Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi

Afyon Kocatepe University - Journal of Science and Engineering
https://dergipark.org.tr/tr/pub/akufemubid

AKU FEMUBID 24 (2024) 045901 (986-992)

The Effect of Nanofluid Coolant and Thorium-
added Fuel on Burnup Dependent Isotopic

Compositions in VVER-1000 Reactor

Aragstirma Makalesi / Research Article

DOI: https://doi.org/10.35414/akufemubid.1403049
AKU J. Sci. Eng. 24 (2024) 045901 (986-992)

*Makale Bilgisi / Article Info
Alindi/Received: 11.12.2023
Kabul/Accepted: 11.06.2024
Yayimlandi/Published: 20.08.2024

VVER-1000 Reaktoriinde Nanoakiskan Sogutucu ve

Toryum ilaveli Yakitin Yanmaya Bagl izotopik
Kompozisyonlara Etkisi
, Sinem UZUN*"

Yasin Geng" , Adem ACIR3

1 Ministry of Interior, Disaster and Emergency Management Presidency, 06370 Ankara, Tiirkiye
2 Erzincan Binali Yildirim University, Faculty of Engineering and Architecture, 24002 Erzincan, Tiirkiye
3 Gazi University, Faculty of Technology, Department of Energy Systems Engineering, 06500 Ankara, Tiirkiye

Abstract

Recently, the use of nanofluids has gained importance in studies
aimed at increasing reactor efficiency while also addressing
safety concerns in nuclear technology. Various studies have
investigated the effects of adding nanoparticles of different
types and proportions to the coolant water on the thermal and
neutronic characteristics of power reactors using conventional
UO, fuels. Given the abundance of thorium compared to
uranium, research on thorium-based fuels has become
increasingly significant. In this study, the criticality and isotope
changes in a VVER-1000 reactor loaded with 5% ThO, and 95%
UO; by mass as fuel, and 0.1% by volume of Al;O3, CuO, and TiO,
nanoparticles as the coolant, were investigated. Neutronic
analysis was performed using the MCNP5 and MONTEBURNS2.0
codes. The analysis results indicated that the operational
lifespan of the reactor with only water coolant and thorium-
based fuel was shortened due to the presence of nanoparticles.
Furthermore, it was observed that while there was no significant
change in the amount of fissile 23°U and fertile 238U isotopes, the
consumption of fertile 232Th isotope in the reactor increased
with the insertion of nanoparticles into the coolant.

Keywords: VVER-1000; Criticality, Isotope; Nanoparticle; Thorium-
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Oz

Son zamanlarda niikleer teknolojide giivenlik faktérlerine dikkat
edilerek reaktor verimliliginin artirllmasina yonelik ¢alismalarda
nanoakiskanlarin kullanimi 6nem kazanmistir. Geleneksel UO,
yakitlarini kullanan giic reaktorlerinde, sogutma suyuna farkl tir
ve oranlarda nanopartiklller eklenerek termal ve nétronik
karakteristikler (izerine etkilerinin incelendigi ¢alismalar
bulunmaktadir. Toryum kaynaklarinin uranyum kaynaklarindan
cok daha fazla oldugu goz 6niine alindiginda toryum bazh
yakitlara yonelik ¢alismalar giderek énem kazanmaktadir. Bu
¢alismada, yakit olarak kiitlece %5 ThO, ve %95 UO, ve sogutucu
olarak hacimce %0,1 Al,0;, CuO ve TiO2 nanopartikllleri
yuklenen VVER-1000 reaktorindeki kritiklik ve izotop
degisiklikleri arastirilmigtir. Analizlerde MCNP5  ve
MONTEBURNS2.0 nétronik analiz kodlari kullaniimistir. Analiz
sonucu, nanopartikillerin etkisiyle sadece su sogutucu ve
toryum bazh yakitin bulundugu reaktériin ¢alisma siresinin
kisaldigini géstermistir. Ayrica 235U ve 238U izotop miktarinda
onemli bir degisiklik olmadigi ancak nanopartikiillerin
sogutucuya eklenmesiyle reaktorde tuketilen 232Th izotop
miktarinin arttig gézlemlenmistir.

