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1. INTRODUCTION

Recently Gratton et ale L-1_7 L-2_7 have proposeda

Gas-cooledFast Reactorhaving as fuel coatedparticles

cooled by helium, which is flowing directly through a bed

of loose particles. The elimination of the graphite matrix

and graphite sleevesin respectof the thermal High Temperature

Reactor, makes the neutron spectrummuch harder, so that the

reactor becomesa breeder,while the very large heat transfer

surface per unit volume made available by direct cooling of

the coatedparticles allows a very high power density in the

core, required to minimize the fissile inventory. The

coatedparticle proposedat presentby Dragon for a

thermal High TemperatureReactorhas a

kernel of (U, Th) O2 with 20% porosity, diameter and

a coating with an inner porous pyrocarbon layer roughly

thick, an interlayer of Silicon carbide and an outer

layer of densepyrocarbonboth thick L-3_7. The inner

carbon porous layer protects the SiC layer from the

recoil of fission fragments, the dense SiC layer acts as

the main barrier against the diffusion of fission products

while the denseouter pyrocarbon layer shrinks under

irradiation and maintains the fragile SiC layer under

compression.In a fast reactor, due to the very large
23neutron fast fluence, of the order 10 nvt, almost two

order of magnitude greater than in a thermal reactor, the

outer pyrocarbon layer would surely crack and would not be

able, toward the end of the coatedparticle life in core,

to maintain the SiC under compressionL-4_7 L-s_7 L-6_7
L-7_7 L-8_7. The dimensionalstability of Silicon Carbide under

fast neutron irradiation is much better expecially at high

temperaturesL-9_7, thereforeGratton has proposedfor the

GCFR a coatedparticle where the outer pyrocarbon layer

has been eliminated and the SiC layer made thick.
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By the Fick's law of diffusion the number of atoms

flowing in the unit time through a surface S is given by:

dn (t)
p

dt
dC= SD dx (3)

Where the concentrationgradient has been assumed

equal to the difference of concentrationin fuel and the

pores divided by the averagedistancethat the diffusing

atom has to run to reach the surfaceof the fuel grain X.

The equationof continuity is:

(4)

Where Kt is the number of atoms producedby fission at

the time t of the element considered.From equations (3)

and (4) one obtains:

(5)

(6)

If one that VF and Vp are independentof time,

than equation (5) can be analitically solved:

n
p

(t) = [t- 1 - (-At)]

(with the initial condition n (0) = 0)
p

However, under irradiation the kernel swells so that

VF increasesand Vp decreases.We assumethat this swelling

is linear with time and with a rate of 1% per 1% Fima.

Furthermore, in accordancewith Findlay et al. suggestion,

we assumeS independentof time. This is, strictly

speaking, only valid for large burn-ups Thus our

solution is incorrect for low burn-ups. However we are

particulary interestedin the behaviourof the particle

at the end of its core life, when the inside pressuresare

the highest and the burn-ups In this case our solution

is correct.
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a =
b x VFomax

t max
=

-40.111x2.669x10
278.6

t max

r 4 j V 238 b2 . 2414x10 K __ __F_O__X_P"",",:,""X_2__7_0_x__m_a_x
Vg =

6.023x102 3

=
-4 2381.126x10 xl1x2 70xO.111

278.6 Vg =

Vg is the volume of fission gas at 200C and 1 Atm

produced by 1 gr of metal after 1% burn-up. It is

equal to 0.0155 cm3/gr% for krypton and 0.22 cm3/gr%

for xenon L-19_7.

Equations (7) and (8) have been solved by numerical

computation. The results are given in Fig. 2 and 3.

The calculated fission gas pressures are little affected

by the variation of fuel volume due to swelling.

Calculations performed with equation (6), where a = 0,

give fission gas pressures only 5 f 15% lower than

those of Fig. 2 and 3. Essentially this is due to

the fact that, when one takes into account of fuel

swelling, the less space available in the pores is

partially compensated by the bigger volume of the fuel,

which can then take more fission gas. The computed

pressure are, however, strongly depedent on the

assumed values of Sand X. Calculations performed
o

with other values of Sand X show that the pressure is,
o

in first approximation, proportional to S Ix.
o

Other contributions to the fission products pressure are

given by the vapour pressure of the metals cadmium, cesium,

rubidium and tellurium. From equation (7) one can see

that the number of atoms reaching the grain surface

n (t) is proportional to KD. The values of K for the above
p

mentioned fission products in relation to the K of krypton

have been obtained from Appendix I of L-25_7.
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The carbon dioxide content in the gas is evaluatedby

use of the reaction equation:

1
CO + '2 O2 = CO2

This yields:

(13)

lp (C01I exp

1IG (CO) + .!. 1IG0 2 (F) - 1IG (C02)2
RT

(14)

The latter two relations are used to calculatethe carbon

oxide pressure.The ratio of equilibrium pressuresof

CO2 and CO over slightly hyperstoichiometricfuel is

given in Fig. 4, where y is equal to the oxygen/metal

ratio minus 2.

