ENERGY ENGINEERING AND CONTROL SYSTEMS

Volume 7, Number 2, 2021 126

Simulation of Pressurized Water Reactor to Find the Best Control Solution

Taia Petik”, Viktoriia VVataman, Konstantin Beglov
Odessa Polytechnic State University, 1 Taras Shevchenko Avenue, Odessa, 65044, Ukraine
Received: October 29, 2021. Revised: November 18, 2021. Accepted: December 17, 2021.
© 2021 The authors. Published by Lviv Polytechnic National University.

Abstract

Since it is impossible to simultaneously control all technological and thermal parameters of the nuclear reactor, a
vertically distributed model of a power unit was developed, which allows determining the axial offset and analyzing
the behavior of thermal and neutron-physical processes of individual zones in core during boron control and
movement of rods, as well as regulating the power of the nuclear reactor. For ten vertically distributed zones,
neutrons and thermal processes in the reactor core were analyzed, as was the change of the axial offset during the
discharge of the reactor load under the influence of the movement of the rods and the increase in the boric acid
concentration. The purpose of this publication is to develop a vertically distributed model of the facility and use
information technology to find the best solution for the control of a pressurized water reactor.
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1. Introduction

With the help of a pressurized water reactor, a significant part of electricity is generated and operated in the
nuclear power unit stabilization mode, but the discrepancy between electricity generation and consumption during the
daily cycle is currently an urgent problem of power unit maneuvering. When changing the reactor power, it is
necessary to simultaneously control the rapid change of many neutron-physical and technological parameters, which
leads to the need to upgrade existing nuclear power plant (NPP) units by creating a system of automatic power control
of the unit in maneuvering modes. A vertically distributed model of a pressurized water reactor (PWR) with relative
state variables, which in a number of vertically distributed zones describe the neutron kinetics of the reactor, the
gradual heat release, thermal processes in the fuel, shells and coolant, changes in xenon and boron concentrations,
which can be used to calculate the axial offset (AO), has been developed in the form of systems of differential
equations. The vertically distributed model of the pressurized water reactor is investigated when the load of the
reactor is relieved when the rods are moving and the concentration of boric acid increases. Due to the vertically
distributed model of the PWR, the parameters of neutron power regulators are optimized when controlling the reactor
with absorbing rods and boric acid [1]-[2].

2. Mathematical structure of the model

The multipoint structure of the reactor model, which is known from [1]-[4], was chosen as the initial one. This
multipoint mathematical model of PWR is divided by the height of the reactor core into 10 zones in order to:

e minimize modeling error associated with piecewise linear linearization of a nonlinear object;

o be able to implement in the simulation environment.
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This multilayer structure of the reactor model is shown in Fig.1. Structurally, each zone consists of the following
mathematical models-blocks: a point model of reactor kinetics, which connects the neutron flux density @ with the
reactivity p; model of energy release in fissile material, which binds the amount of energy Q released as a result of fuel
fission reactions; coolant heating model; heat transfer model inside the fuel rods, which relates the fuel temperature t; to
the amount of released energy Q; model of the reactivity effect from xenon poisoning **Xe; model of the temperature
effect of reactivity; model of the effect of reactivity on power; model of the reactivity effect on the position of the
regulatory group of regulators; model of the effect of reactivity on the concentration of boric acid in the coolant.

1
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Fig.1. Multilayer nuclear reactor core structure with concentrated parameters in each layer.

Nuclear power unit with a pressurized water reactor from the standpoint of automatic control is an object with
many complex dynamic processes with feedback and cross-links. To account for these relationships and processes, it
is necessary to consider systems of differential equations in the mathematical model, including nonlinear [1].

The following assumptions are accepted in the paper. Each section of the nuclear reactor core in height
should have no more than 6 segments of the entire cartogram, corresponding to 60° symmetry. There remains one
fuel assembly number 82, which is not part of any of the 6 segments. It is accepted that each segment will have 4
sections, which make simulation of 4 groups of fuel assemblies, which are separated by operational years. Each
segment of the core will have 4 characteristic areas of the groups of fuel assemblies and in Fig.2 an example of such a
division is given.
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41
2™ year
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Fig.2. The diagram of 4 characteristic sections of groups of fuel assemblies in one of 6 segments: fuel assemblies of the first
year (1 group) are marked in white, fuel assemblies of the second year (2 group) are marked in yellow, fuel assemblies of the third
year (3 group) are marked in blue, fuel assemblies of the fourth year (group 4) are marked in green.

