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The transport safety of radioactive material is of utmost significance, which is mainly based on
the safety of packages. In accordance with the IAEA Regulations for the safe transport of ra-
dioactive material, radioactive material transport packages undergo rigorous testing under
diverse transport conditions including free drop tests and thermal tests. The determination of
the appropriate thickness for the insulation layer poses a challenge, as it necessitates the con-
sideration of factors such as the dissipation of internal heat sources and protection against fire
accidents. Finite element simulation is usually used for the design and testing of packages. The
requirement of the cumulation effect for the drop test and thermal test makes it harder for the
finite element method in testing. In this paper, a method for thickness changing of insulation
layer thickness in finite element simulation was developed and verified. A radioactive mate-
rial transport package is taken as an example for the cumulating effect of the drop test and the

thermal test.
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INTRODUCTION

All kinds of radioactive material (RM) are trans-
ported every day around the world [1] and the RM
transport (RMT) safety is an important part of nuclear
safety [2-4]. The RMT packages are the most impor-
tant safety barriers for the transport of radioactive ma-
terial. According to IAEA Transport Regulations
(SSR-6) [5], RMT packages are subjected to tests un-
der various normal transport conditions and accident
transport conditions, such as free drop tests, and ther-
mal tests. The thermal test is an important part of RMT
package design. Insulation material is important in the
thermal design of an RMT package, not only the prop-
erties of the material but also its thickness [6-9].

For an RMT package with an internal heat
source, the thermal performance does not improve
with thickness of the insulation layer. The thickness of
the material needs to be such that the heat generated by
the internal heat source can be dissipated. On the other
hand, it is necessary to ensure that only limited exter-
nal heat can be introduced to the internal in the thermal
test. Therefore, the impact of the drop test on the ther-
mal insulation performance is not necessarily solely
favorable or unfavorable. Due to the complexity dis-
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cussed above, finite element simulation is often used
for the thermal design of packages [10-14].

For Type B packages, it is necessary to withstand
the cumulative test of the drop test and the thermal test.
The drop test may have an impact on the thermal per-
formance of the RMT packages. However, few papers
considered this effect, which means that few thermal
designs consider drop tests for transport packages.
Due to the complexity of the model building, the drop
test and the thermal test are often considered inde-
pendently in previous simulation studies.

In this paper, a method for simulating the thick-
ness variation of the insulation layer by changing the
material parameters is developed and verified by sim-
ulation. It is possible to simulate the thermal perfor-
mance of the package with different insulation layer
thicknesses without repeating building complex mod-
els. A typical RMT package was used as an example to
illustrate the effect of the drop test on thermal perfor-
mance.

METHODOLOGY

In the collision of RMT packages, in addition to
possible damage to the package, damage to the sealed
boundary, etc., the most influential factor on thermal
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performance should be the impact of the thickness
change of the insulation layer. In simulation studies, it is
a complicated matter to perform thermal analysis on the
model after impact. This complexity is reflected in the
factthat on one hand, the simulation of impact accidents
generally requires the use of impact dynamics transient
analysis, which is not easy to obtain the final plastic de-
formation after the package drops, on the other hand,
the deformation of the package caused by the drop acci-
dent is often irregular. This would make the simulation
much more difficult as the stability, contact analysis and
other things are complex. In addition, the impact may
break certain parts of the package, especially the outer
parts, which creates additional problems.

A simplified and conservative method is to extract
the thickness variation of the thermal insulation layer
during the drop test. Based on the minimum thickness of
the thermal insulation layer during the drop process, the
finite element model is re-established for thermal test
simulation analysis. However, the disadvantage of this
method is that the workload of re-establishing the finite
element model is large. Especially in optimization and
comparative analysis, changing the geometric model al-
ways results in the entire process of the finite element
analysis being repeated.

THEORETICAL ANALYSIS

If the change in geometrical thickness can be
equivalent to changing the material parameters, the pro-
cess will be very simple. Simply changing the material
parameters can easily replace the re-establishment of
geometric models, meshing, setting contacts, setting
initial, and boundary conditions, and it can use the sin-
gle-parameter optimization function of most software.

