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Issue: 1 (4.' 

RARE GAS RELEASE FROM KERNELS DURING IRRADIATION 

The fraction of the total gas generated which escapes from the kernel 

is calculated in two stages, Notionally gas atoms escape from the grain 

interior to grain boundaries; this is stage one. Here they experience a degree 

of retention depending upon the total number of gas atoms reaching the grain 

boundaries. Above a critical saturation level no further retention occurs. 

Calculation Procedure 

1, Using the irradiation parameters of time t(secs) and temperature T(k) the 

fraction of gas reaching grain boundaries Fg is calculated according to 
the Booth equation 

A [l - exp(- n^TT^D't)}, 

where D' = 5 x lO"^ exp(- 37,CX)0/RT) sec""' 

and R = 1,98 cals mole“^. 

6 

D't 
n= I 

Page 3 shows the variation of D' with temperature and page 4 shows Fg as a 

function of (D't)^, 

The fraction of gas to escape from the kernel F^ is given in terms of the 
product Fg X Bu, where Bu is the burn-up in % FIMA, 

Fc = 0 

^c = ^B 

for Fg X Bu 0, 5 

for Fg X Bu > 5,0 

Fg [ (Fg X Bu). - 0,5] 
Fc = --- for 0.5 < Fg X Bu < 5,0 

4.5 

Letting F^ = oF^, page 5 shows or as a function of the product Fg x Bu, 

Pegs 1 o< 5 
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Region of Applicability and Accuracy 

sheet is intended for particles with uranium dioxide kernels 
It applies to all particles with dense kernels (about 5% porosity) and to 

more porous kernels (about 20% porosity) where the pyrocarbon coatings are 
deposited from methane. 

The rules were derived from experimental results obtained at OSGAE 
Seibersdorf and UKAEA Harwell from particles experiencing 

66 < t (days) < 305 

1.3 C Bu (% FIMA) < 13 

880 < T^C < 1600. 

The errors in the irradiation parameters were approximately 

± 100°C in T 

± 0.5^ in Bu 

and the calculated release was typically within ± 20% of the measured release 
with a few exceptions (see quoted references). 

Page 2 of 5 
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TRANSPORT CORRELATIONS USED IN FIPDIG 

EVAPORATION FROM A FUEL TUBE SURFACE 

H = ^ 0.023 (Re)0*® (Sc)^*^ cm/sec 

where H = evaporation coefficient 

D = diffusion coefficient for the evaporating species in the boundary 

layer (cm^/sec) 

d = hydraulic diameter of coolant channel (cm) 

Re = Reynolds Number of coolant 

Sc = Schmidt Number of coolant 

c = fission product concentration of the evaporating species at the 

graphite surface 

f(c) = gas phase concentration of that species in equilibrium with the 
surface 



DIFFUSION IN THE BOUNDARY LAYER 

Oatt: 3*1 74 
I-' 

Itaut: 2 

The binary diffusion coefficient is given by; 

r. = 1-8583 X 10-3 

P (P») ^ «, 1*2 / 
where are the molecular weights of the two 

cm^ sec“’ 

species. 

(T, 2 (^the collison integral for diffusion depending only on the 
reduced temperature T^:-. T* is given by kT/e^^ and 0,2 (T*) 
may be determined from page 4 using values of given in 
Table 1. 

2 is the collison diameter for the two species (Â) the 
recommended values being given in Table 1. 

e,2 is the interaction energy between the two species (eV). 
Recommended values of e,2/k are given in Table 1. 

T is the temperature (°K) 

P is the absolute pressure (atmospheres) 

k is the Boltzmann constant (8.617 x 10”^ eV°K"’) 

TABLE 1 

Recommended values for collision diameters in helium gi2 
and the interaction energy 2/k 

Species ^12 Â 6,2/^ °K 

Cs 

Ag 

I 

Sr 

Rb 

Te 

Sb 

Mn 

Zn 

3.0 ± 0.3 

2.2 ± 0.3 

2.8 ± 0.5 

2.8 ± 0.6 

3.0 ± 0.2 

3.0 ± 1.0 

2.5 ± 0.5 

2.7 ± 1.0 

3.9 ± 0.5 

120 

193 

53 

158 

. 121 

138 

148 

187 

134 

Paga 2 01 4 
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Ittut: 2 

If only an approximation 
the following equation can be 

is required for the diffusion coefficient then 
used along with Table 2. 

Di2 
A 

P 
cm^sec"’ 

TABLE 2 

Values of the parameters to calculate approximate values 
for the diffusion coefficient 

Species A X 10 -5 

Cs 

Ag 

I 

Sr 

Rb 

Te 

Sb 

Mn 

Zn 

4.0 

7.4 

5.7 

4.8 

4.4 

4.2 

6.6 

5.0 

2.6 

Ptga 3 «• 4 
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13 Dit*: 31.7.74 

Ittui: 2 

DIFFUSION OF FISSION PRODUCTS FROM BROKEN PARTICLES 

(a' The fractional release is given by 

v:h6 

See 

r = <3 y; coth /5 - 1 1 - exp ( - pT)^ 

- 6u exp f- u t) 1 - exp (-n^rr^T) f _1_ 

TT^ ^ n^(n^rr^ + p) j 1 - exp (-pT) 

p = \/D'‘ 

7 = dH 

D- = D/a2 

D = diffusion coefficient (cra^ sec"^) 

X = decay constant (sec“^) 

a = radius of equivalent sphere (cm) 

ge 4 for graph of fractional release as function of p and T 

The fcllcv.’ing conditions are assumed: 

(i) Irradiation at constant rate of burn-up and temperature; 

(ii) Surface concentration maintained at zero (infinite sink); 

'iii) Contribution from recoil is negligible along with precursor 

effects and neutron capture; and 

(iv) Diffusion coefficient is independent of concentration. 

Pag* 1 of 6 
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Ittu«; 2 

x.-jT 5XSc3y sxate case for isotopes which come to equilibrium well within 
= fuel C'.vell time 

= _T > 10) 

1 - — (coth - — 
/■-1 /t. 

zee peze 5 for graph of fractional release as function of p. 

•’) <'=l’oe f D' (sec*^) for diffusion of Kr, Xe and I^ from uncoated UPj kerne 1 s 

'crv.-cer rouxe fired to T950°C for 30 minutes, CR2998 and CR2765. Grain size 

Ir. the xemperature range 900- 1550°C 

37700 
Iccic.:^ = -2.56 - R' = 4.576 

T is in °K 

Tf.is eruation represents D' with an accuracy of x f 2 

rature range 700 - 900°C 

9000 
R'T 

IrcicO ' = -7.92 - 

This ezuetizn represents D' with an accuracy of x -r 5 

..'.ess erustions are shovm in graphical form on page 6 

The ce:a is based on a mean set of values derived from in-pile bare kernel 
irraclexior.s, fast reactor UOg work, CEGB work on AGR UOg and Dragon measure- 

:) Value ;f O' (sec"^) for diffusion of Te from uncoated UOg kernels 

Th.e saerse evidence to date suggests that D' for Te is a factor 10 higher 
xh.an 1' for Kr and Xe although none is released below 1200°C probably because 
:: the invclatility of Te metal. 

Pag! 2 01 6 
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2 

(d) i=.lUT er D (sec“’) fer diffusion of Cs 
(sate- r.irccers CR2765, CR176 and PD452. 

from uncoated UO^ 
Grain size 8 ± 3 

:'3i ' 
123030 

H *7 
9.45 

kernels 

Mm) 

.'-is equation ^is valid in the temperature range below 1300°C. The uncertainty 
^calculation of release of Cs from kernel into coating 

a pa^.itior. factor of 10 in favour of the pyrocarbon should be used. There is 
a % I? release due to recoil alone which must be added to the diffusional 
release. 

Value of D" (sec"’) for diffusion of Sr from uncoated UO^ kernels 
(rater number ACR7C3. Grain size 8 ± 3 pm) " 

■'31 
165030 , 

01- 10.5 

7r-is e 
ir. D'- 
a part 

-.''^tion is valid in the temperature range below 1700®C. The uncertainty 
-s X — ^, In the calculation of release of Sr from kernel into coating 
irior. factor of 10 in favour of the pyrocarbon should be used. 

i.-.-ere is a%1^ release due to recoil alone which must be added to the 
diffuiicnal release. 

v^) Value of D' (sec“’) for diffusion of Ba from uncoated UO^ kernels 

Kz information is available on the effective D' but up to 140 days at 1450°C 
xeme. s'urrace temperature and 11% FIMA the kernel release is dominated by 
recoil at «= 1%. level. 
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o*it: ^ü.o. 

PARTITION FACTOR OF CAESIUM AND STRONTIUM 
BETWEEN MATRIX AND FUEL TUBE GRAPHITE 

CA SIUM 

logio K = 
4.74 X 103 

T 
2.16 

v*ere K is the partition factor (matrix/fuel tube) 
and T is in °K. 

Experiments carried out with natural graphite (density 1.8, fired at 1800°C) 
and Gilsocarbon in temperature range 1000°C to 1500°C. 

Taking into account the above results and information derived from Dragon in¬ 
pile experiments (DPR 733, DPTN 56 and 130) the following values are recommen¬ 
ded. 

T°C ^recommended 

1200 

1000 

10 

35 

STRO.’mUM 

A value of 1 for the partition factor for strontium between fuel tube and 
matrix graphite is recommended, independent of concentration and temperature. 

Pag# 1 •( 1 
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iitü«: 3 

DIFFUSION COEFFICIENTS OF FISSION PRODUCTS IN MATRIX GRAPHITES 

(a) Diffusion coefficient of caesium in compacted natural graphite matrix 
material 

log,o D 
- 6.04 X 10^ 

T 
2.45 

measured in range 750 -1550°C 

D in cm^ sec"’ 

T in °K 

concentration range < 1 ng/g 

This data is currently recommended for both needlecoke and Gilsocarbon matrix 
materials. 

(b) Diffusion coefficient of strontium in compacted natural graphite matrix 

material 

logio D = + 2.75 

measured in range 1200 -1600°C 

D in cm^ sec"’ 

T in °K 

concentration range < 1 \ic/g 

material fired at 1800°C, density 1-8 

pigt 3 1 ef 



OiH; 31.7.74 2, 
3 

(c) Diffusion coefficient of strontium in Shell Hl00 compacted matrix material 

logio D - 1.38 X lO^ ^ 1.97 

measured ln range 1250 -1550^C 

D in cm^ sec"’ 

T in °K 

concentration range < 1 p,g/g 

This data is currently recommended for both needlecoke and Gilsocarbon matrix 
materials. 

(d) Diffusion coefficient of silver in gilsocarbon compacted graphite 
matrix material (18% resin") 

log 1 0 D — 2.16 X 10^ 11.94 

measured in range 795 -lOOO°C 

D in cm^ sec"’ 

T in Ok 

concentration range <5 pg Ag/g graphite. 

(e) Diffusion coefficient of iodine in AGL needle coke matrix graphite 
(bonded with 12^ TRP 47') 

The work of Bowles has shown that iodine behaves as a non-absorbable gas in its 
diffusion through all types of reactor graphite at temperatures > 8000c and gas 
phase concentrations < 10"^ g.cm"^. 

The apparent diffusion coefficient (Dp) may therefore be calculated from 

Dp — A.Di 2 

where 

Di 2 = gas-in-gas diffusion coefficient for iodine in helium obtained from 
Data Sheet FE 301 

and 

X = diffusivity ratio. 

2 #1 3 



Dati; 31.7.74 

litua: 3 

Recalculation of Bowles' data using values of 0,2 calculated from FE 301 gives 

_ X = 2.1 X 10-3 

with an accuracy of x -r 3 

The apparent diffusion coefficient (Dp) must be used in conjunction with gas phase 
concentrations to derive migration rates. 

Pag# 3 ot 3 



&3 Ittue: 2 

DIFFUSION COEFFICIEl'TrS OF FISSION PRODUCTS IN FUEL TUBE GRAPHITE 

■V') STROimUI/. 

(a) logic D = 3.916 - 

for the concentration range 0-60 pg/g. 

(b) log,oD = (8.51 - 2.58 lo 9, , c) - ^29300 - 700q..l_.ai^j 

for the concentration range 60 - 2000 pg/g. 

T = °K 

c = pg/g 

D = cm^/sec. 

(2) CAESIUM 

(a) Fine grain isotropic extruded Gilsocarbon 

log.„D= 2.76 (± 1.18) -2aOO_(|i600J 

W1 th a standard error of estimate of x -r 3.0 

(b) Fine grain isotropic moulded Gilsocarbon 

leg,. D =1.91(1 1.27). 

with a standard error of estimate of x t 2.2 

for the concentration range 0-1.2 mg/g 

pagt 1 of 2 
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Istut; 2 

(3) 13D2,c 

i-ne uozk cf Bowles has shown that iodine behaves as a non-absorbable gas in 
its diffusion through all types of reactor graphite at temperatures > 8CX)°C 
and :== phase concentrations < 10"^ g.cm"^. 

The apparent diffusion coefficient (Dp) may therefore be calculated from 

Cc = XDi 2 

wnere 

- cas-in-gas diffusion coefficient for iodine in helium obtained 
from Data Sheet FE 301 

and 

h - diffusivity ratio obtained from Data Sheet GlO. 

The apparent diffusion coefficient (Dp) must be used in conjunction with gas 
phase concentrations to derive migration rates. 

me diffusion coefficient of silver in fuel tube graphite in helium at 20bar 
in the absence of convective flow is 

109,3 D = -13.0 ± 0.3 - (19,000 ± 1,000) (~ - y^) 

measured at helium pressures of 1 and 20 bar in the range 850-1l00°C for 
IHI-24 (A3L5) and S3 graphite. 

D is diffusion coefficient (m^ s”^) 

T is temperature (K) 

concentration range < 25 |jg/gm. 

For the dependence of the diffusion coefficient on pressure and radius see 
the references 

the mean pore radius r is defined as ^ 

vihere p is the porosity (fractional) 

a is the B.E.T. surface area (m“’) 

for A315 oraphite the mean pore radius is 3.1 x 10"^ m and for S3 is 
6.7 X 10~* m. 

Pigi 2 01 2 



Ixut: 2 

EQUILIBRIUM VAPOUR PRESSURES OF FISSION PRODUCTS OVER 
FUEL TUBE GRAPHITE 

1) STF.ONTIUf/i 

fa) logiop = - 0.30 + 2.59 logio c 

in the concentration range > 10 pg Sr/g graphite 

p is atmospheres 

T is Ok 

c is pg/g 

(b) logioP = 2.82 (± 1.16) - ^ 

in the concentration range < 10 |jg Sr/g graphite 

2) CAESIU7/. 

logicp + 2.512 + 0.726 logi oc 

in the concentration range < 10 pg Cs/g graphite. 

This data was obtained on a fine grain isotropic moulded Gilsocarbon graphite 

The standard error of estimate is x -r 4 

3) IODINE 

Inp = A + Y 

p = vapour pressure of iodine (in atmospheres) 

T = temperature (OK) 

c = iodine concentration (pg per g of graphite) 

Temperature applicability range 350 - 5500c 

Pag# 1 o( 2 



Ittui: 2 

Values of constants: 

A B D Y 

cone. < 4 pg/g 

cone. > 4 pg/g 

82.2 

1.55 

- 46.8 - 82,100 

0.285 - 13,300 

42,540 

2,687 

4) SILVER 

logi 0 a = - 1.7 ± 0.7 - (18,200 ± 2,000) 

applicable in the temperature range 850 - 1100°C. 

a is the ratio of atomic concentration in gas to atomic concentration 
on available surface of graphite (m”’), 

T is temperature (K) 

measured at 25 ^jg/gm on AGL 5 graphite 

AGL 5 has a B.E. T.surface area of 0.4m^ g"’ measured by krypton adsorption. 

Page 2 el 2 



Oiti: .7.74 

Issue: 2 

DIFFUSION COEFFICIENTS OF FISSION PRODUCTS IN PYROCARBON 

:A2SIW. 

'a) Unirradiated methane derived pyrocarbon (density > 1.75 g cm"^) 

1 og 1 Q D — - 
72800 
R'T 2.053 

D is in cm^ sec“^ 

T is in °K 

R^ is 4.576 

(b) Unirradiated propylene derived pyrocarbon 

log TO D - 1.393 

This applies to unannealed material with density ^ 1.87 g cm"^ and to 
all materials annealed at 1800°C for one hour (standard compaction 
conditions) 

Pegs loll 
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Ittui: 1 

EQUILIBRIUM VAPOUR PRESSURES OF FISSION PRODUCTS OVER MATRIX GRAPHITES 

(a) STRONTIUM (over natural graphite 

l„9,„p = -208000_£|JOOOJ ^ 

where p is atmospheres 

T is °K 

matrix containing 12% resin) 

4.43 (.± 1.10) + logioc 

c is pg/g 

R' is 4.576 

This equation is valid in the concentration range 0-10 pg Sr/g graphite. 

