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Measured mean va

have been achieved

(here HEU and LEU TRSO: up to 1980)
Observed TRISO failure fraction (status 1990)
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HTR fuel: main criteria
quantified ...

Manufacture
burn-leach on particles < 1x10%*
burn-leach on fuel body < 6x10~°

Irradiation

in-pile R/B << 1x106¢ *

PIE shows F(137Cs) < 2x105
... and ... F(1'*mAg) < 2x10-3

Heating
shows F(85Kr) < 2x106 *

and F('37Cs) < 2x10+4

|
* Necessary, but not sufficient
11
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7S
Every fuel element in an irradiation
experiment is contained in an isolated cell.
Temperatures are closely controlled by ot Nl ittt Sttt S ThermOCOUple
adjusting the He/Ne ratio in the purge gas / I Purge gas pipe
wh|ch also allows the on-line determination e :
Radiation sh
of the fission gas release rate. % tion shields

Graphite cup

Test fuel element

‘<_‘\u_ -._-_/" . 1 3
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German Irradiation Experiments with HTR Fuel

Chemical

K FRJ2-P16 - -
Effects :
Fuel Element Tests .
Fuel Element DR-Ks HFR-K1 R2-K12
Performance i R2-K13
FEfission |- - FRI1-K1Y.
product transp. :
Large Scale AVR 6 AVR 14 AVR 15

16



10 p—
5 R2.K13 L TP
© 8 * - —
fg ] ng"‘ BR2-P25
v 6
€ HFR-K3//, ¢ R2-Ki2
‘C—) 4
3 AVR LEU TRISO -
e i
2 ° ,.a""':;r,o
~*"|  FRi2Kk13 FRJ2KI5
0 D ‘[ =SS
0 5 10 15 20 25

Bumup (%FIMA)

The main parameters in fuel irradiation testing are heavy metal burmup and accumuiated fluence
of fast neutrons. Irradiation temperature, perhaps the most important parameter of all, is usually
around 1000° in the tests shown here.
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7

Criteria for irradiation testing in pmer of
relevance

e Temperature

e Burnup

* Fluence

* Power/ temperature gradients
e Transients

* Real time

18



The: lovel oftfission:gas is
detemined: by tive: uncovered
uramision in tive: fwsl. Here, . the

release: tate ower bivth: rate: of

smir is: shown for Fort: St. Vrain,
AVR: and irradiation tests: with
modern TRISO: fuels.

R/B (8%MKr)

8x107%

6x1076 7]

4x1078 7]

2x107% |

Cycle 3

Cycle-1

950°C -
operationk-‘:-

850°C’;

PR T R T ALY
N A TR I

~ 4 .
' (4% N F—'_", %

o

Fort:St.
Vrain:
1976-88

Jakeh:,
1969 - 88"

1978=81

Triso
1982-89
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Forschungszentrum Julich

Source terms

for fission products.into the primary circuit of an HTR are:

(i) heavy-metal contamination;
(i) particle defect and/ or failure;
(i) release from intact particles.

11!0mAg 13765 134CS. 85Kr. QOSr 106Ru 952r
’



Forschungszentrum Julich

&

.-t

Contribution to Fission Product Source Terms
| Observations: Free heavy | ] @’ meS’V’e I elease
metal broken particle defect SIC/ weak . contribution
fraction fraction particle fraction
Measurement
Technologies |
| Manufacture Acid leach, weak irradiation, Burn-leach
TRIGA furnace hot chlorination
Irradiation: in-pile R/B (Kr, Xe isotopes) —_ —
Irradiation: PIE cold gas release ? F(Cs....), hot Cl F(Ag, ...)
Accident F(Ag)
condition testing F(Cs) F(Kr) F(Cs, Sr,..)
F(Kr) delayed by
ditfusion through PyC

et iyt
» EE L K

R s onaffs

Brusseis : 2 February 2001. p ¢



R/B (88Kr)

Temperature (°C)

