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Introduction

The main requirement associated with the development and operation of nuclear
reactors is the control and containment of neutrons that sustain, and are also produced during
fission reaction. Boron is one of the few elements to possess nuclear properties, which proves
its consideration as neutron absorber material. Boron and its compounds boric acid, boron
carbide, rare-earth etc. Boron has two principal isotopes, '’B and ''B the effectiveness of
boron as neutron absorber is due to the high absorption cross-sections. The thermal neutron
absorption cross-section for '’B and ''B are 3837 barns and 0.005 barns respectively. The
neutron absorption of natural boron-containing 20% "B is sufficiently high ~ (4000 barns) in
the low neutron energy range to make it an excellent candidate for use in VVER reactors. In
addition to a high absorption cross-section, boron has another advantage over other potential
neutron absorber materials. The reaction products, helium and lithium are formed as stable,
non-radioactive isotopes. As they do not emit nuclear radiation, decay heating problems
during reactor shutdowns and transfer of depleted control rods are minimal. The (n o) reaction

sB%n'—,He*+;Li’'+2.4MeV

Short description of using program GETERA-93, WIMS-D/4 and SERPENT

The GETERA-93 program can be used to solve a wide range of tasks, both research and
applied. With its help, it is possible to study the neutron-physical characteristics of the
reactors at the cell and poly cell level. The algorithm for the multiplicity of the cell makes it
possible to simulate sufficiently large fragments of the reactor on a small number of cells. In
addition to calculations of the fragments of the reactor, the built-in algorithms allow modeling
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the burnup processes in the reactor and calculating the characteristics of fuel cycles: for
example, the coarse fuel burnup in reactors with cyclic and in reactors with continuous fuel
overload.

On the other hand, WIMS — the Winfrith improved multigroup scheme is a general code
for reactor lattice cell calculation on a wide range of reactor systems. In particular, the code
will accept rod or plate fuel geometries in either regular arrays or in clusters and the energy
group structure has been chosen primarily for thermal calculations. The basic library has been
compiled with 14 fast groups, 13 resonance groups, and 42 thermal groups, but the user is
offered the choice of accurate solutions in many groups or rapid calculations in few groups.
Temperature-dependent thermal scattering matrices for a variety of scattering laws are
included in the library for the principal moderators which include hydrogen, deuterium,
graphite, beryllium, and oxygen. The treatment of resonances is based on the use of
equivalence theorems with a library of accurately evaluated resonance integrals for equivalent
homogeneous systems at a variety of temperatures. The collision theory procedure gives
accurate spectrum computations in the 69 groups of the library for the principal regions of the
lattice using a simplified geometric representation of complicated lattice cells. The computed
spectra are then used for the condensation of cross-sections to the number of groups selected
for the solution of the transport equation in detailed geometry. The solution of the transport
equation is provided either by the use of the Carlson DSN method or by collision probability
methods. Leakage calculations including an allowance for streaming asymmetries may be
made using either diffusion theory or the more elaborate B1-method. The output of the code
provides eigenvalues for the cases where a simple buckling mode is applicable or cell-
averaged parameters for use in overall reactor calculations. Various reaction rate edits are
provided for direct comparison with experimental measurements.

Isotope “**U is described in the library by the recommended nuclide 2238 and has three
versions with different tables of resonance parameters — 2238.2, 2238.3, 2238.4. Resonance
tables 2238.2 were obtained from the UKNDL files, which are close to the corresponding
ENDF / B-4 data. Correction of this nuclide by the authors in the direction of decreasing the
resonant integral uniformly in all groups outside the connection with the files of the estimated
data led to the nuclide 2238.4. Calculations with its use gave more satisfactory results on the
criticality of experimental assemblies. In the library, there are two versions of the resonance
tables of the 235U - 235.2 and 235.4 isotopes. The authors recommend using nuclide 235.4.

