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In the paper, the role of the gas phase in the process of evaporation of metal bath volatile components, considering

mass transfer, is presented.
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INTRODUCTION

The development of production technologies with
respect to modern construction metallic materials is

mainly based on procedures performed at low pressures.

This refers to both vacuum induction melting (VIM)
and vacuum arc remelting (VAR) technologies. Vacuum
treatment ensures production of metals and their alloys
that demonstrate higher purity as well as lack of solved
gases and many other metallic contaminants. The latter
effect is possible due to evaporation of contaminants,
whose equilibrium vapour pressures are higher com-
pared to the matrix metal, from the bath.

In the paper, the role of the gas phase in the process
of evaporation of metal bath volatile components, con-
sidering mass transfer, is presented.

KINETICS OF EVAPORATION

It is known that in the process of liquid metal alloy
component evaporation, there are three essential stages
[1]:

e Transfer of the evaporating component mass from

the body of the liquid metal phase to the interface
— stage I.

e A surface reaction, i.e. the evaporation process it-
self on the liquid metal-gaseous phase interface —
stage II.

e Transfer of the evaporating component mass from
the interface to the core of the gaseous phase —
stage II1.

Factors that can markedly affect the evaporation rate

are as follows [2-4]:

e temperature

e pressure in the smelting system

e alloy composition
Labaj, G. Siwiec, J. L. Blacha — Silesian University of Technology, Fac-
ulty of Materials Engineering and Metallurgy, Katowice, Poland

R. Burdzik — Silesian University of Technology, Faculty of Transport,
Katowice, Poland

METALURGIJA 53 (2014) 2, 215-217

e composition of the gaseous phase over the bath

e hydrodynamics of the smelting system.

The overall mass transfer coeffi cient of the evapo-
rating component, k, is determined with the use of the
following equation:
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T —temperature,
R —gas constant,
S —mass transfer coefficient of metal in the liquid
phase (metal bath),
ke — metal evaporation rate constant
[ — mass transfer coefficient of metal in the gaseous
phase,

M = —molar mass of the basic bath component,
p,, — density of the basic bath component,
y.  —activity coefficient of the evaporating component
in the liquid alloy,
p°, —equilibrium vapour pressure of the basic bath
component.

The rate of the above evaporation process is deter -
mined by its slowest stage. As demonstrated in many
studies, stages that limit the evaporation rate are mostly:
mass transfer in the gaseous phase and mass transfer in
the liquid phase. Dif fusion control, related to the mass
transfer in the liquid phase, is most commonly observed
for low pressures < 10 Pa. For higher pressures above
100 Pa, the process is mainly controlled by diffusion in
the gaseous phase. In Table 1, sample results of experi-
ments on evaporation of various alloy components and
stages that determine these processes are presented.

MASS TRANSFER IN THE GASEOUS PHASE

While analysing mass transfer in the gaseous phase,
it should be noted that for normal pressure, very fre-
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Table 1 Values of the overall mass transfer coeffxien t for
evaporation processes with various types of rate
control [1,5-8]

Matrix metal Pressure Temperature k-10°
/evaporating metal /Pa /K /m:-s
Cu/Pb? 40,0 1423 71
40,0 1523 16,6
13,3 1423 8,0
13,3 1523 22,2
Cu/Pb® 8 173 474,72
1473 82,14
1523 90,08
1523 96,99
Ti/Mn© 10 1973 153,3
1973 176,0
2023 2051
2023 208,4
Ti/Al9 1000 1973 10,7
100 15,4
50 17,5
10 17,8
0,06 1898 41,2
Fe/Cu® 1898 38,5
1923 47,4
1923 45,8
1973 47,8
1973 49,5
Cu/Pb” 101 325 1473 0,34
1523 0,56
1573 0,75
1623 1,07
3 Diffusion control — gaseous phase [1, 3]
b Diffusion control - gaseous and liquid phases [4]
9Diffusion control - liquid phase [5]
9Kinetic control [6]
@ Diffusion control - liquid phase [7]
f Diffusion control - gaseous phase [8]

quent collisions of particles that detach from the evapo-
ration surface are observed, and their free path length is
about 10" m. Gradual pressure reduction in the system
is accompanied by a considerably longer free path,
which is described by the following equation:

1L T @
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where:
d,— gas particle diameter, nm
P — gas pressure , Pa
A ,— mean free path, m
The mean free path of a gas particle in a two-component
mixture is determined as follows:
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where:
A,, — mean free path of the main gas (concentration: n,),
A, — mean free path of the evaporating component (also
forn,),
M, M, - molar masses of, respectwf:ly, the evaporat-
ing component and the main gas.

