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Abstract

Electron beam vapour generators (EBVG) are widely used for melting and evaporation 

applications of metals. Due to the high operating temperature and vacuum boundaries, often 

the experimental characterization of melting and evaporation of metals in EBVG cavities 

becomes challenging. Computational analysis provides important insights of such physical 

phenomena. In this study, the melting and evaporation of tin was studied in three different 

EBVG cavities. These cavities can accommodate a total charge volume of 30cc, 70cc and 

110cc. An in-house general purpose CFD solver AnuPravaha was used for CFD simulation of 

melting and evaporation phenomena. The peak temperature under the e-beam, molten pool 

profile and evaporation rate of tin was compared for the three systems. The effect of solid 

metal oxide at the molten pool surface on the molten pool profile and evaporation rate was 

also studied. It was observed that there was marginal decrease of evaporation rate as the 

cavity volume was increased due to the change in convection current. The molten pool 

fraction increased in 70cc and 110cc cavities due to the change in aspect ratio. It was also 

observed that due to the presence of solid oxide on the surface, the molten fraction and the 

evaporation rate of tin increased marginally. The molten pool profile also changed due to the 

solid oxide layer. This phenomena can be attributed to the change of convection current 

profile at the molten metal surface.
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Introduction

lectron beam vapour generators 
(EBVG) have been extensively used 
for applications like physical vapour E

deposition (PVD), laser based isotopic 
purification processes (LIS) etc. [1-3]. 
Specially for melting and evaporation 
applications of high melting point and low 
vapour pressure metals, electron guns are 
often considered as the most suitable 
energy source owing to their high energy 
intensities [4-5]. Therefore, understanding 
the phase change phenomena of metals in 
the EBVG cavity has great significance for 
optimization of the aforementioned 
processes. Due to the high temperature of 
the system, it is often difficult to resolve the 
phenomena experimentally. Hence, 
researchers have often taken recourse to 
the numerical solutions along with 
experiments for better understanding of 
the system.

Melting and evaporation of different 
metals in electron beam gun systems has 

been studied extensively in literature. 
Westerberg and McClelland [6] has studied 
the effect of heat conduction and natural 
convection for an electron beam cold-
h e a r t h  r e - m e l t i n g  s y s t e m  b o t h  
experimentally and with modified Galerkin 
finite-element method. Westerberg et al. 
[7] studied the evaporation of Ti and Ti-6Al-
4 V  b o t h  e x p e r i m e n t a l l y  a n d  
computationally and found the evaporation 
rate and their linear variation with e-beam 
power. They also observed that the 
computationally calculated evaporation 
rates were much higher than the 
experimentally observed value. Owing 
to the current focus in additive 
manufacturing, selective electron beam 
melting (SEBM) has been studied 
numerically using the lattice-Boltzmann 
method (LBM) [8, 9].

In this study, the melting and 
evaporation of tin have been analysed 
computationally with in-house developed 
general purpose CFD solver AnuPravaha. 
AnuPravaha is a finite volume solver 

developed in C++ platform with the 
capability of addressing problems from 
various domains of fluid flow and heat 
transfer [10-12]. The software has the 
capability of solving CFD problems over the 
h y b r i d  u n s t r u c t u r e d  m e s h  t o  
accommodate for complex geometry 
without any coordinate transformation 
[13]. The development and experimental 
validation of the phase change module of 
AnuPravaha solver has been reported by 
our group elsewhere [14].

In this paper, the melting and 
evaporation of tin in three different EBG 
cavities of volume 30cc, 70cc and 110cc 
was studied. For laser based isotopic 
purification processes, the molten fraction 
inside the cavity is a significant process 
parameter [15]. Maximization of molten 
pool ensures the maximum participation of 
charge atoms in the metal vapour and 
increases the efficiency of isotopic 
purification. Hence, as an important 
process parameter, the molten pool 
fraction of tin for the three cavities were 
compared to access the effect of geometry 
on molten fraction. We also compare the 
maximum temperature under the electron 
beam and evaporation rate of tin for the 
three systems. Due to the high operating 
temperature of the system, most metallic 
systems in EBVG cavity consists of a 
surface layer of metallic oxide. During the 
e-beam evaporation, the oxide layer 
remains solid due to its high melting point. 
The effect of the presence of this solid 
oxide layer on the evaporation rate was also 
estimated computationally in this study.

