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SUMMARY

The experiments on the fission products release behavior from spent
fuel at high temperature assuming reactor accident conditions have been
carried out at Oak Ridge Nation Laboratory of USA in HI/VI tests, CEA of
France in HEVA/VERCOS tests, AEA of England and CRNL of Canada in
HOX test. The VEGA program to study the fission product release
behavior from LWR irradiated fuel was recently initiated at JAERI. The
key parameter affecting the fission product(FP) release behavior is
temperature. In addition, other parameters such as fuel oxidation, burnup,
pre—transient conditions are found to affect the FP releases considerably
in the earlier tests. The atmosphere conditions such as oxidizing
atmosphere (steam or air) or reducing atmosphere (hydrogen) can cause
significant change of FPs release and transport behavior due to chemical
forms of the reactive FPs which is dependent on the oxidation potential.
The effect of fuel burnup on the Kr—85 or Cs—137 release showed that
the release rates of these radionuclides increased with the increase of
burnup, meaning that release rates are dominated by the atomic diffusions
in the grains and they are primarily a function of temperature. However,
the data on FPs release behavior using higher burnups above 50,000
MWD/MTU are not so many reported up to now.

This report summarizes the test results of FPs release behavior in
reactor accident conditions produced from other countries mentioned above.
This review and analysis on earlier studies would be useful for predicting
the release characteristics of FPs from domestic spent fuel. The release
rates of fission gas or FPs from spent fuel at high temperature conditions
during fabrication process of dry recycling fuel were also analyzed using
many data obtained from earlier tests.
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Table 1-1. Summary of out-of-pile fission product release experiments
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Table 1-2. Summary of in-pile fission product release experiments
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Fig. 1-1. Ellingham diagram for fission products and UQO. fuel.
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Table 2-1. Fission-product release tests conducted in hot cells at ORNL since

1976.
Ok . . - AL% k: 9171
19 3l 3 ) o= W
g
HBU | H.B.Robinson (PWR) 30,000 11 775~475 2]
[}
HT | H.B.Robinson (PWR) 30,000 4 1575~1,875 »H
BWR | Peach Bottom 2 (BWR) 13,000 4 1,125~1,475 €
H.B.Robinson, Oconee 10,000 ~
HI (PWR) 40.000 6 1,675~2,275 Eay=
Peach Bottom(BWR) ’
HS | Simulated PWR fuel 44,000 4 1,875~2,700 Eay=
Fay=1
VI | Oconee, BR3(PWR) 40000 =16 ) 9752700 7
47,000 PN

(a) Al¥" : HBU(High Burnup), HT(High Temperature), BWR(Boiling-Water
Reactor), HI(Horizontal Induction-heated), HS(Horizontal Simulant),
VI(Vertical Induction-heated)

o 7t AS R dds @ 5Y KIKAA F35%s, YA d2dAAdE F4471
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23k m A UO,
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o TUH Az stlA A ol REH FUF £
=3 ]

9 % AP A FaAste] el SRAYNT

e

ol Fe] AFANRE o] &t HRLEAAES] WEES dFs7] A% o 7HA
= AF ZE(NUREG-0072, CORSOR,
CORSOR-M, CORSOR-0)[32~33]% 4R (ORNL-E4H4 %, ORNL-Booth,
CORSOR- Booth E&)[34]2 Y= F Ut}
CORSOR-O(O : ORNL)E "o ARgH WEE% = CORSOR, CORSOR-M

wale] WELE S tAstel ALE & 9tk CORSOR-09] Wa&nw 45E
ol ol AFEE A% @3 ZA ohE dl, & 24 200K A Ruel EEE A5
w7

CORSOR-M R.# & &=2FH th 361,00081 k3 = th. CORSOR-0O RH& w2
ArE o]EAL A4 4= 913, CORSOR-M Rl e %] ke 297 9IS
Tk 4= 9tk ORNL B vt & 7| ¢l A F3gh g W& A Ayt 2 84t
AF(em¥/s) 2 a3} o, o] Al4gke single—atom solid state &2 (diffusion
equation)°l] E 4%% 9lt}. ORNL-BOOTH & & shats 7B o7 3 nug
A A TS sE g4k o] AlAstg e, ORNL-BOOTH &4F 2ele gibA| 47}
CORSOR-BOOTH E &3} &gho] 7hgsies A8l Scale factorel] #3h AR

]S

2 o] &8s A FAHo] 7F%535tth. ORNL-BOOTH R A= shabAo] A8 S
AR S At e dF UE 5EAS vgsto g wgs 2ol CORSOR-09] t
Ae sy F UEEE B85S S (NUREG-0772,

CORSOR, CORSOR-M) A|7te] & 3B A AL wrE4S 3 Aieta &8
& w3 A, dA oA 0% oA AyE AS WEES I HriRoh
weba] 2 Ao A= Tk ORNLOI A= 19759 ~ 19934 Alolo] B2 A& vt

= Ad AI(VI-1~7, Hl-Series)E THHo=z AP om 1779 a5 %

element?] W= 54 Alg A3 2 WEES AASA Y. o8 Z 2~ Grenbole©l
A st HEVA AlgdZ23y 2 Agol dAFAdA F33sk A(ST-1, 2

In-reactor tests), INEELo| A 4=3)3F PBF-3, 4 A& A3 = W&% % H & (fractional
release rates, NUREG-07722} CORSOR ®Z& R do| A AL&3 ¢, WEEn Al
min )< o]-&38te] A% HlwatgaL, TMI 2571014 9] 8l w3 54 Ate}l 540

AT, o] el A A=Y Aol AT A ol I H = o 7F
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A Fandol olste] dojd F ot WE 5ALS A4F wAG £ dE /R Yol

A2 A HIYVI A% 2 iy

1. Al

o

z=7

HL FE F F5F AFMHI : Horizontal Induction-heated, VI : Vertical
Induction-heated)®] A% ¢l A& ZAZ Table 2-2°] A3t = dl, ORNLO A =
71t stell A B 13 9] HAEE a5t qth ob= 8 Table 2-3°+= 7429 Al|
z10M HAF AsAPolM AHEE AR FAARS] SAS T Ay AT AE
= W9 E HH HI HAEE 1675~2,275K, VI HAEEE 2300~2,700 Kotk 7
3lo] VI Hl2EoM = F @A 24 M2 bg& 2=dA Fa853= b, 339 =
EE 371847 stdA Fa8=HAA 28] = FAREHY], U A 285 A/ 2

28 29171 ol A FAEHAY. 53] VI-6 HEEoA = AlHS F4a797]
A A Zbdeta g o] 55 W Folle 28 E97]E ko] UL AFs)
il H

AR Ee] gEolL oF B4l MAE Y& ek
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Table 2-2. Test temperature and gas flow rates in HI, VI tests.

First/Second Temperature | Gas Flow Rate(L/min)

Test No.|Atmosphere rI:te;E{l/l; Temp.(K) tioc}?rl;i | Ar| He |50 1 | A

HI-1 Steam 1.2 1675 30 0.3 1.0

HI-2 Steam 1.3 2000 20 0.3 1.0

HI-3 Steam 2.1 22775 20 0.15] 0.3

HI-4 Steam 2.3 2200 20 0.1510.32

HI-5 Steam 1.1 2025 20 0.250.41

HI-6 Steam 2.3 2250 1 0.28 | 3.0

VI-1 Steam 1.0/0.6 |2020/2300| 20/20 0.40 | 1.4

VI-2 Steam 0.8 2300 60 0.30 | 1.54

VI-3 Steam 0.3/0.3 {2000/2700| 20/20 0.40 | 1.60

VI-4 | Hydrogen | 0.7/1.1 | 660/2440 | 23/20 0.405 OglO

VI-5 | Hydrogen | 0.25/1.2 |2000/2720| 20/20 0.40 0.40

VI-6 Ho/Steam 0.83 2310 60 0.40 21% 0.40

VI-7 | Air/Steam |0.48/0.48 | 2000/2000 |  20/20 0.95 1.0
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Table 2-3. Fuel Characteristics used in HI and VI-tests

Test Reactor Burnup Dg;iliertler Flisell(e)zsgas lanugetlh rgzgzs
No. (MWd/kgU) () in-reactor (m) (2)
(%)
HI-1| H.B. Robinson 28.1 3.4 0.3 203 137.3
HI-2| H.B. Robinson 28.1 3.9 0.3 203 135.3
HI-3| H.B. Robinson 25.2 4.3 0.3 203 136.2
HI-4| Peach Bottom 2 10.1 6.6 10.2 203 254.6
HI-5 Oconee 38.3 8.9 4.1 152 107.5
HI-6 Monticello 40.3 8.0 2.0 152 126.0
VI-1 Oconee 40 9.2 0.7 152 109.2
VI-2 BR3 44 12 ~2 152 82.0
VI-3 BR3 44 12 ~2 152 81.1
VI-4 BR3 47 12 ~5 152 78.2
VI-5 BR3 42 12 12 152 80.8
VI-6 BR3 42 12 ~2 152 81.5
VI-7 Monticello 40.3 8.0 2.0 152 126.0

2. AgEA % B

HI test 2 VI testoll A= Z o] 15~20 cm(F A 100~200 g)¢! zircaloys UO, 3
AEE AFEEFE oM, 1,675~2700 K == oA 7357 2 54 E9 7] A 7t
gt AAdm AHe 71EE 98 Fig. 2-1(HI HHAES) 2 2-2(VI HAE
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Fig. 2-1. Furnace used in the HI tests.
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Table 2-4. Analytical techniques used for fission product analysis.

2y | 573 9 w4
W] oA BE o

>

=

oot

Ru, Sb, Cs, Ce, Eu

Gamma TGT, &/ d &k
. o Cs, Kr
Spectrometer %A, IH
- crz 739
35 U #O ° Ru, Sb, Cs, Ce, Eu
TGT, Z¥
Neutron e FEE
Activation o] 5 A 2389, I, Br
Analysis TGT, 2
. (ST st F =
Chemical 9% frEz A U. Pu
Analysis IH

ICP—Emission

Spectrometer

i
o

Sr, Mo, Ru, Te, Ba, U

_22_




b o,

S

HI 2 VI 8~
Table 2-5°] &=

o

=

| (Table

{33

XO

wE
§

o

==

248 fskel Al
(% &% wshustel meh

2

=9

0

B
h
o

J)J
iy
Ny

=0)

ﬁo

5
2-50] AAE A, B, C train, 3-TGTs 2 ZH)

wj

VI H 2~

&

b o,

°

T

1

Al

=

=

L

=
ololzE Fujz 74

[e)

=

al

A

o2 = A=
W TGTol
A=

)
N
X

g

=
=

=

&1 ztzte] traino

He 71
az, HE

¢}

&
}

)

]_

sttt o

A
4

9

7_}—

=
T

»A
o

wK

dr
A

jind
0

il
A

o}
ai

el

B
p
o

o
N

o

R

TAAAEEXKr, I, Cs)
=5 Ao TGT(1,12
22T 7} Csl
H, 1 9] B Ao Q9 =9 peakZ} WA E o] Csl 9]

il

12 1o]Fo]

A

o] 775~875Kel A =ty

}

A
o
)

S|

™

o

39%(1,675K) ~60%(2,275K) ]
A "ZE 2080 60%°]

5~425K) WA 89 =9

A% G

-
.