1200

1000

800

Irradiation time (full power days)

l l {
HFR-K3/1 . HFR-K3/2,3 HFR-K3/4
1
i | T IR I B
¥ kiU I Ml 1
M oW >
esde, 4
Sphere surface Sphere surface
e st PAPANAY Ot
_f'JJ*
lSphe're'suface
< t + -+
100 200 300 400 100 200 300 100 200 300 400

Gas release and temperature during irradiation of experiment HFR-K3
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Temperature (°C)

. R2-K13/1 . R2-K13/4
1072
- -4
10~
1076
1 et 4|1 et
10'8-:3:_—;7‘."»‘9‘-- i peten?
E J ;
T Y | T T Y
1400
1200
Sphere surface
1000 M"" 'i -t
w' Sphere surface
800 - '
|

L] 1
0 1'60200300400500600

t T S
100 200 300 400 500 600

trradiation time (full power days)

Gas release and surface temperatures in experiment R2-K13
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Temperatures in R2-K13

R2-K12/t

§

\ 58 AAAAEAARESR L

Radial distribution of
irradiation temperatures
(time average) of R2-K13 E ; i
test and during 1600 °C 1200 + ' —T"

heating test E P \

3 _AR2-K13/1 RRADIATION TES)
1100 < . ‘ 'E"L\

1000/ [ ' <

m JSUVNUNCETESSNUNEUNNY AR RE T -5? nnnnnnnnnnnnnnnnnnnnnnnnn
-30 20 -10 0 10 20 30
Distance from sphere cemre {(mm)

22




1077

FRJ-K16/3
10°8_
10°°
» .,
e P |
0 15

5 10
Bumup (%FIMA) ., |
I B Xe133 [IK85m ¢ K88 O Xel3s AW'

The release rate of short-lived fission gases, R/B, as a function of bumup in an on-
going irradiation experiment in the Jitlich DIDO reactor (FRJ2-K15, status from June
1989). The spikes in R/B have been measured during +200°C temperature transients.
The slow increase in R/B is an artifact of the birthrate calculation for 16.7% enriched
uranium, while the actual release is from uranium contamination of natural enrichment.
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Irradiation 1o near 15 % FIMA | : J

| | |
. HFR-P4/1 . HFR-P472 . MFR-P4/3

R/B (38Kr)

a_.w’i“’*’f“ _ww-}"’”* | I!a'”ﬁt‘“ =

1400

E

Temperature (°C)
\

2

v—sw.m—v——wv-vh-
|

0 100 200 300 400 100 200 300 400 100 200 300 400

[rradiation time (full power days)
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Processing of fuel elements in the Hot
Cells, e.g. during gamma spectrometry for
burnup determination

- oA Section of the Hot Cell with
" - Hot Cet AR the Gammaspectrometric
Equipment

N R I AN T RN

TP T T 7T T

15



up to 25”"0 )

= Cold finger KUFA
1600-1800°C

= Measurement technology
for fuel criteria

31




Tritium trap

{Cu0)
»—4— —— ———— )
Moisture rap Trap tor solid
(P20s) fission products
| |\ 4} Uouid N2-cooled
measuring traps
\? ?.—%Nameteaors
| smem |
t o oo |
1 o o 1}of
He compressor to ot
Electronics Recorder

purification trap
—1
=

4 & WO RS X A L6 20 80183 o 3 DR X T RS
IS A o P S RN

Sweep gas circuit of cold finger apparatus (KUFA).
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- Evacuated amd
T Hellum tilleg
T cold finger lock

‘Water cooled
__—" coldfinger

___—Tantalum gas eylinger

- Replacable
" condensate plete

E’ -
?;t e

Hydropneumatic ;i
hood lifting device .

_ . Tantalum heater

;
3 ’ ! __—-Spharical fuelelement
. ] T
3 { ,
, ¥ 7.
= BN
Optics tor

pyrometric measurements

.~ Heal refiector.sheathing
"™ W/Re-Thermocouple

Box fioor

Hellum outlet / 4
s - .
Etectrical connaction Hellum Inlet Vacuum pump ducts

Heating furnace used in accident simulation tests
with irradiated spherical fuel elements (KUFA).
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]

100°C

1600

plate
Ta-tube
Furnace

. »

Released Fraction
Cs, |, Ag ‘Sr
0.7 - 0.2

0.02 0.8

0.3 -
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Schema of KUFA solid fission product measurements
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Fission products Cs, Sr, | are radlologlcally significant because— unlike the ‘J

fission gases — they can be incorporated in the human body.

