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Abstract-A one-dimensional heat conduction model is formulated to study electromagnetic vaporization 
of molten-metal drops as an initial attempt to model the physical process. Finite-element discretization is 
used to obtain the numerical solution, and numerical experiments are performed for three typical metals; 
aluminum. copper and titanium. Compulational results show that the final size of the drop radius R,can 
be effectively controlled by changing amplitude B,, and radian frequency w of the external alternating 
magnetic field. In addition, RF remains ahnost constant for a relatively wide range of the initial drop radii 
R,,. The results of numerical solution are compared with the lumped solution and the differences in time 

history of the evaporation process studied. 

1. INTRODUCTION 

OVER THE last few years. there has been an increasing 
need for ultra-pure metals in the powder metallurgy 
industry where fine high-purity metal particles of a 
specified size are required. Classical methods of 
powder production are (see, e.g. refs. [ 1,2]) usually 
unable to meet the three required conditions. Ref- 
erences [3,4] recommend the use of alternating mag- 
netic fields to produce fine metal powders. An elec- 
tromagnetic vaporization device is proposed there to 
produce metal powders of high-purity and given size. 

Generally, mathematical modeling of interactions 
between an external alternating magnetic field and a 
liquid conductor involves the formulation of a mag- 
netohydrodynamic problem involving mass, momen- 
tum and energy balances coupled with Maxwell equa- 
tions (see, e.g. [5,6]). In addition, the shape of the 
free-surface is to be determined. 

Partial solutions of this general problem usually 
employ several different approaches. One of them 
emphasizes a precise determination of the magnetic 
field inside the body and the surrounding medium 
neglecting convection effects. It is then possible to 
express the power absorbed in the body and the 
Lorentz force in more or less general cases [7-91. 
Another method concentrates on the problems offluid 
dynamic aspects of levitation-inelting processes and 
solves the velocity fields in liquid conducting bodies 
[I O-1 21 and/or associated free-surface shape [13-l 51, 
under limiting assumptions for the external magnetic 
field. Another group of authors [14,16] solve coupled 
hydrodynamic electromagnetic problems by neglect- 
ing changes of free-surface shape. Phase change pro- 
cesses are seldom solved in the general form and the 
assumption of a uniform temperature profile in the 
body is often made (see, e.g. ref. [14]). Melting pro- 
cesses are modeled more often than evaporation pro- 
cesses, in this area. Unti! now, evaporation of metals 

has not been the center of interest and the influence 
of electromagnetic fields has been sparsely inves- 
tigated. A very simple lumped analysis of this problem 
has been made by Vutsens [ 171. 

In the present paper. we emphasize energy-balance 
aspects of the vaporization process in an initial 
attempt to model the real physical process and deal 
with two limiting cases of the general problem. The 
model with conduction being the only mode of heat 
transfer within the droplet is one of them. The other 
limiting case is the lumped model assuming complete 
mixing within the droplet and therefore constant tem- 
perature inside. Any convective heat transfer effects 
within the droplet, in reality, will fall between these 
two limits. 

2. ELECTROMAGNETIC VAPORIZATION DEVICE 

Since ref. [3], which describes the electromagnetic 
vaporization device, is not readily available to the 
reader, we will briefly describe it here. Basic physical 
principles of electromagnetic heating of electrically 
conductive materials are well known and were men- 
tioned in the previous section. With the electro- 
magnetic vaporization device from ref. [3], these prin- 
ciples are applied to the size reduction of particles in 
metal powders. 

The proposed prototype of this device (see Fig. 
1) consists of an enclosure surrounded by a current 
carrying coil followed by a cooling chamber. Metal 
droplets coming from upper nozzles are heated to 
their vaporization temperature by the alternating 
magnetic field, then evaporated to a desired dimension 
and finally cooled until solid particles are obtained. 
The vaporization chamber can be filled with inert gas 
or evacuated. 