(b) CAESIUM (over natural graphite matrix containing 12% resin) 

leg,„P = -4670^(^00) . (±0.46) Vlog,„c 

This equation is valid in the concentration range 0-10 pg Cs/g graphite. 

Pag# 1 o( 1 
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2. FISSION PRODUCT TRANSPORT 

2.1. CESIUM RELEASE 

2.1.1. Cesium Release From LEU Oxide Kernels 

Cs-137 is one of the most intensively studied Isotopes used when 

investigating fission product transport behavior, and much experimental 

data are available. For LEU fuel, the main sources of information are the 

measurements of Brown and Falrcloth (1976) of the United Kingdom Atomic 

Energy Authority (UKAEA), Harwell, on 80% dense UO^ prepared using the 

powder agglomeration technique. The kernel release was determined by 

cracking irradiated, intact, TRISO coated particles and measuring the 

Cs-137 content in the kernel and the coating. Since work on the Dragon 

project (Voice, Walter, and York, 1973) shows that no cesium is released 

through intact SIC (D < 10 m^/s), the ratio of the Cs-137 content in the 

coating to that in the particle can be taken as the fractional release from 

the kernel. By applying the equivalent sphere model, the experimental data 

can be used to calculate the reduced diffusion coefficient D' of Cs-137 in 
-1 

the kernel. The logarithm of D' (s ) is plotted versus the inverse of the 

mean kernel surface temperature T (K) during irradiation (or annealing) to 

show an Arrhenius-type relationship (see Fig. 2-1). 

Careful evaluation of the data obtained from most recent experiments 

with 80% dense, 18% enriched, and HTI-TRISO coated UO^ kernels by Brown 

(1977a) gives the relationship 

logioD^s = 3.92 (±0.21)* - 18,900/T (2-1) 

*0ne standard deviation from mean. 
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for the following irradiation conditions: 0.1 to 1 W per particle rating, 

3Z to 12% FIMA,* 70 to 700 days, 1300 to 1800 K, 0.1 to 4 x 10^^ in~^ 

finance (EDN'). Specifically, there is no burnup dependence and no depend¬ 

ence on the cesium concentration in the buffer/inner pyrocarbon layer for 

the D' value obtained. The results shown in Fig. 2-1 also indicate that 

LTI coatings result in higher cesium releases from the kernel (Brown, 

1977b; Reitsamer, Falta, and Nabielek, 1978), which cannot be explained 

by the higher diffusivity of Cs in LTI pyrocarbon. 

Friskney (1975c) determined the distribution of cesium in the kernel 

and the coating of UO^ particles irradiated at a high rating (1 W per par¬ 

ticle; Friskney and Simpson, 1975a) and at low rating (0.1 W per particle; 

Friskney, 1975c) for a longer time. The measured amount of cesium retained 

in the UO^ kernel is in good agreement with that deduced from Eq. 2-1 up to 

1700 K. However, there are indications of a temperature-independent 

limiting value of the effective diffusion coefficient in Ü0 at temperatures 

>1700 K. 

2.1.2. Comparison With Other Data 

Figure 2-1 shows good agreement between the data obtained on porous, 

powder-agglomerated UO^ and dense, gel-precipitated, high-enriched (Th,U)0g 

(HTI-BISO coatings irradiated to 13% FIMA) (Reitsamer, Falta, and Nabielek, 

1978). Good agreement also exists between these data and those for dense 

UO2 and UC2 particles irradiated to 50% FIMA (Zoller, 1976). However, the 

main reference data at GA and KFA for dense Th02 and high-enriched (Th,U)02 

fuels differ significantly from that expressed by Eq. 2-1. 

The diffusion coefficients of cesium in dense sol-gel Th02 and HEU 

(Th,U)02 k^^^Gls have been determined by GA and ORNL from postirradiation 

annealing results, using irradiated bare Th02 kernels, coated Th02 kernels, 

*Fissions per initial heavy metal atom. 
tEquivalent Dido nickel. 
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and coated (Th,U)0^ kernels (Myers and Bell, 1978a). The results are 

plotted in Fig. 2-2, and the GA data can be expressed by the equation 

^°®10°Cs “ ”2.42 - 14,000/T . (2-2) 

While the GA data indicate no significant dependence of D' on burnup, the 

ORML data do. Furthermore, the D* values of GA are significantly larger 

than the D' values of ORNL, particularly for FIMA values of about 1%. 

When Fig. 2-1 is compared with Fig. 2-2, it can be seen that there is 

a difference in the D' values by over two orders of magnitude. This could 

be due to the difference in the grain sizes (i.e., the effective diffusion 

distances) in these different types of irradiated kernels, but more studies 

are needed to resolve this discrepancy. 

Furthermore, the KFA reference figures for kernel cesium release from 

400 Urn diameter (Th^bOO^ at burnups greater than 5% FIMA are calculated by 

using the equation (Stover and Hecker, 1977) 

logioD^s “ -5-93 - AIOO/T , (2-3) 

which yields values much higher than those given by Eqs. 2-1 and 2-2. 

Stover and Hecker point out that at low burnups (<5% FIMA) cesium retention 

in the kernel is high in the temperature range of 1200 to 1400 K, and that 

at high burnups the data are much more scattered. No attempt has been 

made to explain this scatter and the difference in D' values obtained from 
Cs 

Eqs. 2-1, 2-2, and 2-3. 

The fission product release measurements on kernels or coated particles 

in general yield the reduced diffusion coefficient D’ on the basis of the 

equivalent sphere model. The D' value is related to the in-grain diffusion 

coefficient D, which is an inherent material property, and the effective 

diffusion distance (or grain size) "a" by the equation D' = D/a^. The D' 

value can also be related to the effective diffusion coefficient D and 
ef f 
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the kernel radius r by the equation D' = In reviewing the fission 

product release data obtained from kernels and coated particles in this 

report, we shall give the D' values deduced directly from experimental 

release data instead of the D or the values. This is because (1) we 

do not know the mean value of the grain size in the kernel or how it will 

change during irradiation, and (2) we do not think the whole kernel struc¬ 

ture can remain unchanged during irradiation. Therefore, caution has to 

be exercised in applying the D' values obtained on one type of kernel struc¬ 

ture to calculate the fission product release from the kernel of a different 

structure (i.e., for a certain "a" value) unless we are sure that no matter 

what the initial kernel structures are the irradiated kernels have essen¬ 

tially the same "a" value. This is an important point to remember when 

literature D' values are used for calculating fission product release. 

2.2. SILVER RELEASE 

2-2.1. Silver Release From LEU Particles 

The silver inventory is one order of magnitude higher in 20% enriched 

fuel irradiated to 27% FIMA- than in 93% enriched fuel irradiated to 80% 

FIMA. Use of LEU fuel, therefore, increases the need to deal with the 

silver release problem. 

The experimental evidence of silver kernel release from oxide fuel 

comes from three sources: 

1. Fission product content in kernel and coating of intact TRISO 

P®^1^icles (Brown and Faircloth, 1976; Reitsamer, Falta, and 

Nabielek, 1978). 

2. Measurement of Ag-IIOm and Ag-111 (Nabielek and Brown, 1975) 

released from BISO particles in fuel bodies and trapped in 

graphite (Nabielek, Brown, and Offermann, 1977; Groos et al., 

1977). 
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3. Annealing at 1770 K of BISO particles Irradiated below 920 K (Fig. 

2-3) (Brown, Brownsword, and Hooper, 1977a). The study demon¬ 

strates that only kernel retention is limiting the particle 

release rate and yields the reduced diffusion coefficient 

D (9.3 X 10 )/s. The results are identical for methane- 

and propene-derived pyrocarbon coatings. 

The reduced diffusion coefficient D' of silver in UO^ and (U,Th)0 can 

be represented by the equation (Nabielek, Brown, and Offermann, 1977; ^ 

Reitsamer, Falta, and Nabielek, 1978) 

^°®10°Ig = 1*26 - 11.140/T , (2-4) 

where T is the irradiation or annealing temperature in K (Fig. 2-4). The 

results are based on the evaluation of low-enriched UO^ in the temperature 

range of 1300 to 1700 K and of high-enriched (U,Th)02 Th/U = 3 to 25 in 

the temperature range of 1100 to 1400 K. It is possible that more detailed 

studies may reveal differences due to different fabrication routes and ker¬ 

nel composition. The most complete and definitive evaluation of the 

behavior of fission product silver is contained in a recent paper by 

Nabielek, Brown, and Offermann (1977). The conclusions from this work are 

stated below: 

1. Silver release from BISO particles is higher than from TRISO par¬ 

ticles (Fig. 2-5). There is practically no retention of silver by 

pyrocarbon (see also Offermann, 1977) at temperatures >1100 K. 

2. There is higher Ag-release from carbide fuel than from oxide fuel 

(Fig. 2-6). 

3. The retention of silver in intact TRISO particles is not as com¬ 

plete as for all other fission products, at least at irradiation 

temperatures above 1450 K (Fig. 2-7). High density silicon car¬ 

bide (>3200 kg X m ) with minimum content of free silicon (<0.3 
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weight %) is required for minimum release, but the SiC property 

responsible for Ag permeation through SiC has not been identified 

An undetectably small amount of free silicon (gO.1 weight %) is likely 

to be still present in grain boundaries and small pores of SiC coating. It 

can be argued that this leads to a breakthrough type of mechanism (Nabielek 

1976a; see also Fig. 2-8) which depends on a certain critical Ag concen¬ 

tration to be reached at the inner SiC surface. Silver release fractions 

below 10 can be achieved by either reducing the free silicon in SiC or 

by reducing kernel release (low irradiation temperature/SiC getter in ker¬ 

nel; Brown and Faircloth, 1976). 

Ag moves through graphite like a gas, but is trapped in irradiated 

nuclear graphite at temperatures around 1300 K (Fig. 2-9; Nabielek and 

Brown, 1975). The same is true for unirradiated graphite and matrix 

materials at some temperatures below 1100 K, but there is no retention in 

compacts, sticks, and spherical fuel elements at typical operating 

temperatures. 

2*2.2. Recommendations for Improving Silver Retention 

As indicated earlier, the release from BISO particles is practically 

identical to kernel release observed in the temperature range 1100 to 

1800 K. While intact silicon carbide produced under "optimum" conditions 

(Voice and Scott, 1972; Ford, Hibbert, and Martin, 1972) retains all other 

fission products completely, silver is released to a variable degree at 

Irradiation temperatures above 1450 K* (Nabielek, Brown, and Offermann, 

1977). 

This necessitates the use of solely TRISO fissile particles and the 

development of means for improving silver retention in fuel bodies. The 

*The annealing of TRISO particles at 1773 K (Fig. 2-3) showed a break¬ 
through time of 10 days, while cesium did not break through after 250 days 
(Brown, Brownsword, and Hooper, 1977a). 
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development program should include the careful study of silver 

as-produced silicon carbide (irradiation plus postirradiation 

and further investigations of the following observations: 

transport i^' 

examination) r- 

1. Sic addition to the kernel has shown a gettering effect (Brown 

and Faircloth, 1976) while other additions are ineffective 

(Förthmann et al.. 1977). 

2. Improved SiC produced by depositing the outermost layers very 

slowly (reduction of surface flaws to give increased strength) 

showed some improvement in silver retention* (Brown, 1977b). 

3. Thicker (90 ym) SiC gives some improvement in silver retention 

(Nabielek, Brown, and Offermann, 1977). 

4. Nitrogen-doped SIC (reduction of free silicon) has 20% Increased 

bursting Strength (Hick, 1976) and Is expected to show It^rove- 

ments in silver retention. 

Silver is trapped in irradiated nuclear graphite (Nabielek and 

Brown, 1975) and by metallic getters in matrix materials 

(Förthmann, Griibmeier, and Stöver, 1977). 

2.3. STRONTIUM AND BARIUM RELEASE 

Dragon project measurements of Sr-90 in kernel and coating (irradiated 

at T < 1750 K) after the cracking of intact TRISO particles revealed that 

(after correction for recoil and contamination) strontium is retained vir¬ 

tually completely in kernels surrounded by an Intact coating layer 

(Nabielek e^^, 1974; Brown and Faircloth, 1976). Microprobe analysis 

failed to detect strontium in the inner pyrocarbon coatings (Frlskney and 

Sxmpson, 1975b), but showed it to be evenly distributed in the UO^ matrix 

*The improvement is probably negligible for long-term irradiation. 
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- (Friskney and Simpson, 1976). It appears that the recoil fraction is 

reabsorbed in the kernel at irradiation temperatures up to 1750 K and that 

strontium is largely retained in the UO^ (FÖrthmann et al.. 1975; Friskney 

and Simpson, 1976). 

Above 1750 K some strontium is lost from the oxide kernel. This can 

be described approximately by a reduced diffusion coefficient D' with (Fig. 

2-10; Brown and Faircloth, 1976) 

log^QÜ' [Sr in UOg, 1770 < T < 1920 K] = 10.5 - 36,100/T . (2-5) 

In this temperature range, Kr, Xe. and Cs are still retained in TRISO 

particles, but Sr and Ba are lost from the particle. These elements (Sr 

and Ba) are released from the kernel in sufficient concentration to attack 

the SiC layer. When the SIC layer is completely penetrated, it is no 

longer a barrier to these nuclides or to Cs release (Brown and Faircloth 

1976). 

At General Atomic Company, the diffusion coefficients for strontium 

(Myers and Bell, 1974) and barium (Myers, 1977b) in HEU (Th,U)0 , (Th/U = 

1^. 17) kernels have been determined in the temperature range 1760 < T < 

1920 K (see Fig. 2-10). The results can be expressed by the equations; 

log^QÜ* [Sr in (Th,U)02, 1670 < T < 1920.K] = 9.29 - 31,030/T , (2-6) 

log^QÜ' [Ba in (Th,U)02, < T < 1920 K] = 8.33 - 29,100/T . (2-7) 

Barium release has been observed to be higher than Sr release from 

porous UO2 fuel by Friskney and Simpson (1975a, 1976), but it is difficult 

to quantify the electron microprobe observations made there. 

Strontium release of 98% has been observed during the irradiation of 

loose, bare, carbon-diluted kernels at 1640 K (Nabielek, 1976b). 
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2.4. SHORT-LIVED FISSION GAS RELEASE FROM FAILED PARTICLES 

The release of short-lived fission gases (Kr-88, Kr-85m, etc.) from 

failed fuel particles represents one of the principal contributors to the 

radioactivity of the circulating helium coolant and must be limited during 

normal operations. Furthermore, R/B measurements (R = release rate, 

B = birth rate) provide important information about particle breakage 

during irradiation tests, and they can be used to confirm the validity of 

stress-strain model calculations of particle failure fraction (Hick, 

Nabielek, and Harrison, 1973; Bongartz, 1977). 

In a fundamental study, J. R. Findlay at Harwell (Brown et al., 1971) 

measured the fission product isotopes Kr-85m, Kr-87, Kr-88, Kr-89, Kr-90, 

Kr-91, 1-131, 1-133, Te-132, Xe-133, Xe-135, Xe-137, Xe-138, and Xe-140 

(half lives from 14 s to 8 d) released in-pile from bare kernels. After 

producing powder route kernels with LTI and HTI TRISO coatings and sol-gel 

kernels with HTI TRISO coatings, the coatings were cracked off and the bare 

kernels, mixed with graphite powder, were irradiated to approximately 1% 

FIMA at temperatures of 973, 1273, 1523, and 1773 K. Purified CO was added 

to the helium flow to maintain the stoichiometry in the bare UO2 kernels. 

The measured release rates over this temperature range can be interpreted in 

terms of the equivalent sphere model with the steady state release given by 

where X = In Z/t^y^ (s ^) is the decay constant, which has to include a 

flux correction for Xe-135. The D' values deduced from the experimental 

release results can be fitted by the equation 

logioD' (s ^) = -a -Y . (2-9) 
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The numerical values of a and b* obtained from the least-squares-fitted 

lines are given in Table 2-1. The diffusion coefficients are plotted 

versus 1/T in Figs. 2-11 and 2-12. 