The main effect of thermal performance during
the drop/thermal test is the thickness change of the
heat-insulating material. The thickness variation of the
heat-insulating material has two effects on heat trans-
fer. First, assuming that the density of the insulation
material does not change after the impact when the
mass of the material decreases with thickness, the total
heat capacity decreases and the absorbed heat de-
creases. Second, if the thermal conductivity of the ma-
terial after the impact is constant, the heat flux of the
insulation material changes with the thickness change.

The parameters affecting the previous two prop-
erties include: density, specific heat capacity, and ther-
mal conductivity. According to the dimensional analy-
sis, the specific heat capacity can be derived based on
the density and thermal conductivity, so only the val-
ues of these two parameters need to be changed. When
the thickness changes to N times, the mass is also
changed to N times, and the density should be N times
the original. The heat transferred per unit time be-
comes 1/N of the original, and the thermal conductiv-
ity issetto 1/N of the original. Summarized as follows

P =Np, (1)
1
l:ﬁlo (2)

where p is the density, A — the thermal conductivity,
and subscript 0 represents the value before the thick-
ness change N times.

Example design

Asaverification of the aforementioned theory,
a simulation scheme is designed. Assume a rod with
a square-cross section of 10 mm x 10 mm, whose
length L, =50 mm. The material is a commonly used
thermal insulation material called an aluminum sili-
cate fiber blanket. Assuming that the compression
factoris N=Ly/L =2 and 4, the length after compres-
sion is L = 25 mm and 12.5 mm. According to the
formula in section Theoretical analysis, the material
parameters are listed in tab. 1.

Table 1. Material parameters of aluminum silicate fiber

Parameter No compression | N=2 | N=4
Density, p [kgm ] 160 80 40
Thermal conductivity,
A [Wm 'K 0.156 0.312 | 0.624
Specific heat capacity,
¢ kg KJ} 900 900 | 900

B Temperature: 800. °C
[B] Convection: 38. °C, 1.e-005 W/mm?. °C
B Radiation: 38. °C, 1.

Figure 1. Model

Apply the 800 °C temperature boundary condi-
tion at the left side of the rod, set the air convection
heat transfer with a radiation boundary condition at the
right side, and calculate the right end temperature at
1000 seconds by transient heat transfer. The calcula-
tion model is shown in fig. 1.

Comparison of test results

The temperature before compression, the tempera-
ture after compression of 50 mm length and the tempera-
ture under uncompressed parameters of 25 mm/12.5 mm
length were calculated separately. The results are shown
in fig. 2 and tab. 2.
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576.27
501.69
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352.563
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203.38
128.8

(a) 50 mm no compression

800

732.81
665.63
598.44
531.26
464.07
396.88
329.69
262.51
195.32

(b) 50 mm, compression factor N = 2

800

732.81
665.63
598.44
531.25
464.07
396.88
329.69
262.51
195.32

(c) 25 mm, no compression

800

740.91
681.81
622.72
563.63
504.53
445.44
386.34
327.25
268.16

(d) 50 mm, compression factor N = 4

800
740.91
681.81

622.72
563.63
504.53
445.44
386.34
327.25
268.16

(e) 12.5 mm, no compression

Figure 2. Simulation 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

It can be seen from the previous simulation results
that the calculated value of the right end temperature af-
ter compression of 50 mm by using the compressed pa-
rameter is higher than that of the uncompressed param-

eter, and the result is exactly the same as the length of 25
mm/12.5 mm which means that this method is reason-
able.

CALCULATION AND RESULTS

For a typical radiation source transport package,
drop and thermal test simulations were performed.
The results of different drop attitudes were simulated,
and the results with the greatest influence on the ther-
mal insulation performance were selected and ana-
lyzed for thermal test simulation. The results were
compared with the thermal test simulation for the
package without the drop test.

Model

The structure of the package is shown in fig. 3. It
mainly includes two parts: outer packaging and inner
packaging. The outer packaging is made of alumino-
silicate fiber coated with stainless steel, which is
mainly used for impact resistance and heat insulation.
The inner packaging is made of stainless steel and
polyethylene, which is used for containment and
shielding. Wood is between the inner and outer pack-
aging as a shock-absorbing and insulating material.
The thermal power of the contents of the package is
45 W, and the inner seal is the key location of the con-
tainment system. In this example, we need to pay at-
tention to the temperature value to avoid rubber melt-
ing failure and ensure the sealing performance of the
package.

