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Abstract

The objective of the irradiation test of DUPIC fuel at HANARO is to obtain the

data of in-core behavior and evaluate the nuclear, thermal and mechanical performance of

DUPIC fuel. The irradiation of DUPIC fuel will start at April 25, 2000 for about 2 months,

and the burnup of 2,000 MWD/MTU will be attained for this period.

The pre-irradiation examinations for DUPIC fuel, such as visual inspection,

dimension measurement, He leak test and microstructure observation, was carried out.

The post-irradiation examination items for the irradiated DUPIC fuel are planned to be

the NDA test, visual inspection and dimension measurement, as well as the analyses for

the fission gas release, the microstructure of pellets and the distribution and shape of

imbedded nuclides.

The DUPIC mini-elements were fabricated in the DFDF (IMEF M6 cell) using the

G2 rod of the G23 spent PWR fuel assembly stored in the PIEF pool, which was

transported from the Kori Unit #1 in 1986. For the HANARO core calculation, the initial

composition of DUPIC fuel was estimated using ORIGEN-2 code based on the burnup

history of the G23-G2 rod. The design features of DUPIC pellets, the mini-element and

the irradiation capsule, were supplemented considering the characteristics of DUPIC fuel

and the results from the irradiation test of the simulated DUPIC fuel performed in 1999.

The nuclear, thermohydraulic and mechanical characteristics of DUPIC fuel under

the normal operation condition were evaluated for the safety analysis on the HANARO.

Using these results, potential accidents initiated by DUPIC fuel were estimated, and

Safety analyses on the locked rotor and RIA accidents were carried out in order to

assess the integrity of DUPIC fuel under the accident condition initiated by the

HANARO. Based on the results of these safety analyses, the supplemental

countermeasures for securing the sufficient thermal margins were set up, as well.

At the last, similar overseas and domestic cases were introduced.
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1. M B

t 0.71% U-235*

of Spent PWR Fuel in CANDU Reactors)
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^ xf^ ^%-g- 71]^fi]
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. DUPIC

n>^l DUPIC

. DUPIC

DUPIC

-g- i a i^o ) )^ DUPIC ^ ^ ^ ^ 2 4 A)̂ ofl ^.^j. ̂ aji]. DUPIC

- 2 -



2. SAh A|§ 7i|S|

2.1

DUPIC £2] ±^_x]}s-) tfq-S. SAf Ai^^- 2 71] 1 ^ s . ^ ^r7

H 4 4 ^-JL, DUPIC

4 . DUPIC s

fe ^ 1,600 MWD/MTU

l ^ f̂ ofl 014. o]Sf ^ ^ . D U p I C

DUPIC «J°3s

°l°fl 4 ^ , ^ - ^ ^ r̂*S%v DUPIC

Lead-DUPIC

A^fe DUPIC

-ji, o l§ ^.t}^ DUPIC
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2.2

DUPIC 2000\i 4 ^ 251

4. DUPIC ^= ^} 2,000 MWD/MTU

t £ 2-H

4el- DUPIC

2-1 DUPIC

1. Mini-element QA/A^-

2. Capsule ^^1/^1^-

3. DUPIC ±^_%] 4£.

4. =8-3 ^«1(QA, ?l«i7l-)

5. iiifl SAf

6. « 5 ^

'99

4/4

2000

1/4

z:

2/4

:

3/4 4/4

•
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2.3

2.3.1 2 4

DFDFCIMEF M6 -fiWM *fl2sl DUPIC « | ^ 5 . mini-elemental 4 . DUPIC dt^^fl

a] ^£71- oi-g. ^£(=10.784 g/cm1)^ 94%°^ nfl ±^_x]} uj\$] ^-7]}^ 8.86g^>l^, n

£)s-l DUPIC « | ^ S mini-element

O U-235 : 5.905 mg/g

O Pu-239/240/241/242 : 4.768 mg/g, 2.219 mg/g, 0.668 mg/g, 0.575 mg/g

O Mini-element s ) - ^ ^ ^ ^ ^ f l : Zircaloy-4

O Mini-element ^°1 : 199.82 mm (Endcap ^°1 S ^ )

O ^ 1 4 ^ i-fl̂  sJ ^^1 : 10.80 mm, 0.66 mm

O ^ ^ 7f^ ^ <3"3 : He, 1.3 7l«^

O Mini-element nF-̂  : spacer, 4:^^1(5), spacer, plenum with spring

O Element assembly T2"^ : 3 7fl.a| mini-elements

2.3.2

3 7|]S1 mini-elements ^ ^ € element assembly 1-

OR4

O 2 4 ^ : 4 4 ^ OR4 Hole

O 271 2:4 *l\<&3- ttW^

MCNP* 4-§-4°i mini-element7V ^>S.^a l ^^}*\ 12.5 cm

-f *1 4 # ^ # ^14t} 1 4 , 3 7fls] mini-element ^ 7}$- & ^}#^^- 4 4 ^ f e

mini-element^ 4 4 ^ #^^1 tjj-sV sfl^^S] 3g$ ^ # ^ ^ 2lcfl A J * ^ ^ . z]-zi-
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22 MW

600 mm

: 43.66 kW/m

: 50.09 kW/m (Hot Spot)

O t - a ° d i i l - a l ^ ^ ^ i # ^ (VENTURE

- sg-3- ^ i # ^ : 53.82 kW/m

- sjcH ^ # 3 3 ; 55_04 kW/m

O ^ - a ^ ^ £ : ^ 2,000 MWD/THM

O ^ z H 1 -H-^ : 9.6 kg/sec

O ^ 4 ^ ^ : 0.4 MRi
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2.4 2:4 ^ ^ 4

^^S-fi] 2:4

O ^ 3 4 : 2:4 7flA] ^o)i 4-̂ x-ll ^ mini-element

O ^1^: 2:4 ^ ^
41̂ 1̂1 ^ mini-element ^fl-^ i H , ^.^)

O -8 -^^ mini-elementfe He ¥ # ^ 4 ^^r

O 5 ° ^ ^ "1^1 2:3 ^t#: 2 :45. <?!«> «lj

- 7 -



2.5 54

DUPIC aj^S.^1 5 4 ^ 4 $ ^ : i g ) iMEFSf PIEF°114

4-8-4

2.5.1 NDA ^ 4

| 2-A}- A]^*!- mini-element^ <£rfc.E.i- y -scanningA

2.5.2

. mini-elements

°l-8-«H ^4^ :4 . S?t ^ 4 ^ 4 , °1

2.5.3

i ^ ^ I 9J mini-element^ 3 ^ ^ ;y°l, f-All ^°1 f-°ll ^fl*H 5 4 ^ s l #

2.5.4 «?•§-*! 71 *|| (fission gas) -g-^

°fl mini-element i-Hi ^ ^ € ^ ^ r i 71^11; s l ^ g s ] drilling f-s]

2.5.5

Oj 4^-21- 7EV^ «.
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O £ 3 1 1 3.7} ^ I ; ! , 7}=SrS\ 3.7} % £ £ , =L3j, <9 *}•

O

v)*\} ^ s ^ bubble, mini-element -g-^

•%r 3\n ^-n ^}^, SEM-I:

EPMA1- o

2.5.6 -

Code ^1^1:̂ ] ^ /-scanning # 3 * 1 ^ a]jaZ.«V7l ^ § H ^rt£<Hl n̂ -sj- Als-i-

2.5.7

S-1 EPMA
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3. DUPIC mini-element

3.1 DUPIC i ^ f l

3.1.1 DUPIC dt̂ Mfl

DUPIC r&^aflfe Jie] 1

*WKn. Slfe G23

G23-G2

1986^^] PIEF

1̂ G2

O

- aiel l 5L7] 14x14 *

- Fuel rod ^ : 179 7fl

- i ? l ^ ^ £ : 3.21 %

- ^W°d • 1986. 10. 24.

- PIEFS ^1^°^ : 1990. 6. 1.

O <&±

- Cycle 4 : 261.17 EFPD

- Overhaul : 51 days

- Cycle 5 : 320.99 EFPD

- Overhaul : 84 days

- Cycle 6 : 288.41 EFPD

- Overhaul : 75 days

- Cycle 7 : 286.70 EFPD

- Total EFPD: 1157.27 days

35,502 MWD/MTU (4 ^7] ~ 7

O
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Stack length: 3,667 mm

Rod length: 3,885 mm

DUPIC *A<$£- *f|2:°l| 4-£-€ •¥•&: 285 mm(§f#) ~ 3,300
AcM ij-&e) average burnup: 34,770 MWD/MTU

#?] -r-̂ -S-1 average specific power: 30.045 MW/MTU

G23-G2 n°d£-%- A]Q U <£i: <>l̂ -§: 7 | £ xj-s.5. <?H ORIGEN-2

DUPIC ±4.n] i^-i: 5 3-H 4^-^&4. S 3-H

1 g/MT-sample

DUPIC ̂ ^ ^ . #

DUPIC «|<=!S.sl tifl ^xj x\ # ^ ^ ^ i o ] a -.^- ofl^Ho]: sj-fe- «1-, S 3-1

1, i^^ Î-tt-g- ^ t t DUPIC

[10].

