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•Introduction 
 


•Actinide sorption onto hematite as a function of temperature and ionic 
strength 
 


–Batch sorption, surface complexation modeling, XAS 
–Isothermal Titration Calorimetry (ITC) 


 
•Future work 


•Diffusion through clay barrier materials as a function of temperature 
and ionic strength 







Sorption plays a dominant role in actinide 
environmental fate and transport. 
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Brown et al., 1999, PNAS, Vol. 96, pp. 3388–3395, March 1999 







There is a need to understand the influence 
of temperature on sorption. 
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Rao, Chem. Soc. Rev., 2007, 36, 881-892 


Temperature profile of the studied YM Repository  







The influence of temperature on U(VI) 
hydrolysis. 
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Zanonato et al., J. Am. Chem. Soc., 2004, 126, 5515-5522 







Quantification of Actinide Sorption – How? 
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Surface Complexation Modeling 







Actinide Sorption Mechanisms? 
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An(VI),  NH2O = 5 An(IV),  NH2O = 8 


•Strong ion-dipole interactions 
create a primary hydration 
sphere 
 


•Additional hydration layers 
created from additional dipole-
dipole interactions 







Actinide Sorption Mechanisms? 
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Brown et al., Chem. Rev., 1999, 99, 77-174. 


•Surface Complexation Modeling 
 


•Sorption Thermodynamics: 
•enthalpy and entropy 


 
•EXAFS 


 







Results:  Hematite Protonation Enthalpy 
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≡FeOH + H+  ≡ FeOH2+ log K = 6.19 
≡FeOH   ≡ FeO-  + H+ log K = -8.11 
 


Potentiometric and ∆T Hematite Titrations 
• ∆adsHH+ = -32.2 ± 0.9 kJ∙mol-1 


 







Results: Hematite Potentiometric Titrations 
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Results:  Eu(III) Sorption onto Hematite 
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• ∆H is constant over studied temperature 


range; ∆Cp is negligible 
• Eu sorption onto hematite is 


endothermic 
• Eu sorption is entropically driven 


 
• ∆rH° = 131 kJ mol-1 


• ∆rS° = 440 J mol-1 K-1 


 
• Data suggest ~5 H2O molecules are lost 


from Eu(III) primary hydration sphere 
during sorption 


• EXAFS data were consistent with SCM 
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Results:  Eu(III) Sorption onto Hematite 
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• ∆H is constant over studied temperature 


range; ∆Cp is negligible 
• Eu sorption onto hematite is 


endothermic 
• Eu sorption is entropically driven 


 
• ∆rH° = 131 kJ mol-1 


• ∆rS° = 440 J mol-1 K-1 


 
• Data suggest ~5 H2O molecules are lost 


from Eu(III) primary hydration sphere 
during sorption 


• EXAFS data were consistent with SCM 
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Results:  U(VI) Sorption onto Hematite 
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• Literature EXAFS data suggests a 
loss of ~2 H2O molecules from the 
U primary hydration sphere 


• ∆Cp ≠ 0, ∆H was calculated with 
extended van’t Hoff plot 


• U sorption onto hematite is 
entropically driven 
 


• ∆rH° = 36 kJ mol-1 


• ∆rS° = 368 J mol-1 K-1 
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Results: U(VI) Sorption onto Hematite, pH 5 
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Results:  Np(V) Sorption onto Hematite 
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• Loss of fewer water molecules? 
• Outer-sphere complex? 
• Carbonate surface complex? 
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Results: Np(V) Sorption onto Hematite, pH 7 
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Results: Np(V)-Hematite XAS 
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• First high temperature Np-
hematite EXAFS data 
 


• Only 0.01 M NaClO4 75 
°C sample shows any 
change in the XANES 
 
 







Results: Np(V)-Hematite XAS 
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• No indication of precipitation 
 


• 0.01 M NaClO4 75 °C sample 
shows slight change in first 
oxygen shell, possible redox? 
 


• Slight differences between RT 
and 75 °C samples 
 
 







Isothermal Titration Calorimetry 
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Results:  Hematite Protonation Enthalpy 
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Base Titration • the hematite surface was 
titrated with 0.01 M HCl or 
NaOH 


• 9 titrations (5 acid, 4 base) 
 


• Sverjensky and Sahai 
(2003):  ∆HK+ = −41.4 


• Estes et al. (2013):          
∆HK+ = −32.2 
 


 
 


∆H (kJ mol−1) 







Results:  Eu(III) Sorption Enthalpy 
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• reproducible titrations were 
achieved by titrating a 
hematite + Eu(III) 
suspension with 0.01 M 
NaOH 
 


• 4 titrations 
 


• modeled using SCM 
developed from Eu(III) batch 
studies (Estes et al. 2014) 
 
 


 
 







Results:  Eu(III) Sorption Enthalpy 
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• reproducible titrations were 
achieved by titrating a 
hematite + Eu(III) 
suspension with 0.01 M 
NaOH 
 


• 4 titrations 
 


• modeled using SCM 
developed from Eu(III) batch 
studies (Estes et al. 2014) 
 
 


 
 







Results:  Eu(III) Sorption Enthalpy 
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∆H (kJ mol−1) 


• Estes et al. (2013):           
    ∆H = 131 







Results:  U(VI) Sorption Enthalpy 
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Results:  U(VI) Sorption Enthalpy 
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• U(VI) sorption onto 
hematite is 
endothermic, and 
entropically driven 
 
