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(e article is dedicated to the safety assessment of mixed storage of irradiated graphite and other types of radioactive waste
accumulated during the operation of uranium-graphite reactors. (e analysis of heat release processes inside storages containing
irradiated nuclear graphite, representing a potential hazard due to the possible heating and, accordingly, the release of long-lived
radionuclides during oxidation was carried out. (e following factors were considered as the main factors that can lead to an
increase in the temperature inside the storage facility: corrosion of metallic radioactive waste, the presence of fuel fragments, and
also the random exposure of irradiated graphite to local sources of thermal energy (spark, etc.). It was noted in the work that the
combined or separate influence of some factors can lead to an increase in the temperature of the onset of the initiation of Wigner
energy release in graphite radwaste (Tin≈ 90–100°C for the “Worst-case” graphite). (e model of heat generation in the storage
was developed based on the analysis of the features of graphite radioactive waste storage and Wigner energy release. (e layered
location of different types of waste (graphite and aluminum) and the local character of the distribution of heat sources were
adopted in this model.(e greatest heating is achieved if graphite radioactive waste is located near the concrete walls of the storage
facility, as well as in direct contact with irradiated aluminum radioactive waste, which was shown in this paper.

1. Introduction

Currently, more than 250,000 tons of graphite radioactive
wastes have already been accumulated worldwide [1]. At the
same time, approximately 60,000 tons of irradiated graphite
was accumulated in the Russian Federation during the
operation of various types of uranium-graphite reactors
(UGR). To date, 13 production uranium-graphite reactors
(PUGR), AM and AMB-100, AMB-200 Beloyarsk NPPs
reactors, 1 RBMK reactor (the first power unit of the
Leningrad NPP), and 1 EGP-6 reactor at the Bilibino NPP
have been shut down. However, 9 RBMK reactors (Lenin-
grad, Kursk, Smolensk NPPs) and 3 EGP-6 reactors are in
operation [2].

Replaceable (temporary) structural elements, including
graphite sleeves, thermal contact rings, displacers, frag-
mented aluminum channels, etc., were periodically removed
during operation of the UGR. A part of the removed irra-
diated elements was placed in special containers. Another
part of the mixed radioactive waste was sent to the reactor
storage facilities of various types (depending on the type of
UGR and the hydrogeological features of the site). It is worth
noting that 25% of the total graphite has been accumulated
as replaceable elements in Russia. ANDRA estimates that
about 17% of the graphite was accumulated as graphite
sleeves in France [3]. Situations with mixed storage of
graphite and nongraphite radioactive wastes are also noted
in Lithuania, the UK, and other countries [4, 5]. Elements
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from Magnox and aluminum alloys are also found with
graphite in some radioactive waste storage facilities. (ere is
a mixing of graphite with cement (cementing of graphite
waste) or pouring them with cement.

At present, the demolition of these storages is difficult
due to the lack of solutions to the problems of further
handling of irradiated graphite and insufficient knowledge of
safety issues during their dismantling [6]. (e main issues
related to ensuring safety before and after the dismantling of
objects containing graphite include the necessity for
annealing of graphite radioactive waste and the applicability
of disposal methods, including grouting with a heated
concrete composition [7].

An essential feature of graphite radioactive waste in
storage facilities is the presence of stored energy (Wigner
energy) in them [8, 9]. (is is due to radiation damage to the
crystal lattice of graphite and the accumulation of defects
[10–12] when it is irradiated in UGR. In the Russian Fed-
eration, studies show that the maximum values of Wigner
energy are recorded precisely in replaceable graphite ele-
ments. Moreover, the values significantly exceed the values
obtained for graphite blocks [13].

(e International Atomic Energy Agency (IAEA) or-
ganized the GRAPA project [14] aimed at pilot testing of
solutions and technologies for the handling of irradiated
graphite. One of the tasks of the GRAPA project is a detailed
analysis of issues related to the effect of accumulation and
release of stored energy in irradiated graphite, determination
of emission parameters, and safety criteria. (e parameters
characterizing the accumulation and release of stored energy
in graphite determine the conditions and possible conse-
quences of its release (thermal effects) during the decom-
missioning of UGR. (is also applies to work related to the
handling of irradiated graphite, including the processing,
storage, and disposal of graphite radioactive waste.