Source of nuclide 235.2 is the UKNDL estimated data system. Nuclide 235.4 differs
from the nuclide 235.2 by a correction toward a decrease in the fission source in the resonant
groups by ~ 15%.

The SERPENT — Serpent code is written in standard ANSI-C language. The code is
mainly developed in the Linux operator system, but it has also been compiled and tested in
MAC OS X and some UNIX machines. The Monte Carlo method is a computing-intensive
calculation technique and raw computing power has a direct impact on the overall calculation
time.

Serpent was originally developed to be a simplified neutron transport code for reactor
physics application. The urnup calculation capability for the reactor was included. In present
time Serpent is used in a wide range of applications from the group constant generation to
coupled multi-physics application.

Description of the calculation model:

Active zone of the VVER-1000 contains 163 fuel assemblies. Every fuel assembly
contains 312 fuel rods. These 312 fuel rods are divided in four types Figure la. 1) Fuel rod
(UOy). 2) Fuel with gadolinium rod (UO,+Gd). 3) Guide channel. 4) Central tube. Absorber
materials (B, Dy, Ag etc) are put through the guide channel Figure 1b. In this calculation
model only calculated two dimensional cells without any height and compare the

I'JIOBAJIBHAA AJEPHA S BE3OITACHOCTD, Ne 2(35) 2020



UCCIEAJOBAHUE U3MEHEHUA KOHIUEHTPALIMUN ITOTJIOTUTEJIA 85

characteristics of Boron with Dysprosium, Silver etc. Fuel composition, which is used in the
calculation of reactor cell by the programs (GETERA, WIMS and SERPENT) shown in the

table 1.

Fuel rod
(285)

Fuel+Gd
27
Guide channel Guide channel
(18) B, Dy, Agetc
Central rod
Figure 1a: Fuel assembly Figure 1b: Fuel assembly with absorber element
Table 1 — Fuel composition
Parameter Name Value
Fuel enrichment 235U, Bec. % 4.95
The number of fuel rods, material, internal and external diameter of | 285, Alloy E110,7.80- 107 m, 9.10-107
the cladding of the fuel rod accordingly m

Number of tegs (fuel+Gd), material, internal and external diameter | 27, Alloy E1 10,7.80~10'3 m, 9. 10-10° m
of the cladding of the tegs (fuel+ Gd) rod accordingly
The internal diameter of the cladding of a fuel rod / teg (Fuel+Gd) 7.93:10° m

Fuel enrichment of tegs, 235U, Bec. % 4.0

ContentGd,03, Bec. % 8

Lattice pitch of fuel elements, 12.75-10°m

Guide channel: Its materials, internal and external diameter | Alloy E635, 13.0~10'3m, 11.0-10°m
accordingly

Central rod : Its materials, internal and external diameter | Alloy E635, 13.0-10°m, 11.0:10°m
accordingly

Calculation of the problems

In normal operation, the VVER-1000 reactor is operated by a nominal 100% power
(qy= 110 MWt/m”). It means that in Im’ volume power is approximately 110 MWt. If in this
time control (B4C) rods are inserted the reactor core then (mB) absorbs neutrons strongly. For
this reason, '’B absorber concentration is very low after 300 days. But when changed the
nominal power 90% (q, = 99 MWt/M"), 80% (q, = 88MWt/M") and 50% (q, = S5SMWt/M")
accordingly (Figure 2a), then in the reactor core number of neutrons are decreasing.
Consequently, the concentration of boron ('’B) was burned slowly. The result was calculated
by the program GETERA, WIMS and shown in Figure 2b.

