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1 Introduction 

Fast reactor technologies are actively investigated to ensure the long-term 

sustainability of nuclear power. The new systems' main goal is to produce less 

radioactive waste and operate safer than traditional thermal reactors [1]. The 

Generation IV International Forum (GIF) has selected the sodium-, lead-, and 

gas-cooled fast reactors as the most promising concepts and aims to develop 

fourth-generation nuclear systems for industrial use by 2030 [2]. The most 

knowledge is accumulated for sodium-cooled fast reactors (SFRs) since several 

operated before (e.g., Phénix, Monju) or still works today (e.g., BN-800, CEFR). 

Lead-cooled fast reactors (LFRs) were first developed for submarine propulsion 

but also explored today, for example, in Europe (e.g., MYRRHA, ALFRED) and 

in Russia (e.g., BREST-300). Gas-cooled fast reactors (GFRs) are also actively 

investigated, but GFRs have never been built before. The first GFR could be the 

ALLEGRO helium-cooled fast reactor, developed by the CEA until 2009 and 

further developed by the V4G4 Centre of Excellence [3]. The ALLEGRO's 

objective is to demonstrate the safe applicability of GFR specific systems and 

innovative fuel materials.  

Before building a nuclear reactor, safety analyses must be performed to 

prove the fulfillment of the safety requirements. A necessary part of the safety 

analyses deals with unprotected transients, where it is assumed that the primary 

reactor shutdown system is not working. The investigation of the reactors' 

dynamic behavior during unprotected transients requires the correct calculation 

of reactivity effects. For this, appropriate calculation tools should be used by 

considering that neutronics and thermal-hydraulics are closely coupled. The 

straightforward approach uses a thermal-hydraulics code with point-kinetics 

methodology. Essential 3D effects are neglected in point-kinetics since the 

power distribution is fixed. Moreover, point-kinetics parameters, such as 

reactivity coefficients, are usually approximately calculated. In this thesis, this 

widely used approach is referred to as the point-kinetics methodology. 

A more precise and to this day, the state-of-the-art practical method for full-

core analysis uses a coupled three-dimensional nodal neutronics/thermal-

hydraulics code to consider changes in power distribution and complex spatial 

dependence of reactivity feedbacks during unprotected transients. It is 

challenging that nodal neutronics tools such as the KIKO3D [4] and DYN3D [5] 

well-tried for analyzing thermal reactors are not suitable for fast spectrum 

reactors, mainly because fast and thermal reactor reactivity feedbacks 

considerably differ, requiring different modeling methods. The KIKO3DMG – 

based on the KIKO3D – is developed to analyze fast reactors in the Centre for 
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Energy Research [6]. The main aim of my PhD research was to prepare and 

extend the KIKO3DMG code for the investigation of the dynamic behavior of fast 

reactors and perform the first-ever coupled neutronics/thermal-hydraulics 

analysis of an unprotected transient of the ALLEGRO. 

Recent studies of the ALLEGRO [7] and a 3600 MWth SFR [8] brought to 

the fore that the calculation of the essential core safety parameters (e.g., 

reactivity coefficients, power peaking factors) are loaded with significant 

uncertainties originated from nuclear data and modeling uncertainties. Because 

of the uncertainties and the complex processes, it was not apparent what the 

relevant core safety parameters are during unprotected transients. The relevant 

core safety parameters can be identified by performing sensitivity and 

uncertainty analyses using the ATHLET thermal-hydraulics code with point-

kinetics methodology. So I have determined the most important core safety 

parameters during an unprotected transient overpower (UTOP) and an 

unprotected loss of flow transient (ULOF) of the ALLEGRO and a 3600 MWth 

SFR. This investigation is presented in Section 3. 

For more precise analyses of unprotected transients, a coupled nodal 

neutronics/thermal-hydraulics code can be used. Nodal neutronics codes require 

homogenized cross-sections (group constants) as a function of several state 

parameters (e.g., fuel temperature, coolant density). The necessary state 

parameters can be selected knowing the relevant core safety parameters for the 

transients to be examined. The Serpent Monte Carlo code is an increasingly 

popular tool for group constant generation. The Serpent code can also perform 

full-core calculations, which allows the verification of group constants and nodal 

codes for criticality calculations. Therefore, I have developed and verified a group 

constant generation and parameterization methodology for the ALLEGRO using 

the Serpent and KIKO3DMG codes. These results are presented in Section 4. 

Neutronics modeling of fast reactors must include thermal expansion of fuel 

and structural elements due to significant reactivity effects, which are practically 

negligible in thermal reactors. The reactivity effect of the axial fuel thermal 

expansion is a defining prompt negative feedback in fast reactors. The main 

challenge of modeling this phenomenon in nodal neutronics codes is that the 

axial fuel expansion is radially non-uniform in reality. Accordingly, I have 

developed a methodology for modeling the radially non-uniform axial thermal 

expansion of fuel with the KIKO3DMG and verify the new model on the 

ALLEGRO reactor by comparison with Serpent Monte Carlo calculations. This 

development is presented in Section 4. 



 4 

 

 

After the above-described improvements, the improved KIKO3DMG code 

coupled with a thermal-hydraulics code, for example, with the ATHLET, can be 

used to analyze the dynamic behavior of fast reactor cores. Application of a 

three-dimensional neutronics code instead of the point-kinetics methodology is 

essential for transients, during which the nuclear power distribution changes 

significantly. An example is an unintentional control rod withdrawal transient. So 

I have first-ever analyzed an unprotected control rod withdrawal transient of the 

ALLEGRO reactor core using a coupled neutronics/thermal-hydraulics code and 

identified the limitations of the point-kinetics approach by a comparative analysis. 

These analyses are presented in Section 5. 

A reliable calculation tool needs to be validated by measurements, but it is 

challenging for fast spectrum reactors because only limited experimental results 

are available. In 2018, the IAEA launched the Neutronics Benchmark of China 

Experimental Fast Reactor (CEFR) Start-Up Tests Coordinated Research 

Project [9]. The project provided an excellent opportunity to validate the criticality 

calculations of the KIKO3DMG code by experimental measurements. Thus, I 

have validated the group constant generation methodology and the criticality 

calculations of the improved KIKO3DMG code on experimental measurements 

of the CEFR start-up test. These validation results are presented in Section 6. 
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2 Literature review 

In this section, the research of the ALLEGRO reactor is reviewed, a general 

overview of calculation tools for dynamic analyses is provided, and coupled 

calculation tools for fast reactor analyses are described. Besides, calculation 

tools used in this thesis are introduced in more detail. 

2.1 Research of the ALLEGRO reactor 

The predecessor of the ALLEGRO, the 50 MWth EDTR was developed by 

the French Alternative and Atomic Energy Commission (CEA). Design and 

safety-related studies were performed for the EDTR in the Gas-Cooled Fast 

Reactor Specifically Targeted Project of the EURATOM 6th framework (GCFR 

project) from 2005 to 2009 [10]. Later the EDTR was redesigned, the power was 

increased to 75 MWth, and the reactor was renamed ALLEGRO. 

Safety-related aspects and issues were identified for the ALLEGRO during 

the Euratom FP7 Collaborative Project on Gas-Cooled Fast Reactor (GoFastR) 

between 2010 and 2013. The main findings regarding neutronics and thermal-

hydraulics of the MOX core can be summarised as follows [11]. Small safety 

margins exist to clad melting, but further detailed studies must confirm 

acceptable clad temperature limits. Water or steam ingress might lead to a 

positive reactivity insertion, but the coolant reactivity void effect is low. The 

control and shutdown assemblies have a relatively high reactivity worth (>1$), so 

a control rod ejection due to a malfunction can lead to a severe accident. Losing 

the control and shutdown mechanism can lead to unfavorable unprotected 

transients.  

Unprotected loss of flow and unprotected overpower transients were 

analyzed using the CATHARE and SIM-GFR codes and applying point-kinetics 

methodology [12]. It was shown that a potential 324 pcm reactivity insertion 

within 10 seconds results in a peak cladding temperature up to 1270 ºC and 

challenging the integrity of the cladding. 

In the ESNII+ EU research project from 2013-2016, a full-core neutronics 

benchmark exercise was defined, which focused on calculating core safety 

parameters influencing the safety analyses, such as reactivity coefficients, power 

peaking factors, and control rod worths [7]. Full-core calculations were performed 

by several participating organizations (MTA EK, PSI, AMEC, NNL, VUJE, and 

TU Delft), and the results were compared. After several iterations, the unification 

of core geometry data, and a clear definition of thermal expansion, large 

discrepancies were still found due to the combined consequence of different 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/shutdown
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/control-rods
https://www.sciencedirect.com/topics/engineering/malfunction
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codes, nuclear data libraries, modeling assumptions, and possible user effects. 

It was found that the standard deviations of the keff, Doppler coefficient, and fuel 

expansion reactivity coefficient are around 0.5%, 6.6%, and 13.3%, respectively. 

It was suggested that the standard deviation of the results could be used for 

determining the uncertainties of core safety parameters, which should be 

considered for analyses of unprotected transients. 

Besides, in the ESNII+ project, Perkó and Kloosterman [13] performed a 

sensitivity and uncertainty analysis of an unprotected station blackout transient 

of the ALLEGRO using the CATHARE code and point-kinetics approach. They 

considered nuclear data uncertainties of reactivity coefficients, power 

distributions, and the effective delayed neutron fraction, calculated by Pelloni 

[14], and applied engineering uncertainties of some thermal-hydraulics data. 

They found that the peak cladding temperature is around 1270 K and the 

standard deviation is around 3.4%. They also identified the most important 

uncertain parameters: the total power, void coefficient, the inertia of the primary 

blower, the power peaking factor, and the effective delayed neutron fraction. 

The investigation of uncertainties of neutronics calculations continued after 

the ESNII+ project with more straightforward problems. In the frame of the EU 

H2020 VINCO project, pin and assembly level neutronics benchmark exercises 

were performed by colleagues of the VUJE, MTA EK, ÚJV Řež, and NCBJ 

institutes [15]. Significant differences were observed for the pin level calculations 

of reactivity effects, especially during burnup. For the Doppler coefficient, up to 

20% discrepancy is observed between the ECCO and HELIOS deterministic 

calculations. For the assembly level calculations, also large differences occurred. 

The primary sources of differences are identified as nuclear data uncertainties, 

the treatment of the resonance self-shielding effect, and the treatment of the 

anisotropic effects of the flux and the scattering processes. 

In addition to large international projects, further neutronics analyses were 

performed for the ALLEGRO MOX core, mainly in national Hungarian and 

Slovakian projects. These researches are summarized in the following 

paragraphs. 

Čerba and his colleagues [16] compared the burnup capabilities of the 

HELIOS, MCNPX, and KENO codes on a 2D fuel assembly in an infinite lattice. 

They found that compared to the MCNPX, the KENO and HELIOS codes 

underestimate the keff up to 356 pcm and 272 pcm, respectively. 

Pónya and Czifrus [17] modified the Pu content of fuel assemblies and the 

number and positions of control rods of the core to reduce the reactivity worth of 

control rods and prove the fulfillment of the shutdown requirements. They 
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provided a new core design that has enough reactivity reserve to operate for 400 

effective full power days (EFPDs). 

Osuský and his colleagues [18] estimated the uncertainty propagated from 

nuclear data to the keff of the core of the ALLEGRO. They found that the relative 

standard deviation of keff is more than 1% (~1000 pcm), and the highest 

contributor is the 239Pu nubar reaction. 

Chersola and his colleagues [19] compared Monte Carlo-based burnup 

codes (Serpent 2.1.20, MCNP6, and MONTEBURNS), focusing on keff and 

nuclide inventory during burnup and the flux spectra for the fresh core. They 

found that there is around a 1000 pcm difference between the Serpent and 

MCNPX keff by 1000 EFPD. On the other hand, the 6-group flux spectra show an 

excellent agreement among the different codes. 

Cajko and his colleagues [20] explored the possibility of using materials 

other than B4C in the absorber to reduce the extensive swelling of absorber 

material due to high boron enrichment. They have found that EuB6 might be used 

with lower boron enrichment to the detriment of the shutdown capabilities of the 

control and diverse shutdown devices. 

Čerba and his colleagues [21] applied the DIF3D nodal code for neutronics 

analyses. Group constants were generated using a deterministic code and 

different cross-section libraries. They observed up to 1000 pcm differences in 

terms of keff between different cross-section libraries. They also found that the 

total control rod worth is underestimated in the DYF3D by more than 800 pcm 

compared to MCNP5. 

In addition to large international projects, further thermal-hydraulics studies 

were performed for the ALLEGRO MOX core mainly by Central European 

research institutes, such as MTA EK, VUJE, ÚJV Řež, and NCBJ, in 

collaboration with CEA. These researches are summarized in the following 

paragraphs. 

Mayer and Bentivoglio [22] improved the ALLEGRO's decay heat removal 

capabilities by using pony-motors to drive the primary blowers and installing 

three decay heat removal loops that can circulate in natural convection. They 

proved the applicability of the system by performing several transient analyses 

using the CATHARE2 code. 

Mayer [23] investigated the possibility of applying three instead of two 

primary loops to lower the peak cladding temperature during a hot duct break 

transient. He found that the additional loop does not significantly decrease the 

peak cladding temperature but increasing the blower rotational inertia would be 

advantageous. 
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Kvizda and his colleagues [24] performed comparative analyses of loss of 

coolant (LOCA) and station blackout (SBO) transients using the CATHARE2, 

RELAP5-3D, and MELCORE codes. They observed significant peak cladding 

temperature differences (more than 90°C and 250°C, respectively, during the 

LOCA and SBO transients) due to modeling alterations and differences between 

code models. 

Moreover, thermal-hydraulics experiments were performed and to be 

performed, which are related to the ALLEGRO. The ESTHAIR program aimed to 

produce estimations of pressure drops and heat exchange coefficients for 

various ALLEGRO fuel assembly concepts, and the results were published in 

2010 [25]. The S-ALLEGRO Experimental Helium Loop, operating from 2019 at 

Plzen, aims to model the fundamental safety characteristics of a high 

temperature, helium-cooled reactor, which can provide valuable experimental 

data for code validation in the future [26]. 

Most recently, the Euratom SafeG project [27] has started in 2020 and aims 

to optimize and improve the safety of the ALLEGRO core. 

2.2 A general overview of calculation tools for dynamic 
analyses 

The safety analyses of nuclear reactors require investigating the time-

dependent or dynamic behavior of the cores. Thus, it is essential to consider 

multi-physics phenomena, most importantly, neutronics and thermal-hydraulics. 

The power and temperatures are strongly interdependent since neutron cross-

sections depend on the temperature, and the resulted power change leads to 

temperature variation. Thus, the neutronics and the thermal-hydraulics part 

should be coupled. 

The neutronics part solves the neutron transport equation by applying 

varying degrees of simplifications and approximations. The Monte Carlo method 

provides a stochastic approximation of the transport equation, allowing precise 

calculations [28]. The main drawback of Monte Carlo calculations is its high 

computational demand. Deterministic codes apply spatial, energy, and angular 

discretization. Widely used deterministic approaches are the method of discrete 

ordinates (SN), the method of spherical harmonics (PN), and the simplified 

spherical harmonics (SPN) method. Within these, most commonly, the neutron 

diffusion equations (SP1) are solved. The most straightforward approach is the 

point-kinetics, which assumes constant spatial dependence of the flux, but can 

be solved rapidly [29]. Neutronics methods also rely on the precision of nuclear 

data, which should not be ignored. 
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All the above methods can be used to analyze the dynamic behavior of 

reactors, depending on the need for accuracy and computational effort. The vast 

computational demand of Monte Carlo does not allow the investigation of 

transients on a full-core level. Transient Monte Carlo analyses are usually 

confined to a smaller scale, such as one fuel assembly [30]. However, this might 

change in the future as computing speed increases. In contrast, point-kinetics 

can also be used when the spatial dependence of the problem can be neglected 

or when fast computational speed is necessary, for example, for simplified 

uncertainty and sensitivity studies where many calculations are required. 

Nevertheless, the current state-of-the-art approach for the dynamic analyses of 

nuclear reactors is based on three-dimensional deterministic codes [31]. In 

general, the computational need is manageable, and the calculation accuracy is 

satisfactory in the case of deterministic transient analysis. 

The thermal-hydraulics part involves the solution of heat conduction 

equations and transport equations of mass, momentum, and energy by applying 

simplifications based on requirements of spatial resolution and numerical 

accuracy. Two-phase or single-phase conservation equations are used 

depending on the nature of the investigated reactor and phenomena. Thermal-

hydraulics codes can be further categorized according to the resolution of spatial 

discretization [32]. 

Computational fluid dynamics (CFD) codes provide high accuracy results 

due to high spatial resolution and the detailed modeling of three-dimensional 

effects and turbulent phenomena. However, the application of CFD codes for full-

core or even assembly-level transient analysis is limited due to the high 

computational demand. In contrast, system thermal-hydraulics codes usually use 

one-dimensional parallel channels at the core-level and relatively large control 

volumes resulting in fast calculations. Most commonly, subchannel thermal-

hydraulics codes are applied to analyze reactor cores, in which one-dimensional 

control volumes are connected in both axial and radial directions to consider 

three-dimensional effect. The main challenge of subchannel codes compared to 

system codes is the accurate modeling of the mixing process between 

subchannels [33]. 

In this thesis, the ATHLET thermal-hydraulics system code [34] is used for 

the transient analyses of reactors in two ways in terms of neutronics. First, the 

point-kinetics approach is used for uncertainty and sensitivity analyses. Second, 

the system code is coupled with the KIKO3DMG deterministic code [6] for the 

detailed three-dimensional dynamic investigation of an unprotected control rod 

withdrawal transient. 
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Both the point-kinetics approach and deterministic codes require 

preparatory neutronics calculations. Point-kinetics parameters such as reactivity 

coefficients need to be calculated in advance. Moreover, full-core deterministic 

calculations necessitate two calculation steps to reduce the number of unknowns 

to be solved. In the first step, the energy condensation of cross-sections and the 

spatial homogenization of geometry regions are performed parallel on the 

assembly-level. This process results in group constants, which can be used for 

full-core calculations in the second step. The traditional generation of group 

constants is as follows. The evaluated point-wise nuclear data is condensed into 

micro-group cross-sections using an approximate of the flux. The self-shielding 

effect of resonances is approximately treated. The assembly-level calculations 

are performed often in 2D or less commonly in 3D. The above steps introduce 

varying degrees of bias to the group constant [29]. 

In contrast, Monte Carlo codes can use point-wise nuclear data, and the 

neutron energy is represented continuously. Moreover, self-shielding effects are 

automatically accounted for without approximation, and the geometry can be as 

detailed as necessary [35]. Thus, the application of Monte Carlo codes for the 

group constant generation is becoming more and more popular these days as 

computational resources increase. However, the statistical uncertainty of group 

constants, due to the stochastic nature of Monte Carlo calculations, should be 

kept in mind. In this thesis, the Serpent Monte Carlo code [36] is used for group 

constant generation and introduced in more detail in Section 2.4. 

2.3 Coupled codes for dynamic analyses of fast reactors 

As discussed in the previous section, three-dimensional deterministic 

codes coupled with thermal-hydraulics system codes are most commonly used 

for dynamic analyses of reactors. For the analysis of thermal reactors, there exist 

several well-tried tools, for example, KIKO3D/ATHLET [4], DYN3D/TRACE [37], 

and PARCS/RELAP5 [38]. These tools, however, cannot be directly used for 

analyzing fast spectrum reactors. 

Thermal-hydraulics codes need to handle working fluids other than water, 

such as sodium, helium, or lead, requiring, for example, the implementation of 

special heat transfer correlations. Most thermal-hydraulics system codes are still 

under development for fast reactor applications such as ATHLET [34], 

CATHARE [39], and RELAP5 [40]. The ATHLET code is introduced in more 

detail in Section 2.6. 

There are two main challenges to applying neutronics codes for fast instead 

of thermal reactors. First, the codes should be generalized to calculate using 

more than two energy groups. Second, thermal expansion of the fuel and 
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structural elements has significant reactivity effects and should be considered 

[41]. In the following, nodal neutronics codes developed and applied for three-

dimensional dynamic analyses of fast reactors are introduced. 

Seubert and Velkov [42] developed a diagrid and axial expansion model for 

the PARCS diffusion solver. The radially deformed core was dealt with a 

coordinate transformation, and instead of redoing spatial homogenization, cross-

section-weighting was applied. The axial expansion was modeled by fixing the 

axial discretization and interpolating node-wise cross-sections. The new models 

were tested on the ASTRID sodium-cooled fast reactor [42] and a Superphénix 

neutronics benchmark [43]. Besides, PARCS coupled with ATHLET was used 

for simple unprotected transient analyses of ASTRID [44] and Superphénix [43], 

leading to plausible results. 

Nikitin and Fridman [45] recently extended the DYN3D code to SFR 

applications. DYN3D consists of a 3D nodal neutron kinetics solver and a 1D 

thermal-hydraulics solver. A new thermal expansion model was developed to 

account for the axial and radial core expansion. The uniform radial expansion 

was modeled by changing the sub-assembly pitch in DYN3D and using 

parameterized group constants as a function of the inlet coolant temperature. 

The axial expansion of fuel was treated on a fixed axial nodalization and by 

introducing an additional node to account for the maximum possible axial 

expansion. A linear volumetric group constant mixing was applied for all 

macroscopic reaction cross-sections, group-to-group scattering matrices, and 

diffusion coefficients. DYN3D was validated on control rod withdrawal [46] and 

natural convection tests [47] of the Phenix sodium-cooled fast reactor. 

Pataki and his colleagues [6] have developed the KIKO3DMG nodal code 

specifically for fast reactor applications. However, the code can be used for 

thermal reactor analysis without any difficulty. KIKO3DMG was coupled with 

ATHLET, and the capabilities of the coupled code were tested on transient 

analysis of a sodium-cooled fast reactor [48]. So far, the essential radial and axial 

core thermal expansion were not taken into account. The KIKO3DMG is 

introduced in more detail in Section 2.5, and further extension of the code is 

presented in Section 4. The KIKO3DMG/ATHLET code is introduced in Section 

2.7, and the extended version was applied for the transient analyses of the 

ALLEGRO in Section 5. 

2.4 Introduction of the Serpent Monte Carlo code 

Serpent is a three-dimensional continuous-energy Monte Carlo reactor 

physics calculation code developed at VTT Technical Research Centre of 
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Finland since 2004 [36]. In this thesis, Serpent is applied for two primary 

purposes: full-core criticality calculations and group constant generation. 

Comparing full-core calculations using Serpent and full-core calculations using 

deterministic codes that apply group constants of Serpent is advantageous for 

the verification of deterministic codes. This way, modeling and nuclear data 

library differences can be avoided. 

Compared to general-purpose MC codes, Serpent provides results with the 

same precision but typically faster due to two advanced features. First, the 

Woodcock delta-tracking method introduces virtual collisions, which leads to a 

more rapid calculation of neutron tracking [49]. Second, the unionized energy 

grid of cross-sections leads to a quicker determination of total cross-sections of 

a region [50]. More details about the code can be found on Serpent Wiki [51]. 

The results of Serpent can be efficiently processed by using serpentTools [52]. 

