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HANARO is a multi-purpose Korean research reactor with a high neutron flux and unique
fuel types. Recently, a new conceptual disposal system for HANARO spent fuel has been sug-
gested as a solution to the current spent fuel accumulation problem in the near future. This
paper investigates HANARO spent fuel characteristics, evaluates radiation intensity by gen-
erating its own cross-section library and, finally, estimates the radiation safety of its disposal
system. By comparing the absorbed dose of the engineering barrier with the recommended
value, it was concluded that the proposed disposal system has a large enough safety margin.
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INTRODUCTION

The multi-purpose Korean research reactor
HANARO has been in operation since the mid 1990’s.
All HANARO spent fuel has been stored in a storage
pool and the pool’s saturation time is estimated as be-
ing around 2025 for the two types of HANARO spent
fuel, under certain operational conditions. Ifthe opera-
tion time of HANARO is to be prolonged, an enlarge-
ment of spent fuel storage is inevitable and, in that
sense, two possible methods applied simultaneously
are likely: that of changing the design of the storage
module and that of using the empty space of TRIGA
spent fuel storage. These methods could expand the
pool’s capacity up to 1.6 times and extend its satura-
tion time to around 2040 [1]. Table 1 shows the en-
hancement plan for the management of HANARO
spent fuel.

Upon the expiration of the extension period, the
problem of HANARO spent fuel could be considered
in the light of three alternative options: returning the
spent fuel to the country of origin (USA, Russia) in
the form of the ‘take-back’ TRIGA program for spent
fuel [3], recycling the spent fuels by pyroprocessing,
as was the case with PWR spent fuel (Korean national
strategy), or disposing of'it in a final, underground re-
pository. The possibility for the first option is ex-
tremely low because of the recent international trend
that the generator of radioactive waste has to solve its
own high-level waste problems. The second option is
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Table 1. HANARO spent fuel management plan

Before enlargement

Type of |Storage capacity| Current amount [Expected limit]

fuel [rods] [rods] [year]
18-element 432 217 2027
36-element 600 120" 2024
TRIGA 315 — —

After enlargement

Type of fuel Storage capacity| Enlarged ratio |Expected limit

[rods] [%] [year]
18-element 720 166 2042
36-element 984 164 2038

"HANARO spent fuel storage amount as of July 2009 [2]

as improbable because of the uncertainty of the
pyroprocess method, as far as profitability and low
feasibility of spent fuel enrichment go. The last of the
three options could, therefore, prove to be the most
likely one, as was the case in some other countries
[4-7]. HANARO spent fuels are expected to be dis-
posed of at a final complex repository, recently sug-
gested as a repository for commercial PHWR spent
fuels, high-level wastes produced by pyroprocessing
of PWR spent fuel and research reactor spent fuels,
combined [8]. The purpose of this article is to charac-
terize HANARO spent fuel properties, evaluate radi-
ation source intensity by generating its own
cross-section library and to estimate the radiation
safety of the proposed disposal system by comparing
dose assessment results with the recommended val-
ues.
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HANARO SPENT FUEL
CHARACTERISTICS

The core of the HANARO reactor is of an open
pool-type, consisting of an inside and outside core with
an effective diameter of 0.5 m and a height of 0.7 m.
Both cores are cooled by light water, but the latter has a
heavy water reflector, so as to increase neutron popula-
tion. The two types of HANARO fuel in question are:
that of the 20 assemblies of hexagonal 36-element (fuel
rod) type with 2.2 kg of uranium and that of 12 assem-
blies of circular 18-element type with 1.2 kg of uranium
at the core (fig. 1). The total uranium load in the cores
amounts to 58 kg and 12 kg for 23U, respectively.
HANARO fuel material is made up of U,Si and these
high density U,Si particles are dispersed in a high purity
alumina matrix. High enriched (95 wt.%) fuel has been
used in the past to raise the neutron flux by operating the
reactor with a high specific power but, recently, low en-
riched (19.75 wt.%) fuel which has the maximum limit
for low enrichment, is being loaded for non-prolifera-
tion reason. This high specific power operation leads to
a high decay heat per unit of uranium mass and a high
discharge burn-up of around 100,000 MWd/MtU.

