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Abstract

A three-dimensional model has been developed to simulate the fluid dynamics, heat transfer and phase-change that

occur when a molten metal droplet falls onto a flat substrate. The model is an extension of one developed by Bussmann

et al. [Phys. Fluids 11 (1999) 1406] and combines a fixed-grid control volume discretization of the fluid flow and energy

equations with a volume-tracking algorithm to track the droplet free surface, and an improved fixed velocity method to

track the solidification front. Surface tension is modeled as a volume force acting on fluid near the free surface. Contact

angles are applied as a boundary condition at liquid–solid contact lines. The energy equations in both the liquid and

solid portions of the droplet are solved using the Enthalpy method. Heat transfer within the substrate is by conduction

alone. Thermal contact resistance at the droplet–substrate interface is included in the model. We studied the deposition

of tin droplets on a stainless steel surface using both experiments and numerical simulations. The results of two different

scenarios are presented: the normal impact of a 2.7 mm tin droplet at 1 m/s, and of the oblique impact of a 2.2 mm tin

droplet at 2.35 m/s onto a surface inclined at 45� to the horizontal. Images obtained from numerical model were

compared with experimental photographs and found to agree well. � 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Traditional manufacturing techniques can be broadly

classified into one of two techniques: machining or

casting. Machining requires removal of material from a

stock piece, resulting in a great deal of wastage. Casting

wastes less material, since only the required amount of

melt is poured into a mould, but the design and fabri-

cation of moulds is a costly and time-consuming process.

Recently developed spray-forming methods offer a fun-

damentally different means of making complex shaped

parts, with little wastage and without having to build

moulds. Streams of molten droplets – which may be of

metal, wax, plastic, or ceramic – are propelled onto a

solid substrate, and by maneuvering both the spray and

substrate intricate components can be built up.

Though spray forming is conceptually an extremely

elegant technology, in practice it has not proved easy to

implement. A number of difficulties have been encoun-

tered, including failure of droplets to bond to each

other, formation of pores at the interface between

droplets, and residual stresses in the finished part. Many

of the same problems have also been observed in ther-

mal spray coating processes, in which molten droplets

are sprayed onto a solid surface where they freeze and

form a protective coating. Achieving good material

properties in all spray deposition technologies requires

careful control of droplet size, temperature and impact

velocity. Since the operational costs of thermal spray

equipment is high, it is more economical to optimize

operating parameters using computational models ra-

ther than experiments.

There exists a considerable literature describing nu-

merical models of droplet impact on a solid surface,

which also find application in other industrial processes

such as agricultural spraying, ink jet printing, spray

painting, spray cooling of hot surfaces, fire fighting,

and solder deposition on circuit boards. Computing

fluid flow and heat transfer during droplet impact is

a complex problem since it involves modeling free

surfaces undergoing large deformations and moving
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liquid–solid–gas contact lines. Heat transfer calcula-

tions must include convection in the liquid and con-

duction in the solid, while accounting for steep

temperature gradients in a rapidly deforming liquid

layer, coupled with conduction in the substrate.

Harlow and Shannon [2] were the first to simulate

droplet impact on a solid surface. They used a

‘‘marker-and-cell’’ (MAC) finite-difference method to

solve the fluid mass and momentum conservation

equations, while neglecting the effect of viscosity and

surface tension to simplify the problem. Tsurutani et al.

[3] enhanced the MAC model to include surface tension

and viscosity effects, and also considered heat transfer

from a hot surface to a cold liquid drop as it spread on

the surface. Trapaga and Szekely [4] applied a com-

mercial code, FLOW-3D [5], that uses the ‘‘volume of

fluid’’ (VOF) method, to study impact of molten par-

ticles in a thermal spray process. Liu et al. [6] employed

another VOF based code, RIPPLE [7,8], to simulate

molten metal droplet impact. Pasandideh-Fard et al. [9]

applied a modified SOLA-VOF [10] method to model

the impact of water droplets in which varying amounts

of a surfactant were dissolved to modify the liquid–

solid contact angle. They extended the model [11] to

include heat transfer and phase change, and simulated

freezing of molten tin droplets falling on a stainless

steel plate. Zhao et al. [12] formulated a finite-element

model of droplets deposited on solid surfaces. Adap-

tive-grid finite element methods were used first by

Fukai et al. [13] to simulate water droplet impact, and

later by Bertagnolli et al. [14] and Waldvogel and

Poulikakos [15] to study thermal spraying of molten

ceramic particles.