2. Calculation of the Carbon Oxide Pressureas a Function

of �B�~�r�n�u�p

At the beginning of irradiation the gas pressure in the

fuel is formed in accordancewith the free enthalpies.This

pressureis dependenton the stoichiometryof the fuel

and on temperature.The result of the computation is

shown in Fig. 5 for the temperaturerange from 900 ­

1400oC. It can be seen that for a slightly substoichio­

metric fuel the pressureremains below 5 atme Stoichio­

metric fuel causespressuresbetween 3 and 120 atme

For hyperstoichiometricfuel the equilibrium pressure

of the carbon oxide gasesis very high. It amounts to

as much as some 1000 atme for a O-to-M ratio of 2.001
oat 900 C.

Evidently, the pressurelevel attainedin a coated

particle is dependenton the pore volume and the oxygen

supplied. Since oXygen is releasedfrom the plutonium

oxide due to fission of plutonium, the amount of oxygen

supplied is increasedwith burnup. The following

calculationswill yield theamountof oxygen which is

available for the formation of carbon oxides as weIl as

the resulting pressurelevel.
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The result of the calculation is shown in Fig. 7. The

upper family of curves is obtainedthrough calculation

of the pressurefrom the oxygen balanceaccording to

Eq. (18) and by assumptionthat only CO is formed.

Actually, agasmixture of CO and CO2 is formed at a

lower pressure,the composition of which is given in

Fig. 4 as a function of temperaturefor various

stoichiometricparametersy. The actual pressureof

the gas mixture correspondingto the pressurecalculated

with Eq. (18) in the upper family of curves of Fig. 7 is

found by varying y until the oxygen balance is equalized

for the respectivegas composition of CO and CO2 and it

is shown by the lower family of curves given in Fig. 7

This burnup is expressedby the

A means of pressurereduction is provided by the use

of substoichiometricfuel. When a fuel composedof

this fuel become stoichiometric(U,pu)02 is used,
-Yo

at a given burnup b •s
equation:

b s (21 )

Up to this burnup the fuel remains substoichiometricand,

thus, the carbon oxide pressureis below 5 atm. The

CO-C02-pressurewhich prevails after 11% of burn-up

is shown in Fig. 8 as a function of y . Afuel composed
o

of (U,pu)01.94 remains substoichiometricup to 11% of

burnup. This result is in accordancewith the experiments

and calculationsof Davies et al. L-25_7. A reduction of

�r�O�.�8�P�u�O�.�~�0�2 �t�O�~�O�.�8�P�U�O�.�~�1�.�9�4 is possible in laboratory
with negligille losses of plutonium by means of reduction

with hydrogen L-26_7. Flowers and Horsley obtained

�(�b�O�.�7�5�P�u�O�.�2�~�1�.�9�4�4 by reduction of stochiometricoxide
at 15000C with CO at 1 Atm in a containerof

graphite L-27_7. For temperaturesbelow 11000C one must

take into accountof the effect of the fission product

molybdenum, which forms M002, for which SKYK = 47. When

the equilibrium partial pressureof CO/C02 over M002 is

attained, the pressureremains constantuntil all molybdenum

is oxidized (horizontal lines in Fig.8).
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5. OPERATION TEMPERATURE AND SiC LAYERTHICKNESS

FOR CREEP STRAIN O. 3 %

Table 2 shows the fission gases and CO/C02 pressure for

at 100 000 MWD/t in the temperature range

800 - 1000 C with the assumption that the voidage in

the buffer layer of porous PyC is 100% available to take

the gases. Horsley suggests that in reality only 50% of

this space is available L-15_7. Table 3 shows the same

pressures calculated in the case of 50% space availability

in the buffer layer. The Cs and Te pressures remain

invariated because they are the vapour pressures of these
ometals. The pressures of Kr, Xe, Rb (T<1200 C) and CO/C02

have been calculated by multiplying the values of Table 2

with the voidage volume ratio at 11.1% Fima:

= 1. 5360.1126 - 0.111 x 0.2669

0.1126 - 0.111 x 0.2669 ...

and the pressures of Cd and Rb by multiplying

with the total volume ratio (fuel + voidage) :

0.1126 + 0.2669
0.1126 + 0.2669 _ 0.05791

2

= 1.083

The total gas pressures in the two cases are shown by

Fig. 9 as welle The strong decrease of gas pressure below

10000C is given by the reduction of CO/C02 pressure due to

the fission product molybdenwn, while the other strong

decrease between 1300 and 11000C is given by the smaller

surface of fuel per unit weight (see Fig. 1).

