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Abstract: In order to characterize the mechanics of jet breakup, the finite volume formulations were employed to solve the 
Navier-Stokes equations and continuity equation of jet. The volume of fluid(VOF) method was used to track the free surface of jet. 
The spray process of the molten Pb63Sn37 alloy was simulated based on the mathematical model by means of FLUENT code. The 
configuration of jets generated in different disturbance ratios and modulation ratios was obtained. The theoretical results show that 
the droplets merge together by the number of disturbance ratio N, which agrees with the corresponding picture captured in the 
experiment. In addition, the droplet streams broken at non-optimal frequency are also uniform according to simulation results, which 
proves that the A-M disturbance can increase the width of the uniform droplet generating frequency. 
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1 Introduction 
 

The uniform metal droplet deposition technology 
has emerged as one efficient net forming technology of 
metal parts[1−2]. This technology, like the ink-jet 
printing, deposits micro metal droplets instead of liquid 
ink onto substrate to build three-dimensionally physical 
parts[3−5]. The key factor of the metal droplet deposition 
technology is to generate the uniform droplets. The 
conventional method for generating uniform droplets 
uses sinusoidal disturbance to break the jet at optimal 
frequency[6−7]. The frequency of disturbance must be 
adjusted carefully near optimal frequency for uniform 
droplet generation and the droplet size can not be 
“customized” when the size of orifice is chosen. 

A nonconventional droplet generation technology 
using the amplitude-modulated(A-M) disturbance has 
been developed by ORME et al[8−9] to solve those 
problems. Compared with the conventional disturbance, 
this technology can generate a more flexible and 

controllable uniform droplet stream. The predict method 
for jet breakup forced by amplitude-modulated(A-M) 
disturbance is based on RAYLEIGH linear theory, which 
is only an approximate method and cannot predict more 
complex condition. So the parameters of jet breakup (like 
jet breakup length, droplet diameter) are still obtained 
from experiment. 

The mathematical model of jet breakup is developed 
in order to characterize the mechanics of jet breakup 
forced by A-M disturbance accurately. The jet breakup 
process and droplet mergence are simulated by the 
volume of fluid(VOF) method based on this model. The 
effects of the frequency and the frequency ratio on the 
droplet streams were analyzed in this work. 
 
2 Background 
 

The phenomenon of droplet formation from laminar 
jet was initially described mathematically by RAYLEIGH 
who solved the non-viscous axisymmetric fluid jet 
breakup problem by linear instability theory[10]. Then 
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WEBER[11] extended RAYLEIGH’s analysis to viscous 
liquids, which led to a detailed expression including 
liquid viscosity. When the viscous liquid is ejected, the 
N-S equations and the continuity equation can be 
expressed as 
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where  ur and uz are jet liquid velocities in the axial and 
radial direction; ρ is the density of the liquid and μ is the 
viscosity of liquid. In Weber’s linear instability theory, 
the pressure p is expressed as 

)sin()exp()( ikzwtrppp +=                    (4) 
where  p  is the pressure of jets; p(r)exp(wt)sin(ikz) is 
the disturbance of velocity; w and k are the growth rate 
and wave number, respectively. The radial disturbance on 
the circumference of jet grows exponentially in time as 
exp(wt). After solving the N-S equations and the 
continuity equation of jet, the growth rate w can be 
expressed as 
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where  Rj is the jet radius; k*=2πRj/λ is the 
nondimensional wave number. From the partial 
differential of Eqn.(3) with respect to k*, the fast 
disturbance growth rate wopt can be obtained: 
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For analyzing the breaking of jet in the non-optimal 

condition, the jet nonlinear instability theory was 
developed by PIMBLEY and LEE[12] and the satellite 
droplet phenomenon was studied. KAN and CHEN[13] 
employed commercial CFD software (CFD-ACE+) to 
simulate the metal jet breakup. LI et al[14] employed the 
FLUENT code to simulate the breakup of the 
conventional breakup of the uniform droplet stream, and 
these theoretical results are more accurate than the 
predictions from linear instability theory. Those methods 
are more accurate than the linear instability theory. 

