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The article is devoted to the problem of handling irradiated graphite (IG) from nuclear
installations (NI). Reactor graphite (or nuclear-grade graphite) has been used as a neu-
tron moderator or reflector in more than 100 nuclear reactors and is a structural and
functional material in Generation IV nuclear power systems, in particular in high-tem-
perature gas-cooled reactors (HTGR, HTR, VHTR) and molten salt reactors (MSR).
Therefore, the problem of handling IG from nuclear power plants is a pressing scientific
issue. For some possible options for the utilization of IG, in particular, incineration,
burial, and treatment with ion exchange resins, the issue of crushing and sorting IG
is relevant. Based on the analysis of the physical properties of graphite after long-term
exposure to high temperatures and neutron irradiation, the authors propose ways to
improve the methods of IG crushing and sorting using artificial intelligence (AI). The
article describes a method for crushing IG using a ball mill with discharge through a
grid and a developed algorithm for separating IG using Al which includes processing
and control cycles using neural networks. Future improvements in the use of a ball mill
with discharge through a grid and the separation algorithm should be aimed at reduc-
ing energy consumption and adapting to remote control conditions.

Introduction

and long-term storage, as well as potential disposal
methods, remains extremely high. Methods for short-

According to the General Safety Provisions for the
Decommissioning of Nuclear Facilities (Order No. 440
of the State Nuclear Regulatory Inspectorate of Ukraine
dated October 28, 2020 “On Approval of the General
Safety Provisions for the Decommissioning of Nuclear
Facilities”) [1], the term “decommissioning of a nuclear
facility” is defined as the stage in the life cycle of a nucle-
ar installation (NI) that begins after final shutdown of a
NI and during which the site of the NI is completely or
partially released from regulatory control. The relevance
of improving methods for the management of radioactive
waste (RW), including processing, conditioning, short-

and long-term storage also need improvement. The adopt-
ed strategy for RW management is aimed at containment
and isolation from the environment and people for the
period of its potential hazard. To this end, RW is collected
and sorted according to its radiological characteristics [2].

Nuclear graphite is a high-purity polygranular
graphite used as a neutron moderator or reflector in nu-
clear reactors and also as a structural material.

First- and second-generation graphite-moderated
nuclear reactors (including military designs) were con-
structed in numerous countries, including the former
USSR, the USA, the United Kingdom, Germany, France,
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Japan, Lithuania, China, etc. Reactor graphite has been
used in more than 100 nuclear reactors as a neutron mod-
erator or reflector and remains an important structural
and functional material in Generation IV nuclear power
systems, including high-temperature gas-cooled reactors
(HTR, HTGR, VHTR) and molten salt reactors (MSR) [3].
At the Chornobyl Nuclear Power Plant alone, more than
5.4 thousand tons of irradiated graphite (IG), containing
total activity of approximately 1.2 x 10* Ci and a thermal
load of about 2 x 10° GJ will require dismantling in the
near future, posing potential hazard to personnel and the
environment [4]. When planning measures for the man-
agement of IG, it is necessary to consider the reactor type,
the characteristics of the graphite, and specifics of its op-
eration and storage [5].

The management of irradiated reactor graphite af-
ter the decommissioning of uranium-graphite reactors is
a complex scientific problem and requires practical and
technically feasible solutions.

State of the problem and analysis of literature data

The extensive use of graphite in nuclear reactors as
a neutron moderator and reflector is due to its unique
properties, including:

high thermal and corrosion resistance: allowing
graphite to remain stable at very high temperatures;

high neutron-moderating efficiency and low neutron
absorption: graphite effectively moderates fast neutrons,
converting them into thermal neutrons necessary to sus-
tain a chain reaction, while absorbing a minimal amount
of them;

high mechanical strength and low thermal expan-
sion coefficient: ensure the reliability and durability of
the material;

high purity and low porosity: purity levels of up to
99.9% are achieved, which affects reactor performance
(6, 7].

Since 1942, more than 100 designs of graphite-mod-
erated reactors have been developed. Most urani-
um-graphite reactors have been decommissioned or are
subject to decommissioning [8].