Serpent uses continuous energy cross-sections from ACE-formatted 

nuclear data libraries. For results presented in Sections 3 and 4, the ENDF/B-

VII.1 library was used, which was distributed with Serpent. For results presented 

in Sections 5 and 6, the more recent ENDF/B-VIII.0 library was applied, which 

was provided by the Los Alamos National Laboratory [53]. 

During my PhD studies, Serpent has evolved from time to time, and I 

attempted to use the latest versions, which included useful new features and bug 

fixes. For the first full-core calculation result presented in Section 3, I used 

version 2.1.27. For subsequent group constant generation and full-core 

calculations introduced in Section 4, version 2.1.29 was used. Finally, the most 

recent, version 2.1.31, was used for the CEFR core analysis presented in Section 

6. From version 2.1.27 to 2.1.31, the main features and modeling methods did 

not change, but the application of Serpent became more and more convenient. 

2.5 Introduction of the KIKO3DMG nodal code 

The KIKO3DMG is an analytical nodal code developed at the Centre for 

Energy Research in Hungary [6]. The basic principles of the code are based on 

the methods of its predecessor, the KIKO3D code [4], which was developed to 

analyze thermal reactors. The more advanced KIKO3DMG is applicable for the 

analyses of fast spectrum reactors due to its multigroup generalization. The main 

areas of application are three-dimensional criticality, core design, and dynamic 

calculations. The code has a simple built-in core thermal-hydraulics model for 

dynamic analyses, but it can also be coupled with a subchannel or system 

thermal-hydraulics code (e.g., COBRA, ATHLET). In this thesis, the latter was 

examined and described in Section 2.7. In the following, the standalone 
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KIKO3DMG (without thermal-hydraulics) is introduced in detail since it plays a 

central role in this thesis. 

The KIKO3DMG uses a unique response matrix method for solving the 

steady-state and time-dependent diffusion equations or SPN equations [54], 

although only the diffusion approximation was used in this thesis. The node 

fluxes are obtained by solving the above equations analytically inside the nodes, 

which are homogenized regions of the assemblies subdivided by axial layers. 

The nodes are described with generalized response matrices derived from 

previously generated group constants. Group constants can be parameterized 

according to arbitrary state parameters, such as fuel temperature and coolant 

density. The analytical solution is obtained by assuming that the node fluxes can 

be written as a combination of base functions perpendicular to the node 

boundaries. 

Next, the basic equations of the KIKO3DMG are introduced, based on a 

more detailed description of the KIKO3D code [4]. The time-dependent neutron 

diffusion equation can be written for the scalar flux (Ψ) as follows: 

 
�̂�(𝐫, 𝑡)Ψ(𝐫, 𝑡) = (−

1

𝐯(𝐫, 𝑡)

𝜕

𝜕𝑡
− 𝛘𝑓(𝐫, 𝑡)𝛽�̂�(𝐫, 𝑡))Ψ(𝐫, 𝑡)

+ 𝛘𝑓(𝐫, 𝑡)∑𝜆𝑗𝐂𝑗(𝐫, 𝑡)

𝑗

 

(1) 

 𝑑𝐂𝑗(𝐫, 𝑡)

𝑑𝑡
= −𝜆𝑗𝐂𝑗(𝐫, 𝑡) + 𝛽𝑗�̂�(𝐫, 𝑡)Ψ(𝐫, 𝑡) (2) 

where �̂�  is the fission operator; 𝛘𝑓  is the fission spectrum; 𝐯  is neutron 

velocity; 𝛽 is the delayed neutron fraction; 𝐂𝑗 are the precursor densities, 𝛽𝑗 

are the effective fractions and 𝜆𝑗 are the decay constants of the 𝑗𝑡ℎ delayed 

neutron group; �̂� represents the remaining terms of the diffusion equation: 

 �̂�(𝐫, 𝑡)Ψ(𝐫, 𝑡) = −𝑑𝑖𝑣(𝐃(𝒓, 𝑡)𝑔𝑟𝑎𝑑Ψ(𝐫, 𝑡)) + 𝚺𝑡(𝐫, 𝑡)Ψ(𝐫, 𝑡)

− 𝚺(𝐫, 𝑡)Ψ(𝐫, 𝑡) − 𝛘𝑓(𝐫, 𝑡)�̂�(𝐫, 𝑡)Ψ(𝐫, 𝑡) 
(3) 

where 𝐃  is the diffusion coefficient; 𝚺𝑡  is the total cross-section; 𝚺  is the 

scattering cross-section. The solution of Eq. (1) is searched as a linear 

combination of three terms: 𝚽0 is corresponding to the static equation; 𝚽α and 

𝚽𝑓 are corresponding to the source terms [4]: 

 �̂�(𝐫, 𝑡, 𝜌)𝚽0(𝐫, 𝑡) = 𝟎 (4) 
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�̂�(𝐫, 𝑡, 𝜌)𝚽α(𝐫, 𝑡) =

1

𝒗(𝐫, 𝑡)
 𝚽0(𝐫, 𝑡) (5) 

 �̂�(𝐫, 𝑡, 𝜌)𝚽𝑓(𝐫, 𝑡) = 𝛘𝑓(𝐫, 𝑡)�̂�(𝐫, 𝑡) 𝚽0(𝐫, 𝑡) (6) 

Approximations (which are not detailed here) are used for the scalar flux, for the 

time derivative of the scalar flux, and for the precursor densities to obtain the 

following form of the scalar flux [4], which is a solution of Eq. (1): 

 
Ψ(𝐫, 𝑡) ≈ (𝚽0(𝐫, 𝑡) − 𝛽𝚽𝑓(𝐫, 𝑡)) 𝐅(𝑡) − 𝚽𝛼(𝐫, 𝑡)

𝜕𝐅(𝑡)

𝜕𝑡

+∑𝜆𝑗𝚽𝑓(𝐫, 𝑡)𝐎𝑗(𝐫, 𝑡)

𝑗

 
(7) 

where 𝐅 are the scalar group flux integrals on the node interfaces and 𝐎𝑗(𝑡) 

are the amplitudes of the precursor distributions and described by the following 

equations: 

 𝑑𝐎𝑗(𝑡)

𝑑𝑡
= −𝜆𝑗𝐎𝑗(𝑡) + 𝛽𝑗𝐅(𝑡) (8) 

Since the scalar flux is a continuous quantity, it is assumed that the scalar flux 

integrals are continuous on the node interfaces. Moreover, the continuity of the 

neutron current integrals is assumed on the node interfaces. Applying Fick’s law 

on Eq. (7), then integrating the neutron currents on each node interface and 

using the continuity of currents on the adjacent node boundaries, the time-

dependent nodal equations can be obtained [4]: 

 
(𝐆0(𝑡) − 𝛽𝐆𝑓(𝑡)) 𝐅(𝑡) − 𝐆𝛼(𝑡)

𝜕𝐅(𝑡)

𝜕𝑡
+∑𝜆𝑗𝐆𝑓(𝑡)𝐎𝑗(𝑡)

𝟔

𝒋=𝟏

= 𝟎 (9) 

where the whole core is described by the 𝐆0, 𝐆𝑓, and 𝐆𝛼 large sparse matrices 

obtained from 𝚽0, 𝚽𝑓, and 𝚽𝛼. The static nodal equations can be written as 

follows where the unknowns are the scalar flux integrals: 

 𝐆𝟎𝐅 = 𝟎 (10) 

The static equations (Eq. (10)) are solved numerically, assuming that the 

largest eigenvalue corresponds to the static reactivity (𝜌) . Two eigenvalue 

algorithms are implemented, the two-sided power iteration and the two-sided 

Implicitly Restarted Arnoldi Method, to determine the flux and adjoint flux. 

The time-dependent nodal equations (Eq. (9)) are solved by applying the 

improved quasi-static method (IQS). In the IQS method, the time-dependent 

scalar flux integrals (𝐅(𝑡)) are factorized as the product of a shape function (𝐟(𝑡)), 
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assumed to be changing slowly over time, and amplitude function (𝐴(𝑡)), which 

can change rapidly over time [4]. 

 𝐅(𝑡) = 𝐴(𝑡)𝐟(𝑡) (11) 

The amplitude function is obtained by solving the point-kinetics equations at 

every micro time-step. It should be highlighted that the point-kinetics parameters, 

necessary for the point-kinetics formalism, are determined by the KIKO3DMG at 

every macro time-step, considering three-dimensional reactivity effects [48]. The 

shape function is determined using the Gauss-Seidel iteration or the bi-conjugate 

gradient stabilized method (Bi-CGSTAB) [55] at every macro time-step. 

Most algorithms of the KIKO3DMG code are optimized for multithreading, 

which leads to significantly faster calculations. Besides, there are several options 

for visualizing the calculation results, such as radial distributions of flux, 

temperature, and power, which greatly help present the results. 

The following features are also worth mentioning, but these were not 

utilized in this work. The hexagonal or rectangular assemblies can be subdivided 

into triangles or smaller rectangles in an automated way, leading to more detailed 

spatial resolution and consequently more precise but time-consuming 

calculations [6]. The radial interfaces of the nodes can be subdivided, leading to 

more base functions for the analytical solution inside the nodes [6]. Assembly 

discontinuity factors can be applied to obtain more accurate power distribution 

[P10]. Delayed neutron fractions can be determined using the adjoint flux. During 

transient simulations, dynamic reactivity coefficients can be determined [48]. An 

advanced burnup calculation method is currently under development. 

The thesis presents new extensions of the KIKO3DMG code necessary for 

dynamic analyses of fast reactors. A thermal-expansion module was developed 

to consider the thermal expansion of the diagrid and the non-uniform axial 

thermal expansion of fuel and described in Section 4.6. Finally, I should clarify 

that István Pataki implemented these extensions and every other necessary 

modification of the KIKO3DMG. 

2.6 Introduction of the ATHLET thermal-hydraulics code 

The AC2 system code package is developed by the GRS (Gesellschaft für 

Anlagen- und Reaktorsicherheit) for the safety analyses of nuclear reactors at 

normal operation, anticipated operational occurrences, and design basis 

accidents up to severe accident conditions [34]. The code system is primarily 

developed and validated for light-water reactors, but recent versions can analyze 

other types of reactors with some limitations. AC2 has interfaces to extend the 
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capabilities of the system with nodal reactor kinetics codes, subchannel codes, 

or CFD tools. Coupling with a nodal reactor kinetics code makes the system 

suitable for the analyses of reactivity transients. 

The thermal-hydraulics computer code ATHLET (Analysis of Thermal 

Hydraulics of LEaks and Transients) as part of the AC2 code system is intended 

to analyze operational conditions, abnormal transients, and all kinds of leaks and 

breaks without core degradation [34]. The code is applicable to investigate GEN 

IV reactors since heavy water, helium, sodium, or lead working fluids and 

corresponding models and correlations have been implemented from version 

3.0. The validation of ATHLET for the new working fluids is in progress, but it 

was tested that the code produces reasonable results [56]. 

ATHLET consists of four main modules [57]. The thermal fluid dynamics 

module (TFD) solves the differential equations of the conservation equations 

described by control volumes and junctions. Two sets of model equations are 

available: the 5-equation model and the 6-equation model. The 5-equation 

system solves the mass and energy balances for the liquid and vapor phases, 

the momentum balance for the mixture. In contrast, the 6-equation model solves 

the momentum balance separately for the liquid and vapor phases. Next, the 

formulas of the 6-equation model are briefly introduced, based on the ATHLET 

Models and Methods [57]. 

For a control volume 𝑉𝑖, the mass conservation equations of the liquid (𝑙) 

and vapor (𝑣) phases can be written as follows [57]: 

 𝑑𝑀𝑙/𝑣

𝑑𝑡
= 𝐺𝑙/𝑣

𝑖𝑛 − 𝐺𝑙/𝑣
𝑜𝑢𝑡 ±ψ (12) 

where 𝑀𝑙/𝑣 is the liquid or vapor mass in 𝑉𝑖; 𝐺𝑙/𝑣
𝑖𝑛/𝑜𝑢𝑡

 is the phase (𝑙/𝑣) flow rate 

in or out of 𝑉𝑖; ψ is the flow rate between the phases. 

For a control volume 𝑉𝑖, the energy conservation equations of the liquid (𝑙) 

and vapor (𝑣) phases can be written as follows [57]: 

 𝑑𝑇𝑙/𝑣

𝑑𝑡
=

1

𝑐𝑝,𝑙/𝑣

𝐸𝑙/𝑣

𝑀𝑙/𝑣
+

1

𝑐𝑝,𝑙/𝑣
(𝑣𝑙/𝑣 −

𝜕ℎ𝑙/𝑣

𝜕𝑝
|𝑇𝑙/𝑣)

𝑑𝑝

𝑑𝑡
   (13) 

𝑇𝑙/𝑣 is the phase temperature; 𝐸𝑙/𝑣 is the phase enthalpy change in 𝑉𝑖 due to 

the following five terms: mass change, flow velocity change, interfacial heat 

exchange due to condensation or evaporation, heat sources in, and enthalpy 

flow in and out of 𝑉𝑖 ; 𝑣𝑙/𝑣  is the specific phase volume; ℎ𝑙/𝑣  is the specific 

phase enthalpy; 𝑝 is the pressure in 𝑉𝑖. 
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For a junction 𝐽𝑖 connecting control volumes 𝑉𝑖 and 𝑉𝑖+1, the momentum 

conservation equations of the liquid (𝑙) and vapor (𝑣) phases can be written as 

follows [57]: 

 𝑑𝐹𝑙/𝑣

𝑑𝑡
=
𝑝𝑖 − 𝑝𝑖+1  − Δ𝑃𝑙,𝑣

𝑝𝑢𝑚𝑝 − Δ𝑃𝑙,𝑣
𝑔𝑟𝑎𝑣

− Δ𝑃𝑙,𝑣
𝑀𝐹 − Δ𝑃𝑙,𝑣

Ψ − Δ𝑃𝑙,𝑣
𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛

𝜌𝑙/𝑣
𝑖 𝐿𝑖

𝐴𝑖
+ 𝜌𝑙/𝑣

𝑖+1 𝐿𝑖+1
𝐴𝑖+1

   (14) 

where 𝐹𝑙/𝑣 is the phase flow rate; the denominator is the inertia term with the 

density (𝜌𝑙/𝑣
 ), control volume half-length (𝐿), and cross-section area (𝐴); 𝑝𝑖 and 

𝑝𝑖+1  are the control volume pressures; Δ𝑃𝑙,𝑣
𝑝𝑢𝑚𝑝

 is the pump pressure term; 

Δ𝑃𝑙,𝑣
𝑔𝑟𝑎𝑣

 is the gravitational term; Δ𝑃𝑙,𝑣
𝑀𝐹 is the momentum flux term; Δ𝑃𝑙,𝑣

Ψ  is the 

momentum flux term due to phase change; Δ𝑃𝑙,𝑣
𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛

 is the wall friction and 

interfacial shear term. 

The standard 1D conservation equations are solved by default, but 2D/3D-

equations can also be applied to large geometries such as the reactor pressure 

vessel. The heat conduction and transfer module (HECU) solves a 1D heat 

equation for solid structures (e.g., for fuel rods), and various correlations are 

available for different working fluids. The general control simulation module 

(GCSM) controls boundary conditions and activation of components and 

processes model results. 

The neutron kinetics (NEUKIN) module simulates the nuclear heat 

generation using 3D neutron kinetics codes through the coupling interface or 

using point-kinetics based on pre-defined point-kinetics parameters. ATHLET 

solves the following point-kinetics equations [57], where the unknown is the 

neutron flux (𝑛): 

 𝑑𝑛

𝑑𝑡
=
𝑅(𝑡) − 𝛽

𝐿
𝑛 +∑𝜆𝑖𝐶𝑖

𝑁𝐺

𝑖=1

 (15) 

 𝑑𝐶𝑖
𝑑𝑡

=
𝛽𝑖
𝐿
𝑛 − 𝜆𝑖𝐶𝑖 , 𝑖 = 1,… ,𝑁𝐺 (16) 

The neutron generation time (𝐿), the effective fractions (𝛽𝑖) and decay constant 

(𝜆𝑖) of the delayed neutron groups (𝑁𝐺) are given as input parameters. 𝐶𝑖 are 

the concentrations of delayed neutron groups, and 𝑅(𝑡) is the total reactivity, 

which consists of an external reactivity term and feedback terms. The feedbacks 

are calculated based on reactivity coefficients given by input. 

Finally, the differential equation system, described by the model, is solved 

by a robust fully-implicit Euler scheme with automatic time-step adjustment. 
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2.7 Introduction of the coupled KIKO3DMG/ATHLET code 

An earlier version of the KIKO3DMG was coupled with the ATHLET3.0 

system code [48]. Since then, the KIKO3DMG was updated to the most recent 

version and used in this thesis. The following data are exchanged between them 

at every macro time-step: the power of nodes calculated by the KIKO3DMG, and 

average fuel pellet, cladding, and coolant temperatures of nodes calculated by 

the ATHLET. A 1-by-1 mapping scheme is applied for the fuel assemblies. 

The coupled version of the code can be used in the static mode when the 

power is kept constant. It is useful for criticality calculation with realistic 

temperature distributions. The static mode is also applied before the beginning 

of time-dependent calculations to reach a steady-state. In time-dependent cases, 

the transient-version of the coupled code is used. During transient simulations, 

the macro time-steps are determined by the convergence of the thermal-

hydraulics calculation.  

The flow diagram of the coupled calculations using the Serpent, 

KIKO3DMG, and ATHLET is presented in Fig. 1. 

 

Fig. 1. Flow diagram of the coupled neutronics/thermal-hydraulics 

calculation scheme as applied in this thesis.  
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3 BEPU analyses of ALLEGRO and SFR 
transients 

The calculations of the essential core safety parameters in fast spectrum 

reactors are loaded with large uncertainties due to the considerable uncertainty 

of nuclear data, modeling uncertainties, and possible user mistakes. These core 

safety parameters, such as reactivity coefficients, power peaking factors, and 

point-kinetics parameters, play an essential role during unprotected transients. 

The contributions to the uncertainties of the target parameters (e.g., peak 

cladding temperature) from the core safety parameters can be determined by 

best estimate plus uncertainty (BEPU) analyses. 

The following section presents the ALLEGRO (demonstrator gas-cooled 

fast reactor) and a 3600 MWth oxide sodium-cooled fast reactor (SFR) cores. 

Three-dimensional models of the cores are created using version 2.1.27 of the 

Serpent Monte Carlo code, and core safety parameters are calculated. 

Furthermore, an unprotected loss of flow and an unprotected transient 

overpower are analyzed using the ATHLET thermal-hydraulics code and point-

kinetics approach. First, the transients are studied using the best estimate 

approach to understand the behavior of the reactors in these scenarios. Next, 

uncertainty analyses are performed applying the GRS method, considering the 

uncertainties of the reactivity coefficients, which are taken from benchmark 

results. Finally, the importance of the uncertain parameters is determined from 

sensitivity measurement. 

Moreover, a comparative analysis is presented, performed in the frame of 

cooperation with the Slovakian VUJE institute [P6]. The normal operation 

condition and a station blackout transient of the ALLEGRO were analyzed using 

the ATHLET and RELAP5 codes, and the results were compared. The core 

model in ATHLET used the core inlet temperature and the mass flow rate as a 

boundary condition from RELAP5. 

3.1 Introduction of the ALLEGRO and the 3600 MWth oxide 
SFR core 

The ALLEGRO was designed by the French Alternative and Atomic Energy 

Commission (CEA). The thermal power of the core is 75 MW, although this might 

need to be decreased due to safety reasons [58]. The coolant of the primary 

circuit is helium gas, the secondary loop consists of pressurized water, and the 

ultimate heat sink is the atmosphere. Additionally, three decay heat removal 

(DHR) systems connect to the primary loop, ensuring the heat removal from the 
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core after SCRAM. Nitrogen accumulators inject nitrogen in the case of a LOCA 

accident. The schematic diagram of the cooling system is presented in Fig. 2 

with additional information about nominal pressure and temperature values. 

 

Fig. 2. Primary, secondary, and DHR loops of the ALLEGRO. 

The component specifications, the geometric and thermal characteristics 

can be found in the thermal-hydraulics benchmark exercise specification [59], 

and the ALLEGRO database for thermal-hydraulics benchmark exercise [60]. 

The ALLEGRO core was initially specified by the CEA [61], but a slightly 

modified definition was used in this thesis [62]. In this work, only the start-up core 

of the ALLEGRO was investigated. The horizontal and vertical sections of the 

core are shown in Fig. 3 and Fig. 4. The core has a 120° rotational symmetry. 

Besides the 81 identical fuel assemblies, the core contains six Control and 

Shutdown Devices (CSD) and four Diverse Shutdown Devices (DSD), 

comprising B4C absorber rods. Besides, there are six experimental positions 

filled with steel, which can provide room to test new fuel assemblies in the future. 

Moreover, the active region is surrounded by homogeneous reflector and 

shielding assemblies. Axially, reflectors and shielding enclose the fuel rods. Each 

fuel assembly contains 169 fuel pins. The material of the fuel pellet is MOX (a 

mixture of uranium and plutonium oxides), and the cladding is made of stainless 

steel. Detailed information about the geometry and material compositions can be 

found in the ALLEGRO Core Specification [62].  
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 fuel         CSD                      DSD 
 steel             reflector                  shield 

Fig. 3. The horizontal cross-section of the 
ALLEGRO core. 

 

 fuel /  DSD and CSD  gas gap 

 reflector /  shield            steel 

Fig. 4. The vertical cross-section of the 
ALLEGRO core. 

Additionally, a 3600 MWth oxide sodium-cooled fast reactor (SFR) core was 

also analyzed, defined by the CEA within the frame of an OECD NEA UAM-SFR 

benchmark [63]. The horizontal and vertical layouts of the SFR core are shown 

in Fig. 5 and Fig. 6. The large core with 3600 MW thermal power consists of 453 

fuel assemblies. The active core is divided into inner and outer zones. The 

material compositions of the two zones are different, and each assembly is 

divided into five axial layers. Besides, there are two independent reactivity 

control systems. The primary and secondary systems contain 24 and 9 control 

assemblies, respectively. The fuel bundles are surrounded by radial and axial 

reflectors. Each fuel pin is made of MOX pellets and Oxide Strengthened Steel 

cladding. More details can be found in the specification of the 3600 MWth oxide 

SFR [63]. 
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 inner fuel        /  absorber                    

 outer fuel             reflector                 

Fig. 5. The horizontal cross-section of the 
SFR core. 

 

 fuel        /  absorber                     

 gas gap       /  reflector                 

Fig. 6. The vertical cross-section of the SFR 
core. 

3.2 The Serpent models of the ALLEGRO and the SFR 

Three-dimensional pin-wise models of the ALLEGRO and the SFR cores 

were investigated with version 2.1.27 of the Serpent Monte Carlo code. The 

Serpent code is introduced in Section 2.2, and modeling details and calculation 

options are presented here. 

Core models of the ALLEGRO and SFR were created according to the core 

specification described in the previous section. The control assemblies were fully 

withdrawn from the active core for the present calculations. Furthermore, 

vacuum boundary condition is specified on the edge of the core. Uniform 

temperature distributions were assumed separately for the fuel, cladding, 

coolant, wrapper, and structural elements. 

