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As a critical aspect for nuclear reactors design, ensuring safety is a critical, particularly if a 

Severe Accident were to occur, where core degradation can lead to dangerous consequences. 

These include hydrogen generation (potentially causing explosions within the containment 

building) and loss of containment integrity (which may result in the release of fission 

products into the environment). Accident Tolerant Fuels have emerged as a promising 

solution to improve fuel performance and mitigate accident progression. This thesis aims to 

research on the thermodynamic behaviour, oxidation kinetics, and failure mechanisms of 

chromium-coated zirconium-based cladding- a leading ATF candidate for replacing 

conventional nuclear fuels in a near future. 

For the current work, the cr_igb model was developed to simulate the oxidation behaviour 

of Cr-coated ATF fuel rods under high-temperature steam conditions. The model was 

developed and implemented using experimental data to quantify oxidation kinetics, eutectic 

mixture formation, and associated hydrogen and heat production rates. The results 

demonstrate that chromium coatings effectively reduce oxidation rates, delay heat 

generation, and enhance cladding structural integrity. However, at temperatures exceeding 

1313ºC, Cr-Zr interdiffusion leads to the formation of brittle intermetallic phase, which may 

compromise mechanical integrity of the cladding. 

The results and conclusions of this thesis contribute to ongoing research on ATF 

technologies by providing a model for assessing the behaviour of Cr-coated Zr-based 

cladding.  
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3. SYMBOLS AND ABBREVIATIONS  

Roman characters 

Be Beryllium 

cp Specific heat capacity   [J/kg K] 

Cr Chromium 

Cr2O3 Chromium (III) oxide/ Chromia 

f Frequency of occurrence   [RY-1: per reactor year] 

G Standard Gibbs energy   [KJ/mol] 

k Thermal conductivity   [W/m K] 

H Enthalpy    [KJ/mol] 

H2 Hydrogen 

H2O Water 

Hf Hafnium 

P Pressure    [bar] 

T Temperature    [ºC, K] 

t Time    [s, min, h] 

U Uranium 

Zr Zirconium 

ZrO2 Zirconium dioxide/ Zirconia 

 

Greek characters 

 Linear Thermal Expansion Coefficient (LTEC) [mm/mm K] 

δ Oxide thickness   [m] 

Δ Change    [N/A] 
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ρ Density    [kg/m3] 

σ Cross section    [b] 

ω Weight fraction   [N/A] 

 

Subscripts 

a Absorption 

Cr Chromium coating 

Zr Zircconium 

 

Superscripts 

th Thermal Neutrons 

 

Abbreviations 

AOO Anticipated Operational Occurrence 

ATF Accident Tolerant Fuel  

BCC Body Centred Cubic 

BDBA Beyond Design Basis Accident 

BWR Boiling Water Reactor 

CDF Core Damage Frequency 

CHF Critical Heat Flux 

CNSC Canadian Nuclear Safety Commission 

DBA Design Basis Accident  

DEC Design Extension Condition 

DNB Departure from Nuclear Boiling 
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DSC Differential Scanning Calorimeter 

ECCS Emergency Core Cooling System 

EDS Energy Dispersive X-Ray 

EU European Union 

EPMA Electron Probe MicroAnalysis 

FP Fission Product 

HCP Hexagonal Close Packed 

HPU Hydrogen Pick-Up 

IAEA International Atomic Energy Agency 

ISS Innovative Systems Software LLC 

LERF Large Early Release Frequency 

LOCA Loss Of Coolant Accident 

LTEC Linear Thermal Expansion Coefficient 

LWR Light Water Reactor 

N/A Not Applicable 

NO Normal Operation 

NPP Nuclear Power Plant 

PBR Pilling-Bedworth ratio 

PCMI Pellet-Cladding Mechanical Interaction 

PIE Post-Irradiation Examination 

PQ Post-Quench ductility 

PR Power Ramp 

PWR Pressurised Water Reactor 

RIA Reactivity Insertion Accident 
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RPV Reactor Pressure Vessel 

SA Severe Accident 

SBO Station BlackOut 

SEM Scanning Electron Microscopy 

SCC Stress Corrosion Cracking 

SMR Small Modular Reactor 

SS Safety System 

TGA Thermo Gravimetric Analysis 

TMI-2 Three Mile Island- 2 

US NRC United States Nuclear Regulatory Commission 

UTS Ultimate Tensile Strength 

WWER Water- Water Energetic Reactor 

 



 

viii 

Table of contents 

 

Abstract……………………………………………………………………………………..ii 

Acknowledgements……………………………………………………………………..….iii 

Symbols and abbreviations……………………………………………………………...….iv 

 
1 Introduction .................................................................................................................... 1 

2 Nuclear Reactor Safety ................................................................................................... 3 

2.1 An Overview of Safety in Nuclear Reactor Design ............................................... 3 

2.2 Characteristics and Considerations for Severe Accidents ..................................... 5 

2.2.1 Hydrogen explosion hazard ............................................................................... 6 

2.2.2 Severe Accidents in PWRs ................................................................................ 8 

3 Accident Tolerant Fuels ............................................................................................... 11 

3.1 Nuclear Fuel Safety under Severe Accident Conditions ..................................... 11 

3.2 EU Regulations for Nuclear Energy .................................................................... 12 

3.3 Accident Tolerant Fuels General Description ..................................................... 12 

3.4 Accident Tolerance Fuels Current Designs ......................................................... 14 

3.4.1 Desired Properties for Accident Tolerant Fuels .............................................. 14 

3.4.2 Accident Tolerant Fuels Involving Changes in Pellet Design ......................... 15 

3.4.3 Accident Tolerant Fuels Involving Changes in Cladding Design ................... 16 

4 Chromium- Coated Accident Tolerant Fuel ................................................................. 19 

4.1 Zirconium alloys as structural materials within nuclear industry ........................ 19 

4.2 Thermodynamic behaviour of the Cr-Zr system .................................................. 22 

4.2.1 Cr- Zr phase diagram ....................................................................................... 22 

4.2.2 Relative thermodynamic stability of ZrO2 and Cr2O3 formation .................... 24 

4.3 Cr-coated Zr-based cladding experimental performance ..................................... 25 

4.3.1 Oxidation process ............................................................................................ 25 

4.3.2 Eutectic mixture formation .............................................................................. 31 

4.4 Influence of manufacturing parameters on cladding behaviour .......................... 33 

4.5 Improved alternative for Cr-coated Zr-based cladding ........................................ 34 

5 Methodology................................................................................................................. 35 



 

ix 

5.1 Introduction to cr_igb model developed .............................................................. 35 

5.2 Oxidation process modelled with cr_igb model .................................................. 36 

5.2.1 Modelling of chromia layer thickness ............................................................. 37 

5.2.2 Modelling of chromia weight gain ................................................................... 40 

5.2.3 Chromium coating influence on Zr-based cladding oxidation ........................ 41 

5.2.4 Implementation of cr_igb model ..................................................................... 42 

5.2.5 Visual representation of cr_igb model implementation ................................... 44 

5.2.6 Hydrogen and heat generation estimation with cr_igb model ......................... 46 

5.2.7 Limits of the cr_igb model .............................................................................. 47 

5.3 Verification of cr_igb model ............................................................................... 48 

5.3.1 Description of the system modelled for the study ........................................... 49 

5.3.2 Cases considered for verification of the cr_igb model .................................... 53 

6 Results and discussion .................................................................................................. 56 

6.1 Set of cases 1: Chromium coating variation ........................................................ 56 

6.2 Set of cases 2: Power level variation ................................................................... 62 

7 Limitations and future improvements .......................................................................... 69 

8 Conclusions .................................................................................................................. 71 

References ……………………………………………………………………………....74 

Appendix 1. Material properties of interest for Cr ………...………….………………….. i 

Appendix 1. Python script for estimating parabolic rate constant ………………………. iv 

Appendix 2. Boil-off RELAP/SCDAPSIM script ...……..………………………………. ix 

   



 

x 

Table of figures 

Figure 1. Shapiro- Maffette flammability diagram, for hydrogen- air- steam (P=1bar and T=25ºC) 

[16]. .................................................................................................................................................... 8 
Figure 2. Decay energy, and its equivalent in vaporising water, for a 2775 MWth reactor [4]. ...... 10 
Figure 3. Thermal power (left), and heat (right), as a function of time after shutdown [24]. .......... 13 
Figure 4. Cr- Zr phase diagram, highlighting eutectic transformation of interest [46]. ................... 23 
Figure 5. Relative stability of several oxides (Ellingham diagram) [49]. ........................................ 25 
Figure 6. Weight gain comparison for Cr-coated and uncoated Zr-based samples [13]. ................. 26 
Figure 7. Steps corresponding to different underlying oxidation and diffusion mechanisms: a) If no 

oxidation occurs (t=t0), Zr cladding (ε2) has a protective Cr coating (ε1); b) When oxidation starts, 

Cr coating thickness decreases as chromia (Cr2O3) is formed (later, as shown in detail 1, 

intermetallic layer, ZrCr2, is observed at Cr-Zr interface); c) Coating failure occurs as oxygen 

diffusion is observed along grain boundaries and induces a rapid Zr oxidation (detail 2). ............. 28 
Figure 8. ZrO2 thickness evolution over time for Cr-coated and uncoated samples [52]. ............... 29 
Figure 9. Parabolic oxidation rate for various cladding materials and their resulting oxide in steam 

as a function of temperature [13]. .................................................................................................... 30 
Figure 10. Typical 'Crocodile skin', obtained for PQ of 12- 15µm Cr-coated M5 cladding sample 

after hot steam oxidation for t=100s at T=1400ºC, followed by direct water quenching [51]. ........ 31 
Figure 11. Schematic Cr- Zr diffusion, where ZrCr2 phase formation is indicated. ........................ 32 
Figure 12. Eutectic melting results: a) DSC signal (thermogram); b) EDS mapping results for Zr 

and Cr; c) EDS line scan for Zr and Cr [54]. ................................................................................... 33 
Figure 13. Arrhenius plot for the rate constant of parabolic law describing Cr2O3 at high-

temperature oxidation; CEA and Framatome data are of particular interest [2]. ............................. 38 
Figure 14. Experimental datasets fitted by exponential equation (see Eq. (7)). ............................... 39 
Figure 15. Oxide thickness evolution as a function of exposure time under isothermal conditions. 40 
Figure 16. Schematic representation of full initial Cr coating thickness oxidation. ........................ 45 
Figure 17. Schematic representation of eutectic mixture melting temperature achieved................. 46 
Figure 18. Boil-off scenario – modelled vertical pipe ...................................................................... 50 
Figure 19. Boil-off scenario – modelled fuel rod .............................................................................. 51 
Figure 20. Boil-off scenario – decay power level after shutdown ................................................... 52 
Figure 21. Boil-off scenario – axial (left) and radial (right) power profiles ...................................... 53 
Figure 22. Set of case 1- Fraction of coolant core level as a function of time elapsed after SCRAM.

 .......................................................................................................................................................... 57 
Figure 23. Set of cases 1- Maximum surface temperature as a function of time elapsed after 

SCRAM. ........................................................................................................................................... 58 
Figure 24. Set of cases 1- Total hydrogen production rate as a function of time elapsed after 

SCRAM. ........................................................................................................................................... 60 
Figure 25. Set of cases 1- Sum of total hydrogen production rate as a function of time elapsed after 

SCRAM. ........................................................................................................................................... 61 
Figure 26. Set of case 2- Fraction of coolant core level as a function of time elapsed after SCRAM.

 .......................................................................................................................................................... 63 
Figure 27. Set of cases 2- Maximum surface temperature as a function of time elapsed after 

SCRAM. ........................................................................................................................................... 64 
Figure 28. Set of cases 2- Wider time range for surface temperature vs elapsed time. ................... 65 
Figure 29. Set of cases 2- Total hydrogen production rate as a function of time elapsed after 

SCRAM. ........................................................................................................................................... 66 



 

xi 

Figure 30. Set of cases 2- Sum of total hydrogen production rate as a function of time elapsed after 

SCRAM. ........................................................................................................................................... 67 

  



 

xii 

Table of tables 

Table 1. LWR fuel cladding and pellet desired properties for several conditions [13]. ................... 14 
Table 2. Comparison of some properties of interest for common metallic alloys [41]. ................... 20 
Table 3. Chemical composition for commercially available Zr alloy [42]. ..................................... 21 
Table 4. Response of two different claddings under high-temperature steam enviroment T=1200ºC, 

as a function of their time exposure (t) [52]. .................................................................................... 41 
Table 5. Implementation scheme for cr_igb model.......................................................................... 44 
Table 6. Comparison of several dryout conditions, and their equivalent power level achieved. ..... 55 
Table 7. Set of cases 2- Time elapsed while oxidation process occurs and total hydrogen production 

until T=1700K, and their comparison relative to the bare Zr cladding oxidation ............................ 68 



 

1 

1  Introduction 

An essential point that cannot be overlooked during nuclear power plant operation is its 

safety. After several accidents during humankind’s history with nuclear power, risks 

associated with Beyond Design Basis Accidents (BDBAs) are analysed during design, 

especially as their occurrence can lead to severe core degradation. During Severe Accidents 

(SAs), a major concern is the oxidation of zirconium-based fuel cladding, which generates 

hydrogen and heat–factors that may worsen accident progression. To mitigate these risks, 

Accident Tolerant Fuels (ATFs) have been developed. These new claddings enhance fuel 

performance under accident conditions, thereby improving overall reactor safety. 

Numerous studies have researched on various ATF concepts (IAEA, 2014), including coated 

zirconium-based cladding, FeCrAl alloys, and ceramic-based materials. Among these, 

chromium-coated Zr-based cladding has gained attention as it is one of the alternatives that 

could be implemented in the near future. It presents superior oxidation resistance, thermal 

stability, and compatibility with existing nuclear reactor designs. Experimental research has 

shown that Cr coatings can substantially reduce hydrogen production and oxidation rates 

(Brachet, et al., 2020), thereby mitigating accident progression. However, their long-term 

performance under extreme conditions–particularly at temperatures exceeding 1313ºC–

remains an active area of research. 

This thesis integrates theoretical principles of thermodynamics and oxidation kinetics with 

experimental data on chromium and Cr-coated Zr-based cladding under SA conditions. From 

such analyses, the cr_igb model was developed to simulate the surface temperature 

progression, the oxidation process, and both heat and hydrogen generation in high-

temperature steam environments. 

This study has the following key objectives: 

• To establish a comprehensive understanding of the thermodynamics behaviour 

governing oxidation, diffusion and related processes in Cr-coated Zr-based cladding 

under SA conditions; 

• To develop a model that accurately represents these coupled physico-chemical 

processes, from available experimental data; 



 

2 

• To extrapolate available experimental data and evaluate the Cr-coated Zr-based 

cladding response, including both qualitative and quantitative assessment; 

• To assess the enhancement in oxidation resistance provided by Cr coatings to Zr-

based cladding under SA conditions; 

• To quantify the impact of Cr coatings on heat generation, oxidation kinetics, and 

hydrogen production. 

The scope of the thesis is limited to the oxidation behaviour of Cr-coated ATFs in hot steam 

environments, with an emphasis on high-temperature degradation mechanisms. This study 

does not address other ATF concepts, such as FeCrAl alloys or ceramic-based cladding. 

Additionally, it does not consider Normal Operation (NO) or Anticipated Operational 

Occurrences (AOOs), as it is focused on SA scenarios involving high-temperature oxidation 

and material degradation. 

This work adopts a computational methology, implementing the developed cr_igb model 

based on experimental oxidation data. The model is integrated into the 

RELAP/SCDAPSIM/MOD3.4 framework; in particular, this model allows the simulation of 

oxidation kinetics, and heat and hydrogen production. While the cr_igb model offers 

significant insights into Cr-coated Zr-based cladding performance, its scope excludes full-

scale reactor dynamics, neutron irradiation effects, or long-term fuel performance under 

prolonged operational conditions. 

Through this comprehensive study, this thesis aims to contribute to the advancement of Cr-

coated ATF technologies, and support the development of safer nuclear fuel alternatives for 

existing and next-generation nuclear reactors. 
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2  Nuclear Reactor Safety 

This chapter aims to describe the usual safety objectives and features in Nuclear Power 

Plants (NPPs). Then, as SAs are highly relevant for this thesis, a particular emphasis is done 

into their description. 

2.1  An Overview of Safety in Nuclear Reactor Design 

When designing a nuclear reactor, the goal is to achieve inherent safety. Hence, one designs 

a reactor to prevent and/or limit radiation exposure and release, as well as other industrial 

hazards common to all industries, such as explosions caused by flammable gases. This 

requires analysing the reactor physics time evolution, along with all systems’ performance. 

To fulfil such conditions, one can rely on inherently safe characteristics of the reactor core 

and its systems, like passive features. As an example, one can consider a negative fuel 

temperature reactivity coefficient (Stacey, 2018), which causes a decrease in reactivity when 

fuel temperature increases. 

Nevertheless, even if the design is inherently safe, one must ensure for different operational 

states and transients–to a threshold level– that the NPP maintains subcriticality and adequate 

heat removal, and confines radioactive materials. 

Therefore, in the event of an accident, the previous three main (Petrangeli, 2006) safety 

functions are to be delivered by the Safety Systems (SSs). These systems are not strictly 

necessary for operating the reactor, but they are designed to prevent the progression of 

accidents. Moreover, they can be classified as active or passive depending on whether they 

require active intervention (from the operator or any electrical/electronic feedback), to fulfil 

the safety function. 

SSs are designed to be able to deal with a wide variety of Design Basis Accidents (DBAs), 

in compliance with the Defence in Depth principle. United States Nuclear Regulatory 

Commission (US NRC) defines a DBA as: 

“A postulated accident that a nuclear facility must be designed and built to 

withstand without loss to the systems, structures, and components necessary to 
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ensure public health and safety.” (USNRC (United States Nuclear Regulatory 

Commission), 2021) 

These accidents, studied for each specific nuclear reactor, can be originated from either 

external or internal initiating events, and may combine malfunctions, human errors, and/or 

environmental events. Such events have a frequency of occurrence, f, that is 10-5 ≥ f <10-2 

RY-1 (per reactor year) (CNSC (Canadian Nuclear Safety Commission), 2012)i; due to their 

low probability, DBAs are expected not to occur during the reactor lifetime. However, a 

proper assessment of DBAs is required to the licensee during the licensing process (IAEA, 

2016). 

For managing postulated DBAs, SSs are designed to (Petrangeli, 2006): 

• Prevent reactor core from experiencing permanent damage of the fuel, like reaching 

17% local oxidation of the cladding or a cladding temperature T=1200ºC ii. 

• Limit radioactive release to the environment, so it does not exceed a given maximum 

value determined by each national regulatory agency. 

A few examples of postulated DBAs are different Loos Of Coolant Accidents (LOCAs) 

(decrease in reactor coolant inventory), uncontrolled control rod withdrawal (reactivity and 

power distribution anomalies), and steam/ feedwater line breaks (increase/ decrease heat 

removal) (CNSC (Canadian Nuclear Safety Commission), 2012). 

Some accidents, referred to as BDBAsiii, present more SA conditions than DBAs. They may 

present characteristics that challenge the design and integrity of structures and components 

within the reactor, potentially resulting in a loss of critical safety functions. Then, reactors 

require additional prevention and mitigation to cope with BDBAs. If they involve a 

significant core degradation such as core melt, they are referred to as SAs (IAEA, 2016). 