The International Atomic Energy Agency (IAEA) has
initiated several consultations and technical meetings on
the disposal of IG. The conclusion of the first ITAEA techni-
cal meeting on the life cycle of graphite moderators at the
University of Bath (UK) [9] highlighted the need to cre-
ate an international database on the properties of nuclear
graphite in order to preserve knowledge for the develop-
ment of future graphite-moderated reactors and their sub-

sequent decommissioning and disposal. The Electric Pow-
er Research Institute (EPRI, USA) has created a “graphite
reactor decommissioning network” and published a series
of review articles [10-16] on this topic. Other publications
[16—-23] cover options for graphite disposal, including con-
siderations of the socio-economic aspects of this issue.

Given the numerous ongoing research programs,
the TAEA proposed a network aimed at promoting the
practical application of knowledge related to IG to fa-
cilitate current and future decommissioning/disposal
programs. This led to the creation of the Global Project
on Approaches to the Treatment of Irradiated Graphite
(GRAPA) network [24].

The technologies for removing IG components from
reactors (mainly the moderator and reflector) depend on
the design of the NI. Dismantling such components may
involve the extraction of individual components or the
crushing of IG. For some possible options for IG man-
agement, including incineration, disposal, and treatment
using ion-exchange resins, the issue of crushing and sort-
ing IG is relevant.

Research objectives: based on the use of open neu-
ral network libraries, propose improvements to crushing
methods and develop an algorithm for IG segregation.

Description of research methods: computer vision
neural networks based on free open source libraries such
as OpenCYV, TensorFlow, and Keras were applied. Visual-
ization of IG fragments was performed using free gener-
ative artificial intelligence (AI) Adobe Firefly.

Computer vision is a technology that enables com-
puters and other devices interpret and analyze visual in-
formation from the environment. In industry, computer
vision is used for process automation, quality control, se-
curity, and other operational tasks.

Key industrial applications of computer vision include:

quality control: computer vision systems can au-
tomatically detect defects with high inspection accuracy
and speed;

object identification: using cameras and image pro-
cessing algorithms to identify different components or
products on conveyor lines;

process automation: computer vision can be integrat-
ed into robotic systems to perform tasks such as packag-
ing, assembly, or object manipulation;

security: video surveillance systems with computer
vision elements can be used to monitor safety in produc-
tion, detect dangerous situations, or unauthorized access;

data analysis: images and videos can be stored and
analyzed to get useful data on what’s going on, which
helps with decision-making;
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issues to consider when implementing computer vi-
sion: in the real world, complex scenes with many ob-
jects are common, and lighting can significantly affect
image quality.

The visualization of IG debris was performed using
the free generative AI Adobe Firefly.

The effect of operation on the strength
of reactor graphite

The strength of reactor graphite initially increas-
es with low neutron fluence, but subsequently decreas-
es. Closer to the surface of the block, the graphite swells,
its porosity increases, and the concentration and energy
of neutrons are significantly higher there. The strength
of the IG decreases due to changes in the crystal lattice
and high temperatures. The greatest changes occur in the
surface layer. Uneven swelling creates internal stresses,
which leads to changes in the shape of the blocks and the
formation of longitudinal cracks [25].

Separation of the graphite block into parts
with subsequent sorting

The choice of crushing method depends on the initial
size of the graphite pieces, the requirements for the final
fraction, and the presence of radioactive contamination
(for reactor graphite). A typical ball mill (BM) design with
grid discharge (Fig. 1) can be used for this purpose, which
is a drum with balls that crush the material.

The ball mill with central discharge (Fig. 1) consists
of a cylindrical drum (1) with end covers (2, 14)

The drum and covers are lined on the inside with
steel plates (8, 10). The end covers have hollow trunnions
(3, 13), with support the drum on the main bearings (6,
11). The rotation of the drum is driven byan electric motor
through the ring gear (9), which is fixed on the drum. The
drum or combined type feeder (5) is attached to the load-
ing trunnion. The hollow trunnions are equipped with re-
movable loading and discharge funnels (4, 12). Small mills
have hatches (7, 15) for inserting lining into the drums.
In large mills, this operation is performed through the
discharge trunnion. The discharge trunnion has a slightly
larger diameter than the loading trunnion, which causes
the pulp mirror to tilt towards the discharge side of the
mill. Steel or cast iron balls of various diameters (typically
40-150 mm) are loaded into the drum. The volume of the
balls is approximately half the volume of the mill. When
the drum rotates, the balls slide, roll or fall and crush
the grains of the mineral. The ore is crushed mainly by
the impact of the crushing bodies and partly by abrasion
and crushing. The feed material is loaded into the mill
through the feed trunnion, and the crushed product is
discharged from the mill through the discharge trunnion
[26, 27]. The initial data for calculating the experimental
parameters of the BM are given in the table.