Thus, taking into account all the assumptions, such a multipoint model of the reactor is shown in Fig.3.

considering all the above changes in the nuclear reactor core, mathematical model of the nuclear reactor core, which
has the index i, as a reflection of the unit cell is proposed. Such a cell should include three indices, where the first

1% group of fuel
assemblies (z=1)

2" group of fuel
assemblies (z=2)

3" group of fuel
assemblies (z=3)

4™ group of fuel
assemblies (z=4)

Fig.3. The diagram of the divided nuclear reactor core of the pressurized water reactor.
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index y(1... 10) reflects the number of a certain layer of the nuclear reactor core in height; the second index x(1... 6)
displays the sector number of the 60° segment symmetry of the nuclear reactor core; the third z(1... 4) displays the
section number of the fuel assembly group within the sector. This model of the reactor is written as
R(OCy; trwin; Oh; 1) = AO; Qy, t; i, Which allows calculating the change in mentioned technological parameters.

3. Distribution of parameters between sections of the nuclear reactor core

Initially, a point mathematical model of the reactor was used for the calculation in general. This representation
does not allow calculating the energy release by the height of the nuclear reactor core, which is a disadvantage of this
model, because it is a quantitative measure of the stability of the reactor. The multipoint mathematical model [1] uses
the division of the nuclear reactor core in height into 10 characteristic areas. This model uses the distribution of
parameters only between the zones in height, as shown in Fig. 4.In the proposed mathematical model, the distribution
of parameters occurs not only between the zones in height, but also between the 60° segments symmetry, as well as
between sections in the same segments. The distribution of parameters occurs on the lines of contact. In view of the
above, the description of the distribution of parameters between fuel assemblies should be carried out only between
the different years of firing of these fuel assemblies. In the current configuration, the redistribution of the required
technological parameter A, will occur as the arithmetic mean between adjacent cells.

The above expressions are applied to the sector number of the 60° segment symmetry of the nuclear reactor core
X. There will be no differences between the sector numbers of the 60° segment symmetry of the nuclear reactor core X,
since they are all identical and almost completely repeat themselves.

The obtained expressions can be applied to other mathematical models of the reactor in order to determine the
value of the required parameter in a specific unit cell, and, accordingly, in y(1 ... 10) number of the nuclear reactor
core in height; x(1 ... 6) sector number of the 60° segment symmetry of the nuclear reactor core and finally z(1 ... 4)
serial number of the fuel assembly group within the sector.

4. Mathematical model of reactor kinetics

The application of perturbations to the reactor leads to a change in the neutron flux density. In this case, for each
zone, the regularity of this change is described by a system that combines seven nonlinear differential equations of the
first order, which take into account the six groups of delayed neutrons 2°U [3]:

+ X514 G

do _ (p(D)=Pey) P(x)
dr 1
acj _ e
dr 1
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where @ is the average neutron flux density, cm “sec™; p(7) is reactor reactivity, in relative units.; Bes is the total
average number of delayed neutrons, in relative units.; g; is the proportion of delayed neutrons of the j-th group, in
relative units; 4; is the decay constant of the precursors of the j—th nucleus—precursor of delayed neutrons, sech; Lis
neutron lifetime, sec; j is delayed neutron group number, j=1...6; C;(7) is the effective concentration of precursor
nuclei of delayed neutrons of the j-th group, 1/ cm?- sec.

y=1...10

Fig.4. Distribution of parameters between the layers of the nuclear reactor core of the pressurized water reactor
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However, it is known that **Pu is formed in a nuclear reactor, which runs on natural or low-enriched uranium
that contains mainly the isotope U, when capturing excess neutrons. During this, the following nuclear reactions
take place:

1 238 239 239 - =
N+ 5U—> LU Np+e +v,,
239 239 - =
s Np — 5, Pu+e +v,. )

Therefore, the above-mentioned system of seven nonlinear first-order differential equations does not take into
account the change in neutron flux density from the reactions of formation and fission of **Pu nuclei. To obtain a
mathematical model of the kinetics of the reactions of formation and fission of %°Pu nuclei, the above system of
differential equations was used and such a system of equations remains unchanged except for other constants and the
proportion of delayed neutrons of the j-th group. An updated system for changing the neutron flux density is
proposed, which combines fourteen nonlinear differential equations of the first order, which include six groups of
delayed neutrons °U, and six groups of delayed neutrons **Pu,and allows you to control the change in neutron flux
density from the reactions of formation and fission of 2°Pu and ?**U nuclei.

