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The paper overviews an experimental solidification unit the development of which has been completed, as well as 
commissioning and testing of the unit on model solutions which involved the production of a sample batch simulating 
the solidified short-lived high-level waste fraction. The designs of some individual unit structures have been modified 
based on its findings. The equipment has been calibrated, the process parameters have been specified, the unit has 
been recognized as ready for installation in a hot chamber of a radiochemical production facility to produce active 
samples based on the short-lived high-level waste fraction obtained from the raffinate of the first extraction cycle 
from spent nuclear fuel reprocessing.
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Introduction

The Balanced Nuclear Fuel Cycle (BNFC) project 
provides for the return of high-level waste (HLW) 
from SNF reprocessing to foreign customers: the 
waste is returned to them in the form of solidified 
short-lived cesium-strontium fraction (SSF) of li
quid HLW.

The solidification method currently adopted for 
the short-lived fraction (SLF) involves its incorpo-
ration into borosilicate glass waste form [1].

To demonstrate its feasibility, PA Mayak had to 
produce a pilot batch of solidified short-lived high-
level waste (SL HLW) fraction samples with speci-
fied heat release levels (1, 15, 25 and 35 kW/m3) and 
their characteristics had to be measured [2].

The preliminary stage preceding some practi-
cal measures addressing the above-mentioned 
challenge was focused on the development of an 

experimental solidification unit based on model 
SL HLW solutions, its manufacturing and its per-
formance testing. These studies and the results ob-
tained are discussed below.

Development and manufacturing of the unit

In 2022, NPO TekhProGroup OOO contracted by 
PA Mayak developed the designs and manufactured 
an experimental unit for SL HLW solidification into 
a borosilicate glass waste form (hereinafter referred 
to as the unit). Due to the high activity level inhe
rent in the SL HLW, it was designed as a radiochem-
ical (chamber) unit.

The unit had to comply with the following key 
requirements:
•• compactness, modularity and ease of installation;
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•• simplicity and ease of use, application of manipu-
lators for maintenance purposes and replacement 
of some individual components, maintainability 
in hot chamber;

•• radiation and chemical resistance of the equipment;
•• remote monitoring and partial remote control 
over the operational process.
The unit designed in accordance with the speci-

fied requirements involved the following main 
components (Fig. 1):

1) a resistive heating furnace with a bottom drain 
and a mechanical shut-off device;

2) a local gas treatment system with a high-tem-
perature ceramic filter designed to capture cesium;

3) an evaporator for the feed solution;
4) a peristaltic dosing pump for solutions;
5) an intra-chamber vision system (ICVS);
6) a monitoring and control system.
All components were connected via polyethylene 

hoses having high chemical and radiation resis-
tance. Pipes made of 12X18N10T steel were used 
to transfer the high-temperature vapor-gas phase 
from the furnace to the A-03 filter able to capture 
cesium and then to the A-04 cooler-condenser.

Table 1 summarizes the technical specifications 
of the unit.

Its construction materials are resistant to expo-
sure in working environments and decontaminat-
ing solutions.

Table 1. Technical specifications  
of the solidification unit

Characteristic Value

Glass sample weight, g 10 ± 1.0

Glass sample synthesis temperature, °C 1,150

Temperature of the cesium trap built 
into the furnace, °C 800

Furnace crucible and rod material XN70Yu GOST 5632-72

Component material (excluding furnace 
crucible)

stainless steel 
12X18N10T

Furnace dimensions (W × D × H), mm 181(339) × 172 × 399

Furnace power, kW 2.0

The unit is powered by an AC network with a fre-
quency of 50 Hz and a nominal voltage of 230 ± 10 V. 
The total electrical equipment power amounts to 
no more than 6 kW.

The following connections are required for its 
operation:
•• cooling water supply to the A-04 cooler-condenser;
•• compressed air supply to provide the H-01 pump 
cooling;

•• discharge of the vapor-gas phase following the 
A-06 separator into the vacuum line.
1) The resistive heating furnace with a bottom drain 

(Fig. 2) is designed to produce borosilicate glass sam-
ples from a pre-treated glass frit and a SL HLW solution.

Fig. 1. Schematic diagram of the SL HLW solidification unit
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The furnace design allows for remote loading, 
synthesis and discharge of the glass melt. Appro-
priately designed funnels in the furnace lid are pro-
vided for convenient glass frit loading and dosing 
of the SL HLW solution. The synthesis process is 
monitored and controlled based on readings from 
thermocouples installed in the working volume of 
the furnace and in the stirrer lance.

A dual-circuit heating system provides continu-
ous operation of the unit. In case if the primary 
heating circuit fails, the power may be switched by 
the operator to the secondary circuit, and thus the 
melt synthesis process running at approximately 
1,150 °C in a crucible made of XN70Yu heat-resis-
tant alloy with a working capacity of 150 cm3 may 

be resumed. A lever-operated system designed to 
lift the rod closing the crucible drain hole enables 
draining using a manipulator.

The drain area is equipped with an inspection 
window enabling visual monitoring over the pro-
cess directly by the operator or using an ICVS.

