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CIRFT bending load vs fatigue life
data reveals large data scatter

40 | ® HBR Failure
- -0.245
35 | y = 270.85x 71 HBR No failure
R?=0.8976
30 .\\ © NA Failure
\ NA No Failure
25 *H

\ A MOX Failure
N~

20 \ ¢ LMK Failure
15 oA N

> LMK No failure
A® a
10 o M - —Power (HBR Failure)

Ho 0
° A S~ | o0 D
—

Moment Amplitude (Nm)

5 éa A
HBU [GWD/MTU]
1ooos+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08 HBR: 64-67
| ' ' ' ' ' MOX: 40-49
] NA: 60-63
Number of Cycles or Cycles to Failure BWR -LMK: 54-57
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Complex vibration can be constructed
or formed by modal shape functions






SNF transport reliability investigation plays a
critical role in the back end fuel cycle initiative

LWR Fuel
Enrichment Fabrication

Used fuel
Extend Uranium to recycle

Resources

Residual =
wastes |B

Geologic
Repository

Recycle Fuel
Fabrication
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Skelton of fuel assembly is formed by
guide thimble tubes and spacer grids

Rod cluster
control assembly

¥~ Juide thimble
ube ¥ Pellet

ﬁ Fuel tube
. Fuel rod






System damping can critical affect
the system amplification factors
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Figure II-71. Truck Superimposed Shock Response Envelopes with 3% Damping
[MA77a]





Table 1I1-14

Truck Vibration Data [MA77a]

Measurements on Carge Floor (g)
99% level of Zero to Peak Amplitude

Frequency Longitudinal Transverse Vertical
_Band (Hz) Axis Axis Axis
0-5 - 0.10 0.10 2.0
5-10 0.08 0.06 1.04
10-20 0.84 0.15 1.68
20-40 0.51 0.24 1.20
40-80 0.36 0.42 0.50
80-120 0.24 0.27 0.87
120-180 a.z2» 0.21 0.63
180-240 0.87 0.12 0.87
240-350 0.24 0.15 0.63
350-500 0.24 0.15 0.42
500-700 0.87 0.15 0.87
700-1000 1.50 0.87 1.17
1000-1400 0.87 Q1> 1.17
1400-1900 0.39 0.24 0.87
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Fuel Rod Section with Two Dimples Model

« 3-D model

* Model clad as full fuel rod
with length 38mm

» Model two dimples

« Dynamic explicit

« Define general contact
between clad and dimple
surfaces

» Define clad initial velocity
upon impacting dimple
0.25mm/s~0.62mm/s as
estimated

» Both clad and dimple with
material Zircaloy-4






Impact 20g Load

S, Mises
{Avg: 75%)

+3.641e+06
[ +3.337e406

+3.034e+06
+2.731e+06
+2.427e406
+2.124e406
+1.821e+06
+1.517e406
+1.214e406

+9.109e+05
[ +6.076e405

+3.043e+05
+9.975e+02

[ B, change aulpul inl=ival Back la 1
QCE: [mpaci

Slep: Slep-1
[nciamanl  730420: Slep Time = 2 SO00E-D2
X Pimary Mar: 5, Mizes

Delarmed Yai: U Delarmalan Scale Faclav: +1.000=+00

oo
-20glaad-NxBC.adk  Abaqus/Explcil B.10-1  Wea &pi D1 11:06: D] East=in Daylg

Impact location max
stress 3.641 MPa
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Canister design can significantly affect
SNF system vibration reliability






become load
up under NCT

ide tube and spacer grids
bearing in horizontal set-

Gu






SNF fuel assembly vibration intensity
depends on aging skeleton integrity

Guide tube
_______ N\
X \"xﬁ

T e
e e— - — g — RN
e
f

End nozzle

Assembly ~
Initial Velocity, Vo ~

__; wl
I

e -

||

F(t) = Acceleration x Mass

Guide Tube Assembly - Details

» Due to SNF horizontal installation for transport, guide tubes &
spacer grids are now become bending load bearing members
for fuel rods static & dynamic loads;

» Fuel assembly skeleton, formed by guide tubes & spacer
grids, is responsible for LOAD transferring mechanism within
the fuel assembly during transport.

» Thus, the integrity of guide tube & spacer grids will critically
affect SNF vibration intensity during transport.