Physical phenomena in an EBVG cavity

oA general schematic of a 270  bend 
EBVG is shown in Figure 1. In such an 
EBVG system, the charge material to be 
evaporated is contained in a liner crucible 
which is placed in a water cooled copper 
cavity. The total system is kept inside a 
vacuum chamber where a chamber 

-5pressure of ~1×10  mbar is maintained         
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during EB operations. The electrons are 
generated by thermionic emission of a 
filament generally made of refractory 
metal. By virtue of an applied electric field, 
the electrons accelerate and form an 
electron beam which is then magnetically 
steered to the charge surface after 

oproviding a 270  bend. As the e-beam 
interacts with the charge metal, some 
fraction of the electron beam gets reflected 
from the surface which is referred as 
“back-scattered” electrons. These 
electrons undergo elastic collisions with 
the atoms of the charge. The rest of the 
electrons undergo inelastic collision with 
the charge atoms and their kinetic energy is 
deposited to the charge as heat. As the 
temperature of the surface reaches the 
melting temperature of the charge, the 
charge starts melting. As the molten pool 
volume increases, we observe the 
buoyancy driven natural convection flow in 
the bulk liquid. Due to the thermal gradient 
of surface tension, Marangoni flow can be 
observed at the liquid surface. Depending 
on the vapour pressure of the charge, 
evaporation of metal starts from the 
surface of the liquid pool when the 
temperature is sufficiently high. As the 
metal vapour leaves the liquid surface, it 
gives a back-thrust on the liquid surface. If 
the intensity of the back-thrust is 
significant, it can deform the liquid surface 
and may lead to a key-hole formation. But 
for applications like e-beam melting or 
vapour generator, the intensity of back-
thrust is kept nominal and the liquid 
surface may be assumed to be flat.

Simulation of evaporation of tin in EBVG

The e-beam evaporation of tin inside an 
EBVG cavity was modelled in AnuPravaha 
with the following assumptions:

1. The heat flux from the electron beam 
was modelled as a surface heat flux with 
Gaussian intensity.

2. Density variation in the liquid pool was 
incorporated through Boussinesq 
approximation as the density variations in 
liquid metals are within the range of ±5% 
[16].

3. The electron beam spot was considered 
to be stationary.

4. Evaporation was modelled as a heat sink 
i.e. mass loss due to evaporation was not 
accounted. This assumption is valid for a 
quasi-steady state which is applicable 
where the evaporated mass is negligible 
compared to the total mass of the system.

5. The liquid surface was assumed to be 
flat and back-thrust was neglected.

6. The flow of liquid metal was assumed to 
be laminar.

Modelling of phase change phenomena

For modelling of the phase change 
phenomena for melting in the e-beam 
cavity, enthalpy-porosity technique [17] 
was used in AnuPravaha. The modelling of 
2-D axis-symmetric solver for laminar flow 
has been described here, and a very similar 
approach was taken for 2-D and 3-D 
solvers.

Energy balance equation

For the enthalpy-porosity technique, the 
energy balance equation is formulated for 
the total enthalpy of the system. For 2-D 
axis-symmetric geometry, the equation is 
as follows

                  (1)

In the enthalpy porosity technique, the 
total enthalpy gets divided into sensible 
enthalpy (h ) and latent enthalpy (h h). s L

While sensible enthalpy is used as a 
variable in the energy equation, the latent 
enthalpy is considered as a source term. It 
gets updated depending on the liquid 
fraction (f) of each cell after each time step. 
Simplifying equation (l) in terms of the two 
enthalpies finally boils down to the 
following

(2)

Where the last three terms on the right 
hand side can be considered as source 
term, while the rest of the equation can be 
solved as 2-D energy equation.