The complete physical description of the system in 
the vaporization device is very complicated and 
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NOMENCLATURE 

magnetic induction [T] l’R,m;l, maximum intetfdce velocity [m s- ‘1. 
amplitude of magnetic induction [T] 
threshold value of magnetic induction [T] 
specific heat [J kg- ’ K- ‘1 

Greek symbols 
I, 

unit vector in the :-direction 
acceleration due to the gravity [m s-‘1 
heat transfer coefficient [W me2 K- ‘1 
power density [W m ‘1 
thermal conductivity [W m- ’ K- ‘1 
thermal conductivity of the surrounding 
medium [W m- ’ K ‘1 
latent heat of vaporization [J kg- ‘1 

PC volume thermal expansion coefficient of 
the surrounding medium [K- ‘1 
skin depth [m] 
emissivity 
permeability of liquid metal [H m- ‘1 
permeability of the surrounding medium 
[H m- ‘1 

space coordinate [m] 
position vector [m] 

interface velocity [m s- ‘1 

radius of the drop [m] 
final size of the drop radius [m] 

relative space coordinate 

initial size of the drop radius [m 

time [s] 

P 
D 

OS13 

1 
W 

WI 

t, time of the evaporation duration [s] 
T temperature [K] 

TC temperature of the surrounding medium 

WI 
T”, melting temperature [K] 

T,, initial temperature of metal [K] 

TV vaporization temperature [K] 

A Tm, maximum overheating near the 
center of the sphere [K] 

kinematic viscosity of the surrounding 
medium [m’ s- ‘1 
density [kg m- ‘1 
electrical conductivity [O- ’ m- ‘1 
Stefan-Boltzmann constant 
w m-’ K-“1 
radian l’requency [s- ‘1 
threshold value of radian frequency [s- ‘1. 

Subscripts 
0 initial value 
e surrounding medium 
m melting 
max maximum value 
SB Stefan-Boltzmann 
t threshold value 
V vaporization 
1 z-direction. 

Vacuum Suction Valve 
I hen Gas Inlet 

Nozzles for 
Panicle 1 Droplet Inlet 

Induction Coil 

A Typical Droplet 

1 

FIG. 1. Electromagnetic vaporization device. 
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demands a statistical approach to model the motion 
of particles in the electromagnetic field. Furthermore, 
each droplet by itself presents a coupled magneto- 
hydrodynamic problem. The medium surrounding 
the metal particles has to be modeled as a mixture 
of metal vapor and inert gas. 

In this paper, we deal with very simplified math- 
ematical formulations of the problem which enable us 
to identify some of the basic features of the vapor- 
ization device. 

3. MATHEMATICAL MODEL OF 

ELECTROMAGNETIC VAPORIZATION 

A spherical drop of molten-metal is placed in an 
external alternating magnetic field 

B(r) = B,(r).e”“‘. (1) 

Eddy currents induced in the drop heat the metal and 
if they are higher than a certain threshold value, the 
drop begins to evaporate and its radius decreases with 
lime. 

Assuming that the drop can change its size by evapor- 
ation only, the solution to this problem requires for- 
mulating a system of II equations representing vol- 
ume balances of mass, momentum, and energy, 
coupled with Maxwell equations (see, e.g. ref. [6] for 
details) and three interface mass, momentum and 
energy balances (see, e.g. ref. [ 181). 

As one of the limiting solutions to the problem, we 
assume there is no convection heat and mass transport 
in the drop. This enables us to exclude mass and 
momentum balances and take into account the energy 
balance and Maxwell equations only. The con- 
sideration of an external uniform unidirectional alter- 
nating magnetic field of the form 

B = I3,- e’u)‘e, (2) 

leads to a simple relation for power absorbed in the 
sphere as in ref. [ 191. This leads us to represent heating 
due to the electromagnetic field as a source term in the 
energy balance equation and solve for energy transfer 
only. 

Assuming that the local time variations of both 
the kinetic and potential energies are negligible when 
compared with the variation of internal energy, the 
influence of pressure on the energy balance is neg- 
ligible and the internal energy density is a function 
of temperature only, we arrive at a heat conduction 
problem with a volume source term. Further, the 
phase change problem is based on the assumption that 
only surface evaporation occurs and neither hetero- 
geneous nor homogeneous nucleation exists. We 
also assume that the drop radius is very small when 
compared with the characteristic dimensions of the 
vaporization device, and neglect interactions between 
droplets. 

Finally, we assume that the surrounding medium 
is an inert gas at normal atmospheric pressure and 
the pressure of metal vapor remains constant for the 

duration of the process, in spite of metal evaporation. 
Thus, the influence of the surrounding medium can 
be expressed through boundary conditions only and 
we can use an equilibrium phase change model. 

