Heinz Nabielek, Forschungszentrum Jiilich, D

Presented at the 2nd Planning Workshop of the Task Force “Zero
Emissions Technologies Strategy” IEA Working Party on Fossil
Fuels, Washington D.C., 20 March 2002 :~,27 2001 -

- Haydock, modified Nabickk
’ and Sjunpesson March 2002,



HTR

1954 P Fortescue
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History of coated particles:
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1961 J Oxley, Battelle
fluidised bed coating

Manufacturing
NUKEM (DE)

UKAEA, BNFL
CERCA (F)
Belgatom

GA, ORNL (USA)
Russia

NFI (J)

China

NECSA (ZA)

Forschungszentrum Jualich "

53

e
e

Heinz Nabielek, Karl Verfondern




Worldwide History of HTR Fuel Fabrication J
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German Particle Deveiopment

1977 | |Leumiso

Phase
RIS

Plants .
_

Varying goals in-the German fuel development program have also led to a steady increase in the
coated particle quality. The high enriched (Th,U)O fuels were used in AVR and THTR and — with a
TRISO coating — were also qualified for PNP and HHT. Latest development was UO, TRISO for the

MODUL reactor with demonstration of fission product retention in all normal and off-normal
| conditions

Heinz Nabielek, Karl Verfondern



Target philosophy
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Desirable properties have been achieved and have been demonstrate
(here HEU and LEU TRISO up to 1990)

Upper 95% confidence limit :

Measured mean value




 0.010

‘Failure fraction

Total number of examined particles |
0.008- 3,300,000 310,980 114,800
:\3 102 defects 4 failures 0 failures
0.006 -
Upper 95% confidence limit
!
- 0.004 - Measured mean value
0.002 - / ) | 1
0.000 /// // d————- -

Manufacture | Irradiation 1600°C tests



Fuel Element Manufacturing Process

OVERCOATING

CLASSIFYING

| FINAL MOULDING
T Lamive

i HIGH TEMPERATURE
| HEAT TREATMENT |

HTR-Fuel ent Faicton |




Fuel Element Manufacturing Process

' Rubber Dies for
| Fuel Spheres




ernel Manufacture

Kernels in the
Precipitating Agent



HTR Fuel Specific Characteristics

Kernels:
e diameter
e roundness

Coated Particles:

e ratio of defect SiC-layers

. dia'meter

* roundness

» thickness of-each layer

e density of each layer |

* anisotropy of both dense pyrocarbon layers
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KERNEL BATCH

BUFFER LAYER

Ar,CaH, ' . {POROUS)

INNER PyC LAYER
(HIGHLY DENSE)

1
H2.CHaS8iCls —=  SiC LAYER

Ar,CzsHa /C3Hg ———

OUTER PyC LAYER

Ar,CaHz /C3Hg ~——e (HIGHLY DENSE)

COATED PARTICLES

Coating of HTR fuel particles

Heinz Nabielek, Karl Verfondemn
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Coating tube
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Fluidized bed coating furnace




Special Quality Assurance
System and Philosophy

Y

e Target product Specification

~ achieved, demonstrated by a
“final” standard-quality

e essential targets for process and
components achieved (close to the
future production conditions)

Sample for reference
test as part of the
standard quality




Special Quality Assurance System and Philosophy

Development Targets:

* Target product specification

* Provide suitable manufacturing process
 provide suitable components

Y

‘Development Stage 1
Standard-Quality 1

v

Development Stage 2
Standard-Quality 2

+ Samples for
Development Stage X screening test as
Standard-Quality X —%®| part of production
Target product specification achieved batches

\




L

Forschungszentrum Julich ﬂé |

" Pre - 1985 production

" Post -1985 production

i

AVR19

|
|
|
!

-

LBV Phase 1 AVR 21-1 AVR21-2 | ""Prooftest"
Bxperiment FRI2-K13 : HFR-KS/K6
Particle batch HT 232-298 BUO 2308 HT 354-383 BUO 2358-2365
Kemnel composition uo2 uo2 uo2 - vo2 . U2
Kemel diameter pm 500 497 501 502 .508
Kemne! denaity Mg m-3 10,80 10.81 10.85 10.87 10.72
Thickness of coaling | .
Buffer layer um 93 94 92 92 102
Inner PyC layer Am 38 41 38 40 39
Sle layer pm 35 36 33 s 36
Quier PyC layer - 40 40 41 40 38
. Density of costlng Mgm-3
Buffer layer 1.01 1.00 1.01 s T 1.02
Innes PyC layer 1.86 ~1.9 L 19 19 192
Sic layor 3.19 .20 3.20 32 3.20
Quler PyC layer : . 1.89 1.88 1.88. 1.9 1.92
' L
Mo dern Jo, C(EU Thse

