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a b s t r a c t 

The role of dry storage in spent nuclear fuel management becomes more and more important. Origi- 

nally intended to serve as a temporary solution for a few decades until final disposal, now dry storage 

period is to be extended to 100 years and beyond. It has to be proven for licensing that the fuel rod 

integrity during dry storage is ensured. Since it is difficult to provide experimental support, the licensing 

process has to rely largely on numerical simulations. This paper reviews the literature associated with 

the modeling of spent nuclear fuel under dry storage conditions. The main phenomena threatening the 

fuel rod integrity and the numerical models representing them are described here. Moreover, the most 

recent or currently ongoing experimental efforts that could support the modeling of nuclear fuel in dry 

storage in the future are discussed. Finally, this paper reviews approaches to dry storage modeling cho- 

sen by different countries. In general, these approaches are similar and can be described as a calculation 

chain consisting of neutronics–thermo-hydraulics–fuel performance computations where sensitivity and 

uncertainty studies are crucial elements. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

After discharge from the reactor, hot and highly radioactive 

pent Nuclear Fuel (SNF) is moved for wet storage to an on-site 

ool until its decay heat is sufficiently low for further storing op- 

ions. However, limited capacities of such pools drive development 

f strategies for interim storage of SNF in out-of-site repositories 

ntil final disposal. Currently, the two options are wet and dry 

torage. However, the latter one receives more attention for several 

easons: dry storage solutions are mature, ready-to-implement and 

ely on passive safety principles. In addition, dry storage facilities 

an be easily expanded to accommodate more fuel. Another advan- 

age of this storage option is cost efficiency over a long period and 

ossibility of direct transportation of the dual purpose (transport 

nd storage) casks to a final repository site. 

Dry storage has been chosen as an interim storage method in 

any countries including Canada, Germany, Switzerland and the 

.S [1] . Also, it gets more attention in countries like China, Russia 

nd Korea. Dry storage was also studied in France in the framework 

f the PRECCI project [2] . As dry storage is a temporary solution for

NF management, it has been licensed for a limited period of time. 

nitially, proposed storage periods were between 20 and 50 years, 
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epending on the country. Since the projects of final repositories 

round the world are generally delayed due to issues with licens- 

ng and social acceptance, the interim storage period needs to be 

xtended. 

Fuel rod integrity during extended dry storage has to be en- 

ured until final disposal. Current trends are to extend the interim 

torage period to around 100 years or even beyond. In this time 

rame, safety assessment needs to be based on experimental ob- 

ervations and supported by numerical tools. Decades of develop- 

ent of fuel performance codes allow to explain and predict dif- 

erent types of fuel behavior during both normal reactor opera- 

ion and accidents [3] . However, modeling of the fuel behavior in 

ry storage conditions had little attention up to now. Typical dry 

torage conditions, described in Section 2 , are different compared 

o reactor operation. Experimental and numerical effort s aimed at 

tudying long time effects, relevant to dry storage, like the cladding 

reep or hydrogen behavior are limited. Section 3 gives a brief de- 

cription of the models and correlations that can be applied to dry 

torage simulations. 

New models anticipating the rod behavior in dry storage will be 

eveloped in the future thanks to ongoing experiments like these 

t the Kurchatov Institute in Russia [4] or Paul Scherrer Institute 

PSI) in Switzerland [5,6] . Recent experiments and planned pro- 

rams are discussed in Section 4 . 

Growing needs for numerical analyses concern not only fuel 

erformance modeling but also other aspects of dry storage. 

https://doi.org/10.1016/j.jnucmat.2021.153138
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
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Fig. 1. Numerical prediction of the temperature distribution in a PWR storage cask. 

Note high temperature variations as a function of the axial position. A section of 

two and a half fuel assemblies can be seen. Figure from Arkoma et al. [15] . 
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Fig. 2. Temperature axial profile measured near the cask center at the beginning of 

dry storage. Data provided by the Electric Power Research Institute EPRI [17] . 
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umerous publications studying criticality, shielding, thermo- 

ydraulics or mechanics of dry storage casks are available [7–

2] . Such simulations provide boundary conditions and their un- 

ertainties for fuel behavior modeling. Therefore, these inter- 

ependencies need identification and detailed sensitivity and un- 

ertainty studies. Such multiphysics calculations proposed by dif- 

erent countries are presented in Section 5 . 

. Dry storage conditions 

Before discussing phenomena important in dry storage, it is 

rucial to define what range of temperatures, pressures and hydro- 

en contents can be expected in dry storage. 

.1. Temperature 

SNF reaches its maximum temperature at the end of drying 

hich is a transition process between wet and dry storage. The 

rying can be done using different methods, for instance, vacuum 

rying or forced helium drying. According to the recommendations 

eleased by the U.S Nuclear Regulatory Commission (NRC), the 

ladding peak temperature should not exceed 400 °C [13] . How- 

ver, a higher short-term temperature limit can be used for low 

urnup fuel ( < 45 GWd/tU) if the cladding hoop stress does not ex- 

eed 90 MPa. Much lower temperature limits have been proposed 

n Japan. According to the Japanese regulations, the maximum al- 

owed cladding temperatures vary from 200 to 300 ◦C depending 

n the cladding type and burnup [14] . 

Another important aspect is the temperature axial profile 

ithin a cask. As can be seen in Fig. 1 , the rod temperature at dif-

erent elevations can be very different. It depends on many factors 

ike the burnup, fuel type, position in storage cask and cask model 

tself. A general storing trend is to keep the rod plena at lower 
2 
emperatures because most of the rod internal gas is located there 

nd its expansion would generate additional stress on the cladding. 

The maximum temperature in Fig. 1 is close to the 400 ◦C 

imit proposed by NRC. However, in actual dry storage the expected 

emperatures are lower. Recently, a realistic temperature distribu- 

ion in a cask has been obtained within the DEMO project [16] . 

n the frame of DEMO, high burnup fuel assemblies were loaded 

nto a modified TN32 cask equipped with numerous thermocou- 

les allowing to monitor temperature inside the cask at different 

xial and radial positions. An example of an axial temperature pro- 

le measured at the beginning of dry storage near the cask center 

s shown in Fig. 2 . As can be seen, the maximum temperature is 

round 230 ◦C which is considerably lower than in Fig. 1 . More 

etails of DEMO are given in Section 4.5 . 

.2. Rod internal pressure and cladding stresses 

Manufactured PWR fuel rods are filled with helium up to 

.5 MPa at room temperature. The Rod Internal Pressure (RIP) in- 

reases during irradiation due to Fission Gas Release (FGR), fuel 

welling etc. At high burnup, it can reach more than 6.5 MPa [18] .

IP can be several times higher than the dry storage cask pressure. 

his differential pressure is the source of the cladding stress dur- 

ng dry storage. Sufficiently high stress can lead to reorientation of 

ydrides. 

As previously mentioned, the maximum allowed cladding hoop 

tress in the low burnup fuels in the U.S. is limited to 90 MPa if the

emperature is higher than 400 ◦C [13] . In Japan, the limit stress 

llowed in dry storage varies between 70 and 100 MPa, depending 

n the cladding type [14] . 

.3. Hydrogen concentration 

Zr-based claddings undergo a slow corrosion process in reaction 

ith the coolant water [19] : 

r + 2 H 2 O → ZrO 2 + 2 H 2 (1) 

The fraction of the hydrogen produced in this reaction that en- 

ers the cladding is called the pickup fraction. The degree of oxida- 

ion, pickup fraction and concentration of the picked up hydrogen 

iffer significantly depending on the cladding material, irradiation 

onditions and burnup. For instance, standard Zircaloy-4 claddings 

an reach the average hydrogen content as high as 60 0–70 0 wppm 

t the end of life; whereas modern, corrosion resistant materials 

ike M5 TM , have the average hydrogen concentration around 100 

ppm at the same burnup [20] . However, before the picked up 

ydrogen reaches the metal, it travels through the oxide layer ZrO 2 

ormed on the cladding outer wall. It has been recently proposed 

hat the hydrogen transport towards the metal is driven by a force 
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Fig. 3. A simplified scheme of the stress-related phenomena important in dry storage. PCMI stands for Pellet-Cladding Mechanical Interaction and RIP for Rod Internal 

Pressure. 

i

l

d

t

t

s

t

c

i  

q

m

h

e

3

m

o

(

s

q

l

p

c

R

i

i

o

t

t

h

s

t

d

o

s

c

i

s

e

p

S

u

f

m

i

3

h

d

r

P

M

l

t

p

t

o

R

t

t

[

h

u

m

(

p

d

s

w

nversely proportional to the electronic conductivity of the ZrO 2 

ayer [21] . The hydrogen migration mechanism in response to this 

riving force has not been determined yet but it is believed that 

he hydrogen migrates as H 

+ [22–24] . Once the hydrogen reaches 

he metal, it can migrate driven by concentration, temperature and 

tress gradients. In non-liner claddings, it tends to move towards 

he outer cladding part where it precipitates and forms the so- 

alled ’hydride rim’ with the maximum hydrogen content exceed- 

ng 20 0 0 wppm [20] . The precipitation of hydrogen is a conse-

uence of its limited solubility in zirconium alloys. Once the maxi- 

um concentration of hydrogen at a given temperature is reached, 

ydrogen precipitates into hydrides. The solubility of hydrogen is 

xplained in more detail in Section 3.5.1 . 

. Important phenomena 

According to the gap analyses done by NRC [25] and Depart- 

ent of Energy (DOE) [26] , two possible degradation mechanisms 

f the fuel rod cladding are creep and Delayed Hydride Cracking 

DHC). These phenomena can be driven high RIP causing tensile 

tresses in the cladding. The high internal pressure is a conse- 

uence of several phenomena. First, fission gas is created and re- 

eased to the rod free volume during irradiation. Second, helium 

roduced by α decays of actinides during operation and storage 

an also be released to the rod free volume and contribute to 

IP. Moreover, α-decay damage results in the lattice parameter 

ncrease which is associated with fuel swelling [27,28] . Helium–

nduced fuel swelling can have important consequences in terms 

f the Pellet-Cladding Mechanical Interaction (PCMI). The distribu- 

ion of stresses in the cladding can be also significantly affected by 

he pellet-cladding bonding if such a phenomenon, associated with 

igh burnup fuel, occurs. 

This section describes publications focused on modeling the 

tress-related phenomena as shown in Fig. 3 . It accounts for both 

he phenomena contributing to the cladding stress like helium pro- 

uction and the phenomena being a consequence of it like creep 

r hydrogen redistribution. It is important to specify that Fig. 3 is 

implified. It is focused on the stress-related effects to create a 

omprehensive chain of dependencies between the phenomena 
3 
mportant in dry storage. However, other parameters like, for in- 

tance, temperature, cladding type or the presence of cladding lin- 

rs are also important and cannot be neglected. 

In addition, a paragraph in this section is dedicated to trans- 

ortation of SNF, not mentioned in Fig. 3 . During transportation, 

NF is submitted to cyclic vibrations that may lead to fatigue fail- 

re. Even though this aspect has not been studied by the fuel per- 

ormance community, it deserves attention because implementing 

echanical fatigue correlations into fuel performance codes could 

mprove their modeling capabilities. 

.1. Helium production and behavior 

There are two main sources of helium in a spent fuel rod. First, 

elium is the filling gas in rod manufacture. The fill gas pressure 

epends on the rod design and it is higher in PWR than BWR fuel 

ods. Second, helium is produced via α decay of actinides, mostly 

u and Cm [29] . Helium production is much more significant in 

OX fuel because of high abundance of actinides. Whereas the he- 

ium initially present in the fuel rod completely contributes to RIP, 

he helium generated from actinides can be responsible for two 

henomena important in dry storage. Helium is either retained in 

he fuel matrix causing swelling, and potentially leading to PCMI, 

r released to the plenum and increasing RIP. Even if PCMI or high 

IP do not lead directly to the failure, they affect the distribu- 

ion of stress and its role in the hydrogen-related mechanisms in 

he cladding. According to the work done recently by Luzzi et al. 

30] and Cognini et al. [31] , the key parameters governing the be- 

avior of helium in nuclear fuel are the helium diffusivity and sol- 

bility. 

