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The trans port safety of ra dio ac tive ma te rial is of ut most sig nif i cance, which is mainly based on 
the safety of pack ages. In ac cor dance with the IAEA Reg u la tions for the safe trans port of ra -
dio ac tive ma te rial, ra dio ac tive ma te rial trans port pack ages un dergo rig or ous test ing un der
di verse trans port con di tions in clud ing free drop tests and ther mal tests. The de ter mi na tion of 
the ap pro pri ate thick ness for the in su la tion layer poses a chal lenge, as it ne ces si tates the con -
sid er ation of fac tors such as the dis si pa tion of in ter nal heat sources and pro tec tion against fire 
ac ci dents. Fi nite el e ment sim u la tion is usu ally used for the de sign and test ing of pack ages. The 
re quire ment of the cumulation ef fect for the drop test and ther mal test makes it harder for the
fi nite el e ment  method in test ing. In this pa per, a method for thick ness chang ing of in su la tion
layer thick ness in fi nite el e ment  sim u la tion was de vel oped and ver i fied. A ra dio ac tive ma te -
rial trans port pack age is taken as an ex am ple for the cu mu lat ing ef fect of the drop test and the
ther mal test.
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INTRODUCTION

All kinds of ra dio ac tive ma te rial (RM) are trans -
ported ev ery day around the world [1] and the RM
trans port (RMT) safety is an im por tant part of nu clear
safety [2-4]. The RMT pack ages are the most im por -
tant safety bar ri ers for the trans port of ra dio ac tive ma -
te rial. Ac cord ing to IAEA Trans port Reg u la tions
(SSR-6) [5], RMT pack ages are sub jected to tests un -
der var i ous nor mal trans port con di tions and ac ci dent
trans port con di tions, such as free drop tests, and ther -
mal tests. The ther mal test is an im por tant part of RMT
pack age de sign. In su la tion ma te rial is im por tant in the
ther mal de sign of an RMT pack age, not only the prop -
er ties of the ma te rial but also its thick ness [6-9]. 

For an RMT pack age with an in ter nal heat
source, the ther mal performance does not im prove
with thick ness of the in su la tion layer. The thick ness of
the ma te rial needs to be such that the heat gen er ated by
the in ter nal heat source can be dis si pated. On the other
hand, it is nec es sary to en sure that only lim ited ex ter -
nal heat can be in tro duced to the in ter nal in the ther mal
test. There fore, the im pact of the drop test on the ther -
mal in su la tion per for mance is not nec es sar ily solely
fa vor able or un fa vor able. Due to the com plex ity dis -

cussed above, fi nite el e ment sim u la tion is of ten used
for the ther mal de sign of pack ages [10-14].

For Type B pack ages, it is nec es sary to with stand 
the cu mu la tive test of the drop test and the ther mal test. 
The drop test may have an im pact on the ther mal per -
for mance of the RMT pack ages. How ever, few pa pers
con sid ered this ef fect, which means that few ther mal
de signs con sider drop tests for trans port pack ages.
Due to the com plex ity of the model build ing, the drop
test and the ther mal test are of ten con sid ered in de -
pend ently in pre vi ous sim u la tion stud ies.

In this pa per, a method for sim u lat ing the thick -
ness vari a tion of the in su la tion layer by chang ing the
ma te rial pa ram e ters is de vel oped and ver i fied by sim -
u la tion. It is pos si ble to sim u late the ther mal per for -
mance of the pack age with dif fer ent in su la tion layer
thick nesses with out re peat ing build ing com plex mod -
els. A typ i cal RMT pack age was used as an ex am ple to
il lus trate the ef fect of the drop test on ther mal per for -
mance.