Price et ale have estimated the creep constant of

pyrolitic SiC under irradiation L-14_7. The irradiations

were performed at 650°C to a neutron dosis of

3.8 x 102 1 nvt and at 900°C to 4.2 x 10
21

nvt

0.18Mev). Assuming that the creep rate is a linear

function of stress:

(22)
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and that the samples failed on reaching their fracture

stress, they estimated at 6500C Ko to be between 1.5 and
-9 -1 20 -12 x 10 (psi) (10 nvt) and to be less than
-9 -1 20 -1 03 x 10 (psi) (10 nvt) at 900 C. In our calculation we

assume, pessimistically, that Ko is equal to 3 x 10-9

(pSi)-1(1020nvt)-1= 4.41 x 10-8 (Atms)-1(1020nvt)-1.

Furthermore we assume that:

- K is constant up to 1400oC.
o

This seems reasonable because we are considering

essentially radiation induced creep. Temperature

induced creep should be smaller at the temperatures

considered, although above 10000C it might not be

negligible L-29_7.
- K is constant up to �~�t = 0.75 x 102 3nvt �(�E�~�0�.�1�8�M�e�V�)�.o

This means an estrapolation of 20 times in respect

of the measured values, but it is the only one

possible because no data at higher fast neutrons

exposures are available.

Price et ale found also that SiC could withstand a creep

strain of 0.3%, while samples with 0.37% strain presented

hairline cracks. We shall therefore calculate from

equation (22) the stress a which produce astrain of 0.3%.

If we assume, again pessimistically, that the pressure build

up inside the particle is linear with time and the outer

helium pressure is 70Atms, then the average pressure

differential 6Pm between pressure inside the particle

and outside pressure - during the period when this inside

pressure is higher than the outside one - and the time

(in terms of �~�t�) during which this occurs, can be

easily calculated (see Table 4). The value of �~�P�m is

independent from the fact that helium can diffuse or not

inside the particle during the initial period when the

inner pressure is smaller than the outer pressure, because

when the inner pressure becomes greater than the outer helium

pressure, the helium diffuses again out of the particle.
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= pressure due to atoms of rubidium inside the

particle at 100 000 MWD/t L-Atms.)

= pressure due to atoms of tellurium inside the

particle at 100 000 MWD/t L-Atms_1

= pressure due to atoms of xenon inside the

particle at 100 000 MWD/t L-Atms_1

= pressure due to atoms of CO/C02 inside the

particle at 100 000 MWD/t L-Atms_1

P f · .lSSlOn
products

Pt o t

I1Pm

L-P(CO)_I

L-P(C0
2
)_1

L-P
0 2(F)_1

=

=

=

=

=

=

Pfission products + PCO/C02 L-Atms_1

average pressure differential between pressure

inside the particle and outside helium pressure

during the time when the internal pressure is

higher than the outer pressure L-Atms_1

equilibrium pressure of co L-Atms_1

equilibrium pressure of CO 2 L-Atms_1

equilibrium partial pressure of oxygen over

the fuel L-Atms_1

equilibrium partial pressure of oxygen in

CO L-Atms_1

- ')­
particle kernel L cm~_/

p(t)

r

S

=

=
=

Xe and Kr pressure inside the particle at

the time t L-Atms_1

inner radius of SiC coating layer L-~m_1

S pV total surface of the fuel ill the
o Fo =

-I

- 3­
kernel t. cm _/

kernel for t

time corresponding to a burnup of

100 000 MWD/t L-sec_1
fuel volume in the particle

fuel volume in the particle
- 3­= 0 t. cm _/

=
=

=

=
=

- 2 -
surface of the fuel per unit weight L cm /gr_/

OlM ratio of the Kth stable fission product

oxide

= thickness of SiC coating layer L-~m_1
-0 -= particle temperature L K_/

-0 -= room temperature L K~/

= time L-sec_1

s

T

To
t

t max
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Fig .1: Surface area of irradiated (U,Pu) O2 at high burn-ups[1 Zl,x is the average d istance that

a diffusing atom has to run to reach the surface of the fuel grain.
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