As seen in Fig. 2-11, the diffusion characteristics of short-lived 

fission gases are not influenced strongly by the kernel fabrication route 

or heat treatment during coating. Despite the limitations of this work 

(low burnup, no carburization of the kernel surface), these data have suc¬ 

cessfully been used to describe total core release from the Dragon reactor 

(Shepherd, 1971; Nabielek et al., 1974) and the-out-of-pile release measure¬ 

ments of Dragon test fuel (Good and Giles, 1975). Furthermore, no burnup 

dependence was observed with porous, light-enriched UO^ fuel. 

The expressions shown in Eq. 2-9 with the constants given in Table 2-1 

represent an overall fit to the release data for all isotopes over the tem¬ 

perature range 1000 to 1800 K. These fits imply an activation energy for 

diffusion in the range 80 to 120 kJ/mol. More careful treatment of the 

data might permit differentiation between the effects of volume diffusion, 

grain boundary diffusion, and recoil. It is assumed that volume diffusion 

[with activation energies of approximately 280 kJ/mol (Nabielek et al., 

1974)] operates above 1550 K, while the release rate becomes very nearly 

independent of temperatures at low temperatures (Burnette, Bell, and 

Baldwin, 1973; Pointud and Chenebault, 1977). 

Müller (1976) investigated short-lived fission-gas release rates from 

the THTR ball tests in R2 Studsvik (dense mixed oxide fuel). The measure¬ 

ments include the isotopes Kr-85m, -87, -88, -89, -90, -91; Xe-133, -135, 

“137, -138, -139, -140; and 1-133, -135, and led to an assumption of dif¬ 

fusion coefficients (see Table 2-1 and Figs. 2-11 and 2-12) 

log^ßD' (Kr, Xe in (Th,U)02, 1000 < T < 1500 K) = -7.60 - 2187/T , (2-10) 

*Care must be taken not to confuse the activation energy of D', given 
by 19.14 X b kJ/mol, with the activation energy of R/B, which is one-half 
of the value above when R/B = 3(D'/X)1/2. 
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log^QÜ' (I in (Th,U)02, < T < 1500 K) = -4.70 - 6560/T , (2-li| 

for an overall fit to the data on 15 spherical fuel elements. It is con¬ 

cluded that these diffusion coefficients are relevant (if somewhat approxi-' 

mate) to the prediction of R/B within the equivalent sphere model formula 

(Eq. 2-8) for in-pile broken fuel at end-of-life burnups of 10% to 18% 

FIMA. Massive particle breakage >50% occurred only in one case (R2-K4, 

sphere 3), but end-of-life Kr-88 and Kr-85m from broken fuel remained <1% 

(EOL temperatures 1000“ to 1150“C). 

The behavior of fission gas release from failed fuel particles has 

been reviewed by Myers, Baldwin, and Bell (1977c). An upper limit on the 

release rates of Xe, I, Te, Br, and Se is given by assuming effective dif¬ 

fusion coefficients, which are shown for bumups 0%, -7%, and 14% FIMA in 

Table 2-1 and Fig. 2-12. From these, in-pile release rates for short¬ 

lived fission products can be predicted according to Eq. 2-8, and the same 

diffusion coefficients also apply to the calculation of the fractional 

release of stable gases in terms of the equivalent sphere model. 

Studies on the release of short-lived fission gases (Kr-85m, Kr-88, 

and Xe-133) have been conducted by GA and CEA (Burnette, Bell, and Baldwin, 

1973; Harmon and Scott, 1975; GA, 1975; GA, 1976; Pointud and Chenebault, 

1977) on bare oxide and carbide kernels, laser-failed oxide and carbide 

fuel particles, and in-pile broken oxide and carbide particles. The 

release rates are found to be a function of the substrate surrounding the 

kernel, the porosity of the kernel, and burnup. The results lead to the 

following conclusions: 

1. At temperatures greater than 1300“C, the release of short-lived 

fission gases from failed fuel particles in fuel rods occurs pri¬ 

marily by recoil and knock-out from the kernel into the porous 

carbon buffer layer, followed by gas phase diffusion (below 

600®C) and bulk diffusion (above 900“C). 
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The activation energy for bulk diffusion in fuel rods is 33 ±8 

kcal/mol for Kr and 27 +8 kcal/mol for Xe in the temperature 

range 1000® to 1500®C. The activation energy for the gas phase 

fusion is 0.7 kcal/mol for Kr and Xe at temperatures below 

400®C. These activation energy values for bulk diffusion are in 

good agreement with those obtained by KFA workers (Groos et al., 

1977). No activation energy measurements have been made directly 

on failed fuel particles. 

The steady state fractional release depends on a power of the 

nuclide half-life, with the exponent equal to 0.2 ±0.1 at tempera¬ 

tures between 250® and 350®C, and approaching 0.5 ±0.1 at tem¬ 

peratures between 850® and 1300®C. 

4. For failed particles containing dense kernels in fuel rods at 

low burnups, the R/B value for Kr-85m at 1100®C is 0.005 ±0.003. 

At high burnups, the initially dense kernels become porous and 

the R/B value increases significantly. 

For ThO^ and 8 ThO^ - 1 UO^, Myers (1977f) obtained the following formula 

to relate the R/B with the bumup F (% FIMA) for F < 11% on the basis of 

data from CEA and GA: 

(R/B)t,f = to.133 + 0.828 F°'^ + 0.867 (r/b)^ , 

where p = R/B for temperature T and burnup F (% FIMA), 

(R/B)^ = R/B for temperature T and zero burnup. 

This formula, however, is found not applicable to oxide fuel of higher 

uranium content. 

In agreement with the Dragon project, Pointud and Chenebault (1977) 

noticed that the release rates of initially porous kernels did not change 
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with burnup, but that initially dense kernels showed a large increase in 

release rate with burnup. Similar effects can be observed with internal 

cesium release and the internal release of stable Xe and Kr. This is not 

unexpected. Initially, the releasing unit of the dense kernel is of the 

size of the whole kernel, while with high burnups the kernel is broken up 

into crystallites 3 to 30 ym in size with resulting higher releases. A 

unified concept describing all fission product transport within particle 

kernels would contain: 

1. Crystallite size as a function of production route, burnup, and 

temperature. 

2. "True" diffusion coefficient in UO^, etc. 

3. Hold-up in grain boundaries (if applicable). 

The above treatment disregards the reaction between the oxide kernel 

and the coating in failed particles. Upon continuous operation at high tem¬ 

perature in the reactor core, the oxide kernels of the failed particles will 

be converted to carbides if the equilibrium CO pressure of the reaction is 

higher than the partial pressure of CO in the helium coolant, which is in turn': 

controlled by the reaction between the graphite and the moisture in the 

helium coolant. The rate of conversion is temperature-dependent and the 

converted carbide kernel will have a much higher R/B value if exposed to 

helium coolant containing high moisture content. The rate of conversion 

of ThO^ kernels in failed particles has been determined under various con¬ 

ditions at different temperatures (Burnette, 1978). The kinetics of the 

reduction of UO^ by carbon was studied by Lindemer, Allen, and Leitnaker 

(1969). The effect of hydrolysis on the fission gas release rate of con¬ 

verted ThO^ kernels is under investigation (Montgomery, 1978). Similar 

work should be carried out on failed fuel particles containing LEU oxide 

kernels in order to provide information on how the R/B value is affected 

by conversion to carbide and the subsequent hydrolysis by moist helium, 

^^^^'^^^^ization of broken or bare oxide particles has been observed by the 
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Dragon project in loose particle irradiations, but neither the Dragon pro¬ 

ject nor KFA have found it within fuel bodies (compacts/spherical fuel 

elements). 

The burst release of the inventory of short-lived fission gases upon 

particle failure is of interest to reactor.safety analysis. At high tem¬ 

peratures (>850®C) measured R/B values are in general proportional to the 

square root of the half life (= During the in-pile burst of a 

significant number of particles, the sudden escape of stored fission gases 

(inventory « should produce a short time dependence. This has 

been observed in a Dragon project particle test in Studsvik (Nabielek, 

1976b). 

2.5. RELEASE OF SOLID FISSION PRODUCTS FROM IN-PILE BROKEN PARTICLES 

2-5.1. Observations on Strontium 

While the release of strontium and barium from UO^ kernels remains 

below 1% in intact oxide particles (T^^^ < 1700 K), about 50% loss of 

strontium has been observed when particles break during irradiation (T. 

1570 K; Baker, 1974). This possibly is due to a partial conversion of^the 

oxide kernel to carbide (in loose particle irradiations). 

2-5.2. Observations on Cesi»"" 

No drastic loss of cesium could be detected from in-pile broken oxide 

particles (Reitsamer, Falta, and Nabielek, 1978). See Table 2-2. The 

higher release from broken particles is assumed to be due to the loss from 

kernel voids. 

2.6. RELEASE OF FISSION PRODUCTS FROM FAILED OXIDE PARTICLES DURING 
TEMPERATURE TRANSIENTS 

Myers (1977e) has proposed a model for making a conservative estimation 

of fission product release from failed particles during temperature 

transients. 
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ThOg BISO particles irradiated at 1270 K to burnups of 1.5% and 15% 

FIMA are laser-failed and reirradiated at low temperatures for the measure¬ 

ment of the release rates of short-lived Xe, Kr, and I isotopes. The 

release rates are measured both isothermally at 1430°, 1740°, and 2030°C 

and for temperature ramps from 1000° to 2300°C (5 or 24 hours). The release 

behavior is identical for Xe and I isotopes and similar with Cs. The time- 

dependent released fraction consists of a slow component and a fast phase. 

The contribution of the fast phase is determined experimentally as a 

function of annealing temperature with burnup as a parameter. The release 

during temperature transients is estimated by Myers (1977e) on the basis 

of the fast phase contribution taking into account the difference between 

the annealing and irradiation temperatures and the burnup. Together with 

data on particle breakage during temperature transients, this provides the 

information on fission product release needed for a safety analysis of 

reactor operation. 

It is suspected that the apparent increase of the cesium diffusion 

coefficient in (Th,U)02 in the case of temperature-cycled experiments 

(750 C/900 C/1050°C) with burnup >10% FIMA is also related to the existence 

of a fast diffusion path (Reitsamer, Falta, and Nabielek, 1978; see dashed 

line in Fig. 2-13). 

At KFA, Schenk (1978) has observed that the Kr—85 release during post- 

irradiation annealing of high-burnup (Th,U)02 broken particles is very 

sensitive to the steepness of the temperature ramp. High-burnup, dense, 

low-enriched UO2 fuel shows Kr-85 release results independent of the 

heating procedure, and, up to 1800°C, the release fraction is less or 

equal to the measurement of stable gas release after crushing at the 

irradiation temperature (see compilation of SGAE measurements by Fessler, 

1976). 
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Fission product retention in HTR fuel 

H. NABIELEK, PhD, KFA Jülich GmbH, and B.F. MYERS, PhD, General Atomic 

Company, San Diego 

HTRs with coated particles as the basic fuel element produce higher coolant outlet temperatures than 
all other reactor types but still provide a very clean primary circuit. This paper deals with the 
behaviour of the key fission products caesium, strontium and- silver in the components of the fuel 
element - kernel, coating, graphite - and with the release of xenon and krypton from oxidic fuels 

INTRODUCTION 

1. High Temperature Gas-Cooled Reactors (HTRs) 

produce higher coolant outlet temperatures than 
all other types of nuclear reactors. Typical 
values for maximum helium temperatures are 

• 650-750°C for steam cycle applications pro¬ 

ducing electricity and/or steam for 
chemical processes (cogeneration) 

• 800—900 C for direct cycle gas turbine appli¬ 

cations producing electricity with 
a maximum of plant efficiency 

• 900-1000°C for process heat applications (coal 

gasification, hydrogen production) 

The early reactors AVR, DRAGON and Peach Bottom 
were able to demonstrate a very clean primary 
circuit (ref. 1). Fort St. Vrain has an out¬ 
standing record for low operator doses (ref.2). 

2. The sources of fission products in an HTR 
primary circuit are 

• "visible" heavy metal either due to broken/ 
defective coated particles or heavy metal con¬ 
tamination in outer coating layers/graphite, 

• diffusive release from intact particles. 

3. The large spectrum of fission products (fp's) 
can be reduced to small number of key fp's due 

to considerations of the fission yield, the fp 
volatility and/or dose levels. 

A. The release of stable and long-lived noble 
gases Xe and Kr from the fuel is responsible for 
the build-up of internal gas pressure which 
eventually can lead to coating failure. 

5. The release of short-lived Xe, Kr and I iso¬ 

topes from failed particles and from heavy me¬ 
tal contamination determines activity levels in 
the primary coolant. Knowledge of the Xe, Kr 
release behaviour is also very important for 

the interpretation of on-line gas measurements 
during irradiation tests of fuel performance. 
The study of fission gases is limited to the 

fuel kernel because retention by dense coating 
layers is practically complete. 

6. Caesium and silver deposition on primary cir¬ 
cuit materials (heat exchanger, hot gas duct, 

reformer tube) determines plant maintainability 
and service requirements. Release from fuel ker¬ 
nels is similar for Cs and Ag. High fission 
yield Cs is well retained by HTI^ pyrocarbon 

or silicon carbide coating layers. Ag 110m is 
produced by neutron activation of low yield 

Ag 109 but is prominent due to relatively high 
permeability in coatings and in graphite. 

7. The level of strontium deposition on primary 
circuit components can become important in cer¬ 
tain accident sequences, e.g. a strict limit is 
placed on Sr 90 release from fuel elements for 
the case of ingestion following a depressuri- 
sation accident"’. Sr 90 is a high fission yield 
long-lived fission product which is extremely 
well retained in oxidic fuel during normal ope¬ 
ration. 

®. In the following an attempt xs made to survey 
fission product behaviour in the components of 
HTR fuel elements, i.e. fuel kernel, coating 
layers and structural graphite. 

Because fp release from fuel elements into the 
primary circuit is, in general, increasing with 
time and temperature, diffusion models have been 
useful to reduce results from a variety of 
conditions to one essential parameter - the 

diffusion coefficient D. Its temperature depen¬ 
dence is expected to be governed by one activa¬ 
tion energy Q (Arrhenius relation): 

D » Do exp(-Q/RT) or log D- a- b^ (i) 

T (K) irradiation temperature 

In specific cases, more complex patterns have 
been observed. 

a HTI refers to a High Tesrerature UoCropic 

pyrocarbon coating deposited from methane at 
1800 - 2100°C. 

b An HTR cannot suffer from a loss-of-coolant 
accident (LOCA). The worst possible case is 
Loss of Forced Circulation (LOFC) with subse- " ' 
quent temperature rise over several days to 
beyond 2000°C in large HTGR's. 

Gas Cooled Reactors Today, BNES. London, 1982 
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DIFFUSION MODELS 

9. Fission product transport and release are 

modelled in terms of diffusion theory assuming 
Tick's law 

j “ -DVc 

j (atoms s~*) diffusion flux 

D (m^ s ') diffusion coefficient 

c (atoms m“^) concentration 

(2) 

Including Fick's law in the mass balance equa- 
tion gives the usual diffusion equation 

•= V( dVc) + b- a c + ... (3) 

b (atoms m~^ s~>) birth rate 

^ irradiation/annealing time 

^ *) decay constant 

10. Additional terms are occasionally used to 
incorporate 

radioactive decay chains, 
chemical reactions, 

coupling of systems (e.g. trapping on surfaces). 

Equ. 3 is the most frequent basis of analytical 
solutions (refs. 3-5) and of numerical simula¬ 
tion models (refs. 6-9). 

11. The release from the fuel kernel is descri¬ 
bed in terms of the Equivalent Sphere model 
(also termed Booth model from ref. 3) whereby 

fuel grains are replaced by equivalent spheres 
of a radius of typically lO/um. Evaporation from 
the grain surfaces is assumed to be infinitely 
fast. The release rate-limiting parameter in 
this case is the reduced diffusion coefficient 
D': 

D' (s“*) •= D/ a^ (4) 

D (m2 s~') in-grain diffusion 

coefficient 

® equivalent grain radius. 

RELEASE FROM OXIDE FUEL 

12. The release of Cs 137 from UO2 and (Th,U)02 
during normal operating conditions can be des¬ 
cribed by the diffusion coefficient(refs.lO-12): 

log D' - 3.92 - 1.89 E4/T (5) 

T (K) irradiation temperature. 

13. There are a number of observations that de¬ 

viate from this behaviour. Postirradiation annea¬ 
ling experiments on dense, low-burnup, ThO, and 
(Th,U)02 fuels result in the much lower diffu¬ 
sion coefficient (ref. 13): 

log D' - - 2.42 - 1.40 E4/T (6) 

T (K) annealing temperature. 

