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Abstract

The paper discusses the stages of calculating the radiation safety of spent nuclear fuel (SNF) transport packages, in
particular, transport casks and some related problems. The problem of describing the source of neutrons and gamma
radiation of spent nuclear fuel is shown. For individual designs of fuel assemblies, data are given on isotopes that make
the main contribution to the neutron source as well as on gamma rays in nuclear fuel material and structural materials.
The authors emphasize the necessity of analyzing the influence of the initial spent fuel parameters on the formation of
the radiation spectrum and, therefore, on the radiation situation around the transport casks. Consideration is given to the
problem of assessing the attenuation of gamma radiation in calculating protection analytically and using software. Due
to the ambiguity of the position of the zone with the highest effective dose value on the SNF transport cask surface, it
is indicated that preliminary estimates are required to take into account all radiation sources and their nonuniformities.

All the problems presented in the paper are currently being solved by means of rather complex and voluminous calcula-
tions that take a long time. In order to be able to conduct a preliminary assessment of the radiation situation around the
transport casks, the authors propose to create a methodology that will determine the type of interrelations between the
maximum effective dose and input parameters, such as fuel burnup, decay, fuel composition, protection material in the
SNF transport cask, etc. This methodology will make it possible to improve the efficiency of the process of designing
the SNF transport casks, avoid possible design errors and, in particular, when used as intended, resolve the issue of the
SNF cask loading configuration.
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Intr OduCtlon with a number of regulatory documents (PBYA-06-09-

2016, GOST 25461-82, GOST 26013-83, PBYA-06-00-

Today, ensuring nuclear and radiation safety during the
SNF transportation remains an urgent topic due to the
growing SNF volumes that must be transported to re-
processing or storage sites. The solution to this problem
requires that the SNF transport casks should comply

96, GOST R51964-2002, NP-053-16, NRB-99/2009,
OSPORB-99/2010, TAEA SSR-6): PBYA-06-00-2016,
NP-053-16, NRB-99/2009, GOST 25461-82, GOST
26013-83, GOST P51964-2002, GOST R15.301-2016,
OSPORB-99/2010, the TAEA TS-R-1 regulations, etc.
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If we consider some of the criteria, the casks must meet
the maximum permissible weight and size characteristics.
The criticality of the cask contents should not exceed a
specified value. Dose rates in the space around the casks
should correspond to the maximum permissible values.
The surface temperatures of the casks and the main ele-
ments of the fuel assemblies should be less than the maxi-
mum allowed. The specificity of the research topic ma-
kes it rather difficult to find literature that widely covers
this issue. This is partly due to the wide range of areas
of physics within which this topic is considered, starting
with thermal physics and ending with the theory of neu-
tron and gamma radiation transfer. Sources related to this
topic describe methods for determining the SNF burnup
depth and cooling time as well as methods for describing
the radiation environment around the casks.

For a long time in the field of designing SNF transport
casks, a large number of structures have been created in
Russia (Guskov et al. 2012, Amelin et al. 2010, 2012, Vo-
rontsov et al. 2008). Despite the diversity of designs, we
can distinguish the following common components: the
cask body, inner and outer lids, trunnions, and dampers.
The body and lids contain materials for the predominant
attenuation of both neutron radiation and gamma rays.
The cask capacity varies widely, for example, for the
cask of Patent RF No. 2459295 (Guskov et al. 2012), it
is 19 assemblies and, for the new generation TUK-140
packages, it is 42 SFAs. Damping devices are installed on
the cask lid and bottom in order to mitigate the effects of
external variable loads on the case during transportation,
thereby preventing damage to the case and its contents.

