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After two major nuclear power plant accidents in Chernobyl (1986) and Fukushima (2011), one of the main requirements for the
nuclear power engineering is the safety of the nuclear reactors in operation, as well as new nuclear power plants of the fourth
generation, which are being developed now. One of such requirements is presence of the so-called “inherent safety” mechanism,
which renders the uncontrolled reactor runaway impossible under any conditions, moreover, the implementation of such a
mechanism should be ensured on the level of physical principles embedded in the reactor design. Another important problem of the
nuclear power engineering is the need of the transition to the large-scale use of the fast-neutron breeder reactors, with which it would
be possible to set up expanded reproduction of the nuclear fuel and by that means solve the problem of supplying humanity with
relatively cheap energy for thousands of years. Moreover, at present an unresolved problem is the disposal of spent nuclear fuel
containing radioactive nuclides with long half-lives, which presents a long-term danger to the ecology. One of the promising
conceptions of the fast-neutron breeder reactor, which can, in the case of successful implementation, partially or even entirely solve
the problems of the nuclear power engineering mentioned above, is the reactor that operates in the nuclear burning wave mode,
which is also known as “Traveling wave reactor”, CANDLE and by some other names. This paper presents a short review of the
main theoretical approaches used for description of such a physical phenomenon as slow nuclear burning (deflagration) wave in the
neutron multiplication medium initially composed of the fertile material 233U or 2*?Th. A comparative analysis of the possibilities of
different mathematical models for describing this phenomenon is performed, both for those based on the deterministic approach (i.e.
solving neutron transport equations) and for models that use Monte Carlo methods. The main merits of the fast breeder reactor,
working in the nuclear burning wave mode, and problems related to the practical realization of the considered concept are discussed.
KEY WORDS: nuclear power, fast reactor, breed and burn, nuclear burning wave, traveling wave reactor

The fast growth of the planet population along with the general striving for more comfortable life leads to the
rapid increase of the world energy consumption. As a matter of fact, with the doubling of the human population over the
past 50 years, the total global energy consumption has increased three times. In the face of the limited Earth resources
of conventional energy sources, such as coal, oil, gas, there arises more urgently a problem of searching for new
alternative energy sources. Moreover, the widespread use of the combustible carbon-based fuel in the industry, transport
and in everyday life leads to the catastrophic environment pollution with carbon dioxide (CO; problem) and other toxic
emissions. Apart from the direct influence on the people’s health and environment, this leads to the greenhouse effect,
which is probably one of the causes of global climate change. All of this urges scientists to look for new reliable, clean,
preferably renewable energy sources that can support sustainable development of humanity for a long time.

As far back as the middle of the previous century the mankind discovered an absolutely novel source of energy
with the incomparable power, namely, the energy of atomic nucleus. By the colossal efforts of leading scientists of
several countries, in a quite short period not only the problem of releasing this energy was solved but also the possibility
was found to use it as a controlled process in nuclear power plants and other installations. However, despite the high
efficiency, the nuclear energy has not become the primary energy source of humanity. At present, its share is less than
5% in the total energy production and slightly more than 10% in the production of electricity.

The main reason behind the rather meager usage of the nuclear energy in the world, as well as the complete
rejection of its usage in some countries, is not technological problems, but rather problems of psychological nature,
caused by radiophobia, which swept the world after two major accidents of nuclear power plants: Chernobyl (1986) and
Fukushima (2011). Analysis of the causes of those accidents has shown that, with responsible approach to the designing
and operation of the nuclear power plants and training of the staff, this type of accidents should not be possible. The
result of this analysis was a considerable increase in the requirements for the safety of the nuclear reactors in operation,
as well as new nuclear power plants of the fourth generation that are being developed now. One of such requirements is
the presence of the so-called “inherent safety” mechanism, which renders the uncontrolled reactor runaway impossible
under any conditions, moreover, the implementation of this mechanism should be performed on the level of physical
principles, which should be laid down in the reactor construction.

From the physics point of view, the most concentrated energy source, which can be practically utilized, is the
binding energy of nucleons in the atom and its nature is due to the strong interaction. For one act of the nucleus fission
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the energy released equals to approximately two hundred millions of electron-volts. For comparison, the energy
released in the process of carbon oxidation, C+ O,=CO,, is equal to several electron-volts. The carbon oxidation
process or “chemical burning”, which is the essence of the “combustion energy”, has its origins in the electromagnetic
interaction between electron shells of the atoms. As can be seen, the difference of the energy release per atom between
nuclear and chemical reactions is almost eight orders in favour of the nuclear ones.