When jet is forced by A-M disturbance, the pressure 
can be expressed as 
 
p(t)=p0+Δp(1+msinωmt)sinωct                   (7) 
 
where  ωc is the angular frequency of carrier wave; ωm 
is the angular frequency of modulation wave; m is the 
ratio of modulation to carrier amplitudes. 

For analyzing the breaking of jet forced by A-M 
disturbance accurately, the finite volume formulations 
were employed to simulate the process of jet breakup, 
and the VOF method was utilized to trace free surface of 
jet. 
 
3 Mathematical formulations 
 

The laminar jet is free-surface flow. In this work, 
the N-S equations and continuity equation of jet 
(Eqns.(1)−(3)) are solved by finite volume formulations. 
The surface of jet, tracked by VOF method is re- 
constructed by Young’s interface construction algorithm. 
The simulation is realized using the FLUENT code. 

In FLUENT, the surface tension model is the 
continuum surface force(CSF) model. The volume force 
is added to the momentum equation as source item. The 
volume force can be expressed as 
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iα∇  and iκ  are defined as the gradient and the 
curvature of the ith phase flow on the surface, 
respectively; σij is the tension of free-surface and ρa is the 
volume-averaged density on the surface. 

The free-surface is defined by solving the function 
of volume in the mesh cells[10]. If the whole calculation 
domain is Ω, the domain of flow A is Ω1, and the domain 
of flow B is Ω2, so, a function can be defined as 
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Cij is defined as the integration of α(x, t) in the mesh 
cell Iij (assuming that the mesh is rectangle).  
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where  Cij is the fluid volume fraction function, and it 
satisfies the Eqn.(11), which is the equation of VOF[15]: 
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4 Treatment on key problems 
 

The physical model shown in Fig.1 is built 
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according to the experimental apparatus used in Ref.[9]. 
In order to improve the efficiency and accuracy of 
simulation, the unstructured and structured meshes are 
employed in the crucible domain and the jet domain, 
respectively. Since the jet keeps axisymmetrical in the 
breakup, the simulation can be simplified to an 
axisymmetrical problem. The size of jet domain is about 
10 cm in length and 0.5 cm in width. The size of crucible 
domain is the same with the physical model shown in 
Fig.1. The whole mesh and local mesh of the orifice are 
shown in Fig.2. 
 

 
Fig.1 Schematic diagram of crucible 
 

 
Fig.2 Local mesh of simulation domain and orifice 
 

The boundary conditions are shown in Fig.3. The 
inlet has a constant pressure pl that is also the spray 
pressure used in Ref.[9]. The outlet pressure p0 is equal 
to one standard atmospheric pressure. The Wall 1 and 
Wall 2 are considered as the smooth walls. The 
disturbance will be loaded to the liquid by defining the 
motion of the wall 2. 

The jet material is the Pb63Sn37 alloy. This alloy is 

heated to 473 K in the spray process and maintains liquid 
in the spray process. The liquid temperature isn’t taken 
into consideration in the calculation. The parameters of 
spray conditions and the properties of the material are 
listed in Table 1. 
 

 
Fig.3 Setting of boundary conditions 
 
Table 1 Parameters of spray condition and properties of 
material[9] 

Parameter Value 
Orifice diameter, d0/mm 0.1 
Height of liquid, H/mm 100 

Crucible diameter, d1/mm 38 
Jet pressure, p1/kPa 138 

Disturbance amplitude/m 5.5×10−8 
Ambient fluid (N2) density/(kg·m−3) 1.16 
Ambient fluid (N2) viscosity/(Pa·s) 1.789 4×10−5

Pb63Sn37 alloy liquid density/(kg·m−3) 8 212 

Pb63Sn37 alloy liquid viscosity/(Pa·s) 1.3×10−3 
Pb63Sn37 alloy liquid surface tension/(N·S−1) 0.49 

 
When the jet was established, the A-M disturbance 

was applied to the jet by the user-defined interface 
function of the FLUENT on the Wall 2. The carrier and 
modulation wave of A-M disturbance are sinusoid waves. 
The A-M wave is expressed as 
 
Dwave=Ac[1+msin(2πfmt)]sin(2πfmt)              (12) 
 
where  m is the degree of modulation; N=fc/fm 
represents the ratio of carrier frequency to modulation 
frequency. The carrier wave with frequency of 12 kHz is 
shown in Fig.4(a); the modulation wave is shown in 
Fig.4(b); the A-M wave with m of 0.5 is shown in the 
Fig.4(c). The carrier wave is enveloped by modulation 
wave. The amplitude of carrier wave presents periodical 
variety with the modulating wave waveshape. 
 
