M. Rezaeian, et al.: Releasable Activity and Maximum Permissible Leakage ...
232 Nuclear Technology & Radiation Protection: Year 2015, Vol. 30, No. 3, pp. 232-237

RELEASABLE ACTIVITY AND MAXIMUM PERMISSIBLE LEAKAGE
RATE WITHIN A TRANSPORT CASK OF TEHRAN RESEARCH
REACTOR FUEL SAMPLES

Mahdi REZAEIAN ', Jamshid KAMALI 2, Manoochehr ROSHANZAMIR 3,
Alireza MOOSAKHANI %, and Elghar NOORI 3
"Nuclear Science and Technology Research Institute, Tehran, Iran

2Amirkabir University of Technology, Tehran, Iran
3Shahid Beheshti University, Tehran, Iran

Technical paper
DOI: 10.2298/NTRP1503232R

Containment of a transport cask during both normal and accident conditions is important
to the health and safety of the public and of the operators. Based on IAEA regulations,
releasable activity and maximum permissible volumetric leakage rate within the cask contain-
ing fuel samples of Tehran Research Reactor enclosed in an irradiated capsule are calculated.
The contributions to the total activity from the four sources of gas, volatile, fines, and corro-
sion products are treated separately. These calculations are necessary to identify an appropri-
ate leak test that must be performed on the cask and the results can be utilized as the source
term for dose evaluation in the safety assessment of the cask.
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INTRODUCTION

Technical aspects of mechanical, thermal,
shielding, criticality, and containment requirements
during both normal and accident conditions should be
considered in design of a transport or storage cask
[1-7]. The containment requirements are established
by both national and international standards [8, 9]. Ac-
cording to the IAEA Regulations for the Safe Trans-
port of Radioactive Material [10], limits on the
releasable materials under normal and accident condi-
tions are specified as a function of the contents and the
actual quantity of material that may be released is de-
pendent upon its isotopic constituents [11]. Since ab-
solute containment cannot be guaranteed, the purpose
of specifying maximum allowable activity leak rates is
to permit the specification of appropriate and practical
test procedures which are related to acceptable radio-
logical protection criteria [12].

In order to transport irradiated fuel samples of
Tehran Research Reactor (TRR), a transport cask
which is categorized as a Type B(U) package, is in-
tended to be designed based on the IAEA Regulations.
In this study, releasable activity and maximum permis-
sible volumetric leakage rate within the cask contain-
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ing TRR fuel samples enclosed in an irradiated capsule
are calculated. The schematic of the cask and the cap-
sule is shown in fig. 1.
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Figure 1. The schematic of the cask and capsule
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METHODOLOGY

According to the paragraph 659 of the IAEA
Regulations, the cask shall be so designed that it would
restrict the loss of activity to not more than 1074, per
hour in normal conditions of transport (NCT) where
A, (Bq) is dependent upon the isotopes being trans-
ported and it is tabulated in the IAEA Regulations.
Also, the cask shall be so designed that it would restrict
the accumulated loss of activity in a period of one
week to not more than 104, for krypton-85 and not
more than A4, for all other radionuclides in hypotheti-
cal accident conditions (HAC). As the maximum per-
missible release rate for normal conditions of transport
(Ry) is 4,-107° per hour, therefore

A,-107° 4
Ry 3600 [Bas ] (M

On the other hand, as the maximum permissible
release rate for accident conditions (R ) is 4, per week
(104, per week for krypton-85), therefore

A
R, =—"2 [Bgs 2
A 604800[ o] @

where mixtures of different radionuclides are present,
Amixre Shall apply, except for the krypton-85 that an ef-
fective A4,(i) value may be used which is equal to
104,.Thus, 4, in eqgs. (1) and (2) is equal to

1
AZ,mixture :W
4, (i)

(€)

where A,(7) and f; are the appropriate 4, value for nu-
clide i and the fraction of releasable activity of nuclide
1 in the mixture, respectively.

