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INTRODUCTION

Widespread application of radioactive materials in different branches of industry,
particularly in power engineering, has created a global problem in the area of
ecological-disposal of radioactive waste (RAW).

In general, three methods for reprocessing and disposal of RAW with high-level
radionuclides are used: (1) reservoir storage; (2) burial in boreholes; and (3)
vitrification (solidification into glass blocks).

Analysis of the recent methods of high level RAW (HLRAW) localization has shown
that the most reliable method for long-term storage is vitrification. Vitrification allows
to decrease by more than one order of magnitude the volume of HLRAW which is
intended for long-term storage, and also to decrease leaching rates by 3-4 orders.
This method includes incorporation of waste into physicochemical conglomerates
during glass processing from active nuclides and neutral charging materials. Usually,
this method consists of multistage processes. One-stage vitrification methods are
seldom considered.

RESULTS AND DISCUSSION

Basic concept of experimental equipment

The converter for melting different non-metallic minerals was developed and
investigated at the Institute of Gas, Ukrainian Academy of Sciences. The converter is
a water-cooled melting-chamber with a special gas burner located in the lower part
underneath the melt level (Figure 1). Combustion products penetrate through the
melting materials and are removed through a gas duct located at the
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upper part of the melting chamber. Due to the specially designed combustion
process (taking place directly in the melt) the efficiency of such type of melting
converter is many times higher than the efficiency of an ordinary bath-melting
furnace.

Vault of the converter (Figure 1b,c) is of elliptical shape with special design
thermosiphons instead of pins for proper holding of fire-clay and later on melt-lining.
This design helps to create a self-holding dome from fire-clay and melt-lining. Upper
conical shape of main body of the converter prevents the fire-clay from slipping down
so that there is no need for pins. This type of melting converter has been used as a
basis for developing a method of vitrification and storage of medium and high-level
RAW [1]. Detailed description of the melting converter and its characteristics are
presented in [2, 3],

The main specificity of the proposed method is the combination of all three stages of
saturated salt-solution reprocessing: concentration (evaporation), calcination, and
vitrification, in one continuous process in a single melting-equipment. The melting
converter is located in the upper part of a special concrete bunker, and melted
materials are disposed of directly into the bunker. After filling the bunker with melting
materials the converter and primary gas-cleaning system are filled with concrete. For
higher biological protection the converter is covered from the beginning with a thick
concrete layer.

Such unusual decision to bury the melting converter with primary gas-cleaning
system will justify the expenses. Such method does not require mechanical
transporting system for the final product. There is no need for metal containers made
of special alloys, their sealing, and decontamination. All these special processes are
very expensive, because they require remote control and operation.

Performed tests [2, 3] have conclusively proved the principal possibility of
reprocessing HLRAW by means of a vitrification process in a converter-type
equipment with direct supply of the melt into burial-bunker storage-facility.

Based on exhaustive tests [2] performed in three different designs of converters
"TOROS'-type it was decided to increase significantly the overall capacity of
reprocessing solution up to 800 L/h by the use of oxygen as an oxidizer. This will
allow to decrease the amount of combustion products and decrease the intensity of
bubbling, increasing percentage of gases condensing in combustion products,
decreasing entrainment of aerosols from the first-stage of the gas-cleaning system,
and will allow to vary in a wide range the vapour-gas flow temperature over the melt.
Shifting to gas-oxygen mixture will sharply increase the specific productivity of the
converter and its efficiency (Figure 2).

Bunker-burial storage facility design

The bunker is a two-store facility, the upper part of which is used for the installation of
a "TOROS'-type melting converter, and lower part is a burial-chamber for HLRAW
(Figure 3). The bunker is made of composite materials on the basis of
dispersedly-reinforced concrete. The melt from the converter is drained directly into
burial chamber at intervals or continuously depending on the melting capacity.
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Two-phase thermosiphons [4] are installed inside the bunker to remove the heat of
the melted glass and fission nuclides. The upper ends of the thermosiphons contain
water jackets, which transfer heat to the second coolant loop (Figure 3). The required
number of thermosiphons with the proper working fluid can be determined depending
on the characteristics of vitrified RAW, amount of heat release, and permissible
temperature level for stored glass-mass. Some results based on cooling of a glass
cylinder with a single thermosiphon (Figure 4) are shown in Figures 5 and 6.

The thermosiphon's designs can vary depending on the specific working fluid used
(Figure 7). Thermosiphon filled with water as working fluid can be made completely
sealed (so-called closed-thermosiphon) (Figure 7) at low levels of radiation, when
there is no significant radiolysis of water. In this case, catalytic converters (for
example developed at the Institute of Physical Chemistry, Ukrainian Academy of
Sciences) must be installed inside each thermosiphon. These converters will
recombine the products of radiolysis if a certain concentration level is achieved.

Some maximum heat transfer characteristics of thermosiphons are shown in Figure
8. Analysis of this figure shows that even counter-flow two-phase thermosiphons can
efficiently transfer high heat fluxes.

