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A computer code system CASKET (CASK thermal and structural analyses
and Evaluation code system) for the thermal and structural analyses which are
indispensable for radioactive material transpot and/or storage cask designs has
been developed. The CASKET is a simplified computer code system to perform
parametric analyses on sensitivity evaluations in designing a cask and conduct-
ing its safety analysis. Main features of the CASKET are as follow: (1) it is
capable to perform impact analysis of casks with shock absorbers, (2) it is
capable to perform impact analysis of casks with fins. (3) puncture analysis of
casks is capable, (4) rocking analysis of casks during seismic load is capable,
(5) material property data library are provided for impact analysis of casks, (6)
material property data library are provided for thermal analysis of casks, (7)
fin energy absorption data library are provided for impact analysis of casks
with fins are and (8) not only main frame computers (OS MSP) but also work
stations (OS UNIX) and personal computers (OS Windows 3.1) are available.
In the paper, brief illustrations of calculation methods are presented. Some
calculation results are compared with experimental ones to confirm the com-

puter programs are useful for thermal and structural analyses.

Keywords: Computer Program, Impact Analysis, Drop Impact, Fin Impact Analy-
sis, Rocking Analysis, Data Library, Transport Cask, Storage Cask
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1 . Introduction

Radioactive material transport casks(IAEA regulatory standard type B pckages,
type A fissile packages and so on) are required to maintain integrity against the nine
meters free drop test onto unyield target, the puncture test dropped onto a 150 mm
diameter mild steel bar from a height of one meter and so on.

In the drop analyses for radioactive transport casks, it has become possible to
perform them in detail calculation by using interaction evaluation computer programs,
DYNA2D", DYNA3D®, NIKE2D", NIKE3D", PISCES® and HONDO". However,
the considerable cost and the computer time are necessitated to perform analyses by
these programs. To decrease the cost and the time, a simplified computer code system
CASKET shown in Fig. 1.1 has been developed”®. The CASKET is a static
calculation code system. The CASKET is capable of evaluating the acceleration and
the deformation of cask bodies and the stress and the deformation of puncture bars.

Main features of the computer program CASKET are as follows:

(1) it is capable to perform impact analysis of casks with shock absorbers,

(2) it is capable to perform impact analysis of casks with fins,

(3) puncture analysis of casks is capable,

(4) rocking analysis of casks during seismic load is capable,

(5) material property data library are provided for impact analysis of casks,

(6) material property data library are provided for thermal analysis of casks,

(7) fin energy absorption data library are provided for impact analysis of casks
with fins and

(8) not only main frame computers (OS MSP) but also work stations (OS
UNIX) and personal computers (OS Windows 3.1) are available for use of
CASKET.

In the paper, brief descriptions, calculation methods, benchmark calculations and
data libraries of the CASKET, are presented.
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Fig. 1.1 Thermal and structural safety analysis code system CASKET
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2. TOPAZ2D

A heat conduction computer program TOPAZ2D™” is based on a two-dimensional
implicit finite element method. The TOPAZ2D has been developed by Shapiro in
LLNL. ,

The TOPAZ2D can be used to solve for the steady state or transient temperature
field on two-dimensional planar or axisymmetric geometries. Material properties may
be temperature dependent and either isotropic or orthotropic. A variety of time and
temperature dependent boundary conditions can be specified including temperature,
flux, convection and radiation. By implementing the user subroutine feature, users can
model chemical reaction Kinetics and allow for any type of functional representation
of boundary conditions and internal heat generation. The TOPAZ2D can solve
problems of diffuse band radiation in an enclosure coupled with conduction in the
material surrounding the closure. Additional features include thermal contact
resistance across an interface, bulk fluids, phase change and energy balances.

Thermal stresses can be calculated using the solid mechanics computer programs
SAP4, NIKE2D or so on. The TOPAZ2D has no general mesh generation
capability. Rows of evenly spaced nodes and rows of sequential elements may be
generated. For complex zoning, the mesh generation program and preprocessor
MAZE" should be used. The ORION" interactive post-processor can be used to

provide temperature contour, temperature-time history and various geometry plots.
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3. CRUSH

3.1 Description of CRUSH program

In the drop impact analyses for radioactive transport casks, it has become possible to
perform them in detail by using interaction evaluation, computer programs. However, the
considerable cost and computer time are necessitated to perform analyses by these programs.
To meet the above reguirements, simplified computer programs CRUSH1"” and CRUSH2"
have been developed. The CRUSH1 and CRUSH2 are static calculation computer programs
capable of evaluating the maximum acceleration of cask bodies and the maximum

deformation of shock absorbers using a Uniaxial Displacement Method (UDM)"”.

3.2 Calculation equation
3.2.1 Calculation model
In the modeling of shock absorber, it is assumed that the shock absorber consists of three
or four species of material as shown in Figs.3.1 to 3.3. In the figures, the symbols of Ki(i=1
~ 5) indicate boundary condition constants which are estimated by an overpack stiffness and
boundary condition of the shock absorber.
When the shock absorber deforms by the displacement A £ in a corner drop as shown in

Fig.3.4, the strain ¢ of a one-dimensional bar is

Ag (3.1)
R
The force f of the one-dimensional bar is
f~Ko(e)AA , (3.2)
where £, o and A A are the length, stress and area of the one-dimensional bar. K is the
boundary condition constant. The total force F of the shock absorber is

F=);ﬁ ) (3.3)
1

The dissipated energy E( & ) can be also obtained using equation similar to above Eq.(3.3)

E(8)= f F i (3.4)

Therefore, when a cask whose weight of W is dropped from a height H with an oblique
angle 6, the maximum displacement of the shock absorber ¢ and the maximum

acceleration of the cask body « are given as follows.
E(§)=y-W-H, (3.5)
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F(8)
a=—",

M

(3.6)

where 7y is the ratio of the energy absorbed in the primary impact to the total energy

absorbed in the primary and secondary impacts. M is mass of the cask.

3.2.2 Vertical drop impact

In the modeling a shock absorber in CRUSH, it is assumed that the shock absorber

consists of three or four species of shock absorber materials as shown in Fig.3.5. In the

figure, the symbols of aa, o8, oc, oo indicate their materials determined by the geometries of

the cask and the shock absorber.

When the shock absorber deforms by a displacement Z in a vertical drop, the impact load

F and the dissipated energy E are given by following equations.
F=Fo+F2tFs+FstFaes ,

z
E=JoF z,

where, for the region 0 ~ R
Z
F01=K| I ().D(_-)Rl2 s
Z,
for the region Ri ~ R:
Z
Fu=K. m oi(Z)(RAR!) ,
Z
for the region R: ~ Rs
Z
F»=K; UB(Z)(RBZ'RIz) ’

for the region Ry ~ R«
AZs

3

F+=Ks 11 Os

](Rf—R;’);(for os material),

(o}

Z4-Z3

F.=K, o,

](Rf-Ra’);(for oc material ),

3.7
(3.8)

3.9)

(3.10)

(3.11)

3.12)
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= B+
Z-AZs+AZe, (3.13)
(0] =0c ’
Zs 24-23
for the region R« ~ R;
Z 3
Fs=Ks 11 0s : ](Rs’-Rf);(for O» material ),
3
(3.14)
Fs=Ks 11 o, AZ ](Rf—Rﬁ);(for Oc material ),
4=4L3
Z=AZB+AZ¢:,
AZ,
Os| —— ]=oc[ AZ ] (3.15)
Z Z+Z,
0=SK =1

oi(1=A, B, C, D) is stress in these material regions.

3.2.3 Horizontal drop impact
When the shock absorber deforms by the displacement Z in a horizontal drop as shown

in Figs.3.6 t03.8, the impact load and the dissipated energy are given by following equations.

F=LF=FortFir+Fu+Fs+Fs+Fsc+FertFrgtFo (3.16)
Fij=2f:sAF dx ’ (3'17)

3.18
E=f:F dy , (5.18)

where, for the region 0 ~ Z: , and 0 ~ R
Ayl .
AF=K, op(—)dx * Z;; (for op material) ,
y:

Ay

L)dx + Zy; (for os material) (3.19)
y:

AF=K1 O'A(

A
AF=K, oa(i)dx * 7 (for 0s material ) ,

3 J
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yl=2 V R;’-x’ ’
y:=2( VRAx - R ) , (3.20)
y=2( VR -VR2x) .

U=Ayl+Ayz+AY3 ’
) \‘

GD( A)h Ay: (3.21)

A
Lyo( o~
y Y2 3
U h.[Uso, for AF=0]
] U0, for AF0 )’

h=Rs-y Rx* .