Apart from the two main sources of helium, it is worth to 

ention helium production in the Integral Fuel Burnable Absorber 

IFBA) design from Westinghouse [32] . In this design, some fuel 

ellets in the assembly are covered with a thin layer of zirconium 

iboride. Helium is produced in consequence of the neutron ab- 

orption by 10 B and is released to plenum. The issues associated 

ith IFBA are discussed in Section 3.2.3 . 
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Fig. 4. Empirical correlations derived by Luzzi et al. (thick green and purple curves) 

compared to experimental data. Different colors indicate different helium imple- 

mentation techniques. Dark green corresponds to infusion, blue to ion implemen- 

tation and red to doping. Figure adapted from Luzzi et al. [30] . (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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Fig. 5. Empirical correlations for helium solubility derived by Cognini et al. (curves) 

compared to experimental data (points). Different colors indicate different mi- 

crostructure of the sample. Blue corresponds to powder samples red to single crys- 

tal samples. Figure from Cognini et al. [31] . (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 
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.1.1. Helium diffusivity 

Helium release strongly depends on the helium diffusion coef- 

cient. A recent work of Luzzi et al. [30] gathers and analyzes the 

xperimental studies on helium diffusivity. The authors reported 

hat three main experimental techniques can be used to introduce 

elium in the samples. These are infusion, ionic implantation and 

oping. The two latter techniques cause damage to the lattice of 

he sample and create defects which result in fast helium diffu- 

ion. This observation is consistent with the enhanced diffusion of 

elium measured by Talip et al. in non-stoichiometric UO 2 [33] . 

Since the experimental method affects the obtained data, Luzzi 

t al. divided the experimental results into two groups depending 

n the helium introduction technique. The first group consists of 

he data obtained by infusion. In the second group, the authors 

laced the results obtained by ionic implementation and doping. 

uzzi et al. used the data from both groups to fit two empirical 

orrelations for the helium diffusion coefficient D H . The correlation 

ased on the first group is as follows: 

 H = 2 . 0 × 10 

−10 exp ( −2 . 12 /kT ) [m 

2 s −1 ] (2) 

here k [eV K 

−1 ] is the Boltzmann constant and T [K] is temper-

ture. Luzzi et al. recommended to use the above coefficient to 

odel helium behavior in fresh fuel. For irradiated fuel, where a 

ertain level of lattice damage is present, the authors suggested to 

se the function based on the second group of experimental data: 

 H = 3 . 3 × 10 

−10 exp ( −1 . 64 /kT ) [m 

2 s −1 ] (3) 

he comparison between the correlations obtained by Luzzi et al. 

nd the experimental data is shown in Fig. 4 . One can see that

he experimental data used for the fitting is scattered and thus, 

mpirical correlations are associated with high uncertainties. The 

uthors estimated them to be of the order of a factor of ten for 

q. 2 and of a factor of one thousand for Eq. 3 . 

.1.2. Helium solubility 

The parameter governing helium retention is the helium solu- 

ility. Cognini et al. [31] have gathered and analyzed available ex- 

erimental data concerning helium retention. In all of them, the 
4 
nfusion technique has been used to charge the samples with he- 

ium. It has been experimentally proven [34–36] that the helium 

olubility in UO 2 is proportional to the infusion pressure and obeys 

enry’s law given by: 

 s = k H p [at m 

−3 ] (4) 

here p [MPa] is the infusion pressure and k H [at m 

−3 MPa −1 ] is 

he Henry’s constant. According to Cognini et al., the helium solu- 

ility of the studied samples strongly depends on their microstruc- 

ure. The powder samples are characterized by higher helium sol- 

bility than the single crystal samples as shown in Fig. 5 . The au-

hors have used the experimental data to derive empirical corre- 

ations describing the Henry’s constant depending on microstruc- 

ure. The correlation for the powder samples can be expressed as 

ollows: 

 H = 1 . 8 × 10 

25 exp ( −0 . 41 /kT ) [at m 

−3 MPa −1 ] (5) 

here k [eV K 

−1 ] is the Boltzmann constant and T [K] is tempera-

ure. According to Cognini et al., this correlation can be applied to 

tudy the helium behavior in the fuel after pulverization that can 

ccur in LOCA. The function describing the Henry’s constant in the 

ingle crystal samples is given by: 

 H = 4 . 1 × 10 

24 exp ( −0 . 65 /kT ) [at m 

−3 MPa −1 ] (6) 

he above equation can be used to analyze helium behavior at 

he grain scale. Some fission gas models used in fuel performance 

odes account for meso-scale phenomena. Examples of such mod- 

ls are GRSW-A [37] or a recent model developed by Verma et al. 

38] . 

The Henry’s law correlations derived by Cognini et al. have been 

ompared to experimental measurements in Fig. 5 . One can see 

hat the prediction obtained by the authors has a good trend but 

he experimental data used for the fitting is significantly dispersed. 

herefore, the empirical correlations are associated with high un- 

ertainties of approximately one thousand. 

.1.3. Fuel pellet swelling 

Fuel pellet swelling can be based on the helium solubility pre- 

iction described in the previous section. However, α decays of ac- 

inides in spent nuclear fuel can also cause swelling in a differ- 

nt way. Helium particles created by nuclear reactions knock on 
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Fig. 6. Experimental data on fuel swelling compared to the correlations derived by Raynaud and Einziger (thick red curves). Figure from Raynaud and Einziger [28] . (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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toms in the UO 2 lattice. Those interactions generate cascades of 

isplacements resulting in lattice swelling. The literature regarding 

his phenomenon has been reviewed by Raynaud and Einziger [28] . 

he authors analyzed the gathered data and used them to derive 

he correlations describing the relative lattice expansion �a/a 0 
here a and a 0 are the deformed and undeformed lattice param- 

ters as a function of dpa (displacements per atom). The best- 

stimate swelling correlation proposed by Raynaud and Einziger is 

s follows: 

�a 

a 0 
= 3 . 528 × 10 

−3 [ 1 − exp ( −8 . 492 dpa ) ] (7) 

dditionally, the authors reported the upper limit swelling correla- 

ion: 

�a 

a 0 
= 4 . 642 × 10 

−3 [ 1 − exp ( −28 . 077 dpa ) ] (8) 

he dpa used by Raynaud and Einziger in Eqs. 7 and 8 is based

n the work of Rondinella et al. [27] and expressed as a function of

ime t: 

pa ( t ) = 1 . 1742 × 10 

−2 × t 7 . 2246 ×10 −1 

(9) 

he results obtained by Raynaud and Einziger with Eqs. 7 and 8 are 

ompared to the experimental data in Fig. 6 . 

.2. Cladding stress 

Helium-related effects described in previous sections can affect 

he cladding integrity either by increasing RIP (helium release) or 

y PCMI (fuel swelling). Both RIP and PCMI generate stresses in the 

ladding which can activate degradation mechanisms like creep, 

ydride reorientation or delayed hydride cracking. 

.2.1. NRC Analysis 

Raynaud and Einziger from NRC have performed fuel perfor- 

ance simulations of several different BWR and PWR designs to 

tudy stresses in the cladding during dry storage [28,39] . The au- 

hors have used two different versions of the fuel code FRAPCON. 

RAPCON-3.5 [40] has been utilized to predict fuel swelling and 
5 
as production whereas the modified version of FRAPCON-3.5, ex- 

ended by adding the code DATING (Determine Allowable Temper- 

tures in Inert and Nitrogen Gases) [41] , has been employed to 

tudy cladding creep. The creep models available in DATING have 

een developed to model dry storage conditions, and thus they are 

ore reliable that the creep laws available in FRAPCON-3.5. 

The simulations carried out by the authors account for the base 

rradiation up to 65 GWd/tU, 5 years of wet storage and 295 years 

f dry storage. The temperature during wet storage remains close 

o 80 ◦C. At the beginning of dry storage the temperature rises up 

o 400 ◦C and decreases with time according to the relation: 

 (K) = 

{
0 . 265714 × t 2 − 12 . 3343 × t + 673 . 15 if t < 13 . 0306 y
−59 . 2015 × ln ( t ) + 709 . 532 if t ≥ 13 . 0306 years 

(10) 

n the FRAPCON-3.5 simulations, both fuel swelling correlations 

escribed in Section 3.1.3 have been used. The authors reported 

hat the cladding stress obtained with the upper limit correlation 

 Eq. 8 ) is only slightly higher that the stress calculated with the 

est estimate correlation ( Eq. 7 ). The calculated fuel swelling does 

ot lead to gap closure during dry storage (gap opens at the begin- 

ing of wet storage) nor to PCMI in any of studied cases. However, 

t decreases the rod free volume and increases RIP. 

RIP is also increased by the so-called decay gas. The decay gas 

s composed of H, He (main component), Kr, N, Ne, Ra and Xe pro- 

uced during storage. Its concentration has been calculated with 

he code ORIGEN [42] . Its release during storage together with the 

nitial helium filling and the FGR during base irradiation contribute 

o RIP. To investigate the impact of the decay gas release, Raynaud 

nd Einziger have performed sensitivity studies. The authors as- 

umed different fractions of the decay gas to be released to the 

od free volume. An example of results obtained by Raynaud and 

inziger for a PWR rod of a 17x17 design is shown in Fig. 7 . The

uthors pointed out that the decay gas release fraction has to be 

reater than 20% to induce a stress increase during dry storage. If 

ower, it cannot compensate the RIP decrease caused by decreasing 

emperature. As seen in the right figure, the decay gas release does 

ot affect the cladding strain significantly. 
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Fig. 7. Hoop stresses (left figure) and strains (right figure) in a PWR cladding calculated by Raynaud and Einziger with FRAPCON-DATING. Different colors correspond to 

different fractions of Decay Gas Release (DGR) assumed in the simulations. Figure from Raynaud and Einziger [28] . 
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.2.2. KAERI Analysis 

A study on Korean spent fuel performed by Kim et al. [43] has 

evealed that the hoop stress at 400 ◦C of low burnup fuel ( < 45

Wd/tU) irradiated in Korean power plants remains below the 

0 MPa limit proposed by NRC. However, the authors demon- 

trated that the hoop stress can reach 120 MPa in fuel assemblies 

xceeding 55 GWd/tU if the heat generation rate in the last cycle 

s high and therefore a high FGR occurred. 

In the follow-up study, Kim et al. [44] have numerically stud- 

ed RIP and hoop stresses at the beginning of dry storage with a 

onservative approach. Two types of fuel rods used in Korea have 

een investigated: 16x16 Combustion Engineering (CE) and 17x17 

estinghouse (WH). The authors used the fuel code FRAPCON-4.0 

45] . The simulations account for the base irradiation, wet storage 

nd vacuum drying. For conservatism, the heat generation rate dur- 

ng the last cycle is the highest. However, RIP obtained with this 

pproach exceeds the system pressure at burnups higher than 50 

Wd/tU, and thus the power history for these cases have been ad- 

usted to avoid this issue. The temperature of 25 ◦C is kept con- 

tant during the 5–year long wet storage period. Wet storage is 

ollowed by the vacuum drying up to 400 ◦C. The temperature dur- 

ng this procedure is assumed to be axially uniform. It must be 

mphasized that this assumption is not realistic. As mentioned in 

ection 2.1 , the temperature axial distribution inside a cask is non- 

niform. The authors used this assumption for the sake of conser- 

atism. The simulations have been performed for the assembly av- 

rage burnup range of 30-–60 GWd/tU. 

The results obtained by the authors are presented in Fig. 8 . The 

wo figures show RIP and the average hoop stress at different bur- 

ups at 400 ◦C. As can be seen, the hoop stress in the WH rod ex-

eeds the 90 MPa limit for burnups higher than 50 GWd/tU. In the 

ase of the CE rod, the limit is crossed above 55 GWd/tU. The pre-

ented results have shown the importance of RIP on the cladding 

tress. 