&

2k A5 A7=HE Sb

AR A

=
2 ® TGTe 44

o}
=

o
ToR
=
N
M
o
oy

b
o
o

o)

gl o]2F¥ Sh7t 571

1
o

Kr, Cs, 19}

CER

ro) i

RZRE;
Kele]
S

2(I, Br), ¢Z2 5% (Cs, Rb)¥
- 23 -

1t

4

AR Tk Zr-U0, HF

H

o

L
=

& a
71 A (Kr, Xe), =7

_]

3

A JAEIALEY
=

=]
=

1.



Table 2-5. Released amount of fission products during HI and VI tests

Effective Amount released (% of Inventory)
Test | Temp. .
NO. (K) time SRy | BCg | 12 Te 155G} | B4Ry | %Ry
(min) (appx.)
HI-1 | 1,675 33.19 283 | 1.75 248 | ~0.25 | >0.02
HI-2 | 2,000 20.23 515 | 5050 | 65.6 ~0.5 1.55
HI-3 | 2,275 21.80 59.0 | 58.80 | 43.2 ~0.3 |>0.001
HI-4 | 2,200 19.91 21.1 | 31.70 | 30.1 <04 |>0.009| <06
HI-5 | 2,025 23.05 158 | 2030 | 27.3 >0.33 | ~0.021
HI-6 | 2,100 9.33 296 | 33.10 | 30.1 0.068
VI-1A | 2,000 24.67 2862 | 23.2 0.14
VI-1B | 2.240 14.00 1744 | 114 10.68
VI-1C | 2,300 16.15 1717 | 10.6 22.34
Total | 2,300 27.37 46.0 | 63.23 | 45.3 33.16
VI-2A | 2,150 9.76 31.24 | 20.6 0.09
VI-2B | 2,298 18.01 26.20 | 15.9 49.0
VI-2C | 2,302 41.82 9.71 3.5 19.0
Total 67.15 | 40.0 63.1
VI-3A | 2,000 2412 26.2 | 2210 | 24.2 1.7 ~0.1 0
VI-3B | 2,530 19.53 66.2 | 65.74 | 50.8 68.8 80.6 0.13
VI-3C | 2,704 22.86 7.03 | 12.03 | 4.0 28.3 18.6 4.88
Total | 2,700 31.22 995 | 9987 | 79.0 98.8 99.2 | <0.01 | 5.01
VI-4A | 2,290 8.06 85.2 | 59.03 | 45.2 1.46 18.26
VI-4B | 2,431 8.01 65 | 2619 | 139 3.26 0.28
VI-4C | 2,445 13.66 2.7 | 1065 | 27.7 1.64 0.09
Total | 2,440 24.64 944 | 9587 | 86.8 6.36 18.63 0
VI-5A | 2,005 23.23 314 | 30.85 | 335 3.2 0.18 0.85
VI-bB | 2,515 7.20 578 | 59.68 | 34.0 25.0 9.84 | 35.03
VI-5C | 2,720 21.38 10.8 | 9.43 Dol 53.3 8.04 | 21.47
Total | 2,700 26.46 100 | 9996 | 70.2 81.5 1788 | 57.35 0
VI-6A | 2,150 13.22 420 | 470 | 30.1 5.0 0 24
VI-6B | 2,311 18.01 169 | 121 7.1 4.0 0.6 0.1
VI-6C | 2,314 43.03 164 | 21.1 39.5 54.4 63.5 11.2
Total 7.3 | 80.2 76.7 63.4 63.5 13.7
VI-7A | 2,000 28.3 39 40.8 23 0
VI-7B | 2,300 10.1 14 11.8 8 5.0
VI-7C | 2,300 23.6 12 18.8 11 47.0
Total | 2,300 30.9 69 71.4 42 52.0 0.045 | <2.8
VI HEE A3 227 A5 wEdd 71 & WA £99719 &
AN 5 Fo3 AFeE 2835190, dak, 2AFRE, dAF 9 grain 37|98 &
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A= Aol Csito] F7] PR &% g9 Cse
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Table 2-6. Comparison of cesium forms collected in steam and

hydrogen atmosphere

Cs
Location |Atmosphere |Mass, g Pireclgg;ae%e
Test VI=-3 Steam
Furnace 0.026 10.4
TGTs 0.057 22.9
Filters 0.166 66.7
Total 0.249 100.0
Test VI=-5 Hydrogen
Furnace 0.018 7.7
TGTs 0.142 60.4
Filters 0.075 31.9
Total 0.235 100.0
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PERCENT OF Cs IN VAPOR FORM
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Fig. 2-4. Effect of atmosphere on amount of released cesium in aerosol and
vapor form.
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Fig. 2-5. Temperature, fission—product release, and collection train operating
histories for test VI-3.
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Fig. 2-6. Post-test distribution of major fission products in VI-3 and VI-5

tests.
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Table 2-7. Release data as function of temperature and atmosphere

Fission product released
Maximum Effective Reactive (% of inventory)
Test No. . .
temperature, K | time, min | atmosphere Cs Sb Eu
(Kr, I) (Te) (Ba, Sr)
VI-3A 2000 34 Steam 22 0 0
VI-5A 2000 33 Hydrogen 31 0 1
VI-2AB 2300 25 Steam 57 49 0
VI-4ABC 2440 3l Hydrogen 96 6.4 19
VI-3ABC 2700 46 Steam 100 99 ~0.01
VI-5ABC 2700 31 Hydrogen 100 18 57
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Z & (fraction)o]l & 7Id2 %719 FE A= inventory

3= Aol A inventoryE 7lE o2 St} o] @S

AbEShE ol B9 AR WMEEES ARST R AlFASE 4 AHE -

A= A =g (Diffusion model) A1 T A (single atom) &2+ 2] 7}
AFEEtY] Adax ARZHEH 2=F b mE AE LV A (Kr, Xe,
)9 EAEE FASE FHAANS FEgrH44]. 1985 Eefl b Al
APEEFO A ALILA] 2EOA AFEAALE] HES Z 45T F due AS
2HZ (ORNL Diffusion Release)

3

w2 gys £ A dTAse] JRAYHE $E wUdS 9she] ¥
st LS8

1. & 2% A (Release Rate Coefficient)

7b WE& % & (Fractional Release Rate) =& 7] &

: Fdst7] flste] S,
k(1/min)E AR&3tH, Albrecht sl o] & A& AL 15 Lorenzet Wicher7t
NUREG-007201 4] & 29d& =qiabdtH32]. 2 o] 7A57E WS CORSORe| 2
7 REW bg £8 2= HAS CORSOR-MS Y] €59 524 k +S 7] 9
gk A2 (1/T vs. kS A &@[33] CORSOR-M Z =z 1o 9]ste] Aate B
71A, Ale, 8229 WE45%E A9+ NUREG-00729F CORSOR| ¢]&te] -3k gk}
7l LA sHA R Xﬂ—‘:‘%‘?z“é AEAYYE] WESEE FFE NUREG-0072¢

IA Qe uheh 2ol B RudAE MEERE

sy

o

(o5

WEET & E%’(NUREG—OO?Z, CORSOR, CORSOR-M)2 #Fd g &9 W
J S

ol vl A P4 (fuel morphology)®] FFS AT & gl BHS 7h

=

=

J|m

_33_



A Q= ), 2 oel2A Ads did whE grain A7]9) Wste] S 5 5 9l
tH32l. ek SAR TFA Aol HojH A WE o] B F B md] ot
AbE FESE AEE AA g7 B Aol BATH32) 1 o2A VI-2 HaEe
745, 2,300Kel =t A9 Al ka2 0.056 min ‘ol oy Mg WEEO| 63%S

HolAd 3 607 Fo= ¢F 0.003 min 'S 2 AAME Stk

a9

OoESE BE 2
dA E s gL E8 Y= k ¢= Tek7] Astel CORSOR-M R Ho) M=
0e A% Aedr
b= koe(Q/RT) (1)
o] 714 CHESE A9, min!

k
ko, : Table 2-82 78 -3t 4%k[33], min'

Q : 43} oY A, cal/mol, Table 2-8 #+%[33]
R : 71 A4, 1.987 cal/mol - K

T

A==, K

(1) "Sum of Product ” "%
g 4AE U2 2S ASse WEH inventory #&S FaE Aot

F=1—-¢e" (2)

o714 F @ A17F toll A HE% inventory &

Table 2-8. Arrhenius type constants used in calculation of release
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rate coefficients in M-version of CORSOR.

Species Ko (min ™) Q (Kcal/mol)
Cs, I, Kr 2.0x10° 63.8
Xe, Te
Ag 7.9x10° 61.4
Sh (a) (a)
Ba 2.9x10° 100.2
Sn (Clad) 5.95x10° 70.8
Ru 1.62x10° 152.8
UO; 1.46x10" 143.1
Zr (Clad) 8.55x10* 139.5
Zr 2.67x10° 188.2
Fe 2.94x10* 87.0
Mo (b) (b)
Sr 4.4x10° 117.0
Cr 4.62x10* 84.5
Ni 5.36x10" 92.2
Mn 5.04x10° 56.8
La group 0 (c)

(@) WAV 3
(b) : we 2719

%3 A4E ARste] seH MerEst onz A9
A H
() LaO= Q%57 Aol

8
3 ALELY FREAE Gonz A

-] E
= S7Iskel v stom g A9
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U< CORSOR-ME ©]&3to] UO=HH Algel & Wads d53t7] 913 7
o

2k dlolt), A ZAL 1,500K] A 100%7F 78t 2,000Kel A 1027+ 71 shH, %
< =2 WzA 7S Atk 2() 3 FuEA33]2EE ke 1,500K A k=1.01x
10" min?, 2,000Kel A k=2.132x10" min'e]t}. 1500KlA k- At=(1.01x107") -

(100)=0.0101, 2,000Kel A= 0.21327F €. 5+ 719 32 0.22330]7, 2]1(2)¢] ktol ©]
#e Udsd F=028 4< § Utk o #2 10T UEd F vE2A 27
inventory®] 20%7F W& Ao ALLEATH mEbA AZF A S o ®m 245k
AIZE W st 2 WEEES ALE & At F At=18Y A$ k- At=0.000101¢]

7
o= k- At=0.0002027F H™ HE 110Ee] d#43 4= k- At=0.22330]

= 5
=

e Rl

2
=
(2) "Inventory Reduction ” ®H
e k- At F& AFEEA gon, f=leR2 A (2)E A 23 & 27
inventory 7} obd €19 Al 7to| A 9 inventory -85 YERTH ZFzEe] A1 ZF -7kl A

I E = kATHS 7] Aol AFE-38}al, inventory+= Al 7be] ZAxtg o] uel WEE vk

F g

o AE dHelHERH k" AL

WEEh daes A (D) 23 M3EFE oo A& Abgste] Age 4=

T Stk
_ —hld= (3)
k= ¢
gF29 AlgodA aHE 9 Mg $EHEE on-line AvF SHEAE o] &3
o BA9Z A& FAHo| 7hsel7] "ol WESE Ao s oy diojHE o] &3}
o o5 AoZRE T & 9t

k= —In[l—(Fy,—F)/(1—F)1/(t,—t,) (4)
o714 Fy @ y1oll 4] %7] inventory 9} HlnLdle] WlEEH &
Fo : t29l A %7] inventory$} v nLdte] WEd &

ty, to : F1 2 Fypoll slldst= AlZE

AIZE A (G-t)S BE 1o WEEE dolB = k 3ol Wit AebA A ¢
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45 2ATre F0AH AFAL B A BT 4 WE LA AR 2
Folwk AHg Tbestn Swsb st el RAAST el wstehe 3

