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I 

Abstract 

One of the key aspects for the safety of extended dry storage of used nuclear fuel in 

casks is the prediction of the fuel rod behaviour. A detailed and reliable prediction must 

consider the entire life span of the fuel rod: service in reactor with the associated radia-

tion history, wet storage in the fuel pool, loading and drying of the cask, and finally the 

in-cask dry storage itself. Enhancing existing fuel performance codes to include all these 

steps and their associated phenomena is an ongoing task tackled by several groups. To 

foster the communication between these groups a benchmark was proposed at the 

2019 Safety of Extended Dry Storage (SEDS) workshop. The report at hand summarizes 

the results of the Phase I. 
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1 Introduction 

The prediction of the fuel rod behaviour during dry storage using fuel performance codes 

is a non-trivial task and subject to various international efforts. A variety of assumptions 

and models must be considered and the knowledge especially for some effects during 

the long-term dry storage is still incomplete. After service in operation spent nuclear fuel 

is stored in cooling ponds for several years and, dependent on the fuel storage concept, 

subsequently dry stored in casks for several decades. During the entire storage period 

the state of the spent nuclear fuel is subject to changes e.g., due to heat generation or 

Helium production. While the physical and chemical processes during reactor operation 

are well known or at least analysed with a broad data base, the specific phenomena 

occurring during the drying process and the following storage period are not described 

to the same level of detail, yet. For example, the evolution and behaviour of the hydrogen 

within the fuel rod cladding remains a not entirely solved question. It is e.g., still under 

discussion how radial hydrides form and to which degree the fuel rod’s ductility is influ-

enced by them. 

Since various fuel performance codes simulate several effects in different ways using 

different modelling approaches (e.g., cladding creep, pellet-cladding-gap closure, etc.) a 

first step was to study and compare the basic fuel rod characteristic during the long-term 

dry storage. This is the major aim of the SEDS Benchmark. 

At the 2019 Safety of Extended Dry Storage (SEDS) workshop, a benchmark to investi-

gate the fuel rod behaviour during dry storage has been proposed /STU 19/, /BOL 19/. 

The subsequent discussions between the participants lead to a final version of the spec-

ifications distributed in December 2019. Preliminary results were presented and dis-

cussed at the 2020 SEDS workshop and were published /BOL 20/. This report discusses 

results received from six participants. 

This benchmark is open to everyone and relies solely on publicly available data and 

generic models. It includes precalculated typical values for the decay heat prediction and 

the cask thermo-hydraulics. The mechanical fuel rod behaviour during long-term storage 

is to be calculated by each participant. The task is to simulate the thermo-mechanical 

behaviour starting from the end of reactor operation. This article summarizes the re-

ceived results.
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2 Benchmark description 

In the following a brief overview of some cornerstones of the benchmark description will 

be given. The complete specifications can be obtained from the authors of this article. 

In general, simplified boundary conditions are assumed covering all important stages of 

the fuel. It consists of an arbitrary, realistic power history covering five cycles with stretch-

out operation at the end of each cycle. After operation in the reactor the fuel rod is as-

sumed to be stored for a period of five years in wet storage. During this time the fuel rod 

is stored forced-cooled and at low coolant pressure, facing comparably small changes. 

The wet storage ends with the loading of the fuel into the cask. The cask is dewatered 

after loading, vacuum dried and filled with helium gas. During this stage the cladding 

temperature rises to its maximum post-operation temperature. The subsequent dry stor-

age results in a slow cool-down during the assumed (extended) storage period of 

95 years, resulting in a full storage period of 100 years. 

The modelling range of the benchmark includes the simulation of five years of operation, 

five years of wet storage, and 95 years of dry cask storage. The operational behaviour 

is optional, whereas the task focusses on the storage behaviour. Wet and dry storage of 

the spent nuclear fuel (SNF) necessitate comparably large calculational time steps with 

rather slow changes in parameter behaviour. However, precise boundary or initial con-

ditions are needed since small changes in the beginning may lead to large deviations 

during dry storage period. For example, the peak cladding temperature and its distribu-

tion during the drying process might have a significant impact on the hydrogen behaviour 

in the cladding and thus finally on the mechanical properties of the cladding after the 95 

years of dry storage. The general computational chain and the input and output data are 

shown in  Fig. 2.1. The input data are given in the benchmark description and are based 

on a typical fuel rod design for a Pressurized Water Reactor (PWR) as well as the irradi-

ation characteristics and power history. The burn-up code OREST96 (/HES 86/, 

/NEA 06/) was used to calculate the resulting burnup and decay heat of the fuel after end 

of operation. The axial distribution of the decay heat and its evolution is a central input 

parameter for the simulation of the cladding behaviour during wet and dry storage. 
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Fig. 2.1 Simulation chain for dry storage benchmark 

The code COBRA-SFS /MIC 17/ was used to calculate the thermo-hydraulic boundary 

conditions of a generic storage cask during the drying process and the subsequent dry 

storage period. The resulting rod surface temperatures are further input parameters 

evolving over the whole simulation time. 

The results of these steps were provided as input parameters for the thermo-mechanical 

fuel rod codes. The output parameters were chosen as fundamental parameters used 

for safety evaluation e.g., cladding temperature and cladding hoop strain, or of specific 

research interest e.g., hydrogen distribution inside the cladding. 

2.1 Fuel rod specifications 

The fuel rod is part of a Kraftwerk Union (KWU) design based 18x18-type PWR fuel 

assembly. The main design parameters are given in Tab. 2.1. The fuel rod’s active length 

describes the length of the fissile fuel column, which is used as the axial length in this 

benchmark. The fuel rod operational history for the corner rod and the central rod are 

assumed to be equal. 
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Tab. 2.1 Fuel rod design parameters 

Design Parameter Value [mm] 

Pitch 12.7 

Rod length, total 4405 

Rod length, active 3900 

Cladding outer diameter 9.5 

Pellet outer diameter 8.05 

Cladding thickness 0.64 

The power history of this benchmark is simplified with periodic changes in the axial power 

history. The power history is given in  Fig. 2.2 for five cycles. The linear heat generation 

rate is assumed identical for all the rods of the fuel assembly, i.e., equal for a central or 

corner rod during operation. 

 

Fig. 2.2 Operational history over 5 cycles including 30 days of stretch-out at the 

end of each cycle 

The burnup code OREST was used to calculate the resulting decay heat. After the fifth 

cycle an accumulated burnup of the fuel assembly of 67 GWd/t HM is reached. Results 

were asked for specific rods: the central and a corner rod. Also results for the assumption 

of two different fuel rod materials were asked: M5® and Zircaloy-4. 

2.2 Boundary conditions 

Fig. 2.3 shows the key stages for the fuel assembly after the in-reactor operation during 

the benchmark according to Tab. 2.2. After reactor operation, temperature decreases. 

During wet storage, the coolant pressure is defined by the atmospheric pressure plus the 

water level in the spent fuel pool. After the wet storage period the drying process leads 

to an increasing cladding temperature. The cask is dewatered and dried and the coolant 

is replaced by a low-pressure helium atmosphere. 
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Fig. 2.3 Schematic fuel rod life during simulation period with marked key stages 

Tab. 2.2 Key stages of boundary conditions during the fuel rod life after discharge 

Time step Event 

t 0 Onset of temperature decrease 

t 1 Onset of pressure decrease 

t 2 Begin wet storage (storage for 5 years) 

t 3 Begin drying process, temperature increase, dewatering 

t 4 Begin dry storage (storage for 95 years) 

t 5 End of simulation 

The fuel assembly with the benchmark rods is loaded into the central position of a ge-

neric, CASTOR® V/19-like model with heat load of 2.21 kW (Fig. 2.4). To meet the cask 

maximum heat load of 39 kW, the other 18 fuel assemblies are modelled with 2.04 kW 

decay heat each. The active fuel rod column is divided into 32 axial zones and for each 

zone the benchmark results were requested. 
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Fig. 2.4 Temperature distribution of a cask with 19 fuel assemblies and homgenious 

loading
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3 Benchmark Results 

A total of six different solutions for long-term storage were received. The solutions origi-

nate from seven different codes. Not all participants provided solutions for both rods 

(corner and central rod), both materials (M5® and Zircaloy-4) and all requested parame-

ters. In the following the results are presented anonymized as Participant (Part) 1 to 7, 

referring to the groups below. All results are presented for the axial level 22 only, which 

is the hottest level at the beginning of the dry storage, with exception of Part 5 presenting 

level 7 of 10. It is noteworthy, that the following results exhibit an overview on the re-

ceived data and may include different assumptions for each participant based on the 

benchmark description. Further information on the participants’ results can be found in 

the appendix A. Besides a time-shift, no manipulation to the original data was applied. 

