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Abstract  
After the Fukushima Daiichi, many methods have been considered to improve the neutronic and 

thermo-hydraulic performance of the nuclear power plants. In this investigation, the system 

integrated modular advanced reactor (SMART) as a new innovative designed reactor is chosen as a 

case study. The commercial fuel (UO2) is changed with the U3Si2, UC, and UN to analyze the 

steady-state core parameters. The neutronic analysis of the reactor core is performed using the 

DRAGON/PARCS codes. The results predict the behavior of the core through the effective 

multiplication factor (Keff) versus effective full power days (EFPDs), which leads to a longer cycle 

length for the SMART core fueled with U3Si2 and UC about 51% and 29%, respectively. In 

addition, the fuel temperature coefficient (FTC) and moderator temperature coefficient (MTC) form 

a negative feedback effect. 
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1 Introduction  

The fuel for nuclear reactors has been continuously 

developing for nearly 50 years and is one of the main 

components. In the framework of fuel development, 

the focus was not just on economics, but also 

regarding safety to protect the reactor from possible 

accidents. Nuclear power plants (NPPs) have used 

uranium dioxide fuel cladded with zirconium alloy 

(traditional fuels) for decades. Due to such nuclear 

accidents that include Fukushima Daiichi (2011) and 

Three Mile Island (1979) severe disaster, the relatively 

poor thermal conductivity of the traditional fuels lead 

to a high temperature and heat accumulation inside it, 

which may causes the fuel melts in a nuclear reactor. 

Besides, zirconium alloy reacts with coolant water at 

high temperatures and this reaction produces hydrogen 

[1, 2]. 

The preferred accident tolerant fuel (ATF) attributes 

highlight the overall performance of each fuel and 

cladding under regular and postulated accident 

conditions. Fuel system layout options need to first 

hold desirable cladding and fuel thermo-mechanical 

properties, fuel-clad interactions, and fission product 

behavior. Targeting upgrades in those attributes 

courses in organizing the critical parameters that 

should be taken into consideration withinside the 

improvement of fuels and cladding with more suitable 

accident tolerance. Accident tolerant attributes consist 

of decrease hydrogen generation rate (or generation of 

different flammable gases), and decreased stored 

energy when compared to the traditional fuel systems. 

[3,4]. 

The layout flexibility of small modular reactors 

(SMRs) in synergy with ATFs affords an extended 

time to react to the lack of active cooling under severe 

accidents and gives comparable fuel overall 

performance throughout normal operation. Managing 

the safe, efficient, and reliable production of energy 

using SMRs may be an excellent solution for 

developing countries without the infrastructure to 

build large NPPs. Furthermore, these small reactors 

deliver electricity in remote areas that require smaller 

and localized power centers, which eliminates the 

need for long and expensive transmission lines. 

Another benefit of an SMR is that it could deliver 

water through the desalination process to local areas 

facing a water rarity [5,6]. 

Numerous factors of ATFs are being studied, include 

methods wherein the cost of this new technology can 

be offset. ATFs are focused on current Generation II 

and III light water reactors (LWRs). further, they 

might be of a hobby for Gen III heavy water reactors 

(HWRs), water-cooled SMRs, and in the future for 

Gen IV in particular the supercritical water reactor 

(SCWR). There are also predicted applications for 

some ATF materials for Gen IV fast reactors, ATF 

technology may also be utilized, across all 

current/future reactor types, with fuels containing 

plutonium (Pu) and/or minor actinides (MAs), 

including those which have the capacity for use in 

future sustainable closed fuel cycles [7]. 
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In this study, Uranium Silicide (U3Si2), Uranium 

Carbide (UC), Uranium Nitride (UN), and Uranium 

dioxide (UO2) were investigated as fuel materials with 
235U enriched to 4.95 % for SMART [8]. U3Si2, UC, 

and UN are potential fuels for future applications due 

to their higher thermal conductivity, melting points, 

and uranium content compared with UO2. 

 

2 Accident tolerant fuels  

The ATFs are described as fuels that could tolerate a 

severe accident in the reactor core for an extended 

time. The main problem of the traditional fuel is its 

comparatively poor neutronic, thermal-hydraulic, and 

solid mechanics performance. UO2 has lower thermal 

conductivity lead to a high temperature and a high 

heat accumulation inside it, which reasons partial 

melt-down for fuel material. Besides, zirconium alloys 

will react with water at high temperatures that result in 

the generation of hydrogen which will cause a massive 

explosion at the plant. So, the demand for new fuel 

materials becomes imperative to overcome the 

traditional fuel problems. 