Important fission products

ELEMENT ISOTOPE
Solld fission products

Cesium  ™Cs
| 134Cs

éStrontiurp 90Sr
lodine 131|
Flssmn gases -
Krypton ~ ¥Kr
Xenon 13xe

~ HALF LIFE
30 years

29 years

- 2years

_@8 days

‘— 1 1 years
5 days
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Sequence of fission product release is
110mAg’ 137CS, 134CS, 85Kr, QOSr, 106Ru’ 95Zr

»
10° - & ——n O 07
' [ ' v ! \NE o e 0N
’0-0"". oD 106Ry
e 'A
/ 957,

10"} * 1370 -
o)
0
((B ‘HOmAg ® o
E 2
T 1077 85kr 7
c
R
e . D
U 1073 —

/o
°
1074} —
1 l 2 1 1 I 1 1 1 l 1
1700 2100 2500

Temperature (°C)

Here the fractional release during temperature ramp to 2600°C
[GA data, from Fig 4-39, page 192 of IAEA-TECDOC-978]
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Kr 85-Fractional Release

AVR 74/177
0.3 %

UO,-TRISO
AVR 70/19

2,2 % fima
] N

Temperature (°C)

Gas release during temperature ramp to 2500°C.




Temperature (°C)

«—~30h

>t 100 t0 1000 h

Temperature / time correlation in standard isothermal tests.
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g
k=3
s
W
[«
1075 _ T T T
0 50 100 150 200 250
Duration of experiment (h)
1800 °C
.ouw.roo\ Heating program
¥6h| 30h 192 h

Fission product release from UO, kernels (FRJ2-P28/C6) g:ug.c test at 1600 °C. - o



Kr85 fractional release

Heating tests at 1600-2100 °C

‘00
ol
10—1 Alz\fm
102
102 VAN \\
N
Lo ‘\ \\l Lovsl of one perticle falhwe
700
108 ‘/
e A
i 77 NS
10
1084
0 100 200 300 400 500
Heating time (h)

Krypton release during tests with
irradiated spherical fuel elements at
1600 to 2100 °C.

Cs137 fractional release

0 0 20 W
| ~ Heating time (h)
Caesium release from heated spheres as a
function of heating times up to 500 hours.
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Fractional Release

sua
25x 10" By
A vy ‘rﬂW, —— >thll.bc‘b
i
102
103
0t 96 x W° By |
1600°C
|
1075 Sr90 - - — €3 x 0° By J
‘-\J 1
Cs 137 1.7 x 10* By
104 il
Kr8s .I\l\l\l\\

Heating Time (h) at 1600°C

Fission product release from
fuel element HFR-K3/1.

Fractional Release

Fission product release
at 1600°C and 1800°C.
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Kr 85-Fractional Release

10°
10-1

2160°C
02l [AVRT4/6

AVR 70/33 |
v
1
103+ 1|
WOOOC
w04
ARTAI®
| amtam oo

105+

HER- FRI2-K13/4

K3

1700 °C HFR-K3/1
10-6—/— FRY2- Pt
‘ 1600°C /
; d AVR T1/22
1077 -
o 100 200 300 00
Heating Time (h)

Krypton release in isothermal heating tests.

A

137Cs Fractional release

Cesium release in isothermal heating tests.

io~!