During the five years of operation, changes in the parameters are frequent whereas the 

storage period shows large changes only during the transition from wet to dry storage. 

To enable a better overview, the operational and storage periods are presented sepa-

rately in the following. The operational behaviour is presented in chap. 3.1 and includes 

the five years of operation as well as the following five years of wet storage, which is also 

included in the storage period. Then chap. 3.2 presents the results for the storage period, 

including wet storage, drying process, and dry storage. 

The group of participants and codes (Part 1 to Part 7) is given with following key 

- Part 1 – CIEMAT using FRAPCON-xt 

- Part 2 – CNAT using FALCON 

- Part 3 – PSI using FALCON 

- Part 4 – ÚJV Řež using TRANSURANUS 

- Part 5 – GRS using TESPA-ROD 

- Part 6 – Framatome GmbH using CARO-E and CSAS 

- Part 7 – TÜV NORD using TRANSURANUS
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3.1 Operational behaviour Zircaloy-4 

To study the dry storage behaviour, it is necessary to include operational key parameters 

which directly influence the fuel rod state. Most notably the fission gas release, the fuel 

densification and swelling, the pellet-cladding gap evolution as well as the cladding oxi-

dation and the hydrogen pick-up. The operational behaviour was calculated by five par-

ticipants. During operation the boundary conditions for central and corner rods are as-

sumed to be equal therefore both storage scenarios in chap. 3.2 are based on this 

calculation. 

 

Fig. 3.1 Fuel central temperature (TFC) of Zry-4 rod during operation 

The fuel central temperature (TFC) is shown in Fig. 3.1 for Part 1 to 4 and 7. In the first 

cycle, the temperature initially amounts to 1200 °C and 1400 °C and decreases within 

the cycle. Between the cycles the temperature decreases significantly (reloading opera-

tion). Some codes predict low temperatures of approximately 40 °C (Part 4 and 7) and 

some provide higher temperatures, such as Part 2 with ca. 150 °C continuously decreas-

ing as well as Part 2 and 3 with 300 °C. During the reactor outages a reduction of the 

coolant temperature to 40 °C was assumed. Other codes may assume constant coolant 

temperatures during cycles and between them. With decreasing heat generation rate, 

the TFC reduces to approximately 700 °C at the end of operation. 
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Fig. 3.2 Fuel outer temperature (TFO) of Zry-4 rod during operation 

The fuel outer temperature in Fig. 3.2 shows a similar result as Fig. 3.1. The first cycle 

starts with high fuel outer temperatures of 500 °C to 580 °C, which decrease to the end 

of the cycle. Beginning with the second cycle all codes behave similar due to a closed 

pellet-cladding gap and constant coolant temperatures. 
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Fig. 3.3 Cladding outer temperature (TCO) of Zry-4 rod during operation 

In Fig. 3.3 the cladding outer temperature is presented. The temperature remains close 

to coolant temperature. With increasing operating duration Part 4 results show an in-

creased TCO reaching higher temperatures. This bifurcation of the results may be af-

fected by the oxide thickness on the cladding outer surface. Two approaches are possi-

ble: TCO may address the metallic outer surface of the cladding which may be covered 

by a growing oxide thickness. Otherwise TCO describes the temperature on the outside 

of the zirconia layer which leads to temperatures very close the coolant temperature. 
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Fig. 3.4 Fuel outer radius (RFO) of Zry-4 rod during operation 

The fuel outer radius for 4 codes is shown in Fig. 3.4. The codes show different behav-

iour resulting in slow reduction or continuous increase of the fuel radius over the different 

cycles. The changes in radii are dominated by fuel densification in the beginning and an 

ongoing swelling of the fuel. Part 3 and Part 4 show the highest values with ca. 4.12 mm 

and 4.13 mm during wet storage. The effect of swelling seems smaller for Part 1 and 

Part 7 with radii equal to 4.10 mm and 4.085 mm respectively. 
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Fig. 3.5 Cladding inner radius (RCI) of Zry-4 rod during operation 

 

Fig. 3.6 Total cladding strain (ECTH) of Zry-4 rod during operation
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The cladding geometry is given in Fig. 3.5 as cladding inner radius and in Fig. 3.6 with 

cladding hoop strain. In the beginning all codes show a similar trend with the decreasing 

cladding strain. This happens due to an open pellet-cladding gap and a positive pressure 

difference between the outer and the inner side of the fuel rod. Thermal creep leads to 

the reduction of the cladding diameter. Due to different processes (densification, swell-

ing, creep) the pellet diameter is affected, which may lead to different gap sizes in the 

beginning. Part 1, 3 and 4 show a visible effect between the operational cycles. In this 

period thermal strain is reduced due to low temperatures. Part 7 does not show this effect 

in the total strain. All codes show a general trend of an increasing strain beginning be-

tween the first half cycle (Part 3) and the third half cycle (Part 7). All results remain con-

stant after the fifth cycle, leading to a variation in strain between -80 % for Part 2 and 

+60 % for Part 3. 

 

Fig. 3.7 Cladding plastic deformation (ECP) of Zry-4 rod during operation 

Fig. 3.7 includes the cladding plastic deformation for Part 1, 4 and 7. Due to the creep-

down of the cladding during the first operation cycle the plastic deformation is directed 

inward, which would be negative. Part 7 predicts a positive plastic deformation, which 

may be caused by a different definition of plastic deformation. Part 1 and 4 show a qual-

itatively similar behaviour with a local minimum during operation but shifted to different 

times. 
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Fig. 3.8 Pellet-cladding gap (GAP) of Zry-4 rod during operation 

The pellet-cladding gap is shown in Fig. 3.8 with decreasing gap sizes from the beginning 

of the simulation. Part 1 shows a decrease during the first cycle to a minimum of 2.8 µm, 

which resembles the roughness of the fuel-cladding interface, which means gap closure. 

The other reach gap closure during the first cycle with exception of Part 4 with gap clo-

sure in the second cycle. All codes with exception of Part 1 exhibit a reopening of the 

gap between the cycles with different sizes. 
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Fig. 3.9 Cladding hoop stress (SCH) of Zry-4 rod during operation 

Fig. 3.9 shows the cladding hoop stress starting from different positions. Usually, tensile 

stress of the cladding is defined negative, which corresponds to a lower rod inner pres-

sure compared to the coolant pressure. Part 4 shows a positive hoop stress up to 

67 MPa in the beginning of the operation in opposition to the other codes showing neg-

ative values around -75 MPa. All codes start with an open pellet-cladding gap 

(see Fig. 3.8), thus the pressure difference between the coolant and the rod’s gas filling 

determines the stress state in the cladding. After gap closure the pellet applies an addi-

tional body-contact pressure on the cladding contributing to high tensional stresses as 

seen in the beginning of cycle 2 and all subsequent cycles for each code. Part 3 and 4 

show huge stresses above 260 MPa and 170 MPa, respectively. Part 2 shows a strong 

variation in the gradient leading to a zig-zag curve between BOC and MOC, which may 

be the result of the changing axial power profile over each cycle. With end of operation 

all codes show a similar result a positive hoop stress of around 30 MPa which is deter-

mined by the inner fuel rod pressure and the coolant pressure during wet storage. 
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Fig. 3.10 Rod internal gas pressure (PRG) of Zry-4 rod during operation 

The fuel rod gas pressure, shown in Fig. 3.10, is given for the full fuel rod since axial gas 

communication is assumed. All codes predict a certain increase of the rod inner pres-

sure. Only small increases are predicted by Part 1 and 4, whereas Part 3 and 7 show 

large increases of above 10 MPa at the end of cycle 5. Between the operational cycles 

the fuel rod pressure decreases for all codes, due to the reduction of the fuel rod power. 