According to the requirements of [AEA SSR 6,
the Type B package shall be subjected to the superpo-

Aluminosilicate

fiber
Inner
packaging
Polyethylene
Wood

Figure 3. Package structure



D. Meng, et al., Comparison of Thermal Tests Before and After the Free Drop ...
158 Nuclear Technology & Radiation Protection: Year 2023, Vol. 38, No. 3, pp. 155-161

sition test of the free drop Test I and the thermal test
under accident conditions. In the drop Test I simula-
tion, the package was free to drop from a height of 9 m
onto the rigid target surface, taking into account the
five attitudes of the bottom surface falling, the top sur-
face falling, the side falling, the bottom corner falling
and the top corner falling. The results of the drop simu-
lation were analyzed to determine the thickness
change of the insulation layer in different falling atti-
tudes, and the maximum thickness variation of the in-
sulation layer was extracted. The thickness change
would be taken as an input condition for the thermal
test next.

Drop test results

Figure 4 shows the deformation of the outer
packaging when the compression is maximum under
each drop attitude.

After analysis, it is considered that the top sur-
face falling leads to the maximum compression of the
heat insulation layer, and the minimum thickness after
compression is 32 mm, which is used as the input con-

Bottom surface drop Top surface drop

§éa

Top corner drop Bottom corner drop

Side drop

Figure 4. Deformation for the drop test

dition for the package model of the after the drop
thermal test simulation.

Thermal test results

The original thickness of the heat insulating ma-
terial in the top cover is L= 100 mm, and the thickness
after compression is L =30 mm, taking N=L/L~3.33.
The main parameter values before and after compres-
sion are shown in tab. 3.

Table 3. Material parameters of aluminosilicate fiber

Before After
Parameter
compress | compress
Density, p [kgm ] 160 48
Thermal conductivity, A [Wm 'K™'] 0.156 0.519
Specific heat capacity, ¢ [Jkg '"K™] 900 900

According to the requirements of SSR 6, consid-
ering the internal thermal power of 45 W, the outer sur-
face is applied with different insolation power condi-
tions or flame temperature conditions and convective
heat transfer coefficients for different surfaces accord-
ing to the requirements and is calculated in three steps,
as the insolation step, the burn step, and the cooling
step. The results considering or not considering the
compression of the thermal test were compared.

Step 1 —static thermal state under exposure conditions

The overall temperature distribution of the pack-
age and the temperature distribution at the seal of the
inner package are shown in fig. 5.

It can be seen that under the insolation condition, the
maximum temperature of the package without compres-
sion is about 84.4 °C, the temperature of the sealing ring is
about 68.4 °C, the maximum temperature of the package
after compression is about 83.6 °C, and of the sealing ring
is about 56.1 °C. The temperature after compression is
lower, because under this condition, the influence of the
internal heat source on the temperature of the package, es-
pecially the temperature of the seal position, is dominant.
When the thickness of the insulation layer of the package
is reduced, the heat preservation capacity deteriorates, and
the heat generated by the internal heat source is more eas-
ily exported, so the internal temperature is lower, which
conforms to the physical principle, and also indicates that
the impact of the collision on the temperature distribution
of the package under insolation is obvious.

Step 2 — the transient thermal simulation

The transient thermal simulation is performed for the
package at 800 ° C for 30 minutes burning and natu-
rally cooled under insolation conditions

After 30 min heat, as shown in tab. 4, the temper-
ature increase of the bottom of the out cover for the un-
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84.422
79.588
74,755
69.922
65.088
60.255
55.422
50.588
45.755
40.922

No compression Compression

Figure 5. Temperature results of the insolation condition

Table 4. Temperature tor the bottom of the out cover

No compression, [°C] Compresion, [°C]

Before heating

75.8°C 7511 °C

After heating

307.6 °C 401.7 °C

Difference 231.8°C 326.6 °C
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Table 5. Temperature of the sealing ring

Temperature No compression | Compression
Maximum temperature 76.2 °C 64.6 °C
Temperature change 7.8 °C 8.5°C

compressed model and compressed model is 231.8 °C
and 326.6 °C, respectively, which means the thermal
insulation capacity has been weakened because of the
compression during the drop test.