RADIATION SOURCE EVALUATION

To evaluate the HANARO spent fuel radiation
source, this research used the ORIGEN-ARP 5.0 code
[9]. A cross-section library is of utmost importance for
this purpose, but ORIGEN-ARP did not serve the
HANARQO library, so that this research produced its own
cross-section library with SAS2 in the SCALE code sys-
tem. As the first step, a simplification of the fuel rod
shape was performed based on data from tab. 2 [10].

36-element bundle 18-element bundle

4

Grapple head
x i - - Grapple head lock

; Upper endplate

700

— Fuel element

- Spacer plate

0.76 "~~~ —— Central support rod

[y ~ Lower endplate

Figure 1. HANARO fuel types

Table 2. Major information on 36-element type fuel
bundle and fuel rod

Fuel bundle data
Bundle type Hexagonal array
Bundle length [m] 0.96
Number of fuel rods 36
Mass of bundle [kg] 6.784
Mass of uranium [kg] 2.193
Mass of *°U [kg] 0.433

Fuel rod (element) data
U: 58.3, Si: 2.2, Al: 39.5

Fuel composition [wt.%]

Fuel enrichment [wt.% U] 19.75
Fuel density [kgUm ] 3150
Fuel out-diameter [m] 0.00635
Rod length [m] 0.7
Rod pitch [m] 0.012

Clad material Al-type AA1060

Clad out-diameter without fins [m]| 0.00787

Clad thickness [m] 0.00076

This modification produced a hexagonal flow
tube with two main output data: inside flat-to-flat di-
ameter as 0.00744 m and outer diameter as 0.0076 m.
Areal fuel rod configuration and a simplified model to
produce the cross-section library of the 36-element
fuel assembly are shown in fig. 2.

Fuel =

0.00720 m
0.00744 m
0.00776 m

Figure 2. Fuel rod configuration and its homogenized
shape

Contrary to the commercial power reactor library
which usually needs 5 initial enrichment cases (1.5, 2, 3,
4, and 5 wt%) with various burn-up levels, the
HANARQO library only needs one initial enrichment case
(19.75 wt.%) with various burn-up levels of up to
100,000 MWd/MtU. By using the ARPLIB module, a
total of 12 library sets with 0, 4637.5, 13912.4, 23187 .4,
32462.4,41737.3,51012.3, 60287.3, 69562.2, 78837.2,
88112.2, and 97387.1 MWd/MtU burn-ups were pro-
duced for the 36-element fuel assembly [11]. For sim-
plicity and conservatism, only the 36-element type was
considered in the creation of the library and radiation
calculations. The irradiation history of the fuel assembly
consisted of 7 cycles which include an irradiation time
of 28 days with 510200 W/kgU specific power and a
downtime of 7 days. This irradiation history could reach
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Table 3. Basic information for cross-section library

generation

Item Value Ir{la.dlatlon Value
istory
HANARO Power/basis

Fuel type 36-clement [W(kgU) ] 510200
Initial 1 cycle time
enrichment 19.75 wt.% [d] 28

. ; Cycle burn-u
Final burn-up | 100000 MWd/MtU [MWd (MtU)’?] 14285.7
Cooling time | 30 years

up to 100,000 MWd/MtU for each fuel assembly. Table 3
lists the basic information used in the creation of the li-
braries.

By applying our cross-section library to
ORIGEN-ARP, radiation time changes were obtained
for a period of a million years (fig. 3), as of recently,
considered to be an important time boundary for final
disposal [12]. As is commonly the case with radioac-
tive nuclides’ decay, high heat generating nuclides like
cesium and strontium disappear in a thousand years,
but technetium and actinides keep generating radia-
tions even beyond a period of ten thousand years.