Monte Carlo calculations are time-consuming, especially when the 

geometry is complex. The models described above consist of around one million 

cells; therefore, a precise analysis takes several hours or days on a modern PC. 

On the other hand, the model is very accurate, containing only a few 

approximations. For example, the wire spacer is smeared into the cladding. The 

calculation time is determined by the number of simulated neutrons in Serpent. 

A calculation is divided into cycles, and the user must set the number of 

simulated neutrons per cycle. Also, at the beginning of the simulation, an 

adequate number of inactive cycles must run to reach fission source 

convergence. The main parameter to be determined is the effective multiplication 
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factor (keff). The standard deviation (also known as the statistical error) of keff is 

an important parameter, which provides information about the accuracy of the 

result. Table 1 summarizes the applied values and the statistical error of keff. 

Table 1. The main computational parameters for the Serpent calculations. 

 ALLEGRO SFR 

neutrons per cycle 150,000 50,000 

active cycles 2,000 2,000 

inactive cycles 50 50 

statistical error of keff 11 pcm 14 pcm 
 

 

The resulted keff largely depends on the used cross-section library due to 

the differences between the measured nuclear data and the applied evaluation 

procedures of different libraries. The results of Section 3 were obtained by using 

the ENDF/B-VII.1 library. The cross-sections are given for 300K, 600K, 900K, 

1200K, 1500K, and 1800K. Between these temperatures, Serpent calculates the 

cross-sections using a Doppler broadening routine. Moreover, unresolved 

resonance probability tables were taken into account. Concerning the other 

options, default values were used. 

In addition to the calculation of the keff, power peaking factors were 

determined from the power distribution. Furthermore, the delayed neutron 

fraction (β) was also calculated by the Serpent code using the Meulekamp 

method [64]. 

When the temperatures of the reactor components change, the cross-

sections and the geometry alter simultaneously, leading to reactivity feedback, 

which can be characterized by several reactivity coefficients. These coefficients 

can be calculated using the Serpent code by modifying the input and calculating 

a new keff. 

An increase in the fuel matrix temperature leads to the Doppler broadening 

of the resonance cross-sections and the thermal expansion of the fuel pellets. 

The former effect can be implemented in the Serpent by modifying the 

temperature of the fuel material, and the latter can be taken into account by 

increasing the radius and the height and decreasing the density of the fuel pellet. 

The thermal expansions of the cladding and wrapper also affect the reactivity, 

but the temperature dependences of the cross-sections of the cladding and 

wrapper are negligible. The radial expansion was modeled directly, but the axial 
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dimensions were unchanged. However, the densities were modified realistically. 

In the SFR case, the coolant density was recalculated according to the thermal 

expansion of the sodium. For practical reasons, considering the ALLEGRO, not 

the coolant temperature but the coolant density reactivity coefficient is 

calculated. The fuel pellet, the cladding, the wrapper, and the sodium thermal 

expansion coefficients were taken from the specifications of the cores [62] [63]. 

For the calculation of reactivity coefficients, the uniform temperature distributions 

were modified uniformly. 

3.3 The ATHLET models of the ALLEGRO and the SFR cores 

The helium-cooled ALLEGRO and the 3600 MWth SFR cores were 

modeled using the ATHLET code for unprotected transient analyses. In Section 

3, the ATHLET version 3.1A was used. The models contain only the active region 

of the cores with fixed or time-dependent inlet mass flow and coolant 

temperature. It is a rough approximation for the simulation of transients. 

Nonetheless, the importance of core safety parameters can be determined. 

The core model consists of average channels a hot channel, which 

represents the hottest fuel pin. In practice, the difference between the outlet 

coolant temperatures of the hot and the average channels can be mitigated by 

gagging the flow rate at the inlet of the fuel assemblies, but it was not applied in 

this model. The lack of channel gagging leads to higher nominal temperatures of 

the hot channel, which is investigated for the ALLEGRO in Section 5.4. Each 

channel contains one fuel pin with its cladding and the associated coolant and 

divided into five axial layers. Axial heat conduction was not modeled. The 

wrapper of the assembly and other structural elements were neglected. The 

radial heat conduction from the core to the structural elements or the bypass is 

not considered. 

The density, temperature-dependent specific heat capacities, and thermal 

conductivities of the fuel pellet and cladding were taken from the literature for the 

ALLEGRO [62] [59] [65] and SFR [63] [66]. For the ALLEGRO, most of the heat 

transfer and pressure drop related parameters were taken from ATHLET by 

using built-in correlations: 

• The gap between the fuel and cladding is filled with helium. The gap 

conductance is calculated by the ATHLET using the gap width of the cold rod 

(120 µm) and changes between 2600-3800 W/m2K in the nominal state. It 

should be noted that the gap stays open during transients of fresh fuel since 

the gap width is still larger than 60 µm at the melting point of the fuel. 
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• The heat transfer coefficient between the cladding and helium is calculated 

using the Dittus-Boelter correlation, and the value varies between 3300-3600 

W/m2K. 

• The friction loss is calculated using the Martinelli-Nelson model with a wall 

roughness of 30 µm. 

The nuclear heat generation was simulated by using the point-kinetics 

model of the ATHLET. The Serpent code calculated the required neutron kinetics 

parameters, such as the delayed neutron fractions, prompt neutron lifetime, and 

several reactivity coefficients. 

For modeling a station blackout transient of the ALLEGRO, a similar model 

was created in the ATHLET with the following modifications. Boundary conditions 

were set to the inlet mass flow and temperature of the coolant, provided by the 

RELAP5 calculations performed on a detailed model of the ALLEGRO. Only the 

assembly with the largest power (hot channel) was simulated, as the target 

parameter of this study (peak cladding temperature) can be found there. The fuel 

pins are divided into ten axial layers. The decay heat curve was given as a 

function of time. 

The RELAP5 model was created by Boris Kvizda from the VUJE institute 

and described in a conference paper [P6]. The model is a complex thermal-

hydraulics representation of the ALLEGRO. It contains all major systems and 

components, including the reactor pressure vessel, the core, two separate ducts 

of the primary system with the main blowers, main heat exchangers allowing 

energy transfer to the secondary loop, and three independent DHR systems. The 

RELAP5 core model includes radial heat transfer simulating energy transfer from 

the center to its peripheral parts, preserving total heat capacity, which is a 

significant difference compared to the ATHLET core model. 

3.4 Description of the investigated transients 

Core safety parameters have a considerable impact on the safety during 

unprotected transients when an abnormal event coincides with the failure of one 

of the reactor shutdown systems. In these very rare cases, the reactor is 

expected to stabilize itself without any fatal damage. It is conceivable that an 

additional diverse shutdown device or a designed inherent feature should be 

implemented to avoid core melting. These devices or features must be actuated 

according to a so-called grace time. The melting of the fuel or the cladding can 

be avoided by not exceeding the safety limits (melting point of the cladding or 

the fuel). The best estimate calculation of the fuel and cladding maximum 

temperatures plus the uncertainty range cannot reach the safety limits. There 
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can be more rigorous regulatory requirements, called acceptance criteria, which 

cannot be exceeded. Best estimate plus uncertainty analyses of the transients 

should prove that safety limits are not violated. 

During unprotected loss of flow (ULOF) transients, the coolant mass flow 

rate decreases due to a pump or blower failure. During unprotected overpower 

transients (UTOP), the reactivity increases to a certain level. A relatively slow 

reactivity insertion can be the result of an unintentional control rod withdrawal. 

The characteristics of the transients are shown in Fig. 7, which were simulated 

on both the ALLEGRO and the SFR. The 350 pcm, approximately 1 $ reactivity 

insertion is a potential scenario in the case of the ALLEGRO [12]. 

During a station blackout (SBO) transient of the ALLEGRO, the primary 

blowers decelerate. The reactor shutdown follows the blackout after five seconds 

because the SCRAM signal occurs when the main blower speed becomes 

smaller than 85% of the nominal value. The decay heat is removed from the core 

through the decay heat removal (DHR) system. In this study, it is assumed that 

only one of the three DHR systems is available. Back-up electricity is not 

attainable, and pony motors of the main blowers on the primary system loops do 

not start. Still, batteries are available for the valves and the reactor trip system. 

 

Fig. 7. Characteristics of the analyzed unprotected transients: change of the relative mass flow 
rate during an unprotected loss of flow (ULOF) transient; reactivity insertion during an 
unprotected transient overpower (UTOP). 

3.5 Method for the uncertainty and sensitivity evaluation 

Best estimate plus uncertainty analysis of a transient provides information 

about the uncertainty ranges of the safety parameters. Furthermore, the results 

can be used to identify the most influential uncertain input parameters by 

sensitivity analysis. The calculations presented here are based on the 

probabilistic GRS method [67]. 
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The first and most crucial step of uncertainty analyses is to find the 

significant uncertain input parameters and describe them by probability 

distribution functions (pdfs). Neglecting important uncertain parameters leads to 

results inadequate for safety analysis. However, this kind of comprehensive 

analysis was not in the objectives of this thesis.  

For the analyses of unprotected transients, only the reactor physics 

uncertainties are considered in this study. The selected uncertain core safety 

parameters are the reactivity coefficients, power, power peaking factors, and the 

delayed neutron fraction, which play an essential role during unprotected 

transients. The pdfs are described in Section 3.8. It should be noted that the 

correlations between the uncertain input parameters were not considered. 

The essence of the GRS methodology is the simultaneous random 

sampling of the input parameters from their pdfs. The simple random sampling 

technique can be used to generate the input parameters, and tolerance intervals 

can be calculated for the output variables. The selected output parameters are 

also known as target parameters. A tolerance interval can be described with a 

confidence level (𝛽) and a probability content (𝛾). The tolerance interval includes 

at least the 𝛾  part of the data calculated for the target parameter on the 

confidence level 𝛽. The relation between 𝛾, 𝛽, and the number of code runs 

(N) is given by the different Wilk’s formulas [68] [69]. To get the 95%/95% one-

sided tolerance interval, which is commonly accepted by regulation authorities, 

at least 59 runs are needed. To get a tolerance interval for the target parameter 

using the 𝑟𝑡ℎ smallest and 𝑚𝑡ℎ largest value from the calculated data, a more 

general formula can be written [70]: 

 
𝛽 ≥ ∑ (

𝑁
𝑖
) (1 − 𝛾)𝑖𝛾𝑁−𝑖

𝑁−𝑚−𝑟

𝑖=0

 . (17) 

For the unprotected transients, upper one-sided 95%/95% tolerance 

intervals are presented, which means that 𝑟 = 0, 𝛾 = 0.95, and 𝛽 = 0.95. The 

number of code runs was 300 for each transient. Thus, according to equation 

(17), the 9th largest value of the target parameter was selected from the 

calculations as the upper limit. 

Three types of sensitivity indices were calculated to identify and measure 

the influence of the input parameters on the selected output parameter (e.g., the 

peak cladding temperature). These indices help to rank the uncertain input 

parameters according to their contribution to the uncertainty of the target 

parameter. The Pearson correlation coefficient, the Spearman correlation 

coefficient, and the Standardized Regression Coefficient can be calculated 
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directly from the input and output datasets. These coefficients provide 

information about the correlation between the uncertain input parameters and a 

selected target parameter. The values of the coefficients stand between -1 and 

+1. The output value alters in the same direction as the input value in the case 

of a positive coefficient and vice versa. The correlation is considered statistically 

not significant under a critical value of the coefficients. The critical value depends 

on the number of runs and the significance level. When the number of runs is 

300 and the significance level is 0.05, the critical value of the Pearson correlation 

coefficient is 0.11 [71]. Besides, the number of code runs (300) should be 

significantly larger than the number of uncertain parameters (9) to get reliable 

sensitivity indices [72]. This criterion is met. 

The Pearson correlation coefficient is a measure of the linear relationship 

between an input and the target parameter. When the relationship between two 

variables is nonlinear but monotonic, the Spearman correlation coefficient can 

measure the monotonicity. The Standardized Regression Coefficient also 

measures the effect of the input parameters on the target parameter using 

multiple regression analysis. The formulas to calculate the coefficients can be 

found in the literature [73]. 

3.6 Calculation of core safety parameters 

The change of the fuel matrix temperature leads to the broadening of 

resonances, leading to the well-known Doppler effect. The temperature-

independent Doppler constant is defined as follows: 

 
αDC =

∂𝜌

𝜕ln(𝑇)
 (18) 

𝜌 is the reactivity, and T is the temperature in Kelvin. Doppler data points were 

plotted as the function of the logarithm of the fuel pellet temperature, as shown 

in Fig. 8, where zero reactivity belongs to the nominal state of the core. The 

Doppler constant can be given approximately as the slope of the regression line. 

A temperature-dependent reactivity coefficient can be derived by dividing the 

Doppler constant by the temperature (in K) according to the following formula: 

 
𝛼𝐷(𝑇) =

𝜕𝜌

𝜕𝑇
=

𝜕𝜌

𝜕𝑙𝑛(𝑇)

𝜕𝑙𝑛(𝑇)

𝜕𝑇
=
𝛼𝐷𝐶
𝑇

 (19) 

Above, only the cross-sections were modified in the Serpent input. 

However, the radius and height of the fuel pellet also change due to thermal 

expansion. This effect was investigated separately from the Doppler effect to see 

the impacts of the different physical phenomena. The fuel pellet thermal 

expansion reactivity coefficients can be calculated by modifying the Serpent 
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models of the cores according to the changes in the geometry and densities. The 

exact formula is the following: 

 
α𝐹 =

∂𝜌

𝜕𝑇
 (20) 

The coefficients were estimated as the slope of the regression line in Fig. 

9, where the reactivity values were plotted as the function of the fuel pellet 

temperature. The thermal expansions of the cladding, wrapper, and coolant also 

have significant effects on the reactivity in the case of fast spectrum reactors. 

The reactivity values were plotted as a function temperature in Fig. 10 and Fig. 

11, except for the ALLEGRO coolant reactivity coefficient, where the effect was 

calculated as the function of coolant density. The coefficients are defined 

similarly to equation (20) and estimated as the slopes of the regression lines. 

The results are summarized in Table 2, where the fitting errors are also 

presented. The error of a calculated coefficient includes the standard deviation 

of the Serpent calculations shown as error bars in the figures. 

Table 2. Reactivity coefficients and fitting errors for the ALLEGRO and SFR. 

Reactivity coefficients ALLEGRO SFR 

Doppler constant (αDC) 

[𝑝𝑐𝑚] 
−394.2 ± 7.5 (1.9%) −914.3 ± 22.4 (2.4%) 

Fuel expansion (αF) 

[𝑝𝑐𝑚/𝐾] 
−0.343 ± 0.023 (6.7%) −0.137 ± 0.007 (5.3%) 

Cladding (αCl) 

[𝑝𝑐𝑚/𝐾] 
0.0567 ± 0.0144 (25.3%) 0.336 ± 0.030 (8.9%) 

Wrapper (αW) 

[𝑝𝑐𝑚/𝐾] 
0.0946 ± 0.0235 (24.8%) 0.087 ± 0.033 (37.9%) 

Coolant (αC) 
−16.6 ± 1.6 (9.86%) 

[𝑝𝑐𝑚/(𝑘𝑔/𝑚3)] 

0.420 ± 0.032 (7.6%)  

[𝑝𝑐𝑚/𝐾] 
 

 

The linear approximation of the effects seems acceptable as the errors are 

relatively small in most cases. Larger errors occur for the smaller effects, where 

the standard deviations of the Monte Carlo calculations are somewhat larger. It 

should be noted that increasing calculation time decreases the standard 

deviations, which might improve the accuracy of the linear fit. 
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Fig. 8. The fit of the Doppler constants. 

 

Fig. 9. The fit of the fuel pellet thermal 
expansion reactivity coefficients. 

 

Fig. 10. The fit of the SFR wrapper, cladding, 
and coolant temperature-related reactivity 
coefficients 

 

Fig. 11.  The fit of the ALLEGRO wrapper 
and cladding temperature and coolant density 
related reactivity coefficients. 

 

The increase in the fuel pellet temperature is followed by a reactivity 

decrease, partly from the Doppler broadening of the resonance capture cross-

sections. In fast spectrum reactors, the Doppler coefficient is about one order of 

magnitude lower than in thermal reactors. Therefore, the pellet thermal 

expansion also has a relatively significant effect on the reactivity, which cannot 

be neglected compared to the Doppler broadening. The coolant density reactivity 

coefficient for the ALLEGRO is negative. Thus, the coolant temperature reactivity 

coefficient is positive, as the increasing temperature leads to density decrease 

and vice versa. The effect of the coolant on the reactivity is much smaller for the 

ALLEGRO than for the SFR. This results from the smaller neutron cross-section 

of helium compared to sodium and the approximately 16 times fewer nuclei in 

the coolant per fission core in the ALLEGRO than in the SFR. The thermal 

expansion of the cladding and the wrapper leads to a decrease in the amount of 

coolant. Hence, these expansion reactivity coefficients are positive. 
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3.7 Best estimate results of unprotected transients 

Unprotected transients with characteristics defined in Section 3.4 were 

calculated using the reactivity coefficients from Table 2. Reactivity contributions 

from the fuel pellet, coolant, wrapper, and cladding temperature changes were 

determined for the transients and shown in reactivity balance diagrams. The 

relative power is also presented in the same graph using green color. The best 

estimate values of the maximum fuel pellet, cladding, and coolant temperatures 

were calculated for the average and hot channels. The hot channel power is 

1.267 and 1.357 times larger than the average channel power, respectively, for 

the ALLEGRO and SFR. These pin power peaking factors resulted from the 

Monte Carlo calculations. 

At the beginning of the ALLEGRO unprotected loss of flow (ULOF) transient 

(Fig. 12 and Fig. 13), the fuel pellet temperature increases even though the total 

reactivity decreases. The coolant temperature increases due to the decrease in 

the flow rate, and the temperature difference between the pellet and coolant 

decreases. This smaller temperature difference causes less effective heat 

removal, so the fuel pellet temperature increases, which leads to a reduction in 

reactivity and power. Finally, a new steady-state mass flow rate, power, and 

temperatures are reached. The stabilized difference between the fuel pellet and 

coolant temperatures is smaller than at the beginning of the transient according 

to the smaller power. The maximum fuel pellet and cladding temperatures are 

1136 °C and 869 °C, respectively. The hot channel temperatures are much 

higher than in the average channel due to the higher power and the lack of 

channel gagging. The latter tool would be useful for flattening the outlet coolant 

temperature. It is important to note that the sum of the maximum contribution 

from the coolant, cladding, and wrapper temperature change to the total 

reactivity is almost half of the maximum contribution from the fuel pellet 

temperature change. 
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Fig. 12. Average (avr) and maximum (max) 
temperatures of the fuel pellet, the cladding, 
and the coolant during an unprotected loss of 
flow (ULOF) transient for the ALLEGRO. 

 

Fig. 13. Reactivity balance diagram and 
relative power during an unprotected loss of 
flow (ULOF) transient for the ALLEGRO. 

At the beginning of the ALLEGRO unprotected overpower (UTOP) transient 

(Fig. 14 and Fig. 15), the total reactivity increases due to the inserted reactivity. 

Hence, the power also increases, which leads to increasing temperature. 

Negative reactivity feedback occurs due to the fuel pellet warming, which stops 

the further temperature increase. After a peak, the power stabilizes at a higher 

value than the initial. The peak is around 3.0 times the initial value. The 

temperature difference between the pellet and the coolant increases following 

the increasing power. The maximum fuel pellet and cladding temperatures are 

2158 °C and 1290 °C, respectively. At this point, the latter value is barely under 

the melting point of the cladding. The reactivity contribution from the cladding, 

coolant, and wrapper expansion seems negligible. 

 

Fig. 14. Average (avr) and maximum (max) 
temperatures of the fuel pellet, the cladding, 
and the coolant during an unprotected 
overpower transient (UTOP) for the 
ALLEGRO. 

 

Fig. 15. Reactivity balance diagram and 
relative power during an unprotected 
overpower transient (UTOP) for the 
ALLEGRO. 

The behavior of the SFR during the ULOF transient (Fig. 16 and Fig. 17) 

differs from the ALLEGRO case. Since the sum of the positive reactivity 

feedbacks is slightly larger than the negative reactivity feedback from the fuel in 
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the first 35 seconds, the power does not decrease but increases at the beginning 

of the transient. Although the power increases, the main reason for warming is 

the decreasing coolant mass flow rate. The reactor stabilizes on a somewhat 

larger power level than the initial, and the maximum temperatures of the fuel 

pellet and cladding are 2302 °C and 841 °C, respectively. The reactivity 

contribution from the wrapper expansion becomes greater than the total 

reactivity around the 20th second. It should be mentioned that the SFR behaves 

much differently in a more severe ULOF transient. The maximum temperature of 

the sodium can reach 873 °C, and it starts to boil. It was not possible to study 

this scenario because the 3.1A version of the ATHLET cannot handle the two-

phase sodium. 

 

Fig. 16. Average (avr) and maximum (max) 
temperatures of the fuel pellet, the cladding, 
and the coolant during an unprotected loss of 
flow (ULOF) transient for the SFR. 

 

Fig. 17. Reactivity balance diagram and 
relative power during an unprotected loss of 
flow (ULOF) transient for the SFR. 

Finally, the result of the SFR UTOP calculation is presented (Fig. 18 and 

Fig. 19). The reactivity balance diagram is very similar to the corresponding 

ALLEGRO diagram (Fig. 15), but the reactivity contributions from the cladding 

and coolant expansion are larger in the SFR case. The peak power is around 2.6 

times the initial value. Although the simulation reaches a stationary state, there 

is a serious problem since the maximum temperature of the fuel pellet (3109 °C) 

exceeds the melting point (2865 °C) during the transient. It must be noted that 

the primary goal of this study was not to examine the failure or success of these 

transients but to identify the essential uncertain core safety parameters. 
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Fig. 18. Average (avr) and maximum (max) 
temperatures of the fuel pellet, the cladding, 
and the coolant during an unprotected 
overpower transient (UTOP) for the SFR. 

 

Fig. 19. Reactivity balance diagram and 
relative power during an unprotected 
overpower transient (UTOP) for the SFR. 

3.8 Uncertainty analysis of unprotected transients 

In addition to the best estimate calculations presented in the previous 

section, uncertainty analyses were performed. The statistical GRS method was 

used by taking into account the uncertainties of the core safety parameters. 

These parameters are the reactivity coefficients, the power, the power peaking 

factors, and the delayed neutron fraction (beta), calculated by the Serpent code. 

The reactivity coefficient and beta uncertainties were taken from 

international benchmark results for the ALLEGRO [7] and SFR [8]. In these 

benchmarks, results from several contributors were averaged. The standard 

deviations of the compared values are used as the extents of the uncertainties 

in this study. The random sampling of these parameters was made from 

Gaussian probability distribution functions. The uncertainties for the other 

parameters mentioned above came from engineering considerations, and 

uniform distribution functions are used in this case. The mean values and 

uncertainties are summarized in Table 3. It should be noted that the correlations 

between the parameters from the benchmarks are not significant. 

