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-CHAPTER V

CONFRITY UNDER REIGaLATdO TEST CONDITIONS 

In this dapter, we analyze the behavior of the pakges 0"" an TN9) 

under type B test conditions, as defined in Chapter VII of the IAEM Regulaticns.  

1. TESTS COMO TO TYPE A AND B PACKAGINSS 

3,1 . Water spray (§ 711) 

This test does not affect these packages.  

1.2. 0.3 meter free drop preceded by corner (§ 712) 

This test is far less severe than the 9 meter drop which is analyzed 

later.  

The repeated drop tests performed cn the 1/4 and 1/2 scale models 

of the TN9 packaging show that these tests do not reduce shielding 

of the contents or affect the leaktightness of containment vessel, 

or reduce substantially the heat dissipation to anb~nt air which 

relies upon natural convection through cooling fins protected against 

shocks by the extremity drums.  

The damage caused by the 0.3 m or ane foot drop would be similar 

to those cbserved with 9 m drop but reduced in extent.

(w) For compliance with 10 CFR 71 (Appendix A-6 and 7), this test is to be replaced 

by a one foot drop not preceded by a corner drop because the package weight 

exceeds 30,000 lbs and it is not fissile class II.
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- An horizontal drop would cause a slight ompression to the extremity 

drums and covers without damage to the fusibles which are protected by their 

recessed position at trunmnion root.  

- A vertical drop upon an extremity cover would causeries deformation 

without damage to other packaging constituents. Nevertheless, because 

of instability ot that vertical position upon a cover and possible 

subsequent fall to a horizontal position, we consider it is potentiaiiy 

the most damaging orientation.  

We can predict deformations and decelerations corresponding to this case 

by referring to the results of the 1/4 scale model tests.  

1st Phase : Vertical drop on extremity cover 

We calculate the cover deformation and deoeleration as follows : 

- drop energy : 305 x 3.6x 104 = 1.O98 x 107 daNx mm 

- cover surface : 2.2 m2 

- crushing resistance of balsa wood in fiber directiqn: 0.7 hb X 

- force necessary to start cover crushing : 1.54 x 106 daN 
1.098 x 101 

- cover deformation : 6 = 7 mm 
1.54 x 106 

- deceleration : 7 = 44 g 

We may assume that damages concern only the inpact region as (cover) 

for such a low in-pact velocity (2.43 m/s) most of the package capo

nents may absorb cinetic energy without exceeding yield strength.  

In particular, the cinetic energy of lid and contents may be absorbe 

by the lid fixing screws without exceeding yield strength.  

One reaches similar conclusions as concerns all orifices connected 

to the package cavity and the fusible screws connected to the coar

partment filled with wet cement.  

(0) Refer to [3 8].  
L
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2nd phase : Fall to horizontal position 

The vertical displacement of the package center of gravity 

corresponding to this fall is : 

For TN 8 2.75 - 0.85 = 1.9 m 

Fbr TN 9 2.87 - 0.85 = 2.02 m.  

For both packages, the fall energy is about the same biecase the weight 

difference is ccnpensated by the fall height difference.'

This energy is absorbed by deformation of the drum which was at the upper 

extrenity before the drop. With reference to drop y/ 6 -ýo the 1/4 scale 

model, (fig. 5.A.10), we can predict the present defoimation of the drum.  

12 + 29 24 2.02 : 
2 x 222 x x= 37 Tfm 

2020 The deceleration is : -7 x 2 = 11O g 

which reflects the fact that the drum moves through twice the distance of 

the center of gravity during the fall.  

As the deformation of the drum is limited to 37 rmm, o16ly, a few cooling fins 

risk being bent and would have no potential influence-upon changing the 

cooling rate of the package. Similarly, the fusibles Wn their connections 

to the cement cdr t &o not risk damage because of their recesses 

location at drum surface as well as the mechanical prbtection offered by 

the trunmions.  

1.3. Compression (§ 713) 

In kunex B to Chapter III, the stresses caused in t package by a 

unifonnly shared load equal to five times the package weight were 

calculated. Resulting stresses are very small and &a not affect the 

shielding efficiency or the leaktightness.
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This test obviously will not damage the package regardless of 'Mnpact 

point as all feasible points of damage are protected by the shock 

absorbing covers.  

2. TESTS SPECIFIC TO TYPE B PACKAGINGS 

2.1;. The T08 and TN9 packaging designs Incorporate the results of many stulies 

which we have performed for about ten years concerni.,g the sijecific problems 

facing the cesigners of type 5 packaqings.  

The objective of these studies was to find some simple and econom;cal 

technolegy to solve these problems. Special emphasis was placed in the 

area of satisfying the regulatory requirements under accidental conditions.  

Therefore, acting eith.r alone or in cooperation viith other organizations we: 

- performed some drop and fire tests on various packaging designs 

- developed technology to improve resistance to drops and fire 

- established o, checked thecreticaland experimental methods of calculation 

to predict the behavior of packagings under regulatory accidental 

conditions.  

Simulta-ejusly, we collected and analyzed a pertinent theoretical and 

experimental bibliogra,-',y especially concerning use of scale models to 

study packa'ong behavior [361.
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An Important part of our findings was published in reference [381. -

In case of steel encased lead, we concluded that the following features 

are desirable: 

- placing a veil of thermal insulation between the lead and the packaging 

outer shell. Cement is a particularly interesting insulating material 

because, although it acts as a thermal absorber avoiding the lead melting 

under accidental fire conditions, it does not affect the transmission 

of heat from the center of the package to the surface. AdditionallJy, 

cement is economical and easy to use; 

- providing shock absorbing covers at the packaging extremities.  

Under regulatory test conditions, such features permit: 

- absorption of the kinetic energy by deformation of subsidiary devices 

which have no functions in containment and shielding; 

- reduction of lead settling in case of a tall packaging; 

- reduction of damage to contents and of the stresses in the lid screws 

by~a lower deceleration rate 

- protection of the gaskets from high temperatures 

- protection of the piping orifices which can easily be located under the 

shock absorbing covers.
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/ As indicated in tUye detailed description of dvnpter 11, these features 

were used in t]he "'!8 and V.:49 packagin'g desicglns. In ord,:r to vr t-. fy 

the specific app3 icAtion of these features in the rasec of TI8 and TN9 

(shock-absorbers made of balsa wood, cavity lengrq., tubular trunnicns, 

copper I ins prou-:ding frcrn a resin ]ayer, etc.), %-* chose to rely as 

far as pos-ible on d'irop and fire tests an scale Rozdels, and to limit 

calculations to the analysis cf design features introduced subsequently 

to test comp]eticn (recessed trunnions and lateral drain orifice).  

These calculations which. concern the evaluation of the padkages in dzcp test 

conditions are developped in the annex E to the present chapter.  

L 2. 2. Pi~nc!J•.les of ":4 3 test ing for predictinc datace cau.-d 
2 4~~~~~~ 2 .. I l i a c l_ _e s• / o f % c ;2 t s i f xbt -o i iz 

Qr, '-L-ys ts 

&-.> rircxel tc;sti;yc is a mhth1.i(attractive for predictin.g the bxhavior 

of lange cks~cs duri:-c'a drop, in pawticular uben it is provid,- w:.0h 

shock absorbing structLLres, the deformation of which Vs difficult to 

evaluate by ca~lculation.  

It is based upon a theoretic-al analysis confirmed by an q.rir':nt-i ork 

publ~ish:d in (36). This reference shows that similar lead nojels droped 

frrn the sane :aight will exhibit permanent deformotions scaled as the

models. This theory was also verified for complex models such as lead/steel 

c,.,Atainers or thick walled steel packages proyided with altuminum shock 

absorbers at the Lx_-c.aities (38).  

i -;eyn•rij nthod to denonstrate validity of Uk, mxleI est v :• principit! 

is to test a miniir, of 2 L:L'.;s scalkd in:a .1 g..,•ctric !.rcj.:.ssjo~i.
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(for instance, 1/4 and 1/2 models.) The scaling factor between the actual 

full scale model aid larger of the tested models is the same as between 

both tested models.  

most experimental wrk concerning model testing does not include acceleration 

measurements, but theory indicates that it varies acoording to the reciprocal 

of the scaling ratio.  

It is obvious that the larger the model, the more convenient it is to 

include more design details. Therefore we decided to test a model at 

scale 1/2, the naxirmn reasonable considering the delay of fabrication 

and capacity of the testing facilities.  

In addition, as we intended to have the main features of the 1/2 scale 

model as close as possible to that of the final design,. we used a 

rather sinplified 1/4 scale model which was easy to replace if necessary 

after testing. In fact, the first 1/4 scale model performed rather well 

and it was not necessary to significantly modify the design before pro

oeeding to the more inportant 1/2 scale testing.  

The characteristics of scale models used and the tests to which they were 

subjected are indicated in the following table:
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SCALE MODEL TESTS 

Weight (kg) Drops Fire 
Design Scale Ref. Dwg. Total Contents Height Nr.  

TN9 0.25 9085-44 530 41 9 m. 5 
1 mVtarget 1 
20 m. (**) 3 

TN9 0.5 9085-55 4 300 318 30' 3 duration: 
40"/target 2 about 
20 m. (*) 3 15 min.

1 9085-69 2 000 duration: 
about 

30 ain.

* This test is not required by the Regulations but is shows that these packaging 

-- designs can withstand nore severe drops than required.  

As can be seen, the previous tests concern only the TN9 design. We can 

deduoe fran these tests conclusions conterning 1N8 as well as TN9 designs 

because: 

- The TN9 models survived repeated tests with a large mlargin of safety, 

thus we may assume that a slightly different design would also survive.  

- The TN8 design is nore coupact and has a greater thenral inertia, therefore 

it would survive the same tests in better condition than the 7N9 models.  

- The two designs differ by less than 5% in weight, thus their behavior 

with regard to the 1 meter punch test may be regarded as similar.

TN9
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2.3;: Dn •prION OF TIE MODELS PND R-SMUUTS OF DROP TESTS (Wt 

2.3.1. Quarter scale model 

'T•.c 0.25 scale model which was used to chzck the efficiency- ot 

the shock absorbers and the oth.r characteristics of the W.9 

packaging design was similar to the full scale packaging Y;.th scaty 

minor simplifications concerninq mainly parts th.it do not wontriLoto 

to st-nuctural strength (no fins, :n resin, no cx.mT. 4 veil, o:ny one 

drain pj;x,,'circular section of cavity, different type 0 :d gaske•t.).  

in addition, carbon steel was used instead of stainless stoe.. This 

substitution is conservative since the properties of st..inless steel 

are greater than carbon steel, and if tVI carbon steel rltde] :;.ssed 

the tests, oert trn:,y the stainless steel mode] Iwould have a i so.  

One shi-plificatic". which may have affected structural stzeg:jth 

concerned the detail of radial reinforcements of t:.e extrcn.itv 

dcrunms uhich were not welded to the outer shell.  

[ .223.2. Half - Scale Wxodel 

The construction o: this model refle.ted advancements rMioc in tdh 

dt-sign since the testing of the 1/4 scale mzxlel. The 1/2 scale 

model reproduced most of the desigq details ad also represented 

the fabricati-on tc o- used for the final design. All sorcws, semi

products a:x! .,eldings were carefully scaled to repres,,nL a:s CIO& y 

as possibie those to be used in the full scale 1Ack.,ryinr.

See al:.,o ?d:.ýŽxr-s A axe B(*)



Rev..5 
, -.. 10.176 

174 

Differerces fran the full scale nodel includ: 

- Use ot mild steel for external surfaces.  

- Shape of the outer shell circular instead of polygornal wit!& rouned 

angles.  

- Copper fins rel.aced by long radial copper strps of sane wF2ight.  

7The fact that twisted fins were replacW by turallel radial st: 1-)3 

is very coiserIvat]'.-A wnen considering the retention of resi,.  

- Nu-ber of pipinqs to cavity reduced tu 3 at critical locacion.and quick connec
tions repJ4 ed by plugs.  

- Truncated conical shape of load shieldinq at lid cxtratuty w.i.,-stetd 

in full scale to prevent ga-r.u ray streamrinq).  

- T•c ex-oermal s.irface of lead is not stepped.  

- The reinforcing pla•es of the shock absorbing covers are :made of 

carbon stcel instead of stainless steel.  

kJ [ 2.3.3. • Dr:.)L M-su~t 

Both ,models survived tie repeated drops wi tjhot shielding re:uction, 

loss of leaktightness or visible deformation of cavity even after tihe 

models were cross-sectioned for inspection.  

V.e 0.25 scale codel was drop-tested at ambient tamperature (18 0 C) 

an.I the 1/2 scale model was preheated (800 C) prior to the first 

drop, but the results of the first drop in each series of tests wurc 

rumarkably similar.  

- For coampari.son Pf s!hock absorbing covers this result is in.,ortant 

because after each drop in the 1/4 scale model tests the front cover 

was submerged i, water tn test for lid leakage whereas his was ,r.t 

y done for the 1/2 scake model.
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Because of the introduction of water into the cover, tle results 

of the damaqe.to Lie oovers in the case of tlye 1/4 scale rrsxiel C,.r 

succbedinq drops carmiot be as closely correlated as in tuk. 1/2 scaile 

model.  