Since not all codes assume a cool-down of the coolant, the local pressure minima are 

different from each other. The results for the inner fuel rod pressure during wet storage 

is bifurcated for the codes leading to a pressure of approximately 5 MPa for Part 3 and 7 

and pressures of 3.8 MPa for the remaining codes. 
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Fig. 3.11 Fission gas production (FGP) of Zry-4 rod during operation 

 

Fig. 3.12 Fission gas release (FGR) of Zry-4 rod during operation
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The fission gas behaviour is shown in Fig. 3.11 as production and Fig. 3.12 as relative 

release. The production of fission gases is very similar for all codes, but the release 

differs both in total and as relative value. Part 1 and 7 show a monotonic increase of the 

fission gas release, while Part 2, 3 and 4 show local minima. For the first group it can be 

concluded that a continuous release of fission gases increases this value. For the second 

group the release occurs in steps, which increases the value of FGR. After one step the 

release stagnates while fission gas is produced and retained within the fuel resulting in 

a decreasing share of FGR as seen for Part 4 between year 1 and 2 as well as for Part 3 

in every cycle after the first cycle. There could be a strong user effect for FGR since 

Part 2 and 3 as well as Part 4 and 7 use the same type of code. 

 

Fig. 3.13 Total cladding hydrogen concentration (HTOT) of Zry-4 rod during opera-

tion 

The hydrogen concentration in the cladding given in wt.ppm is shown in Fig. 3.13. Part 1, 

3 and 7 show an increasing amount hydrogen due to the operational corrosion of the 

cladding. The final levels for the hydrogen concentration ranging from approximately 

100 wt.ppm for Part 3 to 280 wt.ppm for Part 7 and 590 wt.ppm for Part 1. These varia-

tions may result from the different pick-up fraction of each corrosion models and addi-

tional factors, which are usually based on engineering judgement and the experience of 

specific NPPs. 
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Fig. 3.14 Dissolved hydrogen in the cladding (HDIS) of Zry-4 rod during operation 

Fig. 3.14 shows the share of dissolved hydrogen in the cladding for Part 1. During oper-

ation the temperature in the cladding is sufficiently high to increase the hydrogen solu-

bility to accommodate 100 % of the hydrogen in a dissolved state. With increasing oxi-

dation of the cladding more hydrogen is available, leading to the precipitation of hydrides. 

During the last cycle only approximately 10 % of the hydrogen is dissolved in the clad-

ding. The opposite effect can be seen in Fig. 3.15, which describes the circumferentially 

precipitated hydrides during in the cladding. All hydrogen which is not dissolved is pre-

cipitated in circumferential orientation. In addition, it should be noted that Part 1 does not 

predict any radially oriented hydrides during operation and wet storage, as it can be 

shown in Fig. 3.16. 
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Fig. 3.15 Circumferentially precipitated hydrides in the cladding (HCIR) of Zry-4 rod 

during operation 

 

Fig. 3.16 Share of radial precipitated hydrides (HRAD) Zry-4 rod during operation  
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3.2 Storage behaviour for Zircaloy-4 central rod 

The results for the storage behaviour show results of six participants in total. 

In Fig. 3.17 the results for the fuel centreline temperature (TFC) is shown, which are 

nearly identical for all results. The calculated temperature follows the temperature calcu-

lated by COBRA-SFS. Most codes show only small variations to each other, depending 

on different model assumptions or time steps. These differences might result also from 

the different number of time steps provided by the output ranging from few hundred to 

few thousand entries. Participant two shows constantly lower temperature compared to 

all other participants. 

 

Fig. 3.17 Fuel centreline temperature (TFC) of Zry-4 central rod during storage 
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Fig. 3.18 Fuel outer temperature (TFO) of Zry-4 central rod during storage 

 

Fig. 3.19 Cladding outer temperature (TCO) of Zry-4 central rod during storage 
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Fig. 3.20 Fuel outer radius (RFO) of Zry-4 central rod during storage 

 

Fig. 3.21 Cladding inner radius (RCI) of Zry-4 central rod during storage 
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Fig. 3.22 Pellet-cladding gap (GAP) of Zry-4 central rod during storage 

The calculated results for the pellet-cladding gap vary between the different codes, 

shown in Fig. 3.22. Some codes predict a gap closure, which is given by the gap width 

equal to the pellet roughness (0.0028 mm for Part 1 and 5). Some codes predict a per-

manent gap closure which occurs before dry storage (Part 1 and 5). The codes from 

Part 2, 3 and 4 predict an open gap and a shrinking of the gap width during drying pro-

cedure at t = 5 years with an increased gap afterwards. 

The results received for the cladding inner radius (RCI) are presented in Fig. 3.21. All 

participants show a similar behaviour: After five years of wet storage the cladding inner 

radius increases due to the heat up of the cladding during drying procedure. Afterwards, 

the slow cool down leads to a decreasing radius. Part 5 shows a different behaviour, 

where the radius already increases during wet storage. This effect is given due to a fuel 

swelling induced increasing fuel radius. 
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Fig. 3.23 Cladding total hoop strain (ECTH) of Zry-4 central rod during storage 

The cladding’s total hoop strain (ECTH) is shown in Fig. 3.23. All results show an offset 

depending on the different predictions during operation and wet storage. Part 1, 3, 4, 

and 5 show a sharp increase during the drying process, which could be caused by two 

effects: The increase of the temperature leads to a thermal expansion of cladding and 

fuel especially for the case of closed pallet-cladding gaps and on the other hand due to 

the temperature increase causing an increase of the internal pressure and in turn in-

creasing the hoop stresses of the cladding for an open pellet-cladding gap. This effect 

can also be observed for Part 2, but to a lesser extent. For Part 5, one can observe a 

similar behaviour as seen in Fig. 3.21, ECTH and RCI start to increase midway through 

the wet storage resulting from a pellet-cladding gap closure. 

The results for the cladding plastic deformation (ECP) show an equivalent offset, pre-

sented in Fig. 3.24. Part 1 shows negative plastic deformation possibly related to the 

creep down of cladding during the operation due to over pressure, while the cladding 

creep out due to PCMI is not sufficient to overcome previous creep down. The other 

codes predict a very small or positive outward deformation related to thermal expansion. 

Especially Part 2 and 6 show an increased plastic deformation during drying process. 

Comparing these results to Fig. 3.22, one can observe that there are results for plastic 

deformation even with an open pellet-cladding gap. 
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Fig. 3.24 Cladding plastic deformation (ECP) of Zry-4 central rod during storage 

Fig. 3.25 shows the results for the cladding hoop stress (SCH). Most of the codes show 

very similar results except for Part 5: As seen for RCI and ECTH the cladding stresses 

rise during the wet storage period due to a rigid body pressure between pellet and clad-

ding (gap closure).  This effect is caused due to alpha-decay induced fuel swelling, which 

causes a stress increase even before the drying effect. With the onset of the drying pro-

cedure the thermal expansion of the pellet leads to an additional pressure resulting in a 

local peak stress of SCH ≈ 170 MPa. After a local minimum SCH increases to a maxi-

mum stress at t ≈ 25 years with an SCH ≈ 220 MPa. The other results show rather low 

stress in the range of 40 MPa to 55 MPa. The results of Part 3 exhibit an offset of stress 

already during wet storage. 
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Fig. 3.25 Cladding hoop stress (SCH) of Zry-4 central rod during storage 

The results for the gas pressure (PRG) shown in Fig. 3.26 are presented for the full rod, 

not for a single axial zone, since all participating codes assume axial gas communication 

over the fuel rod length. Equivalently to the results for hoop stress in Fig. 3.25, an offset 

of pressure can be observed for Part 3, beginning with higher pressures during wet stor-

age which leads to a shifted result compared to the other codes. Part 5 shows a larger 

increase during drying process compared to the other solution. Parts 1 to 4 predict de-

creasing pressures mainly related to the cool-down of the fuel rod over the complete 

storage period. Part 5 shows a decreasing pressure which stabilizes around 65 years 

and starts to increase afterwards. According to Fig. 3.19, the temperature decreases 

over the whole storage period, therefore the increasing pressure cannot be related solely 

to gas thermal expansion. The additional pressure should result from either gas produc-

tion or gas release from the pellet. 



