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Abstract. This article considers the principal theoretical possibility of regulating a nuclear power
reactor under changing operating modes conditions when external periodic disturbances take place
in conditions of changing the operating mode. By the external periodic perturbation a downward
change in the conditions of the heat sink was meant. The magnitude of the changes was
preliminarily calculated in such a way that the operating conditions of the power plant did not
exceed the boundaries of the safe operation zone of the reactor. In the case of approaching the
operation parameters to the critical ones, the heat sink was increased until the working conditions
returned to their previous state. In this work the amplitude frequency response of a non-linearly
enhanced system in the nuclear power plant operating conditions when non-linearly reacting
to external periodic influences has been studied. The external cyclic disturbances effect produced
on the reactor that initially existed under stationary operating conditions has been considered.
The research was carried out by numerical simulation of the competition between processes occur-
ring in a nuclear power plant and determined by the system’s reaction time and relaxation time
while responding to periodic external influences. Calculations of the relaxation time dependence
on the fixed frequency-revealing external influence’s temperature are presented. Also, the relaxation
time dependence on the frequency of external influence at a fixed temperature for systems with various
relaxation periods was calculated. It is determined that when the dependence between system tempe-
rature and the external influence time is calculated, there exists a wide range of possible frequency
control. To evaluate the behavior of a nuclear power reactor under conditions of operating modes
changes, a fundamental physical mathematical model of the reactor’s state under external harmonic
influence is presented. It is based on the nonlinear Riccati equation. The external harmonic effect was
simulated by changing the heat supply and heat removal conditions near the critical point.
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HUccaenoBanue napaMeTpu4ecKMX B3auMOACHCTBUI
MPHU peryJTUPOBAHUM SIIEPHOTO PEAKTOPa ¢ 00PATHOI CBA3BIO

B. B. OrmTlolcl), . JI. KO3J‘[OB1), B. . Ckanosyﬁonl), M. A. Ocranenko?

YOnecckuit Hanmonanb b moTuTeXHIIeCKuil yHIBepcuTeT (Onecca, Ykpanna),
JHauuoHAIbHBIH TEXHHYCCKHUIT yHHUBEpCUTET YKpauHbl «KHeBCKuil MOTUTEXHUUECKHH HHCTUTYT
umenu Uropst Cukopckoro» (Kues, Ykpanna)