_A4AVRTENB

1078 ’
0 100 200 300 &0
Heating Time (h)
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%0Sr Fractional release

10°
107!
L ARG/
\D‘
\D$
1072 &»\R
! ; 1s00C
: [ v &
, qa £ SRFRR K14 s
| pa ®
: s o
: -
| / | =
w444/ : 2
I — a— 1800°C °
£ t 5 AVR74/11 —o— 10°C _m
107 N el — 1 £
Tl . 1 ©
_\u\ L omepe—e—e—eTemooe - ARTI/2 -
o
a.&\m 1600°C <
J % o000 FRI2-K13/2
1 t
§ % ! HFR-K3
a-q.vn \olp\o\“ 0 @m0 P00 ——0—0 =000 10-¢
pd |
8
° o FRI2-K13/4
1078 _ Ed \J.\o\ _ 107 , :
0 100 200 300 400 500 0 00 200 908 " 400 500
Heating time (h) Heating time (h)
Strontium release in isothermal heating tests. Ag 110m release from fuei slements

with UO, TRISO particles.
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After subtraction of -

contamination components,
fission productrelease curves
inereasesystematically
indicating thesprogress of SiC
deterioratioriduring: heating.
Thissobiseration led to the
developmentiof the: Goodin-
Nerbietek; abandoning the
classioatiapproach of pressure
veseel féilure modeling/
diffusionalreléase prediction.

Accumulated Fractional Release

1072~

1074-

10-6-

10°8-

1800°C

HFR - K373

10

|
100
Heating Time (hours)

1000
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Fractional Release

The Goodin-Nabielek model for Kr and Cs release predictioné

»
vy measurement ~— model calculation . o ‘ , '
1 /7— /_ / — ' / ' '75
0 1900 °C 1800 °C 1700 °C 1600 °C 1700 °C 16,00°C
10 =
/ R2:K13/1
0t —
s HFR-K3/1 .
. =0 measurement
10 - model calculation

1000
Heating Time (h) Heating Time (h)
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TR T R LA e

Observed fission product release sequehce during .ram,‘p

10° T T T T .o’ . e5 00O Q- — ] T U'o U I
00-0‘0— . D ‘OSRU ) '.,,. 6
‘fﬁ L 137¢ -/ ‘
/ 957, - s/u 85,
10- "' b~ ¢ 13704 - ,ﬂ -
Pu g
9 :mmAg ® 0
E: 2
-i 107 85Kr a7 7
g
‘g \ 4 8] v
d’_ 1 0—3 - - — p—
Intact ® Without
particles / outer PyC '
]
10"4 - ned — ) o
] i 1 1 i l 1 1 ] l ] 1 l 1 1 1 l
1700 2100 2500 2100 - 2500
Temperature {°C) Temperature (°C)

Typical fission product release profiles during lincar temperature ramp. In both cases, ~200 irradiated particles

were heated to 2500°C. The left diagiam shows intact particles, and the right diagram shows particles whcrc the
outer PyC layers had been removed.

Fdrschun.gszentrum mhch‘z’ "

TheGoodinNabielekModel .ppt 11




The Goodin-Nabielek Modelling Approach combzlnes the

statistics of SiC degradation ‘with the variation

thickness (=:SiC mass) to predlct snmultaneo‘%slyfcaesmm
and ‘subsequent krypton release

.

SIMPLISTIC

Y
MODAE-PRECISE

gﬂzﬁgmm o THIBKNESS
1.0 ™~
FREQ.
pm Sik
MEDIAN DEGRADATION
MEAN
FRED. " THICKNESS
FAILURE
AREA
pm SiC
MEDIAN DEGRADATION
MEAN
FRED. . THICKNESS

FAILURE -

" TIME anste-

FAILURE
TIME et
FAILURE:

TIME wenbe

TheGoodinNabielekModel .ppt 13




Goodin-Nabielek Modelling 2

osmmmmkbmw

k (T) = ko e O/FT Q... activation energy T
R... gas constant |
T ... heating temperature
(@ The statistics of SIC fallure delermines Cs release

o@M=1-270"
® ... SIC failure fraction = Cs release fraction
t ... heating time

m... Weibull modulus
@ Diffusion of Kr through outer PyC after SiC failure

t
an=£d‘(’;t, a-t) dt

Fir ... Kr release fraction from particles . ,
., Fpyc... Kr diffusion fraction throughmgerPyC  Jolich "

id '---'--"W

TheGoodinNabielekModel .ppt 12
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Goodin-Nabielek Approach with SiC Dagrackd

A subsequent evaluation of about 20 heating tests by Goodin®4s$ uségfd'ﬂthe degra-
dation rate

»

Y
} . “‘
(Y = 5.z, 10+ « [ fission density )w (fast fluence )‘m (n‘ram) % 18
k(s)=5:03.10 x( T SR s awl (18)

Figs. 89+ throughto-92 show the good agreemnent with-expesimaentaibiudetsemine
137¢s, mmmmmm‘the range- ofMgmﬁmlmam?C

908203 (D@E-HTGRE85107);. mm.