Stages of calculated analysis of
SNF cask radiation safety and
related problems

Analyzing nuclear and radiation safety of SNF transport
casks is rather an intricate problem, since determining the
isotopic composition of burnt fuel, the criticality of the
cask contents and the dose rate around the casks requi-
res a large number of calculations. A detailed analysis of
the above tasks takes a long time. A wide range of ty-
pes of fuel assemblies, determined by their composition
and design, differences in the burnup depth and ways to
achieve it, necessitates the creation of a methodology for
systematizing the main trends in the formation of gam-
ma radiation and neutron sources in SNF depending on
its cooling time, burnup depth and composition. This ap-
proach would make it possible to simplify the analysis of
the required SNF cooling time or quickly determine the
necessary transport cask parameters. Moreover, it could
help us develop a certain algorithm with a set of struc-
tured data necessary for assessing nuclear and radiation
safety in a particular case of SNF loading. This metho-
dology seems to be all the more important if a specific
SNF nomenclature is considered when a transport cask is

designed; and, when a specific actual SNF loading is per-
formed, as a rule, the SFA parameters differ from the de-
sign ones (burnup depth, initial enrichment, fuel assembly
design, available burnable absorber, etc.). In such a situa-
tion, it is important to be able, without additional lengthy
calculations, to determine the number and parameters of
loaded SFAs, in which the radiation safety acceptance cri-
teria will not be violated.

To develop this methodology, the following steps are
required:

—  to estimate, based on existing data or calculations,
the sources of gamma rays and neutrons that are
formed during the burning of the most common
types of fuel in Russian power reactors;

— to analyze the dynamics of changes in the inten-
sity of the sources and their spectral distribution
depending on the burnup depth and cooling time;

—  to evaluate the contribution of FA materials to the
source formation.

Let us now consider the problem of the formation of a
source of neutrons and gamma rays. According to existing
studies, neutron sources for uranium and MOX fuel irra-
diated in a VVER-1000 reactor with a three-year cooling
time are formed due to the set of isotopes presented in
Tab. 1. As can be seen from the table, neutron sources are
formed mainly due to Cm-244.

A gamma source during SNF cooling for 3-5 years
is formed due to the isotopes **Kr, *Sr, *°Y, %Rh, '>Sb,
134Cs, 197Cs, 3"mBa, 44Ce, “Pr, Pm, '%*Eu, '$Eu, which
are fission products (Opalovsky 2007). However, when
analyzing radiation safety of the cask, one should take
into account the irradiation of not only fuel but also struc-
tural materials. It turns out that in a number of cases, the
main contribution to the dose rate is made by “°Co, which
is contained in the stainless steel of the FA bottom fittings.
The difficulty in estimating the dose rate from “Co is as-
sociated with the fact that there is no explicit normaliza-
tion of the amount of *Co in the stainless steel composi-
tion of which the FA bottom fittings are made. According
to GOST 5632-72 and GOST 5632-2014 (GOST 5632-
72, GOST 5632-2014), the cobalt content is not explicitly
standardized for austenitic steel grade 12X18H10T, and
the limiting value of the mass fraction of 0.5% is given for
nickel and iron-nickel alloys to which this steel does not
belong. Therefore, there is a need to obtain information
on the amount of **Co in steel grades used for manufac-
turing FA structural materials.

Despite the existence of a list of isotopes of gamma
and neutron sources for a specific cooling time and bur-
nup depth, there is no generalized information about the
change in the group of isotopes and their contribution to
the formation of gamma sources when these parameters
change. From here follows the first important problem,
i.e., the determination of the sources of neutron and gam-
ma radiation for fuel assemblies with the values of fuel
burnup, cooling time and compositions used at NPPs.
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Table 1. Isotopes determining a neutron source during three-
year cooling (Opalovsky 2007).

Pu-238 Pu-240 Pu-242 Cm-242
~0.1% ~0.2% ~0.1% ~1%

Cm-244 Cm-246 Cf-252
~96% ~1% ~1%

When calculating fuel burnup, it is possible to use soft-
ware systems that calculate it either by solving a system
of point burnup equations or taking into account the fuel
geometry in the material, where it is possible to divide the
burnable material into separate components that burn up in
a specific neutron flux. It can take a large amount of time
to form a new detailed model for each case or to calculate
it using a computer. Therefore, it becomes necessary to
solve the second problem, i.e., assessing the effectiveness
of replacing a detailed model with a simplified one using
homogenization. The solution to this problem is important
both for calculating radiation sources and, therefore, cal-
culating dose rates on the transport cask surfaces.