At first, the 4, value is used to calculate the maxi-
mum permissible release rate and then the maximum
permissible leakage rate for both NCT and HAC. For
time-averaged volumetric concentrations of the sus-
pended radioactivity within the cask Cy [Bqem™], the
maximum permissible leakage rates from the transport
cask for the normal conditions of transport, Ly [em®s™],
could be calculated by

Ry A4,107°

3.1
=————[cmS 4
Cx CN~3600[ : @)

LN:

For time-averaged volumetric concentrations
of the suspended radioactivity within the cask
C, [Bgqem™], the maximum permissible leakage
rates from the transport cask for the accident condi-
tions, L, [cm®s7!], could be calculated by

R A
Ly="f=——2 fem’s"'] (5
C, Cy -604800

The activity per unit volume of the releasable ra-
dioactive material within the cavity under normal con-
ditions, Cy [Bqem™] is equal to

_ Total releasable activity for NCT = RAy ©)

N Free volume of the cavity Ve

Also, the activity per unit volume of the
releasable radioactive material within the cavity under
accident conditions, C,, [Bqem ] is equal to

__ Total releasable activity for HAC RA
Free volume of the cavity Ve

Ca (7

where RA is the releasable activity and V¢ is the free vol-
ume of the cavity. The free volume of the cavity in eqs.
(6) and (7) is equal to the difference between the volume
of the cavity and the volume of the capsule.

There are four sources of radioactive material
that may become airborne during transportation.
These sources are gases, volatiles, fines, and CRUD
[13]. CRUD is a corrosion product whose activity co-
mes primarily from cobalt. The principal volatile
radionuclide is cesium [11]. If a cladding failure oc-
curs, a large fraction of the gap inventories of the filled
gas and gaseous fission products (tritium, iodine,
krypton, and xenon) will be introduced into the free
volume of the transport cask. Tritium and krypton-85
are typically the major sources of radioactivity among
the present gases [14]. Volatile species, such as ce-
sium, strontium, and ruthenium, can also be released
from a fuel rod as a result of a cladding breach. Al-
though some of these isotopes may only be volatile un-
der the hypothetical accident conditions, they are in-
cluded in the analysis for normal transport conditions
as a conservative approach. The CRUD activity asso-
ciated with the oxide layer of the cladding material.
The fines are characterized as particles with diameters
less than about 100 pm [14]. The fuels fines are partic-
ulate materials composed of the fuel compounds and
are produced as a result of the mechanical stresses at
the fuel-cladding interface. Fines can be ejected from
the fuel rod through the cladding failure by the purging
action of filled gas and gaseous fission products. A
sudden release of the fuel fines occurs when the clad-
ding integrity is initially lost, but no additional re-
leases occur once equilibrium conditions are reached.
The contributions to the total activity density in the
shipping cask free volume from the four sources are
treated separately. Therefore, the 4, values of the four
sources are determined separately. The A, for each of
the four groups is calculated by eq. (3).The releasable
activity of each nuclide is determined using set of fac-
tors. These factors are specified for each of four
groups of nuclide (gas, volatile, fines and CRUD)
[13]. Therefore, the releasable activity (RA) is deter-
mined using the factors as follows
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RA=TA f, f. (3)

where T4 is the total activity which is calculated by
ORIGEN, f, and f; are the fraction of breaching in the
cask which includes the breaching in the fuel (f; ) and
the capsule (f;, ) and the fraction of gas or volatile that
escapes from the breached fuel and cask, respectively.
fo 1s determined using

So = ot o 9

There are different factors for the fines group in-
stead of f. Moreover, the determination of the
releasable activity for the CRUD has a different
method. Both fines and CRUD releasable activity cal-
culations will be introduced later.

The source term associated with the contents of
the irradiated TRR fuel samples are determined by use
of ORIGEN code. Because an ORIGEN calculation
provides output for over 800 radionuclides, the num-
ber of radionuclides in the ORIGEN output can be re-
duced by dividing the amount of each cooled
radionuclide by its 4, value and then selecting the
smallest set of these normalized curie amounts that
yielded a sum greater than 99.9 percent of the sum of
all of these normalized curie amounts. This procedure
reduces the ORIGEN output to a much smaller set of
radionuclides that are important for the estimation of
radiological health effects. In addition, in most fuels
five radionuclides including '°Ru, 34Cs, !#4Ce,
147pm, and !**Eu, available for release, were added so
that the most of the fuel inventories contained the same
set of radionuclides. In order to have a noble gas in the
inventory, #*Kr which is the noble gas with the largest
curie amount in the ORIGEN inventory for irradiated
fuel samples, is also added to the reduced set of
radionuclides, although eliminated by the A4, screen
[15].

RESULTS AND DISCUSSION

The maximum permissible leakage rates are cal-
culated for both normal condition of transportation
(NCT) and hypothetical accident condition (HAC). f,
is assumed to be equal to 1.00 during the failure of the

capsule and it means that in this case, all of the radioac-
tive nuclide is leaked out. In the normal condition, the
Jor 18 conservatively assumed to be equal to 1.00 be-
cause of the fact that the fuels are research samples
which are purposed for irradiation condition evalua-
tion in the TRR core and the simultaneous failure of all
samples are probable.