All the numerical studies listed above modeled es-

sentially the same phenomenon: the normal impact of a

droplet onto a flat, solid surface, which can be simulated

using a two-dimensional model by assuming that fluid

flow is axisymmetric. Though a two-dimensional model

is much easier to develop than a fully three-dimensional

one, its application is quite limited in modeling spray

deposition. For example, in practical applications most

droplets do not impact with a velocity normal to the

substrate. Indeed there is much interest in modeling

impact on steeply inclined planes, which are frequently

encountered when applying thermal spray coatings on

parts containing cavities, and are the most difficult sur-

faces to coat. Also, when simulating coating buildup by

sequential impact of droplets, a fully three-dimensional

model is necessary to model droplet interactions,

splashing and breakup.

Bussmann et al. [1] published a description of a three-

dimensional, finite-difference, fixed-grid Eulerian model

they developed, which used a volume-tracking algorithm

to locate the droplet free surface. They simulated water

droplets falling with low velocity ð� 1 m=sÞ, onto either

an inclined plane or the edge of a step, and compared

model predictions with photographs of impacting

droplets. Their paper discussed ways of specifying

boundary conditions at the liquid–solid contact line, the

effect of which is especially important during droplet

recoil following impact when fluid flow is dominated by

surface tension forces. In a subsequent paper [16], they

Nomenclature

C specific heat

D splat diameter

Do diameter of spherical droplet

f volume of fluid fraction

Fb
!

body force

h enthalpy

Hf latent heat of fusion

k thermal conductivity

n̂nl unit normal to the liquid free surface

n̂nr redirected unit normal to the liquid free

surface

n̂ns unit normal to the solidification front

p pressure

q heat flux

Rc thermal contact resistance at droplet/substrate

interface

t time

T temperature

Tm droplet melting point

v volume

V
!

velocity

Vo droplet impact velocity

Greek symbols

a angle between n̂nl and n̂ns
b ¼ k=C
H liquid–solid volume fraction

hls liquid–solid contact angle

t kinematic viscosity

n spread factor

q density

/ source term in energy equation ð¼ Hfkl=ClÞ

Subscripts

l liquid

s solid

w substrate

Dimensionless numbers

Ec Eckert number ðV 2
o =ðClDT ÞÞ

Re Reynolds number ðVoDo=tÞ

2230 M. Pasandideh-Fard et al. / International Journal of Heat and Mass Transfer 45 (2002) 2229–2242



used their model to study the splash of a droplet im-

pacting on a solid surface.

The model of Bussmann et al. [1], though three-di-

mensional, did not consider heat transfer and phase

change during droplet impact. Recently Zheng and

Zhang [17] developed an adaptive level set method for

moving boundary problems and applied the model to

droplet spreading and solidification. However, they did

not compare their predictions of droplet shape during

impact with any experimental evidence. Realistic simu-

lations, which agree well with experiments, require

careful attention to the implementation of boundary

conditions, including specifying values of the thermal

contact resistance at the droplet–substrate interface, and

the liquid–solid contact angle.

In this paper we have extended the three-dimen-

sional model of Bussmann et al. [1] to include heat

transfer and solidification, and to accommodate the

presence of an irregular moving solidification front

within the computational grid. To demonstrate that the

model gives realistic predictions we simulated deposi-

tion of molten tin droplets onto stainless steel surfaces

under conditions for which we had experimental results

available: the normal impact of a 2.7 mm droplet at

1 m/s onto a cold stainless steel plate and the oblique

impact of a 2.2 mm droplet at 2.35 m/s onto a surface

inclined at 45�. In both cases the tin droplet was ini-

tially at 240 �C (above the melting point, 232 �C) and
the stainless steel substrate at 25 �C. These velocities

are much lower, and droplet diameters much larger,

than those typically encountered in thermal spray ap-

plications. However, it is relatively easy to take high

quality photographs of impacting droplets under these

conditions, and use them to validate predictions from

computations. The model, though, is quite general and

can be used to examine a wide range of droplet impact

conditions. In another study we have used it to simu-

late thermal spray coating processes [18]. At low im-

pact velocities the effect of surface tension on droplet

impact dynamics becomes very important [9]; we have

discussed methods of specifying contact angles at

moving liquid–solid contact lines and thermal contact

resistance at the droplet–substrate interface to obtain

realistic simulations.