It is also necessary to clearly define a set of materials
that are most suitable for protection against both neutron
and gamma radiation. The protection material and its ge-
ometry are selected individually for each type of gam-
ma radiation source. If we consider a point source, the
expression characterizing the equivalent dose rate at the
point behind the shield will look as follows (Gusev 1989,
Mashkovich and Kudryavtseva 1995):

L2 o e (B, ud, Z) )

where 4 is the activity, Bq; b is the distance from the point
source to the dose calculation point, m; a = 1,09 Sv/Gy
is the transition coefficient from the air kerma rate to the
equivalent dose rate; I'; is the constant kerma, aGy'm?/
(sxBq); Bp* is the dose accumulation factor of a point
isotropic source; d is the protection thickness, cm; p is the
linear attenuation factor.

At present, the attenuation of gamma and neutron
radiation is most often calculated using the Monte Car-
lo-based software (Opalovsky et al. 2004). This obviates
the need for cumbersome analytical estimates. Based on
numerical calculations, it is possible to determine the
most optimal configurations for the transport cask case
in terms of attenuation of radiation at the stage of solving
design problems when creating a new type of cask. This
procedure enables solving the problem associated with
determining the optimal transport cask protection config-
urations for specific SFAs in view of varying parameters
of a given type of fuel assemblies.

Due to uneven axial fuel burnup and the presence of
%Co in the FA bottom fittings, the overall picture of the ef-
fective dose rate is uncertain and the position of the max-
imum value level can change. However, when designing
transport casks, it is necessary to have information in ad-
vance about the region with the highest radiation level,
which will make it possible to orient the cask design to
the greatest attenuation of radiation at this level. For ex-
ample, in Fig. 2, the region with the highest effective dose
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Figure 1. Block diagram of a transport cask for the transporta-
tion and storage of spent nuclear fuel (the author is JSC Design
Bureau for Special Machine-Building) (Vasilyev et al. 2019).
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Actual data for SFA: B = 42-43 MW day/kg, tcoo = 4-5 years
— — Calculated data for the SFA: B = 43 MW day/kg, tcoo = 4-5 years, x = 4.4%

Figure 2. An example of the uneven axial effective dose rate for
transport casks.
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value corresponds to the level where the FA top fittings
are located, which are sources of gamma radiation due to
the accumulated “Co.

To fully cover the considered problem and its causes,
we shall draw up a so-called ‘root cause analysis diagram’
(Fig. 3). The main problem in this case is the assessment
of the effective dose on the transport cask surface. The
above diagram may include other more detailed features
that affect the final parameter. Therefore, in order to op-
timize the procedure for estimating the effective dose on
the transport cask surface, it is necessary to create a meth-
odology that provides an assessment of the type of re-
lationship between the effective dose and the parameters
indicated in Fig. 3., i.e., to make a regression analysis.

The results of the regression analysis will make it pos-
sible to use the obtained dependences for initial estimates
of a specific actual load of transport casks. Since ready-
made dependences will be given, the estimation proce-
dure will become more convenient and simple. Initially,
the dependences can be obtained on the basis of numer-
ical calculations of models with subsequent verification
based on performed measurements. Since the scale of
SFA shipments will grow due to the construction of new
units, the emergence of a convenient estimation technique
will accelerate the process of calculating radiation safe-
ty of SNF in transport casks and ensure radiation safety
when assemblies with configurations different from the
design are loaded into transport casks.

The authors prepared the design model — TUK-1410
(Fig. 4) — for the transportation of SFAs of VVER-1000
reactors. To calculate the dependence of the effective dose
on the transport cask surface on the input parameters, it is
necessary to carry out calculations at a known load and
compare them with the measurement results. This will
make it possible to validate the calculation model and, if
necessary, refine it. At the next stage, in accordance with
the diagram, calculations will be performed for TUK-
1410 with the varied fuel parameters in order to analyze
the behavior of the effective dose and estimate the maxi-
mum load in the transport cask depending on fuel burnup,
type, enrichment, and cooling.