Powe
120%y ¢ 100%
100% -
90%
80% -
(] NO%
60% \ 50%
40% ~—30% 50% ~ S
20% WIMS0% V SSSQETERA
90% \ 90%
0% T T T ' I T WIMIS0% 1 GBO7RA
0 6 12 18 24 O 100 WIS  DagoBETERA
Bogf)(;l 2b: Boron concentration in different power vs
Figure 2a: Power vs time Figure f:?)rrltlr 0‘; time by the programs GETERA and WIMS
rod
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When inserting the boron control rod in the reactor core, then strongly occurred the “o”
radiation (5B10+0n1—>2He4+3Li7+2.4MeV). This “a” radiation heated and scrammed the boron
control rod. That is why; Boron carbide is very good for scram. For this reason in the
emergency situation all boron carbide control rods insert the reactor core and stop the fission
reaction. But in the case of maneuvering mode heating up the boron control rod and destroyed
it. Consequently, the control rod needed the elementally change in the maneuvering mode.

Maneuvering is the process in which changes the power of a reactor. Without
maneuvering operation, in the reactor core, all control rods stay top level of the reactor core.
But in the maneuvering mode control rods are inserted in the reactor core. In maneuvering
mode within 1 day (24h), 8h insert the control rod in the reactor core as a reactor work by
50% power (55 MWt/m®); another 16h lifts up the control rod as a reactor work by 100%
power (110 MWt/m®) which is shown in Figure 3a. For the full company (300 days) result
was calculated by the program GETERA and WIMS and shown in Figure 3b.

Power p(th
1 230% 1 Maneuveri
100% 1en %_%— agiti’mde
(16h work 100% ’ GETERA
80% power) 04 Re Maneuveri
L 0;2 ng mode
60% —0 i . with
I -100 100 300  WIMS
40%
2}5 (;;lork Days
20% power
0% Hours
() T T T T T T 1

0 4 8 12 16 20 24

Figure 3b — Boron concentration vs time by the

Figure 3a — power vs time
programs GETERA and WIMS

But in this graph, it was seen that, if the control rod was made of only boron carbide
(B4C) and it was used in the maneuvering mode then the concentration of boron in the boron
control rod also lower after the full company. It is unpleasant for the reactor which discussed
above. For this reason, in the control rod mixed another chemical element Dysprosium (Dy)
Silver (Ag) etc.

Dysprosium (Dy) acts as a neutron absorber in nuclear fuel or in a reactor control rod;
moreover, Dy isotopes after neutron capture have a large capture cross-section. Therefore, Dy
can absorb neutrons continuously and effectively. This slow-burnout property is necessary for
a reactor control rod material. Dysprosium has seven isotopes, *Dy, *’Dy, '®Dy, *'Dy,
2Dy, 19Dy, and Dy have 0.056, 0.095, 2.34, 18.9, 25.5, 24.9, and 28.2% in natural
abundance respectively. The thermal capture cross-sections of Dy isotopes range from; 60 b
~"*Dy to 2500 b ~'*Dy. In the present time in the VVER reactor’s control rod used 50 cm
Dy,03 as a neutrons absorber Figure 4a.

Silver (Ag) is used in the control rods of nuclear reactors, acting as a very effective
neutron poison to control neutron flux in nuclear fission. When silver rods are inserted in the
core of a nuclear reactor, silver absorbs neutrons, preventing them from creating additional
fission events, thus controlling the amount of reactivity. As like Dysprosium; Silver is used
50 cm in the control rod Figure 4a.
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Absorber result for the B4C was calculated by the programs GETERA and WIMS
(Figure 4b). On the other hand Dysprosium and Silver absorber result was calculated by the
programs SERPENT and WIMS (Figure 4b).

p(Con)

1,05

Dysprosium(SERP
EXT)

m—— Dysprosium(WIM

—\S)ll SERPENT
( )

\\ s Sver(WIMS)
0,85
e Boron(GETERA)
0.8 \\ <

Q
JB’oron(WIMS)

Days

0,75

0 50 100 150 200 250 300

Figure 4b — Concentration of absorber (B, Dy and Ag) vs time by

Figure 4a — Boron carbide and Silver the programs SERPENT, WIMS and GETERA
oxide control rod with Dysprosium oxide

Compare of the scram efficiency

Boron carbide has a high absorption cross-section. So scram efficiency is also high. It is
used in the safety purpose. On the other hand, Dysprosium or Silver has low absorption cross-
section and scram efficiency is also low. For this reason control rod, which is used in the
maneuvering mode, is made of Dysprosium or Silver (Figure 4a). To compare the scram
efficiency of these elements need to calculate the next step.

