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Annomayua. B paboTe NpeACTaBIeHBI pe3yibTaThl HCCIEAOBAHUH (U3MYECKUX SBICHUMH,
OIIpEeNSIONNX TapaMeTpbl KCEHOHOBBIX KojeOaHui. B ToM wmcie yTroyHeHa 3aBHCHMOCTB
HEUTPOH-HO-(DU3NYECKMX  XapaKkTepUCTHK  akTUBHOM 3oHel  BBOP-1000 (1200) ot
TEeMIEPaTypHOTO paclpeieNeHlss B TOIUIMBE W €ro BIMAHMA Ha IapaMeTphl KCEHOHOBBIX
IpoLeccoB B 30He. Pa3paboTaH ycOBEpIIEHCTBOBAHHBIM METOA pacdyeTa pPEe30HaHCHOTO
nornomenus B %UO02  (3peKT NOIUIEPOBCKOM  PEAKTHMBHOCTH) C  HEOJHOPOIHBIM
TeMIIepaTypHbIM TpodmieM. Pe3ynpTaThl pacuera mapamMeTpoB KCEHOHOBBIX KoyieOaHUH ObLIHM
paccuMTaHsl C  TOMOINbIO  KoMIUlekcHoW — mporpammbel  PROSTOR.  Bammpnocts
YCOBEPIIEHCTBOBAHHOI'O METO1a Oblla IIPOBEPEHa IyTeM CPAaBHEHUS PACCUUTAHHBIX [1apaMeTpOB
KCEHOHa C Pe3y/lIbTaTaMH HW3MEPEHUH, MONyYeHHBIMH MpPU ITyCKOHAJIAIOYHBIX MHCIIBITAHUAX
sHeprobmokoB peaktopa BBOP-1000. Pesymprarel mokazamu Oojiee TOUHBIA  pacuer
pe3onancHoro moromenus B 28U02, OHU 3HAYMTENBHO YMEHBLIAIOT CTAOUIIM3AIMIO YIUPEHHS
sadpdekra [oruepa, crenoBaTenbHO, 3TH (AaKThl UMEIOT JKM3HEHHO BaXKHOE 3HAYCHHE B CIydae
paboTHI peakTopa B MAHEBPEHHBIX PEXUMAX, COIPOBOXKIAIONIEr0CsSd KCEHOHOBBIMH IIPOLIECCAMHU B
aKTUBHOW 30HE. YCOBEPLICHCTBOBAHHBIM CIIOCOO BHEAPEH B KOMIIBIOTEPHOE MPOTPaMMHOE
obecnieuenne I[lonmHoMacmTabHOro TpeHaxkepa 3-ro sHeprotnoka PocroBckoit ADC wu
noJHoMacIiTabHoOro TpeHakepa 4-ro sHeprotnoka Kamuuunckoit ADC. Meroj 6611 0o1poOoBaH B
XO7I€ IPHEMO-CATOYHBIX UCIBITAHUH 3THX MOJIHOMACIITAOHBIX TPEHAXKEPOB.

Kuniouesvie crosa: BBDOP-1000, kceHOHOBBIE KoneOaHWs, peakTHBHOCTb, 3¢dekt [omepa,
pacnpezelieHre TeMIepaTyphl TOIIINBA.
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Introduction

This study, as well as other similar studies, relates to the problems of determining the
so-called «small effects» in reactor physics. In most cases, small effects are usually limited to
reactor operations and manual troubleshooting, or minor design changes of certain units of
nuclear power plant. However, the appearance of small effects is not only a result of
manufacturing tolerances and structural failures but also physical phenomena, which are
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unaccounted in the computational justification of the NPP project, and important for some
operational modes. These phenomena are clearly seen when the reactor operates in load
following modes [1, 2], which induce axial Xenon oscillations. Nowadays one of the main
requirements for current NPP designs is to operate on load-following mode, in order to be
able to adapt daily, and seasonal electricity supply, or any other variations in power demand.