Transient Shocks and Vibration Environments
Encountered During Normal Rail Transportation
of Heavy Cargo (SAND82-0819, TTC-0298, August 1982)

Transient Shocks of NCT

Shock and vibraton environments were measured b LI LA QLN BT LLLANE U LELE, B Rl
during rail transport of a 45-tonne (50-ton) cargo .
mounted on a railroad flat car. The cargo was trans-
ported by regular railroad methods from Denver, Col-
orado to Albuquerque, New Mexico. 10

The maxima of the 99 percentile levels of accelera-

T T
|

| B IITIII

tion amplitude vibration for a 45-tonne (50-ton) cargo 3
over the frequency range of 0 to 750 Hz were §
<
. . E 1
Peak Normal Vibration -
_ — < -
Zero-to-Peak § i i LONGITUDINAL AXIS
Axis Acceleration (g) Pt = TRANSVERSE AXIS
W R ‘ ———— VERTICAL AXIS —3
Longitudinal 0.10 i / B
Transverse 0.19 -
Vertical 0.52 s
0.01 1 alllllll \ |||:ml 1 slaad 0og sl
0.1 1 10 100 1000
FREQUENCY (Hz)
The shock response spectra, using 3% damping, Mean Plus Three Standard Deviation Amplitude Envelopes
are shown in the following figure. of Shock Response Spectra; 3% Damping
June 9, 2014 ASTM C26 Committee Meeting
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TTCI rail study vibration spectrum provided In
FCRD-UFD-2013-000325 (2013)

SRS 05182021_Cars0105_Mid-Point_CORRECTED_Sheck_Z_Z I
45 T T T T
I
i
4 | :
1 " Shock Response Spectrum
[
35 i et
[ ]
£ -
g 3 | \ Iril
= 1
a] | i
& | | I Ilil'
noesr _ y
i | || II ll
g ' A\
B | et o
E ab } I it I.l rl '|
& | | [ \F
o | 1 | |!' Lnn v
3 NP
15F | At
= I d
]
|
1t |
{
lf
05 I,.-F
/
&
o e — M |
-1 1 -y 3
10 10 10 10 10
Frequency (Hz)

June 9, 2014 ASTM C26 Committee Meeting 51





Unique design concepts of CIRFT testing
protocol are illustrated below

- - - - - - -

Design concept
eliminates the need
for a machined gauge
section and the
testing of SNF in “as-
found” condition

e S0 o

Sample location.
Push-pull force of linear motors
translates to bending moment using
unique U-frame design.

Frictionless grip, in combination with roller bearing
Real-time, direct monitoring design, allows for lateral movement, eliminating an
with three LVDT setup axial tensile loading during bending.





Canister orientations can affect static/dynamic
loads transfer mechanism within a fuel assembly

- - e Rail Cask IMPACT LIMITER
e L —
Tl
LT
) B

.|;

—_——

B i’

X 3 ;Iu

OUTER STEEL SHELL
LEAD GAMMA SHIELDING

INMER STEEL SHELL

OUTER STEEL SHELL
LEAD GAMMA SHIELDING
INMER STEEL SHELL






Global PNNL SNF assembly FEM - no
pellet-pellet interfaces

17X17 Westinghouse OFA
PWR Fuel Assembly

Lower Tie Grids/Nozzles

ji

Spacer Grids Rigidly Attached to the

e Guide Tubes e Opr
Upper Tie Grids/Nozzles ~ZRID





Fuel rod, skeleton, and basket wall
material properties

Density Young’s Poisson’s ratio | Yield strength
(Ib/in3) Modulus (psi) (psi)
uo,

Force (N)

-0.

0.396 2.92e7 0.32 3.11e5
Zircaloy-4 0.237 1.32e7 0.33 1.31e5
Inconel 0.296 3.06e7 0.284 1.432e5
Stainless steel 0.2901 2.8e7 0.3 4.206e4
— 7y -0.0 0.0[305 0.0p10
0 0.0605 0.0D10
g Dimple

Spring

-40 - —4— Zircaloy leaf spring ) i —e—Zircaloy dimple
—#—Inconel dimple

== Inconel leaf spring

| =fal =i ~¥al
vy A

Displacement (m)

Displacement (m)