= k@t mRE 2529 93] F—’Eﬂlﬂ‘ﬂ oF 3l ©], ORNLIA &= RE 3E0
thale] A3l oA Q=63,800 cal/molS =3&te] o] B AT

t}. CORSOR-O(H}&&x 2§ 2d=z2 F2 ALY
CORSOR-O("ORNL"¢] OE ¢on]) Rdlo olx o3l &Ly Bg mdS 7
= A

2o 8 1985 %= CORSOR =& e| mlug M-S AES

F AE dolHE &3 o
=3}7] 918te] A E mdo|tH34]. CORSOR-O A= BE 3Fo] tato] I
T @A stol A F(Q=55,000 cal/mol)S AF&3tH, 2(1)9] k, #t= AAEE st A
T o9 1A 9 7lel wep gepboh
CORSOR-091 4 ZHEF} Aol e k, 62 12,000min ‘o™, e BE 3%
of el HEEE FIAS GE 489 449 k, #E FIHen, o=
Table 2-99] F

4el5telth. CORSOR-O ®dlo] ot AR F7H L= val
s

.]
[e]
of WE PELE ANe ANE dvs $98 2 A7 sk
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Table 2-9. Relative release rates and diffusion coefficients

vt Lcoron o gt |
Initial fuel | Reduced |Oxidizing fuel |Telease rate| . . vpils e factor
condition fuel or Cladding (Rio) (Rp) (SFACT)?
Kr, Cs Kr, Cs Kr, Cs 1.0 1.0 2.0
I I I, Te(oc)® 0.8 0.64 16
Sh(oc) 0.5 0.25 1.0
Ag Ag Ag, Sn—clad 0.4 0.16 0.8
Mo 0.25 0.0625 0.5
Ba 0.2 0.04 0.4
Sr, Eu Mn* 0.1 0.01 0.2
Ba, Te, Sb, | Te, Sh, | Ba, Ru, Fe", »
0.02 4x10 0.04
Sn-clad Sn-clad Cre, Co°
Sr, Mo Mo Sr 0.01 1x10™ 0.02
Ce 0.002 4x10° 0.004
UoOy* UO; 0.0006 3.6x107 0.0012
Zr—clad Zr—clad Zr—clad 0.0002 4x10°® 0.0004
Ce, La La Ce, La 0.0002 4x10" 0.0004
Eu UO- Eu 0.00006 3.6x107° 0.00012
Ru Ru 0.00004 1.6x1077 0.00008
Pu Pu Pu 0.00002 4x107" 0.00004
(a) : CORSOR-BOOTHW 9] Scale Factor, 4% FAdA AF dF 11y
D:0.0025e(*91.1()0/1.99/T
(b) : Oxidized Cladding
(c) r SZEAd =0l obd BE T o] SakA s AREAl “grain 2717= 6mE At
&35 dAaEe #AAQle] AALEAA AL FHAAS ALE
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A% w9 ORNL-Booth ®@e] gt}

2. 84142 (Diffusion Coefficients)

GRS ) 4r ) op < oy
ﬂ R o &m % NI TR )
oR M 0 o
hE X * oy S
R 3 o = T, <
ﬁm S T Mﬁ - wﬁ o . o
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~ ﬂ . %o S B < T Xm0
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%0 o = E & R
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i < Ty T 3 2B oy o
- . ,UI 5 =1 ~ S ] S T
WS o F s oy = L OE X
o o B o Jaid 0 = N
0 o o > * o M X = ﬁw 5
rB = — o}
G X o JQM mm o M ® R4 k R D ﬂe% W
i S i 5 =% £ xwlZ
= = r h — & N ©
T B A - g = O %o A VI
" S = & My T RS W <o N
B © Bo5E A B = CP
b Mo gy M o T o R = - I T
oo L e T == FEE 3
X0 Ho o - o ~ N .- o =~ T = 2
= s Wy a O = = o - £ ~ T K
i T A R A AN = o
wo S TR T g + § ¢ S o o w I
g P T T E T ad R S B | R R
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=

() 63 (D& A2 2PRAT BA F& A2 S o, 13 2HE B
7} Dt/a® =0.1547{2](6)=0.8673, (2])7=0.8679} ¥ uljo]T}.

£ W] 2 DYl MaHe AE)F o g3l T & 9 2 A
L AtE FAskel 4 6), (Dol HYHY FE F 5 Aok olel @ PEe PEsE

£ ok ALEAL T

o
o
i)
=
X

e O

th Al HlolEH 2 FE ‘D" AlAb
2] (5)ell AbgE Q/R #2 45,779°], CORSOR-BOOTH E oM = FU3 3t
AbgSh D, 3 ehe WS B, Ao S o] &3t 2(6), e (1S
ol-gste] gk Fkol AAl A1E dolH e} 818 oxF ®giviol J2 wj7b+] A& wb
B AARste]l ggkth ORNLO A= 2R AF train A, B, C AF&AIZHE o] A7
L= W3E gudhEE Mg BEEES /M HEsA AN = = D #e
o]

Tet7] 918 Date] &<l Dttt : 73 A AlFARHE diAlste] AR&EE o,

A T3 Do oz hre] ek,
OE ArgAdEe] PEel B FAASFE A, B, C traing] £l 2 AE

= Dt/as ot A& ol&sto] ALk $ Al gkt vjalsto] -3t

_ 2_f_o/f-L__f
Dild® = i’ W 3 -] f <085 (8)
Dia* = —%m[iﬂlﬁl] f > 085 (9)
T 6
Z
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vs. I/T) 71715 HdatA A&ste] 22 (1/T)9F A3ty e AaaAES nE
AEA A E HgaAvH46]. ¥ ZHo| A ALE3F D= 0.10 cm?¥/s0] L
cal/molZ4 CORSOR-BOOTH X223} Y3t ztolm, 2(5)E zteFs] 1A oh&
¥} 731 Table 2-99 #A|A| & 7+ EG PAEE Az e DRy)E AHE S

D = 0.01 Rp e ™7 (10)

n}. CORSOR-BOOTH =9
H oondo dRAPAHEE 72l A} (scale factor)S =YL Gd 2% A3}
3] mdolt}, of42 CORSOR- BOOTH &9l 2738 ¥
GA1717] 918te] CORSOR-O Edo AL-g3et 0atE AE st (Table 2-9 ).
FolM BiE ukel 2ol CORSOR-BOOTH #74¢1 4= CORSOR-0O 1Ak} A& 77
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Table 2-10. Release rate coefficients for HI and VI tests

Release rate coefficients for HI and VI tests (min ')
Test Sn 110n
No. | ®Kr |®cs| w1 | T |wmsp | (craq) | 0 | ST Dy | MO gy | yo, | wge |
(appx.) (appx.) |(appx.) (appx.) (appx.)
(appx.)
HI-1 86-4153-4|76-1| 75-5 2.3-6 | <6.0-7 4.4-17 6.0-9 9.1-5
HI-2 36-2|35-2|53-2| 34-2 |77-4 3.0-3 1.4-3
HI-3 41-2141-2126-2| 14-4 |46-5| 80-4 | 2.7-4 2.7-4 >6.9-6
HI-4 12-2119-2]118-2| 204 |45-4| 53-4 | 22-5 | <256 9.4-5 2.0-8 >47-5
HI-5 75-3198-3|14-2 14-4| 22-4 | 3.3-5 | <3.0-4 6.0-5 8.6-3
HI-6 3.8-2143-2 1382 6.6-3 9.1-6 6.6-3
VI-1A 14-2 ] 1.1-2 5.7-5 5.7-3 4.1-8 6.1-3
VI-1B 20-2111-2 8.1-3 5.3-3 5.4-6 1.4-2
VI-1C 24-2111-2 1.8-2 2.1-2 7.4-77 9.0-2
VI-1ABC| 2.3-2
VI-2A 39-2|24-2 92-5| 1.2-2 | 2.0-3 4.8-3 9.4-7
VI-2B 2.7-211.2-2 37-2| 63-2 | 86-3 49-2 4.0-6
VI-2C 6.2-3|1.4-3 1.1-2| 3.7-2 | 86-4 2.4-2 55-6
VI-3A |13-2]10-2|12-2| 71-4 |41-5| 26-3 | 1.3-3 | 294 3.3-3 6.6-7
VI-3B |12-1|95-2|57-2| 62-2 |84-2| 38-2 | 93-3 | 6.74 44-2 | 67-5|28-4
VI-3C |12-1]20-1|77-3| 14-1 |14-1| 28-2 | 6.0-3 | 334 2.3-2 | 22-3 | 354
VI-3ABC 3.2-6 <6.4-5
VI-4A | 24-1]11-1|75-2 1.8-3| 62-4 | 9.3-3 25-2| 9.8-4
VI-4B |72-2|13-113.7-2 42-3| 63-5 | 16-2 43-4| 6.7-3
VI-4C |29-21]9.3-2|83-2 1.3-3| 59-5 | 7.7-3 81-5| 754
VI-5A |16-2|16-2|18-2| 43-4 | 785 45-3 | 26-3 | 3.7-4| 22-4 6.5-7
VI-5B | 26-1]28-1199-2| 14-3 | 14-2 53-3 | 23-2 |6.1-2| 3.2-4 47-6
VI-5C |33-1|26-1|41-3| 1.8-1 |44-3 43-2 | 88-3 |19-2| 724 4.6-6
VI-5ABC 7.6-4
VI-6A |41-2|48-2|27-2| 39-3 |<3.3-4 85-3 | 1.2-3 | 19-3| 354 2.3-7
VI-6B |19-2|14-2|59-3| 24-3 | 3.3-4 51-3 | 65-4 |57-5| 1.3-4 1.1-7
VI-6C 1.7-2 ] 2.3-2 2.3-2 44-3 | 76-4 | 28-3| 3.0-3 1.2-7
VI-6C1 | 3.6-3 0*
VI-6C2 | 1.8-2 3.6-2
VI-7A | 1.7-2|119-2]9.2-3 52-4 | 114 2.8-5
VI-7B | 26-2|22-2|11-2 4.9-3 23-4 | 274 1.2-4
VI-7C |18-2|21-2|72-3 29-2 1.8-3 | 244 2.2-3
VI-7ABC 15-5

* 86-4 86 x 10
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Table 2-11a. Diffusion coefficients from HI and VI tests

Diffusion coefficient (cm?/s)
Test
No. 8K 1340 129 Te 125g), Sn(clad)
(appx.) (appx.)
HI-1 1.03-15 3.91-16 7.9-16
HI-2 1.03-12 9.81-13 1.9-12 6.6-16
HI-3 1.64-12 1.63-12 7.6-13 3.1-18 7.3-15
HI-4 4.00-13 9.68-13 8.6-13 6.5-16 2.9-15
HI-5 3.41-13 5.78-13 1.1-12 1.3-16 5.8-16
HI-6 2.61-12 3.35-12 2.7-12 9.3-14
VI-TA 1.21-12 7.7-13 2.5-17
VI-1B 4.18-12 1.9-12 2.7-13
VI-1C 6.72-12 2.4-12 2.3-12
VI-1ABC 3.22-12
VI-2A 6.51-12 2.6-12 4.4-17 7.2-13
VI-2B 1.11-11 3.5-12 9.7-12 2.5-11
VI-2C 3.29-12 49-13 5.6-12 2.3-11
VI-3A 1.74-12 1.20-12 1.5-12 6.3-15 <2.2-17 8.4-14
VI-3B 6.29-11 4.86-11 2.6-11 2.3-11 3.6-11 1.2-11
VI-3C 7.21-11 1.20-10 4.7-12 8.5-11 8.6-11 1.5-11
VI-4A 1.07-10 3.46-11 1.8-11 1.4-14 1.6-15
VI-4B 4.39-11 7.25-11 1.7-11 1.4-13 3.4-16
VI-4C 1.75-11 5.67-11 4.8-11 7.3-14 3.6-16
VI-5A 2.69-12 2.58-12 3.1-12 2.3-15 <7.3-17
VI-5B 1.37-10 1.49-10 4.6-11 2.2-14 7.4-13
VI-5C 1.99-10 1.55-10 2.3-12 9.7-11 6.2-13
VI-6A 9.14-12 1.19-11 4.3-12 1.0-13 <1.1-15
VI-6B 8.68-12 6.72-12 1.9-12 2.5-13 <1.1-15
VI-6C 9.30-12 1.2-11 7.8-11 7.9-12
VI-6C, 1.86-12 0° 0*
VI-6C, 1.12-11 1.3-11 1.4-11
VI-7A 1.60-12 1.77-12 4.9-13
V7B | 48412 | 417412 | 12412 55-14
V-7C | 40712 5.00-12 11-12 37-12
* 1.03-15:1.03 x 10"

% Assumes that entire C-phase release occurred during high steam flow period.

