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" Analytical, Numerical and Experimental Investigations on the Impncf Behaviour
of Packagings for the Transport of Radioactive Material under Siap Down
. ~ Conditions :

T\ Quercettl, V. Ballheimes, G. Wieser ,

Bundesanstalt-fir Materialforschung und —prifung (BAM)
12200 Berlin, Germany

ABSRTACT ’ '
This papér decribes a methodical way to find critical drop angles or better a range of dlop ang!es for
obligque lepS of a packages used for the {ransport of radioactive matetials

IN TRODOCTION

Concerning approval design tests the IABA regulations for the safe transport of radioactive materlals
specify 9 m drop fests onto an unyielding farget to evaluate the packaging response to mechanical tests
demonstiating the safety under accldent conditlons, ‘The orientation of the packaging, 1. e. point and
angle of iinpact in the dvop test must be chosen in a manner that maximun damage occurs with regard
to the safety criteria. The safety criferia are in particular the teak tightness of the lid closure system, the

integrity of the confainment components (lmdy, lids, lid screws) and the subcriticality of the fissile .

confents. For most packages the worst case is not a single event, represented by one drop test, The

worst case for the safety criteria integrity of the container body must not be automatically the worst

case for the criteria of leak tightness, etc. For this reason most package drop tests may consist of a
serles of tests at various orfentations so that every safety relevant components suffers maximum
damage, Possible orlentatlons are the horizontal, the vertical, the cotner and the oblique drop.

The oblique drop, subject of this paper, do not impact the larget with the container cenire of gravily
dhectly above the point of impact like In a corner drop, so that after a primaty impact of one container
head, the container is set into rotation, This causes a second impact onto the other end of the container
with an impact velacity possibly much higher than the velocity reached from the fiee drop of 9 meters,

In order to evaluafe on the different safely criteria, one of the difficuliies is to evaluate the effects of
‘slap down Impacts depending on the chosen angle. To solve this problem, BAM had undertaken an
analytical analysis of the slap down kinematics, We assumed that the package behaves like a rigid
body, and looked at four borderline cases of impact conditions, an ideal elastic or plastic impact, with
friction (pelfectly rough impact) ot without fiiction (perfectly smooth impact) between container and
(arget during primary Impact. In iwo cases we didn*l find closed analytical formulas but got numerical
solutions using the software program MATHEMATICA. The derivation of our solutions for the
different borderline cases were discussed in detail in‘the next chapter. After that we will present our
finite element’ calculations and some experlmental results with the aim to check our analytical
solutions, Based on these analysis we are able now to define much more pleclsely worse case drop
- angle which should be used to get high structure loading in a real drop fest or in a humerical tinee~
d:mensional drop shmulatton.

N




~ ANALYTICAL MODEL

The analytical model dasct ibes the impact of an umt‘onm 1lgid rod of lengthl mass »t, and moment of
inertia about the mass centre S of 8, = (m 1“)/ 12 on a rigid, horizontal plane, as shown in Figire 1

The x-axis is chosen tangential, the z-axis normal to the contact surface in

the contact point L. It s presupposed, that the model coplies it a good-
estimation the -rigid body * characteristic of a real container (see

Experimental Resulls).

The rod impacts at flgst the rigid target with its left end L under the impact

angle gn with the velocity ¥, =1, 4, } . After this lmpact the mass centre Sy, =L oo 5. .,L,.m 9,
has the final linear velooity # =1{%,, 2, } and the final angulat velocity w,. Fig.]. Tmpaci of &1 Jgid bar .
Further the rod executes a piane wmotion in the gravity fleld, described with onto'a rigid horizontal planie -
the velocity of mass center 8 #,(1)={i;, 4,} and the angular velocity @ (/) about S since it impacts a
second time with its right end R, This second Impact the so-called slap-down impact, a
During the primary impaet, at the time =f, the pllnclpla of linear and angular momemum provides

