy L
- dT
At the gas-solid interface: —k,, P Neonvosol (Tsurr = To) (12)
dT dT

At the liquid-solid interface: k, P Kol an

A constant heat flux is assumed at the lower boundary of the solution domain and equal
to the heat loss due to convection form the upper edge of the plate e.g.

g="hgnsoi(Teur —T.,) in order to keep the surface temperature constant. The initial

temperature distribution inside the liquid droplet is assumed to be uniform and equal to
the mean value obtained at the end of the transitional period, as estimated by the VOF
calculation. The initial temperature distribution inside the solid is assumed to be linear.
The heat transfer coefficients are calculated form empirical correlations of the Nusselt
number that can be found for example in [43]. Modelling of the evaporation rate is
rather critical, because a concentration equation for the vapour is not solved in the
simplified model. Two evaporation models have been tested. The first one is the model
of Spalding [41, 42], which estimates the total evaporation rate for the whole droplet, as
in equation (11). The second one is based on the kinetic theory of gases and it is usually
referred to as the Hertz-Knudsen formula [27, 44]. This model predicts the vaporisation
rate locally at every point of the air-liquid interface. Integration around the droplet

surface gives the total vaporisation rate of the droplet as:

dm Mw
) Wiap
dt Adrop

(13)

2

The results of the application of the two models (original Hertz-Knudsen formula and

Spalding’s model) are compared in Figure 5 for a typical case of a stagnant n-nonane

15



droplet with diameter D,=7.4 mm, initial droplet temperature T4=400 K at gas
temperature Tga0=400 K. The two models predict a very different behaviour of the
evaporation rate and droplet temperature. The kinetic theory model predicts a much
lower evaporation rate at the late stages of evaporation (thus longer droplet life time)
and an increase of the droplet temperature. A basic difference between the two models
lies on the value of the mass transfer coefficient, which takes a constant value in the
original kinetic theory model but variable one in the Spalding model. Since in principle
the two models should predict the same vaporisation rate, an attempt is made here to
relate the results obtained from these two models. This can be achieved by using the
following formula for the accommodation coefficient A:

anp In1+B,)

=

It has been further assumed that the accommodation coefficient changes during the

(14)

droplet evaporation, following the law:

TC()
/(T sy |
I’]mo sOY -Y, T% In(1+B,)

1= (15)

0

where, the term hpo is calculated from the initial conditions of the simulation with
Sho=2 and X is the reference value of the accommodation coefficient. As it can be seen
from the results also presented in Figure 5, the two models are now predicting the same
liquid volume reduction and mean liquid temperature during the evaporation process.
For the case of a droplet in contact with a solid surface, a similar approach is used
creating a coupled model relating the evaporation rate predicted from semi-empirical
models to the locally determined evaporation rate of the kinetic theory. For this case, the

evaporation rate is predicted by:
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dm Mw, Wia
_t = ﬂ’Aqu—cell :

(16)

)

During the calculations, the properties of the solid material (stainless steel 304) were
assumed constant. However, the properties of the liquid are assumed to be function of
temperature [40] and thus they are updated at every calculation time step. The properties

of the surrounding gas and vapour mixture are calculated using the 1/3 mixing rule.
4. RESULTS & DISCUSSION

In this section the various results obtained with the computational models are presented
and assessed against the experimental data of [10, 33]. Initially, Figure 6 is presented,
showing representative frames of the temporal evolution of the temperature and velocity
field during the transitional period of the droplet impact on the wall. The calculations
have shown that the droplet temperature is not affected by the upper surface
temperature, therefore the transitional period is representative for all cases examined.
Calculations have started at time t=-0.05ms taking as reference of t=0 is the time at
which the droplet touches the wall. After the initial spreading following the droplet
impact, which does not result to splashing, the liquid is forced by surface tension to
return towards the centreline and take a spherical cup shape specified by the contact
angle. The pressure and the vapour concentration fields as predicted by the VOF model
are shown in Figure 7 for the same time steps as the previous figure. Increased pressures
are found at the point of impact and at the leading face of the droplet due to increased
curvature of the free surface of the droplet, while a more uniform pressure distribution
is found at the recoil phase. On the other hand, vapour concentration field reaches its
maximum values at the leading edge of the droplet due to increased temperatures found
in this area. The results confirm that under the given operating conditions, this process
is not fast enough to result to droplet rebound; thus, the liquid rests and simply

vaporises from that point onwards without any translational movement of its surface.
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The mass evaporated during the transitional period for all cases is less than 0.01% of the
initial droplet mass. The predicted values are summarised in Table 1.

