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The search for a smooth start-up method preventing the excessive increase of neutron flux and power production in the prospective
fast reactor at the stage of establishing the self-sustained nuclear burning wave (NBW) regime is carried out. The problem is studied
by means of numerical simulation of the initiation and evolution of NBW in such a reactor. For this simulation we use the
deterministic approach based on solving the non-stationary neutron diffusion equation using the effective multi-group approximation
together with a set of burn-up equations for fuel components and equations of nuclear kinetics for precursor nuclei of delayed
neutrons. The special composition of the ignition zone composition that provides a smooth start-up of the NBW reactor is proposed.
The features of the initial stage of the NBW reactor are studied in detail.
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PEAKTOP C BOJIHOM SAAEPHOI'O I'OPEHUSI: IIPOBJIEMA IVIABHOI'O 3AITYCKA
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[IpoBeneH MOMCK METOOWKH IUIABHOTO 3aIlyCKa IEPCHEKTUBHOIO OBICTPOrO peakTopa, paboTAIOIEro B PEKMME BOJHBI SIEPHOTO
ropeHus, u30eras 4pe3MEpHOTo YBEJUUYCHUS MOTOKAa HEWTPOHOB M MOIIHOCTH PEaKTOpa HAa HAYAIBHOM JTare 10 BBIXOAA HA
CTAI[OHAPHBIA pexXnuM Oerymei BoaHbL. [Ipobirema m3ydaeTcs: ¢ HIOMOIIBIO YUCISHHOTO MOAENINPOBAHHMS, OCHOBAaHHOTO Ha PEIICHUU
HEeCTallMOHAPHOTO ypaBHEHMs TH((Dy3UH HEHTPOHOB COBMECTHO C CHCTEMOH ypaBHEHUH BBHITOPAHUS A KOMIIOHEHTOB TOIIMBA U
YPaBHEHHS SIACPHOI KMHETUKH siep IPeIIeCTBEHHUKOB 3aIa3/(bIBAlONINX HEHTPOHOB C UCIOIB30BaHHEM 1()(HEeKTHBHOTO MHOTO-
IpymnmnoBoro npuOmmKkeHus. IIpeanoxeHa crenuangbHas KOMIIO3WIUS 30HBI 3amajia, KOTopas OOecIeunBaeT IUIaBHBIM 3aIyCcK
peakropa. VcciaenoBansl 0COOCHHOCTH HA4JIBHOTO 3Tarna paboThl peakTopa ¢ BOJIHOM SAePHOTO TOPEHUS B 3TOM CITydae.
KJIFOUYEBBIE CJIOBA: ObicTphIii peakTop, BOJIHA SACPHOTO TOPEHHS, IIABHBINA 3aIyCK PEaKkTopa, BHYTPEHHSA 0€30MacHOCTb,
HEeCTalllOHApHOE ypaBHEHUE TUPPy3Uu.

PEAKTOP 3 XBUJIEIO SIEPHOI'O I'OPIHHSA: ITPOBJIEMA IIJIABHOI'O 3AITYCKY
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[IpoBeneHo MOIIyK METOAWKM IUIABHOTO 3allyCKy MEPCICKTUBHOTO IIBHAKOTO PEaKTOpa, IO MpAI0€ B PEXUMI XBHII SAEPHOTO
TOPiHHS, YHHKAIOYH HAIMIpHOTO 30UIBIICHHS MOTOKY HEHTPOHIB 1 MOTY)KHOCTI peakTopa Ha MOYATKOBOMY €Talli 10 BHXOAY Ha
CTAaLliIOHAPHUHM PEXHUM XBWIi, MmO ObKUTh. [IpoOiema BHBYAa€ThCA 3a IOMOMOTOI YHCEIHFHOTO MOJENIOBAHHS, 3aCHOBAaHOTO Ha
pillleHHI HecTallioHapHOTO pPIiBHAHHA Iu(y3ii HEHTPOHIB pa3oM i3 CHUCTEMOIO PIBHSHb BUTOPSHHS Ul KOMIIOHEHTIB MajHWBa i
PiBHSHHS SICPHOI KIHETHKH SAep NONEPEIHUKIB 3aMi3HUTMX HEHTPOHIB 3 BHKOPUCTAHHSIM e(EeKTHBHOTO OaraTo-rpyHnoBOTO
HaOMIKEeHHS. 3ampoIlOHOBAHO CIENialbHy KOMIIO3WIIIIO 30HM 3amana, mo 3ales3lnedye IUIaBHUN Iyck peakropa. JlocimimkeHo
0COOIMBOCTI IOYATKOBOTO €TaIy poOOTH PEaKkTopa i3 XBHJICIO SAEPHOTO TOPiHHS B IEOMY BUIIAIKY.
KJIOUOBI CJIOBA: mBuikuii peakTop, XBWIS SACPHOrO TOPIHHS, IUIaBHUM 3allyCK peakTopa, BHYTpIIIHS Oe3meka,
HecTauioHapHe PiBHAHHS AUQy3il.

