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Abstract

Cold crucible induction melting is evolving as a promising technology for vitrification of high level radioactive waste because of high temper-
ature availability and long melter life. Natural convection in the inductively heated glass pool plays a significant role in the performance of such
melters. Experimental investigations were carried out to study the nature of flow patterns and temperature profiles in a sodium borosilicate glass
pool inside an engineering scale cold crucible induction melter. Flow patterns were obtained for power levels in the range of 50 to 110 kW. The
average surface velocity was found to vary from 5 mm s~ at 50 kW t0 22.5 mms—! at 110 kW. Experimentally measured temperature profiles in
the glass pool indicated a well-mixed zone above a thermally stratified layer.

© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

In 1926, a German Patent (No. 518,499) proposed the use
of water-cooled, segmented metal crucible to melt refractory
metals by an induction coil surrounding the crucible. A simi-
lar melter was developed later by Schippereit (US Patent No.
3,223,519) employing a non-conductive slag material between
the molten metal and the segmented metallic vessel. Although
this melter was successful on a smaller scale, larger systems
ended in failures due to molten metal shorting across the seg-
mented crucible. However, induction melting in cold crucible
was widely utilized in Russia in the 1970s for the production
of oxide-based refractories [1]. In 1980s, inducto-slag melting
process was scaled up successfully for use in producing tita-
nium castings employing larger, multi-segmented crucible with
a 350 kW, 3 kHz induction power supply [2]. The Cold Crucible
Induction Melting (CCIM) process, also known as Induction
Skull Melting (ISM) process, is widely used to produce high
purity melts of a range of difficult to melt materials, including
Ti—Al alloys for aerospace applications, high temperature su-
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perconducting materials and silicon for electronic applications,
corium (a mixture of UO, and ZrO,) for nuclear reactor appli-
cations etc. Experimental investigations of cold crucible induc-
tion melting of metals were carried out by many researchers in
order to study various aspects of design and operation of such
systems [3-5]. Similar studies for melting non-metallic, refrac-
tory materials were also reported in the open literature [6—8].

Cold crucible induction melting is globally emerging as an
alternative technology for the vitrification of high level radioac-
tive waste as it offers several advantages such as high tempera-
ture availability with long melter life, high waste loading, high
specific capacity etc. Research and development studies related
to application of CCIM technology for immobilization of high
level radioactive wastes are in progress in countries like France
[9], Russia [10] and USA [11].

In cold crucible induction glass melting, glass is directly
heated by electromagnetic induction employing a segmented
crucible which is manufactured from contiguous segments
forming a cylindrical volume, but separated by a thin layer of
electrically insulating material [12]. An inductor surrounding
the segmented crucible induces eddy currents in each segment
creating an electromagnetic field inside the crucible. Such an
arrangement is equivalent to two air-cored transformers—one
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Nomenclature
1 Feeder line current to induction heating power
SUPPLY « o A
P input power to the melter ................... w
R radial location of a thermocouple ........... mm
t melter operating time ........................ S

T glass temperature .............ci i, °C
T temperature at R = 180 mm, Z =270 mm ... °C
T> temperature at R=0mm, Z =270 mm ...... °C
1% glass velocity ..., ms~!
Z axial (vertical) location .................... mm

formed by the induction coil and the crucible segments and
the second formed between the segments and the charge. Thus,
the segmented crucible acts as a field concentrator, indirectly
reducing the gap between the induction coil and the charge.
Direct heating of glass facilitates heating the process mater-
ial to high temperatures. In order to avoid high temperature
glass corrosion of the metallic crucible, internal cooling of the
segments is provided. This cooling produces a solidified glass
layer, which acts as a protection against glass corrosion along
the melter inner wall. High temperature availability without
substantial corrosion makes the CCIM a promising technology
for immobilization of high level nuclear waste. Based on the
laboratory and bench scale experimental studies carried out at
Bhabha Atomic Research Centre, an engineering scale cold cru-
cible induction melter (ESCCIM) was indigenously developed
for technology demonstration [13]. In the present paper, results
of an experimental study of natural convection in molten glass
pool inside the ECCIM are described. The overall objective of
the present investigations was to study the convective behav-
iour of the molten glass pool under different operating power
levels. The melter performance is strongly linked to the thermal
and flow field in the glass melt. Therefore, a better understand-
ing of the natural convection in the glass melt is essential for
the design and operation of the CCIM for such applications.