Modal Analysis--Mode and

U, Magnitude
+1.000e+00
+9.168e-01
+8.334e-01
+7.501e-01

U2MBane 5t
U T e Seai S -,

I Scem: soead
o ™ livale x BLS. Feax INZ [cwhsichned
R Pyl
Dune e -2

U, Magnitude
+1.002e+00
+9.182e-01
+8.347e-01
+7.512e-01
+6.678e-01
+5.843e-01
+5.008e-01
+4.174e-01
+3.339-01
+2.504e-01
+1.669e-01
+8.347e-02
+0.000e+00
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Mode-9: 37.702 Hz

Teformachn Scale Facoor
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U, Magnitude
+1.007e+00
+9.235e-01
+8.3%e-01
+7.556e-01
+6.717e-01
+5.877e-01
+5.037e-01
+4.198e-01
+3.358e-01
+2.51%-01
+1.679%-01
+8.396e-02
+0.000e+00

Cradle model

- 1.0

Mode-11: 55.525 Hz

U, Magnitude

+1.029e+00
+9.428e-01
+8.571e-01
+7.714e-01
+6.857e-01
+6.000e-01
+5.143e-01
+4.286e-01
+3.428e-01
+2.571e-01
+1.714e-01
+8.571e-02
+0.000e+00

Frequency Cont.
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Modal Analysis--Mode an

U, Magnitude
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Scer: sexs
x B i
[

U, Magnitude
+1.001e+00
+9.176e-01
+8.342e-01
+7.508e-01
+6.674e-01
+5.839-01
+5.005e-01
+4.171e-01
+3.337e-01
+2.503e-01
+1.668e-01
+8.342e-02
+0.000e+00

ol < 101922605 Frea e 91050 fewtkime
Wi - eveiesline)

0 Dbsoensacon Scale Foco: 10331

Mode-17: 93.064 Hz

U, Magnitude
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Concrete model

Mode-49: 318.29 Hz

1, Magnitudde

+0

+ 000+
o T

B30

Frequency Cont.

3INE-OS P+ WD [oychsichue)
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Modal Analysis--Mode and

U, Magnitude
+1.000e+00
+9.167e-01
+8.334e-01
+7.500e-01
+6.667e-01
+5.834e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.334e-02
+0.000e+00

U, Magnitude
+1.035e+00
+9.490e-01
+8.627e-01
+7.764e2-01
+6.901e-01
+6.039%e-01
+5.176e-01
+4.313e-01
+3.451e-01
+2.588e-01
+1.725e-01
+8.627e-02
+0.000e+00
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Mode-13: 75.871 Hz

0 B Thve 03

Mode-15: 90.103 Hz

U, Magnitude
+1.005e+00
+9.212e-01
+8.374e-01
+7.537e-01
+6.699%-01
+5.862e-01
+5.025e-01
+4.187e-01
+3.350e-01
+2.512e-01
+1.675e-01
+8.374e-02
+0.000e+00

U, Magnitude
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Frequency Cont.
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Contact Stress

CPRESS

+1.020e+04
+9.347e+03
+8.497e+03
+7.648e+03
+6.798e+03

e Step-1: max contact stress at intermediate

+4.249e+03
+3.399e+03

spacer touching basket location

Max: +1.020e+04
Elem: SPACER-INTERM-N-5.75
Mode: 46
Min: +0.000e+00
Elem: BASKET-1.62
MHode: 46

CPRESS

CPRESS 4 161e+06
+4.181e+06 ERTR
+3.145e+06 < IJJ"n-.-EJr,
+2.110e+06 5 o
+1.075e+06 E
+3.92da+04
-9.962e+05
-2.032e+06 0. o
'3'?85“82 B 06
-4.102e+
-5.138a+06 Ma!i: +.4.ll31f.‘—0(3_ ,
*9%632182 |E|Ir)(l|rr‘\ ELADD[N(.. 1.48

Min: -G b+ Of
-8.2442+06 Flem: CLADDING 1.5113

Max: +4.181e+06
Elem: CLADDING-1.48
Mode: &

Min: -8.244e+06

Elem: CLADDING-1.51
Node: 864

Inc e 197507; SoenTime - 43530602
Brimary Uar: CPRESS
DT T U Daro<T 81N S8l Faceart - 1,000 00





Load and Boundary- Case 2

Step-1: Gravity for guide tube and two fuel rods
down in vertical Y direction; the other eight fuel
rod weights applied as concentrated loads evenly
on the guide tube at eight spacer location as P
load; basket simply supported.