After the Chernobyl accident, the ensuring of real safety of the operation of nuclear reactors has become a
foreground requirement made to their construction. In this context a great interest has been shown in some new
concepts of nuclear fission reactors with the so-called intrinsic safety, in which the development of uncontrolled chain
nuclear reaction is impossible due to the physical principles of their operation.

One of such concepts is based on the phenomenon of self-sustained nuclear burning wave (NBW) in a fast reactor
(FR), which was discovered and preliminary studied by Lev Feoktistov [1, 2]. The non-linear self-organizing regime of
the NBW arises owing to a high conversion ratio from fertile to fissile materials in the FR. The main advantage of this
type FR is that it does not require a reactivity control and therefore the initial fuel composition of the reactor will
evolve according to neutron-nucleus processes without an external intervention and any refueling or fuel shuffling
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during the full FR lifetime. The FR is automatically sustained in a state close to the critical one due to a specific type of
the negative reactivity feedback, which is inherent to this regime ensuring the intrinsic safety of the NBW reactor.

Further, this concept was developed by several groups of investigators using different approaches and different
names for this phenomenon: deflagration wave [3], criticality wave [4], CANDLE [5, 6], nuclear burning wave [7—11]
etc. Lately, the most frequently used name is the Traveling Wave Reactor due to Bill Gates and TerraPower activity
[12]. To simplify solving the essentially nonlinear non-stationary problem of neutron transport in such a system,
Feoktistov [1, 2], as well as many authors later (see, e.g., [4—6]), considered a self-similar solution of this problem. This
solution describes only a steady-state regime in the form of traveling NBW. This approach does not allow one to
investigate the stability of the nuclear burning process in the reactor relative to different external perturbations, as well
as to study the behavior of the FR in transient operation modes, such as the reactor start-up, emergency shutting down
and restarting, partial coolant loss and so on.

In our previous works [7-11], a deterministic approach for describing the space-time evolution of the self-
organizing regime of NBW in a critical FR has been developed in the framework of multigroup diffusion
approximation. This approach is based on solving the non-stationary diffusion equation for neutron transport together
with the burn-up equations for fuel components and the equations of nuclear kinetics for precursor nuclei of delayed
neutrons, and has allowed us to simulate initiation of the NBW regime and to study its stability relative to distortions of
the neutron flux as well as the mechanism of reactivity feedback inherent in this regime. In this approach, a number of
studies of the NBW regime behavior were performed for the FR with metal fuel of U-Pu, Th-U and mixed Th-U-Pu
cycles with taking account of typical volume fractions of fuel, constructional material (Fe) and different coolants (Na or
Pb-Bi eutectic). In these studies, we used a rather simplified FR start-up scenario in which the NBW propagation in the
breeding zone filled with the fertile material is initiated by an external neutron flux that irradiates a homogeneous
ignition zone enriched with fissile isotopes. These calculations showed, in particular for the U-Pu metal fuel, a principal
possibility of initiating the NBW, which then steadily propagates in the breeding zone during a long time period
(decades). However, this simplified start-up scheme leads to an essential initial increase of the neutron flux in the
ignition zone up to very high values that are unacceptable from the practical point of view and can even destroy the
reactor. This initial neutron-flux increase develops slowly enough so that it could be prevented by means of
conventional mechanisms of the reactor control in the ignition zone, but it is also interesting to elaborate a method of
smooth start-up of this FR, which would include choosing a proper composition of the ignition zone that could ensure
acceptable neutron flux values and a moderate power production. The aim of the present study is searching for such a
method of smooth start-up of the NBW reactor with using the fuel of U-Pu cycle.