In the source term, the latent enthalpy (h ) L

is described as a function of temperature. 
In the case of isothermal phase change,

h  = f(T) = L ; when T>TL m

and    h  = 0 ; when T>TL m

where, T  is the melting point of the solid, m

and L is the latent heat of enthalpy. In the 
enthalpy-porosity technique, the solid-
liquid interface need not be tracked 
separately as it emerges as a part of the 
solution itself.

The momentum equations:

The two momentum equations for radial 
and axial velocity are as follows

(3)

(4)

Fig. 1: Schematic of physical phenomena in EBVG cavity.
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Where, S  and S  contain any additional r z

source term like buoyancy in radial and 
axial direction, respectively. The term A is 
defined as

                                                  (5)

Where “C” is the morphology 
constant with a large value and “f” is the 
liquid fraction of the cell. This term is used 
to differentiate between the solid and liquid 
phase. In the solid domain, due to its large 
value, the velocity is forced to zero. On the 
other hand, in the liquid domain, this term 
itself attains zero value.

The continuity equation and the other 
boundary conditions were implemented in 
a conventional way into the solver. We will 
d i s c u s s  t h e  i m p l e m e n t a t i o n  o f  
concentrated beam boundary condition in 
details.

Surface heat flux boundary condition    
for electron beam

There are four different phenomena 
under the electron beam

1. Absorption of electron beam: after the 
back-scattered and transmitted particles 
go unused, a fraction of the total beam 
power is absorbed at the surface. The 
absorbed power was assumed to have a 
Gaussian profile.

2. Convection heat loss from the surface.

3. Radiation loss from the surface.

4. Evaporation loss from the surface: If the 
latent heat of evaporation is g, the 
evaporation heat loss per unit area will be 

Where is the evaporative 
mass loss per unit area per unit time.

The evaporative mass loss can be 
calculated from the vapour pressure and 
velocity data, which will be a strong 
function of temperature.

Combining the four phenomena 
mentioned above together, we can construct 
an energy balance equation as follows:

(6)

T   is the boundary temperature.b

T   is the ambient temperatureamb

 
· ·  Q  = m l  mevap 

h is the heat transfer coefficient for 
convective losses along with the other 
conventional symbols.

We can observe that equation 6 can be 
written with only T  as the unknown b

variable and can be solved using an 
appropriate root-finding algorithm. In 
AnuPravaha solver, Ridder's method [18] 
was used as the root-finding algorithm for 
finding the value of T and thereafter, the b  

value can be used like a Dirichlet boundary.

With the aforementioned modelling 
approach of axis-symmetric flow and 
surface heat flux, the domain was 
discretized using the finite volume method. 
A pseudo-transient approach was 
implemented in the solver for solving both 
steady and unsteady problems over hybrid 
unstructured grid.

EBVG cavities with different volumes 
dimensions and boundary conditions

In this study, 3 different EBVG cavities 
were considered for computational 
analysis. The total volume of charge that 
can be accommodated inside these cavities 
are 30cc, 70cc and 110cc respectively. 
During the evaporation of tin, graphite 
crucible was used to contain the charge. A 
typical schematic of charge metal inside 
the liner crucible is shown in Fig. 2.

The 2D axi-symmetric view of the 
three EBVG systems consisting of charge 
and liner crucible has been shown in Fig. 3 
along with the dimensions.

The boundary conditions used for the 
numerical solution of fluid flow and heat 
transfer is shown in Fig, 4 for the respective 
boundaries.

The e-beam evaporation of tin has 
been numerically solved for all these 3 
geometries for e-beam power ranging from 
1000W-1800W. The powers were selected 
based on the typical evaporation rates used 
for related applications. The temperature 
under the e-beam, evaporation rate of tin 
and molten fraction of the total charge was 
compared for the three systems.