At the same time, a generalized analysis of the possibility
of Wigner energy release for various options for handling
irradiated graphite (in-situ entombment of UGR, aging, and
dismantling of UGR, storage in containers of recycled or
untreated graphite radioactive waste, etc.) showed that it is
the mixed storage of graphite radioactive waste in storage
facilities (belonging to the nuclear legacy) that causes the
greatest trouble. (erefore, a detailed study of this issue,
taking into account all the features of the storage of ra-
dioactive waste, is required.

2. Features of Storage of Graphite
Radioactive Waste

As noted earlier, the graphite radioactive waste generated
during the operation of UGR was located in special reactor
storage facilities or, in rare cases, in concrete containers and
sent to storage facilities. As a rule, such storage facilities are
located outside the reactor building (or facility), but within
the sanitary protection zone. (is is especially true for
graphite radioactive waste storage facilities located at the
sites of FSUE “MCC” (Zheleznogorsk, Krasnoyarsk region,
Russia), FSUE “Mayak” Production Association (Ozersk,
Chelyabinsk region, Russia), and JSC “PDC UGR.”

To date, in the Russian Federation there are more than 30
types of radioactive waste storage, which can conditionally
be divided into 3 main groups: in-depth insulated storage
(trenches, bunkers, pits), in-depth open storage (storage
reservoirs, holding pools, tailings), and separate buildings
and structures [15]. (e last two types of storage are less
suitable for storing irradiated nuclear graphite. However
there were isolated cases of temporary placement of graphite
sleeves in this places [16]. In addition, in some reactor plants,
there are special storage tanks (or receiving tanks) for
graphite-containing sludge formed during the reconstruc-
tion of the reactor cells during its operation. However, most
of the irradiated reactor graphite is located in structures that
are placed in in-depth insulated structures.

Graphite radioactive waste storages made in the form of
in-depth insulated structures can also be conditionally di-
vided into three main types (this division is especially
characteristic of irradiated graphite storages located in the
Russian Federation):

(i) Trench type storages
(ii) Bunker (concrete) type storages
(iii) Storages located in rock mines

Trench type storages (Figure 1) are the most common
type at the locations of the PUGR. (ey are usually used to
isolate medium-active graphite radioactive waste (since the
specific activity of 14C varies in the range (104–106) Bq/g).
Trench type storages were created with full burial in loamy
soil (the mark of the top of the waterproofing coating
almost coincides with the mark of natural soil). (e
compacted natural clay (20–30 cm thick) was used as the
material of the side walls of such storages. Concrete
containers (usually 1400×1750 × 850m in size and a wall
thickness of ∼500mm) with irradiated graphite mixed with
metal radioactive waste (aluminum channels, etc.) were
placed in a pit 6 to 10 meters deep. (e upper part of the
trench type storage (“cover”) was made of clay, loam,
gravel, cement screed, concrete floor slabs, etc. (e
thickness of each layer is different and varies in the range
from 0.5 cm to 100 cm.

Bunker (concrete) type storages are recessed near-surface
reinforced concrete reservoirs with loading hatches and rein-
forced concrete plugs installed in them. (e tank is divided by
vertical partitions into compartments. A general view of such
storage facilities is shown in Figure 2. A monolithic reinforced
concrete slab with a thickness of 8 cm to 60 cm is located at the
base of these objects. Coating waterproofing from oil bitumen
and cement-sand screedwith a thickness of 20mm is applied to
the slab. A layer of asphalt (3–10 cm thick), sprinkled with soil
or sand (10–12 cm thick), is applied over the slab. Side walls are
made of monolithic concrete with a thickness of 30–40 cm.
Vertical waterproofing in the form of bitumen coating is ap-
plied to the outer edges of the walls of the tanks.

Access to such storages is difficult or impossible. (ere-
fore, the temperature inside them can change only as a result
of heat exchange with structural elements due to seasonal
climate change, interaction with groundwater (if such cases
occur), and/or the appearance of internal local heat sources.
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Storages located in rock mines (Figure 3) are less
common.