Apparently, more or less the whole Th02 fuel 
kernel of 180 - 280yum radius acts as caesium- 
retaining unit under these conditions. 

14. Another intriguing aspect is the high cae¬ 
sium release from accelerated experiments (ref. 
14-18). A recent assessment on thoria fuels 
yields 

log D'= -8.98 + log(l+ 0.164 Bu^)- 0.41 E4/T (7) 

where Bu (% FIMA) is heavy—metal burnup. 

Extensive sets of results obtained by Reitsamer 
and Falta (ref. 18) on THTR particles irradiated 
in the High-Flux Reactors R2 Studsvik and HFR 
Petten show near to zero activation energy. 

15. Only recently it has been recognized that 

neutron flux is the essential parameter to in¬ 
fluence kernel release. This can be shown con¬ 
clusively by comparing irradiation of identical 
fuel particles in different reactors. 

We would, therefore, assume that the diffusion 
coefficient for Cs in Th0_, (Th,U)02 and UO, 
should be written: 

D' = Dg' exp(-Q/RT) + 

D', Do’ (s"') 

Q (J Mol“') 

R » 8.314 J Mo1“'k“' 

T (K) 

^ (neutrons m ^ s ') 

«. (.) 

«^4’ (8) 
reduced diffusion 
coefficient 

activation energy for 
thermal process 

universal gas constant 

irradiation temperature 

neutron flux 

weight factor for irra¬ 

diation induced process 

The hypothesis is that diffusion has, in addi¬ 
tion to a thermally activated component with 
activation energy Q, an irradiation induced 
component «4* . 

16. It is interesting to note that the apparent 
activation energy changes from near to zero in 
a high flux irradiation to a value of 490 kJ/Mol 
when annealing these particles at high tempera¬ 

tures (ref. 19). This careful set of experiments 
is consistent with the observation of 0.995 
fractional caesium release from (Th,U)02 kernels 
(ref. 20) on particles from an AVR spherical 
fuel element irradiated to 15.2 FIMA in 1250 days 
and annealed for 5 hours at 2000°C. 

17. In conclusion, caesium diffusion is governed 
by thermal- and irradiation induced processes. 
The activation energy for the thermally induced 

diffusion coefficient in oxidic kernels approaches 
values of 350 to 500 kJ/mol whereas, for the 

irradiation- induced diffusion process, D' can 
be as large as 10~® s~'. 

The large scatter obtained in the diffusion 

coefficients is in part due to the differences 
in the balance between annealing and damage re¬ 

sulting from the slowing down of fission frag¬ 
ments. The presence of a burnup effect indicates 
that damage is not annealed out completely. 
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18. One temperature independent contribution 
to kernel release is recoil from surface grains 
into the graphitic buffer layer of the coated 



7/ 

HTR AND GCFR FUEL 

particle. From geometrical considerations, fis¬ 

sion product atoms of recoil range R are relea¬ 

sed from a kernel with radius r^: 

"rec (9) 

For Cs 137, F = 0.029 is consistently observed 

as the lowest possible level from 400.urn 

(Th,U)02 kernels (THTR) consistent with a recoil 

range of R » 7.7 /urn (ref.18). 

19. Irradiation induced effects have also been 

observed for strontium release from oxide ker¬ 

nels (ref. 21). Sr 90 release from UO, kernels 

is given by 

log D' Lo" 3.23- 2.55 E4/T. (lo) 

24. Release from defect particles with UO2 

kernels can be possibly predicted by D'lq- 

With considerable uncertainties in evaluating 

the pertinent experimental data, it is more 

conservative to use D'hj of equ. 11 for predic¬ 

tions. 

25. Ag^J^lOm release has been measured mainly 

in low-enriched UOg fuels because of the higher 

birthrate due to plutonium fissions. Several 

diffusion coefficients are quoted in the lite¬ 

rature. 

26. For practical purposes diffusion coeffi¬ 

cients are similar enough to predict silver 

release adequately (values from refs. 10, 24, 

12, 25): 

With low enriched HOBEG 600yum dia. UO2 LTI^ 

BISO** particles and DRAGON/UKAEA 600-800,urn 

UO2 HTI TRISO particlesf the strontium kernel 

release can be calculated consistently with D' 

being well defined over 5 orders of magnitude, 

in the tenq>erature range 1150-1650°C. 

20. No dependence on fuel manufacturing method 

(powder agglomeration/wet chemistry) has been 

observed nor an influence of kernel size. How¬ 

ever, strontium release from U0_ is enhanced 

by irradiation beyond fast fluence 5 x 10^5 in”2 

equivalent to 3.6 dpa, bumup beyond 15 Z FIMA. 

This is represented by 

log D'hj' 6.20 - 2.55 E4/T (||) 

21. One peculiarity of strontium behaviour is 

that the recoil fraction is not released except 

for the amount according to the D'- values 

quoted above. From this and from the activation 

energy one has to assume that - in reality - 

SrO thermal decomposition is the release rate- 

limiting process rather than diffusion in UO, 
grains. ^ 

22. Diffusion coefficients quoted for strontium 

release from UO2, (Th,U)0^ and Th02 are within 

the range given above 

Ref. 10; log D' - 10.50 - 3.61 E4/T (12) 

Ref. 11; log D' - 9.29 - 3.10 E4/T (13) 

Ref. 22; log D' - 3.13 - 2.18 E4/T. (14) 

Because most results have been obtained from 

accelerated tests, values in equs. 12 - 14 are 

more like D'jjj in equ. 11. 

23. Experiments with 10-15 Z FIMA (Th,U)02 fuel 

show strontium release rather consistent with 

D’jjj when annealed to 1600-2000°C (refs. 20, 
23)._ 

c LTI refers to a ^ow temperature Isotropic 

pyrocarbon coating deposited from propene (or 

propene + ethyne) at temperatures below 1500°C. 

d BISO refers to the coating layer sequence- 

porous buffer layer, dense pyrocarbon layer. 

TRISO-porous buffer, dense PyC, dense SiC, 

dense PyC. 

1150 - 1500°C; log D'« 0.58- 1.406 E4/T (15) 

850 - 1250°C; log D'--1.26- 1.114 E4/T (16) 

900 - 1400°C; log D' = -1.26- 1.114 E4/T (17) 

1000 - 1500°C; log D'—1.95- 0.910 E4/T (18) 

Diffusion coefficients in equs. 16-17 have been 

derived including measurements on thoria fuels. 

However, no analysis is available investigating 

details of long term irradiation and the diffe¬ 

rences between thoria and urania. 

27. The overall comparison of diffusion coeffi¬ 

cients for caesium, strontium, and silver in 

UO2 fuels shows that 

• strontium release is only relevant in accident 

conditions 

• silver and caesium release are similar in 

magnitude and are contributing to primary cir¬ 

cuit activity at fuel temperatures above 1000°C 

via broken particles and - depending on the 

coating - via diffusion through intact coatings. 

28. If the source terms mentioned here are low 

enough, some contribution to caesium and stron¬ 

tium release can be produced via the release 

and subsequent decay of precursors xenon and 

krypton. 

29. Stable fission gases are released from 

oxide fuels by a slow diffusion process, i.e. 

the fractional release Fg is basically teiiq>e- 

rature and time dependent according to 

6_ ^ 1- exp(-n^T 4)'t) 

D't ZL _4.,4 
PI ar" 

(19) 

D' (s ’) reduced diffusion coefficient, 

t (s) irradiation time. 

30. In low enriched UO2 fuels measurements have 

shown Xe and Kr release to be sometimes lower 

than predicted by equ. 19. A simple burnup-de- 

pendent factor has been introduced to describe 

the trapping of gases on grain faces/ref. 26). 

F (20) 

/J « 0 for 0.5 i Fp X Bu (21a) 

A- 1 for Fp X Bug 5.0 (21b) 

and linear increase of/J with Fp Bu in between. 
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F 0 fractional release into void volume 

FjjO Booth release 

Bu (Z FIMA) burnup. 

The fraction diffused to grain faces, F , is 
calculated with equ. 19 using D' below “ 

Xe, Kr in UOg: log D'= -2.30- 0.812 E4/T (22) 

31. In high enriched (Th,U)0_ fuels the burnup- 
dependent fission coefficient from ref. 27 

lU, ^ in (Th,U)0^,: 

log D' -= -5.94- 0.546 E4/T + —(23) 

is inserted into equ. 19 to describe success¬ 
fully the release of stable xenons and kryptons 
responsible for the internal gas pressure. 

32. The release of short-lived fission gases 
Xe, Kr is governed by competition between ra¬ 
dioactive decay (decay constant A) and diffu- 
sional release from fuel grains. Steady-state 
R/B values are described by 

f ' 3 l^ivljA+d-A)« ^^||l+eBu"| (24) 

R/B release rate over birth rate, 
A decay constant, 
Q activation energy, 
R gas constant, 
T temperature, ■ 
Bu Burnup. 

S , A, Tq, O'and n are constants to be deter¬ 
mined for 

fuel type k: UCg, UCO, UO;,, ThO,; 
element j: Kr, Xe; 

isotope i: Kr 85m, Kr 87, Kr 88 etc. 

dominant contribution to kernel release is re¬ 
presented by F^ . The temperature dependence of 
F^ defines two distinct regimes. In the lower 
regime, F^ increases slowly, and in the upper 
regime, very rapidly with temperature. The 
boundary temperature, T*, depends only on the 
fuel material and is independent of the gaseous 
element or isotope and of burnup. For ThO,, T* 
is 1990 K and for UCg, 1690 K. 

36. In the lower temperature regime, the do¬ 
minant contribution to release arises from 
single gas atoms lying in a surface layer of 
equivalent depth L (where is the mean square 
distance between traps) and containing a frac¬ 

tion of the total gas population given by 

f/* “ I- Saf 
Sg (m2 g“') 

f (g ® ^) 

(26) 

surface area accessible from the 
kernel exterior, 

kernel density. 

Sg increases and L decreases with increasing 
burnup, whereas the converse holds with in¬ 

creasing temperature. In the high-temperature 
regions, the activation energy ofo4, 244 kJ/mol, 
is consistent with migration of gas bubbles by 
the mechanism of volume diffusion. 

COATING RETENTION OF Cs, Sr, Ag 

37. HTI pyrocarbons and propane deposited PyC 
("LTI") are structurally different and conse¬ 
quently their irradiation behaviour is quite 
different. In most cases, pyrocarbons retain 
fission gases completely up^to 2000°C and more. 
Diffusion of strontium and silver is fast (refs. 
25, 29, 30). Only caesium is retained by HTI 
PyC and, to a lesser degree, by LTI PyC. 

33 During temperature ramps employed in Core 
Heatup Simulation Tests a transient model is 
used (ref. 28): 

The kernel release of short-lived fission gases 
is based on a diffusion-trapping model with the 
fractional release, F, described by 

F(T) . Fp(T) . j| 1 - e" + St, (25) 

T(K) temperature, 
t(s) time. 

34. For an isothermal experiment in which the 

release initially increases rapidly and then 
more slowly with a linear dependence on time, 
the parameters, F^ , OC., and S represent, res¬ 
pectively, the magnitude and rate of the ini¬ 
tial rise and the slope of the slowly rising, 
linear portion. Equ. 25 is used in a release 
model in which the rapidly and slowly released 
gas atoms are treated as subpopulations and the 

former is further divided into subsystem whose 
migration is activated sequentially by increa¬ 
sing temperature. Migration through intact coa¬ 
tings is treated by the model of classical 
diffusion. 

35. For temperature ramp experiments <30 h and 
for temperatures between 1000 and 2500°C, the 

38. With fission product release from coated 
particles being predicted via the diffusion mo¬ 
del, a diffusion coefficient has to be defined 
for every single layer. For HTI PyC manufactu¬ 
red by HOBEG the Cs value below has been success¬ 
fully used (refs. 14, 31): 

log D = -0.74- 2.58 E4/T, (27) 

D (m2 s“*) diffusion coefficient, 

T (K) irradiation/anealing temperature. 

39. At 2000-2500°C HTI PyC retention of caesium 
is still quite effective as shown by Brown 
(ref. 20) and Goodin (ref. 46). Goodin gets 
better agreement with experimental results 
using 

log D -= -6.55- 1.52 E4/T. (28) 

This value' is in good agreement with DRAGON 
results on unirradiated HTI pyrocarbons 

log D = -6.05- 1.59 E4/T. (29) 

Both diffusion coefficients are also not in¬ 
consistent with data from irradiation experi¬ 
ments performed at 1000 - 1500°C. 

40. Significant structural changes in HTI-PyC 

during irradiation apparently do not impair its 
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ability to retain caesium (ref. 18). Caesium 
determined in fuel bodies outside particles are 
a good measure of coating failure (ref. 33). 

41. LTI PyC retains caesium throughout fuel re¬ 
sidence time in steam cycle applications, but 
not at the higher fuel temperatures of direct 
cycle/process heat designs. 

Usual diffusion coefficients are 

KFA 1000-1600°C: log D=-7.20- 1.16 E4/T (30) 

GA 1200-1800°C: log D—4.30- 1.66 E4/T (31) 
DRAGON 1200-1500 C: log D=-5.39- 1.4l E4/T (32) 

42. LTI pyrocarbons survive high fluence va¬ 

lues but may become permeable to fission gases. 
Gradual deterioration of caesium retention has 
been reported (ref. 32). With the good fission 
product retention provided by silicon carbide, 
the ideal coating is accepted to be LTI PyC/SiC/ 
LTI PyC. 

43. Vapour deposited silicon carbide (SiC) is a 
material of theoretical density, perfect stoich¬ 
iometry and high strength. Fp retention is near 
to complete except for Ag 110m. 

44. There are two different concepts in dealing 
with caesium and strontium release from TRISO 
particles 

a) by definition of fractions and 4’sr. 
Particles with SiC permeable to caesium and 
strontium, respectively, and 

b) by definition of a diffusion coefficient, D, 
of caesium and strontium in SiC 

45. Evaluation work at DRAGON and GA has procee¬ 
ded along approach a) but it is not completely 
clear, how ydepends on irradiation parameters. 
The paragraphs below deal with KFA approach b) 
where diffusion theory is used. 

46. In the study by Allelein (ref. 34) on 
Cs 137 retention by SiC it was possible to ob- 
Lain diffusion coefficients from the measurement 
of concentration profiles in SiC as well as from 
release during postirradiation anneals in the 
temperature range 1200 - 1400°C: 

log D ■= -10.76- 0.920 E4/T (33) 

Unfortunately, the silicon carbides used in 
Allelein's study were of poor quality. 

47. Singular measurements on present standard 
materials indicate a lower diffusion coeffi¬ 
cient rather like (ref. 31) 

log D » -11.38- 0.920 E4/T. (34) 

With these values Cs 137 release from TRISO par- 
tides will be below 10 throughout service 
life if temperatures are kept below 1150°C. 

48. Silver diffuses through as-produced SiC with 
diffusion coefficients (ref. 24, 25) 

DRAGON log D “ -8.17- 1.114 E4/T (35) 
KFA log D “ -8,41- 1.126 E4/T (36) 

determined from Ag 110m release in irradiation 
experiments (DRAGON) and from annealing experi¬ 
ments (KFA) in the temperature range 1000-1500OC. 

49. Offermann shows conclusively in ref. 24 

that silver transport through SiC is via grain- 
boundaries. At I180OC, the diffusion coefficient 
is much less than 10~>9 m^ s~' when silver is 

implanted into a SiC disk while the coated par¬ 

ticle work gives coefficients around lO'l^m^ s"'. 
However, no correlation of Ag release from TRISO 
Particles with the silver concentration at the 
inner SiC surface and with the details of the 
Sic structure has been established yet. 

50. Although refs. 24 and 25. represent nearly 

identical results obtained on different samples 
by completely independent methods, there are 
singular measurements and observations both of 
much higher and of much lower release than would 
be predicted with equs. 35, 36, Due to the im¬ 
portance of Ag 110m particle release for primary 

circuit component maintainability, existing dis¬ 
crepancies are being investigated intensively. 

51. Strontium is rather difficult to fit into 
a diffusion concept. In the temperature range 
1150 - 1400% effective diffusion coefficients 
in Sic are between (refs. 22, 23) 

10~'^ and 10~'^ m^ s~', 

but no clear tenperature dependence can be re¬ 
cognized. At higher temperatures the only rele¬ 
vant work has been performed by Fukuda and Iwa- 

moto (ref. 36) who find activation energies bet- 
ween 205 and 218 kl/Mol, Clearly, more work is 
required with strontium if accident sequences 
involving temperatures between 1500 and 1800°C 
have to be considered. 