.2.3. Cladding stresses in IFBA rods 

Helium produced during irradiation of IFBA fuel is released to 

he rod free volume and contributes to RIP [32] . This is of im-

ortance in dry storage since high RIP can drive rod degradation 

echanisms like reorientation of hydrides. The issue of RIP in IFBA 

ods during vacuum drying has been studied by Bratton et al. [46] . 

he authors used FRAPCON-3.5 [40] to simulate nearly 70,0 0 0 fuel 

ods from the Watts Bar nuclear plant. Bratton et al. simulated 

oth IFBA and standard rods taking into account their unique ir- 
6 
adiation histories. The obtained results have shown a significant 

mpact of the helium production in IFBA fuel on RIP and, in conse- 

uence, the cladding hoop stress. The values of these parameters, 

alculated at vacuum drying conditions, are presented in Fig. 9 . As 

an be seen, the RIPs and cladding hoop stresses is the IFBA rods 

an be around twice higher than in standard rods. The work of 

ratton et al. clearly shows how important it is to account for each 

arameter potentially affecting the cladding stress distribution. 

.3. Fuel-cladding bonding 

The fuel–cladding bonding is a phenomenon associated with 

igh burnup fuels ( > 45 GWd/tU). It occurs when the fuel outer 

urface interacts with the cladding inner surface. The mechanical 

ontact leads to formation of the oxide layers of U, Zr and some 

ssion products like Cs [47] . The layers create a strong mechanical 

ond between the pellet and the cladding. If the bond exists, the 

istribution of stresses in the cladding during storage and trans- 

ortation conditions depends directly on the mechanical interac- 

ions between the fuel pellet and the cladding and not on RIP. 

Recently, EPRI used the fuel codes BISON [48] and Falcon [49] to 

erform detailed numerical analyses of the impact of bonding on 

he cladding stresses during storage of PWR rods [50] . The simula- 

ions done by EPRI cover a wide range of high burnup fuel condi- 

ions by modeling various scenarios and using different crack pat- 

erns. An example of the cladding hoop stress calculated by EPRI 

ith BISON is shown in Fig. 10 . In the presented case, the sim- 

lated fuel rod is irradiated up to 60 GWd/tU and the bonding 

ccurs. The base irradiation is followed by wet storage at 40 ◦C 

nd vacuum drying up to 400 ◦C. The maximum temperature is 

ept for one year to observe the effect of the relaxation of stresses. 

ig. 10 illustrates the distribution of the cladding hoop stress at the 

nd of drying and after one year at 400 ◦C. It can be seen that the

aximum hoop stress after relaxation is 12 MPa which is much 

elow the hydrogen reorientation threshold at this temperature. 

The overall results presented in the EPRI’s report [50] have re- 

ealed that the presence of bonding significantly changes cladding 

tress distribution in storage conditions. Although, the cladding 

tresses in bonded rods reach high values, they are short-lived 

ecause of the cladding creep and the pellet constraint imposed 

n the cladding. The cladding at 400 ◦C has a high creep rate 

ut its deformation is limited by the non-deforming fuel pellet. 

n response to this constraint, the cladding relaxes its stresses. 

he creep effect is beneficial in this time frame in this case. EPRI 
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Fig. 8. RIP (left axis) and hoop stress (right axis) at 400 ◦C as a function of burnup calculated by Kim et al. for CE (right figure) and WH (left figure) fuel rods. Figure from 

Kim et al. [44] . 

Fig. 9. Densities of RIPs (left figure) and hoop stresses (right figure) calculated at vacuum drying conditions (temperature 400 ◦C, external pressure 133 Pa) as a function of 

burnup. Red dots – standard rods, blue rods – IFBA rods. Figure from Bratton et al. [46] . (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

Fig. 10. Cladding hoop stress at 400 ◦C at the end of drying (left figure) and after one year of holding at 400 ◦C. Figure from [50] . 
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as concluded that the high burnup fuel rods where the fuel and 

ladding are bonded appear to be more tolerant to hydride reori- 

ntation than non-bonded rods with lower burnup. 

.4. Long-term creep behavior 

According to the spent fuel integrity research performed in the 

SA in the1970 ′ s and1980 ′ s, the cladding creep was identified as 

he most important limiting phenomenon in dry storage [51] . How- 

ver, a more recent NRC report removes creep from the list of 
7 
he most limiting phenomena [13] . It points out that the cladding 

reep in normal storage conditions will not lead to gross rupture 

f the cladding for two reasons. First, according to the post-storage 

ests carried out by Einziger et al, SNF exhibits a high creep capac- 

ty even after 15 years of dry storage [52] . Second, creep is self- 

imiting: progressing creep increases the rod volume which de- 

reases RIP, which is the main force driving the cladding creep; 

s the driving force is lower, the creep rate decreases. 
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Fig. 11. Updated map of creep effects considered in DATING. The dashed lines give the temperature-stress boundaries for the model describing creep of fresh cladding. The 

solid rectangle shows the boundaries of the creep model of irradiated cladding. Experimental data used in the study are marked as points. Figure from Gilbert et al. [56] . 
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Even though creep does not threaten the cladding integrity di- 

ectly, it affects distribution of stresses [15,28] . The cladding stress 

s important in predicting the orientation of hydrides in dry stor- 

ge [53,54] . Thus, it may be important to properly assess the 

ladding mechanical response in dry storage conditions. 

.4.1. Creep models from DATING 

Since the cladding creep was believed in the1980 ′ s to be the 

ain failure mechanism during dry storage in the US, the Pacific 

orthwest National Laboratory developed a dedicated tool to pre- 

ict the allowable temperature during dry storage DATING [41] . 

he code is a numerical implementation of the deformation and 

racture map methodology proposed by Chin et al. [55] . DATING 

akes into account 6 creep mechanisms: High Temperature Climb 

HTC), Low Temperature Climb (LTC), Grain Boundary Sliding (GBS), 

abarro-Herring creep, Coble creep and athermal creep. In the 

onditions typical for dry storage, HTC, LTC and GBS are the most 

mportant. 

In the updated version of DATING, released by Gilbert et al. in 

001 [56] , the model for primary creep has been included. Also, 

he coefficients of GBS, LTC and Coble creep models have been 

hanged for unirradiated cladding. Finally, the creep reduction fac- 

or due to irradiation has been added to some creep mechanisms. 

he map of creep mechanisms considered in the updated version 

f DATING is shown in Fig. 11 . 

The updated creep models available in DATING have been re- 

ently applied by NRC to study fuel performance in dry storage 

onditions (see Section 3.2.1 ). 

.4.2. Czech creep model for Zircaloy-4 and Zr1Nb 

One of the first attempts to model the long-term creep behav- 

or under dry storage conditions based on dedicated experiments 

s the work of Vesely et al. [57] . The authors studied cladding 

amples of unirradiated Zr1Nb and Zry-4. The specimens used in 

he experiment were pressurized with pure argon and closed with 

elded caps. The samples prepared this way were divided into two 

roups that were heated up in a muffle furnace to different tem- 

eratures and in different environments. Also, the range of hoop 
8 
tresses were different. The duration of the experiments was vary- 

ng from 23 to 9600 hours, depending on the temperature. 

The obtained experimental results have been used to describe 

he creep behavior with the overall hoop creep strain ε, consisting 

f two parts: the saturated transient strain ε s t and the steady state 

reep rate ˙ ε s . 

 = ε s t 

[
1 − exp 

{
−D ( ̇ ε s t ) 

n 
}]

+ ˙ ε s t (11) 

˙  s = 

BE 

T 
exp 

(
Cσ

E 

)
exp 

(−Q 

RT 

)
(12) 

 

s 
t = exp ( FT + G ) ̇ ε HT + I 

s (13) 

 = K exp ( LT ) (14) 

ith 

σ – applied hoop stress [MPa] 

E – Young’s modulus of Zr1Nb alloy ( E = 1 . 121 × 10 5 − 64 . 4 T )

MPa] 

T – Temperature [K] 

Q – apparent activation energy [J/mol] 

R – gas constant [J/mol] 

The parameters B, C, F , G, H, I, K, L and n have been adjusted by

he authors to fit the experimental measurements for normal (up 

o 400 ◦C) and abnormal conditions (above 420 ◦C). They are pre- 

ented in Table 1 . 

The results of the fitting done by Vesely et al. for abnormal con- 

itions is shown in Fig. 12 . As can be seen, the hoop strains mea-

ured at 453 ◦C are well predicted with the model. 

The work of Vesely et al. has been applied by Gyori and Hozer 

o model dry storage of VVER 440 fuel [58] . The authors im- 

lemented the model to the fuel code TRANSURANUS and per- 

ormed multiphysics simulations. Their work is described in detail 

n Section 5.2.3 . 

.4.3. EDF Creep model 

A joint program aimed at studying the long term storage of 

uclear fuel in France was launched by Commissariat á l’Energie 
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Table 1 

Parameters of the Vesely creep model [57] . The first two 

rows give the temperature and hoop stress validity ranges. 

Temperature 325 − 400 ◦C 420 − 530 ◦C 

Hoop stress 50 − 110 MPa 40 − 130 MPa 

B 130 8 . 718 × 10 6 

C 2400 3900 

D 
K = 56140 

L = −9 . 547 × 10 −3 45 

F −7 . 82 × 10 −2 −7 × 10 −2 

G 59.812 53.230 

H −2 . 4 × 10 −3 −2 . 77 × 10 −3 

I 2.272 2.465 

n 0.5 0.6 

Q 1 . 85 × 10 5 J/mol 2 . 56 × 10 5 J/mol 

Fig. 12. The hoop strain calculated by Vesely et al. compared to the experimental 

measurements at 453 ◦C. Figure from Vesely et al. [57] . 
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Table 2 

Range of validity of the EDF creep model [59] . 

Parameter Value 

Hoop stress (MPa) 55–230 

Temperature ( ◦C) 350–420 

Fast fluence (n/cm 

2 ) (0–9) ×10 21 

Duration 100 h–approx. 2 y 

Table 3 

Parameters of the EDF creep 

model [59] . 

Parameter Value 

v 0.13244 

A 1 20867.2 

n 1 1.986 

Q 1 13748 

A 2 1 . 386 × 10 14 

n 2 1.715 

Q 2 27628.7 

a 0 0.01453 

P 1 0.0879 

P 2 0.9121 

αp 5 . 722 × 10 −22 

S 1 0.00305 

S 2 0.99695 

βs 3 . 246 × 10 −22 

K
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f

ε

T
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[

θ

tomique et aux énergies alternatives (CEA) and Électricité de 

rance (EDF) in 1998 as the PRECCI project [2] . One of the ac-

ivities done in the framework of PRECCI was formulation of a 

ew cladding creep law to assess the cladding integrity under dry 

torage conditions. This model has been developed by Bouffioux 

or both fresh and irradiated CWSR (Cold Worked Stress Relieved) 

ircaloy-4 claddings [59] . It is based on a set of experiments on 

ressurized cladding samples. The experimental procedure is simi- 

ar to the one used by Vesely et al. [57] . 

A generic strain equation, expressed as a function of the hoop 

tress σθ [MPa], temperature T [ ◦C] and time t [hours], used to 

t the experimental data on unirradiated and irradiated cladding 

aterials is as follows: 

 θ = ε 0 ( σθ , T ) f ε0 ( φt ) ln ( 1 + vt ) + K ( σθ , T ) f K ( φt ) t (15) 

he first and second parts of the right side of Eq. 15 represent the

rimary and secondary creep components respectively. The param- 

ters ε 0 and K are expressed as: 

 0 = A 1 σ
n 1 
θ exp 

( −Q 1 

T + 273 

)
(16) 
9 
 = A 2 exp 

( −Q 2 

T + 273 

)
( sinh ( a 0 σθ ) ) 

n 2 
(17) 

rradiated cladding materials can be modeled with Eq. 15 by us- 

ng the multiplying functions f ε0 (φt) and f K ( φt ) that take into ac- 

ount the effect of fast fluence φt [n/cm 

2 ]: 

f ε 0 ( φt ) = P 1 + P 2 exp ( −αp φt ) , P 1 + P 2 = 1 (18) 

f K ( φt ) = S 1 + S 2 exp ( −βs φt ) , S 1 + S 2 = 1 (19) 

q. 15 is valid for both fresh and irradiated cladding in the range 

f values given in Table 2 . 