Pedepar. PaccMoTpeHa npuHLMIMAIBHAS TEOPETUYECKAs BO3MOKHOCTb PETYIMPOBAHMA SAEp-
HOTO SHEPreTHYECKOr0 pPEeaKTopa, HAXOMSIIErocs IMOoJ BO3ACHCTBUEM BHEIIHMX MEPUOANYECKHX
BO3MYIIIECHHH, B YCIOBHAX M3MEHEHHS PEKHMOB paboThl. 1o/ BHEITHUM MEPHOIMIECKAM BO3MY-
LIEHUEM I0J[Pa3yMEBaIOCh U3MEHEHHE YCIOBUI TEIIOOTBOAA B CTOPOHY yMEHbIIeHH. Bennunna
U3MEHEHHI MpeBapHTEIbHO PACCUUTHIBAIACH TAKUM 00pa3oM, uTOOBI yCIoBHsI PabOTHI BHEpre-
THYECKOW yCTAaHOBKHM HE BBIXOJWIIM 33 TPAHUIBI 30HBI Oe30omacHOH paboThl peakropa. B cirywae
NIpUOIMKEHNS TTapaMeTPOB PAOOTHI K KPUTHIECKHM TEIUIOOTBOJ YBEIMUIHUBAJICS 10 MOMEHTA BO3-
BpAalICHUs] YCIOBUH pabOTHl B IpexHee cocTosHue. M3ydyeH aMIUIMTYAHBIA YaCTOTHBIM OTKIMK
HEIMHEHHO 00OCTPEHHOH CHCTEMBI B YCIOBHSX PabOTHI SICPHOM 3HEPreTUUECKON YCTaHOBKH,
HEJIMHEHHO pearupyrolleil Ha BHELIHNE IIepHOAXYECKUe Bo3aeiicTBus. PaccMoTpeno Bo3aeiicTBue
BHEIIHUX LMKJIMYECKUX BO3MYLICHUH HAa PEaKTOP, NCXOJHO HAXOSIIMICS B CTAllHOHAPHOM pabo-
yeM cocTosiHuH. IIpoBeneHsl McceoBaHUS IyTeM YHCIEHHOTO MOJEIMPOBAHHS KOHKYPEHLUH
MIPOLIECCOB, NPOTEKAOLUX B AJCPHON DHEPreTUUECKON YCTaHOBKE, KOTOPBIE ONPEIEIA0TC Bpe-
MEHEM peaKlUM U BPEMEHEM peIaKCaluyd CHCTEMbl Ha IEPHOJUYECKOE BHEIIHEE BO3ICUCTBHE.
IIpencraBiaeHsl pacueThl 3aBUCHMOCTH BPEMEHH PellaKCcal[iy OT TEMIIEpaTyphl BHEIIHETO BO3JEH-
CTBHA NpH (HUKCHPOBAHHOH 4acTOTE, BPEMEHH PEJIaKCallid OT YacTOThl BHELIHETO BO3ICHCTBHS
npu (UKCUPOBAHHON TeMIIepaType JUIi CHCTEM C Pa3HBIM BpeMeHeM penakcanuu. Ompenere-
HO, YTO TPH pacueTe 3aBUCHMOCTH TEMIEPATyphl CHCTEMBI OT BPEMEHU BHEMIHETO BO3JEHCTBUS
CYILECTBYET IMIMPOKAs 30HA BO3MOXHOTO YaCTOTHOTO PEryianpoBaHMs. 11 OIEHKH MOBEICHUS
SZIEPHOTO SHEPTETUYECKOTO PEaKTOpa B YCIOBHUAX N3MEHEHUS PEKUMOB pabOTHI CO31aHa IPUHIIH-
nuanbHas (GU3NKO-MaTeMaTHIecKass MOJEIb COCTOSHUS PEaKTopa, HaXOJIIEToCs I10][ BHEIIHHM
rapMOHUYECKUM BO3/IECHCTBUEM, Ha OCHOBE HEIMHEMHOTO ypaBHeHMs Puxkatu. Bueminee rapmo-
HUYECKOE BO3ACHCTBUE MOAEIHUPOBAIOCH IIyTEM M3MEHEHUS YCJIOBHH TEMJIONOABOAA U TEMIOOT-
BOJIa BOJIN3M KPUTHUECKOH TOUKHL.

KiroueBble cj10Ba: aMIUIMTYIHBINA YaCTOTHBIA OTKIIUK, LUKIMYECKHE BO3MYIIECHHS, TapMOHHUYE-
CKH€ BO3JEHCTBUS, BPEMS PEeaKLUH, BpeMsl pellakcalliy, MOIUIUKIMIHOE PETyIUPOBaHUE, alepu-
onyecKasi HeyCTOMUHUBOCTh

Jas nutupoBanusi: VccnenoBaHue mapaMeTpHUYECKHX B3aUMOACHCTBHIH IIPH pETyIHPOBAHHU
SJIEPHOTO peakTopa ¢ oOpatHoif cBs3bo / B. B. Omsariok [u np.] // Ouepeemuxa. Hzs. gvicui. yueo.
3agedenutl u sHepe. oovedunenusi CHI. 2021. T. 64, Ne 6. C. 517-524. https://doi.org/10.21122/
1029-7448-2021-64-6-517-524

Introduction

At present, the nuclear power plant’ nuclear reactors mainly operate in a sta-
tionary operational (basic) mode, when the reactor’ specified power level re-
mains constant for a long time.

Dynamic modes with changes in the reactor power level are associated with
transient processes during unit starts and stops, or in cases of emergencies of
various types’ [1-4].

Recently, the public and experts in the field of nuclear energy use have been
actively discussing the issue of NPP’ nuclear power plants units engagement into
daily power control. The ability of nuclear power plants to participate in total
energy supply and consumption system load control is a crucial factor in further
development of nuclear energy domain [5, 6]. As an example of such general
power system load regulation, we can mention France, where more than 75 %
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of electricity is produced at nuclear power plants (PWR — type reactors are ana-
logs of WWER ones), and maneuvering modes have been introduced since
the mid-70s of the last century. Parameters of maneuvering mode at some
French nuclear reactors are shown in Fig. 1 [7].