 
 


∆H (kJ mol−1) 







Future Work:  Diffusion Through Clay Barrier 
Materials 
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Future Work:  Diffusion Through Clay Barrier 
Materials 
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•Compacted Na-Montmorillonite 


•25 ºC, 80ºC 


•Diffusion of HTO and Np(V) 


•Variable bulk densities ranging 
from 1.15 g/cm3 to 1.6 g/cm3 


•Using autoradiography, LSC, 
and ICP-MS:  Evaluate diffusion 
of radionuclides as function of 
distance, time, temperature, and 
ionic strength 







Summary 
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•Quantitative sorption prediction using robust surface 
complexation models, which provide insight into sorption 
mechanisms 
 


•Combination of SCMs, XAS, and ITC to quantify sorption and 
understand thermodynamics and mechanisms 


 
•Final deliverable will be a thermochemically based model for 
actinide sorption that can account for changes in ionic 
strength and temperature 
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Seismic Performance of Dry Casks Storage 
for Long-Term Exposure 


Freestanding dry storage casks on a 
Concrete Pad (Tripathi and Hall 2007). 







Objectives 
 
 Evaluate the long-term seismic performance of 


freestanding and anchored dry storage casks (DSCs), 
particularly the potential for sliding and/or tipping over. 
 


 Tasks 
Modeling of cask-pad system to assess DSC structural 


instability. 
 Effect of cask-to-cask and cask-to-concrete impacts 


including mechanical deterioration  
 Experimental quasi-static tests of anchors and 


anchored casks 
 Shake table of free-standing and anchored casks 


 







Introduction 
 DSCs were initially licensed for 20 years, and can be 


relicensed for up to 60 years. DSCs are being reevaluated 
as potential mid-term storage solution (100-300 years). 
 


 Longer-term operating periods result in: 
 Very large horizontal accelerations 
 Destabilizing effects of vertical acceleration 
 Aging material deterioration. 


 
 Seismic events may lead to cask structural instability. Tip 


over, for instance, can damage the fuel rods and interrupt 
air circulation 







System Characteristics 
 
 The most significant DSC feature is radius-to-height of 


center of gravity ratio (r/hcg). Case studies for r/hcg = 0.43 
and 0.57 were selected based on NRC’s list aspect ratio 
limits from 0.43-0.67 (USNRC 2013). 
 


 Two additional cases are being tested. The first one is a 
container with a r/hcg = 0.39. The second one will have an 
aspect ratio larger than 0.60. 
 


 The system dynamic response is also largely affected by 
the cask-concrete friction coefficient. 
 
 
 
 







Seismic loading 
 For a longer compliance period (300 years), the return 


period to keep the same probability of failure currently used 
for 20 years is T ≥ 29,850 years (or υ ≤ 3.3 x 10-5/year) 


 Seismic hazard curves were obtained from NUREG 6728 
(McGuire et al. 2001) for 1,000-, 10,000-, and 30,000-year 
return periods for Western US and Central & Eastern U S 
 
 


 
 Two sets of 15 ground 


motions were used in the 
simulations (FEMA-695, 
Alavi and Krawinkler 
(2001): near field ground 
motion (NFGM), and far 
field ground motion 
events. 
 







Tip-over & sliding 
 Tip-over is influenced by the frequency content of the 


record, cask geometry, and steel-concrete friction (Luk et 
al. 2005). 


Rocking response due to horizontal 
and vertical accelerations (Han and 


Zhou 2012) 


𝜇 <
𝑎ℎ


𝑔 − 𝑎𝑣
 


Under static conditions, sliding 
occurs when the horizontal seismic 
force exceeds the friction force 


Tip-over takes place when the 
stabilizing moment at point 0 is 
smaller than the moment created by 
the horizontal force at point 0: 


𝑟
ℎ𝑐𝑐


<
𝑎ℎ


𝑔 − 𝑎𝑣
 







Numerical Model Characteristics 
 Cask simulations for radius-to-height of center of gravity 


ratios r/hcg = 0.43 and 0.57. 
 
 


Element types:  
Solid C3D8R – for plates and the pad 
Shell S4R – for Overpack and MPC cylinders.  


r = 22.75 in. 
h = 84.5 in. 
r/hcg = 0.569 


Abaqus FEM of scaled generic cask (r/hcg = 0.569) 







Scaled Cask under  
Seismic Time History Analysis 







Scaled Cask under  
Seismic Time History Analysis 







Slender Cask under Sinusoidal 
Loading 







FREE-STANDING 
EXPERIMENTAL CASKS 







Experimental Tests (Shake Table) 
 
 Free-standing and anchored scaled casks are being tested 


under simultaneous horizontal and vertical accelerations at 
UNR six-degree-of-freedom and biaxial shake tables 


Six Degree-of-Freedom Shaking Table at UNR 







First free-standing test 
 
 Aspect ratio of first cask is r/hcg = 0.43 
 The cask’s weight is 33 kips. 
 Instrumentation 
 12 string-pots measured horizontal 


displacements at top and bottom 
surface points of the cask 


 4 LVDTs measured vertical disp. at 
four edge points at base of cask 


 8 accelerometers measured 
overpack acceleration response 


 10 accelerometers recorded MPC 
response accelerations.  