Following the transitional period, the droplet stabilises on the surface and vaporises
without any translational motion. The liquid and air motion is caused by free convection
between the heated plate, the liquid and the surrounding air. Figure 8 shows the
predicted temperature distribution inside the liquid droplet and the wall for the case of
80°C initial surface temperature and 90° initial contact angle. As can be seen, initially,
the wall is cooled by the droplet which at the same time vaporises. Since heat is
constantly added to the plate while the temperature of the droplet increases and its
volume decreases, there is a point where the added heat becomes equal to the energy
contacted to the droplet. Following that point, the wall temperature gradually starts to
increase. Lower temperatures are found in the centre of the contact area, therefore
buoyancy effects within the droplet create internal recirculation region, which can be
seen in Figure 9. Two recirculation zones can be observed. The bigger one occupies
most of the droplet volume, while a smaller circulation is forming at the edge of the
droplet, near the triple point of solid-liquid-gas. That recirculation enhances the local
evaporation rate at this location, which takes its maximum value at this specific
location. The distribution of the vaporisation rate per unit area on the droplet surface
during the droplet vaporisation process can be seen in Figure 10 for the case of 80°C
initial surface temperature and 90° initial contact angle. In order to compare the results
of the full fluid flow and heat transfer simulation with the results of the simplified
model where only the heat transfer is considered assuming a pre-described droplet shape
as the droplet vaporises, Figure 11 is presented for the same case. As can be seen by
comparing the plotted temperature distribution with that of the previous Figure 8,
temperature now follows an almost linear variation with the distance from the wall. As
expected, the role of the induced flow motion is to mix the liquid faster compared to the
heat conduction process and thus create a more uniform temperature field within the
droplet. This is evident by the level of the contours plotted. At the same time, the actual
cooling effectiveness of the liquid (i.e. the amount of heat contacted from the wall to the
droplet) as predicted by the full and the simplified models, is different. Having in mind
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these differences between the two numerical solutions, we proceed now to the

validation of the obtained results against the available experimental data.

Figure 12 presents the temporal evolution of droplet volume, liquid-solid contact angle
and liquid-solid contact diameter as a function of initial contact angle, while Figure 13
shows the same predictions but this time for different wall temperatures. In each graph,
together with the experimental data of [10, 33], three different sets of simulation results
are presented. These refer to results obtained by the simplified model, by the full
solution as well as from the full solution but this time assuming constant wall
temperature. As can be seen, although the full solution approach and the simplified
model are based on different principles and do result to different temperature
distribution within the droplet, they predict similar evaporation behaviour and small
differences in the total evaporation time. This is due to the effective application of the
boundary condition in the gas-liquid interface of the simplified model (Eq. 16), which
has been appropriately calibrated for one operating point and take into account the
internal liquid motion effect and the vapour concentration gradient on the liquid-air
interface. The full model, which does not require any add-hoc calibration since it is
based on the local (and variable around the droplet surface) vaporisation rate, gives the
best predictions for all cases investigated. When the wall temperature variation is not
considered, then the predicted vaporisation time is faster since the wall is kept at a
higher temperature which enhances droplet heating, and thus vaporisation. In some
cases, the predicted differences can be up to 20% compared with the experimental
values. The calculated differences between the full and the simplified models are
summarised in Figure 14. This plot presents the temporal evolution of droplet mean
temperature for all cases investigated up to full evaporation. Figure 14a refers to the
three cases of Figure 12 where the initial contact angle varies while Figure 14b refers to
the cases of Figure 13 where the initial wall temperature is modified. As can be seen,
predictions from the full simulation model show a much faster rising of the droplet
temperature compared to the simplified model. Thus, although the simplified model can
provide reasonable vaporisation rates it requires appropriate calibration for a specific
case, which makes it far from being applicable to other more complicated flow cases.

The advantages of the full coupled heat transfer and fluid motion model where the
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vaporisation rate does not depend on the shape of the droplet-gas interface provides the

most unrestrictive simulation approach to the problem.
An important application of the evaporation of a droplet in contact with a heated wall is
the cooling of the substrate. A quantification of the cooling of the substrate can be

obtained introducing the cooling effectiveness factor which compares the conduction

through the wall with and without the droplet.