 

30 

 

Fig. 3.26 Fuel rod gas pressure (PRG) of Zry-4 central rod during storage 

 

Fig. 3.27 Fission gas production (FGP) of Zry-4 central rod during storage
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In Fig. 3.27, the fission gas production FGP is shown in moles. Depending on the defini-

tion of fission gas production, it might apply exclusively to the gaseous fission products 

during operation, or it includes the additional source of helium due to the alpha-decay. 

Parts 1 to 4 predict a constant amount of fission gases during the storage period since 

this is a post operation scenario. Part 5 shows a lower amount of fission gas (approxi-

mately one third of the mole mass predicted by other codes), but with a steady increase 

over the storage period. This is due to the inclusion of helium release. 

 

Fig. 3.28 Fission gas release (FGR) of Zry-4 central rod during storage 

Fig. 3.28 presents the fission gas release, which is nearly constant over the storage pe-

riod. Only Part 4 shows a slight increase of fission gas release during the storage period. 

Other codes show a more constant share of released fission gases. 
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Fig. 3.29 Gas release (GRL) of Zry-4 central rod during storage 

The gas release during storage is shown in Fig. 3.29 for Part 1, 3 and 5 over the storage 

period. This parameter describes the additional part of helium originated from alpha-

decay and released from the fuel. Part 5 shows a strong and steady increase beginning 

with the dry storage period. The increase in Fig. 3.27 for Part 5 results from GRL. Part 3 

shows a minor gas release, slightly increasing. Part 1 shows no additional gas release 

during storage (such as Helium), while it showed a minimal FGP as shown in Fig. 3.27. 
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Fig. 3.30 Total hydrogen content (HTOT) of Zry-4 central rod during storage 

The total hydrogen uptake (HTOT) is predicted differently by all three results, shown in 

Fig. 3.30. During dry storage, no further cladding oxidation occurs and thus hydrogen 

uptake should stop. Even though the oxidation thickness resulting from operation was 

part of the specification, not all codes imposed this value on their models as Part 1 did. 

Therefore, hydrogen content differs also between the three codes. Part 3 predicts a small 

increase of hydrogen at the beginning of the drying process, which could have multiple 

reasons. If the corrosion model in this code is not deactivated after reactor operation or 

wet storage, an additional oxidation is predicted with increasing temperatures during dry-

ing process. Another possibility would be the hydrogen diffusion along the axial direction 

of the fuel rod since the hydrogen mobility is increased with increasing temperature. 

Since the axial level 22 is one of the hottest, diffusion processes should lead to decreas-

ing values if this effect is considered. 

Fig. 3.31 describes the share of dissolved hydrogen of the total amount of hydrogen 

(HDIS). Only two results for this parameter were received. The temperature dependent 

effect is similar in both codes for the drying process where up to 21 % of the hydrogen 

is dissolved. The decreasing temperatures lead to a reprecipitation of hydrogen in the 

following decades. Part 5 describes a faster precipitation than Part 1. 
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Fig. 3.31 Share of dissolved hydrogen (HDIS) of Zry-4 central rod during storage 

Hydrogen may be existent as hydride precipitated or in a dissolved state. The hydride 

orientation, radial or circumferential may have a significant impact on the cladding me-

chanical properties. The amount of circumferential hydrides (HCIR) is depicted in 

Fig. 3.32. During the wet storage, Part 1 predicted 100 % of circumferential hydrides, 

whereas approximately 90 % are present for Part 5. After the drying process, the number 

of circumferential hydrides recovers for Part 1, i.e., hydrogen reprecipitates in the same 

orientation as it was before: all hydrides are circumferentially oriented. For Part 5 the 

share of circumferential hydrides remains constant over the rest of the dry storage pe-

riod, by 80 %. 
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Fig. 3.32 Share of circumferential hydrides (HCIR) of Zry-4 central rod during stor-

age 

The dissolved hydrogen of Part 5 forms radial hydrides (HRAD) during the cooldown 

instead, as shown in Fig. 3.33. The stress state in the cladding is high enough to cause 

radial hydride precipitation. Only the solutions of Part 1 exhibit stresses too low to form 

any radially oriented hydrides. Most hydrides which precipitated during reactor operation 

or at the end of operation, remain precipitated during the full period of storage. They do 

not dissolve during the drying process, the orientation of precipitated hydrides remains 

the same. 
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Fig. 3.33 Share of radial hydrides (HRAD) of Zry-4 central rod during storage
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3.3 Storage behaviour for Zircaloy-4 corner rod 

The corner rod as part of the central fuel assembly exhibits lower temperatures than the 

central rod. Besides that, the conditions for this rod are very similar. These lower tem-

peratures directly influence the geometry of the fuel pellet and cladding and further the 

balance of hydrogen and hydrides in the cladding. 

 

Fig. 3.34 Fuel centreline temperature (TFC) of Zry-4 corner rod during storage 

Fig. 3.34 shows the fuel centreline temperature, imposed by the input parameters. Part 3 

exhibits a higher fuel temperature compared to others. These may result from the same 

temperature distribution used for the central rod (on the hotter position). This effect is 

directly linked to TFO and TCO in Fig. 3.35 and Fig. 3.36, respectively. 
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Fig. 3.35 Fuel outer temperature (TFO) of Zry-4 corner rod during storage 

 

Fig. 3.36 Cladding outer temperature (TCO) of Zry-4 corner rod during storage 
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Fig. 3.37 Fuel outer radius (RFO) of Zry-4 corner rod during storage 

The fuel outer radius is shown in Fig. 3.37, which shows a similar behaviour as for the 

central rod in Fig. 3.20. Part 4 should have a slightly higher RFO since the assumed 

temperature is higher as for the other codes. Analogue results are shown for the cladding 

inner radius in Fig. 3.38. 
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Fig. 3.38 Cladding inner radius (RCI) of Zry-4 corner rod during storage 

 

Fig. 3.39 Pellet-cladding gap (GAP) of Zry-4 corner rod during storage 
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The pellet-cladding gap shows similar effects for Part 2 and 3 compared to the central 

rod, but is less pronounced due to the lower temperatures achieved during drying pro-

cess. Part 1 and 5 show gap closure during wet storage at 2.8 µm. 

 

Fig. 3.40 Cladding hoop stress (SCH) of Zry-4 corner rod during storage 

Fig. 3.40 shows the total cladding hoop stress during storage. The drying process leads 

to an increase in stress for Part 1 to 4 and 6. Part 5 shows a stress increase due to pellet-

cladding gap closure during wet storage and a constant increase during the drying pro-

cess and the first years of dry storage. Compared to the central rod (Fig. 3.25) there is 

no small peak at the end of the drying procedure. 
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Fig. 3.41 Fuel rod gas pressure (PRG) of Zry-4 corner rod during storage 

The fuel rod pressure is shown in Fig. 3.41 starting for Part 1, 2, 4 and 5 around 3.8 MPa 

inner pressure and for Part 3 at around 5.1 MPa pressure. All codes present a significant 

pressure increase of about 2 MPa during the drying process, followed by a decrease of 

pressure after the beginning of dry storage. Part 5 shows a late increase of pressure as 

observed for the central rod, as in Fig. 3.26. The higher temperatures for Part 4 seem to 

have no significant impact on the fuel rod gas pressure when compared to Part 2 and 1. 
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Fig. 3.42 Cladding total hoop strain (ECTH) of Zry-4 corner rod during storage 

 

Fig. 3.43 Cladding plastic deformation (ECP) of Zry-4 corner rod during storage 

The cladding total hoop strain (Fig. 3.42) and plastic deformation (Fig. 3.43) show a sim-

ilar effect as for the central rod. 
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Fig. 3.44 Fission gas production (FGP) of Zry-4 corner rod during storage 

The fission gas behaviour in Fig. 3.44and Fig. 3.45 is the same as for the central rod 

since the fuel has the same operational history. 