Many studies have investigated the influence of fuel temperature distribution on
resonance capture by U-238 [3-6]. The steady state radial temperature distribution across the
fuel pellet forms a parabolic curve, in which the center of the fuel pellet acquires the highest
temperature, which decreases down to its minimum value at the pellet surface.

In order to study temperature profile across the pellet, 1D cylindrical heat conduction

) ) D ) . dr
equation with a heat source (q) is utilized with a zero-gradient temperature at the center =

0, and a defined heat transfer coefficient at the surface (h) — equation (1). The presence of
forced convection at the surface justifies the temperature drop across the pellet. Thermal
conductivity (1) is assumed to be constant.

_ Tot+q/4r?
T(r) = e/ (M

where rp — the outer radius of the fuel element, To — the surface temperature of the fuel
element.

Fuel temperature distribution can be constant along to the radius only in the absence of
heat release in the fuel pellet or in a very rapid growth of heat release (acceleration at prompt
neutrons) from the cold state of the reactor without power from fractions of a second.

Complex program PROSTOR was adopted in modeling. The main goal of the program
PROSTOR, is the implementation of coordinated both neutronics and thermal hydraulics
calculations of stationery and transient processes in primary system equipment to integrate
modeling of protection and control system work at NPP with WWER-1000 [7, 8].

Methodology

Stationary and dynamic processes occurring in the reactor require thermal hydraulic
calculations to find temperature and power distributions in the core. Accordingly, these
calculations will be used to find all constants the averaged fuel temperature as shown
in equation (2).

= JT()rar
r= frdr '’ 2

equation 2 shows that temperature distribution T(r) can differ depending on the power density
of the fuel pellet and/or the heat transfer coefficient at the pellet surface, and this change in
the temperature across the pellet might neutron capture cross section in the fuel. In other
words, the lower the temperature near the pellet surface, the lower the probability for
resonance capture. However, external fuel layers shield the central regions of the fuel; thus,
the effect of resonance broadening is lower in the central regions.

In WWER-1000 [9], reactivity feedback due to fuel temperature is mainly caused by
resonance capture of neutrons and a first approximation of the resonance absorption integral
is shown in equation (3), where T is assumed to be 293 K.

I(T) = I(To)(1 + B(NT = JTy), 3)

where, I(T), I(To) are the temperature dependent resonance absorption integrals;
B is an experimentally measured constant factor.
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This expression implies that the whole region is occupied by a fuel of the same
temperature.

Temperature distribution and resonance absorption

Temperature profile along the fuel pellet radius is calculated, which is necessary to
correctly calculate heat flows into the coolant and to determine the maximum fuel
temperature. This is solved numerically for more accurate calculations in the case of non-
stationary heat transfer equation, at least for one-dimension.

During preparation of neutron cross section libraries, a series of fuel cell calculations is
conducted with different values of the fuel temperatures, which is held for the whole fuel
volume. Therefore, neutron cross sections used in the neutron-physical calculations, which
correspond to the fuel cell, are related to the same temperature in the whole fuel cell volume.

Calculating the temperature profile for neutron cross sections preparation stage is
unreal; because it could be the most diverse profile depending on the local power varying in
the core, see figure 1. Therefore, another way is suggested to calculate the real temperature
profile, which will be used to calculate the neutron cross-sections in the resonance energy
region.

Different variants
of the temperature
_profile in the fuel

element at different
- power levels

Fuel Tempruture

Fuel Pellet Radius

Figure 1 — Variants of the temperature profile in the fuel

There are a couple of factors to determine the temperature distribution in the fuel cell.
Starting from the second equation, the neutron resonance capture is proportional to the

value ,/T(r) in the case of homogeneous distribution of a neutron collision density in
the resonance region. This leads to a decrease of the resonance capture probability compared
to the resonance capture calculated over an average temperature.

Self-shielding effect should be put into considerations as a factor. Self-shielding plays
an important role, where it reduces neutron capture near the center of the fuel pellet compared
to the surface. This in turn leads to a decrease in the total resonance calculated depending on
the average temperature.

Based on this, the effective fuel temperature should be evaluated, which is
homogeneous over the fuel volume, where the value of resonance capture is the same as in the
real radial profile.