2. Engineering scale experimental facility

The experimental facility, shown in Fig. 1, comprises of an
engineering scale cold crucible induction melter, an induction
heating system and a heat removal system. Major components
of the ESCCIM are shown in Fig. 2. The melter essentially has
a water-cooled base to support the molten mass, a circular array
of electrically isolated segments to facilitate electromagnetic
field penetration into the melter and an inlet—outlet chamber to
provide cooling water to the vertical segments, which constitute
the melter wall. The ESCCIM comprises of 56 segments with a
tube-in-tube configuration. Each of these segments consists of
a one inch outer tube (BWG 12) connected to the cooling water
inlet chamber and a half inch inner tube (BWG 12) connected
to the cooling water outlet chamber. These stainless steel cool-
ing tubes are arranged in a circular array to hold a molten glass
pool of 500 mm diameter. The base and the tubular segments are
electrically isolated with a 3 mm thick Teflon gasket in order to
avoid electrical short-circuiting of the segments at the bottom.
An inlet ring header is employed to distribute cooling water to
the lower inlet chamber and an outlet ring header connected to
upper outlet chamber is used to discharge hot water from the

Fig. 1. Engineering Scale Cold Crucible Induction Melter (ESCCIM).

melter. The base is provided with an independent cooling water
circuit. A water-cooled mechanical plug assembly protruding
200 mm above from the melter floor is used to drain molten
glass from the melter. All metallic parts of the crucible were
fabricated out of nitric acid grade stainless steel (SS 304L) con-
sidering the acidic nature (3 M HNO3) of the high level liquid
waste.

An indigenously available, transistor-based induction heat-
ing power supply system with an operating frequency of
200 kHz was chosen for the present ESCCIM application. This
power supply, procured from M/s. G. H. Induction India Pvt.
Ltd., provides diameter to skin-depth ratios ranging from 2 to
4.5 for different glasses with electrical conductivities ranging
from 5 to 1 Ohm cm. A current-fed, parallel resonant load
circuit was selected for the inverter circuit topology. The in-
verter was rated for 350 kW with a maximum power delivery
of 200 kW in the load. A one-turn, 3 mm thick, 220 mm high,
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1 water-cooled base
2 water-cooled segments
3 cooling water inlet-outlet chamber

4 water-cooled mechanical plug
5 cooling water inlet header
6 cooling water outlet header

Fig. 2. Major components of the ESCCIM.

water-cooled copper inductor was used to limit the maximum
coil voltage requirement to 1600 V. A coil inside diameter of
600 mm was chosen to provide a 25 mm thick casting of high
temperature refractory cement on the exterior of the crucible
segments. The coil was located 150 mm above from the water
cooled base of the ESCCIM to reduce the Joule heat generation
in the top metallic plate of the base. A 5 m long water-cooled,
copper busbar was used to connect the inductor and the capaci-
tor bank.

The heat removal system comprises of primary cooling wa-
ter (PCW) circuit which cools various components of the seg-
mented ESCCIM and secondary cooling water (SCW) circuit
which removes the heat gained by the PCW from the melter.
The PCW loop consists of a plate type heat exchanger (heat
duty: 200 kW) and a stainless steel centrifugal pump (capacity:
750 LPM, head: 35 m) and a DM water storage tank. The SCW
circuit consists of a cooling tower (heat duty: 250 kW) and a
circulation pump (capacity: 1000 LPM, head: 35 m) in addition
to the heat exchanger connected to the PCW loop. Adequate in-
strumentations such as flow rate and temperature measurements
were provided to generate sufficient engineering data for design
verification.