Load factor y represents the percentage of drum vol-
ume and is used in formula (2). For the initial stage of the
studyy was set to 3%. Using the data below, the number
of balls was calculated for illustration purposes.

-
preresy

SRS

Fig. 1. BM with discharge through a grate: 1 — drum, 2, 6 — end covers,
3, 15 — bearings, 4 — loading trunnion, 5 — feeder, 7 — hatches, 8 — armored plates,
9 —bolts, 10 — grate, 11 — crown gear, 12 — lifters, 13 — throat, 14 — discharge trunnion
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Proposed data for calculating the experimental parameters of the BM

Drum diameter, Mill drum Recommended Selected ball Drum volume | Load factor v, Selected
d, m length, L, m ballidlameter, diameter, mm m? 3% kg quantity, pcs
K, mm
1 1.45 25 30 1.13 109.61 856
1 1.5 28 30 117 113.49 886
1 1.6 33 40 1.25 119 404
1 1.65 36 40 1.29 125.13 417
1 1.7 39 40 1.33 126.616 430
1 1.75 42 40 1.37 130.424 443
1 2.05 58 60 1.61 149.73 152
1 2.1 61 60 1.64 152.52 155
1 2.15 64 60 1.68 156.24 159

The following data show the characteristics of balls
for BM provided by the manufacturer. Various formu-
las, mainly empirical, used by BM manufacturers were
applied to calculate the dimensions of the balls and the
drum for the experimental setup, which is smalled and
may be adjusted during testing. The 3% load is the initial
value, subject to refinement during the experiment.

Ball diameter, mm .......... Mass of 1 cubic meter

of metal balls, ¢
30, e e 4.85
A0, e e 4.76
50, e 4.7
60, . e e 4.65
8. i e 4.6
100. .o e 4.56
125, e 4.52
Ball diameter, mm.............. Weight of 1 ball, kg
2 e 0.064
30, e e 0.128
B e 0.199
A0, e 0.294
T 0.413
50, e 0.58
10 T 0.761
60, . e e 0.98
3 T 1.291
80, i e 2.35
120 oo e 8.03

d, = (L_d) Q)
18

The diameter of the grinding balls required for IG
crushing was estimated using the empirical relation (For-
mula 1), where d, is the ball diameter (mm), L is the length
of the mill drum (m), and d is the drum diameter (m).

The maximum effective rotation speed Nmax is deter-
mined by the following formula:

N =42,3y/D, @

where v is the drum filling coefficient, D is the internal
diameter of the drum (m), and Nmax is the number of
revolutions per minute [28].

Experimental studies with different rotation speeds
and ball sizes will allow determination of the optimal drum
filling coefficient KM and the mode that will be more gentle
for low irradiated graphite (LIG) and more effective for the
destruction of highly irradiated graphite (HIG). Moderately
IG is classified as LIG, and it is not separated.

Preliminary measurements and analysis of radioac-
tivity in the reactor area, as well as the possible application
of a contrast agent that adheres to active graphite surfaces
and can be detected by cameras, may support the use of
computer vision in cyclic IG crushing and segregation. This
will automate the process and limit the need for human
intervention. The BM, traditionally used for grinding sol-
id materials, is proposed as a means of dosed destruction,
dividing the blocks into parts with potentially high and
low levels of irradiation. During the processing cycle, var-
ious (combined) effects occur: impact, friction, pressure,
depending on the speed of rotation and filling of the drum.

The use of a BM with periodic unloading through a
grate will enables removal of fine fractions from the grinding
zone, preventing them from being ground into dust, which
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should be classified as hazardous waste. Very fine particles
may be removed using liquid or air, which also provides
cooling of the graphite. The discharge of crushed graphite
can be carried out through a hatch or a spigot, where metal
balls will be retained or returned to the drum with the help
of an electromagnet, since graphite has diamagnetic proper-
ties, unlike iron for balls, which is ferromagnetic.