52. Concluding about retention by SiC, silver is 
released readily at temperatures in excess of 
1150°C. Caesium and strontium particle release 
is dominated by the level of failed particles 
at normal fuel operating temperatures. Intact 
Sic provides practically complete retention. 
Towards 2000°C fp retention by SiC is getting 
ineffective because of SiC corrosion starting 
gradually at 1600°C and because of SiC failure/ 
Sic decomposition at 1900 - 2200°C. 

FISSION PRODUCT BEHAVIOUR IN GRAPHITE 

53. Graphite presents a further barrier to the 
escape of fission products from the reactor core. 
In characterizing graphite retentivity, the 

of fission metals through the graphite 
and the sorption of them on graphite are impor¬ 

tant. The variables affecting diffusion include 
the type of graphite, surface conditions, con- 
centration of diffusant, temperature, gaseous 
atmosphere, neutron irradiation. He coolant 
pressure and graphite oxidation (ref. 38). 

54. The prominent structural features of the 
polycrystalline graphite used in HTRs are the 

grains, binder carbon and pores. The grains are 
composed of crystallites of graphite aligned to 
varying degrees and are surrounded by binder 

carbon which is crystallographically disoriented. 
Dispersed throughout are voids consisting of 
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open and closed pores. The type of graphite can 
significantly affect diffusion as illustrated 
by the dependence of the logarithm of the caesium 
concentration on the square of the penetration 
distance, d, in Hawker" Siddeley HS-1-1 graphite 
and on the first power of d in H-327 graphite. 
However, no correlation of these differences 
with graphite properties has been satisfactorily 
established. 

55. The diffusion coefficient depends on the con¬ 
centration of diffusant for concentrations above 
a certain value. This has been incisively demon- 
strated(ref. 39) for strontium; this applies 
also to barium and caesium. A model based on a 

distribution of binding energies has success¬ 
fully accounted for the concentration dependence 
of barium. The presence of other elements can 
affect the diffusion coefficient of a specific 
element in the same way as an excess of the 
latter. 

56. Mean values of the activation energies of 
barium, strontium, and caesium at low diffusant 
concentrations descend in the order 305, 280 
and 155 kJ/Mol (ref. 38). These values are pro¬ 
portional to the heats of vaporization over gra¬ 
phite. The magnitude of the activation energies 
indicates that diffusion occurs on surfaces. 

57. For atoms which diffuse on a surface, the 
ratio of the activation energy for diffusion to 
that for evaporation is generally much less than 
1. For silver, the ratio approaches 1 (ref. 40). 
This may indicate that silver first desorbs and 
then diffuses as a vapour. At high concentra¬ 

tions of diffusant where the diffusion coeffi¬ 
cients is concentration dependent, the activation 
energy becomes small. 

58. The structure of graphite changes under irra¬ 
diation by fast neutrons. In the highly graphi- 

tized graphites, H-327 and H-451, the diffusion 
coefficients of caesium and strontium are in¬ 
versely proportional to the fast neutron fluence 
(ref. 38). The loading of the graphite also 

increases under irradiation. This is consistent 
with measurements of increased sorptivity of 
caesium and strontium on irradiated H-451 gra¬ 
phite. 

59. In the less highly graphitized A3 matrix, 

diffusion of silver but not of caesium is retar¬ 
ded (ref. 40). This is consistent with measure¬ 
ments of increased silver sorptivity but not of 
caesium sorptivity on irradiated A3-matrix. The 
sorptivity of the fp metals is greater in the 

more disordered binder than in the graphitized 
portion of graphite. Fast flux apparently in¬ 
creases disorder resulting in binding a diffusant 

more strongly in the pore surface regions. The 
greater the initial disorder, as in less highly 
graphitized graphites, the smaller the effect of 
irradiation on diffusion. 

60. In HTRs, He pressures are typically 5 MPa. 

The diffusion coefficient for Ag decreases with 
increasing pressure in AGL5 graphite (ref. 41). 
In H-327 graphite, a pressure of 4.1 MPa did not 
affect Sr diffusion. For Cs, a strong dependence 

on pressure was found in A-3 matrix graphite 
(ref. 42) but not in H-451 graphite at pressures 
2 to 4 MPa. 

61. In HTRs, the graphite core is subject to oxi¬ 
dation by gaseous impurities such as H^O, CO, 
etc. in the circulating helium. The oxidation 

of graphite results in the increase of surface 
area, total and accessible pore volume, pore 

diameter and in a decrease in inaccessible pore 
volume (ref. 38). The diffusion of caesium, sil¬ 
ver and strontium is accelerated in oxidized 
samples of both matrix and highly graphitized 
graphites. 

62. Upon oxidation of graphite the mechanism of 

transport is changed for caesium but not for 
silver and strontium (ref. 38). The change in 

diffusion behaviour in oxidized graphite corre¬ 
lates best with the decrease in inaccessible 
pore volume and the preferential oxidation of 
the binder material. The latter change has two 
effects 

binding sites are destroyed, 

oxygen may be adsorbed on the remaining sites. 

The former effect does and the latter effect may 
reduce retentivity of the diffusants by the gra¬ 
phite. 

63. The migration of caesium can be described by 
a diffusion - trapping model (ref. 43) which ac¬ 
counts for retention by the graphite on sites, 
termed traps. By contrast, for strontium and 

barium, and for caesium on oxidized graphite, no 
explicit account of traps is required (ref. 38). 

This may indicate that the processes of capture 
by and release from traps are balanced. 

64. The models of diffusion for cesium, stron¬ 
tium and barium are the same under laboratory 

and reactor conditions. The diffusion of silver 
has been described by a diffusion-trapping model 

as well as by a diffusion-sorption model in which 
gas phase diffusion predominates (ref. 44). Un¬ 
der irradiation conditions or in irradiated 
graphite, the reduction of the diffusion coef¬ 
ficients for silver, strontium, and barium indi¬ 
cates that trapping is occurring, 

65. The release of fp's from the graphite into 
the helium coolant depends on sorptivity when 
diffusion is not limiting release. The equili¬ 
brium distribution of fp's between the vapour 
and condensed phases is described 

- at low sorbate concentrations by Henrian 
- at high sorbate concentrations by Freundlich 

isotherms such that 

Pt " Ph Pf ' V V“ (37) 

c (mmol/kg) sorbate concentration, 
Pj(Pa) sorbate vapour pressure, 

k(T) I temperature dependent 
n(T)j coefficients. 

66. Strontium is more sorptive than caesium on 
both highly and poorly graphitized graphites 
(ref. 13, 29). On A3 matrix graphite, caesium 
is more sorptive than silver (ref. 45). 
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Under neutron irradiation the sorptivity in¬ 
creases on highly but not on poorly graphitized 

graphites (ref. 13). Strontium sorptivity de¬ 
creases on oxidized graphite (ref. 45). 

CONCLUSIONS 

67. Extensive data exist on fission product 
transport in fuel elements of the HTR. With 
these data, the predictability and the low le¬ 

vel of fission product release from the fuel 
element can be demonstrated. The key fission 

product are the metals, Cs, Ag and Sr and the 
gaseous elements Kr, Xe and I. 

68. The transport of fission products can be ge¬ 
nerally described by a diffusion model which in¬ 
corporates Pick's law. In fuel, diffusion is 

frequently treated as occurring in homogeneous 

spheres having the same surface to volume ratio 
as the actual grains. Occassionally, diffusion 
trapping models, which describe retardation of 
transport under irradiation conditions, are em¬ 
ployed. In other instances, semi-empirical des¬ 
criptions, based on diffusion theory, are re¬ 
quired to account for complex behaviour not yet 
adequately treated. 

69. The release of Cs from UO2 and (Th,U)02 fuels 
is dependent on temperature, bumup and neutron 
flux. The activation energy, Q, is small at high 
flux and low temperature; reduced diffusion co¬ 
efficients are as large as 1 x 10“® s“*. However, 
Q approaches 500 kJ/Mol at low flux and high 
temperature experiments. A strong dependence on 
burnup has been derived from experiments at 
constant neutron flux. Irradiation induced 
effects have been observed for Sr release from 
oxide fuel but here the release may be governed 
by the rate of SrO decomposition rather than by 
diffusion. Silver release can be described by 
diffusion theory adequately, but the detailed 
effects of irradiation on its release are un¬ 
known. 

70. The release of long-lived and stable fission 
gases is described by diffusion processes de¬ 

pendent on temperature and burnup. For short¬ 
lived gases, the release is governed by a ba¬ 

lance between radioactive decay and transport. 
This release is well described by a semi-empi¬ 

rical expression which treats not only diffusion 
but also the recoil-related effect dominating 
at low temperature. During temperature ramps 
simulating hypothetical accident conditions, 
diffusive release of gas atoms with trapping 
occurs at low temperatures whereas above 1400 

to 1700°C, stored gas atoms are collectively 
released from pore and grain boundary regions. 

71. Pyrocarbon coatings on fuel particle re¬ 

tain fission gas completely up to 2000°C but 
are relatively permeable to silver and stron¬ 
tium. Caesium is retained gradually by propene- 

derived PyC, Cs retention by intact methane-de¬ 
rived PyC is practically complete. 

72. Silicon carbide cactings are essentially 
impermeable to Cs and Sr but release Ag at tem¬ 

peratures above 1150°C. No correlation of release 
with the properties of SiC have been established 

nor is Sr release well described as yet. Reten¬ 

tion of fission products by SiC becomes ineffec¬ 
tive near 2000°C. 

73. In HTRs the graphite is a further barrier 
to release of fission product metals. Diffusion 
in graphite depends principally on the type of 
graphite, temperature, neutron irradiation. He 
pressure and graphite oxidation. The basis for 

the effect of graphite type is essentially un¬ 
known. The temperature dependence indicates 

that surface diffusion is dominant except for 
Ag. Neutron irradiation retards diffusion in 

highly graphitized but not in matrix-graphites. 

The effect of He coolant pressure depends on 
the metal and graphite type. The diffusion of 
Cs, Ag and Sr is accelerated on oxidized gra¬ 
phite. The release of fp metals into the helium 
coolant ultimately depends An the sorptivity of 
the metal in graphite. 

74. The knowledge of fission product transport 
in the fuel element components has been deve¬ 

loped to a significant degree. Further efforts 
are required to adequately describe 

• the effect of irradiation on the transport 
of fission products metals and gases 
• transport of Ag and Sr in SiC 

• the effect of SiC and graphite properties on 
transport 

• the release of fission gases at temperature 
above 1100°C. 
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ANHANG A. DATENBASIS ZUR COREFREISETZUNGSBERECHNUNG 

A.l TRANSPORTDATEN FÜR DAS DIFFUSIONSRECHENMODELL (FRESCO) 

Im Diffusionsmodell FRESCO erfolgt eine numerische Lösung der klassischen 

Fick'schen Diffusionsgleichung mit einem effektiven Diffusionskoeffizi¬ 

enten für Partikelkern, Beschichtungsmaterialien sowie Matrix- bzw. 

Reflektorgraphit. Die Temperaturabhängigkeit der Diffusionsdaten wird üb¬ 

licherweise in Form einer Arrheniusbeziehung angegeben: 

D(T) = D^ exp { -Q/(R*T) } (Al) 

z.T. auch (z.B. bei Vorliegen unterschiedlicher Diffusionsprozesse) als 

eine Kurve bestehend aus einem Niedertemperatur- und einem Hochtempera¬ 

turast mit unterschiedlichen Aktivierungsenergien: 

D(T) = D^ exp { -Q/(R*T) } + D^' exp { -Q'/(R*T) } (A2) 

mit T in K, Q bzw. Q' in kJ/Mol und R = 8.3143 J/(Mol*K) 

Die effektiven Diffusionskoeffizienten, die i.w. durch Auswertung von 

Bestrahlungs- und Ausheizexperimenten an vollständigen Brennelementen und 

an Einzelpartikeln gewonnen werden, sind für die metallischen Spaltpro¬ 

dukte Cs, Sr und Ag in einem vom HBK-Projekt empfohlenen sogenannten 

Standarddatensatz zusammengetragen und werden alljährlich einer Revision 

unterzogen. Diese Angaben wurden in erster Linie für den Temperaturbereich 

des Normalbetriebs entwickelt, werden jedoch ggf. durch andere konserva¬ 

tivere Beziehungen ergänzt, falls die Auswertung der StörfalIsimulations- 

experimente dazu Anlaß gibt. Eine experimentell beobachtete "gute Durch¬ 

lässigkeit für ein Nuklid kann durch die Wahl eines vergleichsweise 
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großen Diffusionskoeffizienten wiedergegeben werden, der ggf. auch erst 

ab einer bestimmten Temperatur gültig wird. Dies betrifft z.B. die 

Transportdaten im Puffer generell (die nicht weiter aufgeführt werden) 

oder im Matrixgraphit oberhalb von 2000 °C. 

Die jüngsten Auswertungen von Ausheizexperimenten in der KFA in 1986 flie¬ 

ßen in die Vorphasen der Risikoanalysen insofern bereits ein, als sie we¬ 

niger konservative Diffusionsdaten ersetzt haben. Dies betrifft z.B. alle 

fizienten im UO^-Kern, die abgeleitet worden sind aus den 

Ergebnissen des Experiments FRJ2-P28 bei Bestrahlung und Ausheizung, in 

dem UO^-Partikelkerne mit nur einer Pufferschicht eingesetzt waren. Da¬ 

nach wird der Cs- und I-Transport im Kern bei Temperaturtransienten durch 

einen 2-geteilten Diffusionskoeffizienten (Gleichung (A2)) beschrieben, 

der insbesondere im Niedertemperaturbereich höher liegt als nach 

HBK-Standard; die Diffusionskoeffizienten für Sr und Ag im UO^-Kern werden 

um einen konstanten Faktor von 20 bzw. 10 gegenüber dem Standarddatensatz 

angehoben. 

Dagegen wird das bereits jetzt erkennbare, aber noch nicht genau 

quantifizierte Potential einer geringeren Cäsium- und Strontiumfrei¬ 

setzung aus intakten Partikeln, d.h. im wesentlichen eine langsamere Dif¬ 

fusion durch die SiC-Schicht im Vergleich zur HBK-Empfehlung, in den Si¬ 

cherheitsanalysen noch unberücksichtigt bleiben. Die derzeit gültige Re¬ 

gelung empfiehlt, für den Normalbetrieb die von Allelein (= Standard) und 

unter Störfallbedingungen die von Myers gefundene Beziehung für den Cs- 

Transport in SiC zu verwenden. Infolge des vergleichsweise geringen 

Kenntnisstandes bzgl. des Sr-Transports in SiC wird im oberen Temperatur¬ 

bereich aus Analogiegründen derselbe Diffusionskoeffizient wie für Cs ge¬ 

wählt . 

Bezüglich der Transportkoeffizienten unter Störfallbedingungen ist anzu¬ 

merken, daß die Myers'sehe Auswertung früherer Experimente zu Transport¬ 

daten geführt hat, die in der Regel die Cs-Freisetzung bei allen neueren 

Ausheizexperimenten z.T. um mehrere Größenordnungen überschätzen. Ähn- 
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liehe Ergebnisse scheinen sich für das Strontium-Freisetzungsverhalten zu 

bestätigen; der Diffusionskoeffizient für Cs und Sr bei 1600 °C dürfte 

etwa um den Faktor 20 niedriger liegen als der entsprechende HBK-Stan- 

dardwert. Für die Hauptphasen der Analysen ist daher mit einer Reduktion 

dieser Diffusionskoeffizienten zu rechnen. 

Die Diffusionskoeffizienten der metallischen Spaltprodukte in Graphit 

sind von Hoinkis an bestrahltem A3-3-Matrixgraphit intensiv untersucht 

worden /16/. Für die derzeitige Referenz-Matrixsorte A3-27 liegen nur we¬ 

nige Daten vor, hier wurde experimentell ein kleinerer Diffusionskoeffi¬ 

zient bei 1000 °C im Vergleich zu A3-3 festgestellt (Faktor 20 bei Cs, 

Faktor 7 bei Ag). Dieser Effekt, der insbesondere für den Normalbetrieb 

Bedeutung haben könnte, wird jedoch (noch) nicht berücksichtigt, vielmehr 

werden die A3-3-Daten verwendet. Der Einfluß eines um den Faktor 20 ver¬ 

ringerten Diffusionskoeffizienten für Cs, Ag, Sr wird aber zusätzlich 

untersucht. Entsprechende Diffusionskoeffizienten für den deutschen 

Referenz-Reflektorgraphit liegen derzeit nicht vor. Bezüglich Cs und Sr 

werden die an dem amerikanischen Referenzgraphit K-451 gemessenen 

Transportdaten verwendet. Der Transport von Ag in Reflektorgraphit bleibt 

unberücksichtigt, da keine Ag-Sorption angenommen wird; die bis etwa 

800 C durchgeführten Messungen sind jedoch der Vollständigkeit halber 

mit in der Abb. A5 aufgenommen. Der Jod-Transport, für den keine Werte 

sind i.a. als sehr schnell beobachtet worden, so daß der Poren- 

Diffusionskoeffizient von I in Matrixgraphit auch für den Strukturgraphit 

verwendet wird. 