Since th2 prime function of these tests was to st,.,]jt-t the udtel:

to severe conditions anid verify that they rpmviined leak tqht, cjusc

measurerwent of the extent of defornration (which would have be-n tiny 

ccunsuming and expensive) was not -oncentrated upon. Dq)ha•is was 

placed on ccrmleting3 all the plan:.ed drops within the time allov-d 

to us at th.2 testing facility.  

- This res-o]t is also interesti:g because frcr- 18'C to 80CC the 

ultimate strength of., lead and its creep resista&nce are altered 

approximitely the szr' anount as frcm 80"C to 144%C (iraxunun averewv,_, 

te'llerature of lead during transport (*) as shown in the folloain;j t-le.  

Stress necessary to 
Temperature of lead Ultimate strength cause creep rate of 

'chý,,cal lead) hb 0.11 per year 
b 

18 C 1.35 14 

80 C 0.8 10 

144'C 0.5 5.7 

[() See annex E to chapter rq
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Therefore, we can consider that the deformations which the TO8 

and 7N9 packaging designs would suffer, at their temerature of 

utilization, are similar to those noticed on the scale models.  

Deceleration rates were measured by decelerameters and confirmed 

by a few measurements of deformations in the case of the 1/2 

scale model.  

For instance, consider drop No. 2 (vertical drop, on cover) of 

the half scale model.  

Measurements: 

Snmodel weight: 4 300 kg 

initial thickness of balsa: 175 mm 

final thickness of balsa: 89 mu - 2 x 2 mm= 85 mu 

irpact surface area.(*) 0.4 to 0.45 m2 

maximun deceleration: 180"g 

This decleration might be predicted by the following calculation: 

campressive strain: 175 - 85 = 0.515 
175 

corresporwing 
dynamic-stress (38) P = 185 b.  

static stress: 0.95 b < p < 1.1 b.  

max. deceleration: D = P 
p 

168 g< D \< 195g 

(*) Taking into account drop No. 1 which ompressed part of cover.
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We see that the deceleration. measured is within the range foreseen 

by calculation, taking into account the uncertainties in the estimate 

of the impact surface area.  

As the regulations stipulate that the drop orientation and the 

impact point on target must cause maxinun damage to the packaging, 

we carefully considered our choices to ensure crmpliance. It 

seemed that the most unfavorable 9m-drop orientation corresponded 

to a slight inclination which would position the center of gravity 

directly over the intended impact point. This is the orientation 

chosen to drop No. 1 (for both scale models). In both cases we 

also performed a vertical drop on the lid cover and a horizontal 

drop on the trunnions that gave rather similar results.  

Two additional 9m orientations were adopted for the 0.25 scale model 

and both models were submitted to 20 meter drops. The half scale 

model covers which were cut apart for examination after the first 

series of tests were replaced prior to the series of 20 meter drop 

tests. In conclusion, we can assert that no 9 meter drop could 

cause any damage to the TN8 and TNq9 packaging designs other than 

that noticed on the scale models.  

Cbncerning punch tests, as preliminary studies showed that a part

icularly unfavorable orientation of drop on target is a vertical one 

which makes the target axis correspond with the packaging axis,
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we reinforce the covers with stiffener stainless steel plates, the 

thickness of which was calculated to be sufficient to prevent damage 

to the piping orifices. The punch tests confirmed that the covers 

are not totally pierced and that leaktightness of the packaging.is 

maintained. For a horizontal orientation, the punch did not damage 

the outer shell, nor cause any bending. As the sizes of the punches 

were scaled to agree with the tested models, these results demon

strate that the actual packaging would satisfactorily withstand the 

regulatory punch test.  

These drop tests demonstrate that the contents would not damage 

the packagings as the scale models contained steel or lead weights 

which represented the -TN9 contents.  

In an attempt to check the condition of fuel pins after repeated 

drops, standard sized Zircallcy clad fuel pins were placed in the 

cavity of the 0.25 scale model without ainy packing. Obviously, 

these pins were not irradiated and therefore not stressed due to 

fission gas pressure.  

It is interesting to note that these pins suffered no damage 

during the drops even though they were exposed to a deceleration 

four times that expected in the case of the actual packaging sub

mitted to similar drops.
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Fseasuremnts of the local deformations caused by the drop was not 

included in our testing program because such measurements require 

too mich time and skill to be reliable and difficult to interpret 

as successive drops interfere with each other.  

We preferred to take photos and movies (normal and high speed of 

1/2 scale model). This was more efficient because the time 

allocated to tests was restricted and repeated drops seemed more 

useful than plain measurements that do not contribute directly 

to the evaluation-of model behavior with respect to maintenance of 

shielding and leaktightness (main objectives of tests.) 

We nevertheless measured the order of magnitude of deformations in 

several instanoes. In addition, for the 1/2 scale model we measured 

the decelerations as already stated.  

In the following table we listed the main measurements and values 

for the full scale model extrapolated by nultiplying the actual 

deformation measurements by the reciprocal of the scaling factor and 

multiplying the deoeleration measurements by the scaling factor.  

For instance, a deceleration of 20 g measured with 1/2 scale model leads 

to a deceleration of 20 x 1/2 = 10 g for full scale and a deformation 

of 20 mm measured on the 1/4 scale model leads to a deformation of 

20 x 4 = 80 mm for the full scale model.
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Drop Orientation Peminannt rXefoniviwtiori d3flJ*(0* 

Moe~sured .)ctrapola ted 

9 neter drop/ 1/4 scall 1/2 scale Rill sc-ac 
fbat s-.r face vlnr1 

- lightly ii:irdfc.160 80 q 

vertical ux~n lid mcr 86~ -an 1-1 1 8 

-_.revious drop) 
Irzotra' up'.-n 150-180759q 

I lB0-qje (155 qj)*a 

1---rizonta~ll upxfl dru.n L2 + 20, -0 M j3:, 

! mtz-er droy./pix-tch 

-vertical upon rear cover I170 rrr- .340 zr 

-hori~zon~tal upon 2-Og1-( 
f I'r.ncd rc-4ion20g0 

-vertica]l mum lid cover (90 !wn)* (360,Ir.  
*(al ready daaag(ad) 

De~format ions ar*-- -:,Vressed in nn and ircalehration taking' thme gravi t
as a unit (g). N, re tha3t dcf.onnintions ~ndx av .eloatiori a~re nC-t 
correct.,i- for .:..x;-Lnu~aiivc effect of prem-edi ng drops.  
B alasa wox-d is- w,-t.  
C~over wx: reinf._.: --d a.; a oonsenquenze o.f this result.  

De-ci1~uccc' from cn~~o sr 

r TrnunicAi design was md~fied subsrc-cr._erit1y to '-he test,--but that irodificat iai 
would mot affect the deceleraticr, peak (_refer- tO AnneYK E to thi-s .41mater%
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3. Fire Test 

3.1 Behavior of 0.5 scale model 

After the drop tests previously mentioned, the 0.5 scale 

model was submitted to a fire test to check the ability 

of the packaging to survive the regulatory fire test 

conditions.  

Annex C to the present chapter describes and analyzes 

the test performed and shows that: 

- the shielding integrity and containment vessel 

leaktightness were maintained.  

- the results can be applied to full scale packagings 

when submitted to a regulatory 30 fninute fire test at 

8000 C.  

At the end of the fire test, the 0.5 scale model was 

damaged to such a small extent that we were able to submit 

it to an additional series of seven drops which also did not 

affect its leaktightness and shielding.
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This fire test pointed out that the resin shielding acts as 

a thermal insulation during the fire but may continue to burn 

after the fire is extinguished. This is due to the polyethylere 

content of the resin. The rate of post-combustion observed 

with the 0.5 scale model was rather low and did not seem to 

be contributing to the heating; thus, due to a time constraint.  

the test was concluded without waiting for self-extinction 

of the resin fire. In order to evaluate the consequences of 

a post-combustion period and eliminate any risk of error due 

to scalirig, we-decided to p4rform another fire test using 

the full scale slice of the packaging.  

3.2. Calculation of fire test temperatures 

In the early design period, these temperatures were determinee 

by a graphical method [38].  

We assumed: 

- total power dissipated by the package 24.5 kW 

- linear power 6.05 kW/m.  

- ambient temperature before fire 

- thickness of the cement veil 6 nur 

- fire conditions as specified in the regulations 

(Annex IV - 1-4.3.2.) 

The following table list! the results:



I8O

&.4

Time (since Temperatures (C) 
beginning of 
fire (minutes)) 

to ti t 2  t 3  t4 t5 
ambient fins outer external internal cavity 

steel lead lead 
shell surface surface 

0 38 72 91 92 106 122 

15 800 580 195 188 122 124 

30 800 670 308 298 157 127 

45 38 190 282 280 176 142

Maximum outer shell temperature (t 3 = 322 0C) 

35 minutes after the beginning of the fire.

is attained

Annex C includes also a computer ca'frtation which points 

out the influences of the-thickness of the cement veil and 

of decay heat.  

As these conditions do not consider post-combustion of resin, 

they are not sufficient to complete the entire fire test 

analysis but they were utilized for correcting the results 

obtained from the fire test described below and to take into 

account possible change of initial-1hermal equilibrium 

(ambient temperature, decay heat, solar load and cement veil 

thickness).
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3.3 Behavior of full scale slice of IN 9 mo&,l'and utiAhizatio, of 

results for predicting latiperatures of IIN 8 ctnd TJ 9 under 

firc c-onditions 

"I-K full scale packaging slice already described in Annex A to 

L Chapter IV was submxitted to a regulatory open fire test § 723 of Ret (45).  

This test is descrilbd in Annex D of Ct.! prcesent.  

chapter. ilie nvdel exhibited good resistance to the combirneJ 

effects of internal heating vind exposure to fire.  

The results of this test nay be used for predicting the bm.'havior 

of thc, TN8 ad 119 n.dels under the re•glatory fire test cnorlitions 

after ad,.guzite c.orrections.

Initial tt.rnol egailibriLrr 

The ar-bient conditions met during the fire test dif fered frcn, 

those spvecific-d ly U. S. regulations: 

- air temperature was 17'C instead of 54.5'C (13OF) 

- wind speed was 2-3 m/s instead of zero (still air) 

- solar load uas negligible instead of equivalent to 2420 kcal/n 

for tUe full package.

3.3.2. Infom..•tion resultina fran fire test 

The temperat;Lre records of the test (fig.5.D.3) sho.w that th-e 

out.cr shell tenWeprature increases rather quickly dur iq the 

gaso" ne fire period (0 - 30 wir) ,t&en i s pracLicaIIy stabilized 

durrinc a 150 mir• period c.rrespondiuq -to resin corbustion (30 min 

- 100 m)in) before decreasttyj quickly.

•. 3.3.1.  

[
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As shown on fig. 5.1. : 

- during the fire period (A - B), 

t3 (outer shell temperature) varied by 2230C fro- 27"C to 250eC 

t 4 (external lead taeperature) varied fran 46 C to 100 C 

t3-4 (difference between t3 and t 4 ) varied fram -19PC to 150*C 

- during the resin combustion period (B-C) 

t 3 practically remained at 3200C (average of actual tenperatures) 

t4 varied from 1000 C to 228C 

t_-4 varied from 2200C to 92*C 

For predicting the behavior of TN8 and TN9 packages, it seems 

reasonable to admit (as observed with tested uodel) that the 

outer shell temperature varies by 223'C during period (A - B), 

then remains at 3200"C during period (B - C).  

In addition, the fire test results permit calculating the apparent 

conductivity (k) of the insulating veil between the outer shell and 

the lead during the period (B - C).  

Let us consider a piece having a heat capacity(%C) developing 

an internal heat load (Q) and isolated from a surrowuni shell 

at constant temperature (t 3 ) by an insulating veil (thickness: 

e; surface : s; conductivity: k).  

At any time (e), the temperature gradient (t 4 3 ) through the 

insulating veil is given by the equation: 

(- 3 ) x e=+ [t 4 3 1 =o x e +Q1 ee 

ks 
with B = eým
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The following table gives the data necessary to solve above equation :

1 - Veil thickness chosen is a minimun, taking into account 

the fabrication tolerazkces.  

2 - For the detenrination of the veil surface, we consider 

the length corresponding to reduced thickness (3.30 m for TN8 

and 3.54 m for TN9) 

3 - For detenrination of MC, we cxnsider the weights of ma

terials surrounded by cement (fuel excluded) :

Remarks :

I

Material Specific heat Weights (kg) 
(kcalAcgMC 

Fire TN8 TN9 
C1311 'Tested N 

Model 

Steel o.106 87 1200 1500 

Lead 0.038 1270 20700 20700 

Copper 0.092 )0 300 170 

Resin 1 0 50 50 

B4C-Cu 0.124 0 250
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Ccnsidering the period B-C of the fire test, have : 

e =2.5h 

(t 4 _3 )c = 92oC 

(t4_3)B = 220oC 

and equaticn page 181 (a) gives 

_ =9.2 k= 9.2x0.01 0.107 kcal/h.m2 

e - 0.86 

Note : Such a lw thermal conductivity seems to indicate the presence 

of gaseous -gap.  

3.3.3. Prediction of the external lead temperature (t 4 ) in fire ccnditions 

(a) TN8 Package (see fig. 5.2.) 