the relations

Iy =m¥s, —33) - - (D
Io=ni(Eg ~2g) - ' . @
Oy(, ~ —~wy) =1, Xg~ 1, zs“l'éc°5¢o Ay Sm("o . @

where 7, is the normal and 7, the tangential impulse, produced by the collision ({1], [2]) The Initial
conditions for an JABA 9 tn drop af time / =/, are
By =0,k =0, 2y =-v,,

where vy is the initial impact Velbcity and @, the initial angular velocity,
' The velocily 7, ={#,, 2,} of the rod’s left end L is given in general form, with @ =—¢ by the equations

|

X =.\".—a)z,:x¢—-wisin¢; 2 =zs+a)x‘.==zg+w§cos;o. G

Using the coefficient of réstitution £ as.defined in [3], a8 ratio of final to initial normal velocity in point '
L, this component of the vetocity after the first unpacl can be expressed by the formula

L=k, 4 | ®)
where Z, is the z-component of the velocity of point L before the first Impact and 2, after the first

impact, at time { = 75, The coefficient of restitution k desciibes the degree of plasticity of the collision.
The impact is perfectly plastic for &= 0, partially elastic for 0 <k < 1 and petfectly elastic for k=1,

* The normal velocity of mass centre %y at time 1= £, using equation (4) and (5) is now given by
, N |
Zy Skvy—@, 55059

If the impéxct is fiictionless ~perfectly smooth [1}- the impulse has only a z - component I, the - '




llouzontal component is zero

Iy= 0 Smaoli Impact R
so that no change in the horizontal velocity of the centre inass ocours . S®
L, = A, =0 : . ‘ Y s
. P . N o y ‘ ‘ !
what means that it moves only in vertical direction, as shown ln Fig 2, t
: k=0

If llig: impact is perfectly rough [1] (Fig.3), the impulse consists of a z
- component , and a horizontal I, , no metion in horizontal direction

can occur for poml L dwing and after impact: ~ = - Ly 8 ‘R

=0 = () = Lsi i
‘1,, => ( )““ Xy, ~&72-5ﬂ% L co1
The final angulaa velooity @, and linear velocity #, of mass cenne s | \ ¥
solving the equations (1) to (5) are summaused in Tgble 1, : ' \R
b ¥ VR
Perfectly Rough Impact Perfectly Smooth Impaet Fig.2. Smooth impact for & =0 )
v N " oandk=1, : ‘
Wky 6(1+ 1) . : -
ook LY. — 1/, COS8
@ g 0% | WGwsprn |

Rough mpact’ R

N5 ,3(1 +4) Vo cosg, sing, 0 - 8% L
4 : ) ) - Iy L “NvYs
. O3 +Ey , (3cos® @, - k) R R T
2.3'2' [k 4 cos” (00 ]‘0 (3COS ¢° +1) ; too
Table 1. Final angular and linear velocities.afier first impact,
After the first impact the motion of the rod can be described by a . s R
translatory motion of the mass cenlre while rotating about its centre of vt
mass in the field of gravity, The gravity force Is the only working ,
outer force during execuling a plane motion, In the case of L ket
rebounding of the rod end L (restitution coefficient k > 0), the time at 3\ P
wiiich second impact (slap down) ecours Is defined by the condiiion - R
for the z —co-ordinate of the right end R with 7
. . R
P 2 N Ay . : -
7y, ﬂé—COS(Do ’{"i’s,'r' hg;l +£__sm(% —0,7,) =0 (6) Iig.3, Rough impact for k=0

and k=1,

whete 7, =, —1; is the time perlod between first and second impact :
~ and zgis the z - co-ordlinate of the right end R, Equation (6) was solved numerical using [3]. The final

linear slap down velocily of the right rod end R ¥ (’*)={“"R'éfe }, the mass centre S
B (! ):{*S : S} and the final angulal vclocﬂy ®. are summarised in Table 2,