NUREG/CR-6261
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Table 2-11b. Additional diffusion coefficients from HI and VI tests

Diffusion coefficient(cm?®/s)
Test Ba Sr 15
No. |(appx)|(appx.) . Mo |"Rul| U0, | Pu | "MCe |"™Ag| Zr La
(appx.) (appx.)| (appx.)| (appx.)
HI-1 7.6-2115.1-22 2.17-22 1.1-17 1 4.6-21 | 6.7-20
HI-2 9.8-1.5 5.1-26 2.3-1516.1-21
H-3 |1.1-16 1.1-16 6.9-20 | 9.0-24
H-4 [15-181]2.0-20 2.8-17 1.3-24 7.0-18 <3.1-23
H-5 [7.2-18 2.4-17 45-13 ] 3.4-21
HI-6 9.2-14
VI-1B 2.3-13 1.2-23 2.6-13
VI-1B 5.1-13 1.3-19 1.9-12
VI-1C 3.9-12 3.8-20 2.7-11
4.8-2
VI-2A | 1.9-14 1.2-13 4.5-21 6;*2
VI-2B | 8.0-13 1.6-11 1.9-19 '1
VI-2C |1.5-13 1.4-11 1.1-18 9.2-2
1
VI-3A | 2.3-14]1.0-15 1.3-13 5.6-21
VI-3B [1.1-12]9.5-15 1.5-11 |4.5-17(8.1-16
VI-3C |1.5-12|8.0-15 1.3-11 [5.9-14(3.4-15
VI-3ABC <1.7-19 <6.7-17
VI-4A |3.6-13 2.4-12 1 41-15
VI-4B | 2.2-12 79-14 | 2.3-13
VI-4C | 1.8-12 1.5-14 | 5.0-14
VI-5A | 2.4-13|7.8-14] 1.6-15 | 5.9-16 5.1-21
VI-5B | 1.3-1113.0-12] 1.2-11 | 4.0-15 1.6-19 20-15
VI-5C [2.2-11123-12]82-12 | 1.1-14 4.7-19 ’
VI-5ABC
VI-6A |4.7-13]19.8-15| 2.4-14 | 8.4-16 3.6-22
VI-6B |7.5-13]1.4-14| 1.5-15 | 8.1-16 4.7-22
VI-6C [1.1-12|3.4-14| 24-13 | 2.1-13 9.1-22
VI6-C, 3.6-13
VI-7A | 1.8-15|8.4-17 5.3-18
VI-7B | 7.1-15|5.7-16 9.2-17
VI-7C [1.1-13]19.9-16 29-14
VI-7ABC 3.4-18
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Fig. 2-7. Release rate coefficients for Kr-85, obtained from ORNL tests.
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Fig. 2-8. Diffusion coefficients for Kr-85, obtained from ORNL tests.
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ORNL OWG 95A-271

CESIUM RELEASE RATE COEFFICIENTS, ORNL TESTS
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Fig. 2-9. Release rate coefficients for Cesium, obtained from ORNL tests.
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Fig. 2-10. Diffusion coefficients for Cesium, obtained from ORNL tests.
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ORNL DWG 95A-~253
CESIUM RELEASE RATE COEFFICIENTS IN OTHER TESTS
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Fig. 2-11. Release rate coefficients for Cesium, obtained from other tests.
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Fig. 2-12. Diffusion coefficients for Cesium, obtained from other tests.
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ORNL OWG $3A-234

IODINE RELEASE RATE COEFFICIENTS, ORNL TESTS
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Fig. 2-13. Release rate coefficients for lodine, obtained from ORNL tests.
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Fig. 2-14. Diffusion coeffictents for lodine, obtained from ORNL tests.
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ORNL OWG 9SA-255

IODINE RELEASE RATE COEFFICIENTS, OTHER TESTS
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Fig. 2-15. Release rate coefficients for Iodine, obtained from other tests.
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Fig. 2-16. Diffusion coefficients for lodine, obtained from other tests.
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ORNL DWG 95A-261

EUROPIUM RELEASE RATE COEFFICIENTS
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Fig. 2-17. Release rate coefficients for Europium (Eu).
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Fig. 2-18. Diffusion rate coefficients for Europium (Eu).
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log|RELLASE RATE COEFFICIENT (min™")]

log{ LIt FUSION COLFHICIENT (cm '7s))

ORNL OWG 93A~-282

CERIUM RELEASE RATE COEFFICIENTS
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Fig. 2-19. Release rate coefficients for Cerium (Ce).
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Fig. 2-20. Diffusion rate coefficients for Cerium (Ce).
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log[Mo RELEASE RATE COEFFICIENT {min™)

log{Mo DIFFUSION COEFFICIENT (cm ?/s)|

ORNL DWG 9S5A-263

MOLYBDENUM RELEASE RATE COEFFICIENTS
Fig. CORSOMo-CSARP33  3-5-95
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Fig. 2-21. Release rate coefficients for Molybdenum (Mo).
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Fig. 2-22. Diffusion rate coefficients for Molybdenum (Mo).
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ORNL OWG 95A-264

RUTHENIUM RELEASE RATE COEFFICIENTS
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Fig. 2-23. Release rate coefficients for Ruthenium (Ru).
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Fig. 2-24. Diffusion rate coefficients for Ruthenium (Ru).
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ORNL OWG 95A-286

TELLURIUM RELEASE RATE COEFFICIENTS
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Fig. 2-25. Release rate coefficients for Tellurium (Te).
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Fig. 2-26. Diffusion rate coefficients for Tellurium (Te).
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log[Sb RELEASE RATE COEFFICIENT (min™")]

log[Sb DIFFUSION COEFFICIENT (cm /s)]

ORNL DWG 95A-269

ANTIMONY RELEASE RATE COEFFICIENTS
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Fig. 2-27. Release rate coefficients for Antimony (Sb).
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Fig. 2-28. Diffusion rate coefficients for Antimony (Sb).
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AAEES 48 71 Atk 53] A243HHt= OREOX &0l e @
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B)v 27] U-235 5% 0.71%, A2% 9600 MWD/MTU =A] 9x=2 wEUA+=
1993 7€ o] itk

Table 3-1. Fission product activity per gram UO»(0.88 U) in 1995 Feb.

Fuel A B
WU A 1974. 5 1988. 2
Fo A%
Cs-134(GBq) 3.47x10° 0.186
Cs-137(GBq) 1.78 4.79
Ru-106(GBq) 1.05%10° 0.186
[-129(GBq) 9.00x10°" 1.88x10°
Kr-85(GBq * MeV) 4.60x10* 0.171
Sb-125(GBq) 2.37x10° 0.181
Sr-90(GBq) 1.21 2.66
Y-90(GBq) 1.21 2.66
Te-125m(GBq) 5.77x10™ 2.87x10*
Pm-147(GBq) 1.78%10 0.588
Eu-154(GBq) 4.79%10* 0.441
Eu-155(GBq) 8.73x10* 0.179
Pu-239(g) 4.85x10* 5.17x10°
U-235(g) 7.83x10°* 1.78x10°
2. AE A
Fig. 3-1& A8 3uel AAHS AMeFwoleh, saue] 4A8 Fule dz,
AEAA BFEFAGA], The AR, EEgE ZEs FE F9EE T,

7}. 7}<4 2 (Furnace Assembly)

7t 2E OREOX A4l 93 U0, £ Az 2 224AE Axsted AH&E
NNE2E FEY FHE 7MEE FEH(SATECTM 6KW, 22 $ @ FH-030-RA- 33—
3x12)o]al FH AAL 76mmeoltt. 7tYE elementt 8-E B dlw-2-1fA4olH FHU
THAZEE 1700Co|th &7 v Ade] 7tde FH Y452 0-3& AHEste] 2%

Atk AR % 242 9ol R-8 AWUE A Artold AAsden, o

_65_



Fig. 3-1. Schematic of equipment setup of the HOX experiments.
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Table 3-2. List of HOX-1 test conditions and sample weights of each batch

T = AN=g 2+ ull = Cf
A|§E£ Al@ﬁﬁ §|[HT'__—I—O'||/\1 }\l—l-l— _7;575' 7‘7 /\Tlo %EM
SRAZE (AMZH] A5 FERA (9| 24
<A
HAZT A
HX1 440°C(371) 4.5 9 10 88.2+13.2 O
HX2 | HXT — 1,320C(371) 1.5 7 68.6+10.3 O
HX2 — 1,300C(Z7]) —
’ — +
HY?2 1.740C(2 7)) 1.5 0.5 6 58.8£8.8
HXA | 400C(371)— 1,400TC(321) 25 — 35 6 3 19.7£3.0
5 19.6£3.9
— 3 .
HX4 HX1 1,400°C( D) 4 1 (HX5 3H) O
HX5 HY2 — HX4 1 9.8+1.5
HXA— 700°C (4% Hy/Ar)—
— +
HR1 100 (COy) 1 0.5 3 9.8£0.3
HR2 | HR1— 400TC(371) 1 2 6.6x0.8
HR2— 700°C (4% Hyo/Ar)—
— +
HRA 100 (CO») 1 0.5 2 6.6x0.8
HRA—400C (& 71)—700C
- 1 — .3%0. @)
HR3 (4%H,/Ar)—100T (CO») 1 1 05 | 3305
HXA—500C (129%6CO/Ar)—
— +
HR4 100 (COy) 2 0.5 3 9.9+1.3 O
HR4—400TC (3 71)—500T (12%
— 2 — .6x0. @)
HRS CO/Arn—100C (CO») il = 2 66+08
HR5—400C (& 71)—500C (1295
+
HR6 CO/AN—100°C (COy) 1— 2 —> 05 1 3.3%£0.8 O
HR7 | 71)—700°C (4%H,/Ar)—400C|1— 3— 1 — 1| 2 5 % o
(2 (HRBZE &)
HR7—700C (4%H,/Ar)—400C ( 1> 1> 1 —
HRB | &71)—700C (42%H2/Ar)—100TC 1 5.0+2.3 O
0.5
(CO2)
HRS8 HY2—HR7—HRB 9.8+1.5
12 B
AR1 400C(&71)— 1,400C(=71) 3—>4 1 5 5.3+0.4
AR1—700C (4%H2/Ar)—400C (
371)—700C (4%H2/Ar)—400C| 1—> 1 — 1 —
.3%0. O
ARA (&71)—=700T (4%H2/Ar)—100|— 1 — 1 —0.5 1 5304
T(CO»)
AR2 | 400C(371)— 1,400C(371) 25 — 3 1 5 45+04
AR2—500C (12%CO/Ar)—400
T(E71)—500TC(12%CO/Ar)—| 2—> 1 — 2 —
H=x0. O
ARB 400TC(Z71)—500TC (12%CO/|— 1 — 2 =05 1 45304
Ar)— 100C(CO»)
* gk W22 10 /2
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Table 3-3. List of HOX-2 test conditions and sample weights of each batch