In our boundary conditions, assuming a stationary 
droplet (this is in accordance with the assumption that 
B, = const.) we take into account heat losses due to 
conduction, natural convection and radiation. The 
wall temperature is changing in the first phase of the 
process until the surface reaches the vaporization tem- 
perature. During vaporization, the wall temperature 
is assumed to be constant, according to our assump- 
tion of an equilibrium vaporization process. 

Under these considerations, our model of elec- 
tromagnetic vaporization of metals for the one- 
dimensional spherically symmetrical case is given by 

P~~=;lig[l?(k~+l(r.i))l inR= (O,R(r)) 

(3) 

= -mSR(T(R(t), r)‘- Tf’) 

-h(T(R(r), t)- T,) at T,,, < T(R(0, t) < T, (4a) 

dR(r) 
PL 7 =k g 

0 Jr r=R,rj- 
+E%~(T,!-T~~) 

+h(T, - T,) at T(R(t), I) = T,, (4b) 

R(0) = R. (6) 

T(r, 0) = To, T, < To < TV. (7) 

The electromagnetic power density I(r, t) in the 
drop has the form 

where 

I(r, [) = f(R(r), t)*e’2’s)‘r-R”” (8) 

6= $. \i( > 
The power density [(R(r), t) at the drop surface can 
be expressed according to ref. 1191 in the form : 

I(R(O, 0 = 
3f?; * C(s) 

0 - SD(x) * E(s) (9) 

where 

C(s) = s6(sinh 2x+ sin 2x) -s’(cosh 2x-cos 2~) 

D(x) = x2 

K4 = (~-~=)‘F(x)+~(~-~~)~~~.G(.K) 

+ 4p: * H(x) 

F(x) = (2x’+I)cosh2x+(2x2-I)cos2x 

-2x(sinh 2x+sin 2x) 
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G(s) = s3(sinh ‘s-sin 2s) 

If(.u) = sJ(cosh2.\--cos 2s) 

R(r) SE-- 
s 

The heat transfer coefficient /I can be expressed in 
the free-convection limit by the relation from ref. [20] 

k, 

” = 3R(f) 
~ [2+0.392 

Sg,g(T(R(r).r)- T,). R(r)' ' ' 
ISc2 ) 1. (IO) 

4. NUMERICAL SOLUTION 

Numerical methods to the solution of this type of 
problem arc usually classified into three basic groups 
(see ref. [21]) : front-tracking. front-fixing and fixed- 
domain methods. We choose a front-fixing method 
and introduce the Landau transformation [2l] 

to convert the domain R = (0. R(r)) into a fixed space 
interval s = (0, I). Applying this transformation to 
our problem we obtain 

(12) 

(%:lj=(~)~-~~~ (13) 

and equations (3)-(7) become 

= -EC$H(7-(lrt)4-T;) 

-h(T(l,I)-T,) at T, < T(l,r) < T,, (15a) 

+h(T,.-TJ at T(1.t) = TV (l5b) 

lim aT - 0 
r-0 ijs - 

R(O)= R. (17) 

T(s,O) = To. (18) 

Computer implementation is done using the Galerkin 
finite-element method. Since the method is well known 
and widely used (see, e.g. ref. [22] for details) we do 
not explain every step of the procedure, and restrict 

our exposition to the main points, i.e. to the final 
results of the space and time discretization used. We 
use the standard finite-element notation [.I for 
matrices, I.1 for column and (a) for row vectors in 
what follows. 

We denote by (N) the vector of the basis functions 
for the particular element A and put 

(19) 

Denoting by ( T)’ the vector of nodal values of tcm- 
pcratures in one finite-element, we have 

T= (N)(T),'. (20) 

The finite-element procedure gives the following sys- 
tem of nonlinear algebraic equations for one finitc- 
clenicnt 

C'(T) 
[p]'----+[H]'(T)+'F~'+'B 

?I I I I ) c = {O) (21) 

where 

[HI’ = [H,]‘+[HJ 

[H,]' = 
s 
,_, ; (S) ‘-(S) ds 

[Hz]' = - I(; +pcs~)(N)'~(S) ds 

[I']'= ACRE ds 
s A 

(F)‘= +N++~)ds 

1 “. $1 
Using the element matrices and vectors to assemble 

the global ones for the whole domain s = (0, I) we 
arrive at a system of equations in the form 

a{T) 
VflP-~+~~l~ +(F)+(B) = (0). (22) 