Table 4 shows photon and neutron intensity of the
44 energy groups. The neutron source is not active be-
cause there will be a cooling time gap of more than 30
years between the discharge from the core and final dis-
posal.

DOSE EVALUATION
Disposal system
The HANARO disposal system consists of spent

fuel, basket, canister, and an engineering barrier system
(EBS). The basket could hold 60 assemblies of 36-¢le-

ment fuel type and is made of stainless steel. A canister
with a cast iron inside wall and copper outside wall
could hold the basket and serve as a radiation shield.
Cast iron of a thickness 0of 0.18 m and 0.095 m was used
for structural material at the top and bottom and at the
lateral sides, respectively. This difference in thickness
is meant to prevent structural distortion by vertical com-
pression and to allow for the fitting of the diametric lim-
itation of the size of the disposal hole. A copper coating
with a thickness of 0.03 m at the top and bottom and
0.01 m in the lateral region was added in order to pre-
vent corrosion within the disposal environment. The
engineering barrier system is similar to the KRS-V1
disposal barrier system [13]. It consists of bentonite
blocks as a buffer around the disposal canister, a vertical
disposal hole, disposal tunnel, and bedrock in the outer
region. The engineering barrier, that is, the buffer,
serves as a barrier preventing ground water intrusion
and radionuclide release in case of accidents. The
height of'the tunnel was set to 4.1 m and its width to
3.9 m, taking into account the work space needed for the
equipment. Figure 4 shows the comprehensive concep-
tual design of the HANARO spent fuel disposal system.

MCNP modeling

For radiation dose assessment of the disposal
system, all disposal system components (fuel, basket,
canister, and engineering barrier) were modeled and
analyzed by the MCNP code [14].

In fuel component modeling, density and the
composition fraction of the radiation source material is
important for MCNP modeling and, therefore, a ho-
mogenized model of a fuel bundle (36 fuel rods and air)
was generated in a cylinder shape, in following steps:

Fuel: HANARO 36-element

Total: All nuclides sum e (1)

10% 3 Burn-up: 100 GWd/M{U Subtotal: Listed nuclides sum s (2)
1A
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£ 10
[17]
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i
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changes along time, up to 1
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Table 4. Radiation source intensity for 1 MtU

