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A MODEL OF A POWER UNIT WITH VVER-1000 AS AN
OBJECT OF POWER CONTROL

M.B. Maxcumos, K.B. beenos, T.O. Lucenvcoka. Moaeiab pPeaKkTOPHOI YCTAHOBKH €HEProd/IOKy 3
BBEP-1000 sk 00’exTa KepyBaHHsI MOTY:KHicTIO. JloCii/DKY€eThCSl MaTeMaTHYHa MoJielb eHneprooinoky BBEP-
1000 3a KOMITPOMiCHO-KOMOIHOBaHOIO ITPOTPAMOI0 PETYINIOBAHHS 3 TOUKU 30pYy PO3MOILTY 3HAaUYeHb HaWBAXKIIH-
BIIIIMX TEXHOJIOTIYHHX MapaMeTpiB 1o BUCOTi akTuBHOI 30HU (AK3) peakropa. Po3risiaeTbest BIUIMB TOMOKEHHS
OpraHiB peryaroBaHHs cucTeMi ympasiiHHA Ta 3axucty (OP CVY3) Ha po3monini HEHTPOHHOTO MOTOKY IO BUCOTI
AK3 peakropa Ta, BIANOBIAHO, HA PO3IOALT TEMIIEpATypH TajIHNBa.
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M.B. Makcumos, K.B. Beenos, T. A. Lucenvckas. Mopaeab peakTOPHOIl yCTaHOBKH dHeprodioka ¢ BBOP-
1000 xak odbeKTa ynpaBJeHHsl MOIHOCTBIO. Vccnenyercst MaTemMaTidecKast MoJenb SHeprodmoka BBOP-1000
M0 KOMIIPOMHCCHO-KOMOWHHUPOBAHHOW IPOrpaMMe PEryIMpOBAaHMsS C TOUKH 3PEHUS PACIIPEACIICHUS] 3HAUCHHI
B)KHEHIIINX TEXHOJIOTHYECKUX MAapaMeTPOB IO BbIcoTe akTHBHOM 30HBI (AK3) peakropa. PaccmaTtpuBaercst Bims-
HHE TIOJIOXKEHHSI OPTaHOB PETYANPOBAHUS CHCTEMBI yripasieHus u 3anmtsl (OP CY3) Ha pacnipenenenne HEUTPOH-
Horo noToka 1o Beicote AK3 peakropa i, COOTBETCTBEHHO, Ha PACTIPEACIICHNE TEMIIEPATyphI TOIUIMBA.

Kniouesvie crnosa: peakrop, AK3, BBOP-1000, OP CY3, nporpamMmMa peryIupoBaHUsL.

M.V. Maksimov, K.V. Beglov, T.A. Tsiselskaya. A model of a power unit with VVER-1000 as an object
of power control. The mathematical model of a power unit with VVER-1000 is studied by the compromise-
combined control program in terms of height distribution of the most important core technological parameters.
Namely, influence of control and protection system regulating group location on the neutron flux height distribu-
tion and, accordingly, on the fuel temperature distribution, is considered.

Keywords: reactor, core, VVER-1000, control and protection system regulating group, control program.

The major feature of electric power consumption in the power system consists in non-uniformity
of daily, weekly and seasonal diagrams of electrical loading.

It is mentioned in numerous works devoted to the problem of operation of contribution cycling
power units to energy-producing that the increase of nuclear demands to raise of Nuclear power plant
(NPP) equipment maneuverability, i.e. to operate NPPs in the variable mode [1...3].
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The character of circuit work parameters change (pressure, temperature, flux) is important when
choosing a control program (CP).

The CP choice depends on many physical, constructive, technical and economic features of a
power unit and the mode of its use in the power supply system.

The known CP don’t provide an accurate setting of technological parameters.

Hence a new CP was offered in [4]. It was called the “compromises-combined CP”’.

Practically, realization of any CP is carried out by the automatic power controller of a NPP unit.
However, before its implementation, a CP must be checked using a model.

Thus, operation of nuclear units according to the compromise-combined CP must be studied.
Therefore the aim of this paper is creation of a simulation model for a power unit with VVER-1000.

For VVER-1000, the mathematical model (model), considering all difficult dynamic processes, is
described by a system of non-linear differential equations.

Though point modeling is often used for studying engineering problems, this approach is not
adequate because of impossibility to monitor main parameters of reactor, e.g., change of the coolant
temperature height distribution, the axial offset height distribution (AO), etc.

Therefore it was accepted to develop a model of reactor, using sectionalization of the core.

The structure of each zone model is identical, but zones differ in geometrical and heat-hydraulic
parameters, as well as in their static and dynamic properties.