Recently, the so-called renewable energy sources, which include hydropower, wind power, solar power, and
biofuel, have been growing in popularity. The highest share of the renewables in the total energy balance belongs to
hydropower (approximately 7%). The hydropower is based on the mechanical energy of water falling in the
gravitational field. It is well known that the gravitational constant is rather small, therefore a large amount of the
“working medium” (water) is required to get considerable quantities of energy. The same goes for the wind power
generators.

Let us compare the efficiency of different kinds of energy sources in terms of the concentrations of stored energy
that can be utilized by human. From 1 ¢cm? of the pure 2**U, theoretically, i.e. by the fission of all the nuclei present in
this volume, the energy of 5-105 kW-h can be released, which is equivalent of the energy released by the combustion of
100 m? of anthracite coal or by dropping 100 millions of m3 of water from the height of 25 m.

Thus, theoretically, the nuclear power should undoubtedly be leading in terms of efficiency among other types of
Earth resources. However, the high density of the energy release of the nuclear chain reaction requires a high
technological culture of controlling such processes. The principal possibilities and main technical solutions of the
problems, related to the nuclear reactor control, were discovered as far back as middle of the past century. However, the
accumulated world experience in the operation of nuclear power plants, both positive and negative, indicates the need to
revise priorities in this area from maximum economy to the safety.

The history of nuclear power goes back a little over 70 years. In many countries, this is an important component in
energy production, and in several of them, such as France, Ukraine, Belgium, Hungary, Slovakia, it plays the decisive
role. Some of the rapidly developing countries, such as China, India, Russia, South Korea, have plans of accelerated
construction of new nuclear power plants. At the same time, some developed countries, such as Belgium, Germany,
Spain, Italy, Switzerland, Sweden, have decided to gradually remove the use of nuclear power. The last-mentioned fact
is caused by the wave of radiophobia which swept the world after three major nuclear power plants accidents: Three
Mile Island (1979), Chernobyl (1986), and Fukushima (2011), especially due to the last two. An important lesson
learned from those accidents was the radical revision of the safety requirements for the nuclear systems. In particular,
TAEA has formulated general requirements for the nuclear power plants of new generation, where one of the most
important requirements is to ensure the so-called “inherent safety” property, which would exclude the possibility of
uncontrolled reactor runaway owing to any of the internal or external influences, including operator’s mistake.

Another important problem in the nuclear energy is the limited natural resources of 2*°U, which is the main
component of nuclear fuel of the thermal nuclear reactors, which are a majority among the 449 working power plants
and those 54 that are being built. The solution of this problem lies in the need of a large-scale transition to the fast
neutron breeder reactors, in which, in addition to the energy production, artificial fissile products, such as >**Pu and
23U, can also be produced from the natural 23U and 232Th, respectively. In this way, by means of the production of fuel
for new reactors in the fast-neutron breeder reactors, the nuclear power could be considered as a renewable energy
source in the future.

Another not yet resolved problem in nuclear energy is the recycling of the spent nuclear fuel. Certainly, the
volumes of the nuclear waste are by orders smaller than waste volumes of usual “combustion” energy. However, some
of the radioactive components of a spent nuclear fuel, mainly the transuranium elements (minor actinides, MAs), have
quite large half-times (thousands of years) and present a certain danger to the future generations if stored in large
quantities. In this connection, an important direction of studies in the nuclear energy field is the problem of disposal of
the long-lived radioactive isotopes.

The focus of this paper is on one of the promising concepts of a fast-neutron breeder reactor (FR) that works in the
nuclear burning wave (NBW) mode, which, if successfully implemented, will solve partly or even entirely the problems
of the nuclear energy discussed above. The purpose of this paper is to concisely describe the physical basis of the
considered concept and to perform a comparative analysis of different mathematical models used for describing this
NBW phenomenon, both those based on the deterministic approach (i.e. solving the neutron transport equations) and the
models using Monte Carlo methods. Different theoretical approaches are presented in this paper in the chronological
order. The main merits of the NBW reactor and problems related to its implementation are discussed.

NUCLEAR BURNING WAVE CONCEPT
The idea of a fast breeder reactor in which the process of production and burnup of fissile nuclides takes place
with the continuous supply of fertile 2**U fuel and withdrawal of fission products was mentioned for the first time by the
Soviet academician S.M. Feinberg during discussing the reports on the fast reactors at the II International UN
conference dedicated to the peaceful usage of the atomic energy (September 1958, Geneva, Switzerland) [1]. The
criticality of such reactor is maintained by means of plutonium accumulation in the reactor. However, as was noted by
S.M. Feinberg, lack of knowledge about the precise dependence of the cross-section values on the energy for the fast
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neutrons did not allow accurate calculations of such a reactor. Furthermore, the fuel elements, being able to withstand a
sufficiently large fuel burnup, which could reach up to 30% by the theoretical estimations of E.P. Kunegin [1], were not
available at that time.