During period A-B, shell tenperature (t 3) varies froa : 

(t 3 )A = 114-C to (t3)B = 114 + 223 = 337*C 

Referring to the correspcnding variations measured during the fire 

test and introducing a correction for minimun cement thickness, 

heat capacity and heated surface, we find that temperature t 4 varies 

fron: 
(t4A 11-4 +-20 = 1240C (cement veil 5 mm thick) 

=t =124 + (100 - 46) x1.*94= 9* '4B1.49 = 194"C 
to (t4)eB p B24,+t(1 rem46 ns 1.4a--9 
During the period B-D, t3 remains at 320-C.
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At time B : (t34)B= 320 - 194 = 126oC 

Equation(page 181 a) gives t 3 -4 at time C 

BO = 1.94 x 0.107 x 2.5 = 0.519 

e- = 0.595 

(t 3 -4)C = 17oC 

(t4)c =320 - 1.7 = 303*C 

b) TN9 Package (see fig. 5.3.) 

During period A-B, the shell temperature varies fran (t 3) A = 165"5*C 

(t3)B = 105.5+ 233 # 3290 C 

and external temperature of lead varies fram: 

(t4)A = 105.5 + 1415 = 113°C to 

22.08 

(t4)B = 113 + (100 - 46) x .=88 C 

At the beginning of period B - C, 

(t3_4)B = 320 - 188 = 132 0C 

At time C, 

B9 = 2.08 x 0.107 x 2.5 = 0.556 
-ES 

e = 0.573 

Equation (1) gives : 

(t 3 _4)C = 320C 
(t4 )C = 320 - 32-- 288°C 

3.3.4. Maximum transient temperatures of different package onstituents 

At time C, the heat received from ambiance decreased to 9 - 16% of the contents 

load. Therefore cne may assume that the temperature repartiticn through lead 

became approxinmatively parabolic and that the temperature gradient does not 

exceed half its value in normal transport conditions (temperature repartiticn 

approdnmatively linear). For the determinaticn of the maximum transient tem

perature of the fuel pins (t'm) we refer to formula in chapter IV. Results 

are given in the table at the end of this paragraph.
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3.3.5. •J!libribum t-e~ratures after the fire test 

Fig. 5.D.3 gives the following temperatures measunr-d at equi IbrIto, 

for the fire tested model.  

T(-%perature Initial equi librixn Final equi I ibritm 

to 17 17 

t3 27 50 

t4 46 84 

t5 63 115 

t 6 125 178 

- The fin efficieny was reduced as a consequence of distortion, local 

melting and oxidation, but most of the burned resin remained in 

place.  

- It seems reasonable to assure that this reduction did not exceed a 

factor of tuo.  

- Dehydration of the cement caused the gradient (t 5 _3 ) to vary frcn 

36*C to 65*C ( 80% increase ).  

- Thermal gradient (t 6 -5 ) did not vary.  

These results and interpretations .allow determination of the 

equilibrium te•peratures of TN8 arki TN9 packages after the fire 

conditions.  

For dptermination of fuel pin torperatures (tin), we refer to chapter IV.
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3.3.6. Behavior of 7N8 and TN9 models under fire conditions

3.3.6.1. onsRLe1 es..of -changes

The calculated tenperatures are given in the following table :

Temperatures in normal trans- Maximum transient 

port conditions (OC) temperatures (3) 

Location 

Before fire (1) After fire (2) 

TN8 TN8 TN9 TN8 TN9 

Outer shell (t 3  114 106 175 160 320 320 

Ecternal lead 126-134 115-120 232 198 303 288 

surface (t 4 ) 

Internal lead 154-162 132-137 260 215 317 297 

surface (N) 

Hottest cxpaar- 164-172 286-291 268 369 427 451 

ment average 

(t 6 ) 

Fuel pins (tin) 443-445 369-374 490 430 525 496 

(1) Temperature values are subject to possible variations due to fabrication 
tolerances which cause differences in the thickness of the cement veil 

(5 to 10 um).  

(2) We consider only maxirn thickness of cement veil (10. rm).  
(3) We consider only minimin thickness of cement veil ( 5 mrm).  

Since the melting temperature of lead is 3270C, the pckaging does not risk 

melting during or after the test.  

The containment vessel remains leaktight because the silicone rubber gaskets 

withstand the temperatures reached during and after the test maximum 3030 C for 

a short period and 2320 C at equilibrium).
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3.3.7 TN-8L Fire Accident 

The fins provide the principal path for heat transfer from a fire 
into the packaging. The solid resin shielding acts as a thermal 
insulation during the fire. Since the TN-8L has a lesser number 
of fins, the total heat flow into the packaging will be less and 
all internal temperatures will be lower than those predicted for 
the TN-8.  

3.3.8 TN-8 Fire Accident with Type 'PP' Fuel 

3.3.8.1 Maximum Transient Temperatures After Fire 

From Chapter IV, t 3 = 67.4°C and t 4 = 69.1 0 C are the steady 
state temperatures with an ambient temperature of 54.5°C, an 
insolation heat load of 2.9 kw and a decay heat load of 3.0 kw.  
Let A be the time at the start of the fire test. Time B (30 
minutes later) is when the fire is extinguished and the time C is 
180 minutes after the start of the fire (150 minutes after the 
fire is extinguished).  

Using the results of the fire test on the slice of the full scale 
model, we have 

(t3)B - (t3)A = 223oC 

For (t3)A = 67.4°C, (t3)B = 223 + 67.4 = 290°C 

To be conservative for the fire conditions, the cement layer 
thickness is reduced to the minimum value of 0.005 m.  

Therefore, 

(t4)A = 67.4 + 69.1 - 67.4/2 = 68-C



Rev. 9 5/30Y685 
182e 

The temperature (t4)B in the TN-8 package is predicted from 

the results of the test model. A correction for the difference 
in heat capacity and heated surface area between the TN-8 package 
and the test model is made using the formula 

(t4)B - (t4)A = [(t4)B - (t4)A]test modelx 
(B'TN-8/B'test model)] 

where 

[(t)B - (t4)A] test model = 100 - 46 = 54*C 

B' = S/(e Mi Ci) 
B' test model = 1.49 meC/kcal 
BITN_8 = 1.94moC/kcal 

By substitution of these data into the formula above, (t4)B 

can be calculated as 

(t4)B = 70 + 68 = 138*C 

As in the case of the test model, it is assumed that t3 remains 
at 320 0 C during period B-C. At time B.  

(t3_4)B = (t 3 )OD- (t4)B = 320 - 138 = 182°C 
4P 

To determine the temperature gradient across the cement layer, 
the same equation which was used for the TN-8 package is 
employed. Namely, 

(t4_3)T x ks + Q = [(t 4 _3 )T 0 x ks + Q] x exp (-BT)
T=O ee
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Rt time T. the temperature gradient (t 4 - 3 ) through the cement 
layer is given by this equation where 

B= k S 
e ;_ HiCi 

Time 0 between events B and C is 180 - 30 = 150 minutes (2.5 
hr). Additional data are as follows: 

k = 0.107 kcal/hr.m.*C 
Q = decay heat load = 2580 kcal/hr 
S = surface area of cement layer = 9.9 m2 

B = B' x k = 1.94 x 0.107 = 0.208 hr-I 
exp(-BT) = exp (-0.208 x 2.5) = 0.595 

ks/e = 0.107 x 9.9/0.005 = 212 kcal/hrOC 

By substituting the appropriate values in Eq. 3.1. we get 

(t3_4)C = 103oC 

(t4)C = 320 - 103 = 2170C 

The calculations show that under fire accident conditions for the 
temperature of the outer shell at 320°C the maximum transient 
outer lead surface temperature (t 4 ) of the TN-8L package with 

3 kw decay heat load is 2176C. This temperature is less than the 
corresponding value for the TN-8 packaging (3030C).
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During the fire accident, the lead temperature increased by 
(t4)C - (t4)A = 217 - 68 = 1490C. Since the lead layer 

completely encloses the fuel assembly region, the average cavity 
gas temperature will not increase by more than the increase in 
lead temperature during the accident. Since the cavity gas 
temperature during normal transport conditions is 940C. the 
maximum cavity gas temperature will not be more than 94 + 149 = 

2436C for the TN-8 and TN-8L packages.  

3.3.8.2 Equilibrium Temperatures After Fire 

The TN-8L packaging temperatures at equilibrium after the fire 
can be deduced from the TN-8 packaging temperatures by applying 
the appropriate corrections to account for total heat load P.  
number fins Nf. and decay heat load per assembly Q. The TN-8 
package will hay elower equilibrium temperatures than the TN-8L 
because the TN-8 has more fins than the TNIBL....  

(a) Outer Shell Temperature. t 3 

(t3 - to)TN-BL = (t3 - to)TN-8 x (Nf)TN-i x PTN-8L 
(Nf)TN-SL PTN-8 

Where 

(t3 - t ) TN8= temperature difference between the 

outer"bhelh and ambient-.for- tue TN-8 package 

"= 120. 5C 

(Nf ) TN8= Number of fins on TN-8 package = 22.000 

(Nf)TNBL = Number of fins on TN-SL package = 15.800 

PTN-8 = Total heat load (including solar heat) = 38.3kw 

PTN-8L ff Total heat load (including solar heat) = 5.9kw 

t = ambient temperature = 54.50C o
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Therefore, 
(t3 - to)TN_8L = 120.5 x 22,800 x 5.9 = 26.80C 

15,800 TV.T3 

t3= 26.8 + 54.5 = 81.3 0 C 

(b) External Lead Surface Temperature, t 4 

(t4-3)TN-8L = (t 4 - t3)TN-8 x QTN-8L 
QTN-8 

where 

(t 4 - t3)TN_8 = temperature difference across cement 
layer 

for the TN-8 package = 38°C 
QTN-8-L = decay heat load for the TN-8L package = 

1.0 kw/assy.  
QTN-8 = decay heat load for the TN-8 package = 
11.84 kw/assy.  

Therefore 

(t 4 - t3)TN_8L = 38 x 1.0 = 3.20C 
Tr.8 4 

t 4 = 81.3 + 3.2 = 85*C 

As the lead layer completely surrounds the fuel assembly region, 
the average cavity gas temperature will not increase by more than 
the increase in lead temperature at equilibrium after the fire 
accident. The lead temperature t 4 increased from 69.1 0 C to 

*• 85*C, i.e., by 16 0 C. The average cavity gas temperature during 
normal transport conditions was assessed as 94 0 C. Therefore, the 
cavity gas temperature at equilibrium after the fire accident 
will not be more than 94 + 16 = 110°C for the TN-8 and TN-8L 
packages.
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The viton gasket has been conservatively assumed to be at a 
temperature equal to t4, the external lead temperature. Hence 
the average gasket temperature is assumed to be 850C at 
equilibrium after the fire accident.  

3.3.8.3 Conclusions 

The results of the thermal evaluation indicate that the 
temperature distribution in the TN-8 or TN-BL packages carrying 
three "PP" or "PPI type fuel assemblies precooled for five years 
is much lower than that presented for the TN-8 carrying three "PI 
or "Pl assemblies.  

The average cavity gas temperatures were estimated to be not 
higher than 243 0 C and 1100C in transient fire accident and post 
accident equilibrium conditions, respectively. These 
temperatures a-re much lower than the corresponding values, namely 
450 0 C and 390 0 C respectively, reported for the TN-8 package with 
150 day cooled fuel.
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3.3.9 Consequences of Pressure Changes 

(a) Peak Cavity Gas Pressure 

The peak cavity gas pressure will occur at the maximum cavity gas 
temperature and when the cavity contains the maximum amount 
(mass) of gas. This could occur during a fire accident if all 
the fuel pins fail. The peak pressure is evaluated assuming this 
hypothetical accident occurs.  

The maximum partial pressure of nitrogen is 

PN = t7max V6(Tl V7) x P 

and the maximum partial pressure of free gas released by the fuel 
is 

PF = t7max 3V3/298 V7 x P 

where 

P is the cavity pressure at equilibrium = lb (section 1.1.9) 
timax is the maximum transient gas temperature, OK 
tj is the equilibrium cavity gas temperature, OK 
V6 is the cavity free volume before the accident 

= TN8 cavity volume - 3 x (assembly volume*) 
V7 is the cavity free volume after the accident 

and V3 is the free gas (NTP) per assembly

*Chapter III, Annex C
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i) TN-8/TN-8L with Type IP' Fuel 
T = 573 *K (Ch. IV, Section 6.0) 
T7max = 723 ;K (Ch. IV, Section 6) 
V3 = 0.112 m3 (Ch. III, Annex C, Section 1.1.5) 
V6 = 0.453 m3 (Ch. III, Annex C, Section 1.1.7) 
V7 = 0.461 m3 (Ch. III, Annex C, Section 1.1.8) 

P = PN + PF 

= 723 x 0.453 x 1.0 + 723 x 3 (0.112) x 1.0 
'57-3 -M 0.461 

= 1.24 + 1.77 b 
= 3.0 b 

ii) TN-8/TN-8L with Type OPP" Fuel 

Fuel data provided by vendors show that the assembly volume 
for OPP" fuel may be as large as 0.091 m3 . It also has 
been observed that these assemblies have larger "15in void" 
volumes. The combinatin of these two factors result in a 
small increase in peak cavity pressure during a hypothetical 
fire accident. This has been accounted for in the 
calculation of maximum pressure for various combinations of 
residual heat and free gas volume per assembly. The results 
are presented in TAble 5.1. The maximum cavity pressure is 
3.7 bar absolute.  