(3.22)

for the region 0 ~ Zi and Ry ~ R

Ay1 . 1
AF=K, ou(—)dx * Z;; (for o material) ,
Y1

. (3.23)
Y2 )ax + Z,; (for o» material) .
Y2

AF=K, 0'3(

yi=2V R’x*
y=2(¥ R&-x* - YRAX) .

(3.24)

U=Ayl+Ay2 ’
A A
L) AN LI (3.25)

for the region 0 ~ Z: and R: ~ R;

U 3.26
AF=K10'B(_y')dX Z, ( )

y=2V Rx* . (3.27)

For the region Zi ~ Z» and 0 ~ Rs equations are similar as egs. (3.9) through (3.25)
when Z: changes to (Z:-Z:) and K to K.
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For the region Z: ~ Z; and 0 ~ R;

AF=K05 —[;—]dx - (ZsZy) | 429
where (3.29)
y=v i -V RAR.
For the region Z. ~ Z; and Ry ~ Rs
(3.30)

AF=K305

U ]
— |dx ° (Z3_Zz) ’
y

where
y=2v R&-x% (3.31)

For the region Zs ~ Z: and 0 ~ R;

AF=K,0 v ]dx (Zs-Z,)
— = - (Z+Zy) ,
“ly ? (3.32)
where
y=v R&x* -V Ri-x2 . (3.33)
For the region Z; ~ Z: and Ry ~ Rs
U
AF=K400 - ]dx * (ZA'ZS) ’ (3 3 4)
y .
where
y=2v R&x2 (3.35)

For the region Zs ~ Zs equations are the same as the region Z; ~ Z, the region Zs ~ Z;
the same as the region Z: ~ Zs, the region Z; ~ Zs the same as the region Zi ~ Z: and the

region Zs ~ Z» the same as the region 0 ~ Z.

3.2.4 Oblique drop impact

In the modeling a shock absorber in the CRUSH at an oblique drop impact, it is assumed
that shock absorber consists of one specy of shock absorber materials as shown in Fig.3.3.
The stress of a wooden shock absorber can be written as following, including the effect of
the wood grain angle 6.

0,=0c05°0+0ssin’0 , (3.36)

where o1, os and o, are stresses in the wood whose grain direction is parallel,
perpendicular and angle 6 degree to the drop direction, respectively.
Let us consider a cutway section of the shock absorber as shown in Figs.3.9, 3.10 and 3.11.

The impact load and the dissipated energy are given by following equations (see Fig.3.11).
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U=y-he-h; [

U<0, for AF=0
U>0, for AF*0

98—018

3.37)

(3.38)

(3.39)

(3.40)

Sectional figures of the shock absorber in the case of oblique drop are shown in

Figs.3.12 and 3.13.

Let us consider S-T coordinate as shown in Fig.3.14.

The coordinates of points Pi ~ Pi: and Qi ~ Q: are as follows.

P.{ -Rscos® ,
P,{ -Ricos® ,
Ps{ Ricos® ,
P.{ Rscos® ,
Ps{-Rscos@+Z.sin0,
Ps{-Ricos8+Z;sin6,
P.{Ricos0+Z.sinB,
Ps{RicosB+Z.sin0,
Ps{-RscosB+Z.sin0,
P1o{-RscosB+Zisin®d,
P..{R;cos0+Zsind,
P1.{RscosB+Zssind,
Qz{-R,cose-F_leinB,
Qs{Rcos8+Z;sind,
Qi Z:sind,
Q+{RucosB+Z.sind,

The lengths of hy as shown in Figs.3.12 and 3.13 are as follows.

when oo ¥ O

Rssin6 }
R;sin® }
-R;sin® }
-Rssin@ }
Risin+2Z,cos0 }
R.sin8+Z.cos0 }
-RisinB+Z.cos0}
-Rssin6+Z;cos6}
Rsin+Z,cos0 }
RssinB+Z.cos0}
-RssinB+Z.cos0}
-RssinB+Z.cos0}
R.sin6+Z,cos0}
-Risin0+Z.cos0}
Z,cos0 }
-Rusin@+Z.cos0}

(3.41)



JAERI—Data/Code 98--018

in0
ho=l%sin9-—s£-s ; (region P,~P, and P;~P,) ,
cos0
cosB i
h=—— (S-RscosB); (region Ps~P.,) .
sin@ j
when oo=0
... sin@ )
h~=Rssin@-——S ; (region P,~P; and P;~P,) ,
cos@

0
ho=c,i(S-Rscos9); (region P.~Py,) ,
sin@

cosO
he=—"—(S+R;c0os0)HR,+Rs)sinb;
sinB
(region P.~Q.~Py) ,
h~= ® ; (region Ps~Q,~P,) .
The lengths of hi, £ and £: are as follows.

(a) If 8. is known (S<Ps, S=0, & =0 and K:=0), ho, hi and
Fig.3.15(a).

lz=_£' ; (region P,~Py) ,
sin®
b= (ZsinO-S) ; (region Py~Py) .
sinBcosO
when oot O
3 S
sinBcos®
when oo=0
h S (region P,~P,)
=-———— (region P,~P,) ,
" sinBcosO g b
R
1=-,—l— ; (region P,~Ps) .
sin®

'3}

(3.42)

(3.43)

are shown in

(3.44)

(3.45)

(3.46)

(b) If 2/ and 2. are known (S<Ps, S>0, oo ¥ 0 hi=0 and K:=0), hy, 8 and £: are shown

in Fig.3.15(b).
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; (region P,~Py) ,

1
————(Z4sinB6-S) ; (region Py~Py) ,

= sinBcosO

S
" sinBcosd

Rs

sin@

> (S§P4, region P2~P4~P12) .

; (S>P4, region Pz~P4~P12) s

(3.47)

(3.48)

(c) If & is known (S<Ps, $>0, and oo =0), hy, hy and &: are shown in Fig.3.15(c) and

are the same as Egs. (3.42), (3.43) and (3.43).

(d) If 0 is known (Ps =S = Qv and Ki=1), ho, hi, £ and £: are shown in Fig.3.16(d).

= sinBcosO

when o0 ¥ O
S

=
sinfcos® ’

1=0 ’

h=0 ,
S

b=,
sinBcosO

h1=0 ’

when op =0

=,
sinBcos

ll=0 ’

b= (Zsin6-S
e zsm-)l

1
—————(Z:sin®-S) .

; (for S£0) ,

; (for 0<SSPJ) ,

; (for S>P,) .

; (for S<Py) ,

; (for S>Ps) .

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)
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(e) If i is known (Q =S = P/, £:=0 and Ki=1), h,, and £: are shown in Fig.3.16(e).
For region Qv ~ P:

1
h=—""—"—(S-Z:sin0) , (3.55)
sinBcosO
!-—S—— ; (for S< PJ)
" sinBcos® ’ v
(3.56)
h=,£ ; (for S2 Py) .
sin@
For region Ps ~ P
R (3.57)
sin@ ’
=—— ; (for S< Py ,
" sinBcosd (for )
(3.58)
!FfRs— ; (for S2 Py .
sinO J
(H) If 2 is known (S>P:, £: =0 and Ks=1), h: and &, are shown in Fig.3.16(f).
h—;(s Z.5in0)
" sinBcosd © mol s (3.59)
l=——— ; (for S< P, ,
" sinBcosd ’ (for )
(3.60)
Rs
r—'ge" ; (for S2 Py .

The sectional figure of the shock absorber in the case of the oblique drop impact as

shown in Fig.3.17, is an ellipsoid. The equation of the ellipsoid is as follows.

x .Y, (3.61)
Rsz bz 4
where
_Rs
sin0 (3.62)
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Rearranged eq. (3.61), using y=h(xv)
xv=V b*h? -« sin0 ,
1

e 22
o0 Rs-x* .

Force AF at the sectional area (AS, Ax) is as follows.

AF=K - 0(%)AS . Ax.,

where K is the boundary condition constant as shown in Fig.3.18.
0sK.<1
where
K : for 00=0 ; region Ps ~ Qs ,
for o0#0 ; region P\ ~ X,
K. : for ov=0 ; region Qs ~ P7,
for oo#0 ; region Xo ~ Xz,
K; : for region Pn ~ Q. ,
K. : for region Qs ~ P2 .