Modelling the solid oxide layer on the 
surface of molten pool

Due to the high operating temperature 
of the system, the charge metal gets 
oxidized after repeated evaporation cycle 
even inside vacuum chamber. Due to their 
relatively high melting points, the metal 
oxides remain in solid phase under electron 
beam. As a result, two distinct zone appear 
at the surface of the charge. Metallic zone at 
the center and oxide layer at the periphery 
as shown in Fig. 5. 

In a CFD problem, the solid oxide layer 
can be modelled as a “no-slip” boundary 
condition at the periphery. Due to this no 
slip boundary condition, the convection 
current at the surface is also likely to be 
changed which is likely to affect the system 
parameters like evaporation rate. The 
model is also shown in Fig. 5 in an axi-
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Fig. 2: Charge metal contained in a 
graphite crucible.

Fig. 4: The boundary conditions with the 
respective boundaries.

Fig. 3: 2D axi-symmetric geometry for the three EBVG cavities with dimensions.
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symmetric domain. In this study, the 
molten pool profile with and without the 
oxide layer is compared for evaporation of 
tin in a 30cc cavity with 1000W EB power. 
The evaporation rates for both the systems 
were also compared.

Results and Discussions

Molten fraction of the total charge

The fraction of the total charge melted 
under the steady-state condition under 
each e-beam power was recorded. The 
variation of molten pool fraction for 70cc 
and 110cc cavity is shown in Figure 6 and 
Figure 7 respectively.

It was observed that the molten pool 
fraction does not change significantly with 
increasing EB power for the system under 
consideration in the operating range of 
power. The computationally obtained 

Fig. 5: An image of metallic oxide layer at the surface for tin and modelling of oxide layer as 
“no-slip” boundary.

Fig. 6: Variation of molten pool fraction in 70cc cavity for 4 different EB power.

Fig. 7: Variation of molten pool fraction in 110cc cavity for 4 different EB power.

maximum temperature under the e-beam 
and the evaporation rate of tin for the three 
different system at different e-beam power 
is listed in Table 1.

From the results in Table 1, we can 
observe that the peak temperature and the 
evaporation rate reduces marginally as we 
increase the size of the cavity. Due to the 
increase of the cavity size, the distance 
between the heat source and heat sink 
changes. The change of the convection 
current due to this geometrical change can 
be identified as the reason behind the 
changed thermal profile. However, we can 

see that the molten fraction increases as we 
go from 30cc to 70cc and 110cc systems. 
Although marginal, this increase is 
probably due to the aspect ratio of the 
charge. From Fig. 6 and 7, we can identify 
that melting the bottom portion of the 
charge becomes challenging at all e-beam 
power. As the 30cc system has larger 
depth than radius, the molten fraction is 
relatively low. On the contrary, in 70cc and 
110cc systems, the depth is nearly equal to 
the radius, which increases the molten 
fraction of the system. This phenomena 
can also be attributed to the change in 
convection current profile which assists in 
heat transfer to the bottom portion of the 
geometry in larger EBVG cavities.

Effect of oxide layer on molten pool profile 
and evaporation rate.

For evaporation of tin with e-beam 
power of 1000W, the molten pool profile 
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different EBVG cavities with different 
volumes were considered for analysis to 
estimate the effect of cavity geometry. It 
was observed that the evaporation rate and 
peak temperature under the beam reduces 
marginally when the cavity size increases. 
The change in the convection current 
profile was identified as the probable 
reason. It was also observed that, the 
molten pool fraction increases when the 
radius of the cavity is equal to or greater 
than the depth. Here also, the change in the 
convection current profile assists in the 
heat transfer to the bottom portion of the 
geometry for larger cavities. The effect of 
solid metal oxide layer on the melting and 
evaporation was also accessed with a “no-
slip” boundary condition. It was observed 
that the molten pool profile changes due to 
the presence of metal oxide at the surface. 
The evaporation rate and molten fraction 
also increases marginally when the solid 
oxide is present in the system. This 
phenomena was attributed to the breakage 
of convection current due to solid oxide 
layer at the molten pool surface.
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