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This paper is devoted to solution of the scientific and technical problem of safe switching of static power control
programs for a nuclear power unit with a WWER-1000 under transient operating conditions, so that to minimize the
influence of disturbances of external and internal operating parameters, as well as to increase the safety and
efficiency of reactor operation. The switching optimization task for static power control programs has been solved
by finding a decision of the objective function which allows to switch safely the energy equipment modes in a
predetermined range of load variations. The possibility of switching between static power control programs during a
4-year reactor campaign has been studied. The control program optimization problem for anuclear power unit with a
WWER-1000 operated under variable loading, considering different power control programs during a 4-year

campaign, has been solved.

INTRODUCTION

Considering the present state of power generation in
Ukraine, operation of nuclear power plants (NPPs) with
WWER-reactors is a long-term project to which
Ukraine will remain committed for many years to come
[1]. As there is a lack of load following units in the
consolidated power system of Ukraine, in order to
insure a sufficient level of electricity quality, NPPs with
WWERSs should participate in peak load and frequency
regulation. Even if a WWER-1000 reactor is operated
under stationary operating conditions, the reactor core is
influenced by a number of disturbances having different
nature and origin. But the number of disturbances
influencing core stability, safety and efficiency is
greatly increased when a reactor is operated under
variable loading, e. g. according to a daily load variation
cycle, as a reactor power maneuvering is characterized
by considerably changing values of mainreactor
technological parameters [2].

If a WWER-1000 is operated under variable loading,
e.g. in the range 100...80% of the nominal reactor
power No, reactor power control methods should be
chosen based on solving an optimization task, because a
power control method influences greatly on the power
equipment operation and safety. The following WWER-
1000 power control methods will be considered in this
paper [3, 4]:

— core averaged coolant temperature is constant:
<tw> = const (program I);

—second circuit in let steam pressure is constant:
p2= const (program II);

— core inlet coolant temperature is
tw o= const (program III).

The modern state of optimal control theory and
automated control systems allows us to control the
reactor power, according to a daily load cycle, on the
basis of changing both reactor technological parameters
and the structure of automation equipment fulfilling a
power control method.The main aim of this paper is to
solve the optimization task in switching WWER-1000
power control programs under transient operating
conditions, based on accounting for disturbances of
technological parameters, as well as for the current state
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of the reactor equipment, in order to increase the
competitive ability of NPPs with WWER-1000 reactors.

OBJECTIVE FUNCTION COMPONENTS

Following the method of construction of the
WWER-1000 fuel assembly (FA) rearrangement
efficiency criterion proposed in [4, 5], the objective
function for optimization of switching between reactor
power control programs includes such variables:

—axial offset module |AO| (for simplicity, herein

after the module sign for AO can be omitted) as a
measure of neutron flux stability in the reactor core, that
is a measure of both safety and efficiency of reactor
core and fuel operation;

— nuclear fuel burn up (B) as a measure of fuel
operation efficiency;

— cladding damage parameter (w) as a measure of
both safety and efficiency of fuel operation;

The value of axial offset is determined by the ratio
of the difference between heat powers of higher (Qy)
and lower (Q,) parts of the core, to the total heat power
of the core:

AO(7) = O ()-Qi (%) -100 %, 1)
Qn (D) +Qi (1)
where 7 is time.

The value of nuclear fuel burn up is determined by
the equation:

B,1(9== Q0 @
0

where Q; jis heat power of the i-th axial segment of a

fuel element (FE) averaged in the j-th FA, W; m is mass
of the nuclear fuel in the corresponding axial
segment, kg.

The value of cladding damage parameter is
determined by the equation [6, 7]:

o(t) = A(t)/Ag; AlT) = _[Ge (1) Pe(r)-dt,  (3)
0

where A(T) is specific dispersion energy (SDE), J/m?;
Aq is the value of SDE at the moment t, that cladding



material failure starts; c,(t)and pP.(t) are equivalent

stress (Pa) and rate of equivalent creep strain (s '),
respectively, for the inner most cladding radial element
having the maximum temperature; A, is constant for a

given material of cladding and does not differ for
operating modes, the calculated value of A, is
55 MJ/m’ for a FE cladding made of Zircaloy-4 alloy
[4].

The objective function for optimization of WWER-
1000 power control program switching is based on the
criterion model of FE behavior control taking into
account safety and economic  requirements
simultaneously [4]. So, the objective function for
optimization of WWER-1000 power control program
switching has been constructed using the following
principles [8]:

1. The goal for optimization of reactor power control
program switchingis an increase of both safety and
efficiency when operating the reactor core under normal
conditions, by means of simultaneous consideration of
axial offset, nuclear fuel burnup and cladding damage
parameter.

2. Optimization of reactor power control program
switchingis carried out on the basis of a priori
requirements for FE and core behavior.