3.2.5 Convergence method

(3.63)

(3.64)

(3.65)

(3.66)

The convergence methods for two or three materials in one dimensional bar in the case

of the oblique drop impact, are as follows.
(1) Two materials

According to the stress-strain relation as shown in Fig.3.19, the following equations are

derived.
Ka
0'A=0A0+KA8A=‘O'A0+TUA ,
A
Ks
03=UBO+K585=0'30+TUB ,
B
and
Ua+tUs=U ’
-UA+O'5=0 ,

from above two equations.

(3.67)

(3.68)
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IR U
KK u T leder | (3.69)
Ia ls

By solving Eq. (3.69), we obtain Ux and Us.

(2) Three materials

1 1 1
Kk ffu)[ U (3.70)
ia s Us =] 0a”-08
K 0 K Uc) | oa™ox’
| la Ix |

(3) Strain, stiffness and stress
Strain

el (3.71)

bi
Stiffness (see Fig.3.20)

_ 00 (3.72)
T el
Stress (see Fig.3.20)
0=0:-K: * & . (3.73)

3.2.6 Cover Plate of Shock Absorber
Modeling of cover plate as shown in Figs. from 3.21 to 3.23 is the same as shock
absorber.
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In order to demonstrate the adequacy of the simplified computer program CRUSH, the

benchmark calculations using experimental results of the 1/4 scale model of NUPAC 125B

cask as shown in Fig.3.24 have been performed.

Figure 3.25 is the deformed shapes of the cask after 9 meters drop impact obtained by

the detailed computer program DYNA3D. The comparison among the results obtained by the

experiments, the simplified computer program CRUSH and the detailed computer program

DYNA3D are shown in Table 3.1. The relation among the oblique angles of cask drop

attitude, the maximum accelerations and the maximum deformations obtained by CRUSH are
shown in Figs. 3.26 and 3.27. According to Table 3.1 and Figs.3.26 and 3.27, the results by
the simplified computer program CRUSH agree with both the experimental results and the

results of the detailed program DYNA3D.

Table 3.1 Comparison between simplified and detailed analyses and experiment

Acceleration (G) Displacement (mm)
Simplified Detailed Simplified Detailed
Attitude . . . . . .
Experiment analysis analysis | Experiment analysis analysis
CRUSH1 | CRUSH2 | DYNA3D CRUSHI1 | CRUSH2 | DYNA3D
i 271*
Vertical 200 179 208 51 52 50 50
(200) **
145
Corner 106 125 136 127 151 146 118
(97)
. 240
Horizontal | 1 8 0 183 219 ) 61 6 3 74 57
(182

*  Value of low pass filter is 600 Hz.

**  Mean value=

Impact velocity

Rebound time
(NUPAC 125B cask 1/4 scale model).
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Fig. 3.2 Horizontal drop model
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Fig. 3.5 Geometry and material in the case of vertical drop model
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Fig. 3.7 Sectional view of horizontal drop model
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Fig. 3.8 Sectional area of shock absorber
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Fig. 3.9 Geometry and material in the case of oblique drop model
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Fig. 3.10 Sectional figure of shock absorber in the case of oblique drop (1)
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Fig. 3.11 Sectional figure of shock absorber in the case of oblique drop (1I)



JAERI—Data/Code 98—018

Rs
h
Fim
Rs d
sind y
0\ /,
/7 f_r/ /7

~< -

Fig. 3.12 Sectional figure of shock absorber in the case of oblique drop (1)



JAERI—Data/Code 98—018

N

[ =9
<™
>

y
777 77 TA7 77 7

(@) Kn=0, L0 (b) Kn=0, 170

AN
Y

(c) Kn=1

Fig. 3.13 Sectional figure of shock absorber in the case of oblique drop (IV)
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Fig. 3.14 Geometry of shock absorber in the case of oblique drop and S-T coordinate
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Fig. 3.15 Various sectional figure of shock absorber in the case of oblique drop (1)
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Fig. 3.16 Various sectional figure of shock absorber in the case of oblique drop (1)
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Fig. 3.20 Stress-strain curve of shock absorber material
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Fig. 3.23 Cover plate in the case of oblique impact model
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Fig. 3.24 Shipping cask NUPAC 125B (1/4 scale model)
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Fig. 3.25 Deformed shape after 9m drop impact (NUPAC 125B cask 1/4 scale model)
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4. FINCRUSH

4.1 Description of FINCRUSH program

In the drop impact analyses for radioactive transport cask with cooling fins, it has
become possible to perform them in detail by using interaction evaluation, computer
programs, such as DYNA2D, DYNA3D, PISCES and HONDO. However, the
considerable cost and computer time are necessitated to perform analyses by these
programs. To meet the above requirements, a simplified computer program
FINCRUSH"" has been developed. The FINCRUSH is a static calculation computer
program capable of evaluating the maximum acceleration of cask bodies and the
maximum fin deformation using a relationship between the fin plastic deformation
and the fin absorption energy. This relationship, the fin absorption energy vs. the fin
deformation data, is obtained by Davis"” of ORNL and Torr""” of MONSERCO in
Canada from experiments. Using these data, the maximum acceleration of cask bodies

and the maximum fin deformation are easily obtained.

4.2 Calculation equation

In the modeling of a fin impact analysis program FINCRUSH, it is assumed that

the static plastic moment of fins is balanced with impact energy. That is
Ey=WH , 4.1)
where
E, : impact energy,
W : weight of cask,

Ho : height of cask drop.
On the other hand, the absorption energy of fins is

E.=F§, : (4.2)

where
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Eq) : impact energy,
F : impact force,
& : fin deformation.
The cask drop energy is equal to the fin absorption energy. Therfore
Bv=Ep - 4.3)
The impact energy is absorbed by bending deformation of fins as shown in Fig.
4.1. The expression of the impact energy is derived from the Davis assumption. The

static plastic moment may be expressed by the following equation:

’ b T?
Yo 7% [_4_] ’ (4.4)
where
Oy yield stress,
b : length of fin,
T : thickness of fin,
y_ : static plastic moment.

The static plastic moment per unit length of each of these fins is determined from

the expression

T2
4, = oy [T] ' (4.5)

where Mj is static plastic moment per unit length. The fin absorption energy is

given by

Eg =B (y)Myb, (*6)

where B is the absorbed energy divided by the plastic moment and is written as

follows:

B(y)=E¢/(Mpb) . @.7)
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In the other words, 8 is a constant and depends on the fin absorption energy versus
the fin plastic moment obtained by Davis and Torr. In the data curve, 8 is shown on

the ordinate and ¥ on the abcissa. The fin deformation ratio is defined by

Y = 6¢ / H, (4.8)
where
r : fin deformation ratio,
6(1, : fin deformation,
H : fin height.
In the case of the inclined fin, the deformation of the fin is the following equation

as shown in Fig. 4.2,

5 < R, - R -8
cos¢ 4.9)

where
84, : fin deformation,
R, : outer radius of fin,
¢ : attached angle of fin.

The fin deformation of the inclined fin is given by
8, = R cosO . (4.10)

Davis and Torr present the fin absorption energy data as a function of the fin
deformation ratio as shown in Figs 4.3 through 4.22. Therefore, the absorption energy

in the case of fin impact is given by the following equation:
E¢p =B (y) M b. (4.11)
The force of the cask body may be expressed by the following equation:

F = dE¢ / d8¢ . 4.12)
The acceleration of the cask body is determined by the following equation:
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a=F/(¥W/g), (4.13)
where
a : acceleration of cask body,

g : gravity constant.

4.3 Benchmark Calculation

In order to demonstrate the adequacy of the simplified computer program
FINCRUSH, the benchmark calculations using experimental results of the
JMS-18T-89Y (Japan Material Testing Reactor Spent Fuel Transport Cask) cask as
shown in Fig. 4.23 have been performed.

Figure 4.24 and Table 4.1 show the comparison between experiment and analysis.
According to Fig. 4.24 and Table 4.1, results by the computer program FINCRUSH

agree with the experimental results.