L &rmy il
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Evaluation of frec uranium and delective SIC laycrs in LBU TRISO fuel slements

Designatton of fuel element (FE) population . AVR19 AVR2l ~ AVR212 LEU PHASE1 - Proof test fuel
Production year ‘ - 1981 1983 1985 1981 - 1988
Number of FE lots - 14 . 1. 8 - -
Number of FBs produced ‘ 24,600 -20,500 14,000 <100 - <200
Type of fuel , : LEUUO, LEUUO, LEUUO, LEUUO, _ LEBUUQ,
0 enrichment  98%  167% 16.7% 98%  106%
Coating batch size . ' _ . 5kg kg - 3kg  Skg .. - Skg
Number of coating batches - ' : 65 54 . 29 )
Number of particle sets e 4 2 3 - S |
Number of particles/FE ~ * 16400 9560 9,560 16400 14,600
One particle uranivm equivalent (in parts per million) 61 105 105 66 - 68
Evaluatlon of free uranium from burn-leach meauurementé _ - : . _ REEE
Mesan value (in parts per million) o - 807 432 . 148 3508 - 135
Number of FEs tested Inbum-deach -~ .~ 0 . 55 40 -5 0
Number of FEs with 0 particle defects ' B} | | 42 . 38 3 8
Number of FBa with 1 particle defect 26 -8 1 1 1
- Number of FBs with 2 particle defects -9 2 1 1 1

‘Number of FEg with 3 particle defects 4 2 0 0 0

" Number of FEs with-4 particle defects ] .0 ) 0 0
Number of FBEs with 5 particle defects 0 0 0 - (VI 0
Number of FBs with 6 particie defects -0 1 0 0 0
Number of FEs with 2 7 particle defects. 0 0 0 0 0

Heinz Nabiclek, Karl Verfohdcm _




HTR Fuel Specific Characteristics

Fuel Element:

» heat conductivity of the graphite matrix at 25 °C
and 1000 °C : -

* ratio of defective SiC-layers (burn-leach test)

e corrosion rate
* crushing strengths
fuel-free zone thickness ;

abrasion rate




THTR-Fuel Element Production Experience

Produced:
Kernels: ~ 1000 batches |
Coated particles: ~ 4000 batches . |
Fuel element:  ~500lots
(~ 1.000.000 FE)
- For each of these products > 95%
" Reject: -

1 lot of coated patrticles
1 lot of fuel elements

Safety:

Not a single safety relevant-inéident :




Design Parameter HEU LEU
Coated Particles _ '. L
Kernel Composition (Th,U) O, vo, - .
Kernel Diameter  pm | . 500 : - 500 .
Coating Layer Thickness pm |  95/40/35/35 = |  95/40/35/35
Coating Layer Sequence | Buffer/PyC/SiC/PyC BufferleClSiClP.yC
Fuel Element - R I
Heavy Metal Loading 11 - 812
U 235 Enrichment 1 93% 7-13%

No. Particles per Element | 19,000 10,000-20,000
Volume Loading of Particles | 13 % 10-15%
Operating Requirements R | .
Mean Operating Time d '1_100,-1500 ' S 700 -
Max. Burnup  MWd/tuy 120,000 -90,000
Max. Fluence [E>0.1 MeV] 45x10®m?. 3.3x10° m?2
Max. Fuel Temperature °C | - 1020 1030 =
Max‘P_ower/EIement kwWw - 2.7 4.1




Free U fraction from TRISO defects

8 E-5

6 E-5
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= == model prediction

manual overcoating

B 1981-83 production
model prediction
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& 1985-88 production
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Fraction of LEU UO,
Triso defects during
cold isostatic sphere
pressing as a function
of particie volume
loading.

Data are obtained by
burn-leach and
correspond to “SiC
failure fraction” in US
and Japanese
terminology.

All results on NUKEM
fuel elements are
below 6x103,



100%

AVR19

AVR21

80%

60%
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| 0%
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Number of particle defects per fuel element

Coated particle defects during sphere manufacture are rare random events. The. frequency of .

AVR21-2

spheres with zero defects has steadily lmproved durmg the years 1981-1985.