Performing the time discretization (see ref. [22]) by 
assuming that we know the nodal values {T}, at a 
time t and approximate IT},,, in the time interval 
T  = (0, At) using the linear relation 

IT’ ,t+r = G{T),+ ;{Tj.,+,,. (23) 

Substituting equation (23) into equation (22) and 
applying the method of weighted residuals, we obtain 
the final recurrent form of the residual equations 

[nlI T},+A, = [plITJ,-iFI,-1% (24) 
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where 

[A] = $Y]+ ;; [PI 

[PI = - .![H] + d, [PI. 

In the time-stepping procedure to solve equation 
(24) we use the local thermodynamic equilibrium 
condition 

T(1.r) = T, (25) 

as a boundary condition in equation (24) and the 
dynamic compatibility equation (l5b) as a con- 
vergence criterion iterating for R and dR/dr. 

One time step of our computational procedure can 
be described as follows : 

( I ) Put 

R’(r+A/) = R(t) 

g$+,, =g>. 
(2) Compute ’ Tt ’ , ,,+&, from equation (24) using 

(3) Compute (dR/dr),?,., from equation (15b) using 
( T; :+A,. 

(4) If  

then set 

dR ’ (-> dr IfA, 

>& 

R’(r+Ar) = R(t)+ *At 

and go back to the point (2). Otherwise, put 

iTl,+ar = IT!,‘+,, 

R(t+At) = R’(t+At) 

and go to the next time step. 

5. RESULTS OF NUMERICAL EXPERIMENTS 

We simulated the vaporization process for copper, 
aluminum and titanium in argon surroundings. The 
thermodynamic and electrical parameters of liquid 
metals used in the model are shown in Table I. Notice 

that because of the lack of experimental data for E and 
k of Ti we adopted the value E = E, (700 K) from ref. 
[26] and determined k(T) from the Wiedemann-Franz 
law (see. e.g. ref. [ZS]). 

In the numerical experiments, we computed tem- 
perature fields T(r. t) and time dependences of the 
drop surface position R(t) and interface velocity 
dR(t)/dt as functions of magnetic-field parameters B,, 
and (LJ and the initial size of the drop radius RO. The 
temperature of the surrounding medium T, was 300 K 
in our computations, the initial sample temperature 
T, chosen just above the melting temperature T,,, i.e. 
metal was in the liquid phase at the beginning of the 
process. 

Figures 2 and 3 present temperature profiles in the 
molten-titanium drop at characteristic times of the 
evaporation process for two initial drop radii that 
differ by one order of magnitude. Here, t, is the evap- 
oration onset, I? a characteristic time in the initial 
phase of evaporation. f3 the time when the maximum 
value of the overheating near the center of the sphere 
is reached and t4 the time when vaporization ends. 

Comparison of Figs. 2 and 3 shows marked differ- 
ences in the heating process for varying Ro. In the case 
presented in Fig. 2. the initial drop radius R. is several 
times higher than the skin depth 6. Therefore, in the 
initial phase of heating, most of the Joule heat is 
absorbed in the thin layer under the drop surface 
and there is no overheating in the sphere until the 
temperature of the drop surface reaches the vapor- 
ization temperature T,. Then, according to our 
model assumptions, the surface temperature is fixed 
at T, and the temperature in the skin depth rises 
quickly, and marked overheating occurs in the sphere. 
The overheating causes thermal flux in the direction 
of the surface and according to relation (4b) increases 
the evaporation velocity. The interface velocity has 
then an increasing character for a relatively long time 
although the drop radius decreases rapidly as shown 
in Fig. 4 and the power absorbed in the sphere is 
reduced according to relation (9). This is due to the 
increase of overheating in the sphere and, naturally, 
the greater role of overheating in the vaporization 
process. 