The candidate ATFs can be divided into two 

categories: improved technology and innovative 

technology. Improved technology is based on the 

traditional fuel current technology with performance 

improvement and innovative technology uses a new 

uranium compound, such as U3Si2 and UN alloy. 

Table 1. The propertise of the materials[12,13] 

Material 
Density 

(g/Cm3) 

Conductivity 

(W/mK) 

Melting point 

(K) 

U3Si2 11.59 48 1938 

UC 13.63 19 2780 

UN 13.59 21.5 3055 

UO2 10.41 ~ 4 2873 

Table 1 is shown the thermal conductivity, density, 

and melting point of U3Si2, UC, and UN candidates of 

fuel materials. 

U3Si2 is one of the most promising fuels with higher 

thermal conductivity and heavy metal density than 

UO2, which might also additionally decrease operation 

temperature, increase power density or even extend 

the core lifetime. Due to its higher thermal 

conductivity, the temperatures in the fuel center could 

be significantly much less affected by the reactor 

operation, and the stored heat of the fuel could be 

reduced. The thermal conductivity of U3Si2 will 

increase with its temperature, even as that of UO2 

decreases. So, the thermal conductivity of U3Si2 is 

continually better than UO2 at LWR operating 

temperature [9]. 

The use of UN fuel in light water reactors has lately 

obtained increasing interest because of its capability 

advantages. According to the Table 1, It has a higher 

density, thermal conductivity, and melting point than 

UO2. However, it's far still difficult to attain a long 

sufficient cycle length. From the neutronic point of 

view, 14N has an excessive thermal neutrons 

absorption cross-section, to have an effect on the 

numerous neutronic parameters and could now 

produce an appropriate no longer neutronic overall 

performance as compared to the traditional fuel 

materials. A high-priced enrichment system may be 

carried to an increase of 15N, which has a low thermal 

neutron absorption cross-section, to conquer this 

problem. Its thermal conductivity is better than the 

thermal conductivity of UO2. So, UN fuel material 

will reduce the high fuel temperature and heat 

accumulation troubles that cause partial fuel melt-

down accidents [10]. 

Due to the fact for numerous reasons, UC is an 

attractive opportunity for UO2 as a fuel material. The 

first is its superiority of thermo-physical properties. 

Secondly, UC reveals suitable dimensional balance 

and fission gas retention throughout irradiation. 

Thirdly, it's far chemically strong with the coolant and 

capacity cladding materials. UC has a better density 

and thermal conductivity than UO2. So, the thermal-

hydraulic overall performance of the UC might be the 

nice one of them. For the neutronic analysis, 12C has a 

totally low thermal-neutron absorption cross-section. 

These properties offer operation at better power 

density, which reasons a reduction in reactor core size, 

and subsequently a reduction in capital cost [11]. 

 

3 Case study description 

SMART is a soluble boron-free small advanced 

integral pressurized water reactor with the capability 

of producing 90-100 MWe designed by the Korea 

atomic energy research institute (KAERI). The 

integrated design adds some inherent and passive 

safety features to the reactor. The reactor is considered 

a cost-effective solution due to its modular 

construction that makes it even a feasible tool for 

water desalination in addition to electrical power 

generation. As an example, the reactor can provide 

40000 m3/day desalinated water with only 10% of its 

daily energy supply [14]. SMART contains eight 

steam generators, a pressurizer, four reactor coolant 

pumps, and twenty-five control rod drive mechanisms 

in a single pressurized reactor vessel. 

The core consists of 57 fuel assemblies, which are 

designed and proven by Korea fuel assemblies 

(KOFA) industries based on a 17×17 square 

arrangement. Each of the fuel assemblies consists of 

264 fuel and burnable-absorber rods, 24 thimbles for 

the guide tube, and 1 thimble at the center for 

instrumentation. Fuel rods consist of 4.95% uranium 

enrichment and burnable-absorber rods consist of 4 

w.t. % natural Gd2O3 and 1.8% uranium enrichment. 



 

Also, Al2O3-B4C rods with different amounts of 10B 

have been used as shim rods in fuel assemblies [15]. 

Figure 1 shows the core loading pattern and Table 2 

illustrated the number of several rods in each type of 

fuel assemblies. 