The following section presents an insight into this kind of accident. 

 
i Less likely accidents may be included as DBAs as well. For these cases, DBA dose limits must be met: 

≤ 20 𝑚𝑆𝑣 for average members of the critical group which is at more risk. 
ii When fuel cladding attains this temperature, it experiences a reaction escalation/ oxidation runaway. Thus, 

the exothermal oxidation reaction between water and cladding becomes autocatalytic, being produced at higher 

rates and increasing cladding temperature uncontrollably (Piro, 2020). 
iii Currently, according to International Atomic Energy Agency (IAEA), a sublet of BDBA is referred to as 

Design Extension Conditions (DECs), when postulated accident conditions are considered in the design process 

of the facility, implementing best estimate methodology and keeping at acceptable limits radioactive material 

releases (IAEA, 2022), (IAEA TECDOC SERIES, 2021). 
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2.2  Characteristics and Considerations for Severe Accidents 

As stated before, a SA exceeds in severity any postulated DBA. Canadian Nuclear Safety 

Commission (CNSC) defines a SA as: 

“Accident more severe than a design-basis accident, and involving significant 

core degradation or significant fuel degradation in the spent fuel pool (also 

called the irradiated fuel pool).” (CNSC (Canadian Nuclear 

SafetyCommission), 2013) 

Events resulting in this kind of accident have an exceptionally low frequency but may entail 

extreme consequences. For this reason, while addressing SAs, one focuses on enhancing the 

protection of the reactor. For instance, after Three Mile Island-2 (TMI-2) accident had 

occurred, international awareness was developed and research programmes were funded to 

acquire knowledge on the progression and possible consequences of SAs, since until this 

point the knowledge about them was very poor (Sehgal, 2012). The main goal was to 

determine if already existing Light Water Reactors (LWRs) were able to prevent these 

accidents and mitigate their consequences, or if backfitting reactors was required. 

For achieving these objectives and carrying on a more certain evaluation, a Deterministic 

Safety Analysis as well as Probabilistic Safety Analysis are to be performed; both analyses 

complement each other to reduce risks (IAEA, 2016). For instance, as probabilistic criteria 

accounting for SAs, one can evaluate Core Damage Frequency (CDF) and Large Early 

Release Frequency (LERF). CDF is acceptable if CDF < 10-4 RY-1 or CDF < 10-5 RY-1, if 

one considers currently existing or future nuclear power plants, respectively. On the other 

hand, LERF is accepted if it is one order of magnitude lower than CDF (LERF < 10-5 RY-1 

or LERF < 10-6 RY-1) (IAEA, 1999). Nonetheless, greater efforts have been made to ensure 

safety. One can take as an example the AP1000 reactor, a Westinghouse Generation III+ 

Pressurised Water Reactor (PWR) design which exhibits a CDF and LERF of 2.41·10-7 RY-

1 and 2.05·10-8 RY-1, respectively (Westinghouse, Electric Company LLC, 2007). 

Furthermore, and given that SAs are the only sources of risk for the public (when considering 

already operating LWRs (Sehgal, 2012)), it is imperative to acquire a deep comprehension 

of these accidents, their associated phenomenology, the possible course of events and its 

probability of occurrence, along with estimated final consequences. As one can expect 
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phenomena that occur during SAs are extremely complex, since core damage may include 

the interaction of molten core with water, internals, Reactor Pressure Vessel (RPV) and the 

containment, producing even more heat and other products like hydrogen. It can also involve 

the release of fission products (FPs). Hence, knowledge of thermal hydraulics, chemistry, 

physics and other disciplines is required to fully comprehend a SA (Sehgal, 2012). 

As one may imagine, several actions can be taken to enhance nuclear safety, specifically 

addressing situations where SAs need to be managed. These actions include establishing 

frameworks and clear communication channels for decision-making, as well as improving 

nuclear reactor designs to consider BDBAs. An example of such improvement is the 

replacement of the currently used fuel with ATFs. A more detailed description of these fuels 

and their benefits is provided in the following chapter. 

2.2.1  Hydrogen explosion hazard 

Although several potential hydrogen sources can be identified during the development of a 

SA in a LWR (IAEA, 2011) (e.g., in-vessel metal oxidation like Zr or B4C, ex-vessel 

oxidation of metallic material like during direct containment heating or during molten core 

concrete interaction), Zr-based cladding oxidation is of particular interest for this study, as 

they are the main source of hydrogen production in PWR. 

Zr oxidation in a high temperature steam environment occurs as   

𝑍𝑟(𝑠) + 𝐻2𝑂(𝑔) → 𝑍𝑟𝑂2(𝑠) + 2𝐻2(𝑔) + Δ𝐻 = −838.2
𝑘𝐽

𝑚𝑜𝑙𝑒 𝑍𝑟
  

(1)   

where (s) and (g) indicate solid and gaseous states, and Δ𝐻 is the enthalpy change of the 

reaction. Note that the enthalpy change is negative, meaning that this reaction is exothermic; 

that is, heat is produced while Zr oxidation occurs. 

For instance, a typical PWR (3600 MWth) exhibits roughly 26 tons of Zr. As it can be 

calculated from Eq. (1), 0.0442 kg of H2 are released per kg of Zr. If Zr were to get fully 

oxidised with steam, this would release around of 1150kg H2 and roughly 58.7 MWh of 

energy.  

As mentioned before, when considering chemical degradation, zirconium oxidation by steam 

is dominant in the heat production term from the heat conduction equation (see Eq. (2)) 
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(Terrani, 2018), having associated hydrogen productioniv. Furthermore, if the cladding 

temperature reaches T=1200ºC due to the accident conditions, this exothermic chemical 

reaction becomes autocatalytic, increasing uncontrollably the temperature to higher rates 

(Piro, 2020).  

Such situation compromises the mechanical integrity of nuclear fuels and releases a 

significant amount of hydrogen in the RPV. The latter could be release at the containment 

as well, if the SA is caused by a LOCA; this could potentially produce an explosion within 

the containment building (IAEA TECDOC Series, 2011). 

Despite these topics falling outside the scope of the present work, a brief comment can be 

made regarding the flammability diagram for hydrogen-air-steam mixtures, shown in Figure 

1. From this diagram, one can determine the flammability or detonability of a mixture based 

on its composition. Detonability limits refer to the conditions under which detonation can 

propagate in a self-sustained manner (IAEA TECDOC Series, 2011). Addressing this matter 

from a safety standpoint is crucial, as overpressure or detonation forces may exceed the 

containment structure’s strength, leading to its failure. 

 

 
iv It is important to highlight that most nuclear power plants incorporate passive safety systems to protect the 

containment structure from potential hydrogen concentration build-ups. Among these, passive autocatalytic 

recombiners are widely implemented to mitigate hydrogen hazards (IAEA, 2023). 
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Figure 1. Shapiro- Maffette flammability diagram, for hydrogen- air- steam (P=1bar and 

T=25ºC) (Shapiro & Moffette, 1957). 

 

It is important to remark that detonation limits are not exclusively determined by the 

temperature and pressure of the mixture. These limits also depend on factors such the 

geometry of its container (e.g., its diameter and cross-section) (IAEA TECDOC Series, 

2011). 

2.2.2  Severe Accidents in PWRs 

When one is analysing the case of PWRs, inadequate decay heat removal becomes the 

dominant factor in SAs (Petrangeli, 2006). For addressing this situation, and understanding 

temperature progression in the fuel rod, one can utilise the simple form of the heat 

conduction equation (CENGEL, 2011) 

𝑘𝛻2𝑇 + 𝑄 = 𝜌𝑐𝑝
∂𝑇

𝜕𝑡
 

(2)   
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where Q is the heat generation rate, k∇2T is the simple form for heat removals by the heat 

transfer processes (k is the thermal conductivity [W/m K]v), and 𝜌𝑐𝑝
∂𝑇

𝜕𝑡
 expresses the 

temperature T variation as a function of time t and it is moderated by the properties of the 

material (ρ is the density [kg/m3] and cp is the specific heat capacity [J/kg K]). 

In the event of a SA occurring, core cooling systems may be interrupted or insufficient. In 

such circumstances, the heat production rate 𝑄 becomes the dominant factor in raising the 

core temperature. Once the reactor core is exposed, heat transfer efficiency is reduced, 

resulting in a higher rate of temperature increase. It is important to highlight that physical 

degradation begins to be observed in the range [700ºC- 1000ºC], involving ballooning and 

burst of thin-walled cladding tubes (Terrani, 2018). 

An example of a SA on PWRs is illustrated in Figure 2, which depicts the percentage of 

nominal power decay, the cumulative energy released, and the equivalent mass of vaporised 

water, all plotted as a function of time after shutdown. One can observe that, although the 

required coolant flow rate decreases significantly within hours after shutdownvi, the initial 

post-shutdown period is critical, as SSs must be designed to be able to cope with any BDBA 

that could compromise the core cooling function. 

Additionally, due to the conditions developed under such events, one is to address cladding 

oxidation; thus, associated heat and hydrogen production must be considered for analysing 

the possible course of events and coupled consequences. Given all possible LOCA scenarios, 

it is easy to realise that one critical situation that could arise is a guillotine break of a primary 

pipeline. In this case, RPV inventory would drop promptly, expressing that SSs must quickly 

reflood it so the reactor core remains covered and properly cooled down; this would be 

achieved by providing a large coolant flow, of the order of thousands of litres per second 

(Petrangeli, 2006). 

 

 
v Thermal conductivity is a temperature-dependent property. Nevertheless, sufficiently accurate results can be 

obtained by assuming k as a constant value, using the average temperature, like in this case. 
vi Roughly, three hours after shutdown, 11 kg/s of water would be evaporated due to heat removal. 
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Figure 2. Decay energy, and its equivalent in vaporising water, for a 2775 MWth reactor 

(Petrangeli, 2006).  
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3  Accident Tolerant Fuels 

This chapter addresses the concept of ATF, and discusses the EU legal framework for 

nuclear energy, exhibiting the importance of developing ATFs. Later, it provides a brief 

description of several ATF designs, presenting changes either on the fuel cladding or the fuel 

pellets. 

3.1  Nuclear Fuel Safety under Severe Accident Conditions 

As previously mentioned, and due to the occurrence of TMI-2 accident, the international 

community focused on researching plausible BDBA: the phenomena, their progression, and 

potential consequences. Despite those efforts, in 2011, as a result of the Fukushima Dai-ichi 

Nuclear accident, it became evident that the sector needed to accelerate development on 

nuclear safety and emergency management (Casajus Valles, et al., 2020), (Kral, 2019). 

As it has been proven, current Zr-cladded fuels are both adequate and safe for several plant 

states: NO, AOOvii and DBAs (Terrani, 2018). Nonetheless, it has been observed that current 

nuclear fuels had failed under the conditions encountered during SAs, underscoring its 

inadequacy during such events. For improving the nuclear fuel response under SA 

conditions, changes in the current design are being researched. Such new concepts are the 

so-called Accident Tolerant Fuels (ATFs). 

For instance, while uranium dioxide pellets and zirconium alloys-based cladding are widely 

used in commercial nuclear reactors, they have demonstrated vulnerability due to high-

temperature reactions between Zr- H2O, resulting in hydrogen generation. As it was 

mentioned in Section 2.2.1 , this byproduct introduces a potential explosion hazard, 

threatening to damage even further the integrity of the plant (Series, IAEA TECDOC, 2016). 

 
vii This plant state has an estimated frequency of occurrence 𝑓 >  10−2 𝑅𝑌−1. 
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3.2  EU Regulations for Nuclear Energy 

The European Union (EU), through the Treaty on the European Atomic Energy Community 

signed in 1957, provides a legal framework for nuclear energy (European Union, 1957). It 

is focused on safety standards, radiation protection, and radioactive waste and spent fuel 

management. 

The EU requires from its member states to emphasize nuclear safety, implementing national 

frameworks for licensing, supervision, and enforcement of safety requirements. It is 

important to note that the EU itself has no mandate to issue detailed technical safety 

requirements; this remains the responsibility of national regulators. The key EU instrument 

in this area is the Nuclear Safety Directive, which establishes fundamental safety objectives 

and principles but does not prescribe specific technical solutions, such as fuel construction 

details. As a result of the Fukushima Dai-ichi Nuclear accident, EU incorporated lessons 

learnt (European Parliament, 2024). 

Furthermore, the current legal framework for member states of the EU has included nuclear 

energy in EU’s ’taxonomy for sustainable activities’ in March 2022 (EOJEU, 2022). 

Nevertheless, strict conditions were imposed to align this energy source with EU climate 

and environmental objectives.  

One of such conditions is to implement ATFs on NPPs, as they offer a viable and safe 

pathway for extending the operational lifetime of existing plants. It is important to clarify 

that the Taxonomy Regulation's reference to ATFs pertains solely to establishing criteria for 

financing eligibility of future nuclear projects; it does not deal with the operational safety 

requirements or licensing of current reactors. However, the utilisation of such fuels presents 

challenges. Given that these fuels are currently under development, study and 

characterisation, obstacles exist ranging from fuel design to potential implications on 

phenomenology and the subsequent management of accidental scenarios. 

3.3  Accident Tolerant Fuels General Description 

ATF designs consist of innovative nuclear fuels which may consider new cladding or fuel 

pellet designs. These changes are to impose an enhanced performance and longer response 
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times under accident conditions, due to materials that are resistant to higher temperatures 

and more compromising radiation and corrosion conditions. These alternatives are to entail 

both safety and economic benefits, ensuring reliability on NPP operation that provides safety 

and reliability. 

Currently, all ATF concepts aim to exhibit higher resistance to high-temperature failure and 

less hydrogen production, enhancing safety margins while improving or maintaining fuel 

performance during SAs (Terrani, 2018), (Series, IAEA TECDOC, 2016), (Ott, et al., 2014). 

On the one hand, heat production reduction decreases the requirement on SSs, providing a 

slower temperature rise (Q in Eq. (2), delaying core degradation processes, and demanding 

lower thresholds for succeeding in accident mitigation. On the other hand, those new designs 

would provide additional coping time, required for accident management and decision-

making procedures (Terrani, 2018), (Ott, et al., 2014); an schematic representation of these 

benefits is exhibited in Figure 3. 

After reactor shutdown, thermal power decreases rapidly, as it is well known. However, if 

the oxidation peak coincided with the decay heat peak, it can be observed that both heat 

sources would impose a significant burden on the cooling systems. However, if currently 

used nuclear fuels are replaced by ATFs, oxidation rate is slowed down. Therefore, the heat 

production peaks of both processes would be decoupled, reducing the load on the SSs. 

 

 

Figure 3. Thermal power (left), and heat (right), as a function of time after shutdown (Ott, 

et al., 2014). 
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3.4  Accident Tolerance Fuels Current Designs 

As stated in Section 3.3 , current designs may consider either a change in the fuel pellet or 

in the fuel cladding. These two alternatives are addressed in the following subsections. 

3.4.1  Desired Properties for Accident Tolerant Fuels 

For either fuel cladding or pellet change in design, Table 1 exhibits ideal properties under 

NO, Power Ramps (PR), LOCA, Reactivity Insertion Accident (RIA), and Station BlackOut 

(SBO). Note that, when higher or lower magnitudes are desired, upward or downward arrows 

are used, respectively; insensitivity of a particular property in certain event is indicated with 

a dash.  

 

Table 1. LWR fuel cladding and pellet desired properties for several conditions (Terrani, 

2018). 

 Cladding Pellet 

 NO PR LOCA RIA SBO NO PR LOCA RIA SBO 

k ↑ ↑ ↑ - - ↑ ↑ ↑ - - 

cp - - ↑ - ↑ - - ↑ ↓ ↑ 

Oxide rate ↓ ↓ ↓ ↓ ↓ - - ↓ - ↓ 

α - - - - - - ↓ - ↓ - 

𝝐 ↑ ↑ ↓ - ↓ ↑ ↑ - - - 

Strength ↑ ↑ ↑ ↑ ↑ - ↓ - ↓ - 

CHF ↑ ↑ - ↑ - NA 

 

For NO, fuel centreline temperature is limited by the thermal conductivity (k) in both the 

pellet and cladding (Beck, et al., 2012), while these two alternatives are to have adequate 

creep rate (ϵ) and high cladding strength to avoid and withstand stress buildup. However, for 

cladding heat transfer to the coolant, high Critical Heat Flux (CHF) is necessary as to prevent 

Departure from Nucleate Boiling (DNB) and dryout (Todreas & Kazimi, 1993). Minimizing 

cladding corrosion is also important to avoid thickness loss and its associate reduction in 
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strength; as Zr-alloy corrosion leads to hydrogen pick-up (HPU) (Couet, et al., 2014), 

reducing its rate is of particular important. 

For PR, high k and ϵ, along with a low Linear Thermal Expansion Coefficient (LTEC, α) 

and strength in the fuel pellet, are desired to minimize pellet-cladding mechanical interaction 

(PCMI). On the other hand, the cladding is to have the ability to accommodate pellet 

expansion via creep, exhibiting high strength as well. For cladding, similar reasons for 

requiring high k and CHF for NO are applicable to PR. 

For LOCA, high k in fuel and cladding is desirable to reduce the thermal energy stored in 

the pin. Additionally, high heat capacity (cp) is required to reduce temperature rise rate, as 

more energy is necessary to increase its temperature. Reducing cladding oxidation rate is 

necessary to prevent fuel degradation during accident progression, and to maintain post-

quench ductility (Billone, et al., 2008). Moreover, cladding creep resistance is required to 

prevent/delay fuel rod burst and ballooning (Erbacher, et al., 1982). 

For RIA, a low fuel cp is desirable to limit energy deposition in the core, and a small pellet 

α is ideal to minimise PCMI. High k for cladding and ductility is preferable (Sugiyama, et 

al., 2009). 

In a beyond DBA scenarios such as SBO, high temperature steam oxidation resistance and 

overall chemical and physical stability are critical (Hofmann, 1999). Regardless of the 

scenario, slow oxidation rate and high strength are always desirable properties for the 

cladding. 

3.4.2  Accident Tolerant Fuels Involving Changes in Pellet Design 

When addressing ATF designs that consider innovative pellets, several improvements in the 

fuel performance are expected, like higher thermal conductivities and a minimised 

production of hydrogen or releases of fission gases. For instance, secondary phase additions 

with high thermal conductivity are a tendency for ATF designs. 

Some alternatives are: 

• Micro-cell UO2 Pellets (Yang, et al., 2016). These design exhibits an enhance 

capacity of retaining highly radioactive and corrosive FPs. This is managed with 
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multiple chemical thin cell walls within the pellet that function as “traps” to 

immobilize volatile FPs such as Cs and I. 

• Uranium Disilicide (U3Si2) Fuel Pellets (Franceschini, et al., 2018). This design 

exhibits high thermal conductivity and low heat capacity; thus, operation 

temperatures are lower, in particular fuel-cladding temperature under accident 

conditions. Moreover, it presents high density and uranium content, allowing longer 

fuel cycles without increasing enrichment levels. 

• Advanced Doped Pellet Technology (ADOPT) (Shah, et al., 2018). These enlarged 

grain size UO2 pellets feature chromia (Cr2O3) and alumina (Al2O3) doping, 

exhibiting a reduction in fission gasses release in transient scenario, a wash-out 

reduction in the event of a fuel rod leaker, higher thermal stability. 

• Silicon Carbide (SiC) additives (FORAL, et al., 2018). Fuel pellets which incorporate 

SiC present higher thermal conductivity, and reduced fission gasses release. As this 

design operates at lower temperatures, this benefits both NO and accident scenarios. 

• Uranium-Molybdenum (U-Mo) Alloy Fuel Pellets. This alloy is known for its high 

thermal conductivity, which improved reactor performance during NO and 

contributes to mitigate heat buildup during accident conditions. 

3.4.3  Accident Tolerant Fuels Involving Changes in Cladding Design 

A straightforward evolutionary approach for fuel cladding can be obtained by applying a 

thin coating on Zr-based cladding. As this classification is of particular interest for the 

current work, it is addressed in depth in this section. 