The rapid decrease of drop radius can lead to a 
situation when 6 > R(t). The heating process is then 
qualitatively changing and getting an all-volume 
character. The overheating reaches its maximum value 
in the center of the sphere as shown in Fig. 2 but in 
the subsequent phase starts to decrease very rapidly 
due to a quick reduction of the absorbed energy in 
the drop. This fact follows from the interaction of the 
electromagnetic field with the conducting medium. 
When d > R or even 6 >> R, the sphere is in principle 
almost ‘transparent’ to the electromagnetic field. 
However, the occurrence of very high overheating 
inside the sphere during the volume-heating phase as 
documented in Figs. 2 and 3 leaves us in doubt 
whether such high values are realistic. Although we 
did not find any experimental data for homogeneous 
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Table I. Thermodynamic and electrical parameters 

Parameter CU Al Ti Reference 

k(r) (W m-’ Km ‘) 166-183t 90.7-t 1st I.293 x IO- ’ T [23] for Cu. Al ; [28] for Ti 
c (J kg-’ K-‘) 495 1080 700 P41 

P (kgmm’) 8000 2385 4110 P41 
a(T) (W ’ m- ‘) 5 x lob-2.95 x 106t 4.12 x IO”-3.42 x 10’t 5.81 x IO’ ~241 

Tm (K) 1356.5 933.2 1943 [251 
T\ WI 1900 I800 2350 P91 

.L (J kg-‘) 4.73 x IO” I.078 x IO’ 8.79 x IO” P51 
E 0.12 0.15 0.20 [26] for Cu. Ti : [27] for Al 

t See table in ref. 

nucleation temperatures and critical temperatures of 
metals in the literature, the occurrence of homo- 
geneous nucleation at temperatures of IO 000 K and 
higher seems to be very probable. The peak character 
of the time history of the overheating leads us, in 
addition, to the assumption that there can be explosive 
evaporation inside the sphere. 

Figure 3 contains characteristic temperature pro- 
files in a Ti drop the initial radius of which is approxi- 
mately two times lower than the skin depth. Here, 
volume heating occurs during the entire length of the 
evaporation process and, due to the character of heat 

25000 1 -. -1 

o-l . I . I I . 1 0-l . I . I I . 1 I 
0.0 0.0 0.2 0.2 0.4 0.4 0.6 0.6 0.6 0.6 1.0 1.0 

Relative Coordinate s=r/R(t) Relative Coordinate s=r/R(t) 

FIG. 2. Temperature profiles in the sphere for Ti, B, = 5 T, FIG. 2. Temperature profiles in the sphere for Ti, B, = 5 T, 
w = 2n x 10’~~ ‘, R, = IO-’ m, 0.133 x IO-’ s < I < 23.9 s. w = 2n x 10’~~ ‘, R, = IO-’ m, 0.133 x IO-’ s < I < 23.9 s. 

- t-o.41 1 e-2 s 
-0.53162 s --.. ---_ --._ _________- -0.363e1 s 

---.. --.. ------ 43.5 s 
%. 

%. 
%. 

3000 
-a.. 

L 

%* 
a. 

“.. 
Xr 

%. 
‘*. ----------------- 

20001 0.0 0.2 0.4 0.6 0.6 1.0 

Relative Coordinate s=r/R(t) 

FIG. 3. Temperature profiles in the sphere for Ti, B, = 5 T, 
o = 271 x IO5 s-', R, = IO-’ m, 0.41 I x IO-’ s < I < 43.5 s. 

conduction in the sphere, overheating begins even 
before the surface temperature reaches the vapor- 
ization temperature. The absolute values of overheat- 
ing are lower than for the case of higher initial drop 
radius as shown in Fig. 3 and, therefore, the interface 
velocities are significantly lower. However, the final 
phase of the evaporation process is very similar to the 
one for higher initial drop radius. The overheating is 
very low. the interface velocity approaches zero and 
the drop radius converges to a certain limiting value. 
Figure 4 shows that at this limiting value, the final 
size of drop radius R, almost does not depend on the 
initial value R, in a relatively large two order-of- 
magnitude range of R,. For example, a comparison 
of results for R. = IO-‘and IO-‘rn shows differences 
smaller than I .O% in Rr. This can be important from 
the point of view of technical applications, because 
the influence of homogeneous and especially hetero- 
geneous nucleation (which is very probable in real 
metal samples) on the final size of the drop radius is 
then reduced. 

The influence of external-magnetic field amplitude 
B, and radian frequency w is seen from the form of 
equation (9). Numerical experiments showed order- 
of-magnitude differences in interface velocities, final 
sizes of drop radius and times of evaporation duration 
when B, and w were changing. This is presented in 
Tables 2 and 3. The influence of w was, according to 
theoretical assumptions, less than that of B,. 