 

Fig. 3.45 Gas release (GRL) of Zry-4 corner rod during storage 
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Fig. 3.46 Total hydrogen content (HTOT) of Zry-4 corner rod during storage 

The hydrogen content during the storage period is not affected, as shown in Fig. 3.46. 

The share of dissolved hydrogen in Fig. 3.47 reaches lower maxima for Part 1 and 5 due 

to the lower temperatures of the corner rod. The circumferential hydrides behave similar 

as for the central rod, presented in Fig. 3.48. Part 1 shows a decrease of circumferential 

hydrides during drying and a total recovery within approximately 40 years. Part 5 shows 

a decrease of circumferential hydrides from 90 % before drying process to 85 % after-

wards. Then the share of circumferential hydrides stays constant for the whole dry stor-

age period. Part 5 predicts that the hydrides dissolved during the drying process repre-

cipitate as radial hydrides during the dry storage, as shown in Fig. 3.49. Part 1 does not 

predict radial hydrides during the full storage period. 
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Fig. 3.47 Share of dissolved hydrides (HDIS) of Zry-4 corner rod during storage 

 

Fig. 3.48 Share of circumferential hydrides (HCIR) of Zry-4 corner rod during storage 
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Fig. 3.49 Share of radial hydrides (HRAD) of Zry-4 corner rod during storage 

3.4 Operational behaviour for M5 

The M5 rod is exposed to the same conditions as the Zry-4 rod in the subsequent sub-

chapters. The main difference with the M5 rod is the lower oxidation rate in PWR condi-

tions. For this scenario, only Part 4 delivered solutions which will be presented here. The 

temperature predictions in Fig. 3.50, Fig. 3.51 and Fig. 3.52 exhibit analogue results as 

for the Zry-4 results. 
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Fig. 3.50 Fuel centreline temperature (TFC) of M5 rod during operation 

 

Fig. 3.51 Fuel outer temperature (TFO) of M5 rod during operation 
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Fig. 3.52 Cladding outer temperature (TCO) of M5 rod during operation 

 

Fig. 3.53 Fuel outer radius (RFO) of M5 rod during operation 
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Fig. 3.54 Cladding inner radius (RCI) of M5 rod during operation 

In Fig. 3.54 one can see the cladding inner radius (RCI) of the M5 rod, which shows 

compared to Fig. 3.5 slightly smaller values after approximately one year of operation 

and also during wet storage. The pellet-cladding gap shown in Fig. 3.55 differs slightly 

from the results for Zry-4 as in Fig. 3.8. The gap of the M5 rod closes already at the end 

of the first cycle and reopens with every reactor outage at the end of each cycle. The 

Zry-4 rod shows a small gap during the beginning of the second cycle. Furthermore, the 

cladding hoop stress in the Zry-4 cladding is larger (Fig. 3.9) than for M5 (Fig. 3.56). 

Different cladding creep models could have an influence on the gap and the relaxation 

due to a forced displacement due to PCMI. 
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Fig. 3.55 Pellet-cladding gap (GAP) of M5 rod during operation 

 

Fig. 3.56 Cladding hoop stress (SCH) of M5 rod during operation 
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Fig. 3.57 Fuel rod gas pressure (PRG) of M5 rod during operation 

 

Fig. 3.58 Cladding total hoop strain (ECTH) of M5 rod during operation 
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Fig. 3.59 Cladding plastic deformation (ECP) of M5 rod during operation 

 

Fig. 3.60 Fission gas production (FGP) of M5 rod during operation 
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Fig. 3.61 Fission gas release (FGR) of M5 rod during operation 

3.5 Storage behavior for M5 central rod 

The storage behaviour is predicted by Part 4, Part 5, and Part 6. The Part 4 data set 

consists of a combined calculation of operation and storage. For the predictions of Part 5 

the same starting conditions were assumed as for Zry-4, a closed gap at the end of 

operation and a reduced oxide thickness compared to Zry-4. As for the operation, the 

temperature conditions are imposed, hence only minor deviations between the codes 

are expected. Fig. 3.62, Fig. 3.63 and Fig. 3.64 show consistent results for Part 4 and 

Part 5. Part 6 contributed to hoop stress SCH (Fig. 3.68) and plastic deformation ECP 

(Fig. 3.71). 
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Fig. 3.62 Fuel centreline temperature (TFC) of M5 central rod during storage 

 

Fig. 3.63 Fuel outer temperature (TFO) of M5 central rod during storage 
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Fig. 3.64 Cladding outer temperature (TCO) of M5 central rod during storage 

 

Fig. 3.65 Fuel outer radius (RFO) of M5 central rod during storage 



 

57 

 

Fig. 3.66 Cladding inner radius (RCI) of M5 central rod during storage 

 

Fig. 3.67 Pellet-cladding gap (GAP) of M5 central rod during storage 

Fig. 3.67 presents the results for the pellet cladding gap. Part 5 predicted a gap closure 

during the wet storage period and no more change afterwards during dry storage. For 
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Part 4, the gap remains unchanged during wet storage, but presents a small reduction 

during the drying process. Part 4 predicted a slight increase of the gap over the first years 

of dry storage, which could be related to temperature effects. 

Fig. 3.68 shows the cladding hoop stress. Compared to the Zry-4 results (see Fig. 3.25), 

similar values are shown here: Part 4 and 6 show a very small increase of the stress 

during the drying process, as the pellet-cladding gap remains open. For Part 5 the pellet 

cladding gap closes and results in very high stresses due to a rigid-body pressure. Fur-

thermore, the first maximum stress for Zry-4 occurs during the storage period after ap-

proximately 30 years, which is significantly higher as the first peak during the drying pro-

cess (see Fig. 3.25). The M5 cladding shows two local maxima close to 200 MPa each 

during drying and after 30 years. Here, different creep behaviour may lead to differences 

in stress relaxation. 

 

Fig. 3.68 Cladding hoop stress (SCH) of M5 central rod during storage 
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Fig. 3.69 Fuel rod gas pressure (PRG) of M5 central rod during storage 

 

Fig. 3.70 Cladding total hoop strain (ECTH) of M5 central rod during storage 
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Fig. 3.71 Cladding plastic deformation (ECP) of M5 central rod during storage 

 

Fig. 3.72 Fission gas production (FGP) of M5 central rod during storage 
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Fig. 3.73 Fission gas release (FGR) of M5 central rod during storage 

 

Fig. 3.74 Gas release (GRL) of M5 central rod during storage 
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Fig. 3.75 Total hydrogen content (HTOT) of M5 central rod during storage 

The total hydrogen concentration was predicted by Part 5 and is shown in Fig. 3.75. Due 

to the reduced oxidation of the cladding, the total hydrogen content is much lower than 

for Zry-4 rods, it amounts to 82 wt.ppm. With beginning of the drying process, the amount 

of hydrogen drops to 81 wt.ppm which may result from an axial diffusion of dissolved 

hydrogen within the cladding. This small effect should have no impact on the mechanical 

properties of the fuel rod. In Fig. 3.76 the share of dissolved hydrogen is presented. All 

hydrogen dissolves during drying process. This effect shows that the total amount of 

hydrogen is lower than the terminal solid solubility for hydrogen in M5 at the given tem-

peratures. 
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Fig. 3.76 Share of dissolved hydrogen (HDIS) of M5 central rod during storage 

 

Fig. 3.77 Share of circumferential hydrides (HCIR) of M5 central rod during storage 

The ratio of circumferential hydrides is shown in Fig. 3.77, starting at approximately 58 % 

and reducing to 0 % due to the dissolution of all hydrides during the drying process. 
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During the dry storage period, all hydrides precipitate in radial orientation as shown in 

Fig. 3.78, independent of the original distribution of circumferentially and radial oriented 

hydrides. 