Anahtar Kelimeler: VVER-1000; Kritiklik; izotop; Nanoparcacik; Toryum
tabanli yakit

1. Introduction

The known reserves of uranium, the main fuel component
of nuclear power plants, are limited and expensive
(Dungan et al. 2017), making the search for alternatives
to uranium increasingly important. The fertile element
thorium cannot be used alone as fuel in nuclear power
reactors (Unak 2020). Thorium-based fuels require fissile
elements such as 3°U and 2°Pu isotopes to sustain
nuclear chain reactions. However, recent attention has
been focused on thorium for reasons such as its
abundance, the potential to reduce enrichment needs in
the fuel cycle, and the high conversion rate of fertile 232Th

to fissile 23U in the thermal neutron spectrum (Lau et al.
2014, Mustafa et al. 2019). Thorium and its potential
applications in nuclear technology were undervalued
until recently, primarily due to the geographical
distribution of thorium reserves. Thorium-based fuels
offer promising compositions and could be utilized as
thorium-based mixed oxide in many reactor cores
without significant changes in reactor design (Mustafa et
al. 2019, IAEA 2005).

Since the years when nuclear technology started to be
used in the world, developed countries such as the USA,
Germany, Canada, France, Japan and England have
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conducted nuclear fuel research programs based on
thorium (Humphrey and Khandaker 2018). Researchers
studying the present and future of the thorium fuel cycle
are evaluating the developments related to thorium and
examining the pros and cons of utilizing thorium-based
nuclear fuels in commercial reactors. Dwiddar et al. in
their study (Dwiddar et al. 2015), they mentioned the
superiority of thorium in terms of safety measures and
that thorium is an alternative as a fuel, they concluded
that thorium is more useful because it produces less
minor actinide compared to uranium fuel. They studied
the effect of thorium as a part of nuclear fuel on the
neutronic parameters of the VVER-1200 first core. Two
different models, namely mixed thorium uranium fuel
and seed blanket fuel, were compared. According to the
amount of thorium placed, the position of the thorium
assemblies in the reactor core, the effective
multiplication factor has been found. It has been found
that the best location is the location where thorium is
placed around the core. They concluded that the use of
uranium-thorium fuels would be advantageous,
especially for a country with a high thorium reserve. Jan
Frybort emphasized in his study that thorium fuel could
be an alternative to uranium fuel in nuclear power plants.
He stated that in U-Th fuel, the presence of small actinides
in nuclear waste will be negligible. Thorium fuel
consumption in VVER-1000 reactor with the help of MCNP
code based on Monte Carlo methods is investigated. Dose
values of calculated actinide compositions and gamma
radiation were compared with uranium fuel and
radiological damages were compared for two fuels (Fryort
2014). Substantial quantities of plutonium are produced
within the nuclear waste of Light Water Reactors (LWRs)
and CANDU reactors. Reactor-grade plutonium, in the
configuration of a mixed ThO2/PuO: fuel, can serve as
supplementary fissile material within a CANDU fuel
assembly, guaranteeing sustained reactor criticality. In
their studies, researchers are investigating the
possibilities of utilizing the rich thorium reserves in the
world in CANDU reactors. In their study for two different
fuel types, they examined the change in criticality. The
reactor criticality will be sufficient provided that the fuel
rods can be manufactured to withstand such high levels
of burnup until most of the thorium fuel is burned. They
conclude that fuel generation costs and nuclear waste
mass for final disposal per unit energy can be greatly
reduced (Sahin et al. 2006). In the final report of the
Coordinated Research Project (CRP) on "The Potential of
Thorium-Based Fuel Cycles to Limit Plutonium and Reduce
Long-Term Waste Toxicity" initiated by IAEA in 1995,
different fuel cycle options where plutonium can be
recycled with thorium for incineration were investigated,
and the potential of the thorium matrix was investigated
by computer simulations. A comparison among various
cycles has been conducted based on specific predefined