Nucl. Eng. Des. 121/2 (1990)




Diagram shows non-zero free uranium measurements in the seventy urn;
leach tests from NUKEM quality control of the AVR 19 (GLE 3) product oF,

24,600 spherical fuel elements for AVR. This is a destructlve test on 5FEs
per lot from the 14 lots in this productlon |

2x1074-

Fréction of free Uranium

05 x 10~

Theoretical results

with X and additional

defective | scatter region
particles of ofx30
mean kemel |- of kemel
diameter diameter

Non-zero
burn-leach
measurements
(AVR 19)

N o U Sy gy S S

15 x 1074

1x1044.

of

Measured free uranium’
- corresponds to the contents

of an integer number of

.coated particles; here zero,
‘one, two or three out of
- 16,400 particles in a sphere.

| The burn-leach with

spherical fuel elements
consists of the following
steps:

~ -burn graphite and oPyC

‘at 800°C

| -Ieaeh with HNO,

-determine U in solution

10



HTR fuel: main criteria
quantified ...

Manufacture ,
burn-leach on particles < 1x10¢*
burn-leach on fuel body < 6x10-°

Irradiation

in-pile R/B << 1x10¢ *

PIE shows F('37Cs) < 2x10-5
... and ... F(1"'mAg) < 2x10-3

Heating
shows F(85Kr) < 2x106 *

and F('%7Cs) < 2x10

* Necessary, but not sufficient

11



Observed fission product release ée_quence d_urin'g.ramp

0 . ' _ : _ .
10 T I T T T ';_0‘30 l.Dq:T[J q a- T I T B.Dfo D-‘-‘I——
¢’.¢‘° ] 106, o
*— e EREY /
N .
otk A 76 S - -
g HOmAg : _ o [w] :
E 1075 85, 17 : S N
8 . ' | o | | - '
& 1073 | o 1+ . -
Intact Y ' : Without |.
particles 4 S : | outer PYC '
° . . . . -
10“4»— . . ) -~ - . A s
1 | i 1 | | 1 3 1 | L 1 L 1 1 |
1700 ‘ 2100 ' 2500 2100 | - 2500
Temperature (°C) ' o -~ Temperature (°C}

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

were heated to 2500°C. The left diagram shows intact partnclcs and the right diagram shows paruclcs where the
outer PyC layers had been removed.
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Goodin-Nabielek Modelling Approaches

® Silicon carbide corrosion rate k is temperature dependent

k (T) = ko e~ Q/RT ‘ Q... activation energy -
- R...gasconstant
T ... heating temperature

@ The statistics of SIC failure determines Cs release

o@M)=1-20" | |
@ ... SiC failure fraction = Cs release fraction
t ... heating time
m... Weibull modulus

@ Diffusion of Kr through outer PyC after SiC failure

Fie () = f—“’ﬂF =)

Fir ... Kr release fraction from paricles

prc Kr diffusion fraction lhrough outer PyC

LRSS ATl L

TheGoodinNabielekModel .ppt 12
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The Goodin-Nabielek Modelling Approach combines the
statistics of SiC degradation with the variation of SiC

thickness (= SiC mass) to predict S|multaneously caesnum
and subsequent krypton release. "

MEDMN HICKHESS
DEGRADATIOHK ES .
10 ' whE - pe—
SIMPLISTIC FREQ. ' o FMU_JHE
pm SiC ' S TIME o

MEDIAN DEGRADATION

MEAN
THICKNESS FASLUNE

FREQ.
FAILURE

AREA -
. .

M O

mSiC o : TIME e

Y
MDAE PRECISE FAEQ, FAILURE

TIME i
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1988 MODEL UPDATE CORRELATES WITH THE HEATING DATA AT 1600°C
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Goodin-Nabielek Approach with SiC Degradation 9

