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AN AUTOMATED SYSTEM FOR CONTROL
OF VVER-1000 FUEL PROPERTIES AT THE EXPENSE
OF REACTOR POWER OPTIMIZATION

Described is the use of WWER-1000 type reactor fuel rod claddings’ resource estimating method,
taking into account the creeping as the main process of shell damage accumulation, this method
being applied when creating an automated nuclear fuel properties control system to optimize the
reactor loading regime. Revealed is the necessity of shell damage change simulation for the correct
calculation of fuel rod envelopes’ stresses and deformations evolution, taking into account the
complete history of reactor loading. Elaborated is the scheme of automated system for the nuclear
fuel properties control by optimizing the reactor loading mode, with a detailed consideration of the

suggested control system elements.
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Introduction. According to forecasts of electric-
ity production in Ukraine, in this century coming
decades, the share of electricity generated at nuclear
power plants will reach about 50% of the total power
generation, the WWER type reactors will remain the
basic equipment of nuclear energy industry. Since
there takes place a transition to reactors specific with
much more severe fuel elements operating conditions
as compared to WWER-1000 type ones, and of high
likeliness is that all or some of the reactors in Ukraine
will be put into maneuver operation, that imposes the
need to increase the reactor plants (RP) safety with
simultaneous increase in their economical parame-
ters. However, increasing the operational efficiency
of the reactor plant due to the increased nuclear fuel
burn up depth leads to a more intensive fuel elements
load and an increased risk of their shells depressuriza-
tion, which leads not only to a decrease in reliability
and safety of reactor operation, but also to a decrease
in profitability [2].

The development of an automated soft-and hard-
ware system for fuel rods properties control of at the
stage of WWER-1000 reactor equipped power plant
operation, taking into account the safety and fuel
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efficiency balance of, will expand the boundaries
and increase the operational efficiency of the reactor
plant, while improving its safety.

Materials and methods used. The following
methods were used in this work: CTEV method for
calculating the damage to the fuel cladding; simula-
tion of changes in the fuel cladding damage, depend-
ing on the reactor operating parameters; computer
modeling; methods of accounting the fuel rod clad-
ding damage parameter in the criterion of efficiency
of fuel elements properties management; methods of
controlling the fuel elements properties due to the
reactor power optimization.

The aim. This work aim is to develop the theoret-
ical foundations for the WWER-1000 reactor nuclear
fuel properties control automated system by optimiz-
ing the reactor power, while operating the reactor fuel
elements, taking into account damage to the shells
accumulated under normal conditions, and to increase
the fuel rods economic efficiency by controlling their
properties, safety requirements following.

CTEV method of calculating the fuel cladding
damage. To assess the shell integrity under normal
operating conditions, including the variable loads
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regime, necessary is to take into account its loading
entire history, since the development of the stress-
strain state in the shell strongly depends on the
sequence of loading parameters. When using the creep
theory energy variant (CTEV) to account for creep as
the main mechanism for fuel cladding depressurizing
under normal operating conditions, the EVTP crite-
rion for the enveloping shell deprerssurization [1]:

oc) = AR) / 4 =1; A)=[o, - p,-dr,
where o(r) — is the shell damage parameter;

A, , — is the specific energy of scattering at
time 1 and when the shell is destroyed (J/m?), respec-
tively;

o,(t) , p,(r) — are equivalent stress (Pa) and the
rate of equivalent creep deformation (c'), respec-
tively.

The 4, limiting component magnitude in the cri-
terion (1) does not depend on the sequence of the fuel
element exploitation factors sets and is determined
only by the shell material properties.

Modeling changes in the fuel cladding damage.
According to the CTEV method model for fuel ele-
ment properties changing, the development of fuel
element deformations is determined using finite ele-
ment method (FEM), and the o(r) accumulation is
found based on EVTP, which ensures:

— consideration to the effect of gap § changing
between the shell and fuel pellet, and the effect of
oxide layer thickness on the shell outer surface, for
the shell thermo mechanical condition;

— consideration of creep as the main physical
accumulation process under WWER operation nor-
mal conditions;

— the bounding component in the seal leakage cri-
terion independence from the shell operating condi-
tions, that eliminates the problem of inconsistency
between the shell leakage criterion limiting compo-
nents conditions obtained and the shell actual operat-
ing conditions;

— taking into account the fuel element operating
conditions sets actual sequence effect onto w(z) .

The model for calculating the fuel element energy
release distribution on the basis of a two-group dif-
fusion approximation, uses the following initial data:
fuel element structural parameters: WWER-1000
mode parameters; reactor N power variation program
characteristics; coordinates of the control system
location. Output data are the values of <g, ;> the
average linear power in the conditionally separated
axial FA layers (i) located in Safety elements/AKZ
cells (j).