3. Advantage of some reactor power control
program over another is determined on the basis of
summation of advantages given by the dimensionless
normalized components (AO*, B*, o*) of the

objective function J.

4. The physical meaning of the objective function J
for optimization of WWER-1000 power control
program switching is that if any of the dimensionless
normalized components (AO*, B*, w*)of J lies out
of the corresponding permissible range, then this
component gives a negative contribution to the total
efficiency defined by the following equation for the
objective function [9]:

J :\/(B*—1)2+oa*2 +AO*?, “)
where B*=B/B"™: @*=w/0'™; AO*=A0/A0™,
where a priori requirements are: B'"™= 88 (MW-d)kg U;
o'M=1; AO"™M=0,05.

So, the problem of control program optimization for
a nuclear power unit with a WWER-1000 reactor

operated under variable loading, during a 4-year
campaign, was solved by minimization of J functional:

J(B*, o*, AO*) — min. (5)

Taking into account that the components
(AO*, B*, w*)of J are mainly determined by core inlet

coolant temperature t,,,, neutron flux density

n, n/(cm?s) and fuel service life T [6], the minimum of
the objective function was found using the method of
quickest descent [9].

CALCULATION ASSUMPTIONS

Such calculation assumptions were accepted in this
paper:

— WWER-1000 FE, FA, core operating and design
parameters were assigned in compliance with the design
characteristics [10], though the FE cladding material
was Zircaloy-4 and accordingly the MATPRO-A
cladding corrosion model was used [11];

— “Reactor simulator” code was used for calculation
of linear heat rates in axial segments of a FA—averaged
FE [12];

—“Femaxi” code was used to calculate the evolution
of stresses and strains in FE claddings [11, 13];

— “Advanced” power control algorithm was
considered and thus the lay out of regulating units was
set according to the method described in [4, 14];

—N=100% — N =80 % —N = 100% daily loading
cycle was considered, where N is core power [4, 5];

— time dependences for N and the axial coordinate H
of the lower edge of control elements of regulating units
were set according to the method described in [6, 14];

—if core coolant in let temperature stays constant
during a power maneuvering, it equals to 287 °C;

— composition of nuclear fuel was set for the start of
the 5-th campaign of Khmelnitskyi NPP, Unit 2 [4,
6];

— FA rearrangement model was based on modelling
rearrangements of FAs in a core segment containing 1/6
of FAs placed in the core and 1/6 of regulating units
used for reactor power maneuvering [8];

— distribution of FAs within a 1/6 core segment was
set based on the albums of neutron-physical characteris-
tics of the core [15], according to the method [14];

— calculation model of the power density distribution
in fuel assembly —averaged FEs was based on a two-
group neutron diffusion model [16];

— in order to account for most unfavourable cladding
operation conditions, values of (1) and B(7)

included in the objective function J were calculated for
the 6-th axial segment of a FA-averaged FE,
consideringa FE located in a FA transposed in a 1/6 core
segment according to the A  rearrangement
algorithm 3 (core cell) »22—54—29 characterized by
most extreme conditions for FE claddings [8, 14]. Also
the distribution of (t) among FEs included in this

FA was taken into account by multiplying linear heat
rates (calculated for axial segments) by the volume
power-density irregularity coefficient 1.6 [14].

RESULTS

Using the “Reactor simulator” code which is an
universal instrument for modeling of WWER-1000
operation, first of all stability of neutron flux and power
release processes in a core during a 4-year reactor
campaign, under reactor power maneuvering conditions
according to N = 100 % — N = 80 % — N = 100% daily
loading cycle, has been studied.

For reactor power control programs I, II, and III,
core averaged coolant temperature <tw>, second circuit
in let steam pressure p, and core inlet coolant
temperature tw o were kept constant, respectively. Based

on the requirement A0"™M=0.05, the duration of reactor



power maneuvering permissible for different power
control programs, has been found. It was obtained that
AO and the axial profile of neutrons stay stable during
7, 1, and 6 months for programs I, Il, and III,
respectively (Tabl. 1).

Tablel
Permissible duration of reactor power maneuvering
Reactor power control Duration, months
program
| (<tw> = const) 7
Il (p,= const) 1
I (#w,o = const) 6

The calculated AO dependence on time for reactor
power control program I (<tw>= const) is shown in
Fig. 1.

0 365 730 1095 1460
t,d
-0.5 — 1 month
— 2 months
-1.5 3 months
[ —— 4 months
25 e - — —— 5 months
e — 6 months
3.5 7 months
AO, %

Fig. 1. Axial offset dependence on time for WWER-1000
power control program I

It can be seen that the amplitude of AO change in
creases when the duration of reactor power
maneuvering with <ty> = const increases also, though
AO stays in the permissible ranges: [-5; 2.5] and
[-5; 4] for N = 100 and 80%, respectively [12].