Time (s) 

FIG. 4. Drop radius vs time for Ti, B, = 5 T, w = 271 x IO5 
s-‘, 5.0 x 10e4 m < R. < IO-* m. 
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Table 2. Influence of the amplitude of external magnetic field 
B,, for Al, R,, = IO-’ tn. w = 271 x IO’ s- ’ 

4, Dl Rf [ml hlmur[ms-‘l I,, bl AT,,, WI 
--- 

0.05 1.48 x lo-’ 0.104 x lo-’ 2000 I.5 
0.1 8.95 x lO-4 0.543 x Io-J I220 5.8 
0.5 3.35 x lo-’ 0.144x lo-’ 247 142 
I 2.24 x lo-’ 0.570 x lo-’ II8 546 

IO 6.28 x IO-’ 0.493 1.45 7848 

Table 3. Influence of the radian frequency of external- 
magnetic field (IJ for Al, R. = IO-’ m, B, = I .O T 

0, [s- ‘1 RI [ml ~k,mdr[m~-‘l I,. bl AT,,, Kl 

2n x 103 3.79 x lo-’ 0.698 x IO-J 2000 66 
2n x IO” 8.84 x lo-’ 0.143 x lo-’ 1000 436 
2nx IO5 2.24 x IO-J 0.570 x lo- 2 II8 546 
2n x IO” 6.28 x IO-’ 0.190x 10-l I.61 575 
2nx IO’ 1.85x lo-5 0.607 x IO- ’ 0.32 I 575 

The character of equations (4b) and (9) further 
leads us to conclude that threshold values of the mag- 
nitude and the frequency of external-magnetic field 
B,, w, can be found for any combination of the two 
from the three remaining parameters Bo, w, Ro. Com- 
parison of B, and w, for the three investigated metals 
Cu, Al, Ti, presented in Figs. 5 and 6, shows very 
small differences in the threshold values of Al and Cu 
but marked differences between these two metals and 
Ti. The higher values of Bi. w, for Ti are due to 
the higher vaporization temperature and higher skin 
depth of Ti. 

The comparison of the characteristic parameters of 
the vaporization process for three mentioned metals, 
minimum value of the drop radius, maximum values 
of overheating and interface velocity and the time 
of evaporation duration shows the differences in Rr 
between Cu and Ti for the characteristic cases to be 
50-55% while the difference between Cu and Al is 
approximately Z-3%. Similarly (as in the case of B, 
and 0,) the influences of the vaporization tempera- 
ture, the skin depth, the emissivity and the heat trans- 
fer coefficient are also of key importance in reaching 

- 0.J 
---------- Al 
------ K 

104 
10.' 10-a 10-Z 

Drop Radius (m) 
FIG. 5. Comparison of B, = f(Ro) for Cu, Al, Ti, CIJ = 

2nx loss-‘. 

1031 
10" loo 10' 

Magnetic Induction (T) 
FIG. 6. Comparison of W, = f(B,) for Cu, Al. Ti, R,, = 

IO-‘m. 

the thermal equilibrium and stopping the vapor- 
ization process. 

Figure 7 shows marked differences in AT,,,,, 
between the three metals. The lowest values of AT,,;,, 
were observed for copper, the material with the high- 
est thermal diffusivity and lowest skin depth among 
the three metals; the highest AT,,,;,, for titanium 
with almost one-third of the value of the thermal 
diffusivity. 

For lower values of the initial drop radius R,, the 
highest values of interface velocities v~,,,~~ were 
observed for aluminum, the material with the lowest 
latent heat of vaporization per unit volume c,. = pL,. 
Here, the differences in AT,,;,, between Ti and Al were 
relatively small and the contribution of the heat 
conduction term in equation (4b) to the interface 
velocity was therefore of the same order-of-magnitude 
for both metals. However, for higher Ro, Ti exhibited 
the maximum value of v~,,,~~. This fact is due to very 
high overheating in Ti for higher R,, as shown in Fig. 
7. For copper, the values of v~,,,~% are always lower 
than the ones for aluminum due to significantly higher 
L, of Cu. The maximum values of times of evapor- 
ation duration for the three compared metals were 

1 
1o-J 10.2 

Drop Radius (m) 
FIG. 7. Comparison of the maximum overheating near the 
center of the sphere for Cu, Al, Ti, w = 271 x IO’ s- ‘, B, = 

5T, IO-‘mbR,< 10m2m. 
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observed for Ti and minimum values for Al. This can 
be explained by considering the low value of L, of 
aluminum which increases the interface velocity in 
comparison with the other metals and highest skin 
depth of titanium which decreases dR/dt in the final 
phase of the vaporization process due to the reduc- 
tion of the power absorbed in the material in this 
phase. 

