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Abstract

The e�ects of process parameters on metal droplet spreading and solidi®cation are investigated numerically. The
parameters include the impinging velocity, contact resistance between the droplet and substrate, and degree of
undercooling associated with rapid phase change. A simpli®ed model is adopted to describe the splat size evolution
and energy equations for the liquid, solidi®ed layer, and substrate are simultaneously solved to analyze heat transfer

processes during solidi®cation. The energy equations are coupled by boundary conditions such as contact resistance
and undercooling in a regularized calculation domain formed by means of algebraic grid generation. The results
reveal that impinging velocity and contact resistance have strong e�ects on both ®nal splat size and solidi®cation

time. The e�ects of undercooling are not signi®cant unless the nucleation temperature is low in relation to the initial
liquid superheating. 7 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Research in materials processing has recently

focused on the development of novel processing

methodologies for the production of high quality

surface properties. Spray and droplet-based manu-

facturing are good examples of such methodologies

that can produce protective ®lms on substrates.

Scienti®c and engineering issues involving droplet

deposition and heat transfer have drawn a great

deal of attention among researchers due to its wide
range of industrial applications. Various theoretical
studies have been conducted to investigate droplet

based deposition processes. El-Kaddah et al. [1] de-
rived a one-dimensional analytical solution to a
thermal spray process based on the Stefan model

and extended it to two-dimensions by means of nu-
merical solution. Madejski [2] proposed a splat de-
formation and solidi®cation model assuming that
the liquid portion of the splat is shaped as a cylin-

der. From a conservation of mechanical energy
principle, he derived a relation for the growth of
the radius of the disk while using the Neumann sol-

ution to the one-dimensional Stefan solidi®cation
problem in conjunction with an integral approach.
An improvement over Madjeski's model has been

presented by Delplanque and Rangel [3] utilizing
the more appropriate velocity pro®le suggested by
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Markworth and Sanders [4] and an accurate deri-

vation of the viscous energy dissipation. Numerical

studies of droplet deposition processes based on the

solution of the Stefan problem were contributed by

Liu et al. [5], San Marchi et al. [6], Watanabe et

al. [7] and Amon and Schmaltz. [8]. One of the

problems associated with the application of the Ste-

fan solution is that it does not account for the

¯uid motion and the e�ect of ®nite liquid thickness

[8,9]. The e�ect of liquid motion on the solidi®ca-

tion behaviour during the deposition process has

been studied by Rangel and Bian [10,11] through

the study of the stagnation ¯ow solidi®cation

problem. More recently, they addressed the case of

substrate remelting [12] with a model based on the

solution of the mechanical energy equation com-

bined with the solution of the transient thermal

energy equation in both the solid and liquid phases.

Aside from these idealized models, numerical sol-

ution of the incompressible Navier±Stokes equations

has also been carried out either by ®nite element or

®nite di�erence method [13±15] with varying degree

of sophistication.

Two important issues in modeling droplet defor-

mation and solidi®cation are contact resistance and

undercooling. The quality of thermal contact

between the substrate and splat plays an important

role in the process. Wang and Matthys [16,17]

investigated the contact resistance e�ects experimen-

tally and numerically. Large scales of undercooling

may exist in nonequilibrium conditions incurred by

the rapid solidi®cation at the interface. Under these

Nomenclature

b liquid thickness
Bi Biot number
D droplet diameter

Ek kinetic energy
Ep potential energy
EF energy dissipation

Ec V 2=Cpl�Tm ÿ Tu0�, Eckert number
hi contact heat transfer coe�cient
hc, u convective heat transfer coe�cient for sub-

strate upper surface
hsf latent heat of solidi®cation
hside convective heat transfer coe�cient for splat

side surface

htop convective heat transfer coe�cient for splat
upper surface

k thermal conductivity of solid

ksl ratio of the solid to liquid-phase thermal
conductivity, ks/kl

kul ratio of the substrate to liquid thermal con-

ductivity, ku/kl
Km kinetics coe�cient for undercooling solidi®-

cation

Pe Re Pr � VD=al, Peclet number for liquid
droplet

Pr nl=a, liquid droplet Prandtl number
Re VD=nl, Reynolds number for liquid droplet