The model for calculating the distributions of
temperature, stress, and deformation in a fuel ele-

(D,

ment according to the FEM uses as input data:
<gq,,,; > values; fuel rod design parameters; WWER-
1000 mode parameters; characteristics of program
for changing N. The output data are: temperature,
stress and strain in the fuel rod axial segments (AS)
(one AS length being assumed equal to the length of
two axial layers).

The w(r) computation model uses voltages and
deformations in fuel cladding AS as input data, and
the output data are A(r) and w(r) values in the shell
AS. At the time step Ar,,, the shell creep equivalent
deformation p, is defined as

Denit = Pon T AT, P.(7). ()

To calculate p,(r)and o,(r) iterations between the
calculation of temperature and temperature-depend-
ent values, we perform calculation of the gap between
the fuel pellet and the envelope § to achieve conver-
gence at the end of each time step.

Computer modeling. When choosing the Femaxi
software [3], the computational analysis of the devel-
opment of WWER-1000 reactor fuel element clad-
ding stresses and deformations took into account such
important advantages of this software tool as:

— concurrent solution of the heat conduction and
mechanical deformation equations;

— ability to determine the fuel rod reaction to
the combined effect of linear power changes in the
fuel element, heat carrier parameters, other factors
over the entire range of normal operating conditions
of WWER-1000 reactor, up to fuel burn up depths
exceeding 50 MW e« day / kg-U.

According to this tool-implemented design model,
the fuel element is conditionally divided into 10 AS,
for center point of each AS its maximum linear power
4,mxAS 1s set. The linear power at other AS points
is calculated by extrapolating the values specified for
the central points. The temperature distribution in the
fuel element is predicted for a one-dimensional radial
geometry based on internal heat dissipation, changes
in the pellet and the gap thermal conductivity,
heat exchange between the fuel element surface and
the coolant. The fuel temperature calculation is per-
formed with a difference between numerical and
analytical solutions never exceeding 0,1%. Both
elastic and plastic deformation, mechanical interac-
tion between fuel and envelope (MIFE), as well as
creep deformation are calculated. The gaseous fis-
sion products release, their diffusion is calculated
according to the adopted model with the calculus of
formed bubbles reaching the grain boundaries and
the fuel element internal space, also calculated is the
growth of fuel element internal pressure. The time
step is given automatically from the condition of the
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numerical solution stability and convergence in cal-
culating creep for all AS [3].

According to the ETCP method, the w(r) calcula-
tion requires to find A(z) for the conditions of a shell
long-term variable temperature-force loading under
radiation conditions. Therefore, the decisive factor to
choose the Femaxi tool was that this software allows
correctly calculate with FEM for a WWER-1000
reactor mode parameters given sequence, the shell’s
o, and p, taking into account the radiation effects.
The rate of equivalent creep deformation was pre-
sented in the following form [3]:

p. = flo,,&",T,0,F), 3)

where £” — is the dimensionless hardening
parameter; T is the temperature, K; @ — fast neutron
flux density, 1 / m?s; F — is the division rate, 1 / m? s.

Accounting for shells damage in the criterion for
the fuel elements properties control effectiveness.

For the application of the EVTP method, taking
into account simultaneously the fuel rod operation
safety and economy limiting conditions, the criterial
model (CM) of fuel element properties management
efficiency is used on the following principles basis [1]:

— The purpose of WWER-1000 fuel elements
properties controlling is to increase the fuel elements
normal operation efficiency due to joint account of
the fuel element claddings o (1) damage and the reac-
tor operational efficiency economic and technologi-
cal indicators;

— the fuel rod properties control is carried out on
the basis of the requirements to fuel elements and
core properties (ACZ), the controlled parameters
determination and determinative factors;

— the control effectiveness criterion structure is the
same for all control tasks, but the criterion compo-
nents are not invariant;

— determined are the controlled parameters, such as:

1) Parameter of fuel rod cladding damage as a fac-
tor describing the nuclear fuel (nuclear fuel) opera-
tion safety;

2) Nuclear fuel burn up depth as a factor that its
operation economy.

As a variable factor determining the fuel rod clad-
ding damage parameter and the nuclear fuel burn up
depth the nuclear reactor loading regime is used.

Results. In fig. 1 shown is a scheme for nuclear
fuel properties control by optimizing the nuclear
power plant loading regime. Let’s consider in more
detail the circuit elements controlling properties of
nuclear fuel reactor type VVER-1000 due to reactor
power optimization.

— The active core zone of a nuclear reactor (ACZ)
is an area where nuclear fuel assemblies (FA) are
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located, where a controlled chain reaction of heavy
nucleus division takes place. During the chain reac-
tion in ACZ the energy evolution process takes place.
The active zone includes: nuclear fuel; retarder; heat
carrier, which passes outside the reactor heat gener-
ated at ACZ; Reactor Control and Protection System
(RCPS). Externally, the active area is surrounded by
a neutron reflector. The reflector partially returns to
the ACZ neutrons that have flied out of the active
zone, therefore the reflector increases the efficiency
of nuclear reactor fuel use.