137Cs release measurement by Schenk and prediction by Goodin for

1800°C heating tests (corpact HFR-P4/3/12 and sphere HFR-K3/3)
Fig.90: 137Cs release measurement by Schenk and prediction by Goodin for _
1600°C heating tests (compact HFR-P4/3/7 and sphere HFR-K3/1) ' 1 =& Te— .
o HFR-P4/3/12
8 " ®~Maasurement +1800°C .
@ 1072 | : ‘
i ~ Prediction .
! s LY Tee = 1050°C
N - e . irr = .
i s & T =55%10%
3 8 (g : :
< 107c - / . -
=  _qee®  HFR-PA/3/7 8 r
5 e~ e1600°C | | B
B ul® \Measurement o 108
g107 - Prediction o g - ' .
| Ter = 1050°C | -
§ i L a7sx10®| | - ' T
! ! 1 I ‘ L e I HFR-K3/3
A . +1800°C:
1 S 102 \ easurement o A
[ . . " Prediction ' _ ' A
R 3 e ' o : T = 1000°C
2 .g ' . T =60x10%
2102 B 104 o
e Prediction 8
s T HFR- K3/ 8k
) e® ¥ .
T 104 ° #1600°C g P
& ® =
3 ~ o‘.. ' :
5 sseoe® . Ter = 1200°C _ — T . -]
" o8l Measurement I = 39 x 10% .0 - 200 400 - 600 800 . 1000
| ' 1 1 - Heating time (h) -
0 200 400 600 80 © 1000 . Forschungszentrum Julich
Heating time (h) : : i : . :
TheGoodinNabielekModel .ppt 22




Goodin-Nabielek Approach with SiC Degradation 10

A subscquent evaluation of about 20 heating tests by Goodm“ 5 used the degra-

dation rate

k(s')=5.03-10" x(

1-10%m™ . K

ﬁssit;x.zlc(i)“a_tsr_g' )wx(fastﬂuence)“' x(ixr.femp.)“‘ ' (18)- | '

Figs. 89 through to 92 show the good agreement with experimentally determined - -
137Cs release measurements in the range of heatmg tests from 1600° to 1800°C.

31Cs release measurement
by Schenk and prediction
by Goodin for 1600/

1800°C heating test of .

sphere FRJ2-K13/4,

TheGoodinNabielekModel .ppt 23

84 D, T. Goodin “US/FRG Accident condition fuel performance models”, GADoc No

908293 (DOE-HTGR~85107), Issue A, March 1989,

85 D.T. Goodin “Accident condition fuel performance madelling at GA" in:

H. Nabielek (ed.) “US/FRG experts mesting on fuel parformance under accident cond.{-
tions*; Proc. Conf. held at ORNL, KFA Internal Report HTA-IB-2/90, June 1930, -

1 : _
I | FRJ2-K13/4
2 4 ®1600°C -
9 10°% |- 6’ - 41800°C
o : ’
= | *
s | .
S . T = 1100°C
2-10.4_ | , r --01x1025
o *~Measurement ;
&) e ] -
5 ~Prediction _ .
MR ko . o
T e
0 200 400 600 800 1000 27

Heating time (h)



Every fuel element in an irradiation
experiment is contained in an isolated cell. - -

Temperatures are closely controlled by
adjusting the He/Ne ratio in the purge gas
which also allows the on-line determination

of the fission gas release rate.

/ Th'er'mocduple'
|~ Purge gas pipe

[

#... Graphité cup

_ Test fuel element

Radiation shields

13



Capsule 1 ‘ Capsule 2

~ X-ray photograph from the assembled capsules 1 and 2 for experiment FRJ2-K13

14



Processing of fuel elements in the Hot

Cells, e.g. during gamma spectrometry for
burnup determination

Burnup Measurements Cross-

Section of the Hot Cell with

: -the Gammaspectrometric -
Equlpment

- Nuclear Electronics.

Il Multichannel

Analyser

PENA) RGO DRSSy ~tes R '.?:‘:_;.l::: DS :

'..:'. .. r e . “v - ; .. L o -0 " :}:: :l.:..." hy

B - Hot Cell e

- &t_;-' ;

,: s ‘, Sample Changer ',:".-.;s;. :. 33; o

oo Y . Jas . " N

.".?. . :. ;,:' Rotating ;....;‘..,....-_,.;‘; - . -

s ' “jample Holder / = ‘ [ HPGe-Detector

ERAN Sample ' ' X

5oy [Bhe -

FA P |
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German Irradiation Experiments with HTR Fuel

16
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_ Fo.K13 L HFR-P4
2 gs'-"" BR2-P25
i op
-% 6 — - N |
E HFR-K‘:S/J R2-K12 -
z 4 , — 1
§ - | AVR LEU TRISO - o
S ;RJZ-P27 _
= T
o |
~*"|  FRiz.k13 FRI2KI5
0 5 10 15 20 - 25
| Burnup (%FIMA) | |

The main parameters in fuel irradiation testlng are heavy metal burnup and accumulated fluence

of fast neutrons. Irradiation temperature, perhaps the most important parameter of all, |s usually
around 1000° in the tests shown here. '

17



Criteria for irradiation testmg in order of
relevance |

. Temperature
e Burnup
e Fluence

« Power/ temperature gl‘ad'e"ts

e Transients
e Realtime

18



The level of fission gas is
. determined by the uncovered

uranium in the fuel. Here, the
release rate over birth rate of

8mKr is shown for Fort St. Vrain,
AVR and irradiation tests with

modern TRISO fuels.