In search of the concept of safe nuclear reactor after the Chernobyl accident, another soviet academician
L.P. Feoktistov [2, 3] considered the possibility of a self-sustaining and self-controlled mode of propagation of a
nuclear chain reaction in a medium filled with fertile material (for example, 238U) in the form of a traveling wave. He
called this phenomenon as the neutron-fission wave. The phenomenon consists in the gradual movement of the reactor
core area, in which the chain reaction takes place, into the breeding zone, in which, under the neutron irradiation, the
production and accumulation of fissile nuclides (plutonium in such a case) occurs. When the concentration of plutonium
in the breeding region reaches a critical value, the conditions for the development of nuclear chain reaction are realized
in it, and the nuclear burning process also captures this region. At the same time, at the site of the previous active zone,
the chain reaction gradually extinguishes as a result of depletion of fertile material and the accumulation of a large
number of fission products that intensively absorb neutrons and thereby suppress the chain reaction in this region. The
physical picture of the nuclear burning wave (NBW) propagation through the medium filled with initially pure 2*%U is
represented in Figure.
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Figure. The nuclear burning wave propagation from left to right in the pure 233U medium. f denotes the volume
fractions of fuel components: pure 2*¥U (area filled with lines), plutonium (area filled with dots) and the fission
products (white area). The bold solid curve is the neutron flux distribution. All curves are the result of
calculations.

THEORETICAL APPROACHES FOR NBW DESCRIPTION
Feoktistov’s analytical approach and criterion of the NBW existence

The problem that Feoktistov set himself was to find out whether such a self-sustaining regime is possible and, if
so, to determine the conditions for its existence. In an attempt to solve this problem analytically, Feoktistov was forced
to simplify his mathematical model as much as possible, highlighting the main factors and omitting the secondary ones.

He first considered the processes in a semi-infinite fuel region, consisting of pure 23U and irradiated from the
open border with neutrons. As a result of the (n,y) reaction, the nuclide 2*°U is produced, and after two beta decays it
turns into 2*°Pu via an intermediate nuclide °Np:

238 239 239 239
U+n—"U—F—"Np—;—"Pu. (1)

In this case, the concentration of ?**Pu in the medium N, is determined by two opposite processes: production

U

and burnup, and can be described by the following equation:

dN
Pu __
dr =nv, (0-118N8_(6a+6f )Pu NPZ!)’ (2)
where n and v, are the concentration and velocity of neutrons, o, is the neutron absorption cross-section for U,
N is the concentration of 2*U nuclei, o, , are the absorption and fission cross-sections for >**Pu nuclei and N, is the

2%Pu concentration. Basing on this equation, Feoktistov introduced a parameter of the equilibrium plutonium
concentration N, , assuming the change of the **’Pu concentration in (2) to be zero:
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The physical meaning of this parameter is quite simple: it is such a concentration of plutonium to which the
system approaches when it is left to itself under a persistent neutron irradiation.
Another important parameter of the problem is the critical concentration of »°Pu in this medium N,, which

provides a constant value of the neutron concentration in the system or, in other words, this means that the so-called
neutron multiplication coefficient k is equal to unity. This parameter can be obtained from the neutron balance

equation:

dn

E:nvn ((V_I)Gﬂ’uNPu_zGaiNiJ’ (4)

by equating the derivative dn/dt to zero. Here, v is the number of fission neutrons. Thus, the expression for the critical

concentration of plutonium N, is

_ zio-aiNi

N
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c

)

If N, =N,, it means that the system stays in the exact critical state with constant neutron concentration and

energy production as well. If N,, > N_ , then the system will be above-critical ( k,; >1) and the chain reaction will

occur, while the neutron concentration will increase exponentially. Otherwise, at N, <N_, the system will be

subcritical and the neutron flux will decrease quickly without an external neutron source.
Since expressions (3) and (5) for the parameters N », and N_ show different dependences on the cross sections
and nuclide concentrations, in principle, various realizations of the relation between these two parameters are possible.
If N,, <N.is fulfilled, that takes place, in particular, for the nuclear system with the thermal neutron spectrum

[2, 3], then the critical state cannot be achieved without an external neutron source, and a self-sustained nuclear burning
process is impossible.