In the case of no 1ebound (k = 0) the angular velocity can be calculated diractly with the law of




consetvation of eneigy aftet e,g, [2],

k>0 o k=0

_|__Rough/ Smooth Impact |- Rou‘gh Impact _ ___Smooth Imbact
o, . o, ' \/a)z"-i- glgsin ?o %'\[(3 cos’? g, + w? +l%§slxi ®,
Xy Xy 0 0
, , , / : /
Zgs C Zsp — 8% R — 2 | : "‘wt'i.
Spe f st Esm(qo0 =) .0 a 0
Zp 2o — O -2~cos(¢o -7} —ol —and -,

Table 2. Equations governing the linear and angular velocity at tlme /+ of the Slap-Down Impact.

RESULTS FROM ANALYTICAL CALCULATION

The equations governing the linear and. angular velocity of the stap-down impact end R, were
evaluated for the bordetlines perfecily smooth Impact and perfectly rough impact each with k=0 and
k=1 (see Table 1), The numerlcal calculatton was carsled out with an inltial velocity vy of 13.3 m/s

resuling from a 9 m drop and a rod length 7 of 4750 min varying the impact angle, '

o
% |
2 g
3y 20 J g 20 ]
B -3
E £
5 15 . % %
g 3
g 10 % 10
® . k]
g 5 1 g B 4 K ;% - comporent
o » ! . . . -0 l'&:‘ “A&
0 40 60 6 70 80 ‘ 0 10 20 % 4 & & 0 & o -
lrpact Argfo{Degres) ozt Ao lDegos)
Figd. Perfectly smooth impact. Calculaied Fig5, Perfectly rough Impact, Caleulated
velocily components aud magnitude of the slap™) | - velooily components and magnliude of lhe slap

down Impact for.a rod swith Jength 4750 mm, - down impatt for a vod with length 4750 num.




The length Is related to a cask for transpost of fresh fuels, ANF-10, with that BAM had carried out a 9
m drop test with an impact angle of 15 degree [5), The variation of fengths between 2 m and 6 m didn’t
shiow worth mentloning differences in kinematic results, so that the presented results for 7 = 4750 mm
are representative for the mentioned range,

: Figm'e.s' 4 and 3 show the magnitude 3| the following text \’m-) the homzontal component Ko

s R*(’*
- and vertical component 2y, of the stap dowi velocily of end R for smooth and rough lmpact dependmg'
on impact angle, From reason of plesentaﬂon, the velocity componets in the Figures 4 and 5 are
shown as absolute values, But the direction can easily be seen in Figires 2 and 3,

The case of a smooth and perfectly elastic Impact causes naturally a much higher v+ than a perfectly
plastic impact (Fig.-4) and for both cases a significantly higher velocity than the Initial velocity 13,3
m/s resulting from the 9 in drop:height. In & wide range between 5° and 45° vps fon k=0and k=1isn’t
mych changifg,

The rough impaot (Fig.5) shows a rejative sharp decline of vps for £ =1 and an mcxeasmg impact
angle. For k= 0 vps hag.up to 25° only a slight decrease In magnitude aml then for angles greater 25°
the decreasing gets significant,

Regarding the resulls of the four bor derlines, the compal'ison between the veiocmes (Fzg 7) shows, that

v

30 . - . : ’ 1.1
. ; _ gmooth Impact, k=1
E H ‘
ot E‘ 094 - roughlnlpacl.k=1
g fi o3, :
E 8
% S 0.7+
Q ; 064 .
g é 0.54
Y a .
<] -E 0.44
: § \ k03
S 6l tough'Impacl, k=1 o 02
¥ - 5_0.1.
0 10 20 30 4D 50 60 70 80- 80 © {0 20 30 40 50 60 70 80 90
Impacl Angle |Degres) : - Impact Augle [Degres}
Fig.7. Comparison belween smoath and rough - Fig.8. Comparlson between smooth and rough
impact. Magnitudes of the slap-down velocities, : * Impact. Ratic of final to nitial kinetic energy:,

the perfectly elastic, smooth impact yields the highest impact velocity, The maximum velocily isn’t
much changing in a wide band of impact angle except the rough impact with k= 1,