Coating thickness is designed to involve a minimal impact on thermomechanical behaviour 

of Zr-based claddings and on core physics (Younker & Fratoni, 2016), and to enhance the 

fuel response under certain conditions. For instance, it is to protect the base material from 

rapid oxidation during beyond DBAs (e.g., it is to exhibit a steam oxidation resistance under 

high temperatures). Moreover, cladding material shall be adherent to and chemically stable 

with Zr-based cladding material for NO and off-normal conditions.  
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After Fukushima Daiichi accident, initial studies revealed that three conventional protective 

oxides, namely chromia (Cr2O3), alumina (Al2O3), and silica (SiO2), could be employed to 

prevent corrosion on the underlying material (Pint, et al., 2013), since they are physically 

and chemically stable in steam environment. It is worth noting that this occurs despite high-

temperature steam presenting a significantly more aggressive environment compared to dry 

oxygen (O2). Furthermore, these oxides are to be effective barriers, limiting solid-state 

diffusion of dissolved oxidising species such as O, OH and H2O. 

In general terms, one can classify ATFs in three main alternatives (Terrani, 2018), (Series, 

IAEA TECDOC, 2016): 

• Coated Zr-based cladding. This is the most straightforward solution, which consists 

of the application of a thin protective coating over Zr alloys-based cladding. These 

coatings must have neutron irradiation stability, as well as chemical stability and be 

adherent with Zr-alloys, during normal and abnormal conditions. Coatings would not 

change significantly reactor physics (Younker & Fratoni, 2016), and are expected to 

have minimal implications in thermomechanical properties, if proper attention is 

given to several engineering aspects (Lee, et al., 2017). Some alternatives currently 

under study are Cr metallic, CrAl, and CrN. 

• FeCrAl cladding. These ferritic steels, when considered next to Zr-alloys, exhibit 

higher strength and toughness, and excellent machining and welding properties. At 

elevated temperatures, they form an alumina layer, providing corrosion resistance. 

These alloys exhibit a better Stress Corrosion Cracking (SCC) resistance than former 

austenitic steel claddings used early in the nuclear industry. 

• Ceramic cladding. In comparison to Zr-alloys, these claddings are radiation resistant, 

provide high thermal conductivity (allow longer cycles or higher power density), and 

retain good strength at 1300ºC and neutron economy. An example can be SiC/SiC 

cladding, which has a sandwich design, consisting of a thin metallic liner between 

two SiC/SiC layers. Such design offers certain advantages like improved mechanical 

properties, leak-tightness, and easier cladding sealing by conventional processes 

such as welding (Pick & Sonnenberg, 1985). 

Among all coatings for ATFs, the most promising is metallic chromium (Cr) Coated Zr-

based cladding, since it possesses all required properties (Terrani, 2018), and it has already 
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been tested under several SA conditions, providing key information about its response. 

Therefore, for the present work, Cr-coated ATF are of particular interest. Hence, the 

following chapter with provide a more detailed description of this kind of fuel.  
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4  Chromium- Coated Accident Tolerant Fuel 

This chapter addresses the application of Zr alloys as structural materials in the nuclear 

industry, emphasising their combination of properties. In particular, this developed further 

for Cr-coated Zr-based cladding. Furthermore, the thermodynamic behaviour of Cr-Zr, the 

oxidation process and the formation of eutectic mixture are addressed. Finally, a brief 

comment is made on the dependency of properties on manufacturing parameters, and some 

more advanced Cr-coated Zr-based cladding alternatives that may exhibit an improved 

response under SA scenarios. 

4.1  Zirconium alloys as structural materials within nuclear industry 

The foundation of commercial nuclear power production lies in ²³⁵U fission. In current 

reactor designs, light water serves as the primary medium for thermal energy extraction from 

this nuclear process. This imposes a design requirement, as selected materials are to exhibit 

water corrosion resistance at high temperatures. 

During nuclear fission, highly energetic neutrons are released. For the fission process 

efficiency to be enhanced, neutrons are to undergo moderation, which means that their 

energy is reduced to the thermal range (En<0.025 eV). Therefore, for maintaining efficiency 

and reducing thermal neutron losses, materials used for structural purposes are to absorb as 

low proportion of thermal neutrons as possible; that is, thermal neutron capture cross-section 

(σc
th) shall be low. Zirconium (Zr) is a suitable material that fulfils this requirement. 

When separated from Hafnium (Hf)viii, Zr was found to have a low σc
th. Considering both its 

cross-section and its mechanical strength, Zr turned out to be an ideal candidate for structural 

material in nuclear applications. For instance, tool steels and other high-strength alloys (e.g., 

titanium or nickel alloys) have large σc
th, while other alloys have a low σc

th but also low 

strength and melting point (Coleman, 2022). A comparison of σc
th, Ultimate Tensile Strength 

(UTS) and melting temperature for several alloys can be found in Table 2. 

 
viii Even though belonging to different periods, Hf experiences the “lanthanide contraction”, resulting in both 

Zr and Hf having a nearly identical atomic radii and presenting similar chemical and physical properties 

(Wang & Lee, 2016). 
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Table 2. Comparison of some properties of interest for common metallic alloys (Coleman, 

2022). 

Base metal (Alloy) 
σc

th 

[b] 

UTS at 300 ºC 

[MPa] 

Melting point 

[K (ºC)] 

Zirconium (Zr-2.5Nb) 0.009 570 2125 (1852) 

Fe (H11 mod) 0.215 1840 1808 (1535) 

Nickel (Monel K-500) 0.369 1000 1726 (1453) 

Titanium (Ti6Al2Sn4Zr2Mo) 0.302 1000 1933 (1660) 

Aluminium (5154) 0.023 80 933 (660) 

Magnesium (AZ80A) 0.0035 75 922 (649) 

Beryllium (Unalloyed metal) 0.001 300 1551 (1278) 

 

In the nuclear industry, Zr shall cope with several challenges. For instance, enduring water-

induced corrosion with HPU, multi-axial stresses at high temperatures (often presenting 

temperature gradients as well), high fluence (particularly, from fast neutrons) which may 

induce load-free shape changes or ‘irradiation growth’, new phase transformations, etc. 

(Coleman, 2022). 

Further research, along with Post-Irradiation Examination (PIE) of components in service in 

power reactors and observed failures, has led to enhancements on alloy design, fabrication 

techniques and reactor operation. Moreover, other factors pushing technology forward are: 

• Economic criteria, requiring power reactors to operate at higher powers and 

temperatures, and to increase duty cycle length; 

• Safety reasons, as engineering changes in fuel designs shall not compromise reactor 

performance at any reactor state/mode. 

The chemical composition and microstructures of Zr alloys are continuously optimised to 

meet evolving performance requirements in nuclear reactor environments. For fuel cladding 

and structural components. Several commercial Zr alloys are available, each tailored for 

specific operational demands. Some key Zr alloy commercial alloys (chemical compositions 

detailed in Table 3), include (Coleman, 2022): 

• Zircaloy-2 and Zircaloy-4. These alloys offer high corrosion resistance. Long term 

operation with these alloys have shown their property dependence on metallurgical 
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factors and parameters of operation. While recrystallised, equiaxed grain Zircaloy-2 

is used as fuel cladding for Boiling Water Reactor (BWR), stress-relief anneal 

Zircaloy-4 was preferred in PWRs, but it started to be replaced by ZIRLO and Zr-

1Nb. In PWRs, these alloys pick-up noticeable quantity of hydrogen. 

• E110 and M5ix. These are binary Zr-1Nb alloys, featuring equiaxed α grains and β 

Nb phase particles; thus, their manufacturing is to focus on achieving the optimal 

microstructure. These alloys exhibit high corrosion and creep resistance, and lower 

HPU. While E110 is used in Water- Water Energetic Reactors (WWERs), M5 was 

developed for PWRs. 

• Zr-2.5Nb alloy. This is a binary alloy as well, used for manufacturing CANDU 

pressure tubes and in WWER. It is suitable for long-term operation within the reactor, 

as it exhibits excellent dimensional stability, low corrosion rates, and high cracking 

resistance.  

• ZIRLO and E635. These multicomponent zirconium alloys with additions of Sn, Nb 

and Fe present high corrosion resistance, dimension stability and lower HPU 

compared to Zircaloy-4. PWRs and BWRs use this alloy to extend fuel burnup and 

to cope with more demanding operating conditions, providing cost and operational 

benefits. 

 

Table 3. Chemical composition for commercially available Zr alloy (IAEA, 2023). 

Alloy 
Concentration [wt%] 

Sn Fe Ni Nb Cr O 

Zircaloy-2 1.20- 1.70 0.07- 0.20 0.03- 0.08 - 0.05- 1.15 0.09- 1.16 

Zircaloy-4 1.20- 1.70 0.18- 0.24 - - 0.07- 1.13 0.09- 1.16 

E110 - - - 0.90- 1.10 - 0.06 

M5 - - - 0.80- 1.20 - 0.125 

E125 - - - 2.40- 2.70 - 0.05 

Zr-2.5Nb - - - 2.40- 2.80 - 0.125 

E635 1.10- 1.30 0.30- 0.45 - 0.69- 1.10 - 0.08 

ZIRLO 1.0- 1.10 0.09- 0.10 - 1.00- 1.20 - 0.125 

 

 
ix M5 is a Framatome trademark. 
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As stated in Section 3.4.3 , coated Zr-based cladding are the most near-term solution for 

developing ATFs. Among this category, Cr-coated Zr-based cladding are really promising. 

Taking Cr-coated ATF as the technological alternative of interest, the further sections are to 

provide a more detailed description for this fuel design. 

4.2  Thermodynamic behaviour of the Cr-Zr system 

This section exhibits the thermodynamic behaviour of the Cr-Zr system, with particular 

focus on phase transformations and oxidation stability.  

4.2.1  Cr- Zr phase diagram 

Zirconium exhibits an allotropic transformationx, transitioning from the α-Zr phase 

(Hexagonal Close Packed (HCP) crystal structure) to β-Zr phase (Body Centred Cubic 

(BCC) crystal structure) as the temperature increases beyond a certain point; α-Zr ↔ β-Zr 

transformation occurs at T=863ºC. 

When compared, β-Zr phase has ductile behaviour, while α-Zr has a brittle behaviour. The 

latter has the capacity of dissolving more oxygen (Hu, et al., 2019). 

It is worth mentioning that each single-phase region can be expanded, and the transformation 

temperature modified, due to the presence of certain elements so-called stabilisers; their 

presence also influences Zr properties. Some important α stabilisers are O, C, N, Al, and S, 

while Cr, Mo, Nb, Fe, Ni, and Si are among those β stabilisers (IAEA, 2023). 

In contrast, Cr has a BCC crystalline structure, but it does not present allotropic 

transformations. Due to its structure, it is expected that metallic Cr would exhibit 

dimensional stability during neutron irradiation at LWR relevant temperatures (Zinkle & 

Snead, 2014). As solute, Cr forms a substitutional solid solution with Zr; if a small quantity 

of Cr is added, it improves Zr resistance to corrosion and HPU in water and steam (Nikulina, 

et al., 2022). 

 
x This transformation refers to the phenomenon where a crystal structure undergoes a change when the material 

is heated beyond or cooled below a critical temperature, so-called transus temperature. 
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Cr- Zr system is shown by Figure 4, and it is described by a eutectic type phase diagram, 

forming a single intermetallic phase ZrCr2, which presents three different Laves phase 

structuresxi: α-ZrCr2 (cubic C15 structure), β-ZrCr2 (hexagonal C36 structure), and γ-ZrCr2 

(hexagonal C14 structure) (IAEA, 2023). 

 

 

Figure 4. Cr- Zr phase diagram, highlighting eutectic transformation of interest (Okamoto, 

1993). 

 

One can observe two eutectic and two eutectoid transformations on the phase diagram. 

Nevertheless, due to the nature of this project, just one eutectic transformation is of interest; 

that is, the transformation of a liquid phase into two different solid phases as the temperature 

decreases 

𝐿
𝑇𝑒𝑢𝑡:1305− 1333 °𝐶 (1578−1606𝐾)
↔                         𝛽𝑍𝑟 + 𝛼𝑍𝑟𝐶𝑟2 

(3)   

 
xi Laves phases exhibit a composition of AB2, wherein the arrangement of A atoms have a diamond, hexagonal 

diamond, or a similar structure, while B atoms form tetrahedral configurations around the A atoms (Stein & 

Leineweber, 2021). 
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𝑎𝑡% 𝐶𝑟:    23.6                                                    8.4           62                                 

where L is the liquid phase, 𝛽𝑍𝑟 and 𝛼𝑍𝑟𝐶𝑟2 involved solid phases, Teut is the temperature 

of eutectic transformation (which slightly varies according to the reference used (Coleman, 

2022) (Okamoto, 2016)) and at% is the atomic percentage. The latter indicates the Cr content 

in atomic percentage of each phase, estimated by the lever rule (Okamoto, 2016). The 

eutectic composition for the transformation of interest for Cr-Zr system is highlighted in 

Figure 4. 

Nonetheless, this temperature slightly varies depending on consulted reference; temperature 

range is 1305- 1333ºC (Chen, et al., 2020), depending on the heating/ cooling rate, specific 

chemical composition and processing of the material. 

4.2.2  Relative thermodynamic stability of ZrO2 and Cr2O3 formation 

Relative stability for oxides as a function of temperature can be shown by an Ellingham 

diagram (see Figure 5). This thermodynamic tool plots standard Gibbs free energy change 

(ΔG) for oxidation reactions as a function of temperature. This provides an insight into the 

tendency of metals to form oxides under specific conditions. The lower a reaction is plotted 

on the Ellingham diagram, the more stable such oxide is; that is, the stronger driving force 

for its formation. 

When comparing both ZrO2 and Cr2O3 from Figure 5, one can observe that zirconia is 

significantly more stable than chromia across the temperature range reported. Therefore, 

ZrO2 will show a stronger thermodynamic tendency to form its oxide, reducing chromia to 

metallic Cr as per 

Spontaneous direction of this reaction can be observed in Eq. (4). 

 

𝐶𝑟2𝑂3 +
3

2
𝑍𝑟 ↔

3

2
𝑍𝑟𝑂2 + 2𝐶𝑟 + 𝛥𝐻º = −511.5

𝑘𝐽

𝑚𝑜𝑙𝑒 𝐶𝑟2𝑂3
  

(4)   
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Figure 5. Relative stability of several oxides (Ellingham diagram) (Kitagaki, et al., 2017). 

 

From this analysis, one can conclude that, even if Cr-coated Zr-based cladding has a greater 

chemical stability during both NO and AOO conditions, Cr2O3 thermodynamic instability 

when next to Zr is to be taken into consideration for ATF cladding applications. 

4.3  Cr-coated Zr-based cladding experimental performance 

This section exhibits experimental results from several research performed on uncoated and 

Cr-coated Zr-based cladding. In particular, the oxidation process under high temperature 

environments and the associate eutectic mixture formation are addressed. A description of 

the influence of manufacturing parameters on the Cr cladding in developed in Section 4.4 . 

4.3.1  Oxidation process 

When considering cladding oxidation, one of the advantages that Zr-based coated claddings 

display is the reduction of both heat rate Q and total amount of heat generated in a high-
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temperature steam environment (see Section 2.2.2 ). By reducing Q (Eq. (2)), the temperature 

rise rate decreases, delaying core degradation processes, extending coping time, and 

lowering the coolant flow necessary to mitigate accident progression. 

One form of measuring oxidation on a sample is to measure weight gain as a consequence 

of oxide formation on a sample. Figure 6 shows the evolution of weight gain for uncoated 

Zr cladding and a first-generationxii Cr-coated Zircaloy-4 cladding samples, measured 

through Thermo Gravimetric Analysis (TGA) experiment, performed at T=1300ºC with 

helium-oxygen mixture environment. It is important to observe the difference in oxidation 

kinetics, exhibiting lower weight gain for Cr-coated sample; nevertheless, a deeper oxidation 

behaviour description can be found later on this section. 

 

 

Figure 6. Weight gain comparison for Cr-coated and uncoated Zr-based samples (Terrani, 

2018). 

 

Although metallurgical dissimilarities can be observed between Zr alloy-4 and M5, some 

results on phenomena observed in several studies are provided for the latter alloy with Cr 

coating, as they are useful for developing a theoretical model for the Cr-coated Zr-based 

cladding behaviour. 

 
xii Further research has being improving Cr coating quality over the last years. 
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A study evaluated 12-15µm Cr-coated M5 cladding performance through one-sided steam 

oxidation at T=1200ºC on tube samples; this was followed by water quenching of the sample 

(Brachet, et al., 2020). Its results show that: 

• Exposure time t<5000- 6000s, Cr coating achieved to protect the cladding by limiting 

oxygen diffusion to Zr substrate; that is, weight gain was low and no zirconia (αZr(O)) 

was observed on the prior β-Zr phase. 

• Exposure time t>5000- 6000s, weight gain was accelerated, associated with loss of 

Cr layer protectiveness. The longer the exposure, the lower the oxidation resistance 

as oxygen penetrates through Cr coating; this is linked to the formation of ZrO2 under 

remaining Cr layer, and a thick αZr(O) layer growth. 

This study concludes as well about the relationship between Post-Quench ductility (PQ) and 

oxidation behaviour. Experimental results presented demonstrate that Cr coating delay 

embrittlement when compared to uncoated cladding by delaying inward diffusion of oxygen 

into Zr substrate. 

On another study, Cr-coated M5 cladding oxidation under high-temperatures (T=800ºC- 

1500ºC) was addressed, aiming to assess oxidation kinetics and diffusion processes in these 

coating alternative (Brachet, et al., 2020). 

Figure 7 exhibits the key oxidation steps developed for the coated cladding: 

• When temperature of the surface starts to increase (t=t0), no oxidation is yet observed. 

That is, only Cr coating (ε1) and Zr cladding (ε2) are present in the cladding (see 

Figure 7a). 

• Once the temperature surpasses a certain temperature threshold, at t=t1, an initial 

oxidation occurs (see Figure 7b). During this protective phase, only metallic 

chromium oxidationxiii occurs, follows a parabolic growth lawxiv 

 
xiii Part of metallic chromium which reacts with oxygen from hot steam may volatilise by forming gaseous 

species such as Cr2(OH)2 and CrO2OH. This reaction would produce weight loss instead; this would explain 

sub-parabolic oxidation kinetics reported (Yeom, et al., 2019). For the current work, this is disregarded. 

xiv The parabolic growth law describes oxide layer growth during oxidation. This shows a square 

dependence of the oxide thickness and the elapsed time; that is, the mathematical form of the equation is 

quadratic (x2=kp * t, where kp as the parabolic rate constant and t as time). The law reflects decreasing growth 

rate as the oxide thickens. 
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𝑋𝐶𝑟2𝑂3 = (𝐾𝑝 ⋅ 𝑡)
1/2

 (5)   

where XCr2O3 is chromia scale thickness, Kp is the parabolic rate constant, and t is the 

oxidation time. Cr2O3 scale protects the underneath substate. 

• Over time, a transition phase marked by a gradual loss of protective capabilities is 

reached. In this case one can observe a reduction in Cr2O3 thickness and the 

formation of a continuous Cr-Zr µm-thick layer due to interdiffusion which leads to 

intermetallic layer formation (in particular, ZrCr2) as shown in Figure 7b- Detail 1. 

Further on, this turns into metallic Cr and ZrO2. 

• Finally, a coating failure phase is reached. Oxygen diffusion along grain boundaries 

degrades cladding at high temperatures, creating breaches in the outer layers (see 

Figure 7c- Detail 2); this leads to a rapid zirconium oxidation and high HPU. The 

oxidation process presents different phase gradients: from β-Zr phase onward, one 

would observe αZr(O)/ αZr(O)+ZrCr2, Cr+ZrCr2 and Cr2O3. 