•-LThe table shows that fuel assemblies with more free gas per 
assembly may be transported in the TN-8L cask if the decay 
heat load is lower. This may be achieved by stipulating a 
longer cooling period after discharge for spent fuel with 
high free gas content. Correspondingly, assemblies having 
lower volumes of free gas per assembly and higher decay heat 
loads may also be transported.  

c) Risks associated with pressure increase 

Above calculated pressures remain far below the testing 
pressure (11 b) and do not risk damaging the packaging or 
causing leakage.
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4. Conclusions 

The results of drop and fire tests on packaging models illustrate 
that all designs comply with regulatory requirements concerning 
type A and B packagings.  

The consequences of regulatory tests are: 

temperature increase of packaging and contents: this 
increase does not damage the packaging or modify the 
physicil or chemical form of the contents nor does it 
appreciably change the primary coolant pressure (*).  

deformations: they are limited to externals and do not 
affect the cavity. The integrity of the containment vessel 
and the gamma shielding is insured.  

- loss of the main neutron shielding as a result of resin 
combustion: it is shown in Annex A to Chapter III that the 
"regulatory dose rate limits (1000 mrem/h at 1 meter from the 
package surface) are not exceeded 

(*) The flattening of the fuel pin array and the rupture of fuel 
pin cladding may occur as a consequence of the drops. They 
do not risk increasing the package reactivity (see Chapter 
VII) nor do thev cause significant pressure change inside 
the package. cavity.
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TABLE 5.1 

DEPENDENCE OF MAXIMUM FREE GAS CONTENT ON DECAY HEAT LOAD, 
TN-8 and TN-8L 

Parameters Decay Heat Load Per Assembly (kw) 
0.5 1.0 3.0 5.0 7.0 9.0 

Average temp. at contact 
surface between outer 64.1 67.4 80.7 94.1 107.4 120.6 
shell and cement layer, 
t 3

0c 

Average temp. at contact 
surface between cement 64.9 69.1 85.8 102.5 119.2 135.8 
layer and lead, t 4 CC 

Average compartment wall 
temperature, t 6 °C 66.6 72.4 95.6 118.8 142.0 165.2 

Maximum Fuel Pin Temp., 
tmiC 89.6 116.4 208.6 282.8 344.0 395.2 

Cavity gas temperature 78Z¶ 94.4 152.1 200.8 243.0 280.2 
(normal transport condi
tion), t10C 

Max. cavity gas tempera- 230.8 243.1 304.6 357.1 403.0 444.0 
ture (fire accident), 
t7max 0 C 

Max. free gas INTP) per 0.186 0.181 0.161 0.147 0.136 0.128 
assembly, V3 mi (1) 

Maximum Pressure (bar) 3.69 3.66 3.60 3.56 3.53 3.51 

Notes: (1) It is assumed that the cavity gas pressure at equilibrium 
= 1.0 b, and the cavity temperature at closure 
= tc = (t 6 + tm)/2
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- ANNEX A TO CHAPTER V 

DROP TESTS OF TN9 CASK, QUARTER SCALE MODEL 

May 13, 1971 

SUMMARY 

A 1/4 scale model of the packaging was subjected to a total of 9 drops up 

to 20m onto different targets. The model remained leaktight. Deformation 

of the containment was very limited.  

1. INTRODUCTION 

The purpose of the drop tests was to collect the following information: 

- Efficiency of shock absorbers 

(.L i- Comparison of results with half scale model 

- Condition after drops (20m) exceeding regulatory requirements 

- Condition of Zircalloy-clad fuel pins after several drops 

2. DESCRIPTION OF THE PACKAGE (Fig. 5-A-i) 

Reference drawing TN 9085-44 

Materials: 

- carbon steel 

- lead 

- Balsa wood 

Contents: 

- 40 Kg lead cylinder maintained by two wooden spacers 

- 3 fuel pins, each 13 mm diameter, 345 mm long (type FR-2) - without packing
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The model was 1443 mm long and 429 mm in diameter including shock absorbers.  

It simulated the main features of the TN9 design as far as we suspected 

they would influence Its behavior under the conditions of the drop tests 

(weight; length; diameter of extremities; thickness of Balsa and steel 

parts; number, length, core diameter and material of screws).  

In order to facilitate manufacturing, the following simplifications were 

adopted: 

- circular shape of inner and outer shells 

- deletion of resin, copper fins and cement veil 

- one drain 

- stainless steel replaced by carbon steel 

The lid did not have o-ring gaskets but was simply tightened by silicone 

rubber. An initial leaktightness test at 3 bar was conducted.  

Weight breakdown is given below: 

- packaging body and lid 475 Kg 

- 2 shock absorbers 14 Kg 

- contents 41 Kg 

Total 530 Kg
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3. FUEL ROD CHARACTERISTICS 

Cladding: Zircalloy 2 

O.D.: 13 mm 

Wall thickness: 0.65 mm 

Pellets: natural U02 

Length: 345 mm 

Plugs: WIG welded 

No spacer spring 

4. TEST FACILITY 

The target was a 12 mm steel plate on a 35 T block of concrete set in soil.  

The model was lifted by a mobile crane and released by a mechanical system.  

Tightness was tested by pressurizing the model with air and submerging the 

lid region in water. Absence of gas bubbles indicated tightness.  

A steel bar 35 mm in diameter and 100 mm long rigidly mounted perpendicularly 

to the steel plate was used in the punch test.  

5. DROP TESTS 

See results on following pages.
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6. INSPECTION OF THE MODEL AFTER THE TESTS 

6.1. Shock absorbers 

All the screws of both shock absorbers were still in place and could 

easily be removed after removal of balsa wood.  

6.2. Pressure tests 

After drop No. 9, a soap bubble test with 1.5 bar air pressure was 

performed. The container was tight. After removal of the contents 

the lid was fixed again using liquid silicone as gasket material.  

The container was leaktight when tested with 2.8 bar air pressure.  

6.3. Dimensional changes (Fig. 5-A-5) 

The lid and its housing were checked for dimensional changes: 

- Out-of-roundness was within 0.1 - 0.2 mm which is probably the 

tolerance as manufactured.  

- The transition from the lid housing (150 mm 0) to the cavity (120 nmm 

0) was deformed slightly (it is not known if it was that way 

before the tests).  

- The lid was depressed by the punch about 10 mm. No bending of the 

flange was noticed.  

- The lower end was cut into pieces. From fig. 5-A-6 it can be seen 

that the trunnion did not dent the outer shell but was compressed 

like a bellows. Though the shock absorber was heavily deformed, 

the outer shell, the lead shielding and the fuel housing were not 

affected. (See fig. 5-A-7 and 5-A-8)
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6.4. Condition of Contents 

The lead cylinder was squeezed in the last third of the cavity 

and could not be removed. Its wooden spacers were partly 

crushed. One of the 3 fuel pins was slightly bent; all of 

them remained leaktight. Radiography showed that the pellets 

were not crushed and that their original form remained. In 

fact, one cannot find a difference betmeen the x-ray pictures 

of a pin before and after the tests.  

7. DISCUSSION 

Performance of the model was excellent except for the puncture test.  

Puncture close to the lid flange might have caused loss of tightness.  

As it was observed that penetration of the punch was almost the same 

as its length, we concluded that Ehe reinforcing plates of the covers 

should be made of stainless steel of the same thickness or thicker-, 

if made of carbon steel.  

The method used for testing the lid tightness (immersion of the lid 

region) may have changed the results of drops upon the lid cover 

(except for the first drop) because it caused the balsa wood to be 

impregnated by water. When impregnated by water, the balsa loses 

part of its ompressibility and increases its elastic range.
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Fig. S.A.I - 114 scale model of TN9 before tests

a.•1

Fig. 5.A.2 - 1/4 seale model of TIN9 - Fig. 5.A.3 - 1/4 scale model of TN9 
Diformations of trunnion and front cover Condition after 9 meters'drop onto rear 

after 2"d 9 meters drop. cover.

Fig. 3.A.4 - 14 scale model of TN9 - Condition after 9 th drop (20 meters)
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1-17* 

Fg. 5.A•7 1/4 scale model of TN9- Longitudinal section through cask- Fig. 5.A.6 1/4 scale model of TN9 
body (bottom) Section through cask bottom showing col

lapsed trunnion.  

T! -. , ++... S

Fig. 5.A.3 - 1/4 scale model of TN9 - Condition 
of lid and lid kodgment after 9 th drop

Fig. 5.A.8 - 114 scale model of TN9 - Transversal section of 
cask body.
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- ANNEX B TO CHAPTER V 

DROP TESTS OF TN9 CASK - HALF SCALE NMEL
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Final Report 
F-C3104-1

DROP AND FIRE TESTS OF 

TN 9 CASK, HALF-SCALE MIODEL 

PART 1: DROP TESTS, JULY 12-14, 1971 

By 

G. P. Wachtell

Prepared for 

TRANSNUCLEAR, INC.  
New York, N. Y.  

There is no objection to the use of unclassified 
test results by you or any other private party in 
pubtication, provided that any reference to the 
source of the test results shall not state or imply 
any endorsement of the product by the Government, 
or its agencies, or assumptions by the Government as 
to the characteristics of articles simitar to those 
tested.  

"1i0iiT'HWE FRANKLIN INSTITUTE RESEARCH LABORATORIES 
S(NJAMIN FRANKLIN PARKWAY - PHILAEiLPHIOA. PENNA. gioll

Report

,qk.
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1. INTRODUCTION 

Drop tests followed by a fire test were performed on a half

scale model of the TN 9 cask, which is a lead-lined shipping container 

for radioactive spent nuclear fuel, under contract with Transnuclear, 

Inc., New York, N.Y. The model was supplied by Transnucleaire, S. A.  

Paris, France.  

Through a subcontract with the Naval Air Development Center, 

(NADC), Warminster, Pennsylvania, facilities of the Naval Air Engineer

ing Center (NAEC), located at the U.S. Naval Base, Philadelphia, Pennsyl

vania, were used. Close liaison was provided by the NADC staff at the 

Naval Base.  

Under terms of the subcontract the U.S. Government is given 

the right to reproduce, use:& dclose for Governmental purposes this 

report or any information contained therein. The inclusion of the -para

graph on the cover page is also required by the subcontract.  

This report describes the drop tests. The fire test is dis

cussed in a separate report.  

.1

"TIOIE rMAsII INSTMU RESEARCH LABORATORIES
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2. DESCRIPTION OF MODEL 

The model was a cylinder 9.4 ft long. Longitudinal copper 

fins, 6.64 ft long, were attached to the outer steel shell of the lead

lined container. Including the fins, the diameter was 2.54 ft. The steel 

shell diameter was approximately 1.3 ft. The space between the fins was 

approximately half-filled with a resin. A dummy payload in the container 

cavity was provided. This consisted of two concentric steel pipes weldei1 

together, weighing a total of 703 pounds. I 
The finned section and lead filled end pieces were integral I 

parts of the cask. Each end piece had a single flat foot and a pair of 

lifting trunnions. One foot and one trunnion may be seen in Figure 1, 

In which the cask is upside down following the first drop tests A shock 

absorber was bolted to each cask end. The shock absorbers were steel 

cylindrical containers filled with balsa wood. The model, including the' 

dummy payload, weighed approximatle.y 9500 -pounds. The trunnions were hol

low steel cylinders capable of collapsing under severe impact, as verified 

in the fifth drop test.  

.2-1
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3. TEST PROCEDURE 

The drop tests were performed on a concrete slab located at 

the NAEC facility. The slab was 18 inches thick. Part 6f its area was 

6overed by a high tensile steel plate, 3 in. thick x 5 ft x 20 ft., 

weighting 122 pounds per square foot.  

I-beams were placed across each end-of the plate. The ends of 

the I-beams projected beyond the plate, and were hooked to fixtures em

bedded in the concrete.  

The model was shipped to The Franklin Institute Research Lab

*ratories where it was examined before it was transported to the drop.  

test site. 0-rings sealing the inner cover at one end of the cask were J 

iound to be in segments. (It was discovered later on that when the mode 

had originally been prepared for shipment, it was thought by those in

italling the inner cover that the 0-rings were needed only for shipping 

Ourposes, and not as a gas-tight seal)". The 0-rings were replaced.  
I.  

Three "Calrod" electric heating elements, 86 inches long, 4000 

,att rating, were connected in parallel and placed inside the inner pipel 

of the dummy payload. This was done in order to preheat the model before 

the first drop test. It was originally planned to preheat the model to I 

130*F, but time did not permit this temperature to be reached.  

Accordingly, heating was discontinued after the model had been heated for 

approximately half the time that would have been required, electric leads 

were cut away, closures in both cask ends were closed, and the shock 

bsorbers were bolted in place.  

* NAEC photographers took still photographs throughout the seri¢s 

Of five drop tests, and also two high-speed motion pictures of each dropi 

test. The drop tests were performed in the following order: 

1. Thirty foot drop onto corner, with center of gravity 
directly over corner and a lead temperature of about 1756F.

3!I
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2. Thirty foot drop onto. aame end as in first drop test, 
axis vertical.  

3. Forty inch end drop onto pin. The pin was three inches in 
diameter. The end was flat, but the edge was rounded.  
The end was twelve inches from the-top of its conical base 
and seventeen inches from the bottom surface of the base.  

4. Forty inch drop onto pin, with cask upside down in a hori
zontal orientation.  

5. Thirty foot drop onto a pair of trunnions with cask in a 
horizontal orientation.  

In the first two tests, the end on which the impact occurred 

was the one with the inner cover. In the third test, the other end was! 

used.  