 8 strain gages measured strains in 
the overpack shell. Experiment setup on 


6-DOF shake table 







ATHs for shake table tests 
 
 Free-standing and anchored casks were mainly subjected 


to Chi-Chi 1999 CHY-101, Erzican Turkey 1992 original 
and spectrally matched records. San Fernando 1971 and 
sinusoidal time histories were also used. 


PGA (g)
X Y Z


Original - San Fernando Pacoima Dam X, Y and Z 1.22 1.24 0.69
Original - Chi-Chi Taiwan 1999 X, Y and Z 0.35 0.44 0.17
Original - Erzican Turkey 1992 X, Y and Z 0.50 0.52 0.25
1000 Far Field - San Fernando Pacoima Dam X, Y and Z 0.27 0.27 0.29
1000 Near Field - San Fernando Pacoima Dam X, Y and Z 0.36 0.35 0.38
1000 - Chi-Chi Taiwan 1999 X, Y and Z 0.27 0.27 0.29
1000 - Erzican Turkey 1992 X, Y and Z 0.36 0.36 0.38
10,000 - Chi-Chi Taiwan 1999 X, Y and Z 0.64 0.64 0.68
10,000 - Erzican Turkey 1992 X, Y and Z 1.05 1.04 1.08
30,000 - Chi-Chi Taiwan 1999 X, Y and Z 0.91 0.93 0.98
30,000 - Erzican Turkey 1992 X, Y and Z 1.41 1.43 1.48


Description Excitation 
Direction







Near Field Ground Motion tests 
 Erzican 1992 was the selected NFGM record based on 


numerical simulations. 


100% Erzican 1992. West side 







Far Field Ground Motion tests 
 
 For the 1:2.5 scaled casks, the maximum PGA in the 6-


degree-of-freedom shake table was 0.6 g’s.  


80% Original Chi-Chi Taiwan 1999, CHY-101. East side 







Far Field Ground Motion tests 







Displacement comparison for 
same ATH  


 Repeated experiments show potential chaotic behavior. 


75% of 10,000 yr-spectrally matched Chi-Chi 1999, CHY-101 







Displacement comparison for 
same ATH  


 Rotational displacements are more consistent 


75% of 10,000 yr-spectrally matched Chi-Chi 101 Taiwan 







Coefficient of restitution 


Y Angular velocity time history (around X axis) (80% of original Chi-
Chi, Taiwan 1999) 


1


2


v
vCOR =







Damping 
 The Y-direction rocking angle time history was also used to 


find out critical damping fraction. The critical damping ratio 
can be found using logarithmic decay principle: 
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 The average damping is  
 Several eqns. express damping as a function of COR. 


According to Kaneko et al. (2000) 
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Finite element comparisons 
 Damping is assumed mass proportional  
     where  
     Friction coefficient is 0.59 
 Closed form solutions are also being investigated 


Comparison of FE model results and Experimental Tests 1 (left) and 2 
(right). 75% 10,000 yr Chi-Chi, Taiwan CHY-101 


KMC βα +=
0114.02 =⋅⋅= ξωα







Slender cask test 
 
 Using only the MPC, a 1:3.5 scaled cask was simulated 


with an aspect ratio r/hcg = 0.39. 
 Ground motions with PGAs of up to 1 g. were applied. 


75% 30,000 year Chi-Chi Taiwan 1999, CHY-101 







ANCHORED CASKS 


Anchored cask test 







Individual Anchored Tests 


No stretch length – chair with ¼ 
in. thick plates - Shear failure Test Setup for individual anchors 


 
 Conventional and 


stretch anchor chair 
systems were tested. 
 
 







Individual Anchored Tests 


 Stretch length – chair with 
¼ in. thick plates  


Hysteretic response for ¼ in. thick plate stretch 
length chair versus conventional anchor 


 
 Stretch anchors release energy, 


preventing it from being transferred 
to the foundation. 
 
 







Group Anchored Casks 
 Stretch leg anchors are being 


tested for first time in DSCs under 
shear and tension stresses. 
 
 


Experimental setup for quasi-static 
loading test 


Anchored cask test 


Hysteretic experimental loop 







Experimental Tests 
(Shake Table)  


 Dynamic test were carried out in 
the six-degree of freedom shake 
table and in a biaxial table. 


Experiment on bidirectional shake table 


Stretch anchor bolt after GMs 


Conventional anchor after GMs 







Anchored cask dynamic test 
 
 Anchored casks were tested in a biaxial table up to 


accelerations of 1.86 g. 


Anchored casked under 200% of 30,000 year spectrally matched Chi-Chi 101 







Cask Accelerations 
 
 Accelerations at the top of 


the cask were increased due 
to the cask rotation caused 
by bolt elongation and 
stretch length chair 
deformation.  


Accelerations due to 100% of 
Original - Chi-Chi Taiwan 1999 


(X,Yand Z) using 5 bolts 
Strains in anchorage system. 100% of Original - 


Chi-Chi (X,Y, and Z) using 5 bolts  







Comments  
 This study evaluates the stability of DSCs subjected to very 


strong horizontal and vertical seismic accelerations under 
long-term compliance periods 


 In most free-standing casks, rocking will control the seismic 
response.  


 The response is largely influenced by the cask frequency 
and the dominant excitation frequency. 


 FE models in ABAQUS and LS-DYNA can reproduce the 
maximum response of cask-slab interaction. However, the 
response is highly nonlinear, and chaotic behavior may 
occur for strong seismic events. 


Material nonlinearity of concrete and steel components is 
unlikely under rocking or sliding. 
 