 

 

Figure 7. Steps corresponding to different underlying oxidation and diffusion mechanisms: 

a) If no oxidation occurs (t=t0), Zr cladding (ε2) has a protective Cr coating (ε1); b) When 

oxidation starts, Cr coating thickness decreases as chromia (Cr2O3) is formed (later, as 

shown in detail 1, intermetallic layer, ZrCr2, is observed at Cr-Zr interface); c) Coating 
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failure occurs as oxygen diffusion is observed along grain boundaries and induces a rapid 

Zr oxidation (detail 2). 

 

For a high temperature steam environment (T=1200ºC), the oxidation behaviour of Cr-

coated and uncoated Zr alloy-4 cladding are studied in (Han, et al., 2020). Figure 8 

reproduces one of the results from this article, which is of particular interest as it shows the 

ZrO2 layer thickness progression as a function of oxidation time; this experimental data is 

used for developing the theoretical models in Chapter 5 (see Table 4). Note that experimental 

data is provided with markers. 

 

 

Figure 8. ZrO2 thickness evolution over time for Cr-coated and uncoated samples (Han, et 

al., 2020). 

 

On the other hand, Figure 9 compares the parabolic oxidation rate (kp) for uncoated Zr and 

several coating material alternatives (Terrani, 2018). One can observe that, for the 
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temperature range displayed, there is a big reduction in the oxidation rate constant when 

coated claddings are compared to uncoated. In particular, when comparing kp for Cr and Zrxv. 

 

 

Figure 9. Parabolic oxidation rate for various cladding materials and their resulting oxide 

in steam as a function of temperature (Terrani, 2018). 

 

From the previous study (Brachet, et al., 2020) , it is worth mentioning that, up to T=1200ºC, 

under atmospheric pressure and as along as no steam depravation is experienced, no 

significant HPU is observed for coated Zr-based cladding (Brachet, et al., 2020). When Cr 

coating becomes non-protective, hydrogen absorption increases but underlying zirconia 

eventually limits further HPU. 

For oxidation studied at temperatures higher than T=1300ºC, eutectic reaction may occur 

(see Section 4.2.1 ). This mixture formation leads to localised partial melting and would have 

an impact on oxidation kinetics. Figure 10 exhibits the ‘Crocodile skin’ morphology, 

 
xv Considering chromium oxidation, for the approximate temperature range between 1000ºC- 1200ºC, 
parabolic oxidation rate constant of Zr oxidation is 60 to 100 times higher, respectively. 
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presenting continuous blisters; this is due to small displacements of Cr-Zr eutectic and solid-

liquid volume change. 

Similar studies performed on both Cr-coated and uncoated Zr-based cladding tubes have 

shown that, while coated cladding preserved its integrity without fracture, uncoated tubes 

exhibited cracks and fractures after the test (Tang, et al., 2019). 

 

 

Figure 10. Typical 'Crocodile skin', obtained for PQ of 12- 15µm Cr-coated M5 cladding 

sample after hot steam oxidation for t=100s at T=1400ºC, followed by direct water 

quenching (Brachet, et al., 2020). 

 

4.3.2  Eutectic mixture formation 

Based on the metallurgical analysis of the Cr-Zr binary system presented in Section 4.2 , it 

is necessary to consider the interactions between both materials that constitute the Cr-coated 

Zr-based cladding. When one considers the behaviour of these two solid phases (metallic Cr 

and a given Zr alloy) while increasing the system’s temperatures, a Cr-Zr diffusion process 

is enabled (as this gets activated at elevated temperatures). Such diffusion leads to the 

formation of the eutectic composition in some particular location within the cladding (see 

Figure 4). 

Figure 11 provides a schematic representation of the diffusion process. The original location 

of Cr-Zr interface is shown (x=0); to its sides, one can observe either Zr-based cladding (left) 

or Cr coating (right). For subsequent time steps (t1, t2, …, tn), one can see that concentration 

of each element (C) is increased in the opposite side of Cr-Zr interface, eventually leading 

to the eutectic mixture formation (ZrCr2), if the appropriate composition is reached (62 at% 

Cr). 
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Figure 11. Schematic Cr- Zr diffusion, where ZrCr2 phase formation is indicated. 

 

The development of the eutectic composition is undesirable, as it may result into partial 

melting, as its melting temperature is lower (see Figure 4). A critical condition could be 

reached if this leads to a loss of mechanical integrity of the cladding, compromising the fuel 

assembly. 

For instance, Figure 12 was extracted from a study (Kim & Lee, 2022) that performed a Cr-

Zr diffusion experiment at high temperatures under inert gas environment (Argon), while 

using a Differential Scanning Calorimeter (DSC); after the high temperature exposure (up 

to 1400ºC, varying the isothermal exposure), each specimen was analysed by Scanning 

Electron Microscope (SEM) and Electron Probe MicroAnalysis (EPMA), which provided 

Energy Dispersive X-Ray (EDS) mapping and line scans. 

The endothermic peak with an onset temperature of ~1312ºC on the thermogram obtained 

(Figure 12.a) is associated with the eutectic reaction (see Eq. (1)). While Figure 12.b and 

12.c are SEM images, with EDS mapping and line scan for Cr and Zr, respectively. These 

figures show chromium diffusion, and several cavities formed near Cr coating as partial 

melting occurred. Moreover, precipitation hardening was also observed; ZrCr2 is 

intrinsically brittle, which could embrittle Zr matrix. 
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Figure 12. Eutectic melting results: a) DSC signal (thermogram); b) EDS mapping results 

for Zr and Cr; c) EDS line scan for Zr and Cr (Kim & Lee, 2022). 

 

4.4  Influence of manufacturing parameters on cladding behaviour 

Material properties depend on their manufacturing processes, given the influence of such 

processes have on the microstructure and composition of the material. Different methods 

may introduce different percentages of impurities, grain sizes, and phases, affecting its 

mechanical, thermal, and chemical properties. Thus, understanding and controlling variables 

for manufacturing processes are critical for tailoring material properties to meet specific 

performance requirements. 

For such reasons, it is important to note that Cr-coated Zr-based cladding behaviour varies 

upon deposition techniques, deposition parameters, Cr coating thickness, and base Zr alloy 

used (Krejčí, et al., 2018). Therefore, some dissimilarities may be presented in the 
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references, and one must choose according to the capabilities that has available for 

manufacturing the coating. 

For these reasons, Cr-coated ATF performance at high-temperature has widely been studied. 

For instance, some alternatives for Cr coating deposition studied are multi-arc ion plating 

(Huang, et al., 2021), magnetron sputtering (Chen, et al., 2020), physical vapor deposition 

(Schuster, et al., 2015), cold sprayxvi (Park, et al., 2016). On the other hand, research 

performed on metallic Cr coating addressed a wide range of coating thickness. Such range 

goes from a few to tens of μm: 5− 20 μm (Xiang, et al., 2022; Brachet, et al., 2018). 

4.5  Improved alternative for Cr-coated Zr-based cladding  

Among the alternatives under analysis for enhancing Cr-coated Zr-based cladding, just one 

is addressed for the present document. This is done as to show that further technological 

replacements are under development to provide a cladding with a more robust behaviour 

under accidental conditions. 

One promising option is addressed by the Cr-CrN-Cr coating for Zr-based cladding (Yang, 

et al., 2023), developed to mitigate Cr-Zr interdiffusion, a critical phenomenon that degrades 

cladding integrity under elevated-temperature conditions. By introducing the intermediate 

CrN layer between coating and base metal, one obtains a reduction of Cr-Zr diffusion and 

strengthening on the coating/substrate adhesion, through the development of a reinforcing 

Zr₂N intermetallic layer. These benefits are achieved without compromising the superior 

oxidation resistance of the cladding. 

  

 
xvi The simples were studied with and without cold rolling, for demonstrating the feasibility of the process, and 

compare results. 
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5  Methodology 

From prior sections, current research on Cr-coated Zr-based cladding behaviour was 

addressed and characterised. This section provides a detailed explanation on the assumptions 

considered from experimental results to develop the cr_igb model, during the current project. 

Note that this model aims to model the effects of oxidation of Cr-Coated ATF fuel rods with 

Zircaloy-4 sub-coating substrate, under high temperature steam conditions. Finally, all cases 

studied for the current work are listed. 

5.1  Introduction to cr_igb model developed 

Section 4.3.1  provided a comprehensive analysis of Cr-coated Zr-based cladding oxidation. 

Of particular relevance to this study are the experimental results for Cr-coated Zircaloy-4-

based cladding under steam oxidation at T=1200ºC (Han, et al., 2020), as illustrated in 

Figure 7. This figure serves as reference for simplifying and understanding the oxidation 

process, highlighting key behavioural trends under these conditions: 

• At t=t0, cladding is exposed to high temperature steam; 

• Later (t=t1), oxidation leads to Cr2O3 formation on its surface, which increases in 

thickness. Then, due to diffusion processes activated at elevated temperatures, Cr2O3 

is reduced in thickness as eutectic mixture ZrCr2 is developed at the coating-substrate 

interface (at T=1313ºC- 1332ºC, as reported in Eq.(3).  

• Further (t=t2), Cr2O3 is reduced, resulting into metallic Cr and ZrO2 formation. 

Finally, coating failure is reached, as oxygen diffusion along grain boundaries 

degrades cladding, leading to a rapid zirconium oxidation and high HPU. 

The cr_igb model, designed to simulate the oxidation of Cr-coated Zircaloy-4-based cladded 

fuel rods, uses the parabolic growth law to model the oxide formation, and it has been 

implemented in RSIM3.4. Such code incorporates RELAP5MOD3.2, SCDAP and FRAP-T6 

(MATPRO) library, functioning as a SA system code capable of simulating plant conditions 

across DBA, DEC-A and DEC-B scenarios. Currently, RSIM 3.4 is being utilised to evaluate 

the performance of various ATF models as part of the IAEA Accident Tolerant Fuel- Testing 
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and Simulation collaborative research project, under the leadership of Innovative Systems 

Software LLC (ISS) (Allison, s.f.). 

Note that the cr_igb model assumes Tcr to be equal to Zircaloy-4 temperature (TZr), which is 

modelled and computed with RELAP/SCDAPSIM /MOD3.4. Note that 

RELAP/SCDAPSIM code was designed to predict reactor systems behaviour during NO and 

accidental conditions; in particular, the MOD3.4 is used for analysing SA related 

experiments, improving the detailed fuel behaviour and other SA-related models. 

This model uses the same material properties for both coating and substrate regions; thus, it 

does not simulate the Cr-coating physical oxidation, as both Cr and its oxidation process are 

used as a control variable in the system. Both chromia layer thickness (δCr2O3) and the 

chromia weight gain (wCr2O3) allow the physically implemented as Zr coating to behave as a 

Cr coating layer, so one can know cladding oxidation conditions. However, Cr oxidation 

calculations are used for computing H2 and heat production; Cr properties are provided by 

Appendix 1. 

If physically implemented, Cr oxidation would entail a new heat source to be addressed, and 

it is still an open question for the community (Carénini & Barrachin, 2023).  

Note that cr_igb model addresses the Cr-coating influence on the oxidation of Zircaloy-4, as 

well as on hydrogen and heat production. 

5.2  Oxidation process modelled with cr_igb model  

The cr_igb model is based on the evolution of three parameters at each axial node, namely: 

• TCr, Cr-coated cladding surface temperature; 

• t (TCr≥727ºC), time period measured since Cr oxidation onset; 

• δCr2O3, chromia layer thickness.  

The cr_igb model includes correlations to dynamically determine Cr-coating oxidation 

parameters at each axial node, such as chromia layer thickness (δCr2O3 [m], as shown by Eq. 

(6)) and its weight gain (wCr2O3 [kg/m2], as shown by Eq. (8)). 
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5.2.1  Modelling of chromia layer thickness 

As outlined in the RELAP/SCDAP Damage Progression Model Theory (Allison, et al., 

1997), oxidation is assumed to follow a parabolic rate equationxvii. When integrated over the 

time interval Δt, the resulting expression applied for modelling the chromia oxide layer 

thickness 𝛿Cr2O3(𝑡,𝑇) [m] is 

𝛿𝐶𝑟2𝑂3(𝑡, 𝑇) = {

𝛿0 𝑓𝑜𝑟 𝑇 < 1000𝐾

(2 ⋅ 𝐴𝑓𝑖𝑡 ⋅ exp (−
𝐵𝑓𝑖𝑡

𝑇
) ⋅ Δ𝑡 + 𝛿0

2)
1/2

𝑓𝑜𝑟 1000𝐾 < 𝑇 < 1586𝐾 
 (6)   

where Δt is the time interval (computed once Cr-coating oxidation begins; that is, T=1000K), 

T is the temperature [K], 𝛿0 is the initial chromia thickness [m], and Afit and Bfit are parabolic 

constants obtained from experimental data reported by Framatome and CEA (Brachet, et al., 

2020), showed in Figure 13. This expression is utilised to have a function on agreement with 

equations used for MATPRO material’s properties library (The SCDAP/RELAP5 

Development Team, 1997). 

It is important to highlight that no experimental point were reported for temperatures below 

T=727ºC. It is assumed that oxidation rate below such temperature can be neglected; 

therefore, this temperature is set as a threshold. 

 

 
xvii This original equation is 

𝑑𝛿

𝑑𝑡
=
𝐴

𝛿
⋅ 𝑒−

𝐵

𝑇. 
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Figure 13. Arrhenius plot for the rate constant of parabolic law describing Cr2O3 at high-

temperature oxidation; CEA and Framatome data are of particular interest (Brachet, et 

al., 2020). 

 

From these two experimental datasets, each datapoint was estimated, obtaining coordinated 

datapoints (x·1e4/T [K-1], kp [cm2s-1]). A python script was developed for converting these 

datasets (T [K], kp [m2s-1]) xviii and, by fitting these two datasets together as per 

one can obtain Afit and Bfit for being used at Eq. (6). The python script is shown in Appendix 

1. 

 
xviii Units are adjusted to be on agreement with units stipulated on (The SCDAP/RELAP5 Development 

Team, 1997). 

𝑘𝑝(𝑇) = 2 ⋅ 𝐴𝑓𝑖𝑡 ⋅ exp (−
𝐵𝑓𝑖𝑡

𝑇
) 

(7)   
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Figure 14. Experimental datasets fitted by exponential equation (see Eq. (7)). 

 

From fitting these results together, constants from Eq. (7) and the coefficient of 

determination r2 are: 

Afit=2.668e-3 m2/s Bfit=3.894e4 K-1 r2
fit=0.9996 

 

Note that no relevant experiments were found Cr-coated Zircaloy-4-based cladding in a 

steam environment at higher temperatures. Consequently, if its behaviour at higher 

temperatures is to be evaluated, an extrapolation of the available data may be employed. It 

is important to highlight that no significant metallurgical processes (e.g., phase 

transformations) are expected at these temperatures, apart from eutectic mixture melting. 

Thus, one can argue that this fitting is sufficiently accurate for a rough extrapolation, as r2~1. 

However, it would be beneficial to perform experiments at higher temperatures to confirm 

the validity of the model. 

Therefore, by plotting Eq. (6) for isothermal processes, one obtains Figure 15. For this case, 

Cr coating was set to ε1=20μm, as this frequently corresponds to the maximum coating 

thickness used for various experiments. However, given that oxidation is an exothermic 
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process, these results obtained for an isothermal system are not observed either in reality nor 

on cr_igb model results. 

 

Figure 15. Oxide thickness evolution as a function of exposure time under isothermal 

conditions. 

 

5.2.2  Modelling of chromia weight gain 

The weight gain for chromia layer, 𝑤𝐶𝑟2𝑂3 [kg/m2], is described as per 

𝑤𝐶𝑟2𝑂3 = 𝛿𝐶𝑟2𝑂3 ⋅ 𝜌𝑂 = 𝛿𝐶𝑟2𝑂3 ⋅ 𝜔𝑂 ⋅ 𝜌𝐶𝑟2𝑂3(𝑇) (8)   

where ρ0 is the oxygen density within chromia [kg/m3], ω0 is the oxygen weight fraction in 

chromia and ρCr2O3 is the chromia density [kg/m3]. Chromia density can be calculated as per 

𝜌𝐶𝑟2𝑂3(𝑇) =
𝜌𝐶𝑟2𝑂3
0

1 + 3𝛼Δ𝑇
 

(9)   

where 𝜌𝐶𝑟2𝑂3
0 =5.22 g/cm3 is chromia density at T=25ºC, ΔT is the temperature variation from 

T=25ºC, and α is the Linear Thermal Expansion Coefficient (LTEC). 
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5.2.3  Chromium coating influence on Zr-based cladding oxidation 

As discussed in previous sections, Cr coating significantly enhances the performance of bare 

Zr cladding under SA conditions. The influence of chromium coating on the oxidation 

process is shown in Figure 8 (Han, et al., 2020). From this study, experimental results can 

be used to quantify this variation in cladding behaviour. 

Table 4 exhibits experimental results from Figure 8 in a tabular form. From this table one 

can observe that under these conditions: 

• t<1.5h, Cr coating protects effectively the substrate material from oxidation; 

• At t=1.5h, Zr cladding starts to experience oxidation, as diffusion processes are 

activated at such high temperature; 

•  At t=2.5h, the ZrO2 formation ratio between coated and uncoated cladding is ~10%. 

Thus, when coated, just 10% of ZrO2 is formed in comparison to bare Zr cladding; 

•  At t=3.5h, this coated/uncoated ZrO2 formation ratio increases to ~25%.  

 

Table 4. Response of two different claddings under high-temperature steam enviroment 

T=1200ºC, as a function of their time exposure (t) (Han, et al., 2020). 

Exposure 

time [h] 

Coated ZrO2 thickness 

[µm] 

Uncoated ZrO2 thickness 

[µm] 

Coated/Uncoated ZrO2 

thickness ratio [%] 

0.00 0 0.35 0 

0.50 0 123.73 0 

1.00 0 173.18 0 

1.25 0 185.63 0 

1.50 0 210.78 0 

2.00 0.64 244.71 0.3 

2.50 28.64 271.03 10.6 

3.00 32.38 313.42 10.3 

3.50 86.07 353.28 24.4 

4.00 95.17 391.73 24.3 
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5.2.4  Implementation of cr_igb model 

As the process depicted in Figure 7 would require simulating multiple physical processes, 

each of which is complex on its own, the oxidation process modelled by cr_igb model is 

simplified. 

Two upper limits for the Cr coating to fail (thresholds) were imposed to the cr_igb model, 

which are related to initial Cr coating thickness (ε1) and the chromium temperature reaching 

eutectic mixture melting temperature TCr≥1313ºC. 

Table 5 exhibits the implementation implemented for the cr_igb model for the oxidation 

process. The model incorporates two main phases: no oxidation when TCr≤727ºC (phase 1), 

and oxidation initiates when TCr≥727ºC and the oxidation time, Δt, starts to be computed as 

shown in Eq. (6). 

Chromium oxidation will progress and this phenomenon will be simulated until: 

• Phases 2 to 4. Its oxide layer increases in thickness; so far, just a fraction of zirconium 

has been oxidised. When chromia thickness reaches its maximum value as the entire 

initial Cr coating thickness (ε1) has been consumed, phase 5 is achieved (δCr2O3≥ ε1). 

Then, Cr2O3 layer is switched offxix (and its thickness set to δCr2O3=0) and oxidation 

would take place on Zr substrate; note that cr_igb model does not modify the logics 

of the already-existing sub-coating Zry4 deformation models in 

RELAP/SCDAPSIM. 

• Phase 6. If oxidation did not reach the initial Cr coating thickness (ε1) before 

TCr≥1313ºC, chromium oxidation is switch off (and its thickness set to δCr2O3=0) as 

eutectic mixture melting temperature is achieved. Then, oxidation would take place 

on Zr substrate only. 