 

Fig. 3.78 Share of radial hydrides (HRAD) of M5 central rod during storage 
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3.6 Storage behaviour for M5 corner rod 

 

Fig. 3.79 Fuel centreline temperature (TFC) of M5 corner rod during storage 

 

Fig. 3.80 Fuel outer temperature (TFO) of M5 corner rod during storage 
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Fig. 3.81 Cladding outer temperature (TCO) of M5 corner rod during storage 

 

Fig. 3.82 Fuel outer radius (RFO) of M5 corner rod during storage 
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Fig. 3.83 Cladding inner radius (RCI) of M5 corner rod during storage 

 

Fig. 3.84 Pellet-cladding gap (GAP) of M5 corner rod during storage 
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Fig. 3.85 Cladding hoop stress (SCH) of M5 corner rod during storage 

 

Fig. 3.86 Fuel rod gas pressure (PRG) of M5 corner rod during storage 



 

69 

 

Fig. 3.87 Cladding total hoop strain (ECTH) of M5 corner rod during storage 

 

Fig. 3.88 Cladding plastic deformation (ECP) of M5 corner rod during storage 
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Fig. 3.89 Fission gas production (FGP) of M5 corner rod during storage 

 

Fig. 3.90 Fission gas release (FGR) of M5 corner rod during storage 
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Fig. 3.91 Gas release (GRL) of M5 corner rod during storage 

 

Fig. 3.92 Total hydrogen content (HTOT) of M5 corner rod during storage 
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The amount of hydrogen starts with the same conditions as given in the central rod po-

sition with 82 wt.ppm. Due to the lower temperatures the diffusion effect is still visible, 

but with a drop of 0.2 wt.ppm even smaller than for the central rod. 

In Fig. 3.93, the share of dissolved hydrides is shown for Part 5. Unlike the case of the 

central rod, not all hydrides dissolve during the drying process: a share of about 45 % of 

hydrides dissolves, while the rest remains precipitated. Fig. 3.94  and Fig. 3.95 show the 

share of circumferential and radial hydrides, respectively. While the drying process leads 

to dissolution of both circumferential and radial hydrides, only radial hydrides are formed 

during the following dry storage period. Thus, the ratio circumferential/radial hydrides get 

reversed: from 57 % to 43 % in wet storage, the ratio changes to 34 % to 66 % in dry 

storage. 

 

Fig. 3.93 Share of dissolved hydrogen (HDIS) of M5 corner rod during storage 
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Fig. 3.94 Share of circumferential hydrides (HCIR) of M5 corner rod during storage 

 

Fig. 3.95 Share of radial hydrides (HRAD) of M5 corner rod during storage
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4 Discussion 

These results show the calculated basic thermo-mechanical parameters of a fuel rod 

during operation, wet and dry storage. Some of the parameters show the imposed 

boundary conditions such as fuel centreline temperature. Other parameters, such as gap 

size, total hoop strain or cladding hoop stress are indirect parameters, which depend on 

models incorporated by the codes. 

The codes used for this benchmark were originally developed for the reactor operation 

or accident analysis. Given the imposed boundary conditions the codes show some ma-

jor deviation during the operation period. Some large deviations were observed for the 

same type of code (e.g., FALCON and TRANSURANUS) used in different versions by 

two participants. Differences in modelling approaches and a user effect must be consid-

ered when analysing these results. 

 

Fig. 4.1 Axial distribution of Cladding hoop strain (SCH) for Zry-4 after 10 years of 

storage (end of wet storage) 
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Fig. 4.2 Axial distribution of Cladding hoop strain (SCH) for Zry-4 after 10.02 years 

of storage (end of drying process / beginning of dry storage) 

Fig. 4.1 to Fig. 4.4 show the axial distribution of selected parameters at selected time 

points. The colour-coded axial segments of the rod illustrate the selected parameters, 

whereas the width of the segment is the relative cladding radius, intentionally magnified 

to visualize any changes. Fig. 4.1 shows the axial distribution of the axial hoop stress for 

the Zry-4 rod after 10 years, which refers to the end of dry storage. Part 1, 2 and 3 show 

rather small changes, while Part 4 shows elevated stresses in the upper part of the rod. 

Part 5 shows large stresses, with a maximum stress in the lower half of the rod. Fig. 4.2 

shows the axial hoop stress after the drying process. The cladding stress increases over 

the drying process for all fuel rods. The axial effects remain present as they were before 

the drying process. 
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Fig. 4.3 Axial distribution of Cladding hoop strain (SCH) for Zry-4 after 50 years of 

storage 

During the storage period the fuel rods cool down slowly and the stresses decrease. 

Fig. 4.3 and Fig. 4.4 show axial hoop stress after 50 and 100 years. The axial distribution 

becomes more pronounced for Part 4 and 5. Since Part 5 shows the highest hoop 

stresses, the differences between central rod and corner rod are visible. The corner rod 

exhibits very high hoop stresses above 240 MPa along two thirds of the length. The cen-

tral rod shows these values only in the lower half of the fuel rod. The temperature differ-

ence along the fuel rod length may have an influence on the cladding creep models, 

leading to a stronger relaxation in the upper part of the fuel rod. 
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Fig. 4.4 Axial distribution of Cladding hoop strain (SCH) for Zry-4 after 100 years of 

storage 

 Remarkable results for the Zircaloy-4 central rod case are the plastic deformation in 

combination with the gap size. The results of Part 1 show a permanently closed gap 

during the entire storage period and neither changes in plastic deformation during drying 

process nor large hoop stress increases. This implies, the cladding follows the pellet in 

its deformation and remains in close contact. 

Due to the large offset in temperature for Part 2, it can be assumed that the imposed 

temperatures are different to the other codes, which may cause also the small cladding 

radii. The cladding plastic deformation is at the maximum compared to all results and 

should be even larger if a higher temperature would be imposed to the fuel rod. 

Part 3 shows an open pellet-cladding gap, even during drying process. At the same time, 

plastic deformation of the cladding changes significantly. In this case the fuel rod gas 

pressure seems to be sufficiently high to cause plastic deformation in the cladding. 

Large pellet-cladding gaps are observed for Part 4, but the total strain (ECTH) is rather 

low compared to other code predictions. These effects show a rather small pellet diam-

eter compared to the other codes. Possibly some geometric effects such as radial fuel 

relocation and pellet swelling may influence the evolution of the pellet diameter to lesser 

extent as compared to other codes. 
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Part 5 shows a closed pellet cladding gap during wet storage and an increased stress, 

which outreaches all other participant’s results. A possibly non-thermal effect leads to a 

swelling of the pellet during the entire storage period. Besides the geometric effect the 

fuel rod gas pressure shrinks less compared to other solutions and starts to increase 

after approximately 65 years. Part 6 results are limited to plastic cladding deformation 

and hoop stress and show only minor effects over the whole storage period. 

The hydride effects are shown for Part 1 and Part 5 and follow a comparable behaviour. 

The high hoop stresses in the cladding of Part 5 causes radially oriented hydride precip-

itation, whereas Part 1 has only circumferentially precipitated hydrides during the entire 

period of storage.
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5 Conclusion and outlook 

The results of the SEDS Benchmark on fuel rod behaviour during dry storage have been 

presented and discussed. The results for Zircaloy-4 corner and central rods were pro-

vided by seven participants using different codes and show for some of the variables of 

interest large deviations in the predicted results. For the M5 fuel rods only three partici-

pants provided results. Since the operational behaviour is not the main focus of this task, 

it shows large deviation in some of the fuel rod results, especially the geometric param-

eters, such as strain, gap size and plastic deformation. This leads to strong deviations in 

the starting conditions for the long-term storage period. However, most participants pre-

dicted a similar trend, such as a decreasing pressure or temperature over the storage 

period. The gap closure between pellet and cladding is predicted differently but shows 

only minor effect on creep deformation and cladding stresses. All results foresee only 

small or no plastic deformation due to creep. Some codes predict deviating effects, re-

sulting either from the code input or individual modelling choices. 

Furthermore, the definition of fuel rod strain should be a topic for discussion. The variety 

of parameters which influence the size of the fuel rod is large – from thermal expansion 

to elastic and plastic deformations. The latter may or may not include deformation due 

to creep mechanisms. All definitions are valid on their own but could lead to wrong con-

clusions if used to compare fuel rod data, especially if any quantitative value of strain is 

used for regulatory purposes. For this benchmark purpose, a reliable parameter describ-

ing the evolution of the cladding deformation is the cladding inner diameter. This param-

eter does not change due to oxidation processes and remains comparable for this bench-

mark task. Any other requirement of strain investigation should be made separately. 