DCDnlD /2
( [ dT)rer
5 dn _
with_droplet

Deonto /2
L [C dT)rer
0 dn _
without_droplet

In Figure 15 the temporal evolution of the cooling effectiveness factor is plotted. Time

-1 (17)

E =

Is non-dimensionalized with the total evaporation time for each case. As can be clearly
seen, the cooling of the substrate is enhanced 50-250 times with an evaporating droplet
in touch with it, whilst the cooling increases with increasing substrate temperature and
contact angle. Finally, the model can provide insight on the strength of the flow motion
induced within the droplet during the evaporation process. As already mentioned, inside
the droplet a recirculation zone is formed due to buoyancy effects. In Figure 16 the
temporal evolution of the mean velocity of the liquid phase weighted with the cell
volume is plotted for the different cases investigated. Noting that the droplet surface
velocity at the end of the transitional period was found to be less than 0.02 m/s, it is
clear that the liquid velocities induced by the heating and vaporisation within the liquid
can be much greater. It is also noticeable that the strength of the recirculation zone

increases substantially during the latest stages of the droplet life time.

5. CONCLUSIONS

The evaporation of droplets impinging and depositing on heated solid walls was studied

numerically using a modified version of the VOF methodology able to account for heat
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transfer and surface vaporisation processes. The numerical methodology was coupled
with an evaporation model predicting locally the variable droplet surface liquid
vaporisation process. Appropriate boundary conditions were used for the solid-liquid-air
contact angle while the heat conduction equation inside the solid phase was solved
simultaneously with the flow equations. The heat transfer equation was solved both for
the liquid phase and the solid wall using an adaptive grid technique. In addition to this
model, a simplified numerical approximation was also employed, in which the internal
flow circulation was neglected while the shape of the vaporising droplet was pre-
described based on experimental observations; this approach reduces the calculation
time up to 30times compared to the full heat transfer and fluid flow simulation model.
For this case, an improved evaporation model based on the Hertz-Knudsen formula and
the Spalding evaporation model was formulated for the prediction of the evaporation
rate of the droplet in contact with the hot wall. The numerical results have been
compared against experimental data; these have included the temporal variation of the
droplet volume, contact angle and liquid-solid contact diameter. The full model has
been found to give the best predictions for all cases simulated, capturing not only the
droplet volume change, which was also the case with the simplified model, but also the
droplet shape evolution. The results have confirmed that the droplet lifetime decreases
with increasing initial contact angle and surface temperature, while the local
evaporation rate on the droplet surface takes its maximum value at the triple line of
solid-liquid-gas interface. Finally, predictions obtained by assuming a fixed wall
temperature and thus, neglecting the heat conduction inside the solid wall have resulted
up to 20% faster vaporisation compared to the actual case.
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Figure 1: Numerical grids showing successive grid refinements for better representation
of the liquid-gas interface (a) without grid refinement, (b) 1-level of grid refinement and
(c) two-levels of grid refinement. Grid is automatically refined as the liquid surface

Mmoves.
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Figure 2: Time evolution of (a) droplet mass and (b) mean temperature as calculated

using various evaporation models.
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Figure 4: (a) numerical grid for the heat-conduction calculation inside the liquid and the
solid using pre-defined droplet shape and (b) detail of grid around the droplet area.
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Figure 5: Comparison between the Spalding’s, the original kinetic theory model and the

coupled model for the (a) droplet volume regression and (b) mean droplet temperature
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Figure 7: Vapour concentration field and pressure field as predicted by the VOF model

during the transitional period from the droplet impingement until freezing of droplet

motion is reached
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Figure 8: Predicted temperature distribution within the liquid and the solid during the
vaporisation process using the full solution. [Initial surface temperature 80°C, initial

contact angle 90 degrees]
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Figure 9: Predicted streamlines within the liquid during the vaporisation process using

the full solution. [Initial surface temperature 80°C, initial contact angle 90 degrees]
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Figure 10: Evaporation rate (kg/m?s) on the liquid-gas interface, as predicted using the
full solution [Initial surface temperature 80°C, initial contact angle 90 degrees]
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Figure 11: Predicted temperature distribution within the liquid and the solid during the
vaporisation process, as predicted by the simplified model [Initial surface temperature