The calculated AO dependence on time for reactor
power control program II (p, = const) is shown in Fig. 2.

It can be seen that the amplitude of AO change
exceeds the permissible range when the duration of
reactor power maneuvering with p,= const exceeds one
month, though the value of AO returns to permissible
values and goes on staying in the permissible range after
a reactor has been transferred from the mode of variable
loading to the stationary mode.

0 365 730 1095 1460
-0.5 t,d
paad
25 — —
-4.5
-6.5 '
AO, %

Fig. 2. Axial offset dependence on time for
WWER-1000 power control program II

The calculated AO dependence on time for reactor
power control program III (fwo = const) is shown in
Fig. 3.
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Fig. 3. Axial offset dependence on time for
WWER-1000 power control program III

As it follows from Fig. 3, the amplitude of AO
change increases when the duration of reactor power
maneuvering with fy o= const increases also, though
AO stays in its permissible ranges.

Using the “Femaxi” code, other
components (B* and w*) of the objective function J,
for reactor power control programs with <#y> = const,
pa=const, and fyo=const, have been found. The
calculated dependence of burn up B on time for

programs I, I, and 111 is shown in Fig. 4.
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Fig. 4. Burn up dependence on time for WWER-1000
power control program | (<tp>=const), Il (p;=const),
and W (ty p=const)

It can be seen that the dependences of burn up on
time for programs | and 111 are practically similar, while
program Il is characterized by a slightly greater value of

burn up.

The calculated dependence of cladding damage
parameter @ on time for programs I, I, and 111 is shown
in Fig. 5.
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Fig. 5. Cladding damage parameter dependence on
time for WWER-1000 power control program |
(<tw>=const), Il (p;=const), and W (ty y=const)
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So, the dependences of cladding damage parameter
® on time for programs | and 1l are similar also, but
program II is characterized by a greater valueof ®.

Having found stable operating regimes for a
WWER-1000 operated under daily variable loading
according to power control programs I, Il, and Ill, the
problem of control program optimization during a
4-year campaign was solved by minimization of J
functional.

If the duration of reactor power maneuvering is one
month, and further a WWER-1000 is operated under
stationary loading conditions during 11 months, then the
reactor peration will be optimal, from the point of view
of both safety and efficiency, when 11 transitions
between power control programs are made (Fig. 6).
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Fig. 6. Schedule of transitions between power control
programs for one month of power maneuvering
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Also the solutions of the objective function J have
been found for the following WWER-1000 loading
scenarios during a 4-year reactor campaign:

— 2 months of reactor power maneuvering, 10
months under stationary loading conditions (scenario 1);

— 3 months of reactor power maneuvering, 9 months
under stationary loading conditions (scenario 2);

— 4 months of reactor power maneuvering, 8 months
under stationary loading conditions (scenario 3);

— 5 months of reactor power maneuvering, 7 months
under stationary loading conditions (scenario 4);

— 6 months of reactor power maneuvering, 6 months
under stationary loading conditions (scenario 5).

Considering these loading scenarios, for a reactor
under transient operating conditions according to
N =100% —N=80% —N =100% daily loading cycle,
the calculated optimal number of transitions between
power control programs | and I11, is shown in Tabl. 2.

Table 2
The optimal number of transitions between
programs | and 11

Scenario 1 2 3 4 5
Numberof |50 | g5 | g9 | 75 | 107
transitions

Program Il is not considered in Tabl. 2 because the
permissible  duration of WWER-1000 power
maneuvering for this program is one month only.

CONCLUSIONS

As optimization of WWER-1000 power control
program switching is one of important directions for
improvement of both safety and efficiency of reactor

operation under transient operating conditions according
to the daily loading cycle N =100% — N =80%
—N =100%, the optimization task in switching
between reactor power control programs has been
solved based on accounting for disturbances of axial
offset as a measure of neutron flux stability in a core,
nuclear fuel burnup as a measure of fuel operation
efficiency, as well as cladding damage parameter as a
measure of both safety and efficiency of nuclear fuel
operation.

The duration of reactor power maneuvering
permissible from the point of view of AO stability, for
reactor power control programs | (<tw> = const), Il
(p2= const), and Il (tw, = const) is 7, 1, and 6 months,
respectively.

If the duration of WWER-1000 reactor power mane
uvering is 1 month only, then the reactor operation will
be optimal, fromthe point of view of both safety and
efficiency, when 11 transitions between power control
programs I, 11, and Il are made.