2. Numerical method

2.1. Fluid flow

Bussmann et al. [1] have given a detailed discussion

of the fluid flow model, and it will be reviewed only very

briefly here. Fluid flow in an impacting droplet was

modeled using a finite-difference solution of the Navier–

Stokes equations in a three-dimensional Cartesian co-

ordinate system. The liquid was assumed to be incom-

pressible and any effect of the ambient air on droplet

impact dynamics neglected. The fluid flow was taken to

be laminar since the flow Reynolds number (assuming

radial flow over a flat plate in the droplet after impact)

was estimated to be at most 104, too small to induce

turbulence. The free surface of the deforming droplet

was defined using the ‘‘fractional volume of fluid’’

scheme [10]. In this method, a scalar function f is defined

as the fraction of a cell volume occupied by fluid. f is

assumed to be unity when a cell is fully occupied by the

fluid and zero for an empty cell. Cells with values of

0 < f < 1 contain a free surface. Surface tension was

modeled as a volumetric force acting on fluid near the

free surface; the method used was the continuum surface

force (CSF) model integrated with smoothed values of

function f in evaluating free surface curvature. Tan-

gential stresses at the free surface were neglected. Con-

tact angles were applied as a boundary condition at the

contact line. For impact on an inclined plane, a simple

model described by Bussmann et al. [1] was used to

evaluate contact angle as a function of contact line ve-

locity, which required only two input values: the contact

angles at the advancing and receding contact lines.

Liquid density and surface tension were assumed con-

stant. Liquid viscosity and substrate thermal properties,

however, were assumed to vary with temperature.

Properties of droplet and substrate materials (tin and

stainless steel) were taken from Incropera and DeWitt

[19], and Boyer and Gall [20].

2.2. Heat transfer

Heat transfer in the droplet was modeled by solving

the energy equation, neglecting viscous dissipation. This

assumption can be justified by considering the magni-

tude of the Eckert number, Ec ¼ V 2
o =ðClDT Þ, where Cl is

the liquid specific heat and DT is the temperature dif-

ference between the droplet and substrate. For the cases

considered here Ec � 10�3, indicating that the viscous

dissipation effects are in fact negligible. Densities of

liquid and solid were assumed constant and equal to

each other; the values for tin differ by less than 4%,

which would have little influence on droplet flow. Using

these assumptions, we have

q
oh
ot

þ qðV!� r!Þh ¼ r! � ðkr!T Þ: ð1Þ

Treatment of the latent heat is a major issue in heat

transfer problems involving phase change. Two main

numerical techniques have been used to solve such

problems: strong solutions and weak solutions [21]. In

strong numerical solutions the liquid and solid regions

are considered separately; the shape of the phase front is

determined by an iterative scheme; and the latent heat of

fusion is treated as a heat source at the liquid–solid in-

terface. Strong solutions are not easily extendable to
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multidimensional problems. In weak solutions it is not

necessary to consider the liquid and solid regions sepa-

rately: the two phases and the shape of the front between

them can be determined later from the solutions.

Methods which utilize weak solutions can easily be ex-

tended to solve multidimensional problems. Some of

these methods commonly used for solidification prob-

lems are the apparent capacity, heat integration, and

enthalpy methods. Weak methods, by definition, do not

specifically account for the discontinuities in a problem

and, therefore, cannot be expected to be accurate in the

region near the discontinuity. A discontinuity occurs at

the phase front in solidification or melting problems.

The more severe the discontinuity is, the poorer the

performance of the weak methods will be. For water, for

example, the ratio of latent heat to sensible heat is about

an order of magnitude greater than that for metals. This

means that the discontinuity at the phase front for water

is much more severe. Therefore, while using weak so-

lutions for water freezing results in poor performance

their use for solidification in metals (like tin in this

study) is justified.

Since the energy equation has two dependent vari-

ables – temperature T and enthalpy h – we used the

enthalpy transforming model of Cao et al. [21] to con-

vert the energy equation to one with only one dependent

variable: the enthalpy. The main advantage of this

method is that it solves the energy equation for both

phases simultaneously. The final form, given by Pasan-

dideh-Fard [22], is

q
oh
ot

þ qðV!� r!Þh ¼ r2ðbhÞ þ r2/; ð2Þ

where in the solid phase

h6 0; b ¼ ks
Cs

; / ¼ 0; ð3aÞ

at the liquid–solid interface

0 < h < Hf ; b ¼ 0; / ¼ 0; ð3bÞ

and in the liquid phase

hPHf ; b ¼ kl
Cl

; / ¼ �Hfkl
Cl

; ð3cÞ

where / is a new source term. The energy equation now

has only one dependent variable, the enthalpy h. Eqs. (2)

and (3a)–(3c) were derived assuming that phase change

occurs at a single temperature, as is the case for pure

substances. If phase change occurs over a range of

temperatures (as happens with alloys), Eqs. (2) and (3a)–

(3c) will still be valid, though functions b and / will have

different forms [21]. The relationship between tempera-

ture and enthalpy is given by

T ¼ Tm þ 1

k
ðbhþ /Þ; ð4Þ

where Tm is the melting point of the droplet. Heat

transfer within the substrate is by conduction alone. The

governing equation is

qwCw

oTw
ot

¼ r! � ðkwr
!
TwÞ: ð5Þ

At the free surface of the droplet we used an adia-

batic boundary condition. This condition has to be

supplemented with the specification of enthalpy h and

functions b and / immediately outside the surface,

where these values are needed in the finite-difference

approximations for points located at the free surface.