80°C, initial contact angle 90 degrees]
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Figure 12: Comparison between model predictions against the experimental data of [10,
33], revealing the effect of contact angle on temporal evolution of (a) droplet volume,
(b) solid-liquid contact diameter and (c) contact angle [Initial surface temperature
80°C].
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Figure 13: Comparison between model predictions against the experimental data [10,
33] revealing the effect of initial surface temperature on temporal evolution of (a)
droplet volume, (b) solid-liquid contact diameter and (c) contact angle [Initial contact

angle 90 degrees]
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Figure 14: Predicted temporal evolution of droplet’s mean temperature using the
different models tested for (a) different initial contact angles and (b) different initial

wall temperatures
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Figure 15: Temporal evolution of the cooling effectiveness factor for (a) different initial
contact angles and (b) different initial wall temperatures
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Figure 16: Temporal evolution of the mean velocity inside the liquid phase for (a)

different initial contact angles and (b) different initial wall temperatures.
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Tsurfo = 333 K

Teuro =353 K

Tauro =373 K

00=90° (ppm=0) 307K 28ms 315K 28ms 323K | 30ms
00=55° (ppm=100) - 329K 35ms -
00=20° (ppm=1000) - 340K 34ms -

Table 1: Droplet mean temperature at the end of the transitional period and time for the

droplet to reach a stable form for all test cases investigated
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Figure 1: Numerical grids showing successive grid refinements for better representation
of the liquid-gas interface (a) without grid refinement, (b) 1-level of grid refinement and
(c) two-levels of grid refinement. Grid is automatically refined as the liquid surface

moves.

Figure 2: Time evolution of (a) droplet mass and (b) mean temperature as calculated

using various evaporation models.

Figure 3: Numerical grid and boundary conditions for the gas-liquid phase and the solid

phase

Figure 4: (a) numerical grid for the heat-conduction calculation inside the liquid and the
solid using pre-defined droplet shape and (b) detail of grid around the droplet area.

Figure 5: Comparison between the Spalding’s, the original kinetic theory model and the

coupled model for the (a) droplet volume regression and (b) mean droplet temperature

Figure 6: Liquid droplet shape, streamlines, velocity vectors and temperature field as
predicted by the VOF model during the transitional period from the droplet

impingement until freezing of droplet motion is reached

Figure 17: Vapour concentration field and pressure field as predicted by the VOF
model during the transitional period from the droplet impingement until freezing of

droplet motion is reached
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Figure 8: Predicted temperature distribution within the liquid and the solid during the
vaporisation process using the full solution. [Initial surface temperature 80°C, initial

contact angle 90 degrees]

Figure 9: Predicted streamlines within the liquid during the vaporisation process using

the full solution. [Initial surface temperature 80°C, initial contact angle 90 degrees]

Figure 10: Evaporation rate (kg/m?s) on the liquid-gas interface, as predicted using the

full solution [Initial surface temperature 80°C, initial contact angle 90 degrees]

Figure 11: Predicted temperature distribution within the liquid and the solid during the
vaporisation process, as predicted by the simplified model [Initial surface temperature

80°C, initial contact angle 90 degrees]

Figure 12: Comparison between model predictions against the experimental data of [10,
33], revealing the effect of contact angle on temporal evolution of (a) droplet volume,
(b) solid-liquid contact diameter and (c) contact angle [Initial surface temperature
80°C].

Figure 13: Comparison between model predictions against the experimental data [10,
33] revealing the effect of initial surface temperature on temporal evolution of (a)
droplet volume, (b) solid-liquid contact diameter and (c) contact angle [Initial contact

angle 90 degrees]

Figure 14: Predicted temporal evolution of droplet’s mean temperature using the
different models tested for (a) different initial contact angles and (b) different initial

wall temperatures
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Figure 15: Temporal evolution of the cooling effectiveness factor for (a) different initial

contact angles and (b) different initial wall temperatures

Figure 16: Temporal evolution of the mean velocity inside the liquid phase for (a)

different initial contact angles and (b) different initial wall temperatures

Table 1: Droplet mean temperature at the end of the transitional period and time for the

droplet to reach a stable form for all test cases investigated
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