In the first time without (B4C) absorber (Figure 5a) multiplying coefficient
KYWithout absorbery,aq calculated for the (300 days) full company and the calculated result was
shown in Figure 6a. Then with (B4C) absorber (Figure 5b) multiplying coefficient
KWithabsorber a4 calculated for the full company and the result was shown in figure 6b.

Figure 5a — Fuel assembly without absorber (in around Figure 5b — F‘}el assemply _With absorber (in
central circle 18 big circles are empty absorber) around central circle 18 big circles are absorber)

Then the scram efficiency of boron was calculated by the formula

With absorber _ ,-Without absorber
Ko Ko

AK= (

KWith absorber )%’
0
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and the result was calculated by the program GETERA and WIMS and shown in Figure 6¢. In
the same way; multiplying coefficient and scram efficiency for the Dysprosium and Silver
was calculated by the programs SERPENT and WIMS and shown in Figure 7a,7b,7c, and
8a,8b,8c accordingly. In here calculated only for a cell, not for the full reactor.

Without
Boron
carbide
GETERA

Without
Boron
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Figure 6a — Multiplying
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carbide vs time by the program
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Figure 7a — Multiplying
coefficient without Dysprosium
oxide vs time by the program

Figure 7b — Multiplying coefficient
with Dysprosium oxide vs time by

Figure 7c — Efficiency of
Dysprosium vs time by the

SERPENT and WIMS the program SERPENT and WIMS program SERPENT and WIMS
Koo Ko . .
124 0.04 . Efficiency %
’ =7 Vith -25,00%
Without | [0,935 Silver(SERP ’ ' ' )
1,22 Silver(S / ENT) 100 0 300
ERPEN 0,93
1.2 Y 0.925 \ / -27,00%
1,18 0.92 - Efficiency of
Without ’ e With Silver Silver(SERPENT)
1,16 siter | 0,915 - IMS -29,00% -
WIMS
1,14 0.91 1
0,905 -31,00%
1,12 - avs \ e Efficiency of
0 100 200 300 0.9 0 100 200 anoPas Silver Wims
. — -33,00% Days
Figure 8a — Multiplying

coefficient without Silver oxide
vs time by the program
SERPENT and WIMS
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Figure 8c — Efficiency of Silver vs
time by the program SERPENT
and WIMS
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Resultant Graph

The efficiency of Boron, Dysprosium and Silver are presented in one graph (Figure 9).
But in here seen that efficiency of Boron at the end of the company (EOC) is approximately
similar to the beginning of the company (BOC) of Dysprosium or Silver. In this point, it is
clear that in the bottom part of the control rod use the Dysprosium or Silver in the view of
maneuvering mode of a reactor.

Efficiency %
-22,00% tL

=== Efficiency of
Silver(SERPENT)
Efficiency of Silver WIMS

-27,00%

Efficiency of
Dysprosium(SERPENT)

-32.00% Efficiency of Dysprosium
A . .o e WIMS
Efficiency of Boron
-37,00% / GETERA
Efficiency of Boron
-42,00% ! ———h Days WIMS

Figure 9 — Efficiency of Boron, Dysprosium and Silver vs Time by the programs SERPENT, WIMS and
GETERA

Observation

In this work was used three programs GETERA, WIMS and SERPENT. The GETERA
program is used to calculate neutron physics at department No. 5 of the Moscow Engineering
Physics Institute (MEPhI). On the other hand, WIMS and SERPENT is an international
program. But the result shows that GETERA, WIMS and SERPENT are the same programs,
but slightly different for their own library system.