For both cases, once Cr2O3 is switched off, previous chromia thickness is considered as part 

of the ZrO2 oxide. Thus, either ε1 or δCr2O3 (T=1313ºC) are summed to ZrO2 thickness, δZrO2. 

 
xix Physically, this would imply that chromia layer does not exist and Zr substrate is fully exposed to high-

temperature steam environment; Zr oxidation occurs as if it were uncoated. This involves a conservative 

solution, as both H2 and heat production would be overestimated; in reality, chromium would still partially 

cover the cladding. 
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Note that cr_igb model implementation disregards Cr diffusion into Zr substrate, Cr 

reduction when Zr oxidation occurs, and oxygen intergranular diffusion. This assumption 

has a drawback when considering H2 and heat production, as these would be underestimated. 

However, as developed in Section 5.2.3 , this is addressed up to a certain level by a 

considering partial Zr substrate oxidation under Cr coating: 

• Phase 2. When once TCr≥727ºC, if Δt<1.5h, no partial Zr oxidation is considered; 

• Phase 3. If 1.5h< Δt< 3h, Zr oxidation considered is 10% of what it would be in the 

absence of the Cr coating; 

• Phase 4. If Δt>3h, Zr oxidation considered is 25% of the uncoated scenario. 

Note that, if one of the thresholds are reached prior to other phases shown in the 

implementation scheme (see Table 5), such phases are skipped. For instance, if full initial 

Cr coating thickness is oxidated between 1.5h< Δt< 3h (phase 3), this skips phase 4 and 

triggers phase 5. 
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Table 5. Implementation scheme for cr_igb model 

Phase Condition Cr-oxidation Zr oxidation 

1 TCr < 1000K None: 𝛿𝐶𝑟2𝑂3 = 𝑤𝐶𝑟2𝑂3 = 0 None: 𝛿𝑍𝑟𝑂2 =  𝑤𝑍𝑟𝑂2 = 0 

2 

1000K ≤ TCr < 1586K(*), 

δCr2O3 < ε1 

and 

Δt(from TCr ≥ 1000K) < 1.5h 

𝛿𝐶𝑟2𝑂3 calculated as in Eq. (6) 

 

𝑤𝐶𝑟2𝑂3  calculated as in Eq. (8) 

None: 

𝛿𝑍𝑟𝑂2 = 0.0 ⋅ 𝛿𝑍𝑟𝑂2
𝑛𝑜𝑛−𝑐𝑜𝑎𝑡𝑒𝑑 

𝑤𝑍𝑟𝑂2 = 0.0 ⋅ 𝑤𝑍𝑟𝑂2
𝑛𝑜𝑛−𝑐𝑜𝑎𝑡𝑒𝑑 

3 

1000K ≤ TCr < 1586K(*), 

δCr2O3 < ε1 

and 

1.5h < Δt(from TCr ≥1000K) < 3h 

𝛿𝐶𝑟2𝑂3 calculated as in Eq. (6) 

 

𝑤𝐶𝑟2𝑂3  calculated as in Eq. (8) 

10% of non-coated case(**): 

𝛿𝑍𝑟𝑂2 = 0.1 ⋅ 𝛿𝑍𝑟𝑂2
𝑛𝑜𝑛−𝑐𝑜𝑎𝑡𝑒𝑑 

𝑤𝑍𝑟𝑂2 = 0.1 ⋅ 𝑤𝑍𝑟𝑂2
𝑛𝑜𝑛−𝑐𝑜𝑎𝑡𝑒𝑑 

4 

1000K ≤ TCr < 1586K(*), 

δCr2O3 < ε1 

and 

Δt (from TCr ≥1000K) > 3h 

𝛿𝐶𝑟2𝑂3 calculated as in Eq. (6) 

 

𝑤𝐶𝑟2𝑂3  calculated as in Eq. (8) 

25% of non-coated case(**): 

𝛿𝑍𝑟𝑂2 = 0.25 ⋅ 𝛿𝑍𝑟𝑂2
𝑛𝑜𝑛−𝑐𝑜𝑎𝑡𝑒𝑑 + 𝛿0 𝑍𝑟𝑂2 

(with 𝛿0 𝑍𝑟𝑂2 = 𝛿𝑍𝑟𝑂2(𝑡 = 3ℎ)) 

𝑤𝑍𝑟𝑂2 = 0.25 ⋅ 𝑤𝑍𝑟𝑂2
𝑛𝑜𝑛−𝑐𝑜𝑎𝑡𝑒𝑑 + 𝑤0 𝑍𝑟𝑂2 

5 δ Cr2O3 ≥ ε1 

δCr2O3 effect is switched off as 

if there is no Cr nor Cr2O3 

coating 

𝛿𝐶𝑟2𝑂3 = 0 

𝑤𝐶𝑟2𝑂3 = 0 and 
𝑑𝑤𝐶𝑟2𝑂3

𝑑𝑡
= 0 

Non-coated case (100%)(***): 

𝛿𝑍𝑟𝑂2 = 𝛿𝑍𝑟𝑂2
𝑛𝑜𝑛−𝑐𝑜𝑎𝑡𝑒𝑑 + 𝜀1 + 𝛿0 𝑍𝑟𝑂2 

(with 𝛿0 𝑍𝑟𝑂2 = 𝛿𝑍𝑟𝑂2𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑑 𝑏𝑒𝑓𝑜𝑟𝑒) 

𝑤𝑍𝑟𝑂2 = 𝑤𝑍𝑟𝑂2
𝑛𝑜𝑛−𝑐𝑜𝑎𝑡𝑒𝑑 + 𝑤𝐶𝑟2𝑂3(𝜀1)

+ 𝑤0 𝑍𝑟𝑂2 

6 TCr >1586K 

δCr2O3 effect is switched off as 

if there is no Cr nor Cr2O3 

coating: 

𝛿𝐶𝑟2𝑂3 = 0 

𝑤𝐶𝑟2𝑂3 = 0 and 
𝑑𝑤𝐶𝑟2𝑂3

𝑑𝑡
= 0 

Non-coated case (100%)(***): 

𝛿𝑍𝑟𝑂2 = 𝛿𝑍𝑟𝑂2
𝑛𝑜𝑛−𝑐𝑜𝑎𝑡𝑒𝑑

+ 𝛿𝐶𝑟2𝑂3
𝑝𝑟𝑒𝑣𝑖𝑜(𝑇

= 1586𝐾) + 𝛿0 𝑍𝑟𝑂2  

(with 𝛿0 𝑍𝑟𝑂2 = 𝛿𝑍𝑟𝑂2𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑑 𝑏𝑒𝑓𝑜𝑟𝑒) 

𝑤𝑍𝑟𝑂2 = 𝑤𝑍𝑟𝑂2
𝑛𝑜𝑛−𝑐𝑜𝑎𝑡𝑒𝑑 + 𝑤𝐶𝑟2𝑂3

𝑝𝑟𝑒𝑣𝑖𝑜
(𝑇

= 1586𝐾) + 𝑤0 𝑍𝑟𝑂2 
 (*) 1586K = TZrCr2

melt (eutectic mixture) 
(**) Estimated from experimental data, comparing coated and non-coated results for Zr oxidation (Han, et al., 2020) 
(**) Overestimation, disregarding chromia as if zircaloy were completely exposed to steam 

 

It is important to emphasise that the preceding expressions apply to the general case. As this 

study represents an initial analysis, the initial oxide thickness δ₀, is assumed to be zero. 

5.2.5  Visual representation of cr_igb model implementation 

From these two upper limits set for cr_igb model simulation, a clearer explanation of the 

method implementation is achieved by a graphical representation of each case. 

On case one, a full Cr coating oxidation case is considered, shown by Figure 16. Note that, 

for this example, full chromium oxidation is reached at a certain point Δt≤3h. This condition 

depends on the response of the system, and it is not mandatory to be fulfilled for phase 5 to 

occur; this applies for the following example as well. 
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Figure 16. Schematic representation of full initial Cr coating thickness oxidation. 

 

One the other case, prior to achieving full initial Cr coating thickness oxidation, the eutectic 

mixture melting temperature is achieved. This is represented by Figure 17. 
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Figure 17. Schematic representation of eutectic mixture melting temperature achieved. 

 

5.2.6  Hydrogen and heat generation estimation with cr_igb model 

Even though it was not physically implemented, prior sections presented a method to 

evaluate the overall cladding oxidation conditions. Afterwards, it is possible to calculate the 

global cladding oxidation parameter. 
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Then, by considering Cr and Zr oxidation contributions, one can estimate the hydrogen and 

oxidation heat production rates. These are key parameters to study cladding response at SA 

conditions, in particular, to optimise its response for safety reasons developed previously.  

Hydrogen heat production rate, 𝐻2̇ [kg/s], is presented by 

𝐻̇2 =
1

8
𝑆0
𝑑𝑤

𝑑𝑡
  

(10)   

where S0 [m
2] is the surface prior to the start of the oxidation process, including variations 

arising from RELAP/SCDAPSIM’s zircaloy deformation model. 

Oxidation heat production rate, 𝑄𝑜𝑥̇  [W], is presented by  

𝑄̇𝑜𝑥 =
𝑀

𝑀𝑂2
𝐻𝑟𝑆0 ⋅

𝜕𝑤

𝜕𝑡
 

(11)   

where M and MO2 are the molecular weights of the material and oxygen, respectively, and 

Hr is the oxidation reaction enthalpy [J/kg]. 

5.2.7  Limits of the cr_igb model 

As the cr_igb model simplifies the physical processes that cladding oxidation involves, 

several limitations on the model can be pointed out. 

For instance, as mentioned on the prior sections, by assuming that the chromium coating 

oxidation process will progress until the initial coating thickness is fully oxidated (if eutectic 

mixture melting temperature is not reached), one disregards Cr reduction by Zr oxidation, 

and diffusion of Cr and O. In reality, these processes will have an impact on Zr oxidation 

and they will contribute on hydrogen and heat generation.  

While this assumption could theoretically lead to an underestimation of hydrogen (H₂) and 

heat production, the model mitigates this limitation by incorporating partial zirconium 

oxidation—a phenomenon empirically derived from experimental data (Han, et al., 2020) as 

developed in Section 4.3.1 . The partial oxidation is modelled as a time-dependent function, 

activated only after surpassing the critical oxidation threshold temperature (727°C). This 

approach ensures a more realistic representation of H2 generation rates, exothermic heat 

release and oxidation progression kinetics. 
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However, the subsequent modelled behaviour of the cladding overestimate H2 and heat 

production when either the initial Cr coating thickness is fully oxidised or eutectic mixture 

melting temperature is achieved. 

Note that, when Cr2O3 is switched off and replaced by ZrO2, cr_igb model does not modify 

the logics of the already-existing Zircaloy-4 substrate deformation models in 

RELAP/SCDAPSIM. 

However, according to oxide growth stress models based on the Pilling-Bedworth ratio 

(PBR) (Pilling & Bedworth, 1923), where PBR represents the oxide-to-metal volume ratio, 

the compressive stress exerted by chromia acts inwards due to its PBR value of 

𝑃𝐵𝑅𝐶𝑟2𝑂3=2.07>1 (Xu & Gao, 2000) (Cramer & Covino Jr, 2003). This results in a maximum 

chromia thickness 𝛿𝐶𝑟2𝑂3, slightly greater than the initial Cr coating thickness 𝜀1, as it only 

reduces by a small magnitude the Zircaloy-4 substrate thickness. 

Despite this, both results obtained from cr_igb model and PBR-based models are expected 

to be comparable, as available mass of Cr and Zircaloy-4 for oxidation remains the same. 

Furthermore, the additional chromia thickness that delays Zircaloy-4 oxidation onset is 

proportionally equivalent to the additional chromia surface factor, which would linearly 

accelerate hydrogen production. 

5.3  Verification of cr_igb model 

Computational model development requires verification, which allows to ensure 

implemented numerical methods and algorithms solve mathematical equations as expected. 

It allows to assess the influence of several computational parameters on the output such as 

grid resolution, time step size, stability and convergence of the solution. From this analysis, 

one confirms that no coding errors, numerical instabilities or logical inconsistencies 

compromise the reliability of the solution. 

A certain confidence in the model is reached by systematically verifying its correctness, 

consistency and reproducibility prior to its validation against experimental or empirical data.  

Note that validation is the process of assessing whether a computational model accurately 

represents the real-world physical system it intends to simulate. This process determines if 

the model captures sufficient physics and delivers results with acceptable fidelity for its 
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intended purpose, establishing its credibility for making predictions about reality. While 

critical for the overall model credibility, the detailed validation process itself is beyond the 

scope of this thesis, and it will remain for future improvements (see Section 7 ). 

5.3.1  Description of the system modelled for the study 

For cr_igb model validation purposes, a simplified boil-off scenario was modelled and 

simulated using the RELAP/SCDAPSIM/MOD3.4 code. This scenario simulates a vertical 

channel and fuel rods, which are shown in Figure 18 and Figure 19, respectively. 

The RELAP inputxx part sets a vertical channel (hereafter referred to as “pipe”) has a 

designated flow area of S=3.685·10-3m2, and its full length is divided into nine discrete axial 

volumes, each of equal length (l=0.1143m). The pipe is segmented as this allows a more 

precise representation of the fluid dynamics within the system. 

Regarding the water mass flow injection, during the initial 50 seconds of the simulation, a 

mass flow rate of 1 kg/s is introduced into the system. This controlled injection serves to 

replicate the conditions under which coolant refill occurs, enabling the assessment of 

thermal-hydraulic responses within the model. Then, after 50s, the mass flux is set at zero 

and the reactor core level starts to decrease. As initial conditions, pressure is set to 15 MPa, 

and the temperature is set to 550K (277 °C), which are typical initial conditions for PWR at 

or near saturation. 

The pipe has time-dependent volume and junction located at both its bottom and top. While 

time-dependent volume specifies hydrodynamic conditions, the time-dependent junction 

provides mass flow. 

Within this pipe, the SCDAP input consists of a scenario that models a total of 32 fuel rods, 

with a pitch p=0.0143m. Each fuel rod of which is divided into eight axial volumes of equal 

length (l=0.1143m) and five radial volumes, ensuring a precise spatial resolution of the fuel 

behaviour. The radial distribution divides each fuel rod considering three volumes for the 

 
xx When referring to RELAP input or SCDAP input, it refers to the function or the part of the code is written 
using functions established in one or the other module. While RELAP functions allow handle thermal-
hydraulic calculations, SCDAP functions are to be used for handling severe core damage phenomena. 
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fuel region (rfuel=4.135e-3 m), one volume is assigned for the fuel-cladding gap, and the last 

volume considers the cladding region (rin=4.215e-3 m and rout=4.815e-3 m). 

 

Figure 18. Boil-off scenario – modelled vertical pipe 
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Figure 19. Boil-off scenario – modelled fuel rod 

Decay heat generation of the fuel rods is shown in Figure 20 is based on empirical data 

derived from the Best Estimate Methods plus Uncertainty and Sensitivity Evaluation 

(BEMUSE) Project (Reventos, et al., 2008)- Table A.48, ensuring a realistic representation 

of post-operational thermal characteristics. Moreover, the power peaking factor (PPF) in the 

hot fuel assembly is 1.4; both axial and radial power profiles can be observed in Figure 21; 

note that both profiles provide such information of the centre of the volume considered. 
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Figure 20. Boil-off scenario – decay power level after shutdown 
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Figure 21. Boil-off scenario – axial (left) and radial (right) power profiles 

 

5.3.2  Cases considered for verification of the cr_igb model 

For the present study, the vertical pipe described in the previous section was used as a 

verification model to assess the system’s response under simulated SA conditions, across 

multiple study cases. In one set of cases, the Cr coating thickness is varied while maintaining 

a constant power level. On the other set, the power level is changed while keeping the Cr 

coating thickness.  

1) For evaluating the system’s response to a wide set of coated claddings, chromium coating 

thickness is varied, using a fixed operative power level (P=39kWxxi): 

a) Bare Zr cladding; 

b) Cr coating of 1µm thickness; 

 
xxi When referring to power levels, one alludes to power per fuel rod. As this model simulates 32 fuel rods, the 

total reactor power is 32 times greater than the reported values. 
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c) Cr coating of 2µm thickness; 

d) Cr coating of 5µm thickness; 

e) Cr coating of 10µm thickness; 

f) Cr coating of 20µm thickness; 

g) Cr coating of 50µm thickness. 

2) Note that this operative power level refers to the power per fuel rod. As this model 

simulates 32 fuel rods, the total reactor power is 32 times greater than the reported values. 

3) Then, given the previous results, a chromium coating thickness is chosen for performing 

the next set of cases. Power variation is analysed to represent various scenarios at which 

SA conditions could potentially be developed at; after SCRAM occurs, SA scenario 

conditions may be produced after a certain time has elapsed, and this could 

approximately correspond to different dryout conditions. Thus, different residual power 

levels are to be observed at the nuclear reactor (see Figure 20). These cases, summarised 

by Table 6, include: 

a) Large Break Loss-of-Coolant Accidents (LBLOCA), ~50s after SCRAM;  

b) Intermediate Break LOCA (IBLOCA), ~1330s after SCRAM; 

c) Small Break LOCA (SBLOCA), ~1930s after SCRAM; 

d) Several other points of interest at which dryout condition is reached: 

i) 1h after SCRAM; 

ii) 2h after SCRAM; 

iii) 4h after SCRAM; 

iv) 6h after SCRAM. For instance, a GENII PWR is expected to experience dryout 

during a SBO after approximately 4–6 hours; 

v) 10h after SCRAM; 

Note that two arbitrarily low power levels were taken to verify all phases presented in Table 

5. Nonetheless, note that these residual power level would be observed several years after 

SCRAM occurred (if data from Figure 20 is extrapolated). 
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Table 6. Comparison of several dryout conditions, and their equivalent power level 

achieved. 

Dryout condition reached 
Time elapsed after 

SCRAM [s] 

Power level  

[% nominal power] 
Reactor power [W] 

LBLOCA 50 4.22 3.90E+04 

IBLOCA 1330 2.00 1.85E+04 

SBLOCA 1930 1.80 1.66E+04 

1h 3600 1.47 1.38E+04 

2h 7200 1.21 1.11E+04 

4h 14400 1.00 9.24E+03 

6h 21600 0.89 8.32E+03 

10h 36000 0.78 7.21E+03 

- - 0.06* 5.60E+02 

- - 0.04* 4.10E+02 

*Power level arbitrary low, taken to enable the verification of all phases shown in Table 5. 

 

An example of the system simulated can be observed in Appendix 2, where the script for a 

simple boil-off scenario is provided. Note that for the model used, both chromium thickness 

and initial power level are varied, as mentioned above.  
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6  Results and discussion 

As described in section 5.3.2 , cases under study are divided into two different sets 

addressing the cladding behaviour under SA conditions. The first set considers several 

cladding types (bare Zr cladding and 1, 2, 5, 10, 20 and 50µm Cr coating Zr-based cladding) 

for a constant power level. For such results, the best cladding type is used for running the 

second set of cases under study, which evaluates for different power levels the response of 

the same cladding type. 

6.1  Set of cases 1: Chromium coating variation 

For the first set of cases under study, a power level of 38.98kW per fuel rod is considered 

for all cases, while the cladding type varies between them. As mentioned beforehand, after 

50s, the mass flow is set at zero and the reactor core level starts to decrease; that it, its coolant 

level. For this case, as all cases are simulated with the same power level, the coolant core 

level drops following the same trend for all simulated cases, which is shown in Figure 22. 
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Figure 22. Set of case 1- Fraction of coolant core level as a function of time elapsed after 

SCRAM. 

