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In pursuance of sufficient, stable and clean energy to solve the ever-looming power crisis in
Ghana, the Nuclear Power Institute of the Ghana Atomic Energy Commission has on the
agenda to advise the government on the nuclear power to include in the country's energy mix.
After consideration of several proposed nuclear reactor technologies, the Nuclear Power In-
stitute considered a high pressure reactor or vodo-vodyanoi energetichesky reactor as the nu-
clear power technologies for Ghana's first nuclear power plant. As part of technology assess-
ments, neutronic safety parameters of both reactors are investigated. The MCNP neutronic
code was employed as a computational tool to analyze the reactivity temperature coefficients,
moderator void coefficient, criticality and neutron behavior at various operating conditions.
The high pressure reactor which is still under construction and theoretical safety analysis,
showed good inherent safety features which are comparable to the already existing European
pressurized reactor technology.
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INTRODUCTION

In the midst of two crucial global challenges, cli-
mate change and the growing demand for energy,
many countries around the world are working towards
meeting the energy demands with next to zero carbon
emissions. Nuclear energy offers a very significant
pathway out of the challenges. Nuclear energy tech-
nologies are capable of producing larger amounts of
energy which contributes immensely to meeting the
high energy demands.

Ghana is one country looking to add nuclear en-
ergy to its energy mix. The nuclear power program un-
der the Nuclear Power Institute of the Ghana Atomic
Energy Commission has made significant inroads in
that regard, proposing two-reactor technologies. The
high pressure reactor (HPR) and the vodo-vodyanoi
energetichesky reactor (VVER) are the two-reactor
technologies proposed for Ghana's first nuclear power
plant.

As part of a technology assessment, the neutronic
safety parameters of both reactor technologies are inves-
tigated and compared. Safety analysis is also crucial in
aiding countries to make decisions on the type of reactor
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systems to build and also to incorporate the lessons
learned from nuclear accidents into safety analysis for
added safety assurance [ 1]. Knowledge of changes in re-
activity caused by changes in void content and tempera-
ture are necessary. Reactivity coefficients are important
for reactivity and power excursion transient analysis.
The sign, rate of the change, response time, and magni-
tude of reactivity coefficients are of great importance [2].

DESCRIPTION AND COMPARISON
OF REACTORS TECHNOLOGIES

Neutronic safety in reactor operation is affected by
the configuration and distribution of fuel assemblies and
the fuel enrichment in the reactor core. The configuration
of the reactor core depends on the geometry, dimensions
and material composition of the reactor core.

The HPR-1000 was designed by the China
Zhongyuan Engineering Corporation under the super-
vision of the China National Nuclear Corporation [3].
The HPRI1000 reactor core generates 3050 MW of
thermal power with an average linear power density of
173.8 Wem™![4]. The reactor core is loaded with 177
China fuel series (CF3) fuel assemblies, ensuring suffi-
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cient thermal margin while increasing output power. The
CF3 fuel assembly (FA) is composed of 264 fuel rods ar-
ranged within a 17 % 17 supporting structure. The fuel
rods contain UO, pellets or Gd,0;-UO, pellet [4].
Zircalloy is used as a cladding material for the fuel pins.
The CF3 has excellent performance and is applicable for
along refueling cycle. Three independent means exist for
core reactivity and power distribution control: burnable
absorber of gadolinium (Gd,Os) poisons, rod cluster
control assemblies (RCCA), and soluble boron absorber.
The RCCA is comprised of 24 control rods fastened to a
spider connector. The absorber material used in the con-
trol rod is Ag-In-Cd alloy or stainless steel. The
HPR1000 is designed with a thermal margin greater than
15 % to improve safety and operational performance [4].
The HPR is still under construction.

The VVER reactor was developed by ROSATOM
subsidiary OKB Gidropress, while the nuclear power
stations employing the VVER have been developed by
the power plant design organizations within
ROSATOM: Moscow Atomenergoproekt, Saint-Peters-
burg Atomenergoproekt (a branch of VNIPIET), and
Nizhniy Novgorod Atomenergoproekt [5]. The
VVER-1000 reactor core is comprised of an array of 163
hexagonal fuel assemblies with an active core height of
3.53 m. The fuel assemblies are identical in geometrical
design but are different in fuel enrichment, based on the
position of each assembly within the reactor core. The
lattice pitch is 23.6 cm. The fuel rods are arranged in a
hexagonal structure inside FA. The advanced nuclear
fuel for reactors of Russian design (TVSA) FA is consid-
ered as a base version of FA design and as an alternative
version to the TVS-2. Both versions of FA are inter-
changeable and are of reference character. The core de-
sign is developed for the generalized version of FA de-
sign (both base and the alternative) providing its
operability in using several FA types. Bundles of fuel
rods, fuel rods, and gadolinium (Gd) fuel rods, consist of
a skeleton that houses 312 fuel rods (Gd fuel rods). The
VVER-1000 reactor core generates 3000 MW of thermal
power. The rod control cluster assembly (RCCA) con-
sists of 18 absorbing elements (AE), with Boron carbide
and Dysprosium titanate (B,C and Dy,0; TiO,) used as
absorbing material. Dysprosium titanate in the AE lower
part enables to extend RCCA service life under mainte-
nance of sufficient worth of emergency protection.