The mathematical model of reactor kinetics, which allows taking into account the change in isotopic composition
from the fission reaction not only from ?**U but also from ?**Pu, which is formed in the core, is supplemented by
differential equations:

A5 _ (p(D)=Bs) Dis(D)
o= N Ay s (D) @)

dCijs _ Bjs Pis(1)

o= = Ays - Gy s(T); (4)

ddig _ (p(1)—Po) Pio(T)
2y _ COPIDW 4 56 ), o CoyolD); ©

dc.'.' ﬁ.' .@.' (T)
— = = A Cjo (D), (6)

where @; = @; 5 + @, 4 is the total average neutron flux density in the unit cell of the nuclear reactor core, cm ?sec?;
@, 5, ;o are the average neutron flux densities, respectively, for 2°U, **Pu, cm ? sec™’; p(z) is the reactivity of the
reactor, in relative units; Bs, B, are the total delayed neutrons fractions, respectively, for 2°U and ?°Pu; [ is neutron
lifetime, sec; 4,5, A;5 are decay constants of the neutron precursor nuclei precursors, respectively, for delayed 25y
and **Pu, sec™’; C;;5(7), C;;o(7) are effective concentrations of delayed neutron precursor nuclei of the j-th group,
for ®°U and **Pu, respectively, in the unit cell of the nuclear reactor core, 1/cm* sec; B; s, B, are the fractions of
delayed neutrons of the j-th group, respectively, for >**U and ?°Pu. The formation of ***Pu from ?*®U is described by
the following system of differential equations:

(% =—Nig-0rg P —Nig- 0.5 Dj; @)
% =Nig-0cg i —Ay—o - Niy-o; (8)
dl\;l% = Ay-9 " Niy-9 = Anp - Ninp; ©)

L d::g = Anp *Ninp = Nig " 0p9- @y = Nig - 0c9 - Dy, (10)

where Ng, N;y_o, Ninp, Nio are the average atomic concentrations, respectively, **°U, U, **Np and**Pu, cm®;
Org, Ofo Are Microscopic cross sections of the reaction of separation, respectively, for **U, *°Pu, 10 cm?
0.5, O, are Microscopic cross sections of radiation capture, respectively, for *°U, **pu, 10

cm’; Ay_o, Ay, are
radioactive decay constants, respectively for ?°U and®*°Pu, sec .



Simulation of Pressurized Water Reactor to Find the Best Control Solution 131

Differential equations of ***Xe operating speed at ?*°U and ?*°Pu distribution reused, which are presented as:

dN;
d—;l's =Pps @055 Nis — A - Niygs; (11)
dN;
% =4 Niys —Axe * Nixes — D 0gxe * Nixes; (12)
dN;
d—lr'l'g =P Dy 059 Nig— A+ Nijo; (13)
dN;
% = Pxeg - @i+ G- Nig + ArNijo = Axe " Nixeo — @i * g xe * Nixeo (14)

where N;,,dN;, o are the average atomic concentrations of **°I in the fission reaction, respectively, for **U and
9Py, cm%; N xes,Ni xe0 are the average atomic concentrations of ***Xe in the fission reaction, respectively, for *°U
and **Pu, cm®; P, 5, P, 4 are the probabilities of ***I formation during the fission reaction, respectively, for **U and
29PU; Pyes, Pxe are the probabilities of ***Xe formation during the fission reaction, respectively, for *°U and *°Pu,
cm®; 6,xe, 055 are microscopic absorption and separation cross sections, respectively, for **Xe and *°U , cm?
N; 5 is the average atomic concentration of 25, em?; ;, A, are the radioactive decay constants, respectively, for
135I,135Xe, sect

5. Mathematical model of energy release

The fission of fuel nuclei during the operation of the reactor causes the release of heat. The introduction of the
main share of thermal energy is provided by the kinetic energy of fission fragments (85 %). There is an almost
instantaneous conversion of this energy into heat. At the same time, this process is accompanied by the release of
energy, which is associated with radiation (0.7 %). The deceleration of fission neutrons is accompanied by the release
of about 2.6 % of thermal energy.

It was decided to use the model of energy release, which uses the following equation to calculate the energy
release of the nuclear reactor core:

Qi(@) = Dy(t) - V; - Xf - Ey, (15)

where V; is the volume of the unit cell of the core, cm?; X is macroscopic cross section, cm™; Ej is fission energy of
one nucleus, J.

However, this expression included only the energy release of U decay in the core of the nuclear reactor core.
To calculate the energy release in the nuclear reactor core during the decay of **°Pu, the above equation was used with
other coefficients of the equation. The mathematical model of energy release taking into account energy release both
at fission of “°U and “*Pu nuclei is received:

Qi(@) =Di(1) Vi - (B Eps + 2o Efo), (16)

where Zf 5,Z; o are macroscopic cross sections, respectively, for 2°U and **Pu cm™; E; s, E; o are fission energy of
one nucleus, respectively, for ***U and *°Pu, J.