Structurally, a zone model consists of nine blocks:

— point reactor model linking the neutron flux density with the reactivity;

— model of energy release in the fission material linking the quantity of released fission energy
with the neutron flux density;

— model of heat transfer in a fuel rod linking the fuel temperature with the quantity of released
cnergy,

— model of convective heat transfer a fuel rod wall to the coolant linking the coolant temperature
with the quantity of released energy;

model of the regulating unit control group efficiency;

— model of influence of the boron coolant concentration on the reactivity;

— model of the reactivity poisoning effect due to xenon;

— model of the fuel temperature reactivity effect;

— model of the coolant temperature reactivity effect;

The last three blocks consider reactivity effects during an industrial reactor operation.

The reactor kinetics is described a system of 7 differential equations considering 6 groups of de-
layed neutrons [5]:

dn_(p-B,)n() &
dt / i=1
dC,_pon) ;o
dt [

where
p — reactivity;
B,, — aggregate share of delayed neutrons;
B, — contribution of the i-th group of delayed neutrons;
n(t) — neutron density, n/em’;
| — medium lifetime of instantaneous neutrons generation, s;
)\, —radioactive decay constant for the i~th group of predecessors, s;
C, — effective concentration of the i—th group predecessors, n/cnr’.
The energy release in the core described by the following equation [6]:
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where
q. —linear heat rate, W;
v — velocity of thermal neutrons, cm/s;

3
V, — fuel volume, cm’;

25

. . . -1
, — macroscopic fission cross-section for U-235, cm™;

Ei — energy of one U-235 fission, J;

e —coefficient considering features of profiling. For VVER-1000, B¢ =0,842;

k. — heat release radius variation factor. k,=1,35;

x — part of heat release in the fuel rod. In VVER-1000, x=0,96;

z — coordinate of the medium point of each zone, cm;

m — quantity of cartridges in the core, pcs;

H — core height, cm;

n,, — number of fuel rods in the cartridge, pcs.

The heat transfer process the fuel rod wall can be described by the following differential equation
Moo o ny — 1 pg spem (3)

ct

o-F dt o-F
where
c,.,, —wall heat capacity, J/kg'K;

pet
m,, — fuel rod cladding wall mass, kg;

o — convective heat exchange coefficient, W/m*K;
F — heat exchange area, m’;

t., — temperature of the fuel rod cladding wall, °C;
At,, — cladding wall temperature drop, °C;

Aq. — energy release gain, W;

At — exit coolant temperature gain, °C.
Heat transfer from the fuel rod wall to the coolant can be described by the following differential
equation

out
mw.cpw i dtv):( +Atout _
W
a-F+g-c, drt a-F+g-c,

-F ‘cw
¢ A S5

ct

At 4)

oa-F+g-c .
where

m,, — the mass of the coolant per one fuel rod, kg;

¢,, —coolant heat capacity, kl/kg'K;

g — expense of the coolant per one fuel rod, kg/s;

out

¢, — exit coolant temperature, °C;

Ati’f — inlet coolant temperature gain, °C.
The regulating group efficiency model has been obtained for the Zaporozhye NPP unit Ne 5 (Fig. 1).
Best of all this dependence is analytically approximated by the cosine dependence

P =a+b-cos(c-h+d), 5)
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0,2
where o1
P, — thereactivity imported by regulating group; ’ y;
. 0
a, b, ¢, d — the fitted coefficients; y
h — group height, cm. 0.1 /)
Model of boron concentration coolant influence on = —02
the reactivity: ‘E -0,3
At rather small (less than 6 g/kg) changes of boron con- 5
e . . . s 04
centration in circuit Apg, are find using the equation [7] 2
0,5
@ _ ~0 4
Ap60p = (x’6op : (Cl - Cl ) N (6) —0,6 ,/
0L, for the interval [C", C]is determined by the ex- _0’7|
s -0,8
pression. 0 100 200 300 400

N or Doy Vi
a’60p:_AA YTHGW a)o I// s (7)
6op a 5 T. T

where
N, — the Avogadro number, mol ;

As,, — nuclear mass of boron concentration, ;

y., — coolant density, g/cm’;

0 — utilization factor of thermal neutrons;

GaB — effective section of boron cross—uptake, cm’;
02 — effective section of 2°U cross—uptake, cm’;

0 . -
N, — concentration of 3y atoms, cm 3;

Height of the RG CPS, sm

Fig. 1. Efficiency of regulating by the re-
gulating group

®_  — medium value of thermal flux density penetrating into the boron in the coolant, cm™' ¢';

&)3 — value of thermal flux density penetrating into the fuel, cm ™' ¢ ';

: 3
V... — coolant volume in core, cm’;

.- . 3
V. — fuel composition volume in core, cm’.

A dependence for boric acid concentration changing in the primary circuit was obtained in [7].

Hence, the model is described by the following equations.
Injection of boron concentration solution

dCH3B03
U + ACHsBos =k, 'AGH3303 . (®)
dr
Injection of a pure overhead product
dcC
T,- H;B0; ACH3B03 =k, -AGy o, 9)
dt 2
where
C\y,po, — boron concentration, g/kg;
k,,k, — transfer factors, &;
kg/s

T,,T, — time constants, s;

AGy o, — change of boric acid flow, kg/s;
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AGy , — change of pure overhead product flow, kg/s.

