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Abstract

The paper presents test results for the pilot large airtight shielded cell with a high-purity inert environment
at the Siberian Chemical Combine, intended for testing fast reactor SNF pyrochemical treatment equipment and processes.

This is the first inert cell with such specifications designed in Russia.

The experimental data obtained will be used in developing pilot inert cells for the SNF Reprocessing Module
of the Pilot Demonstration Energy Complex at the Siberian Chemical Combine, and for developing a technology
for the manufacture and mounting of large airtight inert cells.

1. INTRODUCTION

To advance its nuclear power goals via a closed fuel cycle, Russia must develop novel solutions for
reprocessing spent nuclear fuel (SNF) from fast reactors (FR). These particular solutions involve cutting-edge
SNF pyrochemical treatment using inert gas in specialized air-tight shielded cells.

The Siberian Chemical Combine (SCC) in Seversk, Tomsk region (Russia), launched an experimental
shielded cell facility in 2023. This facility is designed to test pyrochemical treatment processes for FR spent
nuclear fuel, related equipment, and the life support systems for the inert cell. The facility’s core feature is
a shielded cell with a high-performance system maintaining a high-purity environment.

With these specifications, the inert cell is the first of its kind designed in Russia. Experience acquired
during the design, manufacture, commissioning, and operational testing of pyrochemical treatment equipment
mockups will be leveraged for the SNF Reprocessing Module of the Pilot Demonstration Energy Complex
(PDEC) being built at the SSC [1-6].

A design peculiarity of the inert cell is a double wall to enhance compliance with requirements to
the working gas (argon) purity in the inert cell. The space between the enclosure walls is filled with argon, too.
It is done only once during the commissioning of the cell. The interstice is always under negative pressure,
preventing contamination of the room where the inert cell is located.

2. COMPOSITION OF INERT CELL FACILITY AND PECULIARITIES OF INSTALLTION

Fig.1 presents the layout of the inert cell facility.

The inert cell facility was installed while production processes were underway. Simultaneously installing
the inert cell enclosure, in-cell power manipulator, inner doors of the airlock chamber and transfer airlock, and
five cooling units was a feature of this process. Installing the equipment took place through the open side wall
and the open roof of the enclosure. The enclosure roof and side wall were put in place after these operations,
followed by grinding the weld joints.

After installation, the equipment and pipelines were washed. For de-greasing, isopropyl alcohol was
chosen as the most suitable solvent to reduce toxic effects on the equipment and seals.
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FIG. 1. Layout of inert cell facility: 1 — glove box; 2 — transfer airlock; 3 — inert cell ; 4 — airlock chamber; 5 — scaffold;
6 — argon circulation system; 7 — cooling system; 8 — local control system; 9 — cable trays; 10 — mobile gas analyzer;
11- ventilation system

3. DESIGN OF INERT CELL

The enclosure (Fig.2) is the key element of the shielded inert cell. It accommodates process and test
equipment, as well as equipment for maintaining a high-purity gas environment and ensuring radiation safety
during operations with ionizing radiation sources.

The dimensions of the containment are 6.4x3.3x4.9 m. Its internal volume is 72 m®,

Interstice

FIG. 2. General view of inert cell enclosure

The enclosure consists of 20 sections. Each one features a unique design. However, the general principles
of the sections design are unified and determined by the enclosure structure. The primary bearing element
of each section is the welded frame. Being engaged with other sections' frames, it gives the whole structure
strength and stability. The basic structural element of the section frame is the steel I-beam. Before being lined,
the frame of each section was bead-blasted and covered with an acrylic primer to prevent corrosion.

The frames are lined with corrosion-resistant steel sheets 4 mm thick that form the inner and outer
claddings of the inert cell interstice. The gas volume in the interstice is 28 m®. To enhance gas exchange in the
space between the enclosure walls, the I-beam has holes in its wall.
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The enclosure’s welded frame, reinforced with double-sided corrosion-resistant steel cladding, greatly
improves its structural integrity and seismic resilience, enabling installation without rigid anchoring
to the building’s main structure. The inert cell’s bottom base is the only part secured to the room’s floor.