Accordingly, it could be possible to use the effective fuel temperature for the
interpolation of neutron cross sections in the complex codes, which are prepared using
spectral program, regardless of the Doppler Effect value distortion.

Reference [3] proposes that the infinite multiplication factor K«, which is calculated in a
regular fuel cell has the same value in both cases, either K« regarding the effective average
temperature, or in the case of actual parabolic temperature profile along the radius of the fuel.
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It was also concluded that there is a more accurate approach for temperature averaging
than the illustrated above in equation 2, because equation 2 doesn’t consider the weighting
factor as in equation 3. The effective fuel temperature was estimated as follows:

__ JT@) e()rdr
P [ o(r)rdr

(4)

where the weighting factor formula: ¢(r) = 1/,/T(r) .

This is considered as the currently accepted method. However, Thisapproach does not
the effect of self-shielding in the fuel. This concerns the effect of scattered neutrons in the
water, which have reached the surface of fuel pellet, falling into the resonance.

Accurate calculation of the fuel temperature profile along the fuel radius requires a
more detailed partitioning of the fuel radially than what was done in [3], division of the fuel
pellet into 8 layers leaves each layer optically "gray" for resonance neutrons.

A simplified model was developed to calculate the resonance neutron absorption of the
resolved-resonance region in the fuel pellet.

Parameters of WWER-1000 type fuel cell (fig. 2), and eight resolved resonances of 238U
from 6 ev to 200 ev were taken into consideration.

Neutrons will be divided in two categories depending on whether they scattered in
moderator or in the fuel, where they will fall in eight resolved resonances of 238U.

| r- cladding

- fuel element

water

< 1.275cm

Figure 2 — WWER-1000 fuel cell

Now, the effective fuel temperature can be estimated with a non-uniform temperature
profile. The total number of neutrons that absorbed by the energy region of 8 resolved
resonances is:

8 8

F(TOITll ""TN) = % (1—0!) EIS_]'(TO'Tl' ""TN)+ a EIM]'(TO'TI'""TN) ,(5)
\ j AL

Jj=1 j=1

where: h;  The width of the j-th resonance;
E; j-thresonance peak energy;

T, The value of temperature at the surface of the fuel pellet;
Ty The maximum temperature in the fuel pellet (k);

V Ty /300 broadening of the resonance with increasing temperature.

The parameter a is defined as follows:
SUOZ z'SIJOZ

= Su,0 — The area occupied by water in a regular fuel cell;
PySh,02s0,0 + Svo,25v0,

Zsu,0 = 2sn, + 250 — Macroscopic scattering cross section of neutrons in the water;

I'JIOBAJIbHAA SAJIEPHASI BESOITACHOCTD, Ne 4(45) 2022



BJIMAHUE 3ABUCUMOCTU PACITPEJAEJIEHIA TEMIIEPATYPBI TOIUIMBA 73

Syo, — The area occupied by the fuel in a regular fuel cell;
Zsyo, = Zsu + Zso, — Macroscopic scattering cross section of neutrons in the fuel;
p ndy 1
v T[dU + 2\/—}12 f T[dU
h20"L T ndy + 2V3h
_ 2v3h% —mdj
Y 2V3Bh + mdy

dy — Fuel pellet diameter, dr — Cladding outside diameter;

N

Isj = \/To/Tn Wjo(Ro, Ty) + E(JTi/TN ~ VTt /Tw)Wi (R, T)) Hllpjk

Pi ~]_[ Rie/Ris = RifRo

T T
E RZAR(fW,l(RL,TH E jT::—/“)W,k(Rk,T) 2)

k=i+1

N
T, T, [T, 2R,
+ T_NWji(Ro —R;,Tp) + ( T, T)I/ij(Rk_Ri'Ti)) / R_gARi
=1
=1

The value Ly is the absorption probability of neutrons that scattered in the fuel in one of
the 8 resonances with a non-uniform temperature profile along the radius, and the value Ig; is
the absorption probability of neutrons that scattered in the water in one of the 8 resonance
with a non-uniform temperature profile along the radius. Then the absorption probability in
each fuel layer:

0,(300),/300/T; ¢;
M/ji(RilTi) = T( ) / i ,ei = ZRi,
1 + 6,(300)/300/T; ¢;

where T; — The value of temperature in i-th layer of the fuel pellet;
0,(300) — A resonant absorption cross section at T=300 K.