Check the maximum temperature of the inner
packaging seal during this process. By simulation, for
the package before and after the drop test, the sealing
ring temperature reaches the highest temperature after
33478 seconds (9.30 hours) and 88383 seconds (24.55
hours), respectively, after the end of the fire. The max-
imum temperature of the non-dropped package seal is
76.2 °C, which is higher than 7.8 °C before burning,
the maximum temperature of the seal after 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 paper, a method for simulating the thick-
ness variation of the thermal insulation layer of RMT
packages by changing the material parameters is de-
veloped. The theoretical analysis is verified by a sim-
ple example, and this method is applied to the drop test
ofatypical RMT package. The simulations of the ther-
mal test before and after the drop test of the package
were carried out. Quantitatively stated that for this
package, the impact of the package will reduce the
thermal insulation performance, which is beneficial to
the derivation of internal heat, but is not conducive to
thermal insulation during fire accidents.

This work illustrates:

e The complexity of designing the insulation layer
thickness of RMT packages. The internal heat dis-
sipation and insulation functions need to be con-
sidered comprehensively, rather than the thicker,
the better.

e It shows that the cumulative impact of the drop
test on the thermal test is significant and must be
considered in the package test. According to the
method in this article, the difficulty of designing
the thickness of the thermal insulation layer using
the FE method can be greatly simplified; it also
provides a simple method for simulating the im-
pact of the drop test on the thermal test.

e Itshould be noted that in this method, the assump-
tion that the density of the heat insulating material
is constant before and after the impact and the
thermodynamic parameters are not changed is not
reasonable enough. In fact, the heat insulating ma-
terial may be pressed during the impact process
and also the density would be increasing, resulting
in changes in its thermodynamic properties. Fur-

thermore, different compression quantities at
different locations lead to different material pa-
rameters. To further study the details of this prob-
lem, detailed experimental tests on the density and
other thermodynamic parameters of insulation
materials with different compression levels are re-
quired. In addition, the deformation of the metal
casing wrapped around the insulation material
also affects the heat transfer performance of the
package. These issues are what we need to focus
on in future research.
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Hynrjyen MEHI, hen CYEH, Jyxanr ITAHT, llyranr CYEH

INOPELEILE TEPMUYKNX TECTOBA IIPE U IIOCJIE TECTA CIOBOJHOTI
ITAJA ITAKETA 3A TPAHCIIOPT PAIMOAKTHUBHOI' MATEPUJAIIA

BesbegHocT TpaHcHopTa pagloakTUBHOT MaTepujaja je of HajBehe BaKHOCTU M 3acCHHBA Ce
yriaBHOM Ha Oe30efHOCTM makera. Y ckjagy ca npasunHukoM MAEA 3a 6e30egaH TpaHCIOPT
PafnoOaKTUBHOT MaTepHjalia, MakeT! 3a TPAHCHOPT PaJUOaKTUBHOT MaTepujaja MOJJIeKY PUTOPO3HOM
TECTHpamby y Pa3iNuIATHM YCIOBHMa TPAHCIOPTA, YKIbYUyjyhn TecToBe cIO00OAHOr Hajja W TepPMUUKeE
TectoBe. OnpebuBame oprosapajyhe aebibrHEe M30IAMOHOT CJI0ja MPEACTaBlha M3a30B, jep 3axTeBa
pa3MaTtpame (pakTopa Kao HITO Ccy AUCUIAIMja YHYTPALIBUX U3BOpA TOINIOTE M 3alITUTa Off Moxapa.
Cumynanyja METOOM KOHAYHUX eJIeMeHaTa OOMYHO ce KOPUCTH 32 MPOjeKTOBAkE U TECTUPAhe NaKeTa.
KyMynaTuBHE naj 1 TEPMIUKH TECT OTEXXaBajy IPUMEHY METOJIe Y ICHUTHBAKY. Y OBOM pajy pa3BHjeHa je
1 Bepu(puKoBaHa METO[a 3a IPOMEHY AeOJbMHE U30JIALMOHOr Clloja Y CUMYJIalliji METOIOM KOHAauyHUX
eneMmeHnara. [lakeT 3a TpaHCIOPT pajgMOAaKTHBHOI MaTepujajia y3eT je Kao npumMep 3a edekre
KyMyJIaTHBHOT TeCTa Maja U TEPMUUIKOT TecTa.

Kmwyune peuu: mpanciopiti paduoakiiu6HOZ Maillepujand, CUMyAayuja KOHA4HUX eAeMeHallad,
wepmudKu ulecud