This was done by setting a zero value for the gradients of

the enthalpy h and functions b and / across the free

surface. If necessary, the adiabatic boundary condition

can easily be modified to account for convection or ra-

diation from the surface, but for the cases under con-

sideration heat transfer to the surrounding air was

negligible. Calculations showed that the dominant

mechanism of heat loss from an impacting droplet was

conduction to the substrate, which was three orders of

magnitude larger than convection and radiation from

the free liquid surface.

Heat transfer in the droplet and substrate regions was

related through the heat flux ðqÞ at the droplet–substrate
interface. For the portions of the substrate not covered

by the droplet we assumed that there was no heat

transfer so that q ¼ 0. Where the droplet and substrate

are in contact, however,

q ¼ ðT � TwÞsubstrate
Rc

; ð6Þ

where Rc is the thermal contact resistance between

droplet and substrate per unit area. Values of Rc were

provided as an input to the model. Although in principle

Rc could vary with both time and position, we used a

constant value in the simulations.

2.3. Solidification

In the presence of a solid phase, computations of

the velocity field have to account for the presence of a

moving, irregularly shaped solidification front on which

the relevant boundary conditions have to be applied.

We treated the solidified region of the domain using a

modified version of the fixed velocity method. In this

approach, a special case of two-phase flow is employed,

in which the first phase is the liquid, with volume

fraction H, and the second phase is the solid, with

volume fraction ð1� HÞ. The solid is treated as a liquid

of infinite density and zero velocity. The volume frac-

tion H is a scalar field whose value is equal to one in

the liquid and zero in the solid. The definition of H
differs from that of the function f in that for a liquid

flow over its own solid, f is the fraction of a cell
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volume occupied by liquid and solid, while H is the

fraction of a cell volume occupied by liquid and gas. In

our model we did not solve for the gas phase, there-

fore, the void volume replaced the gas volume of a cell.

For a cell ði; j; kÞ of volume vi;j;k the volume fraction H
is defined as

Hi;j;k ¼
1

vi;j;k

Z
Hdv: ð7Þ

With this definition, H is a perfect step function only

when solid boundaries coincide with lines of the com-

putational mesh. In general, however, solid boundaries

arbitrarily snake through the mesh, cutting through

cells. This gives rise to H values in the range 06H6 1,

which is necessary to avoid a ‘stair-step’ model of a

curved interior solid boundary illustrated in Fig. 1 for a

2D coordinate system. As shown in the figure, cells with

a value of H satisfying 0 < H < 1 are termed ‘‘partial

flow cells’’ because a portion H of their finite-difference

volume is open to flow and the remaining portion

ð1� HÞ is occupied by solid region closed to flow. For

partial flow cells, the continuity, momentum and VOF

equations are modified as [22]

r! � ðHV
!Þ ¼ 0; ð8Þ

oðHV
!Þ

ot
þ ðHV

!� r!ÞV!¼ �H
q

r!p þ Htr2 V
!þ H

q
Fb
!
;

ð9Þ

of
ot

þ ðHV
!� r!Þf ¼ 0; ð10Þ

where V
!

represents the velocity vector, p the pressure, q
the density, t the kinematic viscosity and Fb

!
any body

forces acting on the fluid.

Eqs. (8) and (9) were discretized using typical finite-

difference conventions on a rectilinear grid covering the

volume occupied initially by the droplet plus sufficient

volume to accommodate any subsequent free surface

deformation. Velocities and pressures are specified on a

staggered grid in the traditional fashion: velocities at cell

face centres and pressures at the cell centres. Because of

the staggered grid we must have a volume fraction H at

the cell centre, and area fractions Hx, Hy and Hz at the

cell faces in the x, y and z directions, respectively. These

area fractions can be either calculated from the shape of

the solidification front at each time step or approxi-

mated based on an average value of the volume fraction

H in two adjacent cells; results from numerical simula-

tion using the two methods showed no significant dif-

ferences. The latter method, which was easier to

implement, was therefore used.

Eqs. (8) and (9) were solved using a two-step pro-

jection method explained in detail by Bussmann et al.

[1]. The volume-tracking algorithm used to solve Eq. (10)

is the Youngs algorithm [23] that consists of two

steps: an approximate reconstruction of the interface

followed by a geometric evaluation of volume fluxes

across cell faces. The algorithm was shown [1] to

produce negligible errors in mass conservation during

droplet movement. In our solidification model, ex-

plained above, the solid is treated as the liquid with zero

velocity. As a result, the solidification model does not

affect the accuracy of the volume-tracking algorithm.