In this compilation of results and the subsequent analysis, the authors did not have the 

resources and time to study the code models in detail yet, allowing for a rigorous com-

parison and analysis of results. Most importantly, not all codes were capable of simulat-

ing and predicting all relevant physical effects to date, which leads to deviations in the 

resulting predictions. To close these gaps, further meetings to discuss the results are 

scheduled. 

Most notably, only two results were provided to predict the hydride behaviour in the clad-

ding, an effect believed to be important for the prediction of cladding integrity during the 

dry storage period. Hydrogen and hydride behaviour within the fuel rod cladding remains 

an intensely discussed topic in the nuclear community. New experimental findings and 
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mechanistic models are expected to be published within the midterm future, which will in 

return address the code developers and users to expand their modelling capacities. 

This benchmark presents the challenges of giving a simplified but realistic benchmark 

task to all participants, taking part with different simulation tools. Furthermore, it exhibits 

the general difficulties of assessing the fuel rod state at the beginning of the dry storage. 

It was shown that the physical phenomena involved in this task were manifold and turned 

this benchmark in a multi-physics multi-scale1 problem. 

Based on the outcome of this benchmark, a Phase II is in discussion. Its focus is ad-

dressing the details of the different modelling assumptions in various code in greater 

detail. 

 

1 Multi-scale regarding time scales 



 

83 

References 

/BOL 19/ Boldt, F., Stuke, M.: Benchmark for thermo-mechanical fuel rod behaviour 

during dry storage, Specifications, Version 3. Hrsg.: Gesellschaft für Anla-

gen- und Reaktorsicherheit (GRS) gGmbH (GRS), Dezember 2019. 

/BOL 20/ Boldt, F., Péridis, M., Stuke, M.: SEDS benchmark for fuel rod behaviour 

during dry storage – preliminary results. Kerntechnik, Bd. 85, Nr. 6, S. 426–

432, DOI 10.3139/124.200073, 2020. 

/HES 86/ Hesse, U., Denk, W., Deitenbeck, H.: OREST - eine direkte Kopplung von 

HAMMER und ORIGEN zur Abbrandsimulation von LWR-Brennstoffen. Ge-

sellschaft für Anlagen- und Reaktorsicherheit (GRS) gGmbH (GRS), GRS-

63, November 1986. 

/MIC 17/ Michener, T. E., Rector, D. R., Cuta, J. M., Atkins, H. E., JR.: COBRA-Sfs: 

A Thermal-Hydraulic Anlaysis Code for Spent Fuel Storage and Transpor-

tation Casks Cycle 4a. Pacific Northwest National Lab. (PNNL), PNNL-

24841, Oktober 2017. 

/NEA 06/ OECD Nuclear Energy Agency (NEA): OREST96, LWR Burnup Simulation 

Using Program HAMMER and ORIGEN. NEA Data Bank, NEA-1324, 2006. 

/STU 19/ Stuke, M. (Hrsg.): SEDS2019 - 3rd Workshop on Safety of Extended Dry 

Storage of Spent Nuclear Fuel, Abstract Book. Gesellschaft für Anlagen- 

und Reaktorsicherheit (GRS) gGmbH (GRS), Garching, 5. - Juni 2019, 

2019. 





 

85 

List of figures 

Fig. 2.1 Simulation chain for dry storage benchmark .............................................. 4 

Fig. 2.2 Operational history over 5 cycles including 30 days of stretch-out at 

the end of each cycle ................................................................................. 5 

Fig. 2.3 Schematic fuel rod life during simulation period with marked key 

stages ........................................................................................................ 6 

Fig. 2.4 Temperature distribution of a cask with 19 fuel assemblies and 

homgenious loading ................................................................................... 7 

Fig. 3.1 Fuel central temperature (TFC) of Zry-4 rod during operation .................. 10 

Fig. 3.2 Fuel outer temperature (TFO) of Zry-4 rod during operation .................... 11 

Fig. 3.3 Cladding outer temperature (TCO) of Zry-4 rod during operation ............. 12 

Fig. 3.4 Fuel outer radius (RFO) of Zry-4 rod during operation ............................. 13 

Fig. 3.5 Cladding inner radius (RCI) of Zry-4 rod during operation ........................ 14 

Fig. 3.6 Total cladding strain (ECTH) of Zry-4 rod during operation ...................... 14 

Fig. 3.7 Cladding plastic deformation (ECP) of Zry-4 rod during operation ........... 15 

Fig. 3.8 Pellet-cladding gap (GAP) of Zry-4 rod during operation .......................... 16 

Fig. 3.9 Cladding hoop stress (SCH) of Zry-4 rod during operation ....................... 17 

Fig. 3.10 Rod internal gas pressure (PRG) of Zry-4 rod during operation ............... 18 

Fig. 3.11 Fission gas production (FGP) of Zry-4 rod during operation ..................... 19 

Fig. 3.12 Fission gas release (FGR) of Zry-4 rod during operation ......................... 19 

Fig. 3.13 Total cladding hydrogen concentration (HTOT) of Zry-4 rod during 

operation ................................................................................................. 20 

Fig. 3.14 Dissolved hydrogen in the cladding (HDIS) of Zry-4 rod during 

operation ................................................................................................. 21 

Fig. 3.15 Circumferentially precipitated hydrides in the cladding (HCIR) of Zry-

4 rod during operation .............................................................................. 22 

Fig. 3.16 Share of radial precipitated hydrides (HRAD) Zry-4 rod during 

operation ................................................................................................. 22 

Fig. 3.17 Fuel centreline temperature (TFC) of Zry-4 central rod during storage ..... 23 

Fig. 3.18 Fuel outer temperature (TFO) of Zry-4 central rod during storage ............ 24 



 

86 

Fig. 3.19 Cladding outer temperature (TCO) of Zry-4 central rod during storage .... 24 

Fig. 3.20 Fuel outer radius (RFO) of Zry-4 central rod during storage ..................... 25 

Fig. 3.21 Cladding inner radius (RCI) of Zry-4 central rod during storage ............... 25 

Fig. 3.22 Pellet-cladding gap (GAP) of Zry-4 central rod during storage ................. 26 

Fig. 3.23 Cladding total hoop strain (ECTH) of Zry-4 central rod during storage ..... 27 

Fig. 3.24 Cladding plastic deformation (ECP) of Zry-4 central rod during 

storage .................................................................................................... 28 

Fig. 3.25 Cladding hoop stress (SCH) of Zry-4 central rod during storage .............. 29 

Fig. 3.26 Fuel rod gas pressure (PRG) of Zry-4 central rod during storage ............. 30 

Fig. 3.27 Fission gas production (FGP) of Zry-4 central rod during storage ............ 30 

Fig. 3.28 Fission gas release (FGR) of Zry-4 central rod during storage ................. 31 

Fig. 3.29 Gas release (GRL) of Zry-4 central rod during storage ............................ 32 

Fig. 3.30 Total hydrogen content (HTOT) of Zry-4 central rod during storage ......... 33 

Fig. 3.31 Share of dissolved hydrogen (HDIS) of Zry-4 central rod during 

storage .................................................................................................... 34 

Fig. 3.32 Share of circumferential hydrides (HCIR) of Zry-4 central rod during 

storage .................................................................................................... 35 

Fig. 3.33 Share of radial hydrides (HRAD) of Zry-4 central rod during storage ....... 36 

Fig. 3.34 Fuel centreline temperature (TFC) of Zry-4 corner rod during storage ..... 37 

Fig. 3.35 Fuel outer temperature (TFO) of Zry-4 corner rod during storage ............ 38 

Fig. 3.36 Cladding outer temperature (TCO) of Zry-4 corner rod during storage ..... 38 

Fig. 3.37 Fuel outer radius (RFO) of Zry-4 corner rod during storage ..................... 39 