R droplet radius
s solid front position
Ste Cpl�Tl0 ÿ Tm�=hsf , Stefan number

t time
Ta ambient ¯uid temperature
Tlo liquid droplet initial temperature

Tm equilibrium melting temperature
Tnucle nucleation temperature

Tuo substrate initial temperature
DT Tm ÿ Tuo, reference temperature di�erence
DTnucle Tm ÿ Tnucle, undercooling

V droplet impinging velocity
We rDV 2=s, Weber number for liquid droplet

Greek symbols
a thermal di�usivity
asl ratio of the solid- to liquid-phase thermal

conductivity, as=al

aul ratio of the substrate to liquid thermal dif-
fusivity, au=al

~F FD 2=V 2, nondimensional dissipation func-

tion
m liquid droplet dynamic viscosity
n liquid droplet kinematic viscosity

y normalized temperature, �Tÿ Tu0�=DT
Dyn �Tm ÿ Tnucle�=DT, dimensionless undercool-

ing

r density of liquid
s surface tension coe�cient
t dimensionless time

Subscripts
i substrate±splat interface
l liquid droplet

m melting
o initial
s solidi®ed layer

sf solid front
u substrate

Superscript
� nondimensional
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conditions, the phase change interface is not in

thermodynamic equilibrium and the interface vel-

ocity is a�ected by the kinetic e�ects in addition to

the heat removal rate [18]. Wang and Matthys

[16,17] and Kang et al. [19] studied the mechanism

of undercooling during rapid solidi®cation by pro-

posing a simple model.

In this study, we investigate the mechanisms control-

ling droplet spreading with an approximate model.

This numerical tool can analyze the e�ects of par-

ameters such as contact resistance, undercooling in ad-

dition to process and environmental parameters. The

existence of contact resistance a�ects the solidi®cation

process signi®cantly. In the idealized models without

contact resistance and undercooling, the liquid±sub-

strate interface temperature reaches the melting tem-

perature speci®ed by the thermodynamic equilibrium

at the moment of impact, and solidi®cation (or remelt-

ing of the substrate) starts immediately. When contact

resistance exists, the droplet and substrate tempera-

tures at the contact surface approach each other until

either side reaches the phase change temperature. The

temperature variations on both sides depend on the in-

itial temperatures, properties of both materials, and

magnitude of the contact resistance. The substrate is in

contact with the liquid in the early stages of the

spreading process. Later, the substrate is in contact

with the solidi®ed layer of the splat after a short tran-

sition period when the substrate is in contact with

either liquid or solid phases depending on the location

along the phase change interface. The mechanism of

crystal growth kinetics for undercooling solidi®cation

is included to replace the classical assumption of ther-

modynamic equilibrium at the phase change interface
to account for rapid solidi®cation e�ects.

2. Theoretical considerations

Fig. 1 shows the physical model for the splat defor-
mation and solidi®cation process adopted in this
study. A liquid droplet of diameter D impinges on a

cold substrate with velocity V. The splat assumes a
cylindrical shape (Madjeski model [2]) after the impact
and as it spreads and solidi®es on the substrate. While

a full numerical simulation can handle the deformation
of the free surface in a more realistic manner [5,13±15],
it may hinder our ability to concentrate on one or two
speci®c issues since many physical phenomena are

simulated together. A model such as the one used here,
which is geometrically simpler, permits us to investi-
gate certain phenomena, in this case, contact resistance

and undercooling in a more direct way.
We divide the process into three distinct stages in

the presence of contact resistance. In the ®rst stage of

the process, the liquid±substrate interface temperature
has not reached the phase change temperature and the
liquid splat spreads without solidi®cation. There are
only two domains namely the liquid splat and the sub-

strate and a contact resistance exists at the interface.
Stage II is characterized by a thin, partly-formed solid
layer over the substrate. The interface temperature is

still above the phase change temperature at certain
portions of the interface. Three distinct domains,
namely the liquid, the solidi®ed layer, and the sub-

strate can be de®ned. Contact resistance exists at the
substrate/solid layer or liquid±substrate interface