Table 4.1 Comparison between experiment and analysis

Analysis

Item Experiment Fin data library

ORNL MONSERCO

Acceleration(G) — 50.3 42.2

Displacement(mm) 25 20.0 24.8
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Fig. 4.1 Fin geometry

Fig. 4.2 Relationship between fin displacement and angle
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Fig. 4.6 Absorbed energy vs. deformation ratio of fin
[ Fin height : 8.0 in.(203mm) ]
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Fig. 4.16 Absorbed energy vs. deformation ratio of fin
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Inclination angle : 30 degree

3 ORNL T

Absorbed energy/Plastic moment

- —L MONSERCO
-

1 P

: | 1 1 | 1

0 0.15 0.30 0.45 0.60 0.75
Deformation/Original height

Fig. 4.20 Absorbed energy vs. deformation ratio of fin
[ Fin height : 6.0 in.(152mm) ]
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5. PUNCTURE

5.1 Description of PUNCTURE Program

Radioactive material transport casks (IAEA regulatory standard type B packages, type A
fissile packages and so on) are required to maintain integrity against the puncture test where
it is dropped onto a 150 mm diameter mild steel bar from a height of one meter.

In the drop puncture analyses for radioactive transport casks, it has become possible to
perform them in detail calculation by using interaction evaluation computer programs,
DYNA2D, DYNA3D, NIKE2D, NIKE3D, PISCES and HONDO. However, the considerable
cost and the computer time are necessitated to perform analyses by these programs. To
decrease the cost and the time, a simplified computer program PUNCTURE® shown in
Fig.5.1 has been developed. The PUNCTURE is a static calculation computer program based
on the Onat's theory”” and Asada's research’”. The PUNCTURE is capable of evaluating the
acceleration of cask bodies, the deformation of puncture plates and the stress and the

deformation of puncture bars.

5.2 Calculation Equation
5.2.1 Calculation Model

In the calculation model, the puncture does not occur when a cask is dropped onto a mild
steel bar as shown in Fig.5.1. It is assumed that the kinetic energy of the cask is absorbed
into deformations of both the cask body and the mild steel bar. The deformation generated
on the cask body can be evaluated based on the fact that loads generated on the cask and the
mild steel bar are equal to each other. In this evaluation, the plastic theory of bending of a
circular plate having a multi-layer construction (e.g. steel-lead-steel three layers) is used,

which has been developed by extending Onat's theory and Asada's research.

5.2.2 Energy Balance
In the modeling of the puncture analysis program PUNCTURE, it is assumed that plastic

energy of a cask and a puncture bar is balanced with impact energy. That is

Ev= , (5.1)

where
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E.: impact energy,
W : weight of impacting body,
Ho : drop height of impacting body.

In the theory, elasticity of the material is usually neglected and the load-carrying capacity
is estimated as the load at which a model composed of an ideal rigid-plastic material would
begin to deform. It can be shown that, if the material is perfectly plastic (i.e., nonstrain
hardening) and if the accompanying change in geometry is disregarded, plastic flow
continues under constant load.

The load-deflection relationship of the mild steel bar is shown in the following equation.

P=f(5,) , (5.2)

where
P, :load act on steel bar,
O : plastic deformation of steel bar.
On the other hand, the load-deflection relationship of the cask body is shown in the

following equation:
P=h (8.) , (5.3)

where
P. : load act on cask body,
0. : plastic deformation of cask body.
In the case of the cask whose weight is W is dropped from a height H onto the mild

steel bar, the following equations are given from the conservation law of energy:

b A
WHo= "(6,)d8,+| (68 , 54
f(&)=h(8.) . (5.5)
The acceleration of the cask body is determined by the following equation:

a=h(8) / (Wig) , (5.6)

where

a : acceleration of cask body,
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g : gravity constant.

5.2.3 Load Deflection Relationship
(1) Fixed supported bending plate model

When a distributed load is applied to a three-layer circular rigidly clamped at its edges as

shown in Fig.5.2, the relationship between the displacement and the load can be given by

P*=1+aq,U+a,U* ; (USU*)
P*=BI+BZU+BSIU s (uzu" ,

where
P* = P/P. ,
P* : nondimensional load,
P : load,
P. : limit load,
U=/t
U : nondimensional deflection,
J : center deflection
t* : equivalent plate thickness,
U*=(1+1n (R/p) )2 ,

R : radius of plate,
o : discontinuity radius of velocity curvature,
a : radius of loaded area,

and the factors a1, a2, 3, [ and [3: are given by

R
2]
p

ay
R
[ 2+In—
Y

R H
Y
p

2

R
143 In— ]
P

R R)?’
2+4ln— | | 1+ln—
p p

a=
3

5.7
(5.8)

(5.9

(5.10a)

(5.10b)
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(5.10c)

2

R
2wt

p (5.10d)

B=

R
2+ln—
p

R ’
Y
p

R
k)
p

R] ' (5.10¢)

12| 2+In—

p

The discontinuity radius of the velocity o curveture is determined by the following

equations.
2 R 5.11
= I+la_: |0 ; @RS0.606) (5.112)
2 R| 2 R (5.11b)
1-{ = | {142 In— |+—| 1+l]n— |=0 ; (a/R20.606) ,
p p) 3 p
The limit load P. is given by
A 5.12
PL=2H.M,_ , ( )
B
where
A=Y (5.13a)
p
R 2 5.13b
B=1+lh—-— ; (p2a) , ©-130)
p 3p
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1 R p (5.13¢)
B=—+n—o7 ; (pSa) ,
2 a 6a’ (pZa)
_® (5.13d)
p 2

where
M, : sectional yield moment,

o' :equivalent stress.

(2) Simply supported plate bending model
In the case of the simply supported plate bending model as shown in Fig.5.3, the

equivalent loads are given by

4 5.14
P4V 5 (USS) (5-142)
P"'—2U+—1— s (U20.5) (5.14b)
6U s =\ .
The limit load P. is given by
2nM, (5.15)

]

(3) Fixed supported membrane plate model
In the case of the fixed supported membrane plate model as shown in Fig.5.4, the load

acting on the plate is given by the following:
(5.16)

where N, is the sectional yielding load of the plate,
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N=0*t* , (5.17)
and t is an equivalent thickness of the plate.
5.2.4 Equivalent Thickness and Equivalent Stress

In converting a three-layer plate into an equivalent single plate, the equivalent plate

thickness t and the equivalent stress o~ are related by the following equations:

o= (5.18)
N, ’

e (5.19)
tx

where the sectional yield load N; is given by the following equations:

N0t H o)t H O hts (5.20)

where

t : thickness of outer plate,

t. : thickness of intermediate plate,
ts : thickness of inner plate,

o 1 : stress of outer plate,

o : : stress of intermediate plate,

o 5 : stress of inner plate,

- () : denotes compression,

( ) : denotes tension.

According to the position of the neutral axis of stress, there are three kinds of stress
states as shown in Fig.5.5. Those are named stress states A, B and C. In the case of the
stress state A, the neutral axis exists in the outer layer, the stress state B in the intermediate
and the stress state C in the inner.

(1) Stress state A

The equilibirum of stress in the three layer plates leads the following equations (see

Fig.5.5a):

(0)t=(0 )(ti-t)H Ot HOs)ts (5.21)
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where t is a distance from outer surface to neutral axis.

_ (0t H o)t H Ot (5.22)
(01)c+(0'1)'r )

The sectional yield moment is given by the following equation:

M= Q (o 1)c+ 5 (t,-t)’(o 1)T+[tz [ bt ] ](Uz)r

(5.23)
+[t,[t,-t+t,+ ]](t,)T .
The stress state A is established by the following condition:
(01)cti2(G)rt:H( O3t . (5.24)

(2) Stress state B
The equilibrium of stress in the three layer plates leads the following equations (see
Fig.5.5b):

(Ux)ct1+(0'z)c( t't1)=(02)1(t1+tz-t)+(03)t3 s (5 .25)
— '(01)ct1+(02)ct1+(0'z)1(t1-tz)+(03)-rt3 (5.26)
(02)c+(0:)1 ’

M;=t [ t- L] ](0 et l‘ (t-£.)%(02)c
2 2 (5.27)

+— (t1+tz-t)2(02)r+ts

tH-t+— ](0 D s

(0)ctiHO)ct:2(Ots (5.28)
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(3) Stress state C
The equilibrium of stress in the three layer plates leads the following equations (see
Fig.5.5¢):

(01)ctiH(02)ct:H(03)c(t-ti-t2)=(Os )t HaH5-t) (5.29)
= ~(01)cti~(02)ctzH(O5)c(tiH2) H O )r(tiHaHs) (5.30)
(03)c+(03)1' ’

t] tz

MP:tl[t-; (o)t t'tl"z_ ](Uz)c
(5.31)
1 ) 1 2
+E(t-t1-tz) (0'3)c+; (tiHtrHs-t)(o5)c
(Ul)ctl"‘(oz)ctzg(oz)rts . (532)
5.2.5 Condition of Plate Puncture
The condition of the three layer plate puncture is given by the following equation:
Pgnd(tltl_i_tztz'*'tst:) . (533)
where

P : load,
71 : failure shear stress of outer plate,
72 : failure shear stress of intermediate plate,
73 : failure shear stress of inner plate,
'|31=0.6(0'1)u s (5343)
t:=0.6(02). , (5.34b)
1:3=0.6(03)u s (534C)

(on)u : ultimate tensile strength of outer plate,

( o2)u : ultimate tensile strength of intermediate plate,
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( o3)u : ultimate tensile strength of inner plate.