The glass melt is drained into molds installed in 
the drain unit. These molds are made of 12X18N10T 
stainless steel and are vertically divided into two 
equal parts. The mold is placed into a refractory-
insulated cavity within a stainless-steel body and is 
thus positioned under the drain hole of the furnace. 
Its internal diameter and height account for 15 and 
25 mm, respectively, thus, when filled completely, it 
may produce glass samples weighing 10 g.

The furnace design allows for remote operation. 
The crucible and rod are replaceable. Thanks to its 
modular design at the end of its service life, it can 
be disassembled and stored in a standard OSO-type 
container.

2) A local gas treatment system is designed to 
remove radionuclides, in particular, gaseous ce-
sium-137 and nitrogen oxides from the vapor-gas 
phase (VGP) formed during glass synthesis to avoid 
their release into the vacuum system operating in 
the hot chamber.

It consists of a series-connected heated filter, a 
cooler-condenser, two bubblers and a separator 
with a drip trap.

The filter collecting cesium vapor accounts for 
the first treatment stage. It consists of an adsorber 
housing some cylinders made of highly porous and 
highly permeable ceramic block-cell media (HPCBM) 
manufactured by CIT SpetsKeroKom OOO and in-
stalled in a series. To enable the selective chemi-
sorption of cesium, a composition of highly reactive 
aluminosilicates and silicates is applied as an ac-
tive HPCBM layer to provide conditions driving the 
stoichiometric formation of the most stable cesium 
aluminosilicates: pollucite (CsAlSi2O6) and kalsilite 
(CsAlSiO4). The filter is placed in a resistance electric 
furnace, which maintains the operating temperature 
required for the adsorption process, i. e., 800 °C. The 
heater operation is controlled by the operator of the 
unit from an automated workstation (AWS).

Next, the VGP flows via a pipeline through a cool-
er-condenser towards two series-connected bub-
blers containing 0.1 M HNO3 solution providing 
some additional VGP treatment from aerosols and 
nitrogen oxides. A separator with a trap is installed 
at the outlet of these bubblers to remove condensed 
moisture. For this system, the overall design-base 
efficiency of VGP treatment from cesium amounts 
to at least 103.

The gas treatment system is connected to a vacu-
um line providing necessary vacuum in the melting 

Fig. 2. Model of a resistive heating furnace  
with a bottom drain
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and drain zones of the furnace, which is necessary 
to prevent the uncontrolled release of VGP into the 
chamber.

The VGP flow rate is monitored and adjusted us-
ing a RRG-12 gas flow controller, which can be con-
nected to a PC having an interface through which 
the entire unit operation can be managed. Thus, 
the operating parameters of the gas treatment sys-
tem can be set up and recorded much more easily.

3) The evaporator (Fig. 3) is designed to receive 
portions of the initial SL HLW solution, evaporate it 
to a required volume and then dose it into the fur-
nace crucible. It is a 1.2 dm3 tank with a ring heater 
mounted on the walls. Its operating temperature 
may range from 0 °C to 250 °C. The unit is equipped 
with three bayonet connectors, two of which enter 
the lid and one functions as a bottom line. It also 
has a decade level gauge with four indication points 
(low level, half-level, top-level and overflow).

Strain gauges are installed on all supports of the 
evaporator to monitor its mass: the readings are used 
to monitor the changes in the solution mass during 
the evaporation and dosing processes. Data from the 
strain gauges is displayed at operator’s AWS.

The evaporator is connected to a local gas treat-
ment system via bayonet connectors and a flexible 
polyethylene hose. They also supply the feed solu-
tion and dispense the concentrate into the furnace. 
These processes are implemented using a peristal-
tic pump.

4) The peristaltic pump is designed to dispense 
the evaporated SL HLW solution into the furnace 
crucible.

Due to extremely harsh operating conditions, it 
was designed as a chamber (radiation-resistant) 
unit (Fig. 4).

Its design enables remote maintenance. The 
pump casing is filled with lead pellets protecting 
the electric motor from ionizing radiation. It is 
also equipped with bayonet connectors: thus, the 
compressed air lines providing electric motor cool-
ing and receiving and transferring the solutions are 
connected between themselves. The pump is con-
trolled via a control unit located in the operator's 
room.

5) The intra-chamber vision system (ICVS) pro-
vides visual monitoring over the processes occur-
ring inside the shielded chamber and photographs 
the manufactured samples. Fig. 5 shows this 
system.

It consists of a KTA-J31 radiation-resistant cham-
ber mounted in a housing on a frame enabling tilt-
ing at required angles and vertical displacement. 
All components of this system, with the exception 
of the chamber, are made of 12X18H10T stainless 
steel. The signal from the chamber is output to a 
separate AWS enabling adjustment of the cam-
era's zoom and focus, as well as data viewing and 
archiving.