Das Spaltprodukt Jod wird im cp modellmäßig wie ein Edelgas behandelt; das 

bedeutet, daß eine intakte Partikelbeschichtung für Jod undurchlässig 

ist. Eine Berechnung der diffusiven Jodtransports beschränkt sich daher 

auf die Defektpartikeln, die im Modell als reine Partikelkerne dargestellt 

werden, sowie auf den Graphit. Die Analyse der Edelgas-Diffusion in künst¬ 

lich defekten (Th,U)0^-Partikeln bei der Ausheizung (Experiment FRJ2-P25) 

führt nach Thiel für Temperaturen > 1000 °C zu einem Diffusionskoeffizi¬ 

enten mit hoher Aktivierungsenergie (480 kJ/Mol). Die Nachrechnung der 
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jungst durchgeführten Bestrahlungs- und Ausheizexperimente FRJ2-P28 macht 

jedoch im Rahmen des FRESCO-Modells einen Niedertemperaturast des 

Diffusionskoeffizienten mit kleinerer Aktivierungsenergie (54 kJ/Mol) 

notwendig, um die relativ hohen Freisetzungswerte zu Beginn der Ausheizung 

zu erfassen (transiente Freisetzung s. Abschnitt 3.1.1). Dagegen wird für 

den Normalbetrieb im Partikelkern ein Ansatz entsprechend einer Auswer¬ 

tung von Bestrahlungsexperimenten am Studsvik-Reaktor durch Müller /7, 

11/ gewählt, der bis etwa 1000 C unter dem o.g. Niedertemperaturast 

liegt. 

Die Rückhaltung von Jod in den Graphitporen wird ähnlich den Edelgasen als 

sehr gering angesehen. Die schnelle Diffusionsphase in den Poren bzgl. Jod 

ist als temperaturunabhängig angenommen und entspricht etwa dem 

Transportverhalten von Xenon in Helium; sie ist auf jeden Fall so schnell, 

daß bei den hier vorliegenden Zeitmaßstäben eine Speicherwirkung von Jod 

in den Poren praktisch nicht gegeben ist. Die langsamen Diffusionsprozesse 

(z.B. der SM-Kontamination) aus dem Graphitkorn werden unter Norma]- 

betriebsbedingungen durch einen Diffusionskoeffizienten nach Müller /7, 

11/, übertragen auf eine 6 cm Graphitkugel, beschrieben. 

Für die in BISO-Partikeln auftretenden Materialien (Th,U)0^ und HTI-Py- 

rokohlenstoff (eingesetzt im THTR-300 und z.T. im AVR) enthält der 

Standarddatensatz ebenfalls entsprechende Transportkoeffizienten. Auf¬ 

fallend ist die gute Cs-Rückhaltung der HTI-Schicht, die mit dem Aufbau 

von Intercalationsverbindungen Zusammenhängen könnte, während sie für Sr 

und Ag oberhalb von 1200 °C praktisch durchlässig wird. Der Spaltprodukt- 

transport in (Th,U)0^ entspricht weitgehend dem in üO^. Bzgl. Sr gibt es 

zusätzlich einen speziell für Störfalltemperaturen empfohlenen Diffusi¬ 

onskoeffizienten. 

Alle genannten Diffusionskoeffizienten sind in der Tabelle Al sowie in 

Arrheniusdiagrammen in den Abbildungen Al - A7 zusammengetragen. 
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Tabelle Al: Frequenzfaktoren und Aktivierungsenergien für die in 

Diffusionsrechnungen zu verwendenden Transportdaten 

entspr. den Gleichungen (Al) oder (A2) 

(D^ bezogen auf r=250 pm bei UO^ bzw 204 pm bei (Th,U)0^) 

Dq (m^/s) Q (kJ/Mol) D^' [m^/s] Q' [kJ/Mol) 

Cäsium 

LTI 

SiC* 

Matrix 

Struktur 

(Th,U)02 

HTI 

5.6*10 

a) 

b) 

6.3*10 

1.8*10 

6.7*10 

2.0*10' 

1.7*10 

3.7*10 

-8 

■11 

-14 

-6 

-9 

1.8*10 
-1 

209 

222 

176 

106 

181 

149 

199 

493 

5.2*10 362 

2.4*10 482 

Strontium 

UO2 

LTI 

SiC* a) 

b) 

Matrix 

Struktur 

(Th,U)0^* a) 

b) 

HTI 

2.2*10 

2.3*10'^ 

1.2*10"^ 

1.2*10’^ 

9.1*10"^ 

1.7*10"^ 

2.3*10'^ 

6.6*10"^ 

2.3*10’^ 

488 

197 

205 

205 

301 

268 

409 

488 

197 

2.4*10 482 

-> Fortsetzung -> 
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Fortsetzung Tabelle Al; 

[m^/s] Q [kJ/Mol] D^’ [m^/s] Q' [kJ/MolJ 

Silber 

ÜO2 

LTI 

SiC 

Matrix 

(Th.U)02 

HTI 

6.7*10 

5.3*10"^ 

3.6*10"^ 

1.6 

4.5*10'^° 

1.0*10'® 

165 

154 

215 

258 

165 

164 

Jod 

UO2 

** 
Matrix 

Struktur 

(Th.0)02^ 

- iy I L _ 

a) 1.3*10 
-12 

b) 

a) 

b) 

-15 
8.8*10 

6.0*10’® 
-11 

2.5*10 

6.0*10 

a) 8.7*10 

b) 5.9*10 

-6 

-13 

-15 

-S 

126 

54 

0 

71 

0 

126 

54 
I. 6-^10“'' .. 2 ?-i> 

6.0*10 
-1 

4.0*10 
-1 

480 

480 

Krypton 

> LTI 2.9*10’® 291 2.0*10" 923 

*) abweichend vom HBK-Standarddatensatz 

*) unterschieden nach NormaJbetrieb (a) und Störfall (b) 

**) unterschieden nach Korngrenzen (Poren) (a) und Graphitkorn (b) 

^ ' .. . 
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An overview of high-temperature gas-cooled reac¬ 
tor (HTR) fission product chemistry and its influence 
on source terms in core heatup accidents is given. 
These accidents are risk-dominating for medium-sized 
HTRs and are characterized by maximum core temper¬ 
atures of —2500°C (2773 K) and a late-starting, slowly 
proceeding fission product release from the fuel par¬ 
ticles. In these accidents, the number of chemical re¬ 
actions in the core and primary circuit is limited by the 
low oxygen potential and preferential release of metal 
from the fuel. The graphite in the core acts as a very 
powerful barrier to metallic fission products because 
of its chemisorption action. Cesium iodide (Csl) for¬ 
mation can reduce this sorptive retention for cesium 
when there is a high cesium burden on the graphite. 
This is not necessarily expected for small HTRs, which 
have much lower maximum accident temperatures 

(1600° C = 1873 K) and a much lower fractional release 
of fission products from coated particles. In the pri¬ 
mary circuit, less efficient chemisorption of fission 
products on metals occurs. The fission product chem¬ 
istry in the HTR reactor building is similar to that for 
other reactor types. 

Conservatisms in handling fission product chem¬ 
istry in HTR safety analyses are identified. This leads 
to the conclusion that, especially for metallic fission 
products, a significant potential for reduction of the 
actual core heatup source terms exists. In modern 
medium-sized HTRs, these source terms are of the or¬ 
der of <1% of the core inventory for cesium, iodine, 
and noble gases and <0.1% for strontium. For small 
HTRs, these source terms remain several orders of 
magnitude smaller. 

INTRODUCTION 

The accident behavior of high-temperature gas- 
cooled reactors (HTRs) is influenced by the following 
features: 

1. a fully ceramic, mainly graphitic core with a 
large heat capacity and low power density, re¬ 
sulting in slow temperature transients in cases of 
cooling failure; the high sublimation tempera¬ 
ture of graphite (SSOO^C = 3773 K) prevents 
core meltdown 

2. efficient fission product retention in the fuel el¬ 
ements due to the fuel particle coating and 
graphite matrix up to temperatures of at least 

some hundred degrees higher than under nor¬ 
mal operating conditions 

3. helium as a phase-stable cooling medium. 

Two HTR concepts are discussed: small- [200 to 
350 MW(thermal)] and medium-sized [1200 to 1400 
MW(thermal)] HTRs. The major parameters of actual 
German HTR designs are given in Table I for both 
concepts; Fig. 1 shows a rough schematic of a pebble- 
bed HTR, together with its fission product barriers. 

Probabilistic safety analyses for medium-sized 
HTRs have shown that core heatup events are risk 
dominating.' The most important core heatup se¬ 
quences are characterized by loss of forced cooling, 
reactor shutdown, and temperature and pressure 
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TABLE I 

Design Data of HTR Concepts 

HTR-500 HTR-Modul 

Power [MW(thermal)] 
Thermal power density (MW m"^) 
Cooling medium/pressure (MPa) 
Gas inlet/outlet temperature (K) 
Core height/diameter (m) 

Number of fuel pebbles 
Coated particle/fuel type 
Emergency cooling system 
Pressure vessel 
Reactor building 

1390 
6.6 
Helium/5.5 
543/993 
5.4/7.1 

1.15 X 10* 
TRISO/low-enriched uranium (LEUl-UO; 
Six separate loops 
Prestressed concrete vessel 
Confinement 

200 
3.0 
Helium/6.0 
523/973 
9.5/3.0 

3.6 X 10* 
TRISO/LEU-UO2 

Steel vessel 
Confinement 

Coated particle (0.9 mm) 

Coating (TRISO: PyC-SiC-PyC) 

Porous carbon buffer layer 

UO2 kernel 

Top reflector 
(graphite) 

Bottom reflector 
(graphite) Fuel element (60 mm): 

1 to 2 X 10^ coated particles 
embedded in A3-3 matrix 

Confinement 

Reactor vessel 

Steam generator 

Core 

Fig. 1. Schematic of an HTR with barriers for fission product retention. 

increases leading to complete primary circuit depressur¬ 
ization; their frequencies are of the order of 10~Vyr. 

The highest core temperatures occur when the pri¬ 
mary circuit is depressurized to a large extent because 
internal heat transport due to natural convection is not 
efficient in a depressurized primary circuit. Fast de¬ 
pressurization (when the depressurization time con¬ 
stants are much smaller than the time constants of 
temperature transients) leads to higher core tempera¬ 
tures and thus to higher release from the core than 
slow depressurization. Fast depressurization, however. 

does not generally lead to the highest source term: In 
a fully depressurized primary circuit, transport into the 
environment occurs only by thermal gas expansion, 
which is much less effective than the depressurization 
process, particularly for a release path via the reactor 
building. 

Maximum core temperatures reach values of 
—2500‘’C (2773 K) in core heatup accidents in me¬ 
dium-sized HTRs, leading to a significant release of 
radiologically important fission products from the 
coated particle, the first Hssion product barrier. The 
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mam release mechanism for cesium and strontium is 
diffusion via the particle coating.Iodine and noble 
gas release presupposes defects in the particle coating 
because their diffusion rates in intact coatings are neg¬ 
ligible. Coating defects occur by thermal decomposi¬ 
tion of silicon carbide (SiC) and corrosive attack by 
fission products.Massive coating failure rates are 
observed at temperatures >2200'’C (2473 K). Diffusion 
of the metallic fission products cesium and strontium 

becomes remarkable at temperatures >1500‘’C(1773 K). 
As an example, for a core heatup event in the HTR- 
500, Fig. 2 shows calculated maximum and average 
active core temperatures and release fractions from 
coated particles for cesium and strontium and for 
iodine and noble gases. At high temperatures, the 
iodine and noble gas release fractions have the same 
value as the coating failure fraction. The methods and 
data used for these calculations are described in Ref. 2. 

As can be seen from Fig. 2, the low power density 
of the HTR core leads to a slow increase in core tem¬ 
perature and thus to late-starting fission product re¬ 
lease from the coated particles. The lack of iodine and 
noble gas diffusion in particle coatings results in much 
stronger retention of these “volatile” fission products 
in the fuel compared to the metallic fission products 
cesium and strontium. This is in contrast to most light 
water reactor (LWR) core meltdown scenarios. Release 
of these metals from the coated particle is of the same 
order of magnitude: Strontium retention in the UO2 

kernel is more efficient than cesium retention, but this 
is compensated by a higher strontium diffusion rate in 
SiC. In addition, low-volatile oxidic strontium com¬ 
pounds in the fuel kernel are partially chemically re¬ 
duced by carbonaceous materials such as the porous 
carbon buffer layer and pyrocarbon (PyC) coating 
layer, leading to easily migrating elemental strontium. 
This does not occur in molten LWR fuel, resulting in 
significant retention of strontium in the fuel during 
core meltdown events.“* 

Strong iodine and noble gas retention in coated 
fuel particles and slow release from these fuel particles 
(so that most of the short-lived iodine and noble gas 
nuclides decay before being released) initiate the need 
to preferentially examine cesium and strontium and 
their chemical and physical behavior after leaving the 
fuel particles. This is in line with calculations of core 
heatup events, based on conservatively estimated HTR 
source terms^: For a core heatup event in the HTR- 
500, it was shown that >90% of late fatalities are 
caused by cesium and strontium; early fatalities are not 
expected. 

Some steps in the fission product pathway after re¬ 
lease from fuel particles are accompanied by chemical 
reactions. One is the interaction of metallic fission 
products with graphite, the main component of the 
reactor core. Chemical interactions can also occur on 
the metallic components of the primary circuit, mainly 
on the steam generator, and in the reactor building. 

u 
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& 
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2773 
(2500) 

2273 
(2000) 

1773 
(1500) 

1273 
(1000) 
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(Cesium, strontium) 

/(Iodine, noble gases) 

/ 
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/ 
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773 
(500) 
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Fig. 2. Core heatup accident in the HTR-500 with complete primary circuit depressurization: transients of temperatures and 
release fractions from coated particles. 
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Current knowledge about these chemical interactions 
in medium-sized HTRs is described in the following 
sections. 

In contrast to medium-sized HTR concepts, the de¬ 
sign of small HTRs excludes temperatures >1600°C 
(1873 K) during core heatup events; therefore, the re¬ 
lease from fuel particles is very small. Nevertheless, a 
detailed estimation of core heatup source terms for 
small HTRs is necessary because they have no indepen¬ 
dent emergency cooling system, resulting in a relatively 
high probability frequency of this type of accident. Its 
examination, therefore, is part of the licensing proce¬ 
dure. Accordingly, the chemical aspects of Hssion 
product release specific to small HTRs are also de¬ 
scribed here. 

Concerning the chemical environment of fission 
products in HTR core heatup events, the following 
general statements can be made. The large amount of 
porous graphite (some 10^ kg) leads to a very low ox¬ 
ygen potential in the core region. The gas atmosphere 
in the primary circuit is normally inert (helium), but 
the thin oxide layer on primary circuit metals, pro¬ 
duced by steam impurities in the cooling gas during 
long-term normal reactor operation, can act as an ox¬ 
idizing medium, influencing the adsorption processes. 

For core heatup accidents with failure of the primary 
circuit liner (a very rare event, from recent results), the 
primary circuit atmosphere contains a large amount of 
steam due to the decomposition of concrete; this steam 
is slowly converted to H2/CO by its reaction with 
graphite. During core heatup accidents, the reactor 
building atmosphere consists mainly of an air-helium 
mixture. 

CHEMICAL INTERACTIONS IN THE CORE REGION 

General Considerations 

A list of chemically active fission products that can 
be released from coated fuel particles during core 
heatup events in medium-sized HTRs is given in Ta¬ 
ble II (Ref. 6). Besides experimental experience,^’’ the 
data in Table II are based on the volatility of Hssion 
products and on the stability of their carbidic com¬ 
pounds.® Actinide release has never been observed in 
HTR fuel element heating experiments and is therefore 
not taken into account in these considerations. 