0,(300),/300/T, ¢;
Wik (R, — R;, Ty) = i =2 —Ry),
1+ 06,(300),/300/T, ¢;

where R; — The radius of fuel pellet in i-th layer.
The effective temperature value is substituted in equation (5), and then another equation

that has the same parameters as equation 5 except one parameter (Terr) was obtained to
determine its value:
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8 8
Ters h h
F(Terr) = 300 (1-a) EjISj (Tesr) + @ EjIMj(Teff)
o1 =1
Isj(Tesr) = Wijo(Ro, Tefy)
N N
R, 2R
Ivj(Terr) = ( R_gARi(VVji(Ri:Teff) +Wji(Ro — Ry, Tegp))/ R—gﬂRi
=1 . . =1
h h
Fo(Tesr) = (1 —a) Elsj' (Tesr) + @ EIMj(Teff)
j j
o1 o1

jeff
1 (10121""'21\1) BOOIO(Zeff) (6)
Xenon oscillation

Xenon oscillation can be represented as a convergent or divergent harmonic oscillation
in the following form:

A(t) = A(to)exp(a(t — to))cos(w(t — to)) (7

where A(t) = Ao(t) — Ao *;

Ao(t) — The absolute value of the offset at the time t;

Ao * —The equilibrium offset;

to — The moment of reaching first absolute;

w = 21 [/Tx,; Txe — the period of xenon oscillations;

a — stability index, a = T-1xIn(A2/A1), Al is the amplitude of the first maximum,
A2 is the amplitude of the second maximum. a defines the type of harmonic oscillation, if o >
0 oscillation diverges, and if o < 0 oscillation converges.

Xenon oscillations were excited by the immersion of the control rods (CR) for 20 % of
the reactor height. Due to this the configuration of the axial power distribution was changed,
and then control rods were maintained for 3 hours. The reactor power was set to be 75% by
changing the critical concentration of boric acid.

Axial oscillations are described by axial offset-AO (the percentage of the power
difference between the upper and lower halves of the core to the total power) [10-13].

Results

The results for Xenon oscillations were obtained during the commissioning tests for the
first cycle of Rostov’s NPP 3™ unit and 9™ cycle for 3rd unit of Kalinin NPP. The calculations
were done using three methods; the effective fuel temperature, the currently accepted method,
and by the proposed method in this paper (equation 5). The calculations were performed using
"PROSTOR".

Figure 3 shows the axial offset as a function of time for Xenon oscillations of the initial
core for 3™ unit of Rostov NPP at 75% of nominal power. It can be noticed that there is a
significant difference in Xenon oscillations among the three methods. Furthermore, the
improved method indicates the importance of considering the dependence effective
temperature value on the coolant density to obtain more accurate results for the neutron flux
distribution.

I'JIOBAJIbHAA SAJIEPHASI BESOITACHOCTD, Ne 4(45) 2022
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Figure 3 — Axial offset as a function of time of the initial core for 3rd unit of Rostov NPP at 75% of nominal

power

Figure 4 shows the axial offset as a function of time for Xenon oscillations at the end of
9™ fuel cycle for 3™ unit of Kalinin NPP at 100% of nominal power.