DESCRIPTION OF THE CALCULATION MODEL

In this research, we consider a critical FR of the cylindrical form with the metal fuel of U-Pu cycle in which the
NBW would propagate along the cylinder axis (the axial direction). The FR under consideration consists of the ignition
zone, that contains ***U enriched with plutonium (the isotope composition of plutonium was
29py : %Py : *'Pu: ?Pu = 0.70 : 0.22 : 0.05 : 0.03) and the breeding zone adjacent to the ignition one, that is filled
with the fertile 2**U isotope (see Fig. 1). The both zones also contain the constructional material Fe and the Pb-Bi
eutectic coolant. In the simplified start-up scheme [7—11], both these zones are homogeneous with the sharp boundary
between them. The initiation of the nuclear burning process in the system is done by an external neutron flux j.,, that
irradiates the end of the ignition zone. The initial configuration of the FR is chosen to be very close to the critical state
by solving the corresponding criticality problem on reactor parameters that determine the variants of the size and the
initial composition of the FR.
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Fig.1. The initial critical assembly for the cylindrical FR with metal U-Pu fuel.

We solve the non-stationary problem under consideration in the so-called effective multigroup approach that was
developed by us (see, e.g., [8, 10]). According to this approach, we can write down the one-group non-stationary
diffusion equation with allowance for delayed neutrons and using the radial buckling concept in the following form
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where @ is the scalar neutron flux; X,, X, are the effective macroscopic absorption and fission cross-sections and
D =1/(3Z,) is the diffusion coefficient (X, being the effective macroscopic transport cross-section); v&,= Z(v;0p);,
where v, is the mean number of neutrons produced at a single nuclear fission event and / is the number of the fissioned
nuclide; B=X,8(vZ )/ (V) is the effective fraction of delayed neutrons, 4 = %,4/, where 3/, C/ and 4/ are the
fraction of delayed neutrons, the concentration and the decay constant of the precursor nuclei in the i-th group of the /-
th fissioned nuclide, v is the one-group neutron velocity. The buckling coefficient is B, =2.405 /(R + J,), where 9, is
the extrapolation length. We use the value , = 20 cm, which corresponds to the case of a thick radial reflector of heavy
material (U, Pb) [13].
The boundary conditions for the flux @ at the FR ends (z=0 and z = L) are:

(@+2V)|_, =2j.. (®-2V)_, =0. )

Zz=l

For all values of z in the interval 0 <z <L, an initial distribution of the neutron flux at the moment # =0 is
specified, which is chosen as a small scalar neutron flux for the initial critical assembly.

The fuel composition in the FR changes with the time course according to the nuclear transformation chain of the
U-Pu fuel cycle. In this transformation chain, we consider, as in [7-11], ten nuclides which are numbered as follows:
1-*U, 2-2°U, 3 - Np, 4 — *°Pu, 5 —**Pu, 6 - **'Pu, 7—**Pu, 8 —**Am, 9 —**'Am, 10 — fission products (FP).
The concentrations of these nuclides obey the following burn-up equations:

aé\ljl - _O-alq)Nl ) (3)
AN, .
== (0@ AN, + (0@ + Ay )Ny + 0PN, (1=2+8), @)
AN, N
=AN,, ==Y ¢ NO, 5
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where o, =0,+ 04, 04, 0y are the effective one-group microscopic cross-sections of absorption, neutron radiative
capture and fission for the /-th nuclide; A, = In2/ Tliz and Tll/2 are the decay constant and the corresponding half-