METHODOLOGY

In the col li sion of RMT pack ages, in ad di tion to
pos si ble dam age to the pack age, dam age to the sealed
bound ary, etc., the most in flu en tial fac tor on ther mal
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per for mance should be the im pact of the thick ness
change of the in su la tion layer. In sim u la tion stud ies, it is 
a com pli cated mat ter to per form ther mal anal y sis on the
model af ter im pact. This com plex ity is re flected in the
fact that on one hand, the sim u la tion of im pact ac ci dents 
gen er ally re quires the use of im pact dy nam ics tran sient
anal y sis, which is not easy to ob tain the fi nal plas tic de -
for ma tion af ter the pack age drops, on the other hand,
the de for ma tion of the pack age caused by the drop ac ci -
dent is of ten ir reg u lar. This would make the sim u la tion
much more dif fi cult as the sta bil ity, con tact anal y sis and 
other things are com plex. In ad di tion, the im pact may
break cer tain parts of the pack age, es pe cially the outer
parts, which cre ates ad di tional prob lems.

A sim pli fied and con ser va tive method is to ex tract
the thick ness vari a tion of the ther mal in su la tion layer
dur ing the drop test. Based on the min i mum thick ness of
the ther mal in su la tion layer dur ing the drop pro cess, the
fi nite el e ment model is re-es tab lished for ther mal test
sim u la tion anal y sis. How ever, the dis ad van tage of this
method is that the work load of re-es tab lish ing the fi nite
el e ment model is large. Es pe cially in op ti mi za tion and
com par a tive anal y sis, chang ing the geo met ric model al -
ways re sults in the en tire pro cess of the fi nite el e ment
anal y sis be ing re peated.

THEORETICAL ANALYSIS

If the change in geo met ri cal thick ness can be
equiv a lent to chang ing the ma te rial pa ram e ters, the pro -
cess will be very sim ple. Sim ply chang ing the ma te rial
parameters can eas ily re place the re-es tab lish ment of
geo met ric mod els, mesh ing, set ting con tacts, set ting
ini tial, and bound ary con di tions, and it can use the sin -
gle-pa ram e ter op ti mi za tion func tion of most soft ware.

The main ef fect of ther mal per for mance dur ing
the drop/ther mal test is the thick ness change of the
heat-in su lat ing ma te rial. The thick ness vari a tion of the 
heat-in su lat ing ma te rial has two ef fects on heat trans -
fer. First, as sum ing that the den sity of the in su la tion
ma te rial does not change af ter the im pact when the
mass of the ma te rial de creases with thick ness, the to tal
heat ca pac ity de creases and the ab sorbed heat de -
creases. Sec ond, if the ther mal con duc tiv ity of the ma -
te rial af ter the im pact is con stant, the heat flux of the
in su la tion ma te rial changes with the thick ness change.

The pa ram e ters af fect ing the pre vi ous two prop -
er ties in clude: den sity, spe cific heat ca pac ity, and ther -
mal con duc tiv ity. Ac cord ing to the di men sional anal y -
sis, the spe cific heat ca pac ity can be de rived based on
the den sity and ther mal con duc tiv ity, so only the val -
ues of these two pa ram e ters need to be changed. When
the thick ness changes to N times, the mass is also
changed to N times, and the den sity should be N times
the orig i nal. The heat trans ferred per unit time be -
comes 1/N of the orig i nal, and the ther mal con duc tiv -
ity is set to 1/N of the orig i nal. Sum ma rized as fol lows

r r= N 0 (1)

l l=
1

0
N

(2)

where r is the den sity, l – the ther mal con duc tiv ity,
and sub script 0 rep re sents the value be fore the thick -
ness change N times.

Example design

As a ver i fi ca tion of the afore men tioned the ory, 
a sim u la tion scheme is de signed. As sume a rod with
a square-cross sec tion of 10 mm × 10 mm, whose
length L0 = 50 mm. The ma te rial is a com monly used
ther mal in su la tion ma te rial called an alu mi num sil i -
cate fi ber blan ket. As sum ing that the com pres sion
fac tor is N = L0/L = 2 and 4, the length af ter com pres -
sion is L = 25 mm and 12.5 mm. Ac cord ing to the
for mula in sec tion The o ret i cal analysis, the ma te rial 
pa ram e ters are listed in tab. 1.