The inert cell enclosure has airtight windows and caissons for technical lines. On one side, an airlock
chamber connects to the inert cell, while an airtight glove box is attached to the airlock chamber via a transfer
airlock on the other side.

The working volume can be filled with inert gas (argon or nitrogen) or air during operation. The argon
atmosphere is kept at 200 Pa above ambient pressure in the interstitial space between the inner and outer
enclosure walls, whereas the working volume of the inert cell maintains a vacuum pressure of 200 Pa.

Similar to the inert cell enclosure, the windows and caissons feature double gas-filled walls with
maintained excess pressure in between. The inert cell enclosure has argon inlet/outlet tubes in its corners
to supply the inert gas. Argon is supplied to the windows and caissons, too, via Dy4 plastic tubing connected
to the sealing control system through quick couplings. Elemer-30AM pressure control sensors are used
to monitor airtightness.

4. OPERATION OF INERT CELL FACILITY WITH INERT ATMOSPHERE

In testing the inert cell equipment, the glove box and the inert cell were brought to operation in the inert
environment (argon) through the following operations:
— create, maintain and monitor the required pressure in the inert cell, glove box and interstice;
— replace the air environment in the transfer airlock and airlock chamber with argon,
— purge the interstice, caissons and windows with argon;
— purge with argon and purify the gas atmosphere in the inert cell;
— purge with argon and purify the gas atmosphere in the glove box.

5. PURGING GAS ENVIRONMENT IN INTERSTICE

The interstice elements (the worktop, walls, roof) were purged with argon sequentially. The inert cell
corners have paired shut-off valves on the gas lines, directing argon flow to a specific interstice area.

A temporary argon supply line purged the inner volume of every window and caisson at a rate higher
than 0.5 m*/h for 30 minutes.

Three windows and thirty-two caissons underwent purging sequentially. The HP Grade argon as per
TU 6-21-12-94 [7] was used for this purpose. After purging, the interstice exhibited an average oxygen level
of 694 ppm.

6. PURGING AND PURIFYING GAS ENVIRONMENT IN INERT CELL

The HP Grade argon as per TU 6-21-12-94 [7] was used to purge the inner volume of the inert cell at a
flow rate of 6 m*/h. During the process, an excess pressure was maintained in the range from 50 to 200 Pa inside
the inert cell. The volume of argon purged through the inert cell amounted to 512 m>. After the process, the inert
cell contained 465 ppm of oxygen. Once the purging was complete, automatic maintenance of vacuum pressure
was turned on. Fig. 3 presents the dependence of the oxygen concentration in the gas environment of the inert
cell on the volume of pure argon purged.

To purify the gas environment in the inert cell, an argon recirculation unit (ARU) connected to the inert
cell via inlet and outlet gas lines and an argon recirculation system header was used. For the purification, the gas
flow rate was maintained at 82 m*/h, and the period of purification to the oxygen concentration of 5 ppm was
6 hours. After the oxygen concentration decreased to 1.5 ppm, the purification was stopped. The oxygen
concentration increase rate in the inert cell was 0.7 ppm/h after the gas purification system was turned off. Upon
completion of the purification, the concentration of water vapor in the inert environment did not exceed 5 ppm.

The dependence of the oxygen purge factor on the concentration at the ARU inlet was experimentally
determined in a reactor with a copper chemisorbent. The oxygen purge factor reaches its maximum in the range
from 98.5 % to 99 % in the range of oxygen concentrations from 50 to 300 ppmv at the ARU inlet.
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FIG. 3. Dependence of oxygen concentration in gas environment of inert cell on volume of pure argon purged

The experiment showed that the capacity of the sorbent was 55.6 | of oxygen at operating temperature
of the sorbent (108 °C) and reached 109 | at elevated temperature of the sorbent (140 °C).

