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The paper describes the development of a concept for bottom-heated induction melting in cold crucible (IMCC-BH) 
applied for radioactive waste vitrification purposes. It presents experimental and theoretical research data that can 
be used in the design development of industrial high-performance radioactive waste vitrification facilities. The paper 
provides experimental data involving electrical and energy characteristics of the melters. Based on 2D simulation of 
electromagnetic and hydrodynamic processes, the study evaluates the distributed parameters of induction systems 
demonstrating IMCC-BH features and advantages. 
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Introduction

Official IAEA data [1] reveals a 4-fold increase in 
the amount of spent nuclear fuel (SNF) that have 
been unloaded from nuclear reactors since 1990. 
Over the same time period, the amount of repro-
cessed SNF has slightly more than doubled. SNF 
volumes subject to long-term controlled stor-
age are growing rapidly [2]. Currently, more than 
26.5 thousand tons of heavy metals (HM) have 
been accumulated in Russia. Moreover, this indica-
tor is growing by about 700 tons of HM every single 
year. The State Atomic Energy Corporation Ro-
satom sees the nuclear fuel cycle closure as one of 
its strategic goals for the coming decades: relevant 
success is directly related to the goal of providing 
some increased reprocessing capacities that would 
reprocess SNF from nuclear power plants (VVER, 
BN, BREST, etc.). To date, the RT-1 plant at PA 
Mayak site with its annual design capacity of up to 

400 tons of SNF is the only radiochemical SNF re-
processing enterprise operated in Russia. Currently, 
a pilot-demonstration center with a design capacity 
of 250 SNF tons per year is at the pre-commission-
ing stage of operation at the SCC site. Future plans 
call for the RT-2 plant commissioning, the design 
capacity of which is expected to amount to 800 tons 
of HM per year. Therefore, development of a high-
performance and reliable conditioning method for 
the high- and intermediate-level waste generated 
from SNF reprocessing is seen as an even more ur-
gent challenge to be addressed given the expected 
significant increase in the SNF reprocessing capaci-
ties. Vitrification is a most widely used condition-
ing method applied to treat this RW type: relevant 
vitrification method is called induction melting in 
cold crucible (IMCC). The capacity of vitrification 
furnaces available in Russia operated in accordance 
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with the one-staged IMCC method ranges from 2.5 
to 12 kg/h for glass [3]—[6] and basically depends 
on the diameter of the melting surface in the fur-
nace, which does not exceed 630 mm. Melting sur-
face diameter and, therefore, the performance of 
common IMCC furnaces with external inductors is 
limited to 1.0—1.2 m, which is due to the expan-
sion of the so-called cold zone in the center of the 
melting pool and a significant decrease in the elec-
trical efficiency of the furnace due to a decreased 
current frequency. The considered parameters and 
their relationship were discussed in [7], [8]. Further 
development of IMCC-BH furnace designs can po-
tentially address the goal of reaching an increased 
reprocessing performance.

St. Petersburg Electrotechnical University LETI 
have been exploring IMCC-BH furnaces and their 
application since 1987 [7]—[11]. As for other coun-
tries, this method and its application is only dis-
cussed in some French literature sources [12], [13]. 
Moreover, [13] provides data on the industrial 
IMCC-BH complex developed by AREVA (France) 
for the Hanford site (USA). IMCC-BH (called AC-
CIM — Advanced Cold Crucible Induction Melter in 
that paper) with a cold crucible diameter of 1.4 me-
ters has a design capacity amounting to 21 tons of 
glass per day. At the same time, completion of RW 
processing program by 2047 requires higher per-
formance of up to 37 tons of glass per day. When 
it comes to RW vitrification, the key advantages of 
the IMCC-BH method can be summarized as fol-
lows [12]: spent cold crucible can be removed up-
wards and sideways; conductively closed side wall 
of the crucible is used thereby providing its sealing 
and increasing the performance of the furnace; the 
speed of melt mixing is higher, which contributes 
to its homogenization and higher furnace perfor-
mance; the melt is better heated at the bottom 
of the crucible, which contributes to the bottom 
drainage of the glass melt, etc.

Russian and international literature sources 
provide no sufficient information on the design 
solutions and RW vitrification in IMCC-BH fur-
naces. This concerns the design of the cold crucible, 
namely, the designs of its bottom part, the drain 
device, the shape of the inductor and its location 
relative to the cold crucible, current frequency in 
the generator, conditions for the start-up of the 
heating process, the charge supply, etc.

Low electrical efficiency is seen as the main dis-
advantage of IMCC-BH furnaces, which hinders their 
industrial application [7], [11], [12]. This drawback 
can be potentially made up either by an increased 
thermal efficiency, since the overall furnace efficien-
cy is the product of electrical and thermal efficiency 
[7], or application of high-frequency magnetic cores 

[14]. Numerical simulation and experimental stud-
ies of IMCC-BH furnaces with some new engineer-
ing solutions introduced in their designs can be also 
viably involved in the study of these characteristics.