5.3 Benchmark Calculation

In order to demonstrate the adequacy of the simplified computer program PUNCTURE,
the benchmark calculation using experimental results of the LLNL has been performed.
Table 5.1 shows the LLNL experimental data.

Table 5.2 and Fig.5.6 show comparisons between the LLNL®' experiments and the
PUNCTURE results. According to Fig.5.6, results by the computer program PUNCTURE
agree with the experimental results performed on multilayer plates. The PUNCTURE

program can practicably estimate the actual data to be obtained by the puncture test.

Table 5.1 LLNL experimental data

Item Diameter Thickness Length Material
(mm) (mm) (mm)
Outer circular plate 5.08 SUS304
Inner circular plate 2032 15.24 Lead
Puncture bar 15.24 20.32 Steel

Table 5.2 Comparison between LLNL experiments and PUNCTURE

Item Limit load
(10" kgf)
Static test 1.15
LLNL experiments atic 7es
Dynamic test 1.21
PUNCTURE 1.04
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6. ROCKING

6.1 Description of ROCKING program

In the stand point of seismic safety of transport and/or storage casks for spent fuels, it is
necessary to evaluate integrity of casks against seismic loads. Therefore, it is important to
clarify the tip-over behavior of casks during seismic loads.

Central Research Institute of Electric Power Industry(CRIEPT)*"“* has studied seismic
response behavior of casks experimentally and analytically. In this analysis, the Distinct
Element Method(DEM) was used for tip-over behavior of casks. However, the considerable
cost and calculation time are necessitated to perform such analysis by the DEM.

Therefore, simplified computer programs which are capable of reducing cost and
calculation time are needed to perform parametric calculation in designing casks and
conducting safety analysis. To meet the above requirements, the computer program
ROCKING"®’ has been developed.

In the program, a cask with (or without) tie-down wire ropes is modeled by a vertical
cylindrical rigid body tied down with four non-linear springs having a certain tensile
strength. An explicit or a semi-implicit numerical integration method is adopted to predict
whether a cask will tip-over or not, and tie-down ropes will break or not. Moreover, in the

ROCKING program, sliding between a cask and a floor and vertical seismic load are treated.

6.2 Calculation equation
6.2.1 Calculation model
In the computer program ROCKING, the following two-dimensional model is
considered:
(1) a cask is modeled as a rigid body,
(2) the cask has three degrees-of-freedom, two translational displacements and one rotation
around the cask center of gravity,
(3) impact forces are represented by a spring and dashpot model located at impact points,
(4) friction force due to surface sliding between the cask and a floor is represented by a
nonlinear Coulomb element, and

(5) forces of wire ropes work against only as tensile loads.

6.2.2 Equation of governing motion
Let the coordinate system be chosen as shown in Fig.6.1. The cask has two translational
coordinates, ¢ and 7, and one rotational coordinate @ . Figure 6.2 shows the forces and

moments that act upon the cask. The equations of motion may be written as:
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mé=—rnas+FeA+an+Fsc+an+Re+FF (6.1)

F,»+F.s+F,c+F.0=0 (6.2)

mz=-m(azstg)+Fu+Fua+F.ct+tFuo+R. (6.3)

M: s +M:s +M:c +M:o =0 (6.4)

I 8 =M,r+M,s +M,c+M,o +Mr:+Mwu +M: (6.5)

Mu +Muw t Mz +Mzn =0 (6.6)
where

a - cask rocking spring half width,

b - radius of cask bottom,

d - cask outer radius,

F + : friction force between cask and floor,

F : :z-component of force,

F .+ : z-component of force generated by wire rope A,
F s :z-component of force generated by wire rope B,
F 2 : z-component of force generated by wire rope C,
F » : z-component of force generated by wire rope D,
F. : n-component of force,

F ., : n-component of force generated by wire rope A,
F,s : n-component of force generated by wire rope B,
F.c : n-component of force generated by wire rope C,

F.,o : »n-component of force generated by wire rope D,

F: : &-component of force,

F:. : &-component of force generated by wire rope A,
F:s : &-component of force generated by wire rope B,
F:c : &-component of force generated by wire rope C,
F:» : &-component of force generated by wire rope D,
g : garvity constant,

h : half height of cask,

I - mass moment of inertia,

m : mass of cask,

M:  : moment generated by force F +,

M« : moment generated by force R -,

M« : : moment generated by force R:,

M. : moment generated by force F z,

Mz : moment generated by force F 2,

Mz : moment generated by force F z,
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Mz : moment generated by force F i,
Mz  : moment generated by force F z,
M, : moment generated by force F ,,

: moment generated by force F , 4,

3
>

: moment generated by force F , s,

e
w

: moment generated by force F, c,

)
(]

: moment generated by force F , o,

El
<

: moment generated by force F :,

: moment generated by force F : 4,
:8 @ moment generated by force F : s,
: ¢ : moment generated by force F : c,

: o moment generated by force F ¢ o,

~N

: impact force of z-direction,
: impact force of & -direction,
: z-coordinate or z-direction displacement,

: z-component of velocity,

NN N MW EZEZEZREEEEE

: z-component of acceleration,

a z : vertical floor acceleration,

a: : horizontal floor acceleration,

7 : n -coordinate or 7 -direction displacement,
0 : rotational angle,

0 : angular velocity,

0 : angular acceleration,

v : velocity,

& : & -coordinate or & -direction displacement,
é & -component of velocity,

é : & -component of acceleration,

6.2.3 Friction force between cask and floor and its associated moment
The friction force due to surface sliding is represented by a nonlinear Coulomb element.
The equations for the friction force F ¢ and its associated moment M : acting on the cask

are as follows.

Fe =—sign(v)F(v), 6.7

Mr ==F¢ (—h-cos § —b-sin 8), (6.8)
where

u=$—(h-cos 0+ b-sin 6)—0~éo. (6.9)
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where & and £, are horizontal velocity of the center of gravity and support floor,

respectively. F(v) is a prescribed function for the friction characteristics which are related

to the vertical contact force and the coefficients of both statical and dynamical friction.
F(v)=m- g (uetp), (6.10)

where # « and u . are the coefficients of dynamical and statical frictions, respectively.

6.2.4 Vertical impact force and its associated moment
The force acting on the interface between the cask and floor is derived in the term of
deformation of a spring dashpot unit. When the gap is closing, the spring deformation y
and its time rate y are
y =05[z0—{z+h( —cos §)—b-sin 8 }] (6.11)
y=05[zs—{z+h -sin 0 —b-cos 0}6] (6.12)
where b is the cask rocking spring half width. z » and z. are the vertical displacement
and velocity of the floor, respectively. The vertical impact force R : and its associated
moment M «z acting on the cask are as follows. If ¥ >0
R: =— (Ke* y+Ca- y) (6.13)
Mz =— Rz ( h -cos § —a *sin 8), (6.14)
where K z and C : are the vertical boundary spring and damping coefficients, respectively.
fy=0
R: =0, (6.15)
Mw = 0. (6.16)

6.2.5 Lowr corner impact force and its associated moment
The force acting on the cask lower corner as a result of the impact is derived by

deformation of a spring dashpot unit which is located on the lower corner of the cask.
During impact against the lower corner, spring deformation r and its time rate z of the
cask are follows.

r=£f+h-sinf—b(l—cosf) —&.—0, (6.17)

r=¢+(h -cos 0—b -sin§)0 — &, (6.18)
where & is the gap between the cask and its lower boundary wall. The boundary wall
impact force R : and its associated moment M« : acting on the cask are as follows.
If r >0

R:=—(K:- r+C: - 1), (6.19)

M::=R:(h *cos § —b*sin 8), (6.20)
where K: and C: are the horizontal boundary spring and damping coefficients,

respectively. If 7 =0
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R: =0, (6.21)
M::= 0. (6.22)

6.2.6 Force due to wire rope
A tensile force due to a wire rope is as follows:

F=¢ - A, (6.23)
where

F : tensile force of wire rope,

o : tensile stress of wire rope,

s=E-AL/L, (6.24)

A : sectional area of wire rope,

E : Young's modulus,

A L : elongation of wire rope,

L : wire rope length.