 

Figure 23 presents the core maximum surface temperature for all cladding types, as provided 

by the SCDAP bundle quantity ‘BGMCT’ [K] (team, s.f.), as a function of the time elapsed 

since reactor shutdown. Note that the analysis is set in the temperature range between 

T=727ºC and T=1427ºC. The former value is chosen because the cr_igb model begins 

simulating oxidation when this surface temperature is reached, while the latter value 

represents the highest temperature at which the intermetallic ZrCr2 can be found solid (see 

Figure 4). Consequently, a conservative assumption is that cladding integrity begins to be 

compromised from this T onwards. 
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Figure 23. Set of cases 1- Maximum surface temperature as a function of time elapsed 

after SCRAM. 

 

As expected, the bare Zr cladding exhibits the highest temperature increase from all studied 

cases. As mentioned in previous sections, this is due to the high Zr reactivity with hot steam, 

the exothermic nature of this oxidation process, and absence of a coating layer protection. 

On the other hand, coated Zr-based claddings undergo a slower temperature increase during 

the SA scenario. A slight change in the slope of the temperature curve is observed for all 

cases, becoming steeper around T=1200K. This appears to be related to the oxidation 

dynamics, which accelerate at higher temperatures. 

The 1µm thick Cr-coated cladding exhibits a notable change in the temperature increase 

ramp roughly around t~290s, marked with ①. From the SCDAP bundle quantity ‘OXDEO’ 

[m], one can conclude that full chromium coating is achieved, leading to the onset of full Zr 

oxidation (see Table 5). 

For the 2µm thick Cr-coated cladding, a less abrupt change in the temperature increase ramp 

is observed at approximately t~301s, marked with ②. This variation is attributed to partial 

oxidation of the underlying Zr substrate, as 90min elapsed from the surface temperature 
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exceeding the oxidation temperature threshold of T=727ºC, following the model 

implementation based on experimental results (see Figure 8). 

Furthermore, for Cr-coated claddings ranging from 2µm to 50µm in coating thickness, a 

slope change is evident when the surface temperature reaches the eutectic mixture melting 

temperature. At this point, the coating is considered to be fully degraded (the model switches 

off this coating) and full Zr oxidation is simulated, in accordance with the model 

implementation. Note that both bare Zr and 1µm thick Cr-coated cladding were already 

undergoing full Zr oxidation, so no slope change is observed in these cases. 

When comparing overall cladding behaviour during the SA scenario, the 50µm thick Cr-

coated cladding delays full Zr oxidation by Δt=23s, when compared to the 2µm thick Cr-

coated cladding. However, at higher temperatures, this delay in system response becomes 

smaller, likely due to the autocatalytic nature of this oxidation process. For instance, the 

50µm thick Cr-coated cladding takes approximately Δt~9s longer than bare Zr cladding to 

reach a surface temperature of T=1427ºC. 

All hydrogen produced by the 32 fuel rods per second is reported by Figure 24, presenting 

the SCDAP bundle quantity ‘BGTH’ [kg/s] (team, s.f.)). This figure shows the total 

hydrogen production rate for all cladding types, as a function of the time elapsed since 

reactor shutdown. To facilitate a straightforward comparison between hydrogen production 

rate and the maximum surface temperature, the latter is plotted for the 2µm thick Cr-coated 

cladding as a light-blue dash line. Moreover, for each case studied, the time at which 

maximum surface temperature reaches T=1700K is marked with a ‘Ο’. 

 



 

60 

 

Figure 24. Set of cases 1- Total hydrogen production rate as a function of time elapsed 

after SCRAM. 

 

During the progression of the SA scenario, several inflexion points in the hydrogen 

production rate can be observed, indication changes in the cladding oxidation response. 

Taking the 2µm thick Cr-coated cladding as an example, several variations in the surface 

temperature increase slope are evident. The first change can be attributed to an acceleration 

in the oxidation progress. The second change, occurring at approximately t~300s, results 

from the model allowing partial Zr oxidation once its implementation condition is met-

namely, that 90min have elapsed since the onset of oxidation (10% of full Zr oxidation). 

Later, at approximately t~320s, the curve slope becomes steeper as full Zr oxidation is 

enabled, following the surface temperature reaching the eutectic mixture melting 

temperature, which is the onset threshold established in the model. Further variations are not 

considered, as the model accounts for partial material melting and its relocation at the reactor 

core, and this was not considered in the implementation for the coating layer. 

Note that the time and maximum surface temperature axis ranges in Figure 24 are broader 

than those in Figure 23 (and subsequent figures); note that such regions are more opaque. 
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This is intended to illustrate that, despite some changes in certain cladding types not being 

explicitly shown due to model implementation and the chosen SA scenario and the 

temperature range displayed, the overall behaviour of the total hydrogen production rate 

remains consistent across the studied cases. 

The accumulated total hydrogen production during oxidation processes can be calculated by 

integrating the previously exhibited bundle quantity (‘BGTH’) over time; this is presented 

in Figure 25. For each case studied, the time at which the maximum surface temperature 

reaches T=1700K is marked with a ‘Ο’. The total hydrogen production at this temperature 

is compared in the table within Figure 25. 

Additionally, among all cases studied, a comparison of the delay in time (Δt) for producing 

the same amount of total hydrogen production that produced for the bare Zr cladding with 

its surface temperature reaching T=1700K is shown in Figure 25.  

 

 

Figure 25. Set of cases 1- Sum of total hydrogen production rate as a function of time elapsed 

after SCRAM. 
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It is evident that the thicker the Cr-coating, the lower the hydrogen production, which is 

consistent with the protective role of the chromium layer in limiting Zr oxidation. 

Furthermore, hydrogen production is delayed in time. To generate a comparable amount of 

hydrogen to that of the bare Zr cladding once maximum surface temperature reaches 

T=1700K, the 50µm and 5µm thick Cr-coated claddings require an additional 62s and 59s, 

respectively. 

From the data presented in Figure 25, it can be observed that the protective effect of the Cr 

coating exhibits an asymptomatic trend; that is, a significant increase in coating thickness 

does not result in a proportionally greater protective function. For instance, the 5µm thick 

Cr-coated cladding produces 39% of hydrogen generated by the bare Zr cladding when 

compared at maximum surface temperature T=1700K. Under the same considerations, the 

50 µm thick Cr-coated cladding produces approximately 31% of the hydrogen produced by 

the bare Zr case. 

For thinner coatings, the reduction in hydrogen production is less pronounced, and the delay 

in its production is shorter. Such is the case for the 1µm thick Cr-coated cladding, which 

produces 83% of hydrogen produced for bare Zr once the maximum surface temperature 

reaches T=1700K, with a delay of approximately 8s. 

For these reasons, the 5µm thick Cr-coated cladding case is selected for further analyses, as 

it represents the minimum coating thickness that substantially delays the onset of Zr 

oxidation while significantly reducing total hydrogen production as the same surface 

temperature considered. 

6.2  Set of cases 2: Power level variation 

For the second set of cases under study, a 5µm thick Cr-coated cladding is considered for all 

cases, while the power level varies between them. As mentioned beforehand, after 50s, the 

mass flux is set at zero and the reactor core level starts to decrease. For this set, the core level 

drops at different velocities, as their heat production rate varies. Figure 26 exhibits the core 

level for this set of cases. 
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Note that, given scales used for its axis, results for 18.48 kW and 16.63 kW are shown 

overlapped; this is also true for further figures. 

 

 

Figure 26. Set of case 2- Fraction of coolant core level as a function of time elapsed after 

SCRAM. 

 

Figure 27 presents the core maximum surface temperature for all power levels, as provided 

by the SCDAP bundle quantity ‘BGMCT’ [K] (team, s.f.), as a function of the time elapsed 

since reactor shutdown. For the same reasons mentioned in the previous section, the analysis 

is limited within the temperature range of T=727ºC to T=1427ºC. 
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Figure 27. Set of cases 2- Maximum surface temperature as a function of time elapsed 

after SCRAM. 

 

As expected, the lower the power level results into a slower oxidation process. As 

implemented in the cr_igb model, all cases in this second set experience partial 10% Zr 

oxidation, which is triggered once elapsed time after temperature exceeds T=1000K (and 

remains below T=1586K) surpasses t=90min (but remains below t=180min). These events 

are marked with a ‘Δ’. Slighter slope changes, making the temperature increase steeper, may 

be observed, which appears to be linked to accelerated oxidation dynamics at higher 

temperatures. 

For the 38.98kW power level, oxidation progresses more rapidly, reaching the maximum 

surface temperature limit. Once the temperature reaches T=1586K, full Zr oxidation is 

enabled; a schematic representation can be found in Figure 17. In contrast, for cases with 

lower power levels, the SA scenario conditions are less severe, allowing oxidation to 

progress more gradually. The second oxidation trigger, which enables partial 25% Zr 

oxidation, occurs when elapsed time after the temperature exceeds T=1000K (but remains 

below T=1586K) surpasses t=180min. These events are marked with a ‘□’. 
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Furthermore, in all cases where the power level is P=18.48kW or lower, as oxidation 

progresses over time, the temperature increase curves exhibit an additional change in slope. 

This occurs when the chromium coating layer is fully oxidised. Once this happens, regardless 

of the maximum surface temperature fuel rods present, the chromia layer is deactivated and 

full Zr oxidation is enabled. Consequently, no additional slope change is observed once the 

surface temperature reaches the eutectic mixture melting temperature (T=1586K). A 

schematic representation is provided in Figure 16. 

The two lowest power level cases are not displayed in Figure 27 but are presented in Figure 

28, due to the longer time scale required compared to the other cases. However, the 

explanation provided for the latter cases applies; for further analyses, these lowest power 

level cases are disregarded. Nonetheless, it is unlikely that no corrective actions would be 

taken to mitigate the accident scenario. 

 

Figure 28. Set of cases 2- Wider time range for surface temperature vs elapsed time. 

 

Figure 29 reports the hydrogen production rate from the 32 fuel rods simulated, which is 

reported by the SCDAP bundle quantity ‘BGTH’ [kg/s] (team, s.f.). This figure illustrates 

the total hydrogen production rate for all power levels, as a function of the time elapsed since 
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reactor shutdown. For each case, the time at which maximum surface temperature reaches 

T=1700K is marked with a ‘Ο’. 

Note that, given scales used for its axis, results for 18.48 kW and 16.63 kW are shown 

overlapped. However, the ‘Ο’ for marking the point in which surface temperature reaches 

T=1700K for these two cases are differed in time; this is also true for further figures. 

 

 

Figure 29. Set of cases 2- Total hydrogen production rate as a function of time elapsed 

after SCRAM. 

 

As mentioned on the previous section, the total hydrogen production rate corresponds to the 

inflexion points observed in temperature increase curves in Figure 28. It is important to note 

that a similar trend is observed across all cases, as previously discussed. Since the primary 

difference between cases lies in their power levels, a lower power level results in a slower 

oxidation process. However, while the overall oxidation behaviour remains consistent across 

all cases, the maximum hydrogen production rates are lower and sustained for longer 

duration.  
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The accumulated total hydrogen production during oxidation processes can be calculated by 

summing the previously exhibited bundle quantity (‘BGTH’) over time; this is presented in 

Figure 30. Moreover, for each case studied, the time at which the maximum surface 

temperature reaches T=1700K is marked with a ‘Ο’. 

 

 

Figure 30. Set of cases 2- Sum of total hydrogen production rate as a function of time elapsed 

after SCRAM. 

 

Once again, one can observe that oxidation dynamics vary across cases, as lower power 

levels result in a longer time to eventually reach similar total hydrogen production levels. 

Additionally, Table 7 provides a comparison of hydrogen accumulation at the point where 

the maximum surface temperature reaches T=1700K for all power levels considered, cases 

considered, relative to the 38.98kW power level case. 
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Table 7. Set of cases 2- Time elapsed while oxidation process occurs and total hydrogen 

production until T=1700K, and their comparison relative to the bare Zr cladding oxidation 

Case 
Δt (s)  

T ∈ [1000K, 1700K] 
Total hydrogen production [g] Comparison to bare Zr 

38.98kW 105 0.24 100.00% 

18.48kW 220 0.18 77.97% 

16.63kW 240 0.05 21.14% 

13.86kW 285 0.04 17.92% 

11.09kW 350 0.07 29.14% 

9.24kW 420 0.10 41.51% 

8.32kW 465 0.09 36.24% 

7.21kW 530 0.14 61.20% 

0.56kW 6350 0.44 187.62% 

0.41kW 8180 0.57 241.81% 

 

As power level decreases, lower total hydrogen production is observed once the maximum 

surface temperature reaches T=1700K. This may be attributed to the slower core-level 

decrease at lower power levels; as a result, some upper regions of the hot fuel rod reach this 

temperature, but a smaller cladding surface area is exposed to hot steam.  

Consequently, less oxidation occurs at the moment in which surface temperature reaches this 

point, leading to reduced hydrogen production if the accident is prevented from progressing 

after similar elapsed time. However, if the reactor cannot be brought to a safe state after a 

short time, a similar total hydrogen production is expected regardless of the type of cladding 

used. 

It can be concluded that, for lower power density nuclear reactors, chromium coatings 

provide more effective protection for the Zr substrate against oxidation, thereby reducing 

total hydrogen production and delaying heat production. This delay offers control room 

operators and the Emergency Core Cooling System (ECCS) more time to respond and 

prevent the progression of the accident. 

Noted that, for the two lowest power level cases, total hydrogen production is more than 

twice the amount produced for the 38.98 kW case. However, the time elapsed for this is quite 

large in comparison to the latter (~3.5h in comparison to ~5min). This factor must be 

considered for really low-power density nuclear reactors where such accidental scenarios are 

feasible. For instance, this precaution is to be considered for some Small Modular Reactors 

(SMRs).  
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7  Limitations and future improvements 

While the current work provides valuable information for Cr-coated Zr-based cladding 

oxidation processes during SA conditions and under hot steam environment, the cr_igb 

model developed is associated with some constraints, which are listed below. 

Some assumptions considered for developing this model, particularly those regarding the 

oxidation process, should be noted. For instance, this mode simplifies the oxidation 

progression by assuming that Cr coating oxidation continues until metallic chromium is fully 

oxidised, without addressing Cr-Zr interactions like Cr2O3 as ZrO2 is thermodynamically 

more stable. Moreover, temperature-activated diffusion processes are also neglected. Then, 

hydrogen and heat generations are underestimated. However, this limitation is compensated 

for by the addition of partial Zr oxidation, estimated from experimental results. 

Note that experimental data used for developing the model derives from previous studies, 

but they do not fully represent the operational conditions for power reactors. The influence 

of neutron irradiation, mechanical stresses, and coolant flow dynamics can significantly 

impact on the Cr-coated cladding behaviour. 

Once maximum surface temperature reaches T=1586K or the chromium coating is fully 

oxidised, this model converts Cr₂O₃ to ZrO₂, and full Zr oxidation is implemented. In reality, 

oxidation rate may not increase as abruptly as predicted, and the intermetallic formation 

could have an impact the reaction kinetics; experiment projects used for this model lack of 

a comparison for Zr oxidation quantification for coated and uncoated claddings. For coping 

with this limitation, a multiplier could be added to the cr_igb model implementation. 

Additionally, this model does not explicitly incorporate the effects of stress states in the fuel 

cladding, which could influence the mechanical stability of oxide layers. This could impact 

oxidation kinetics, and potentially expose the metallic surface to hot steam. 

For improving its accuracy, future research may be focused on implementing diffusion 

processes in the model, allowing for a more precise representation of Cr-Zr-O interactions. 

Moreover, the real implementation of chromium as a material on the model could enhance 

the predictions of the cladding behaviour. 
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An initial Cr2O3 thickness in the input file can be implemented to evaluate the behaviour of 

the system near the full Zr oxidation transition when the maximum surface temperature 

reaches T=1586 K. This is suggested because, when plotting the SCDAP bundle quantity 

‘OXDEO’ [m] (the oxide layer thickness), a step-like function can be observed between the 

Cr to Zr oxidation transition for the axial node #6 of the fuel rod. 

Another step for future works build upon the this thesis would be to produce a robust 

validation of the cr_igb model, using an independent experimental dataset. While the model 

has undergone thorough verification with several cases, true confidence in its predictive 

capabilities for real-world scenarios will come from testing it against data not used during 

its development or calibration. This independent validation would involve comparing the 

predictions of the model for temperature profiles, oxidation rates, and hydrogen and heat 

generation rates (and overall quantities) with results from new experimental campaigns. 

Finally, an uncertainty analysis for the cladding oxidation processes is required as a future 

improvement of the model. This would quantify and characterise the variability of the model 

output, and contribute to the validation and verification of the model. 
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8  Conclusions 

Accident Tolerant Fuels are a leap forward in nuclear safety, as they are designed to keep 

the fuel performing better when Severe Accident scenarios are developed at the nuclear 

reactor. Furthermore, chromium-coated Zr-based cladding is a viable alternative to be 

quickly implemented on current reactor designs, as it is compatible with nuclear fuels but 

improving the fuel resistance to oxidation and a great thermal stability. 

This master’s thesis provided thorough research on the thermodynamic behaviour, oxidation 

kinetics, and the failure mechanisms of chromium-coated zirconium-based cladding, as this 

is among the front-runners for the next generation of nuclear fuels: Accident Tolerant Fuels. 

The development of the cr_igb model stands as a central achievement of this work, 

demonstrating a the approach of understanding the complex physico-chemical processes 

active during severe accidents, for predicting the response of the system later. The 

development of the model involved a meticulous search and successful interpretation of 

available information for physico-chemical processes related to severe accidents. This 

included a deep understanding of thermodynamics of the Cr-Zr system (including phase 

diagrams and relative stabilities of oxides), to establish a comprehensive understanding of 

oxidation and diffusion phenomena. Note that the model benefits from the integration of 

materials engineering background and acquired nuclear background, allowing for a rounded 

perspective on the challenges of nuclear fuel safety and the potential of advanced materials. 

However, for the development of the cr_igb model incorporates simplifications of the 

physico-chemical processes as current experimental data is yet limited. This approach 

enabled the extraction of key kinetic and thermophysical parameters from complex 

experimental datasets for their computational implementation, while retaining essential 

physical phenomena. 

The model was implemented within the RELAP/SCDAPSIM/MOD3.4, allowing for the 

simulation of surface temperature progression, oxidation kinetics, and associated heat and 

hydrogen generation rates in high-temperature steam environments. Finally, the verification 

of the model with several cases of study provided confidence in its correctness, consistency, 

and reproducibility, laying a groundwork for future validation against real-world scenarios. 



 

72 

From results obtained for the Cr-coated Zr-based cladding oxidation processes, SA 

conditions and with a hot steam environment, it can be concluded that, up to certain extend, 

Cr coatings have demonstrated to be effectively delaying Zr oxidation, which also 

contributes to an exhibit lower hydrogen and heat production rates, and their overall 

quantities generated, if the accident is prevented from progressing after a short time. If this 

is not the case, overall quantities are roughly the same, regardless of the type of cladding 

used. 

However, beyond a certain chromium coating thickness, the improvement on its protective 

function becomes marginal, indicating an asymptotic limit to the protective benefits of 

additional Cr layers. 

For the first set of cases, among analysed cases for a constant power level of 38.98kW, the 

5µm thick Cr-coated cladding appears to be the best cost-effectiveness balance, considering 

oxidation resistance, performance improvements under SA scenarios, manufacturability, and 

material feasibility. For this type of cladding, the simulation showed that it produced 39% 

of total hydrogen generated by bare Zr cladding when compared at maximum surface 

temperature (T=1700K); for further progression of the accident, the response of the system 

is roughly independent of the type of cladding used. Significantly thicker chromium coatings 

yielded only minor improvements over this case. 