O «!# ^ £ < 1.0E+00 : JL2\ ^A
oH]^i

O 1.0E+00 < ^ ^ £ < 1.0E+02 : #-g-

(Cd, Gd, Eu, Sm, U, Np, Pu, Am, Cm

O SJI# ^ E > 1.0E+02 : S ^ «fl^^ ^efl

O l̂", s ^# ^-£7}- 1 nln]-0]^£ ^ ^ ^ o ] s.Al 3. Sm-151, Eu-152

DUPIC
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i t 3-1 DUPIC ): g)
N
O
0
0
F
NA
MG
AL
SI
P
CL
CL
CA
V
CR
MN
FE
Nl
Nl
ZN
ZN
ZN
ZN
RB
SR
SR
Y
ZR
ZR
ZR
ZR
ZR
ZR
MO
MO
MO
MO
MO
MO
TC
TC
RU
RU
RU
RU
RH

14
16
17
18
19
23
24
27
28
31
35
37
40
51
52
55
56
58
60
64
66
67
68
87
88
90
89
90
91
92
93
94
96
92
95
96
97
98
1010
98
99
100
101
102
104
103

2.20E+01
1.19E+05
4.83E+01

2.74E+02

9.51 E+00

1.33E+01
1.42E+00

1.48E+01
9.88E+00
3.11E+01
3.20E+00
1.19E+00

1.72E+00
2.64E+00
2.99E+00

1.46E+00

1.47E+01
1.42E+01
5.80E+00
1.70E+01
1.01E+01

1.49E+00
7.00E+00

2.27E+00
3.25E+02

3.59E+02

4.24E+02
1.56E+02

5.49E+02
5.95E+02
6.69E+02
6.92E+02
7.45E+02

1.23E+00
6.87E+02
3.78E+01

7.24E+02

7.46E+02
8.52E+02
4.45E-03
7.06E+02

9.73E+01
7.04E+02

7.08E+02
4.98E+02
4.10E+02

PD
PD
PD
PD
PD
PD
KR
KR
RB
AG
CD
CD
CD
CD
CD
SN
SN
SN
SN
SN
SN
SN
SN
TE
TE
I
CS

cs
CS
BA
BA
BA
BA
LA
CE
CE
PR
ND
ND
ND
ND
ND
ND
ND
PM

104
105
106
107
108
110
84
86
85
109
110
111
112
114
116
116
117
118
119
120
122
124
126
128
130
129
133
135
137
134
136
137
138
139
140
142
141
142
143
144
145
146
148
150
147

2.32E+02
3.59E+02
3.36E+02

2.07E+02

1.42E+02

4.66E+01

1.06E+00
1.77E+00
1.04E+00
7.05E+01
9.28E+00
7.14E+00

5.19E+00
7.38E+00

2.28E+00

8.83E+00

7.76E+00
8.42E+00
7.84E+00
8.84E+00
8.61 E+00

1.17E+01

2.53E+01
1.02E+00

3.30E+00

1.66E+00

1.04E+01

3.43E+00
8.16E+00
1.60E+02
2.00E+01
3.35E+02

1.19E+03

1.13E+03
1.15E+03
1.05E+03

1.04E+03

2.59E+01
7.16E+02
1.24E+03
6.22E+02
6.44E+02
3.44E+02
1.65E+02
3.82E+00

SM
SM
SM
SM
SM
SM
SM
EU
EU
EU
EU
EU
GD
GD
GD
GD
GD
GD
TB
U
U
U
U
U
NP
PU
PU
PU
PU
PU
AM
AM
AM
AM
AM
CM
CM

147
148
149
150
151
152
154
151
152
153
154
155
154
155
156
157
158
160
159
234
235
236
238
239
237
238
239
240
241
242
241
242M
243
244M
244
244
245

TOTAL

1.85E+02

1.69E+02
2.97E+00
2.80E+02

1.15E+01
1.20E+02

3.48E+01
1.22E+00
2.34E-02
1.14E+02
1.15E+01

1.97E+00
2.43E+01
1.02E+01
5.99E+01

1.05E-01

1.80E+01
1.68E+00
2.48E+00
1.78E+02
6.20E+03

3.61 E+03
8.38E+05

0.00E+00
4.60E+02

1.44E+02

4.76E+03

2.01 E+03
5.99E+02
4.51 E+02
5.57E+02
1.72E+00
9.49E+01

0.00E+00
0.00E+00
1.82E+01

1.08E+00

1.00E+06
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3.1.2 DUPIC fl

IMEF M6 I t i H H QA ^^±S. ^ 2 : 7|-^S|-fe DUPIC

7}.

DUPIC ±^1)2] AoMl ^M^- n ^ 3 -H

1.3 ju

1̂ 85 ~ 97 %

n)X\]

O
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3-1 DUPIC
mm, <##•& 0.1 TIR ^tfla] zjz]-

- 15 -



3.2 DUPIC mini-element

3.2.1 Mini-element

7] ^rsA'^l DUPIC

^ 7l^fil DUPIC £

7^0) DUPIC « | ^ S .

mini-element^

- °]*V mini-elemental

O Cladding Material: Zircaloy-4

O Cladding Inner Diameter: 10.80 mm

O Cladding Thickness : 0.66 mm

O Gap size between pellet and cladding: 125 mm

O Pellet diameter: 10.55 mm

125 n

& 3-2 DUPIC mini-element

- 16 -



O Pellet length: 10.00 mm

5LS>] « H ^ ^ » ^ l ^ s l mini-elemental
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3.3 #*1 iL^ (QA)

DUPIC q<&3. ̂ n ^ mini-element^

o
o
o
o
o

3:Aj-"^ j!L-§- He

<$.£-& ifl He 7

3-tf *M -8-^

W 47H ?1=8-

Mini-element ^

¥ # 3 4 (QCI-01)

1̂ 1 - t ^ £-3 (QCI-02)

^-^1 S3] 3A> (QCI-03)

3 A} (QCI-04)

•l̂ r 3A> (QCI-05)

O SAfAl^-g- DUPIC ^4.%} ^Ai ^ A > (QCI-08)

4 - ^Al§fo^ ZV A]

mini-elementl-

j^jTAi (QR-00-01)

O DUPIC *1\OA§- ±&^ ]̂3L iLJLAi (QR-00-02)

O Mini-element ^12: JS-JLÂ

- 18 -



4. S

4.1

t 0 P j bottom

18 71] ° ! ^ cflAio!) iHfPl^- ^-^-6.5. € tube iflofl

3 7fl£.l mini-element S. T 1 ^ ? ! element assembly(n^ 3-2 %V2:)# ^-^sffe- ^°}

4.
DUPIC J2.fi] « 1 ^ S . 2:A]- A]«^ - o-l^ ^.^^T- 5 ^ ^ ^ - DUPIC 3 1 ] ^ ^ ^A> A]

^ - ^ , 1999H1

guide Jf!-, f10^^^ 37fl mini-elementS. ^ A J ^ element assembly, ^-^Jf^ top

guide ^f§• ^ ^ ^ xfl /^^-o.^ ^ s | < H $IA^ ^-«|) S ^ o ] 71-^^1-S.s. uv^a]^

4 . Element assembly7f ^-^v^. %• ̂ ^>] 960.27 mmfil ^ - ^ ] ^ - s g ^ ^ J2] ̂  o] 56.0 mm,

n1 !̂] S.Omm'y °s
v^n]^- 7fl^S-] tube* A]-g.§>^o.^, ^ ^ - « . ^ g].^ iocking part

? J ^ ^ r DUPIC J2.S1 « j ^ ^ 5 4 A]^^- f-s-]-^ £ 7].^ 7fl A]

i l - zL3]tV DUPIC

DUPIC ^-£[5

- 19 -



4.2

DUPIC S.S] S|<as. S 4 Al*]-g- ^ 3 . 0 . 5 . ^r^§fJi ^ £ ^T|) IMEFsl

(1) Mini-element-1 lower housing

- £ 3 ^Ksov: © T^I-i- 20 irnni^ 15

4-n-: © lower ^ upper housing^ ^-^ll-

(2) Mini-element-] upper housing

- <£^ 4D-: ¥*H# 10 mra°l)4 15 mmS ^ ^

- ^ ^ Ar-n-: lower ^ upper housing^] ^-^11- •§-(g«l-7l]

(3) Mini-element-^ housing support

'-: © ^ ° 1 » 239.34 mm<HH 234.6

(2) Aov^ ^ ^ ^

® housing-8: ^

A^&Z-^, housings] ^^1] ^Sj-S 4 ^ ^ ^ ] 4 4

(4) Mini-element-1 endcap A

- ^ ^ 4^-- ^ ^ ^SJ^-

~ ^ ^ 4-n-: lower housings} hole°114

^ ^ ^ r -§-olSf7fl «V7l ^ ] *

(5) Mini-element-] space block

^ ° 1 # 5 nim°lM 10 inraS

- 20 -



(6) Upper support tube

- $ 3 4%]-: 12*4 min-e-1 3 7fl slot-l: 10*7.5 mm̂ i 3 7fl s l o t ^ ^ ^

- ^ ^ 4-n-: slot^l feo]# ^-^o] mini-element assembly^] ^r^

(7) Top guide spring

- £ 3 > W spring^] ##-& ^ i e l *JEfl̂  ^^Sfo^ ^jrj zjol7|- 3.7

4-n-: ^ 4 71̂ 1- f̂  spring°1 top guide ^ out tube^] slot°llAi

- 21 -



4.3 # H J t ^ (QA)

DUPIC s J j ^S £ 4 Aj^-g- Rigo^ ^ ^ (̂3.011 tfl$ ^*J a . ^ 7]

o l ;

O DUPIC ^A}A]*] Test Rig

O DUPIC SAj-A]^ Test Rig *f|2: iJLAi (EMR)
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5.

DUPIC ^ s f l s ] 2i*} *]*£•& 2000^1 4 1 ^ ^ 10

o\] afef? X̂ AJ- Aj-E}| SQ*}3, 3L7d°\}*] DUPIC ^

5.1 ^ ^ ^ ^ -^

.±r MCNP1-

DUPIC S j ^ ^ ^ l ^ 1 # ^ ^41-1- ^ -^

^ R02

DUPIC «!«?!£. 7 ^ ^ HANARO ±$

$14. 3 711 si DUPIC «lj^SL mini-element7f

AOI- 4 ^zv ^ ^ Aj-oj^ ^A-^r S ^ ° l 7^1 § i A ^ S

9.63 m/s# *>-§-Sl-$5l4. ^ ^ ^ ^ £ # 40 °C

<&* 4^(RIA, Reactivity Induced Accident), zi5l JL a] a>-g-£ A>J

6 .
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HANAFMS# °]-§-§H 31 # €

slcfl sjj^s. ^AI ^ E ^ 3i^.^j. ^ £ l r Heating 7.2S

7]^(-g-g- -Sr£: 2,668 °C, ONB: 125
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5.2

5.2.1

7\.