. Figure 8 shows the ratio of final to initial kinetic energy depending from Impact angle. I the case of -
© impacts with £ = { and impact angles up to neasly 40 depree, the ratio is in a range between | and 1.0,
The reason Is, that the second impact has additional energy from the rotation of mass center S from its
elevated position, Also we see, that as well in a perfectly plastic impact (k= 0) and impact angles up fo

30 degtree the kinetic energy remained for slap down Is 70 % - 80 % of the initial kinetic energy. -




FINITE ELEMENT CALCULATION

The finite element. calenlatlon was used to check obr
analytical maodels and for further investigations In -the. ,
sttucture dynamics of slap down impacts (see [5]). The
caleulations by varying the impact angle were canied out
with ABAQUS/EXPLICIT [6].

Cotresponding to the analytical model the rod in the FE
caloulation was defined as RIGID BODY [6] {modélled by
HEX8 elemenits) with a length of 4750 wmm, The target was
- madelled as rigld. Due to the rigid body definition only the

<
<

0
id

»
ks

g, vartical component L‘

-
=]

yebwyors:apm impact [ms]
=

perfect elastic smooth and rough impacts could be \

, . 1 . x, hoilzental componentd
simulated directly. The results show a very good 5 e
conformity with those oblained from the analytical model, -3 Analylioal

< - 0. T T T ¥ T T T L
Figure 9 shows for example the slap down velocitles fono B R A A A N S A
the smooth impact in comparison betwesn FE calculation , C g Angel {Pogron] -

and analytical caloulation. The small differonce between
the curves Is caused by the cross section of 10 mm x 10 i;’g’ ﬁscog’:;fs:fg:;:f ﬁg“lﬂﬁﬁ'ﬂ:’f::';‘zr“')'g‘fecu,
- mm used for the rod fn the FE caleulation. A cross seoton  giagic smooth fmpact, ' ¢

" going to zero would match the thin rod in the analytical
model and would cause in two identical curves, .
Othet cross sections used in the FE calculatlon like for ex, 500 mm x 600 i, according fo the outer
~ dimensions of the container ANE~10 {7] showed little diffeaences in resulls up to 40 degree impact
angle. Beyond 40 degree the decrease is higher.

. COMPARISON BETWEEN EXPERIMENTAL AND ANALYTICAL RESULTS

The experimental data to compare with calculations is obtained from drop fests with varlous casks onto
a rigid target from a'height of 9 m, The impact angle in each drop was 15° The casks considered have
lengths between 4500 mm and 5500 mm and masses between 315 kg and 20950 kg, The cross section
dimensions are small in relation to their length : "

Figure 10 o.g, shows 8 CASTOR VHLW equlpped with shock v
absotbers after the & m, declined drop test, The shock absorber g
of the one end which hits fiist Is less damaged then the X
opposite end slapped down on the impact target.

‘The other dtop test we compmed were petformed wrth :
different types of new package designs for the transport of
fresh fuiel called BSBB, ANF-10 and ANF-18, The design of
the packages and theé lep tests ave described i in [7], [8] and . |
). S% dec!ined 9 m drop test onfo o rigld target.
The sequence of a typical slap down impact is shown in Fig.JJ n the foreground tho highior damaged shock

at the example ANF-18, The package was dropped from g fosorbercaused by shap-down impat.

height of 9 m In a 15° declined position, In Fig, 72 we see the S .
_corresponding and in principle for the most slap down jmpacts typical acceleromster signals of the
package first end and slap down end, The according velocity-time curves, obtaitied by integration are -
shown in Fig./3.-The conlainer end which hits first the target was decelerated during a few
. milliseconds from the initial velocity 13 m/s fo zero and remalns In contact with the target, while the .