 
 







Comments 
 
 Anchored casks were tested under quasi-static and 


dynamic loads.  
 Stretch leg anchors can increase the displacement 


capacity of the anchor system from 3 to 4 times 
 Under dynamic loading, the anchored system exhibited 


acceptable performance up to accelerations of 1.86 g. 
 







Risk Assessment of Structural Integrity of 
Transportation Casks after Extended Storage 


 
- Aging Effect on the Cask Components 


Mechanical Performance- 


Transportation Casks (NRC 2003) 







Project Flow Chart 


GOAL:  Demonstrate fuel rod and 
canister integrity with an acceptably 


low risk of failure during transportation 
after extended storage 


Numerical 
Modeling 


Experimental Testing Input 
Parameters 


Scale 
Demonstration 


Modeling 
thermomechanical 


fuel behavior 
(MOOSE/Bison) 


Uncertainty 
Quantification of 
Input Parameters 


Structural Dynamics 
(PPC, fuel pellet 


constitutive model; 
and canister) 
(ABAQUS) 


Existing 
Capability 


Outside 
Scope of 


NEUP 


Scope of 
NEUP 


Validation 


Probabilistic 
Risk 


Assessment 







Objectives  
 Demonstrate fuel rod and canister integrity with an 


acceptably low risk of failure during cask transportation 
after extended storage. 
 
 Numerical simulation of fuel rods, fuel assemblies, and 


casks during transportation after long term storage. 
 Experimental mechanical evaluation of degraded fuel 


rods. 
 Effect of degradation of cladding and canister 


components on structural dynamic performance during 
transportation.  


 Risk assessment methodology of the structural integrity 
of transportation of casks.  
 
 







Fuel rod analysis 
 
 21-inch long samples used to quantify 


moment-curvature, stress-strain, load-
deflection, number of cycles until failure, 
and ultimately flexural stiffness. 
 
 


14 mm 


0.6 mm 


4.67 mm 


Zr-4 clad 


UO2 Pellet 


80 µm gap 


Element types:  
- C3D8R solid reduced integration linear brick elements for 
fuel pellets  
- C3D8I solid linear continuum shell elements for cladding 
 







Pellet-cladding interaction 
 
 Fuel rod aging deterioration (e.g., irradiation, temperature), 


leads to pellet-cladding interaction and material 
deterioration. 
 
 
 
 
 
 
 
 
 


 Then, numerical models include different PCI scenarios. 
 
 
 
 
 
 
 
 
 
 
 


Cladding with stress-corrosion cracking, SCC 
(USNWTRB 2010) 


Sanders et. al (1992) 







Linear (Euler) Buckling Analysis 
 
 CASE 1: Pellet-cladding gap 


of 80 μm and pellet-pellet in 
contact. 


 CASE 2: Pellet-cladding 
interaction (PCI) and pellet-
pellet in contact.  


 CASE 3: PCI and pellet-
pellet bonded. 
 


CASE 2. Pcr = 2,600 N 


CASE 1. Pcr = 2,200 N 


CASE 3. Pcr = 2,800 N 







Von Mises stress 







Riks Nonlinear Buckling Analysis  
 
 Load-displacement plot of center node pellet in “X” lateral 


direction with 0.1, 0.5, 1.0 and 2.0 mm imperfection. 
 


CASE2 Riks Analysis - Load-
displacement plot of center 
node pellet in X direction 


CASE1 Riks Analysis - Load-
displacement plot of center node 
pellet in X direction 







Effect of PCI Assumptions 
 
 According to Riks analysis results, PCI has a larger effect 


than pellet-to-pellet bond action.   


Load-displacement plot of center node pellet in X direction using 
Riks analysis and different PCI and pellet-to-pellet assumptions.  







Effect of Pellet-Cladding gap 
 
 However, PCI effect largely depends on the pellet-cladding 


gap or clearance. 


Load-displacement plot of center node pellet in X direction using 
Riks analysis and different PCI clearance for CASE1.  







Effect of Unbraced Length on 
Buckling Capacity  


 The rod buckling capacity increases four times as the 
unbraced length is reduced from 21 to 10 in. 


CASE3 Riks Analysis - Load-displacement plot 
of RP in Z direction 







VIBRATION TESTS 







Hammer Experimental Test 


Location of supports and position of accelerometers for all test 
cases of the Zircaloy-4 rod 


Copper cladding w/o surrogate steel pellets. One clamp at ends 


Case I, Zr-4 rod with surrogate steel pellets with dual clamps 
at each end, and a single clamp for the interior supports 


Single and 
double clamps 


Support A Support B Support C Support D


All Cases All CasesCase I and Case II Case I and Case III


Accelerometer A Accelerometer B Accelerometer C







Rod modal frequencies 
 
 Hammer tests were used to obtain the rod modal 


properties. Frequencies were obtained using a fast 
Fourier transform analysis 


Acceleration time history (left) FFT response of the accelerometers mounted on 
the Zircaloy-4 cladding with surrogate steel pellets (right). Case I 







Rod frequency. Different BCs 
 
 The span lengths in Case I are 522, 522 and 632 mm, 


which are consistent with WE 17 × 17 fuel assembly span 
lengths.  


 In Case II, one of the spacer grids experiences previous 
significant damage. A large gap is assumed to exist 
between rod and spacer grid. The  distance between 
undamaged spacers are 522 and 1,154 mm.  