criteria, such as the yearly decline in plutonium reserves.
Research has delved into the radiotoxicity buildup and
transformative capacity of thorium-based systems across
current, cutting-edge, and pioneering nuclear power
reactor designs (IAEA 2003). In many recent studies, the
use of nanoparticles has gained importance and its effect
has begun to be investigated in almost every field of
science. In nuclear technology, water is commonly
preferred as moderator and coolant in studies which
thorium-based fuels are used as fuel however it is aimed
to increase the thermal conductivity of the coolant by
adding nanoparticles into the coolant and thus maximize
the energy drawn from the system. In many studies, it
has been tried to observe the effects of adding
nanoparticle into the coolant in reactors fueled with UO>
fuel (Ghazanfari et al. 2016, Hadad et al. 2010, Zarifi et al.
2013). However, in a reactor containing thorium fuel, the
nanoparticle effect added to the coolant has not been
studied yet.

This investigation focuses on conducting a neutronic
analysis of the VVER-1000 reactor employing thorium-
based fuel and utilizing nanofluid as a coolant. The
primary objective is to assess the advantages and
disadvantages associated with employing thorium in
conjunction with nanofluid within this reactor system.
Neutronic calculations were conducted by the help of
MCNP5 code (Briesmeister 2000). As a result of neutronic
calculations, effective multiplication factor and change of
isotopes were obtained for thorium at varying rates and
three nanofluidic coolant.

2. Materials and Methods

The born of Water-Water Energetic Reactor (WWER) or
VVER (Voda-Vodyanoi
reactors originally designed and produced by Soviet
Union dates back to the 1970s. VVER-440 V179 and VVER-
440 V230 power reactors generating 440 MW electrical

Energetichesky Reaktor) type

power are classified as the 1st generation reactors and
have a distinctive design. All models of VVER-1000 power
reactors except for Model V392, V428 and V412 are
named as the 2nd generation of VVER and produces 1000
MWe power. Due to the fact that VVER-1000 Model V392,
V428 and V412 have augmented control, safety and
containment systems, these models are considered as 3rd
generation. The latest model of VVER power reactor
offering additional passive safety systems is named as
VVER-1200 delivering 1200 MWe electrical output and
categorized as generation 3+ reactor. Among the
developed models of VVER reactor, VVER-1000 is the
most preferred power reactors and today 31 units of it
are operating around the world (Rosatom 2015). An
image of a VVER reactor is shown in Figure 1 (Kanik et al.
2022).
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Figure 1. The design of the VVER-1000 containment

To briefly refer to the design parameters, VVER-1000
reactors contain 163 fuel assemblies in the core and 312
fuel rods per fuel assembly (Saadati et al. 2018,
Nourollahi et al. 2018). The most important features that
distinguish VVER-1000 reactors from the most widely
used pressurized water reactors in the world are the
hexagonal core structure and horizontal steam
generators (Janos 2011). Other design features for the

VVER-1000 reactor are shown in Table 1 (Acir et al. 2021).

Table 1. General characteristics of VVER-1000
Fuel assembly

Lattice type Hexagonal

Number of fuel assembly in the core 163

Pitch between the assemblies (mm) 23.6
Number of fuel rod in the fuel 312
assembly

Fuel rod
Fuel pellet outside diameter (mm) 7.57
Cladding inside diameter (mm) 7.73
Cladding outside diameter (mm) 9.1

Fuel pellet material LEU + ThO,

Cladding material %98.97 Zr, %1 Nb,

%0.03 Hf
Fuel rod pitch (mm) 12.75
Guide tube
Number of guide tubes per F. A 18
Inside diameter / Outside diameter 10.9/12.6

(mm)

Horizontal cross section MCNP model of VVER-1000
assembly is shown Figure 2 (Uzun et al. 2022). Figure 2
represents the horizontal cross section model obtained
with MCNP, and according to the figure, the yellow shown
is the fuel zone, while the pink (excluding guide tube) one
represents the coolant.