The wrapper and cladding reactivity coefficients were calculated differently 

in the benchmarks than in this thesis. Thus the uncertainties of these parameters 

cannot be used directly from the benchmarks. The idea was to take the 

uncertainties calculated for the coolant reactivity coefficient because the 

phenomenon behind all three coefficients is the same: the change in the coolant 

quantity. The uncertainty of the coolant reactivity coefficient is the greatest for 

both reactors and especially large for the ALLEGRO. 
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Table 3. The mean values and uncertainties of the considered input parameters. 

 

ALLEGRO SFR 
Distribution 

function Mean 
Half-interval 

/ Rel. Std. 
Mean 

Half-interval 

/ Rel. Std. 

Power (MW) 75 2% 3600 2% Uniform 

Axial power distribution (-) - 1% - 1% Uniform 

Pin power peaking factor (-) 1.267 2% 1.357 2% Uniform 

Beta (pcm) 376 6.6% 348 7.0% Gauss 

Doppler constant (pcm) -394.2 11.59% -914.3 6.75% Gauss 

Fuel expansion reactivity 

coefficient (pcm/K) 
-0.343 13.31% -0.137 7.75% Gauss 

Cladding expansion reactivity 

coefficient (pcm/K) 
0.0567 30.09% 0.336 10.7% Gauss 

Wrapper reactivity coefficient 

(pcm/K) 
0.0946 30.09% 0.087 10.7% Gauss 

Coolant temperature reactivity 

coefficient (pcm/K) 
- - 0.420 10.7% Gauss 

Coolant density reactivity 

coefficient (pcm/(kg/m3)) 
-16.6 30.09% - - Gauss 

 

 

The methodology for the uncertainty analyses is described in Section 3.5. 

The random sampling of the input parameters was made according to the 

probability distribution functions presented in Table 3. 300 runs were completed 

for each transient. One-sided upper tolerance intervals (95%/95%) were 

calculated. The tolerance intervals are indicated as green stripes in Fig. 20 and 

Fig. 21, respectively, for the peak cladding and peak fuel pellet temperature for 

the SFR. The same was plotted in Fig. 22 and Fig. 23 regarding the ALLEGRO. 

The continuous lines are the best estimate (BE) values, and the dashed lines are 

the upper sides of the tolerance intervals (95/95). The maximum temperatures 

are presented in Table 4 for all four cases. 
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Fig. 20. The best estimate of the maximum 
cladding temperature and the 95%/95% one-
sided upper tolerance interval during the 
unprotected transients for the SFR. 

 

Fig. 21. The best estimate of the maximum 
fuel pellet temperature and the 95%/95% one-
sided upper tolerance interval during the 
unprotected transients for the SFR. 

 

 

Fig. 22. The best estimate of the maximum 
cladding temperature and the 95%/95% one-
sided upper tolerance interval during the 
unprotected transients for the ALLEGRO. 

 

Fig. 23. The best estimate of the maximum 
fuel pellet temperature and the 95%/95% one-
sided upper tolerance interval during the 
unprotected transients for the ALLEGRO. 

During the SFR ULOF transient, neither the peak fuel pellet temperature 

nor the peak cladding temperature exceeds the safety limit. It should be 

mentioned that the coolant peak temperature is just below the boiling point, and 

if a more severe ULOF transient happens, sodium might start to boil. 

During the SFR UTOP, the tolerance interval far exceeds (3152.2 °C) the 

fuel pellet melting point (2865 °C). Therefore, the fulfillment of the fuel pellet 

temperature-related safety criterion cannot be proven. This result is not 

acceptable for a successful safety analyses report, but the SFR concept and the 

defined UTOP transient are rather theoretical, composed for benchmarking 

purposes. Nonetheless, the key uncertain core safety parameters can be 

investigated. It is important to note that sodium boiling occurred in some cases. 

The ATHLET 3.1A code can not calculate two-phase sodium. Thus, when the 

peak temperature of the sodium reaches 873.0 °C, the simulation terminates. It 
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is conceivable that the peak temperatures would be higher if the simulation could 

continue after boiling. Therefore, the tolerance interval given for this case might 

be wrong. 

The ALLEGRO coolant is helium gas; hence, there is no limit for the coolant 

temperature. However, there is a safety limit for the peak cladding temperature. 

The cladding is made of AIM-1 (Austenitic Improved Material) steel, but the 

melting point is not publicly available yet. Nevertheless, 1300 °C can be set as 

an estimate of the melting point, which is exceeded during the UTOP transient. 

The peak fuel pellet temperature is far below the safety limit. 

Table 4. Best estimate values, one-sided upper tolerance intervals (95%/95%), and standard 
deviations of the fuel pellet, cladding, and coolant peak temperatures during the unprotected 
transients 

Peak 

temperatures (°C) 
Fuel Cladding Coolant Fuel Cladding Coolant 

 SFR ULOF SFR UTOP 

Best estimate 2302.2 840.8 828.0 3109.0 883.1 857.5 

Maximum 

(95%/95%) 

2358.3 861.7 848.5 3152.2 899.9 873.0 

Standard 

deviation 

32.1 11.1 10.8 78.1 25.0 24.4 

 ALLEGRO ULOF ALLEGRO UTOP 

Best estimate 1136.0 869.1 813.9 2158.4 1290.4 1181.2 

Maximum 

(95%/95%) 

1176.1 898.0 840.7 2428.3 1504.8 1376.3 

Standard 

deviation 

19.2 14.8 13.4 133.5 102.4 92.8 

 

 

3.9 Sensitivity analysis of unprotected transients 

Correlation coefficients can be directly calculated from the inputs and the 

results of the uncertainty analyses. Pearson, Spearman, and Standardized 

Regression correlation coefficients were determined between the uncertain input 

parameters and the target parameter. The selected target parameter was the 

peak cladding temperature. The uncertain input parameters are shown in Table 
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3, and the calculated sensitivity coefficients are illustrated in Fig. 24 for the 

ALLEGRO and SFR. The data is in decreasing order by the Pearson coefficients 

for each case. The correlation is significant if the absolute value of the coefficient 

is larger than 0.11, as discussed in Section 3.5. The correlation for the axial 

power distribution change is not significant in either case; thus, these indices are 

not presented in the figures. The conclusions from the different sensitivity 

measures are very similar. 

For the ALLEGRO ULOF transient, all the correlations with the presented 

parameters are larger than 0.2 in absolute terms. Therefore these are all relevant 

parameters during this transient. The most significant ones are the peaking factor 

(𝐾𝑞), the power, and the fuel pellet temperature-related coefficients. Besides, the 

coolant density reactivity coefficient is also important. The negative sign of the 

coefficient means that when the coolant density coefficient increases, the peak 

cladding temperature decreases, and vice versa. The uncertainty of the cladding 

and wrapper reactivity coefficients and the beta also have a non-negligible 

impact on the uncertainty of the peak cladding temperature. 

The significance of the input parameters is very different regarding the 

ALLEGRO UTOP transient. The dominant parameters are the fuel pellet thermal 

expansion reactivity coefficient and the Doppler constant. The correlations with 

the cladding and wrapper temperature and the coolant density reactivity 

coefficients are below 0.22 but statistically significant. The influence of the power 

peaking factor, power, and beta is not notable. 

There is one less column in the SFR figures because the coolant and the 

wrapper temperature reactivity coefficient are presented together. For the SFR 

ULOF transient, the power, the coolant plus wrapper temperature reactivity 

coefficient, the power peaking factor, and the Doppler constant are almost 

equally important coefficients. Moreover, the cladding temperature reactivity 

coefficient also plays an important role in this case. The fuel pellet thermal 

expansion reactivity coefficient is just above the significance level, and the effect 

of the beta is negligible. 

For the SFR UTOP transient, the peak cladding temperature is primarily 

influenced by the Doppler constant. The effects of the fuel pellet expansion, the 

coolant plus wrapper, the cladding reactivity coefficient, and the power are also 

noteworthy. Finally, the power peaking factor and the beta are insignificant. 
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Fig. 24. Correlation coefficients between the uncertain input parameters and the peak cladding 
temperature in for the ALLEGRO ULOF, ALLEGRO UTOP, SFR ULOF, and SFR UTOP. The 
uncertain input parameters are 𝐾𝑞 (power peaking factor), pow. (power), fuel exp. (fuel thermal 

expansion reactivity coefficient), Dopp. (Doppler constant), cool dens. (coolant density reactivity 
coefficient), clad (cladding thermal expansion reactivity coefficient), wrap (wrapper thermal 
expansion reactivity coefficients), and beta (delayed neutron fraction). 

3.10  Comparison of ATHLET and RELAP5 calculation results 

First, the ATHLET and the RELAP5 calculation results are compared for 

the normal operating condition of the ALLEGRO reactor, which is summarized in 

Table 5. The RELAP5 calculations were performed by Boris Kvizda [P6]. The 

hydraulic diameter and the hot channel flow area differ because the wire spacer 

was neglected in the ATHLET model, while it was considered in the RELAP5 

model. The power of the hottest pin is larger by 1% in the RELAP5 model due to 

the use of a slightly different radial peaking factor. The core inlet and outlet 

pressure show good agreement, and the hot channel mass flow rate is almost 

the same in both models. The peak fuel temperature is larger by 25.4°C in the 

ATHLET than in the RELAP5. The peak cladding temperature is also larger by 

46.0°C in the case of the ATHLET. A possible explanation of the above 

differences might be the lack of radial heat conductance to the bypass and the 

structural elements regarding the ATHLET model. Without this radial heat 

removal, the outlet coolant, peak cladding, and peak fuel temperatures are 

significantly larger. 
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Table 5. Nominal parameters of the ALLEGRO core in the ATHLET and RELAP5 models. 

name of the parameter ATHLET RELAP5 [P6]  

hydraulic diameter (m) 0.00404 0.00336 

flow area (m2) 0.00404 0.00381 

power of the hot pin (W) 6243 6308 

core inlet pressure (MPa) 7.00076 7.00088 

core outlet pressure (MPa) 6.92170 6.91780 

hot channel mass flow rate (kg/s) 0.75526 0.75522 

Peak fuel temperature (°C) 1006.72 981.28 

Peak cladding temperature (°C) 624.13 578.16 
 

 

The direct consequence of a station blackout (SBO) transient is the 

deceleration of the primary blower due to friction. The reactor shutdown follows 

the blackout after five seconds because the SCRAM signal occurs when the main 

blower speed becomes smaller than 85% of the nominal value. The power of the 

core drops down to 5.5% of the nominal power, 1 second after the SCRAM. For 

a few ten seconds, the mass flow is still relatively large while the power is low, 

which leads to a decrease in the coolant temperature. Then the flow rate 

decreases through the primary loop, leading to a coolant temperature increase. 

The flow starts through the DHR system, and the core is cooled by natural 

convection. The core inlet temperature and the hot assembly mass flow rate in 

the function of time are shown in Fig. 25 and Fig. 26. The ATHLET and RELAP5 

results perfectly match here since the transient was first simulated by using the 

RELAP5 code, and the inlet temperature and the flow rate were given to the 

ATHLET as boundary conditions. 

The peak cladding and peak fuel temperatures are compared in Fig. 27 and 

Fig. 28. After an initial decrease, the peak cladding temperature reaches up to 

1165 °C in 780 s and 978 °C in 880 s, respectively, for the ATHLET and the 

RELAP5. The peak fuel temperature reaches a peak higher than the initial for 

ATHLET, and the peak stays below the initial temperature regarding the 

RELAP5. The difference between the two codes might be explained by the lack 

of radial heat conduction in the ATHLET model. The large effect of this 

phenomenon is the result of the more than 250 °C difference between the coolant 

temperature in the hot channel and the bypass. Another less significant factor 
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could be the different heat conduction models and correlations used in the two 

codes. 

 

Fig. 25. Core inlet temperature during SBO. 

 

Fig. 26. Hot assembly flow rate during SBO. 

 

 

Fig. 27. Peak clad temperature during SBO. 

 

Fig. 28. Peak fuel temperature during SBO. 

The modeling of radial heat transfer from the fuel assembly to the bypass 

and the structural elements necessities the accurate knowledge of heat transfer 

coefficients, which can only be roughly estimated for the ALLEGRO reactor. 

Moreover, the neglection of the radial heat transfer leads to conservative results 

in the case of a station blackout transient. Consequently, the neglection of this 

phenomenon in the ATHLET model is justified. 
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3.11 Conclusions of Section 3 

In Section 3, uncertainty and sensitivity analyses were presented to 

simulate unprotected transients in the ALLEGRO and a 3600 MWth sodium-

cooled fast reactor. The main goal was to identify the most relevant uncertain 

core safety parameters during these scenarios. For this reason, detailed three-

dimensional models of the reactors were investigated using the Serpent Monte 

Carlo code, and the relevant reactivity coefficients were calculated. It was found 

that the impact of the fuel pellet thermal expansion on the reactivity is 

comparable to the Doppler effect. The coolant, the cladding, and the wrapper 

reactivity coefficients are positive for both reactors and not negligible. The 

uncertainties of these parameters were taken from benchmark results. 

The calculated reactivity coefficients were applied to simulate unprotected 

transients with the ATHLET code in point-kinetics approach on a simplified 

thermal-hydraulics model, which contains only the active core. An unprotected 

loss of flow (ULOF) and an unprotected overpower transient (UTOP) were 

studied. The results of the best estimate calculations indicate that the peak 

cladding temperature during the ALLEGRO UTOP transient and the peak fuel 

pellet temperature during the SFR UTOP transient reaches unacceptable levels. 

The reactivity balance graphs clarify that the fuel pellet temperature increase 

plays an essential role in achieving a new stabilized state of the reactors. 

Besides, it was found that the reactivity coefficients have different contributions 

to the total reactivity depending on the investigated reactor and transient. 

The probabilistic GRS method was applied for the uncertainty studies, and 

95%/95% tolerance intervals were calculated according to Wilk’s formula from 

300 runs per transient. It was shown that the fulfillment of the fuel pellet 

temperature-related safety criteria cannot be proven in the case of the SFR 

UTOP transients, and the peak cladding temperature is above the melting point 

in the case of the ALLEGRO UTOP. The tolerance intervals can be reduced by 

decreasing the uncertainty of the input parameters. Although the uncertainty of 

the coolant reactivity coefficient is the largest for both reactors, it does not 

necessarily mean that this factor has the greatest or even significant contribution 

to the target parameter uncertainty because the extent of the coefficient and 

coolant temperature change during the transient also crucially influence the 

result. 

In this study, only uncertainties of the most important reactor physics 

parameters were taken into account, and other factors like thermal-hydraulics 

uncertainties were not considered, which are also needed for comprehensive 

safety analysis in the future. It should also be mentioned that the applied point-
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kinetics approach is an approximation due to the approximately determined 

reactivity coefficients and the neglected spatial effects. The consideration of 

spatial effects is essential, for example, during a control rod withdrawal accident. 

Therefore, a rod withdrawal transient of the ALLEGRO was also analyzed using 

a three-dimensional coupled neutronics/thermal-hydraulics code, and the results 

are presented in Section 5. 

The sensitivity analyses showed that the peak cladding temperature is 

sensitive to all the selected uncertain parameters. The strength of the correlation 

highly depends on the transient. During the ULOF transient, the power and the 

power peaking factor play an essential role in both reactors. The effect of the 

peaking factor might be reduced by applying channel gagging to get lower outlet 

coolant temperature in the hot channel. This modification of the flow distribution 

was implemented in the ATHLET model, as shown in Section 5. The 

uncertainties of the coolant, cladding, and wrapper reactivity coefficients also 

significantly impact the peak cladding temperature uncertainty. The uncertainties 

of these parameters are enormous, especially for the ALLEGRO, which hopefully 

can be reduced by further improvement and validation of the reactor physics 

calculations to lower the maximum of the calculated peak cladding temperature. 

Moreover, the reliability of the Doppler coefficient and the fuel expansion 

reactivity coefficient calculation should be improved for both reactors since these 

are the dominant factors during the UTOP transients. The contribution of the 

delayed neutron fraction seems negligible except in the case of the ALLEGRO 

ULOF. 

Furthermore, this study adumbrates that additional safety shutdown 

systems or designed inherent features are to be applied for the SFR and 

ALLEGRO reactors to mitigate the consequences of unprotected transients. 

Finally, the results highlight the essential state parameters for group constant 

generation and parameterization. This finding is utilized for the ALLEGRO in 

Section 4. 

In addition to unprotected transients, a station blackout transient of the 

ALLEGRO was analyzed using the ATHLET code, and the results were 

compared to RELAP5 results. It was found that the neglection of the radial heat 

transfer from the fuel assembly to the bypass and the structural elements 

significantly increases the peak cladding temperature. The large effect of this 

phenomenon is the result of the more than 250 °C difference between the coolant 

temperature in the hot channel and the bypass. 

The results of this section are published in [P1], [P4], [P5], [P6], [P8] and 

[P9].  
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4 Analyses of the ALLEGRO by using the 
KIKO3DMG nodal code 

Full-core deterministic neutronics calculations necessitate two calculation 

steps. In the first step, the energy condensation of cross-sections and the spatial 

homogenization of geometry regions are performed parallel on the assembly 

level. Group constant parameterization is also necessary because assembly-

level calculations provide group constants for discrete values of state parameters 

(e.g., fuel temperature, coolant density), but full-core calculations should be 

performed at intermediate values. The selection of suitable polynomials is a 

crucial step before the multi-dimensional fit to obtain adequate parameterized 

quantities. In the second step, parameterized group constants can be used for 

full-core deterministic calculations. The correctness of the parameterized group 

constants and the performance of the deterministic code can be measured by 

investigating reactivity effects. In this section, group constants are generated 

using the Serpent Monte Carlo code, and full-core deterministic calculations are 

performed using the KIKO3DMG nodal code for the ALLEGRO core. 

Precise calculation of reactivity feedback is essential to simulate reactivity 

transients. During a reactivity transient, the fuel pellet temperature-related 

feedback is the most defining. It is the result of the Doppler broadening of cross-

section resonances and the thermal expansion of the pellets. There are existing 

methods for modeling non-uniform thermal expansion in nodal calculations. The 

main idea in these methods is to keep the nodalization fixed but estimate the 

effect of geometry change by modifying the group constants. 

The virtual density theory was recently generalized to non-uniform 

anisotropic cases [74]. In this method, the directional diffusion coefficients are 

modified according to the expansion. This modification can be applied directly in 

most transverse-integrated nodal methods, but it is not straightforward in the 

case of the KIKO3DMG. The KIKO3DMG solves the three-dimensional diffusion 

equation analytically inside a node. Thus modification of the whole solution 

scheme would be necessary to apply the virtual density theory. 

This thesis presents a new method to model the axial fuel expansion in the 

KIKO3DMG, based on similar approaches available in the literature [45] [42]. 

This method necessitates mixed nodes, which occur when material boundaries 

do not match the node surfaces. An adequate group constant mixing method is 

a subject of current research [75]. Although a response matrix mixing method 

was implemented in the KIKO3D [76], a more simple but efficient volume-

weighting approach is introduced in the KIKO3DMG. A practical example is 

shown, and a mathematical explanation is given for the group constant mixing in 
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the case of small mixed nodes, which do not contain strong absorbers. Although 

numerical analysis is performed only in the case of uniform axial expansion, the 

proposed methodology also applies to non-uniform expansion without any 

difficulty. 

4.1 The KIKO3DMG model of the ALLEGRO 

Based on the ALLEGRO core description, detailed in Section 3.1, a 3D 

model of the core was created for the KIKO3DMG. The positions of the 

assemblies are shown in Fig. 29. Six concentric rings of fuel assemblies are 

surrounded by four rings of radial reflector assemblies and two rings of radial 

shielding assemblies. Considering more radial structures would not influence the 

results, but it would increase the calculation time. The core also consists of 

control, shutdown, and steel assemblies. The nodes of the KIKO3DMG model 

are axial layers of the assemblies. The active part of the core (86.8 cm high) is 

sub-divided into ten equivalent layers axially. The other parts are partitioned into 

nodes with a height of 10-25 cm. Vacuum boundary conditions are applied on 

the edges of the model. In this thesis, the KIKO3DMG solves the diffusion 

equations. 

 

Fig. 29. Radial section of the ALLEGRO core in the 
KIKO3DMG. 

1: fuel assemblies 

2: control assemblies 

3: diverse shutdown devices 

4: steel/dummy assemblies 

5: radial reflector assemblies 

6: radial shield assemblies 

4.2 Modeling of thermal effects in the KIKO3DMG 

In fast reactors, the thermal expansion of structures significantly affects the 

reactivity [41]. Thus, an extension of the KIKO3DMG was necessary to consider 

thermal expansion. 
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The radial expansion of the core is determined by complex thermal and 

mechanical processes depending on, for example, the positions and elastic 

properties of spacers and other structures. The radial core expansion is axially 

non-uniform in most cases and extremely difficult to determine. Thus, a 

comprehensive analysis is beyond the scope of this study. Instead, it is assumed 

that the radial core expansion is axially uniform and determined by diagrid 

temperature. This effect can be modeled directly in the KIKO3DMG by 

recalculating the group constants, the assembly pitch, the node volumes, and 

response matrices according to the diagrid temperature. 

An increase in the fuel pellet temperature leads to axial expansion and a 

significant reactivity decrease, for example, during a power transient. Thus, it 

should be calculated precisely. The axial expansion of the fuel can be modeled 

directly in the KIKO3DMG, but it is not applicable in 3D, as described in Section 

4.6. A more practical method is required, where the geometry is fixed and mixed 

nodes occur. 

Additional effects, such as void, fuel cladding, and assembly wrapper 

thermal expansion, are also investigated. These are considered through the 

group constants without any geometry modification in the KIKO3DMG. It should 

be mentioned that the expansion of the fuel pellet and fuel cladding is 

independent of each other since a gap exists between them in the case of the 

currently investigated fresh fuel of the ALLEGRO. In the case of a closed gap, 

the cladding and the fuel pellet would expand together. Fuel burnup is ignored 

because only fresh fuel is considered in this thesis. 

4.3 Group constant generation methodology 

Group constants are spatially homogenized cross-sections in multi-energy-

group, generated in a way to preserve local reaction rates. The homogenized 

regions are typically axial layers of assemblies in the core. Group constants are 

applied in nodal codes to perform core-level calculations. In this thesis, the 

Serpent Monte Carlo code is applied to calculate homogenized cross-sections 

[36]. The main advantage of using a Monte Carlo code is that three-dimensional 

geometries can be handled without significant approximations. Besides, Serpent 

can also provide reference results, which are useful for verifying nodal 

calculations [35]. 

Separate models were created for the different assemblies of the 

ALLEGRO. The non-multiplying regions are surrounded by fuel and modeled as 

so-called 2D super-cells (Fig. 30). The fuel assemblies are modeled in 3D, 

considering the axial structures (Fig. 31). Reflective radial boundary conditions 

are applied. 
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Fig. 30. 2D super-cell model of a non-
multiplying region in Serpent. The 
homogeneous non-multiplying part (grey) 
is surrounded by fuel assemblies (blue). 

 

Fig. 31. A radial and an axial section of the 3D 
model of the fuel assembly in Serpent. The active 
part (blue) is surrounded by gas-gap (grey), axial 
reflector (orange), and axial shield (pink). 