Fig. 1. An overview of the droplet spreading and solidi®cation model.
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depending on the location. From a computational
point of view, this stage is the most di�cult to model

due to the complex morphology of the associated
domains. In general, the shape and location of the
solid layer on the substrate are not prescribed and

should be found as a part of the solution. As Stage II
progresses, the width of solidi®ed layer increases until
it covers the entire substrate. This event de®nes the

starting point for Stage III. Three domains, namely
liquid, solidi®ed layer, and substrate are de®ned, while
the liquid and solidi®ed layer domains can be charac-

terized by a common splat radius. There is a contact
resistance at the substrate/solidi®ed layer interface.
As in Madjeski's original model [2], the splat is

assumed to be incompressible. At the beginning of the

process �t � 0), the liquid droplet assumes the shape of
a cylinder of radius R0 and height b0. The height of
liquid layer of the droplet is assumed to be uniform

across the radial direction meaning that the droplet
outer contour is determined by the shape of solidi®ed
layer which can be determined by time integration of

the local solidi®cation rate. The thermophysical prop-
erties of the medium are constant but can be di�erent
in each phase except for density which is the same

throughout. A contact resistance of uniform magnitude
across the plane of contact of the splat and substrate is
assumed along with an undercooling model that relates
the phase change temperature with the thermodynamic

equilibrium temperature.

2.1. Governing equations and auxiliary conditions

The governing equations in the physical domain
are nondimensionalized using the droplet diameter D,
droplet impact velocity V and the characteristic time

D/V as the reference quantities. The reference tempera-
ture di�erence is Tm ÿ Tuo:

2.1.1. Mechanical energy
The splat size evolution is governed by a mechanical

energy conservation equation

d

dt

ÿ
Ek � Ep

� � ÿdEf

dt
�1�

and an equation of conservation of mass to obtain the

thickness of the liquid portion of the splat:

b�t� � D3

6R�t� 2 ÿ
ms�t�

rpR�t� 2 �
D3

6R�t� 2 ÿ savg�t� �2�

Eqs. (1) and (2) are solved by using an integral
approach coupled with the solution of the thermal
energy equations described below. Details may be

found in Ref. [20].

2.1.2. Thermal energy

Three separate domains namely the liquid splat, the
solidi®ed layer, and the substrate are de®ned for com-
putational purpose. The energy equation for the solid

layer and the substrate is the unsteady conduction
equation. The energy equation for the liquid portion
of the splat contains convective terms due to the

spreading. Table 1 summarizes the governing equations
and associated boundary conditions for each domain.
The boundary conditions in the table include nondi-
mensional forms of the following contact resistance

equation

hiDTÿ k
@T

@z

����
z�zi
� 0 �3�

and the linearized solid growth rate

@s

@ t
� Km�Tm ÿ Tsf � �4�

In addition to the temperature boundary conditions
at the phase change interface, the following nondimen-
sional form of interface energy balance is used [21]

@s�

@ t�
� Ste

Pel

"
1�

�
@s�

@r�

� 2
#"

ks

kl

@ys

@z�

����
z��z�

i

ÿ @yl

@z�

����
z��z�

i

#
�5�

which is solved to yield metric information for the as-
sociated coordinate transformation.
The deforming physical domains of the liquid, solidi-

Table 2

Paramater values for base case

Item Value

D (m) 0.001

V (m/s) 10

Tm (K) 933

Tuo (K) 300

Tlo (K) 1033

Ta (K) 300

kl (W/m K) 237

ksl 0.4

kul 0.5

al (m
2/s) 3.63Eÿ05

asl 0.43

aul 4

Prl 1.30Eÿ02
Re 2.12E+04

We 266

Ste 1.67

Ec 9.20Eÿ04
Bisub 0

Bitop 0

Biside 0

Bii 10
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®ed layer, and substrate can be mapped onto ®xed rec-
tangular domains by a number of coordinate trans-

formations (algebraic grid generation). The energy
equations for the three calculation domains can be
casted into the following canonical form