The crushed IG must be evaluated, sorted, separat-
ed from marked fragments, with additional processing if
necessary. Appropriate selection of ball size and material,
as well as mill operating parameters, increases the likeli-
hood of primarily affecting the weaker and more porous
areas of the blocks.

Sorting methods include mechanical processes such
as extraction and fractionation by radioactivity level. It
is important to note that physical separation does not
always allow for complete separation of different frac-
tions. It is important to note that complete separation of
fractions using only physical methods is a difficult task.
Partial mixing of crushed LIG with HIG is possible. To
improve recognition accuracy;, it is proposed to use sev-
eral video cameras, with repeated control of recognized
debris in each processing cycle. Equipment error must be
minimized. It is expected that the size of LIG fragments
will exceed the size of HIG fragments. This is the main
criterion for sorting IG. The objective is to minimize the
mass of unclassified graphite.

Mg = Mhig + Mlig + Mns, Mns - min, 3

where Mns is the mass of fragments, kg, that could not
be separated (they will have sufficiently large areas of
painted and unpainted fragments), Mg is the mass of all
graphite, Mhig and Mlig are the masses of HIG and LIG
that will be obtained during separation.

Mcalc <= Mhig <= Mcalc + Mperm. @)

With appropriate material accounting approach, it
is possible to introduce preliminary weighing of graphite
and make a quantitative assessment of the yield of HIG
Mcalc. Mhig >= Mcalc. In this case, the size of the LIG
fragments is equal to the size of the KM grid holes. On the
other hand, Mhig <= Mcalc + Mperm, where Mperm is
the maximum permissible deviation. It is also necessary
to minimize energy consumption and excessive grinding.

The proposed irradiated-graphite (IG) separation al-
gorithm is shown schematically in Fig. 2.

According to the algorithm, IG blocks are loaded
into the BM and processed for a specified time. Fine frac-
tions — primarily HIG particles — are discharged through
the grate. The remaining graphite is assessed to determine
whether additional processing cycles are required.

IG samples emit a-, B-, and y-radiation. Therefore,
initial dosimetric monitoring should be performed to

Loading graphite into
the installation

Processing for T(Mns)

Unloading of HIG
throughthe grid
and OG research

No

IG sorting

Yes

Successful
separation

Unloading LIG

Packaging of LIG
Packaging of HIG

Fig. 2. IG separation algorithm diagram
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characterize activity levels. Subsequently, video cameras
positioned at a safe distance (2-3 m) can acquire images
for automated processing. Based on these data, it is pos-
sible to estimate the amount of debris and the probable
amount of incompletely separated graphite.

An example visualization of IG debris is shown in
Fig. 3, generated using a generative-AI tool. Visual analy-
sis of sequential images shows improved graphite separa-
tion: the number of red-colored fragments decreases with
each subsequent stage. The quality of processing can be
evaluated using a neural network (classification or cluster-
ing) after unloading or directly inside the BM after it has
stopped by means of photo recording. Machine learning
methods can be applied to such images.

Processing optimization based on photographs

Based on the images provided, the following recom-
mendations for further processing can be made:

Case 1: Continue processing at time 1, and speed N,.

Cases 2 and 3: Continue processing at 1, < 1, and
T, < T,, and corresponding speeds N, and N..

Case 4: Processing may be stopped and the LIG dis-
charged if the estimated mass of the HIG reaches Mcalc
within acceptable deviation.

In general, fragments could be sorted according to
the degree of coloration during intermediate stages of sep-

Fig. 3. IG after processing (generated using Adobe Firefly — free generative AI)

aration. Although this approach could improve the pro-
cess quality, it would increase complexity of its implemen-
tation and require additional automated lines. Therefore,
at this stage, a more acceptable option is to process all
fragments to the desired degree of separation.

Conclusions

1. The proposed method of IG crushing has a
number of significant advantages. It is relatively simple
to implement and may guarantee a high safety level of
process. In addition, it can be extensively automated facil-
itating implementation and subsequent operation.

2. Separation of IG into different categories (low,
medium, and high) can significantly reduce the volume of
high-level waste requiring decontaminated or disposed.