Gas calculation

Amixture of 4, is determined by eq. (3). The fac-
tors and releasable activity values for the gas group,
Ayive are calculated and illustrated in tab. 1. The
releasable activity is calculated using eq. (8). The f;; is
the fission gas release fraction. The releasable activity
density inside the cavity due to the release of gas is de-
scribed by eqs . (4) and (5). Based on these calcula-
tions, Cyn = 4.1366:10* Bg/em® and Cyn =

g
=2.63033-107 Bg/cm’.

Volatile calculation

The released volatile which is considered in this
analysis includes Cs, S, and Rb. The fractional release of
volatiles (f,) is estimated less than 107 based on the ex-
perimental data on the release of fission products during
fuel melting experiments [13]. Those volatiles which oc-
cupy the volume fraction of fuel meat, are released as
fines and it is also included in the fines calculation. A
mixture of 4, is determined by the eq. (3). The factors
and releasable activity values for the fines group, A,
are calculated and illustrated in tab. 2. The releasable ac-
tivity for volatile is calculated using eq. (8) and is pre-
sented in tab. 2. The £, is the fines release fraction. The
releasable activity densities inside the cavity due to the
release of gas are Cygen = 1.83816-10" Bg/em?® and
Cooiaiiien = 1.16846-10% Bg/cm? for normal and accident

VO!
conditions, respectively.

Fines calculation

Amixture of 4, is determined by eq. (3). The fac-
tors and releasable activity values for the fines group

Table 1. Mixture A, determination for gases in TRR fuel samples

Normal condition
Nuclide| 4,[Bq] | Activity* [Bq] fa fos foe R4 [Bq] F" | Fi4y[Bq']
®Kr | 9.99-10" 2.63403-10" 3.00-107" 1.00 1.57-10° 1.2395-10° 1.00 110"
SF/A45=1.001-10 " Bq' TRA=1.239510°Bq  Aagsn = 9.99-10" Bq
Accident condition
Nuclide| 4, [Bq] Activity* [Bq] f5 fos foe RA [Bq] F, Fi/45 [Bq ]
®Kr | 9.99.10' 2.63403-10" 3.00-10" 1.00 1.00 7.9032:10" 1.00 110"
YF/45=1.001-10 " Bq' ZRA=7.9032-10""Bq  Asgsn =9.99-10"” Bq

“The activity calculated by ORIGEN: “The releasable activity fraction
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Table 2. Mixture 4, determination for volatile in TRR fuel samples
Normal condition
Nuclide A, [Bq] Activity [Bq] fv Sor foe RA [Bq] Fi FilAy [Bq’l]
gy 7410 |3.64931-10" 10°° 1.00 1.57-10° | 4.42150-10° | 8.009-107" 1.83-10"
%Sy 7410 | 2.76057-10" 1076 1.00 1.57-10° | 3.27339:10" | 5.928-107% | 4.06-10'°
¥7cs 74105 12.19077-10" 10°¢ 1.00 1.57-10° | 3.53905-10" | 6.409-107 | 4.39-10"°
cs 7.4-10° 8.7727-10" 10°° 1.00 1.57-10° 4.181-10 | 7.570-1072 1.48-10°
S Fi/Ay=1.0431965-10" Bq' ZRA=5.5204-10Bq  Apyermic. = 1.31239-10"" Bq
Accident condition
Nuclide 4> [Bq] | Activity [Bq] N Jor foe R4 [Bq] Fi Fi/A»[Bq ']
83y 7410 |3.64931-10" 10°° 1.00 1.00 2.81-10° 8.009-107" 1.83-10"
%Sy 7410 |2.76057-10" 1076 1.00 1.00 2.08088-107 | 5.928-107 | 4.06-10"
¥7cs 7410 |2.19077-10" 10° 1.00 1.00 2.24997.107 | 6.409-107 | 4.39-10"
cs 7.4-10 8.7727-10" 10° 1.00 1.00 2.65734-107 | 7.570-10° 1.48-10°
SFi/Ay=1.0431965-10" Bq' ZTRA=3.510449-10°Bq  Ayemaiie, = 1.31239-10"" Bq

are calculated. All the nuclides are in the fines group
except for the gases [16]. As mentioned previously,
there are additional factors for calculating the
releasable activity and explained in releasable activity
relationship as presented [13]

T
RA = Fines activity - f,, - ESA -PV—F
M

(10)

where ESA is the amount of exposed meat surface area
per cask and is 1 % of outside plates for normal and ac-
cident conditions [cm?], P [cm] — the depth of corro-
sion attack, T —the oxide spallation fraction, Vi [cm’]
— the volume of the meat region of the fuel per cask.