Ap ply the 800 °C tem per a ture bound ary con di -
tion at the left side of the rod, set the air con vec tion
heat trans fer with a ra di a tion bound ary con di tion at the 
right side, and cal cu late the right end tem per a ture at
1000 sec onds by tran sient heat trans fer. The cal cu la -
tion model is shown in fig. 1.

Comparison of test results

The tem per a ture be fore com pres sion, the tem per a -
ture af ter com pres sion of 50 mm length and the tem per a -
ture un der un com pressed pa ram e ters of 25 mm/12.5 mm
length were cal cu lated sep a rately. The re sults are shown
in fig. 2 and tab. 2.
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Table 1. Material parameters of aluminum silicate fiber

Parameter No compression N = 2 N = 4

Density, r [kgm–3] 160 80 40

Thermal conductivity, 
l [Wm–1K–1]

0.156 0.312 0.624

Specific heat capacity,
c [Jkg–1K–1] 900 900 900

Fig ure 1. Model



It can be seen from the pre vi ous sim u la tion re sults 
that the cal cu lated value of the right end tem per a ture af -
ter com pres sion of 50 mm by us ing the com pressed pa -
ram e ter is higher than that of the un com pressed pa ram -

e ter, and the re sult is ex actly the same as the length of 25 
mm/12.5 mm which means that this method is rea son -
able.

CALCULATION AND RESULTS

For a typ i cal ra di a tion source trans port pack age,
drop and ther mal test sim u la tions were per formed.
The re sults of dif fer ent drop at ti tudes were sim u lated,
and the re sults with the great est in flu ence on the ther -
mal in su la tion per for mance were se lected and an a -
lyzed for ther mal test sim u la tion. The re sults were
com pared with the ther mal test sim u la tion for the
pack age with out the drop test.

Model

The struc ture of the pack age is shown in fig. 3. It
mainly in cludes two parts: outer pack ag ing and in ner
pack ag ing. The outer pack ag ing is made of alu mi no -
sili cate fi ber coated with stain less steel, which is
mainly used for im pact re sis tance and heat in su la tion.
The in ner pack ag ing is made of stain less steel and
poly eth yl ene, which is used for con tain ment and
shield ing. Wood is be tween the in ner and outer pack -
ag ing as a shock-ab sorb ing and in su lat ing ma te rial.
The  ther mal  power of the con tents of the pack age is
45 W, and the in ner seal is the key lo ca tion of the con -
tain ment sys tem. In this ex am ple, we need to pay at -
ten tion to the tem per a ture value to avoid rub ber melt -
ing fail ure and en sure the seal ing per for mance of the
pack age.

Ac cord ing to the re quire ments of IAEA SSR 6,
the Type B pack age shall be sub jected to the su per po -
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Fig ure 2. Sim u la tion results

Table 2. Temperature of the right end

Condition Temperature [°C]

50 mm, no compression 128.8

50 mm, compression factor N = 2 195.32

25 mm, no compression 195.32

50 mm, compression factor N = 4 268.16

12.5 mm, no compression 268.16

Fig ure 3. Pack age structure



si tion test of the free drop Test I and the ther mal test
un der ac ci dent con di tions. In the drop Test I sim u la -
tion, the pack age was free to drop from a height of 9 m
onto the rigid tar get sur face, tak ing into ac count the
five at ti tudes of the bot tom sur face fall ing, the top sur -
face fall ing, the side fall ing, the bot tom cor ner fall ing
and the top cor ner fall ing. The re sults of the drop sim u -
la tion were an a lyzed to de ter mine the thick ness
change of the in su la tion layer in dif fer ent fall ing at ti -
tudes, and the max i mum thick ness vari a tion of the in -
su la tion layer was ex tracted. The thick ness change
would be taken as an in put con di tion for the ther mal
test next.

Drop test results

Fig ure 4 shows the de for ma tion of the outer
pack ag ing when the com pres sion is max i mum un der
each drop at ti tude.