THEORY
Void coefficient of reactivity

In water-moderated reactors, changes in moder-
ator density significantly affect the reactivity. Changes
in moderator density can be due to thermal expansion,
void formation or loss of coolant. A change in the mod-
erator void content leads to a change in multiplication
factor, k, and alters the reactivity of the system. The

void coefficient of reactivity is therefore defined as the
rate of change in the reactivity of a water-moderated
reactor resulting from any modification of the modera-
tor/coolant as the power level and temperature
changes. The principal effect is the loss of moderation
that accompanies a decrease in moderator density and
causes a corresponding increase in resonance [6]. For
pressurized water reactors, about 80 % of neutron
moderation occurs in the light water moderator.

For a given value of £, the reactivity, p, in the
core is determined by the expression

ko _km
ko
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where k.. is the multiplication factor at the present reac-
tor operating condition and k; is the multiplication fac-
tor at the normal reactor operation condition. From the
definition of the void coefficient of reactivity given in
eq. (1), the void coefficient of reactivity, )&, is mathe-
matically given as

p= (1)

Ap
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The & represents the reactor parameter affecting
the reactivity and Ap representing the corresponding
change in reactivity. If the & represents void, then the
change in the void is A and the void coefficient of re-
activity is defined by y&.

TEMPERATURE COEFFICIENT
OF REACTIVITY

The influence of temperature on the neutron
transport is caused by the thermal movement of nuclei
influencing the scattering of thermal neutrons and the
Doppler broadening of resonances which is due to vari-
ation in neutron cross-section with temperature and by
the thermal expansion of different materials within the
core. Two main temperature coefficients are defined in
respect to which temperature change is considered: fuel
temperature reactivity coefficient, moderator tempera-
ture reactivity coefficient. Reactivity changes associ-
ated with a degree change in the moderator temperature
is referred to as the moderator temperature coefficient
of reactivity [7]. The value of the temperature coeffi-
cient is determined by simply dividing the change in re-
activity op due to change in temperature by the corre-
sponding change in temperature 67 [8]

o= o @)
oT
The temperature coefficient of reactivity, a, has
different effects on reactivity in the core:

— anuclear temperature coefficient arising from a
change in cross-section with changing neutron
temperature,

— a density temperature coefficient arising from a
change in temperature, and
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— volume temperature coefficient arising from a
change in geometric buckling when the tempera-
ture changes.

The total temperature coefficient of reactivity is
given by the sum of the moderator temperature coefti-
cient and fuel temperature coefficient

A58, o
ST); \oT),,

= af+ (o2 (6)

The reactivity change is given by eq. (1) and (2).

MODELLING AND REACTIVITY
COEFFICIENT CALCULATIONS

To calculate the reactivity coefficients of the
core of the reactors, a detailed 3-D computational
model ofthe HPR and VVER cores were originally de-
veloped using the Monte Carlo neutronics behavior
simulating code MCNPS5. The code utilized the
ENDF-VIas across-section library for the materials in
these computations. The fuel assemblies (figs. 1 and 2)
were modelled to include all fuel pins in their respec-
tive lattice and the moderator/coolant for each reactor
core. Materials and their various compositions were
specified in the code. The significant difference in the
HPR and the VVER MCNP model is the geometry, lat-
tice, number of pins and moderator fuel ratio.

In calculating the effects of void on the reactivity
in the reactor core, the developed MCNP input model
was modified to have different moderator densities to
depict increasing void content whiles other conditions
in the core were kept constant. The core temperature
was also varied whiles other conditions were kept con-
stant in other to determine the effect of the changing
temperature on the reactivity in the core of the reactors.

These calculations were carried out with a total
number of 550 cycles of iteration on a source size of
500 000 particles per cycle. The first 50 cycles were
skipped to decrease statistical errors in the estimates. The
k. was obtained for each run from the respective output
to calculate the corresponding change in reactivity.

Figure 1. The MCNP plot of
HPR fuel assembly

Figure 2. The MCNP plot of VVER fuel assembly

The MCNP neutron energy spectrum was per-
formed for 20484 energy grids combined for all three
categories of the energy distribution: thermal, slowing
down, and fast. The following energy bins were used
in the MCNP tally for the various energy groups:
1.89-107% MeV energy bin for 0 to 6.25-10” MeV ther-
mal energy range, 1.89-10% MeV energy bin for
0.821 to 6.94 MeV slowing-down energy range, and
1.89-107% MeV energy bin for 6.96 to 20 MeV fast en-
ergy range.