Additionally, this master’s thesis addresses the power level role when considering oxidation 

kinetics for Cr-coated Zr-based claddings; from the previous results, this second set of cases 

considers a 5µm thick Cr-coated cladding type. It can be concluded that, for lower power 

nuclear reactors, chromium coatings provide more effective protection for the Zr substrate 

against oxidation, thereby reducing total hydrogen production and delaying heat production. 

This delay offers control room operators and the ECCS more time to respond and prevent 

the progression of the accidental conditions the reactor is under. The contrary is valid as 

well; if fast SA scenarios are developed, the Cr coating protective function would have a 

limited impact on the systems’ response. 

However, it should be noted that, for the two lowest power level cases, total hydrogen 

production is approximately double that of the 38.98 kW case. This factor must be 

considered for really low-power nuclear reactors where such accidental scenarios are 

feasible. For instance, this precaution is to be considered for SMRs. 
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While the cr_igb model provides a useful implemented framework for evaluating the 

cladding oxidation behaviour under SA scenarios, further details are necessary to be 

implemented so its predictive capabilities are improved. For instance, some improvements 

that can be currently implemented on the cr_igb model are: incorporating amore detailed 

diffusion mechanisms and their associated effects, mechanical stresses developed in the fuel 

cladding that may contribute to its early failure, etc. These enhancements could contribute 

in the ATF implementation on nuclear reactors, improving its safety, providing the system 

with longer accident response times and minimising hydrogen-related hazards in extreme 

conditions.  
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Appendix 1. Material properties of interest for Cr 

For calculations that parabolic rate equation is used, both parabolic constants A and B are 

required by MATPRO (see Eq. (6)). Such constants are estimated as developed in Section 

5.2.1 . Note that chromium temperature, TCr, is calculated from chromium properties such 

as heat capacity Cp, thermal conductivity k and chromium thickness (δCr = ε1 -  δ Cr2O3). 

The weight gain per unit of surface, 
𝜕𝑤

𝜕𝑡
 [kg/m2]. This is calculated by multiplying thickness 

affected by density of oxygen in the volume (
𝜕𝑤

𝜕𝑡
=δ·ρ0). Oxygen density is calculated by 

multiplying oxygen weight fraction in chromia and chromia density (ρ0=ω0·ρCr2O3). 

Chromia density is calculated as 

𝜌𝐶𝑟2𝑂3(𝑇) =
𝑚𝐶𝑟2𝑂3
𝑉(𝑇)

=
𝑚𝐶𝑟2𝑂3

𝑉(𝑇0)(1 + 3𝛼Δ𝑇)
=

𝜌𝐶𝑟2𝑂3
0

1 + 3𝛼Δ𝑇
  

(12)   

where 𝜌𝐶𝑟2𝑂3
0 is chromia density at 25ºC (𝜌𝐶𝑟2𝑂3

0 = 5.22 𝑔/𝑐𝑚3) (Lide, 2004), and 𝛼 

(Kudielka, 1972)i is the LTEC, which depends on the temperature. For deciding the value to 

be used for LTEC, the following expression is used 

            7.12 ⋅ 10−6  1/𝐾    𝑖𝑓    298𝐾 < 𝑇 < 1343𝐾 

𝛼 (𝑇) =  9.53 ⋅ 10−6   1/𝐾     𝑖𝑓    1343𝐾 < 𝑇 < 1743𝐾 

          12.9 ⋅ 10−6  1/𝐾     𝑖𝑓    1743𝐾 < 𝑇 < 1943𝐾 

(13)   

On the other hand, oxygen weight fraction in chromia, 𝜔0, is calculated as per 

𝜔0 =
𝑚𝑂

𝑚𝐶𝑟 +𝑚𝑂
=

3 ⋅ 15.999
𝑔

𝑚𝑜𝑙𝐶𝑟203
  

3 ⋅ 15.999
𝑔

𝑚𝑜𝑙𝐶𝑟203
+ 2 ⋅ 51.9961

𝑔
𝑚𝑜𝑙𝐶𝑟2𝑂3

 

≈ 0.316 

(14)   

 
ii Such reference provides two different LTEC, as the material considered showed anisotropy. For the model, 

this property was averaged. 



 

ii 

Hydrogen and steam production rates (𝐻2̇ [
𝑘𝑔𝐻2

𝑠
] and 𝐻2𝑂̇  [

𝑘𝑔𝐻2𝑂

𝑠
], respectively) are function 

of the weight gain per unit of surface, 
𝜕𝑤

𝜕𝑡
 [kg/m2]. 

On one hand, hydrogen production rate is calculated by 

𝐻̇2 =
1

8
𝑆
𝑑𝑤

𝑑𝑡
=
1

8
(𝑆𝐶𝑟2𝑂3

𝑑𝑤𝐶𝑟2𝑂3
𝑑𝑡

+ 𝑆𝑍𝑟𝑂2
𝑑𝑤𝑍𝑟𝑂2
𝑑𝑡

)

≈
1

8
𝑆 (
𝑑𝑤𝐶𝑟2𝑂3
𝑑𝑡

+
𝑑𝑤𝑍𝑟𝑂2
𝑑𝑡

) 

(15)   

where 𝑆 original surfaceii, and 
𝑑𝑤𝑖

𝑑𝑡
 is the weight gain for Cr2O3 and ZrO2. While the weight 

gain for ZrO2 is already implemented on the software used, the weight gain for Cr2O3 is 

calculated as per 

𝑑𝑤𝐶𝑟2𝑂3(𝑡,𝑇)

𝑑𝑡
= 0      𝑓𝑜𝑟 𝑇 < 1000𝐾 

 

(16)   

[2 ⋅ 𝐴𝑎𝑣𝑔 ⋅ exp (−
𝐵𝑎𝑣𝑔

𝑇
)] (2 ⋅ 𝐴𝑎𝑣𝑔 ⋅ exp (−

𝐵𝑎𝑣𝑔

𝑇
) ⋅ Δ𝑡 + 𝛿0

2)
−1/2

𝜔𝑂 ⋅
𝜌𝐶𝑟2𝑂3
0

1 + 3𝛼Δ𝑇
 𝑓𝑜𝑟 1000𝐾 < 𝑇 < 1586𝐾 

On the other hand, steam production rate is calculated by 

𝐻2𝑂̇ =
9

8
𝑆
𝑑𝑤

𝑑𝑡
=
9

8
(𝑆𝐶𝑟2𝑂3

𝑑𝑤𝐶𝑟2𝑂3
𝑑𝑡

+ 𝑆𝑍𝑟𝑂2
𝑑𝑤𝑍𝑟𝑂2
𝑑𝑡

) ≈
9

8
𝑆 (
𝑑𝑤𝐶𝑟2𝑂3
𝑑𝑡

+
𝑑𝑤𝑍𝑟𝑂2
𝑑𝑡

) 
(17)   

Furthermore, oxidation heat rate, Qox, is function of the reactor enthalpy, Hr(T), as per 

𝑄𝑜𝑥[
𝐽

𝑠
] =

𝑀

𝑀𝑂2
𝐻𝑟𝑆 ⋅

𝜕𝑤

𝜕𝑡
≈
𝑆

𝑀02
(𝑀𝐶𝑟 ⋅ 𝐻𝑟𝐶𝑟2𝑂3

𝑑𝑤𝐶𝑟2𝑂3
𝑑𝑡

+ 𝑀𝑍𝑟 ⋅ 𝐻𝑟𝑍𝑟
𝑑𝑤𝑍𝑟𝑂2
𝑑𝑡

) 
(18)   

where M is the molar mass (𝑀𝐶𝑟 = 0.1519962 𝑘𝑔/𝑚𝑜𝑙,), and the enthalpy of reaction is 

calculated as 𝐻𝑟(𝑇) = Δ𝐻(𝑇), where Δ𝐻 = ∑𝑎𝑖 ⋅ 𝐻𝑃 − ∑𝑏𝑖 ⋅ 𝐻𝑅, where 𝑎𝑖 and 𝑏𝑖 are the 

stoichiometric coefficients of the oxidation reaction 2 < 𝐶𝑟 > +3(𝐻2𝑂) ↔< 𝐶𝑟2𝑂3 >

+6(𝐻2).  

Note that, for this particular case, enthalpy is calculated as per 

 
ii This considers the ballooning, and it is calculated by a given SCDAP subroutine. As a first approach for the 

current model, C ballooning is considered to be equivalent to Zircaloy-4 ballooning due to lack of experimental 

information on Cr behaviour. 
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Δ𝐻(𝑇) = Δ𝐻º(298𝐾) + ∫ 𝐶𝑝
∗ ⋅ d𝑇

𝑇

298𝐾

 

Δ𝐻(𝑇) [
𝑐𝑎𝑙

2 𝑚𝑜𝑙 𝐶𝑟
] = (−96615𝑐𝑎𝑙) + [34.46Δ𝑇 − 2.76 ⋅ 103(Δ𝑇)2 + 1.5 ⋅ 10−5(Δ𝑇)−1]𝑐𝑎𝑙 

Δ𝐻(𝑇) [
𝐽

𝑘𝑔 𝐶𝑟
] = Δ𝐻(𝑇) [

𝑐𝑎𝑙

2 𝑚𝑜𝑙 𝐶𝑟
] ⋅

1

2𝑀𝐶𝑟 (
𝑘𝑔
𝑚𝑜𝑙

)
⋅
4.184𝐽

𝑐𝑎𝑙
 

(19)   

 As 𝑀𝐶𝑟 ≈ 0.052
𝑘𝑔

𝑚𝑜𝑙
 and considering Δ𝑇 are defined from 298K until the temperature 

reached for the oxide, final expression for enthalpy of reaction is  

Note that for Zr, both enthalpy of reaction and heat production rate are already implemented 

in the software. 

Chromium density ρCr2O3(T) [kg/m3], where T is temperature [K]), from Stankus data 

(Thurnay, 1998): 

298K≤T<2126K  ρCr2O3(T)= −6.7594⋅10−8⋅𝑇3+1.1126⋅10−4⋅𝑇2−0.2506⋅𝑇+ 

7270.8824  

𝑟2=0.9997 

T>2126K  ρCr2O3(T)= −0.6680⋅𝑇+7590.2669  𝑟2=0.9999 

Thermal conductivity k(T) [W/m K], where T is temperature [K], from (Holzwarth & 

Stamm, 2002): 

293K≤T<1273K  k(T)= −2⋅10−6𝑇2−0.0262⋅𝑇+93.623  𝑟2=0.9955 

Specific heat capacity Cp(T) [J/kg K], where T is temperature [K], from (Holzwarth & 

Stamm, 2002): 

293K≤T<1273K  Cp(T)= −1.5906⋅10−7⋅𝑇3+4.10614⋅10−4⋅𝑇2−0.138466⋅𝑇+494.4626  r2=0.995 

  

𝐻𝑟
𝐶𝑟2𝑂3(𝑇) [

𝐽

𝑘𝑔 𝐶𝑟
] = −3.887 ⋅ 106 + 1386.46Δ𝑇 − 1.1104 ⋅ 105(Δ𝑇)2 + 6.035 ⋅

10−4(Δ𝑇)−1 𝑓𝑜𝑟 350𝐾 ≤ 𝑇 ≤ 1800𝐾 

(3)   
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Appendix 1. Python script for estimating parabolic rate constant 

# author: Ivan Bravo 
 
# =============================================================== 
 
from IPython import get_ipython 
get_ipython().magic('reset -sf') 
import numpy as np 
import matplotlib.pyplot as plt 
from scipy.optimize import curve_fit 
from sklearn.metrics import r2_score 
 
# =============================================================== 
 
# Define experimental points (datasetT1 y datasetT2 give a matrix 

of points [1e4/T (K-1),Kp (cm2s-1)], three points each) 
 
#USING FRAMATOME EXPERIMENTAL POINTS REPORTED 
dataset1 = np.array([[7.27360774818401, 1.08845333895571E-

11],[7.84987893462469, 1.64244485683006E-
12],[9.31719128329297, 4.84822561847167E-14]]) 

Tpoints1=1e4/dataset1[:,0]  #To change from 1e4/T (K-1) into T (K) 
Kppoints1=dataset1[:,1]/1e4 #To express it in m2s-1 as in the 

"Damage Progression Model Theory", instead of cm2s-1 as 
reported. 

dataT1=np.array([[Tpoints1[0], Kppoints1[0]],[Tpoints1[1], 
Kppoints1[1]],[Tpoints1[2], Kppoints1[2]]]) 

 
#1) ============================================================== 
 
#USING CEA EXPERIMENTAL POINTS REPORTED 
dataset2 = np.array([[6.34866828087167, 9.79033485388475E-

10],[6.78450363196125, 1.84545854713991E-
10],[7.84987893462469, 2.56296296880878E-12]]) 

Tpoints2=1e4/dataset2[:,0] 
Kppoints2=dataset2[:,1]/1e4 
dataT2=np.array([[Tpoints2[0], Kppoints2[0]],[Tpoints2[1], 

Kppoints2[1]],[Tpoints2[2], Kppoints2[2]]]) 
 
# Define fitting function: 
def Kp (T, A, B): 
   return 2*A*np.exp(-B/T) 
 
# Fitting and calculation of r^2 for dataT1 (FRAMATOME): 
popt1, pcov1 = curve_fit(Kp, dataT1[:,0], dataT1[:,1]) 
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r_squared1 = 1 - (np.sum((dataT1[:,1] - Kp(dataT1[:,0], *popt1))**2) 
/ np.sum((dataT1[:,1] - np.mean(dataT1[:,1]))**2)) 

A_1, B_1 = popt1 
 
# Fitting and calculation of r^2 for dataT2 (CEA): 
popt2, pcov2 = curve_fit(Kp, dataT2[:,0], dataT2[:,1]) 
r_squared2 = 1 - (np.sum((dataT2[:,1] - Kp(dataT2[:,0], *popt2))**2) 

/ np.sum((dataT2[:,1] - np.mean(dataT2[:,1]))**2)) 
A_2, B_2 = popt2 
 
# Create a vector for plotting, using 100 equidistant points between 

min and max points from dataT1 and dataT2: 
x = np.linspace(np.min(np.concatenate([dataT1[:,0], dataT2[:,0]])), 

np.max(np.concatenate([dataT1[:,0], dataT2[:,0]])), 100) 
 
# Print A, B y r^2, for each fitting: 
print() 
print() 
print("For dataset 1 (FRAMATOME):") 
print() 
print("A_1 =", A_1) 
print("B_1 =", B_1) 
print("r^2_1 =", r_squared1) 
print() 
print() 
print("For dataset 2 (CEA):") 
print() 
print("A_2 =", A_2) 
print("B_2 =", B_2)    
print("r^2_2 =", r_squared2) 
 
 
# Plotting experimental datapoints, and their fitting curves: 
plt.scatter(dataT1[:,0], dataT1[:,1], c='b', label='Framatome 

dataset') 
plt.scatter(dataT2[:,0], dataT2[:,1], c='r', label='CEA dataset') 
plt.plot(x, Kp(x, A_1, B_1), 'b--', label='Framatome fit') 

#(A={A_1:.2e}, B={B_1:.2e}, R^2={r_squared1:.2f})') 
plt.plot(x, Kp(x, A_2, B_2), 'r--', label='CEA fit') #(A={A_2:.2e}, 

B={B_2:.2e}, R^2={r_squared2:.2f})') 
 
 
# Agregar leyenda y ajustar escalas de los ejes y grid 
plt.legend(loc='upper left') 
plt.xscale('linear') 
plt.yscale('log') 
plt.grid(True, which='both') 
plt.minorticks_on() 



 

vi 

plt.xlabel('Temperature [K]') 
plt.ylabel('Parabolic rate constant Kp [m2 s-1]') 
plt.rcParams['figure.dpi'] = 400 
 
plt.show() 
 
# 2)============================================================= 
 
#For evaluating uncertainties while using average values of A and 

B, one can take all [x,y] points together 
# and fit experimental points once again as before: 
 
xdata=np.array([dataT1[0,0], dataT1[1,0], dataT1[2,0], dataT2[0,0], 

dataT2[1,0], dataT2[2,0]]) 
 
# 3) ============================================================= 
 
ydata=np.array([dataT1[0,1], dataT1[1,1], dataT1[2,1], dataT2[0,1], 

dataT2[1,1], dataT2[2,1]]) 
 
# 4) ============================================================= 
 
params_avg, pcov_avg = curve_fit(Kp, xdata, ydata)#, p0=[A_avg, 

B_avg]) w/ or w/o initialization, the result and computational 
time are the same 

A_avg, B_avg=params_avg 
y_ajuste_avg = Kp(xdata, params_avg[0], params_avg[1]) 
r2_avg = r2_score(ydata, y_ajuste_avg) 
 
print() 
print() 
print("Fitting while using all experimental points together:") 
print("A_avg =", params_avg[0]) 
print("B_avg =", params_avg[1]) 
print("r^2_avg =", r2_avg) 
 
 
# Experimental datapoints from FRAMATOME: 
x1 = np.array([dataT1[0,0], dataT1[1,0], dataT1[2,0]]) 
y1 = np.array([dataT1[0,1], dataT1[1,1], dataT1[2,1]]) 
 
# Experimental datapoints from CEA: 
x2 = np.array([dataT2[0,0], dataT2[1,0], dataT2[2,0]]) 
y2 = np.array([dataT2[0,1], dataT2[1,1], dataT2[2,1]]) 
 
# Uncertainties (taken just as the arithmetic mean of A1 and A2, and 

B1 and B2): 
delta_A = abs(A_1 - A_2) / 2 
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delta_B = abs(B_1 - B_2) / 2 
 
Kp_avg=2*A_avg*np.exp(-B_avg/xdata) 
 
# Plotting all together: 
 
# 5) ============================================================= 
plt.scatter(x1, y1,  c='b', label='Framatome dataset') 
plt.scatter(x2, y2,  c='r', label='CEA dataset') 
plt.scatter(xdata, Kp_avg,  c='g', label='CEA dataset') 
plt.plot(x, Kp(x, A_1, B_1), 'b--', label='Framatome fit') 

#(A={A_1:.2e}, B={B_1:.2e}, R^2={r_squared1:.2f})') 
plt.plot(x, Kp(x, A_2, B_2), 'r--', label='CEA fit') #Falta lo del 

renglon de arriba, aca 
plt.plot(x, Kp(x, A_avg, B_avg), 'g--', label='CEA and FRAMATOME 

fit') 
 
# 6) ============================================================= 
plt.fill_between(x, Kp(x, A_avg - delta_A, B_avg - delta_B), 
                Kp(x, A_avg + delta_A, B_avg + delta_B), 
                alpha=0.2, color='g', label='Uncertainties') 
#plt.fill_between(x, Kp(x, A_avg - delta_A, B_avg - delta_B), 
#                Kp(x, A_avg + delta_A, B_avg + delta_B), 
#                alpha=0.2, color='g', label='Incertezas') 
plt.legend(loc='lower right') 
plt.xscale('linear') 
plt.yscale('log') 
plt.grid(True, which='both') 
plt.minorticks_on() 
plt.xlabel('Temperature [K]') 
plt.ylabel('Parabolic rate constant Kp [m2 s-1]') 
plt.rcParams['figure.dpi'] = 400 
plt.show() 
 
#In this figure, oxide thickness [m] as a function of time, for 

different temperatures is shown: 
 
T_range= np.linspace(1000, 1600, 10) 
t= np.linspace(0, 36000, 100) 
 
 
def ox_scale(t, Kp): 
     return (Kp(T,A_avg, B_avg)*t)**(1/2) 
  
# Initialize an empty array to store the ox_scale values 
ox_scale_values = np.zeros((len(T_range), len(t))) 
 
# Compute the ox_scale values for each temperature in T_range 
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for i, T in enumerate(T_range): 
    Kp_values = Kp(T, A_avg, B_avg) 
    ox_scale_values[i, :] = np.sqrt((Kp_values * t)) 
 