Material Deterioration 
 
 Long-term storage may lead to 


fuel rod hydride embrittlement, 
delayed hydride cracking 
(DHC), and hydride 
reorientation. 


Stress-strain in Zircaloy-4 (Hong 2005) 
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Degradation mechanisms for long-term storage 
(Hanson 2011) 


SNF rod temperature predictions 







Comments on buckling capacity 
 
 The buckling capacity of a 21-in. rod is controlled by elastic 


buckling. Thus, material degradation mechanisms that 
reduce ductility, but not yield strength, should have a small 
influence on buckling capacity. 


 PCI increases the rod buckling capacity of the model from 
800 to 2,200 N when material deterioration is not 
considered and the initial imperfection is 0.1 mm.  


 The presence of unbonded pellets (Case I) increases 
buckling capacity if a small pellet-cladding gap exists. 
 
 







Comments on vibration tests 
 
 Rod modal frequencies are very sensitive to changes in the 


degree of rotational restraint present at one or more 
support points. Potential damage to spacer grids could 
make a fuel-rod more vulnerable to vibration-induced 
damage during normal conditions of transport.  


 The first mode natural frequency varied from 7 to 36 Hz for 
different support point configurations for a Zr-4 fuel-rod with 
surrogate steel pellets with a total length that is about 50% 
of the active length of a rod in a WE 17 × 17 fuel assembly 
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Near field ground motions list 
No. Earthquake Name Year Station Fault Type M 
1 Imperial Valley-06 1979 El Centro Array #6 Strike-Slip 6.5 
2 Imperial Valley-06 1979 El Centro Array #7 Strike-Slip 6.5 
3 Irpinia, Italy-01 1980 Struno Normal 6.9 
4 Morgan Hill 1984 Coyote Lake Dam 


(SW Abutment) 
* 6.2 


5 Loma Prieta 1989 Saratoga-Aloha Strike-Slip 6.9 
6 Erzican, Turkey 1992 Erzican Stike-Slip 6.7 
7 Kobe, Japan 1995 JMA * 6.9 
8 Landers 1992 Lucerne Strike-Slip 7.3 
9 Northridge-01 1994 Rinaldi Receiving 


Sta 
Thrust 6.7 


10 Northridge-01 1994 Sylmar – Olive 
View 


Thrust 6.7 


11 Kocaeli, Turkey 1999 Izmit Strike-Slip 7.5 
12 Chi-chi, Taiwan 1999 TCU065 Thrust 7.6 
13 Chi-chi, Taiwan 1999 TCU102 Thrust 7.6 
14 Duzce, Turkey 1999 Duzce Stike-Slip 7.1 
15 Kobe, Japan 1995 Takatori * 6.9 


* From Table 2.1 of “Effects of Near-Fault Ground Motions on Frame Structures” by Babak Alavi 
and Helmut Krawinkler 







Far field ground motions list 
     


No. Earthquake Name Year Station Fault Type M 
1 Duzce, Turkey 1999 Bolu Strike-Slip 7.1 
2 Hector Mine 1999 Hector Strike-Slip 7.1 
3 Kocaeli, Turkey 1999 Duzce Strike-Slip 7.5 
4 Kocaeli, Turkey 1999 Arcelik Strike-Slip 7.5 
5 Landers 1992 Yermo Fire Station Strike-Slip 7.3 
6 Landers 1992 Coolwater Strike-Slip 7.3 
7 Manjil, Iran 1990 Abhar Strike-Slip 7.4 
8 Cape Mendocino 1992 Rio Dell Overpass Thrust 7.0 
9 Chi-Chi, Taiwan 1999 CHY101 Thrust 7.6 
10 Chi-Chi, Taiwan 1999 TCU045 Thrust 7.6 
11 Kobe, Japan 1995 Nishi-Akashi Strike-Slip 6.9 
12 Kobe, Japan 1995 Shin-Osaka Strike-Slip 6.9 
13 Loma Prieta 1989 Capitola Strike-Slip 6.9 
14 Loma Prieta 1989 Gilroy Array #3 Strike-Slip 6.9 
15 Northridge 1994 Beverly Hill-Mulhol Thrust 6.7 


 







Analytical soln. to free vibration 
 2D rigid block solution (Schau and Johannes).  


Comparison of ABAQUS model ( =0.42) and 
analytical solution (COR = 0.872) 
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Used Nuclear Fuel Assemblies 


• Consist primarily of square arrays of zircaloy cladding tubes containing highly-radioactive, heat-
generating UO2 pellets and fission-product gases  


• After removal from a reactor the fuel is stored underwater while its radioactivity and heat 
generation rates decrease 


• After sufficient time the fuel is loaded into gas-filled canisters.   
• Essentially all moister must be removed to limit corrosion and hydrogen/oxygen formation, 


before the canister is filled with helium gas and placed into storage or transport over-packs 
 







Moisture Removal 
• Industry uses Vacuum Drying or Forced Helium 


Dehydration (force/natural convection) 
• During vacuum drying the He gas is evacuated from the 


canister in stages, to pressures as low as 0.7 Torr (100 Pa) 
to vaporize and remove moisture.    