DUPIC

*

01 q.

1.5 mk ^ A]

0.125 mk/s

L 5

m k O]AO1-O] 3 HV.g-.E7l-

Al-01

12.5 mkl-

A]

ZL

AVO1 n l
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5*4-

- MCNP« *l-g-«1-^ ^-^?t ^ 4 12.5 mk

0 ^ ^ ^ ^ ^ 4€- •£-§-£& : 0.18 mk

A) V̂-g-E. -a-^l^ : "1-52 mk

1) MCNP^ VENTURED ^ # ^ «l

MCNP^r 7]

0RIGEN4

* ^r SI4.

$14. ol

DUPIC -M -̂g- ^^<»1 ##s|<H $14^ 7>^«|-ai DUPIC

-^ 37flfi] «)o!S.^- ^ 7}% ^-8: # ^ ^ r iiol^- A]« <SS.-g--ir S]nl^4. £ ^ hot

- 26 -



s. 5-1

300mm

350mm

400mm

450mm

500mm

550mm

600mm

MCNP

31.81

31.16

32.81

36.49

38.83

42.22

43.66

HANAFMS

29.32

30.04

31.69

34.44

38.40

41.19

42.77

%
2.*}
-7.83

-3.60

-3.42

-5.61

-1.11

-2.43

-2.04

MCNP

32.88

32.14

33.30

37.51

40.21

42.81

44.30

HANAFMSb

30.00

30.73

32.42

35.23

39.28

42.14

43.75

%
SL*}

-8.76

-4.39

-2.64

-6.08

-2.30

-1.57

-1.23

Hot SpoHHsl

MCNP

40.13

37.84

37.24

41.32

45.77

46.42

50.09

% 3-*V

-25.24

-18.79

-12.94

-14.74

-14.18

-9.22

-12.66

MCNPS]

f.s.d.

5.48%

6.12%

5.75%

5.34%

5.37%

5.24%

4.92%

a : pellet^ 3jtfl # # 3
b : Radial Form Function

•g-^SH

HELIOS

MCNP

N/A
300
350
400

450

500
550
600

1
0.98

0.98

0.96

0.99

0.97

0.97

0.99

0.98

2

1.00

0.99

1.01

1.00

1.00

0.99

1.00

1.01

3

1.02

1.03

1.03

1.01

1.03

1.04

1.01

1.01

c • = {(HANAFMS x 100

°l-b pellet-i-

*ll 31 (HANAFMS)

. £- 5-l MCNP2-}

31 $ 1 ^ . ^ , hot

O.M-, -25.24% 9.22%

AoHreflector peak)<$

MCNP71- ^ ^

HANAFMS

MCNP *H]£| f.s.d.l-
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2)

AI -

fresh clean DUPIC -M^-g-

^l %U-235

DUPIC

4^71 2^

500mm

a 5-3-& Xe

350mm °l*

&. fresh core)i

= 3 - ^ 5 ) ^ - 1 : ufl

No

, Xe

. No Xe

: 23.04%U-235

5-1. 7-4-2 B O C ^ A ] ^ DUPIC odS.
<?!iS.(%U-235) ^-5 .
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3. 5-2.

$1*1

300mm

350mm

400mm

450mm

500mm

550mm

600mm

HOT &
Fresh Core

29.32

30.04

31.69

34.44

38.40

41.19

42.77

Burned Core

& No Xe

34.32

35.12

37.08

40.42

45.30

% £4

14.58

14.48

14.54

14.79

15.24

HOT &
Fresh Core

30.00

30.73

32.42

35.23

39.28

42.14

43.75

Wl WJ
Burned Core

& No Xe

35.11

45.93

37.93

41.35

46.34

% 44

14.58

14.47

14.54

14.79

15.24

5-3°llrr Xe

VENTURED

5. 5-3^

HANAFMSS

3. 5-

-̂ a 5-l°fl ^

hot

MCNP l̂ 2lnfl pellet t

^f0!^ MCNP ]̂ f.s.d.

5-3. Xe

$1*1

300mm

350mm

400mm

450mm

500mm

550mm

600mm

Burned Core
& No Xe

34.32

35.12

37.08

40.42

45.30

Burned Core

& Eq. Xe

37.27

39.33

42.85

47.97

51.69

53.82

%
£-3}-

5.76

5.72

5.66

5.57

2-1 til # a i i s] si7t -y#5j

Burned Core
&

No Xe

35.11

35.93

37.93

41.35

46.34

Burned Core

& Eq. Xe

38.12

40.22

43.82

49.06

52.87

55.04

%
S.2]-

5.73

5.70

5.63

5.54

-id ^ 3

49.54'

49.81

48.85

54.14

60.24

61.29

66.12

a : No
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= 35.11 kW/m x 1/(100 - 25.24) x 100 x 1.0548 = 49.54 kW/m

°l^]7l- 600mm^ «fl 2] tfl

66.12H/m7} =14. ol * ! # § ] £ 1999 \ i£ i ^1^*V £ ^ DUPIC

^ ^1#^?1 63.74 kW/m l̂ «1*H 3.73% ^ 2 . ^ J 2 - £ - £ 1 ^ <̂

5.2.2

l FEMAXI-1V* 4 ^ - « H § f 4 ^ 2:^> 71 #

DUPIC sfl t 1

£ £ r 1999^°!] ^ S S € a s ] DUPIC sj1?!^ 2 : 4 A]

. DUPIC

5-4)1- #ai«l-Sl4. ^"^ ^ ^ mini-elementsfe- 3

fe mini-element(DUPIC #1)» ^ ^ § 1 - ^ 4 .

AI 2]q] ^ £ ^ 1,761 t S . ^ -^s |S i* .H, °1 ^ ^ ^

(2,668°C)iL4 o}^ ^ ^ ^ - ^ ^ ^ ^ ^ ^^JL $14

5-2). dt^SflSl a ^ ^r£fe 423°C£ ^ ^

ONB
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5. 5-4 <i# 5 4 7)tl:
mini-element 11

0
1
2
3
4
5
6
7
8

C
D

10

Rod £|* |
(mm)

350
360
370
380
390
400
410
420
430
440
450

AJs^(kW/m)
DUPIC #1

38.12
38.54
38.96
39.38
39.80
40.22
40.94
41.66
42.38
43.10
43.82

DUPIC #2
36.430
36.832
37.234
37.636
38.038
38.440
39.126
39.812
40.498
41.184
41.870

DUPIC #3
37.270
37.682
38.094
38.506
38.918
39.330
40.034
40.738
41.442
42.146
42.850

; —fir— Cenl

tOOCH

Pern t. — a— Linear ̂ - eat Rate

—

4MMM

—

n

—-

HMHW

—

HMHKM

—

— -

Irradiation Time(l)ay>

5-2 7l?V S.H<H1
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Irradiation Time(l)ay)

5-3

2)

% • < $

4.

DUPIC

2,554°CS^

, DUPIC

- DUPIC

-g-§-^(2,668oC)ii4 ^ 4 ( ^ 1 ^ 5-4).

ONB ^

4. TT o

- 200

12.7 kg/s
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1

-Centerline Temp.:
-Surface Temp. :

2548.4 • 2552.425L7.8 * _2S3.LS * 2->3?.G • 2540.3 * 254*.7 • 2S4J.7

Irradiation Time(day)

5-4

5.2.3

7>.

DUPIC Mini-element sx]^-?t^ -§-^ A}^: ^ ^ 4 «f l^^ =-«y KWU^l ^

S. ®joj^ 3 1 ^ ^ ^ ^ 71^-g- 61^1-5=14. 2 1 4 ^ -g -^^ £L7]] ^&*}°1 primary

membrane stress(M), primary bending stress(B), ZL5]jZ secondary membrane

and bending stress(S)S. ^-^-^ ^r $14.

DUPIC Mini-element s j ^ -^ tA^ A > ^ - ^ Zircaloy-4 - f f ^ i tfltb «!•§- -5-^

O Yield strength (Rp0.2): 414.58 Mfti

O Ultimate tensile strength (Rm): 535.75 MPa

- M = min(0.9Rp0.2 / 0.5Rm) 267.88 Mfe

- M+B = min(1.35Rp0.2 / 0.7Rm) 375.02 Mfti

- 33 -



- M+B+S = min(2.7Rp0.2 / l.ORm) 535.75

DUPIC Mini-element s)-

stress) 3 M 1 - £1^1 Ad7J\ 71^*1

-g-^-g-^ ^ # * 1 (maximum equivalent

minimum safety margin-8: & 5-5^1 ^

5-5 DUPIC

Stress Category

M

M+B

M+B+S

Admissible Stress
(life)

267.87

375.02

535.75

Max. Equi. Stress
(Mfo)

2.11

4.44

6.29

Min. Safety
Margin

126.82

84.43

85.12

DUPIC

5 i ^ ° J FEMAXI-IV#

1)

Ridge

Ridged ^ * J ^ 0.05

^l ? A ^ 0.05

1̂-̂ 1 Ridge € ^ ° 1 7-1

sf s]^-2l-o] f-x]] 7]^o\] 4 ^ sl^-^S] -g-^^- ^A>*V ^ 4 ( 3 ^ 5-6)

•§-<?> Circumferential S t r e s s ^ 17.0 MPa, Axial S t r e s s ^ 12.5 MPa, Radial

S t r e s s ^ 0.7 Mft,n.e]JL Equivalent S t ress^ ^ - f 14.6 MPaS

- 34 -



dg
e 

H
ei

gh
t

Si

1

0.8

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

-0.8

-1

_j —s—Ridge (max) j
i —a— Ridge (top-rrid) I

5-5 2:4
Ridge

Irradaition Time (day)

TOOOOC

ff
n

_ _

ooooc I"

—

•J

ftOOOOCT

-

u

B
n

—

Doooa

—a—Circum.

—•©—~ fladia El

—S^Eauiva. ».