ACZ NMC ] : l l | uL
TC s¢ IRCS
Fig. 1. Circuit controlling WWER-1000 reactor type
nuclear fuel properties due to optimization of reactor

power: ACZ — active zone; NMC — neutron measuring

channel; TC — thermocouple; SC — switch cabinet,
lower level; UL IRCS — upper level of the intra-reactor
control system; SM — simulation model;

CU - comparison unit; UCB -unit control board;
CP - control panel; EM — executive mechanism.

— Neutron measuring channel (NMC) is designed
to measure neutron power and reactivity of the reac-
tor based on the signals received from neutron flux
sensors located in the reactor plant. The NMC struc-
ture includes: neutron flux sensors for neutrons reg-
istration in the reactor and their transformation into
electrical signals; signaling sensors rated sets; units
for signals conversion into digital code; software
and technical modules that perform information pro-
cessing and calculations to get output signals cor-
responding to the reactor neutron power measured
values, period of power change and reactivity.

— Thermocouple (TP) is a sensitive element of a
thermoelectric converter in formed by two isolated
conductors from heterogeneous materials connected
at one end, the principle is based on the thermoelec-
tric effect use for temperature measuring. In the pro-
posed system, used are thermocouples of TXA type
(chromel — alumilum), which temperature range is
from -50 to 1300°C.

— Switch cabinets (SC) do serve to convert physi-
cal quantities (obtained from the above sensors) into
an electrical signal further fed to the internal reac-
tor control system for analysis. The SC do place:
288 pieces of resistors to receive discrete signals of
220 V voltage and information output voltage 24 V;
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terminal blocks (72 pieces each containing 16 termi-
nals); two fan blocks.

— Upper level intra-reactor control system (UL
IRCS) provides information on the reactor active
zone parameters and characteristics necessary to
ensure the ACZ design technological operation. Its
main task is to restore the power output field in the
ACZ volume to ensure the nuclear fuel safe opera-
tion. The role of IRCS in the developed system is
to ensure reactor’s safe and economical operation in
the energy range by collecting, processing and dis-
playing on the operator’s monitors information on
the ACZ state and the parameters of the first contour.

— Simulation model (MI) is implemented with a
software package designed to simulate changes in
the nuclear fuel reactor properties over time. The
generated simulation model is designed to simulate
the nuclear fuel operation at given parameters and to
calculate the FA shells damage parameter taking into
account their full history of loading. The simulation
model includes two program environments (PE):

1) Software “Femaxi” — used to calculate the
shells damage parameter.

2) Software “Reactor Simulator” (RS) — designed
to create a behavior model for the reactor with given
input data [4]. To note is that when using this regu-
lation system, all necessary input data for FEMAXI
are read by sensors directly from the reactor core.
Therefore, the RS PE will only perform an auxiliary
function.

— Comparison unit (CU), designed to compare
the shells damage parameter value with its maxi-
mum allowable value (set before the reactor intro-
duction to operation to establish limit, involving
deactivation when excessive operation mode of
reactor can cause an emergency situation) obtained
from the simulation model. The conclusion on the
need to change the load regime is made according to
these values comparison result. Also this unit, as a
result of solving the optimization problem, is used to
calculate a new level of reactor power.

— Unit control board (UCB), located in a special
room and intended for centralized automated control
of technological processes, implemented by opera-
tional personnel and automation.

General information about the active zone status
in the form of parameters and control recommenda-
tions is presented on UCB monitors. It serves for
reactor launching, bringing to rated power, turbine
launching, to synchronize the generator with power
system, unit control in the normal and emergency
modes of operation, as well as the planned and
emergency stop of the reactor and turbine;

— The control panel (PC) making part of the
UCB is intended to control and monitor the change
in reactor power, respective devices operation and
respective processes run. The control panel consists
of a information collection unit, a control unit, a sig-
nal unit, etc.

— The executive mechanism (EM) in the proposed
control system is embodied with a solenoid (electro-
magnetic) valve. The level of its opening depends on
the results of comparing the shells damage parame-
ter values at FA and the calculation of reactor power
new level that are carried out in the comparison unit
CU. Degree of valve opening affects the amount of
boron concentrate added to the nutritional water of
the ACZ. Thus, the control of reactor’s reactivity by
the method of changing the boric acid concentration
in the first circuit coolant is chosen. This is reasoned
because the level boric acid of concentration in the
coolant significantly affects the reactivity due to the
corresponding reactivity coefficient [5]. Concen-
tration of boric acid in the coolant is varied either
by the coolant addition to the reactor circuit with
boric acid solution introduced, either by adding pure
water to the reactor circuit. Although this method of
reactor power control is rather slow compared with
the method of power regulation by the IRC, how-
ever, at such system for nuclear fuel properties con-
trol, there is no need for a rapid change in the reactor
power level.