Photon Neutron
Energy group Energy range Radiation Energy range Radiation
Low [MeV] High [MeV] intensity [s"'] Low [MeV] High [MeV] intensity [s"']
1 1.00E-02" 2.00E-02 1.8221E+15 1.00E-11 3.00E-09 1.09E-06
2 2.00E-02 3.00E-02 8.7269E+14 3.00E-09 7.50E-09 2.22E-06
3 3.00E-02 4.50E-02 1.0563E+15 7.50E-09 1.00E-08 1.53E-06
4 4.50E-02 6.00E-02 5.3373E+14 1.00E-08 2.53E-08 1.27E-05
5 6.00E-02 7.00E-02 2.3529E+14 2.53E-08 3.00E-08 4.87E-06
6 7.00E-02 7.50E-02 1.0055E+14 3.00E-08 4.00E-08 1.16E-05
7 7.50E-02 1.00E-01 3.9318E+14 4.00E-08 5.00E-08 1.31E-05
8 1.00E-01 1.50E-01 4.0781E+14 5.00E-08 7.00E-08 3.01E-05
9 1.50E-01 2.00E-01 2.6061E+14 7.00E-08 1.00E-07 5.36E-05
10 2.00E-01 3.00E-01 2.0341E+14 1.00E-07 1.50E-07 1.08E-04
11 3.00E-01 4.00E-01 1.4396E+14 1.50E-07 2.00E-07 1.54E-04
12 4.00E-01 4.50E-01 4.2813E+13 2.00E-07 2.25E-07 8.42E-05
13 4.50E-01 5.10E-01 4.1371E+13 2.25E-07 2.50E-07 8.82E-05
14 5.10E-01 5.12E-01 4.9663E+11 2.50E-07 2.75E-07 9.20E-05
15 5.12E-01 6.00E-01 2.0715E+13 2.75E-07 3.25E-07 1.95E-04
16 6.00E-01 7.00E-01 5.3683E+15 3.25E-07 3.50E-07 1.02E-04
17 7.00E-01 8.00E-01 2.5454E+13 3.50E-07 3.75E-07 1.06E-04
18 8.00E-01 1.00E+00 2.8226E+13 3.75E-07 4.00E-07 1.09E-04
19 1.00E+00 1.20E+00 1.2681E+13 4.00E-07 6.25E-07 1.10E-03
20 1.20E+00 1.33E+00 1.5212E+13 6.25E-07 1.00E-06 2.26E-03
21 1.33E+00 1.44E+00 1.1133E+12 1.00E-06 1.77E-06 5.93E-03
22 1.44E+00 1.50E-+00 5.5259E+11 1.77E-06 3.00E-06 1.22E-02
23 1.50E+00 1.57E+00 3.3796E+11 3.00E-06 4.75E-06 2.19E-02
24 1.57E+00 1.66E+00 1.3150E+12 4.75E-06 6.00E-06 1.83E-02
25 1.66E+00 1.80E+00 2.6020E+11 6.00E-06 8.10E-06 3.51E-02
26 1.80E+00 2.00E+00 1.1851E+11 8.10E-06 1.00E-05 3.58E-02
27 2.00E+00 2.15E+00 2.0282E+10 1.00E-05 3.00E-05 5.51E-01
28 2.15E+00 2.35E+00 7.8137E+07 3.00E-05 1.00E-04 3.92E+00
29 2.35E+00 2.50E+00 7.6975E+07 1.00E-04 5.50E-04 5.48E+01
30 2.50E+00 3.00E+00 1.2999E+08 5.50E-04 3.00E-03 6.19E+02
31 3.00E+00 3.50E+00 7.6808E+05 3.00E-03 1.70E-02 9.48E+03
32 3.50E+00 4.00E+00 4.4302E+05 1.70E-02 2.50E-02 8.06E-+03
33 4.00E+00 4.50E+00 2.5603E+05 2.50E-02 1.00E-01 1.24E+05
34 4.50E+00 5.00E-+00 1.4803E+05 1.00E-01 4.00E-01 8.78E+05
35 5.00E+00 5.50E-+00 8.5619E+04 4.00E-01 9.00E-01 1.90E+06
36 5.50E+00 6.00E+00 4.9539E+04 9.00E-01 1.40E+00 1.95E+06
37 6.00E+00 6.50E+00 2.8671E+04 1.40E+00 1.85E+00 1.75E+06
38 6.50E+00 7.00E-+00 1.6597E+04 1.85E+00 2.35E+00 1.98E+06
39 7.00E+00 7.50E+00 9.6104E+03 2.35E+00 2.48E+00 4.81E+05
40 7.50E+00 8.00E+00 5.5658E+03 2.48E+00 3.00E+00 1.80E+06
41 8.00E+00 1.00E+01 6.5623E+03 3.00E+00 4.80E+00 2.61E+06
42 1.00E+01 1.20E+01 3.3858E+02 4.80E+00 6.43E+00 4.93E+05
43 1.20E+01 1.40E+01 0.0000E+00 6.43E+00 8.19E-+00 1.51E+05
44 1.40E+01 2.00E+01 0.0000E+00 8.19E+00 2.00E+01 5.07E-+04
Totals 1.16E+16 Totals 1.42E+07