When group constants are generated by applying reflective boundary 

conditions, the radial leakage is not considered. Thus, the calculated scalar flux 

corresponds to an infinite medium and differs from the flux in the real system, 

which is usually close to critical. This issue is addressed in Serpent by applying 

the B1-leakage correction method [35]. The flux and group constants are first 

calculated in an intermediate micro-group structure. Next, the B1 equations are 

solved to determine the critical flux spectrum. Then the micro-group constants 

are collapsed into the few-group constants using the critical flux spectrum. 

Regarding the fuel, the B1-leakage corrected group constants are applied for the 

calculations. 

The number and the energy boundaries of the groups should be set 

considering the reactor under study. Thermal reactors are usually calculated in 

two energy groups with nodal codes, while a more detailed energy grid is needed 

for fast reactor applications [41]. The ECCO33 energy group structure – 

originated from the European Cell Code (ECCO) [77] – is widely used for the 

calculation of different types of fast reactors, including gas-cooled fast reactors 

[78]. However, the ECCO33 group structure is not suitable directly in Monte Carlo 

codes. In fast systems, the number of simulated neutrons in the thermal region 

is few. Thus, the statistical uncertainty of group constants is unacceptably high 

in those regions. Collapsing the lowest energy groups into one thermal group 

can solve the above issue [79]. Thus, the last ten groups of the ECCO33 

structure were collapsed to getting a 24-energy group structure. The energy 

group boundaries can be found in Table 9. 
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The following group constants were calculated in 24 groups by the Serpent 

and applied in the KIKO3DMG: 

• total cross-section: 𝛴𝑡 

• fission neutron production cross-section: 𝜈𝛴𝑓 

• fission spectrum: 𝜒 

• P0 scattering production matrix: 𝛴𝑠0 

• diffusion coefficient: 𝐷 

• average deposited fission energy: 𝜅. 

The above parameters are necessary for solving the diffusion equations. 

Higher-order scattering production matrices (P1, P2, …, PN) are also required 

for solving the SPN equations but not considered in this thesis. 

A full-core model of the ALLEGRO was also created in Serpent to obtain 

reference results. The model is described in Section 3.2. One difference is that 

the applied nuclear data is now based on the ENDF/B-VIII.0 library. Using 

Serpent for calculating the reference and group constant generation is 

advantageous to verify the group constant generation process and the 

methodologies of the KIKO3DMG. 

4.4 Group constant parametrization 

Group constants strongly depend on the state of the reactor. Changes in 

temperature, geometry, or material compositions affect the cross-sections and 

the flux, thus influence the group constants. Group constants are generated only 

for a few states of the reactor since Monte Carlo calculations are time-

consuming. Parameterization of group constants according to the relevant state 

parameters is indispensable to perform transient simulations. Table 6 shows the 

listed parameters. The parameterization is a multi-dimensional regression. The 

orders of the polynomials are given beforehand for each parameter, and least-

squares fitting is applied. 

The fuel pellet temperature change leads to the broadening of resonances 

(Doppler effect) and thermal expansion of the fuel. Since it is the most significant 

reactivity feedback during unprotected transients, as shown in Section 3, the 

order of the fitted polynomial should be set carefully. One way to check the 

correctness of the fit is to visualize the data. Because of the large number of 

fitted quantities (696 in 24 energy groups for diffusion approximation), only the 

total cross-sections in the last eight energy groups are shown in Fig. 32. Based 

on the data, it can be concluded that a linear fit is not sufficient, and at least 

quadratic or cubic fit is necessary. Higher-order polynomials are not considered 

to avoid overfitting. The effect of the fuel temperature change on the reactivity is 
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investigated in the results section, applying both quadratic and cubic fit to 

determine the adequate polynomial. For the other parameters, the linear fit is 

satisfactory. 

Table 6. Considered state parameters of the core, support points of the parameters, and the 
order of the fitted polynomials. 

Considered 

parameters 
Support points 

Order of 

polynomial 

Fuel pellet temperature 600, 900, 1200, 1500, 1800, 2100, 2500 K 3 

Coolant density (void) 0, 50, 99 void% 1 

Cladding temperature 600, 900, 1200 K 1 

Wrapper temperature 670, 1000 K 1 

Diagrid temperature 533, 1100 K 1 
 

 

 

Fig. 32. Total cross-section of the fuel assembly as a function of the fuel pellet temperature, from 
energy group 17 to 24. Cubic fit is applied. 

4.5 Thermal-mechanical modeling 

Dimensions of the core vary due to the temperature change of structural 

elements. The expansion mechanism is not always straightforward and depends 

on the actual state of the core. In this thesis, only the fresh core of the ALLEGRO 

reactor is considered, which simplifies the thermal-mechanical modeling. In this 

 Fuel temperature [K] 

 
T

o
ta

l 
c
ro

s
s
-s

e
c
ti
o
n
 [
1
/c

m
] 



 50 

 

 

case, the fuel pellet and cladding independently expand since there is a gap 

between them. 

Dimensions of fuel, cladding, wrapper, and assembly pitch are determined 

according to linear thermal expansion. Linear expansion coefficients of materials 

and the extent of the spatial perturbations are listed in Table 7. The extents of 

perturbations correspond to the differences between the minimum and maximum 

values of the considered parameter ranges of Table 6. Densities of materials are 

also recalculated to keep the mass constant. Dilations of structures are modeled 

in the Serpent Monte Carlo code and taken into account in the KIKO3DMG code 

through group constants. 

It should be noted that the current thermal-mechanical modeling needs to 

be improved in the future. Pellet-cladding mechanical interaction (PCMI) cannot 

be modeled currently, although it should be considered during transients. 

Nevertheless, PCMI can be neglected for the fresh ALLEGRO core since the gap 

remains open in any state of the core. 

In all cases, the uniform temperature distributions were modified uniformly.  

Table 7. Linear expansion coefficients of materials and the extent of spatial perturbations of 
structures. 

Structure Material 
Linear expansion 

coefficient (1/K) 

The extent of the 

perturbation (cm) 

Fuel height 
MOX 1.1028E-05 

1.82 

Fuel pellet radius 0.0057 

Fuel cladding inner / 

outer radius 

Steel 1.7508E-05 

0.0042 / 0.0051 

Wrapper inner / outer 

flat-to-flat distance 
0.027 / 0.028 

Assembly pitch  0.0554 
 

 

4.6 Extension of the KIKO3DMG nodal code 

Mixed nodes occur in nodal codes when the physical boundaries of 

materials do not match with the node boundaries. Node mixing is necessary 

when the node boundaries are kept fixed while the geometry changes, for 

example, during a control rod draw or axial expansion of fuel. Mixed nodes could 

be avoided by changing the axial positions of the node boundaries according to 



51 Analyses of the ALLEGRO by using the KIKO3DMG nodal code 

 

 

 

the geometry variation (direct modeling). However, changing node boundaries is 

not applicable in practice since the expansion of each fuel assembly can be 

different, and several thin axial layers would be created, leading to convergence 

problems. This problem can be solved by introducing a small sub-node above 

the top node of the fuel assembly, which covers the maximum possible axial 

expansion. This way, the axial nodalization is kept fixed (modeling with mixing). 

Fig. 33 shows the axial nodalization of the fuel assembly at the top of the 

fuel region in the KIKO3DMG. Three states are presented, where the fuel 

temperatures are 600K; between 600K and 2500K; and 2500K. The differences 

between the direct modeling and modeling with mixing, described above, are 

shown parallel for each temperature. The small mixed node is 1.8187 cm high to 

cover the maximum possible axial fuel expansion of the ALLEGRO. It should be 

mentioned that the size of the mixed node depends on the total height and the 

linear expansion coefficient of the fuel and the considered range of the fuel 

temperature. The KIKO3DMG code was extended to handle mixed nodes, and 

different group constant mixing methods were investigated. 

The introduction of a new axial layer into the model slightly increases the 

computational time. The calculation time without the additional layer is around 5 

minutes, and it is increased by less than only 10 seconds with the mixed node. 

 

Fig. 33. A section of the axial nodalization of the fuel assembly shows the modeling of the axial 
fuel expansion in the KIKO3DMG at different fuel temperatures. Node boundaries change in the 
case of direct modeling, and node boundaries are fixed in the case of modeling with mixing. 

The volume-flux-weighting of cross-sections is an appropriate method to 

deal with mixed nodes since it has a physical meaning. Namely, it is aiming to 

keep the reaction rates (𝑅 = 𝛴𝑥,ℎ
 𝛷ℎ

 ) constant. These reaction rates can be 
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obtained from the multigroup neutron diffusion equation. In the following, 

formulas are derived for a simple slab geometry, which leads to a 1D form of the 

diffusion equation:  

 −𝛻 ⋅ [𝐷ℎ(𝑥)𝛻𝛷ℎ(𝑥)] + 𝛴𝑡,ℎ(𝑥)𝛷ℎ(𝑥)

=∑𝛴𝑠0,ℎ′→ℎ(𝑥)𝛷ℎ′(𝑥)

ℎ′

+
𝜒ℎ
𝑘𝑒𝑓𝑓

∑𝜈𝛴𝑓,ℎ′(𝑥)𝛷ℎ′(𝑥)

ℎ′

 
(21) 

Integrating the diffusion equation spatially: 

 
∫ −𝛻 ⋅ [𝐷ℎ(𝑥)𝛻𝛷ℎ(𝑥)]𝑑𝑥

𝑥𝑁+1

𝑥𝑁

+ ∫ 𝛴𝑡,ℎ(𝑥)𝛷ℎ(𝑥)𝑑𝑥

𝑥𝑁+1

𝑥𝑁

= ∫ ∑𝛴𝑠0,ℎ′→ℎ(𝑥)𝛷ℎ′(𝑥)

ℎ′

𝑑𝑥

𝑥𝑁+1

𝑥𝑁

+ ∫
𝜒ℎ
𝑘𝑒𝑓𝑓

∑𝜈𝛴𝑓,ℎ′(𝑥)𝛷ℎ′(𝑥)

ℎ′

𝑑𝑥

𝑥𝑁+1

𝑥𝑁

 

(22) 

Applying the divergence theorem on the first term and the definition of group 

constants on the others: 

 𝐷ℎ𝛻𝛷ℎ(𝑥)|𝑥𝑁 − 𝐷ℎ𝛻𝛷ℎ(𝑥)|𝑥𝑁+1 + 𝛴𝑡,ℎ𝛷ℎ

=∑𝛴𝑠0,ℎ′→ℎ𝛷ℎ′

ℎ′

+
𝜒ℎ
𝑘𝑒𝑓𝑓

∑𝜈𝛴𝑓,ℎ′𝛷ℎ′

ℎ′

 
(23) 

where 𝛴𝑡,ℎ, 𝛴𝑠0,ℎ′→ℎ, 𝜈𝛴𝑓,ℎ′ are group constants, 𝛷ℎ is the group flux and 𝐷ℎ 

is the diffusion coefficient inside the integration domain [𝑥𝑁 , 𝑥𝑁+1]. If this domain 

is divided into two sub-nodes 𝑙 ∈ [𝑥𝑁 , 𝑥𝑁+1/2] and 𝑚 ∈ [𝑥𝑁+1/2, 𝑥𝑁+1] as shown 

in Fig. 34, the reaction rates can be calculated as: 

 

𝛴ℎ
𝑚𝑖𝑥𝛷ℎ

𝑚𝑖𝑥 = ∫ 𝛴ℎ(𝑥)𝛷ℎ(𝑥)𝑑𝑥

𝑥𝑁+1/2

𝑥𝑁

+ ∫ 𝛴ℎ(𝑥)𝛷ℎ(𝑥)𝑑𝑥

𝑥𝑁+1

𝑥𝑁+1/2

= 𝛴ℎ
𝑙𝛷ℎ

𝑙 + 𝛴ℎ
𝑚𝛷ℎ

𝑚 

(24) 

where 

 

𝛷ℎ
𝑚𝑖𝑥 = ∫ 𝛷ℎ(𝑥)𝑑𝑥

𝑥𝑁+1/2

𝑥𝑁

+ ∫ 𝛷ℎ(𝑥)𝑑𝑥

𝑥𝑁+1

𝑥𝑁+1/2

= 𝛷ℎ
𝑙 + 𝛷ℎ

𝑚 (25) 

thus, the volume-flux-weighted mixed group constants (total, fission, and 

scattering cross-sections) can be written as: 
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𝛴ℎ
𝑚𝑖𝑥 =

𝛴ℎ
𝑙𝛷ℎ

𝑙 + 𝛴ℎ
𝑚𝛷ℎ

𝑚

𝛷ℎ
𝑙 + 𝛷ℎ

𝑚 =
∑ 𝛴𝑥,ℎ

𝑖 𝛷ℎ
𝑖

𝑖

∑ 𝛷ℎ
𝑖

𝑖

 (26) 

where the group constants of reaction 𝑥 and energy group ℎ for each region 𝑖 

(Σ𝑥,ℎ
𝑖 ) are weighted by the corresponding scalar flux integrals (Φℎ

𝑖 ). In nodal 

codes, volume fluxes are calculated only for nodes. Since 𝑖 are usually sub-

regions of nodes, the direct calculation of Φℎ
𝑖  is not possible. However, several 

methods exist to estimate the scalar flux [80] [81]. When the spatial dependence 

of the flux is not significant in the mixed regions, the simple volume-weighting 

approximation can be applied instead. Usually, it is applicable for small mixed 

nodes. Volume-weighted group constants can be simply calculated according to 

the following formula: 

 
Σ𝑥,ℎ
𝑚𝑖𝑥 =

∑ Σ𝑥,ℎ
𝑖 𝑉𝑖

𝑖

∑ 𝑉𝑖
𝑖

 (27) 

where 𝑉𝑖 is the volume of region 𝑖. 

 

Fig. 34. Adjacent nodes are represented in 1D. 

A formula for the mixed diffusion coefficient can be derived from Eq. (23): 

𝐷ℎ
𝑚𝑖𝑥𝛻𝛷ℎ(𝑥)|𝑥𝑁 − 𝐷ℎ

𝑚𝑖𝑥𝛻𝛷ℎ(𝑥)|𝑥𝑁+1 = 𝐷ℎ
𝑙𝛻𝛷ℎ(𝑥)|𝑥𝑁 − 𝐷ℎ

𝑚𝛻𝛷ℎ(𝑥)|𝑥𝑁+1 

after rearranging: 

 
𝐷ℎ
𝑚𝑖𝑥 =

𝐷ℎ
𝑙𝛻𝛷ℎ(𝑥)|𝑥𝑁 −𝐷ℎ

𝑚𝛻𝛷ℎ(𝑥)|𝑥𝑁+1
𝛻𝛷ℎ(𝑥)|𝑥𝑁 − 𝛻𝛷ℎ(𝑥)|𝑥𝑁+1

 (28) 

where 𝐷ℎ
𝑙  and 𝐷ℎ

𝑚  are known diffusion coefficients of the homogeneous 

regions 𝑙 and 𝑚, respectively. The above formula cannot be directly applied in 

a nodal code, such as the KIKO3DMG, since the flux gradient (𝛻𝛷ℎ(𝑥)) is not 

calculated. To derive a simpler formula, let us consider two adjacent nodes, as 

shown in Fig. 34. The multigroup surface current (𝐽ℎ
𝑆) between the nodes can be 

calculated according to Fick's law for both sides: 

    

 

𝛷ℎ
𝑙,𝑐

𝛷ℎ
𝑚,𝑐𝛷ℎ

𝑆

𝑥  

𝐽ℎ
𝑆

Δ𝑥𝑙 Δ𝑥𝑚

𝑥𝑁 𝑥𝑁+1𝑥𝑁+1/2

𝐷𝑙

𝐷𝑚
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 𝐽ℎ
𝑆,𝑙 = −𝐷ℎ

𝑙𝛻𝛷ℎ
𝑙 (𝑥)|𝑆 (29) 

 𝐽ℎ
𝑆,𝑚 = −𝐷ℎ

𝑚𝛻𝛷ℎ
𝑚(𝑥)|𝑆 (30) 

The flux gradient can be approximated by finite differences assuming linear 

spatial dependence of the flux: 

 
𝐽ℎ
𝑆,𝑙 = −𝐷ℎ

𝑙
𝛷ℎ
𝑆 − 𝛷ℎ

𝑙,𝑐

Δ𝑥𝑙/2
 (31) 

 
𝐽ℎ
𝑆,𝑚 = −𝐷ℎ

𝑚
𝛷ℎ
𝑚,𝑐 − 𝛷ℎ

𝑆

Δ𝑥𝑚/2
 (32) 

𝛷ℎ
𝑙,𝑐

 and 𝛷ℎ
𝑚,𝑐

 are the fluxes at the centers of the nodes, Δ𝑥𝑙 and Δ𝑥𝑚 are the 

node sizes, and 𝛷ℎ
𝑆 is the interface flux between the nodes. The interface flux 

can be derived from Eq. (31) and (32) considering the continuity of the current 

on the interface (𝐽ℎ
𝑆,𝑙 = 𝐽ℎ

𝑆,𝑚 = 𝐽ℎ
𝑆): 

 

𝛷ℎ
𝑆 =

𝐷ℎ
𝑙

Δ𝑥𝑙/2
𝛷ℎ
𝑙,𝑐 +

𝐷ℎ
𝑚

Δ𝑥𝑚/2
𝛷ℎ
𝑚,𝑐

𝐷ℎ
𝑙

Δ𝑥𝑙/2
+

𝐷ℎ
𝑚

Δ𝑥𝑚/2

 (33) 

Substituting Eq. (33) into Eq. (31) or (32), the interface current can be written by 

the difference between the fluxes at the node centers: 

 
𝐽ℎ
𝑆 = −𝐷ℎ

𝑚𝑖𝑥
𝛷ℎ
𝑚,𝑐 − 𝛷ℎ

𝑙,𝑐

Δ𝑥𝑙/2 + Δ𝑥𝑚/2
 (34) 

where the mixed diffusion coefficient can be calculated as: 

 
1

𝐷ℎ
𝑚𝑖𝑥

=

1
𝐷ℎ
𝑙 Δ𝑥𝑙 +

1
𝐷ℎ
𝑚 Δ𝑥𝑚

Δ𝑥𝑙 + Δ𝑥𝑚
 

(35) 

The above formula can be written more generally as: 

 
1

𝐷ℎ
𝑚𝑖𝑥

=

∑
1

𝐷ℎ
𝑖 𝑉ℎ

𝑖
𝑖

∑ 𝑉ℎ
𝑖

𝑖

 
(36) 

From now on, the mixed diffusion coefficient defined by Eq. (36) is referred to as 

the inverse volume-weighted diffusion coefficient, which is aiming to keep the 

neutron current at the interface ( ) of the merged regions. It should be noted that 
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Eq. (36) is not specific for the methods of KIKO3DMG. Furthermore, the formula 

was derived in slab geometry, so transverse leakage was not considered. 

Nevertheless, the mixing method is applied in the KIKO3DMG for 3D cases. 

The linear volume-weighted diffusion coefficient is applied in certain core 

calculations, which can be calculated analogously to Eq. (26): 

 
𝐷ℎ
𝑚𝑖𝑥 =

∑ 𝐷ℎ
𝑖𝑉𝑖

𝑖

∑ 𝑉𝑖
𝑖

 (37) 

It should be mentioned that the linear volume-weighted diffusion coefficient for 

the mixing of homogeneous nodes is used in the DYN3D code [45], but it is 

shown later that it leads to distorted results. 

In the next section, the volume-weighting formula (Eq. (26)) for mixing the 

group constants is applied, and the linear (Eq. (37)) and inverse (Eq. (36)) 

volume-weighted diffusion coefficients are compared. 

4.7 Calculation of the fuel temperature reactivity coefficient 

The reactivity coefficient of the fuel pellet temperature was calculated using 

Serpent, which is considered a reference, and in the KIKO3DMG by using 

different methodologies. First, the effect of the group constant parameterization 

is investigated. In these cases, node boundaries were modified according to 

thermal expansion, so direct modeling was applied in the KIKO3DMG. Results 

using quadratic and cubic fit for the group constants were compared to results 

without parameterization. 

Reactivity coefficients presented in this section are estimated as the 

reactivity difference divided by the fuel temperature difference between two 

states: 

 
α𝑇𝑓𝑢𝑒𝑙 =

∂𝜌

𝜕𝑇𝑓𝑢𝑒𝑙
≈
𝜌𝑇2 − 𝜌𝑇1
𝑇2 − 𝑇1

 (38) 

Fig. 35 shows the reactivity coefficients of the fuel pellet temperature as a 

function of the fuel pellet temperature. Between 600 K and 2100 K, the coefficient 

depends strongly on the temperature and increases from around -0.8 to -0.4 

pcm/K. For the reference Serpent calculation (red curve), the trend is not linear. 

Without parameterization (grey curve), the trend is similar to the reference. 

Nevertheless, there are small, 1-8% differences between the data points due to 

statistical uncertainties and the nodal methods. The quadratic fit (brown curve) 

provides a linear trend, which leads to distorted coefficients at the lowest and 

highest temperatures, and the differences from the not parameterized data 
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points are less than 10%. The cubic fit (blue curve) provides a quadratic trend, 

thus better follows the reference, and the differences from the not parameterized 

data points are less than 5%. Compared to the reference Serpent results, the 

cubic fit results differ less than 10%. 

Serpent provides the statistical error of the calculated reactivity. The 

statistical uncertainties of reactivity differences are estimated, supposing that the 

Serpent calculations are not correlated. Error bars show the standard deviations 

(±1𝜎) of data points. The calculated reactivities of KIKO3DMG are also uncertain 

due to the standard deviations of the group constants, but the extent is not 

computed currently. 

 

Fig. 35. Effect of group constant parameterization on the reactivity coefficient of the fuel pellet 
temperature. Direct modeling means adjusted node boundaries according to thermal 
expansion.  

Since the direct modeling of the axial expansion is not practical in 3D, 

calculations are also performed using fix nodalization, where group constant 

mixing is applied as described in the previous section. The results of the two 

volume-weighting mixing methods are compared to direct modeling using cubic 

fit. 

Fig. 36 shows the reactivity coefficients of the fuel pellet temperature as a 

function of the fuel pellet temperature. The result with the linear volume-weighted 

diffusion coefficient (purple curve) significantly differs from the reference (blue 

curve), especially above 2100 K, where a large portion of the mixed node is fuel. 

In contrast, the result with the inverse volume-weighted diffusion coefficient 

(green curve) well matches the reference. The largest difference between the 

data points is smaller than 0.03 pcm/K. The precise calculation of the fuel 

temperature reactivity coefficient is essential since only a small difference can 

lead to distorted results during transient analyses. For example, the negative 
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reactivity feedback from the fuel is overpredicted at lower temperatures by 

applying the wrong mixing method, resulting in not conservative results. 

 

Fig. 36. Effect of the group constant mixing on the reactivity coefficient of the fuel pellet 
temperature. Direct modeling means adjusted node boundaries according to thermal 
expansion. For the mixing methods, the node boundaries are fixed, and group constant mixing 
is applied. 