Al z=A

o
DOM

A AN

= =
>
_|
0
z

Test 1
03-Cycles OREOX A& falis 2V ZZHE Al
- 350C(&71), 45 h — 700C (4% Hy/Ar), 25 h 6 60
- 350TC(371), 35 h — 700C (4% Hy/Ar), 2 h
- 350C(&71), 2 h — 700C (4% Ho/Ar), 2 h
O1-Cycles OREOX ZJ}
-500C(371), 2 h — 700C (4% H./Ar), 7 h
OTI2 NZE U2AE
-2 (20/50 ks)—¢ 22 £(59.6% TD)—A2ZAE Broken
O1-Cycles OREOX =7}
~400C(271), 35 h — 7007 (4% Hy/Ar, 4 h
OT14 NZE U2AE
-2 (20/50 ksi)— Broken
OUEAlE: 2¢2(20/50 ksi)— Broken
T16 |OBroken 22l o] 3-Cycles OREOX FIHT7 AME =21 O
T17 | -500C(&371), — 700°C (4% Hy/Ar), A2t T722H4 &% (T16B)
OYEAH ~Z : 1,660C 4% Hy/Ar), 1.25 L/min, 5 hr

Test 2

112

T13

114

T15

O4-Cycles OREOX
- 400C(371),25 h—1,400C(Z71),3 h—7007C (4% Ho/Ar), 3 h
- 350C(Z71),11 h — 700C (4% Hy/Ar), 3.5 h
- 350C(&71), 35 h — 700C (4% H»/Ar), 3.5 h
- 350C(371), 3 h — 700C (4% Hy/Ar), 4 h

122
123

Ot =4 b= 2

O1-Cycles OREOX ZJ}
-500C(371), 2 h — 700C 4% Hy/Ar), 7 h

OT24 Nz g2Ad
125 | -22(20/50 ksh)—= 2 =(58.3 TD) 1
-22:1,650C (4% Hy/Ar),1.25 L/min, 5 hr— 88.1% TD

OYEZAIE: &2 (20/50 ksi)— Broken

T26 |OBroken 222l 3-Cycles OREOX FIHT7 A&
127 -500C(Z71), — 700C (4% Ho/Ar), N2t T7Tx
OYZAE: &2 (20/50 ksi)— Broken

124

=

o)
PANES A

(A<)
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N Mgl 721 M| gy | M
R N
Test 3
03-Cycles OREOX A& falis 2V ZZHE Al
- 400C(&71), 35 h — 700C (4% Hy/Ar), 7.5 h 6 60
- 400C(&71), 3.5 h — 700 (4% Ho/Ar), 4.8 h
- 400C(&71), 3.5 h — 700 (4% H»/Ar), 2 h
T35 O1-Cycles OREOX =7} 5
36 -500C(371), 2 h — 700°C (4% H>/Ar), 7 h 2 (T36)
OAZAIE: 224(20/50 ksi)— Broken
T33 OF2 Al&d: Oted —
T4 OYUFAIE: 2&(20/50 ksi)— Broken 2
131 51 AlT
Test 7(KAERIO| A 38 st AIHSIAIE 3 R AL
0O 3-Cycles OREOX 5
- 500C(&71), 27 h — 700TC (4% H»/Ar), 5.8 h R)* 50
- 500C(371), 11.5 h — 700C (4% H»/Ar), 5 h
- 500C(&71), 2.3 h — 700C (4% Hy/Ar), 4.8 h
T |02 AIBl: 2121 (25/60 ksi)— 222 & (59.29% TD) ®
172 P Al5d: OF : ol= o] 0
73 OYUEAEH |:|Eﬁ1<15/40 kSI)_) I_IIE—l—<57.2/O TD) 2 @)
T74 =]} o F or=2 gl . (o)
175 OYUZAIE: 2=(20/50 ksi)— UL =(60.3% TD) 2
o4& : 1,650C 4% Hy/Ar),1.25 L/min, 5 hr
ONZH €%
=} _
gx.ﬁ* - T71 . 861 %(?é!-j 1 & ) 2 O
- 172, T3 : 73.8% (Jlotatrs L&)
- 174, T75 : 86.0% (B1AYUT)
Z) x R :T16, T17, T26, T27 ut&=& del Recycle
» P29 Jtd=s FY Wy, Madet
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Table 3-4. Oxidation conditions of HOX-2 test
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of inventory)7} 100& Y& A%t A5 FA19 ORIGEN Z=9] AlabA el <

3 JFo B 4 o F S QoFst¥ th5 3 2

- dAT A9 BEFRE Kro WE 5934 548 v/ T HESe diax
FFo R zolE KT

- F71FA Krel WEo] AFRHE 2 o 400Coln 2% FIERE
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Table 3-5. Summary of Kr release in HOX-1 tests

. | ATE oL | TEEE
Al | A A 2 Alelzxz e Inventory | © —.° (% of
Al &5 F(g) . (mCi) | .
(mCi) inventory)
HX1 | None |  440°C, 7] 8824132 | 1676 9.35 5.6
HX2 | OX1 | 1320C, &7 | 6864103 | 1303 | 1417 109
HX4 | HX1 | 1400C, 271 9.9+5.4 188 19.9 106
HXA | N 400C, 371 197430 | 374 1.6 13
N 400C, 2] A ’ 44.3 118
HR1 | HXA | 700°C, 4%Hy/Ar | 9.80.3 186 0.09 05
1400, 4%Hy/A 0.0 0.0
HR7 | None oHYAT | o8 95
1400°C, 7] 12.8 135
400C, F7) 14.2 37
ARL | 5.3+0.4 38.1
1400°C, &7 44.6 117
400C, 271 8.3 2%
AR2 | 45+0.4 324
1400°C, 7] 99.3 69
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HOX1.-HXA
50 : 1600

490

30~

20 |-

CUMULATIVE ACTIVITY (mCi)

! L D |

[+} 10000 20000 30000 40000 50000
TIME (S) '

Temperature  Kr-85

Fig. 3-2. Cumulative Kr-85 release in test HXA(UO; fragments from fuel A).
Temp. history ' heated in 4%Hy/Ar to 400C — exposed to air —
heated to 1,400C. A correction for transition time was applied.
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CUMULATIVE ACTIVITY (mCi)

HOX1-ARI

70 1600
60 . \ - 1400
- 7
/ \\ i
- \
,/' \\ =1 1200
50 |- \ ]

L \ - 1000&)"
40 \ ' g
" \ -1 800

/ \ | E
/ 17 F
20 - -/ ~ 400
’ .
10 - 200
0 [.-_.__vx | ! ] ) I o | - ' 0
0 10 000 20 000 30 000 40 000 50 000
TIME (S)

Temperature  Kr-85
P _'—_

Fig. 3-3. Cumulative Kr-85 release in test AR1(UO; fragments from fuel B).
Temp. history : heated in air to 400C and 1,400C. A correction for

transition time was applied.
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o™, 1,320C ~ 1,400Ce] &7 714 UsOss 7

7 gEE A9 200149 ARE Table 3-69 AT 7o AFE actaiu

- A5 A9 A5 800~ 820T e 2w oA wEo] AlEAAN AAF B
Ae WEo] ARHE &% WYE 710~ 750T %k

- 1,400C, &71&E 7104 °F 200~ 2308 A5 WEw Cso & %L inventory
£ 7leor o 97~98%om, dMAne FHol FHstA dErRH(Fig. 3-4,
3-5 #x). Fig. 3-4¢l WE&o] “0” olst= Holzl Z1& %A Aws i} o]
Absto] o3k Alg o] 7188t dejrl B2 Wale] counting $E7F F7H8HA 7]

ot}

- xRl e 9IS v ddg Ao A9 Hd =7} 1,320T oA (HX2)

oF 2 A% Cso WEES T2%AE Ao} 1,400T oM (HX4) oM = 84% =

) A Al (fragment)S 4%Hy/Ar =871 4 1,400C7HA] 7FE3sta 15 #3¢F
A A5 Cso WEo] AUAT 7|2 71AE AL A= 150
Csol W& oF 96%= AA S7FetAeHHR7 A9 @ Fig. 3-6 =), o= Kr
o A9k mrA Ao ® A H KAERIOA 33 dds AxgAA
Csol WE7F3e Aol & BHA

_78_



Table 3-6. Summary of Cs release in HOX-1 tests

H} = l:r]‘ o)
NeH | A A E °f;/of " 3
HX1 None 440°C, 371 Negative® [-400C, 17#3% e
o B00C =2% T& A4
HX2 HX1 1,320C, 371 76 . < }
-1,320C, 92%3% W&=&
-820C =95 W= 224
HX4 HX1 1,400C, &7] 97 . ‘ - .
-1,420C, 233%% W=+
400C, 371 Negative® [-400C, 40%3 }elbd
HXA | None . -800C =2% W= Alz+d
1400°C, F7) 98 0 o=
-1,4007C, 217%% W=%&
1400C, 4%Hy/Ar| . YO 1 400C, 158544 =4
detected
HR7 None 1400°C, & 7] 96 -1,400C, 150%% W=4&
700C, 4%H./Ar Not
400C, & 71 detected
400C, 2] Not 1 j00c, 17285744 =7
AR1 None detected
1400°C, &7] 97 -1,400C, 23395 W=%&
400C, &71 Not -400C, 1705712 =4
AR?2 None detected
1400°C, &7] 98 -1,400C, 200%+% W=%&
* Negative : A 59| 7]8le4 54 W (L L3HE countings T 7F
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HOX1-HXA

100 — 1600
.-"/" “- : 1400
[ \
80 . ‘\I
I kY 4 1200
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: ; . Jw
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; ""'\-ﬂ\_\,\ﬂ M/ — 200
/
20 . | L ] ! | . 1 . 0
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TIME (S)

Temperature Cs_137(662keV)

Fig. 3-4. Cesium release in test HXA(UO; fragments from fuel A).