Numerical research

Numerical research focused on IMCC-BH is basi-
cally seeking to identify optimal furnace designs, 
power parameters for the melting process and the 
distributed parameters inside the melt pool. In 
particular, the research is focused on the melt flow 
temperature and rate depending on the pool size, 
since these characteristics are responsible for the 
melting process effectiveness, melt draining condi-
tions and the location of the drain device, and also 
provide low entrainment of volatile radionuclides. 
The study was performed using a 2D electrohydro-
dynamic (EHD) numerical model discussed by the 
authors in [15], [16]. The IMCC-BH furnace model 
involved a cylindrical cold crucible with an inner 
diameter of 1 m, the dimensions of which, taking 
into account the melt height of 0.4 m, allowed to 
fill a 100-liter container with glass in one melt dis-
charge. A three-turn inductor operated at a current 
frequency of 300 kHz was applied. The side wall of 
the cold crucible was modeled as an all-welded wa-
ter-cooled metal cylinder. Sections in the bottom of 
the cold crucible were not accounted for in the cal-
culations. The dependences between temperature 
levels and the physical properties of the glass used 
in the calculations were presented in [16], [17].

Boundary conditions:
•• temperature on the side and bottom surface of the 
melt pool — 20 °C.

•• emissivity of borosilicate glass melt — 0.5.
•• the surface temperature of the melt pool — less 
than 1,250 °С.

•• boundary condition for electromagnetic calcula-
tion: semi-infinite surface (electromagnetic field 
attenuation calculation).
Figures 1—3 and Table 1 summarize the calcula-

tion results. Arrows in Figure 3 show the velocity 
vectors of the melt. The length of an arrow indi-
cates the velocity level.

Table 1. Main results of calculations focused 
on melting characteristics

Parameter Value

Melt power, kW 355

Losses in a copper inductor, kW 6.5

Maximum surface temperature of the melt, °С 1,200

Maximum temperature in the melt volume, °С 1,350

Maximum flow rate of the melt, mm/sec 40
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The heat source distribution in the melt pool 
shown in Figure 2 demonstrates that most of the 
heat is released in the bottom region providing best 
conditions for the formation of vertical convective 
melt flows and heat and mass transfer to the upper 
part of the pool. Intensive mixing provides equal-
ization of temperature throughout the pool volume 
and better melt homogenization given faster RW 
dissolution in the glass melt and reduced radionu-
clide entrainment. For example, the temperature 
drop across the melt pool in the considered IMCC-
BH furnace amounted to 150 °C, while furnaces with 
an enclosing inductor provided a temperature drop 
of some 250—350 °C [15]—[17]. Induction heating 
conditions similar to those of the IMCC-BH furnace 
cannot be provided in furnaces with enclosing in-
ductor designs.

Moreover, 2D numerical simulation was used to 
calculate the influence produced by a bounded steel 
case containing a furnace and usually provided for 
in the designs of furnaces used for RW immobiliza-
tion purposes, a bounded steel side wall of the cru-
cible and a magnetic core with a relative magnetic 
permeability of 1,000 on the EM field pattern and 
the electrical parameters of the furnace. Figure 4 
presents the design layout of the model. Under this 
study, the size of the inductor and the melt pool 
were taken identical to those indicated in the above 
calculations: furnace body diameter accounted for 
1,500 mm, the distance between the inductor and 
the body amounted to 50 mm. The furnace body 
and the side wall of the crucible were made of wa-
ter-cooled stainless steel.

The specific electrical conductivity of the glass 
melt was assumed to be homogenous along the 

Figure 1. Temperature distribution in the melt pool, [°C]

Figure 2. Distribution of heat sources in the melt pool,  
[W/m3]

Figure 3. Distribution of the melt flow rate, [m/s]

Figure 4. Layout of a calculation model representing 
the IMCC‑BH furnace: 1 — melt, 2 — inductor, 3 — side wall 

of the crucible, 4 — furnace body, 5 — magnetic circuit
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pool volume and equal to 20 S/m, which corre-
sponded to a melt temperature of 1,200°C [14]–[16]. 
The current in the inductor was set at such a level 
that the power in the melt was equal to 335 kW and 
the current frequency amounted to 300 kHz. These 
parameters corresponded to those calculated based 
on the EHD model (Table 2).