Using the geometric features of VVER-1000 nuclear
reactor presented in Table 1, the reactor fuel assembly
was modeled with MCNP5 neutronic code and neutronic
calculations were performed with the help of MCNP5 and
Monteburns2.0 codes. The fuel pellet materials are fueled
with homogeneously distributed fuel which is composed
of 95% UO:2 (with 3.7% enrichment) and 5% ThO2 by
weight. As a base case, primary coolant is water. Then,
three different nanoparticles with 0.1% volume fraction
are added to the working fluid. The nanoparticles
considered in this study were Al;03, TiO2 and CuO.

Figure 2. Horizontal cross section MCNP model of VVER-1000
assembly

central tube

guide tube

3. Results and Discussions

3.1 Assessments of Criticality (keff)

In order to sustain fission reactions, which are the main
components of energy production in nuclear power
reactors, it is essential to produce at least one or more
neutron that will continue the fission. Therefore, the
effective multiplication factor, or criticality value (ke),
which effectively defines all possible events during the
interactions of a neutron, is very important. As long as the
effective multiplication factor is in critical state, and
power is generated in a controlled manner with the help
of control rods, water-soluble and neutron-absorbing
boron in power reactors. In Figure 3, the variations of
criticality values at full power according to operating time
for water and three different nanofluids as working fluid
are compared. As can be seen in Figure 3, the operating
time of the reactor with water as working fluid is
determined to be approximately 930 days. However, it is
determined that the addition of nanoparticles, regardless
of what kind of nanoparticles is, to water reduces the
criticality and operating life time of the reactor.

With addition of Al.0s, TiO2 and CuO nanoparticles to
water, the operating time of the reactor which can remain
critical and generate power is reduced to 870, 690 and
660 days, respectively. It was observed that the reduction
in kers values is higher for the fluid containing CuO and TiO»
nanoparticles. The main reason for this is related to the
higher absorption cross section of Cu and Ti nanoparticles
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when compared to the others.The fraction of hydrogen
which has the highest scattering cross section in nanofluid
decreases with the addition of nanoparticles into water.
Thus, the total
containing nanoparticles decreases but absorption cross

scattering cross section of water
section of nanofluid increases. As a result, the effective
multiplication factor decrease, gradually (Kianpour and

Ansarifar 2019).

©—Al203

00— CuO TiO2 ¥— water

0 200 400 600 800 1000 1200
Time (days)

Figure 3. Criticality variations with nanoparticle coolant

3.2. Isotope Changes

The number of fission reactions or the operating time of
the reactor highly depends on the amount of fissile and
fertile isotopes present in the reactor fuel rods. Within
the scope of this study, by using the predetermined
homogeneously distributed fuel which is composed of
95% UO2+ 5% ThO2 by mass and coolant containing 0.1%
of Al20s3, CuO and TiO2 nanoparticles combination, it is
aimed to determine how the amount of isotopes in the
fuel assembly according to reactor operating time
changes. Since 222Th is the fertile material and it cannot
be used as a nuclear fuel by itself. However, 23?Th isotope
can be used as an alternative material instead of fertile
238 isotope.

During the operation of reactor, the fertile 232Th isotope
capture a thermal neutron to transform into the 23U
fissile isotope, and then within 22.1 minutes 233Th decay
to 23Pa (Protactinium-233) isotope before 233Pa decay
into 233U after 27 days. The main conversion reaction of
fertile 232Th is shown in Eq.1 (Gosen and Tulsidas 2016).