@W
@t
� A

@W
@x
� B

@W
@Z
� C

@ 2W

@x 2
�D

@ 2W
@Z 2
� E

@ 2W
@x@Z

� F �6�

where W represents y, ys, yu depending on the domain

where the calculation is performed. Detailed infor-
mation regarding the transformation and the numerical
procedures for the solution of the governing equations

can be found in Ref. [20].

3. Results and discussion

We present the e�ects of several parameters in refer-
ence to a base case. The parameter values for the base

case are listed in Table 2. The base case corresponds
to a 1 mm diameter aluminum droplet impinging on a

cold iron substrate.

3.1. E�ect of impinging velocity

As expected, the impinging velocity has a signi®cant
e�ect on the process. Figs. 2 and 3 compare the
spreading and solidi®cation behavior for two di�erent
values of the impinging velocity. These ®gures show

the splat height and radius, liquid±solid interface lo-
cation, and isotherms. Fig. 2 corresponds to the base
case (10 m/s) while in the case of Fig. 3 the velocity is

1 m/s. As expected, the spreading is faster for the
higher impinging velocity because the splat has more
initial kinetic energy (100:1). The temperature distri-

bution is also a�ected by the impinging velocity. The
highest temperature in the splat occurs at the intersec-
tion of the upper splat surface with the axis of sym-
metry for the cases where adiabatic boundary

Fig. 2. Time evolution of splat deformation and solidi®cation (case 1).
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conditions are imposed on the upper splat surface. The

isotherms in the splat and the substrate are nearly par-
allel to the interface but multidimensional e�ects are
signi®cant at the rim of the spreading splat where the

highest temperature gradient in the substrate is
observed.

Fig. 4 shows the time evolution of the splat radius,
liquid thickness, and solid fraction for 10 and 1 m/s. A

key di�erence between the high and low impinging vel-
ocities is observed in the behavior of the spreading
rate R '. This is nearly constant for most of the spread-

ing and solidi®cation process but drops substantially
near the completion of solidi®cation for the higher vel-

ocity case. For the low velocity case, the spreading
rate decreases during most of the process. Fig. 5 shows
the solid front location, s��r�, t��, in the splat at var-

ious instants of time cases 1 and 2. The morphology of
the splat and interface location is signi®cantly di�erent

depending on the impinging speed. In both cases, a

bump in the solid front is noticeable near the rim of
the splat. This is due to the fact that solidi®cation

invariably begins at the rim of the spreading splat
where the heat transfer rate to the substrate is highest.
The bump is more noticeable at higher impinging vel-

ocity but tends to smooth itself out over time. The
early front general shape is nearly conserved to the
completion of the solidi®cation and it will eventually

determine the ®nal shape of the solidi®ed splat. The
solid layer ®rst extends all the way across the splat at
0.014 and 0.023 ms for cases 1 and 2, respectively.

3.2. E�ect of contact resistance

As it will be seen below, contact resistance predomi-
nantly a�ects the process time and ®nal splat size. The
existence of contact resistance gives rise to a ®nite tem-
perature jump at the splat/substrate interface. This

temperature jump reduces the magnitude of the tem-

Fig. 3. Time evolution of splat deformation and solidi®cation (case 2).
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perature gradients on both sides across this contact

surface. Fig. 6 shows temperature distributions along

the axis of the splat from within the substrate to the

top of the splat for di�erent instants of time and for

the base case. At early times, for example at t � 0:01
ms, the splat temperature is above the melting point

and the splat is fully liquid. At the contact surface, a

temperature jump exists. At t � 0:02 ms, the splat tem-

perature at the contact surface reaches the phase

change value and solidi®cation starts. A contact resist-

ance remains between the solidi®ed layer and the sub-

strate. The temperature gradient in the liquid decreases

as the process continues and the liquid temperature

approaches a uniform value. The magnitude of the

temperature jump decreases with time throughout the

process but the jump persists even after the completion

of solidi®cation. In Fig. 6, the black dots indicate the

position of the upper splat surface. Vertical tempera-

Fig. 4. Splat size and solid fraction evolution for high speed impingement (10 m/s).
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ture pro®les at other radial locations have similar

characteristics to those along the vertical axis.