The free surface was reconstructed by locating a plane

within each free surface cell such that the exact value of f

is conserved and the unit normal to this plane, n̂nl, is
directed into the liquid. To evaluate n̂nl we used the fol-

lowing equation in conjunction with a smoothing

scheme for function f [1]:

n̂nl ¼
r!f

jr!f j
: ð11Þ

Bussmann et al. [1] have given a detailed discretization

of Eq. (11). It should be noted that the Youngs algo-

rithm and the evaluation of the unit normal to the liquid

using Eq. (11) can only be applied to cells containing no

solid. When using the modified fluid flow equations

(Eqs. (8)–(10)) our underlying approximation was that

for cells partially occupied by solid the computational

algorithms used were the same as those used for cells

with no solid (Fig. 1). This is because for these cells, the

solidified region was characterized as liquid with zero

velocity. The fluxes across the cell faces were then cor-

rected based on the value of H at the cell faces (Hx, Hy

and Hz).

Fig. 1. Representations of the solidification front (hatched

area) in two dimensions: a ‘stair-step’ approximation model;

using definition of volume fraction H (the corresponding values

of H are shown).
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2.4. Boundary conditions at the solid front

Boundary conditions that must be imposed on the

surface of the solidified region (solidification front) are

velocity boundary conditions and contact angle condi-

tions at the contact line (the line at which the solid,

liquid and gas phases meet). Discretization of boundary

conditions was done as follows. No-slip conditions were

applied by defining ‘‘fictitious’’ velocities within solid

cells adjacent to liquid cells. These conditions were only

set for solid cells with a zero value of H, i.e., on a stair-

step representation of the solid surface boundary

(Fig. 1). Velocities at the faces of these solid cells were

set such that normal and tangential velocities at the

liquid-obstacle interface become zero (no-slip condi-

tion). It should be mentioned that in our model we treat

the solidification front as a sharp interface between the

liquid phase and the solid phase. Applying a no-slip

boundary condition on this interface is, therefore, rea-

sonable.

Contact angles must be properly set at all points

along liquid–solid contact lines. Since these lines were

moving we first needed to locate their position in the

model. At each time step of calculation, we first identi-

fied all vertices of the solid cells adjacent to the contact

line: in two dimensions these vertices are all corners of

partial flow cells in Fig. 1. A 2� 2� 2 computational

molecule for each of these vertices was then used to look

for a free surface cell (a cell with a value of H > 0 that

was partially filled with liquid). It should be noted that

full cells ðf ¼ 1Þ partially occupied by the solid were not

considered free surface cells. Finally a 4� 4� 4 com-

putational molecule was used to look for an empty cell

(a cell with a value of H > 0 that was empty of liquid).

Any vertex that satisfied the above three conditions was

marked as a point on the contact line on which the

contact angle was applied. The contact angle was de-

fined here as the angle between the unit normal vector n̂nl
directed into the liquid phase and the unit normal n̂ns
directed into the solid phase at every point of the contact

line as shown schematically in Fig. 2. Evaluation of n̂ns
was done in a manner similar to the evaluation of n̂nl
(Eq. (11)) as

n̂ns ¼
r!ð1� HÞ
jr!ð1� HÞj

¼ � r!H

jr!Hj
: ð12Þ

The unit normals n̂nl and n̂ns were evaluated at any vertex

of the solid cells adjacent to the contact line (all corners

of partial flow cells in Fig. 1). For any vertex marked as

a point on the contact line the angle between the two

unit normals was obtained from (Fig. 2)

cosðaÞ ¼ n̂nl � n̂ns: ð13Þ

Since the liquid–solid interface was moving, the di-

rection of unit normals n̂nl and n̂ns varied with location on

the contact line. As a result, the angle a varied at every

point on the contact line at each time step. Proper set-

ting of contact angles at the contact line required that

the unit normal n̂nl at every point of the contact line be

redirected such that the angle between n̂nl and n̂ns was set
to the liquid–solid contact angle hls instead of the angle a
as shown schematically in Fig. 3. If n̂nr is the redirected

unit normal into the liquid phase we will have (Fig. 3)

n̂nr ¼
sinðhlsÞ
sinðaÞ n̂nl þ

sinða � hlsÞ
sinðaÞ n̂ns: ð14Þ

Finally, the evaluation of n̂nr from the above equation

required a known value of the liquid–solid contact angle

at every point of the contact line.

2.5. Numerical procedure

The modified Navier–Stokes equations were solved

on an Eulerian, rectangular, staggered mesh in a three-

dimensional Cartesian coordinate system. The compu-

Fig. 2. Schematic of the normal to the liquid free-surface n̂nl and
normal to the solidification front n̂ns at one point on the contact

line.