6. DISCUSSION 

Figures 8 and 9 present a comparison of time his- 
tories of drop surface position and velocity computed 
with our conduction model and the lumped model 
including the relation from ref. [I91 for the power 
absorbed in the sphere. The same Newton-type 
boundary conditions are used in both models. 

As shown in Figs. 8 and 9, the marked differences 
between two compared models were observed for time 
histories of the vaporization process. Figure 8 shows 
the different character of the time dependence of inter- 
face velocities for both models. In the computations 
with the lumped model, the velocity has the highest 
value immediately after the beginning of the vaporiz- 
ation process and then decreases until vaporization 
ends. 

The interface velocity obtained by the conduction 
model increases in the initial phase and then starts to 
decrease. Consequently. in the initial phase of vapor- 
ization, the velocities computed by the lumped model 
were higher, the dilferences were up to 90%. Later, the 
velocities computed by the conduction model reached 
the same value as for the lumped model and continued 
to increase. In this middle phase of the vaporization 
process, the conduction-model-computed velocities 
were up to 25% higher than for the lumped model. 
In the final phase of vaporization, lumped model 
velocities were a little higher, up to 10%. 

The physical reason for these differences follows 
from the character of both models. The lumped model 
deals with the global volume energy balance. The time 
variation of interface velocity is therefore related to 
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FIG. 8. Comparison of dR(r)/dt computed by conduction 
model and lumped model for Al. R, = IO-’ m. IO-’ m. 
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FIG. 9. Comparison of K(I) computed by conduction model 
and lumped model for Al. R,, = IO-‘m. IOV’m. R,, = IOT. 

o~=2nxlo‘s ‘_ 

the global amount of energy absorbed in the sphere. 
The absorbed energy per unit surface area decreases 
with a decrease of the drop radius. Therefore, the 
interface velocity has to decrease also. In Fig. 8, the 
decrease of interface velocity with time was faster for 
the smaller drop. This is related to a faster attainment 
of the value of the drop radius comparable with the 
skin depth in this case. 

In the equilibrium phase change model, the heating 
has a local character and the interface velocity 
depends on the negative temperature gradient at the 
surface. This temperature gradient starts to increase 
particularly after the vaporization temperature is 
reached at the surface, and, according to the assump- 
tion of an equilibrium vaporization process, the sur- 
face temperature is kept at a constant value. However, 
at the same time. a significant part of the heat 
absorbed in outer shells of the sphere flows in the 
direction to the center and increases the temperature 
inside the droplet. This is the reason why in the initial 
phase, the interface velocities are lower than with the 
lumped model. In the later phase, when the absorbed 
heat is significantly reduced due to the decrease of the 
drop radius under the skin depth, the vaporization 
process is driven by the heat accumulated inside. 
Apparently, this process is very fast due to the high 
thermal conductivity of the metal and the heat supply 
inside is spent in a relatively short time. In the final 
phase of evaporation, the overheating inside the 
sphere is very low and the state of thermal equilibrium 
with the surroundings is reached. 

In Fig. 9. showing the comparison of curves (drop 
radius vs time) for both models, the differences 
between the models are not marked so well as the 
velocity differences from the previous figure due to 
the large region of R chosen. In the absolute values, 
the drop radius for the lumped model was in the initial 
phase up to 20% lower and in the subsequent phase 
up to 14% higher than with the conduction model. 
The differences were higher for higher initial drop 
radii. This is in accordance with the character of the 
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Table 4. Comparison of R(I) computed by conduction and lumped models with experimental data of Vutsens [l7] 

I(S) 0 60 I80 270 360 

Experiment 8.25 x low 7.59x10 ’ 7.21 X lo-’ 6.60 x 10-3 6.08 x IO-’ 
Conduction model B,, = 0.027 T 8.25 x 10-l 7.89 x lo- 3 7.15x lo-’ 6.61 x 10-J 6.06 x IO- 3 
Lumped model B,, = 0.0275 T 8.35 x IO-- .1 7.87 x 10-3 7.14x lo-’ 6.59 x IO-’ 6.03 x IO-’ 

heating process for both the models as described 

before. 