-

LJ

a
n

pooooo

oooooa

LJ

n

Siess

—

Ft

LI

oooooo

^ ^

Daoooa

Li

«

n;
oooooa

OOODOC

-

ooocr

OOOI

-

n
oooooo

oooooc

Irradiation Time (day)

5-6 2:4
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2) •£*! ^ # 3 *1

2 4 71 ?V ^<?l- r ^ ^ S f 2\%-&Si\ ^7} ^Z}^£ ^ H H H 511-M.̂ oJ R i d g e

7} sjcfl 9.76 jan <£*3°1 o i ^ c ^ 5 | ^ ^ i s] 4 ^ . Ai-cf J f £ H ^ ^^V «.^.^]oj|A]

9.76 jam #•§• 11-^§|-^4(zi^ 5-7).

-g-^ ^ 4 ^ Circumferential Stress^!

-T- 51.4 MPa, Axial S t r e s s ^ 36.2 MPa, Radial Stressfe 18.6 MRa, Equivalent Stress^]

-f 70.1 Mftî  ^ B ] - ^ c | - ( n ^ 5-8). <>}^ ±

4 . 7] 7|| 3

DUPIC «

O ^ 1 ^ ^ : 14 ~ 18.5 Hz

O sltfl ^1# : 5 ~ 50 fim

O RMS ^1^- : 2 ~ 14 ̂ m
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40

35

30

25

*" 2 0

£ 15

* 10

5

0

-5

-Ridge(max)
-Ridge (top-mid)

5-7

Irradiation Time (day)

Ridge #

-C i rcum. stress :
-Ax ia l s t ress
- Radial st ress i
- Equiva . s tres s :-

50

Irradiation Time (day)

5-8
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5.3 DUPIC «j<S^°il Sltt 431 -fi-t 4

5.3.1 DUPIC ^<&g.«\] ^ H : RIA

DUPIC

0.18 mk^ ^^-g-S . ^ ^ 3l3j-7f ^cf. DUPIC sq^fi. 3 : 4 A]

ejection 7 ^ ^ ^ §i«L^, ^2}Ai ^ 4 Al^-°fl ^t! : RIA 7 f ^ ^ ^

5.3.2 4 ^

Aovefl DUPIC

DUPIC

DUPIC «?^S. mini-element^

DUPIC -«lj«gssl 4 ^ 7 f ^ ^ ^ s i 4 .
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5.4 *W5. -ft-t ^3L A]^ DUPIC ^<&£. 3 ^ ?§7}

5.4.1 4 4 5 . RIA 4 2 .

4 $ - ^ 5-9

4.2

. HANARO Qxys. ^d I ^ n

^ 2,665 t ^ i -g-g-

5.4.2 Locked Rotor

^ ^ ^ 4 * ^ ^ 5-10 ^ a 5-7̂ 1 H-E}vfl̂ 4. A>JI ^ 2

63 %FF?1-*1 ^"41^4. ^ ^ ^ ^ £ #^°H^i 1: "fl, HANARO ^ 4 ^ S^i m

7H1" 4 ] ^ ^ *>aLS! ^g^ a l ^ A>J1 A] 3}<£^ f̂ ^ ^ JJ ^ £ ^ 2,551 °C

l 95 °C£ £ 2

" 1 * 1 * 7 ^ ^ ^
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3000

2500 * ~ *

-•—center, p i

-x—surface, p|

•*— inner, c :

-•—outer, c _j

5-9 RIA

Time (sec)
0.0
1.0
2.0
3.0
3.5
4.0
4.1
4.2
4.3
4.4
4.5
5.0
5.5
6.0
7.0
8.0
9.0

10.0
12.0
14.0
16.0
20.0

center, p
2551
2558
2579
2613
2635
2659
2663
2665
2665
2663
2658
2606
2532
2459
2319
2181
2043
1905
1634
1386
1178

896

surface, p
369
394
401
410
415
420
420
419
416
413
409
381
357
341
316
296
279
265
242
223
208
184

inner, c
166
167
170
174
176
178
178
178
177
176
174
163
152
146
136
128
121
115
106

99
93
84

outer, c
79
79
80
81
82
82
82
82
82
82
81
78
74
72
69
67
65
63
60
58
56
54

5. 5-6 RIA
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3000

5-10 ^ =

Time (sec)
0
1
2
3
4
5
6
7
8
9
10
12
14
16
20

center, p
2551
2550
2508
2359

2212

2065

1917
1768
1619
1475
1340
1105
924
792
624

surface, p
369
399
378
335
308
287
269
254
241
229
218
200
184
171
152

inner, c
166
180
171
152
140
131
124
117
111
106
102
94
88
83
76

outer, c
79
95
91
83
79
75
72
70
68
66
64
61
59
57
54

1 5 - 7 ^ = A>J7 A]
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5.4.3 ? M *}^£. A}3. *)$) DNB

O] Afjl#

7V.

MDNBR-&

fe 70%FFS. -fi-̂ = ^"^^M 12

2)

(70%FFS. -fi-^ ^ - i ^ ] 5 z. ±&)

S. ^A] MDNBR^ ^ i ^r^^l ^ 5 . Jiah *\5L7}

3) -f ^

«JJ±7

4.

4)
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SLS., MDNBR ^

5)

6)

128.23

7)

DNBfe

^r 64 %

l)

2) -5—1

3)

125.8 %F.

, MDNBR-&
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4)

S .^ MDNBR^l

4. ^^r 431

1) 4^1^- »J -f«- 4 ^ 4

. ^ X] A>J/S]-

:71

] ^ ^ c A>JL ^^J- MDNBR^

2) -ft-ft-^f 431

DUPIC

3 % nln>olp.s.

^ HANARO
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5.5

5.5.1

O DNB # ^ i ^ i HANARCHH ^} A ] ^ A] DUPIC

5.5.2

overshoot^ 4 # 8 ^ S . f1^ ^ £ *!-§- 7 ] ^ ^ ^^§1-3. $1AM-, RPS Trip

setpointt-

^ RPS trip setpoint

• RRS trip setpoint bypass

• 1st RPS trip setpoint (High Linear Power: 115% FP) bypass

• 2nd RPS trip setpoint (High Log Rate: 8% PP/sec) actuation

«*• 128.9

^ ^ RPS trip setpoint

- High Linear Power : 110% FP

- High Log Rate : 6% PP/sec

'*• RIA *}5L A] 108.5 %
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6.

6.1 ^-4) 43]

DUPIC « |^S. 7fl^-i: ^-f-o.3. ^sj§j-jL o|fe AECL^lAife White Shell °1

DUPIC n°A&% 3 7H1- *H^«t ^ NRU°IM Demountable bundled

BB03 ^ f i ^ l 2 :4 A]^-i- 19991̂

1999V1 5€ 7°^^ ^ 2\i ?t^

21,000 MWd/THM°]4[9].

6.2

6.2.1 ^<^.3.

DUPIC

capsuled ^T|| 4 $ ^ DUPIC

DUPIC «?^S. *>M-S. S4Al^-§- Rigl- 7l\*-/4^t}$l<Lv\, DUPIC S.S] i

?t^ ^ ^ - 1 : f-*H DUPIC «i^S ^ ^ 3J7H ^-8,-t 715: ^ f M ^*S ^

, DUPIC S.S] 4 ^ 1 1 - ^|2:«H *>ufS°ll^ 1999^ 81 4^-?-^ 1999>d 10

^ 1500 MWD/THM

6.2.2

t DUPIC a ^ «^«gs. ?J^^: IMEFS.

7}-.

DUPIC
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, DUPIC

DUPIC }*.£., DUPIC

^.4 ££ 2

r-scanning,

«-Ei 2000^ 1

£.3. , EPMA<H1

4.

DUPIC

6-14

3. 6-1 DUPIC 3.S\ ±%^£

*13 ^

- 7 -scanning

—'— S . ~*1 ^^ O "tj.

1 &x\-*x\% •ei-3-
o —i

Al fi

• Capsule
• Mini-element
• Pellet

•300mCi °
(£ui i

"A
A B C D E

J
i)

al al

-IS *

ifl*H cflsf^ 500x,
lOOOx, 1500xS

-EPMA

-H--.TT-,
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& DUPIC S-Z]

M 4 . IMEF ifl^fe- I7flfi1 Pool4 77HS-1 hot cell,

$1 O.^, hot cell

IMEF

Ml hot cell tfls] NDT bench^] DUPIC ^-#-8- i ^ ? t ^ cameral-

^#£1 ^ ^ ^ 4 1 - ^ ^ ^ 4 . ? l # 5 ) ^ 3 4 ^ ^ ^ ^ M2 ceUS

4 . «fl«ll€ ?J#°l]Ai 3 7fls] mini-element# <y#*H M3 cells.

mini-elemenH cfl§V^ I.D1- ^ ^ 4^-, Ml

^ r-scanning ^ ^ : ^r*i'?t4.

Ml c e l H 4 ^ A] ̂ <>l ^ ^ E l ^ , M3 cells.

^ EPMAi S-lt

^ ^ c o ] ^>g,e. M7 cell°l|4

EPMA ^ ^ H ^«|«V4. V]A]} ^ ^ # ^ ^ r MICRO

DUROMAT 4000 E # -̂g-§F<^ 0.05-200 g
Dflsfls. IMEF
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1. DUPIC m&g. ^ £ s § § %\n ORIGEN

2. 3tH *] DFDF r£^*ll A|^e | .̂f* «.A| ^jij.