life for the /-th nuclide. Only the S-decay constants A,, Az and Ag are considered to be nonzero. At the initial moment,
certain concentrations of nuclides are specified: N,(z, #=0)= Ny (z) . In the calculations, we allow for the fission
process for the nuclei with numbers 1, 3-7. Note that in our earlier studies we neglected the intermediate nuclide ***Np
burn-up, following [13]. The contribution of ***Np burn-up can be essential for high values of the neutron flux. We use
the kinetics equations for the concentrations of precursors of delayed neutrons in the approximation of one equivalent
group of delayed neutrons (see, e.g., [7]). The method of solving the burn-up equations (3)—(5) and the nuclear kinetics
equations is analogous to that described in [7].

The diffusion equation (1) is solved numerically using the conservative finite difference method (see, e.g., [14])
the implicit difference scheme by [15] with a variable time step, as is described in our previous works [7—11]. In the
effective multigroup approach, at each time layer we also solve a multigroup stationary criticality problem with using
the radial buckling concept for the assembly composition that changes with time according to the equations of fuel
component burn-up. The calculations of the corresponding eigen functions are performed in the 26-group
approximation, using the group neutron constant library [16]. The found group neutron fluxes are used to calculate the
effective one-group microscopic cross-sections by the averaging procedure described in [13]. Thus, these cross-sections
are corrected at each time step according to the neutron spectrum at each space mesh node. Solving the non-stationary
problem in the effective multigroup approach with allowance for the mentioned alteration of neutron spectra can
describe the evolution of the total (summed over groups) neutron flux accurately enough (see, e.g., [8]).

RESULTS OF CALCULATIONS

We have carried out a series of calculations of the space-time evolution of the NBW regime for different variants
of the reactor parameters, which correspond to different compositions and geometrical dimensions of the initial critical
FR assembly with using different variants of the ignition zone design. Below, we present the calculation results
obtained for a variant of the NBW reactor with the simplified start-up scheme and, beside it, for the analogous FR with
using the improved ignition zone design we found for a smooth start-up. First, let us discuss the results obtained for the
simplified scheme. In Fig. 2a and b we present the axial distributions of some constituents of the composition of such a
critical FR assembly and corresponding scalar neutron fluxes (normalized to the average energy release 20 W/cm®).
Calculations were performed in the 26-group and effective multigroup approximations for such geometrical dimensions
of the reactor: the FR length L =500 cm, the cylinder radius R =105 cm, the axial size of the ignition zone
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Lig=72.75 cm.

We have chosen the following values of the volume fractions of fuel, Fp, =44%, the constructional material Fe,
Fr.=20%, and the Pb-Bi coolant F.,, =36%. The value of the fuel void fraction p =0.2. The concentration of
plutonium in the ignition zone was chosen at 10%.
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Fig. 2. Axial profiles (z in cm) for the initial critical FR compositions with the simplified (left) and improved smooth (right) start-up
schemes.

a) and c) presents the concentrations N (102 b”'em™) of the actual N, (short dashes) and equilibrium N, (solid line) values for **°Pu;

and other values divided by 8: N, (dashes) for ***U, Npy,g; (dash-dotted) for Pb-Bi and Ny, (dots) for '*'Ta; b) and d) presents the

neutron flux @ (b"'day™) in the effective multigroup approximation (dashes) and 26-group calculation (solid line).

The comparison of calculations of the neutron flux summed over 26 groups with the flux calculated in the
effective multigroup approximation shows that the latter calculation reproduces the exact result in the multigroup
approximation quite accurately. From Fig. 2b, it follows that in the simplified scheme the maximum neutron flux is
reached approximately in the ignition zone center. The neutron flux on “the tail” of its axial distribution, which
illuminates the breeding zone and determines the speed of isotope ***Pu production near the border of the ignition and
breeding zones, is not large enough. From Fig. 2a, one can see the ratio between the actual initial ’Pu concentration
and its equilibrium value, which is able to ensure, according to [1, 2], the self-sustained burning process and the NBW
formation in this FR. The equilibrium value, N., = 6.1N,/ (64 + 0.4), is determined as the value of 2Py concentration to
which it tends asymptotically with the time course under a constant irradiation of the fuel by a neutron flux [1, 2].