6. Mathematical model of energy transfer to fuel and coolant

In paper [1], the equation of heat balance for fuel rods of the nuclear reactor core is proposed. However,
applying the division of the nuclear reactor core into layers by height, sectors of the segment of 60 ° symmetry and
sections of the group of fuel assemblies within the sector, the equation takes the below form:

dti'
Lt Fi(tiy = tiw); (17)

Qi(¥) =cpyp-myf-

dt; 2-c ‘m;
a-Fi(tip —tiw) = Cpw "My 'ﬁ + % (tiw = tiwin) (18)
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where ¢, ¢, ¢, are specific heat capacities, respectively, of fuel and coolant, J/(kg-K); m;, m;, are masses,
respectively, of fuel and coolant, kg; t;f, t;,, are temperatures of fuel and coolant, respectively, °C; t;,, i, is coolant
temperature at the inlet, °C; a is heat transfer coefficient from the surface of the fuel rods to the coolant, W/(mz-K);
F; is the surface area of the fuel rods that transfers heat, m?; 7, is the time of passage of the coolant through the cell of
the nuclear reactor core, sec.

7. Mathematical model of reactivity effects
Perturbation of the reactivity of the nuclear reactor core consists of the sum of the effects [6]:

8p; =8pir +8pip +6pin + 8pixe + Opis (19)

where 8p; ., 8p;p, Spin, Opixer Opic are the reactivity effects introduced, respectively, by the regulatory group of
organs of adjusting of control and protect system, the concentration of boric acid in the coolant of the primary circuit,
the change in reactor power, the concentration of toxins in the fuel, the change in temperature of the coolant of the
primary circuit.

To calculate the reactivity introduced by the regulating group of organs of adjusting of control and protect
system, the following equation was used:

9pi
8pir = 5 Shiy, (20)

where ;h# is coefficient of reactivity from the position of adjusting organs; &#4;, is deviation of the position of

adjusting organs.

To calculate the effect of reactivity, which was introduced by changing the concentration of boric acid in the
coolant of the primary circuit, the equation was used:

9pi
8pip = 5¢-6Ciy, (21)

where aacﬁ is reactivity coefficient from the concentration of boric acid; §C;;, is deviation of boric acid
i,b

concentration.

The effect of reactivity from changes in reactor power [3], [4] is as follows:
9p;
Spin =55 ON, (22)

where 0—’;; is reactivity coefficient of reactor power; 6N is deviation of reactor power.

The change in reactivity as a result of poisoning of the nuclear reactor core with xenon is defined as:
ap
api,Xe = maNi,Xe' (23)

where aN—p is reactivity coefficient of ***Xe concentration; §N; v, is deviation of ***Xe concentration.
Xe

To calculate the effect of reactivity introduced by the change in coolant temperature [3], [4], the differential
equation was used:

9pi
8pic = 5o+ Otiw, (24)

6 .
where f d

Oty

is the reactivity coefficient of the coolant temperature; &t;,, is deviation of coolant temperature.
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8. Simulation model of the distributed core of the reactor

Using equations (1)-(24), a simulation model was built, which allowed simulating the necessary processes
associated with the nuclear reactor core. Figure 5, as an illustration, shows a diagram of a simulation model of one
group of fuel assemblies of the symmetry sector within the symmetry sector and the height layer of the nuclear
reactor core, which allows simulating a model of a nuclear power plant with a pressurized water reactor with a
distributed reactor core.

The model of one group of fuel assemblies of the symmetry sector within the symmetry sector and the height
layer of the core (see Fig. 5) consists of 21 differential equations, 3 input parameters (5h, 6C;,t; ) and 4 output
parameters (®; , Q;, tiwou tif). The behavior of the neutron field depends on the formed effects of reactivities,
which are shown in Figure 5. These intrinsic effects of reactivity are able to change the thermal power without a
control system, so it is especially important to control the change in such reactivities, because they affect the stability
of the reactor in the transition from one power level to another [5]-[8].
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Fig.5. Scheme of the simulation model of the proposed unit cell

To calculate such initial parameters of the model as A0, @;, Q;, t;w,out» tir the following equations are used:

AO — (Z(}%GZZ):lZE:1(an,xb,zc,t0p))_(zil=1 2§=1Z§=1(an,xb,zc,bot)) . 100%, (25)
(Za=6 Yp=1 Zc=1(an,xb,Zc,t0p))+(Za=1 Yp=1 Zc:l(an,xb,zC,bot))
D; = X321 Yh 22=1(@ya,xb,zc); (26)
Qi =221 %51 23:1(an,xb,zc); 27
2y26 X5=127=1(tyxzwout)
WUt = (10 )+ (2 1)+ (Thon ) @8
2;162?(:12;:1(':3/)521‘)
- xzf) 29
A TR WIS e =
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9. Simulation results

The results of the comparison of the change in the position of the regulating group of adjusting organs and the
axial offset during the daily maneuver at the time of the simulation, which operates by the method of control with
constant steam pressure in the second circuit, are shown in Fig.6 and Fig.7. In addition, the result of changes in the
concentration of boric acid during the daily maneuver with two control methods is shown, which is presented in
Fig.8. Fig.6, Fig.7 and Fig.8 show the following curves of modeling the daily maneuver: 1 - with a constant
temperature of the coolant at the reactor inlet; 2 - with constant vapor pressure in the second circuit.

8 -
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Fig.6. The result of changing the axial offset during the daily maneuver.
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Fig.7. The result of changing the position of the regulatory group of adjusting organs during the daily maneuver.
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Fig.8. The result of changes in the concentration of boric acid during the daily maneuver.

10. Conclusion

A vertically distributed model of a pressurized water reactor has been developed in the form of systems of
differential equations with relative state variables that in a given number of vertically distributed zones describe the
neutron Kinetics of the reactor, gradual heat release, thermal processes in fuel, shells and coolants, changes in xenon
and boron. Distributed mathematical model of the reactor, allows calculating the axial offset as a quantitative measure
of a nuclear reactor. For ten vertically distributed zones the following are analyzed: neutrons and thermal processes in
the reactor core, as well as the change of axial offset during the discharge of the reactor load under the influence of
the movement of the rods and increasing the concentration of boric acid.
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MopesroBaHHS BOJ0-BOAAHOI0 SAICPHOI0 PEaKTOPA /ISl 3HAXOMKEHHS
HAMKPALIOro pillIeHH 3 YIPAaBJIIHHSA

Tas Iletik, Bikropis Baraman, Koctsutun berimos

Hepoicasnuii ynisepcumem « Odecvka noaimexuikay, npocnekm Tapaca Lllesuenka, 1, Odeca, 65044, Yrpaina

AHoTaNis

OCKUTBKH OJHOYACHO HEMOXKIIUBO KOHTPOIFOBATH BCi TEXHOJOTIYHI 1 TEIDIOBI MapaMeTpd POOOTH SIEPHOTO

peakTopa, Oyna po3poOieHa BepTHKAIBLHO PO3IOIUICHA MOJENb YIPABIIHHS SAEPHUM PEAaKTOPOM, IO 03BOJISIE
BU3HAYHUTH aKcianbHUI oceT Ta nmpoaHanizyBaT IMOBEAIHKY TEIUIOBHX 1 HEHTPOHO-(I3NYHUX MPOLECIB OKPEMUX 30H
aKTHBHOI 30HU NpU OOPHOMY DPEryJIIOBaHHI 1 MepeMillleHl CTPWKHIB, a TaKOX PEryllioBaTH MOTYXKHICTh SIEPHOTO
peaxtopa. [l IecsiTi BEpTUKAIBHO PO3MOAIICHUX 30H MPOaHali30BaHi HEUTPOHI 1 TEIUIOBI MPOIIECH B aKTHBHIN 30HI

peakTopa, a TaKoX 3MiHa akciaJbHOro odceTy NMpH CKUIAHHI HAaBaHTa)XCHHS peakTopa IiJ BIUIMBOM IepeMillleHHs
CTPWKHIB Ta 30UIBIICHHS KOHIICHTpAIlil OOpHOI KUCIOTH. MeTa qaHoil myOJikallil moysirae B po3poOili BEpTHKAILHO
PO3MOAITICHOT MOJIeNi 00’ €KTY Ta BUKOPUCTAHHI 1H(QOPMAIIITHOT TeXHOJOTII IS 3HAXOKESHHS HAWKPAIIOTO PilIeHHS
3 YIpaBJIiHHS BOAO-BOASHUM CHEPreTUYHUM PEAKTOPOM.

KoarouoBi cioBa: BepTHUKalbHO PO3MOJIEHA MOJENb; BOJO-BOASHUI ESHEPreTUUHHH peakTop; aKcialbHUM

odcer; KOHIIEHTpaIlist 00pY 1 KCCHOHY.