8x107¢

R/B (85™Kr) -

950°C
operation
—
_ Cycle 3
6x10-¢ 7] l'—\
850°C
A 4
Cycl;e 1
-6 —
4x10 _ .
750°C
)
2x10°% 7|
Q e
Fort St AVR HEU LEU
Vrain. | Jiilich Triso Triso
‘:1976—88 1 1969-88

197881

1982-89

19
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Source terms

for fission products into the primary circuit of an HTR are:
(i) heavy-metal contamination;

(ii) particle defect and/ or failure;

(iii) release from intact particles.

Sequence of release is
110mAg, 1.37CS 134CS, 85Kr QOSr 106RU, 952?

‘Criteria for a high performance pariicle by Heinz Nabielek, Dan Goodin and Bill Scheffel Brussels, 1-2 February 2001, p2



* Forschungszentrum Julich

J|

Contribution to Fission Product Source Terms
Observations:|  Free heavy @ @' Diffusive release
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 7 F(Cs,..),hotCl |  F(Ag, ...)
Accident | o | F(Ag)
condition testing F(Cs) F(Kr) F(Cs, Sr,..)
| ‘ , F(Kr) delayed by
' diffusion through PyC

Criteria for a high performance particle by Heii-z Nabielek, Dan Go'odin and Bill Scheffel Brussels, 1-2 February 2001, p 4
C:\HTR\Feb2001Symposic-\Nabielek\CriteriaHighPerformance.doc '

|



R/B (%K)

Temperature (°C)
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Gas release and temperature during irradiation of experiment HFR-K3
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Gas release and surface temperatures in experiment R2-K13




Temperatures in R2-K13

~1R2-K13/1 IRRADIATION TEST

1100

a N

R2-K13/4 IRRADIATION TEST \ 1h

1600 £

1500 R2-K13/1  thousand hour heating test ]
1400 *
Radial distribution of 50, g
irradiation temperatures
(time average) of R2-K13 | P

test and during 1600 °C 1200 ¢ —
heating test E e

1000

900

- 800

T1

Lottt L L IEEENEERE IS EEEENE] Lloddad bl b Lt b1 12 2t IBEENEENN]

.700

30 20 10 0 10 20 30
' Distance from sphere centre (mm)
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10~7
FRJ-K16/3
108
10~°
10_1 0 . - ‘:\) . / i
. |
0

5 10 . 15
.. Bumup (%FIMA) : |

| rl Xe133 [ Kr85m. @ Krg8 <O Xel35 A K87 |

The release rate of short-lived fission gases, R/B, as a function of burnup in an on-
going irradiation experiment in the Jiilich 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.

23



Irradiation to near 15 % FIMA

! 1 R . |-
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0 100 200 300 400 100 260 300 400 100 200 300 - 400
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Concern: German Kernel Migration data from
HEFR-P5 appear to be higher than recommended
amoeba line.  * L |

- TEMPERATURE
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Diagram shows 119mAg and 137Cs release fractions as a function of temperatur’ ‘

230-530 d irradiation tests as measured in post irradiation examination work. Al
shown is end-of-life R/B(3°™Kr).

Gas turbines are planned

1E+0 1 « for all modern HTRs—
1611 eFag1iom therefore, we need to:
| 2
1E2 . "' ® & 9 e Re-analyse existing
T ¢ *e data (i.e. temperatures
3 | S ; v | and Ag releases)
& 164+ R ]
g e i A o 9% o * Perform dedicated
2 ' AF(Cs137) B a irradiation tests
£ 1E6 T —Ci Q- |
0 : :
ckpl = o Ucp 0O | . Contsm_le'r_demgnl
| OFB (Kr 85m) o) 00 | material improve-
1E8H EOL OB i ments
| O 7
169 AT Y o If all else fails,
700 800 900 1000 1100 1200 1300 1400 redesign the HTR

irradiation Temperature (°C)
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A gross comparison to a silver release prediction — with the diffusion coefficient of silver in SiC
as recommended by IAEA TECDOC 978 “Fuel performance and fission product behaviour in gas
cooled reactors” and using a primitive breakthrough formula — is shown below:

Ag-110m Fractional Release

1 E+0 + e . /_'
1 E-1 o ~
P PrLX. © "o q
1/° o
1E3 @)
o) /
1E4 Q
/ == Predicted Particle Release
1t E-5
/ © Measured Fuel Element
1 E'6 v L] L)
0.01 0.1 1

/ D*t, the normalised diffusion time of Ag in

Of course, we need a much more
sophisticated evaluation of these
experiments taking account of
distributions in space and time.