The chain reaction in this FR with the simplified start-up scheme is initiated by an external neutron flux with
intensity j.. ~ 10" cm?s™ which is turned off at £ = 30 days. As a result, after the initial period of approximately 2 years
a stationary wave regime of nuclear burning is set in the FR under consideration. Figs. 3a,b present the corresponding
time dependences for the NBW velocity V" and the integral power of energy production P,. Note that for the chosen FR
radius and the breeding zone composition, the steady NBW regime has a rather small velocity of the wave
(~0.05 cm/day) and a long reactor campaign (~ 20 years). The reactor power value at the stage of the stationary
burning wave is ~3 GW. However, at the very beginning of the campaign, when the wave front is formed near the
ignition zone border, there is a huge increase in the neutron flux in the ignition zone to values that are more than an
order of magnitude higher than the flux value at the steady NBW stage, which is unacceptable from a practical point of
view. In Fig. 3a, this effect is manifested by a sharp surge of the velocity V at ¢ = 150 days which is also accompanied
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by a very high increase of the reactor power P; up to values of ~ 30 GW (Fig. 3b).
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Fig. 3. The NBW velocity V (a, ¢; cm/day) and the total energy production power P; (b, d; GW) versus time ¢ (years) for the FR
variants with the simplified (left) and improved smooth (right) start-up schemes, whose critical configurations are shown in Fig. 2.

For a better understanding of the process of forming the NBW front and the origin of the above-described
unacceptable phenomena, in the left part of Fig. 4 we consider the space evolution of the axial distributions of the
neutron flux and main fuel components at the initial stage of the nuclear burning in the FR with the simplified start-up
at several time moments at regular intervals (40 days) during the first year of the FR operation. It is seen from Fig. 4a,
that at # < 150 days (the moments: #;—#;) a large increase of the flux @ occurs, while the position of its maximum is
almost the same. Then (the moments: #,—13), the @ value gradually decreases to a level close to its value in the NBW
and the position of the flux maximum gradually moves to the breeding zone, i.c. the wave starts to move. Fig. 4b shows
that the time interval ¢, —#4, during which the flux @ has the largest values, corresponds to the most radical changes of
the axial profile of the 2*’Pu concentration, which consist in its rapid production in the breeding zone near the ignition
zone. This leads to creating its distribution form characteristic of the wave front. Then, with a decrease of the flux @
during the time interval #4,—#;, slower changes of the *’Pu profile and the final formation of the wave front occur. From
Fig. 4c, it is seen that during the time interval #,—1#,, the most rapid transformation and burning of the fertile By
isotope are observed, and at the interval #,—f these processes are slower but the NBW front moves further into the
breeding zone. From the above-mentioned facts, we can draw the following conclusions. For the simplified type of the
ignition zone, a too radical rearrangement of the axial distribution profiles of the main fuel components is necessary to
form the NBW front. However, the neutron flux fraction that irradiates the most important region of the *’Pu
production at the breeding zone border is rather small (Figs. 2a and 4a). A characteristic feature of the self-organizing
process of nuclear burning in FR of this type is that the system itself adjusts in such a way that provides the neutron
flux sufficient for the formation of NBW, which leads to its excessive growth.

The observed excessive increase of the neutron flux and energy production is rather slow, and it could be
suppressed by a conventional system of external reactor control. However, this method would deprive this FR of its
attractive features of self-regulation at the early stage of the NBW initiation, which would be prolonged for many years.
Therefore, in this paper, we set the task to provide an acceptable passage of the initial stage of the FR operation without
violating the self-regulating nature of the burning regime by choosing an optimal composition of the enriched ignition
zone itself. When choosing the ignition zone structure, we aim, firstly, to provide the displacement of a large part of the
neutron flux distribution to the breeding zone, and secondly, to facilitate the necessary rearrangement of the initial
composition of the ignition zone during the NBW front formation.