3. Experimental procedure

Sodium borosilicate glass with chemical composition given
in Table 1 was used for the present study. Electrical conductivity
and viscosity of this glass are given in Tables 2 and 3 respec-
tively. Glass being an electrical insulator at room temperature, it
must be preheated enough for substantial electromagnetic cou-
pling and sustained induction heating. Graphite rings (of 50 mm
outside diameter, 30 mm inside diameter and 10 mm height)
were used for start-up heating. A chain formed from 25 to 40

Fig. 3. Melter inside view during melter start-up.

Table 1
Composition of sodium borosilicate glass
Chemical Weight %
SiOy 32
B,03 25
Na,O 28
Fe,03 13
TiOy 2
Table 2
Electrical resistivity of sodium borosilicate glass
Temperature (°C) Resistivity
(Ohm cm)
900 33
1000 1.9
1100 1.2
Table 3
Viscosity of sodium borosilicate glass
Temperature (°C) Viscosity
(Poise)
850 72.5
900 39.4
950 13.2
1000 9.4
1050 8.2

graphite rings was placed at the top centre of the initial charge
of 90 kg of glass frit of 5-10 mm size. The rectifier output volt-
age was set to 350 V (dc) to produce 80 kW in the load. Melter
inside view during the start-up is shown in Fig. 3. The glass
melt grows gradually from the centre to the periphery. The line
current to the induction heating power supply increases sub-
stantially as the electromagnetic coupling with the molten glass
improves and finally reaches a steady state for a given power
level. In order to establish the required glass level, prefabri-
cated glass frits of 5-10 mm size was fed onto the surface of
the molten glass pool using a vibratory feeder.

An array of three inconel-sheathed, N-type thermocouples in
ceramic thermowells (6 mm inside diameter and 3 mm thick),
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= W R =

3 Thermowell at R = 90 mm
4 Thermowell at R = 180 mm

1 Mechanical plug
2 Thermowell at R =0 mm

Fig. 4. Arrangement of ceramic thermowells inside the ESCCIM.

as shown in Fig. 4, was used to obtain the radial and vertical
temperature profiles in the molten glass pool. The thermocouple
array was lifted up gradually to measure the glass temperatures
at a vertical interval of 10 mm. The convective flow patterns at
different power levels were obtained using a digital camera. The
velocity of glass flow on the pool surface was experimentally
determined by noting the average time taken by floating glass
beads of 3 mm diameter to travel from the melter periphery to
the top centre.

4. Experimental results

Two independent runs were conducted to study the impact
of operational history and operating power level on the ther-
mal field in the glass melt. Operational history of run 1 is
shown in Fig. 5. The melter was initially filled up to a level
of 200 mm with 90 kg of glass frit. A chain formed from 25
graphite rings was used for the melter start-up heating which
took about 4 hours to produce sufficient pool for substantial
electromagnetic coupling. Additional 40 kg of glass was added
to obtain a final molten glass level of 290 mm. Operating power
level was maintained at 90 kW and the pool was allowed to
reach steady-state. The melt depth at the pool periphery was
measured to be 165 mm using a dip-stick method. The aver-
age glass surface temperature at 90 kW was 1050 °C. Fig. 6
shows the steady-state temperature profiles in the molten glass
pool corresponding to run 1. These temperature profiles indi-
cate a stable thermal stratification below 200 mm glass level
where relatively quiescent glass pool is expected. Model pre-
dictions of Hawkes [14] also show the existence of thermally
stratified layer in the glass pool inside a cold crucible induction
heated melter for melting radioactive waste glass. Two differ-
ent body forces (viz., electromagnetic body force due to the
high frequency coil current and gravitational body force due to
the non-uniform thermal field) prevail in an induction-heated,
electrically conducting liquid. The convective behaviour of the
liquid pool under induction heating depends strongly on the
relative magnitudes of the two body forces. In general, electro-
magnetically driven flows occur in metal melting applications
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Fig. 6. Temperature profiles in the glass pool (run 1).