Observing reactivity coefficients is informative to investigate small 

differences between methods. However, the Doppler Constant (DC) is also 

commonly calculated to evaluate the reactivity effect of the fuel temperature 

change: 

 
αDC =

∂𝜌

𝜕ln(𝑇)
 (39) 

DC is a temperature-independent value if only the Doppler effect is considered, 

but DC slightly depends on the temperature if the fuel pellet expansion is 

significant. Nevertheless, DC is around -700 pcm for the ALLEGRO. 

4.8 Modeling of thermal effects 

The diagrid, wrapper, and cladding temperature and void reactivity 

coefficients were determined in both the Serpent and the KIKO3DMG codes. In 

this section, average reactivity coefficients are calculated for the whole 

parameter range due to the linear fit. The mean and standard deviation of the 

reactivity coefficients are summarized in Table 8. 
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Table 8. Mean and standard deviation of the wrapper, cladding, and diagrid temperature and 
void reactivity coefficients calculated by the Serpent and KIKO3DMG codes. 

Reactivity coefficients 
Serpent KIKO3DMG 

Mean Std. dev. Mean Std. dev. 

void [pcm/void%] 0.921 0.094 0.812 0.012 

diagrid temperature [pcm/K] -1.312 0.015 -1.105 0.004 

wrapper temperature [pcm/K] -0.020 0.029 -0.013 0.004 

cladding temperature [pcm/K] 0.051 0.015 0.025 0.002 
 

 

The reactivity effect of the coolant void is shown in Fig. 37. For the Serpent 

results, standard deviations of data points are also given. Removing all the 

helium from the core (100 % void) leads to around 92 pcm reactivity increase. 

This positive reactivity feedback is under-predicted in the KIKO3DMG by 12%. 

However, the reactivity coefficients agree well within standard deviations 

according to the first row of Table 8. 

The diagrid expansion leads to negative reactivity feedback, as shown in 

Fig. 38, due to the increased leakage. This coefficient is underestimated by 16% 

in the KIKO3DMG. Nevertheless, it leads to conservative modeling of the diagrid 

expansion in the KIKO3DMG. 

The wrapper expansion has a minor impact on the reactivity. The statistical 

uncertainty of the data conceals the effect, as shown in Fig. 39. The reactivity 

increases while the fuel cladding expands since it supplants a small amount of 

coolant, and the density of the cladding decreases.  

Fig. 40 shows that the coefficient calculated by KIKO3DMG is around half 

as in Serpent, mainly due to the considerable statistical uncertainty. 

 

Fig. 37. Coolant void reactivity coefficient 
calculated by Serpent and KIKO3DMG. 

 

Fig. 38. Diagrid temperature reactivity 
coefficient calculated by Serpent and 
KIKO3DMG. 
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Fig. 39. Wrapper temperature reactivity 
coefficient calculated by Serpent and 
KIKO3DMG. 

 

Fig. 40. Cladding temperature reactivity 
coefficient calculated by Serpent and 
KIKO3DMG. 

4.9 Calculation of power distributions 

The radial distribution of assembly power was calculated using the Serpent 

for the nominal state of the core. The relative power of assemblies (𝐾𝑞) is shown 

in Fig. 41. Although the core has a 120° symmetry, the power distribution is 

slightly distorted due to the stochastic nature of the Monte Carlo calculation. The 

power difference between symmetrical positions is less than 0.1%. 

The power distribution was also calculated in the KIKO3DMG and 

compared to the reference Serpent results in Fig. 42. The average absolute 

difference is 0.33%, and the maximum is 1.3% for an assembly at the periphery. 

In the center of the core, where the assembly with the highest power is located, 

the absolute difference is only 0.1-0.3%. Thus, the radial power peaking factor 

(𝐾𝑞
𝑚𝑎𝑥 = 1.246) is calculated in the KIKO3DMG with a small error. It is important 

to note that the presented results were obtained by using the B1-leakage 

corrected group constants. Applying group constants without leakage correction 

would double the average absolute difference in the relative fuel assembly power 

to 0.65% [P7]. 
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Fig. 41. Distribution of the relative power of 
assemblies (𝐾𝑞) calculated by Serpent. 

 

Fig. 42. The relative assembly power difference 
between the reference Serpent solution and the 
KIKO3DMG solution. 

The axial power distribution was also calculated in the Serpent for different 

fuel temperatures, as shown in Fig. 43. Here the nodes agree with the nodes in 

the KIKO3DMG models. The relative power in the 10th node increases as the 

node size increases due to thermal expansion. 

The axial power distribution was calculated in the KIKO3DMG in two ways. 

First, by using group constant without parameterization and direct modeling of 

the axial expansion. Second, by using parameterized group constants and 

applying the mixing method for the modeling of axial expansion.  

Fig. 44 shows the relative difference of the axial power distribution between 

the Serpent and the KIKO3DMG using the first method. The difference is similar 

for the different temperatures, and the maximum is below 0.6%. It is the effect of 

the group constant generation and nodal methods. 

Fig. 45 shows the difference between the two KIKO3DMG methods. A part 

of the difference in the power distribution results from the different nodalization 

of the two approaches, shown in Fig. 33. At 600 K, the nodalization is the same 

for both models, and there are no mixed nodes in the second case. Thus, the 

difference is only the effect of the parameterization, which is smaller than 0.01% 

for each node. Above 600 K, the nodalization is different between the two 

methods due to the axial fuel expansion. Between 600 K and 2500 K, there are 

also mixed nodes in the second method. The different nodalization and the mixed 

nodes result in less than 0.07 % node wise power difference for 1200 K and 1800 

K. The power difference is below 0.1 % for the axial regions for 2500 K. This is 
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only the effect of the different nodalization since there are no mixed nodes at 

2500 K. 

 

Fig. 43. Axial power distribution in the core at 
different fuel pellet temperatures calculated by 
Serpent. 

 

Fig. 44. Axial power distribution difference 
between the reference Serpent solution and the 
KIKO3DMG solution at different fuel pellet 
temperatures. Group constants are not 
parameterized, and direct modeling of the axial 
expansion is applied in the KIKO3DMG. 

 

Fig. 45. Axial power distribution difference 
between KIKO3DMG solutions at different fuel 
pellet temperatures. In one case, group 
constants are not parameterized, and direct 
modeling of the axial expansion is applied in the 
KIKO3DMG. In the other case, group constants 
are parameterized, and the mixing method is 
used in the KIKO3DMG. 
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4.10 Conclusions of Section 4 

In Section 4, through the example of the ALLEGRO reactor, it was shown 

that the KIKO3DMG is a suitable reactor physics calculation tool to investigate 

fast-spectrum reactors. The code calculates reactivity coefficients and power 

distributions with reasonable accuracy. Although the methods are presented for 

a specific reactor, the KIKO3DMG is applicable for other fast reactors. 

A new methodology was presented for the modeling of the axial fuel 

expansion in the KIKO3DMG. The method is applicable for non-uniform axial 

expansion in 3D calculations, where each fuel assembly can have a different 

height. The expansion was handled by introducing mixed nodes. It was found 

that volume-weighted mixed group constants provide correct results, but it is 

essential to weight the inverse of the diffusion coefficients instead of the diffusion 

coefficients. The inverse volume-weighted diffusion coefficient aims to keep the 

neutron current at the interface of the merged regions. It is worth mentioning that 

the mixed nodes are small and do not contain strong absorbers in the presented 

case. In contrast, for larger nodes or strong absorbers, a more advanced mixing 

method should be used, for example, a volume-flux-weighting approach. The 

development of such a methodology is required for the KIKO3DMG in the future. 

Other reactivity coefficients were also investigated. The KIKO3DMG was 

extended to calculate the reactivity effect of the diagrid expansion. It is slightly 

underestimated in the code, but it provides conservative results when the core 

expands. The calculation of the void coefficient causes difficulty to some codes 

due to the helium coolant in the ALLEGRO. In contrast, the KIKO3DMG 

anticipates the void coefficient correctly. The wrapper and cladding expansion 

coefficients are calculated with significant uncertainty, but these have a small 

effect on the reactivity. Furthermore, the estimation of cladding and wrapper 

coefficients is highly sensitive to modeling errors. 

The radial and axial power distributions were calculated in the KIKO3DMG 

with high accuracy. It was also shown for the case of axial expansion when mixed 

nodes occur. Application of discontinuity factors might further improve the 

calculation precision of the radial power distribution. Moreover, a pin-power 

reconstruction mode could be developed for the code to determine inter-

assembly inequalities for hot channel analyses.  

Group constants were generated using the Serpent Monte Carlo code and 

parameterized as a function of state parameters. As the function of the fuel pellet 

temperature, a cubic fit was needed for the parameterization of the group 

constants in the active part of the core. The reactivity change cannot be tracked 

precisely by applying lower-order polynomials, and overfitting might occur by 
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using higher-order polynomials due to the low number of data points. A linear fit 

is satisfactory for the coolant density and the diagrid, wrapper, and cladding 

temperatures. Parameterization of non-multiplying regions is not considered 

here, but it might influence the reactivity and should be investigated in future 

work. The presented investigation is confined to the fresh core of the ALLEGRO. 

The burp-up dependence of group constants should be included, and the burnup 

capabilities of the KIKO3DMG should be tested in the future. 

Parameterized group constants, accurate modeling of reactivity effects, and 

precise calculation of the power distribution allow the simulation of reactivity 

transients using the KIKO3DMG. A control rod withdrawal transient of the 

ALLEGRO was analyzed using the KIKO3DMG code coupled with the ATHLET 

thermal-hydraulics code and presented in Section 5. 

The KIKO3DMG, including the new features, should be validated by 

comparison with experimental measurement results. So, the first steps of the 

validation are presented in Section 6. 

The results of this section are published in [P2], [P7], and [P10]. 
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5 Coupled neutronics/thermal-hydraulics 
analysis of the ALLEGRO 

This section of the thesis aims to demonstrate the capabilities of the 

coupled neutronics/thermal-hydraulics system code KIKO3DMG/ATHLET3.0 to 

analyze reactivity transients in fast spectrum reactors. The focus is on an 

anticipated transient without SCRAM (ATWS) of the ALLEGRO reactor, during 

which three-dimensional neutronics modeling is essential. Although ATWS 

scenarios are highly unlikely events, they are usually part of the safety analyses 

required by authorities for nuclear reactors. 

Simulation of ATWS events in thermal reactors necessitates coupled 

neutronics/thermal-hydraulics (N/TH) codes because the power of the core and 

temperatures are strongly interdependent during such transients. Coupled three-

dimensional deterministic and system thermal-hydraulics codes such as the 

KIKO3DMG/ATHLET3.0 [48] and DYN3D/ATHLET [82] can simulate control row 

withdrawal or other transients since they run much faster than codes using 

transport or stochastic models or CFD codes, and they are much more precise 

than codes using the point-kinetics approach. These tools are widely used in 

safety analyses and reactor design. 

Fast spectrum reactors are more tightly coupled neutronically than thermal 

reactors; hence space and time separability of the neutron flux – necessary for 

the point-kinetics approach – is more valid [41]. Thus, in this section, an ATWS 

event of the ALLEGRO is investigated using the KIKO3DMG [6] nodal code and 

also the point-kinetics approach. In both cases, the ATHLET system code [34] is 

used on the thermal-hydraulics part. An asymmetrical control rod withdrawal 

accident with reactor trip failure is selected, which leads to an unprotected 

transient overpower (UTOP). During this transient, the power distribution 

changes significantly, and spatial reactivity effects play an essential role. 

Therefore, the coupled KIKO3DMG/ATHLET3.0 code is expected to provide 

more precise results than the ATHLET code using the point-kinetics approach. 

KIKO3DMG calculations require group constants parameterized as a 

function of several state parameters. Section 3 shows that the fuel and cladding 

temperatures and coolant density should be considered for the parameterization 

in the case of an unprotected transient of the ALLEGRO. Section 4 concludes 

that the KIKO3DMG code can accurately calculate reactivity coefficients in the 

ALLEGRO using group constants in 24 energy groups. In this section, the same 

24-group constants are used, and the possibility of using less than 24 groups is 

explored to decrease the computation time but keep the calculation accuracy at 

an acceptable level. 
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5.1 The ATHLET model of the ALLEGRO 

In this section of the thesis, the 3.0 version of ATHLET was used since it 

was already coupled with the KIKO3DMG code [48]. It was tested that versions 

3.1A and 3.0 provide the same results for the presented cases. 

The ATHLET model of the ALLEGRO was improved compared to the model 

presented in Section 3.3. The main difference is that all the 81 fuel assemblies 

of the ALLEGRO were considered individually in the new model, compared to 

the previous hot channel model. So in this section, a thermal-hydraulics channel 

means a fuel assembly, and the hot channel means the fuel assembly with the 

highest power. The fuel pins were divided into five axial layers, and the axial heat 

conduction was not modeled. The assembly wrappers and other structural 

elements were neglected for the heat transfer modeling. The non-fuel 

assemblies were modeled as one by-pass channel, where the coolant mass flow 

rate was set to 6% of the total core flow rate. The radial section of the core, the 

numbering of the fuel assemblies, and positions of other non-fuel assemblies are 

shown in Fig. 46. 

Another improvement compared to the model presented in Section 3.3. is 

the application of flow restrictors. The difference between the outlet coolant 

temperatures of the channels can be mitigated by modifying the assembly flow 

rate distribution and driving more coolant through the hotter parts of the core. A 

perfectly uniform outlet coolant temperature can be reached in theory, but it 

requires a uniquely manufactured nozzle for each assembly. A practically more 

feasible option is to divide the assemblies into a few groups. Thus, according to 

power, the assemblies were divided into four flow restrictor zones, as shown in 

Fig. 47, and flow restrictors were tuned to get the same average outlet coolant 

temperature in each zone. For the inner zone (no. 1 in Fig. 47), there were no 

restrictors introduced to minimize the pressure drop on the core. The core 

pressure drop was set to around 0.8 bar for the nominal state according to the 

design specification of ALLEGRO [65]. During the investigated transient, the 

pressure drop increases due to the fixed core mass flow rate. 

In this section, the nuclear heat generation was simulated by using two 

approaches. First, the more straightforward point-kinetics of ATHLET was 

applied, which requires previously calculated neutron kinetics parameters. The 

delayed neutron fractions and the prompt neutron lifetime were calculated by the 

Serpent Monte Carlo code [36], and reactivity coefficients were calculated by the 

KIKO3DMG code as presented in Section 4. Second, the coupled 

KIKO3DMG/ATHLET3.0 code was applied to calculate the power by considering 

three-dimensional effects. 
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Fig. 46. Positions of fuel assemblies (1-81) and 
control assemblies. DSD rods are withdrawn, 
but CSD rods are inserted to reach criticality. 
The “CSD draw” assembly is withdrawn during 
the investigated transient. The experimental 
(EXP) positions contain steel assemblies. The 
core is surrounded by three rows of reflector 
assemblies (only one row is shown in this 
figure) and two rows of shielding assemblies 
(not shown in this figure). 

 

Fig. 47. The active core is divided into four flow 
restrictor zones (1-4), as the coloring and 
numbering show. 

5.2 The KIKO3DMG model of the ALLEGRO 

The KIKO3DMG code is introduced in detail in Section 2.5. The ALLEGRO 

model and the group constant generation and parameterization methodology of 

this section slightly differ from the descriptions in Section 4. 

Group constants were parameterized as a function of fuel temperature, 

cladding temperature, and coolant density. The radial core expansion was not 

considered here. Other smaller reactivity effects due to the expansion of 

structural elements were also neglected in this work. For the considered state 

parameters, the support points for the parameterization and the order of the fitted 

polynomial are summarized in Table 6. In addition to the previously applied 24-

group constants, different energy group structures were tested. This 

investigation is introduced in Section 5.3. 

The coupled KIKO3DMG/ATHLET3.0 code is described in Section 2.7. The 

two programs internally exchange the following data: the power of nodes 

calculated by the KIKO3DMG, average fuel pellet, cladding, and coolant 

temperatures of nodes calculated by the ATHLET. A 1-by-1 mapping scheme 

was applied between the KIKO3DMG and ATHLET for the fuel assemblies. Each 

fuel node in the KIKO3DMG and ATHLET is assigned to each other. Except for 
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the small mixed nodes in the KIKO3DMG, which were merged into the top non-

mixed fuel nodes. 

5.3 Description of energy group structures 

An advanced feature of the KIKO3DMG code is that the number of energy 

groups can be set arbitrarily. Using fewer groups leads to shorter computational 

time, but it might adversely affect the accuracy of calculations. Therefore, 

different group structures and numbers were tested to lower the computational 

need of the calculations but keep adequate accuracy. 

Fast spectrum reactors are typically calculated in 33 groups using the 

ECCO33 energy group structure [83]. When group constants of fast reactors are 

calculated in a Monte Carlo code, a usual approach is to collapse the ten lowest 

groups into one to improve the statistical accuracy [79]. This approach leads to 

a 24-group structure, which was successfully applied to the ALLEGRO reactor 

in the KIKO3DMG using group constants generated by the Serpent Monte Carlo 

code, as presented in Section 4. 

Based on the 24-group structure, 12-, 6-, 4- and 3-group structures were 

created. Every second group boundary was kept from the 24-group structure to 

get a 12-group structure, then get a 6-group structure, and then get a 3-group 

structure. Also, every third group boundary was kept from the 12-group structure 

to get a 4-group structure. The energy group boundaries are shown in Table 9. 

The previously calculated 24-group constants were collapsed into the 12-, 

6-, 4- and 3-group structures using the scalar flux calculated by Serpent. This 

way, all the group constants come from the same Serpent calculation and bear 

the same statistical information. These group constants were used in the 

KIKO3DMG code to calculate a transient of the ALLEGRO reactor. 

Table 9. Energy group boundaries and energy bins for the 24 group and collapsed group 
constants. 

 

24 group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

12 group

6 group

4 group

3 group

1 2 3 4

1 2 3

10 11 12

1 2 3 4 5 6

Energy bins for the 24 and collapsed energy groups

1 2 3 4 5 6 7 8 9

1.353 2.231 3.679 6.065 10.0

9.1E-3 0.015 0.025 0.041

0.067 0.111 0.183 0.302 0.498 0.821

24 energy group boundaries (MeV)

1.5E-4 3.0E-4 4.5E-4 7.5E-4 1.2E-3 2.0E-3 3.4E-3 5.5E-3
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5.4 Stationary results with and without flow restrictors 

In this section, results were calculated by the KIKO3DMG/ATHLET3.0 code 

system by using 6-group constants. 

The mass flow rate distribution without applying flow restrictors is shown in 

Fig. 48. Since the pressure drops (0.8 bar) are equal for each assembly, the 

coolant mass flow rates are slightly lower in the assemblies with higher hydraulic 

resistance due to the higher power level. The uneven outlet coolant temperature 

distribution without flow restrictors is shown in Fig. 50. 

The application of well-tuned flow restrictors helps to flatten the outlet 

coolant temperature by driving more coolant through the hotter parts of the core; 

thereby, the peak temperatures can be reduced. The core was divided into four 

zones, as shown in Fig. 47, and flow restrictors were tuned to get the same 

average outlet coolant temperature in each zone. Consequently, the mass flow 

rate was increased in the inner and decreased in the outer parts of the core, as 

shown in Fig. 49. The flattened outlet coolant temperature distribution with flow 

restrictors is shown in Fig. 51. 

 

Fig. 48. Mass flow rate (kg/s) distribution 
without flow restrictors. 

 

Fig. 49. Mass flow rate (kg/s) distribution with 
flow restrictors. 

The difference between the minimum and maximum temperatures was 

decreased from 137 °C to 34 °C by applying flow restrictors. It is important to 

note that the position of the hot channel could have changed due to the flow 

restrictors but remained the assemblies with the highest power at positions 25, 

41, and 58 (positions marked in bold in the figures). In these positions, the outlet 

coolant temperatures were decreased from 599 °C to 547 °C because of the flow 

restrictors. 
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Fig. 50. Outlet coolant temperature (°C) without 
flow restrictors. 

 

Fig. 51. Outlet coolant temperature (°C) with 
flow restrictors. 

The application of flow restrictors has a minor effect on the radial and axial 

power distribution. The maximum assembly power difference is around 0.1%. 

The difference in the axial power distribution is negligible. 

In the following sections, results are shown by applying the flow restrictors 

because it is a practically feasible option to lower the peak temperatures in the 

ALLEGRO core. 

5.5 Investigation of the number of energy groups in the 
KIKO3DMG 

In this section, results were calculated by the standalone KIKO3DMG and 

the coupled KIKO3DMG/ATHLET3.0 code system by using 3-, 4-, 6-, 12- and 

24-group constants. The number of energy groups influences the power 

distribution, worth of control rods, and reactivity feedback, determining the 

course of transients. The goal was to find the lowest number of groups that 

provide sufficiently accurate results compared to the reference 24-group case. 

The standalone version of the KIKO3DMG was also applied to calculate 

parameters necessary for point-kinetics calculations presented in Section 5.7.   

First, the reactivity worth of an inner control assembly was calculated by 

the standalone KIKO3DMG code, where uniform temperature distributions were 

assumed in the core. The inner control assemblies were close to the critical 

position, then one of them (indicated in Fig. 46) was withdrawn by 12 cm. The 

reactivity differences (Δ𝜌) between the two states were calculated by using 

different energy group structures. The reactivity insertion during the unprotected 

transient overpower can be estimated as Δ𝜌, although the changes of the state 

parameters during the transient affect the inserted reactivity. The inserted 
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reactivities calculated with the different energy groups are summarized in Table 

10 (‘Inserted reactivity’ column). The 12-group case slightly underestimates (-

0.6%), the less precise 6-, 4- and 3-group cases increasingly overestimate (2.1-

7.2%) the reactivity change compared to the 24-group case (396 pcm). 

 Regarding the number of group constants, only the most essential 

reactivity feedback, the fuel temperature-related reactivity feedback, is 

investigated, including the Doppler and the fuel thermal expansion effects. The 

reactivity coefficient was calculated by using the standalone KIKO3DMG code. 

Uniform temperature distribution was applied for simplicity, although realistic 

temperature distributions might provide more precise results. The uniform fuel 

temperature was varied uniformly, so cross-sections were modified accordingly, 

and axial expansion was considered in the KIKO3DMG. The calculated reactivity 

coefficients are shown in Fig. 52. The reactivity coefficient was calculated with a 

relatively small deviation from the reference case, even in the least accurate 3-

group case. The difference from the 24-group case is between ±5% of all data 

points. Table 10 also shows the coefficients at 1500K (‘Fuel reactivity coeff. at 

1500K’ column). According to Fig. 52, the 6-group reactivity coefficient shows a 

larger difference from the 24-group case than the 4-group reactivity coefficient. 

This difference results from the distinct energy group boundaries between the 6- 

and 4-group structures, as shown in Table 9. 