 
Figure 1. Core loading pattern of SMART 

Table 2. Number of different cells in each fuel assembly 

Cell type Type-A Type-B Type-C 

Instrumentation and 

guide tube 
25 25 25 

Fuel rod 

(4.95 % 235U 

enrichment) 

224 240 236 

Barnable-Absorber rod 

(4 w.t. % Gd2O3  & 1.8 

% 235U enrichment) 

12 4 4 

Al2O3-B4C rod 

(B10: 0.01110 g/cm) 
28 0 0 

Al2O3-B4C rod 

(B10: 0.01588 g/cm) 
0 16 8 

Al2O3-B4C rod 

(B10: 0.02900 g/cm) 
0 0 8 

Al2O3 rod 0 4 8 

 

4 Calculation methods 
The method applied for neutronic calculation is 

divided into two main steps, including lattice 

calculation and core calculation. Simulation of lattice 

and core performed using DRAGON-v4 [16] and 

PARCS-v3 [17], respectively. 

The computer code DRAGON is a lattice code 

designed around solution techniques of the neutron 

transport equation. The DRAGON project results from 

an effort made at Ecole Polytechnique de Montreal to 

rationalize and unify into a single code the different 

models and algorithms used in a lattice code. One of 

the main concerns was to ensure that the structure of 

the code was such that the development and 

implementation of new calculation techniques would 

be facilitated. DRAGON is therefore a lattice cell code 

that is divided into many calculation modules linked 

together using the GAN generalized driver. These 

modules exchange information only via well-defined 

data structures [16]. 

PARCS is a reactor core simulator in 3D which solves 

the steady-state and time-dependent, neutron diffusion 

and low order transport equations in orthogonal and 

non-orthogonal geometries. In PARCS, the input 

system is based on the name of the card, so that the 

use of more default input parameters and the amount 

of data entered into the system is reduced. Various 

editing options are available in PARCS that illustrate 

many different aspects of the computational results. 

To calculate fuel depletion and burnup, macroscopic 

cross-sections are needed and created by the lattice 

calculation code output [17]. 

Thus, according to the structure and arrangement of 

fuel rods, modeling of different fuel assemblies was 

done using DRAGON calculation code followed by 

extracting group coefficients (transport, scattering, 

absorption, and fission cross-sections) related to each 

cell. Finally, using calculated data as PMAXS file 

input to the PARCS core calculation Code, then, 

neutronic values (flux distribution, power peaking 

factor, and Keff) are calculated for the entire reactor 

core. 

 

5 Neutronic analysis results 

5.1 Effective multiplication factor 

The Keff at the beginning of the cycle (BOC) was 

reported by CASMO-3\MASTER and MCNAP Codes 

at the hot full power (HFP) condition equal to 1.05588 

and 1.06178, respectively [18] and the maximum fuel 

cycle length for the UO2 fuel material is reported as 

990 EFPDs [19].  

 
Figure 2. Keff versus EFPDs for types of materials 

Figure 2 shows that the core cycle length with UN, 

UC, and U3Si2 fuel materials are 100, 1280, and 1500 

EFPDs, respectively. Also, Table 3 represents Keff at 

the BOC for the four fuel materials by 

DRAGON/PARCS calculation methods.  

Table 3. Keff at the BOC for each fuel material 

Parameter 

Fuel material 

UN UO2 UC U3Si2 

Keff 1.031824 1.052241 1.092509 1.071676 



 

At the BOC, there are differences between the Keff 

values of UO2 with UN, UC, and U3Si2. The reason for 

these differences is that the atomic density of  235U in 

the cases of these materials is greater than that in UO2. 

Despite the high density of the UN fuel, the Keff of the 

reactor core is lower than the others, which is because 

of the high thermal neutron absorption cross-section of 

the 14N in natural nitrogen. 

 

5.2 Radial Power distribution 

Figure 3 shows the radial power distribution values for 

the one-eighth symmetry of the core at the HFP. The 

first line shows the values calculated by 

DRAGON/PARCS codes, the second and third lines 

show the CASMO-3/MASTER and MCNAP reported 

values [20]. As shown in Figure 3, the maximum 

power is obtained in the central FA and the minimum 

power is obtained in the corner FA, which has the 

highest amount of gadolinium.  

