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In a high temperature gas cooled reactor of the DRAGON type, the temperature dependence of

the radiolyticallyinduced graphite oxidation is such that for one specified admissible local

attack the water inleakage can be increased.

1.

Introduction

In a high temperature gas cooled reactor, with prismatic fuel element, the graphite will
be operating at temperature ranging between 500°C and 1.100°C. The maximum admissi=-
ble concentration of oxidising impurities, is for one specified maximum local attack of
the graphite dictated by the hottest point of the fuel element surface,on the other hand
the steady state concentration of the oxidising impurities and their reaction products
with graphite in a degassed primary circuit depends on the inleakage rate of impurities,
the rate of gas purification, the rate of reaction of the oxidising impurities in the core
and the rate of regeneration of these impurities by carbon deposition in the heat ex~
changers. It can be shown that for one maximum temperature of the fuel element, the
admissible water inleakage can be increased, all other parameters being kept constant,
if the temperature dependence ( activation energy) of the oxidation rate is reduced.
[]] Finally it will be shown that the radiation in the core influences the graphite

reaction rate in a way as to decrease its temperature dependence. [2]

Steady state concentration of impurities in the primary circuit

The following simplifying hypotheses are used for establishment of the equations of the

steady state equilibrium concentration:

a) in a thoroughly degassed circuit the only possible inleaking impurity is water

from a failed heat exchanger

b) a steady flow passes throuchthe purification plant and the purification process is

100 % efficient

c) the reactions which take place are the following ones and they are first order:

in the core

HyO + C ——> H, + CO (1)
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in the heat exchangers

CO + Hy — > Hy0r C (2) 1

We assume, in fact, that the carbon deposition occurs as the reverse of the water gas
reaction and that the primary reaction products of HoO and C are CO and Hy,
and they are present in equal concentration in the core. Experimental evidence st.ow
that the reaction (2) is proportional to the C-o and C'HZ corcentratiors {:3]
and we will then use the concentration of H, as being representative of borh the co -
centration of CO and H2. It is worth noting here that if, in fact, the carbon deposi-
tion ocgurs by rhe reverse of the Boudouard reaction a similar discussion with similar

conclusion can be used at the expense of a more equatio: s.

For the assessment of the impurity level in the circuit more quantitative informa-ions are

required on the sources and sinks of impurities in the circuit.

2.1 The water inleakage acts as a source of the oxidising impurity. Although it is

technologically possible to build perfectly leaktight heat exchangers, nobody
can at this stage garantee that they will operate without failure for 20 years.
The reactor operation should be acceptable with small steam inleakage which
would be cured at the normal reactor shut-down. We assume then that a leak of

W mole /s H O is established in the heat exchangers

2.2 The purification plantacts as a sink for all the impurities HoO, Hy and CO. The

rate of purification although not theoretically limited should be kept as small as
possible for economical reasons.

Let us assume a steady purification flow of g cm3 /s .

2.3 The integrated corrosion in the core acts as a sink for the oxidising impurity H,O

and as a source for the CO and H2.

The integrated corrosion in the core depends on the water concentration, the
local graphite reactivity, the temperature distribution in the core and the available

surface for reaction.

The integrated reaction along one coolant channel of perimeter Pe ( ¢m ) and

length L ( em) is given by

L
Pe - . .
e a[ k - dx cH2o (3)
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Assuming N similar channels in a reactor one can define the term Z as the
, c

integrated reaction per unitC expressed in cm3 /s
HZO
N L
ZC=Z Pe . jkodx (4)
o

o

We know that the thermal reaction rate is an exponential function of the type

E

pre)

k =k . e (5)
where ko ist the frequency factor E ist the activation energy and R the universal
gas constant,

Expression (4) can be rewritten

NL 3
Z =Peoz j k eR . dx (6)
o o °

e |

Fig. 1 gives a typical temperature, curve (1) and reaction rate curve (2) dis-
tribution as function of the core height in a H.T.G.C. Power Reactor. The

curve (3) gives the integrated reaction rate Zco

The integrated carbon deposition in the heat exchangers following equations (2)

acts as a source for H.O and a sink for C02 and H

2 2

A tem ZR ¢ integrated reaction in the heat exchanger per unit C(H ) and
2

unit C (co) be defined in a similar manner as Zc . The temperature de-

pendence of this reaction is not yet known, Experiments which are in hand

[4 ]I[' 5 J have shown that by the selection of a suitable purification flow and
the use of suitable material this term can be eliminated. We will however keep
this term far the establishment of the general equations and further on in the
discussion we can delete it.
With these elements the following equation gives the differential evolution of
the H,, O concentration for a clean circuit of volumeV(cm3) where a leak of W

2

mole/ s of water has developed.
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d C o Ze * o Zp  Cy 9 Cyo
= — + -

dt \ \ \ \

(7)
Similarely, the following equation can be given for the differential evolution of the H2

and CO reaction product.