This is particularly necessary in
the case of silver where first the
stable 'Ag is generated, is
starting to be released by
diffusion and is later activated to
110m Ag.
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AVR reloads in
the years 1966
- to 1987

- suM

Reload Insarton Fuel Numoet Coawed el partae .
umbes daie shment of hug! : Envichment
type slemens Kernel Coabng
0 Wy 66 - uee ) mu, HTIBSO &3
1 oc. 68 T 7510 mug, HIBISO @
3 A, 6 K 17170 - g, HTIBISO %
.4 C T 6K 6210 (MK, HTIBISO &%
51 Nov, 70 6K 25070 muy, HTIBSO 8
52 Dec. 71 6ol 20825 muo, HNBISO &%
7 Jan. 73 001 . 7840 (Myd, HNBSO @
&1 oL 601 11000 Muo, HNIBISO  92%
&2 Dec. 73 OLEY 2445 uo, LNBISO 15w
, . uo, (MBSO 07
Y May 74 aFe 1440 o, MBSO sa%
: ™0, MBS0 -
82 Mey 74 aFB2 1610 Lo, LNTRSO  83%
. . ™, tneso - -
s Sep. 74 THTR 5145 Mo, HTIBISO ~ 83%"
10 Dec. 74 THTR2 10000 Mo, HTIBISO - 83%
1 Dec. 74 THTR2 5000 (muo, HNBSO %
12 Mar.76 so1’ u®s (MY, - HNBISO 3%
" Nov. 76 GO1 9930 - (MUO, . HNBISO &%
131 Dec. 77 . GFBY 6077 oW, LTITRISO | 90%
_ ™, LIeso . -
B3 mem GFEBS 5354 uco LMTASO a2
™, LMTRSO - .
132 oy 80 GFB4 5861 uc, INTRSO  90%
. ™, tneso - -
15 - Feb. b1 602 6067 muo, (MTRSO - 3%
1% Qo 81 603 Cnsar (Mo, HTIBISO  san
W by o vt
0 &2 | GLE 2615 w, LTTRSO 108
21 Feb. 84 GLE4 2250 W, LTTRISO 1%’
T2 .. oS 602 © 1884 (Uo, . LTITRSO 83
2 Sep.86 THTR 15228 MU0,  HIESO  83%
22 ow GLE4 8740 w, LITRSO  17%
' 289789
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- Heatup Testing' |

« Testrigs

- =» Near complete release

up to 2500°C

- = Cold finger KUFA

1600-1800°C

= Measurement technology
for fuel criteria
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Sweep gas circuit of cold finger apparatus (KUFA).
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Evacualed and
" Hellum tliled

o cold finger lock
Silding valve
- J B9 - b x:",‘-' - .
b . Water cooled
S __—" coldtinger
| | E:
I ' \ e - - Tantalum gas cylinder
——— N .

Replacable

b % - \ / condensate plate

Hyaropneumatlc v :
hood liting device

g - Tantalum heater
z - Sphaerical tuel element
1 -
A
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N o by s ;,/l >
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Ik T~ ¥ Optics for
_ ;\,\:}i ~-~\ pytometic measurements
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Box floor /A ' =
/ g {I-—— Cooaling water connections
Hellum outlet / ) / \
Etectrical connection  Hellum intet Vacuum pump ducts

Heating furnace used in accident simulation tests

with irradiated spherical fuel elements (KUFA). a3



Schema of KUFA solid fission product measurements
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Fission products Cs, Sr, | are radiologically significant because— unlike the

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

Important fission products

ELEMENT |ISOTOPE HALF LIFE
Solid fission products -
Cesium ¥cs 30 years
¥cs 2 years
Strontium  |*°Sr 29 years
lodine 131 8 days
Fission gases
Krypton ®Kr 11 years
Xenon 138xe 5 days
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Plate-out fractions of KUFA furnace cold finger »p_lvate” ,

100°C

1600

- pléte' |
‘Ta-tube
- Furnace

Released Fraction

Cs,l,Ag Sr
07 02
002 0.8
03 -
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Sequence of fission product release is
110mAg, 137CS, 134CS, 85Kr, QOSr’ 106RU, 952r