 
Figure 3. Power distribution for core symmetry of one-

eighth 

 
Figure 4. Power distribution for core with the different type 

of fuel material 

Figure 4 represents the radial power distribution at the 

BOC for one-eighth of the proposed cores and the 

concept of symmetry can be used to model power 

distribution for the whole core. It can be deduced that 

the core with UO2 as a fuel material gives the 

maximum power peaking factor (PPF), which is equal 

to 1.462. While the fuel assembly with U3Si2 as a fuel 

material gives PPF equal to 1.435 at the same 

assembley. Also, the PPF in the core with the UN and 

UC fuel materials is equal to 1.409 and 1.408, 

respectively. 

It can be obtained from figure 4, the PPF of the fuel 

assemblies (FAs) in the core with the UN and UC is 

lower and higher than the core with UO2 and U3Si2 for 

the central and side FAs, respectively. It shows that 

the power distribution in the core with the UN and UC 

is more flattened than the core with UO2 and U3Si2. 

 

5.3 Axial thermal neutron flux 

Figure 5 shows the variation of the thermal neutron 

flux with the axial core distance for the investigated 

cores. 

 
Figure 5. Axial thermal neutron flux distribution  

As can be obtained from Figure 5, the higher axial 

thermal flux occurred in the core loaded with UO2 

because of its lower density. In contrast, the lower 

core axial flux happened in the core with UN and UC, 

which have higher density compared to UO2. 

Likewise, U3Si2 density is between the density of UO2 

and UN, which causes the axial flux of U3Si2 within 

the range between UN and UO2.  

It is observed that the thermal flux distributions are 

maximum at the top of the core (Z=162) for al fuel 

materials and they decrease with sinusoidal cosine 

shape, which is because of a more amount of 10B 

isotope at the bottom of the core [18]. 

 

5.4 Reactivity coefficients 

Reactivity coefficients indicate the magnitude of 

feedback effects to core reactivity when the reactor 

parameters change, including fuel temperature, 

moderator temperature, coolant density, and etc. In 

reactor design, all the reactivity coefficients must be 

kept negative. The two most important reactivity 

coefficients including FTC and MTC are calculated 

for these types of fuel materials. 

FTC is defined as the change of reactivity since the 1 

K change in fuel temperature, also named doppler 

temperature coefficient. In most cases, because of the 

doppler broadening of the neutron cross-section for 

the fuel material as its temperature rises, the resonance 



 

absorption increases, and thus Keff falls making a 

negative FTC. 

MTC is defined as the change of reactivity since the 1 

K change in moderator temperature. In PWR, light 

water is implemented as both the moderator and the 

coolant. With the moderator temperature rising, the 

density of the moderator decreases which will reduce 

the parasitic absorption. On the other hand, the 

moderate capacity will be weaker and thus enhance 

the resonance absorption. Hence, the negativity of the 

MTC increases when the moderator temperature 

increase. 

Table 4. FTC and MTC safety parameters values at BOC 

Reactivity 

coefficient 

Fuel material 

UN UO2 UC U3Si2 

FTC -2.4242 -2.3048 -2.2642 -2.0953 

MTC -54.1361 -52.0857 -45.9551 -52.2293 

The FTC depends mainly on the amount of fertile 

material used in the fuel. When the fuel temperature 

increases, more neutrons are absorbed by 238U. 

Therefore, the higher density of the UN causes the 

highest FTC negativity value of the SMART core 

fueled with this material. 

At the same increase in the moderator temperature, the 

MTC value changes from one fuel to another 

according to the type of fuel material and the 

concentration of the fissile material. The negativity of 

the MTC in the case of the UN is higher than the other 

investigated fuel types because of its high atomic 

density of the fissile atoms (235U) and the highest 

thermal neutron absorption cross-section of 14N 

compared with others. 

 

6 Conclusions  

From the neutronic point of view, the fuel cycle length 

for U3Si2, UC, UO2, and UN was 1500, 1280, 990, and 

100 effective full power days (EFPDs), respectively. 

So, U3Si2 and UC as fuel materials are more 

economical. 

FTC and MTC values of these fuel materials are 

negative at the BOC. The UN has highest MTC and 

FTC values. However, using UN fuel causes the 

lowest cycle length. 

The U3Si2 has acceptable FTC and MTC negative 

values, a higher cycle length, and axial thermal 

neutron flux lower than UO2. Despite the melting 

point of U3Si2 fuel being smaller than others but 

having a higher thermal conductivity that will not 

cause the fuel center temperature to rise and melt. So, 

it can be observed as new fuel material for SMART in 

future research. 
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