Af ter anal y sis, it is con sid ered that the top sur -
face fall ing leads to the max i mum com pres sion of the
heat in su la tion layer, and the min i mum thick ness af ter
com pres sion is 32 mm, which is used as the in put con -

di tion for the pack age model of the af ter the drop
ther mal test sim u la tion.

Thermal test results

The orig i nal thick ness of the heat in su lat ing ma -
te rial in the top cover is L0 = 100 mm, and the thick ness 
af ter com pres sion is L = 30 mm, tak ing N = L0/L » 3.33. 
The main pa ram e ter val ues be fore and af ter com pres -
sion are shown in tab. 3.

Ac cord ing to the re quire ments of SSR 6, con sid -
er ing the in ter nal ther mal power of 45 W, the outer sur -
face is ap plied with dif fer ent in so la tion power con di -
tions or flame tem per a ture con di tions and con vec tive
heat trans fer co ef fi cients for dif fer ent sur faces ac cord -
ing to the re quire ments and is cal cu lated in three steps,
as the in so la tion step, the burn step, and the cool ing
step. The re sults con sid er ing or not con sid er ing the
com pres sion of the ther mal test were com pared.

Step 1 – static ther mal state un der ex po sure con di tions

The over all tem per a ture dis tri bu tion of the pack -
age and the tem per a ture dis tri bu tion at the seal of the
in ner pack age are shown in fig. 5.

It can be seen that un der the in so la tion con di tion, the 
max i mum tem per a ture of the pack age with out com pres -
sion is about 84.4 °C, the tem per a ture of the seal ing ring is
about 68.4 °C, the max i mum tem per a ture of the pack age
af ter com pres sion is about 83.6 °C, and of the seal ing ring
is about 56.1 °C. The tem per a ture af ter com pres sion is
lower, be cause un der this con di tion, the in flu ence of the
in ter nal heat source on the tem per a ture of the pack age, es -
pe cially the tem per a ture of the seal po si tion, is dom i nant.
When the thick ness of the in su la tion layer of the pack age
is re duced, the heat pres er va tion ca pac ity de te ri o rates, and
the heat gen er ated by the in ter nal heat source is more eas -
ily ex ported, so the in ter nal tem per a ture is lower, which
con forms to the phys i cal prin ci ple, and also in di cates that
the im pact of the col li sion on the tem per a ture dis tri bu tion
of the pack age un der in so la tion is ob vi ous.

Step 2 – the tran sient ther mal sim u la tion

The tran sient ther mal sim u la tion is per formed for the
pack age at 800 ° C for 30 min utes burn ing and nat u -
rally cooled un der in so la tion con di tions

Af ter 30 min heat, as shown in tab. 4, the tem per -
a ture in crease of the bot tom of the out cover for the un -
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Fig ure 4. De for ma tion for the drop test

Table 3. Material parameters of aluminosilicate fiber

Parameter Before
compress

After
compress

Density, r [kgm–3] 160 48

Thermal conductivity, l [Wm–1K–1] 0.156 0.519

Specific heat capacity, c [Jkg–1K–1] 900 900
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Fig ure 5. Tem per a ture re sults of the in so la tion condition



com pressed model and com pressed model is 231.8 °C
and 326.6 °C, re spec tively, which means the ther mal
in su la tion ca pac ity has been weak ened be cause of the
com pres sion dur ing the drop test.

Check the max i mum tem per a ture of the in ner
pack ag ing seal dur ing this pro cess. By sim u la tion, for
the pack age be fore and af ter the drop test, the seal ing
ring tem per a ture reaches the high est tem per a ture af ter
33478 seconds (9.30 hours) and 88383 seconds (24.55 
hours), re spec tively, af ter the end of the fire. The max -
i mum tem per a ture of the non-dropped pack age seal is
76.2 °C, which is higher than 7.8 °C be fore burn ing,
the max i mum tem per a ture of the seal af ter the drop test 
is about 64.6 °C, which is 8.5 °C higher than that be -
fore the fire, as shown in tab. 5.