6.3 Benchmark calculation

In order to demonstrate the adequacy of ROCKING, benchmark calculations using the
CRIEPI experimental results of the 1/3 scale model of spent fuel cask as shown in Fig.6.3
have been performened.

The rocking analysis of the model cask was performed under constant sinusoidal
excitations. Figure 6.4 shows the maximum rotational angles in comparison with the
experimental results. According to Fig.6.4 analytical results of ROCKING agree with the

experimental ones.
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(b) Plane view
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Fig. 6.2 Forces and moments acting on cask
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7. IMPACLIB

7.1 Description of IMPACLIB Program

In the drop impact and stress analyses for radioactive transport casks, it has
become possible to perform them in detail by using interaction evaluation, computer
programs, such as DYNA2D, DYNA3D, NIKE2D, NIKE3D, PISCES and HONDO.
Simplified computer programs CRUSH1, CRUSH2, FINCRUSH and PUNCTURE are
also used for parametric study and design of casks. Availability of these computer
programs, makes it possible to accurately solve large numbers of problems involving
a wide variety of material data provided that accurate input data are used. The
structural properties of the materials, including coefficient of thermal expansion,
modulus of longitudinal elasticity, modulus of transverse elasticity, Poisson's ratio and
stress-strain relationship (temperature and/or strain rate dependent data) should be
known as accurately as possible. Some of these properties are difficult to measure. In
paticular, stress-strain relationships may vary from data to data depending on test
methods. Therefore, when used in calculations, the possible inaccuracy of variability
of structural data should be accounted for to properly interpret the results. For this
reason, we have made an effort to collect stress-strain data and make it available in a
form convenient for handling by a computer.

Four kinds of materials data, structure steels (mild steel or carbon steel), stainless
steels, leads and woods have been compiled, and are summerized in this report. The
structural data library and data processing program IMPACLIB(one computer program
of CASKET code system as shown in Fig. 1.1)*” for impact and stress analyses has
been developed.

The structural property data including coefficient of thermal expansion, modulus
of longitudinal elasticity, modulus of transverse elasticity, Poisson's ratio and
stress-strain relationship have been tabulated against temperature and/or strain rate for
more than 100 materials. These data have been collected from over 50 references. The
data have been arranged in computer card image and stored in magnetic disks
(hard or floppy disks) in a format suitable for computer processing, with the
material identified numerically according to a general and flexible classification

system. An accompanying numerical index, also in card image form, describes
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each material, assigns it an identification number and references the sources of the
data by code number. The SI unit system is used for all data, and if desired, data can
be converted the MKS(meter-kilogram-second) unit system. In addition the data are
obtained from a source list. The IMPACLIB has been written to search the

material data list for specific material identification number.

7.2 Material Property Data Library
The computer program IMPACLIB has been developed. Four kinds of material

data, structure steels (mild steel and carbon steel), stainless steels, leads and woods

have been compiled and are summerized.
(1) structure steels
@ carbon steel (JIS SS41)
@ mild steel (JIS SS4100)
® structure steel (JIS S35C)
@ structure steel (JIS S45C)
®) structure steel (JIS S55C)
® mild steel (AISC 1020)
(2) stainless steels
@ stainless steel (JIS SUS302)
@ stainless steel (JIS SUS303)
® stainless steel (JIS SUS304)
@ stainless steel (JIS SUS304L)
® stainless steel (JIS SUS316)
® stainless steel (JIS SUS316L)
@ stainless steel (AISC 1316L)
stainless steel (JIS SUS316H)
@ stainless steel (JIS SUS316)
(3) leads
@ pure lead
@ hard lead
(4) woods
@ oak tree
@ playwood

(14 materials)
(8 materials)
(1 material)
(1 material)
(2 materials)
(1 material)
(1 material)

(35 materials)
(1 material)
(1 material)

(24 materials)
(1 material)
(3 materials)
(2 materials)
(1 material)
(1 material)
(1 material)

(20 materials)
(17 materials)
(3 materials)

(24 materials)
(19 materials)

(3 materials)
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@ balsa wood (2 materials)

The structural properties of materials, including coefficient of thermal expansion,
modulus of longitudinal elasticity, modulus of transverse elasticity, Poisson's ratio and
stress-strain relationship have been compiled and are summerized.

(a) coefficient of thermal expansion (temperature dependent)

(b) modulus of longitudinal elasticity (temperature dependent)

(c) modulus of transverse elasticity (temperature dependent)

(d) Poisson's ratio (temperature dependent)

(e) stress-strain relationship (temperature dependent or strain rate dependent)

Table 7.1 shows relationships the among material number, the identification

number and property data in the IMPACLIB library.
7.3 Example

Figure 7.1 shows an example of stress-strain curves of structure steel data in the
IMPACLIB library.
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Table 7.1 Material name, identification number and data in library
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Table 7.1 (Continued)

Category ‘Material name ID number Data
PURE LEAD 3007 g—¢
PURE LEAD 3008 g—¢
PURE LEAD 3009 g ¢
PURE LEAD 3010 oc—¢
PURE LEAD 3011 o—E€
PURE LEAD 3012 c—E€

Lead PURE LEAD 3013 a—c¢
PURE LEAD 3014 6— €
PURE LEAD 3015 c— ¢
PB 3016 c— €
PB2 30 1 7 og— €
PB4 3018 g—¢
PB6 3019 c—¢&
LEAD 3100 « ,E,G, v
OAK 4001 g—E¢
OAK 4002 oc—¢€
PLYWOOD 4003 G~ ¢
PLYWOOD 4004 o—¢€
BALSA 4005 c—¢€
BALSA 4006 o—¢
BALSA 4007 oc— €
BALSA 4008 g—¢E
BALSA 4009 c—E
BALSA 4010 c— €
BALSA 4011 o—¢&
BALSA 4012 o—¢€

Wood BALSA 4013 o—c¢
BALSA 4014 G— €
BALSA 4015 o—¢€
BALSA 4016 g—¢€
BALSA 4017 g—¢€
BALSA 4018 g—¢€
BALSA 4019 c—¢€
BALSA 4020 g— €
BALSA 4021 o—¢&
BALSA 4022 o—¢
BALSA 4023 a—¢€
PLYWOOD 4100 «,E,G, v
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8. THERMLIB

8.1. Description of THERMLIB Program

In the thermal analysis for radioactive transport casks, it has become possible to
perform them in detail by computer programs, such as TRUMP3®”, HEATING5",
HEATING6*”, NASTRAN"", ABAQUS"”, TOPAZ2D and TOPAZ3D"". Availability
of these computer programs, makes it possible to accurately solve large numbers of
problems involving a wide variety of material data provided that accurate input data
are used. The thermal properties of the materials, including density, thermal
conductivity (temperature dependent data), specific heat (temperature dependent data),
phase change or solid-state transition temperature and latent heat should be known as
accurately as possible. Some of these properties are difficult to measure. In paticular,
heat conduction may vary from data to data depending on test methods. Therefore,
when used in calculations, the possible in accuracy of variability of thermal data
should be accounted for to properly interpret the results. For this reason, Lawrence
Livermore National Laboratory (LLNL) has made an effort to collect thermal data and
make it available in a form convenient for handling by computer. More than 1000
material data®” have been compiled.

Using this data library, a data library processing program THERMLIB"®® for
thermal analysis has been developed. The THERMLIB is one computer program of
CASKET code system for thermal and structural analysis of radioactive material
transport and/or strage casks as shown in Fig. 1.1.

The thermal property data including density, specific heat (temperature
depen-dent data), thermal concutivity (temperature dependent data), phase change or
solid-state transition temperature and latent heat have been compiled. These data have
been collected from over 50 references.

The data have been arranged in computer card image and stored in magnetic
disks (hard orfloppy disks) in a format suitable for computer processing, with the
material identified numerically according to a general and flexible classification
system. An accompanying numerical index, also in card image form, describes each
material, assigns it an identification number, references the sources of the data by

code number. The CGS-cal-°C(centimeter, gram, second-calorie-degree C) unit system
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is used for all data. In addition the data are obtained from source list. The
THERMLIB has been written to search the material data list for a specific material

identification number.