It should be noted that in [17], to solve the problem of the smooth start-up of the CANDLE reactor, the authors
tried to bring the initial reactor composition maximally close (in terms of ki) to the composition characteristic of the
steady NBW stage. The calculation method, used in [17], is based on the self-similar solution of diffusion equation for
neutron transport [5, 6]. This approach is quite sufficient for description of the steady NBW stage; however, it is unable
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to describe the non-stationary processes at the initiation of the NBW regime adequately.
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Fig. 4. Initial evolution of axial profiles (z in cm) near the ignition zone for the neutron flux @ (x10'7 cm™ s™') and the *°Pu and 2*U
concentrations N, and V; (><1021 cm'3) for the FR with simplified start-up scheme(left or @, b, and c) at the time moments ¢, = 40,
t, =80, t; =120, 1, = 160, t5 = 200, #; = 240 , t; = 280 and #3 = 320 days, and with the improved smooth start-up (right or d, e and f)
at the moments ¢, = 100, #, = 200, #; = 300, ¢4 = 400, #5 = 500, #; =600, t; =700, g = 800 and ¢, = 3000 days.

In this paper, we have considered a number of possible variants for the ignition zone structure to optimize the
regime start-up stage. On the basis of this analysis, we have proposed an improved ignition zone configuration for this
FR, the use of which we consider below.

In the right part of Fig. 2, we present the characteristics of the initial critical FR assembly with the improved
ignition zone of this type. The main parameters of the considered FR are the same as presented above, except the
ignition zone. Now the plutonium content in the ignition zone is not constant, but varies by the linear law:
Npy=Nilei+z(e;—ey)/Ly], where Ny is the concentration of the fuel nuclides in the breeding zone, and the
coefficients e; and e, characterize the fuel enrichment in the ignition zone. In the breeding zone, in the layer adjacent to
the ignition zone, L, <z<L,+4A, we add an exponential “tail” enriched with plutonium: Np, = Nre;exp[—(z -
L;g)/A]. This “tail” essentially facilitates forming the NBW front. The fuel volume fraction in the ignition zone varies
linearly: F{'® (z) = Fy[uy + (1 —uy) z/ L;,]. The decrease of the fuel fraction in the ignition zone is chosen in such a way
that the corresponding content of ***U would ensure the equilibrium values N., being nearly at the level of the actual
%Py concentration (Fig. 2¢).

The volume freed from the fuel is filled up with a mixture of the Pb-Bi alloy, which weakly absorbs neutrons, and
18174 that is used as an absorbing material in fast reactors [13]. The relative volume fraction of BITa Fr,=0.58, is
chosen so that this mixture, in its absorption properties, could imitate the presence of fission products on the back side
of the wave. An important effect of introducing this absorber in the ignition zone is shifting the maximum of the initial
distribution of the neutron flux (Fig. 2d) in the direction of the breeding zone. Thus, an essential fraction of the flux
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falls on the region of forming the NBW front in the breeding zone. The values of the above-mentioned parameters of
the ignition zone used in the case under consideration are as follows: L;;= 58.5 cm, ¢;=0.079, e,=0.122, A=13.5 cm,
u;=0.687.

Here, we also use a more effective scheme of bringing the initial neutron field in the FR to a chosen optimal level
by using an additional absorbing '*'Ta regulator in the ignition zone. The initial configuration of FR is chosen with a
little reactivity excess, p ~ 10*. The system is brought to a subcritical state by the additional tantalum absorber, which
is gradually withdrawn from the system after turning the external neutron flux (j, =~ 10" cm™s™), until the neutron
field in the FR reaches the chosen level. Note that in this case we can use a significantly lower value of j,,. According
to this, the additional concentration of '8'Ta varies with time as: Nra(?) :NTa(O)(T — 1)/ T. In the presented calculation we
put Ne.2=2.510*b"'em™, T=40 days, and the neutron flux was brought to ~ 80% of its level in the NBW regime,
after which the regulator withdrawal was stopped and j,, was turned off.