When the particles of one gas are much smaller than
the particles of the other gas (i.e. when M | >M and
d,,<d, ), equation (4) can be simplified and:

A1 =564, (5)
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Figure 1 Mean free path of lead vapours versus pressure

In Figure 1, mean free paths of gaseous lead parti-
cles in a lead-helium mixture, calculated by means of
equation (5) for lead evaporation from the Cu-Pb alloy,
are presented. The calculation results are illustrated in
Figure 1 and show that the determined 4, values for
pressures lower than 10 Pa are between ten and twenty
centimetres, which means that for diameters of melting
pots used in the smelting systems, the melting pot ge-
ometry can markedly af fect the rate of the analysed
process. This has been demonstrated in e.g. studies con-
ducted by Bellot who investigated the role of gaseous
phase in the process of chromium evaporation from in-
ductively stirred liquid steel [9].

Under high vacuum, when the condition that the value
of the mean free path is much larger than the parameters
of the vacuum area geometry (the melting pot diameter or
the distance from the condensation surface) is met, so-
called free evaporation occurs. Here, the rate of gas par -
ticles depends not on their mutual collisions but on the
collision with other surfaces in the vacuum area [10].

The vapour fl ow with respect to the metal that is
transferred into the gaseous phase, is determined by the
following equation [9]:

D- *
N, = < +L 'pis(6)
RTO, RT '
where:

p,, — €quilibrium pressure of the bath evaporating com-
ponent vapours
8 , — thickness of the hypothetical boundary layer on the
gaseous phase side
D, , — vapour diffusivity with respect to metal that evap-
orates in the gaseous phase.

In this equation, two possible mechanisms of mass
transfer in the gaseous phase are taken into account, i.e.
molecular dif fusion through the boundary layer (the
first stage) and convective flow (the second stage). The
local gas velocity, v¥, can be determined as follows:

v, = RT TN, (7)

where: Dog

2N, —a sum of all gaseous phase component flows.

When equations (6) and (7) are applied, the follow-
ing is obtained:
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According to Harris [1 1], when the value of equa-
tion (10) is larger than 2, diffusion transfer in the gase-
ous phase is negligible compared to the convective
transfer, and the equation that determines the mass
transfer coefficient in the gaseous phase is as follows:

2N, =8, (12)
pog

DETERMINATION OF THE HYPOTHETICAL
BOUNDARY LAYER THICKNESS

As mentioned above, the boundary layer thickness,
9, is diffi cult to estimate for most hydrodynamic sys-
tems in metallurgical devices. The only process where
the boundary layer thickness on the gaseous phase side
can be determined is liquid metal barbotage with gases
[12, 13]. This parameter mainly depends on the overall
pressure in the system.

Before determination of the boundary layer thickness
based on the experimental data regarding lead elimina-
tion from the Cu-Pb and blister Cu alloys, the value of the
left expression of equation (10) was calculated. For all
experiments, the following condition was met:

LROT(S" <0,2(13)
Pb

This means that for the analysed evaporation rate deter
mination, equation (14) can be applied. Using this equa-
tion and the experimentally determined values of the over
all mass transfer coefficient as well as the 8, and &, values,
determined by means of equations, values of the hypothet-
ical boundary layer (0 ) thickness were estimated. The 0_
value was determined by means of equation [14]:

0,82627

6,=518-107T- +6,29-10’4~Z(14)
p

Z
In Figure 2,the 6 _and A | values, determined by
means of equations (5) and (14), are compared. Equa-
tion (14) can be used for determination of the mass
transfer coeffi cient in the liquid phase in the case of
metal bath volatile component evaporation in an induc-
tion furnace or other crucible furnaces.

SUMMARY

In the paper, mass transfer in the gaseous phase as
the stage of volatile metal bath component evaporation
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Figure 2 Mean free path of lead vapours in helium and the
boundary layer thickness versus pressure (Cu-Pb
alloy, T1473 Kand 1 523 K)

is discussed. The equations for estimation of the mass
transfer coefficient (£)) are presented. Based on the own
experimental results, the equation that determines the
hypothetical boundary layer thickness for the analysed
transfer process is proposed. It can be used for determi-
nation of the mass transfer coefftient in the liquid phase
in the case of metal bath volatile component evapora-
tion in an induction furnace or other crucible furnaces.
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