Temp. history
heated to 1,4007C.

heated in 4%H/Ar to 400C— exposed to air —
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RELEASE PERCENT
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Fig. 3-5. Cesium release in test AR1(UO; fragments from fuel B).
Temp. history : heated in air to 400C and 1,400TC.
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RELEASE PERCENT
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Fig. 3-6. Cesium release in test HR7(UO; fragments from fuel A).
Temp. history : heated in 4%Hz/Ar to 1,400C— exposed to airr —
reduced in 4%Hy/Ar at 700C — oxidized in air to 400C.
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RN HE 543 Bdse 9L T2 A%E actdw gev
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Count Rate (C/s)

HOX2-T7A
Fuel A
500°C in air and 700°C in Ar/4%H2

80

- Air Ar/4%H: Air

20

0 1 (. l Ll
(4] 5000 10000 15000 20000 15 000 30 00 35 000 40 000 45 000 50 000
Time (sec)

Kr-85 (514 keV)  Temperature

Fig. 3-7. Measured count rates of Kr-85 in the OREOX process T7A.
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Fig. 3-8. Measured count rates of Kr-85 in the OREOX process T7B.
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Fig. 3-9. Measured count rates of Kr-85 in the OREOX process T2A.
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Count Rate (C/s)
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Fig. 3-10. Measured count rates of Kr-85 in the OREOX process T2B.
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Release Percentage
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Fig. 3-11. Cesium release in the OREOX process TZB.
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Release Percentage

HOX2-T7SC
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second sintering at {650°C in Ar/4%H2
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Fig. 3-12. Cesium release in the sintering process T7SC.
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Tube_2AB
First funace tube from test T2 (broken)
Fuel A at 400°C and 1400°C in air

12000

(0000 |-

g

Count Rate (C/s)
g
1

g

. N )“_-_L " L &

0
100 200 300 400
Distance from the Fuel (mm)

Cs-134 (605 keV) Cs-134 (796 keV)  Cs-137 (662 keV)
—— < -8

Fig. 3-13. Cesium count rate measured along the furnace tube used in the
OREOX process T2A. The location of KSB clay filter is indicated
by the bar.
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Count Rate (C/s)

Tube_2AB
First furnace tube from test T2 (broken)
Fuel A at 400°C and {400°C in air
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40 [~
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0 o e - L [AYEA) L
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Distance from the Fuel (mm)

Ru-~106 (512 keV)  Ru-106 (622 keV)
—— —e—

Fig. 3-14. Ruthenium count rate measured along the furnace tube used in the
OREOX process T2A. The location of KSB clay filter is indicated
by the bar.
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Count Rate (C/s)

Tube_2F
First furnace tbe from test T2 (broken), filter removed
Fuel A at 400°C and 1400°C in air

4000
3000 |~
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—_
—— o

[E;IB‘! (605 keV) Cs-134(796 keV) Cs-137 (662 keV)]

Fig. 3-15. Cesium count rate measured along the furnace tube used in the
OREOX process T2A. The location of KSB clay filter is indicated
by the bar. The filter was removed before this measurement.
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25

Tube_2F '
First furnace tube from test T2 (broken), filter removed
Fuel A at 400°C and 1400°C in air

20 -

>
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Count Rate (C/s)

Fig

100 200 300 400 500
Distance from the Fuel (mm)

Cs-134 (605 keV)  Cs-134 (196 keV) j

. 3-16. Count rate of Cs-134 measured along the furnace tube used in the
OREOX process T2A. The location of KSB clay filter is indicated
by the bar. The filter was removed before this measurement.
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Tube 2F
First furnace tube from test T2 (broken), filter removed
Fuel A at 400°C and 1400°C in air
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Fig. 3-17. Ruthenium count rate measured along the furnace tube used in the
OREOX process T2A. The location of KSB clay filter is indicated

by the bar. The filter was removed before this measurement.
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Filter F2B
Filter from OREOX process T2A where the furnace tube was broken
Fuel A at 400°C and 1400°C in air
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Fig. 3-18. Activity of cesium measured in filter FZ2B from the OREOX
process T2A(400C and 1,400C in air). The filter was cut into 3
transverse pieces and both surfaces of each piece were
gamma-counted.
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Table 3-7. Radioactivity measured in the sheath from Fuel A

=A%k (MBq) 3k
500C
annealing

0.128+0.033

Eu-154 count<Fol <9
500C
annealing
0.515

e,
600TC
annealing
0.064

600°C
annealing
0.0603+0.04

PNI

7]

7Zr=95
Sbh-125
Cs-134
Cs-137
Eu-154

%o

0.128+0.033

4.45+0.14 | 4.71+0.16 3.62+0.12 421 3.75

0.975 0.475£0.018 | 0.497£0.010 0.425 0.515

170 180+0.2 145+0.1 164 150

2.04£0.05 | 2.28+0.05 1.97+0.04 2.04 2.04

178 188 151 168 156

Table 3-8. Radioactivity measured in the sheath from Fuel B

=44k (MBq)
5007C
annealing
2.59+0.16

Eu-154 countof ¢] gt «dxts}
500C 600C
annealing | annealing

3.40 3.26

600°C
annealing
3.33+0.40

z=7

|

3.06£0.25

Zr=95
Sb-125
Cs-134
Cs-137
Eu-1%4

143+1 110+0.7 111+0.8 144 109

79.3t1.1 66.8+1.1 82.9£1.1 87.7 81.1

430+0.4 362+0.4 452+0.5 430 475 442

8.48+0.16 | 6.46%0.16 8.67+0.2 8.48 8.48 8.48

= 664 548 658 664 719 643
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Radioactivity (MBq)

Filter F7B
Filter from sintering process T7S
Fuel A, sintered at 1650°C in Ar/4%H2 after 500°C OREOX process

10000
1000 (~\%
100 & o
10
& )
]
4
0.1 VJ
0ol i . | ; i : i . l ; i
0 0.2 04 0.6 08 !
Distance from the upstream surface of the filter (portion of thickness)
TCes cs13
-— - ol -
Fig. 3-19. Activity of cesium measured in filter F2B from the OREOX

process T7S. The filter was cut into 3 transverse pieces and both
surfaces of each piece were gamma-counted.
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HOX-2 AlgolAMe= &% 543 7l =do wE o 54 o9 43}
bl

=
5o A2x[2], ALANYE

o] WkEH Ao, tha %74]01 700°C, Ar/4°/H2 Holyle YT AT =
QA Kr WEo] dojyt). FHxo Abs-3kd F7]dA giFE9 Kro] HE33a

ofo] x| = AFst-gkl HpA oA HF Kro] W& 3l

400Col A Abstel e A oF 11%9 Kre] Holdd oy, 1400C°ﬂ/\1¢]
annealing= A3 Al2E ¢F 04%7ko] ol Atk OREOX 374 &<k o

Kro] WEso] 22454 = Ao BEsA ot

Cs W& 542 Kro] BE3 vis & 4= Edv. OREOX 435 350~

= 5 A

|
annealing$ A Z¥ A EU(T2S A1) Cs7 o WEHA oy 500C 9
Aeod Azy FEAL] T
Bl9] Cs Ml =4 43S Byl T7S7 T2SH U 1094 =
- KSB HEDEE o] &3 ¥EH Cso Rudl LHELS $5319
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wn
>,
Qs
=
O
)
il
ot
Ho
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Bl Wibe 2 At or 2 ge YEhddt dHE AMSR 7FE
ALgEHA] @ FHE nuste] BY FEV g FRAAE Co7t | o
A ol 5t

- dgeo xH YAYUEFS HH, gFE9 Cs7F pollucite(CsAlSixOp) 9] HEZ
KSB ZHd =+ o=z vewrh oy dHe 2%+ 950C~1400CH=
olm Cs¥ Cs AtgtZolv F4tstE Jej2 w9 =3 Cse =%7F 950TC ~
1100C o #W 2% FE=(CsAlSiz0n) =H-E 4 Ak Cs2 Rue I 99
shetakg-3 2=l ZIlsts &4 A wAYSFA o8 2HE= Aom 9
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Ax 2% 500CEAQ ez d E]’[66]

- 500C<F 600CoA ¥EHe annealing 7]17H5<E A9 Kro] W& Cso
e WEHA Fker annealing ol AR Lo WALSS ¢ =
pla=g

v HOX-2 A8 4% 8¢
HOX2 AglAE 2709 AH8$F PWR dd(3da A BE A& om,
dAg Av x7] U-235 5% 255%, 4% 28000 MWD/ MTU, 9x2=25H
WEI A= 19749 5%‘3“’%, dAE B %7l % 35%, A4&E 58000
MWD/MTU, #&d A= 1988 249 olth. HOX-2 AlgolA = dds A A as A
&3te] o8] 7kA] OREOX #A4 x4 U0, #HE A om, Az THZ
PEA et 2AAE A xS Fo AHAE QoFstd v 2
(1) HOX-2 Alg@2 3-cycles OREOX 34 S A&3tAom, Ar/2%0; 7I|AE o] &
g Abslu B A2l @A (passivation) & E eIt AlxE 2Ue dwgAHS A

1

rr

_4

% 1650°C, Ar/4%H, 71A&E 91714 223 d= 7124 fn

HA Absh/gd F7]ol A Y] Kro] WEE %
setell WEHAT] wiEo &AA7IE Tl Krel WEo] A gl 400

«] bt o A 7 F7Eskel wel Kro] W

(3) AEe A-FolA 350~500C=2 &35 += OREOX FAoA WExx] o
1400C F7]%9719A AFstAlzl 4% & 2] annealing ¥ @2 <49 Cs7t
WEE A 1650C, Ar/4%H, 71 AlE91719) 2243 Fol 7] Cs¥e dnt
o] WEHow, HEHAS annealing I Fole Krz Cs7l A9 FEHA
2 3kth. Kentucky Stone Ball ZH| 93t Cs/Rue] -5 53 Aoz
LHERSE

(2)

S

_4
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gl Uy Iy & i
18 ml o | NE ] .\ -SPECTROMETER
1 }SPEC{ROMEFER
FUEL ROD ‘ 7
SPECIM
ENOz, H2
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(in Ice) ‘
-[:1 STEAM [ HELIUM ] .
[HYDROGEN ]
SHIELD BOX &ven
STEAM/GAS SUPPLY SYSTEM ~ DRYER  NOBLE GAS TRAP
: (in Fluorinert) (Activated Charcoal
OPTICAL PYROMETER in Fluorinert)

Fig.1 Schematic of VEGA facility

Fig. 4-1. Schematic diagram of VEGA experimental facility.
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VEGA Facility|

Photo. of VEGA Facility ambiss
Qutline of Facility

Fig. 4-2. Photography of VEGA facility : Inside Hot-cell and Out—cell.

Condenser
(Charcoal) Entrance to
the Cell
y -Detector
Ge SSD
( ) Dryer

Noble Gas Trap y -Detector
(Cold Charcoal) (Ge SSD)

Photo.2 Gaseous FP trap device

Fig. 4-3. Photography of gaseous fission product trap device.
1. Alg A
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Graphite Susceptor [__ & 40rmm .
(Heated by Induction Colil) s ¢ 32mm =

Induction Coil

©

Alumina
e rucible (ThOz or Zr032)
Carbon :
Powder i
e Caran

© | Q
3.0mm R
Stand pipe for elthoking
(ThOz or ZrD3)

Fig. 4-4. Schematic of VEGA furnace for oxidizing condition.