(ese storages are reinforced concrete mine with a depth
of more than 20m. Irradiated graphite sleeves, fragments of
graphite blocks and aluminum channels, ionization cham-
bers, and thermocouple feed tubes are placed in bulk in the
mine.(e inner surface of the mine is lined with carbon steel
with organic resin primer. (e loading holes, which were
concreted after the operation of the storage, are located in
the upper ceiling of the mines. (e volume of mines varies
and ranges from 300m3 to 850m3. Part of the side wall of
such storages is in direct contact with the rock massif. (e
other part is insulated with a layer of concrete up to 4m
thick. (e qualitative and quantitative composition of the
radioactive waste layers depend on the volume of work to
remove them. In this case, the alternation of individual
layers of graphite and pressed aluminum parts can be ob-
served in storage.

Some storage facilities have fire detection and extin-
guishing systems. However, such systems are absent in most
locations for irradiated graphite (especially those created in
the middle of the last century).

Graphite refers to difficult to combustible materials; i.e.,
the possibility of its burning without additional supply of
energy is excluded. (e temperature of the onset of intense
oxidation of graphite in air is T� 450°C [17]. In this case,
oxidation will be accompanied by the release of radionu-
clides 14C, 36Cl, etc. A more significant yield of radionuclides
is possible only with ignition of graphite, which is possible
only if there is sufficient air. (e ignition temperature of
graphite in air is 700–800°C. In the technical report [18], it is

noted that, under certain conditions, mixed storage of
graphite and other types of waste in bulk and in large
volumes can lead to heat release. (e analysis of heat release
processes inside storages containing irradiated nuclear
graphite is an important task in assessing and ensuring the
safety of storage. (is is due to the fact that the above-
described storages are not designed for the storage of fuel
radioactive waste, which mainly includes highly active vit-
rified waste.

In this case, the accumulation of Wigner energy in
graphite must be taken into account when analyzing heat
release processes. Also, factors, conditions affecting the
beginning of its isolation, and the possibility of their control
should be taken into account. Determining the maximum
values and dynamics of temperature changes during heating
in the storage volume is also an important task.
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Figure 1: Appearance of the trench type storage: 1, containers with graphite waste; 2, compacted soil (clay); 3, clay-based safety barriers;
4, inspection tubes; 5, external protective screen (“cover”).
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Figure 2: Appearance of the bunker (concrete) storage: 1, graphite radioactive waste; 2, reinforced concrete floors; 3, adjacent engineering
structures; 4, reinforced concrete cork; 5, external screen (asphalt).
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Figure 3: Appearance of storages located in rock mines: 1, graphite
radioactive waste; 2, rock massif; 3, inspection system; 4, drainage
system; 5, auxiliary rooms.
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3. Accumulation of Stored Energy in
Irradiated Graphite

(e amount of stored energy and the parameters of its
release are determined by the conditions and duration of
graphite irradiation in the reactor [19].

As described earlier in the course of the works
[13, 20–22], irradiated graphite sleeves (Figure 4) were se-
lected from uranium-graphite reactors and storage facilities.
Selected graphite elements were sent for differential thermal
analysis. (e analysis results showed that the “worst-case”
graphite sleeves (irradiated at the lowest possible temper-
ature) of the cells of the flowing water-cooled UGR are the
most critical from the point of view of the magnitude of the
possible thermal effects due to the self-sustaining release of
stored energy.

(e characteristic release spectra of stored energy de-
termined experimentally for graphite radioactive waste from
storage facilities are shown in Figure 5.

(e amount of stored energy in such graphite elements
can reach 1250–1650 J/g. (e temperature of the beginning
of the release of stored energy for such elements is 90–100°S.
(ese parameters are characteristic only of the upper sleeves
of the control and protection system (CPS) cells. (eir
number is less than 10% of the total number of cells in the
graphite stack of UGR with once-through coolant (reactor
with an unclosed primary reactor coolant circuit). (e main
part of the cells has an irradiation temperature of the upper
sleeves slightly higher than in the cells of CPS due to more
intense volumetric energy release in graphite. (e temper-
ature of the beginning of the release of stored energy of such
parts is estimated at the level of 120–130°S, and the amount
of stored energy is 900–1200 J/g. (e close Wigner energy
release parameters for RBMKs are characteristic only for
graphite displacers immersed in the channels of the CPS
cells.(e temperature of the cooling water in such cells is the
lowest. It was previously determined [23, 24] that the
temperature of graphite irradiation of displacer cells of the
CPS of the RBMK reactor is 70–80°S, and theWigner energy
is 800–1000 J/g.