The empirical coefficients used in Eq. 15–19 have been adjusted 

o fit the experimental data. Their values are listed in Table 3 . 

he EDF creep model gives a good prediction of hoop strains in 

resh and irradiated CWSR Zircaloy-4. The comparison for irradi- 

ted samples is presented in Fig. 13 . The strain evolution of sam- 

les irradiated to different levels is well captured by the model. 

he solid blue curve representing the fresh cladding material is 

dded for comparison. It shows that the ductility decrease caused 

y irradiation is properly modeled with the EDF creep law. 

.4.4. CIEMAT Creep model 

The EDF creep model proposed by Bouffioux reproduces the 

xperimental measurements with a great precision but is rela- 

ively complex. The data used to fit the EDF model have been 

sed by Herranz and Feria from CIEMAT (Centro de Investigaciones 

nergéticas, Medioambientales y Tecnológicas) to propose a new, 

implified creep model [60] . The authors have chosen the mathe- 

atical form of the model that is consistent with the default creep 

ormulation available in the fuel code FRAPCON [61] to facilitate 

urther implementation. 

˙  θ = f 1 ( σθ ) f 2 ( T ) f 3 ( φt ) t −0 . 5 (20) 

he CIEMAT creep law described with Eq. 20 consists of three func- 

ions f 1 , f 2 and f 3 that give dependencies on the hoop stress σθ

MPa], temperature T [ ◦C] and fast fluence φt [n/cm 

2 ]: 

f 1 ( σθ ) = 1 / 2 aσ b (21) 
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Fig. 13. Hoop strains calculated with the EDF creep law (lines) compared to experimental data on irradiated CWSR Zircaloy-4 samples (points). The solid blue curve shows 

the hoop strain evolution of fresh cladding. Figure adapted from Bouffioux [59] . (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 

Table 4 

Parameters of the CIEMAT creep model [60] . 

Parameter As-received Irradiated 

a 6 × 10 4 300 

b 1.84 2.95 

c 15000 15000 

d 0 2 . 8 × 10 −22 
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f 2 ( T ) = exp 

( −c 

T + 273 

)
(22) 

f 3 ( φt ) = exp ( −dφt ) (23) 

he coefficients a , b, c and d are used to fit Eq. 20 to the experi-

ental data used by Bouffioux [59] . The fitted values obtained by 

erranz and Feria are shown in Table 4 . 

The comparison of the EDF and CIEMAT creep models with the 

xperimental measurements is presented in Fig. 14 . As can be seen, 

he experiments on both fresh and irradiated cladding samples are 

ell predicted by the CIEMAT model. Herranz and Feria have suc- 

eeded to combine a sufficient precision with simplicity. 14 co- 

fficients used in the EDF model have been reduced to 4 coeffi- 

ients in the CIEMAT model which eases integration into fuel per- 

ormance codes. 

.5. Hydrogen behavior 

Fuel rods undergo slow waterside corrosion during reactor op- 

ration. It is associated with hydrogen absorption by the cladding 

aterial [19] . Once absorbed, hydrogen diffuses and changes its 

hemical state depending on the local conditions. It can occur in 

olid solution or precipitate into hydrides. Hydrogen in solid solu- 

ion undergoes redistribution driven by temperature, concentration 

nd stress gradients. If precipitated, hydrogen can significantly af- 

ect mechanical properties of the cladding and can activate degra- 

ation mechanisms like embrittlement and DHC. 
10 
.5.1. Hydrogen precipitation and dissolution 

Hydrogen absorbed by the cladding can occur under different 

orms. It can be either dissolved in the solid solution or precipitate 

s radial or tangential hydrides. Hydrogen is dissolved in the solid 

olution phase if its concentration is below the Terminal Solid Sol- 

bility for dissolution (TSSd) C T SSd and it precipitates as hydrides 

f its concentration is higher than the Terminal Solid Solubility 

or precipitation (TSSp) C T SSp . TSSd and TSSp curves are presented 

chematically in Fig. 15 . 

One can see that these curves are different in thermal cycling. 

uch behavior is called hysteresis. Hysteresis of the hydrogen sol- 

bility can be explained by the different quantity of energy con- 

umed in the dissolution and precipitation processes. Hysteresis is 

iscussed in more detail in [63] and [64] . C T SSd and C T SSp can be 

xpressed with the following equations: 

 T SSd = A exp 

(−Q 

RT 

)
[wppm] (24) 

 T SSp = A exp 

(−Q 

RT 

)
[wppm] (25) 

here R [J mol −1 K 

−1 ] is the gas constant and T [K] is temperature.

he coefficients A and Q can be determined from thermal cycling 

xperiments. Examples of these coefficients proposed by different 

uthors are listed in Table 5 . 

Parameters presented in Table 5 vary because they are based on 

ifferent sets of experimental data and they were fitted by differ- 

nt authors according to their needs. The C T SSd / C T SSp curves listed 

n Table 5 are plotted together in Fig. 16 for comparison. 

To model dissolution and precipitation of hydrogen, one needs 

o take into account kinetics of these two phenomena. Whereas 

he dissolution process is very rapid and most authors assume 

hat equilibrium is maintained, the kinetics of precipitation cannot 

e neglected. According to Marino [70] , the hydrogen precipitation 

an be expressed with the following equation: 

dC ss = −α2 
(
C ss − C T SSp 

)
(26) 
dt 
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Fig. 14. Hoop strains calculated with the EDF (dashed lines) and CIEMAT (solid lines) creep models compared to experimental data from [59] . Fast fluence, stress and 

temperature of studied samples in subplots: a) 8.8 × 10 21 n/cm 

2 , 140 MPa, 380 ◦C, b) 0 n/cm 

2 , 100 MPa, 350 ◦C, c) 1.9 × 10 21 n/cm 

2 , 121 MPa, 400 ◦C. Figures from Herranz 

et al. [60] . 

Fig. 15. Hydrogen dissolution/precipitation scheme. The red and blue arrows in- 

dicate the process direction. Ranges of temperatures typical for wet storage, dry 

storage and PWR operating conditions are marked by vertical, dashed lines. Figure 

adapted from Kaufholz et al. [62] . (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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Fig. 16. Hydrogen precipitation (dashed lines) and dissolution (solid lines) plotted 

with data from Table 5 . 
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here C ss is the concentration of hydrogen in solid solution and α
s the kinetics parameter which has the Arrhenius form: 

= A α exp 

(−Q α

RT 

)
(27) 

ost authors working on hydrogen behavior use the values of A α

nd Q α proposed by Kammenzind et al. [71] . However, it is worth 

o mention the precipitation kinetics derived by Boldt et al. [54] , 

ne and Ishimoto [72] and Zanellato et al. [65] . 

A recent work of Lacroix et al. presents a new approach to 

he modeling of dissolution and precipitation of hydrides [73] . The 

ydride Nucleation-Growth-Dissolution (HNGD) model derived by 
11 
he authors has several new features. It distinguishes two precip- 

tation mechanisms. The nucleation of hydrides is a rapid process 

ccurring if the local hydrogen concentration in solid solution ex- 

eeds C T SSp . The second mechanism, the growth of hydrides, is 

lower and can occur simultaneously with nucleation. Moreover, 

he growth occurs also in the hysteresis region. Next feature of 

NGD is the introduction of the dissolution kinetics. Contrary to 

he previous model available in BISON [74] , this process is not con- 

idered to be instantaneous. The model proposed by Lacroix et al. 

s schematically explained in Fig. 17 . The HNGD model has been 

mplemented into the fuel performance code BISON and tested by 

asselaigue et al. [75] . 

.5.2. Hydrogen diffusion 

If the local hydrogen concentration in the cladding is below 

SSd, hydrogen is dissolved in the lattice and takes interstitial po- 

itions. Hydrogen in solid solution can diffuse. The two main forces 

riving hydrogen redistribution are concentration (Fickian diffu- 
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Fig. 17. Hydrogen concentration as a function of temperature. Left figure explains the assumptions of the HNGD model and the right one presents the previous modeling 

approach available in BISON [74] . Figure from Passelaigue et al. [75] . 

Table 5 

Chosen hydrogen precipitation and dissolution parameters avail- 

able in the literature. A and Q are parameters of Eqs. 24 and 25 . 

Parameter A Q Material Reference 

C T SSd 1750000 50383 Zircaloy-4 [54] 

C T SSp 166495 34467 

C T SSd 510800 45610 Zircaloy-4 [65] 

C T SSp 66440 29630 

C T SSd 80000 34520 Zr-2.5Nb [66] 

C T SSp 30000 27990 

C T SSd 143000 36686 Zircaloy-2 [67] 

C T SSp 32700 25042 

C T SSd 106447 35991 Zircaloy-2,4 [68] 

C T SSp 138746 34469 

C T SSd 108150 36360 Zircaloy-2 [69] 

C T SSp 13320 21170 
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Fig. 18. Decimal logarithms of the hydrogen diffusion coefficients listed in 

Table 6 plotted as a function of temperature. 

Table 6 

Chosen hydrogen diffusion parameters available in the literature. A and B 

are parameters of Eq. 29 . 

Parameter Value Material Phase Reference 

A 0 . 8 × 10 −7 Zircaloy-4 α [71] 

B 3 . 33 × 10 4 

A 7 . 90 × 10 −7 Zircaloy-2,4 α [76] 

B 4 . 49 × 10 4 

A 1 . 3 × 10 −7 Zirconium hydride δ [77] 

B 5 . 31 × 10 4 

Table 7 

Chosen hydrogen heat of transport values available in the literature. 

Parameter Value [kJ/mol] Material Phase Reference 

Q ∗ 25.1 Zircaloy-4 α [71] 

Q ∗ 25.1 Zircaloy-2 α [78] 

Q ∗ 30 Zircaloy-4 α [79] 

Q ∗ 5.43 Zirconium hydride δ [77] 

p

t

T

ion) and temperature (Soret effect) gradients. The stress-driven 

iffusion is neglected by most authors. A generic equation describ- 

ng the diffusion of hydrogen J H under these two gradients is given 

y: 

 H = −D ∇ C ss − DC ss Q 

∗

RT 2 
∇ T (28) 

he first part on the right side of Eq. 28 corresponds to the Fickian

iffusion and the second one to the Soret effect. D is the hydrogen 

iffusion coefficient, C ss is the concentration of hydrogen in solid 

olution, Q 

∗ is the heat of transport of hydrogen, R is the gas con- 

tant and T is temperature. 

The diffusion coefficient D can be expressed with the Arrhenius 

quation: 

 = A exp 

(−B 

RT 

)
[m 

2 s −1 ] (29) 

here A and B are the coefficients based on experimental data. The 

iffusion rate of hydrogen in different zirconium alloys has been 

tudied by several authors. Some sets of the coefficients A and B 

re listed in Table 6 and plotted in Fig. 18 for comparison. 

Different values of Q 

∗ have been reported in the literature. They 

re gathered in Table 7 . 
12 
An example of a hydrogen redistribution model has been pro- 

osed by Courty et al. [74] . The authors developed balance equa- 

ions to model hydrogen diffusion, precipitation and dissolution. 

heir work has been implemented in the fuel performance code 
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ISON and applied to study multidimensional behavior of hydro- 

en during reactor operation and dry storage [80–82] . Recently, 

he Courty’s model has been replaced by a new model proposed 

y Lacroix et al. [73] and implemented by Passelaigue et al. [75] . 

he main advantage of the Lacroix model is a new approach to 

he precipitation and dissolution of hydrides. The model has been 

alidated by simulating experimental data and gave better results 

han the model proposed by Courty et al. Details of the model de- 

eloped by Lacroix et al. are given in Section 3.5.1 . 

Besides diffusion in solid solution, one may also model hydro- 

en movement in hydrides. Veshchunov et al. have pointed out 

hat, in the outer rim of high burnup fuels, cladding hydrides are 

recipitated in high quantities [83] . Their volume fraction f can ex- 

eed 50% and the movement of hydrogen within them is not neg- 

igible. The authors described the two phase hydrogen transport 

ith the following equation: 

 H = J Zr ( 1 − f ) + J δ f (30) 

here J Zr and J δ are fluxes of hydrogen in the zirconium lattice and 

n the precipitate, respectively. Both can be expressed with Eq. 28 . 