However, when the reactor operates in transient modes, a complex inter-
weaving of heterogeneous physical processes occurs, which processes form in-
ternal feedbacks that cause a destabilizing effect [8].

When these feedbacks are strong enough and changes in the reactor opera-
ting parameters reveal proper phase shifts, the reactor’s stationary opera-
tion mode turns out to be unstable [9-11] and can go to the upper critical
state (UCS) zone, which is unacceptable from the point of view of the thermal
explosion theory.
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Fig. 1. Power history for a one year from a French PWR (units of 900 MW) in procent
of rated power [12] from July, 2008 — August, 2009

The study of transient processes and stability of oscillations in a nonlinear
system under parametric excitation allows evaluating its power, amplitude, and
frequency characteristics. The analysis of transient processes and stability
of oscillations clearly shows the relationship between the initial conditions
of impact and the system response in the form of periodic repeated oscilla-
tions (polycyclic) [13, 14]. Consideration of transient processes and issues of
oscillation stability in nonlinear parametric systems is of considerable scientific
and practical interest for creating new methods applied in designing controlled
influence modes. This article purpose is to show the principal theoretical possi-
bility of the nuclear reactor polycyclic regulation under changing operating
modes conditions through studying the parametric interactions of the system
under external harmonic influences.

It is shown in [15-18] that chaotic fluctuations in the neutron density can
occur in specific type’s nuclear reactors due to the action of internal reactivity
feedbacks. In boiling reactors, dynamic chaos can be excited due to feedback on
the vapor content in the core [19-21], at reactors with gaseous nuclear fuel due
to density feedback [22, 23], and in pulsed batch reactors they are due to the
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combined action of feedback on the fuel temperature and external periodic
changes in reactivity [24].

Theoretical and experimental studies of the nuclear reactors stability show that
additional feedbacks due to the presence of regulation and control bodies can also
cause unstable operation of the reactor. Steady-state instability can take a variety of
forms, the most common of which are aperiodic and oscillatory [25] ones.

Aperiodic instability is characterized by the fact that after small perturbations
of the stationary regime, the neutron density and other values characterizing the
reactor are monotonically, aperiodically shifting from their stationary values
over time.

Oscillatory instability is characterized by self-excitation of increasing fluc-
tuations of the values describing the reactor operation near their stationary
values. Due to the nonlinear relationships between these values, oscillations
with finite amplitude determined by the reactor parameters (self-oscillations) are
established in the reactor.

Main part

To solve the problem of polycyclic regulation for a nuclear reactor under
conditions of changing its operating modes, the amplitude frequency response in
nonlinear — enhanced systems was studied.

The effect of external periodic disturbances on a reactor initially in a stati-
onary state has been considered. The supposed process is shown in Fig. 2.

In order to adjust the power characteristics, it is assumed to shift the reactor’s
operating point, for example, to the level of 70 % of the design capacity and
periodically produce effects to the reactor by changing the heat exchange condi-
tions. Reducing the frequency of exposure will lead to a decrease in the released
power of the operating reactor.

Higher frequency exposure will lead to increased power during reactor ope-
ration [26]. In this case, the main condition shall be to prevent the reactor from
operating at mode close to the UCS.

70 %

Fig. 2. Supposed process of the nuclear reactor operation under polycyclic control

This process is described by the following Riccati equation [27, 28]:

a0 _ ke’ —0+0,cos0'T, (1)
dt

where 6 — dimensionless temperature parameter; t = t/ry — dimensionless expo-

sure time; «=rt,/t,— Semyonov parameter; o' — dimensionless frequency;
0, — amplitude of external harmonic influence in dimensionless form
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0, =T,E/RTZ, 2)

where T, — temperature in the reactor, K; 7., — temperature of the cooling me-
dium, K; E — activation energy (5.75 MeV); R — universal gas constant [29].

The dimensionless frequency in its physical sense is the ratio of two charac-
teristic times of the process: the relaxation time and the period of disturbance
action.