4. Locked rotor Ma m^m 3\& HEATING ?J^

5. RIA A ^ ̂ |j>M# ?|th HEATING ?J^ ^hS

• Steady-State Analysis

• Transient Analysis

6. § # ^EH ̂ s | M ^ £ g M^ ^M FEMAXI-IV

• fe^ # ^

• t!"7|| # ^
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DUPIC m&s. s g u s s %\& ORIGEN

-i
-i
-i
RDA * BURNUP OF G23-G2 FUEL & ASSY HARDWARE
RDA ** CROSS SECTION LIBRARY = PWRUS, 4 CYCLES
RDA -1 = G23-G2 PWR FUEL WITH IMPURITIES (1 MT = 1000 KG)
RDA WARNING: VECTORS ARE CHANGED WITH RESPECT TO CONTENT.
RDA THESE CHANGES WILL BE NOTED ON RDA CARDS.
CUT 5 1.0E-10 7 1.0E-10 9 1.0E-10 -1
LIP 0 0 0
RDA DECAY LIB XSECT LIB VAR. XSECT
LIB 0 1 2 3 601 602 603 9 50 0 1 38
RDA PHOTON LIB
PHO 101 102 103 10
TIT INITIAL COMP. OF UNIT AMOUNTS OF FUEL AND STRUCTURAL MAT'LS
RDA READ FUEL COMPOSITION INCLUDING IMPURITIES (1000 KG)
INP -1 1 -1 - 1 1 1
TIT IRRADIATION OF ONE METRIC TON OF PWR FUEL
MOV -1 1 0 1.0
PCH 1 1 1
HED 1 CHARGE
BUP
IRP 130 30.045 1 2 4 2 BURNUP= 3,932 MWD/MTIHM
IRP 261.17 30.045 2 3 4 0 BURNUP= 7,899 MWD/MTIHM
DEC 312.17 3 4 4 0 DECAY FOR 51 DAYS
IRP 540 30.045 4 5 4 0 BURNUP= 14,789 MWD/MTIHM
IRP 633.16 30.045 5 6 4 0 BURNUP= 17,607 MWD/MTIHM
DEC 717.16 6 7 4 0 DECAY FOR 84 DAYS
IRP 861 30.045 7 8 4 0 BURNUP= 21,957 MWD/MTIHM
IRP 1005.57 30.045 8 9 4 0 BURNUP= 26,329 MWD/MTIHM
DEC 1080.57 9 10 4 0 DECAY FOR 75 DAYS
IRP 1266 30.045 10 11 4 0 BURNUP= 31,937 MWD/MTIHM
IRP 1367.27 30.045 11 12 4 0 BURNUP= 34,980 MWD/MTIHM
BUP
RDA -10 = IRRADIATED FUEL AT DISCHARGE
MOV 12 -10 0 1.0
PCH -10 -10 -10
RDA « « * OUTPUT MODULE *****
TIT • CALCULATION OF 0RIGEN2 V2.1 - PWR FUEL - STANDARD BURNUP (PWRUS)
BAS 1 MTIHM 3.21% U02;BURNUP=35,000 MWD/MTIHM, 4 CYCLE
MOV -10 1 0 1.0
RDA ***** DECAY MODULE OF FUEL MATERIALS*****
TIT DECAY OF SPENT PWR FUEL MATERIAL (G23-G2 FUEL, 34,980 MWD/MTU)
HED 1 DISCHARGE
DEC 1.0 1 2 5 4
DEC 3.0 2 3 5 0
DEC 5.0 3 4 5 0
DEC 7.0 4 5 5 0
DEC 10.0 5 6 5 0
DEC 12.47 6 7 5 0
DEC 13.0 7 8 5 0
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2
4
4
4
4
4
4
4
4
0

DEC
DEC
DEC
DEC
RDA
OPTL
OPTA
OPTF
OUT
MOV
END
922340
030000
080000
130000
200000
250000
290000
480000
740000

15.0
20.0
50.0
100.0

8 9
9 10
10 11
11 12

OPT CARDS HERE
4*8
4*8
4*8
12
-10

317.1
1.0
134454
16.7
2.0
1.7
1.0
25.0
2.0

3 8 3
3 8 3
3 8 3
1 -1
1 0 1.0

922350
050000

. 090000
140000
220000
260000
300000
490000
820000

5 0
5 0
5 0
5 0

8 7
8 7
8 7
0

32100. 0
1.0
10.7
12.1
1.0
18.0
40.3
2.0
1.0

8 2*8
8 2*8
8 2*8

922380
060000
110000
150000
230000
270000
420000
500000
830000

3 8 3 8
3 8 3 8
3 8 3 8

967582.
89.4
15.0
35.0
3.0
1.0
10.0
4.0
0.4

7 7*8
7 7*8
7 7*8

9 0
070000
120000
170000
240000
280000
470000
640000
0

0.0
25.0
2.0
5.3
4.0
24.0
0.1
2.5
0.0

FUEL
FUEL
FUEL
FUEL
FUEL
FUEL
FUEL
FUEL
FUEL

G23-G2
IMPU
IMPU
IMPU
IMPU
IMPU
IMPU
IMPU
IMPU
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% This program calculates the stresses of DUPIC fuel
% cladding in HANARO research reactor.
% (Ref: -SPAN-C Manual, KWU)

% RAW DATA OF CLADDING TUBE
%
% d_To = Cladding outside diameter Cm]
% d_Ti = Cladding inside diameter Cm]
% spac = Distance between fuel rod axes (spacing) Cm]
% len = Vibrating length (spacer distance) Cm]
% mass = Mass of the fuel rod per length unit Ckg/m]
%
clad =input(C'Input cladding outside diameter [mm],'...

'\n cladding inside diameter [mm],'...
'\n distance between rod axes [mm],'...
'\n length of mini-element Cmm],'...
'\n and mass per unit length Cg/mm]:'...
'\n (default: 12.12, 10.8, 32.82, 199.82, 0.156)'..
'\n > ']);

if isempty(clad)
d_To = 0.01212; d_Ti = 0.01080; spac = 0.03282;
len = 0.19982; mass = 0.156;

else
d_To = clad(l); d_Ti = clad(2); spac = clad(3);
len = clad(4); mass = clad(5);

end
%
% OPERATION DATA FOR CLADDING TUBE
%
% Pin = Inner pressure of cladding tube [MPa=N/mnf2]
% Pout = Outer pressure of cladding tube CMPa]
% Ti Inner surface temp, of cladding tube Cdegree-C]
% To = Outer surface temp, of cladding tube Cdegree-C]
% Tf Coolant temperature [degree-C]
% rho_C = Density of the coolant Ckg/nf3]
% etah_C = Dynamic viscosity of the coolant CKg/m/s]
% v_C = Velocity of the coolant Cm/sec]
%
oper = input(C'Input inner pressure CMPa],'...

'\n outer pressure CMPa],'...
'\n inner surface temperature CoC],'...
'\n outer surface temperature CoC],'...
'\n coolant temperature CoC],'...
'\n and coolant velocity Cm/s]:'. ..
'\n (default: 0.12, 0.4, 132.9, 68.8, 40, 11.67)'..
'\n > ']);

if isempty(oper)
Pin = 0.12; Pout = 0.4;
Ti = 132.9; To = 68.8; Tf = 313-273.15;
v_C - 11.67;
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else
Pin = oper(l); Pout = oper(2);
Ti = oper(3); To = oper(4); Tf = oper(5);
v_C = oper(6);

end
rho_C = 9.931e2; etah_C = 6.821e-4;
%
% PRINT CLADDING SPEC AND OPERATION CONDITION
%
fprintf('\n\n********************************************************')
fprintf('\n STRESS ANALYSIS ON CLADDING TUBE OF DUPIC MINI-ELEMENT');
fprintf('\nS!K******************************************************');
fprintf('\n\nCladding Material: Zircaloy-4 (Stress Relieved)');
fprintfC\nCladding Outside Diameter: %10.3f mm', d_To*1000);
fprintf('XnCladding Inside Diameter: %10.3f mm', d_Ti*lOOO);
fprintf C\nVibrating Length: %10.3f mm', len*1000);
fprintf('\nMass per Unit Length: %10.3f g/mm', mass);
fprintf('\nPressures:');
fprintfC\n Cladding, Outside %10.3f MPa', Pout);
fprintfC\n Cladding, Inside %10.3f MPa', Pout);
fprintf('XnTemperatures:');
fprintfC\n Cladding, Outside %10.3f o C , To);
fprintfC\n Cladding, Inside %10.3f o C , Ti);
fprintf C\n Coolant, Bulk %10.3f o C , Tf);
fprintf('\nCoolant Velocity: %10.3f m/s', v_C);
%
% DATA CALCULATED FROM RAW AND OPERATIONAL DATA
%
% I = Areal moment of inertia of the cladding
% ld_ratio = (Vibrating length)/(cladding outside diameter)
% Re = Reynolds number of the coolant flow
% d_h = Equivalent diameter [m]
%
% Equivalent diameter for PWR and BWR channel:
%
% d_h = 4*(spac~2-(pi/4)*d_To~2)/(pi*d_To);
%
% But, the channel shape of DUPIC mini-element is
% different from the above.
%
% d_h = 4*xarea/(2*pi*(rf+Rc)); S = pi*(Rc~2 - rf*2);
% ->"refer to "Heat Transfer Coefficient.xls"
%
M = (pi/4)*d_To*rho_C;
I = (pi/64)*(d_To"4 - d_Ti"4);
ld_ratio = len/d_To;
%
Re = 1.068e-2; rf = d_To/2;
xarea = pi*(Rc*Rc-rf*rf);
d_h = 4*xarea/(2*pi*(rf+Rc));
Re = rho_C*v_C*d_h/etah_C;
%
% MATERIAL PROPERTIES OF CLADDING TUBE
% (Stress Relieved Zr-4)
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% M = a + b(T-c) « T: degree-C

% Yi, Yo = Modulus of elasticity of the cladding tube [N/mnT2=MPa]
% -> a = 99,408; b = -65.4; c = 0
% * Range of validity: RT - 500 degree-C

% RpO2i, Rp02o = Yield Strength (R_p0.2) [N/nrnT2=MPa]
% -> a = 455; b = -0.5; c = 20

% Rmi, Rmo = Ultimate Tensile Strength [N/mnf 2=MPa]
% -> a = 590; b = -0.671; c = 20

% Ati, Ato = Coefficient of tangential thermal expansion [1/degree-C]
% -> a = 3.7099e-6; b = 1.485e-8; c = 0
% * Range of validity: 100 - 600 degree-C

% Aai, Aao = Coefficient of axial thermal expansion C1/degree-C]
% -> a = 5.575e-6; b = 0; c = 0
% * Range of validity: 100 - 800 degree-C

% ASM, ASMB, ASMBS = Admissible stress in category M, M+B and
% M+B+S, respectively [MPa]

Poison r; 0.3;
Yi = 99408 - 65.4*Ti;
Yo = 99408 - 65.4*To;
Rp02i = 455 - 0.5*(Ti-20);
Rp02o = 455 - 0.5*(To-20);
Rmi = 590 - 0.671*(Ti-20);
Rmo = 590 - 0.671*(To-20);
Ati = 3.7099e-6 + 1.485e-8*Ti;
Ato = 3.7099e-6 + 1.485e-8*To;
Aai = 5.575e-6;
Aao = 5.575e-6;
ASM = min(0.9*(Rp02i+Rp02o)/2, 0.5*(Rmi+Rmo)/2);
ASMB = min(1.35*(Rp02i+Rp02o)/2, 0.7*(Rmi+Rmo)/2);
ASMBS = min(2.7*(Rp02i+Rp02o)/2, 1.0*(Rmi+Rmo)/2);
fprintfC\n\n\nPERMISSIBLE STRESSES (DESIGN LIMITS)');
fprintf (' \n ' ) ;
fprintf('\n Design Temperature: %10.3f oC,...