The hydrogen diffusion thorough a two-phase region has been 

lso taken into account by Feria and Herranz [84] . In their work, 

he authors studied the impact of the oxidation front on the hy- 

rogen migration. In this phenomenon, zirconium hydride is con- 

erted into oxide and the affected hydrogen undergoes dissolution, 

iffusion and re-precipitation. According to the experimental ob- 

ervations, hydrogen is pushed by the oxidation front towards in- 

er parts of the cladding [85] . 

.5.3. Hydride reorientation 

When the local concentration of hydrogen exceeds the solubil- 

ty limit, hydrogen precipitates into hydrides. Those can have dif- 

erent special orientations depending on the local conditions like 

emperature, stress or the material texture. During dry storage, 

ne can expect tensile stresses in the cladding which favors radi- 

lly oriented hydrides. Their high concentration can embrittle the 

ladding and lead to DHC. Several approaches to the hydride re- 

rientation modeling can be found in the open literature. Some of 

hem are briefly described in this section. 

Chu et al. have proposed a hydride reorientation model based 

n their own experimental work [86] . Chu et al. thermo-cycled 

everal Zircaloy-4 samples charged with different concentrations of 

ydrogen and derived a temperature- and stress-dependent model 

atching the obtained experimental data. 

A very detailed hydrogen behavior model has been developed 

y Kolesnik et al. [87] . It accounts for many effects affecting re- 

rientation of hydrides. First, the model distinguishes radial and 

ircumferential hydrides already in the precipitation process. The 

uthors assume that the stack of hydrides has two branches, one 

or each type of hydride. The orientation of precipitated hydrides 

epends on the hydride nucleus volume, applied stress and uncon- 

trained misfit strains. The mentioned strains are associated with 

he formation of hydrides in α–Zr and their values are different 

or radial and circumferential hydrides. According to the model 

eveloped by Kolesnik et al., the different values of the uncon- 

trained misfit strain with respect to crystallographic orientation 

lso affect C T SSp which is different for radial and circumferential 

ydrides. Another important phenomenon taken into account by 

olesnik et al. is the memory effect. The hydride formation pro- 

ess is associated with the emission of dislocation loops near the 

ydride. These loops stay in the matrix even if the hydride is dis- 

olved. They can be partially annealed if exposed to high tempera- 

ures for a long time. New hydrides precipitating near the unan- 

ealed loops have tendency to occur with the same orientation 

s the previous ones. This phenomenon, called the memory effect, 

an be enhanced by the emission of loops and decreased by an- 
13 
ealing caused by self-diffusion of zirconium atoms. As proven in 

he experimental work of Kulakov et al. [88] , hydrides submitted 

o high stresses and temperatures during a long period of time can 

eorient without dissolution in the metal matrix. Kolesnik et al. 

ave taken this phenomenon into account by modeling the flux 

f hydrogen from tangential to radial hydrides. Orientation of hy- 

rides also depends on the alloy texture if no external stresses 

re applied. The model developed by Kolesnik at al. accounts for 

his phenomenon by introducing the so-called textural factor. The 

odel proposed by Kolesnik et al. has been validated against sev- 

ral experimental works. An example of the thermal cycling exper- 

ment aimed at studying reorientation of hydrides [86] reproduced 

ith the model is shown in Fig. 19 . In the experiment, the Zircaloy-

 tubes were charged with different concentrations of hydrogen 

nd pressurized to 160 MPa. A single thermal cycle accounted for 

 heating up to 400 ◦C, 2 h of holding time and cooling to 170

C with the rate 1 ◦C/min. One can see that the fraction of radi-

lly oriented hydrides is sufficiently well predicted with the model, 

ven if the samples underwent several thermal cycles. 

Another hydride reorientation model has been proposed by 

esquines et al. [89] . The authors based their model on the 

ata obtained from compression tests carried out on unirradiated 

tress-relieved-annealed Zircaloy-4 samples charged with different 

ydrogen concentrations. The samples underwent mechanical and 

hermal treatment to provoke reorientation of hydrides. The ob- 

ained data has been used to determine the impact of temper- 

ture, stress and hydrogen concentration on the precipitation of 

adial hydrides. The model derived by Desquines et al. has been 

uccessfully implemented into the hydrogen behavior module of 

RAPCON-3xt and validated by Feria et al. [53] . 

Hydride reorientation has been also taken into account in the 

ydrogen behavior model implemented into TESPA-ROD by Boldt 

54] . The orientation criterion used by the author depends on the 

iaxial stress and temperature gradient in the cladding and it is 

ased on the results obtained in the frame of an extensive exper- 

mental program at the Pennsylvania State University. The Penn 

tate researchers studied hydrogen reorientation during cooling 

ith the presence of a mechanical load which represents vacuum 

rying conditions [90,91] . According, to the obtained results, the 

rimary stress ( σ1 ) threshold for reorientation decreases with the 

ncreasing secondary stress ( σ2 ), i.e. with the increasing the stress 

iaxiality ratio σ2 /σ1 as shown in Fig. 20 . 

.5.4. Delayed hydride cracking 

Currently, DHC is considered one of the major degradation 

echanisms during dry storage in both BWR and PWR fuel rods 

92,93] . This slow-cracking phenomenon can lead to gross ruptures 

nd occur even at low temperatures, which is of importance if the 

xtension of dry storage is considered. 

DHC begins when the stress intensity exceeds the threshold 

amed the stress intensity factor K IH . Publications concerning this 

arameter have been reviewed by Kim et al. [44] . The authors re- 

orted that the available experimental data for Zircaloy-2 and Zr- 

.5Nb allow to assume a conservative value of K IH = 5 MPa 
√ 

m 

94] . Less experimental data for Zircaloy-4 has been published. Ac- 

ording to the recent experimental results from the IAEA coordi- 

ated program, K IH takes values of around 5–6 MPa 
√ 

m for tem- 

eratures between 250 and 295 ◦C [95,96] . Then, it increases sig- 

ificantly above 295 ◦C. Kim et al. has concluded that such values 

f K IH lead to unrealistic crack sizes that would not occur in SNF. 

Shi and Plus have derived a theoretical model predicting K IH 

97] . It is based on the assumption that the hydride fracture oc- 

urs only if the local stress threshold is reached. The values pre- 

icted by the model are in the vicinity of the experimental mea- 

urements obtained in the frame of the IAEA coordinated research 
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Fig. 19. Fraction of radial hydrides (RHF) as a function of the number of thermal cycles. Simulated values (lines) compared to the experimental results from Chu et al. [86] . 

Hydrogen content is different in subplots. Figure from Kolesnik et al. [87] . 

Fig. 20. Principal stress ( σ1 ) threshold for hydride reorientation during cooling of a 

sample charged with hydrogen as a function of stress biaxiality. Figure from Cinbiz 

et al. [91] . 
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Fig. 21. Stress intensity factor measured by Markelov et al. [95] (in blue) and Cole- 

man et al. [96] (in black) compared to the theoretical model derived by Shi and 

Plus [97] . t is the hydride thickness. Figure adapted from Kim et al. [44] . (For inter- 

pretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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rogram [95,96] . The comparison done by Kim et al. is shown in 

ig. 21 . 

Raynaud and Einziger studied the critical flaw size a crit 
DHC 

instead 

f the stress intensity factor K IH in their fuel performance simula- 

ions (see Section 3.2.1 ). These two parameters are related in the 

ollowing way: 

 

crit 
DHC = 

1 

π
×

( 

K IH 

σY 
(
a crit 

DHC 

)
) 2 

(31) 

here σ is the cladding hoop stress and Y 
(
a crit 

DHC 

)
is the geometry 

actor. The authors used the above equation to calculate the critical 

aw sizes for both BWR and PWR rods. The obtained results have 
14 
hown that the values of a crit 
DHC 

are too large to cause a cladding 

ailure during 300 years of dry storage [28] . 

This section is focused on approaches to predict DHC that can 

e easily applied to fuel performance modeling. However, numer- 

us models have been developed to study DHC in zirconium-based 

aterials at different scales. It is worth to mention the model 

ased on the extended finite element method developed by Suman 

t al. [98,99] or the multi-physics modeling done by Xia et al. [100] 
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Fig. 22. Map of experimental data used for model verification. The filled area cor- 

responds to dry storage conditions. The empty rectangles with solid borders cor- 

respond to fresh cladding and dash borders to irradiated cladding. Vertical axis–

normalized creep rate, horizontal axes–hoop stress σ and the hoop stress to Young’s 

modulus ratio σ/E. Figure from Aliev et al. [110] . 
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.5.5. Other approaches to hydrogen behavior modeling 

Besides fuel pellet-scale models described in previous sections, 

lternative ways are available. Techniques like Density Function 

heory (DFT) or Molecular Dynamics (MD) can be employed to 

tudy hydrogen behavior at atomic scale and phase field modeling 

an be used to investigate micro-structure evolution of hydrides. 

An example of atomic scale calculations is the work of Zhang 

t al. [101] who used Kinetic Monte Carlo (KMC) simulations to 

redict the hydrogen diffusion measured by Ishioka and Koiwa 

102] with a great precision. KMC has also been used by Liyange 

t al. to study the impact of oxygen on hydrogen diffusion [103] .

he authors concluded that the presence of interstitial oxygen 

toms in the zirconium lattice decreases the hydrogen diffusivity. 

As an example of phase field modeling applied to hydrogen be- 

avior studies it is worth to mention the works done by Shi and 

iao [104] and Xiao et al. [105] on hydrogen precipitation. The au- 

hors have studied the evolution of δ and γ hydrides in zirconium 

n real time and real length scale. They identified crucial parame- 

ers governing hydride morphology like hydride nucleation rate or 

ydride supersaturation. 

It must be emphasized that it would be is difficult to directly 

mploy the techniques mentioned above to fuel performance anal- 

sis because the computational cost is currently too high. However, 

tomic scale and phase field modeling can provide crucial insights 

n these aspects of hydrogen behavior that have not been fully un- 

erstood yet. For instance, the orientation of hydrides, important in 

redicting the crack propagation in the cladding at macro-scale, is 

 multi-scale problem requiring atomic scale analysis, phase field 

odeling and experimental observations. More examples of the 

icro- and meso-scale modeling of hydrogen behavior have been 

iven by Motta et al. [19] . 

.6. Transportation issues 

SNF is transported at least once within its life cycle, either from 

n on-site storage pool to an interim storage facility or directly 

o a final repository. Transportation is associated with vibrations 

eading to fatigue which may affect rod integrity in the subsequent 

torage/disposal. As shown by Wang et al. [106] (see Section 4.4 ), 

he mechanical behavior and time to fatigue failure of SNF submit- 

ed to cyclic vibrations strongly depend on many factors such as 

urnup, oxide thickness, bonding efficiency and stress history. High 

delity estimations of such parameters can be obtained with fuel 

erformance codes. These can be helpful in designing experiments 

r generating realistic boundary conditions for mechanical simu- 

ations of transportation or drop accidents, not qualifying as fuel 

erformance modeling. On the other hand, such mechanical simu- 

ations as well as the experimental observations can be used to de- 

ive mechanical fatigue correlations to be implemented in fuel per- 

ormance codes or gain insights on other phenomena. For instance, 

he mechanical modeling of the bonding effect done by Almomani 

t al. [107,108] or by Jiang et al. [109] and the experimental data 

106] can be used to derive new bonding models or improve exist- 

ng ones. 

. Experiments supporting dry storage modeling 

Ongoing and planned experiment that could help to understand 

rocesses occurring during dry storage are shortly discussed in this 

ection. 

.1. Long-term creep 

Currently, a project aimed at developing physical models for 

afety justification of spent nuclear fuel dry storage is ongoing in 

ussia [4] . In the frame of the project, dimensional changes of 
15 
pent fuel rods during dry storage are studied [110] . Aliev et al. 

ave developed a new creep model and validated it against avail- 

ble data. However, the used experimental results, marked by 

mpty rectangles in Fig. 22 , do not cover the range of values nor- 

ally expected in dry storage. In order to provide missing data 

overing the desired range of conditions, marked by the gray area, 

 research program has been launched at the Kurchatov Institute, 

SC TRINITI and SNC RF RIAR. 