There is no analytical solution to equation (1), since the right-hand side con-
tains a source written in harmonic form. Therefore, the numerical parametric
calculation of this equation solution that includes the temperature parameter
variation with the amplitude of the external harmonic action 6, and the perturba-
tion frequency ' is carried out.

Also, the research was carried out by computer calculations of the compe-
tition between processes that are determined by the system’s reaction time and
relaxation time against the periodic external influence.

The calculation of the system temperature amplitude parameter dependence
on the external influence time [30] is shown in Fig. 3, where it can be seen that
there exists a wide range of possible frequency control.
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Fig. 3. Graph of the dependence between the 6, amplitude temperature parameter
and the time t of enhanced system under the influence of external factors

The K zone shown in the right part of the graph represents an intolerable
mode of reactor operation. In the future, for each set of parameters, the induction
time t; was found, which means the duration of nonlinear critically enhanced
system transition from a stable initial state to an unstable explosive one.

Interpretation of the results and their approbation

Fig. 4, 5 show the results of the induction time 1; dependence on the tempera-
ture parameter of amplitude 6, and the external influence frequency o,
respectively. The Fig. 4 shows the descending dependence of the induction time
on the temperature perturbation amplitude at various fixed frequencies. This result
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is obvious, since for a nonlinear system of an exothermically reacting medium,
its response to the heating phase is stronger than the response of the system cooling
phase. The Fig. 5 shows an increase in the induction time with increa-
sing frequency when the external perturbation amplitude temperature parameter
is fixed. This is due to the fact that, with increasing frequency, the response of
a nonlinear system to external influences decreases due to its thermal inertia.
Thus, the induction time is a function of the amplitude temperature parame-
ter and exposure frequency t; = f(eA, oa’).When this transition time is fixed,

the amplitude temperature parameter depends on the frequency. This relation-
ship is shown in Fig. 6 for different transition times. It can be seen with high
accuracy (~1 %) that curves 1-3 are approximated by a linear function.

A A
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2\1 3
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200{ 3 200 2
100 1007 !
0,1 0.2 0.3 e: 1 2 3 o
Fig. 4. Graph of the t; induction time Fig. 5. Graph of the t; induction time
dependence on the external influence dependence on the external influence
amplitude 0, at a fixed frequency: frequency o' = o, at a fixed temperature:
1 — pulsation period of 1000 s; 1- 500 K; 2-700 K; 3-900 K
2-2000s; 3-3000s
A So, in order for the transition
® of an enhanced system from one
3 .
3 state to another, a higher frequen-
Cy requires more energy, since
2 2 the temperature is proportional
to the thermal energy. That is, the
1 1 external influence energy, which
is sufficient to transfer the system
from one stable state to another,
o is proportional to the impact fre-
01 02 03 0, quency. This result echoes the

Fig. 6. Graph of the o’ = wt, external influence
frequency dependence on the 6,4 external influence
amplitude for an enhanced system, in which
the transition from a low-temperature
to a high-temperature state was observed
for a fixed time:
1-3000s; 2-2000s; 3-1000s

well-known  quantum-mechanical
relation [31, 32], where, just as
in our case, the energy is propor-
tional to the frequency in the first
power.

The considered solution to the
polycyclic reactor power control
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problem is possible only after the development of new general recommendations
for the technological regulations and technical conditions of reactor operation,
operation of control and measuring equipment and safety systems for such a nu-
clear reactor control conditions.

CONCLUSIONS

1. The principal possibility of polycyclic control for a nuclear reactor under
conditions of operating modes changing through investigation into the system
parametric interactions under external harmonic influences has been considered.

2. The relations for studying the stability of a nonlinear system oscillations
in parametric excitation zones have been described.

3.1t is determined that the response of a non-linearly reacting system is
directly proportional to the frequency and amplitude of the harmonic effect.

4. The results of study on the assessing the induction time dependence from
amplitude temperature parameter and frequency of external impact, respectively,
have been presented.

5. The necessity of new recommendations development and elaboration
of algorithms for the technological regulations and technical conditions of a nu-
clear reactor operation in conditions of polycyclic control has been outlined.
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