85 D.T. G’OD&"AMM onditiony: .’ R
H. Nebisinls (od:) “US/FRG expestsmostiagiaite
tions*, Pran. Conf: heldrat: ORNL, I@Ai ol

84 D, T. Gooslin “US/BRG Accidsntcontithndiineiimmaientibdels”; GA DociNo.

1
4%_ 1072
Cs relnase measurernent =
heating ‘ 2 Tlrr = 1109?0 :
1800°C of ' ' . ;
sphere FRIBK: 34, E 10} T =i0: x1@s _.
198}
0 400 886

TheGoodinNabielekModel .ppt 23
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—» relative Silber -Freisetzung (HTR#K)

-t S e =S

obere Grenze (95%)

Mittelwert

untere Grenze (35%)

"
w—

F ol

’

TRISO (kein deutlicher Einfluf von D)

| [

l l

250 S00

750 1000
- Zeit [d]

Abb. 6.10:

Relative Silber-Freisetzung eines Partikels
aus dem Zentrum eines Brennelementes besm Durch-
Jauf durch die zentrale Core-Region (Regicn 1)

eines HTR/K-Reaktors
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b TRISO
Mittelwert
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155 | _ _ _untere Grenze(85%)
' —_
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Abb. 6.11: Relative Silber-Freisetzung eines Partikels aus
dem Zentrum eines Brennelementes beim Durchlauyf
durch die zentrale Core-Region (Reg¢ion 1)
eines HHT-Raaktors




Diagram shows 1°mAg and '37Cs release fractions as a function of temperatu‘
230-530 d irradiation tests as measured in post irradiation examlnatlon work ,AI

shown is end-of-life R/B(85MKr).

1E+0 17
1E1 H

1-E-2

1E3 -

1-E-4 {-

Fractional Release

& F(Ag 110m)
g
o 0’30 L Y P
. & ¢ &
OF(Cs134) & &
& N A

AF(Cs 137) Bi ; 5 g N
A 0O (p
O
O R/B (Kr 85m) © O %
EOL 8%
O

vratiiation

1000

1100

COINDET L E

50 e

1200 -

,L.‘l 30Q i

i

1400

Gas turbines are. planned
' for almodern HTRs—
therefore, we need to:

J Re-analyse exf : ting

andéﬁAg’releas;s')

e Perform dedlcated
irradiation tests

e Consider desngnl
material improve-
ments

¢ Ifallelse fails,
redesign the HTR
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A groess compasison 10 a siiver release prediction — with the diffusion cesflicient of siiver in SIC
s recommended by IAEA TECDOC $78 “Fusl performance and fission product helawiour in gas
cooled reaciors” and using s primilive bveskthrough formula — is shown below:

Ag-110m Fracthonal Release

1 E+0

1 E-1

1E2

1E3

/6

]
Py
O

1 E4

S/

1ES

1E6

/ — Predicted Particle Pelease

© Measured Fue! Element

0.0t

- T

01

14

1

/ D", the normalised défusion time of Ag n

Olmmuodu-ﬁm;.
sophisticeted evaluation of these
experiments taking account of

distributions in space and me.