.2. Hydrogen behavior 

The Swiss nuclear landscape includes several types of fuel rods. 

urrently, both PWRs and BWRs are operated in Switzerland gener- 

ting power from both MOX and standard UO 2 fuel pellets. More- 

ver, different types of cladding materials are used. Besides the 

idely used and studied Zircaloy-4, the Swiss nuclear industry 

ses duplex claddings. Zircaloy-2 with an inner layer (LK3/L) is 

sed in BWRs and Zircaloy-4 with an outer layer (DXD4) in PWRs. 

he presence of liners has an impact on the hydrogen behavior and 

echanical performance. Such a variety of fuel/cladding combina- 

ions requires extensive experimental work to support future dry 

torage. Most of the experiments are done at Laboratory for Nu- 

lear Materials of Paul Scherrer Institute (PSI) in Switzerland. Con- 

ucted experimental research concerns the hydrogen behavior and 

echanical properties of zirconium alloys. 

.2.1. Zircaloy-2 with inner liner 

Duarte et al. studied the behavior of hydrogen in the Zircaloy- 

 samples with and without the inner liner [6] . The authors car- 

ied out C-shaped ring compression tests on the cladding samples 

harged with hydrogen. The light optical microscopy examination 

f the Zircaloy-2 without a liner revealed that hydrides precipi- 

ate uniformly and most of them are circumferential. In the sam- 

le with a liner, the distribution of hydrides is different. Hydrogen 

ends to accumulate near the liner–substrate. Also, the circumfer- 

ntial hydrides are not distributed uniformly. Lower concentration 

f them occurs near the middle part of the sample. Radially ori- 

nted hydrides are formed near the cladding outer surface. 

The light optical microscopy of both samples is shown in 

ig. 23 . The load-displacement curves recorded by the testing ma- 

hine during the compression tests are used to study the difference 

n the mechanical performance of the specimens. The obtained re- 

ults have shown that the inner liner has little impact on the me- 

hanical behavior. 
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Fig. 23. Light optical microscopy images of the sample without liner (right figure) and with liner (left figure). Figure from Duarte et al. [6] . 

Fig. 24. 1D quantification of the hydrogen concentration radial profiles. Initial hy- 

drogen content 350 wppm. Figure from Gong et al. [111] . 
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.2.2. Zircaloy-4 with outer liner 

The DX-D4 cladding has also been studied at PSI. This type of 

ladding consists of a low-tin Zircaloy-4 outer liner bonded to a 

tandard Zircaloy-4 inner substrate. Gong et al. investigated hydro- 

en diffusion and precipitation in DX-D4 samples cooled from 400 

C to 100 ◦C with different cooling rates [111] . In the experiment, 

wo cladding tubes were charged with hydrogen up to 200 and 

50 wppm. In the next step, both tubes spent 34 hours at 500 ◦C

o ensure homogeneous distribution of hydrogen. Then, each tube 

as cut into several specimens. All of them were heated up to 400 

C and spent 10 h at this temperature, which was followed by tem- 

erature transients. The samples were cooled down with different 

ooling rates and quenched. After the heat treatment, the speci- 

ens were analyzed with the PSI Neutron Microscope [112,113] . 

he neutron radiographs of the samples charged with 350 wppm 

f hydrogen and cooled down with different rates have shown that 

he absorbed hydrogen tends to gather near the liner inner wall. 

his effect is stronger for lower cooling rates. The hydrogen con- 

ent quantification in the studied samples has been done by the 

uthors. Fig. 24 presents 1D hydrogen concentration profiles of the 

amples with 350 wppm of hydrogen. According to the obtained 

esults, the highest concentration of hydrogen is at the interface 
16 
nd it decreases towards both side. However, the hydrogen profiles 

n the liner show concentration gradients whereas the distribution 

n Zircaloy-4 is uniform. 

The two experiments briefly described in this section have 

roven that the hydrogen behavior in duplex claddings signifi- 

antly differs from standard ones, and thus it will require separate 

odels to be properly anticipated. 

.3. Slow cooling rate effect 

In general, the cooling rate of SNF in dry storage is extremely 

ow. An example given in [114] shows that the cooling rate of the 

uel rod irradiated to 45 GWd/tU is around 3 ◦C/year during first 

00 years. Such a cooling rate is considerably lower than a typical 

ooling rate in laboratory experiments. 

The effect of the low cooling rate on the cladding performance 

s currently being experimentally studied by KAERI [115] . In the 

xperimental procedure, the cladding specimens are charged with 

ifferent concentrations of hydrogen and pressurized to reach dif- 

erent hoop stresses. Then, the specimens are divided into three 

roups and submitted to the cooling process lasting 3, 6 and 12 

onths with the initial temperature of 400 ◦C. These three groups 

ave the cooling rates 0.109, 0.054 and 0.027 ◦C/hour respectively. 

he experimental setup is presented in Fig. 25 . At the moment, 

he full set of experimental results have not been published. How- 

ver, the preliminary results indicate that the samples with a lower 

ooling rate exhibit more ductile behavior than the samples cooled 

aster. 

.4. Fatigue during transportation 

The cladding/rod integrity during transportation in dedicated 

asks can be affected by vibrations and impact loading resulting 

n mechanical fatigue. The rod performance depends on many fac- 

ors like the oxide layer thickness, hydrogen concentration, RIP etc. 

eep understanding of the mechanical behavior of SNF in trans- 

ortation is crucial to prevent severe rod degradation. 

In order to provide data on mechanical fatigue of SNF, the Cyclic 

ntegrated Reversible-bending Fatigue Tester (CIRFT) has been de- 

eloped by Oak Ridge Nuclear Laboratory [116] . Since its commis- 

ioning in 2013, SNF from various power plants have been stud- 

ed with CIRFT. These include both BWRs and PWRs with different 

ladding materials (Zircaloy-2, Zircaloy-4, M5 TM ) and with different 
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Fig. 25. KAERI’s experimental setup for the low cooling rate experiments. Figure from Kook et al. [115] . 
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uels (UO 2 , MOX) [117–119] . More recently, CIRFT’s capabilities have 

een extended to allow studying hydride reorientation and anneal- 

ng [120] . A comprehensive summary of the experiments carried 

ut with CIRFT has been written by Wang et al. [106] . 

Among the important results obtained with CIRFT it is worth to 

ention these than can be studied with fuel performance codes or 

ontribute to their development: 

• cladding fatigue failures occur or are initiated mainly near the 

pellet-pellet interface, 

• thick oxide layer and high hydrogen concentration can reduce 

rod fatigue time to failure, 

• pellet-cladding and pellet-pellet bonding efficiency can signif- 

icantly affect SNF fatigue time to failure by changing the rod 

flexural rigidity, 

• stress concentrations and residual stresses in SNF strongly de- 

pend on the in-reactor stress history. 

.5. DEMO Project 

High Burnup Nuclear Fuel Storage Demonstration project 

DEMO) was proposed by DOE in 2013 [16] . DEMO is aimed at ob-

aining data on high burnup fuel behavior in dry storage condi- 

ions. In 2017, a TN32 storage cask was loaded with 32 fuel assem- 

lies and installed at the North Anna Nuclear Generation Station. 

our different cladding materials were used in these assemblies: 

ircaloy-4, low tin Zircaloy-4, Zirlo and M5 TM . The range of bur- 

ups varies from 50.5 to 55.5 GWd/tU. The cask was modified to 

llow introducing several thermo-couples to monitor temperature 

t different locations inside the cask. The duration of the experi- 

ental storage period is planned to be 10 years. 

In addition to the dry storage experiment, the sister rods have 

een selected and submitted to experimental examination. The sis- 
17 
er rods have the same characteristic as the fuel rods loaded in the 

ask. The results obtained from the sister rods will be used to eval- 

ate how the fuel state changes during 10 years of dry storage. 

. Multiphysics simulations of dry storage including fuel 

erformance 

Multiphysics computing environments aimed at studying be- 

avior of nuclear reactors are being developed worldwide. Cou- 

ling of sophisticated thermo-hydraulics, neutronics or fuel perfor- 

ance codes can form together calculation chains that are neces- 

ary to account for the complex multiphysics taking place in the 

uel during its entire life. 

.1. Generic scheme 

Dry storage is usually preceded by base irradiation, wet stor- 

ge and drying. It is important to properly model each stage of the 

ife cycle since the state of the fuel and cladding at each stage de- 

ends largely on the previous one. Development of multiphysics 

ouplings presented by different countries, that can be seen in 

ection 5.2 , follows the same pattern. The authors model each 

tage of the fuel life cycle using dedicated tools and pass boundary 

onditions from one to another. In this paper, a generic calcula- 

ion chain is divided into four main parts, see Fig. 26 . First three

f them are neutronics, thermo-hydraulics and fuel performance 

alculations. All these domains are crucial for predicting the fuel 

od physical state. Although the fuel codes can do multiphysics to 

ome extent, the idea is to use the strength of each code and cou- 

le them for high fidelity results. The enveloping element of the 

hain is the identification of the parameters having the biggest im- 

act on the fuel rod integrity through sensitivity analysis. 
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Fig. 26. A schematic representation of the multiphysics calculation chain. 
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.1.1. Neutronics 

Neutron transport and decay chains analyses are the first step 

n fuel performance modeling. One of the outputs from neutronics 

alculations is the generated heat. It gives the power distribution 

n the rod during in-reactor irradiation and the decay heat gener- 

ted by fission products and actinides during storage [7] . Obtained 

adial heat generation can be used as the boundary condition for 

hermo-hydraulics and fuel performance computations. 

Different sorts of codes can be used in the calculation chain for 

ry storage depending on what the author wants to achieve. The 

ore-wide codes like Serpent [121] can provide detailed results of 

ach stage of dry storage but using them is associated with long 

omputing time. In turn, sometimes it is not necessary to carry out 

ophisticated neutronics computations and using a simpler neu- 

ronics module like ORIGEN [42] or TUBRNP [122] can be sufficient 

nd much less time consuming. 

.1.2. Thermo-hydraulics/CFD 

The heat generation within the fuel provided by the neutronics 

omputations is used to calculate the cladding outer temperature. 

ifferent numerical tools can be used at different stages of the 

uel cycle. Simple models incorporated in fuel performance codes 

an handle heat transfer between the cladding and the bulk of the 

oolant during in-reactor operation. The wet storage period is in 

eneral associated with a constant coolant temperature which can 

e directly imposed in the code. However, in dry storage, the decay 

eat from spent fuel assemblies is removed by gas like helium or 

itrogen circulating naturally within the cask. Modeling such a nat- 

ral circulation system requires dedicated thermo-hydraulics tools 

ike COBRA-SFS [12] or advanced Computational Fluid Dynamics 

CFD) software like FLUENT [123] or OpenFOAM [124] . 

.1.3. Fuel performance 

Fuel performance modeling is the central part of the calcula- 

ion chain. There is a variety of codes available. In general, they 

re designed to study in-reactor conditions, either normal or ac- 

idental. However, these codes can be extended to dry storage by 

mplementing relevant models like these described in Section 3 . 

Fuel behavior codes can use output parameters from neutron- 

cs and thermo-hydraulics simulations as boundary conditions for 

eat transfer calculations within the rod. Knowing the exact tem- 

erature distribution during dry storage is crucial since many pa- 

ameters depend on it. 

.1.4. Uncertainties and sensitivity analysis 

Each domain described above is associated with uncertainties. 

oupling them leads to propagation of uncertainties. Moreover, try- 

ng to predict the fuel rod state decades or even hundreds of years 

head cannot be easily supported by experimental observations 

hat would reduce uncertainties. Therefore, one has to rely on nu- 

erical simulations. To make them more reliable, it is necessary to 

dentify the parameters having the biggest impact on the rod in- 

egrity and carry out a sensitivity analysis of them. The importance 
18 
f sensitivity study led the authors of this review to consider it as 

 separate, fourth element of the calculation chain. 