• The process continues until the canister can hold a 3-torr 
vacuum for 30 minutes (indicating very little water is still 
vaporizing) 


• Vacuum drying “usually” takes 
• 12 to 24 hours for metal matrix baskets 
• 80 to 100 hours if Boral is used 
• Temperatures approach steady-state values 


• Vacuum Drying is simple, but removing high-conductivity 
helium may raise cladding temperatures 







Cladding Temperature During Drying 
• The cladding may experience its highest temperature during drying 


• This is the first operation when the fuel is removed from a water-cooled 
environment, and its heat generation rate is still relatively high 


• If the cladding temperature exceeds certain limits (~400°C), it may 
develop radial-hydrides and become brittle after its temperature 
decreases during long-term storage. 


• The temperature limit depends on fuel burnup, and is the subject of research 
• Brittle cladding would reduce the fuel’s suitability for future transport or 


processing, and should be avoided if possible.   
• The objective of this work is to develop accurate computational 


methods to predict cladding temperatures during low-pressure drying 
• This will allow efficient drying operation to be designed that safely 


maintain temperatures below required limits   







Effects of Low Pressure on Heat Transfer 
•Natural Convection 


• Gas motion is driven by the ratio of buoyancy to viscous 
forces, which is characterized by the Grashof number 


• Gr = g∆TL3ρ2/µ2TMean 
• Decreases significantly as the pressure and density ρ decrease 


• Neglecting natural convection is justified 
•Gas Conduction 


• Reducing gas pressure from 1 ATM (105 Pa) to 100 Pa 
reduces thermal conductivity by no more that 1%: 


• Neglecting conductivity change is justified 







Possible Gas Rarefication 
• In a low pressure and density gas, individual molecules travel “considerable” 


distances before encountering other molecules  


• mean free path length: 𝜆 = 𝑇𝜇0
𝑃


2𝑘𝐵
𝑚𝑇𝑂


  increases as pressure decreases  


• In rarefied gases a molecule’s speed may be significantly different from those 
surrounding it 


• The gas may not act as a continuum 
• Transport properties (𝜅, µ) are not functions of the local temperature and pressure alone 


• The Navier-Stokes and Fourier conduction equations rely on these properties 
• Gas speed and temperature at solid surfaces they encounter may not be the same as those 


of the surface 


• Package vendors currently do not include rarefication effects when calculating 
clad temperatures during vacuum drying 


• Should they? 







TWALL [K] 


Surface Thermal Accommodation 


• As the pressure decreases molecular collisions with the wall become relatively 
more important compared with collisions with each other 


• The Thermal Accommodation Coefficient α characterizes how the energy of a 
collection of molecules is affected when interacting with a wall, 0 ≤ 𝛼 ≤ 1 


• Not important when the gas acts as a continuum 
• From measurements of “engineering” surfaces 


• α primarily depends on gas composition and temperature  
• not wall composition or surface finish 


• For dry helium with TWALL = 25 to 400°C (300 to 670 K) 
•  α ~ 0.4 to 0.2 


 
 


EIn 


EWall 


EReflect 


𝛼 =
𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝐸𝐼𝐼
𝐸𝑊𝑊𝑅𝑅 − 𝐸𝐼𝐼


 𝛼 
He 







When is an enclosed gas Rarefied?   


• When the mean free path length is “large” compared to the 
enclosure characteristic dimension, 𝐿𝐶  
• Knudsen number 𝐾𝐾 = 𝜆


𝐿𝐶
 increases at gas becomes more rarefied 


• For small 𝐾𝐾 < 0.001 gas acts as a continuum 
• For 𝐾𝐾 > 0.001 the Navier-Stokes and Fourier equations are not 


strictly valid  
• Boltzmann Equation must be solved to calculate transport 


• Models transport by collisions of vast numbers molecules 
• Computationally intensive, especially for complex enclosures 


LC LC 







Rarefication Regimes 
• 0.001 < 𝐾𝐾 < 0.1 


• At moderately low pressures (moderately high Kn) the continuum assumptions breaks 
down only at the walls 


• The gas temperature and velocity are not the same as the surface’s  
• Known as “velocity slip” or “temperature jump” regime 


• Transport may be modeled using Navier-Stokes/Fourier equations away from the walls with 
special temperature and velocity boundary conditions at the walls 


• How to find those conditions?  


• 𝐾𝐾 > 10 
• At extremely low pressures molecules interact with walls but only rarely with each other 
• Known as “collisionless” regime, modeled using a simplified collisionless Boltzmann Eqn.  


• 0.1 < 𝐾𝐾 < 10 
• In this Transition regime, the full Boltzmann equation is required to model transport 


(computationally intensive) 


• Which regimes are relevant for vacuum drying?   







One-eighth Model of a Loaded Canister for 24 PWR Assemblies 


• Each basket opening contains a 15x15 PWR assembly 
• Is 0.001 < 𝐾𝐾 = 𝜆


𝐿𝐶
 < 0.1 ? 