E_33pa

232Th (fertile) (MY 233Th B 233)(fissile) (1)

In Figure 4, the variation of 232Th isotope is presented for
four different coolants. As can be seen in figure, it is
observed that with the addition of nanoparticles to water
the amount of 232Th isotope spent in the reactor increases
over time when compared to the case that water is used

as a coolant only (Galahom 2020). It is estimated that the
main reason for this case is the fact that with the addition
of nanoparticles into the water, the density of nanofluidic
coolant get higher and more fast neutrons are able to
moderate when compared to water.

When considered operating time of reactor, it can be
deduced that consumption rate of 232Th isotope in reactor
cooled with water, water containing Al.Os, TiO2 and CuO
is approximately 1.23, 1.32, 1.37 and 1.36 g/d,
respectively.
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Figure 4. Variation of the 232Th isotope

Figure 5 shows the formation of 233Pa isotope. The 233Pa
isotope, which was initially absent in the reactor core, is
produced upon capture of 222Th isotope and exists in small
amounts at the end of time of the reactor for water and
nanofluidic coolant vary, during the operating time of the
operating cycle of the reactor. Although operating reactor
with

water and water containing nanoparticles Al20s, TiO2 and
CuO as coolant, respectively 55.35, 58.80, 56.70 and
55.30 g of 233Pa was formed in the reactor.

Figure 6 represents the generation of fissile isotope 233U
according to operating time of the reactor. Accordingly,
233y does not exist in the reactor core at the beginning.
However, as a result of 233Pa decaying to 23U in the
reactor, approximately 563 g of 233U was formed in the
reactor for the case that only water is used as coolant
during the 960 days of operating time. Similarly, for Al2Os,
TiO2 and CuO nanofluidic coolants, approximately 596,
541 and 524 g of 223U is produced, respectively. It is
observed that with the effect of Al2Os nanoparticles
added to the coolant, 223U generation increased a little
bit. On the other hand, with the insertion of TiO2 and CuO
nanoparticles whose absorption cross section are much
higher than AlOs3 into the water, operating time of
reactor decreases significantly. Consequently, the
amount of 23U formed in the reactor reduces when
compared to the case water is used as coolant.
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Figure 8. Variation of the 238U isotope

The change of fissile isotope 235U, which is the main fuel
material of the reactor, during the 1200 day operating
period is shown in Figure 7. As can be seen in Figure 7, the
amount of 235U isotope producing energy by fission
decrease over time and no significant change has been
observed with the utilization of nanofluidic coolant. In
Figure 8, the change of 238U, the main fertile material in
the reactor, is presented. As can be seen from the figure,
all investigated cases have shown similar tendencies in
the consumption of 238U and it is no noticeable change
in the amount of 238U during the operating time of the
reactor for all cases.

In nuclear reactors, the 238U isotope can turn into 239Pu
by capturing neutrons as a result of burnup. This process
plays an important role in the fuel cycle of nuclear
reactors, and 239Pu is considered a fission material
usable in nuclear energy production. The change of 239U
isotope is shown in Figure 9.
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Figure 9. Variation of the 23°Pu isotope

4, Conclusions

In this study, criticality and burnup calculations have been
performed for a reactor fueled with 5% ThO2 and 95% UO:
by mass as fuel and 0.1% by volume Al203, CuO and TiO2
nanoparticles as the coolant. For each case, the effective
multiplication factor value and the changes of the
isotopes in the fuel composition according to the
operating time were calculated and the results obtained
were compared between each other in order to reveal
their potential benefits or drawbacks.

. Since it reduces the criticality value less than
other nanoparticles, the use of Al203 nanoparticle in the
coolant gave more appropriate results.

. The criticality value decreased to approximately
0.97 for Al203 at the end of 930 days, this value is
approximately 1 for water.
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o It is observed that consumption of thorium
isotope could be increased although the operating time of
the reactor decreases due to the effect of nanoparticles
adding into coolant.

. According to the results, it was concluded that
ThO. added fuel and coolant containing nanoparticles
decreases operating time of reactor, however it can be
beneficial to use this fuel-coolant combination in terms of
neutronic point of view.
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