# Create the plot 
plt.figure() 
for i, T in enumerate(T_range): 
    plt.plot(t, ox_scale_values[i, :], label='T={}'.format(int(T))) 
plt.title('Oxide thickness (t,T)') 
plt.xlabel('Time t [s]') 
plt.ylabel('Oxide Scale Thickness [m]') 
plt.legend(title='Temperature T [K]',loc='upper right') 
plt.xlim(0, 35000)  # Sets limits for x axis 
plt.ylim(0, 2e-5)  # Sets leimits for y axis 
plt.xscale('linear') 
plt.yscale('linear') 
plt.grid(True, which='both') 
plt.minorticks_on() 
plt.rcParams['figure.dpi'] = 400 
 
plt.show()  
# =============================================================== 
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Appendix 2. Boil-off RELAP/SCDAPSIM script  

 = Simple boil off with self checking 
* 
 
*   Parallel core channels modelled with one using a SCDAP component 

to 
*   simulate the fuel and the other using a RELAP5 heat structure, 

both 
*   with the same dimensions and axial power shape and both driven 

with 
*   the kinetics package. 
* 
*   Success is achieved if control variable 110 matches variable 

111. 
*   These variables track heat to the hydrodynamic volumes, and 

should 
*   differ only slightly due to marginal differences in thermal 

properties 
*   and interpolation. 
*   All comparison is invalid once oxidation begins to take effect, 

because 
*   RELAP5 heat structures can't handle that. 
* 
100  new        transnt 
101  run 
102  si         si 
105  3.         5. 
* non-condensible control 
110  hydrogen  helium  nitrogen xenon 
115    1.0      0.0     0.0      0.0 
* time step control 
200  0.0 
201  0.1        1.e-6   0.002   00047   25    200      500 
202  1.0        1.e-6   0.05    00047   10    200      1000 
203  200.0      1.e-6   0.10    00047   5     500      500 
204  340.0      1.e-6   0.001   00047   50    50000    50000 
205  350.0      1.e-6   0.10    00047   5     500      500          
 
******************************************************************

** 
* added parameters 
******************************************************************

** 
20800001 rco 601 
20800002 rnoxd 601 
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20800003 rci 601 
******************************************************************

* 
* Hydrodynamic system.  Boundary conditions are basically an 8 volume 
* pipe with a time-dependent volume and a time-dependent junction 

at 
* bottom and a time dependent volume and single junction at the top. 
* The time-dependent volumes specify hydrodynamic conditions and the 
* time-dependent junction provides mass-flow 
100000  sourvol    tmdpvol 
100101  0.32828  1.0  0.0  0.0  90.0  1.0  0.0  0.0  11 
100200  03 
100201  0.0  6.9e6  550.0 
****************************************************************** 
500000  sourjun    tmdpjun 
500101  010000000  100000000  0.0 
500200  1 
*    mass flow history 
500201  0.0        1.0    0.0     0.0 
500202  50.0      1.0    0.0     0.0 
500204  100.      0.0    0.0     0.0 
500206  9000.    0.0    0.0     0.0 
****************************************************************** 
1000000  testbun    pipe 
1000001  9 
1000101  3.6850e-3  9  *  flow area 
1000201  0.0             8  *  jfa 
1000301  0.1143       9  *  vol length 
1000401  0.0             9  *  volume 
1000501  0.0             9  *  h angle 
1000601  90.0           9  *  v angle 
1000701  0.1143       9  *  dz 
1000801  1.e-6      1.2457e-2    9  *  rough, hd 
1000901  0.0   0.0    8  *  kloss 
1001001  00         9 
1001101  0          8 
1001201  03   6.9e6  550.0    0.0   0.0   0.0       1 * initial 

conditions 
1001202  03   6.9e6  550.0    0.0   0.0   0.0       2 
1001203  03   6.9e6  550.0    0.0   0.0   0.0       9 
1001300  1 
1001301   0.0    1.0   0.0   8 * initial mass flow rate 
******************************************************************

*** 
1500000  sinkjun    sngljun 
1500101  100010000  200000000  1.6464e-3  0.0  0.0  00 
1500201  1     1.0   0.0      0.0 
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******************************************************************
** 

2000000  sinkvol    tmdpvol 
2000101  0.32828   1.0  0.32828  0.0  90.0  1.0  0.0  0.0  11 
2000200  02 
2000201  0.0   6.89e6   1.0 
******************************************************************

*** 
** 2100000  sourvol    tmdpvol 
** 2100101  0.32828  1.0  0.0      0.0  90.0  1.0  0.0  0.0  11 
** 2100200  03 
** 2100201  0.0  6.9e6  550.0 
** 

************************************************************
******** 

** 2500000  sourjun    tmdpjun 
** 2500101  210000000  300000000  0.0 
** 2500200  1 
** *    mass flow history 
** 
** 2500201  0.0        1.0    0.0     0.0 
** 2500202  50.0      1.0    0.0     0.0 
** 2500204  100.      0.0    0.0     0.0 
** 2500206  9000.    0.0    0.0     0.0 
** 

************************************************************
******** 

** 3000000  testbun    pipe 
** 3000001  9 
** 3000101  3.6850e-3  9  *  flow area 
** 3000201  0.0        8  *  jfa 
** 3000301  0.1143     9  *  vol length 
** 3000401  0.0        9  *  volume 
** 3000501  0.0        9  *  h angle 
** 3000601  90.0       9  *  v angle 
** 3000701  0.1143     9  *  dz 
** 3000801  1.e-6      1.2457e-2    9  *  rough, hd 
** 3000901  0.0   0.0  8  *  kloss 
** 3001001  00         9 
** 3001101  0          8 
** 3001201  03   6.9e6  550.0    0.0   0.0   0.0       1 * initial 

conditions 
** 3001202  03   6.9e6  550.0    0.0   0.0   0.0       2 
** 3001203  03   6.9e6  550.0    0.0   0.0   0.0       9 
** 3001300  1 
** 3001301   0.0    1.0   0.0   8 * initial mass flow rate 
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** 
************************************************************
********* 

** 3500000  sinkjun    sngljun 
** 3500101  300010000  400000000  1.6464e-3  0.0  0.0  00 
** 3500201  1     1.0   0.0      0.0 
** 

************************************************************
******** 

** 4000000  sinkvol    tmdpvol 
** 4000101  0.32828   1.0  0.32828  0.0  90.0  1.0  0.0  0.0  11 
** 4000200  02 
** 4000201  0.0   6.89e6   1.0 
******************************************************************

******* 
*   kinetics input - taken from Surry input with power set to 58.5e3 

w and evaluated after 1sec of decay (wigner-way formula at 1s 
ec)  * 

******************************************************************
******* 

* 
*vmq point kinetics disabled 
*30000000  point separabl 
*30000001  gamma-ac 0.274e3  0.0 244.0 1.0 0.7 
*30000002  ans79-3 200. .49 .07 .44 
** 
** previous power history data 
*30000401  58.5e3   104.  wk  .49 .07 .44 
**30000402  275.   86400.  sec  .49 .07 .44 
* 
******************************************************************

**** 
* 
*                relap5 heat structures 
* 
******************************************************************

**** 
*        heat structure 3001      fuel rods 
** 13001000     8    17    2     1     0.0        0 
** 13001100           0           1 
** 13001101           6           4.135e-3 
** 13001102           2           4.215e-3 
** 13001103           8           4.815e-3 
** 13001201           5           6 
** 13001202           6           8 
** 13001203           4           16 
** 13001301           1.0         6 
** 13001302           0.0         16 
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** 13001401           575.0       17 
** 13001501    0           0       0    1   3.6576     8 
** 13001601    300010000   10000   1    1   3.6576     8 
** 13001701    1000  0.07426  0.0   0.0    1 
** 13001702    1000  0.11758  0.0   0.0    2 
** 13001703    1000  0.14851  0.0   0.0    3 
** 13001704    1000  0.16584  0.0   0.0    4 
** 13001705    1000  0.16584  0.0   0.0    5 
** 13001706    1000  0.14851  0.0   0.0    6 
** 13001707    1000  0.11386  0.0   0.0    7 
** 13001708    1000  0.06560  0.0   0.0    8 
** 13001901    0.0   10.0   10.0   0.0   0.0   0.0   0.0   1.0   8 
* 
******************************************************************

**** 
* 
*                       material properties 
* 
*  conductivity values in units of Watts/m-K 
*  volumetric heat capacity values in units of J/m3-K 
* 
******************************************************************

**** 
*  thermal properties of cladding - composition 4 
******************************************************************

**** 
20100400 tbl/fctn         2         1          * cladding 
20100401  295.0  2800.0  1.67  3.62e-4  0.0  0.0  0.0  0.0  0.0 
 
* vol. heat cap. vs temp. 
20100451  295.0  2.711e6 
20100452  550.0  3.736e6 
20100453  1481.0  4.297e6 
20100454  1500.0  3.630e6 
20100455  1991.0  3.630e6 
20100456  2950.0  4.920e6 
20100457  4000.0  3.600e6 
******************************************************************

**** 
*  thermal properties of uo2 - composition 5 
******************************************************************

**** 
20100500 tbl/fctn         1         1          * uo2 
20100501            3.601500e2     8.000148e0 
20100502            4.401500e2     7.000129e0 
20100503            5.001500e2     6.200115e0 
20100504            5.331500e2     5.782412e0 
20100505            6.164833e2     4.622765e0 
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20100506            6.998167e2     4.633170e0 
20100507            7.831500e2     4.221262e0 
20100508            8.664833e2     3.880321e0 
20100509            9.498167e2     3.596453e0 
20100510            1.033150e3     3.357632e0 
20100511            1.088706e3     3.155136e0 
20100512            1.199817e3     2.983793e0 
20100513            1.283150e3     2.836688e0 
20100514            1.366483e3     2.713820e0 
20100515            1.449817e3     2.608210e0 
20100516            1.533150e3     2.521667e0 
20100517            1.616483e3     2.449017e0 
20100518            1.699817e3     2.391882e0 
20100519            1.977594e3     2.289762e0 
20100520            2.255372e3     2.307083e0 
20100521            2.533150e3     2.433441e0 
20100522            2.810928e3     2.661856e0 
20100523            3.088706e3     2.994199e0 
20100551            2.731500e2     2.310427e6 
20100552            3.231500e2     2.571985e6 
20100553            3.731500e2     2.746357e6 
20100554            4.731500e2     2.920729e6 
20100555            6.731500e2     3.138694e6 
20100556            1.373150e3     3.443844e6 
20100557            1.773150e3     3.531030e6 
20100558            1.973150e3     3.792588e6 
20100559            2.173150e3     4.228518e6 
20100560            2.373150e3     4.882412e6 
20100561            2.673150e3     6.015829e6 
20100562            2.773150e3     6.320980e6 
20100563            2.873150e3     6.582538e6 
20100564            2.973150e3     6.713317e6 
20100565            3.113150e3     6.800503e6 
20100566            4.699817e3     6.800503e6 
******************************************************************

**** 
*  thermal properties of fuel gap(average core) - composition 6 
******************************************************************

**** 
20100600 tbl/fctn         1         1          * fuel gap 
20100601             1.246129 
20100651             5.029958 
* 
******************************************************************

**** 
*  core heat transfer  (relap=300, scdap=100) 
******************************************************************

**** 
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** 20511000    corerq    sum    1.0    0.0       1    0 
** 20511001    0.0    1.0  q  300010000      1.0  q  300020000 
** 20511002           1.0  q  300030000      1.0  q  300040000 
** 20511003           1.0  q  300050000      1.0  q  300060000 
** 20511004           1.0  q  300070000      1.0  q  300080000 
******************************************************************

**** 
20511100    coresq    sum    1.0    0.0       1    0 
20511101    0.0    1.0  q  100010000      1.0  q  100020000 
20511102             1.0  q  100030000      1.0  q  100040000 
20511103             1.0  q  100050000      1.0  q  100060000 
20511104             1.0  q  100070000      1.0  q  100080000 
******************************************************************

**** 
* collapsed liquid levels in channels 
** *crdno     name     type     scale     i.c.     flag 
** 20502100 r5chan      sum       0.1143      0.0         1 
20502200 corelvl     sum       0.1143      0.0         1 
*crdno   a0   a1  v1              a2  v2 
** 20502101 0.0  1.0 voidf 300010000  1.0 voidf 300020000  1.0 voidf 

300030000 
** 20502102      1.0 voidf 300040000  1.0 voidf 300050000  1.0 voidf 

300060000 
** 20502103      1.0 voidf 300070000  1.0 voidf 300080000  1.0 voidf 

300090000 
20502201 0.0     1.0 voidf 100010000  1.0 voidf 100020000  1.0 voidf 

100030000 
20502202           1.0 voidf 100040000  1.0 voidf 100050000  1.0 

voidf 100060000 
20502203           1.0 voidf 100070000  1.0 voidf 100080000  1.0 

voidf 100090000 
* SCDAP INPUT 
40000100  8  1  1  3 
40000201  0.11430 8 
40000400  0.026 
40000500  0.02  0.02  0.02  0 
40000600  table 001 *vmq changed from kinetics to table 
40001000  0.05000, 0.40000, 0.62800 
40001001  1 0.002 0.037 0.005 0.001 3 
40001101 100010000 100020000 100030000 100040000 
40001102 100050000,  100060000,  100070000,  100080000 
40001201 0.1143  .2286  .3429  .4572  .5715  .6858 
40001202  .8001  .9144 
40002000 100010000  100080000  0.0 
*mpf check: 
*mpf 40004001 oxidate off 
* component 1 
40010000 fuelrod  fuel 
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40010100 32 0.01280 3.e5 
40010200 0.0752,   0.5403e-5 
40010301 4.135e-3 4.215e-3 4.815e-3 8 
40010400 100010000  100080000 
40010401 100010000 10000 8 
40010501 3 1 1 8 
40010601 605.1   601.9   592.4   576.5   563.7  561.1  1 
40010602 605.1   601.9   592.4   576.5   563.7  561.1  2 
40010603 605.1   601.9   592.4   576.5   563.7  561.1  3 
40010604 605.1   601.9   592.4   576.5   563.7  561.1  4 
40010605 605.1   601.9   592.4   576.5   563.7  561.1  5 
40010606 605.1   601.9   592.4   576.5   563.7  561.1  6 
40010607 605.1   601.9   592.4   576.5   563.7  561.1  7 
40010608 605.1   601.9   592.4   576.5   563.7  561.1  8 
40011100   1.00 
40011310  3000. 
40011311 0.5941 0.9406 1.1881 1.3267 1.3267 1.1881 0.9109 0.5248 

*axial power, check if needs modification 
40011401  .95481 1 
40011402  .95481 2 
40011403  1.0157 3 
40011404  1.0157 4 
40011500  1200. 0.95 
40011601  0.953e+08 15900. 
40011602  1.90e+08  277836. 
40011603  4.48e+07  295836. 
40011604  0.        3.1e5 
40013000  3.00e-05 3.8e+06 
*mpf check: 
*mpf only one optional model per component is allowed for now. 
*mpf 40014000  limit on 
*                   Cr-coating thickness 
40014001  cr_igb on 20.e-6 
*mpf testing 40014001  cr_igb on -10.e-6 
*                     T_threshold 
*mpf 40014000  cr_cma on 1586. 
* radiation heat transfer input 
49010000  bundle 
49012000  0.0128 0 
49012001  0, 1, 1, 1, 1, 0 
49012002  1, 1, 1, 1, 1, 1 
49012003  1, 1, 1, 1, 1, 1 
49012004  1, 1, 1, 1, 1, 1 
49012005  1, 1, 1, 1, 1, 1 
49012006  0, 1, 1, 1, 1, 0 
 
* 20300011  httemp 300100501 1 cadct 010501 1 
* 20300012  httemp 300100517 1 cadct 060501 1 
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20300011  cadct 010501 1 
20300012  cadct 060501 1 
20300021  bgmct 0 1 bgth 0 2 
20300031  bgnhg 0 1 bgthq 0 1 
20300041  cadct 010101 1 cadct 010201 1 cadct 010301 1 
20300042  cadct 010401 1 cadct 010501 1 cadct 010601 1 
20300043  cadct 010701 1 cadct 010801 1 
 
*******added igb 
20300051  cadct 060101 1 cadct 060201 1 cadct 060301 1 
20300052  cadct 060401 1 cadct 060501 1 cadct 060601 1 
20300053  cadct 060701 1 cadct 060801 1 
********** 
 
20300061  oxdeo 0101 1 oxdeo 0201 1 oxdeo 0301 1 
20300062  oxdeo 0401 1 oxdeo 0501 1 oxdeo 0601 1 
20300063  oxdeo 0701 1 oxdeo 0801 1 
20300071  damlev 0101 1 damlev 0201 1 damlev 0301 1 
20300072  damlev 0401 1 damlev 0501 1 damlev 0601 1 
20300073  damlev 0701 1 damlev 0801 1 
20300081  rocrst 0101 1 rocrst 0201 1 rocrst 0301 1 
20300082  rocrst 0401 1 rocrst 0501 1 rocrst 0601 1 
20300083  rocrst 0701 1 rocrst 0801 1 
20300091  h2oxd2 0101 1 h2oxd2 0201 1 h2oxd2 0301 1 
20300092  h2oxd2 0401 1 h2oxd2 0501 1 h2oxd2 0601 1 
20300093  h2oxd2 0701 1 h2oxd2 0801 1 
20300101  quala 100010000 1 quala 100020000 1 quala 100030000 1 
20300102  quala 100040000 1 quala 100050000 1 quala 100060000 1 
20300103  quala 100070000 1 quala 100080000 1 quala 100090000 1 
 
** same number than lower one, watchout 
** 20300101  quala 300030000 1 
** 20300102  quala 300040000 1 quala 300050000 1 quala 300060000 1 
** 20300103  quala 300070000 1 quala 300080000 1 quala 300090000 1 
 
20300111  hoop 0101 1 hoop 0201 1 hoop 0301 1 
20300112  hoop 0401 1 hoop 0501 1 hoop 0601 1 
20300113  hoop 0701 1 hoop 0801 1 
 
20300121  bgmct 0 1 hoop 0601 2 
20300131  bgmct 0 1 quala 100090000 2 
20300141  bgmct 0 1 cntrlvar 0210  2 
20300151  bgmct 0 1 cntrlvar 0022  2 
20300161  bgmct 0 1 bgnhg 0 2 bgthq 0 2 
 
** 20300192  cntrlvar 110  2 cntrlvar 111  2 
*INTEGRAL hydrogen production 
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20521000   bgthint  integral    1.   0.   1 
20521001   bgth  0 
 
*************************** added by igb 
20300171 rco 0101 1 rco 0201 1 rco 0301 1 
20300172 rco 0401 1 rco 0501 1 rco 0601 1 
20300173 rco 0701 1 rco 0801 1 
 
20300181 rnoxd 0101 1 rnoxd 0201 1 rnoxd 0301 1 
20300182 rnoxd 0401 1 rnoxd 0501 1 rnoxd 0601 1 
20300183 rnoxd 0701 1 rnoxd 0801 1 
 
20300191 rci 0101 1 rci 0201 1 rci 0301 1 
20300192 rci 0401 1 rci 0501 1 rci 0601 1 
20300193 rci 0701 1 rci 0801 1 
*************************** 
*Word 6 of 202TTT00 must be set to 1 
* table001 power 
20200100  power  0  -1.0  -1.0 -1.0 1 
*           time   power 
20200101     0.0   38.98e+3 
20200102  1.0e+6   38.98e+3 
20800001 gntblval 001 
.   *  end of data * 