In case of the fast neutrons, we have N,, > N, , which creates conditions for the chain reaction being sustained. In

a literal sense, it means that the plutonium concentration tends to its equilibrium value exceeding the critical one. This
fact looks dangerous as it means that the reactor might go into an explosive chain reaction. But at the same time a
neutron lifetime in the core (r =1/v, ~10%s) is much smaller than the time of plutonium creation (2.4 days), thus an

entire excess plutonium will be burned out before the reactor goes into an “explosive” state. It is just this property
which is usually referred to as an intrinsic safety.

Further in his articles, Feoktistov considers equations of the neutron diffusion and fuel burn-up describing the
simplest variant of reactor which consists of 2°Pu, 2*8U, and only one intermediate nuclide 2*°U, which effectively
represents the two intermediate nuclides in (1). This set of equations is considered in the one-dimensional geometry and
in the one neutron-energy group approximation under the assumption that the absorption cross-section values are equal
for all involved nuclides, including the fission products, which made it possible to reduce all needed neutron reaction

cross-sections to only two material constants, namely, to N » and N_. Then, assuming that the NBW mode exists, and

making the corresponding Galilean transformation (x'=x+V¢), i.e., passing into the co-moving frame of reference
moving with the wave velocity V', these equations were solved for the case of the steady-state nuclear burning wave
moving along the considered infinite *®U medium with a constant velocity. This allowed Feoktistov to find the solution
in a self-similar form depending only on the space variable x'in the co-moving frame. From this consideration,
Feoktistov described the main features of the steady-state NBW regime, and one of the largest achievements of this
work was the formulation of a simple criterion N 7. > N_, which provides the feasibility of functioning of a NBW

reactor.

Further it was pointed out that it could be also possible to implement such a reactor for the 22Th — 233U fuel cycle.
The problems of the huge thermal energy release that were mentioned by Feoktistov are still actual.

In the context of discussing the Feoktistov approach, it is worth to mention the work [4] by V. Pilipenko et al., in
which the NBW mode was studied in the framework of the Feoktistov model on the basis of both the analytical analysis
in the steady-state-solution approach, which was described in detail, and of the simulation of the initiation and evolution
of the NBW by numerically solving the non-stationary problem for the set of Feoktistov’s equations. In particular, a
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consideration was given to the NBW realization with the use of an external neutron source, accompanying and
irradiating the moving nuclear burning area, under the conditions when the NBW mode would be impossible without
this source.

Goldin’s and Anistratov’s approach for numerical calculations

Goldin and Anistratov [5, 6] further developed Feoktistov’s approach trying to solve numerically an evolutionary
problem. In their work, they used 16 fissile isotopes and three groups of fission products. They also take into account
the presence of coolant and structural materials in the fast reactor core. To describe the neutron processes in the reactor
they used the neutron transport, neutron kinetics and fuel-burnup equations. In their approach, the non-stationary
equation of neutron transport was considered in the one-group diffusion approximation. The one-group constants were
calculated using an averaging spectrum function derived from solving the multi-group homogenous model for initial
stationary reactor assembly.

To describe the reactor criticality, it is convenient to use the reactivity p = (k,,

parameter A . The parameter A is introduced into the equations by assuming the exponential dependence of the fluxes
on time:

—1)/k,, or the reactor time

¢(7,t) = p(r)e” (6)

By using this expression in the non-stationary multi-group and effective one-group set of diffusion equations,
while taking into account the delayed neutrons, it is possible to get equations for the determination of A, group scalar
and vector fluxes. It is also possible to get the reactor time constant from solving the non-stationary transport and

kinetics equations:
d -
A=—|1In dr ||, 7
2le{jv) ”
here G is the solution region of the problem.

Goldin and Anistratov solved the above-mentioned equations using numerical calculations. The results show, that
such a type of reactor is stable against considerable perturbations. According to the claim of the authors, the wave will
be propagating during one year, after which the wave will start to decay. It should be mentioned, that these results were
obtained without recalculating the averaged one-group cross-sections with the change of the space-energy distribution
of the neutron flux.

Teller’s Monte Carlo simulations calculations

Edward Teller [7, 8] with his team used Monte-Carlo-method based calculations to simulate the neutron-induced
reactions and neutron transport in the fast reactor operating in the mode they called as a nuclear deflagration wave in
their work. In their work, they used TART95 program package for modeling processes occurring in this reactor. In the
initial assembly, the fuel in the main region of the reactor core was composed of 2*2Th, while in the ignition region,
where the nuclear burning was initiated, it was 10% enriched by 2°U. For the simulation, the TART95 mode with 175
neutron-energy groups was used. In the calculations, the presence of several other nuclides was also taken into account,
representing actinides, construction materials, coolant, fission products and neutronic poisons.