Result

The result shows that only the boron carbide (B4C) control rod (Figure 3b) is also
stronger absorber neutron in the maneuvering mode. That is why it is needed to modify the
control rod with the chemical element Dysprosium oxide (Dy,03) or Silver oxide (Ag,0O3) or
other chemical elements.

Conclusion
In this paper investigated the control rod burring in the maneuvering mode. In here used
two dimensional models. Calculation shows the flowing result-
- Boron concentration p(B) is decreased, for this reason effectiveness of Boron also
decreased.
- Dysprosium, Silver is better, because concentration of these materials decreased
slowly.
- Dysprosium, Silver is good materials for the power regulation during maneuvering.
The maneuvering method will allow operating a nuclear power plant to maintain the
balance of power in the energy system of a country weekly, monthly and yearly. For this
reason, now a day’s maneuvering is very important for the VVER reactor. The calculated
result was showed that boron carbide burning is very high during the maneuvering period.
That is why; must improve the construction of the boron control rod with other materials Dy,
Ag, etc as if burn slowly in the time of maneuvering. The VVER reactor has 12 regulator
groups that maintain the power of a reactor. Group numbers 1 to 8 (made of only boron
carbide) used in the emergency situation of the reactor. On the other hand, group numbers 9 to
12 (made of boron with Dy or Ag or other elements) used in the maneuvering operation
(when need the change the power of a reactor).

I'JIOBAJIBHAA AJEPHASI BE3OITACHOCTD, Ne 2(35) 2020



90

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

AHUCYP PAXMAH u np.

REFERENCES

Anisur R.S.K., Uvakin M.A. Analiz neopredelennosti v fizicheskom raschete yacheyek VVER v
yezhednevnom grafike manevrirovaniya [Uncertainty analysis in the physical calculation of VVER
cells in the daily maneuvering schedule]. 2018. Journal of Physics: Conference Series. 1133(1).
Ne 012048.

Anisur Rahman S.K., Uvakin M.A. Sravnite rezul'tat analiza neopredelennosti v fizicheskikh
raschetakh yacheyek VVER v raspisanii yezhednevnogo manevrirovaniya programmami GETERA i
WIMS. [Compare the Result of Uncertainty Analysis in the Physical Calculations of WWER Cells
in the Daily Maneuvering Schedule by GETERA and WIMS Programs]. Ne 1(30). 2019. Global
Nuclear Safety. P. 90-100 (in Russian).

Shotikov A.V., Savchenko V.E., Vigranenko Yu.M., Khrustalev V.A. Puti sovershenstvovaniya
vodno-khimicheskogo rezhima vtorogo kontura AES s VVER-1000 [Ways to Improve Water-
Chemical Mode of the NPP Second Circuit with WWER-1000]. News of Tomsk Polytechnic
University. 2008. V. 312. Ne 2. P. 39-43 (in Russian).

Averyanova S.P., Dubov A.A., Kosourov K.B., Filimonov P.E. Temperaturnoye Regulirovaniye i
manevrentnost VVER-1000 [Temperature Regulation and Maneuverability of WWER-1000].
Atomic Energy. 2002. V. 109, Ne 4. P. 246-251(in Russian).

Yerak D.Yu., Kochkin V.N., Zhurko D.A., Panfyorov P.P. Modernizatsiya program
obraztsovsvideteley VVER-1000 [Modernization of Samples Witnesses Programs WWER- 1000].
History of Science and Technology. 2013. Ne 8. P. 142-152 (in Russian).

Shkarovsky A.N., Aksenov V.I., Serdun N.P. Analizfizicheskikh sostoyaniy reaktora VVER-1000
iupravleniyeavariynymisituatsiyami [Analysis of Physical States of WWER-1000 Reactor and
Control of Emergency Situation]. Proceedings of Higher Educational Institutions. Nuclear power.
2005. Ne 3. P. 60-68 (in Russian).