As can be deduced from Table II, the formation of 
ionic chemical compounds between fission products is 

TABLE II 

Chemically Active Fission Products Released During Core Heatup Events in 
Medium-Sized HTRs with Complete Primary Circuit Depressurization 

Fission Product® Atomic Number 
Boiling Point 

(“C) 
Relative Molar 

Amount in Fuel'’ 

Release Mechanism 
from Coated 

Particle' 

Estimated Degree 
of Release from 
Coated Particles 

During Core 
Heatup Events“ 

Selenium — 
Bromine — 
Rubidium -f 
Strontium -t- 
Palladium + 
Silver + 
Cadmium + 
Tin + 
Antimony (+) 
Tellurium (-) 
Iodine - 
Cesium + 
Barium + 
Promethium 4- 
Samarium 4- 
Europium 4- 

34 
35 
37 
38 
46 
47 
48 
50 
51 
52 
53 
55 
56 
61 
62 
63 

217 
59 

688 
1384 
3140 
2212 

765 
2270 
1750 
990 
184 
678 

1640 
2460 
1778 
1597 

3.6 
1.5 

22.1 
64.2 (30% stable) 
38.0 
2.6 
2.2 
1.8 
0.7 

17.7 
9.0 

100 (50% stable) 
51.4 

8.1 
21.1 
4.3 

f 
f 
d. (f) 
d, (f) 
d, (f) 
d (fast) 
d, (f) 
d, (f) 
f?d? 
f 
f 
d, (f) 
d, (f) 
d. (f) 
d,(f) 
d, (f) 

s 
s 
h 
h 
s? 
h 
h ? 
h ? 
m ? 
s 
s 
h 
h 
s 
m 
h 

•Metal 4-, nonmetal — . 
'’Based on cesium = 100 (/ = 10’s = 28 h after shutdown). 
'd = diffusion via coatings, f = coating failure. 
“Accumulated 7-day release for an HTR-500 core heatup with slow depressurization: h = >50%, m = 10 to 50%, and 
s = <10%. 

NUCLEAR TECHNOLOGY VOL. 94 APR. 1991 59 



Moormann and Hilpert CHEMICAL BEHAVIOR OF FISSION PRODUCTS 

very limited because metallic elements are already dom¬ 
inant in fuel, and particularly in the composition of the 
fission products released from the fuel particles. This 
is because sufficiently fast diffusion of fission products 
in the particle coatings seems to be related to a metal¬ 
lic state. 

Besides graphite, molten control rods have to be 
taken into account in analyses of core chemistry. These 
rods consist mainly of metals; thus, their effect on 
chemical behavior is limited. 

Core heatup events in small HTRs do not lead to 
a remarkable increase in the particle coating failure 
level compared to normal operating reactors (<10~^ 
of all fuel particles). Fission product release in these 
core heatup events occurs from defective particles, 
from the uranium contamination of the graphitic fuel 
element matrix (<10~* of the overall inventory), 
and—with respect to metallic fission products—from 
diffusion from intact particles. Release of radiologi- 
cally important nuclides from those sources into the 
pores of the fuel element graphite is more than two or¬ 
ders of magnitude smaller than the release from coated 
particles given in Table II. With this restriction, the 
statements on core heatup events in medium-sized 
HTRs are also valid for small HTRs. 

For particles with defective coatings, experiments 
indicate^ that iodine is released as Csl, which agrees 
with experiments on LWR fuel.® There is, however, 
still doubt about the chemical form of iodine leaving 
the LWR fuel'® or HTR fuel," and elemental iodine 
may be favored under certain conditions. Because of 
their abundance, metals leave particles mainly as ele¬ 
ments. 

Interaction of Fission Products with Graphite 

The elemental metallic fission products cesium and 
strontium interact very strongly with the core graph¬ 
ite, as measurements of sorption isotherms'^"'" or dif¬ 
fusion coefficients'" '^ for these systems demonstrate. 
Equilibrium vapor pressures of strontium and cesium 
on fuel element matrix A3-3 for different temperatures 
are shown in Fig. 3a, together with vapor pressures of 
the pure elements and some of their compounds. The 
obviously strong chemisorption effect of graphite fol¬ 
lows Henrian sorption behavior at low concentrations; 
whereas at high concentrations (^0.1 to 1 mmol 
metal/kg C), a Freundlich sorption mechanism is ob¬ 
served, as shown in Fig. 3b. Henrian sorption means 
a linear relationship between the metal burden on 
graphite and the metal partial pressure in the gas 
phase; the sorption enthalpies are nearly constant un¬ 
der these conditions. The Freundlich sorption region 
is influenced by graphite saturation, leading to a de¬ 
crease in sorption enthalpies with increasing metal bur¬ 
den and to a less-than-proportional increase in sorption 
capacity with increasing metal partial pressure. For 
comparison. Fig. 3b shows a sorption isotherm of io¬ 
dine on graphite,'® pointing out a much smaller che¬ 

misorption effect than for metallic fission products. 
Note that the sorption isotherms are measured by a 
number of different methods (Knudsen effusion, radio- 
isopiestic equipment, cascade method), all leading to 
similar results. 

Standard formation enthalpies of chemisorbed ce¬ 
sium in the Henrian region [fuel element matrix A3-3: 
—290 kJ mol Cs“', see Eq. (3)] are higher than that 
of the well-known cesium intercalation compounds in 
graphite (—25 to —50 kJ mol Cs“') (Ref. 17). A pos¬ 
sible explanation for this is the following: Interaction 
may be separated into two steps, increase in the graph¬ 
ite layer distance (endothermic step) and penetration 
of cesium between the layers (exothermic step). For 
nuclear graphites, especially those containing un- 
graphitized components like the A3-3 material (=10% 
coked amorphous binder), the existence of some slit¬ 
like pores with characteristic distances of the order of 
the cesium atomic diameter has been proposed'^; ac¬ 
cordingly, chemisorption at low concentrations re¬ 
quires only the second (exothermic) step of the 
intercalation process. Similar explanations may be 
valid comparing the Henrian standard enthalpies of 
formation of chemisorbed strontium on A3-3 graph¬ 
ite [—330 kJ mol“' (Ref. 12)] with the standard en¬ 
thalpy of formation of SrC2 (—85 kJ mol“'). 

The sorption capacity of highly graphitized 
carbons'"is much less than that of materials con¬ 
taining ungraphitized binder, as Fig. 3b demonstrates. 
Reduction of the sorption capacity of the fuel matrix 
after selective gasification of its binder content or af¬ 
ter high-temperature treatment (leading to a partial 
crystallization of the amorphous binder) supports the 
conclusion that the binder content is mainly responsi¬ 
ble for the high sorption capacity of the fuel matrix 
material. Moreover, isopiestic sorption experiments 
showed that amorphous (glassy) carbon sorbs a factor 
of about 2:100 more fission metals than graphitized 
material.'^ No correlation between Bninauer-Emmett- 
Teller surface and sorption capacity was found for the 
cesium/A3-3 and strontium/A3-3 systems, indicating 
that the sorption sites are different from those respon¬ 
sible for physisorption.'^ '^ Most of the sorption ex¬ 
periments, representing the basis for accident analyses, 
have been executed with unirradiated materials; some 
experiments'^"'® on irradiated graphites revealed an in¬ 
crease of sorption capacity with irradiation for irradi¬ 
ation temperatures <1200'’C (1473 K). This increase, 
however, may be partially annealed at accident temper¬ 
atures and is therefore not taken into consideration in 
safety analyses. 

Following sensitivity studies with the FRESCO 
source term code,^ the rate-limiting step for sorption 
of gas-borne fission products at high temperatures is 
the diffusion into the graphite and, at low tempera¬ 
tures, the coupled mass/transfer adsorption process. In 
each case, the integral sorption rate depends signif¬ 
icantly on gas flow in the core cavern: Sorption is 
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Fig. 3. Fission product chemisorption on graphite: (a) Vapor pressures of some cesium and strontium compounds and 
(b) sorption isotherms (1273 K) for cesium and strontium on A3-3 matrix material and highly graphitized H-4S1 and 
for iodine on H-451. 

supported by low gas velocities or by a long residence 
time of the flssion product-bearing gas over the geo¬ 
metrical graphite surface. Such conditions are usually 
found in HTR core heatup accidents, as fluid-dynamic 
analyses indicate.'* In addition, in case of high inter¬ 
nal convection rates within the prim^ circuit, not all 
Hssion products leaving the core cavern are released di¬ 
rectly from the primary circuit: A significant part is 
retransported into the core by the circulating gas, 
which increases the sorption probability. 

Accident analyses with FRESCO reveal that this 
sorption behavior strongly influences the source terms 
of core heatup events, particularly for strontium. 
Using measured equilibrium sorption isotherms on the 
geometrical surface of graphite with an additional 
safety factor^ in combination with mass transfer in the 
boundary layer and experimentally determined diffu¬ 
sion coefficients for transport into the porous graph¬ 

ite (data for low strontium concentration in graphite 
without dependence on strontium concentration),^ the 
release of strontium from the core is smaller than re¬ 
lease from coated particles by some orders of magni¬ 
tude for medium-sized HTRs (Ref. 19). Therefore, the 
specific disadvantage of the strongly reducing character 
of the HTR core with respect to strontium, which is 
converted in the fuel from low-volatility oxidic com¬ 
pounds into the highly volatile elemental state, is com¬ 
pensated for by this chemisorption. The main sorption 
effect is the following: Strontium, released from hot 
fuel elements into the core gas phase, is chemisorbed 
in colder graphite regions; delay of release from hot 
fuel elements by sorptive interaction is of minor impor¬ 
tance in core heatup events in medium-sized HTRs. 
For cesium, the limited data base leads to a compara¬ 
bly high retention factor on graphite for core heatup 
events in small HTRs; whereas in medium-sized HTRs, 
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reduction factors of only one order of magnitude are 
found.*® However, additional measurements of ce¬ 
sium sorption isotherms at temperatures >1250°C 
(1523 K) are under way in a Knudsen high-temperature 
mass spectrometer to reduce conservatisms in applica¬ 
tion of sorption data in HTR safety analyses, i.e., a 
safety factor of 10 on the measured cesium vapor pres¬ 
sures.^ 

Diffusion of cesium in the porous graphite must 
also be examined carefully. Sorptive interaction in the 
pore system of graphites has a pronounced effect on 
diffusion of cesium: The effective diffusion coefficients 
of cesium in A3-3 graphite at 1000°C (1273 K) and 0.1 
MPa are about six orders of magnitude smaller than 
the effective diffusion coefficients of permanent gases 
in the same material. Accordingly, decreasing sorption 
enthalpies in the Freundlich regime by graphite satu¬ 
ration effects should lead to an increase in the diffu¬ 
sion rate into the graphite. Whereas for strontium, a 
steeply increasing diffusion coefficient in the Freund¬ 
lich regime was detected experimentally,^** a signifi¬ 
cant concentration dependence of the cesium diffusion 
cannot clearly be derived from existing data. Metal 
sorption on graphites in core heatup events in medium¬ 
sized HTRs is restricted to regions close to the geomet¬ 
rical surfaces if concentration-independent diffusion 
rates are used; however, considering concentration de¬ 
pendence increases the depth of penetration and thus 
the overall sorption capacity. Parameter studies with 
FRESCO reveal that release fractions from the core 
cavern are reduced by some orders of magnitude if 
concentration-dependent diffusion coefficients are 
taken into consideration for core heatup events in me¬ 
dium-sized HTRs (Ref. 21). Additional experiments 
addressing this problem are therefore essential.^*'^^ 

Other uncertainties in cesium transport in graph¬ 
ite concern diffusion kinetics. For low cesium concen¬ 
trations (Henrian regime) and low temperatures 
(<1300°C = 1573 K), cesium diffusion in most 
graphites does not follow a simple Fickian mecha¬ 
nism**; a trap diffusion model is necessary to cor¬ 
rectly interpret the observed diffusion profiles. These 
traps may be caused by a kinetic hindrance of cesium 
movement into or out of a sorption site. For stron¬ 
tium, no trapping effect was detected in the A3-3 ma¬ 
trix, but it has been found in some highly graphitized 
materials. Additional experimental investigations are 
needed in the field of diffusion/sorption kinetics at 
high metal burden in graphite and at low temperatures 
(<1300°C = 1573 K). Some answers to these questions 
may be obtained from experiments on cesium and 
strontium sorption on graphite under accidentlike flow 
and temperature conditions, which are in progress.^*’^* 
Another aim of these experiments is the verification of 
the models used in safety analyses for estimation of the 
fission product/graphite interaction. 

All the alkaline, earth alkaline, and rare earth met¬ 
als of Table II seem to interact in a manner similar 

to graphite, as outlined above for cesium and stron¬ 
tium.® 

Generally, fission product sorption on graphite is 
some orders of magnitude more efficient in core 
heatup events in small HTRs than in medium-sized 
HTRs; even for iodine, a significant reduction by sorp¬ 
tion on graphite may be expected. However, some ex¬ 
periments indicate that this sorptivity for iodine is 
mainly caused by impurities in the graphite^*; addi¬ 
tional radioisopiestic experiments to evaluate the sorp¬ 
tion isotherms and sorption mechanisms of iodine on 
fuel element matrix material and reflector graphites are 
under way.^* 

Because of the importance of fission product sorp¬ 
tion on graphite, all effects that could lead to a reduc¬ 
tion of this chemisorption have to be examined. One 
is cosorption, the competition of different elements at 
the limited number of sorption sites. Cosorption is sig¬ 
nificant only in the Freundlich regime. Cosorption ex¬ 
periments on U.S. nuclear graphites have shown that 
the sorption ability of metallic fission products on 
graphite decreases qualitatively in this sequence: bar¬ 
ium, strontium, cesium, and rubidium.** A detailed 
model of simultaneous sorption and diffusion of met¬ 
als with different sorption abilities is very complicated; 
additional problems arise because of the concentration 
dependence of the diffusion coefficient. Thus, source 
term estimations take cosorption into account in the 
following manner^: Sorption is calculated with the 
sum of all similar elements; for the overall partition be¬ 
tween gas phase and graphite evaluated in that way, 
safety factors are used for the radiologically important 
elements cesium and strontium in order to take into 
consideration stronger sorption of other elements. 

Chemical Reactions Between Gaseous Reactants 
and Chemisorbed Metals 

Chemical reactions between chemisorbed and gas- 
borne reactants like the nonmetallic fission products 
iodine and tellurium or compounds of the accident at¬ 
mosphere like steam or CO have to be examined. Al¬ 
though a much smaller amount of iodine is released 
from coated particles compared to cesium and stron¬ 
tium, it is necessary to consider the possibility of iodide 
formation to determine whether iodine release defines 
the lower limit of cesium or strontium release by reac¬ 
tion to nonchemisorbable and volatile iodides. These 
considerations may also be applied when iodine is not 
released from the fuel in elemental form, but rather 
Csl, which may decompose when it comes in contact 
with core graphite. 

The enthalpies of reaction are therefore calculated 
for chemisorbed species of cesium and strontium on 
graphite on the basis of the measured sorption iso¬ 
therms. Free enthalpies for the chemisorption reaction 
on A3-3 matrix, 

xC^s) "F CS(g) ^ Cjf... CS(5) (1) 
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in the Henrian regime, are given by 

AG^ = (13.1 + in 44100Ä 

= lnfcs/f°(J mol-') , 

where •' 

R = 8.3143 J mol-' K-' 

P° = 0.1 MPa 

c = mmol metal -kg-* -C 

T = temperature (K). 

For standard enthalpy and entropy of formation of the 
chemisorbed cesium in the Henrian regime, it follows 
that 

AH^ = -290700 (J-mol-‘) 

AS^=-200-/?-lnc(J mol-'-K-') . (2) 

Combining reaction (1) with the dissociation of Csl, 

** CS(g) 4- 1(g) , (3) 

gives 

Cj: . . . CS(,) + <=> Csl(g) + . (4) 

No I2 is expected under core heatup conditions: tem¬ 
peratures >1000 K (727°C) and iodine partial pressures 
<100Pa. The equilibrium constant for reaction (4) is 

\nKs = ln(Pcsi/^i) = 3.34 - 3160/7’-»- Inc . (5) 

Figure 4 contains equilibrium constants on A3-3 
matrix for different cesium burdens and temperatures; 
data for the Freundlich regime, calculated in a similar 
manner, are also given. Decreasing sorption enthalpies 
with increasing cesium burden give reaction (4) an en¬ 
dothermic character at cesium concentrations <2.5 
mmol kg-', whereas the reaction becomes exothermic 
at higher concentrations. 