Two accelerometers were each attached to a model fin for each 

test except the first and fourth tests, for which only one accelerometer 

was used. The accelerometers were manufactured by Sensory Products, 

Cochituate, Hassachusetts. They are cylinders, approximately 1/2 inch 
in diameter and 3-1/2 inches long. The cylinder contains a removable 

unit in which a small weight rests against a spring. Acceleration causes 

--- the weight to compress the spring. The weight is designed to move in only 
one direction, so that a reading of the peak acceleration is obtained.  

The reading is permanent until the device is reset. The accelerometers 

were attached so that they were oriented vertically when the model was 

falling.  

To minimize obscuration by dust when making the high speed 

motion pictures, the paint was removed from the model in the expected 

jrea of impact by means of a solvent, and the top surface of the steel 

plate was dampened with water. After each test, freon was fed into the 
ýavity and a freon test device was used to search for freon leakage.

TIORIE FRANKL INSTITUTE RESEARCH LABORATORIES
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4. TEST RESULTS 

Previous studies* have shown the validity of impact model 

testing for lead-lined containers: Figures 1-5 show the external damage 

due to the tests.  

In Figure 1, the partial collapse of the corner of the shock 

absorber may be seen. The accelerometer reading was 160g.  

In Figure 2, the surface of the steel plate shows the circular 

6utline of the shock absorber, as well as the flattened end of the" shock 

absorber itself, after the second test. Figure 5, taken after the fifthl 

test, shows another view of the flattened end. Shock absorber thickness' 

was reduced to 3.5 inches. Both accelerometers indicated 180g. I 

In Figure 3, the hole made in tfie shock absorber in the third! 

test is shown., Punch penetration was not more than 6-3/4 inches. The 

two accelerometer readings were 60g and 20g, respectively. In later 

examination after the fire test the shbck absorbewas remoired. 'The inner 

steel surface was found to have been indented and elightly cracked.- Thb4 

may be partly due to the fact that shims consisting of square washers !
around each bolt had been -provided to allow space for thermocouples that 

had been installed for the fire test. It had been considered desirable 

to install these thermocouples before the drop tests so that the shock 

absorber need not be disturbed between the drop tests and the fire test.  

Vithout the shims, the inner face of the shock absorber would have been 

supported by the cask end. It was also found that the cask end itself 

was slightly indented. The cask end had two small openings, covered by £ 

discs with O-ring seals. One was in the center. The other, fitted with! 

the gas pressurizing connection, was off- center. The indentation was 

4Clarke, H.G., Jr. (FIRL), "Impact Resisetace of Casks", Chem. Engrg.  
Erng- Symp.-eis-rl 61 o_6pý3=1 m-ls-f-hmK s 
New York (1965).
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immediately adjacent to the off-center opening, so that the plane of the 

disc was rotated slightly as a result of the indentation.  

Figure 4 shows the hole made in the model in the fourth test., 

After the fire test, when the shock absorbers and inner cover were removed, 

yisual inspection of the cask cavity showed no apparent distortion of th• 

cavity. The acceleration indicated for this test was 20g. ! 

Figure 5 shows one of the trunnions after the fifth test. Both 

trunnions had the same general appearance. The indicated accelerations 

iere 180g and 150g, respectively, measured at opposite ends of the cask.! 

Freon leakage tests made after each drop test showed no evi

dence of leakage. The presence of a fairly strong breeze created some 

doubt that a leak would have been detected, although an attempt was made!1 

to shield the freon detector from the wind. After the fire test, the 

model was returned to The Franklin Institute for inspection. Leak tests.  

were conducted indoors. The leak tests were of three kinds., 

1. The cary was found to hold a pressure of 40 psig for 64 

hours, with a loss of only 2 psi.  

2. "Leak-Tec" was used -at all.4he possible leakage sites. In" 
this method, small bubbles are an indication of a gas leak.  
14o bubbles were seen.  

3. The freon test did not disclose any leaks.  

The small loss of 2 psi does -not indicate a leak, since it is: 

readily accounted for in another way-. When the pressure is raised from 

15 psia to 25 psia (10 psig), the temperature rises by an amount some

4hat less than that corresponding to adiabatic compression. If the initial 

temperature is 5400R (80°F), adiabatic compression would raise the tempej

ature to 540 (25/15). (Y1/Y)(where y= 1.4 for air), or 625*R. Subsequent 

Cooling to 540*R would then reduce the pressure to 25 (540/625) or 21.6,, 

a decrease of 3.4 psi.  

4-2
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The initial compression is not completely abiabatic, however, because 

there is some cooling of the air in the container during the compression.  

Consequently, the subsequent pressure decrease is less than 3.4 psi.  

We conclude that the cask model survived the drop tests satis

factorily.  

4-3 
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Figure 5.  
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1. INTRODUCTION 

A series of drop tests and a fire test were performed during 

July 1971 on a half-scale model of a lead lined shipping container for 

spent nuclear fuel, under a contract with Transnuclear, Inc., New York.  

The model was supplied by Transnuckeaire, S. A., Paris.  

The drop tests were performed first, and were then followed by 

the fire test. The present report concerns the fire test. The drop tests 

are described in a separate report.

"01ýTHE FRANKLIN INSTITUTE RESEARCH LABORATORIES



212

F-C3104-2 .  

2. DESCRIPTION OF MODEL 

The model* was a half-scale model of the TN 9 cask, with lon

gitudinal fins. Its general features may be seen in Figure 1, photographed 

immediately following the fire test. The full length of the model was 

9.4 ft, including the detachable end pieces, which were shock absorbers.  

The shock absorbers consisted of short cylindrical sheet metal containers 

filled with balsa wood. The eight bolt-holes visible in Figure I were 

lined with sheet metal also. (The large hole near the middle resulted 

from a drop test onto a three-inch diameter pin.) There were two lifting 

trunnions at each end on the body of the cask. One is visible at the 

right in Figure 1. The body of the cask also had a supporting foot at 

each end. These feet rested on pedestals during the fire test, as may be 

seen in Figure 1 and also in Figure 2, which is a view of the end on 

which the corner and end drop tests were performed.  

The model had 58 longitudinal copper fins 6.64 ft long, 0.57ft 

tall and 0.00656 ft thick, attached to a cylindrical sheel of 0.0328 ft 

thick steel. The outside diameter of the model, including fins, was 

2.54 ft. The steel shell housed the lead lining of the model, but was 

separated from the lead by a layer of insulating cement, 0.0164 ft thick.  

The composition of the cement was not known by us, but we were informed 

that it contained water which would be driven off by heat upon the melting 

of fusible plugs in the vent holes provided for the escape of the water 

vapor. Normally, the thermal conductivity of the cement is about 1 BTU/ 

ft-hr-*R, but when the water is driven off, the thermal conductivity is 

reduced by a factor of three.  

*The model is shown on Transnucleaire Drawing Number 9085-55 (not Included 
in this report).  

2-1
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a.  

The outside diameter of the lead lining was 1.3 ft. The 

cavity inside the lead was lined with steel, and was roughly octagonal in 

shape, the sides being tangent to a 0.78 ft circle. (For purposes of 

thermal analysis, the cavity was approximated as a cylinder of 0.85 ft 

diameter).  

The shock absorbers were bolted to the cylindrical cask ends 

which were integral with the cask. The cask ends contained the end lead 

shielding, and were steel shells fitted with the trunnions and feet, and 

filled with balsa wood.  

The end shown in Figure 1, and in Figure 7 after removal of the 

shock absorber, had two openings, one concentric with the model, and the 

other off axis. These openings were closed by removable flat covers with 

0-ring seals. The end shown in Figure 2, and in Figure 12 after removal 

of the shock absorberhad a removable lead-lined lid containing an open

ing which was closed by a removable flat cover held by 4 screws, that 

permitted access to the cavity. Sealing of the lead-lined lid was pro

vided by a pair of Silastic 0-rings.  

The 0-rings were found to have been damaged when the model was 

delivered. They were therefore replaced by butyl rubber 0-rings before 

the drop and fire tests.  

The spaces between the fins were filled with a resin to approxi

mately half the height of the fins.  

The model was provided with 2 mm thermocouple wells leading to 

various locations in the model. Stainless steel sheathed thermocouples 

were placed between one cask end and its shock absorber, as may be seen 

in Figures 7 and 9, to permit the thermocouples to be brought out.  

IlHost of the thermocouples were brought out as a group and led 

away from the cask through a pipe that may be seen in Figure 1. The pipe 

was sealed to the model by a layer of cement (asbestos with a binder).  

The lower part of the pipe was also covered by a layer of insulation.  

2-2
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As described later, thermocouple connectors that were housed in the pipe 

failed early in the fire test, with the result that these thermocouple 

readings were lost.  

Thermocouple wells were also provided at three locations at 

the interface between resin and steel. These locations were in the verti

cal midplane of the model, one in the bottom position (lower resin thermo

couple) and the other two 120 degrees away (upper resin thermocouples).  

In addition, a thermocouple well was provided in the cover (i.e. removable 

inner lid) at the inner (i.e. cavity-facing) surface of its lead 

filling. To install this thermocouple, a hole was drilled in the shock 

absorber before the drop tests were performed, permitting the thermocouple 

to be led out through the protective pipe seen in Figure 2 without the use 

of shims.  

As may be seen in Figure 1, the pipe leading to the upper resin 

location was provided with a protective layer of cement (asbestos with a 

binder) where it met the fins. The pipe leading to the lower resin point 

may be seen tO have shifted and lost the cement. Evidently the lower 

resin thermocouple was damaged by this shifitng, leading to much higher 

temperature readings than the two upper resin thermocouples. A very 

rapid rise in the cover thermocouple reading to 10000 F, the maximum of 

the recorder, which cannot reasonably be accounted for as the temperature 

in the cover, indicated that this thermocouple suffered damage also.  

A thermocouple was also placed directly into the hole made in 

the end pin drop test, as may be seen in Figure 1. This thermocouple is 

referred to as the pin hole thermocouple.  

A dummy payload was placed inside the cavity for the drop tests 

and the fire test. It was 88 inches long, and consisted of two concentric 

steel pipes welded together. The outer diameter of the outer pipe was 8.6 

inches, and the inside diameter of the inner pipe was 4.9 inches. The 

payload weighed 703 pounds.  

2-3
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After the fire test, the various parts of the model were weighed 

by means of a load cell, leading to a total weight, including the dumy 

payload, of 9085 pounds. Before the drop tests, the weight indicated by 

a spring balance supported by a crane was approximately 400 pounds more.  

The difference is not plausibly accounted for by loss of resin during 

the fire test, and must be attributed to the use of different weight meas

uring devices.  

2-4
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3. THEORY OF SCALE JIODELIIG 

We compare here the thermal performance of a scale mode (quan

tities designated by subscript m) exposed to an incoming flux Qim and the 

full scale object exposed to incoming flux Qi" With an effective exposed 

surface temperature Te, there is an outgoing flux of 

Q = acyT 4 
0 e 

where a is the absorptivity of the surface and a is the Stefan Boltzmann 

constant. The net flux Qi - Qo adds heat to the object.  

We assume that the model is made of materials having thermal 

conductivity km and heat capacity per unit volume (pc)m equal, at any given 

point in the model, to k and (pc) at the corresponding point in the full 

scale object. We also assume that initial conditions are the same.  

If at some time t after the tart of exposure of the model 
m 

there is to be a temperature distribution similar to that at some time 

t in the full scale object, then evidently the temperature gradient at any 

point in the model wilfbe 1/S times the temperature gradient at the cor

responding point in the full scale object, where the scaling factor S is 

d m/d, d being any typical dimension. Since this must hold true at every 

point, including points close to the. surface, it follows that a prerequi

site for exact modeling is 

(Qi - Qo)m (l/S) (Qi - Qo) (2).  

We also evIdently have 

.2 ) (31 [2T 
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From the equation for heat conduction, 

It k 2 T (4) 

at PC ax 

along with (k/pc)m M (k/pc) it immediately follows that 

t = s2 t (5) 
m 

if exact modeling is to be accomplished.  

If Qi and Qim are constants and Te initially has a low value, 

so that from equation (1), Q0 is small, equation (2) shows the requirement 

Qim = QiIS (6) 

This is the-basis for undertaking a double-flux experiment with a half

scale model. As T increases, Q increases to appreciable values, so that 

eqtta4a.s (2) and (1) require 

a = a/S (7) 

With an assumed value of a - 0.8, we would need to have am - 1.6 for an 

exact half-scale model, and this is clearly impossible because a cannot 

exceed u y. To the extent that Q is an appreciable fracti., of Q 

during some part of the model fire test, the-thermal modeling is'only 

approximate.  

Assuming that in the real model test, a - a, some idea of the 

extent of the modeling error may be obtained by assuming, as a first 

approximation, that perfect temperature modeling is obtained. The total 

heat absorbed per unit of external surface area up to time t is then 

actually 

dtt 4 (8) 
om (QI - otf Q0 tm-T e dt 

3-2
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instead of the amount that would have given exact modeling; namely, the 

amount computed from the above expression with cs/S in place of a. That a" 

is, the actual model absorbs too much heat, the factor by which the heat 

absorbed exceeds that for exact modeling being 

imem (9) 

Q - (T 4 
"- e) av 

where Ter - T to a first approximation. Because of this excess net heat 

em e 

absorption, the temperature will be higher in the actual model test than 

it would be with exact modeling, and this is true on the external surface 

as well as in the interior. (Tem4)av will therefore be higher than (Te 4)av, 

reducing the numerator of (9). In (9), Te may be regarded as T e(t m)for 

an exact model or as T (t) for the full scale object at time t - t /S 2 

since T has the same value with'RA :e definition.  