"Read as 1.00-107

analyzing nuclides and its composition fraction in
fuel witha 3150 kg/m3 density; uranium 58.3, sili-
con 2.2, and aluminum 39.5 wt.%,

analyzing nuclides and its composition fraction in
cladding (Al AA1060) with a 2700 kg/m’ density;
iron 0.35, manganese 0.03, silicon 0.25, copper
0.05, zinc 0.05, aluminum 99.27 wt.%,
volumetric calculation for fuel and cladding result
in 65% occupation of fuel material. This has up-

dated the homogenized composition fraction of
each nuclide, and
— volumetric calculation for bundle (fuel and clad-
ding) and open space (air) results in 42% of fuel
bundle.
The final source material density and composi-
tion fractions for each nuclide are shown in tab. 5.
In basket modeling, the CANDU spent fuel bas-
ket was applied for HANARO spent fuel fixing in the



D. Kook, et al.: Radiation Safety Evaluation of the HANARO Research Reactor ...
54 Nuclear Technology & Radiation Protection: Year 2011, Vol. 26, No. 1, pp. 50-57

|
\\

HANARO fuel
Basket
- 1
Rock
B oy 265 giom?®
Bentonite
density: 1,60 glem®
[ Air void density
[ pisposal cask density Canister
-~
|
- v -

ok
:Iucg‘lﬁsn'rquf 2 glem?
— A

| [ Esg.?‘,; §

Figure 4. Conceptual diagram of HANARO spent fuel disposal system

Table 5. Homogenized material composition of
HANARO fuel

Homogenized fuel 2.2229 kg/m® | Total = 1
Fuel area Fuel 3150 kg/m’
Nuclide | Value unit
65% U 58.3% 0.04517769
Si 2.2% 0.01120309
Al 39.5% 0.21661922
Clad 2700 kg/m®
Nuclid | Value unit
42% Fe 0.35% 0.00025789
Mg 0.03% 0.00004789
35% Si 0.25% 0.00034209
Cu 0.05% 0.00003303
Zn 0.05% 0.00003193
Al 99.27% 0.14628717
Empty space Air 1.293 kg/m’
Nuclide Value
58% 100% N 78 0.45240000
O 22 0.12760000

vertical direction [15]. The top view of the basket and
the position of the hole are shown in fig. 5.

In canister modeling, one basket containing 60
spent fuel bundles was loaded into a canister as in fig.
6. The shoulder of the canister was intentionally omit-
ted because this part could not significantly affect the
whole tally results. Cast iron and copper shields were
properly modeled. In order to monitor radiation parti-
cle tracking in detail, a 0.01 m thickness mesh ap-
proach was applied to the cast iron shield because of its
thickness.

Figure 5. Basket configuration of 60 HANARO 36-ele-
ment fuel bundles

In engineering barrier modeling, 3 canisters
were installed into a disposal hole surrounded by a wet
bentonite buffer (engineering barrier). Figure 7 shows
vertically installed canisters in a disposal hole and tun-
nel, conceptually. Major properties of the disposal
components are listed in tab. 6.

Dose assessment
The total photon and neutron rates for one canis-

ter have been calculated for the 44 energy groups by us-
ing ORIGEN-ARP 5.0: for photons as 1.508-10' s7!
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Figure 6. Canister configuration with a basket

Figure 7. Conceptual design of a disposal hole

and for neutrons as 1.85-10° s™'. The flux-to-dose con-
version factor of ICRP-74 recommendation was used in
the conversion [16]. Tallies were set at the top, bottom,
and lateral side of the canister at a 0.1 m distance. Dose
calculation results for each of the said directions are

Table 7. Dose result for the HANARO disposal system

Item |Location Dose Unit
Gamma | Neutron Total

Top 1.06E+007 4.54E-03 | 1.06E+00
Canister| Side  |3.58E+02| 1.40E-02 | 3.58E+02 |mSvh'
Bottom |1.13E+04| 2.98E-02 | 1.13E+04

EBS 0.59E+00| 5.56E-07 | 0.60E+00 | Gyh™

“Read as 1.06:10°

shown in tab. 7. For gamma radiation, the tally relative
error was 2.54% for 10° number of particles. For neu-
tron radiatin, the tally relative error was 0.15% for 10°
number of particles.