Table 2. Calculated parameters of induction systems 
considering all cases presented in Figures 5—8

Parameter
Calculation number

1 2 3 4

Inductor current, A 634 1,312 1,530 547

Electrical power losses 
in the inductor, kW 6.8 30.0 40.1 6.4

Electrical power losses 
in the furnace body, kW – 52.3 71.2 0

Electrical power losses in the side 
wall, kW – – 1.3 2.5

Active power supplied to the 
inductor, kW 342 419 447 342

Inductor inductance, μH 7.36 4.44 4.39 11.61

Electrical efficiency of the inductor, % 98 80 75 98

Inductor voltage, kV 8.6 11.0 12.7 11.6

Inductor power factor 0.065 0.029 0.023 0.056

The following layouts of induction systems were 
used in the calculations:
1) inductor and melt;
2) inductor, melt and body;
3) inductor, melt, body and side wall of the crucible;
4) inductor, melt, body, side wall of the crucible and 

magnetic circuit under the inductor.
Figures 5—8 show the patterns of magnetic field 

lines plotted based on the modelling results.

The patterns of field lines indicate the effects 
of EM field concentration in the melt when using 
a side wall, the losses in which accounted for only 
0.3 % of the power supplied to the inductor.

Figure 5. Pattern of magnetic field lines  
from calculation No. 1, [Tl]

Figure 6. Pattern of magnetic field lines  
from calculation No. 2, [Tl]

Figure 7. Pattern of magnetic field lines  
from calculation No. 3, [Tl]

Figure 8. Pattern of magnetic field lines  
from calculation No. 4, [Tl]
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At the same time, large power losses in the fur-
nace body and their increase, in case if the side wall 
was involved, indicated the need of increasing the 
distance between the body and the coils of the in-
ductor. Therefore, the IMCC-BH furnace should be 
optimized as regards the position of the body, the 
side wall and parameters of the inductor.

Magnetic circuit provided shielding from the EM 
field, especially in the lower part of the furnace 
body, increased the inductor’s electrical efficiency 
from 75 to 98 %, as well as the voltage across the 
inductor and its inductance by 2.6 times. All these 
factors should be taken into account when match-
ing the inductor with the generator. One can re-
duce the voltage across the inductor by reducing 
the number of its coils, adding a ballast inductance 
to it (in parallel), changing the size and magnetic 
permeability of the magnetic circuit.

Experimental research

Tests were implemented in a IMCC-BH furnace 
with a flat sectioned water-cooled copper bottom 
made of a round tube with 10 mm outer diameter 
and a three-coiled copper inductor with an outer 
diameter of 350 mm. Figure 9a provides a photo-
graph representing the furnace applied, namely, 
the bottom sections of the cold crucible.

A HFI-11-60/1.76 lamp generator with an oscil-
latory power of 60 kW and a current frequency of 
1.76 MHz was used as a power source. Initial heat-
ing was provided by a ring with an outer diameter 
of 160 mm.

Test № 1
The side surface of the crucible was lined with fire-

clay bricks with plan dimensions of 550 × 500 mm 
(Figure 9b). A borosilicate glass frit was used for 
melting purposes. Initial heat-up stage lasted for 
35 minutes. The glass melt pool had a depth of 
10 cm. The maximum power consumption of the in-
stallation was 80 kVA. The glass frit melting capac-
ity was about 70 kg/h. Table 3 summarizes genera-
tor modes and testing stages, where Ua is the anode 
voltage of the generator lamp; Ia is the anode cur-
rent of the generator lamp; Ig — grid current of the 
generator lamp; Uind — voltage across the inductor; 
Pa — electrical losses at the anode of the genera-
tor lamp; Rcont — electrical losses in the oscillatory 
circuits of the generator; Pshin — electrical losses on 
the buses of the capacitor battery; ηgen is the elec-
trical efficiency of the generator; P1 is the active 
power supplied to the inductor; Rind is the power of 
electrical losses in the inductor; Рbot is the power of 
heat losses from the bottom of the melt pool; Rizl is 
the irradiation power from the surface of the melt 

pool lost in space (calculated based on the remain-
ing residue).

Table 3. Generator modes and testing stages  
under test № 1

Time Ua, kV Ia, A Ig, A Uind, kV Note

14:00 8.15 1.9 1.88 5.16 The test was started

14:23 9.17 1.91 1.5 5.64 Ua was increased

14:40 9.75 4.25 1.4 5.44 Pool formation, Ia is growing

15:00 9.09 9 1.35 3.47 Ua was decreased

15:45 8.08 9.9 1.74 3.45 Ua was decreased

17:15 8.21 9.15 1.60 3.51

Calorimetry: Pcont = 0.72 kW, 
Pshin = 0.07 kW, Pind = 0.41 kW, 

Pbot = 12.61 kW, Pizl = 11.41 kW, 
P1 = 25.22 kW

17:35 0 0 0 0 Heater was disabled

Figure 10 presents some photos of the furnace 
with the melt. Temperature distribution in the melt 
was analyzed: the melt temperature tended to de-
crease towards the side wall of the crucible, which 
was explained by the distribution of heat sources 
in the melt pool with their number decreasing to-
wards the periphery of the pool and confirmed the 
numerical modeling results.