Fig. 3. Schematic of the redirected normal to the liquid free-

surface n̂nr based on the liquid–solid contact angle hls at one

point on the contact line.
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tational procedure for advancing the solution through

one time step was as follows:

1. From time level n values, the velocity and pressure

fields as well as f were calculated at time level nþ 1

in accordance with the three-dimensional model of

Bussmann et al. [1].

2. Given the droplet enthalpy and substrate temperature

fields at time level n, Eqs. (2) and (5) were solved im-

plicitly to obtain the new enthalpy field in the droplet

and the new temperature field in the substrate.

Temperatures in the droplet were calculated from

Eq. (4).

3. New values of the liquid volume fraction H were cal-

culated from the enthalpy field in the droplet by using

Eqs. (3a)–(3c) in conjunction with an algorithm de-

scribed by Voller and Cross [24]. In this algorithm,

while a change of phase is occurring in the sub-region

of a computational cell, the rate of change in the cell

enthalpy equals the velocity of the phase change front

across the sub-region multiplied by the latent heat of

fusion.

4. Flow and thermal boundary conditions were imposed

on the free surface, at the solidification front, and the

boundaries of the computational domain. In particu-

lar, the contact angles were applied at the solidifica-

tion front (Eq. (14)) and droplet–substrate interface,

and the thermal contact resistance at the droplet–sub-

strate interface was applied by using Eq. (6) to calcu-

late the heat flux from the droplet. This value of q

was then used to update temperature boundary con-

ditions along the bottom surface of the droplet and

the upper plane of the substrate.

Fig. 4. A comparison between numerical results and analytical solution for the Neumann problem of one-dimensional solidification.
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Repetition of these steps allowed advancing the so-

lution through an arbitrary time interval. The droplet

was discretized using a computational mesh, with a

uniform grid spacing equal to 1/40 of the droplet di-

ameter. The substrate mesh had the same resolution and

was extended far enough that its boundaries could be

assumed to be at constant temperature. The mesh size

was determined on the basis of a mesh refinement study

in which the grid spacing was progressively decreased

until further reductions made no significant change in

Fig. 5. Computer generated images and photographs of a 2.7 mm diameter tin droplet at 240 �C impacting with a velocity of 1 m/s

onto a stainless steel plate initially at 25 �C. Times measured from the moment of impact.
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the predicted droplet shape during impact. Bussmann

et al. [1] have previously given a detailed description of

such a mesh refinement study. Certain restrictions must

also be observed in defining the time resolution. Once a

mesh is chosen, the choice of the time interval necessary

for numerical stability is governed by several restric-

tions regarding the Courant number ðvelocity � time

interval/ cell sizeÞ, viscosity, surface tension, and the

droplet material liquid and solid thermal diffusivities

[22]. For the cases considered in this study, the time

intervals were in the order of microseconds. To reduce

the computational time, we exploited the planar sym-

metries of the respective geometries where possible.

Numerical computations were performed on a Sun Ultra

Enterprise 450 workstation. Typical CPU times for the

impact of a droplet on an incline ranged from three to

five days.

3. Results and discussion

Before applying the model to droplet impact simu-

lations, we tested its ability to solve a simple problem

for which an analytical solution was available. The test

case was the Neumann problem of one-dimensional

solidification [25], where a molten material is suddenly

brought into contact with an isothermal wall whose

temperature is below the solidification point of the

melt. In our simulation a semi-infinite expanse of

molten tin initially at 240 �C contacted a wall at a

constant temperature of 25 �C with no contact resis-

tance between the tin and wall. The rate of growth of

the solidified layer was calculated from an analytical

solution [25] and compared with computational results

in Fig. 4. We ran simulations for this problem with a

wide range of grid spacing to study the effect of mesh

refinement on the solution. Fig. 4 illustrates the results

of simulation for three mesh sizes: 10, 15 and 20 cells

per 1 mm of tin film thickness. As seen from the figure,

numerical results agreed well with analytical solution

even for 10 cells per 1 mm thickness of the tin film.

Based on these results, and similar mesh refinement

studies done during droplet impact simulations, we

selected mesh resolutions of between 15 and 20 com-

putational cells per millimeter for the impact simula-

tions shown in this paper.

Fig. 5 shows computer generated images and pho-

tographs of the 1 m/s impact of a 2.7 mm diameter tin

droplet, with an initial temperature of approximately

240 �C, which is above the melting point of tin

ðTm ¼ 232 �CÞ. The flow Reynolds number ðVoDo=tÞ for
this case is 9800. The photographs are taken from a

study conducted by Aziz [26,27], who has described the

experimental procedure in detail. Tin droplets were de-

posited with an impact velocity of 1 m/s on a stainless

steel surface initially at 25 �C. The time of each image

ðtÞ, measured from the instant of first contact with the

surface, is indicated. Droplets were photographed with a

camera pointing downwards at the test surface, inclined

at an angle of 30� from the horizontal.