Wigner energy also accumulates in metal and metal-
containing structures of the reactor. (ese include tech-
nological channels (including tensioning channels), ther-
mocouples, metal plate flooring, tightening devices and
bolted joints, fuel elements and their cladding, and control
rods. For example, aluminum alloys used in Russian
channel reactors, consisting of 96% highly pure aluminum
(the remaining 4% are alloyed impurities Mn, Ti, Mg, and
Fe), can accumulate up to 348 J/g of stored energy [25, 26].
Moreover, in copper-containing alloys it can accumulate
up to 8 J/g of stored energy [27]. In addition, the value of
the Wigner energy in irradiated metal carbides can be
higher than in irradiated graphite. For example, in SiC its
value reaches 2500 J/g [28]. Unfortunately, the issue of the
content of stored energy and the conditions for its release in
metal radioactive waste from reactors is not well
understood.

4. Analysis of Factors Initiating the Release of
Stored Energy

External influences on the landfill (or storage) of graphite
radioactive waste and its contents include local or general
temperature increase. As a result, the release of stored energy
from irradiated graphite (to a lesser extent, from metal RW)
can be initiated; chemical processes can be activated and
catalyzed with the release of heat and gaseous reaction
products that did not previously occur or proceeded ex-
tremely slowly. (e consequences of such processes are
difficult to predict. (e main factors leading to the occur-
rence of such processes can be joined into the following
groups:

(i) Natural (rise in groundwater level, earthquake,
dramatic climate change, heavy rainfall)

(ii) Technogenic (short circuit in electrical systems,
violation of storage operating modes, breakdown of
the supporting equipment or equipment operating
inside the facility, failure of the drainage system)

(iii) Anthropogenic (erroneous actions of personnel
during maintenance or inspection of the storage
facility, violation of fire safety rules, deliberate ex-
posure or terrorist act)

(e listed factors can affect the temperature increase
inside the storage also when combined. For example, an
increase in the level of groundwater, heavy rainfall, and
failure of the drainage system can lead to a partial filling of
the RW disposal facility with water. (is, in turn, causes
corrosion processes occurring with the release of heat. Also,
a violation of its operation modes can lead to the appearance
of liquid inside the storage.

In addition, factors leading to a sharp augmented waste
heating can be a significant hazard. Factors that may occur
during the liquidation and increase of the reliability of
storage facilities are as follows:

(i) Ingress and ignition of flammable liquids (oil), etc.
(ii) Ingress of heated particles or fragments when using

thermal cutting methods during the dismantling of
storage structures

(iii) Supply of heated materials to the storage (pouring
with concrete, creating safety barriers, etc.)

(ese factors increase the likelihood of initiating the
Wigner energy release process and heating the contents of
graphite RW storage. Figure 6 shows a principle (general)
diagram of the start of heating of graphite RW in storage,
irradiated in a once-through UGR at the lowest
temperatures.

High humidity in the store due to the ingress of water
into storage (especially groundwater containing various
salts) can cause an increase in temperature inside this object
due to the corrosive interaction of moisture and water so-
lutions with aluminum structural elements located in it.
Despite the fact that such RW is covered with a passivating
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film, consisting mainly of Al2O3, processes that cause cor-
rosion can most likely occur. For example, an oxide film can
be removed by interacting with some salts contained in the
groundwater, or with an alkali solution. It is also possible
mechanical removal due to mutual friction of parts when
filling the storage and shrinkage of RW. It was shown in [29]

that bacteria such as Alternaria alternata and Pseudomonas
aeruginosa contribute to the destruction of the oxide film in
particular and the corrosion of all aluminum parts in
general.

Aluminum is a chemically active metal that intensively
interacts with oxygen and water through reactions:
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Figure 6: Schematic diagram of the start of heating of graphite radioactive waste in the storage.

Figure 4: Fragments of sleeves removed from storage before and after core sampling.
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Figure 5: Spectra of the release of stored energy in irradiated graphite removed from storage facilities.
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4Al + 3O2 � 2Al2O3, (1)

2Al + 6H2O � 2Al(OH)3 + 3H2↑. (2)

Both reactions are exothermic. During the oxidation of
aluminum by molecular oxygen (reaction (1)), Al2O3 is
formed. In this case, the thermal effect of the chemical
reaction is≈ 1676 kJ. (e interaction of aluminum with
water occurs with the release of heat from 420 to 459.1 kJ
(depending on the initial temperature of the water).