The authors of the paper claimed some results based on their simulation. It was found that the 2*?Th fuel burned
well with possible generation of power around 1 GW in the case of the fuel cylinder of diameter less than 1 meter. The
fuel burnup can be achieved in the range from 10% to 50% (which confirms Feoktistov’s predictions). There is
possibility to make NBW-reactor thermostatic by internal physics. They proposed also a scheme of automatic
thermostatic and reactor power control by using °Li as a neutron absorber in the core. Their simulation predicts a
relatively small total mass (< 0.1 ton) of the fissile material in the ignition zone.

In general, their work showed quite promising results for the considered NBW-reactor.

Sekimoto’s CANDLE burnup strategy

The work performed in the Tokyo Institute of Technology by Hiroshi Sekimoto and his team [9, 10] is directed
toward study of the NBW reactor. In their works it is called CANDLE as the acronym standing for "Constant Axial
shape of Neutron flux, nuclide densities and power shape During Life of Energy production". Like Feoktistov, the
Sekimoto group used the Galilean transformation z'=z+V# to the accompanying co-moving frame to consider steady-
state solutions in the form of the NBW for the stationary neutron balance (diffusion) equation and the set of nuclide
balance equations, describing the system under consideration. For solving these equations, an iteration procedure was
proposed. To find the optimal velocity V' of movement of the nuclear burning region, in the course of these iterations
Sekimoto used the following iteration formula:
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Here, Az =z —zU™ is the shift of the neutron flux distribution center during successive iterations. This scheme

required a good initial guess of the ¥ and V'® values. The iterations were performed until the distributions of the
calculated neutron flux and nuclide densities stopped to move along z-axis.

The numerical calculations for solving the obtained equations were performed using 21-group approximation. The
needed cross-sections were taken from the JENDL-3.2 library. The nuclide transformation chains comprised 20 fissile
nuclides and 66 fission products nuclides. The fertile fuel in this reactor was 2*3U and the reactor had the cylindrical
geometry with 8 meters in length and with the radius of 2 meters. The found neutron flux was normalized to have 3 GW
power output.

As a result of the simulations, a steady-state self-similar neutron distribution was shown to be moving at the
velocity of 4 cm/yr. The burnup depth in the spent fuel behind the NBW was around 40%, which is much higher than in
traditional reactors. This work is important since it showed the possibility of the NBW implementation in the 233U fuel
basing on the fairly realistic theoretical model. It is also important to note that the Tokyo group used two-dimensional
models and wide range of nuclides.

In a large number of subsequent works based on the approach described above, Sekimoto with co-authors
considered the possibility of various options for implementing the CANDLE burnup strategy by varying the use of
different coolants (Na, Pb, Pb-Bi eutectic, gas), sizes and compositions of the core, reactor power, and other parameters.
However, since the calculation scheme which they use in these works is based on the self-similar solution to the
problem, it is impossible to study transient processes in such a reactor and to study the stability of the NBW mode
within the framework of this mathematical approach.

Hugo van Dam analytical considerations and its modifying by Chen and Maschek
An original model of the NBW reactor was developed by Hugo van Dam in papers [11, 12], where he called this
mode as the criticality wave. In his work, the set of several fuel burnup equations was replaced by the effective burnup
function k() and the feedback coefficient y as an arbitrary parameter. These substitutions are then included in the
neutron balance equation. To get analytical solutions, Hugo van Dam also considered a quasistatic approximation,
which is possible due to the fact that the neutron diffusion occurs much faster than the process of propagation of the
criticality wave. Using the Galilean transformation of coordinates & = x + V¢ , he obtains the following equation for the

scalar neutron flux ¢(&) :

d’¢
dé

) +[k, (v)-1+7$]p=0 )

where y is the neutron fluence and L, is the diffusion length.

By selecting the burnup function in a simple (parabolic) form, which is close to the real one, and certain feedback
coefficient values, it is possible to obtain analytical solutions of the neutron balance equation. Despite the seeming
simplicity of this model, it was able to predict some characteristics of the behavior of the NBW reactor.

Results of the analytical model solution show that the burning wave can exist only in the case of a negative
feedback coefficient and when the following ignition condition is fulfilled:

2k, +ky >3 (10)

Here kma

. and k; are the maximum and initial values of the chosen burnup function. The velocity of such a wave is
proportional to the maximum neutron flux density which is determined through the feedback coefficient and burnup
function.