8.2. Material Property Data Library
The computer program THERMLIB has been developed for searching data and
plotting data from the data library compiling by LLNL. Thermal property data for
over 1000 materials shown as Table 8.1 have been compiled and are summerized in
the data library. The compilation includes:
(a) a numbered list of data sources,
(b) a numerical classification system used as a guide in assigning an identifi-
cation number,
(c) a system of quality indicators used to show the gerneral reliability or
accuracy of data,
(d) thermal property data for each material collected and estimated by LLNL
and converted to a standard system of units,
(e) an alphabetical index of materials that includes the identification number
assigned to each material and
(f) a list of material property data arranged in order of the material identifi-
cation numbers and in the format used for input data in the computer
program TRUMP.
These material property data incude the material identification number and
alphanumeric designator, density, specific heat, thermal conductivity, phase-change or
transition temparature, the latent heat effect, and tables of specific heat and thermal

conductivity versus temperature.

8.3 Example
Figures 8.1 and 8.2 show examples of heat capacity and heat cinductivity curves
of steel in the THERMLIB library.
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Table 8.1 Material classification system

Material ID No. Material classifications

1000 ELEMENTS
1001-1499 SOLIDS, LIQUIDS
1501-1599 GASES
1601-1999 NOT USED

2000 ALLOYS
2001-2099 ALUMINUM ALLOYS
2101-2399 COPPER ALLOYS
2401-2499 MAGNESIUM ALLOYS
2501-2599 NICKEL ALLOYS
2601-2699 COBALT ALLOYS
2701-2799 TITANIUM ALLOYS
2801-2999 NOT USED

3000 ALLOYS (CONTINUED)
3001-3099 IRON ALLOYS
3101-3299 STEELS
3301-3499 SUPER ALLOYS (CR-NI-FE)
3501-3599 BERYLLIUM ALLOYS :
3601-3649 LEAD, TIN, AND INDIUM ALLOYS
3651-3679 MOLYBDENUM ALLOYS
3681-3699 NIOBIUM (COLUMBIUM) ALLOYS
3701-3749 PLUTONIUM ALLOYS
3751-3779 SILVER ALLOYS
3781-3799 TANTALUM ALLOYS
3801-3829 TUNGSTEN ALLOYS
3831-3859 URANIUM ALLOYS
3861-3879 ZINC ALLOYS
3881-3899 ZIRCONIUM ALLOYS
3901-3999 MISCELLANEOUS ALLOYS

4000 INORGANIC COMPOUNDS
4001-4199 OXIDES (SINGLE)
4201-4299 OXIDES (MIXED)
4301-4399 SILICATES
4401-4499 NITRIDES
4501-4599 CARBIDES
4601-4699 BORIDES
4701-4739 BERYLLIDES
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Table 8.1 (Continued)

Material ID No. Materials

4741-4759 SULFIDES
4761-4769 PHOSPHIDES
4771-4799 SILICIDES
4801-4899 HALIDES
4901-4949 INTERMETALLICS, METALLOIDS
4951-4999 MISCELLANEOUS COMPOUNDS
5000 INORGANIC MIXTURES
5001-5199 GLASSES
5201-5299 CERAMICS, BRICKS
5301-5399 NOT USED
5401-5499 CERMETS
5501-5799 GAS MIXTURES
5801-5999 NOT USED
6000 INORGANIC COMPOSITES
6001-6099 ROCKS, MINERALS, SANDS, SOILS
6101-6999 NOT USED
7000 ORGANIC COMPOUNDS AND MIXTURES
7001-7499 POLYMERS (INCLUDING FOANS)
7501-7599 HIGH EXPLOSIVES (INCLUDING MOCK K. E.D
7601-7699 NOT USED
8000 ORGANIC COMPOSITES AND NATURAL MATERIALS
8001-8499 MISCELLANEOUS
8501-8599 WOODS
8601-8999 NOT USED
9000 MISCELLANEOUS
9001-9099 IDEALIZED MATERIALS
9101-9999 NOT USED
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9. FINLIB

9.1 Description of FINLIB program

Detail analyses of the drop impact for a radioactive transport cask with cooling
fins, have become possible to perform by using interaction evaluation computer
programs with a function of interaction step, such as DYNA2D, DYNA3D, PISCES
and HONDO. However, considerable cost and computer time necessitate for
performing analyses by these programs. To decrease the computer time and cost, a
simplified computer program FINCRUSH as illustrated in Fig.1.1 has been developed.
The FINCRUSH is a static calculation computer program capable of evaluating the
maximum acceleration of cask bodies and the maximum fin deformation using a
relationship between the fin plastic deformation and the fin absorption energy. This
relationship, the fin absorption energy versus the fin deformation data, is obtained by
Davis of ORNL and Torr of MONSERCO 'in Canada from experiments. The
FINLIB® has been developed to make data library of the fin energy absorption for
the FINCRUSH.

9.2 Data Library

One of the most widely used fin data sets of design curves comes from impact
experiments done in 1971 by Davis of ORNL. His investigation measured the impact
performance of single fins 2 inches (50.8 mm) wide varying in length from 3.5 to 10
inches (88.9 to 254 mm), in thickness from 1/4 to 3/4 inches (6.4 to 19.1 mm) and an
angle of inclination to the impact direction from O to 40 degrees as shown in Fig. 9.1.

In the MONSERCO experiments six kinds of fins were used as shown in Table
9.1 and Fig. 9.2. Test fins were of two thickness, in thickness from 1/4 inches (6.4
mm) and 3/8 inches (9.5 mm), and of five different lengths between 3.5 to 10 inches
(88.9 to 254 mm). The single fins had four different angles of inclination; 0, 10, 20
and 30 degrees from the vertical.

In this data library there are eleven data base as shown in Table 9.2. Those data
are obtained by ORNL and MONSERCO.
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Table 9.1 Dimensions of fin specimens tested at MONSERCO

FIN
ANGLE OF FIN
INCLINATION LENGTH
(degrees) (inches)
TYPE 1 TYPE 2 TYPE 3 TYPE 4 TYPE S TYPE &
3.3 X X (X) X X X
. 4.0 X X (X) X X X
() 4.0 X X (X) X X X
8.0 X X (xX) X X X
10.0 X X (X} X X X
3.3 X X
. 4.0 X X
10 6.0 X X
8.0 X X
10.0 X X
3.3 (X)
. 4.0 (X)
15 4.0 (X)
8.0 (X)
10.0 (X)
3.3 X X
4.0 X 4
20" 6.0 X
8.0 X X
10.0 X X
a.s X X X
R 4.0 X X X
30 4.0 X X X
8.0 X X X
10.0 X X X
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Table 9.2 Data library of FINLIB

Research Identification Descriptions
organization name
ORNL ORNL single fin(mean values)
ORNL OHIG ORNL single fin(higher values)

OLOW ORNL single fin(lower values)
MEAN MONSERCO single fin(mean values)
MHIG MONSERCO single fin(higher values)
MLOW MONSERCO single fin(lower values)

MONSERCO MWID MONSERCO wide single fin
MPAR MONSERCO double parallel fin
MCON MONSERCO double converging fin
MBRA MONSERCO double braced fin
MOAK MONSERCO Oak Ridge type single fin

9.3 Example

Figures 9.3 through 9.24 are examples of fin energy absorption curves in the
FINLIB library.
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3/4 P [xIx[x{x]xfx|x|x[x][x]x] Ix{x{x]x]x

Fig. 9.1 Dimensions of fin specimen tested at ORNL
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8
TYPE 1 TYPE 2
WIDE SINGLE FIN DOUBLE PARALLEL FINS
TYPE 3 TYPE 4
TRIPLE FINS DOUBLE CONVERGING FINS
oi ?
i
TYPE 5 TIYPE B
DOUBLE BRACED FINS OAK RIDGE FIN

Fig. 9.2 Configuration of fins tested at MONSERCO




PLASTIC HOMENT EP

PLASTIC HMOMENT EP

JAERI—-Data/Code 98—018

NRME =ORNL RANGLE =0.0 THICK =1.234
40.0.