In addition, reaction (2) proceeds with the formation of
gaseous hydrogen and describes the process of pitting
corrosion. Local corrosion in form of spots, ulcers, or dots is
the most common type of degradation of aluminum parts.
Moreover, its speed depends on the concentration of
chlorine ions, pH, and water temperature and averages
0.3–0.44mm/year [30, 31]. (e appearance of corroding
aluminum parts is shown in Figure 7 [32].

In order to assess the corrosion rate caused by the possible
ingress of groundwater into storage containing irradiated
reactor graphite, a static experiment of long duration was
carried out. (e irradiated aluminum and iron-containing
elements of the reactor located in the upper part of storage
(the area in which contact with water was guaranteed to be
excluded) were removed from the place of their location. One
of the aluminum elements was sawed in the longitudinal
direction to simulate damage and was placed in a transparent
container with water taken from the drainage system of
storage. Another element was also placed in the container
without additional processing. It was found that the NaHCO3
content in water did not exceed 7mg/l, MgSO4∙7H2O 38 g/l,
CaCl2∙7H2O 225mg/l, and MgCO3 3mg/l. Containers with
irradiated aluminum and iron elements of the reactor were
sealed and placed in one of the storage compartments. (us,
conditions were created as close as possible to the real
conditions of their storage. It is worth noting that during the
first (3–4) hours after the sawn aluminum element of the
reactor was immersed inside the vessel with water, bubbles
and condensation formed on the walls. (e total duration of
the experiment was 365 days. (e appearance of irradiated
metal parts after corrosion tests is shown in Figure 8.

Figure 8(a) shows that aluminum parts are more sus-
ceptible to pitting corrosion, complicated by the formation
of organic films. (e thickness of such films reached 2mm.
(is confirms the assumption that bacteria make a signifi-
cant contribution to the destruction of the passivating film
and the surface of aluminum. (e average corrosion rate
determined by the weight and analytical method was
≈0.31mm/year (calculated on the entire surface of the test
element). According to Russian National State Standard
5272-90, aluminum in this case belongs to the low-resistance
group of corrosion.

In contrast to the aluminum elements of the reactor
extracted from storage, iron-containing parts are subject to
uniform corrosion (Figure 8(b)). In addition, the tests
revealed an intense separation of oxidized metal particles
from the surface of the part. (e corrosion rate measured by
the volumetric analytical method was ≈0.5mm/year.

In addition, galvanic corrosion may occur at the contact
points between the irradiated reactor graphite and the alu-
minum structural elements of the UGR due to the occurrence
of an uncompensated charge at the boundary of the region.
(e occurrence of such a process leads to corrosion cracking
and the ingress of fluid into parts. (e process is complicated
by the formation of ions and electrons (mainly OH−, H+, e−)
due to the radiolysis of water in storage of graphite RW
[33–35]. It is worth noting that the formation of aluminum
carbides does not occur at a regulated temperature of storage
operating. Such chemical reactions proceed only when
graphite and aluminum (mainly in the form of powder) are
heated to a temperature of 550°C [36]:

4Al + 3C � Al4C3, (3)

Al4C3 + 12H2O � 4Al(OH)3 + 3CH4↑. (4)

Reactions (3) and (4) are exothermic, in which 209 kJ
and 1846 kJ are released, respectively. Most likely, the
processes proceeding according to these reactions can not be
the reason for the increase in a temperature of RW inside
storage at the initial time and initiate the release of stored
energy in irradiated graphite. However, they can intensify
heating and heat distribution.

(e results of analysis made above can be schematically
presented as the dependence of the thermal effect of
chemical reactions (as a measure of the risk of Wigner
energy release) on factors that can cause heating of alu-
minum RW (Figure 9). It can be seen that the greatest
amount of heat is released only during the stepwise heating
due to the occurrence of reactions (3) and (2). (is leads to
an increase in a temperature of irradiated aluminum parts in
storage, as well as RW in contact with them. In this case,
Wigner energy is released in irradiated graphite, which
catalyzes the occurrence of chemical reactions with the
greatest thermal effect (reaction (4)).