10° 2= —p 0 0=
LIS | T T T _’— 1] D
’-—-Q".."’ ..D ' :ZRU
- R
107 hd wigs [ q
Q g
8 llOn_)Ag o a
© ! : _ ‘ .
§ * S o
L 10-3}- _ _ _ : -
. - . : .
10-4}- B . : -
L l y 1 1 J 1 1 3 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

10°

101

1072

103

1074

105

Temperature (°C)

MO-TRISO
AVR 74/17
10,3 % fim
UO,-TRISO
AVR 70/19
2.2 % fima B 5
/"— MO-\'\TRISO
> AVR 70/18
| 7.1 % fima
7/'
UO,-TRISO
AVR 74/8
2,9 % fima
[ ] 4 ]
1300 1500 1700 1900 2100 2300 2500

Gas release during temperature ramp to 2500°C.
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1250°C
1050°c [0.5 h

(or irradiation
temperature

47°C/h

Temperature (°C)

300°C

1600...1800°C

<~——~ 30 h-

100 to 1000 h-

Y

Temperature / time correlation in standard isothermal tests.
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2 Cs 137
o
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10°% T o T T T
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Duration of experiment (h)
1600 °C
1000°C Heating program
(16h| 30h 192 h

Fission product release from UO, kernels (FRJ2-P28/C6) during heating test at 1600 °C.

40



Kr85 fractional release

Heating tests at 1600-2100 °C

100
107" /-
1072 W
1073+

R
107 >§<

1054

RN
S
N L
/_

7
l;/ ﬁ/'/////
-t

10-7 -1 o

10-8

Heating time (h)

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

@]
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10°
w AT
' a \\ a4 )
LRSS |
1072l egs _
3 10 91 '
ki |
o -
< 10 1700°C ———— -
c '_D_Pp-u - A
N o 7
g WLl Z JVV L L AL L A L
7Y -
S .'16’6"2//0/7 gz 2L
1 .
.10—7 : )
1078 +—— ' :
S 200 300 400 500

Heating time (h)

Caesium release from heated spheres as a
function of heating times up to 500 hours.
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Fractional Release

&

10° 10°
1071 10 /- 15x% 108 Bq
7
Ag 110m Wi wl / Agtom Ag10m | 19x107Bq
AA A A s A A A amon O A A . A A A N Y —_v
ws 102 o —
1800°C
HFR-K3/3

103 % 107 11x10°Bq
[}
o Cs 137
04 9.6 x 10° Bq | § ot / o
o
1600°C = 1600°C
HFR-K3A l S LD ?“ HFR-K3/1
pr— - Wy V . "’ST“ &00 137x10°8q
1.7x10‘} 'DKI'B‘S ‘ Cs137 96 x10* Bg
/ 10—n } . e .
/T Kr 85 26 x10%Bq
10'7J1/!/'
400 500 0 20 40 60 80 100
Heating Time (h) at 1600°C Heating Time (h)
Fission product release from Fission product release
fuel element HFR-K3/1. at 1600°C and 1800°C.
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Kr 85-Fractional Release

10° 100

1 1800°C
107 10 SAVR74/10
é@' HFRW;KAQAVREHB
2100°C 4 225 AVR70/33
2 AVR 74/6 10 ’_?‘A’?.'-A ‘—A—;A'
10° / A —a— 1800°C
! {A,A‘sz—msm —o— 1700°C
& i —o— 1600°C
| avm7oas % 10 _3___1__ £
1034 ; d A/A
1800°C < 4:\
® ~4
o “Af& Dlz,?.oﬁu AVR74/11 o
1044 [ 2 l Jomm o= AVR82/20 /
AVR 74/110 @ {ij Lo ;,o—-—°FR12—K1?/2 EROER - /: it
AVR 74/11 1800°C I S g oL omomo—omomo g
» 1075 48 o
’ ¢ .. 1600°C | o~
10°5-p & ﬁ‘f A7 HFRK/1
HFR- ’ FRJ2-K13/4 i 1 _gan0r=0=0 F“J2-K1?f4 >
K3/3 -6 g Qe Q0 —=0
1700 °C 10 «---Z,_,v
HFR-K3/1 c/c
sz <] 7
; | ™ / ~7
; : AVR 71/22 10
Whpe
1078
0 100 200 300 400 500 0 100 = ke 5L R
Heating Time (h) Heating Time (h)
Krypton release in isothermal heating tests. Cesium release in isothermal heating tests.
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%08r Fractional release

100
-1
i NA.AA AVR76/18
il
A’A
1072 al
‘ £ 1800°C
A '
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1034 Lo FRU2-K13/4
I E(,
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AA/ 1700?,0 AVR74/11 - 1|7(X)°C
-5 / 2 sl —o— 1600°C
10754 A-”?u :
j o--o—o—-o-—o—o—o—-n—' OO o '\-;\),;-;1/_2;—-0
-:ff° o
T L(H | FRJ2-K13/2 1600°C
_,o--o-o =
S .
; B DRIPIN RPN &, .-
10745 om0
/°/ ‘
©
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1078 ! ity |
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Strontium release in isothermal heating tests.