At higher levels of radioactivity, due to significant water radiolysis, the thermosiphons
must be connected to a special decomposed-products blow-out device and to an
additional distilled water supply-system (the so-called open-type thermosiphons)
(Figure 9). In case of using other working fluids the thermosiphon designs can vary
slightly.

Detailed description of the different thermosiphon designs and their operational
principles are presented in [4].

The operational duration of use of the thermosiphons depends on total heat release
variation with time, which is usually close to an exponential decay function. In
general, during the first year, the thermosiphons have the highest thermal load,
because they have to remove large amounts of heat from the melt, which initial
temperature can be up to 800-1000°C, and also during this time-period the maximum
heat release is expected from the fission products.

Later on, it is possible to eliminate this type of cooling, and the bunker can be cooled
on the long-term basis with forced air (which can be injected into the thermosiphons
through internal inserts).

The number of thermosiphons and the pitch between them depend on the
characteristics of vitrified RAW, thermosiphon diameter, and working temperature of
the coolant. The use of thermosiphons allows increasing the cross-section of the
bunker up to 5 * 5 m. With these dimensions melt can be still spread uniformly over
the whole bunker area.

There is no point to fear a chain-reaction during the storage of vitrified RAW in large
burial-bunker facilities according to Frolov [5]. Based on the analysis of the different
criticality situations Frolov has drawn the conclusion that in such systems with large
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mass of fission and inactive products the natural processes of radioactive chain
reaction had low probability and slow kinetics, which completely excludes any
possibility of critical excursion.

3. CONCLUSION

Based on the full-scale tests it can be concluded that the proposed one-stage melting
converter-burial-bunker method is a promising new technology for vitrification and
storage of high-level radioactive waste.

Nomenclature

c specific heat, J/kg K
D internal diameter, m
K conductivity, W/m K
L length (height), m
p pressure, MPa
qv volumetric heat flux (radioactive waste heat generation), W/m3

R radius, m
T temperature, K (°C)

Greek Letters

n density, kg/m3

Subscripts

ext external
ins insert
max maximum
v volumetric
w wall

Abbreviations

HLRAW high level radioactive waste
RAW radioactive waste
TS thermosiphon
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view A

Figure 1. Melting converter "TOROS-3k": I -converter, II -cyclone. Ill -bubbler; 1 vault with
thermosiphons for fire-clay holding, 2 salt-solution inlet, 3 melt-lining, 4 melt outlet, 5 cooling water

inlet, 6 gas burner, 7 water-cooled flue gases duct, 8 inertial

Figure 1b. Internal view of the vault. Figure 1c. Vault water jacket with cover.
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Figure 2. Calculated and experimental operating parameters of the "TOROS-26" melting converter
versus the amount of processed saturated salty solution: Solid lines - calculation for gas-oxygen-air
mixture; dash-dot lines - the same with injection of water (6 kg per 1 m3 of gas) for reducing
temperature; symbol - the experimental data for gas-air mixture.
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Figure 3. Burial-bunker storage facility:

1 counter flow two-phase thermosiphon with

water jacket, 2 melting converter, 3 flue gases

exhaust, 4 concrete shield, 5 evaporators of

thermosiphons, 6 melted glass with HLRAW.

Thermosyphon

Glass

Figure 4. Glass cylinder with single

thermosiphon.
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Figure 5. Temperature distribution inside glass
cylinder with time during cooling with axially
installed thermosiphon (qv=0 kW/m3): Cylinder
- Dext=1 m, L=1 m; glass - n=2500 kg/m3,
k=1.1 W/m K, c=670 J/kg K, Tmeit=1273 K;
Thermosiphon - Dext=0.1 m, Tw=373 K.
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Figure 6 Temperature distribution inside glass
cylinder with RAW at steady-state conditions
cooled with axially installed thermosiphon:
Cylinder - L=1 m; glass - k=1.1 W/m K;
Thermosiphon - Dext

=0.1 m, Tw=100°C; in
legend: q - RAW heat generation, cfc - heat
flux on external surface of thermosiphon
corresponding to Trnax=500°C at external glass
cylinder radius (R).
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(a) (b)

Figure 7. Different types of thermosiphons: (a) counter flow; (b) with insert; (c) loop;
1 evaporator, 2 liquid pool, 3 condenser, 4 insert, 5 condensate, 6 vapour (two-phase flow), 7 down

flow channel.
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Figure 8a. Effect of geometric parameters of
evaporator on maximum heat flux for different

types thermosiphons: Water, p=0.1 MPa.
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Figure 8b. Effect of geometric parameters of
evaporator on maximum heat flux for counter

flow thermosiphon: Water.
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Figure 9. Open thermosiphon: 1 evaporator, 2
liquid pool, 3 condenser, 4 connecting tube, 5
condensate, 6 vapour (two-phase flow), 7
expansion tank, 8 drainage tube.
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Figure 8c. Effect of pressure on maximum
heat flux for different types thermosiphons:

Water, p=0.1 MPa.