The radial power distribution was first calculated by using the 

KIKO3DMG/ATHLET3.0 code in 24 energy groups. In this case, the relative 

radial assembly power (𝐾𝑞) distribution is shown in Fig. 53. The radial peaking 

factor (𝐾𝑞
𝑚𝑎𝑥 = 1.237) corresponds to positions 25, 41, and 58 (marked in bold in 

the figures). These positions are referred to as hot channels since peak 

temperatures also occur here. The radial power distribution was additionally 

calculated by varying the number of energy groups. The difference between the 

6- and 24- group cases are shown in Fig. 54. The assembly power difference is 

between ±0.3%, and the power of the hot channel is underestimated in the 6-

group case by only 0.1%. For the other energy groups, the peaking factor 

differences are summarized in Table 10 (‘𝐾𝑞
𝑚𝑎𝑥 nominal’ column). The peaking 

factor is underestimated by only 0.9% in the least accurate 3-group case. 

The radial power distribution was also calculated using the standalone 

KIKO3DMG, thus compared to the previous cases, thermal feedbacks were not 

considered, and uniform temperature distributions were assumed. The effect of 

the thermal feedback neglection is shown in Fig. 55. The powers of the hot 

channels are overestimated by around 0.1% in the standalone KIKO3DMG. It 

should be highlighted that the 24-group KIKO3DMG results were compared to 

Serpent Monte Carlo results in Section 4.9, and it was found that the average 
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absolute assembly power difference is 0.33%, and the maximum is 1.3%. It 

confirms that the differences are acceptable between the KIKO3DMG results 

using different energy group structures. 

 

Fig. 52. Fuel temperature reactivity coefficient 
calculated by the KIKO3DMG code using 
group constants with 24, 12, 6, 4, and 3 energy 
groups. 

 

Fig. 53. Relative radial power (𝐾𝑞) distribution 

at the nominal state of the core calculated by 
the KIKO3DMG/ATHLET3.0 code using the 24 
energy group cross-sections. 

 

 

Fig. 54. The relative radial power difference 
between the 6- and 24- group cases calculated 
by using the KIKO3DMG/ATHLET3.0 code at the 
nominal state of the core. 

 

Fig. 55. The relative radial power difference 
between the standalone KIKO3DMG and the 
KIKO3DMG/ATHLET3.0 code in 24-groups at 
the nominal state of the core. 

The axial power distribution also influences the peak temperatures of the 

core. The relative axial power distribution was calculated by using the 

KIKO3DMG/ATHLET3.0 code. Fig. 56 shows the result in the 24-group case and 

the difference from this in the 12- and 6-group cases. There is less than 0.5% 
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difference node-wise, which leads to a few degrees Celsius difference in the axial 

temperature distribution of the fuel and cladding, as shown in figure Fig. 57. 

According to Fig. 57, the peak fuel temperature occurs in the 3rd, and the peak 

cladding temperature appears in the 4th node of the hot channels at the nominal 

state. It should be mentioned that the cladding temperature in the 5th node might 

rise higher than in the 4th during transients. 

 

Fig. 56. Relative axial power distribution in the 
hot assembly of the ALLEGRO calculated by the 
KIKO3DMG/ATHLET3.0 coupled code in 24 
energy groups. Differences from this case are 
also shown using 12- and 6-group cross-
sections. 

 

Fig. 57. Axial distributions of the fuel centerline 
and cladding surface temperatures in the 
assembly with the highest power at the nominal 
state of the ALLEGRO calculated by the 
KIKO3DMG/ATHLET3.0 coupled code in 24 
energy groups. Differences from this case are 
also shown using 12- and 6-group cross-
sections. 

5.6 Results of the UTOP by the KIKO3DMG/ATHLET3.0 code 

The selected unprotected transient overpower (UTOP) simulates an 

unintentional control rod withdrawal in the ALLEGRO reactor. One of the inner 

control assemblies (“CSD draw” in Fig. 46) is withdrawn from the critical position 

by 12 cm in 12 seconds. It leads to approximately 400 pcm inserted reactivity, 

which is about 1.1$. Since the control rod driving mechanism is not yet finalized 

for the ALLEGRO, the one cm/s withdrawal speed was set arbitrarily; 

nevertheless, it is a conservative value. It is assumed that SCRAM does not 

occur during the transient, but the reactor is expected to stabilize itself by the 

inherent reactivity effects. This asymmetrical transient was selected to 

investigate the importance of three-dimensional effects in the ALLEGRO core 

using the coupled KIKO3DMG/ATHLET3.0 code. 
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 First, results are calculated using the KIKO3DMG/ATHLET3.0 code and 

24-group constants. The UTOP starts as the control rod is withdrawn from the 

core. The 12 cm withdrawal of the selected CSD assembly leads to a reactivity 

increase by approximately 400 pcm. Consequently, the power rises to around 

2.9 times the nominal value in 12 seconds, as shown in Fig. 59. The 

temperatures increase due to the higher power level; therefore, negative 

reactivity feedback occurs, compensating the inserted reactivity. The power 

stabilizes at around 2.3 times the nominal value. The global peak values of the 

coolant, cladding, and fuel temperatures, occurring in the 58th assembly of the 

core are significantly increased by the end of the transient, as shown in Fig. 58. 

Since the total core flow rate and inlet temperature are constant, the pressure 

drop of the core increases during the transient, as shown in Fig. 58 (dashed blue 

line). 

 

Fig. 58. Peak fuel, cladding and coolant 
temperatures, and pressure drop of the core 
during the UTOP calculated by the 
KIKO3DMG/ATHLET3.0 code in 24 energy 
groups. 

 

Fig. 59. Relative total power of the core and 
relative mass flow rate in assembly 58 during 
the UTOP calculated by the 
KIKO3DMG/ATHLET3.0 code in 24 energy 
groups. 

In addition to the global power increase, two three-dimensional effects also 

increase the peak temperatures. First, the control rod withdrawal increases the 

relative radial assembly power near this control rod, as shown in Fig. 60. For the 

hot assembly, shown in bold in the figures, the relative change of the relative 

radial power (𝐾𝑐) is +0.8%. The 𝐾𝑐  values of the assemblies vary between -1.8% 

and +3.7%. Second, the coolant mass flow rate also decreases by 4.1% in the 

hot assembly during the transient, as shown in Fig. 59 (dashed green line), which 

leads to reduced cooling in this assembly. Fig. 61 shows that the change in the 
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coolant mass flow rate of the assemblies is inversely proportional to the power 

of the assemblies. It results from the higher hydraulic resistance of the hotter 

assemblies and the fact that the pressure drop should be equal on all 

assemblies. 

 

Fig. 60. Distribution of relative power change 
between the beginning and end of the UTOP 
( 𝑲𝒄 = (𝑲𝒒 − 𝑲𝒒,𝟎)/𝑲𝒒,𝟎 ) calculated by the 

KIKO3DMG/ATHLET3.0 code in 24 energy 
groups. 

 

Fig. 61. Distribution of the mass flow rate 
between the beginning and end of the UTOP 
( 𝚫𝑮𝒋 ) calculated by the 

KIKO3DMG/ATHLET3.0 code in 24 energy 
groups. 

The assembly-wise outlet coolant, peak cladding, and peak fuel 

temperatures were calculated using the KIKO3DMG/ATHLET3.0 code in 24 

energy groups and shown respectively in Fig. 62, Fig. 64, and Fig. 66. The 

distribution is no longer symmetrical due to the asymmetrical control rod 

withdrawing. It should be noticed that the peak temperatures occur in the 58th 

assembly, but comparably high temperatures can be observed next to the 

withdrawn control rod.  

The temperature distributions were also investigated using 12-, 6-, 4- and 

3-group constants. The differences between the 24- and 6-group cases are 

shown for the outlet coolant, peak cladding, and peak fuel temperatures, 

respectively, in Fig. 63, Fig. 65, and Fig. 67. The peak temperatures are 

overestimated in the 6-group case by a few °C, which can be explained by the 

data presented in Table 10, which summarizes the results and the relevant 

stationary results demonstrated in Section 5.5 for the different number of energy 

groups. The direct cause of the temperature difference from the 24-group case 

is the altered total power at the end of the transient (‘Relative pow EoT’ column). 

A positive difference in the power leads to higher temperatures as in the 6, 4- 

and 3-group cases. In contrast, a negative difference leads to lower 
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temperatures in the 12-group case. The more significant the difference in the 

total power, the larger the difference in the peak temperatures. 

The inserted reactivity worth (‘Inserted reactivity’ column) and the extent of 

the fuel temperature reactivity feedback (‘Fuel reactivity coeff. at 1500K’ column) 

influence the value of the end of transient (EoT) power. By the EoT, the inserted 

reactivity is compensated by mainly the negative fuel temperature reactivity 

feedback. The larger the inserted reactivity or smaller the fuel temperature 

reactivity feedback in absolute terms, the more significant fuel temperature 

change is necessary for the balance and vice versa. In the 6-group case, the 

inserted reactivity is 2.1% larger, and the fuel temperature reactivity coefficient 

is only around 0.4% larger in absolute terms than in the 24-group case, leading 

to higher peak temperatures. In the 4-group case, the 6.5% difference in the 

extent of the inserted reactivity indicates substantial temperature differences, but 

the stronger fuel temperature reactivity feedback partially compensates it. In the 

3-group case, the more considerable temperature differences from the 24-group 

case emerge from the 7.2% difference in the inserted reactivity and the smaller 

fuel temperature reactivity coefficient. 

 

Fig. 62. Outlet coolant temperature (°C) 
distribution at the end of the UTOP calculated 
by the KIKO3DMG/ATHLET3.0 code in 24 
energy groups. 

 

Fig. 63. Outlet coolant temperature (°C) 
differences between the 6- and 24-group cases 
at the end of the UTOP calculated by the 
KIKO3DMG/ATHLET3.0 code ( 𝑻𝒐𝒖𝒕,𝟔𝒈 −

𝑻𝒐𝒖𝒕,𝟐𝟒𝒈). 

There are also differences in the relative power distribution in the nominal 

and EoT states, which influences the peak temperatures. For example, in the 6-

group case, the power peaking factor is 0.13% smaller than in the 24-group case, 

which compensates somewhat for the overestimated inserted reactivity. In 

summary, the combination of the inserted reactivity, the reactivity feedbacks, and 
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the power distribution determine the peak temperatures at the end of the 

transient. 

 

Fig. 64. Peak cladding temperature (°C) 
distribution at the end of the UTOP calculated 
by the KIKO3DMG/ATHLET3.0 code in 24 
energy groups. 

 

Fig. 65. Peak cladding temperature (°C) 
differences between the 6- and 24-group cases 
at the end of the UTOP calculated by the 
KIKO3DMG/ATHLET3.0 code ( 𝑻𝒄 𝒂𝒅,𝟔𝒈 −

𝑻𝒄 𝒂𝒅,𝟐𝟒𝒈). 

  

 

Fig. 66. Peak fuel temperature (°C) distribution 
at the end of the UTOP calculated by the 
KIKO3DMG/ATHLET3.0 code in 24 energy 
groups. 

 

Fig. 67. Peak fuel temperature (°C) differences 
between the 6- and 24-group cases at the end 
of the UTOP calculated by the 
KIKO3DMG/ATHLET3.0 code ( 𝑻𝒇𝒖𝒆 ,𝟔𝒈 −

𝑻𝒇𝒖𝒆 ,𝟐𝟒𝒈). 
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Table 10 also shows that the main advantage of using fewer energy groups 

is the significant decrease in calculation time (‘Calculation time' column). In 

addition to the calculation time, the memory need is also lower. For example, 

using the 6-group instead of the 24-groups structure, the calculation time of the 

transient is reduced by 95%. 

It should be observed that the peak temperatures are reached at the more 

or less stabilized quasi-stationary state at the end of the analysis due to the 

combined results of several effects: the intentionally missing SCRAM actuation, 

the decrease of the mass flow rate in the hot channel during the transient, the 

fixed inlet coolant temperature, and the low gap conductance of the fresh fuel 

pin. Otherwise, the presently small local peak just after the withdrawal (at around 

125 s in Fig. 58) could be more enhanced, resulting in a situation where the 

global maximums occur not in the steady-state but earlier in a dynamic state. 

Table 10. Result summary for the ALLEGRO UTOP calculated by the KIKO3DMG/ATHLET3.0 
code using different energy group structures. Fuel, cladding, and coolant peak temperatures, 
relative power at the end of the transient (EoT), inserted reactivities, maximum radial relative 
assembly powers (𝐾𝑞

𝑚𝑎𝑥 ) at the nominal state and EoT, fuel temperature-related reactivity 

coefficients at 1500K and calculation times are shown for each case. Differences from the 24-
group case are also shown ('diff' columns). 

 
Fuel max tmp. 

[°C] 

Cladding max 

tmp. [°C] 

Coolant max tmp. 

[°C] 

Relative power 

EoT [-] 

Inserted 

reactivity [pcm] 

24g 2091 diff 1110 diff 956 diff 2.310 diff 396.0 diff 

12g 2083 -8.3 1106 -3.9 953 -3.5 2.310 -0.2% 393.4 -0.6% 

6g 2105 13.2 1120 9.7 964 7.5 2.343 1.2% 404.1 2.1% 

4g 2120 28.1 1130 19.6 972 15.7 2.374 2.5% 421.6 6.5% 

3g 2179 87.4 1174 63.5 1006 50.0 2.500 8.0% 424.4 7.2% 

 

𝑲𝒒
 𝒂   

nominal [-] 

𝑲𝒒
 𝒂  

EoT [-] 

Fuel reactivity coeff. 

at 1500K [pcm/K] 

Calculation time 

[min] 

 

24g 1.237 diff 1.247 diff -0.686 diff 1790 diff 

12g 1.235 -0.19% 1.245 -0.20% -0.684 -0.19% 260 -85.5% 

6g 1.236 -0.11% 1.246 -0.13% -0.688 0.38% 96 -94.6% 

4g 1.233 -0.33% 1.243 -0.35% -0.706 2.98% 80 -95.5% 

3g 1.226 -0.91% 1.235 -0.95% -0.678 -1.12% 66 -96.3% 
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5.7 Results of the UTOP by the ATHLET code using point-
kinetics 

The unprotected overpower transient (UTOP) was simulated using the 

ATHLET model, described in Section 5.6, but calculating the power with the 

point-kinetics module of the ATHLET instead of the KIKO3DMG. It is a less 

precise approach due to the neglected three-dimensional effects: the relative 

power distribution is fixed during the calculation, and spatial reactivity effects are 

not considered. 

The relative power distribution, the reactivity coefficients, and the inserted 

reactivity were first calculated by the standalone KIKO3DMG code in 24 energy 

groups and afterward applied in the point-kinetics calculations. This way, the 

sources of differences between the coupled three-dimensional and point-kinetics 

approaches are smaller, and the results are more straightforward to compare. 

In the following, the UTOP results of the point-kinetics and the 24-group 

KIKO3DMG/ATHLET3.0 calculations are compared. By the end of the transient, 

the total power is 0.7% larger in the point-kinetics case, which can result from 

two main reasons. First, the point-kinetics model might overestimate the inserted 

reactivity since it was calculated using the standalone KIKO3DMG without 

thermal feedback. Second, the fuel temperature reactivity feedback can be more 

accurate in the coupled code due to the more realistic space and time-dependent 

fuel temperature profile, leading to more realistic modeling of the dynamic 

process. 

The differences between the outlet coolant, peak cladding, and peak fuel 

temperature distributions are shown in Fig. 68, Fig. 69, and Fig. 70, respectively. 

Despite the higher total power, the peak temperatures are underestimated near 

the withdrawn control assembly in the point-kinetics case because of the fixed 

power distribution. It is shown in Fig. 60 that the relative radial power distribution 

significantly changes during the transient due to the control rod withdrawal, which 

cannot be taken into account in the point-kinetics case. Farther from the 

withdrawn assembly, the peak temperatures are higher in the point-kinetics 

calculation due to the higher power. For example, the difference in the assembly-

wise peak cladding temperature varies between -27 and +22°C. 

It was found that regarding the core peak temperatures, which occur in 

assembly number 58 (position marked in bold in the figures), there are only minor 

differences between the point-kinetics and the coupled calculations. The fixed 

power distribution in the point-kinetics model leads to a 0.83% underestimation 

of the hot assembly relative power, which is coincidentally almost compensated 

by the 0.7% higher total power. 



79 Coupled neutronics/thermal-hydraulics analysis of the ALLEGRO 

 

 

 

 

Fig. 68. Outlet coolant temperature (°C) 
differences between the point-kinetics results 
and the 24-group cases calculated by the 
KIKO3DMG/ATHLET3.0 code at the end of 
the UTOP (𝑻𝒐𝒖𝒕,𝒑𝒐𝒊𝒏𝒕 − 𝑻𝒐𝒖𝒕,𝟐𝟒𝒈). 

 

Fig. 69. Peak cladding temperature (°C) 
differences between the point-kinetics results 
and the 24-group cases calculated by the 
KIKO3DMG/ATHLET3.0 code at the end of 
the UTOP (𝑻𝒄 𝒂𝒅,𝒑𝒐𝒊𝒏𝒕 − 𝑻𝒄 𝒂𝒅,𝟐𝟒𝒈). 

 

Fig. 70. Peak fuel temperature (°C) differences between the point-kinetics results and the 24-
group cases calculated by the KIKO3DMG/ATHLET3.0 code at the end of the UTOP 
(𝑻𝒇𝒖𝒆 ,𝒑𝒐𝒊𝒏𝒕 − 𝑻𝒇𝒖𝒆 ,𝟐𝟒𝒈). 

The main advantage of applying the point-kinetics method is the 

significantly shorter computational time compared to the coupled 

KIKO3DMG/ATHLET3.0 calculations. The presented transient simulation took 

only 8 minutes using the point-kinetics approach, while the 

KIKO3DMG/ATHLET3.0 analyses took more than one hour. 
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5.8 Conclusions of Section 5 

Section 5 presented that the coupled neutronics/thermal-hydraulics system 

code KIKO3DMG/ATHLET3.0 can simulate an unprotected reactivity transient of 

the ALLEGRO gas-cooled fast reactor. The selected asymmetric control rod 

withdrawal leads to an unprotected transient overpower (UTOP), where the 

consideration of three-dimensional effects is essential. During the transient, the 

power distribution change was followed, and reactivity effects, including the non-

uniform axial expansion of the fuel, were taken into account in the coupled code 

system. In the future, the KIKO3DMG/ATHLET3.0 code can be used in safety 

analyses and for designing the core of the ALLEGRO or other fast spectrum 

reactors, after some necessary improvements: more detailed thermal-hydraulics 

model including the primary, secondary and tertiary loops, and considering all 

significant reactivity effect including the effects of radial core expansion and 

expansion of structural elements. Besides, coupling the KIKO3DMG code with a 

fuel thermo-mechanics module is needed to handle, for example, the case when 

there is no gap between the fuel pellet and cladding.  

First, the stationary state of the core was investigated. A methodology was 

presented to flatten the distribution of the assembly outlet coolant temperature. 

The core was divided into four regions according to assembly powers. The cross-

sections of the four flow restrictors (gagging) were tuned to get the same average 

outlet coolant temperature for each region. The four flow restrictor zones 

necessitate the preparation of four different fuel assembly nozzles, which is 

presumably practicable. It was shown that the difference between the minimum 

and maximum temperatures of the outlet coolant temperatures are decreased 

from 137 °C to 34 °C by applying flow restrictors. It should be mentioned that this 

methodology was applied to the beginning of the fuel cycle of the ALLEGRO, 

which may not be the most disadvantageous state regarding transients. In the 

future, the burnup state of the core leading to the worst transient need to be 

identified, and the flow restrictors should be recalculated. 

Previously, the ALLEGRO reactor was calculated by the KIKO3DMG code 

using cross-sections in 24 energy groups. Since the calculation of unprotected 

transients in the coupled KIKO3DMG/ATHLET3.0 code is time-consuming, the 

number of energy groups was reduced. First, the control assembly reactivity 

worth, the fuel temperature-related reactivity coefficient, and power distribution 

were calculated in 3, 4, 6, and 12 energy groups, and the results were compared 

to the 24-group case. Next, a UTOP was calculated in the 

KIKO3DMG/ATHLET3.0 code by using the same cross-sections. It was found 

that by using cross-sections in 6 energy groups, the course of the transient hardly 

differs from the 24-group case, while the calculation time is reduced by 95%. The 
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main contributor to the small difference is the slight overestimation of the control 

assembly reactivity worth in the 6-group case. It is known that diffusion codes, 

like the KIKO3DMG, overestimate the control assembly reactivity worth, resulting 

in an overly conservative UTOP scenario. In the future, it can be improved by 

applying correction methods like the super-homogenization method [84]. It 

should be mentioned that inter-assembly inequalities, peaking factors are 

currently not considered and should be investigated in the future. The number of 

energy groups should be further examined in the future, considering various 

energy group structures. 

Finally, a control rod withdrawal UTOP was also simulated using the 

ATHLET code with the point-kinetics methodology and applying approximate 

reactivity coefficients, power distribution, and inserted reactivity calculated by the 

standalone KIKO3DMG code without thermal feedback. In general, the 

differences between the point-kinetics and coupled calculations are small. It can 

be partly explained by the similar initial power distributions, which leads to an 

almost identical mass flow distribution in the same ATHLET models. Compared 

to the coupled KIKO3DMG/ATHLET3.0 results, the assembly-wise peak 

temperatures are underestimated nearby the withdrawn control assembly in the 

point-kinetics case due to the fixed power distribution and the lack of spatial 

reactivity effects. Furthermore, the excellent agreement for the global peak 

temperatures is the coincidental consequence of the nearly same overestimation 

in the total power and underestimation in the relative radial power change in the 

point-kinetics case. However, this good agreement cannot be regarded as a 

general conclusion for all reactivity-initiated transients, including other control rod 

withdrawal events. Unlike the investigated transient, more significant differences 

could be observed when the maximum temperatures occur not in the steady-

state but earlier in a dynamic state. In these cases, it is necessary to repeat the 

investigations concerning the applicability of the point-kinetics approach. 

Nevertheless, the point-kinetics might be used for the ALLEGRO when spatial 

effects are minor, and a short computation time is required since it runs much 

faster than the coupled KIKO3DMG/ATHLET3.0 code. 

The results of this section are published in [P3]. 
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6 Validation of the KIKO3DMG on the CEFR 
Start-up Tests 

In 2018, the IAEA launched the Neutronics Benchmark of China 

Experimental Fast Reactor (CEFR) Start-Up Tests Coordinated Research 

Project [85]. The project provided an excellent opportunity to validate the 

criticality calculations of the KIKO3DMG code by experimental measurements.  

Section 6.2 introduces five start-up tests of the CEFR: fuel loading and first 

criticality (TEST 1), control rod worth (TEST 2), void reactivity (TEST 3), 

assembly swap reactivity (TEST 4), and temperature reactivity (TEST 5) 

measurements. 

These tests were performed at near-zero power. Thus, thermal feedbacks 

did not play a role, and neutronics codes could be used for the investigation. The 

Serpent Monte Carlo code was used for the 6-group constant generation 

applying the methodology described in Section 4.3. The KIKO3DMG model, 

described in Section 6.3, used the generated group constants. The KIKO3DMG 

results are presented and compared to experimental and full-core Serpent Monte 

Carlo results in Section 6.4. Martos Tóth performed the reference Serpent 

calculations under my supervision and presented the results in his bachelor 

thesis [86]. 