The e�ect of contact resistance can be assessed in
terms of process time and ®nal splat radius. Fig. 7

shows the splat radius and solid fraction evolution for

di�erent values of the contact Biot number (the con-
tact resistance is inversely proportional to the contact

Biot number). The process time increases as contact re-
sistance increases. Contact resistance delays the onset

of solidi®cation at the contact surface as explained in

reference to Fig. 6. The process time and ®nal splat

size is strongly in¯uenced by this delay. Fig. 8 shows
the nucleation and complete solidi®cation times (a)

and the splat size at nucleation and at complete solidi-

®cation (b) as functions of the contact Biot number.
These four variables asymptotically approach their

limits for the case without contact resistance as the

contact Biot number (the nondimensional contact con-
ductance) becomes large. The ®nal splat radius can be

substantially increased with high contact resistance.

Fig. 5. Interface location evolution. (a) case 1, (b) case 2.

Mo Chung, R.H. Rangel / Int. J. Heat Mass Transfer 44 (2001) 605±618 613



Fig. 6. Temperature evolution along the axis of the splat.

Fig. 7. Contact resistance e�ect on splat spreading and solidi®cation.



Fig. 8. E�ect of contact resistance on process times and splat size.
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This means that thinner and wider coatings are

attained with higher contact resistance.

3.3. E�ect of undercooling

Nucleation delay accompanied by rapid solidi®ca-
tion alters the heat transfer process by changing the

phase change interface temperature from its thermo-
dynamic equilibrium temperature. It is obvious from
the nondimensional energy equation and boundary

conditions that the magnitude of the undercooling
e�ect depends on two key parameters namely; the
magnitude of nucleation temperature relative to initial
liquid superheat and the speed of solidi®cation. Fig. 9

shows the e�ect of nucleation temperature on the splat
radius evolution and solidi®cation progress. The ®gure
shows that the e�ect of nucleation temperature associ-

ated with undercooling is rather minor. In some cases
where the liquid initial temperature is close to the melt-
ing point the undercooling e�ect can be more signi®-

cant. Fig. 10 shows the changes in the splat radius as
well as in the nucleation and complete solidi®cation
times relative to the corresponding values when under-

cooling is neglected. The delta-quantities are de®ned as

DR � R �with undercooling� ÿ R

�without undercooling�
�7�

Dt � t �with undercooling� ÿ t

�without undercooling�
�8�

The subscript `nucle' stands for the onset of nuclea-

tion while `solid' stands for the completion of solidi®-
cation. Roughly speaking, the e�ects of undercooling
on time delay and the radius increase of nucleation

and completion of solidi®cation are linearly dependent
on the degree of departure of nucleation temperature
from the thermodynamic equilibrium temperature.

4. Conclusions

A numerical procedure for simulation of metal dro-
plet deposition processes with solidi®cation including

Fig. 9. E�ect of nucleation temperature (undercooling) on splat spreading and solidi®cation.
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undercooling and contact resistance e�ects is utilized
to study the e�ects of several processing parameters.
The parametric study reveales that the droplet imping-

ing velocity has strong e�ects on the dynamics of the
liquid ¯ow and solidi®cation process. It also a�ects the
®nal shape and size of the solidi®ed droplet. Contact

resistance also has strong e�ects on spreading and so-
lidi®cation through nucleation delay and the reduction
of temperature gradient at the interface. The e�ects of
undercooling are not signi®cant unless the nucleation

point is low in relation to the initial liquid super heat.
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