Figure 9. IMCC-BH furnace with fireclay brick walls

а

b
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In this case, the glass is completely melted up to 
the side wall of the crucible, and the fireclay wall is 
not dissolved in the glass melt.

Test № 2
The side surface of the crucible is lined with elec-

trically closed water-cooled copper sheet with an 
inner diameter of 550 mm. Photos of the furnace 
with the melt are shown in Figure 11. A large boro-
silicate glass cullet was used in the test.

Figures 12—15 and Table 4 present parameters 
of the generator, electrical and power parameters 
of the melting process and the testing stages: all 
the designations provided correspond to those 
presented in Table 3. Additionally introduced was 
the measured total power of thermal and electrical 
losses in the side wall of the cold crucible Рwall.

Start-up heating lasted for 40 minutes. The 
depth of the glass melt pool was 10 cm. The maxi-
mum power consumption of the installation was 
65 kVA. The efficiency of cullet melting amounted 
to some 60 kg/h. Visual analysis of the tempera-
ture distribution in the melt based on Figure 11b 
under this test revealed melt temperature de-
crease towards the side wall of the crucible and 
glass melting near the wall of the cold crucible, 
similar to the first test.

Table 4. Generator modes and testing stages  
under test № 2

Time Ua, kV Ia, A Ig, A Uind, kV Note

15:30 8.70 1.90 1.65 5.60 Beginning of the test

16:13 9.92 3.20 0.96 4.51 Ua was increased

16:17 10.11 3.30 1.12 4.86 Starting ring was removed

16:22 7.34 4.05 0.90 3.05 Ua was decreased

16:56 9.48 5.70 1.11 4.36
Ua was increased, Ia is 

growing, pool melting is 
underway

17:12 9.92 6.27 1.13 4.60
Ua was increased, Ia is 

growing, pool melting is 
underway

17:20 10.08 6.42 1.13 4.66 Ua was increased

17:30 10.20 6.41 1.13 4.66

Calorimetric measurements: 
Pa = 18.30 kW,Pcont = 1.45 kW, 
Pshin = 0.16 kW, ηgen = 69.55 %, 
P1 = 45.47 kW; Pind = 0.84 kW, 
Pbot = 15.90 kW, Pwall = 7.26 kW, 

Pizl = 21.41 kW.

17:32 0 0 0 0 Heater was disabled

The implemented measurements and the re-
sults obtained from the tests evidenced relatively 
high thermal efficiency of the IMCC-BH furnace in 
case if it was used to melt model borosilicate glass 

Figure 10. Types of melts at different melting stages 
under test № 1

а

b

а

b

Figure 11. Types of a cold crucible with a melt at different 
melting stages in test № 2: a — start-up heating,  

b — steady mode



Radioactive Waste № 4 (21), 2022 77

Experimental and Theoretical Studies of Induction Furnaces 
 with Cold Crucibles and Bottom Heating for Radioactive Waste Vitrification

containing HLW simulators. This process is boosted 
by relatively small heat losses from the bottom of 
the melt pool towards the side wall of the cold cru-
cible, whereas the power losses mainly occur from 
the free melting surface of the melt pool being re-
sponsible for the melting performance.

Thus, the minimum ratio between the power of 
radiation losses per power supplied to the inductor, 
Pizl/P1 accounted for 0.45—0.47, whereas, according 
to the authors, in furnaces having covering induc-
tors with a cold crucible diameter of 0.4 meters this 
ratio was found to be equal to 0.3—0.4. In addition, 

the free surface in the IMCC-BH furnace was heated 
uniformly, in contrast to the IMCC furnaces with 
covering inductors, which are characterized by a 
cold zone present in the center of the free melt sur-
face, which significantly reduces the vitrification 
performance.

The present research opens the door for further 
improvement of RW vitrification method based on 
IMCC-BH furnaces, which have some particular ad-
vantages over the commonly applied IMCC furnaces.

Conclusion 

Current research paves the way for some new ad-
vanced designs and methods having some impor-
tant advantages over the existing IMCC RW vitrifi-
cation units assuming the use of IMCC-BH furnaces 
that may be applied to vitrify the waste of any ac-
tivity level. This conclusion has been validated by 
the experience of the Hanford site in the US, where 
a complex of IMCC-BH furnaces has been commis-
sioned by the French engineers from AREVA [13].

Theoretical and experimental studies showed 
high potential of IMCC-BH furnace application in 
the vitrification of liquid or calcined RW providing 
higher efficiency and performance since no restric-
tions are imposed on the melting surface area, as 
well as due to an enhanced free convection in the 
melting pool, complete sealing of the melting space 
of the furnace and great facilitation of remote op-
erations providing the replacement of IMCC-BH 
furnace elements.
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