The transfer factors differ 2.5 times, and the time constants differ 2 times, for processes of injec-
tion and excretion of boron concentration from coolant. Extraction of boron concentration lasts longer.

Model of the reactivity effect due to xenon poisoning.

At any moment, the losses of the reactivity due to xenon poisoning are determined by the
following dependence

Xe
c, -0
et =——4 .Net N (10)
pX() GZNs(t) X()
where
Gfe — microscopic cross-section of thermal capture by **Xe, cm?;

5 . ~ . 235 2
G, — microscopic cross-section of thermal capture by U, cm”;
. 235 3
N, (t) — concentration of “°U atoms, cm™;

N, (t) — concentration of '**Xe atoms, cm™;

® — thermal neutrons utilization factor for the case of a unpoisoned reactor.
135

Change of Xe concentration can be described by
dN,
dt

= YxeGst (t)q)(t)-'—}\‘JNJ (f)—GfeNXe (t)CD(t)_?\’XeNXe (t) > (11)

where
Y+. — specific yield of Xe nucleus;

5
J

®(7) — neutron flux density, n/em>s;

235 . . . . 2
— “U thermal fission microscopic cross—section, cm”;

A, — constant of J radioactive decay, 1/s;

N, (t) — nucleus J concentration, cm™;

Ay, — constant of Xe radioactive decay, 1/s.

The '*J concentration rate is found as a difference between the "*°J generation rate (as immediate
fission product) and its decrease (at the expense of B-decay)

B w00

where
Y+. —specific yield of J nucleus due to fission.
The system of equations (10)...(12) determines the reactor xenon poisoning dynamics.
Model of reactivity effects due to the fuel temperature and the coolant temperature.
The effect of reactor reactivity change due to the change of the temperature of coolant was term

the reactor temperature.
Temperature reactivity effect is generally determined by the following equation

I
p,(t;)= [ o (t;)dt,, (13)
20°
where o, (z,) — temperature reactivity coefficient.
For small changing of coolant temperatures, the temperature reactivity coefficient value can be
considered constant, so the effect of reactivity is determined by the following equation

Ap,=a,(t,) At (14)
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For operational personnel it would be sufficient to have only one reactor performance character-
istic — dependence of the reactivity on the thermal power p = f(N,).
The power reactivity effect is determined as

D, (N,) = [ oty (N,)dN, . (15)

where p, (N P) is quantity of reactivity change due to increase of power from 0 to a given level N,

However, dependence p, (N P) is ambiguous and changes depending on reactor operating condi-

tions. This fact forces us to use in physical accounts by various components temperature reactivity
effect. With that end in view all VVER's temperature reactivity effect with high-temperature fuel di-
vide on two material components — fuel temperature reactivity effect and coolant temperature reactiv-
ity effect.

The data for calculation of the equations (1), (2), (6), (7), (10) and (11) have been obtained from [1, 5, 6].

The dependences for the temperature reactivity effect and for the power reactivity effect have
been obtained for the Zaporozhye NPP unit 5.

In terms of the model described above, an experiment to define basic technological exponents has
been made.

As we suppose that regulating units are moved to the level 350...301 cm (considering from the
core bottom), change of boron concentration in the primary circuit is +8 g/kg, departure of coolant
temperature on inlet the core is £5°C.

Modelling has been made for a model with four zones. The following zones from the top to the
bottom are considered: 350...325 sm — I zone (marked by the dark blue line on the diagrams),
325...301 sm — II zone (marked by the green line on the diagrams), 301...175 sm — III zone (marked
by the red line on the diagrams), 175...0 sm — IV zone (marked by the blue line on the diagrams). The
specified numerical values denote distance from the core bottom.

Power decrease was modelled by moving of regulating units and, then, by injection of boron acid
(Fig. 2, a, 3, a, 4, a). The influence of boron injection on specified parameters distribution is shown in Fig.
2,b,3,b,4, b. The steps done after the thermal conditions have been obtained, are shown in Fig. 2...4.
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-8 \\ ~ -15
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a b

Fig. 2. Coolant temperatures core height distribution

A mathematical model of the VVER-1000 power unit has been realized in the graphical dynami-
cal system modeler and simulator Xcos Scilab package [8].

The presented VVER-1000 core model of differs from the known ones in taking into account the
influence of the location of the regulating units on the neutron flux distribution, and, accordingly, on
the fuel temperature distribution.
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Fig. 3. Fuel temperatures core height distribution
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Fig. 4. Nominal neutron flux core height distribution

If can be seen that the departures of the parameters occur preferentially in the reactor’s upper

part, in [ and II zones, where the rods of regulating units are moved.

The analysis shows that the fuel temperature change in I and II zones is allowed to be no more

than 100 °C, when the reactor power change is 10 %.

If we have this allowable change of the fuel temperature, then we can compensate it moving the

regulating units.
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