In the right part of Fig. 3, we present the time dependencies of the NBW velocity / and total energy production
power P; during the reactor campaign for the FR with the above-described improved ignition zone. Fig. 3d shows that
employing the improved start-up scheme allows us to prevent the exorbitant increase of the reactor power. There is no
great surge of velocity value V' (Figs. 3¢ and 3a), as well.

The NBW regime is formed slightly slower (for about 2.5 years) than in the case presented in the left part of
Fig. 3. Note that the wave moves, at first, with a less velocity and a less power P, than at the stage of the steady NBW
regime, which, probably, is due to the influence of edge effects from the ignition zone residuals. Finally, the NBW
reaches the steady regime in several years, which is not an essential disadvantage of the considered scheme, because at
this stage the FR power should be adjusted according to current demands by some proper methods (e.g., by changing
the radial reflector efficiency), which are not considered here.

In the right part of Fig. 4, we consider the space-time evolution of the distributions of neutron flux and main fuel
components at the beginning of this FR campaign. We present the axial profiles of these quantities for several initial
moments of time # — #3 of the reactor operation at regular intervals (100 days) and for the moment #, when the NBW
has reached the steady regime. Unlike the left part of Fig. 4, here there is no excessive increase of the neutron flux, and
the rearrangement of the system components and the formation of the wave front occur smoothly. During the interval
t; — tg, the maximum of the neutron flux gradually shifts toward the breeding zone. Note also that Figs. 4e and 4f show
that the initial profile of the ignition zone, in fact, imitates roughly the form of NBW front. It is interesting that, for the
moment 7, the 2**Pu and 2**U distributions in the wave front coincide with those for the moment t, in the steady regime,
but the level of the neutron flux at #; is slightly lower, which corresponds to the initial slowdown of the burning wave
mentioned above.

CONCLUSION

The results of studies of establishing the stage of self-sustained NBW regime in the prospective FR under
consideration show that an excessive increase of neutron flux and power production, that is mainly due to a lack of
adequate amount of fission products at the ignition stage, as compared with the steady state of the NBW regime, can be
prevented by using a special smooth start-up method proposed in this paper. This method is based on the selection of
the ignition zone composition featured by the fuel component distribution and neutron flux profile roughly similar to
the corresponding characteristics inherent to the steady state regime of the NBW propagation in FR. The absence of
fission products at the initial stage of the reactor start-up compensate with adding a certain amount of the metallic
tantalum, which is a good neutron absorber. The composition and spatial distribution of the fuel components (uranium
and plutonium) and absorber (tantalum) in the ignition zone are selected in a way that provides a significant
displacement of the neutron flux in the initial assembly of FR to the border between ignition and breeding zones.

The problem is studied by means of the numerical simulation of initiation and evolution of the NBW in a
cylindrical FR with metallic U-Pu fuel in the framework of the deterministic approach based on solving the non-
stationary diffusion equation of neutron transport together with a set of burn-up equations for fuel components and
equations of nuclear kinetics for precursor nuclei of delayed neutrons with making use of the effective multigroup
approximation and radial buckling concept.

Basing on this calculation scheme, we have also considered a gradual initial bringing of the neutron flux to an
optimum level by using an additional tantalum regulator in order to ensure a relatively short time period of forming the
self-sustained NBW regime. This scenario also provides a reduction of the intensity and duration of the external
neutron flux used for initiating the NBW regime. The features of the initial stage of operation of the NBW reactor with
improved ignition zone are studied in detail. It is shown that using the proposed start-up method makes it possible to
suppress the initial increase of neutron flux almost by a factor of ten in comparison with the simplified start-up scheme
and to get its value very close to the neutron flux value at the steady NBW regime (Figs. 4a,d). The residual variation of
the neutron flux which takes place at the start-up of FR is very slow and has a small enough amplitude and, therefore,
can be easily removed in a real reactor by means of control rods or a corresponding change in the efficiency of the
radial reflector.
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