RESULTS AND DISCUSSIONS

Increasing void in the reactor core causes the
moderator to expand, increasing the space within the
water molecules and effectively reducing the proba-
bility of interaction between the fission neutrons and
the atoms of the moderator. When this happens,
thermalization of fast fission neutrons reduces and the
rate of the fission reaction also reduces thereby reduc-
ing the reactivity in the core. The negative void coeffi-
cient of reactivity is shown by both reactors in fig. 3
[9]. This is a safety design feature of all pressurized
water reactors. Hower, the neutron spectra of different
percentage of loss of coolant for the HPR and EPR
assamblies are shown in figs. 4 and 5.
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Figure 3. Moderator void coefficient for the HPR and
VVER, comparable to Sogbadji [9]
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Figure 4. Neutron spectra of different percentage of loss
of coolant for the HPR assembly, comparable to Sogbadji
9]
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Figure 5. Neutron spectra of different percentage of loss
of coolant for the EPR assembly, comparable to Sogbadji
191

The moderator temperature coefficient of all the
reactor assemblies under study is desirable since the
reactivity decreases with increasing moderator tem-
perature as shown in fig. 6. An increase in the modera-
tor temperature makes the core under moderated due
to the increase in energy of the lighter nuclides that can
cause moderation. Nuclei cross-sections are en-
ergy-specific hence a change in the energy of the nu-
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Figure 6. Moderator temperature coefficient of the two
reactor assemblies, comparable to Sogbadji [9]

clei changes the probability of interaction. In this case,
the increasing temperature does not necessarily reduce
the probability of nuclei interaction since the decrease
in the resonance peak height is compensated for by the
broadened width. An under moderated reactor gives a
negative moderator temperature coefficient whiles an
over moderated reactor will give a positive moderator
temperature coefficient.

CONCLUSION

The criticality and the reactivity changes of the
HPR and VVER at various operation conditions were
analyzed and compared. The effects of increasing void
fraction and increasing core temperature on the reac-
tivity of the reactors and the associated coefficients of
reactivity were also calculated. Modelling and simula-
tion of the fuel assemblies of the reactors were carried
out using the MCNPS5 neutronics code. The MCNP
code was used to determine the kg of the cores at the
different operating conditions. Both the HPR and
VVER showed good inherent safety of —0.0126 and
—0.0134 for temperature, respectively. The moderator
void coefficient was also negative for both reactors at
all times which is a desired design safety feature for
pressurized water reactors.
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Pekc I'. ABPE®AX, Ilpunn M. ALY, Pogepr b. COTBA'BU

AHAJIM3A HEYTPOHCKE CUI'YPHOCTU IIPEIJOKEHUX
PEAKTOPCKUX TEXHOJOI'NMJA 3A HYK/IEAPHY EJIEKTPAHY
Y 'AHU NPUMEHOM MCNP ITPOT'PAMCKOTI ITAKETA

Y morpasu 3a JOBOJbHOM, CTAOUITHOM M YUCTOM €HEPrHujoM, KojoM Ou ce pemmia nocrojeha
eHeprercka Kpusa y I'anu, IHCTUTYT 32 HyKieapHy eHeprujy Komucuje 3a aToMcky eHeprujy I'ane uma
OY>KHOCT fla caBeTyje Biaay y yKibyumBawy HyKieapHe eHepruje y mocrtojehe eHeprente. Hakon
pa3MaTpama HEKOIMKO IPEJIOKEHNX TEXHOJIOTHja HYKJIEeapHUX peakTopa, MHCTHTYT 3a HyKIieapHY
€HEeprHjy YCTAaHOBHO j€ /1a Cy PeaKTOp ca BOJIOM IOJ MPUTUCKOM, it VVER peakTop, n360py HyKJIeapHAX
TEXHOJIOTHja CHAre 3a MpBY HyKJeapHy ejekTpany y ['anu. Kao geo mpolieHa TeXHOJIOTUje, UCIUTAaHU CY
apaMeTpH HEyTPOHCKE CUTYPHOCTH 00a Trma peakTopa. MCNP mporpaMcku makeT IPIMEHEH je Kao anat
3a IpOpavyH ¥ aHAIN3Y TeMIIepaTypHOT KoeHIIjeHTa PeaKTUBHOCTH, void KoeuijeHTa MogepaTopa,
KPUTHYHOCTH W TIOHAIlalkha HEyTpPOHAa INpH pa3MIuTAM peXnMuMa paja. PeakTop ca BopgoM mop
MIPUTUCKOM, KOjH j€ jOII YBEK y U3Tpajibll, U TEOPHjCcKa aHAIN3a CUTYPHOCTH yKa3yjy Ha fo0pa UHXEpEeHTHA
CBOjCTBa CUT'YPHOCTH Koja Ccy ynopeauBa ca Beh nocrojehoM eBponcKkoM TEXHOJOIHjOM peakTopa Hoj
MIPATHCKOM.

Kmwyune peuu: itiemilepaitiypru Koeuyujeiti peakitiu8Hocitl, void koeguuujerit moodepaiiopa,
KPpUIHUYHOCIU, UOHAUWAMEe HEYUUPOHA