It should be noted that the described factors are not
exhaustive.(e release of stored energy can be initiated from
the top of storage (for example, by heating the air or getting a
heated object into the storage). Report [18] shows other
various causes of heat release (waste cementation, radio-
active decay, microbiological interaction with organic waste,
etc.). It is estimated that a temperature during heat gener-
ation associated with the monolithic treatment of waste
during grouting can reach ≈60°C [37], while an elevated
temperature can be observed for several days. By modeling,
it is estimated that the temperature peak during heat release
associated with radioactive decay can reach ≈60°C for 100
days and then slowly decline. It is noted that the temperature
in this case will be higher in the center of the waste volume.

(us, taking into account the presence of many factors, it
is impossible to exclude the possibility that, in accordance
with the principle diagram of the start of heating (Figure 6),
they can, together or individually, cause the graphite heating
to a temperature T� 90–100°C, which can lead to the release
of stored energy, and when T150°S is reached, to a self-
sustaining release of energy, accompanied by a sharper
increase in temperature.
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Moreover, taking into account the effect of energy
dissipation (with jumbled parts), the greatest thermal effects
should be expected in the case of local heating in sufficiently
massive layers of graphite in storage.

5. Modeling the Release of Stored Energy in the
Irradiated Graphite-Aluminum System

In the course of model studies, a calculation analysis of
possible thermal effects and dynamics of changes in tem-
perature fields during the release of stored energy in graphite

parts located in concrete type storages and storages located
in rock mines was carried out.

In order to determine the maximum possible thermal
effects due to the release of Wigner energy, the most un-
favorable situation is considered. Namely, it is assumed that
in the local area of storage there is an accumulation of
graphite parts irradiated in the reactor at the lowest tem-
perature and having the most significant (from the point of
view of possible thermal effects) parameters of the release of
stored energy (Figure 5, the red curve).

(ese parameters correspond to graphite RW in the
form of replaceable elements irradiated for a regular period
in the reactor at low temperatures and containing the
maximum possible amount of stored energy (“worst-case”
graphite). (e total amount of stored energy in this case is
1250–1650 J/g.

Temperature fields were calculated by solving the one-
dimensional nonstationary heat conduction problem. (e
computational domain diagram is shown in Figure 10. (e
layer of irradiated graphite elements of thickness Lgr is in
contact with the layer of irradiated aluminum elements of
thickness Lal at the point C. In this case, horizontal planes
passing through the points A and D are the boundaries of the
area beyond which concrete or air is located. Such condi-
tions were chosen with the aim of analyzing the temperature
fields for various placement of graphite RW inside storage. A
conservative case was also considered in which irradiated

a

(a)

b

(b)

Figure 8: Appearance of aluminum (a) and iron-containing (b) elements of the reactor after corrosion tests (365 days).
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Figure 7: Appearance of corroding aluminum parts of UGR.

Science and Technology of Nuclear Installations 7



graphite and aluminum are in adiabatic conditions. (e
horizontal plane passing through the point B is the central
plane of the layer of irradiated graphite elements.

In addition, the calculations took into account that the
supply of heat in an amount sufficient to initiate the process
of releasing the stored energy can be carried out in various
sections of the considered system (A, B, C, D). (e task was
solved for the following cases:

(1) Heating in a Horizontal Plane Passing through the
Point A. A situation is simulated when heat is
supplied to the surface of irradiated graphite, for
example, when the concrete base of the graphite RW
storage is heated to a temperature exceeding the
temperature of the self-sustaining release of stored
energy (T> 100°C) for graphite operated at the
lowest temperatures. Heating of the concrete base of
the storage facility with irradiated reactor graphite is
possible in case of violation of the passive cooling
mode (for example, for storage facilities located in
the mine workings of a rock mass, or during deep
disposal of radioactive waste). Also, such heating is
possible in the event of a fire in adjacent rooms (with
a compact arrangement of objects).

(2) Heating in a Horizontal Plane Passing through the
Point B. A situation is simulated when heat is
generated inside irradiated graphite, for example,
due to the occurrence of nuclear or other reactions
(for the case of a mixture of graphite and fuel
fragments), as a result of ingress of combustible
materials into storage or heat transfer from other
more heated elements. (is situation occurs when
flammable materials are placed in a storage facility
(for example, radiation-contaminated rags, paper,
cloth, etc.). (is plane also maintains a temperature
exceeding the temperature of the self-sustaining
release of stored energy (T> 100°C).