.2. Multiphysics simulations in chosen countries 

Multiple countries develop calculation chains to study dry stor- 

ge. This subsection gives a short description of subjectively the 

ost interesting programs, alphabetically sorted, launched by dif- 

erent countries. The calculations chains described in this section 

re listed in Table 8 . 

.2.1. Finland 

In Finland, the study on dry storage has been done in the 

rame of the Finnish Research Programme on Nuclear Power Plant 

afety SAFIR2014 [125] and SAFIR2018 [126] . A calculation chain 

or the analysis of SNF under dry storage conditions in Finland has 

een done at the Research Center of Finland VTT and described by 

rkoma et al. [15] . In the demonstration case, simulated by the au- 

hors, a CASTOR® V/21 cask is filled with 21 PWR fuel assemblies. 

he main characteristics of the fuel rod come from the BEAVRS 

enchmark specifications [127] . The parameters related to the cask 

re based on the EPRI technical report [128] . Arkoma et al. study 

he period of 300 years after discharge from the reactor. 

The neutronics calculations have been done with the VTT’s in- 

ouse code Serpent [121] . In the demonstration case, Serpent is 

sed to perform burnup calculations during in-reactor irradiation 

ntil 50 GWd/tU, and then it provides decay heat for dry storage. 

he results obtained by Serpent are also used as the boundary con- 

itions in CFD computations. 

An open source package OpenFOAM has been used by Arkoma 

t al. to perform CFD analyses [124] . Convection, conduction and 

adiation are taken into account in the simulation. The rod exter- 

al pressure during the wet and dry storage periods are not calcu- 

ated by CFD in the demonstration case. The authors plan to fully 

ouple the fuel performance and CFD codes for real scenarios. The 

et storage temperature is constant and equal 50 ◦C. In the simu- 

ation, the wet storage duration was adjusted to obtain the maxi- 

um cladding temperature around 400 ◦C at the beginning of dry 

torage. The drying process preceding dry storage is not modeled 

or simplification. 

The fuel performance modeling has been done with the VTT- 

NIGMA code [129,130] . The main modification of the code done 

y Arkoma et al. was the implementation of the EDF and CIEMAT 

reep models dedicated for dry storage (see Section 3.4 ). Both 

odels have been adjusted to fit the creep formalism of VTT- 

NIGMA. 

Arkoma et al. studied sensitivity of three parameters influenc- 

ng the rod pressure: initial fill pressure, fission gas diffusion co- 

fficient and power history. Randomly generated values of these 

ariables have been obtained with Monte Carlo-type calculations. 

he authors carried out 50 0 0 simulations per each creep model. 

he analysis has been done in the best-estimate manner with nor- 

al distribution. 

The cladding creep hoop strains calculated with the EDF and 

IEMAT models are shown in Fig. 27 . One can see that generally, 

he EDF model gives higher values but the 5-95th curves from dif- 

erent models overlap and thus, it can be stated that the two mod- 

ls are consistent with each other. The cladding creep hoop strains 

alculated in the simulations are below the 1% safety criterion con- 

idered by Arkoma et al. The authors pointed that the maximum 

oop stress obtained in the simulation is 74 MPa, which is in the 

icinity of some hydride reorientation thresholds [131] . Thus, the 

uel rods studied in the demonstration case could be susceptible 

o brittle failure. 

Besides the Serpent–OpenFOAM–VTT-ENIGMA chain, Arkoma 

tudied the same demonstration case with the fuel code BISON 



P. Konarski, C. Cozzo, G. Khvostov et al. Journal of Nuclear Materials 555 (2021) 153138 

Table 8 

Multiphysics simulations of dry storage around the world. 

Country Institution Neutronics Thermo-hydraulics/CFD Fuel code 

Finland VTT Serpent OpenFOAM VTT-ENIGMA/BISON 

Germany GRS KENOREST COBRA-SFS TESPA-ROD 

Hungary AEKI ORIGEN COBRA-SFS TRANSURANUS 

Russia SRC RF TRINITI - RTEM-DS RTOP-DS 

Spain CIEMAT ORIGEN FLUENT FRAPCON 

Switzerland PSI SNF TRACE Falcon 

UK NNL CMS/FISPIN FLUENT NEXUS/ENIGMA 

USA DOE MPACT CTF/Star-CCM + BISON 

Fig. 27. Time evolution of the cladding creep hoop strain calculated with different 

models. Small figure shows the wet/dry storage transition. Figure from Arkoma et al. 

[15] . 

Fig. 28. Distribution of hydrides in the cladding calculated with BISON. From left 

to right, at the end of the base irradiation, during wet storage, at the beginning of 

dry storage, after 40 years. Figure from Arkoma [81] . 
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81] . Contrary to VTT-ENIGMA, BISON is able to carry out 2D sim- 

lations which are necessary to study hydrogen behavior in the 

ladding. BISON uses models for the hydrogen transport, dissolu- 

ion and precipitation proposed by Courty et al. [74] . These mod- 

ls were previously described in Section 3.5.2 . Fig. 28 presents the 

pecial distribution of hydrides at four different times during the 
19 
uel cycle from left to right: at the end of the base irradiation, 

uring wet storage, and the beginning of dry storage and after 40 

ears. The calculation reproduces the experimentally observed ten- 

ency of the hydrides to gather near the cladding rim. Also, the 

ighest concentrations occur in the upper part of the rod. It is as- 

ociated with higher hydrogen uptake in that part. 

.2.2. Germany 

Currently, the dry storage casks in Germany are licensed for 40 

ears. This period has to be extended since the final disposal fa- 

ility will not be available before the license expiration. A new re- 

earch program BREZL (German acronym for long term behavior of 

uel assemblies at significantly longer interim storage) is ongoing 

t GRS to assess the fuel rod integrity during extended dry storage 

132] . 

In the framework of BREZL, GRS has analyzed the temperature 

istribution in the storage cask using the code COBRA-SFS [12] . 

he neutronics calculations providing the power histories and de- 

ay heat have been carried out with KENOREST [133] . The fuel per- 

ormance tool used in the dry storage simulations is the GRS’s in- 

ouse code TESPA-ROD [54,134] . 

Several new models have been implemented into TESPA-ROD to 

xtend its modeling capabilities to dry storage. Correlations for fuel 

welling proposed by Raynaud and Einziger (see Section 3.1.3 ) has 

een added. The work of Raynaud and Einziger has also been used 

o derive a simple model for helium release [134] . It is correlated 

ith the lattice swelling curves shown in Fig. 6 . 

New capabilities of TESPA-ROD also cover hydrogen behavior 

odeling. Boldt has implemented the hydrogen solubility and pre- 

ipitation data and a criterion allowing to distinguish circumferen- 

ial and radial hydrides [54] , see Sections 3.1.2 and 3.5.3 respec- 

ively. Additionally, TESPA-ROD can predict the ductile-to-brittle 

ransition with a model based on the work of Herb et al. [135] . 

Sonnenburg has published an example of the dry storage mod- 

ling done at GRS [134] . In the studied case, the author simulated 

he base irradiation, wet storage and dry storage of a fuel rod ir- 

adiated to 70 GWd/tU. Sonnenburg studied the impact of FGR on 

he gap size and the cladding hoop stress. The results are shown 

n Fig. 29 . 

.2.3. Hungary 

Literature review reveals that the very first multiphysics simu- 

ation focused on dry storage was done by the Hungarian Atomic 

nergy Research Institute AEKI at the beginning of the 21st cen- 

ury. The work of Gyori and Hozer concerned the Hungarian spe- 

ific issue which was the storage of VVER fuel in Modular Vault 

ry Storage (MVDS) [58] . 

Power histories for fuel performance and thermo-hydraulics cal- 

ulations were provided by the neutronics code ORIGEN [42] . The 

hermo-hydraulics code COBRA-SFS [12] was applied to model the 

torage period. The fuel performance code used in the activity 

as TRANSURANUS [136] . Gyori and Hozer modified it by im- 

lementing the creep model proposed by Vesely et al. [57] (see 
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Fig. 29. Gap size (left figure) and hoop stress (right figure) evolution assuming different FGR fractions. Figure from Sonnenburg [134] . 

Fig. 30. Maximum residual hoop strain of the cladding calculated as a function of 

time. AR stands for ’At-Reactor’. Adapted from Gyori and Hozer [58] . 
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ection 3.4.2 ). Even though the model is valid only for unirradi- 

ted Zr1Nb, the authors decided to use it to simulate irradiated 

laddings. This approach is conservative since the cladding mate- 

ial subjected to in-reactor irradiation has a lower ductility. 

TRANSURANUS with the long-term creep model has been used 

o simulate scenarios consisting of base irradiation of a standard 

VER-440 fuel rod, storage in the at-reactor pool and 50 years of 

ry storage in MVDS. The initial gap thickness used in the sim- 

lation has been maximized within the manufacture tolerance to 

aximize the FGR during base irradiation which increased RIP. 

his approach brings additional conservatism to the simulation. 

hree scenarios have been simulated. The difference between them 

s the cooling time in the at-reactor pool. 

The results of the TRANSURANUS simulations are shown in 

ig. 30 . It presents the hoop strain time evolution. This parame- 

ers exhibits an expected behavior during base irradiation and wet 

torage. The strain change during dry storage, where the new creep 

odel is applied, is visible only during the first months/years, 

nd then it stabilizes at a constant value. This value strongly de- 

ends on the wet storage duration i.e. the cladding temperature. 

he hoop strain results presented by Gyori and Hozer have re- 

ealed how sensitive to the applied thermal boundary condition 

he cladding creep model is. In order to assess the impact of uncer- 

ainties of the cladding temperature, the authors have performed a 

robabilistic analysis. 

The cladding temperature, calculated by COBRA-SFS, depends 

n several parameters. In the Monte Carlo analysis done by Gyori 

nd Hozer, the authors assumed that these input parameters have 

 normal distribution of values with the 5% standard deviation. 500 

onte Carlo runs have been carried out for each parametric study 

n order to investigate the impact on the cladding mechanical re- 
20 
ponse. The results of this analysis have revealed that a longer pe- 

iod of wet storage results in lower strains. Also, the 1% hoop strain 

afety margin can be exceeded if wet storage lasts one year. 

.2.4. Russia 

Development of a software package for simulation of fuel be- 

avior in dry storage is currently ongoing in Russia [137] . The soft- 

are package consists of three main modules. First, the thermo- 

ydraulics module RTEM-DS is responsible for determining the fuel 

emperature during drying transportation and storage. Second, the 

uel performance code RTOP-DS [138] is used to study fuel rod be- 

avior including the phenomena shown schematically in Fig. 31 . 

he last module is for a statistical analysis of obtained results. 

The code RTOP-DS has several models developed to study dry 

torage. Among them is the creep model developed by Aliev et al. 

110] (see Section 4.1 ) and a sophisticated hydrogen behavior 

odel proposed by Kolesnik et al. [87] (see Section 3.5.3 ). 

.2.5. Spain 

Numerical modeling of dry storage in Spain is very advanced. 

IEMAT is the leader in this field. Work done by CIEMAT’s re- 

earches cover thermo-hydraulics of storage casks, fuel perfor- 

ance modeling including development of new models and so- 

histicated sensitivity studies. 

The thermal performance of storage casks has been studied 

y Herranz et al. [139] . The authors used the CFD code FLUENT 

123] to perform 3D simulations of the HI-STORM 100s cask be- 

avior in normal dry storage conditions. Then, the obtained results 

ave been used by Feria et al. [140] to derive a correlation allowing 

o calculate the peak cladding temperature as a function of burnup 

nd out-of-pile time. The burnup calculations used to derive the 

orrelation have been done with the code ORIGEN [42] . This solu- 

ion provides boundary conditions for fuel performance computa- 

ions without coupling them to sophisticated CFD codes. 