Inner Tube Susceptor (W) I= ¢ 40mm &
(Heated by Induction Coil) | [« @ 32mm L | |
Induction Coil
® ‘
Quartz Inner T%tf: (W)
.\| Crucible (W)
i ®
Carbon 5;
P T ;
Dwgr e d Carbon
s

3.0mm “Stand pipe forkmelt holding (W)
Ta Reflector Platform (W)

Fig. 4-5. Schematic of VEGA furnace for inert condition.
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Temperature Distribution in VEGA
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[ =
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Fig. 4-6. Temperature distribution in apparatus for VEGA-1 and 2 tests.
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26 ~ 61 GWdAU W92 AAstdch 1-1313 2o dwkzby] slFo W& A%S 3
7Feb7] leiA = s AlEE = 2
AF3t v}l o] VEGA HIZE =4S Hd &% 30001
o, ARAAGE] WEEAD B s As Wged nAE FF 7IA9 4TS Bt
7] $15te] He, Ho ¥ 37], 285 S 9% & Ed7AE 539 ou 3F
ZF2 5 L/minZA ORNLS HI-VI BlA2E(1 ~ 3 L/min)®t 1§ % ZA0AM Al
ek obge FRIAMGES] FE AT TS A= AE AH(Ag, In, Cd
3 Boron) 3 A4k e] GFE Ao HFSE oA o]t}

Al 47 GWAAUS! 7H43 =29 AEFAIsE ol &ste] 19999 9€ 4 H
20013 5€7k#] VEGA-1 ~ VEGA-4 BI2EE F3a3om, Ay 271S Table
4-1° A&kt

Table 4-1. Test conditions of VEGA program

e VEGA-1 VEGA-2 VEGA-3 VEGA-4
Al dA 1999.9 2000.4 2000.10 2001.5
PWR Al&%38d 5
Ay AlH - AA%E 147,000 MWD/MTU
-yt 6 ~ 6549
- ArgTddg C FY Rod A= ¢F 10 ¢
AlE =4
~F =% (K) 2,773 2,773 3,123 2,773
-%+ = (MPa) 0.1 1.0 0.1 1.0
_‘ﬁ‘ ‘%]:( s / min) 1.05'1‘1) 6.05'1‘13 1.05'11) ?
-7 He He He Steam
- 2,000 K7FA] 1K/s &= =2 714 |- 2,300 K :1K/s
- 2,000 K : 2083 4] =2 J71E
=% olg |- 2300 K : 203F A - 2,300 K : 20+
- 2773 K : 108 FA(VEGA-1) |- 2,773 K : 20%
- 2773 K : 20% FA(VEGA-2) |- 3,123 K : 10&
_ = _ALELB. O
g wq | s 0 lagzads —nezadqq | HIEH
S s BESA AE | BEEL ANE -
A4 A (ThO; #H4)
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Table 4-2. Items of radioactivity measurement and chemical analysis in VEGA

tests
=4 @2 =4 o
S A =4
O On-line #7434 (Germanium SSD)
- ddw 3 gd¥ Cs-137, I-131, Ba-140 5
—- A EF THAZ I-131
- AL A A Kr-85, Xe-133
O On-line AF&/F4 X @ doj23% LH % RPN
O TGT< €y ¥x3¥ F&E&E Cs-137, 1-131
O Off-line 54 @ =7, 52 E73°]x TGT| Cs-137, I-131, Ba-140
O ANEd o[ F Fol=, 9H 53 Sr
O Off-line a- =4 olE Lol = A
O OGA (Quadruple Mass Spec.) Noble gas
A5 Ad 3
O Metallography, SEM/EPMA A=
O SEM/EPMA, SIMA TGT, 2§
O ICP-AES & Sr

A3 A A Ao 3 24

1. AL CsIE o] 83 VEGA AIEAFX dH HEE

AL ddm AES o]&3 VEGA AE FA HEEE 7] el vy
CsIE ol&3at] & FA9 A5 AdE Fdstdth ol & fste] oAy AA(TGT
oolmE AAEL et ad FdyutA%E $=7] H)o| SUS 316 couponsS A %] &}
i ob& e TGTUH-o 4719 FHE Fxste] CsI¥ % 4 (deposition) 544 1} oo =
Z ZH9 AA Aess AHEIY 2% ®gelye 29 1Ty 2 HVEE
7bdakal 1,500Co Al 3083 944 255 FAT & A9 22 SE2 YAANHS
o, 6040l AuE F AATZRE AP wE Cslo FFARE FAsH o,
olw couponsel FAH Mg} Qo= FL o] FAV|e A AmntE I}y

Z o] &3fo] Z}zhel ¥& T5ksl

s HW, Fig. 4-7 o] vebd vkel 2ol TGT(750T ~ 250TC ==W9)
o stbiolA A FUFetth7HEAW 40 mg/em®) FHEOIA = oF 100478 =(oF

ozi
mim
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o

0.4 mg/cm®) 2t & IH AA 282 oF 8%AoH, AEd 292=9 A

e TGTe HEALo]o FHAA A FAsHA YEFRTHET]. ©

3t gro] Csle W2 3slo] olEatm 7] 38t4 ¢l CsIz FHHE A

o= yetyth 22y §57] A9 F WA FEFT AlEd 2= do] 44
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Fig. 4-7. Deposit mass and temperature at 60 min.
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2. ZAtE AR E o] 8% VEGA AN E 2%

VEGA-1 ~ VEGA-4 A& %7 ¥

== = O O
T =85S

Table 4-3°] A &3ttt

Table 4-3. Main results of fission product release rate in VEGA tests

Al g VEGA-1 VEGA-2 VEGA-3 VEGA-4
Ad =1
-H Y= (K) 2,773 2,773 3,123 2,773
< #(MPa) 0.1 1.0 0.1 1.0
- =( £ /min) 1.0s1p 6.0stp 1.0s1p ?
-9 7] He He He Steam
- 2,000 K7FA] 1K/s &= =2 7F4 |- 2,300 K :1K/s
- 2,000 K : 207t A &2 714
=% ol |- 2300 K : 2083F #A - 2300 K : 20
- 2773 K : 102 FA(VEGA-1) |- 2,773 K : 20%
- 2773 K : 202 FA(VEGA-2) |- 3,123 K : 10%
F8 dF |- Cs: 8% - Cs : 61% - Cs : 99.7% - Cs :99.9%
WEE - Eu : 0% - Eu : 0% - Eu : 0% - Eu : 0%

7 HEE AAEY BE EA mxE 4HY A3 VEGA-1,2 HEE

A F7HA AA o] Yt n&zAA ALY ddg iy RIS W
= 555 47] 3 Ade AA A L LH] oy o sty AdeA F2
Fa o] AAE o] gete] mdlA o] Ao Aas A gt A9
A8k AAE Bl o] 2 F Ao A &3ttt 22y VEGA-1 E 2 HIAEd A= o
FAAAES] HEAT vA= 48 93 2 d2d YAE UE vAYUES &
A1 519 tH68]

WA on] AP o wA 7FEF 9] Fig. 4-2¢] 2t FAE 2 vk A7) 3 Kr-85
A ARE ool A Aok F371F ol g3t Fagior] AE LYY Awel 2

v A717E Akl ek K859 kAl A7l BAe] F7bs) Alsshel o,

VEGA-1, 2 HZEA Azt w2 ARANAES] BE A4S vkd 43
22 ol 43le] AXxor =43t A9 wA oA A E(resolution) 7} =EF}A| o
*e Hl olE 1FT FEEZENYH SAE Q7] 3ge] G wEo|vh68]. wEkA] Al
F5 FE 32 Sol A4E HRIAYAES off-lineo 2 FHo] T2 HEE&
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(total fractional release)& -3} th.

Fig. 4-82 #vtd SAHZAE ol &8t ~ =8
stE =A% A9RA, F HZEZ H S8 2 AA L YA(E H] &=
o Al =%=%] AZFe] VEGA-2 HIZEZF 1024 % ¢ 24 Algd) VEGA-1 HEE
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Fig. 4-8. Fuel temperature and Cs fractional releases measured in
VEGA-1 and 2 tests.
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Fig. 4-9. Comparison of release rate coefficients for Cs between VEGA-1 and

VEGA-2 tests.
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Fig. 4-10. Comparison of diffusion coefficients for Cs between VEGA-1 and
VEGA-2 tests.
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Fig. 4-11. Distribution of v-ray intensity in VEGA-1 and -2 apparatus.

N VEGA-1 . VEGA-2
18 160
FlateJu; 20pOK ‘JGT Al Tera
10 100
1023K e Cs-{37 s
TeT c4134 CEIST] chase
—_ 0 - g 0
180 180
§ A T£TB H Tars
8100 3.100
473K z g \Cs 137 z
50
,‘E /'\L 12 g Cs-137 o134
E s =~ 0 ~ 0
ite 180 150
i Gs-137 TgTC
w00 Platea 5 2773K ',,\ TLTC .
50 50
4 bs43lt Cs-137 Ch-134
° £ o P4
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Temperature [K] Temperature [K]

Fig. 10 Comparison of Cs deposition onto TGTs between VEGA-1 and -2 tests

Fig. 4-12. Comparison of Cs deposition onto TGTs between VEGA-1
VEGA-2.
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Fig. 12 Microphotograph of VEGA-1 test fuel
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Fig. 13 Microphotograph of VEGA-2 test fuel
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Fig. 4-13. Microphotography of VEGA-1, 2 test fuels.
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Fig. 4-14. Decrease of gaseous diffusion in open pores at elevated pressure.
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Fig. 4-15. Comparison of Cs release between VICTORIA 2.0 and VEGA

tests.
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Fig. 4-16. Fission product release model in VICTORIA 2.0.
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Fig. 19 Expedient for FP release rate calculation in case of FP concentration at UQ, grain surface£0

Fig. 4-17. Expedient for fission product release rate calculation in case of

FP concentration at UO; grain surface# 0.
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Fig. 4-18. Comparison of Cs in UO; grain and open pores.

- 129 -



Booth (D obtained
from VEGA-1 AN

Booth (D obtained from
VEGA-1) + ExpeQent

<
o

Exp.

o
o

o
~

o
N

Cs Fractional Release (-)

!