At 108 °C and 10 % ARU performance, the copper chemisorbent’s capacity was exhausted after
1491 hours (two months) due to an argon leakage rate of 10“ h™ and an oxygen concentration of 1000 ppmv
in the leaking argon. The oxygen concentration at the ARU inlet remained below 1 ppmv.

The experiment demonstrated that when argon was purified from water vapor at concentrations ranging
from 20 to 620 ppmv, the water vapor concentration in the dried gas remained below 1 ppmv. The ARU’s water
vapor absorption was found to be 63 times greater than the initial water vapor volume in the inert cell during
purification.

The pilot operation of the gas purification system demonstrated its ability to achieve and sustain 1 ppm
oxygen and water concentration in the inert cell.

With the gas purge and purification systems running continuously, the inert cell reached its high-purity
operation mode in 90 hours, as the experiment demonstrated.

The cooling system of the inert cell maintained the temperature in the range from 20 °C to 40 °C
with a total heat emission from the process equipment of up to 30 kW [8].

The required temperature regime is ensured by the heat emission of the in-cell equipment of up to 30 kKW.

7. COMMENTS AND RECOMMENDATIONS BASED ON RESULTS OF OPERATION

— The operation in the argon environment revealed an earth fault of electrical equipment. The study on
the causes of the earth faults determined the conditions for reducing the probability of their occurrence.
Based on the study results, the electrical equipment of the in-cell power manipulator was improved [9].

— Remote equipment installation and maintenance highlighted the effectiveness of the power manipulator
tools, yet questions emerged regarding the sole use of robots in an inert cell without windows.

— The instrumentation lines to monitor oxygen, water vapor and hydrogen were integrated
in the equipment (as part of the ARU) or designed as separate instrumentation cabinets. Within
the ARU, maintaining the instrumentation lines proved difficult, so placing them in separate cabinets
is a better solution.

— The instrumentation lines, whether built into the ARU or in separate cabinets, contain equipment like
gas pumps, flow meters, sealed valves, and sensors for oxygen, hydrogen, and water vapor. Due to their
design, which includes plastics and semiconductors, these components cannot be welded. Regular
checks and maintenance cannot ensure the secure fit of detachable connectors in the instrumentation
system, like those for oxygen sensors. It is therefore recommended to house these types of lines
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in instrumentation cabinets equipped with sealed doors, an active ventilation system, pressure sensors,
and an argon supply for potential purging.

— Using flexible multilayer PVC tubes with an aluminum sub-layer did not prevent significant oxygen
diffusion leakage through the wall. According to the experimental data, the leakage rate was about
1 ppm per meter at a flow rate of 1 I/min. It is an order of magnitude greater than that of the cross-
linked polyethylene tubes used in preliminary experiments. Most likely, the leakage occurred through
the open ends of the tube’s outer layers. So, metal tubes are recommended.

8. CONCLUSIONS

The double-walled structure of the inert cells maintained the necessary oxygen and water purity
in the gas working environment, proving the effectiveness of its core design and engineering choices.

The process for installing large inert cells was validated, equipment for manufacturing inert cells
for the PDEC Reprocessing Module was chosen, and the gas purification capacity required to keep oxygen and
water impurities below 1 ppm was calculated.

With the gas purge and purification systems running continuously, the inert cell reached its high-purity
operation mode in 90 hours, as the experiment demonstrated.

The cooling system of the inert cell maintained the temperature in the range from 20 °C to 40 °C
with a total heat emission from the process equipment of up to 30 kW [8].

To develop industrial inert cells for the PDEC Reprocessing Module, the following tasks were identified:

— increase gas purification efficiency;

— determine locations for nitrogen and carbon monitoring sensors;

— provide windows in the inert cells for the PDEC Reprocessing Module;

— set the maximum acceptable level of detrimental impurities in each inert cell;

— prevent earth faults of electrical equipment in the argon environment within the inert cell.

A universal technical design for industrial inert cells for the PDEC Reprocessing Module was
conceptualized, based on the pilot inert cell operation results. This design accounts for their specific uses and
necessary individual modifications.
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