in which the flow is predominantly in the radially outward di-
rection at the pool surface and gravity-driven flows occur in
glass melting applications in which the flow is predominantly
in the radially inward direction at the surface. In the present
study, thermal stratification was observed in the lower part of
the glass pool where temperature varies almost linearly with
height. In this stably stratified thermal layer of the glass melt,
wherein temperature increases with height, the heat transfer is
essentially by means of thermal conduction. Experimental re-
sults of internal gravity-driven flows in a volumetrically heated
melt accumulation bounded by cold walls indicate similar ther-
mal stratification [15]. In the present design, a water-cooled
mechanical plug protrudes 200 mm above from the melter base
so that the well-stirred glass above it can be drained to ensure
product homogeneity. The quiescent glass pool is always main-
tained as heat source for the next batch subsequent to every
glass pouring. In the thermally stratified zone of run 1, the tem-
perature at the centre was observed to be higher than that near
the periphery on account of the prolonged heating at the centre
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Fig. 7. Pool surface conditions and flow pattern during glass melting.
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Fig. 8. Operational history of run 2.

during melter start-up. In the upper part of the pool, glass at the
periphery is hotter due to the skin effect.

During the experiment, glass melting rate was observed to
vary strongly with the melter operating power as expected. The
melting rates varied from 20 kgh~! at a power level of 90 kW to
40 kgh~! at 110 kW. The melting rate was enhanced by better
mixing on account of the stronger natural convection currents
in the molten glass pool. The surface conditions and the con-
vective flow patterns during glass melting are shown in Fig. 7.

In order to study the impact of melter operating power on
the flow pattern and temperature profiles in the glass pool, an
independent experiment was carried out. The operational his-
tory of run 2 is given in Fig. 8. Initial conditions of the second
run were identical to those of the first run except that a chain of
40 graphite rings was used to accomplish a faster melting. Total
glass used in run 2 was 140 kg instead of 130 kg in run 1. The
final molten glass level in run 2 was measured to be 300 mm
with a glass pool depth of 175 mm at the pool periphery. The
operating power level was set to 110 kW and the glass pool
was allowed to reach steady state. The temperature profiles for
110 kW are shown in Fig. 9. (Thermocouple at R = 90 mm

140 - | | —e—R =180 mm
—=—R= 0mm

T T
700 800 900 1000
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T T
1100 1200 1300

Fig. 9. Temperature profiles in the glass pool (run 2).

was not functional during run 2.) The average surface temper-
ature at this power level was 1200 °C. Fig. 9 shows that the
thermal field at the centre of the pool is more uniform than
that at the periphery, suggesting a stronger flow at the centre.
Numerical simulation results obtained by Hawkes [14] confirm
the presence of a stronger flow field at the centre of the glass
pool. Fig. 9 also indicates stable thermal stratification simi-
lar to that of run 1. However, thermal field in the pool above
the quiescent layer appears to be more uniform on account of
the stronger convection currents at higher operating power. In
metal melting applications, it is difficult to maintain melt su-
perheat even though the power is increased [5]. This is due to
the fact that the enhanced electromagnetically driven flow, due
to the increase in power, results in additional heat loss to the
cold crucible. High convection currents (with velocities of the
order 10~! ms™!) in the melt and high thermal conductivity
(of the order of 102 Wm—' K~!) of the metallic skull make
superheating of the molten metal difficult. In glass melting ap-
plication, the heat loss in the thermally stratified lower zone is
governed by conduction and that in the upper zone is governed
by the thermally induced natural convection. High viscosity of
molten glass (with velocities of the order 1072 ms~!) and low
thermal conductivity (of the order of 1 Wm™! K~!) of the so-
lidified glass layer lead to relatively lower crucible losses when
compared to that in a molten metal. These aspects explain the
observed rise in the molten glass pool temperature with increase
in power.