Hugo van Dam also performed numerical calculations for the developed model. This part of the work was done to
determine the burning wave ignition characteristics and to consider possibility of a power control in such a reactor. It
was shown that an external neutron source should have certain optimal strength and duration to initiate a self-sustained
wave propagation. The power control is possible by changing the feedback coefficient value. Choosing different burnup
function gives different results for the total fuel burnout and wave velocity.

In the work of X.-N. Chen and W. Maschek [13] this approach was modified by means of using an original
perturbation method and the radial buckling approximation, that gave them an opportunity to reduce the initially three-
dimensional problem to a one-dimensional one taking into account a transverse neutron leakage. Later in [14] they used
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this calculation scheme for description of the pebble-bed type reactor, in which, de facto, the fuel moves with the NBW
velocity through a stationary reactor (see also Sekimoto's book [10]). Such a concept of "standing burning wave" is a
full analogue of the "running" NBW from the physical point of view, but may have some constructive advantages for its
practical realization.

Khotyayintsev et al. NBW velocity study
In works [15, 16] by Khotyayintsev et. al., behaviour of the NBW velocity, as an important characteristic of the
NBW mode, was studied depending on a number of parameters of the reactor model in the framework of a planar one-
dimensional model, basing on the neutron diffusion equation together with the equations of burn-up of the U-Pu fuel
components including 9 nuclides as well as the fission products in the one-group approximation. A possibility of
burning out of a part of the fission products was also admitted. The authors also studied the influence of a temperature
feedback of not specified origin in the simplest model form by including a corresponding term with an arbitrary thermal
feedback coefficient in the diffusion equation. Analogously to the Feoktistov approach, the solution of this set of
equations was sought in the form of a steady-state wave moving with a constant velocity along a reactor of infinite
length.
According to the aforesaid, the authors presented the neutron diffusion equation in the following general
dimensionless form:
d2¢+g-¢=0 gch.N—p+7w¢[Zc .N‘+pj (11)
Zz > - i i - ai i

Here N, are the dimensionless nuclear densities that obey the fuel burn-up equations, ¢, and ¢, are the

dimensionless coefficients that depend on the corresponding microscopic absorption and fission cross sections, W is
the dimensionless NBW velocity, p is the effective absorber density which includes the absorption by non-fuel

nuclides and, if allowed for, the effect of transverse neutron leakage,  is the phenomenological thermal feedback

parameter. By integrating the Eq. (11), the authors studied the conditions for existence of a stationary NBW solution.
Numerical calculations with certain values of the problem parameters, allowed authors to solve the diffusion equation
along with the burn-up equations and get distributions of the flux and nuclide concentrations in the wave. The authors
also proposed and used an analytical approach for obtaining the solutions of the steady-state NBW type basing on the
method of successive approximations in which the wave velocity W was considered as a small parameter. This
approach allowed them to derive analytical expressions for the dependence of the NBW velocity on the problem
parameters, including the arbitrary parameters p and .

From the obtained calculation results, the authors performed a comparison between feedback parameters caused by
the thermal and fuel burn-up effects. An interesting result was derived at low NBW velocity values, where authors’
calculations showed a bifurcation of the velocity dependence at the same control parameter, which authors attributed to
the effect of 2*'Pu instability. However, only the upper branch of the velocity dependence turned out to have a physical
meaning, which indicated existence of a small but finite minimum value of the velocity.

Fomin et al. non-stationary solution of the NBW problem

The work performed by the Kharkiv group [17-25] was aimed at the study of non-stationary processes occurring in
the fast reactor of cylindrical form with two initial homogeneous axial zones (the ignition and breeding ones) at the
stages of the NBW initiation and its propagation along the reactor axis in the framework of an original deterministic
approach, developed by the authors. This approach is based on numerically solving the non-stationary equations of
neutron diffusion in the reactor medium together with the burnup equations for fuel components, which include 10
nuclides, and with the nuclear kinetics equations for the delayed neutron precursors with using realistic nuclear
constants and cross sections. The authors have developed original packages of computer programs to perform numerical
calculations for solving this non-stationary evolution problem. The needed realistic nuclear data were obtained from the
BNAB Nuclear Data Library [26, 27] in the 26 neutron-energy group approximation. The fuel in the breeding zone is
composed of the fertile 238U (the variants with 23>Th fuel and the mixed of U-Th fuel were also considered), the fuel in
the ignition zone consists of 28U enriched by 10% of 2**Pu.