P=4.94 Ib

Step-2: Continued on Step-1, remove gravity
and concentrated loads; remove basket simple
support boundary; apply 0.5g sine wave
acceleration on basket and nozzlg





Step-1: Under Gravity Loads--Same as

Case 1

5, Mises

{Avg: 75%)
+1.140e+05
+1.045e+05
+9.502e+04
+8.552e+04
+7.602e+04
+6.652e+04
+5.702e+04
+4.752e+04
+3.802e+04
+2.852e+04
+1.902e+04
+9.515e+03
+1.444e+01

Max: +1.140e+05
Elem: GUIDTUBE-1.3403
Node: 6961

Min: +1.444e+01
Elem: BOTTOMMOZZLE-1.41
Node: 215

S, Mises

(Avg: 75%)
+1.140e+05
+1.045e+05
+9.502e+04
+8.552e+04
+7.602e+04
+6.652e+04
+5.702e+04
+4.752e+04
+3.802e+04
+2.852e+04
+1.902e+04
+9.515e+03
+1.444e+01

Max: +1.140e+05
Elem: GUIDTUBE-1.3403
Node: 6961

Min: +1.444e+01
Elem: BOTTOMNOZZLE-1.41

4

P
FECIERETTR L wedt Mar 15 10:13:0 Easoern Daylige: Time 2015

5

Guide tube and fuel
rods sag in the middle;
Max stress on guide
tube, no yielding

Bottom spacer
doesn't contact
basket

Menx: & 1. 140k 4 05
Flem: GUINTURE 1.5405
Flodes: GoG1

Llespr: Badl
Mo 15

A

Top spacer
doesn't contact
basket

Intermediate spacers sit on basket






Step-2: Acceleration 0.5g Sine Wave

5, Mises

(Avg: 75%)
+1.432e+05
+1.312e+05
+1.193e+05
+1.074e+05
+9.548e+04
+8.356e+04
+7.164e+04
+5.972e+04
+4.780e+04
+3.588e+04
+2.396e+04
+1.204e+04

11195185 Max stress for the system on the
Max: +1.432e+05

Elem: SPACER--2.275 Top spacer (Inconel), yielded

Node: 268

Min: +1.173e+02
Elem: SPACER-INTERM-N-4.80
Node: 51

-Ba uze-TroSnen-hiSn, satondacen s

- e qesvicy and sz
SecanateG.odn AB Eralkk s, 1071 Wad Mar 25 1115903 Bascern Dayllgm: Time 2015

S, Mises .
(Avg: 75%) S, Mises
+1.432e+05 (Avg: 75%)
13e+05 ; +1.432e+05
+1.313e+05
+1.194e+05
+1.075e+05
+9.564e+04
+8.376e+04
+7.188e+04
+6.000e+04
+4.812e+04
+3.624e+04
+2.436e+04
+1.248e+04
+6.023e+02

Max: +1.432e+05
Elem: SPACER-M-2.275
Node: 268

Min: +6.023e+02
Elem: SPACER-N-2.43
Node: 47

+1.2500e
+4.956e+02

Max: +1.432e+05
Elem: SPACER-N-2.275
MNode: 268

Min: +4.956e+02
Elem: GUIDTUBE-1.558
MNode: 2021

BASEA.0 Tunoiant 31-83 Yo TnoSEED-HS T, 3050 TR Emave Qraviey and 1ads
o Blag e e SR aHE o0 Do /B DI K B UL Whed Foae 73 L1 33:03 Baom:]
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Step-2: Guide Tube Response on 0.5¢g
Acceleration

S, Mises .

(Avg: 75%) SA M'_S‘;SSD/
+1.314e+05 (Avg: 75%)
+1.205e+05 +1.314e+05
+1.096e+05 +1.205e+05
+9.868e+04 +1.096e+05
+8.777e+04 +9.868e+04
+7.686e+04 +8.777e+04
+6.595¢+04 +7.686e+04
+5.504e+04 +6.595+04
+4.413e+04 +5.50de+04
+3.322e+04 +4.413e+04
+2.231e+04 +3
+1.140e+04
+4.956e+02