(Ti+To)/2);
fprintf C\n Yield Strength (RpO.2): %10.3f MPa'

(Rp02i+Rp02o)/2);
fprintf C\n Ult. Tens. Strength (Rm): %10.3f MPa'

(Rmi+Rmo)/2);
fprintf('\n Design Limits:');
fprintfC\n M = MIN(0.9Rp0.2/0.5Rm) %10.3f MPa',ASM);
fprintf('\n M+B = MIN(1.35RpO.2/0.7Rm) xiO.3f MPa',ASMB);
fprintfC'\n M+B+S = MIN(2.7Rp0.2/1.0Rm) xlO.3f MPa',ASMBS);
fprintf('\n\n * M: Primary membrane stress');
fprintf('\n B: Primary bending stress');
fprintf('\n S: Secondary membrane and bending stress');

% STRESSES FROM EXTERNAL OR INTERNAL OVERPRESSURE (Category M)
%
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% SPti = Tangential stress of inner surface
% SPri = Radial stress of inner surface
% SPai = Axial stress of inner surface
% SPto = Tangential stess of outer surface
% SPro = Radial stress of outer surface
% SPao = Axial stress of outer surface
% delta = diameter ratio of external to internal diameter

delta = d_To/d_Ti;
SPti = (Pin-Pout)*(2*delta*delta/(delta*delta-l)) - Pin;
SPto = (Pin-Pout)*((delta*delta+l)/(delta*delta-D) - Pin;
SPri = - Pin;
SPro = - Pout;
SPai = (Pin-Pout)*(d_To*d_To/(d_To*d_To-d_Ti*d_Ti)) - Pin;
SPao = (Pin-Pout)*(d_To*d_To/(d_To*d_To-d_Ti*d_Ti)) - Pin;
fprintf('\n\n\nSTRESSES FROM EXTERNAL OR INTERNAL OVERPRESSURE (M)')
fnrinff ( ' \-r-»———————————— — — — — — — — — — — — — ' \

xprixiLX v \ n ————— j
fprintf( ' \n Tangential stress (inner surface): %+9.3f MPa',...

SPti);
fprintf( ' \n Tangential stress (outer surface): %+9.3f MPa',...

SPto);
(inner surface): %+9.3f MPa'

fprintf('\n Radial stress
SPri);

fprintf('\n Radial stress
SPro);

fprintf('\n Axial stress
SPai);

fprintf('\n Axial stress
SPao);

(outer surface): %+9.3f MPa'

(inner surface): %+9.3f MPa'

(outer surface): %+9.3f MPa'

% THERMAL STRESSES FROM RADIAL TEMPERATURE GRADIENTS (Category S)

% STti = Tangential stress of inner surface [MPa]
% STto = Tangential stress of outer surface [MPa]
% STr = Radial stress [MPa]
% STai = Axial stress of inner surface [MPa]
% STao = Axial stress of outer surface [MPa]
% Poison = Poison's ratio (0.3 = cont.)

STti = Yi*Ati/(2*(l-Poison))*(Ti-To)...
*(l/log(delta)-(2*delta*delta)/(delta*delta-D);

STto = Yo*Ato/(2*(l-Poison))*(Ti-To).. .
*(l/log(delta)-2/(delta*delta-l));

STr = 0;
STai = STti*(Aai/Ati);
STao = STto*(Aao/Ato);
fprintf('\n\n\nTHERMAL STRESSES FROM RADIAL TEMPERATURE GRADIENTS (S)')
.£—„.:—.i-.p f ' \ « _ — — — — — — — — — — — — — — — — — — — — ' ^

rprj.ncx v \n /
fprintf('\n Tangential stress (inner surface): %+9.3f MPa',...

STti);
fprintf('\n Tangential stress (outer surface): %+9.3f MPa'

STto);
fprintf('\n Radial stress : %+9.3f MPa'

STr);
fprintf('\n Axial stress (inner surface): %+9.3f MPa',...
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%
%
%
%

Amp
SBt
SBr
SBai,

STai);
fprintf C\n Axial stress (outer surface): %+9.3f MPa',...

STao);
%
% STRESSES FROM BENDING VIBRATIONS (Category B)
%
% ASSUMPTION: fuel rod regared as a hinged beam
% * conservative compared with the more realistic assumption
% of a "garland vibration" (clamped at both ends)
%

= Amplitude (contains a conservativity factor of 3)
= Tangential bending stress CMPa]
= Radial bending stress [MPa]

SBao = Axial bending stress [MPa]
%
SBt = 0;
SBr = 0;
u = sqrt(M/(Yi*I))*v_C*len;
beta = M/(M+mass);
Amp = 3*(d_To/pr4)*((u"1.6*ld_ratio"1.8*ReA0.25)/(l+u*u))»...

(beta"(2/3)/(l+4*beta))*(d_h/d_Toro.4*25e-4;
SBai = abs((24/5)*(Yi/(len«len))*Amp*d_Ti);
%
u = sqrt(M/(Yo*I))*v_C*len;
Amp = 3^dJTo/pi^4M(u~1.6*ld_ratio~1.8*Re"0.25)/(l+u»u)K..

(beta"(2/3)/(l+4*beta))*(d_h/d_To)A0.4*25e-4;
SBao = abs((24/5)*(Yo/(len*len))*Amp*d_To);
fprintf('\n\n\nSTRESSES FROM BENDING VIBRATIONS (B)');
fprintf (' \n ' ) ;
fprintf('\n Tangential stress : %9.3f MPa',SBt);
fprintf C\n Radial stress : %9.3f MPa' ,SBr);
fprintf('\n Axial Stress (inner surface): +-%6.3f MPa',SBai);
fprintf('\n Axial Stress (outer surface): +-%6.3f MPa',SBao),
%
% TOTAL AND EQUIVALENT STRESSES
%
% Total = (sum of each component)/2
% Equivalent = sqrt(0.5((St-Sr)"2+(St-Sa)"2+(Sa-Sr)"2))
%
% Mt = Tangential total stress of category M
% Mr = Radial total stress of category M
% Ma = Axial total stress of category M
% MBt = Tangential total stress of category B
% MBr = Radial total stress of category B
% MBa = Axial total stress of category B
% MBSt = Tangential total stress of category S
% MBSr = Radial total stress of category S
% MBSa = Axial total stress of category S
% EM, EMB, EMBS = Equivalent stresses in category M, M+B and
% M+B+S, respectively
%
Mt = (SPti+SPto)/2;
Mr = (SPri+SPro)/2;
Ma = (SPai+SPao)/2;
MBt = (SPti+SPto+SBt)/2;
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MBr = (SPri+SPro+SBr)/2;
MBa = (SPai+SPao+SBai+SBao)/2;
MBSt = (SPti+SPto+SBt+STti+STto)/2;
MBSr = (SPri+SPro+SBr+STr)/2;
MBSa = (SPai+SPao+SBai+SBao+STai+STao)/2;
%
EM = sqrt(0.5*((Mt-Mrr2+(Mt-Mar2+(Ma-Mrr2));
EMB = sqrt(0.5*((MBt-MBr)"2+(MBt-MBa)'2+(MBa-MBr)"2));
EMBS = sqrt(0.5*((MBSt-MBSr)"2+(MBSt-MBSa)'>2+(MBSa-MBSr)''2));
fprintf('\n\n\n************************')
fprintf(
fprintf('
fprintf('
fprintf('
fprintf('
fprintf('
fprintf('
fprintf('

ASM,EN
fprintf('

\n MINIMUM SAFETY MARGINS')
\nss**s*******************')
\n\n
\n STRESS
\n CATEGORY
\n
\n *"
\n\n M
I, ASM/EM);
\n\n M+B

ASMB,EMB,ASMB/EMB);
fprintf('

ASMBS,
fprintf('

\n\n M+B+S

ADMISSIBLE
STRESS
(MPa)

%10.2f %1

%1O.2f %1

%10.2f %1
EMBS,ASMBS/EMBS);
\n\n\n');

MAXIMUM MINIMUM')
EQUIVALENT SAFETY');
STRESS MARGIN');
(MPa)');

' \.) i

0.2f %7.2f

O.2f %7.2f

0.2f %7.2f

% Output the result to a hardcopy

fname = input(['Type the output file name:',...
'\n(default: stress.txt) > '],'s');

if isempty{fname)
fid = fopen('stress, txt', 'w+');

else
fid = fopen(fname,'w+');

end
fprintf(fid,'\n\n********************************************************')

fprintf(fid,
fprintf(fid,
fprintf(fid,
Relieved)');
fprintf(fid,
d_To*1000);
fprintf(fid,
d_Ti*1000);
fprintf(fid,
fprintf(fid,
fprintf(fid,
fprintf(fid,
fprintf(fid,
fprintf(fid,
fprintf(fid,
fprintf(fid,
fprintf(fid,
fprintf(fid,
fprintf(fid.