Getya S.I., Krapivtsev V.G., Markov P.V., Solonin V.. [and others] Modelirovaniye
temperaturnykh neunifikatorov v elemente toplivno-elementnogo topliva topliva-VVER 1000
[Modeling Temperature Nonuniformities in a Fuel-Element Bundle of WWER-1000 Fuel
Assembly]. Atomic Energy. 2013. V. 114. Ne 1. P. 69-72 (in Russian).

Melikhov V.I., Melikhov O.I., Yakush S.E. [and others] Issledovaniye razresheniya borona v
reaktore VVER-1000 [A Study of Boron Dilution in WWER-1000 Reactor]. Thermal Engineering.
2002.V 49. Ne 5. P. 372-376.

Filimonov P.E., Averyanova S.P., Dubov A.A., Kosourov K.B., Semchenkov Yu.M. Rabota VVER-
1200/1300 v sutochnom grafike nagruzki [WWER 1200/1300 Operation in the Daily Load
Schedule]. Atomic Energy. 2012. V. 113. Issue 5. P. 247- 252 (in Russian).

Filimonov P.E., Averyanova S.P., Dubov A.A., Kosourov K.B., Semchenkov Yu.M.
Temperaturnoyeregulirovaniye i manevrennost VVER-1000 [Temperature Regulation and
Maneuverability of the WWER-1000]. Atomic Energy. 2010. V. 109. Issue. 6. P. 198-202
(in Russian).

Malyshev A.B., Efanov A.D., Kalyakin S.G. Eksperimentalnyye issledovaniya sistemy dlya
passivnogo napolneniya reaktora VVER-1000 [Experimental Investigations of the System for
Passive Flooding of WWER-1000 Reactor]. Thermal Engineering. 2002. V. 49. Ne 12. P. 1032-1037
(in Russian).

Vokhmyanina N.S., Zlobin D.A., Kuznetsov V.I., Lagovsky V.B. [and others] Metod offset
moshchnost noyfazovoy diagrammy dlya upravleniya energovydeleniyem reaktora [Offset-Power
Phase Diagram Method for Control of Reactor Energy Release]. Atomic Energy. 2016. V. 121. Issue
3. P.123-127 (in Russian).

Investigation of Absorber Concentration Changes During Maneuvering Operation

in VVER 1000 Reactor

Anisur R.S.K.!, M.A. Uvakin®

National Research Nuclear University Moscow Engineering Physics Institute (NRNU MEPhI), Kashirskoye

shosse, 31, Moscow, Russia 1154091
'ORCID iD: 0000-0001-7803-8234
Wos Researher ID: D-3381-2019
e-mail: ranisur01 @ gmail.com
*ORCID iD: 0000-0002-4917-1770
Wos Researher ID: E-1027-2019
e-mail: uvakin_ma@grpress.podolsk.ru

I'JIOBAJIBHAA AJEPHA S BE3OITACHOCTD, Ne 2(35) 2020
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Abstract — Boron carbide, Dysprosium, Silver, etc have a lot of unique properties, high neutron
absorption, chemical stability, high melting temperature, low density, and low price. These
elements are widely using in the VVER power reactors. In this article was investigated the
absorber cross-section, burring behavior and scram efficiency of these elements. If the control rod
(CR) is made of only boron carbide chemical element and it will be used in the maneuvering mode
then the power of a reactor will fall down drastically. But in this work main goal is that, which
element will be required in the control rod, as a result, the reactor in the maneuvering mode work
with different power without fall down power drastically. The result was calculated by the three
programs GETERA, WIMS and SERPENT.

Keywords: Boron carbide, neutron, absorber cross-section, VVER-1000, control rod, maneuvering,
reactor. GETERA, WIMS, SERPENT.

I'JIOBAJIBHAA AJEPHASI BE3OITACHOCTD, Ne 2(35) 2020

91