The CEFR core and start-up tests are briefly introduced in the following 

sections. The full details can be found in the confidential Technical Specifications 

for Neutronics Benchmark of CEFR Start-Up Tests document [85]. An IAEA 

Technical Document is planned to be published in 2022. 

6.1 Introduction of the CEFR core 

The CEFR is the first fast reactor in China. It provides useful experience 

about fast reactor technologies and novel materials for future fast reactors like 

the CFR-600. The 65 MWth pool-type sodium-cooled fast reactor reached its first 

criticality in 2010, and the design lifetime is 30 years. The core was initially 

loaded with high enriched (64.4%) uranium-oxide (UOX) fuel assemblies. 

The reactor core is radially surrounded by reflector and shielding 

assemblies, and the whole is inside a double-layer vessel. The reactor and the 

surroundings are made up of 2.6 m high and 5.9 cm wide hexagonal assemblies. 

In this work, the core of the first loading, shown in Fig. 71, was investigated. The 

core consists of 79 fuel assemblies containing a 45 cm high active region, axially 

enclosed by blanked regions of low enriched UOX. Each fuel assembly is made 

up of 64 pins with stainless steel cladding. For reactivity control, there are three 

shim, three safety, and two regulating rods. From the point of view of neutronics, 
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the TYPE I&II and TYPE III&IV steel assemblies are identical. The central 

assembly is the neutron source assembly, which provides neutrons for starting 

the chain reaction. After refueling, two other steel assemblies are replaced by 

fuel assemblies. The purpose of all the other steel assemblies is to reduce the 

neutron leakage by reflecting them to the active core. Boron shielding 

assemblies are also installed for radiation protection purposes. 

 

Fig. 71. The CEFR core of the first loading. 1 – fuel assembly; 2 – TYPE I&II steel assembly; 3 – 
TYPE III&IV steel assembly; 5 – boron shielding assembly; 6 – safety rods; 7 – regulating rods; 
8 – shim rods; 9 – neutron source assembly. 

6.2 Introduction of the CEFR Start-up Tests 

TEST 1 is about the fuel loading and first criticality of the CEFR. During fuel 

loading, fuel assemblies replaced mock-up assemblies one by one, and the 

effective multiplication factors (keff) were determined using the count rate of 

neutron detectors. Until the 71st fuel assembly, the control assemblies were in 

an out-of-core position, and the core remained subcritical. The core reached 

criticality after loading the 72nd fuel assembly and adjusting one of the two 
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regulating rods (RE2). The positions of the assemblies are shown in Fig. 72 after 

the loading of the 72nd assembly. 

TEST 2 is related to the control rod worth measurements, which was 

necessary to prove that the core can be shut down safely. The core consists of 

two regulation rods (RE), three shim rods (SH), and three safety rods (SA). The 

integral reactivity worth of control rods was determined using the rod-drop 

method and inverse kinetics. In this work, the individual integral rod worth 

measurements are examined. Starting from TEST 2, the core with 79 

assemblies, shown in Fig. 71, was investigated. 

TEST 3 is about the sodium void reactivity measured. Five fuel assemblies 

were replaced one by one with hermetically sealed experimental fuel assemblies. 

Criticality was kept by adjusting control rod positions, and reactivity change was 

calculated from the previously measured differential worth of control rods. The 

replaced positions are 2-4, 3-7, 4-9, 5-11, and 6-13. The assembly positions are 

shown in Fig. 72. 

TEST 4 deals with the assembly swap reactivity measurement. Fuel 

assemblies were replaced by steel assemblies one by one, and the reactivity 

difference was compensated by changing control rod positions. The swap 

reactivity was calculated using the previously measured differential worth of 

control rods. The replaced positions are 2-6, 3-11, 4-17, 5-23, 6-29, and 5-22. 

Steel assemblies located in positions 7-31 and 5-19 were also replaced by fuel 

assemblies taken from positions 5-23 and 6-29, respectively. The assembly 

positions are shown in Fig. 72. 

TEST 5 is related to the isothermal temperature reactivity coefficient 

measurement. The inlet coolant temperature was increased from 250°C to 300°C 

in five steps then decreased similarly. Criticality was kept by moving the control 

rods, and the reactivity change was obtained from the differential worth of control 

rods. 
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Fig. 72. The radial layout of the China Experimental Fast Reactor core showing positions and 
numbering of fuel (green), neutron source (red), mock-up (grey), steel (yellow) and shim, safety 
and regulating rod (blue) assemblies [85]. 

6.3 Modeling of the CEFR core using the KIKO3DMG code 

The assemblies of the CEFR were modeled in version 2.1.31 of the Serpent 

Monte Carlo code to generate group constants for the KIKO3DMG code. The 

fuel assemblies were modeled in 3D, considering the axial structures. The radial 

section of the absorber, steel, shield, neutron source, and mock-up assemblies 

were modeled as so-called 2D super-cells, where the assemblies were 

surrounded by fuel. Reflective radial boundary conditions were applied. The axial 

and radial sections of the different assemblies of the CEFR are shown in Fig. 73. 

Only minor simplifications were made during the modeling compared to the 

specification [85], such as merging the wire spacer into the cladding. Group 

constants were generated using the ENDF/B-VIII.0 nuclear data library in 6 

energy groups, according to the energy group boundaries shown in Table 9. 

A detailed thermal expansion modeling was necessary for the Serpent 

model to correctly calculate the isothermal temperature reactivity coefficient 

(TEST 5). The fuel pellet and cladding thermal expansion were treated 

separately due to the open gap between them in the fresh core of the CEFR. 

Dimensions and densities were modified according to the corresponding thermal 

expansion coefficients and temperature change. 

The hermetically sealed experimental fuel assembly was modeled in 

Serpent, and group constants were generated to simulate the sodium void 
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reactivity (TEST 3). The seal prevents sodium from entering the assembly, which 

remains filled with helium. 

A core model was created for the KIKO3DMG code, shown in Fig. 71, 

where the nodes were axial sub-sections of assemblies. The complex assembly 

structures, presented in Fig. 73, lead to 36 axial layers in the model where the 

node boundaries match the material boundaries. The full-core model consists of 

712 assemblies: 79 fuel, 394 steel (reflector), 230 shield, eight absorber 

(regulator and safety), and one neutron source. Due to the large number 

(36x721) of nodes, the KIKO3DMG calculations are time-consuming, which 

might be reduced by reasonable simplification of the axial nodalization by 

introducing mixed nodes or by applying albedos on the periphery of the active 

core. 

During the first criticality measurement (part of TEST 1), one of the two 

regulating rods (RE2) was adjusted to reach criticality. To simulate this test, the 

KIKO3DMG model of this rod was slightly simplified: below the absorber region, 

the baffle and lower connector layers were replaced by a thin wrapper tube; 

above the absorber region, the plenum and upper connector layers were 

replaced by a thick wrapper tube with a shaft. This small modification leads to a 

negligible ten pcm reactivity decrease. 

 

Fig. 73. Axial and radial sections of the different assemblies of the CEFR. Colour coding: yellow 
– sodium, grey – steel, red – fuel, pink – blanket, green – B4C, whitish – gas plenum. 
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6.4 Results of the CEFR Start-Up Tests 

The CEFR start-up test measurement results are planned to be published 

in the frame of an IAEA Coordinated Research Project (CRP) in 2022. However, 

several results have been published before, which can be applied to the 

validation of the KIKO3DMG. The measurement results of TEST 1 [87], TEST 2 

[88] [89], TEST 3 [90], TEST 4 [91] and TEST 5 [92] are summarized in Fig. 74. 

The standard deviations of the measured values are also shown where available. 

It should be mentioned that the measurement results may slightly change in the 

future due to additional experience gained during the CRP. 

A full-core Monte Carlo calculation can be regarded as a reference solution 

since it is currently the most precise calculation approach for neutronics 

modeling of a reactor core. For the CEFR, full-core Serpent calculation results 

are available [86] and presented in Fig. 74. This solution can be used to verify 

the KIKO3DMG solution and vice-versa. The group constant generation and the 

full-core Serpent results are based on the same ENDF/B-VIII.0 nuclear data 

library, eliminating a significant source of difference. The KIKO3DMG results are 

also shown in Fig. 74. The measurement and calculation results are explained 

in more detail test-by-test in the following paragraphs. 

The results of TEST 1 show the effective multiplication factor (keff) of the 

core at increasing numbers of loaded fuel assemblies and different positions of 

the RE2 rod when 72 fuel assemblies are loaded. Differences between 

measured and calculated values of keff decrease as more fuel assemblies are 

loaded. It is related to the more precise measurement values with more fuel 

assemblies due to the increased count rate of neutron detectors, which can be 

observed as smaller standard deviations. Nevertheless, both the Serpent and 

KIKO3DMG systematically overestimates the keff. At the critical state (72 fuel 

assemblies and RE2 at 70 mm), the keff is overestimated by only 79 and 148 pcm 

by the KIKO3DMG and Serpent codes, respectively. The small differences from 

the critical position are the joint contribution of nuclear data uncertainties, 

modeling simplifications, possible modeling errors, and approximations of 

calculation methods. 

The results of TEST 2 display that the calculated and measured values of 

the integral control rod worths agree within measurement uncertainty. It should 

be noted that the standard deviations of measurements are quite large (6-12%). 

On the other hand, the KIKO3DMG calculates systematically larger values than 

the Serpent due to, for example, the diffusion approximation applied in the 

KIKO3DMG, which introduces errors for strong absorbers. 
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The results of TEST3 show that the replacement of a fuel assembly with a 

voided fuel assembly introduces a small reactivity decrease. Both the 

measurement and calculation of a small reactivity change are loaded with 

considerable uncertainty. Although the results imply that the Serpent 

underestimates and the KIKO3DMG overestimates the void reactivity compared 

to measurement values, they agree well within twice the standard deviation of 

measurement. It should be mentioned that the uncertainty of the KIKO3DMG 

results can also be significant due to the uncertainty of group constants 

calculated with a Monte Carlo code, but this effect is not investigated in this work. 

In TEST 4, the calculated values of reactivity change due to assembly swap 

are within twice the standard deviation of the measurement values. The swap 

reactivity effect significantly decreases as moving from the inner rings to the 

outer rings due to the considerable neutron leakage. 

In TEST 5, the isothermal temperature reactivity coefficient was measured 

twice, first during temperature increase (-3.77 pcm/K), second during 

temperature decrease (-4.4 pcm/K) of the core [92]. The reactivity was calculated 

at five different temperatures using the KIKO3DMG and Serpent codes, and the 

reactivity coefficient was obtained after a linear fit. The Serpent (-3.84 pcm/K) 

and the KIKO3DMG (-4.06 pcm/K) values are within the two measurement 

values. It was essential to consider all the relevant phenomena in the simulation, 

including the Doppler effect, thermal expansion of fuel, density change of 

coolant, and thermal expansion of structural elements. The uncertainty of the 

inlet temperature measurement is 1-5 °C depending on the performed test, which 

leads to a 4-20 pcm uncertainty of the measured reactivity according to the 

isothermal temperature reactivity coefficient. 
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Fig. 74. Measurement [87] [88] [89] [90] [91] [92], Serpent [86] and KIKO3DMG calculation results 
of five CEFR start-up tests. 
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6.5 Conclusions of Section 6 

In Section 6, the CEFR core and selected CEFR start-up tests were 

presented. Group constants were prepared for the KIKO3DMG code using the 

Serpent Monte Carlo code. The start-up tests were analyzed using the 

KIKO3DMG code, and the results were compared to experimental measurement 

results and reference Serpent results. 

It was found that the KIKO3DMG overestimates the effective multiplication 

factor by only 79 pcm in the critical position. The reactivity worths of control rods 

calculated by the KIKO3DMG are within the standard deviations of measurement 

values. The void and assembly swap reactivities are calculated within twice the 

standard deviation of the measurement values. The calculated isothermal 

temperature reactivity coefficient (-4.06 pcm/K) is within the two measurement 

values (-3.77 and -4.4 pcm/K). 

The presented criticality calculation results are the first steps of validating 

the KIKO3DMG code for fast reactors by experimental measurements. The 

results also validate the group constant generation method using the Serpent 

code. For the comprehensive validation of the KIKO3DMG, more analyses are 

needed in the future, including dynamic cases. 

It should be mentioned that the experimental measurement results of the 

CEFR start-up tests are reviewed and refined in the frame of an IAEA 

coordinated research project. The refined data and calculation results from 

around 15 participants – including those presented in this thesis – are to be 

published in an IAEA Technical Document and presented at international 

conferences in the following years. 
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7 Summary and outlook 

Safety analyses of nuclear reactors are necessary to prove the fulfillment 

of the safety requirements during possible transients. For the proper 

investigation of unprotected transients, coupled neutronics/thermal-hydraulics 

tools should be used, which provide more precise results than the point-kinetics 

methodology. Thermal reactors are widely examined by using coupled codes, 

but promising future fast reactors are more challenging to analyze due to, for 

example, the importance of thermal expansion of structural elements on 

reactivity. So this thesis presented the preparation and extension of the 

KIKO3DMG code for dynamic analyses of fast reactors and the first-ever coupled 

neutronics/thermal-hydraulics analyses of an unprotected transient of the 

ALLEGRO reactor. The necessary steps and main findings are summarized in 

the following. 

First, best estimate plus uncertainty analyses of the ALLEGRO and a 3600 

MWth sodium-cooled fast reactor (SFR) were performed to determine the 

important uncertain core safety parameters during unprotected transients using 

the ATHLET thermal-hydraulics code and point-kinetics approach. In this study, 

uncertainties of reactor physics parameters were considered. The importance of 

the presented results is that the uncertainties of the core safety parameters 

should be reduced. Besides, additional safety shutdown systems should be 

developed for the SFR and ALLEGRO reactors to mitigate the consequences of 

unprotected transients. These results move the neutronics research of fast 

spectrum reactors forward by a thorough investigation of reactivity feedbacks 

and their impacts during unprotected transients of the ALLEGRO and SFR. In 

the future, these and other reactors might be investigated in more detail, applying 

the presented methodology and taking into account all the important uncertain 

parameters for comprehensive safety analysis. 

Second, the KIKO3DMG nodal code was extended with a thermal 

expansion module. It was essential to model the radially non-uniform axial 

expansion of the fuel in addition to the more straightforward uniform expansion. 

The presented method introduced mixed nodes, for which a proper group 

constant mixing method was detailed and verified for the ALLEGRO reactor. A 

group constant generation and parameterization methodology was also 

developed using the Serpent and KIKO3DMG codes, and it was verified for the 

ALLEGRO. It was found that the extended KIKO3DMG calculates power 

distributions and thermal effects, such as fuel, cladding, wrapper, and diagrid 

temperature and coolant density reactivity coefficients, with excellent accuracy. 

The main impact of these results is that the KIKO3DMG code is a suitable tool 
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for the neutronics analysis of fast reactors since the presented group constant 

generation methodology and the axial thermal expansion module are generally 

applicable. The ALLEGRO is currently under development, and the SafeG EU 

project aims to finalize the design of the core, for which the extended KIKO3DMG 

code can be a useful tool. 

Third, an unprotected control rod withdrawal transient of the ALLEGRO was 

investigated using the extended KIKO3DMG code, coupled with the ATHLET 

code. A practically applicable methodology was developed and applied in the 

ATHLET to flatten the outlet coolant temperature distribution using flow 

restrictors (gagging). The investigation of the number of energy groups applied 

in the KIKO3DMG led to the conclusion that 6-group constants instead of the 

widely used 24-group constants provide adequate results while the 

computational time can be significantly reduced. The optimization of the number 

and structure of the energy groups should be carried on for the ALLEGRO and 

other reactors to decrease the computational need for transient analyses. 

Compared to the coupled calculation, the less precise point-kinetics approach 

underestimates the peak temperatures near the withdrawn rod mainly due to the 

fixed power distribution in the latter case. This limitation of the point-kinetics 

methodology highlights the necessity of coupled neutronics/thermal-hydraulics 

to analyze reactivity transients. All in all, these results lay the foundation for a 

multidisciplinary study of nuclear reactors by considering neutronics and thermal-

hydraulics phenomena. The research can continue in an exciting direction by 

also taking into account fuel thermo-mechanics. 

Finally, the validation of the criticality calculation of the KIKO3DMG code 

and the group constant generation methodology using the Serpent Monte Carlo 

code had started for fast reactors based on the start-up tests of the China 

Experimental Fast Reactor (CEFR). Five start-up tests were calculated with the 

KIKO3DMG code and compared to measurement values and reference Serpent 

results. It was found that the KIKO3DMG calculated the start-up tests with 

excellent accuracy, which confirms the correctness of the criticality calculation of 

the KIKO3DMG code and the group constant generation methodology. The 

validation of the KIKO3DMG on the CEFR start-up tests was the first step for the 

comprehensive validation of the code, necessitating much more analyses of 

experimental measurements of fast reactors. It is especially challenging for gas-

cooled fast reactors, such as the ALLEGRO, for which there are currently no 

measurements. The coupled KIKO3DMG/ATHLET code should also be 

validated by measurement, and its performance should be compared to other 

coupled code systems (e.g., DYN3D/ATHLET, PARCS/ATHLET).  
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Thesis statements 

 

I have published the results of the thesis as first-author in three peer-

reviewed articles in the journal of Annals of Nuclear Energy [P1] [P2] [P3]. 

Besides, I have presented my findings at four conferences and published them 

in conference proceedings as first-author [P4] [P5] [P6] [P7]. Moreover, I have 

contributed to two additional conference papers [P8], [P9], and a journal article 

[P10]. 

 

The main outcome of this thesis is summarized in the following statements: 

 

1. I have first-ever performed best estimate plus uncertainty (BEPU) 

analyses of an unprotected transient overpower (UTOP) and an unprotected loss 

of flow transient (ULOF) of the ALLEGRO core. For this, I have taken into 

account the uncertainties of the most important selected core safety parameters 

originated from modeling uncertainties, and nuclear data uncertainties. I have 

calculated the power distribution and reactivity coefficients assuming uniform 

temperature distributions using the Serpent Monte Carlo code and applied the 

results for thermal-hydraulics analyses using the ATHLET code with point-

kinetics methodology. I have found that the peak cladding temperature is 

sensitive to all the selected uncertain core safety parameters during the ULOF 

transient. During the UTOP, the Doppler and the fuel thermal expansion 

reactivity coefficients are the dominant factors. I have shown that, by considering 

the uncertainties, the peak cladding temperature exceeds the cladding melting 

point (1300 °C) during the UTOP, initiated by a potential 1$ reactivity insertion. 

This result adumbrates that additional safety shutdown systems are to be applied 

to mitigate the consequences of reactivity transients. [P1], [P4], [P5], [P6] 

 

2. I have first-ever performed best estimate plus uncertainty (BEPU) 

analyses of an unprotected transient overpower (UTOP) and an unprotected loss 

of flow (ULOF) transient of a 3600 MWth SFR core. For this, I have taken into 

account the uncertainties of the most important selected core safety parameters 

originated from modeling uncertainties and nuclear data uncertainties. I have 

calculated the power distribution and reactivity coefficients assuming uniform 

temperature distributions using the Serpent Monte Carlo code and applied the 

results for thermal-hydraulics analyses using the ATHLET code with point-

kinetics methodology. I have found that the peak cladding temperature is almost 
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equally sensitive to the power, the coolant plus wrapper temperature coefficient 

of reactivity, the radial power peaking factor, and the Doppler coefficient during 

the ULOF transient. During the UTOP, the Doppler coefficient is the most 

dominant factor.  [P1], [P4], [P5], [P8], [P9] 

 

3. I have created a computational model of the ALLEGRO reactor core for 

coupled neutronics/thermal-hydraulics calculations and developed a practically 

applicable methodology to flatten the outlet coolant temperature distribution. 

Using the coupled KIKO3DMG/ATHLET code, I have shown that the difference 

between the minimum and maximum temperatures of the outlet coolant 

temperatures can be decreased from 137 °C to 34 °C for the fresh core of 

ALLEGRO. I have investigated a station-blackout transient of the ALLEGRO and 

compared the results to RELAP5 calculation results performed by Boris Kvizda. 

I have found that the ATHLET core model is more conservative considering the 

peak cladding temperature. The deviation is because the ATHLET model 

neglects the uncertainly computable effect of the radial heat transfer from the 

fuel assemblies to the bypass and the structural elements. [P1], [P3], [P6] 

 

4. I have developed a group constant generation and parameterization 

methodology for the ALLEGRO reactor and verified the method using the 

Serpent Monte Carlo and KIKO3DMG codes. I have shown that the fuel 

temperature reactivity coefficient calculated in the KIKO3DMG code differs less 

than 10% from the reference Serpent results when a cubic fit is applied for the 

parameterization as a function of fuel pellet temperature. The void and diagrid 

expansion reactivity coefficients are underestimated in the KIKO3DMG by 12% 

and 16%, respectively, compared to the Serpent results, when applying a linear 

fit as a function of coolant density and diagrid temperature for the 

parameterization. I have found that the average absolute difference in the 

relative fuel assembly power between Serpent and KIKO3DMG is only 0.33%. 

[P2], [P7], [P10] 

 

5. I have developed a new methodology for modeling the axial thermal 

expansion of fuel with the KIKO3DMG by introducing mixed nodes. Beyond the 

straightforward radially uniform case, the method is applicable for the much more 

complex radially non-uniform case. I have verified the new model of the 

KIKO3DMG on the ALLEGRO reactor by comparison with Serpent Monte Carlo 

calculations. I have shown that volume-weighted group constants provide correct 

results in the introduced small mixed nodes. However, it is essential to weight 

the inverse of the diffusion coefficients instead of the diffusion coefficients, which 
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leads to distorted results. Moreover, I have derived from the one-dimensional 

diffusion equation that the inverse volume-weighted diffusion coefficient aims to 

keep the neutron current at the interface of the merged regions. [P2] 

 

6. I have first-ever analyzed an unprotected control rod withdrawal transient 

of the ALLEGRO reactor core using a coupled neutronics/thermal-hydraulics 

code, namely the KIKO3DMG/ATHLET. I have shown that the 

KIKO3DMG/ATHLET overestimated the assembly-wise peak cladding 

temperature only by 5-13 °C using 6-group constants instead of the widely used 

24-group constants. With this, the computation time of the transient is reduced 

by 95%. Moreover, I have analyzed the transient using the point-kinetics method 

with fixed power distribution and approximate spatial reactivity effects calculated 

by the KIKO3DMG without thermal feedback. I have found that this point-kinetics 

approach underestimates the assembly-wise peak temperatures nearby the 

withdrawn control assembly up to 23 °C compared to the coupled 

KIKO3DMG/ATHLET results. [P3] 

 

7. I have validated the criticality calculations of the improved KIKO3DMG 

code and the developed group constant generation method on experimental 

measurements of start-up tests of the China Experimental Fast Reactor (CEFR). 

I have found that the KIKO3DMG overestimates the effective multiplication factor 

by only 79 pcm in the critical position. The reactivity worths of control rods 

calculated by the KIKO3DMG are within the standard deviations of measurement 

values. The void and assembly swap reactivities are calculated within twice the 

standard deviation of the measurement values. The calculated isothermal 

temperature reactivity coefficient (-4.06 pcm/K) is within the two measurement 

values (-3.77 and -4.4 pcm/K). 
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