The amount by which Tem exceeds Te is not so great that numer

ator and denominator in (9) are equal, for if that were to occur, the net 

flux in the model would be the correct amount for exact modeling, and in 

that case T emwould equal T . We may conclude that the heat absorption 

in the actual model is excessive by a factor more than unity but iess 

than that given by (9) when Tem is taken equal to T e.  

Since the total heat absorbed and the temperature at any point 

are more in the actual model than in an exact model, a scale model fire 

test is conservative. That is, if maximum acceptable temperatures are not 

exceeded in the actual scale model test, with a dimension scaling factor 

less than unity, we may be confident that they would not be exceeded in 

a full scale test under standard or reference conditions.  

3-3 
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4. COMPUTED PERFORMANCE 

According to information communicated by Transnuclear, Inc., 

the model that was tested was an exact half-scale model in all important 

details, except for the fins. The fins were longitudinal in the model 

and approximately circumferential in the full-scale design*. The fin 

thickness in the model was the same as in the full-scale design, but the 

number of fins was reduced in the model so that the total mass of copper 

was the same as that for an exact half-scale model. The actual full-scale 

fins are cut into strips by radial cuts. The strips are each twisted 

about a radial axis to separate them, thereby encouraging dissipation of 

heat by natural convection during normal use. Since heat transfer by 

radiation is overwhelmingly dominant under fire test conditions, the dif

ference in fin shape is not significant for the present analysis except 

during cool-down after the fire is extinguished.  

To determine full-scale dimensions for computational purposes, 

dimensions obtained from the drawing of the scale model or (in the case of 

the length of the cavity) measured directly on the model itself were doubled.  

This was done for the fins as well as for other parts of the cask, except 

that tt.._number of fins was doubled and.the thickness was kept the same.  

The inner surface of the cavity was approximated as a cylinder, 

the diameter being taken as the mean between a minimum value (237 mm or 
S/2 

9.33 inches for the model) and a maximum-value ( 2372 + 1562 mm or 11.17 

inches). This mean value is 10.25 inches, taken as the inside diameter 

of a cylindrical lead tube (the inner cavity steel being taken as lead, 

for simplicity).  

*Figure 22 shows a full-scale model cask section made by Transnucleaire.  

The fins, originally longitudinal. may be seen projecting from the resin 

after being cut and twisted into the circumferential orientation.  

4-1
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The quantities used in the analysis are presented in Table 1.  

We now consider the cask to be a long cylinder and consider a 

portion between two planes, normal to the axis, separated by one foot.  

For purposes of this analysis, the cask is taken to consist of 

a thickwalled lead cylinder of inner and outer diameters DiL and DoL, 

covered by a layer of insulating cement of thickness 6 . The cement fills 

the space between the lead and the steel outer Jacket of the cask, the 

thickness of the steel being 6s. Longitudinal copper fins of thickness 

6f and height hf extend radially from the steel. A resin fills the space 

between the fins to a depth of h measured from the surface of the steel.  u 

The exposed height of the fins is he - hf - h . The resin thermal conduc

tivity is neglected compared to that of the copper fins.  

The insulating cement contains water that is allowed to escape 

through vent holes when fusible plugs melt. This occurs at 186°C (3670F).  

The escape of the water is by evaporation. Latent heat of vaporization 

was neglected in the calculations. This neglect is conservative. The 

evaporation of the water decreases 141 thermal conductivity by a factor 

of about 3. (The values of ki given in Table 1 are converted from the 

values 1.5 (wet) and 0.5 (dry) kcal/h m 0C. The number of decimal places 

retained in Table I was only for computational purposes, and does not re

present the precision with which ki is known).  

To set up a computational model, the procedure adopted was to 

establish nodes representing heat capacities, separated by heat flow 

resistances.. Figure 13 shows the arrangement of nodes.  

For one foot of cask length, the rate at which heat enters the 

exposed fins by radiation is w D f (Qi - Qo). The fin cross sectional 

area for conducting heat radially inward is N6 The node representing 

the exposed fins was taken to be midway between the outer resin surface 

and the outer edge of the fin.  

4-2

"TIOI? FRANKUN INSTI=TE RESEARCH LABORATORIES



F-C3104-02

Table I 

QUANTITIES USED IN ANALYSIS

Quantity 

Fire Emissivity 

Surface Absorptivity 

Stefan-bol tzmann Constant 

Incoming Flux 

Fin height 

Unexposed fin height 

Exposed fin height 

Number of fins 

Density of fin material (copper) 

Specific heat of fin material 

Thermal conductivity of fin material 

Fin thickness 

Thickness of insulating cement 

Thermal conductivity of cement 

Density of Steel 

Specific heat of steel 

Thickness of steel 

Density of lead 

Specific heat of lead 

Thermal conductivity of lead 

Outside diameter (envelope around fins 
of cask) 

Outside diameter of lead 

Mean inside diameter of lead 

Lead thickness, (D -D iL)/2 

Melting point of lead

Va I ue 

Symbol Full Scale 

E 0.9 0 

0.8 C 

o 0.173x10-8 0 

Qi 17462 3 
11f 1.148 

h 0.590 C U 

he 0.558 C 

N 116 £ 

Pf 555 

cf 0.094 C 

kf 242 

6f o.oo656 
6. 0.0328 

k. O.336(dry) 
I.008(wet) 

PS 487 

c 0.125 

6 S 0.0656 

PL 667 

cL 0.0325 

kL 18.6 I 

DF 5.08

DoL 

DiL 

6L 
T 

m

2.6 

1.7 

0.45 

671 1081}

ilodel 

.9 

.8 

-.173xI0-8 

14924 
5.574 

).295 

).279 

58 

55 
).o94 
242 

).o0656 

).0164 

0.336(dry) 
I .008(wet) 

487 

3. 125 

0.0328 

687 

0.0325 
8.6 

2.54 

1.3 

0.85 

0.225 

621
{I

Uimensions 

bTU/ft 2 h r°R4 

!JTU/ft 2hr 

ft 

ft 

ft 

lb/ft 3 

zTU/Ib°R 

UTU/ft hr°R 

ft 

ft 

BTU/ft hr°R 

lb/ft3 

BTU/IboR 

ft 

Ib/ft3 

UTU/IbR 

L;TU/ft hrOR 

ft 

ft 

ft 

ft 

{oe F}
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The unexposed part was divided into four segments of equal 

length, the node for each segment being placed at the middle of the seg

ment. The heat capacity assigned to a node was the total heat capacity 

per foot of cask length for the segment represented by the node. The 

heat flow resistance between successive nodes was the sum of two terms, 

each term being the heat flow resistance from the position of the node to 

the segment's end closest to the other node. Thus, for example, the ex

posed fin loses heat to the unexposed portion, per foot of cask length, 

at the rate 

N(k 6 )f (T 1 - T2 )/(he/2 + h /8).  

The steel was divided into three segments of equal mass, and 

the lead was divided into four segments of equal mass. For a steel seg

ment or a lead segment, the position (radial coordinate) of the node, and 

the heat flow resistance from the node to the inner or outer radius of the 

segment, were determined in accordance with the following derivation. Let 

ra and rb be inner and outer radii of the cylindrical surfaces of the seg

ment. We seek a suitable definition of rn the radial coordinate of the 

node. Suppose that we start with a steady temperature distribution and 

then .change the temperatures Ta and Tb at ra and rb to new constant values.  

The resulting transient will be followed by a new steady temperature dis

tribution. The quantity of heat that is added to the segment is CAT av 

where C is the total heat capacity of the segment. The computed value of 

the added heat is tT n. (The symbol C is used here because the symbol C 

is used later with another meaning). This computed value will be correct 

if rn is defined so that under steady conditions, Tn - Tav.  

With cylindrical geometry, this leads to the formula 

2 2 
rb in rb r a 2 a 1 

n 2 2 2 
rb r

4-4
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The heat capacity of the segment per unit length of cask is 

readily shown to be 

C - (pc). w (r2 2 a 

rb - a 

where c is the specific heat, so that pc is the heat capacity per unit 

.volume. The heat flow resistance between two cylindrical surfaces be

tween which k is constant, for example at r - rn and r r rm, is 

1n rn/r 
R ~n mR = 

nm 2wk 

where r must be takeii > r so that R is positive.  
n ...M_. nm "-••T 

For node numbers i (except for the first and last nodes) the 

temperature increase during a short time interval At is 

AT, = (Ai Ti-1 + Bi Ti + Ci Ti+1)AT (l< i.< 13) 

where 

Ai - Ri-lCi/ i" Ci Ri. i+,/ C iand Bi - (Ai + Ci 

As in the case of the unexposed fin nodes, Ri,i+1 is the sum of two 

terms, except that for R.9 there is an additional term 6I /(ki v Do) 

representing the heat flow resistance of the insulating cement.  

When the temperature of the inner steel node (node number 8) 

reaches the melting point of the fusible plugs (Tcrit - 3670F) the values 

of B 8 , C8 , Aq, and C9 are changed from the values computed with the "wet" 

thermal conductivity of the cement to the values computed with the "dry" 

thermal conductivity.  

4-5
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Node number 13 represents the payload, assumed to be concentrated 

on the inner surface of the lead. Thus, R 1 2, 13 consists of only one term, 

corresponding to the lead between the inner surface of the lead and node 

number 12. For the payload, 

AT13 = (A1 3 T1 2 '+ B1 3 T1 3 + D2)At 

where D2 represents the internal heat generation of the payload. For the 

model, D2  0 0. For the full-scale cask, 

D2 = Qself/ E13 

Here C 13 was taken to be 47.93 BTU/IF per foot of full-scale cask 

(based on the model payload, which weighted 703 pounds and was 88 inches 

long, with specific heat taken to be 0.125 BTU/lb*F). Computations were 

carried out for two values of Qself' the payload self-heating rate in 

BTU/hr per foot of cask.  

The larger, or "peak" value of 0self was the value required to 

sustain a temperature difference of 39.6°F between inner and outer lead 

surfaces. This temperature difference corresponds to the t•nge of initial 

temperatures in the lead (113°C to 135oC) given in information supplied 

by Transnuclear, Inc.  

The peak value of Qself is 10892 BTU/hr per foot, leading to 

D2 = 227.25.  

The smaller, or "average" value of Qself was the value 6.65 kw/m, 

or 6919 BTU/hr per foot, supplied by Transnuclear, Inc. This leads to 

D2 = 144.36.  

It may be argued the "peak" value of Qself is significant 

only in establishing the initial steady temperature distribution, and that 

the "average" value should beused in calculating the transient temperature 

during and after the fire, since the average value represents all the heat 

generated by the payload. On the other hand, if axial heat conduction is 

not substantial, the maximum lead temperature will correspond to the peak 

4-6
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value of Q occurring in the midplane of the payload where heating is 
self, 

more concentrated.  

Strictly speaking, the problem is three-dimensional, since axial 

conduction may not be negligible. The use of the higher value of Qself 

is clearly conservative. Kesults of calculations with both values are 

presented.  

For the first node, representing the exposed fins 

AT= (B1 T1 + C1 T2 + D1 + E (T 1 + 460)4_ D3 (Tl - Tamb))At 

where C1  - B1  R1, 2 / C1 " DI represents the effect of radiant heat 

addition from the fire.  

D it D f Qi / CI (t< tf) 

D=0 (t>tf) 

where tf is the duration of the fire. The incoming flux Q. is given in 

Table 1. lNote that Q, is twice as large for the model as for the full

scale cask. In accordance with the theory of scale modeling discussed 

earlier, this should yield exact thermal modeling, except for the effect 

of the following: 
1. Q is not negligible compared to Q 

0 1 

2. During cool-down, h should be twice as large for an exact 
scale model as for the full-&cale cask. For the model with 
half the number of fins, h should be larger by still another 
factor of 2. In the calculations, however, the same value 
of h was used in both cases.  

3. There was no self-heating of the model payload.  

4. Initial temperatures were slightly different. The initial 
temperature in the model apprcximated that for the actual 

.fire test. In the full-scale calculation, the initial tem
perature distribution was that corresponding to the peak 
value of Qself" 

The initial conditions were taken to be the following: 

For the model, all nodes were initially at 90*F. Tamb was also 

900F.  
4-7
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For the full-scale cask, the initial temperatures were calculated 

from the initial lead temperatures and the temperature drops due to the 

peak value of Q self' Tab was taken to be 100.4*F (38C). The heat flow 

resistance of the wet insulating cement at its nominal thickness (lOmm full

scale) was used in determining initial conditions. The same initial con

ditions were then used for thermal transient calculations with larger and 

smaller cement thicknesses. The initial temperatures for the full-scale 

cask were as follows:

Node Number 

1 

2 
S3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13

-C..-

Location 

Exposed fin 

Unexposed fin 

Unexposed fin 

Unexposed fin 

Unexposed fin 

Steel 

Steel 

Steel 

Lead 

Lead 

Lead 

Lead 

Payload

Initial Temp (OF) 

140 

150 

160 

170 

190 

190 

190 

240 

250 

260 

270 

275

Dissipation of the peak value of Q and an assumed solar 
self 

heat load of 4 kw for the full length of the finned portion of the cask would 

require a heat transfer coefficient (natural convection plus radiation) of 

about 2.4 BTU/hr ft2 OF to yield the exposed fin temperature of 140*F.  