Fig. 6 displays calculated temperature distribution

inside the droplet, at the same times following impact as

those in Fig. 5. The growth of the solid layer, corre-

sponding to portions of the droplet with T 6 232 �C, can
be clearly seen in these cross-sectional views.

Photographs and simulations both show that the

tin droplet spread on the stainless steel surface fol-

lowing impact, flattened out into a disk with a raised

rim, and reached its maximum spread at t ¼ 4:5 ms.

By this time a solidified layer had formed at the

droplet–substrate interface (see Fig. 6). However, there

remained a film of molten tin above the solid layer,

which surface tension forces prevented from spreading

further, so that it recoiled and flowed backwards. The

droplet periphery had solidified by this time so that

the splat diameter did not change further. Where the

recoiling ring of liquid met in the center of the splat a

small void was formed (see Fig. 6, t ¼ 8:3 ms) that

remained in the solidified droplet. The liquid recoiled

above the surface ðt ¼ 8:3–11:3 msÞ reaching a maxi-

mum height above the surface at approximately 10

ms. Capillary instabilities produced necking in the

liquid column (see t ¼ 11:3 ms), which was reproduced

quite well by the model. Gravity and surface tension

pulled back the liquid until it subsided on the solid

layer and formed a splat with a rounded upper surface

ðt ¼ 17:3 msÞ.
Fig. 5 shows good qualitative agreement between

photographs and simulations. To compare the two re-

sults quantitatively, however, we need to compare the

rate of droplet spreading from simulations and experi-

ments. The rate of droplet spreading was quantified by

measuring the splat diameter ðDÞ at successive stages

during droplet deformation. Normalizing D by the ini-

tial droplet diameter ðDoÞ yields the so-called spread

factor ðn ¼ D=DoÞ. Measured [26] and predicted values

of spread factor during the impact are shown in Fig. 7.

Agreement with experiments is relatively good, though

not exact. The final spread factor from the model differs

from that of the experiments by only 6%.

Predictions from the computer model of droplet

impact are sensitive to the values of two input pa-

rameters: the liquid–solid contact angle ðhlsÞ, and the

thermal contact resistance at the droplet–substrate in-

terface. We estimated both of these from experimental

measurements. A constant value of hls ¼ 140 �C, mea-

sured from photographs [26], was specified at the

contact line between liquid tin and stainless steel sur-

face during droplet spreading. However, during the

recoil (for t > 4:5 ms) liquid tin was no longer in

contact with stainless steel but flowing on a layer of its

own solid (see Figs. 5 and 6). There was no way of
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measuring the liquid–solid contact angle from photo-

graphs, since we did not know the shape and location

of the underlying solid layer. As we had no indepen-

dent method of justifying any assumed variation of the

contact angle of molten tin on its own solid during the

spread and recoil, we used a constant value of 90�,
which produced simulation results that agreed reason-

ably well with photographs.

Our estimate of thermal contact resistance under the

drop was based on previous experimental studies [11,26]

of tin droplets dropped onto on a stainless steel surface

under conditions similar to those considered here, in

which the substrate temperature variation was measured

during droplet impact. By fitting these temperature

measurements to either a numerical [11] or analytical

[26] model, the thermal contact resistance was estimated

to be approximately 5� 10�6 m2 K=W. All calculations

in this paper were performed using this constant value of

thermal contact resistance between the tin droplets and

the stainless steel surface.

The normal impact of a droplet is relatively simple to

model, since liquid flow is symmetric around the droplet

Fig. 7. Evolution of spread factor for the impact of a 2.7 mm

diameter tin droplet initially at 240 �C impacting with a velocity

of 1 m/s onto a stainless steel plate initially at 25 �C.

Fig. 6. Calculated temperature distribution inside a 2.7 mm diameter tin droplet initially at 240 �C impacting with a velocity of 1 m/s

onto a stainless steel plate initially at 25 �C. Times measured from the moment of impact.
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axis and the contact angle is the same all around its

circumference. When a droplet hits a surface obliquely

there is no longer any axis of symmetry, the contact

angle varies around the edges of the droplet, and a three-

dimensional model is required to simulate fluid flow.

Fig. 8 shows both computer generated images and

photographs of a 2.2 mm tin droplet at 240 �C falling

with a velocity of 2.35 m/s onto a stainless steel surface

inclined at 45� to the horizontal, that was initially at a

temperature of 25 �C. The flow Reynolds number for

Fig. 8. Computer generated images and photographs of a 2.2 mm diameter tin droplet at 240 �C impacting with a velocity of 2.35 m/s

onto a 45� stainless steel incline initially at 25 �C. Times measured from the moment of impact.
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this case is 18 800. The elapsed time, measured from the

moment of impact, is given to the left of the figures. The

photographs were taken from the work of Shakeri [28],

where the experiments are described. Fig. 9 shows cross-

sectional view of the impacting droplets, with the cal-

culated temperature distribution.