Heating time (h)

10°

1800 °C
107!
HFR-K3/3 1700°C
}’_B/ | HFR-K3/1 L
I i s i
1072 -
1600°C
jFRJ2~K13;4
10-3"' M-—‘U

Ag 110m-Fractional Release
g

AVR 71/22

10°8

107

100

200 300 400

Heating time (h)

Ag 110m release from fuel elements
with UO, TRISO particles.
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1600°C, 500h 1800°C,200h 2000°C,30h 2100°C,30h bis 2500°C

Fcs137<<1% Fcs1374,5% Fcs13722% Fcs13769% - Fcs13799%

W ¥ %50 -

HFR-K3/1;7,7%fima | = 76!/18;7,1%fima | .80116;7,8%fima : | 76/27;74%fima 80/14;8,4 %fima

Ceramographic seCtionsth__rough UO, TRISO particles.
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Measured krypton releases from AVR fuel elements 90/2, 90/5 and 85/18
- accident scenario heatup to 162

dLLLﬂQ
0°C and three PANAMA predictions using

various assumed passages through AVR core: .

Level of 1 failed particle'

10V A
o Experimental data 85/18 |
10714 : 32222,‘2:,‘:2} gﬁ ggg - Iradiation temperature |
10-2- | - 1000 °C -
@ 10-3- - '
® 820 °C .
48] -
© 104 MX X X X x x
£ T
K®.
13
o
o

700 °C B -
106+ f Heatmg temperature  f1s00 l
o _ : _ N L 2
10~74 5§ © & 3 - _ : ° 1000 g
500 g
, )
10'8 T L 1 . 1 . ] 1 A T - : 0 "

¢ 50 100 150 200 250 300 h 350

Time —»



After subtraction of
contamination components,
fission product release curves
increase systematically
indicating the progress of SiC
deterioration during heating.
This observation led to the
development of the Goodin-
Nabielek, abandoning the
classical approach of pressure
vessel failure modeling/
diffusional release prediction.

Accumulated Fractional Release

100 -

1072-

1076

10-8_

1800°C

HFR - K3/3

A
. / ompg

/ 1870g

® /V 85Kr

1600°C
HFR - K3/1

1ompq [
Ad

137cs

85Kr

10

100

Heating Time (hours)

1000
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The Goodin-Nabielek model for Kr and Cs release pr_édictions

vv measurement —— model calculatlon o ' : ﬁ

¥

Fractional Release
o > 2
& 8 o

—r
<
©

iy iy [ Ay S

1900 °C 1800°C  1700°C 1600 °C - 10T 180 1700°C  1600°C
Kr | '/532_'«13/1
Y ' ' ' HFR-K3/1 -
) - - -
HFR—KS/Q . V%FR'}Q”
v 'm0 mea_sufement
/ — model calculation
- - i
10 100 . 1000 . 10 100 . 1000

Heating Time (h) _ ' | ' ‘Heating Tlme (h)
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Suggested HTR fuel work, to be disc_'uesed:

(i)
(ii)

(iii)

119mAg: Re-evaluate release data during normal -

operations. for better source term data base in dlrect' -

cycle applications.

Determine mfluence of burnup > 10% FIMA on irradia- -
tion performance, in particular for potential reduction - -

of 1600°C capability.

Analyse accident condition performance > 1600°C for

an improved coated particle model.




Confidence base for HTR

= HTR is alive again—more so than ever
before | |
= Good international 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 results from core heatup
simulations testing in Germany, USA,
Russia and Japan
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Next Steps

= Irradiation and core heatup testing in
European HTR program [hrgh bumup and
>1600°C] | ~

) Experlment planning and evaluetiorr in
| oooperation with PBMR in South Afri_oa".

- = German support in South Afrroan fuel
manufaoture | | -

« US-German proposals
- international irradiation test, PIE, analysrs
. model development and applloat|ons |

67