(3) Heating in a Horizontal Plane Passing through the
Point C. A situation is simulated when heat is

released at the point of contact of graphite with
aluminum, for example, due to the occurrence of
exothermic reactions during galvanic corrosion of
the latter. (is situation is most typical for storage
facilities that are at risk of being flooded by
groundwater or water circulating in the rock mass.
(e boundary conditions are similar to the boundary
conditions when graphite is heated at the points A
and B.

(4) Heating in a Horizontal Plane Passing through the
Point D. A situation is simulated when heat is re-
leased on the surface of a layer of irradiated alu-
minum elements, for example, when air is heated or
a hot object gets in, and also due to exothermic
reactions during pitting corrosion. Here the situation
is simulated when the heating of aluminum occurs
during fragmentation works using thermal cutting
methods or in violation of the heat removal mode. At
this point, the temperature is also above 100°C.

It is worth noting that the temperature of graphite,
aluminum, air, and concrete at the initial time is taken equal
to 20°C. (e methodology for calculating temperature fields,
the mathematical model, the initial data, and also the pa-
rameters for the release of stored energy are presented in
[13, 20–22]. (e thickness of the layer of graphite RW Lgr
and irradiated aluminum parts Lal was calculated based on
the geometrical dimensions of storage (it was believed that
its cross-sectional area does not change in height), irradiated
graphite sleeves, and fragmented aluminum channels. (e
number of the latter was estimated by averaging the volume
of radioactive waste generated during their extraction from
the UGR. (us, the values of Lgr and Lal in the calculations
were taken equal to 2m and 0.5m, respectively. (e results
of calculating the temperature fields during heating at the
points A and B are presented in Figure 11.

Figure 11(a) shows that when the surface of irradiated
graphite is heated at the point A from the side of the heat
insulator and concrete, the temperature of the graphite layer

air
aluminium

D

C

LAI

LgrB

A

aluminium

aluminium

aluminium

concrete

graphite

graphite

graphite

boundary

Figure 10: Computational domain diagram.
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increases up to 325°C during the first 25 minutes. Subse-
quently, the surface temperature decreases, and heat
propagates along the layer to the right boundary of the
computational domain, passing through aluminum. It also
shows that, within 250 minutes (the time during which a
temperature in the surface layer of graphite decreases to a
temperature of the heater), the front of the heat wave slows
down to a depth of 1.5 meters from the surface of graphite.
(ermodynamic equilibrium, at which a temperature at all
points of the region under consideration will be equal to
150°C, is possible only under adiabatic conditions. Other-
wise, the released heat is dissipated and transferred to the
environment. It is a peculiarity of RW located in the air
(dotted line in Figure 11(a)). Despite the fact that, in the
regions of graphite closer to the heating surface, the fraction
of the released stored energy is higher, the process of its
release is more intense (thermal effects are more expressed in
dynamics and amplitude). Intense heat dissipation occurs.
(is, in turn, leads to a decrease in the intensity of Wigner
energy release and makes it impossible to further anneal
crystal lattice imperfections and, accordingly, increase a
temperature (without additional energy supply).

When irradiated graphite is heated in the plane B
(Figure 11(b)), a uniform and almost symmetrical move-
ment of the heat wave front to the layer surface and the
contact area with aluminum occurs. With this formulation
of the task, the dynamics of temperature fields is similar to
the dynamics described above. However, heat is removed
more intensively through the upper boundary of the com-
putational domain (i.e., through the aluminum layer). At the
lower boundary in 250 minutes the temperature reaches
27°C. Its further growth will be accompanied by the be-
ginning of the release of stored energy. In this case, a change

in the direction of the temperature gradient will occur, but it
does not significantly change the thermal balance of the
system. It is worth noting that a temperature at the left
boundary does not reach a temperature of phase transitions
and the release of stored energy in irradiated aluminum.

In the case of heat supply from the aluminum layer, the
dynamics of the temperature fields changes (Figure 12).

When irradiated graphite is heated in the contact area
with an aluminum layer (plane C), the stored energy is
released in irradiated graphite (Figure 12(a)). In this case, the
regularities of temperature field change inside a graphite
layer are similar, as during heating at the points A and
B. However, it is seen that part of the heat is transferred to
the aluminum layer, as a result of which the layer is heated to
a temperature of not more than 150°C. (e heating rate, to a
greater extent, depends not on the intensity of the release of
stored energy, but on the conditions at the upper boundary
of the computational domain, i.e., on the efficiency of the
heat removal.