oppesite end accelerafes from mmaily 13mfsto2imfsina time permd
of 10 milliseconds, After 60 ms at time 1= 70 ms the casks opposne end
hits with nearly 24

m/s in a stap down ="

impact the target. i | e Ao

The drop  fesls mewq, fiest end shop danend
showed that sliding 5]

between the end of Em_

the cask hitting first 3 '

does not ocour during R ™1 ‘ N ‘
the impact (see also O __:::;\b
[10]). The lwpacts —awd > =~ oo iR
ate rough, If the . soro W ow e w Tm;g[ms]

fmpact were fiiction-
less (smooth impact)
the first end would
slip out under the falling cask and the cask would to(ate aboul its center
of mass (see Fig.2). Therefore the analytical results for the smooth
impact have more a themelwal value. However the equations for the
rough fmpact with 0~
<k < | are a suitable " :
tool to desciibe in a o] . first end \/

good ‘estimation fthe
kinematioc of the
] middle
N
slap down end

Fig.J 2. ANF-18. Deceleration signals.

package In a real
drop test situation.

The slap-down velo-
cities of ~ varlous 2 ]
packages taken from el T~
deceloration  mea- - 4 % w0 © © o

Velocity [mfs] -
_‘.._,,_.___h_

Filg 11, ANPF-18, 9 m and 15°

deelined drop tesi, ) ‘rime ths).
®)  Free Fall surements In 9 mand g 1 g 18, Vtoity time curve,
b Birst Impwct 15° degree declined 8
¢) . Slap-Down-Impact - drop tests are
cotnpared with the analytical results in Zable 3.
Cask Bxperlmental Resulls Analyticat Results
: y T qualliative N
Name ’ Geometry " | Massm slap dqwn specificalion 81"? d?“"
» velucily of first fmpact veloeity
‘|BsBB 1= 4538 may @ 150 mm 315kg w25m/is  |robound; >0 | rough, k=1:25mfs

ANFAQ | [=4725 mm; D 667 mm x 565mm | 1420kg | =23 m/é rebound; k>0 . | rough, k=1: 25 m/s

ANF-18 |iI= 5512hma; [F960 mm x 792 mm | 4466 kg | = 21-24m/s |} rebound; k> 0 © rough, k= 1: 25 mfs

Sﬁ?}\? R 1= 4486 mmy; @ 1156 mm 20950kg | =~20m/s (k-0 - rough, k= 0: 20 m/s

Table 3. Cask drop froma hefghl of 9 n. Ympact angel 15 degree, Comparlson between experlmental and analytical results.




The first impact caused a clearly rebound of the first {hree packagings so that for thé bomparison kis
set to |- I the analytic caloulation, For the CASTOR VHLW cask with its impact limiter £ is set to 0.
The theoretical and measumd slap down veloclties are close toge(her.

SUMMARY

“This papel describes a mefhodical way to fi nd critical"drop angles or befter a range of drop angles for
oblique drops of a packaging used for the transpost of radloactive materials, In a first step (he
packaging is idealised as a rigld body which can have four different borderline cases of jmpact contact
conditions (ideal elastic or ideal plastic Impact, with or.without friction between container and target
duiing primasy Impact). This analytical model has the benefit that paramefer studies can be done
~ easily, Le. by changing the degree of plasticity of the colllslon using the coeffleient of restitution & . A
Imowledge about the size of the contact force or the impact time is not necessary. Secondly, it is
important to know the total amount of kinetic energy remalned in the packaging shortly before the
" second impact happens. Both information, {he range of useful drop angles and the remaining kinetic
‘energy for the second Impact, are important for a well-founded cholce of a fest drop angle of for dolng
a large-scaled (lnee—dunensaonal numerical analysis of the structure loading In case of a siap down
event,
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