Fig. 3.38 Cladding inner radius (RCI) of Zry-4 corner rod during storage ................ 40 

Fig. 3.39 Pellet-cladding gap (GAP) of Zry-4 corner rod during storage .................. 40 

Fig. 3.40 Cladding hoop stress (SCH) of Zry-4 corner rod during storage ............... 41 

Fig. 3.41 Fuel rod gas pressure (PRG) of Zry-4 corner rod during storage ............. 42 

Fig. 3.42 Cladding total hoop strain (ECTH) of Zry-4 corner rod during storage...... 43 

Fig. 3.43 Cladding plastic deformation (ECP) of Zry-4 corner rod during 

storage .................................................................................................... 43 



 

87 

Fig. 3.44 Fission gas production (FGP) of Zry-4 corner rod during storage ............. 44 

Fig. 3.45 Gas release (GRL) of Zry-4 corner rod during storage ............................. 44 

Fig. 3.46 Total hydrogen content (HTOT) of Zry-4 corner rod during storage ......... 45 

Fig. 3.47 Share of dissolved hydrides (HDIS) of Zry-4 corner rod during 

storage .................................................................................................... 46 

Fig. 3.48 Share of circumferential hydrides (HCIR) of Zry-4 corner rod during 

storage .................................................................................................... 46 

Fig. 3.49 Share of radial hydrides (HRAD) of Zry-4 corner rod during storage ........ 47 

Fig. 3.50 Fuel centreline temperature (TFC) of M5 rod during operation................. 48 

Fig. 3.51 Fuel outer temperature (TFO) of M5 rod during operation ........................ 48 

Fig. 3.52 Cladding outer temperature (TCO) of M5 rod during operation ................ 49 

Fig. 3.53 Fuel outer radius (RFO) of M5 rod during operation ................................. 49 

Fig. 3.54 Cladding inner radius (RCI) of M5 rod during operation ........................... 50 

Fig. 3.55 Pellet-cladding gap (GAP) of M5 rod during operation ............................. 51 

Fig. 3.56 Cladding hoop stress (SCH) of M5 rod during operation .......................... 51 

Fig. 3.57 Fuel rod gas pressure (PRG) of M5 rod during operation ......................... 52 

Fig. 3.58 Cladding total hoop strain (ECTH) of M5 rod during operation ................. 52 

Fig. 3.59 Cladding plastic deformation (ECP) of M5 rod during operation ............... 53 

Fig. 3.60 Fission gas production (FGP) of M5 rod during operation ........................ 53 

Fig. 3.61 Fission gas release (FGR) of M5 rod during operation ............................. 54 

Fig. 3.62 Fuel centreline temperature (TFC) of M5 central rod during storage ........ 55 

Fig. 3.63 Fuel outer temperature (TFO) of M5 central rod during storage ............... 55 

Fig. 3.64 Cladding outer temperature (TCO) of M5 central rod during storage........ 56 

Fig. 3.65 Fuel outer radius (RFO) of M5 central rod during storage ........................ 56 

Fig. 3.66 Cladding inner radius (RCI) of M5 central rod during storage .................. 57 

Fig. 3.67 Pellet-cladding gap (GAP) of M5 central rod during storage .................... 57 

Fig. 3.68 Cladding hoop stress (SCH) of M5 central rod during storage ................. 58 

Fig. 3.69 Fuel rod gas pressure (PRG) of M5 central rod during storage ................ 59 



 

88 

Fig. 3.70 Cladding total hoop strain (ECTH) of M5 central rod during storage ........ 59 

Fig. 3.71 Cladding plastic deformation (ECP) of M5 central rod during storage ...... 60 

Fig. 3.72 Fission gas production (FGP) of M5 central rod during storage ............... 60 

Fig. 3.73 Fission gas release (FGR) of M5 central rod during storage .................... 61 

Fig. 3.74 Gas release (GRL) of M5 central rod during storage ................................ 61 

Fig. 3.75 Total hydrogen content (HTOT) of M5 central rod during storage ............ 62 

Fig. 3.76 Share of dissolved hydrogen (HDIS) of M5 central rod during storage ..... 63 

Fig. 3.77 Share of circumferential hydrides (HCIR) of M5 central rod during 

storage .................................................................................................... 63 

Fig. 3.78 Share of radial hydrides (HRAD) of M5 central rod during storage ........... 64 

Fig. 3.79 Fuel centreline temperature (TFC) of M5 corner rod during storage ........ 65 

Fig. 3.80 Fuel outer temperature (TFO) of M5 corner rod during storage ................ 65 

Fig. 3.81 Cladding outer temperature (TCO) of M5 corner rod during storage ........ 66 

Fig. 3.82 Fuel outer radius (RFO) of M5 corner rod during storage ......................... 66 

Fig. 3.83 Cladding inner radius (RCI) of M5 corner rod during storage ................... 67 

Fig. 3.84 Pellet-cladding gap (GAP) of M5 corner rod during storage ..................... 67 

Fig. 3.85 Cladding hoop stress (SCH) of M5 corner rod during storage .................. 68 

Fig. 3.86 Fuel rod gas pressure (PRG) of M5 corner rod during storage................. 68 

Fig. 3.87 Cladding total hoop strain (ECTH) of M5 corner rod during storage ......... 69 

Fig. 3.88 Cladding plastic deformation (ECP) of M5 corner rod during storage ....... 69 

Fig. 3.89 Fission gas production (FGP) of M5 corner rod during storage ................ 70 

Fig. 3.90 Fission gas release (FGR) of M5 corner rod during storage ..................... 70 

Fig. 3.91 Gas release (GRL) of M5 corner rod during storage ................................ 71 

Fig. 3.92 Total hydrogen content (HTOT) of M5 corner rod during storage ............. 71 

Fig. 3.93 Share of dissolved hydrogen (HDIS) of M5 corner rod during storage ..... 72 

Fig. 3.94 Share of circumferential hydrides (HCIR) of M5 corner rod during 

storage .................................................................................................... 73 

Fig. 3.95 Share of radial hydrides (HRAD) of M5 corner rod during storage ........... 73 



 

89 

Fig. 4.1 Axial distribution of Cladding hoop strain (SCH) for Zry-4 after 

10 years of storage (end of wet storage) .................................................. 75 

Fig. 4.2 Axial distribution of Cladding hoop strain (SCH) for Zry-4 after 

10.02 years of storage (end of drying process / beginning of dry 

storage) ................................................................................................... 76 

Fig. 4.3 Axial distribution of Cladding hoop strain (SCH) for Zry-4 after 50 

years of storage ....................................................................................... 77 

Fig. 4.4 Axial distribution of Cladding hoop strain (SCH) for Zry-4 after 

100 years of storage ................................................................................ 78 

 





91 

List of tables 

Tab. 2.1 Fuel rod design parameters ....................................................................... 5 

Tab. 2.2 Key stages of boundary conditions during the fuel rod life after 

discharge ................................................................................................... 6 





93 

A Participants' contribution to simulation benchmark 

A.1 CIEMAT results 



94 



95 



96 



97 

A.2 CNAT results 



98 



99 



 

100 

 



101 

A.3 Framatome results 



 

102 

 



 

103 





105 

A.4 GRS results 



106 



 

107 





109 

A.5 PSI Results 



110 



111 



112 



113 

A.6 TUEV results 



 

114 

 

 



115 

A.7 UJV Rez results 



 

116 

 



 

117 

 



 

118 

 



 

119 

 



92

Schwertnergasse 1
50667 Köln
Telefon +49 221 2068-0 
Telefax +49 221 2068-888

Boltzmannstraße 14
85748 Garching b.München
Telefon +49 89 32004-0
Telefax +49 89 32004-300

Kurfürstendamm 200
10719 Berlin 
Telefon +49 30 88589-0
Telefax +49 30 88589-111

Theodor-Heuss-Straße 4
38122 Braunschweig
Telefon +49 531 8012-0 
Telefax +49 531 8012-200

www.grs.de

Gesellschaft für Anlagen- 
und Reaktorsicherheit
(GRS) gGmbH

ISBN 978-3-949088-62-9


	Leere Seite