CONCLUSIONS

In this pa per, a method for sim u lat ing the thick -
ness vari a tion of the ther mal in su la tion layer of RMT
pack ages by chang ing the ma te rial pa ram e ters is de -
vel oped. The the o ret i cal anal y sis is ver i fied by a sim -
ple ex am ple, and this method is ap plied to the drop test
of a typ i cal RMT pack age. The sim u la tions of the ther -
mal test be fore and af ter the drop test of the pack age
were car ried out. Quan ti ta tively stated that for this
pack age, the im pact of the pack age will re duce the
ther mal in su la tion per for mance, which is ben e fi cial to
the der i va tion of in ter nal heat, but is not con du cive to
ther mal in su la tion dur ing fire ac ci dents.
This work il lus trates:

· The com plex ity of de sign ing the in su la tion layer
thick ness of RMT pack ages. The in ter nal heat dis -
si pa tion and in su la tion func tions need to be con -
sid ered com pre hen sively, rather than the thicker,
the better.

· It shows that the cu mu la tive im pact of the drop
test on the ther mal test is sig nif i cant and must be
con sid ered in the pack age test. Ac cord ing to the
method in this ar ti cle, the dif fi culty of de sign ing
the thick ness of the ther mal in su la tion layer us ing
the FE method can be greatly sim pli fied; it also
pro vides a sim ple method for sim u lat ing the im -
pact of the drop test on the ther mal test.

· It should be noted that in this method, the as sump -
tion that the den sity of the heat in su lat ing ma te rial
is con stant be fore and af ter the im pact and the
ther mo dy namic pa ram e ters are not changed is not
rea son able enough. In fact, the heat in su lat ing ma -
te rial may be pressed dur ing the im pact pro cess
and also the den sity would be in creas ing, re sult ing 
in changes in its ther mo dy namic prop er ties. Fur -

ther more, dif fer ent com pres sion quan ti ties at
dif fer ent lo ca tions lead to dif fer ent ma te rial pa -
ram e ters. To fur ther study the de tails of this prob -
lem, de tailed ex per i men tal tests on the den sity and 
other ther mo dy namic pa ram e ters of in su la tion
ma te ri als with dif fer ent com pres sion lev els are re -
quired. In ad di tion, the de for ma tion of the metal
cas ing wrapped around the in su la tion ma te rial
also af fects the heat trans fer per for mance of the
pack age. These is sues are what we need to fo cus
on in fu ture re search.
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PORE\EWE  TERMI^KIH  TESTOVA  PRE  I  POSLE  TESTA  SLOBODNOG
PADA  PAKETA  ZA  TRANSPORT  RADIOAKTIVNOG  MATERIJALA

Bezbednost transporta radioaktivnog materijala je od najve}e va`nosti i zasniva se
uglavnom na bezbednosti paketa. U skladu sa pravilnikom IAEA za bezbedan trans port
radioaktivnog materijala, paketi za trans port radioaktivnog materijala podle`u rigoroznom
testirawu u razli~itim uslovima transporta, ukqu~uju}i testove slobodnog pada i termi~ke
testove. Odre|ivawe odgovaraju}e debqine izolacionog sloja predstavqa izazov, jer zahteva
razmatrawe faktora kao {to su disipacija unutra{wih izvora toplote i za{tita od po`ara.
Simulacija metodom kona~nih elemenata obi~no se koristi za projektovawe i testirawe paketa.
Kumulativni pad i termi~ki test ote`avaju primenu metode u ispitivawu. U ovom radu razvijena je
i verifikovana metoda za promenu debqine izolacionog sloja u simulaciji metodom kona~nih
elemenata. Paket za trans port radioaktivnog materijala uzet je kao primer za efekte
kumulativnog testa pada i termi~kog testa.

Kqu~ne re~i: trans port radioaktivnog materijala, simulacija kona~nih elemenata,  
.........................termi~ki test