 Fig. 3. Model of the evaporator: 1 — tank for solution 
evaporation, 2 — bayonet connectors connecting the apparatus, 

3 — strain gauges, 4 — ring heater

Fig. 4. Model of a peristaltic pump for solution dosing
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6) The process control and management system 
collects data from sensors fitted on the equipment 
of the unit; it controls the heating of the furnace, 
evaporator and cesium filter, as well as the perfor-
mance of the peristaltic pump and the gas treat-
ment system. It consists of a control panel and a 
PC-based AWS. The PC has some pre-installed soft-
ware containing a mnemonic diagram of the unit 
displaying sensor data and controls that can be 
used to manage its operating parameters. All data 
are archived at the AWS.

Acceptance testing of the unit

After the unit was manufactured, acceptance test-
ing (AT) was performed at the manufacturer's site. 
The AT findings showed that some components had 
to be further refined.

The design of the molds was upgraded: they were 
equipped with grips to ease the remote operation. 
The metal housings, in which they were installed, 
were also equipped with handles.

A hose retaining device was added to the furnace 
lid design above the funnel. This device consisted 
of a spring with a grip attached to a metal plate. 
Thus, the hose was connected above the fun-
nel and would not move during peristaltic pump 
operation.

 At the AT stage, it was discovered that at the op-
erating temperature of the installation (1,150 °C), 
the viscosity of the previously developed glass 
compositions [1] was not able to provide necessary 
conditions for glass pouring into the molds. Con-
sequently, certain difficulties may be encountered 
when pouring through the induction-heated pour-
ing die if these are used for SL HLW solidification 
under pilot-scale conditions on a small-sized direct 
electric heating melter designed by PA Mayak that 
is envisaged for these purposes [3].

To promote the stability of the process, the cru-
cible drain hole diameter was increased from 3 to 
5 mm and the glass composition was modified to 
reduce viscosity at the synthesis temperature.

Commissioning testing of the unit

Since the SL HLW solidification process appears 
to be quite complex, prior to installation and hot 
chamber operations, the unit underwent necessary 
operational testing and commissioning (run-in) 
tests under “contamination-free” conditions. These 
tests were performed to calibrate the equipment, 
fine-tune the technology, determine the param-
eters for the process evolving in the furnace, collect 
experimental data and train the personnel. Under 
the commissioning tests, a trial series of model so-
lidified SL HLW samples was produced.

The facility was installed in a fume hood at PA 
Mayak’s central plant laboratory and connected to 
the power, water and vacuum systems (Fig. 6).

During the run-in testing, a previously unreport-
ed furnace design flaw was identified and eliminat-
ed. It was discovered that heating to glass synthesis 
temperature was somehow changing the geometry 
of the furnace components, thus the gas duct at the 
junction between its body and lid could lose its seal-
ing capacity. To eliminate this flaw, it was decided 
to install an additional insert in the gas duct, thus 
the sealing capacity would not be compromised 
along with thermal expansion of the furnace body.

To ensure accurate solution dosing, the peristal-
tic pump was calibrated, as well as the decade level 
meter and the strain gauges of the evaporator, and 
the solution volume not dispensed from the evapo-
rator was evaluated.

The gas treatment system was tested and ad-
justed. Experiments confirmed that with the filter 
heater set to 900 °C and a flow rate of 10 dm3/min, 

Fig. 5. Sketch of the peristaltic pump: 1 — lifting table,  
2 — tilt bracket, 3 — KTA-J31 television camera, 4 — lighting

Fig. 6. External appearance of the SL HLW solidification 
unit: 1 — furnace; 2 — heated filter; 3 — bubbler of the gas 

treatment system; 4 — peristaltic pump; 5 — molds for molten 
glass pouring
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the required operating temperature of 700 °C could 
be achieved inside the filter element.

The vacuum inside the furnace crucible was mea-
sured. Provided an air flow rate of 15 dm3/min, it ac-
counted for 6 mm H2O, which is sufficient to exceed 
the vacuum in the hot chamber, thereby ensuring 
directed air movement from the crucible into the 
gas treatment system.

Under the commissioning tests, the procedure 
encompassing all stages of solidified SL HLW sam-
ple production was refined:
•• initial heating of the furnace with glass frit;
•• dosing of the SL HLW model solution;
•• glass melt production;
•• glass melt pouring into molds under machine vi-
sion system supervision and production of sam-
ples with specified weight characteristics.
Based on data from system testing in various 

modes, somewhat optimal parameters could be de-
termined for each stage of the SL HLW solidifica-
tion process.

Conclusion

The SL HLW unit was developed and under-
went acceptance testing at the manufacturer's 
site. Subsequently, the unit was installed at PA 
Mayak's laboratory facilities and commissioning 
("cold") tests were conducted. Under these tests, 
a trial series of solidified SL HLW model samples 
was produced.

The commissioning tests also provided some cali-
bration of the unit's equipment, process parameters 
were determined and it was recognized ready for 
installation in the hot chamber of the radiochemi-
cal production facility.

The study was implemented under the contract 
No. 1377/2022/5.8-DOG (091-22-1-40/009) with 
JSC Techsnabexport of June 14, 2022 for Char-
acterization of the Solidified Short-Lived Frac-
tion of High-Level Waste Generated from the 
Reprocessing of Spent Nuclear Fuel from Nuclear 
Power Plants for Subsequent Verification of its 

Characteristics by Customers from Central and 
Eastern Europe.
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