• Surface-to-surface spacing of helium filled gaps, 𝐿𝐶  
• Fuel region: 9.5 mm; Basket/canister gap: 2.3 mm 


• 𝜆 = 𝑇𝜇0
𝑃


2𝑘𝐵
𝑚𝑇𝑂


 (depends on gas temperature and pressure) 
• P = 400 Pa, 0.01 ≤ Kn ≤ 0.04 
• P = 100 Pa, 0.04 ≤ Kn ≤ 0.15 (slightly inside the transitional regime) 
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Slip-Regime Temperature Conditions 


• Heat Conduction from a solid to a gas 
• There is a temperature-jump (TJ) at the interface between a solid and rarefied-gas that 


increases with heat transfer rate Q 
• By a dimensional argument: 𝑇𝑊𝑊𝑅𝑅 − 𝑇𝐺𝑊𝐺 = −𝑑𝑇


𝑑𝑑
𝜆𝜁𝑇 = 𝑄


𝜅𝐴
𝜆𝜁𝑇 = 𝑄𝑅𝑇𝑇 


• 𝑄 = Heat transfer;   𝜅 = Gas conductivity; 𝐴 = Wall area 
• 𝜁𝑇 = Temperature Jump Coefficient = ? (dimensionless, subject of research), expect it to:  


• Increases as α decreases, depend on gas properties 


• 𝑅𝑇𝑇 = 𝜆𝜁𝑇
𝐴𝜅


 = Temperature-jump thermal resistance  
• Can be implemented in Fluent or other CFD codes 
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How to find the Temperature Jump Coefficient, 𝜁𝑇 


• ANSYS/Fluent has a built-in utility that uses 𝜁𝑇 = 2 2−𝛼
𝛼


 
• Temperature jump increases as thermal accommodation decreases  
• Not dependent on gas properties 


• Lin-Willis [1972]: 𝜁𝑇 = 𝜋𝛾
𝛾+1 𝑃𝑃


2−𝛼
𝛼


+ 0.17  


• Dependent on gas properties; 𝛾 = 𝑅𝑝
𝑅𝑣


;  𝑃𝑃 = 𝜇𝑅𝑝
𝜅


 


• Others are also in the literature 
• Which ones accurately reproduce Boltzmann equation 


simulation results in the slip-regime?   







Boltzmann Solutions across Simple Gaps 


• Calculate conduction across helium-fill gaps between isothermal Parallel Plates and 
Concentric Cylinders with 𝛼=1 using the Boltzmann equation. 


• In these “simple” geometries we (Ho and Graur from Aix-Marseille) use the Discrete Velocity 
(DV) method to find the temperature profiles and heat transfer from the Shakov model 


• Compare to calculations using Fourier conduction within the gas and Lin-Willis 
temperatures jumps at walls  


330K 300K 


y, Q 
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300K 
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𝑅𝐶𝑜𝐼𝑑 330K 300K 


Resistance Model 







Temperature Profiles for Different Pressures 


• Solid line are DV results using the Shakhov-method (S-method) 
• At low pressures observed Temperature Jumps at both boundaries 


• Dashed lines are from Fourier Equation solution with the Lin-Willis temperature 
jumps 


• Good agreement for Kn < 0.1 (slip and continuum regimes)   
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Fractional Heat Transfer Reduction 


• QC = heat transfer from the hot to cold wall for continuum conduction 
• Q   = heat transfer for a given pressure and accommodation coefficient 


• Decreases as P and α decrease 
• Lin-Willis model (dash lines) accurately reproduces the Shakov-model-calculated 


rarefied conduction (solid lines) versus pressure in helium for 𝛼 = 0.2 to 1 and two 
simple gap geometries 


• Implement the Lin-Willis thermal resistance in the CFD transfer canister model 


Q Q 







Loaded 24 PWR Canister Model 


• ANSYS/Fluent One-eighth Model of a TN24P 
• Symmetry on radial boundaries 
• 101.7°C on outer curved surface (conservatively simulates contact with boiling water) 
• Geometrically-accurate helium-filled regions in fuel and gap between basket and canister  


• Heat Generation within the UO2  
• Fourier Conduction within all solid regions 
• Surface-to-surface radiation across He-filled regions 


• Lin-Willis temperature jump at gas solid interfaces 𝑇𝑊𝑊𝑅𝑅 − 𝑇𝐺𝑊𝐺 = 𝑄𝑅𝑇𝑇; 𝑅𝑇𝑇 = 𝜆𝜁𝑇
𝐴𝜅


 
• 𝜆 = 𝑇𝜇0


𝑃
2𝑘𝐵
𝑚𝑇𝑂


; 𝜁𝑇 = 𝜋𝛾
𝛾+1 𝑃𝑃


2−𝛼
𝛼


+ 0.17 ; Negligible at higher pressures 
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Loaded Package Temperature Contours 
• Atmospheric pressure 


• Continuum model 
• Neglect Natural Convection 
• QF = 2290 W/assembly 


• Local maxima in each assembly 
• Hottest in centermost assembly 


• TPC = 336°C 
• Below 400°C even at this “high” 


heat generation rate 


• r-axis  
• Traverses two assemblies, an 


aluminum rib and canister  







r-axis Temperature Profiles 
• Two Models 


• Continuum  
• Hard vacuum (no gas conduction) 


• Higher Peak Clad Temperature, TPC    


• Peripheral gap between basket rib and 
canister 


• Exhibits a very steep gradient due to  
• High heat flux 
• Low temperature (minimal radiation HT) 


• Major contribution to peak cladding 
temperature 


• This is the location where the main 
difference between continuum and hard 
vacuum profiles resides. 