In calculating the rooldown behavior, the heat transfer coefficient was 

taken to be-h = 1.0 BTU/hr 2'F, a reasonable value for the effect of natural 

convection alone.  
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A digital computer program was prepared to perform the calcul

tions. Any number of nodes can be used, up to a maximum of 50, and this 

maximum can be increased by a minor change in the program. The value of 

the time step At can be given any value, and the computation car. be con

tinued for any desired number of time steps. Thus, the program can be 

used for thermal transient calculations on other casks of approximately 

similar design, This flexibility made it possible to investigate the be

havior of the full-scale cask with assumed (6 mm) and maximum (14 mm) 

cement thicknesses, to allow for possible tolerances in this dimension.  

Although the program permits an arbitrary choice of At, accuracy 

requires that At be chosen small enough. If the number of nodes is in

creased, At must be taken smaller, by a factor equal to the square of the 

factor by which the number of nodes is increased. The reason for this is 

that Ri_1 , i Ci is a time-constant for charging the heat capacity Ci with 

heat from node number i-l, and At should be small compared to this and 

similar time constants. Otherwise the average heat flow rate through 

Ri-., i during the time interval At will differ substantially from the 

heat flow rate at the start of the time interval. Since Ri_ 1 i and Ci 

are both inversely proportional to the number of nodes, the maximum value 

that should, be used for At is inversely proportional to the square of this 

number.  

In carrying out the computations, At was taken to be 0.00025 

hrs for the full-scale cask and 1/4 as large for the model.  

The results of the calculations are shown in Figures 14-20, 

inclusive.  

In Figures 14 and 15, the nominal (10 mm) thickness of cement 

was used. In Figure.14, the peak value of Oself was used, and in Figure 

15, the average value was used. The fire duration was 0.5 hrs. The 

maximum lead temperature is that of the payload, 530°F at t - 1.3 hrs in 

Figure 14 and 498*F at t - 1.2 hrs in Figure 15. The difference is due 

to the difference in values taken for Qself* In both cases, the tempera

ture remained well below 621*F, the melting point of lead.  
4-9
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In Figures 16 and 17, the rmininium cemetnt thickness (6mm) was 

assumed, with Qself taken at peak and average values, respectively. Com

pared to the behavior with 10 mm cement thickness, the lead is heated more 

rapidly during the fire but also cools more rapidly afterwards. In Figure 

16, the maximur. ie~d tep4ierature occurs at the payload, 561'F at 1.1 hrs.  

In Figure 17, with the smaller self-heating value, the maximum payload 

temperature, 530°F at t = 1.0 lirs, is slightly exceeded by the maximum 

temperature of the outer lead node, 5340 at 0.65 hrs. Using the temper

atures at the two outer lead nodes to perform an extrapolation, the outer 

surface of the lead is about 10F warmer than this value. Evidently the 

increased lead heating rate during the fire outweighed the moderate in

crease in the maximum lead temperature.  

In Figures 18 and 19, the cement thickness was taken to be 14 mm, 

with Qself equal to its peak and average values, respectively. The maximum 

lead temperi.ture again occurs at the payload, representing the inner sur

face of the lead. This is 521°F at t=16 hrs. in Figure 18 and 478*F at 

t = 1.4 hrs in Figure 19. Evidently the de ased lead heating during 

the fire outweighed the decreased coolit,g rate during cooldown. The max

imum temperature is seen to be more sensitive to the value of Qself when 

the cement thickness is larger.  

Figure 20 shows the results of the model. The fire duration was 

taken to be 0.1725 hrs (10.35 minutes) tc represent the fire duration during 

the actual fire test. Qi, the incoming flux, was twice as large as with 

the full-scale cask. Note that the time scale *s altered by a factor of 

4, compared to Figures 14-19. The maximum lead temperature is calculated 

to be 509°F at 0.325 hrs. The fire duration was 1.38 times as long as the 

duration (0.125 hrs) that theoretically should be used to model a 0.5 hr 

exposure of a full-scale cask. This extra duration, according to the cal

culations, approximately compensated for the lack of payload self-heatirg, 

as far as maximem lead temperature is concerned.  
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The calculated maximum lead temperatures are summarized below:

Cement Thickness (rMm)

10 

10 

6 

6 

14 

14 

5 (Model)

Qsel f (BTU/hr) 

per ft of cask

Peak 

Ave rage 

Peak 

Ave rage 

Peak 

Ave rage 

None

Maximum Lead 
Temperature ("F)

530 
498 

561 

544* 

521 

478 

509*

*Lead outer surface 

In all cases, the calculated maximum lead temperature is seen 

to be well below 621 0 F, so that there is no risk of lead melting.
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1.3 

1.2 

I.1 

0.6 
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0.325
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5. PREPARATIOiU FOR FIRE TESTS 

The fire test was performed at the Naval Damage Control Train

ing Center, United States Naval Base, Philadelphia, Pa. Permission to 

use the facilities, and the assistance of the staff of the Training Center, 

are gratefully acknowledged.  

The fire basin consisted of a square sheet metal container with 

water-cooled walls. The interior was an 18-foot square. The-walls were 

30 inches high. After the model was placed on the test stand and thermo

couples were installed, the basin was filled with water to a depth of 

about two feet. Number two fuel oil was added to an additional depth of 

four inches, so that the fuel surface was about two inches below the top 

of the wall. Five gallons of gasoline were added shortly before ignition, 

to ensure rapid spread of the flame.  

As may be seen in Figure 1, the test stand consisted of a pair 

of pedestals on which the feet of the model rested, aid was located so that 

the center of the model was over the center of the basin. The pedestal 

surface was 58 inches. above the basin floor, or 30 inches above the initial 

fuel surface.  

A frame composed of two-inch pipe provided support for thermo

couples for measuring the fire temperature. Ten thermocouples were pro

vided as fellows: 

Eight were in the vertical midplane containing the axis of the 

model, at the corners and the midpoints of the sides of a rectangle. The 

sides of the rectangle were one foot from the model. (At the end seen in 

Figure 2, the one-foot distance is with respect to the shape that the shock 

absorber viould have had if it had not been crushed in tue drop tests).  

Two thermocouples were placed at the elevation of the axis, in 

the midplane perpendicular to the axis, one at each side of the model.  

These were also one foot from the model.  
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The fire temperature thermocouples were stainless steel sheathed, 

1/16 - inch in diameter. (The thermocouples inserted into the thermocouple 

wells in the model were 1/32 - inch in diameter). All projected from 1/4

in. steel protection tubes, except the lowest one at one end, as may be 

seen in Figure 2. This thermocouple was covered with a steel cylinder, 

one inch long and one inch in diameter, intended to average out any rapid 

fluctuations in fire temperature. Similar cylinders were originally pro

vided for the other fire thermocouples, but were removed because it was 

thought to be possible that they would produce too large a time lag for 

a test of very short duration (nominally 7.5 minutes).  

Two temperature recorders were used: One, manufactured by 

Honeywell, printed 12 thermocouple readings in sequence, at the rate of 

30 readings per minute, and had a range of 0 to 2400°F. The other, manu

factured by Leeds & llorthrup, also printed 12 readings in sequence, but 

at the rate of J2.5 readings per minute, and with a range of 0 to 1000F.  

The thermocouples were chomel-alumel. All the fire thermocouples were 

connected to the Honeywell recorder. In addition, the lower resin thermo

couple and the upper resin thermocouple hidden from view in Figure 1 

were connected to this recorder. All the otHfr thermocouples were con

' hected to the Leeds and Northrup recorder.  

Temperature indications were also'obtained from "Tempilstik" 

markings placed on various locations in the model just prior to the drop 

tests. These are crayon markings that lose their color when heated above 

their transition temperatures. Five crayon markings were placed in a 

group, having transition temperatures of 400, 450, 500, 550 and 600°F.  
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6. PERFORiIACE OF TEST 

As explained earlier in this report, the fire test was nominally 

a double-flux test. That is, ideally, the test should have twice the 

incoming flux that would occur with a fire temperature of 1475*F and an 

emissivity of 0.9.  

To anticipate the possibility that the flux would be less than 

double, it was planned to terminate the test after a duration that would 

be quickly determined from the fire temperature readings. It was considered 

undesirable to prolong the test beyond the duration that would compensate 

for the fire temperature, because that would lead to the risk of causing a 

failure of the model even though it might have passed an accurate test.  

Expressing temperatures in OF, we have for the equilibrium tem

perature Ttc of a thermocouple in a fire of temperature Tf: 

0.9 (Tf + 460)4 . (Ttc + 460)4 

We assume that the desired fire duration is such that the total 

heat delivered is the same as in the ideal double-flux case. That is, t 

should be inversely proportional to (T + 460)4 and should be 7.5 minutes 
tc 

in the double-flux case.  

In the doubkoW-flux case, 

(Tf + 460)4 = 2 (1475 + 460)4, 

leading to Ttc 1781 OF. Thus, 

1781 + 460 t = 7.5 T +40 minutes 
T + 460 

tc 

This equation is plotted in Figure 21.  
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This led to the following table for 

for test termination:

Average Thermocouple 
Indication (OF) 

>1780 

1745 - 1780 

1710 - 1745 

1680 - 1710 

1650 - 680 

1625 - 1650 

16oo - 1625 

1575 - 1600 

1555 - 1575 

1535 - 1555

L

making a rapid decision 

Test Duration 
(min.) 

7.5 

8.0 

8.5 

9.0 

9.5 

10.0 

10.5 

11.0 

11.5 

12.00

During the test, there was little time to average the thermo

couple readings. The decision to call for termination of the test was 

based on the impression at the time that the readings appeared to have 

some average value. The foregoing table was essential in making this 

decision.  

The precise duration of the fire test is, of course, a matter 

of definition because it took a few seconds for the fire to spread when 

it was ignitied, and a few seconds to extinguish it. The fire was ex

tinguished (Figure 4) with truly amazing speed by the expert application 

of a fine water spray, taking care not to direct the spray against the 

model. Taking the timing uncertainties into account (for example, dis

regarding most of the initial build-up of the fire) the total test dura

tion was 10 1/3 minutes.  

Two minutes after the fuel oil fire was extinguished, the resin 

was observed to be burning, and the model itself was then doused with 

water.  
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As wentioned iii the description of the test preparations, most 

of the therbmocouples installed in the model failed early in the test.  

Thermocouple connectors in the pipe in the foreground of Figure I were 

destroyed (Figure G) by overheating and charring. This resulted in short

circuiting the thermocouples. (It had been planned to bring the pipe 

away from the model longitudinally, which would have placed the connectors 

outside of the fire. Unfortunately, this precaution was overlooked at 

the time of installation, and the pipe was brought out to the side.) In 

addition, the lower resin thermocouple was damaged by shifting of its 

protective pipe, the pin-hole thermocouple sagged and fell out of the pin 

hole, and the thermocouple in the cover (Figure 2) read unreasonably high 

(1000*F, the maximum of the recorder, after 4 minutes), probably because 

the thermocouple lead wire was scorched by flames that curled down to 

ground level in the wake of the basin wall due to the wind.  

Thus, the only reliable thermocouple readings inthe model were 

from one of the two upper resin thermocouples.  

The fire thermocouples all appear to have survived, except for 

the upper thermocouple near the end of the model seen in Figure 2.  
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7. RESULTS OF FIRE TEST &" 

After the fire test, the model was returned to The Franklin Institute 

Research Laboratories for examination. A side view is shown in Figure 5.  

The model was pressurized to 10 psig and allowed to stand for 64 hours, 

during which time the pressure fell to 8 psig, a negligible rate of loss*.  

In addition, "Leak-Tek" was used in a search for leaks. No bubbles were 

found; this indicated the absence of substantial leakage. Finally, freon 

was added to the air in the cavity. A sensitive freon test device, 

capable of detecting small traces of freon, was used to search for leaks.  

Again, no leaks were found. The conclusion is that the combination of 

drop and fire tests did not violate the leak-tightness of the cavity.  

Both shock absorbers were removed. The one on which the corner and 

end drops had been performed was difficult to remove because the metal 

tubes housing the bolts had collapsed. This shock absorber was dissected 

and the balsa wood was examined. Substantial charring occurred, as may 

be seen in Figure 11. More important, however, is the fact that much 

perhaps half - of the balsa wood was not charred. This shows that the 

shock absorber protected the cask end from direct end-wise attack by the 

fire well enough to prevent the lead in the inside cover from being heated 

to its melting point.  

The inside cover was removed with great difficulty. This may be 

attributed to the combination of three causes: First, the drop and fire 

tests caused a slight distortion of the cask end. Second, there was a 

fairly close clearance in the fit of the cover into the cask end. Third, 

the cover and hole were cylindrical. The difficulty could be avoided by 

providing Jack screws, and by use of a slight taper in the cover and the 

hole.  

Visual examination of the cavity disclosed no indication of distortion.  

This supports the conclusion that no substantial melting of lead occurred.  

*The loss in pressure is discussed more fully in Part I of this report, 

in widch the drop tests are reported.
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The fire thermocouple readings were interpreted by calculating a mean 

radiation value for each thermocouple. That is, for a given thermocouple 

with Ti representing reading number i in *F, its mean temperature was 

found as 
n 4 

T -L E (T1 +460) - 460 
n 1=1 

where n is the number of readings for that thermocouple during the fire 

test. This constant value of T would yield the same total heat input as 

the actual time-varying temperature.  