3. Graphite is chemically stable under normal
conditions, and the proposed method does not alter its
chemical composition through aggressive substances,
thereby avoiding additional hazards. Graphite is insolu-
ble in water and does not release hazardous compounds.
This method minimizes generation of gaseous emissions,
active aerosols, and secondary waste. The rate of radio-
nuclides leaching from graphite blocks is low and com-
parable to the rate of leaching from vitrified radioactive
waste. After separation, established treatment methods
may be applied.
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4. An algorithm for separating IG using special
equipment has been developed, which includes pro-
cessing and control cycles using neural networks and has
a high level of safety.

5. Future refinement of the BM-based crushing
method and the Al-supported separation algorithm
should focus on reducing energy consumption and en-
hancing compatibility with remote-control conditions.
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BusHauyeHHA MIAXiB YZOCKOHAIEHHA METO/iB
NoApiOHEeHHA Ta COPTYBaHHA ONPOMiHeHOro rpadiry
A7 ePHUX YCTAaHOBOK

CrarTs npucBsAYeHa Ipo6IeMi ITOBOIKEHH 3 OII-
pomineHuM rpadirom (OI') simepHUX eHeproyCTaHOBOK.
PeakropHuit rpadit (abo rpadit aaepHOI YUCTOTH) BUKO-
PUCTOBYBABCA SIK CIIOBI/IBHIOBAY 4N Bifj0MBaY HEMITPOHIB
y 6inbir HiXK 100 AAZepHUX peaKTOpax Ta € KOHCTPYKIIili-
HUM i QpyHKI[IOHATBHMM MaTepiasoM y s/jepHUX eHep-
TeTUYHUX cucTeMax IV ITOKONiHHSA, 30KpeMa y BUCOKO-
TeMIepaTypHux razooxonomxysanpanux (HTR, HTGR,
VHTR) i pigko-conboBux peakropax (MSR). Tomy npo-
6nema noBomxeHHs 3 OI' AflepHUX eHeprOyCTaHOBOK €
aKTya/IbHOI0 HayKOBOIO IIPO6/IEMOIO.

s meakux MOXIMBUX BapiaHTiB yruaisanii OI,
30KpeMa, CIIa/lTI0BaHHS, 3aXOpPOHEHH s, 00pOOKY 10Hi3Y-
I0YMMM CMOJIAMM aKTYa/IbHUM € IIUTAHH:A MOAPiOHeHH A
ta copryBanHs OI. Ha ocHoBi aHani3y ¢isn4Hux Bractu-
BocTelt rpagiTy mic/is TpuBanoi il BUCOKMX TeMIepa-
Typ Ta HEHTPOHHOTO ONIPOMiHEHH I aBTOPaMI IIPOIIOHY-
I0ThCS LIJISIXY BIOCKOHA/IEHHSI METO/iB ITOIpiOHeHH Ta
coprysaHH:A OI' 3 BUKOPMCTaHHSAM IITYYHOTO iHTENEKTY
(IIT). Onmmucano metop fpobenHst OI 3 BUKOPUCTAHHAM
KY/ZIbOBOTO M/IMHA 3 PO3BAHTA)KEHHSM 4Yepe3 pelIiTKy
Ta po3pobennit anroputm posginents OI 3 Bukopuc-
taraMm [, 1o BK/I09a€ UKIN 06pOOKY Ta KOHTPOITIO
3 JJOIIOMOT0I0 HEMIPOHHUX Mepex. MaitOyTHe BIOCKO-
Ha/IeHHS BUKOPNMCTAHHA Ky/IbOBOTO M/IMHA 3 PO3BaHTA-
JKEHHSM 4epe3 PelIiTKY Ta aJITOPUTMY pO3JiNIeHHA Ma€
Oy TV HaIIpaB/IeHO HA 3MEHIIEHH A eHePreTUYHIX BUTPAT
Ta afjallTalii 0 YMOB IMCTaHIIITHOTO KEPYBaHHA.

Kniouosi cnosa: aToMHa eHepreTMKa, 3HATTA 3 eKCIITyaTarii
AEC, pagioakTuBHIi BifXomu, onpoMiHeHuit rpadit, Ty IHuI
IHTEJIeKT.
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