First the authors used a simplified model [17-20], where the transverse neutron leakage was ecither neglected
[17, 18] or it was described by employing the radial buckling approximation [19,20]. These calculations were
performed in the so-called effective multigroup diffusion approximation, where the problem was reduced to a non-
stationary one-group problem with making use of effective neutron-nucleus cross-sections averaged by the local
neutron spectra found from the corresponding stationary multigroup criticality problem for the current time moment,
which allows one to effectively take into account the changes in the cross sections according to variations of the energy-
space distribution of the neutron flux. According to this approach, it is possible to write down the one-group non-
stationary diffusion equation using the radial buckling concept taking into account delayed neutrons in the following
form:
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where v, is the neutron velocity, @ is the scalar neutron flux, £ and X, are effective macroscopic absorption and
fission cross-sections, D =1/3Z is the diffusion coefficient, v, is the mean number of neutrons produced per nucleus

fission, £ is the effective fraction of delayed neutrons, C/ and A/ are the concentration and decay constant of

precursor nuclei of the i-th group for the /-th fissile nuclide.

The important results of these studies are that they proved the feasibility of initiating and using the NBW mode in
the nuclear reactor with the fuel of the U-Pu cycle, as well as revealed a number of essential details of the NBW
evolution course, in particular the dependence of the NBW velocity on the radius of the reactor core was studied and a
critical radius at which the wave cannot propagate was found. However, the results obtained for the reactor based on the
232Th fuel showed serious difficulties in implementing the NBW mode, which had suggested appropriateness of further
consideration of variants of the NBW reactor with mixed fuel composed of both with 233U and ?3?Th at roughly equal
concentrations.

The shortcomings of using the radial buckling is that it gives an approximate allowance for the radial neutron
leakage and ignores the effects of radial non-uniformity of the burnup of fuel components. Moreover, it does not allow
one to describe reactor systems with any radial inhomogeneity, for example, in the presence of the radial neutron
reflector, and in these cases it is necessary to consider the exact two-dimensional (2D) cylindrical problem of neutron
transport in the reactor under discussion. Such a 2D problem with using the exact 26 neutron-energy groups approach
has been further considered by the authors [21] for a simple cylindrical reactor model with a single radial zone without
the radial reflector. The comparison between the results of calculations in these two approaches [16, 17] and [18] has
shown that the simplified calculations with the radial buckling and effective multigroup approximation give a
reasonable qualitative description of the NBW evolution but with some quantitative discrepancies with the exact 2D
multigroup approach [21]. However, the calculations in the exact approach [21] are rather time-consuming and require
much more computational resources. For this reason, in the works [22-25] the authors used the simplified approach,
similar to that of papers [19, 20], for further studying different issues concerning the NBW initiation and propagation in
the cylindrical reactor variants with the metal fuel of both U-Pu and mixed Th-U-Pu fuel cycle. In these works, they
analyzed different transient processes in the NBW reactor and investigated the NBW mode stability (see [24]). The used
non-stationary approach allowed Fomin’s group to study the startup behaviour of the NBW reactor and the conditions
for realizing a “smooth” startup with parameters acceptable from the practical point of view [23, 25], which is an
important problem. Besides, the authors studied the features of processes of the forced temporary shutdown of the NBW
reactor and further restarting the NBW mode [25].

Study of standing NBW by Yu. Leleko, V. Gann, and A. Gann

In the papers of Yu. Leleko, V. Gann, A. Gann [28, 29] the concept of the nuclear burning standing wave (NBSW) in
the neutron multiplication medium is considered. From the point of view of the physics of neutron-nucleus processes,
this concept is analogous to Feoktistov’s nuclear burning wave, in which instead of the self-sustained process of the
NBW propagation in the stationary neutron-multiplication medium (fertile 238U), the fertile material is considered to be
moving with the NBW propagation velocity, so that the active burning area were not moving relative to the reactor
vessel. From the mathematical point of view, the only difference is in the transition from the rest frame to the frame
which moves with the NBW velocity. In the judgment of the authors of those papers, such a change can essentially
simplify the design of reactor as compared to the case of the moving active area in the classical NBW approach.
Additionally, it is assumed that slightly changing the velocity of the “fresh” fuel movement, it could be possible to
regulate the fuel burnup depth.

A significant difference between the NBSW concept considered in the papers [28, 29] and the self-sustained NBW
propagation process, where the need of external control of the reactor reactivity is absent, is the fundamental need for
such control in the case of NBSW.