If the duration of WWER-1000 reactor power
maneuvering is 2, 3, 4, 5, and 6 months, then the reactor
operation will be optimal, from the point of view of
both safety and efficiency, when 38, 65, 69, 75, and 107
transitions between power control programs | and 111 are
made, respectively.
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OIITUMM3BANUA ITIEPEKIIOYEHUSA ITPOT'PAMM PET'YJIMPOBAHUA MOIIHOCTH
BBOP-1000 B TEPEXOJIHbIX PEJKUMAX SKCIINIYATAIIUN

X. YUancoy, C.H. Ilenvix, E.A. Odpexosckasn, O.b. Maxcumosa

CraTbsl TOCBSYEHA PEIICHUIO HAYYHO-TEXHHYECKOM mpoOieMbl 0e30MaCpHOro MEpeKIIOYCHUS CTaTHYECKHX
MIPOrpaMM peryIupoBaHusl siepHoro sHeprodmoka ¢ BBOP-1000 B mepeMeHHBIX peXHMax Harpy>KeHusi, 4ToObI
MHUHAMH3HPOBATh BIMSHHE OTKJIOHCHWH BHEIIHMX M BHYTPEHHHX OKCIUIyaTal[MOHHBIX I1apaMETpOB, a TaKke
TIOBBICUTH 0€30MacHOCTh M 3(PQPEKTUBHOCTh OSKCIUTyaTallMM peakTopa. 3ajadya ONTUMH3ALUH IEpEKIIOUCHNUH
CTaTHYECKUX MPOTpaMM pETryJHPOBAaHHUS pEIIeHa IIyTeM HAXOXKACHHS OHKCTpeMyMa LeNeBOH (OYyHKLIUH, UYTO
MIO3BOJISIET OE30MACHO MEPEKITIOYaTh PEXKUMBI AKCINTyaTallii SHEPIeTHUECKOTO 000pyI0BaHHS B NIPEIYCMOTPEHHOM
MHTEpBaJIe N3MEHEHUs Harpy3KH. [3yueHa BO3MOXKHOCTh MEPEKIIIOUEHHs] CTATHYECKUX IPOrpaMM pETYIHPOBaHUS
B TeUeHHE 4-TOAWYHOW KaMIlaHWM peakTopa. PaccMmaTpuBas pasiaMdHBIE IPOrPaMMBI PETYJIUPOBAHHUS MOIIHOCTH
siiepHoro 3Heprodnoka ¢ BBOP-1000 B nepeMeHHOM peXHMe Harpy>KeHHs, PelIeHa 3a/1a4a ONTHMH3ALNN BEIOOpa
MIPOTpaMMBbI Ha IPOTSHKEHNUU 4-TOANYHON KaMITaHUH.

ONITUMIBAIIA HEPEMUKAHHA ITPOI'PAM PETI'YJIIOBAHHSA HOTYKHOCTI
BBEP-1000 Y TEPEXIJTHUX PEXKUMAX EKCILTY ATAIIIL

X. Uancoy, C.M. Ilenux, €.0. Oopexoscvka, O.b. Makcumoea

CrarTsl NpUCBSYEHA BUPILICHHIO HAYKOBO-TEXHIYHOI MPOOJIEMHU OE3IIEYHOr0 MEPEMHUKAaHHS CTATHYHUX MpOrpam
perymoBaHHS sipepHOTO eHeprooioky 3 BBEP-1000 y 3MiHHEX pe’KUMax HaBaHTa)XCHHS, 00 MiHIMI3yBaTH BILIHB
BiIXWJICHb 30BHIMIHIX 1 BHYTPINIHIX €KCIUTyaTAiHHUX MMapaMeTpiB, a TaKOX IiJBUIIUTH Oe3NeKy 1 e()eKTUBHICTH
eKCIITyaTallii peakTopa. 3aBJaHHs ONTHMI3allii NepeMUKaHb CTATHYHUX TPOTPaM PETYIIOBAHHS BUPIIICHE MIISIXOM
3HAXO/DKEHHSI EeKCTpeMyMy MiUIboBOi (yHKIIl, 0 M03BOJNAE OE3MEYHO IEPEeMHUKaTH PEXUMH EKCIUTyaTaril
SHEepreTUYHOro oO0Jla/HaHHA B Tepen0adeHOMYy IHTEpBaJli 3MIiHM HaBaHTAXXECHHS. BuBYeHA MOXIMBICTH
MEpEeMUKaHHS CTaTHYHUX IPOTpaM pETYITIOBaHHSA MpOTAroM 4-piuHoi kammadii peakTtopa. Posrmsmatounm pisHi
MIPOTPaMH PETYIIOBaHHS TOTYXXHOCTI siiepHOTro eHeproosioky 3 BBEP-1000 y 3MiHHOMY peXKuMi HaBaHTa)KEHHS,
BHpiIlIeHa 3a7ja4a ONTHMIi3aLlii BUOOpY MporpamMu mpoTsaroM 4-pidHoi KaMmaHii.