40 80 120
Time (min)

CQ

0

Fig. 4-19. Cs release calculation with expedient for elevated pressure
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4. YEE BAAEY BE S VA= 259 ¥F : VEGA-13 HZE

2%7F Sk mE AL E ] BES S Arthenius H Ao whEW S}
Q1 @Zelt}. Table 4-1¢] YERE vpe} o] VEGA-1(2,773 K) %

2E9 £xolgo] W ARAPYYE WE 5L vl - F
7Fetds ©l, AlRbell w2 Cso] W& o9& Fig. 4-200 =233 th 7 Bl Z=E A
8%(VEGA-3), 85%(VEGA-1)o]loH, Algo] ¢k ¥

Qo7 T3 2 WESS Table 4-40] £ Aal st 72 M AF3 vle} 2

of Zm7F Tl wel HEEo] wobon 2o mE WEEEE FHIT 4

Y
v
%
ff
o
fo =
©
¥e)
o0

E =1.45x exp[—

k =0.25x exp[—

Table 4-4. Preliminary data on fractional release estimated from intensity change

of vy—peaks obtained by off-line measurement

v-ray | VEGA-1 VERGA-2 VEGA-3 VEGA-4 | VI-3°
Nuclide|Energy | Released | Error |Released| Error |Released| Error |Released| Error |Released
(keV) % (%) % (%) % (%) % (%) %
Cs-134| 605 35 0.1 62 0.3 99.5 0.08 98.9 0.4 99.9
Cs-137| 662 36 0.1 61 0.2 99.5 0.03 93.4 0.13

Ru-106| 622 0.05 7.2 0 8.5 0 19.0 52 187 5
Ce-144| 696 0 53.8 0 17.2 <0.2
724 0 4.4. 0 5.0 0 0 0 7.1 <0.01
Eu-154
1275 0 3.0 0 2.0 0 0 0 3.8

* ORNL H|Z~E VI-3 : 2700K (20+2), =& &7

Fig. 4-22+ VEGA-1, 2, 3, 4 H2E ZA3E TFAYsI 22X mE s 55
g WekE =A% Aol
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Fig. 4-20. Fractional release of Cs and fuel temperature histories of VEGA-1
and VEGA-3 tests.
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Fig. 4-21. Comparison of release rate coefficient of Cs between VEGA-1 and
-3 tests.
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5 3. Fuel sample
4, Sample crucible
5. Alumina sample tube + TGT liner

* # ¢ 6. Stainless steel top cap

7. Thermocouple pocket

8. Mezh filter disc
) 9. Mesh fitter disc holder
0. Stainless steel connector tube
1. Flexible stainlezs steel tube
2,129 1rap
3. Sodium hydroxide trapping medium
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Fig. 5-1. Schematic diagram of oxidation apparatus and iodine trap.
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Table 5-1a Summary of experimental conditions in main programme

Sample Mass before Temp Atmosphere
g(U0») T Duration
Ramp Test

NFB02#1/1 2.9261 650 Ar/4%H; Air 90 min
NEFBO2#1/2 3.0472 650 Ar/4%H, Air 7 hr
NEFBO02#1/3 3.0482 650 Air Air 40 hr
NFB02#2/1 2.7903 750 Ar/4%H; Air 90 min
NEFBO2#2/2 2.9032 750 Air Air 7 hr
NEFBO02#2/3 2.9035 750 Air Air 40 hr
NFB02#3/1 2.8697 900 Ar/4%H; Air 90 min
NEFBO2#3/2 2.9660 900 Air Air 7 hr
NEFBO02#3/3 2.9768 900 Air Air 40 hr

Table 5-1b. Summary of experimental conditions in partial repeat programme

Sample Mass before Temp Atmosphere
g(UOy) T Duration
Ramp Test

NFB024#10/1 2.8712 650 Ar/4%H,  Air 90 min
NFB02#10/2 Not measured 650 Air Air 7 hr
NFBO02#10/3 Not measured 650 Air Air 40 hr
NFB024#20/1 2.8708 750 Ar/4%H,  Air 90 min
NFB02#20/2 | Not measured 750 Air Air 7 hr
NFB02#20/3 Not measured 750 Air Air 40 hr
NFB024#30/1 3.1275 900 Ar/4%H,  Air 90 min
NFB02#30/2 Not measured 900 Air Air 7 hr
NFB02#30/3 Not measured 900 Air Air 40 hr
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Table 5-1c Summary of experimental conditions in High temperature programme

Sample Mass before | Temp Atmosphere Duration
g(UO») T
Ramp Test
CP/022#1/1 2.8108 1,000 Ar/4%H> Air 90 min
CP/022#1/2 2.8917 1,000 Ar/4%Hs  Ar/4%H.+H20 90 min
CP/022#1/3 2.0635 1,250 Ar/4%H, Air 90 min
CP/022#1/4 2.0323 1,250 Ar/4%H> Air 90 min

Table 5-2a. Gravimetric data in main programme

Sample Mass Mass | Cumulative Observations
before after” weight
g(UOy) | g(UO02) change
g(UOo)

NFB02#1/1 2.9261 3.0472 0.1211
NFBO02#1/2 3.0472 3.0482 0.1221
NFB02#1/3 3.0482 3.0440 0.1179 Fine particulate in filter disc mesh.
NFB02#2/1 2.7903 2.9032 0.1129
NFBO02#2/2 2.9032 2.9035 0.1132
NFB02#2/3 2.9035 2.9065 0.1162 Fine particulate in filter disc mesh.
NFB02#3/1 2.8697 2.9660 0.0963
NFBO02#3/2 2.9660 2.9768 0.1071
NFB02#3/3 2.9768 2.9768 0.1071 Fine particulate in filter disc mesh.

* uncorrected for fission product loss
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Table 5-2b. Gravimetric data in partial repeat programme

Sample Mass before Mass after” Cumulative Observations
g(U0») g(U0») weight
change
g(UO2)
NFB02#10/1 2.8712 Not measured *
NFB02#10/2 | Not measured | Not measured -
NFBO02#10/3 | Not measured 2.9892 0.1180
NFB02#20/1 2.8708 Not measured -
NFB02#20/2 | Not measured | Not measured -
NFB02#20/3 | Not measured 2.9860 0.1152
NFB02#30/1 3.1275 Not measured -
NFB02#30/2 | Not measured | Not measured -
NFB02#30/3 | Not measured 3.2413 0.1138
# uncorrected for fission product loss
Table 5-2c. Gravimetric data in high temperature programme
Sample Mass before | Mass after” Observations

g(UO2) g(UOo)
CP/022#1/1 2.8108 2.8708 Black deposit in centre of mesh disc.
CP/022#1/2 2.8917 2.8960
CP/022#1/3 2.0635 2.1131
CP/022#1/4 2.0323 Not measured| Black deposit in centre of mesh disc.
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Table 5-3. Initial fission product inventory

. . Measured inventory FISPIN inventory”
Radionuclide Bag '(U) Bag '(U)
6Ru 1.16E+10 1.11E+10
155hH 1.58E+08 2.05E+08
1297 NM 8.54E+02
BiCs 2.70E+09 4.60E+09
BiCs 2.97E+09 2.99E+09
Ce 2.61E+10 1.60E+10
BiEy 9.16E+07 3.06E+08
SRy 9.61E+07 2.23E+08
“MAmM 4.36E+07 5.67E+07
“2Cm 1.70E+09 1.66E+09
Cm 1.36E+07 9.62E+07

NM = Not Measured.
*Figures scaled prorata from 27GWdtU ! calculations

Table 5-4. Errors associated with gamma spectroscopy analysis

Activity Nuclide (%error)
Level ]U(iRu 134CS ]37CS ]54Eu 155Eu 2«1]Am

1.00E+08 8.6 6.2 6.6

1.00E+07 9.3 6.3 6.4

1.00E+06 10 6.5 6.5

1.00E+05 12 6.2 6.4 6.6 10 9
1.00E+04 14 6.3 6.4 75 125 ikl
1.00E+03 31 6.2 6.5 8 18 10
1.00E+02 8 7 12
1.00E+01 12 8.4

1.00E+00 12 12.5

These values are the combination of counting and processing errors.
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Table 5-5. Summary of release precent data
Experiment %Ry Max | Ru Min | "Cs Max | ®Cs Min
#1/1 % Release 2.57E-02 1.87E-02 1.39E-02 6.89E-03
#1/2 % Release 1.68E-01 1.57E-01 8.52E-03 3.05E-04
#1/3 % Release 4.67E-01 4.35E-01 1.66E-02 8.75E-04
#10 (sum) | % Release 5.94E-01 5.66E-01 6.47E-03 7.26E-05
#2/1 % Release 6.79E-02 5.76E-02 1.30E-01 1.16E-01
#2/2 % Release 3.74E-01 3.11E-01 3.87E-01 3.24E-01
#2/3 % Release 8.93E-01 8.20E-01 4.60E-01 3.71E-01
#20 (sum) | % Release 1.06E+00 9.19E-01 2.27E+00 2.14E+00
#3/1 % Release 6.71E-01 3.12E-01 1.01E+01 8.99E+00
#3/2 9% Release 1.42E+00 1.03E+00 541E+00 4.99E+00
#3/3 % Release 6.01E+00 5.18E+00 2.69E+00 2.14E+00
#30 (sum) | % Release 4.64E+00 3.22E+00 1.66E+01 1.52E+01
CP/022 #1 | % Release 1.64E-01 8.18E-02 5.30E+00 4.90E+00
CP/022 #2 | % Release 1.33E-04 0.00E+00 5.67E-03 4.88E-03
CP/022 #3 | % Release 3.06E+00 2.56E+00 9.47E+00 8.97E+00
CP/022 #4 | % Release 9.56E+00 7.93E+00 4.35E+01 411E+01
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Table 5-6a.

Todine release results in partial repeat programme

650C (#10)

750C (#20)

900C (#30)

Component

% Release

Component

% Release

Component

% Release

TGT 0.10 TGT 0.07 TGT 0.34
Disc 1 0.29 Disc 1 0.39 Disc 1 0.26
Pipe 1 0.29 Pipe 1 5.62 Pipe 1 25.80
Disc 2 0.42 Disc 2 0.03 Disc 2 0.74
Pipe 2 0.51 Pipe 2 3.50 Pipe 2 18.77
Disc 3 0.29 Disc 3 0.13 Disc 3 0.18
Pipe 3 0.90 Pipe 3 2.27 Pipe 3 3.18
Jodine trap A 0.03
Todine trap B 0.03 Iodine trap 0.39 Todine trap 0.80
Outlet pipe 0.03 Outlet pipe 0.10 Outlet pipe 0.13
Total 2.89 12.50 50.20
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Table 5-6b. Iodine release results in high temperature programme
1,000C (#1) air 1,000C (#2) 1,250C (#3) air 1,250C (#4) air
Ar/4%H>+H-0
Release Release Release Release
Component Component Component Component
% % % %
Iodine trap| 0.46 |lodine trap| 0.44 |lIodine trap| 1.87 |lIodine trap| 0.75
Inlet pipe | 21.10 | Inlet pipe | 0.33 | Inlet pipe | 19.10 | Inlet pipe | 53.90
Sum 21.56 0.77 1 20.97 54.65
Table 5-7. Iodine release results in partial repeat programme
Component 650C (#10) 750°C (#20) 900°C (#30)
> Release| Release |2 Release| Release |2 Release| Release
rate rate rate
% 9%hr ! % 9%hr! % 9%hr !
Disc 1 + Pipe 1 0.58 0.39 6.01 4.01 26.06 17.37
Disc 2 + Pipe 2 0.93 0.13 3.53 0.50 19.51 2.79
Disc 3 + Pipe 3 1.18 0.03 2.40 0.06 3.36 0.08

It should be noted that the cumulative releases and release rates given
above, are for those components changed during experiments #10, #20 and
#30. There is a small additional contribution to the cumulative values due
to iodine captured on the TGTs, traps and pipes, which were only analysed
at the completion of each experiment.
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Table 6-1.

Comparison of released percent of main fission products in hydrogen atmosphere

= 3% Hp=H.Q
- NETHAR 5 EES! T AT mevE
A& 7] (Released % of inventory)
(A&d) ALrE W 7} A= : , - X _ _ ]
) '%E (ﬂc) SDKr 1291 13]1 M/C 1(]()R 144C ]25Sb lb4E 15bE QbZ
(MWD/MTU)|717k0d)| B e e s
n| == 42,000 10 Seg.(20cm) 1,700 31 33 - 31 0 0 0.2 0.8 0 0
(VD) 42,000 10 Seg.(20cm) 2,450 100 70 1 99.9 0 0 18 57 0 0
R 36,000 Seg.(20g
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Table 6-2. Comparison of released percent of main fission products in air (including steam) atmosphere
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Table 6-3.

Comparison of released percent of various fission products under DUPIC fuel fabrication condition
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