Conclusion

Based on the above, conclusions can be drawn regarding
the problem of the calculation analysis of radiation safe-
ty of SNF transport casks. Justifying radiation safety is
a complex and multi-stage process. Each calculation is
unique, since the set of input parameters is quite extensive

References

B Amelin AM, Grunin VV, Guskov VD, Dolbenkov VG, Zaytsev BI,
Sivkov AN, Khodasevich KB (2010) Patent RF No. 2400843. Trans-

I Cask design | Fuel
Materials Enrichment
Shield geometry Burnup
Source geometry Coolng
Type N Effective dose on the
- = cask surface
Bottom fitting gamma rays Group partition
Fuel gamma rays detail
Fuel neutrons Comp
homogenization
Determining Calculating

source features

Figure 3. Root cause analysis diagram for assessing the effec-
tive dose on the transport cask surface.

Figure 4. Vertical and horizontal sections of the TUK-1410 de-
sign model.

and variable, and an analysis of the type of their influence
on the radiation situation around the cask was not car-
ried out. To carry out a detailed calculation, it is necessary
to have resources for modeling and calculating fuel bur-
nup and assessing the situation around the cask. If these
tools are available, the analysis takes a long time, slowing
down the design and justification of cask radiation safety
and even more so when the actual load of transport casks
is determined on site. To solve this problem, it was pro-
posed to create a methodology that will allow preliminary
calculations of the effective dose on the surface based on
the identified dependences on the input parameters (fuel
burnup, cask materials, fuel cooling, etc.). The type of de-
pendencies can be obtained on the basis of the analysis of
a large number of calculated data when any parameter is
varied while the others remain unchanged. If this techni-
que is successfully developed, a useful tool will be created
that can be continuously supplemented and modernized.

port package for transporting and storage spent nuclear fuel. Patent
Rossii [Russia’s Patent], no. 2400843, bull. no. 23. [in Russian]



Nuclear Energy and Technology 6(1): 43-47

47

Amelin AM, Vorontsov VV, Guskov VD, Dolbenkov VG, Zaytsev
BI, Korotkov GV, Sivkov AN, Khodasevich KB (2012) Patent RF
No. 2465662. Container for transporting and/or storing spent nuclear
fuel. Patent Rossii [Russia’s Patent], no. 2465662, bull. no. 30. [in
Russian]

GOST 25461-82 (1988) Transport packages for spent fuel assem-
blies of nuclear reactors. Requirements for methods of calculating
nuclear safety. https://meganorm.ru/Data/77/7743.pdf [accessed
June 17, 2019] [in Russian]

GOST 26013-83 (1984) Transport packages for spent fuel assem-
blies of nuclear reactors. General technical requirements. https://
meganorm.ru/Index2/1/4294828/4294828423.htm [accessed June
17,2019] [in Russian]

GOST 5632-2014 (2014) Alloyed stainless steels and corrosion-re-
sistant, heat-resistant alloys. https://meganorm.ru/Data/581/58175.
pdf [accessed June 17, 2019] [in Russian]

GOST 5632-72 (2015) High-alloy steels and corrosion-resistant,
heat-resistant alloys. https://meganorm.ru/Data/421/42169.pdf [ac-
cessed June 17, 2019] [in Russian]

GOST R51964-2002 (2002) The packages of spent nuclear fuel.
Types and basic parameters. https://meganorm.ru/Data/61/6109.pdf
[accessed June 17, 2019] [in Russian]

Gusev NG (1989) Ionizing Radiation Protection. Vol. 1. Physical
Basics of Radiation Protection. Moscow. Energoatomizdat Publ.,
512 pp. [in Russian]

Guskov VD, Amelin AM, Vorontsov VV, Kapustkina OO, Khoda-
sevich KB, Zaytsev BI, Sivkov AN (2012) Patent RF No. 2459295.
Transport package for spent fuel assemblies of nuclear reactors. Pat-
ent Rossii [Russia’s Patent], no. 2459295, bull. no. 23. [in Russian]
TAEA SSR-6 (2012) Regulations for the Safe Transport of Radioac-
tive Material. https:/ www-pub.iaea.org/MTCD/Publications/PDF/
P1570r_web.pdf [accessed June 17, 2019] [in Russian]