As viewed in Figure 2, the thermocouples and their radiation mean 

temperatures (OF) were as follows: 

Corner thermocouples: 

. Lower left 926 

Upper left 1284 

Upper right Failed 

Lower right 949 

Opposite the ends of the cask: 

Left 1981 

Right 1505 

Around middle of cask: 

Above cask 1737 

Below cask 1525 

Level with centerline, 

Visible 1525 

Level with centerline, hidden from view 

by cask 1497 

During the tests there was a light breeze of varying intensity 

generally in the direction toward the camera in Figure 2, or away from the 

camera in Figure 3. Occasionally, the wind was strong enough so that in 

the Figure 3 view, the end of the cask was sometimes clearly visible.  
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The corner thermocouple readings are much lower than the others, 

indicating substantial dependence of temperature on position.  

The radiation mean of the four thermocouple readings around the 

middle of the cask is 1579°F. From Figure 15, this corresponds to a test 

duration of 10.9 minutes, or about 0.5 minutes longer than the actual test 

duration. However, the temperature above the cask was high enough so that 

the region of the two upper resin thermocouples was exposed just a little 

longer than necessary. These resin thermocouple readings are therefore 

valid indications of performance.  

Furthermore, the thermocouple opposite the left end, on which the 

pin drop was performed, had a higher reading than needed for the actual 

test duration.  

For the upper resin thermocouple hidden from view in Figure 2, the 

temperature reading rose gradually to 800*F at t - 8.3 min., approx., and 

then fell slowly to 700°F by the end of the test. For the upper resin 

thermocouple on the side toward the camera in Figure 2, the temperature 

reading rose gradually to 486*F shortly before the test ended, and then 

fell to 480°F by the end of the test. These readings may be compared with 

the calculated steel temperatures, Ts, for the model, shown in Figure 20.  

The higher peak reading (800*F) is about 375*F lower than the calculated 

temperature of the steel at the instant when the incoming flux is reduced 

to. zero. The lower peak resin thermocouple reading is about 700*F lower 

than the calculated value.  

The measured steel temperatures indicate that the maximum temperature 

that occurred in the lead was far below the melting temperature of lead.  

The fact that the measured temperatures were lower than the calculated 

steel temperatures may be due to resin decomposition. The resin evolves 

gases that may help to keep the fins somewhat cooled. For example, if 

smoke from the resin is cooler than the fire, it will intercept some of 

the radiation from the fire. Furthermore, endothermic decomposition of 

the resin would help to nrotect the steel.  

In addition, these were substantial variations in fire temperature, 

which was generally lower than that needed for a doubled flux.  
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In Figure 7, the cask end on which the pin drop was performed is 

shown after the shock absorber was removed. Figure 8 is a close-up view 

of the same area. The two small closure discs may be seen, the lower one 

being fitted with the gas connection. The area immediately above the 

lower disc was indented slightly by the pin drop test. The inner face of 

the shock absorber is shown in Figure 9, which has been turned 90 degrees 

so that the bottom of the shock absorber is at the bottom of the photo

graph. The area of the indentation is clearly visible in Figure 9, and 

in Figure 10 in which the same area is shown in a close-up view. These 

figures also show a crack in the indented area, through which hot gases 

could penetrate to the space between the cask end and the shock absorber.  

The occurrance of the crack was undoubtedly encouraged by the use of 

the shims. Normally, shims would be absent and the shock absorber steel 

inner face would be better supported by the cask end.  

"Tempilstik" markings were visible on the cask end and on the shock 

absorbers. In the area just to the left of the upper small closure in 

Figure 8 (located on the model axis) the markings for 450*F and above 

survived, indicating that the maximum temperature was betweenQ 400 and 

450°F. In the upper left area in Figure 9, near the edge of the shock 

absorber, the markings indicated a maximum temperature between 450 and 

500*F.  

In Figures 7, 8, 9, and 10, strips of masking tape may be seen.  

This tape was used to hold the shims in place before the shock absorber 

was attached. Most of the tape survived without being scorched.  

The inner cover is shown in Figure 12 before it was removed from the 

cask. When it was removed, the butyl rubber O-rings were visually 

inspected and judged to be in excellent condition.  

Taken together, all of these observations (balsa wood, masking tape, 

O-rings, and "Tempilstik" markings) lead to the conclusion that the shock 

absorbers shielded the cask ends from the fire so that cask end temperature 

remained well below the melting point of lead at all times.  
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8. SUI.1*ARY li) CO:ICLUSIOIIS 

A double-flux fire test of a half-scale model is conservative, 

because reradiation is not doubled, so the net absorbed flux is more than 

doubled. The test that was performed differed from a true double-flux 

test in the following ways: 

1. Initial temperature and internal heating of the payload 

were not simulated.  

2. The test duration was longer than the 7.5 minutes that 

would be needed in a double-flux test, to compensate for the 

fact that the actual test fire provided less than a double
flux.  

Two thermocouples on the model performed satisfactorily. These 

were located on the interface between resin and steel, and read several 

( thundred degrees lower than the temperature calculated for the steel in a 

double-flux experiment. A discrepency of this order of magnitude can be 

explained as due to endotheiaic decomposition and evolution of gases by 

the resin, and also by the fact that the fire temperature varied from one 

point to another and was generally lower than that for a doubled flux.  

All indications showed that the lead temperature remained well 

below the melting point throughout the model. The cavity remained leak

tight. Although some melting of lead should not be expected to damage 

the cask, the test did not determine whether melting would have done any 

harm.  

Calculations of the thermal performance of the model in a double

flux experiment and of the corresponding full-scale cask in the correct 

experiment, show that the maximum temperature of the lead is at least 60*F 

below the melting point in both cases, even with the most unfavorable 

choices of cement thickness and self-heating in the full-scale cask cal

culation.  
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Early dousing of the model was necessary because the resin 

continued to burn after the fire was extinguished. The resin composition 

should be modified so that it does not continue to burn; alternatively, 

experimental or calulational assurance should be provided to ensure that 

continued burning of the resin does not permit an excessive temperature 

to develop in the cask.  
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-ANNEX D TO CHAPTER V 

FIRE TEST OF TN9 FULL SCALE SLICE 

April 26, 1972 

1. INTRODUCTION 

The packaging slice already described in Annex A of Chapter IV was 

submitted to a regulatory open fire test.  

Test particulars: 

electric power dissipated in model 1,800 W.  

duration of fire 30 minutes 

beginning of1'ari'ificial cooling 3 hours after the beginning of 

regulatory fire 

2. BRIEF DESCRIPTION OF FACILITIES 

The test was performed at the C.E.A. test station in France. Fire test 

station facilities include [28J: 

a pit 5 m x 5 m by 2.50 m deep, surrounded by a I m high solid steel 

fence 

- 4 trenches for air supply, the flow of which can be adjusted by movable 

gates 

- a fuel pan, 3 m in diameter and 0.300 m deep (approx. capacity 2000 1.) 

- temperature recorders 

- miscellaneous support equipment
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The fire was extinguished by draining the fuel pan.  

Fuel oil was used and gasoline was added to facilitate starting.  

3. DESCRIPTION OF MODEL (see drawing No. 9085-69) 

The model has already been described in Annex A to Chapter IV.  

For the purposes of the fire test, it was prepared as follows: 

- a fresh veil of cement was cast between the outer shell and the lead; 

- supporting legs were extended so that the extremity of the lower fins 

were at I m from the pan bottom and protected by thermal insulation; 

M*) - 20 thermocouples 0 2.3 mm were located as follows: 
(**) 

Ref. I fuel rack (2) 

Ref. 2 internal lead surface (4) 

Ref. 3 external lead surface (4) 

Ref. 4 outer shell inner surface (4) 

Ref. 5 outer shell (2) 

Ref. 6 ambient atmosphere at 250 mm from the model (4); 

- electric heaters were inserted in the fuel rack and generated a total 

power of 1 800 W. Electrical leads and thermocouple leads were insulated 

with asbestos; 

- the slice was sandwiched between two hollow steel discs filled with 

rock wool insulation.  

(*) Thermocouples were chromel-alumel shielded with stainless steel.  

(**) For thermocouple references, see drawing TN No. 9085-69 and fig. 5-D-3.



261 

S TEST (fig. 5-D-1) 

Firing was ignited after thermal equilibrium was reached (electric heating).  

The wind speed was between 2 and 3 m/sec. throughout the test.  

The initial ambient temperature was 17*C. Within the first minute, the 

average temperature of ambient atmosphere reached 900*C, then.i.t increased 

more slowly up to 1027°C.  

At the end of a 30 minute fire, the fuel was drained from the fuel pan 

but no attempt was made to extinguish the resin of the model which continued 

to burn.  

The resin burning rate was about constant for two hours, then began to 

decrease. At the end of an additional hour water spray was used to 

extinguish the few remaining sparks.  

Curve (6) of fig. 5-D-3 gives the ambient atmosphere temperature profile 

for the complete test period.  

5. RESULTS 

Examination of model after test shows that (fig. 5-D-2): 

- resin has been transformed into a charcoal-like substance; 

- the tips of some of the copper fins melted (about one kilo of copper 

drops was recovered). Since the melting temperature of copper is 1083C, 

we conclude that these fins were exposed to temperatures much higher 

than those required by the regulations.
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- the outside surfaces of the lateral insulation (rock wool) was 

melted but 3/4 of initial thick•ess remained intact.  

- the cment veil was dried and 1 mm clearance was noticed between 

the ocment and the outer shell along the upper generatrix.  

- no evidence of lead melting was noticed. Figure 5-D-3 illustrates 

the temperature profiles.  

We notice that the internal tenperatures increase for about 2 -1/2 

hours after the end of fire. 7he outer shell temperatures are 

maintained between 2800 C and 3380 C for about 2 hours.  

The maximnn cement temperature does not exceed 2280 C.  

The maximum temperature of the inner lead surface is 210°C which is 

1500C more than initial equilibrium toenerature.  

The fuel rack equilibrium temperature increased by 1460 C as a consequence 

of the fire, probably due to: 

- dehydration of cement; 

- the air gap developed between the outer shell and the veil of cement 

which causes a distortion of the thermal flux; 

- oxidation of copper, melting of some fin tips and local carbonization 

of resin. 2he amount melted corresponded to 0.8% of the initial cooling 

surface.
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6. CONCLUSION 

The conditions of the fire test were very severe in comparison with 

regulatory requirements. Nevertheless, the model satisfactorily survived.
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- ANNEX E TO CHAPTER V - 265a 

DROP TEST EVALUATION 

1. OBJECTIVE 
The purpose of this annex is to show that the conclusions of 
the 9 meter and punch drop tests performed on the package 
models referred to in Chapter V would not have been changed 
assuming that these models had incorporated the following 
design features that were decided subsequent to the tests: 

-Reinforced trunnions recessed into the extremity drums and 
protected by protruding removable impact limiters 

-Drain orifice laterally recessed in the extremity drum 
instead of 
located on the bottom plate 

-Inner basket of the TN9 replaced by a compartment structure 
similar to that of the TN8 

-Reduction of the number of fins for the TN-8L.  

2. HORIZONTAL DROP OF 9 METERS ON THE TRUNNIONS 
2.1 Behavior of the TN9 cask half-scale model 

That model is represented on Drawing TN 9085-55 (Page 
258). As indicated in Annex B to Chapter V, the 
apparant damages after the horizontal drop on trunnions 
concerned only these trunnions without significant 
deformation of the extremity drums or bending of the 
cask model body (see Fig. 5.B.5) and the peak 
deceleration was 180 g.  

The deformed trunnions were removed to allow the cask 
model to be refurbished by the BAM* for additional drop 
tests. This permitted us to observe that the inner 
trunnion segments did not suffer apparent damages. We 
also verified by examining the high speed.

*Bundesanstalt fur Materialprufung, Berlin, Germany
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motion pictures taken during the drop that the cask rotational 

energy during the bounce after the drop may be neglected as it 

represents less than 0.5 % of the drop energy.  

Therefore, we may conclude that practically the whole drop energy 

was dissipated during the coxpression of the protruding segments 

of the trunnions (made of carbon steel).  

2.2. Trunnion modifications subsequent to the tests of the TN9 cask half

scale model 

The attachTent of the trunnion to the outer sfIll is reinforced 

and rigidified by enlarging the section thickness of the trunnions, 

adding gussets and reducing the length of the trunnion inner 

segment.  

The outer segment of the trunnions is reinforced and no longer 

protrudes from the extremity. drums. Their extremities are provided 

with removable inpact limiters which protrude the extremity-drums 

as the trunnions of the former design. 4

The deformable part of these inpact limiters is dimensioned as that 

of the former trunnions (diameter : 160/200 mm, length : 150 mn).  

The material is also the same (carbon steel).  

2.3. Behavior of the modified trunnions equipped with impact limiters 

As the inpact limiters fastened to the extremities of the trunnions 

of the TN8/TN9 models have the sane geometry and same resistance 

as the trunnions of the half-scale model, we may anticipate that 

they will similarly absorb the whole drop energy without significant 

damage to other parts of the model. We also may consider that the 

peak deceleration will not exceed 90 g, taking into account the scale 

factor correction.