'\n STRESS ANALYSIS ON CLADDING TUBE OF DUPIC MINI-ELEMENT');
' \n*** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ' ) ;
'\n\nCladding Material: Zircaloy-4 (Stress

'\nCladding Outside Diameter:

'NnCladding Inside Diameter:

'XnVibrating Length:
'\nMass per Unit Length:
'XnPressures:');
'\n Cladding, Outside
'\n Cladding, Inside
'NnTemperatures:');
'\n Cladding, Outside
'\n Cladding, Inside
"\n Coolant, Bulk
'\nCoolant Velocity:
'\n\n\nPERMISSIBLE STRESSES

.3f mm'

%10.3f mm',

%10

%10.
%10.

3f
3f

3f
3f

3f
3f

mm ,
g/mm

MPa'
MPa',

oC,
oC,

%10.3f oC',
%10.3f m/s'

(DESIGN LIMITS)');

len*1000);
', mass);

, Pout);
, Pout);

To);
Ti);
Tf);
, v_C);
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fprintf (fid, '\n ' );
fprintf(fid,'\n Design Temperature: %10.3f oC,...

(Ti+To)/2);
fprintf(fid,'\n Yield Strength (RpO.2): %10.3fMPa'

(Rp02i+Rp02o)/2);
fprintf(fid,'\n Ult. Tens. Strength (Rm): %10.3f MPa'

(Rmi+Rmo)/2);
fprintf(fid,'\n Design Limits:');
fprintf(fid,'\n M = MIN(0.9Rp0.2/0.5Rm) %10.3f MPa',ASM);
fprintf(fid,'\n M+B = MIN(1.35Rp0.2/0.7Rm) %10.3f MPa' ,ASMB);
fprintf(fid,'\n M+B+S = MIN(2.7Rp0.2/1.0Rm) %10.3f MPa',ASMBS);
fprintf(fid,'\n\n * M: Primary membrane stress');
fprintf(fid,'\n B: Primary bending stress');
fprintf(fid,'\n S: Secondary membrane and bending stress');
fprintf(fid,'\n\n\nSTRESSES FROM EXTERNAL OR INTERNAL OVERPRESSURE (M)');
fprintf (fid, '\n ') ;
fprintf(fid,'\n Tangential stress (inner surface): %+9.3f MPa',...

SPti);
fprintf(fid,'\n Tangential stress (outer surface): %+9.3f MPa'

SPto);
fprintf(fid,'\n Radial stress (inner surface): %+9.3f MPa'

SPri);
fprintf(fid,'\n Radial stress (outer surface): %+9.3f MPa',...

SPro);
fprintf(fid,'\n Axial stress (inner surface): %+9.3f MPa',...

SPai);
fprintf(fid,'\n Axial stress (outer surface): %+9.3f MPa'

SPao);
fprintf(fid, '\n\n\nTHERMAL STRESSES FROM RADIAL TEMPERATURE GRADIENTS
(S)');
iprinti v £ icl, \n ———————— — ———.-.-—_——,_ ___———.—— j t
fprintf(fid,'\n Tangential stress (inner surface): %+9.3f MPa'

STti);
fprintf(fid,'\n Tangential stress (outer surface): %+9.3f MPa'

STto);
fprintf(fid,'\n Radial stress : %+9.3f MPa'

STr);
fprintf(fid,'\n Axial stress (inner surface): %+9.3f MPa',...

STai);
fprintf(fid,'\n Axial stress (outer surface): %+9.3f MPa',...

STao);
fprintf(fid,'\n\n\nSTRESSES FROM BENDING VIBRATIONS (B)');
fprintf (fid, '\n ' ) ;
fprintf(fid,'\n Tangential stress : %9.3f MPa',SBt);
fprintf(fid,'\n Radial stress : %9.3f MPa',SBr);
fprintf(fid,'\n Axial Stress (inner surface): +-%6.3f MPa'.SBai);
fprintf(fid,'\n Axial Stress (outer surface): +-%6.3f MPa',SBao);
fprintf(fid,An\n\n*«************«*********');
fprintf(fid,'\n MINIMUM SAFETY MARGINS');
fprintf(fid,'\n************************');
fprintf(fid,'\n\n MAXIMUM MINIMUM');
fprintf(fid,'\n STRESS ADMISSIBLE EQUIVALENT SAFETY');
fprintf(fid,'\n CATEGORY STRESS STRESS MARGIN');
fprintf(fid,'\n (MPa) (MPa)');
fprintf (fid,'\n ' ) ;

— DO



fprintf(fid,'\n\n M %10 2f %10 2f %7 2f'
ASM,EM,ASM/EM);

fprintf(fid,'\n\n M+B %10 2f %10 2f %7 2f'
ASMB,EMB,ASMB/EMB);

fprintf(fid,'\n\n M+B+S %10.2f %10 2f %7 2f'
ASMBS,EMBS,ASMBS/EMBS);

fclose(fid);
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M 4 Locked rotor A^n. §H*!S * I S HEATING

DUPIC Pellet Locked Rotor analysis at 66.12 kW/m
* mini-element in element-assembly for lock rotor
* dimension, 10.55, 10.80, 0.66t, OOmicron gap)
* Units: J, kg, s, mm, C
* Time limit,Axis, Initial time, Temp, unit. Net energy, Convergency,
Output
3600 4 0 . 0 1 0 0 0 P
REGIONS
1 1 0.0 5.373 Rl
1 1 0 0 R2
2 2 5.373 5.40 Rl
1 0 0 0 R2
3 3 5.40 6.06 Rl
1 0 0 2 R2
* 1 cal = 4.186 J
MATERIALS
1 Fuel 0.001 10.25e-6 4186 -5 0-1 M
2 Helium 0.4186 0.177e-9 5190 -6 M
3 zircaloy 0.0138 6.56e-6 293 M
HEAT GENERATIONS
* fuel(W/mm3)
1 0.7244 -4 G
INITIAL TEMPERATURE
1 1 —3 T
BOUNDARY CONDITIONS
1 3 Bl
0 0 0-0 -0.008416 B2
2 1 40.0 Bl
4.47e-2 0 0 0 0 1 B2
-7 B3
XGRID
0.0 5.373 5.40 6.06 XI

9 1 3 X2
ANALYTICAL FUNCTIONS
TABULAR FUNCTIONS
* Specific heat of Fuel
1 Tl
-273.15 0.0 -260 0.003 -247 0.0032 -238 0 009 -100 0 043 0 0 0.056 T2
@ 100 0.063 200 0.0675 400 0.0722 1200 0.079 2000 0.082 2700 0.083 T2
* initial temp distribution
3 Tl
.0 2551 .6 2528 1.19 2459 1.79 2337 2.39 2151 2.98 1887 3.58 1542 T2
@ 4.18 1155 4.78 776 5.37 391 5.40 166 5.62 136 5.84 107 6.06 79 T2
* power increas(30%) from data
4 Tl
0 1 1.4 1 1.5 0.959 1.6 0.817 1.7 0.61 1.8 0.464 1.9 0.371 2 0.307 T2
S2.1 0.264 2.2 0.234 2.3 0.214 2.4 0.203 2.6 0.203 2.7 0.195 2.8 0.195 T2
@ 2.9 0.189 20 0.189 T2
*Thermal conductivity of fuel
5 Tl
27 4.44 127 3.96 227 3.56 327 3.25 427 3.01 527 2.87 627 2.84 727 2.81 T2
@ 827 2/72 927 2.60 1027 2.48 1127 2.36 1227 2.26 1327 2.18 1427 2.12 T2
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@ 1527 2.07 1627 2.05 1727 2.06 1827 2.08 1927 2.13 2027 2.20 T2
@ 2127 2.30 2227 2.41 2327 2.54 2427 2.69 2527 2.85 2627 3.03 T2
5 2727 3.22 T2
*Thermal conductivity of He
6 Tl
25.0 3.59e-4 48.9 3.76e-4 100 4.07e-4 200 5.07e-4 500 6.96e-4 T2
@ 1200 1.055e-3 2500 1.587e-3 T2
* Chaange of flow

Tl
T2

,5 0.7 T2
T2

0

TR
TR1

7
0
@
@

1 0.1
0.8 0.
1.6 0.

PRINTOUT
1 2 3

0.94 0.
73 0.9
69 1.7
TIMES
4 5 5

TRANSIENT
1
0.
20.0
01 1

2
0.
0.

0.
71
69

6

9

7

0.3
1 0.
1.8

8 9

0.86
69 1.1
0.69 1

10 12

0.4
0.
.9

14

0.82 0.5
68 1.2 0.
0.7 20 0.

16 20

0.
66
7

8
1.
0.
3
6
0.
0.
65
77
1.
0.
4
7
0.
0.
64
75
1
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RIA MIL m*\m * ie HEATING

0 Steady-State Analysis

DUPIC Pellet RIA analysis at 66.12 kW/m (steady)
* mini-element in element-assembly for RIA
* dimension, 10.55, 10.80, 0.66t, contacted
* Units: j , kg, s, mm, C
* Time limit,Axis, Initial time. Temp, unit. Net energy, Convergency,
Output
3600 4 0 . 0 1 0 0 0 P
REGIONS
1 1 0.0 5.373 Rl
1 1 0 0 R2
2 2 5.373 5.40 Rl
1 0 0 0 R2
3 3 5.40 6.06 Rl
1 0 0 2 R2
* 1 cal = 4.186 J
MATERIALS
1 Fuel 0.001 10.25e-6 4186 -5 0-1 •. M
2 Helium 0.4186 0.177e-9 5190 -6 M
3 zircaloy 0.0138 6.56e-6 293 M
HEAT GENERATIONS
* fuel(W/mm3)
1 0.7244 G
INITIAL TEMPERATURE
1 40.0 I
BOUNDARY CONDITIONS
1 3 Bl
0 0 0 0 -0.008416 B2
2 1 40.0 Bl
4.47e-2 B2
XGRID
0.0 5.373 5.40 6.06 XI