Max: +1.314e+05
Elem: GUIDTUBE-1.332
Node: 1627

Min: +4.956e+02
Elem: GUIDTUBE-1.558
Node: 2021

: GUIDTUBE-1.332
Node: 1627
Min: +4.956e+02

Elem: GUIDTUBE-1.558

Node: 2021

Baedan e, second seee ko
v OB TR T B vec-Sac koo 020 S BN I B e st F8 LU:59:01 Esgoaen Dyl The 3013

| seen: seen2

I sarem 136132 SoeaTime = 5.0000E402
z B B

et o

iU Delormarkncale Facaoe; -1.00%-01

SRR b
ST W BT E L w07 Basoen Dayikas Tiwe 2013

ot

S, Mises
{Avg: 75%)
+1.314e+05 S, Mises
e G 229
. e +1.314e+05
+9.868e+04 +1.205e+05
+8.777e+04 +1.096e+05
+7.686e+04 +g-§g§eigi
+8.777e
+6:5050+04
' +6.595e+04
+4.413e404 +5.504de+04
+3.322e+04 +4.413e+04
+2.231e+04
+1.140e+04
+4.956e+02

Max: +1.314e+05
Elem: GUIDTUBE-1.332

: GUIDTUBE-1.332

Node: 1627 Node: 1627
Min: +4.956e+02 Min: +4.956e+02
. _ Elem: GUIDTUBE-1.558
Elem: GUIDTUBE1.558 Node: 2021
B T D R RS 1

¥ ud W 23 L1 5902 Eacoarn Dayligms Tima 2015
Stem: Seen-2
o renam. ISLZEE SexaTime - S.00DIEDZ
z L Rre Ve ol
Ceio e war, U Datormmachon S¢ abe Facooe: = 1, 000em0]
Soe:
z

Brimany Waei 5, HEAS
Daroried a1 Dafo/mackon SCak Faceod: « 1000&w00

Guide tube yielded at top and bottom nozzle location






Step-2:Clad, Basket and Nozzles Response

S, Mises
(Avg: 75%)
+1.314e+05

+1.2060+05
] +1.099e+05
5, Mises +g.gé§e+gﬁ
(Avg: 75%) SR
+1.314e+05 +6.6882+04
+1.206e+05 +5.613e+04
+1.000e+05 +4.538e+04
+9.912e+04 +3.40de-0eE
+8.838e+04 - -
+7.763e+04 B
+6.688e+04
Clad yield at
+4.538e+04
+3.464e+04 H
+2.389a+04 Spacer g”p
+1.314e+04
+2.391e+03

Max: +1.314e+05
Elem: CLADDING-1.6137
Node: 10015
Min: +2.391e+03
Elem: CLADDING-1-LIN-1-2.5930
Node: 6600

- -5, second sen remove Qeaviy and lads
S SRaNoG. o0 0 ExOl K B, 110 Wad Ha: £5 LL:¥:03 Banern Daylam: Tiwe 2015

Soan; soeaz

Inccewem 1961333 SoeaTive - 50000602
Z Primarswae 5, Whes

Db wac:

Dearmacion Scale Faccor: « 1.000e~00

5, Mises

{Avg: 75%)
+4.206e+04
+4.206e+04
+4.206e+04
+4.206e+04
+4.206e+04
+4.206e+04
+4.206e+04
+4.206e+04
+4.206e+04 .
+4.206e+04 k d I Id d
Basket and nozzles yielde
+4.206e+04
+4.206e+04

Max: +4.206e+04
Elem: BASKET-1.1267
Mode: 1465

Min: +4.206e+04
Elem: BASKET-1.1514
Mode: 488
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Contact Stress

[

CPRESS
+1.018e+04
+9.333e+03
+8.485e+03
+7.636e+03
+6.788e+03
+5.939%+03
+5.091e+03
+4.242e+03
+3.394e+03
+2.545e+03
+1.697e+03
+8.485e+02
+0.000e+00

Max: +1.018e+04
Elem: SPACER-INTERM-N-5.75
MHode: 46
Min: +0.000e+00
Elem: BASKET-1.62
Mode: 46

Scen: Sodn-2
Biltnary far CPRERS

Step-1: max contact stress at intermediate spacer touching
basket location

CPRESS
+1.788e+04
+1.63%+04
+1.490e+04
+1.341e+04
+1.192e+04
+1.043e+04
+8.941e+03
+7.451e+03
+5.960e+03
+4.470e+03
+2.980e+03
+1.490e+03
+0.000e+00

Max: +1.788e+04
Elem: SPACER-INTERM-N-2.276
MHode: 66
Min: +0.000e+00
Elem: BASKET-1.62
Mode: 46

Step-2: max contact stress at intermediate spacer touching
basket location
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