Conclusions. It is advisable to develop and
implement for the NPP Energoatom NAEC the
WWER-1000 reactors nuclear fuel properties
automated control system which optimizes the
reactor power level. In this automated control sys-
tem, it is necessary to use a criterion for fuel ele-
ments’ properties control effectiveness, including
damage to fuel rod shells under normal operating
conditions.

Such an innovative nuclear fuel properties
control system can be created on the basis of the
method for fuel cladding shells operating life esti-
mating under WWER-1000 reactor normal operat-
ing conditions taking into account creep as the main
process of deformation damage accumulation to
shells. In a promising nuclear fuel properties auto-
mated control system operated through optimizing
the reactor power level, in order to correctly model
the fuel cladding envelopes stresses and deforma-
tions development necessary is to take into account
the change in shell damage depending on the full
history of the nuclear fuel loading, determined by
the reactor parameters change throughout the fuel
campaign.
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ABTOMATU30BAHA CUCTEMA KEPYBAHHS BJJACTUBOCTAMU SAAIEPHOI'O ITAJIMBA
BBEP-1000 3A PAXYHOK OIITUMIBALII IOTYKHOCTI PEAKTOPA

Onucano BUKOpUCMAHHS Memoody OYIHKU pecypcy 00010HOK meenie peaxmopa muny BBEP-1000,
WO 6paxogye NOG3VHICMb AK OCHOGHUU NPOYec HAKONUYEHHS NOUIKOOICEHOCMI O0OO0NOHOK, V CHEOPEHHI
ABMOMAMU308AHOT CUCEMU KEePYBAHHSL 61ACMUBOCMAMU SI0EPHO20 NATUSA 30 PAXYHOK ONMUMI3AYIT pexcumy
HaBaumasgicen s peaxmopa. /[iist KOpekmHo2o po3paxyHKy esonroyii Hanpye i deghopmayitl 6 000LI0HKAX MEeli8
NOKA3aHA HeOOXIOHICIb MOOENOBAHHS 3MIHU NOUWKOOICEHHS. 000OHOK 3 YPAXYBAHHAM NOGHOI iICMOpIi HABAH-
maoicenusi peakmopa. Po3pobieno cxemy asmomamuz08aHoi cucmemu Kepy8aHHs G1ACMUBOCMAMU s0ep-
HO20 NAIUBA 3a PAXYHOK ONMUMI3AYLT PEHCUMY HABAHMAICEHHS peakmopa. [lemanvHo po3eisHymi enemenmu
3anpPONOHOBAHOI CUCEMU KEPYBAHHSL.

Knrouoei cnosa: asmomamuszosana cucmema Kepy8aHHs, 6AACMUBOCHI S0ePHO20 NAIUBA, DPeaxKmop
BBEP-1000, onmumizayis nomyosicnocmi, EBTII memoo.

ABTOMATH3UPOBAHHASI CUCTEMA YIIPABJIEHUSI CBOMCTBAMMU SIIEPHOI'O
TOIIJIUBA BB3P-1000 3A CYET OITUMU3ALIUU MOIIIHOCTHU PEAKTOPA

Onucano ucnonb308anue Memood OYyeHKU pecypca 0bonouex meadnos peakmopa muna BBOP-1000, yuumoi-
8aIOWULL NONZYHECTb KAK OCHOBHOU NPOYECcC HAKONIEHUS NOBPE’COCHHOCMU 000104eK, NPU CO30aHUU A8Mmo-
MAMU3UPOBAHHOU CUCEMbL YIPAGIEHUSL CEOUCTBAMU SIOEPHO20 MONIUBA 34 CYem ONMUMUSAYUU Pelcuma
Hazpy3Ku peaxmopa. /s Koppexmnozo pacuema 380110YuU Hanpsaicenutl u deghopmayuil 8 060104KaAX ME3108
NOKA3aHA HeoOX00UMOCHb MOOEIUPOBAHUS USMEHEHU NOBPENCOeHUsl 0D0NIOUEK ¢ YHemOoM ROIHOU UCIMOpUU
Haepysku peaxmopa. Paspabomana cxema agmomamu3uposanHoll cCucmemsl YNpaeieHus coUCmaeamu soep-
HO20 MONAUBA 34 CHem ONMUMU3AYUU pedcuma Hazpysku peakmopa. I1o0pobro paccmompenvl snemenmol
NPEONONCEHHOU CUCTNEMbL YNPABTEHUS.

Knroueswle cnosa: asmomamuzuposantas cucmema ynpasierus, C60UCmaead si0epHo20 MONaued, peakmop
BBOP-1000, onmumuzayus mownocmu, IBTII memoo.
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