T T T T T T T T

35.0

30.0.4

0.0 3 [l i L 1 L 1 Il
1 ¥ ¥ Ll T T T T
0.0 7.0 14.0 2.0 20.0 35.0 42.0 49.0 58.0
RATIO OF DEFORMRTION
ORNL FIN ENERGY ABSORPTION DATA
Fig. 9.3 Graphical Output of FINLIB(1)
NAME =ORNL ANGLE =10.0 THICK =1.234

40.0 T T T T T T T T
%0
30.0L
25.04.

H =04.00

20.0..

# =08.00 H =08.00
156.04.

H =10.00
10.0.4.
§.0 |

o-0 : : : a § : a .

0.0 7.0 14.0 21.0 28.0 35.0 42.0 49.0 58.0

RATIO OF DEFORMATION

ORNL FIN ENERGY RBSORPTION OATRA

Fig. 9.4 Graphical Output of FINILB(2)
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NAME =ORNL ANGLE =20.0 THICK =1.234
¥ 1 T L Ll T T T 1
T H =04.00 1
4 H =08.00 .
H =08.00
+ H =10.00 B
(] b ] [l l F I $ L
T T 1 T 1 ¥ T 1
0.0 8.0 18.0 24.0 82.0 40.0 48.0 58.0 64.0 72.0 80.0
RAT10 OF DEFORMATION
ORNL FIN ENERGY RBSORPTION DATA
Fig. 9.5 Graphical Output of FINILB(3)
NAME =ORNL ANGLE =30.0 THICK =1.234
¥ T T T T T 1 T L
H =04.00
T H =08.00 ]
H =00.00
R  =10.00 .
1 I 1 i 1 1 L 1 1
U T U U 1 T T U 1
0.0 6.0 18.0 24.0 32.0 40.0 40.0 §6.0 64.0 72.0 80.0

RATIO OF DEFORMATION

ORNL FIN ENERGY RBSORPTION DATAR

Fig. 9.6 Graphical Output of FINILB(4)
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NAHE =0RNL RNGLE =40.0 THICK =1.234
4.0 Y T T T T T T T T
3.6 1 -
W =04.00
s.0 | / A
2.5 | »
20 ) R 28888 -
1.8 1 N =10.00 .
1.0 L -
0.5 L -
0.0 4 ul $ ] 1 } ] i 3
U 1 T T T T T T T
0.0 8.0 16.0 24.0 32.0 40.0 48.0 56.0 64.0 72.0 80.0
RATIO OF DEFORMATION
ORNL FIN ENEROY RBSORPTION DRTA
Fig. 9.7 Graphical Output of FINILB(5)
RANGLE =0.0 THICK =1.234 HEIGHT=3.60
40.0
T T T T T T T T T
5.0l -
30.0 .
250 4
ORNL
20.0.1. -
15.04. -
REAN
0.0 .
6.0 4 -
0.0 i i 4 1 i 1 1 { L
T 1 1 1 1 T T 1 L
0.0 7.0 14.0 21.0 28.0 35.0 42.0 49.0 8.0 63.0 70.0

RATIO0 OF DEFORMATION

COMPRRISON BETHEEN ORNL DRTA AND MONSERCO DATA

Fig. 9.8 Graphical Output of FINILB(6)
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ANGLE =0.0 THICK =1.234 HEIGHT=4.00
40.0 T Y T T T T T T T
8.0 .
30.043 -
25.0_L -

ORML
20.0 4 -
16.04 .
HERN
Ip-ﬂ__ -
§.0 . .
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7 L Ll 1 U 1) 1 1 1
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RRTIO0 OF DEFORMATION
COMPARISON BETWEEN ORNL DATA AND MONSERCO DATR
Fig. 9.9 Graphical Output of FINILB(7)
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Fig. 9.10 Graphical Output of FINILB(8)
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ANGLE =0.0 THICK =1.234 HEIGHT=8.00
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Fig. 9.11 Graphical Output of FINILB(9)
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Fig. 9.12 Graphical Output of FINILB(10)
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Fig. 9.13 Graphical Output of FINILB(11)
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Fig. 9.14 Graphical Output of FINILB(12)
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Fig. 9.15 Graphical Output of FINILB(13)
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Fig. 9.16 Graphical Output of FINILB(14)
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Fig. 9.17 Graphical Output of FINILB(15)
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Fig. 9.18 Graphical Output of FINILB(16)
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Fig. 9.20 Graphical Output of FINILB(18)
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Fig. 9.21 Graphical Output of FINILB(19)
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Fig. 9.22 Graphical Output of FINILB(20)
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10. Conclusions

With regard to the evaluation of the maximum acceleration and deformation of the
cask bodys in the case of the drop impact, the simplified computer code system
CASKET will analyze it economically and save computer time as compared with the
other detailed computer programs with a analysis method of dynamic interactions. The
CASKET is further being utilized satisfactorily in safety analysis and designing not

only spent fuel transport casks but also those for various radioactive transport casks.
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Appendix A  Program Abstract

1. Name :

CASKET.

2. Computer for which the program is designed and others upon which it is possible:

FUJITSU-GS8400, SUN4 or IBM-PC.

3. Nature of physical problem solved:
Computer code system for thermal structural analyses for radioactive material transport
and/or storare cask

4. Method of solutions:

5. Restrictions on the complexity of the problem:

None.

6. Typical running time:

FUJITSU-GS8400 : 10 seconds.

SUN4 : 10 seconds.

IBM-PC : 10 seconds.

7. Unusual features of the program:

None.

8. Related and auxiliary program:

None.

9. Status:
10.References:

(1) Tkushima, T. et al.,"Simplified Computer Codes for Cask Impact
Analysis", 10th Int. symposium on the Packaging and Transportation of
Radioactive Materials, pp.1419-1426, Japan(Yokohama), (1992).

(2) Ikushima, T., Ohshika, J. and Ishiwata, T.,"Computer Codes System for
Structural Analysis of Radioactive Materials Transport" , 11th Int.
Symposium on the Packaging and Transportation of Radioactive
Materials, pp.1174-1181, USA (Las Vegas) (1995).

(3) Shapiro, A. B., "TOPAZ : A Finite Element Heat Conduction Code for
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Analyzing 2-D Solids", UCID-20045 (1984).

(4) Ikushima, T., "CRUSHI : A Simplifed Computer Program for Impact
Analysis of Radioactive Material Transport Casks", JAERI-Data/Code
96-025 (1996).

(5) Ikushima, T., "CRUSH2 : A Simplifed Computer Program for Impact
Analysis of Radioactive Material Transport Casks", JAERI-Data/Code
97-001 (1997).

(6) Ikushima, T., "FINCRUSH : A Computer Program for Impact Analysis of
Radioactive Material Transport Cask with Fins", JAERI-Data/Code 97-018
(1997).

(7) Ikushima, T., "PUNCTURE : A Computer Program for Puncture Analysis
of Radioactive Material Transport Casks", JAERI-Data/Code 97-036
(1997).

(8) TIkushima, T., "ROCKING : A Computer Program for Seismic Response
Analysis of Radioactive Material Transport Casks", JAERI-Data/Code
95-017 (1995).

(9) Ikushima, T., "IMPACLIB : A Material Property Data Library for Impact
Analysis of Radioactive Material Transport Casks", JAERI-Data/Code
97-049 (1997).

(10) Lawrence Radiation Laboratory, "A Compilation of Thermal Property

Data for Computer Heat-Conduction Calculations”, UCRL-50589 (1968).
(11) Ikushima, T., "THERMLIB : A Material Property Data Library for
Thermal Analysis of Radioactive Material Transport Cask with Fins",
JAERI-Data/Code 98-009 (1998).

(12) Ikushima, T., "FINLIB : A Fin Energy Absorption Data Library for
Impact Analysis of Radioactive Material Transport Cask with Fins",
JAERI-Data/Code 97-035 (1997).

1 1.Machine requirement:

Required 1100 k bytes of core memory.

12.Program language used:

FORTRAN-77.

13.Operating system or monitor under which the program is executed:

FUJITSU-GS8400 : MSP.

—108—



JAERI—Data/Code 98—018

SUN4 : Solaris 2.1.
IBM PC : Windows 3.1.
14.Any other programming or operating information or restrictions:
The program is approximately 25000 source steps (including data libraries
and).
The graphical programs are as follows:

FUJITSU-GS8400 : CALCOMRP plotter or the compatible ones.

SUN4 : X-windows.

IBM PC : windows 3.1.
15.Name and establishment of author:

T. Ikushima

Japan Atomic Energy Research Institute,
Tokai Research Establishment,
Department of Fuel Cycle Safety Research,
Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195
Japan

16.Material available:

Program source and data library.
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