The thermal conditions and flow patterns at the glass pool
surface were recorded for different power levels using a digi-
tal camera. These photographs are presented in Fig. 10, which
clearly indicates that the thickness of the solidified glass layer
near the pool periphery decrease with increasing power lev-
els signifying an increase in the heat loss from the pool to the
water-cooled segments of the crucible. Skin effect caused by
the high frequency magnetic field results in a relatively hot-
ter glass at the periphery of the molten glass pool. As a result,
lighter glass rises at the periphery and flows towards the cen-
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Fig. 10. Flow patterns at different melter power (run 2).

tre of pool surface. As it flows along the pool surface, it looses
heat to the surrounding leaving the glass cooler near the cen-
tre where the denser glass sinks. Enhanced operating power
improves net gravitational body forces; weakens the resistive
viscous forces; and thereby results in better mixing. It is ex-
pected that the electromagnetic body forces prevailing in the
poorly conducting glass pool is not strong enough to contribute
to the natural convection significantly.

Flow patterns presented in Fig. 10 show that moderately or-
dered radial flow from the pool periphery to the centre prevails
at low power level. (The ceramic thermowells and water-cooled
mechanical plug certainly interfere with the flow patterns.)
The streaks which appear on the glass surface are formed by

relatively cold glass drawn from the melter periphery by the
convection currents. These streaks are comparatively longer at
low power level and the neighbouring streaks join together to-
wards the centre of the pool. As the power level increases, the
number of streaks increases with more and more and more cross
connections get established. The flow becomes more chaotic
at higher power levels. The velocity of glass flow on the pool
surface was experimentally determined by noting the average
time taken by floating glass beads of 3 mm diameter to travel
from the melter periphery to the top centre. The velocities thus
obtained for different power levels are plotted in Fig. 11. The
velocity grows exponentially with increase in power. The aver-
age surface velocity was found to vary from 5 mm s~ at 50 kW
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Fig. 12. Glass temperature at different melter power (run 2).

to 22.5 mms~! at 110 kW. The exponential relation shown in
Fig. 11 concurs with the experimental results with in a maxi-
mum error of 3.75%.

In Fig. 12, glass temperatures at two different radial loca-
tions (R =0 and R = 180 mm) on the same horizontal plane
(270 mm from the bottom) are plotted to show the impact of
operating power on the thermal field prevailing in the glass
pool. Fig. 12 shows that the difference between the two tem-
peratures decreases, as expected, with increase in power. As
the differential temperature across two fixed points in the glass
pool decrease with improved mixing on account of buoyancy
induced natural convection, the ratio of power to the differen-
tial temperature can be used to represent the degree of mixing in
the glass pool. Such an index can be used to indicate the prod-
uct homogeneity. Since the glass velocity is governed by the
strength of the convection currents in the pool, a linear relation
can be expected between the measured velocity and the ratio of
the power to differential temperature. Fig. 13, in which mea-
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Fig. 13. Glass velocity versus ratio of power to differential temperature (run 2).

sured velocity is plotted against [P /(77 — T»)] ratio for power
levels ranging from 50 to 110 kW, proves this guess. The linear
relationship shown in Fig. 13 fits the experimental results with
in a maximum error of 3.36%.

Convective behaviour of the molten glass pool inside the
CCIM can be analysed in detail using a mathematical model
involving Maxwell’s equations describing the electromagnetic
field and the Navier—Stokes equations describing the flow and
thermal fields. Such a study will be carried out to investigate
the effect of different parameters such as variable properties,
surface tension, electromagnetic body forces (also known as
Lorentz force) etc. on the performance of CCIM used for glass
melting applications.

5. Conclusions

Convective behaviour of an electrically conducting molten
glass pool inside an engineering scale cold crucible induction
melting was investigated experimentally using sodium borosil-
icate glass. Flow patterns obtained for different power indicate
that turbulent conditions prevail under the normal operating
conditions of the melter. Temperature profiles in the molten
glass pool show that a well-mixed zone exists above a thermally
stratified layer of molten glass. The average surface velocity
was found to vary from 5 mms~! at 50 kW to 22.5 mms~! at
110 kW. The melting rate was enhanced by better mixing on ac-
count of the stronger natural convection currents in the molten
glass pool. The melting rates varied from 20 kgh~! at a power
level of 90 kW to 40 kgh~! at 110 kW.
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