• Radiation dominates in the high-
temperature fuel regions (not 
dependent on gas conduction) 
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Rarefied (Temperature Jump) Model 
• Temperature-jump   


• P=100 Pa, α =1, 0.4 & 0.2   


• TPC increases as α decrease  
• Δ𝑇𝐵𝐵 = Temp. Diff at Basket Surface 
• Δ𝑇𝑃𝐶  = Temp. Diff at Peak Clad 


• The main difference between continuum 
and other profiles is in the peripheral gap 


• Heat flux from fuel rods is smaller 
• More radiation at fuel rods 


• To accurately determine peak clad 
temperatures, it is important to predict 
the effect of rarefication within the 
peripheral gap 


• Hard vacuum model is overly conservative 
 


α ∆TBS [°C] ∆TPC [°C] 
1 20.2  21.5 


0.4 55.0  57.7 
0.2 86.7  89.5 


Δ𝑇𝑃𝐶  


Δ𝑇𝐵𝐵 


Peripheral 
Gap 







Peak Clad Temperature versus Assemble Heat Generation 


• Peak cladding temperature TPC increases as assembly heat generation rate increases 
• The assembly heat generation limit causes TPC to reach its limit (i.e. 400°C) 


• Cladding temperatures increase, and the allowable heat generation rate decreases, as α 
(and pressure) decrease 


• By up to 33% compared to continuum conditions (for P = 100 Pa and α = 0.2)  
• The limit temperature may be dependent on fuel burnup level 


• If the temperature limit is decreased by 30°C, then the limit heat generation rates decrease by 
another 13% 


α=1 α=0.4 α=0.2
Assembly Heat 


Generation Limit [W]
3070 2769 2351 2043


% reduced --- 10% 23% 33%


P = 100 PaContinuum 
P = 105 Pa 







Summary 
• To accurately determine peak clad temperatures, it is important to predict the 


effect of rarefication within the peripheral gap 
• The hard vacuum model is overly conservative 
• Depending on the drying pressure P, gas thermal accommodation coefficient α, 


and limit temperature TL rarefication can affect  
• Cladding temperatures 
• The allowed assembly heat generation limit, and 
• The required underwater aging time 


• Ongoing Work 
• Three-dimensional package model to accurately calculate 


• Temperature and vapor transport during 
• Vacuum Drying and Force Helium Dehydration (mixed forced and natural convection) 


• Measure thermal accommodation coefficients α for a He/stainless steel system.    


 







Thermal Accommodation Coefficient Measurement 


• Measure conduction heat transfer across an annular gap containing rarefied helium 
• Control total heat generation rate dissipated by the inner cylinder Q (internal heater), 


the temperature of the outer cylinder TO (water jacket), and the helium gas pressure P 
(high purity dry He, vacuum pump). 


• Measure the temperature of the inner cylinder TI for a range of gas pressures P 
• Compare to predicted TI versus P results for a range of α.     


Q TO  
TI  


α = 0.2 


α = 0.6 


α = 1 


                   
 
 


He  







Experiment Design 


• To maximize the effect of rarefication on the inner cylinder temperature, minimize 
• Gap width (minimize conduction temperature difference relative to surface temperature 


jump, 1mm) 
• Outer surface temperature (to minimize radiation relative to conduction heat transfer) 
• End losses 


• Minimize inner cylinder diameter to length ratio 
• Insulate cylinder ends, minimize contact to outer shell 


• Inner aluminum cylinder, surface thermocouples, centered electric heater, sheathed 
in 1-mm-thick stainless steel 


• Vertical, sealed, water-jacketed enclosure, power and TC feedthroughs (data soon) 







Ongoing Work 
• Enclosed 7x7 Square Array 


Experiment Design 
• Verify simulations for “complex” 


configuration   


• Three-dimensional canister 
simulations for 


• Vacuum Drying 
• Force helium dehydration (mixed 


natural/forced convection) 


• Vapor Transport 
• Helium/Water vapor transport  


• Continuum and rarefied 
conditions  







300 K 


1 m/s 
(helium) 


Helium + 
Vapor 


500 K 


Fig. Contour of volume fraction of water vapor.  


An UDF is used at the interface between water and helium for free surface evaporation and boiling. A 
layer of 2 cm of water is assumed to be present at the bottom of the canister in the beginning of the 
simulation. At t=0s the evaporation and the helium circulation is started, so no vapor at the beginning of 
the simulation. 
 







Questions? 


• Miles Greiner 
• greiner@unr.edu 
• (775) 784-4873 



mailto:greiner@unr.edu





Transient Simulations 


• How long will it take the canister to reach steady state conditions 
• Initially assumed canister is filled with water and allowable fuel heat generation rate 
• Requires 24 to 35 hours to be within 2°C of steady state value 









		Development and Experimental Benchmark of Simulations to Predict Used Nuclear Fuel Cladding Temperatures during Drying Operations

		Used Nuclear Fuel Assemblies

		Moisture Removal

		Cladding Temperature During Drying

		Effects of Low Pressure on Heat Transfer

		Possible Gas Rarefication

		Surface Thermal Accommodation

		When is an enclosed gas Rarefied?  

		Rarefication Regimes

		One-eighth Model of a Loaded Canister for 24 PWR Assemblies

		Slip-Regime Temperature Conditions

		How to find the Temperature Jump Coefficient,  𝜁 𝑇 

		Boltzmann Solutions across Simple Gaps

		Temperature Profiles for Different Pressures

		Fractional Heat Transfer Reduction

		Loaded 24 PWR Canister Model

		Loaded Package Temperature Contours

		r-axis Temperature Profiles

		Rarefied (Temperature Jump) Model

		Peak Clad Temperature versus Assemble Heat Generation

		Summary

		Thermal Accommodation Coefficient Measurement

		Experiment Design

		Ongoing Work

		Slide Number 25

		Questions?

		Transient Simulations

		Slide Number 28