9 1 3 X2
ANALYTICAL FUNCTIONS
TABULAR FUNCTIONS
* Specific heat of Fuel
1 Tl
-273.15 0.0 -260 0.003 -247 0.0032 -238 0.009 -100 0.043 0.0 0.056 T2
@ 100 0.063 200 0.0675 400 0.0722 1200 0.079 2000 0.082 T2
* initial temp distribution
3 Tl
.0 2139 .6 2116 1.2 2047 1.81 1929 2.41 1760 3.01 1543 3.61 1288 T2
@ 4.21 1006 4.81 714 5.42 426 5.43 344 5.45 253 5.46 150 5.76 123 T2
S 6.05 96 6.35 70 T2
*Thermal conductivity of fuel
5 ' Tl
27 4.44 127 3.96 227 3.56 327 3.25 427 3.01 527 2.87 627 2.84 727 2.81 T2
i 827 2.72 927 2.60 1027 2.48 1127 2.36 1227 2.26 1327 2.18 1427 2.12 T2
S 1527 2.07 1627 2.05 1727 2.06 1827 2.08 1927 2.13 2027 2.20 T2
S 2127 2.30 2227 2.41 2327 2.54 2427 2.69 2527 2.85 2627 3.03 T2
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@ 2727 3.22 T2
^Thermal conductivity of He
6 Tl
25.0 3.59e-4 48.9 3.76e-4 100 4.07e-4 200 5.07e-4 500 6.96e-4 T2
8 1200 1.055e-3 2500 1.587e-3 T2
STEADY-STATE
2 SS
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0 Transient Analysis

DUPIC Pellet RIA analysis at 66.12 kW/m
* mini-element in element-assembly for RIA
* dimension, 10.55, 10.80, 0.66t, (27micron gap)
* Units: J, kg, s, mm, C
* Time limit,Axis, Initial time. Temp, unit, Net energy, Convergency,
Output
3600 4 0 . 0 1 0 0 0 P
REGIONS
1 1 0.0 5.373 Rl
1 1 0 0 R2
2 2 5.373 5.40 Rl
1 0 0 0 R2
3 3 5.40 6.06 Rl
1 0 0 2 R2
* 1 cal = 4.186 J
MATERIALS
1 Fuel 0.001 10.25e-6 4186 -5 0-1 M
2 Helium 0.4186 0.177e-9 5190 -6 M
3 zircaloy 0.0138 6.56e-6 293 M
HEAT GENERATIONS
* fuel(W/mm3)
1 0.7244 -4 G
INITIAL TEMPERATURE
1 1 - 3 I
BOUNDARY CONDITIONS
1 3 Bl
0 0 0 0 -0.008416 B2
2 1 40.0 Bl
4.47e-2 B2
XGRID
0.0 5.373 5.40 6.06 XI

9 1 3 X2
ANALYTICAL FUNCTIONS
TABULAR FUNCTIONS
* Specific heat of Fuel
1 Tl
-273.15 0.0 -260 0.003 -247 0.0032 -238 0.009 -100 0.043 0.0 0.056 T2
@ 100 0.063 200 0.0675 400 0.0722 1200 0.079 2000 0.082 2700 0.083 T2
* initial temp distribution
3 Tl
.0 2551'.6 2528 1.19 2459 1.79 2337 2.39 2151 2.98 1887 3.58 1542 T2
@ 4.18 1155 4.78 776 5.37 391 5.40 166 5.62 136 5.84 107 6.06 79 T2
* power increase30%) from data
4 Tl
0 1 4 1.3 5 .25 10 .25 25 .25 T2
^Thermal conductivity of fuel
5 Tl
27 4.44 127 3.96 227 3.56 327 3.25 427 3.01 527 2 87 627 2.84 727 2.81 T2
@ 827 2.72 927 2.60 1027 2.48 1127 2.36 1227 2.26 1327 2.18 1427 2.12 T2
@ 1527 2.07 1627 2.05 1727 2.06 1827 2.08 1927 2.13 2027 2.20 T2
@ 2127 2.30 2227 2.41 2327 2.54 2427 2.69 2527 2.85 2627 3.03 T2
@ 2727 3.22 T2
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*Thermal conductivity of He
6 Tl
25.0 3.59e-4 48.9 3.76e-4 100 4.07e-4 200 5.07e-4 500 6.96e-4 T2
@ 1200 1.055e-3 2500 1.587e-3 T2
PRINTOUT TIMES
1 2 3 3.5 4 4.1 4.2 4.3 4.4 4.5 5 5.5 6 7 8 9 10 12 14 16 20 0
TRANSIENT
1 20.0 TR
0.01 1 TR1
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20.16
0.1

82.08
0.0

1.92
4.56
6.96

19.68
39.84

0.1
37.92

0.0
11.28
10.56
50.64

0.1
168. 00

0.0
3.12
4.56
6.24

22.08
37.44

0.1
82.08

0.0
1.92
4.56
6.96

19.68
39.84

0.1
37.92

0.0
11.28
10.56
50.64

0.1
168. 00

0.0
3.12
4.56
6.24

22.08
37.44

STOP

398.00
0.001
0.001

402.20
402.20
402.20
402.20
402.20
402.20
0.001
0.001

409.40
409.40
409.40
409.40
0.001
0.001

416.60
416.60
416.60
416.60
416.60
416.60
0.001
0.001

423.80
423. 80
423.80
423.80
423. 80
423.80
0.001
0.001

431.00
431.00
431.00
431.00
0.001
0.001

438.20
438.20
438.20
438.20
438.20
438. 20

1.27E13
1.27E09
1.27E09
1.27E13
1.30E13
1.30E13
1.30E13
1.30E13
1.30E13
1.30E09
1.30E09
1.32E13
1.32E13
1.32E13
1.32E13
1.32E09
1.32E09
1.32E13
1.33E13
1.33E13
1.33E13
1.33E13
1.33E13
1.33E09
1. 33E09
1.37E13
1.37E13
1.37E13
1.37E13
1.37E13
1.37E13
1.37E09
1.37E09
1.38E13
1.38E13
1.38E13
1.38E13
1.38E09
1.38E09
1.41E13
1.41E13
1.41E13
1.41E13
1.41E13
1.41E13

313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
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O S

HANARO DUPIC 5 pellets EXPERIMENT 2000.3.23 2nd DUPIC fuel safety analysis CANDU
ci-10.80mm thiclc-0.66mm ;
&INPUT IPRINT=20*l, IFEMRD=O,SBU=5000. ,GR=5. ,R1=5.,
IWFEM=9«1,29*0,7*1 &END

1
•1
2

0.936
0.059
7

1.0
0.0
2.64
5.28
9.60
64.80
0.1

84.24
0.0
2.64
6.24
10.56
61.44
0.1

61.22
0.0
5.52
10.56
81.12
0.1

93.38
0.0
5.04
6.72
21.60
39.84
0.1

93.12
0.0
3.60
5.28
10.56
53.28
0.1

93.60
0.0
2.40
4.32
7.92
37.20
20.16
0.1

82.08
0.0
1.92
4.56

.1
63

1234.

*

1 3
1.080 1.212

1 0.0 1.055
0.042
0.042
0.1 1.0 0.

(39A)

458.29
468.65
459.54
542.87
661.20
0.001
0.001

461.32
472.13
462.12
546.59
661.20
0.001
0.001

471.45
469.27
545.54
661.20
0.001
0.001

437.14
427.82
505. 72
611.85
661.20
0.001
0.001

436. 32
426. 99
504.75
610. 86
661.20
0.001
0.001

416.24
409.32
483.88
542.35
633.78
661.20
0.001
0.001

417.47
410.50
485.04

2.01E13
2.01E13
2.01E13
2.01E13
2.01E13
2.01E09
2.01E09
2. 01E13
2.01E13
2. 01E13
2. 01E13
2. 01E13
2.01E09
2.01E09
2.01E13
2.01E13
2.01E13
2.01E13
2.01E09
2.01E09
2.01E13
2.01E13
2.01E13
2.01E13
2.01E13
2.01E09
2.01E09
2.01E13
2.01E13
2.01E13
2.01E13
2. 01E13
2.01E09
2.01E09
2.01E13
2.01E13
2.01E13
2.01E13
2.01E13
2.01E13
2.01E09
2.01E09
2.01E13
2.01E13
2.01E13

0

313

313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.
313.

1.00 0.

0.0

0.1

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

022 0.

0.0 0

63
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0
-100 0

95

.0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

5.0

0.5

12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
12.77
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The objective of the irradiation test of DUPIC fuel at HANARO is to obtain the data of
in-core behavior and evaluate the nuclear, thermal and mechanical performance of DUPIC fuel.
The irradiation of DUPIC fuel will start at April 25, 2000 for about 2 months, and the burnup of
2,000 MWD/MTU will be attained for this period.

The pre-irradiation examinations for DUPIC fuel, such as visual inspection, dimension
measurement, He leak test and microstructure observation, was carried out. The post-
irradiation examination items for the irradiated DUPIC fuel are planned to be the NDA test,
visual inspection and dimension measurement, as well as the analyses for the fission gas
release, the microstructure of pellets and the distribution and shape of imbedded nuclides.

The DUPIC mini-elements were fabricated in the DFDF (IMEF M6 cell) using the G23-G2
rod. For the HANARO core calculation, the initial composition of DUPIC fuel was estimated
using ORIGEN-2 code based on the burnup history of the G23-G2 rod. The design features of
DUPIC pellets, the mini-element and the irradiation capsule, were supplemented considering the
characteristics of DUPIC fuel and the results from the irradiation test of the simulated DUPIC
fuel performed in 1999.

The nuclear, thermohydraulic and mechanical characteristics of DUPIC fuel under the
normal operation condition were evaluated for the safety analysis on the HANARO. Using these
results, potential accidents initiated by DUPIC fuel were estimated, and Safety analyses on the
locked rotor and RIA accidents were carried out in order to assess the integrity of DUPIC fuel
under the accident condition initiated by the HANARO. Based on the results of these safety
analyses, the supplemental countermeasures for securing the sufficient thermal margins were set
up, as well.

At the last, similar overseas and domestic cases were introduced.

DUPIC Fuel, mini-element, Non-instrumented Capsule, Irradiation test at
HANARO, Safety Analysis, Linear Power