This is particularly necessary in
the case of silver where first the
stable ' Ag is genorated, is
starting to be releassd by
diffusion and is later activeied %0
ﬂhh

26




- —
o s -
T SR
e N
T |
— e _<.~‘__-
5 10 15 20

Bumnup (%FIMA) -

Results from 74 irradiation tests
with UO, TRISO particles: 2ero
failures observed in afl cases Jthis ||
was also assumed for HFR-EU1 up
to 20% FIMA]. Shown are upper

1E-3 4+

85% confidence limit derived from
the limited number of particies in
the test.
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Reload Insertion Fuel Number Coated fuel  particie
number date element of fuel
type alements Karnal Coating
0 July 66 uce 30155 (MUC, HYI BISO
1 Oct 68 T 7510 mug, HTIBISO
3 Apr. 69 8K 17770 {Thuc, HT18ISO .
4 July 70 6K 6210 e, HTI BISO
51 Nov. 70 6K 25970 muc, HTLBISO
52 Dec. T GO1 20825 (ThA)o, . HTIBISO
7 Jan. 73 601 7800° Mo, FMBISO  83%
61 oct 73 GOt 11000 (MY, HTIBISO  92%
62 Dec. 73 GLE1 2446 uo, LTIBISO - 15%
" uo, 'LTIBISO : = 0.7%
81 May 74 GFB1 1440 U0, _LTBIso i 83%
. ™0, . LNBILO . -
82 May 74 GFB2 1610 uo, LNTRISO " 83%
O MBSO [ -
9 Sep. 74 THIR1 5145 (Th.U)b, : HTI BISO 3%
10 Dec. 74 THTR2 10000 . - (Mo, HTIBISO  93%
n Dec. 74 THTR-2 5000 muo, HNBISO 8%
12 Mar. 76 GO1 11325 ('I'h.U)O, HTI BISO 93%
14 Nov. 76 [c{)] 9930 {Mmuo, HT1 BISO 0%
131 Dec. 77 GFB3 6077 uc, IMTRISO . 20%
O, LT 8IS0 .
133 Dec. 77 GFBS 5354 uco LNTRISO  92%
™, LTI TRISO -
132 July 80 GFB4 5861 uc, LTITRISO  00%
™0, LTIBISO .
‘wih pullesing adiiiven
15 Feb. 81 602 6087 (muo, LTTRISO ~ 93%
18 July 81 GO3 - 11547 (Mu)o, HTI BISO 83%
i ow by o st oming
19 July 82 GLE3 24615 o, " LMTRISO  10%
21 Feb. 84 GLE4 20250 uo, LTITRISO  17%
2 Oct. 85 602 11854 (MU0, LNTRISO 3%
2 Sep. 86 THTR 16228 {my)o, HTIBISO  88%
212 Oct. 87 GLE4 8740 vo, LMTRISO 7%
289789

SuM




—retative Sil ber-Freisetzung/(PiF)

obere Grenze

oy 4
>

Mittelwert

untere Grenze

165
l L J‘ l SRRt
250 %00 750 1000
e ZE‘?T[d]

Abb. 6.12: Relative Silber-Freisetzung eines Partikels aus
dem Zentrum eines Brennelementes beim Durchlauf
durch die zentrale Core-Region (Region 1)

eines PNP-~Reaktors
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Suggested HTR fuel work, to be discussed:"

®)

(i)

(iii)

110mAg: Re-evaluate release data during normal

operations for better source term data bnse in tinct :

cycle applications.

Determine influence of burnup > 10% risA 10% FIMA on irradia-

tion performance, in particular for pote:mal reduction
of 1600°C capability.

Analyse accident condition performance > 1600°C for

an improved coated particle model.
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Confidence base !

. »

= HTR is alive again—more so than ever
before o

= Good intemational basis

+ Fuel manufacture in Britain, US,
Germany, Russia, Japan, China

+ Complete irradiation qualification in
Germany; many test results from USA,
UK, Japan, Russia, China

+ Extensive resulits from core heatup
simulations testing in Germany, USA,
Russia and Japan




= Irradiation and core heatug testing in

European HTR program {Imgh burnup and
>1600°C]

"Expenment planning: and geval;“"‘“‘r fon:in -
cooperation with PBMR intSotth?; \frica

- German support in Seu‘th*%fN-riean fuel
manufacture

- WUS-German:proposals...
- International-irradiation t@st JE; analy
- model develapment,and{;a:Imatlens
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