What is true for iodine holds for bromine; calcu¬ 
lations for CszTe, based on data given in Ref. 24, in¬ 
dicate that only elemental tellurium is expected in the 
HTR core cavern and that tellurium release has no in¬ 
fluence on metal sorption on graphite. 
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Fig. 4. Thermodynamic stability of Csl in the presence of A3-3 graphite matrix. 
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Corresponding estimations for the Sr(g)/Srl2(g)/ 
C(s) system reveal a higher stability of the chemi¬ 
sorbed strontium in comparison with cesium®; this re¬ 
mains valid if Srig is also taken into consideration: 
The equilibrium constant for the reaction 

Cjf... Sr(j) 4- 1(g) <=> Srl(g) + x^{s) (6) 

is (Henrian regime, A3-3 matrix) 

In/sTg = ln(Psri/^i) = 7.16 - 26870/7+ Inc , (7) 

showing very low Sri pressures in comparison with 
Csl. The examination of metal volatilization may 
therefore concentrate on cesium. 

Figure 4 indicates that Csl decomposes over A3-3 
graphite if the cesium burden is in the lower Henrian 
regime; whereas in the upper Henrian regime and in 
the Freundlich regime, the opposite reaction occurs: 
volatilization of sorbed cesium by Csl(g) formation. 
In medium-sized HTRs, where concentrations at the 
cold graphite surfaces are usually in the Freundlich re¬ 
gime during core heatup events, it must be assumed 
that iodine release from the core occurs as Csl(g). For¬ 
mation of Csl by decomposition of the chemisorbed 
cesium does not necessarily lead to an increase in the 
cesium source term, as conservatively assumed here: 
Cesium transport in the form Csl from graphite re¬ 
gions with high cesium burden to low burden zones, 
where Csl decomposition proceeds is also possible; this 
transport can happen by in-pore diffusion within the 
graphite or by convection with cooling gas flow be¬ 
tween different core areas. In small HTRs with their 
much lower cesium concentrations, cesium chemi¬ 
sorbed on fuel elements is more stable in the presence 
of iodine. Note that chemisorbed cesium in highly 
graphitized materials is less stable against iodine attack 
than in A3-3 matrix containing binder, as the values 
for H451 graphite in Fig. 4a indicate. Therefore, iodide 
formation with cesium sorbed on (highly graphitized) 
reflector graphites is favored from a thermochemical 
point of view. 

The influence of steam (which might be produced 
by decomposition of concrete in a highly hypothetical 
accident sequence) on chemisorbed cesium has also 
been investigated®; in this case, H2 and CO are pref¬ 
erentially formed, but no signihcant volatilization of 
sorbed metals by chemical reactions occurs. As an ex¬ 
ample, Fig. 5 shows the equilibrium vapor pressures of 
different cesium and strontium compounds in the gas 
phase over A3-3 graphite during steam attack, calcu¬ 
lated by the SOLGASMIX code.^® However, in case 
of high graphite corrosion, the gasification of carbon 
could lead to mobilization of its fission product con¬ 
tent; on the other hand, there are some experimental 
indications that metallic fission products move deeper 
into the graphite during steam attack on the surface.“ 

The high stability of chemisorbed metals on graph¬ 
ite in the presence of steam and the remarkable mobili- 
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Fig. 5. Equilibrium vapor pressures over A3-3 graphite, 
containing 4 mmol Cs/Sr kg"', coming into contact 
with an atmosphere consisting of 0.1 MPa helium, 
1 kPa H2O, and 0.5 Pa I2 (cosorption is not taken 
into account in sorption thermochemistry). 

zation rate due to iodine have also been experimentally 
confirmed. 

Following particle coating failure at high temper¬ 
atures, the oxygen content of the kernel is released as 
CO. liiermochemical calculations show that even high 
concentrations of CO do not signiHcantly change the 
fission product chemistry in the core: Formation of 
SrO or cesium oxides through reactions between CO 
and elemental strontium or cesium is not expected.“ 

CHEMICAL INTERACTIONS IN THE PRIMARY CIRCUIT 

AND IN THE REACTOR BUILDING 

The geometrical surface areas of the primary cir¬ 
cuit are large [-10000 m^, mainly (oxidized) metals, 
but also graphite and other ceramics]. Despite the large 
surface areas of the metal components in the primary 
circuit, their sorption capacity is much smaller than 
that of the core graphite. The porosity of graphite 
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allows the transport of fission products deep into the 
material, whereas fission product interactions with pri¬ 
mary circuit metals are mainly restricted to the outer 
surface (adsorption) or to a relatively thin surface 
layer. For a surface roughness factor of 10, the upper 
limit of adsorption capacity (monolayer) is reached on 
the primary circuit metals as soon as -10”^ of the 
core inventory of cesium is adsorbed. 

Some experiments indicate that a higher chemi¬ 
sorption capacity exists under special conditions, but 
the reason is not yet clear (possibly surface roughness, 
volume diffusion into the metal, or permeable oxide 
layer). This effect is therefore not taken into consider¬ 
ation in safety analyses. Uncertainties concerning the 
thermochemistry and kinetics of fission product plate- 
out on metal surfaces are still large. One reason for this 
is that technical surfaces, whose conditions have a pro¬ 
nounced influence on the plate-out effect, are not com¬ 
parable in different experiments. Nevertheless, all 
avmlable data indicate a significant chemisorption of 
c«ium, strontium, and iodine in the submonolayer re¬ 
gime on those metals without and (except for iodine) 
with an oxide layer. This chemisorption is accompa¬ 
nied by sorption enthalpies of the order of 100 to 250 
kJ mol ' for low surface coverage. For primary cir¬ 
cuit temperatures in core heatup events, this leads to 
an equilibrium partition between gas phase and sur¬ 
faces, lying—as long as surface saturation (monolayer) 
may be excluded—on the side of the sorbed species, at 
least for metallic fission products. Concerning plate- 
out of molecular iodine on metals, formation of vol¬ 
atile iron iodides has to be taken into account. 

Thermochemical estimations of cesium and stron¬ 
tium interactions with metal oxides of the oxide layer 
(Cr^O;, FezO), NiO, spinels) indicate that strontium, 
in contrast to cesium, forms oxidic compounds. Sili¬ 
con dioxide, which is known to form stable com¬ 
pounds with cesium,^® is found at the oxide/metal 
boundary under HTR conditions^ and cannot be eas¬ 
ily reached by fission products. 

Altogether, plate-out in the primary circuit is ex- 
perted to be an important effect if the core release re¬ 
mains small (as is the case for small HTRs) and should 
therefore be taken into consideration in future safety 
analyses. 

As demonstrated above, Csl may be an important 
iodine species in core heatup events. Experiments have 
shown that Csl does not interact with primary cir¬ 
cuit metals, at least in the absence of oxygen, as must 
be assumed here. Thermochemical calculations lead to 
a similar result, except for a very low rission product 
burden on metals. Therefore, plate-out of Csl cannot 
be taken into account in safety analyses. 

Steam ingress by concrete decomposition leads to 
a remobilization of fission products, chemisorbed on 
metals, by formation of CsOH, HI, etc. For cesium, 
remarkably slow kinetics of that mobilization by steam 
has been observed in some experiments, which may be 
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due to diffusion in the oxide layer as a rate-limiting 
step. However, other experiments indicate a signifi¬ 
cantly higher mobilization rate.^* 

Graphitic components in the primary circuit are 
less important for source term calculations than those 
in the core region because gas-borne fission products 
do not easily come into contact with those compo¬ 
nents. 

Chemical phenomena in the reactor building of an 
HTR are not very different from those of other reac¬ 
tor types: When fission metals enter the reactor build¬ 
ing, they are oxidized by air, leading to CsOH, SrO, 
and the carbonates. The aerosols formed by conden¬ 
sation of those oxidized metals are small, because fis¬ 
sion product concentrations under HTR conditions are 
low^^ and because the number of condensation nuclei 
is very high in that process. Therefore, aerosol settling 
is of minor importance in HTR reactor buildings. 
Iodine behavior in the reactor building has to be mod¬ 
eled in a similar manner as for LWR accidents with dry 
atmosphere. 

As mentioned at the beginning, the primary circuit 
and reactor building signiHcantly reduce the source 
term by the buffering action of their large gas volume: 
Most of the fission products are retained because there 
is no efficient transport mechanism into the environ¬ 
ment.*® Taking that into account, the conservatively 
cdculated core heatup source terms for modern me¬ 
dium-sized HTRs are <196 of the overall inventory for 
cesium, noble gases, and iodine, and <0.196 for stron¬ 
tium; in small HTRs, these source terms are some or¬ 
ders of magnitude smaller. 

CONCLUSIONS 

The following conclusions are drawn from this 
study. 

1. The release characteristics of HTR fuel particles 
and the chemically reducing reactor environment in 
core heatup accidents severely restrict the number of 
stable fission product compounds in the core and pri¬ 
mary circuit. 

2. The most important chemical reactions during 
HTR core heatup events are the chemisorption of 
strontium and cesium on fuel element graphite, lead¬ 
ing to a strong reduction of their source terms, espe¬ 
cially that of strontium. A specific disadvantage of the 
HTR, its strongly chemically reducing core, which con¬ 
verts strontium into its volatile elemental state, is com¬ 
pensated by this chemisorption. 

Except in the case of low cesium burden, chemi¬ 
sorbed cesium is not stable in the presence of iodine; 
therefore, it is assumed to be released from the core in 
the form of Csl during core heatup events in medium¬ 
sized HTRs. The amount of volatile Csl defines a limit 
of the chemisorption of cesium. 
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- 3. Chemisorption of fission products also occurs in 
the metallic components of the primary circuit, but it 
is probably limited by surface saturation processes. 

4. The fission product chemistry in the HTR reac¬ 
tor building is similar to that in other types of reactors. 
However, low fission product concentrations prevent 
reduction of the source term for metallic fission prod¬ 
ucts by efficient aerosol settling, in contrast to some 
LWR core meltdown scenarios. 

5. Additional research is needed in some areas of 
HTR fission product chemistry in order to verify the 
remarkably low HTR source terms and to reduce con¬ 
servatisms. 
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Spaltproduktablagerung auf Metallen und der Code SPATRA 

R. Moormann, G. Meister 

KFA-ISR 

Der Code SPATRA basiert hinsichtiich der Adsorptionsvorgänge auf dem von Kress 

und Neill /1/ entwickelten Ansatz. Volumeneffekte können auf der Basis eines 

diffusiven Transports aus dem adsorbierten Zustand in die Bulkphase berechnet 

werden; eine umfassende Beschreibung der verschiedenen Ansätze zur 

Berücksichtigung von Volumeneffekten findet sich in 121. Chemische Reaktionen der 

Spaltprodukte untereinander sind mit SPATRA Code modellierbar /3/. In ältere 

Versionen des Codes war zusätzlich das 'Penetrationsmodell' zur Beschreibung von 

Volumeneffekten eingebaut. 

Validierungsrechnungen zu SPATRA wurden anhand der Reaktorexperimente 

VAMPYR-I und -II durchgeführt. Die Ablagerung von Silber auf INCONEL-617 im 

Experiment VAMPYR-II-01 ließ sich mit SPATRA auf der Basis von US/SU- 

Referenzdaten (Desorptionsenergie im Bereich der Sublimationsenthalpie von Ag) 

gut nachrechnen (s. Abb. 1); hingewiesen sei darauf, daß diese 

Experimentnachrechnung keinerlei Hinweise auf größere Volumeneffekte ergab: 

Versuche zur Nachrechnung mit älteren KFA-Daten (Desorptionsenergie 130 kJ/mol 

bei hohem Volumendiffusionsanteil) verliefen völlig unbefriedigend. Eine ähnliche 

Tendenz zeigte sich bei der Nachrechnung der Cs-Ablagerung auf 15Mo3 im 

Experiment VAMPYR-l-09 (s. Abb. 2): Eine hinreichende Übereinstimmung von 

Messung und SPATRA-Rechnung ist nur dann zu erzielen, wenn der 

Volumendiffusionsanteil gegenüber älteren KFA-Daten drastisch abgesenkt wird. 

Hinweise darauf, daß frühere KFA-Untersuchungen die Volumeneffekte in vielen 

Fällen signifikant überschätzten sind auch aus den im Beitrag von K.Röllig 

genannten Daten zum 'Penetrationskoeffizienten' (dieser Band), den in /4/ 

publizierten Ergebnissen zur Cs-Belegung des Primärkreises des Peach-Bottom- 

Reaktors sowie dem Umstand zu entnehmen, daß eine befriedigende Nachrechnung 

der Cs-Belegung im AVR von US-Seite ohne Berücksichtigung von Volumeneffekten 

vorgenommen werden konnte /5/. 

Eine theoretische Analyse der älteren KFA-Daten zu Volumeneffekten weist in die 

gleiche Richtung: Das Verhältnis von Sorptionsrate durch Volumeneffekte Rp zu der 

maximal möglichen Sorptionsrate (schwarze Wand) Rg ist nach dem 

'Penetrationsmodeir (s. Beitrag K.Röllig, dieser Band) gegeben durch: 

Rp/Rs=v(1-ß)/[h-i-v(1-ß)] 
mit 

V = molekularkinetische Geschwindigkeit (Cs: ca. 100 m/s) 
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h = Stoffübergangskoeffizient 

ß = Penetrationskoeffizient 

Untersucht man für Fälle mit niedrigem Stoffübergangskoeffizienten (h = 0.01 m/s) 

die früher mitgeteilten Penetrationskoeffizienten (ß bis 1.2E-3 für Cs, abgeleitet aus 

dem Experiment Saphlr-P-06) stellt man fest, daß nach diesen Daten ca. 50 % der 

auf die Metalloberfiâche auftreffenden Cs-Atome direkt in den Bulk eindringen 

sollten, bzw., daß auch bei hohen Temperaturen und damit gering werdender 

Adsorption die Sorption aufgrund der Volumeneffekte noch ca. 50 % des im 

Tieftemperaturbereich (schwarze Wand) auftretenden Maximalwertes ausmachen 

sollte. Dieses Ergebnis ist aber mit der Mehrzahl der für Reaktormaterialien 

vorhandenen Daten nicht verträglich, sodaß eine Revision der früher von KFA-Selte 

mitgeteilten, die Volumeneffekte betreffenden Daten nötig erscheint. 

Eine Ursache für die offensichtliche Überschätzung der Volumeneffekte in früheren 

KFA-Arbeiten könnte mit einem bisher nicht verstandenen, bei der Cs-Ablagerung 

gelegentlich auftretenden Verhalten Zusammenhängen: Sowohl die Cs-Ablagerung 

im COMEDIE-Experiment /6/ als auch In den AVR-Experlmenten VAMPYR-II wurde 

(im Gegensatz zu dem In Abb. 2 dargestellten Verlauf) als fast 

temperaturunabhängig gefunden. Allerdings blieben die Cs-Ablagerungsraten sehr 

weit unter den theoretisch maximal möglichen, sodaß eine Deutung über 

Volumeneffekte ausscheidet. Versuche, dieses Ablagerungsverhalten über den im 

AVR-PrImärkrels vorhandenen Staub zu deuten erscheinen wenig erfolgver¬ 

sprechend: VAMPYR-Il-Experimente zur Cs-Ablagerung, bei denen der 

Ablagerungsstrecke ein Staubfilter vorgeschaltet war, zeigten ein fast identisches 

Ablagerungsverhalten wie bei fehlendem Staubfilter. Gesichert staubgetragene 

Nuklide wie z.B. Co-60 wurden jedoch, wie in Abb. 3 dargestellt, überwiegend im 

vorgeschalteten Staubfilter gefunden. Der Vergleich der In der Meßstrecke 

abgelagerten Aktivität von Ag-110m und Cs-137 zu den entsprechenden Aktivitäten 

•n den nachgeschalteten Filtern zeigt auch die oben erwähnte niedrige 

Ablagerungsrate des Cäsiums. 

/V Kress, Neill: A Model for Fission Product Transport an Deposition under 

Isothermal Conditions. USA EC Rep. ORNL-TM-1274 (1965) 

/2/ J.Herion: Der Einfluß der Wandmateriaiien auf die Ablagerung von Cs in HTR- 

Kühlkrelsläufen. Jül-1155 (1975) 

/3/ G.Meister: SPATRA, ein Computerprogramm zur Simulation des Spaltprodukt¬ 

transports Im Primärkreis von HTR. KFA-ISR Interner Bericht Juni 1990 

. /4/ D.LHanson, N.LBaldwin, D.E.Strong: Fission product behaviour in the Peach 

p: Bottom and Fort St. Vrain HTGR's. IWGGCR/2 (IAEA 1981) p.49-54 



/5/ U.Wawrzlk, C.B.von der Decken: Staub- und Aktivitätsverhalten. VDI-Ber. 729 
(1989) p.239-54 
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