The fuel performance code used by CIEMAT is the in-house de- 

elopment of FRAPCON called FRAPCON-3xt [140] . Several mod- 

ls have been incorporated into this code to allow modeling of 

ry storage. Herranz and Feria have simplified the creep model 

eveloped by Bouffioux [59] and implemented it in FRAPCON 

60] . The new model combines simplicity with high accuracy (see 

ection 3.4.4 ). Implementation of the model has been followed by 

he creep assessment of high burnup fuel rods [141] . The fuel per- 

ormance modeling capabilities at CIEMAT account for hydrogen 

ehavior models [84] . Feria and Herranz have implemented models 

or hydrogen precipitation, dissolution and two-phase diffusion. In 

ddition, the authors considered the impact of the oxidation front 

n the hydrogen behavior. The most recent hydrogen-related de- 

elopment done by CIEMAT is the implementation of the hydride 

eorientation model derived by Desquines et al. [89] . Feria and 
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Fig. 31. Map of models used in the fuel behavior code RTOP-DS. Filled boxes indicate models under development. Figure adapted from Likhanskii et al. [137] . 

Fig. 32. Power histories used in the uncertainty study. Figure from Feria and Her- 

ranz [142] . 
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erranz integrated the model into the hydrogen behavior mod- 

le of FRAPCON-3xt and applied it to four scenarii consisting of 

he base irradiation and 20 years of dry storage [53] . The authors 

ave concluded that the precipitation of radial hydrides cannot be 

voided if the fuel rod is at high temperature (400 ◦C) and/or has a

igh burnup (62 GWd/tU). 

The uncertainty study at CIEMAT has been done by Feria and 

erranz [142] . The authors have used the Best Estimate Plus Un- 

ertainty (BEPU) approach. Feria and Herranz have simulated four 

ifferent cases. In each of them, a PWR rod is irradiated to 65 

Wd/tU with different irradiation histories as shown in Fig. 32 . 

The four scenarios have been simulated with FRAPCON-3xt giv- 

ng the best estimate results of the cladding hoop stress. The simu- 

ations take into account base irradiation, wet storage and dry stor- 

ge. Once the best estimate results have been obtained, the toolkit 

AKOTA [143] has been applied for uncertainty analyses. The un- 

ertainties come from manufacturing parameters like the fuel rod 

imensions and from used models like the FGR or cladding creep 

odels. The results from the FRAPCON-3xt–DAKOTA uncertainty 

tudy are shown in Fig. 33 . 

The figure shows distributions of the cladding hoop stress for 

ifferent power histories simulated by Feria and Herranz. The ob- 

ained results allowed the authors to derive burnup and tempera- 

ure safety conditions for each power history. 
21 
.2.6. Switzerland 

STARS is the Swiss multiphysics environment developed at PSI. 

ecently, a subprogram of STARS [144] has been launched: DRYs- 

ars (DRY st orage a nalyses for the r eactors in s witzerland) is aimed 

t extending the STARS modeling capabilities towards fuel safety 

nalyses of Swiss operated fuel under dry storage conditions. The 

ain tool used to simulate fuel integrity during an extended stor- 

ge period is Falcon [49] . In the frame of DRYstars, Falcon’s ca- 

abilities are being assessed and extended by implementing state- 

f-the-art models relevant for dry storage. The first development is 

he implementation of a creep model dedicated to dry storage con- 

itions. The Falcon’s default creep model, proposed by Limbäck and 

nderson [145] , fails to correctly predict the experiments repre- 

enting dry storage conditions; therefore the creep model derived 

y Bouffioux (see Section 3.4.3 ) has been implemented in Falcon 

146] . 

The computing capabilities of STARS has recently been pre- 

ented by Rochman et al. [7] . The authors have developed a new 

ethod to calculate radiation quantities for Swiss SNF assemblies 

nd criticality values for their handling and storage. Rochman et al. 

nalyzed more than 60 0 0 fuel assemblies from 34 reactor cycles. 

heir work shows a great potential for identifying edge cases and 

roviding boundary conditions for fuel performance and thermo- 

ydraulics computations planned in the framework of DRYstars. 

.2.7. UK 

The UK National Nuclear Laboratory (NNL) has developed the 

EXUS code to automate fuel performance modeling of a whole 

WR core [130] . NEXUS is coupled with a single rod behavior code 

NIGMA [147] and uses it as the underlying fuel performance en- 

ine. Both codes are parts of the NNL’s framework for dry storage 

odeling. The neutronics calculations are done by CMS and FISPIN 

148] . The first one gives irradiation histories and the second one 

rovides the decay heat and isotopic composition. The cladding 

uter temperatures during drying and dry storage can be calcu- 

ated either by in-house codes or commercial software like FLUENT 

123] . 

Rossiter has extended ENIGMA’s capabilities to dry storage by 

ntroducing two significant modifications [130] . First, the out-of- 

ile creep model developed by Bouffioux has been implemented 
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Fig. 33. Cladding hoop stress (CHS) distributions for each power history. Adapted from Feria and Herranz [142] . 
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see Section 3.4.3 ). Second, the cladding is assumed to be an- 

ealed instantaneously at the beginning of dry storage. This ap- 

roach brings additional conservatism since the annealing removes 

he irradiation hardening effect. The main application of the ex- 

ended ENIGMA is to predict if the rod integrity during storage 

s threatened by phenomena like the creep rupture or DHC. It is 

chieved by comparing the calculated values of the cladding tem- 

erature, hoop stress and hoop strain during drying and dry stor- 

ge to the safety limits, typically, 370–570 ◦C, 90–120 MPa and 1% 

espectively [149] . 

The UK calculation chain has been applied to dry storage as- 

essments for both UO 2 and MOX fuels with the dry storage pe- 

iod up to 100 years. An example of UO 2 irradiated to 47 GWd/tU 

as been presented by Rossiter [130] . The performed simulations 

ccounts for base irradiation, wet storage and dry storage. The dry- 

ng process has not been considered. The obtained results are pre- 

ented in Fig. 34 . 

.2.8. USA 

The work done by Aly et al. for DOE [80] qualifies as a multi-

hysics simulation. The authors validate 3D fuel rod simulations by 

omparing the predicted hydrogen behavior results to experimen- 

al data. This work shows the coupling of BISON with the neutron- 

cs code MPACT [150] and the thermo-hydraulics code CTF and CFD 

ode Star-CCM+ [151] . Sensitivity studies of numerous parameters 

re included. Even though the presented couplings and simulations 

o not concern dry storage conditions, they show a great potential 

or future developments concerning this domain. 

. International cooperation 

.1. Extended Storage Collaboration Program 

The Extended Storage Collaboration Program (ESCP) was 

aunched by EPRI in 2009 [152] . Several subcommittees have been 

stablished within ESCP. One of them is the International Subcom- 

ittee (IS) which gathers institutions from different countries and 
22 
s focused on improving understanding of degradation mechanisms 

ccurring during storage and transportation of SNF. Also, IS is re- 

ponsible for expanding access to data and programs associated 

ith SNF and for improving the overall technical basis. In 2012, IS 

eleased a report summarizing the status of SNF storage and pro- 

iding a review of the technical data gaps in each of participant 

ountries [153] . Regular meetings of IS are organized in the frame 

f ESCP. The most recent one took place in 2018 in Germany in 

onjunction with an international workshop held by GRS. 

.2. IAEA Coordinated Research Projects 

IAEA has been leading Coordinated Research Projects (CRP) con- 

erning extended storage of SNF since 1981 when the project BE- 

aviour of spent Fuel Assemblies during extended STorage (BE- 

AST) was launched. It was followed by the BEFAST-II and BEFAST- 

II. In 1997, IAEA launched the Spent fuel Performance Assessment 

nd Research (SPAR) consisting of four phases: SPAR I, SPAR II, 

PAR III and SPAR IV. The overall objective of the BEFAST and SPAR 

rojects was to create a technical knowledge database on the SNF 

ehavior and base it on operating experience and research activi- 

ies performed by participating member states [154,155] . 

Another CRP proposed by IAEA is the DEMOnstrating perfor- 

ance of spent fuel and related storage system components during 

ery long term storage (DEMO) launched in 2012 [156] . The main 

oals of DEMO were to exchange and share the knowledge on in- 

erim storage of SNF and to develop a network of experts in this 

eld. The integrity and behavior of the fuel cladding in long term 

torage and the review of the past, currently ongoing and planned 

emonstration programs were among several technical areas con- 

idered in the project. The demonstration cases are being carried 

ut by Japan, Korea and the U.S. All these experiments are promis- 

ng in terms of obtaining new, valuable data to support modeling 

f dry storage. 

As of today, a new CRP, Spent Fuel Research and Assessment 

SFERA), is planned. Its objectives are similar to these of the BE- 

AST and SPAR projects, i.e, to continue developing a technical 
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Fig. 34. An example of ENIGMA calculations. Figure from Rossiter [130] . 
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nowledge database on the behavior of SNF and storage system 

aterials. 

.3. GRS Benchmark for thermo-mechanical fuel rod behavior during 

ry storage 

In 2019, GRS called a benchmark for thermo-mechanical fuel 

od behavior during dry storage. The benchmark uses publicly 

vailable data and generic models. The simulated scenario con- 

ists of base irradiation, wet storage, drying and dry storage in 

 generic cask similar to CASTOR®V/19. The organizers have pro- 

ided boundary conditions for fuel performance computations in- 

luding the decay heat calculated with the code OREST [133] and 

he cladding outer temperature during drying and dry storage cal- 

ulated with COBRA-SFS [12] . GRS provided boundary conditions 

or two cases: for the central and corner fuel rods of the central 

ssembly in the cask. Simulations of these two fuel rods coated 

ith Zircaloy-4 and M5 TM claddings have been requested which 

ives four cases overall. 

. Conclusions 

In this paper, literature on the modeling of SNF in dry storage 

onditions has been reviewed with a focus on building a compre- 

ensive overview of the current modeling trends. The main goal of 

his review is to present current activities related to fuel perfor- 

ance modeling in dry storage conditions. 

During the drying process and subsequent dry storage of SNF, 

he fuel cladding is submitted to specific conditions like high tem- 

erature and high tensile stresses. The limits on these parameters 

ave been defined by various countries to prevent cladding degra- 

ation and ensure rod integrity. Such limits as well as realistic stor- 

ge conditions are given within this review. 

Our review concludes that the main mechanisms for LWR fuel 

od degradation in dry storage conditions are hydrogen-related ef- 

ects and cladding creep. These mechanisms strongly depend on 

he distribution of stresses in the cladding, which are influenced 

y a variety of phenomena like the pellet-cladding bonding, fission 
23 
as release or fuel pellet swelling. The available models represent- 

ng these mechanisms have been collected and described in this 

ork. 

In addition, current and planned experimental efforts support- 

ng future dry storage modeling have been identified and reviewed. 

ecent experimental studies have revealed significantly different 

ydrogen behaviors in liner claddings compared to single-layered 

nes demonstrating the necessity of separate model development. 

ngoing slow-cooling experiments with rates much slower than 

revious experiments appear especially valuable. Preliminary re- 

ults of slow-cooling tests have already shown the significant ef- 

ect of cooling rates on the cladding mechanical performance. Ad- 

itionally, the experimental efforts towards better understanding 

he mechanical fatigue of SNF during transportation have been re- 

iewed. It has been shown that the rod integrity in transportation 

trongly depends on burnup, oxide thickness and stress distribu- 

ion. High fidelity estimations of such parameters can be obtained 

ith fuel performance codes. Therefore, such modeling can be em- 

loyed to study transportation issues in the future. Finally, new ex- 

erimental data are expected to include long-term cladding creep 

ssential for model validation. 

Dry storage conditions can be simulated with a multi- 

hysics simulation environment accounting for neutronics, thermo- 

ydraulics or CFD and fuel performance. Using dedicated codes for 

ach of these domains may guarantee high fidelity results if sound 

alidations have been performed. This is crucial in case of dry stor- 

ge of SNF, as the long duration of such storage experiments is un- 

ealistic. Computation chains developed by different countries are 

resented and their respective advancement is described. In gen- 

ral, the aim of multiphysics dry storage simulations is to verify 

hether the studied fuel rod fulfills the safety criteria. Typically, 

he maximum cladding hoop stress and strain and the maximum 

llowable temperature are of greatest concern. 

Finally, several international programs focused on dry storage 

esearch have been described. Projects such as ESCP and IAEA CRPs 

ocus on developing the network of experts and promoting inter- 

ational cooperation. 
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