5 Results and discussion 
 

The comparison of the simulation results and the 
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Fig.4 Shapes of A-M wave: (a) Carrier wave; (b) Modulation 
wave; (c)A-M wave 
 
pictures captured in the experiment is shown in Fig.5. In 
the experiment[9], after the metal is melted in the 
crucible, the liquid is ejected from the diameter of 0.1 
mm orifice under the pressure of 138 kPa. The external 
A-M distance agitated by the piezoelectric crystal is 
transferred into metal liquid by a plunger rod which is 
Wall 2 in the boundary conditions. The carrier frequency 
of this disturbance is 12 kHz; the ratio of modulation m 
is 0.5 and the frequency ratio N is 1, 2 and 3 in the right 
picture of Figs.5(a), (b) and (c), respectively. The 
unmerging droplet diameter estimated from the jet dia- 

 

 
Fig.5 Droplet streams of different frequency ratios: (a) N=1;  
(b) N=2; (c) N=3 
 
meter is about 0.2 mm. 

The simulation parameters described in the section 
4 come from this experiment, and the simulation results 
(the left figure of Figs.5(a), (b) and (c)) show that the 
uniform droplets with diameter of 0.2 mm are obtained 
when frequency ratio N is 1 in Fig.5(a). Two or three 
such droplets merge into a large one when N is 2 or 3 in 
Figs.5(b) and (c). 

Since the simplified model doesn’t take the factors, 
like the roughness of orifice surface, into consideration, 
the simulation results differ from the picture in the 
droplet shape. But the prediction of droplet pattern 
agrees with the picture. When the frequency ratio N of 
modulation is integer, the droplets merge together by the 
number of N, which proves that the method employed in 
this work is feasible. 

The droplet streams, which are generated by the 
A-M disturbance with N of 3, m of 0.5 and three different 
carrier frequencies except the optimal one, are shown in 
Fig.6. It can be seen that only the merging location 
closes to the orifice when the carrier frequency increases, 
and three carrier droplets finally merge into one 
modulation droplet. Fig.7 shows that the separation of 
the adjacent droplets decreases by about 2 mm when the 
carrier frequency increases from 2.1 kHz to 3.0 kHz. The 
jets that are forced by conventional sinusoidal 
disturbance at frequency from 2.1 kHz to 3.0 kHz, will 
be non-uniform according to the jet instability theory. 
But the predictions in Fig.6 show that the droplet streams 
are uniform when the frequency of the carrier wave is 
non-optimal. It can be seen that the A-M disturbance can 
widen the range of frequency for uniform droplet stream 
generation and “customize” the droplet stream. 
 
6 Conclusions 
 

1) FLUENT code is employed to investigate the jet 
forced by A-M disturbance, in which carrier frequency is 



LUO Jun, et al/Trans. Nonferrous Met. Soc. China 18(2008) 

 

690

 

 
Fig.6 Droplet streams of different carrier frequencies: (a) fc=9.0 
kHz; (b) fc=11.0 kHz; (c) fc=18.0 kHz 
 

 
Fig.7 Curve of droplet separation vs carrier frequency 
 
12 kHz and frequency ratio N is 1, 2, 3. The prediction of 
droplet pattern agrees with the corresponding picture 
captured in the experiment. This method is useful for 
predicting the jet breakup with the A-M disturbance. 

2) The uniform droplet streams are obtained and the 
droplet separation decreases when the carrier frequency 
increases from 2.1 kHz to 3.0 kHz. These results show 
that the carrier frequency of A-M disturbance for 
generating uniform droplets stream is not unique. 

3) Compared with jet linear instability theory, a 
more accurate and convenient method that is valuable for 
analyzing the A-M disturbance is developed. It can be 
used to predict the parameters of droplet stream such as 
droplet breakup length and droplet size. 
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