Mashkovich VP, Kudryavtseva AV (1995) Ionizing Radiation Pro-
tection: Reference Book. Moscow. Energoatomizdat Publ., 496 pp.
[in Russian]

NP-053-16 (1995) Federal norms and rules in the field of the use of
atomic energy “Safety rules for the transport of radioactive mate-
rials”. https://meganorm.ru/Data2/1/4293748/4293748284.htm [ac-
cessed June 17, 2019] [in Russian]

NRB-99/2009 (2009) Radiation safety standards. https://meganorm.
ru/Datal/56/56325/index.htm [accessed June 17, 2019] [in Russian]
Opalovsky VA (2007) Development of Computational Method for
Modeling the Radiation Characteristics of Irradiated Nuclear Fuel.
Extended Abstract of Cand. Sci. (Engineering) Dissertation. Mos-
cow. MEPhI Publ., 20 pp. [in Russian]

Opalovsky VA, Tikhomirov GV, Kryuchkov EF (2004) Method of
calculating the radiation situation around a container with irradiated
nuclear fuel. Izvestiya vuzov. Yadernaya energetika [News of Higher
Educational Institutions. Nuclear Energy] 4: 63—69. [in Russian]
OSPORB-99/2010 (2010) Basic sanitary rules for radiation safety
https://meganorm.ru/Data2/1/4293816/4293816468.htm  [accessed
June 17, 2019] [in Russian]

PBYA-06-00-96 (2013) Basic industry nuclear safety rules for the
use, processing, storage and transportation of nuclear hazardous fis-
sile materials. https://meganorm.ru/Data2/1/4293842/4293842541.
htm [accessed June 17, 2019] [in Russian]

PBYA-06-09-2016 (2016) Basic nuclear safety rules for the produc-
tion, use, processing, storage and transportation of nuclear fission-
able materials. https://meganorm.ru/Data2/1/4293746/4293746881.
pdf [accessed June 17, 2019]. [in Russian]

Vasilyev AS, Romanov AV, Shchukin PO (2019) Strategic pathways
of creating environmentally friendly transport packages for trans-
porting and storing spent nuclear fuel. Inzhenerny Vestnik Dona.
Elektronny Nauchny Zhurnal [Engineering Bulletin of the Don.
Electronic scientific journal]. http://www.ivdon.ru/magazine/ar-
chive/n3y2012/910 [accessed June 17, 2019] [in Russian]
Vorontsov VV, Guskov VD, Zaytsev BI, Khodasevich KB (2008)
Patent RF No. 2324241. Container for transporting and/or storing
spent nuclear fuel. Patent Rossii [Russia’s Patent], no. 2324241, bull.
no. 13. [in Russian]


https://meganorm.ru/Data/77/7743.pdf
https://meganorm.ru/Index2/1/4294828/4294828423.htm
https://meganorm.ru/Index2/1/4294828/4294828423.htm
https://meganorm.ru/Data/581/58175.pdf
https://meganorm.ru/Data/581/58175.pdf
https://meganorm.ru/Data/421/42169.pdf
https://meganorm.ru/Data/61/6109.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/P1570r_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/P1570r_web.pdf
https://meganorm.ru/Data2/1/4293748/4293748284.htm
https://meganorm.ru/Data1/56/56325/index.htm
https://meganorm.ru/Data1/56/56325/index.htm
https://meganorm.ru/Data2/1/4293816/4293816468.htm
https://meganorm.ru/Data2/1/4293842/4293842541.htm
https://meganorm.ru/Data2/1/4293842/4293842541.htm
https://meganorm.ru/Data2/1/4293746/4293746881.pdf
https://meganorm.ru/Data2/1/4293746/4293746881.pdf
http://www.ivdon.ru/magazine/archive/n3y2012/910
http://www.ivdon.ru/magazine/archive/n3y2012/910

	Problems of radiation safety calculations related to spent nuclear fuel transport casks*
	Abstract
	Introduction
	Stages of calculated analysis of SNF cask radiation safety and related problems
	Conclusion
	References