S | W@t for tenth groups CR T

 — ™
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= The effective Pt
= temperature is equal the -
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Figure 4 — Axial offset as a function of time at the end of 9th fuel cycle for 3rd unit of Kalinin NPP at 100%
power

Table 1 shows the main parameters of xenon oscillations at 75 % of nominal power
during commissioning tests for the 3rd unit of Rostov NPP.
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Table 1 — the parameters of xenon oscillations at 75% of nominal power at the beginning of the initial core for
3rd unit of Rostov NPP

Calculation method
Oscillation The effective The currently The Program
Parameters temperature is equal the|  accepted improved Experiment (Ii)
average temperature method method

The period of
Oscillations [hr] 31.08 30.61 30.34+A1 30.2 30.50
[Slt;l}?r‘]hty Index -0.052 0044 | -0.0401+A2 |  -0.040 -0.030
Equilibrium
offset [percent] -4.20 -4.25 -3.98 -4.81 -5.60

Program (IR) — staff program of support for NPP operation with WWER-1000(1200).

Where, A1=0.21 hr, A2=0.0012 1 / hr- standard deviation from verification data of
software complex PROSTOR. The stability index is the main indicator of the reactor stability
with respect to Xenon oscillations.

Three methods of Doppler Effect modeling were considered to obtain different values
of stability index: 11, 12, I13. The improved method gives the value of I3. Standard deviation
A2 calculated from the experimental data, is established from verification data of software
complex PROSTOR. If the difference between the values obtained of the three methods is
significantly greater than the value of 3A2, it can be argued about the advantage of the chosen
method of calculation:

If |[13-12]>>3A2, [13-11>> 3A2, then I 3 is preferable.

Table 2 shows the difference between the values of Kesr for the end of 9th fuel cycle for
3™ unit of Kalinin NPP at 100% nominal power by using different methods for calculating the
effective temperature. The same table shows the critical concentration of boric acid that was
obtained for the same state of the reactor core by using different methods for calculating the
effective fuel temperature.

Table 2 — Kalinin NPP core parameters at the end of 9th fuel cycle for 3rd unit of Kalinin NPP at 100% of
nominal power

Calculation method
Parameters of the reactor core The effective temperature The currently The improved
is equal the average temperature | accepted method method

AKeff, % 0 0.16 0.23

The critical concentration of boric 708 812 8.19
acid, g/ Kg

The average egfectlve fuel 790 745 720
temperature, ¢

Conclusions

The most important result of the research is that method of accounting the influence of
the temperature distribution in the fuel WWER reactors on the resonance capture of neutrons
was constructed, which is different from the currently accepted methods in that it takes into
account the fuel lattice parameters and the distribution of thermal parameters along the
volume of the reactor core. This method does not require special configuration of the model
when switching from one type of fuel element to the other and it takes into account effect of
Doppler broadening on reactivity coefficients in the presence of fuel temperature profile in the
emergency situations related to dehydration of the reactor core.

These results showed that a more accurate temperature distribution calculated in fuel
significantly reduces the stabilization of Doppler Effect. This fact becomes particularly
important in the implementation of the daily power control during load following modes. This
is implemented in new NPPs generation.
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The improved method for calculating **UO2 resonance absorption with a Nonuniform
temperature profile is implemented into the computer-software of the full-scale simulator of
Rostov NPP 3 Power unit and the full-scale simulator of the 4™ Power unit of the Kalinin
NPP. The method was tested during acceptance tests of these full-scale simulators.
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Abstract. This paper presents the results of the influence of reactivity on fuel temperature distribution
for the neutron-physical characteristics of WWER 1000-1200 cores, which in turn affects the
parameters of Xenon oscillation. The improved method for calculating Resonance Absorption in a
23U02 (Doppler reactivity effect) with a Nonuniform Temperature Profile are developed. The
parameters calculation results for Xenon oscillations have been calculated using complex program
PROSTOR. The validation of the improved method was examined by comparing the calculated xenon
parameters to measurement results obtained during commissioning tests of WWER-1000 reactor power
units. Results showed a more accurate calculation for the Resonance Absorption in a 23¥UQ2, they
significantly reduce the stabilization of Doppler Effect broadening, hence these facts, are vital
importance in the case of load following mode accompanied by Xenon processes in the core. The
improved method is implemented into the computer-software of the Full-Scale Simulator of the 3™
Power Unit of the Rostov NPP and the Full-Scale Simulator of the 4" Power Unit of the Kalinin NPP.
The method was tested during acceptance tests of these Full-Scale Simulators.
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