In the case of heat supply at the point D, the aluminum
layer is first heated and then the layer of irradiated graphite
elements. However, at an initial heating temperature of
150°C, the energy dissipates in graphite and in the envi-
ronment. Figure 12(b) shows that the supplied energy is
insufficient to initiate self-sustaining release of stored en-
ergy. In this case, heating of irradiated graphite due to this
process is possible. (is is evidenced by a small peak (50
minutes after the start of heat supply) when graphite was
heated under adiabatic conditions and when it came into
contact with the concrete walls of the storage. However, the
temperature increment in this case does not exceed 1–3°C.

(e time dependences of the temperature change of
irradiated nuclear graphite and aluminum at the reference
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Figure 11: Dynamics of temperature fields in the irradiated graphite-aluminum system during heating in planes A (a) and B (b). Solid line: a
heat insulator located on the border of the region (adiabatic conditions); broken line: concrete located on the border of the region; dotted
line: air at the border of the region.
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Figure 13: Continued.
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Figure 12: Dynamics of temperature fields in the irradiated graphite-aluminum system during heating in planes C (a) and D (b). Solid line: a
heat insulator is located on the border of the region (adiabatic conditions); broken line: concrete is located on the border of the region;
dotted line: there is air at the border of the region.
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points at a distance of 0, 1, 2, and 2.25m from the lower
boundary are also calculated (Figure 13). Heat is supplied in
the planes A, B, and C in each individual case.

Figure 13 shows that the most critical region in terms of
the intensity of the release of stored energy is the heat
supply region. With an increase in the linear dimensions of
the graphite layer, there occurs an increase in the pro-
portion of energy spent on its heating, and not on the
initiation of the process of releasing stored energy. On the
other hand, under conditions of complete or partial ab-
sence of heat exchange with the environment (Figures 13(a)
and 13(c)), the greatest temperature increase at the initial
moment of time (the first 30 minutes) is observed when
heat is supplied to the geometric center of the graphite
layer. To a lesser extent, such effects occur under conditions
of heat removal, for example, into the environment
(Figure 13(b)).

6. Conclusion

Based on the results of the study, the following conclusions
can be drawn:

(1) Taking into account the presence of many factors, it
is impossible to exclude the possibility that they can,
together or separately, cause the heating of graphite
to a temperature of T� 90–100°C, which leads to the
beginning of the release of stored energy in graphite
fragments with the most critical parameters of its
release, and upon reaching T150°S to self-sustaining
energy release, accompanied by a sharper increase in
temperature.

(2) In contrast to the fuel highly active RW in graphite
RW heating is local and short-term. (e duration of
the most intensive stage of the process is not more
than 100 minutes.

(3) As a result of modeling the process of Wigner
energy release in irradiated graphite and aluminum
located in various types of storages, it was deter-
mined that the dynamics of temperature fields and
the temperature value in different areas of the
storages depend on the place of heat supply (the
reason that caused local heating), as well as on the
conditions at the boundary of the area (i.e., the
location of the considered RW inside the storage). It
is shown that the greatest amplitudes thermal effects
have are when the stored energy is released in
graphite RW located near the concrete walls of the
storage facility, as well as in direct contact with
irradiated aluminum RW. In these cases, a local
temperature can reach more than 300°C (for adi-
abatic conditions 375°C), which does not lead to the
initiation of the process of release of nuclides from
graphite RW and the beginning of the release of
Wigner energy in irradiated aluminum.

(4) Considering the fact that the storages contain
graphite elements irradiated in the reactor over a
wide range of temperatures and neutron fluxes, it
should be noted that self-sustaining release of stored
energy is possible only for an insignificant part
(<10%). Taking into account the peculiarities of
filling storages, even in the case of layer-by-layer
filling with graphite and aluminum RW, graphite
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Figure 13: Time dependences of temperature changes at various points lying on the axis of a graphite and aluminum under various
boundary conditions. (a) A heat insulator is located at the boundary of the region (adiabatic conditions). (b)(ere is air at the border of the
region. (c) (ere is concrete on the border of the region.
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elements in the layers of graphite RW are most likely
to be distributed randomly. (e heat dissipation
factor in the case of the release of stored energy
significantly reduces the parameters of thermal ef-
fects, compared with the parameters obtained in this
article.
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