The dose result for the bottom of the canister was
higher than the one for the top and this is probably due
to the 0.1 m thickness of the copper in the bottom area,
compared to that of 0.3 m in the top area. Contrary to
canister dose calculation, the absorbed dose is usually
used for engineering barriers such as bentonite or bed-
rock, so as to estimate how the barrier could, instead of
enhancing, absorb the radiation energy from the waste.
Usually, 1 Gy/h value is the recommended limit for the
bentonite engineering barrier, because the higher the ra-
diation energy, the higher the possibility for the
radiolysis of bentonite [17]. The absorbed dose of the
engineering barrier system from the 3 canisters has
been conservatively calculated for most of the inner
(0.01 m) bentonite layer. The absorbed dose result in
tab. 7 shows that the engineering barrier system of the
HANARO spent fuel disposal system has a wide
enough margin to accommodate the radiolysis thresh-
old limit. This result is expected to be very useful in as-
sessing the performances of engineering barrier sys-
tems in general.

CONCLUSIONS

This article has reviewed the major characteris-
tics of the HANARO research reactor spent fuel, sug-
gested its disposal system conceptually, made a
MCNP-based model of it, and presented radiation
safety evaluations of the disposal system, quantita-
tively. For this purpose, a unique cross-section library
of HANARO was created and successfully applied to
ORIGEN-ARP and MCNP calculation techniques. It
was concluded that the recently proposed HANARO
disposal system has a wide enough margin for radia-

Table 6. Dimensions and material properties of disposal components

Thick
Components Material Density [kgm’3] Diameter [m] Height [m] Top r r;ei(sise[m] Bottom
Basket SA240 Type 304 L 8000 1.0670 1.0220 0.0085 0.0085 0.0191
. Cast iron 7200 1.2600 1.4050 0.1800 0.0950 0.1800
Canister
Copper 8900 1.2800 1.4450 0.0300 0.0100 0.0300
Buffer Bentonite 2150 2.0200 7.0900 - 0.3600 -
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tion safety, based on the absorbed dose assessment of
the disposal system engineering barrier.
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Honr-Xak KYK, Jour-Kejyn Yoy, Xejynhy HOJU, Jon-cy KUM

OLEHA PAINJAIIMOHE CUTI'YPHOCTU HAYUHA OIJJATAIbA
NCIYXKEHOT TOPUBA XAHAPO NCTPAXKUBAYKOI' PEAKTOPA

XAHAPO je kopejcku BHILIEHAMEHCKH UCTpPa’KUBAuKU PEaKTOp, Ca BHCOKHMM (pIyKCOM
HEYTPOHA U JeAMHCTBEHMM BpcTama HyKJeapHor ropusa. HeaBHo, Kao penieme akTyelHOr mpodieMa
HaroMmjiaBama UCKOpHUITheHuX TOPUBHUX eJeMeHaTa y 0JUcK0j OyayhHOCTH, IPEINIOKEH je HOBM KOHIIETIT
ofnarama. Y pagy cy MpHKa3aHM pe3yJITaTu UCTPAKUBaKka KapaKTEpUCTHKA UCKOPUITheHUX TOPUBHUX
enmemenata peaktopa XAHAPO, wuspauyHaBawma HWHTEH3UTETa 3padelma IMOMOhy TeHEepUCaHUX
COIICTBEHUX OMONMOTEKa Ipeceka U, Haj3ajl, OlleHe pajujalliOHe CUTYPHOCTH NPEMJIOKEHOI cucTeMa
ofnarama. YnopebusawmeMm ancopOoBaHe [03€ Kpo3 HpefBubeme Oapujepe MPEAIoKEHOr CHCTeMa
ofyIarama 3aKkJbyUueHoO je fja Cy 3HATHO UCIIOf] MIPENOPYIEHUX BPEJHOCTH.

Kwyune peuu: XAHAPO, ucitipaxcusauku peakiiop, UCAYHCEHO Z0PUBO, CUCTIEM 004aZatbd, 003d