The photographs in Fig. 8 show that the contact

angles at the bottom and top of the droplet differ from

each other and that the contact angle around the edge of

the droplet varies between these two values. To model

this variation we used a simple method suggested by

Bussmann et al. [1] in which the contact angle depends

on whether the contact line is advancing or receding.

For liquid tin flowing on a stainless steel surface the

advancing angle was assumed to be hls ¼ 140� and for a

receding contact line hls ¼ 40�, based on measurements

from photographs. For the contact angle of liquid tin on

its own solid we used the same value applied during the

normal impact simulations, 90�.
The behaviour of the droplet (Fig. 8, 0.5 ms) early

during impact was similar to that previously observed

during normal impact (see Fig. 5), with symmetric

spreading of fluid about the point of impact. The sym-

metry, however, was short-lived and by 1.0 ms the

droplet was sliding down the incline. As the droplet

moved down it started to freeze and a solid layer ap-

peared at the trailing edge of the droplet as early as 2 ms

following impact (Fig. 9). Solidification was fastest at

the trailing edge and around the sides of the droplet

where the splat was thinnest and the substrate was

coldest. The solidification of the edges prevented lateral

spreading of the liquid, channeling it downwards (Fig. 8,

2.4 ms). The thickness of the solid layer increased with

distance from the top edge (Fig. 9). By t ¼ 4 ms most of

the kinetic energy of the liquid was lost due to solidifi-

cation and in overcoming its viscosity, and there was

little further movement. The liquid tin flowed over the

solidified layer and accumulated near the bottom of the

splat as seen in Figs. 8 and 9 at 5.1 ms after the impact.

After this time there was no significant fluid flow and the

remaining liquid gradually solidified. The final solid

splat appeared much as it does in the photograph at

t ¼ 5:1 ms.

Inspection of Fig. 8, which shows the oblique impact

of a tin droplet on a stainless steel surface, demonstrates

good qualitative agreement between predictions from

the numerical model and experiments. The photographs

show a little more liquid at the leading edge of the

droplet, perhaps, than was observed in simulations

(Fig. 8, t ¼ 5:1 ms). It was possible to obtain even better

agreement between simulations and experiments by ad-

justing the value of the thermal contact resistance be-

tween the droplet and surface. In reality this value

probably changes as the droplet freezes. However, since

we had no method of determining how the contact re-

sistance changed, we did not vary it and used the same

value of Rc ¼ 5� 10�6 m2 K=W in all our calcula-

tions.

Measured and predicted spread factor for the oblique

impact of tin droplets are displayed in Figs. 10(a) and

(b). Fig. 10(a) shows the spread factor measured along

the incline (na, the distance between the leading and

trailing edge of the splat normalized by the initial

droplet diameter) while Fig. 10(b) shows the spread

factor across the incline (nb, the amount of droplet

Fig. 9. Calculated temperature distribution inside a 2.2 mm

diameter tin droplet initially at 240 �C impacting with a velocity

of 2.35 m/s onto a 45� stainless steel incline initially at 25 �C.
Times measured from the moment of impact.
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spread to the sides normalized by the initial droplet di-

ameter). Good agreement between predicted and mea-

sured values of both spread factors is seen: they differ by

less than 5%.

4. Summary and conclusions

We have developed a three-dimensional model of free

surface fluid flow with heat transfer and solidification

and applied it to simulating the impact of a droplet onto

a flat substrate. The model is an extension of one pre-

viously developed by Bussmann et al. [1] and combines a

fixed-grid control volume discretization of the fluid flow

and energy equations with a volume-tracking algorithm

to track the droplet free surface and an improved fixed

velocity method to track the solidification front. Surface

tension is modeled as a volume force acting on fluid near

the free surface. Contact angles are applied as a

boundary condition at the liquid–substrate and the liq-

uid–solid contact lines. Energy equations in the liquid

and solid phases of the droplet are solved using the

Enthalpy method. Within the substrate there is only

conduction heat transfer. Thermal contact resistance at

the droplet–substrate interface is included in the model.

To validate the model we simulated deposition of tin

droplets onto both horizontal and inclined stainless steel

surfaces. Photographs were presented of such impacts,

against which the numerical results were compared; the

agreement between the two results was good both

qualitatively and quantitatively. Accurate simulation

requires specification of liquid–solid contact angles

around the edge of the spreading drop and thermal

contact resistance under the drop.
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