For the TRR samples, the ESA is the surface of
two largest side 1830 cm? of each samples multiply by
1 % which is determined by experimental data [13].
Therefore, ESA=1.83-103. The factor Pis the depth of
corrosion attack and it is assumed to be 5-10~* cm [13]
and depends on the materials of the fuel samples and
the thermo-hydraulic and the chemical conditions of
the coolant. In this case although the fuel samples are
in enclosed irradiated capsule and are not prone to the
coolant, conservatively it is assumed that the fuels are
in the corrosion conditions due to the capsule failure.
The term T =0.15 and 7f , = 1.0 for NCT and HAC,
respectively. The aluminum oxide films are very tena-
cious and resistant to spallation. However, fuel han-
dling can cause scratches in the coating, resulting in
breach of the oxide and providing sites susceptible to
initiation of pitting corrosion. If the water chemistry is
aggressive, pitting can occur [16]. The V= 640.5 cm®
is used here to obtain the fraction of corrosion respect
to the fuels meats. Therefore, the calculated releasable
activity densities inside the cavity are Cgpesn = 8.51
Bg/em? and Cg o o = 2.31065-107 Bg/em?®.

CRUD calculation

Aluminum spent fuel do not acquire CRUD in
the same manner as commercial spent nuclear fuel
(SNF). The surface activity of AI-SNF is primarily a
result of storage in radioactively contaminated water.
The 4, the factors and releasable activity values for
the fines group are calculated and illustrated in tab. 3.
The calculated 4, value is 9.99-10° Bq [13]. The R4 in-
side the containment vessel due to the release of fines
is described by [13]

(11)

where fc = f; is the CRUD spallation fraction (fcn =
=0.15, fca = 1.0), Sc — the CRUD surface activity
(5.143-10° Bg/cm?), Sx — the sum of the surface areas
of all mini-plate plus outer surface of capsule. For
TRR fuel samples, Sy =29241.338 cm’. Therefore, R4
densities are Ccrupn="7.5073-1 0’ Bq/cm3 and Ccrup A
=5.0061-10" Bg/cm’.

Combining the sources of radioactive
material in cask free volume

The contributions to the total activity density in
the shipping cask free volume from the four sources
are combined by

Ctotal = Cgas + Cvolatile + Cﬁnes + CCRUD (12)

The total releasable activity density inside the
cavity due to the release of gases, volatiles, fines, and
CRUD is thus Cgyy = Cy = 4.8914-10° Bg/em® and
Ciotara= Co=4.9469-10" Bg/cm®. The mixture 4, val-
ues derived previously are combined to determine a
group A, for normal and accident conditions of trans-
port, respectively, using eq. (3). The tab. 4 illustrates



M. Rezaeian, et al.: Releasable Activity and Maximum Permissible Leakage ...

236 Nuclear Technology & Radiation Protection: Year 2015, Vol. 30, No. 3, pp. 232-237
Table 3. Mixture A, determination for CRUD in TRR fuel samples
Normal condition
4 [Bq] Jc Sy [em’] Sc [Bgem *] RA [Bq] i F/45 [Bq']
9.99-10° 0.15 2.924.-10* 5.143-10° 2.25552:107 1.00 1-107"
YF/45=1.001-10""Bqg"' IRA=2.25552-10'Bq  Ascrupx = 9.99-10° Bq
Accident condition
A, [Bq] f Sp [em’] Sc [Bgem™’] R4 [Bq] Fi Fi/dy [Bq']
9.99-10° 1.00 2.924-10* 5.143-10° 1.50368-10° 1.00 1.107"°
SF/A5=1.001-10""Bq" XR4=150368-10°Bq Ascrupa = 9.99-10° Bq
Table 4. A, and releasable activity density in both NCT and HAC in TRR fuel samples
Source Ay value [Bq] Civalue [Bqem™] Fraction (C/Cy) Fraction/A4,;
Gas 9.99-10" 4.14-10* 8.459-107" 8.46747-10 "
Volatile 1.31-10" 1.84-10" 3.758-10* 2.86348-10°
Fines 5.54.10" 8.51 1.740-107* 3.13932-107™
CRUD 9.99.10° 7.51-10° 1.535.10°" 1.53654-10"°
YCi=4.890019-10* Bqem™  TFy/4,; = 1.54560428390183-10"'" Bq™'
Group A,n = 6.4676-10'° Bq
Source Ay value [Bq] C; value [Bgem ] Fraction (C/C)) Fraction/A4,;
Gas 9.99-10" 2.63-10 5.317-10"" 5.32232-10°"
Volatile 1.31-10" 1.17-10* 2.362:107 1.79977-10™
Fines 5.38-10" 2.31-10 4.670-107 8.68062-107"
CRUD 9.99:10° 5.01-10* 1.012-10° 1.01301-10°2
XCi=4.94715456-10' Bgem > XFy/Ay = 1.65004914507402-10 ' Bq
Group A, , = 1.13146-10"' Bq

the 4, and releasable activity density in normal and ac-
cident conditions.