2 _ 2°  _ ' - Z (8)

By solv ing these equations with C = o and C, = o as boundary condition at the
H,O H2

time t = o one obtains for t sufficiently great

Z - C

c HZO
CH =
2 ZR + q (9)
W
CH20= : (10)
z (1- ) *q
c
1+ =
R
which for ZR negligible can be rewritten
Zc . CHZO
CH = (11)
2 q
Cy o= W (12)
4 Zc + q

More refined and elaborate equations taking into account the variables, which for sake
of simplification were here omitted, such as the exact order of reaction, catalysis of
the oxidation reaction by fission products and iron, radial temperature distribution in the

core etc. can be established. But for the purpose of these discussion equations ( 11 ) and

(12) are sufficient and give a good insight into the phenomena discussed.
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Admissible water concentration in the core

The admissible water concentration in the core is defined by the maximum corrosion at the
hottest point of the graphite coolant channels. If we assume that the specification for the
maximum admissible corrosion is expressed as the maximum depth of penetration in the

graphite during the fuel lifetime we can write the following equation

K "X max K oo max
CHZO Tk B —E (13)
X RT
ko - e max

K = —9 = constant mole year /cm3 - s

12 . K*
§ = density of graphite g/ em 3
K- = number of s / year s / year
X o maximum admissible corrosion per year cm / year
kmax = maximum superficial rate of attack of the em /s

graphite fuel sleeves at the hottest point

12 = molecular weight of graphite

Admissible water inleakaﬁ_

The admissible water inleakage ifn the primary circuit can be obtained by combining

equations (12) and (13)

K- x
W = ..k__.'.“ﬂ Z_+q (14)
max
which can be rewritten NL _E
Pe Z I e T, dx
—K- °©o o q
W=K % max E T (15)
- max
max

e

From this equation it can be seen that for a given x ~, qand k _  the water



L — ————
j e RT - dx

inleakage W can be increased by increasing the ratio
max

One way of increasing this term is to reduce E the activation energy of the reaction.

Irradiation effect on the graphite oxidation

Tests on graphite corrosion by traces of oxidising impurities C02 and HZO in 10 atm
helium under irradiation have been performed in a loop in the BR 2 reactor at C.E.N,
Mol, Belgium.

The loop consists mainly of two furnances ( thimbles ) one out-of-pile and one in-pile
(Fig. 2) . These two furnances working in parallel under exactly the same conditions g
a clear indication of the influence of irradiation on the reaction rates. The use of C 14
labelled samples allowed the measurement of the corrosion rate by measuring CM activi
in the gases. The experiments covered the temperature range 250°C - 900°C in fast
neutron fluxes up to 5 - ]0]4 n/cm? « sand ¥luxes uptol5 W/g

Although most of the tests were carried out with C02 the same behaviour with HZO has
been observed. It was established that the observed radiolytic effects are largely due to
energy transfer from the helium to the reacting impurities and consequently are proportic
nal to the radiation level (power density) and to the pressure of helium. The observed
corrosion rates are almost independent of the temperature as indicated in(Fig. 3) which
gives the rate of oxidation expressed in activity of CM measured in the effluent gas a:
function of temperature.

In the(Fig. 4) we compare in an Arrhenius plot the rate of thermal reaction to the radio
lytically induced rates.

The results presented in this figure are only qualitative because the radiolytic oxidation

rates are

1 not proportional to the concentration of oxidising impurities for partial pressures
greater than 100 /h atm

2) dependent on the radiation level and helium pressure.

But the figure clearly show that the influence of irradiation is to increase the reaction

with graphite at the lower temperatures, while at higher temperatures the thermal reacti

is the leading one.
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This effect results in an apparent decrease of the activation energy of graphite

oxidation reaction occuring in pile.

Conclusion

In paragraph 4 we have shown that under certain circumstances which would occur

in a High Temperature Gas Cooled Reactor the maximum admissible water inleakage

could be increased if the integrated corrosion rate over the core Zc is increased.

One way of achieving this increase in Zc is to decrease the temperature depedence

of the reaction. On the other hand experimental evidence have shown that the influence of
irradiation on the oxidation reaction is to decrease the apparent activation energy of

the reaction. It can then be concluded that:

"In a high temperature gas cooled reactor of the DRAGON type, the tem-
perature dependence of the radiolytically induced graphite oxidation is

such that for one specified admissible local attack the water inleakage

can be increased."
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