However, in the final phase of vaporization. the 
state of thermal equilibrium was reached at principally 
the same value of the drop radius. the differences were 
only up to I% which is comparable with numerical 
errors. This is apparently a logical conclusion fol- 
lowing from the balance between heat gains and losses 
of the sphere. 

We then compared results obtained by both con- 
duction and lumped models with the experiments ol 
Vutsens [ 171 performed for aluminum evaporated into 
vacuum with w = 87rx 10’~s ’ and TV = 1700 K. In 
this comparison, a fitting procedure to get the ampli- 
tude of the external-magnetic field B,, was necessary 
because there was no information about B, in 

Vutscns’ experiments. Table 4 shows a very good 
agreement of functions R(r) computed by both con- 
duction and lumped models with Vutsens’ experi- 
ments for the initial phase of evaporation process (the 
differences are less than 1%). 

Very small dilferences between the two models in 
this case are related to the fact that B, is just above 
the vaporization threshold (B, = 0.016 T. B,, = 0.027 T) 
and that the intensity of electromagnetic heating is 
relatively small. Consequently. overheating inside the 
drop is very small and the diflerences between the two 
models almost vanish due to the large themlal con- 
ductivity of aluminum. 

We further analyzed possible errors of our com- 
putations. Here, the influence of uncertainties in the 
values of liquid metal emissivity (which is not a well- 
documented parameter for higher temperatures) is 
apparently one of’ the most important. A 6% difference 
in the final size of the drop radius R, was observed when 
simulations for E = 0.15 and 0.30 were perfomled for 
aluminum, B = 5 T. w = 2rrx IO5 s- ‘, R, = IO -’ m. 
The influence of other material parameters is less im- 
portant because they are determined with a higher 
precision. Neglect of forced convection might also 
cause significant errors in the computational results. 
The computations for a relative velocity between the 
droplet and ambient gas of I m s- ’ showed a 10% 
difference in Rrwhen compared with the computations 
with 13 = 0 (again the case of Al, B = 5 T, o = 2rr x IO’ 
s- ‘. R, = IO-’ m was chosen). 

Let us now go over some simplifying assumptions 
of our model. The influence of basic simplifications 
by neglecting convection and drop-shape change is 
apparent and was mentioned before. 

Among the other assumptions, the constant vapor- 

ization temperature is equivalent to the application 
of an equilibrium phase change model and can be 
used for constant interface velocities, in general. 

The assumptions of stationary drop and stagnant 
surrounding medium enabled us to consider a con- 
stant amplitude external-magnetic field and deal with 
heat losses due to conduction, natural convection and 
radiation. In general, a static approximation can be 
used for solenoids with a high ratio between the length 
and the radius where the magnetic field is near-homo- 
gcneous and for a relatively slow motion of droplets 
in the device. In accordance with the assumption of a 
stationary droplet we did not consider the inertia 
effects. In general, these effects are important for 
accelerating and decelerating media and are 
expressed in a momentum balance. 

In modeling the heat conduction process. we used 
Fourier’s law. It was not necessary to use the hyper- 
bolic heat equation in our model. The estimated relax- 
ation times for the three liquid metals Cu, Al, Ti 
[30,31] are in the range of IO-“-IO-” s, and our 
characteristic times are longer than IO- s. According 
to the general criterion for the dominance of wave 
behavior over diff‘usion [32], the influence of wave 
behavior on the heat propagation was at least six 
orders of magnitude less than diffusion. 

The further assumption that heterogeneous nuc- 
leation can be neglected is valid only for a very 
pure material. In a real sample, impurities can occur 
in the metal and cause bubble formation inside the 
drop when temperatures arc high enough. Homo- 
geneous nucleation could arise at higher temperatures 
near the critical point. Also in this case it would 
be necessary to take into account the occurrence of 
bubbles in the overheated liquid. 

AclinoIl,/~c/Slenlrrl/-This paper is based upon work sup- 
ported by Texas Advanced Technology Program. under 
grant Nos 003604-008 and 003604-027. 
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