Maximum permissible release rate
and maximum permissible leakage rate

Assuming that the release rate is independent of
time, the maximum permissible release rates for nor-
mal and accident conditions of transport can be ex-
pressed using eqs. (1) and (2). Therefore, Ry =
=1.79783-10' Bg/s and R, = 1.86702-10° Bq/s. The
maximum permissible leakage rate is calculated using
egs. (4) and (5). The results of these calculations are
Ly =3.675-10* cm?/s and L, = 3.774-10~° cm?/s for
normal and accident conditions, respectively. The
maximum permissible leakage rates, Ly and L, must
be converted to an equivalent air-leakage rate under
standard conditions to identify possible leak-test
methods. Something that is often overlooked is that
the regulations specify that the package leak tightness
must be demonstrated to a sensitivity of 4,-107° Bg/h.
Since test sensitivity is specified as Ry/2 in the ANSI
N14.5 Standard, the allowable leak rate is then Ry =
=24,-10°Bg/h. Ordinarily, the leak rate is calculated,
and reported, as 4,-10~° Bq/h, and the test sensitivity is
set to one-half of this value.

CONCLUSIONS

Releasable activity and maximum permissible
volumetric leakage rate within the transport cask con-
taining TRR fuel samples enclosed in an irradiated cap-
sule are calculated. Four sources, which are treated sep-
arately, have been considered to the total activity
density in the free volume of the shipping cask. Based
on the calculations, the maximum permissible volumet-
ric leakage rates for normal and accident conditions are
Ly =3.675:10* cm’/s and L,= 3.774:107 cm’/s, re-
spectively.

The calculated maximum permissible leakage
rates and releasable activities for NCT and HAC can
be utilized for identifying an appropriate leak test that
must be performed on the cask and dose evaluation in
the safety assessment of the cask. Also, the calculated
releasable activities of normal and accident conditions
can be utilized for dose evaluation in the safety assess-
ment of the cask.
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Maxmu PE3AEJAH, Jammmny KAMAJIN,
Manyuyep POIIAH3AMMP, Anupesa MY CAKAHU, Earap HYPU

OCIOBOBEHA AKTUBHOCT 1 MAKCUMAJIHA NO3BOJ/bEHA
JAYMHA INYPEBA Y TPAHCIHHOPTHOM BYPETY CA Y30PLIUMA
TOPUBA TEXEPAHCKOI' UCTPAXHUBAYKOI' PEAKTOPA

Y HOpMallHUM yCIIOBUMA pajia Kao W y TOKY aKIHfIeHaTa, U30JI0Bakhe TPAHCIOPTHOT OypeTa
BaXKHO je paju 37paBiba U 0e30€IHOCTH CTAaHOBHUIITBA M OlepaTopa. Y CarjacHOCTH ca MPONUCHMA
Mebynaponine areHnuje 3a aTOMCKY €HEpPrHjy, U3padyHaTH Cy ociobobheHa aKTMBHOCT M MaKCHMallHA
JI03BOJbCHA 3allpeMUHCKA jaunHa Iypema yHyTap Oypera Koje caipsku y3opke ropumsa TexepaHcKor
UCTPaKUBAYKOL PEaKTOpa 3aTBOPEHOT Y O3pauyeHUM Karcyliama. [[OMpHHOCH YKYIHOj aKTUBHOCTH W3
YeTUPH pa3IHuuTa M3BOpaA, raca, mape, npaxa ¥ IpOU3BOa Koposuje, pa3MaTpaHu cy 3acebHo. OBu
MpopavyHy TOTPEOHU cy Jla Ou ce yTBPAUO OfiroBapajyhm Tect mypema OypeTa Koju ce Mopa CIIpPOBECTH, a
pe3ynTaTu ynoTpeOuTH Kao N3BOPHH WiaH 3a ofgpebuBame go3e y npouenn 6e36emHoCTH Hypera.

Kmwyune peuu: iipanciiopttino 6ype, oca0b6obera akiiusHocti uz oypetia, uypere us oypeita, TPP

y3opuu 2opusa