In the papers [28, 29] the implementation of the NBSW concept is considered in both cylindrical and spherical
reactors. In the first case, the NBW should “move” in the radial direction from the cylinder axis, and the fuel (***U)
moves in the opposite direction, i.e. to the cylinder center, where the spent fuel is continuously being removed from
reactor [28]. In the case of spherical geometry, the NBW is to be moving from the center of the sphere to the outside,
and the fuel moves from periphery to the center of the spherical reactor, where it is being continuously removed [29]. If
the speed of the fuel movement to the center is precisely equal to the velocity of the NBW propagation, we have the
NBSW.

In its cylindrical variant, this concept is close to the “standing wave” concept with periodical “shuffling” of fuel
assemblies, which was proposed by “Terra Power” [30]. The main difference between them is that in the variant of the
reactor from [28] the supply of the fuel is considered to be continuous, while in [30] to shuffle the fuel assemblies the
reactor must be stopped.
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The mathematical calculation model that was used in the works [28, 29] is based on the solving of the one-
dimensional diffusion equation together with a maximally simplified set of the burnup equations for the fuel
components (only four ones: 28U, 2*Np, 2**Pu, and fission products). The transition from the variables of coordinate
(radius) and time to the integral variable of fluence, allowed the authors of those papers to obtain an analytical
expressions for the stationary approximation of the NBW, which can be used to analyze the dependence of the radial
neutron distribution on the problem parameters. The performed analysis showed the possibility of the existence of the
radial and cylindrical standing waves of nuclear burning for some parameters of considered systems.

In those papers, a comparison between results calculated with the analytical expressions and by numerical
calculations of such a reactor with the MCNPX code was performed, which showed their quite good agreement. Such a
powerful computation instrument as the MCNPX code, which is based on the Monte-Carlo method for the simulation of
neutron-nucleus processes simulation in the three-dimensional geometry, has wide possibilities for taking into account
the complex nuclide composition of the reactor core, including not only the extended nuclear transformation chain of
fuel components, but also the presence of the coolant and construction materials in the core of the reactor.
Unfortunately, in those papers there is no data about calculations for more realistic component compositions, which
may sufficiently influence not only the numerical results, but also some of the conclusions of those papers.

In addition, we should mention one more feature of using the MCNPX code, which has been developed for
modeling processes in reactors of the conventional type with the external reactivity control that is realized by using
control rods. The matter is that when simulating with MCNPX, the reactor power is a parameter that is set externally
and is kept constant automatically. At the same time, the power of the reactor operating in the steady-state NBW mode
is an internal self-consistent parameter of the system, which is determined only by the initial composition of the system
and its size.

CONCLUSIONS

This article provides an overview of a number of the most significant works on the problem of a nuclear burning
wave reactor. Using various approaches and calculation models, in general, the authors of these studies have proven the
fundamental possibility of implementing the NBW mode. The considered papers also investigate the most important
characteristics of a nuclear burning wave, such as the propagation velocity, energy density, the power dependence on
various parameters of the reactor, the problems of start-up, forced shutdown and restart of the reactor.

The reactor operating in the NBW mode has very attractive features, such as:

- the absence of the need for operational control of reactivity, which significantly reduces the role of the "human
factor" in the reactor control;

- the property of "intrinsic safety", provided by the presence of a specific mechanism of negative reactivity
feedback;

- the possibility of using natural or depleted uranium and thorium as the main fuel, capable of solving the problem of
providing the Mankind with relatively cheap energy resources for thousands of years;

- the possibility of using the spent fuel of other reactors, which can help to solve the environmental problem of
nuclear waste disposal;

- the absence of the need to reload the fuel throughout the entire reactor campaign reduces the risks of a theft of
fissile materials during their transportation, helping to solve the problems of non-proliferation and prevention of nuclear
terrorism;

- high fuel burnup depth, and, therefore, high efficiency of its use, will allow abandoning the organization of a
closed fuel cycle and, thereby, significantly reduce the cost of nuclear energy of the future.

Therefore, if the NBW reactor is implemented, it will be a good candidate for a new generation of nuclear reactors.

However, there are also a number of unsolved problems that impede the speedy implementation of this concept. The
main one among them is a high level of radiation damage in the fuel (swelling problem) and cladding materials.
According to estimates, they significantly exceed the values that the present-day materials can withstand.

Nevertheless, the continuous progress in the development of new types of nuclear fuel and structural materials,
which has been observed in recent years, as well as the search for unconventional constructive solutions (see, for
example [30]) inspire confidence that the NBW reactor can become one of the main solutions to the growing world
energy needs.
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