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The problem of Carbon Transport is defined as the combined removal of
graphite from the hot core of the reactor and the back deposition of carbon
on metallic components at lower temperature. This Carbon Transport is the
result of temperature reversible reactions which occur between reactor materials
and the impurities present in the coolant helium.

A brief survey is made of the important variables affecting the Carbon
Transport process; which are oxidation, carbon deposition, purification, in-
leakage, and outgassing of gaseous impurities.

Based on the information available in literature it is shown that the extend
of oxidation of graphite is governed by three single processes, the chemical
reaction rate, the diffusion of the impurities in the graphite pores, and diffusion
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of the impurities from the main coolant to the graphite surface. Each of these
processes becomes preponderant in different temperature ranges. .

In the second part of the paper some aspects of the corrosion of Dragon
fuel element components are discussed. Due to the temperature dependence
of the reaction it is shown that corrosion along the fuel rod will be unevenly
distributed and due to the high coolant flow, the depletion of impurities along
these rods is negligible. On the other hand, in the purge channel the rate of
depletion of impurities is very much more pronounced, due to the small flow
and the high graphite temperature. The calculations show that the top fuel
boxes will be very severely damaged on a short distance.

Finally, in order to prevent this last danger it is proposed to insert a get er
for the impurities in the inlet purge flow,
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Summaury: The problem of Carbon Transport is defined as the
combined removal of graphite from the hot core of the reactor
and the back deposition of carbon on metallic components at
lower temperature. This Carbon Transport is the result of tempe-
rature reversible reactions which occur between reactor materials
and the impurities present in the coolant helium.

A brief survey is made of the important variables affecting the
Carbon Transport process; which are oxidation, carbon deposition,
purification, in-leakage, and outgassing of gaseous impurities.

Based on the information available in literature it is shown that
the extend of oxidation of graphite is governed by three single
processes, the chemical reaction rate, the diffusion of the impurities
in the graphite pores, and diffusion of the impurities from the
main coolant to the graphite surface. Each of these processes
becomes preponderant in different temperature ranges.

In the second part of the paper some aspects of the corrosion
of Dragon fucl element components are discussed. Due to the
temperature dependence of the reaction it is shown that corrosion
along the fuel rod will be unevenly distributed and due to the
high coolant flow, the depletion of impurities along these rods
is negligible. On the other hand. in the purge channel the rate of
depletion of impuritics is very much more pronounced, due to
the small flow and the high graphite temperature. The calculations
show that the top fuel boxes will be very severely damaged on
a short distance.

Finally, in order to prevent this last danger it is proposed to
insert a getter for the impurities in the inlet purge flow.

1. Introduction

In the Dragon Reactor, Carbon Transport may result from
the combined effect of corrosion of high temperature gra-
phite in the core and back deposition of the carbon on me-
tallic surfaces at a lower temperature. Transport of carbon
may thus occur by reversible temperature dependent reac-

') Voordrachten gehouden voor de Afdeling voor Kerntechniek
van het K. I. v. I, in samenwerking met het Reactor Centrum
Nederland en het Ned. Atoomforum, op 6 april 1962 te 's Graven-
hage. Zie De Ingeniewr 1962 Nr. 12 blz. A 180,

tions with gaseous impurities such as 0,, H,, CO, and CO
present in the circuit at the vpm levels.

The thermodynamically possible reactions at Dragon
operating temperatures are listed below:- [1]

C + 0O, CO, (1
2C + 0, 2C0 ¥))
C + Co, _ 7 2c0 3
C + H,0 — T o+ H, @&
C + 2H, _ CH, ®)
2C + 2H,0 _ _ CH,+ CO, (6)
2C + N, + H, — " 2HCN Q)
CO + 3H, T CH, + H,0 (8)

CO -~ H,0 CO, + H, (9)

We consider here mainly the kinetic region of the reactions,
because, although thermodynamically possible, the reactions
must start at a sufficiently high rate for the carbon transport
process to be significant.

The final objective of the research programme is to specify
the impurity level admissible.

2. Variables affecting Carbon Transport in a Reactor
System

To be of any impertance inan H.T.G.C.R. the chemical reac-
tions must as already stated, start at a significant speed. The
























4 Which gives a very low porous pellet efficiency.

3,52 1000° C.

C — 0.995
e

3.5.3 1100° C.

k, = 7.10~% (Taken from Figure 4).
C — 8.96

— = @

c,

o+ Itis apparent then that the efficiency of a porous plug as
a getter is very temperature dependent. Its efficiency is com-
plete for a 1100° C porous plug but negligible at 900° C
and not sufficient at 1000° C.

. It is problematic to maintain a porous material at a tem-
perature of 1100° C over a thickness of 1 cm on the lid of
the top box. The use of a more reactive material can probably
decrease the required operating temperature.

3.6 Corrosion along the fuel channel

The temperature distribution along the fuel channel at
radius R = 50 cm of the reactor core, is given in Figure 12 (1).
Thecorrosion ratedistribution corresponding to this tempera-
ture distribution is also indicated in the Figure 12 (2).

The depletion rate along the rod will be given by:

?C k () Pedx.

c oW

k and Q are variable with (x). k* () function of x is given by
curve (2) of Figure 12.
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¥ig. 12. Temperature and corrosion distribution
along a fuel rod.

Moreover Q) = % Te) £as
0

Consequently:
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Then:

c T 80
log, — = —"Pe |
C, Qo 30
The integral is obtained by a graphical integration.
Curve (3) Figure 12 gives:
80
| K*(ey dx mg. hr~t cm~% ypm™?
0

J* () Cy d 2

80
Pe | k*(y demg. hr=t ypi!
—=80

is obtained per channel, taking into account that Pe the
perimeter of the trefoil channel is 11.06 cm.

The @, value per coolant passage can be obtained ap-
proximately by multiplying the cross sectional area of the
passage 2.27 cm?* by the mean value of the gas velocity at
T, = 350° C.

0, =227 x 5012 = 1.163 x 104 cmd/s,

At the end of the hottest channel:

623 x 0.079 x 11.06 x 0.0949

1.163 x 104
C=C e
—0.00433
C=C,e
C = 0.9956 C,

It can thus be seen that the depletion rate along the
channel is negligible. After consideration of Figure 12, it
may be seen that curve (2) also represents the depth of cor-
rosion mm/year vpm.

Curve (3) also gives the total amount of graphite removed
from the core per vpm.

4. Conclusions

From the previous calculations, an approximate picture can
be obtained of the corrosion distribution in the reactor along
the hot graphite surfaces which come into contact with flowing
gas.

To the calculations have been performed with the following
assumptions and simplifications with made:

4.1

The reactivity k used for the graphite is an experimental re-
activity obtained on P.G.A. graphite. The graphite to be used
in the reactor will probably have a different reactivity.

4.1.2
The & quoted has been obtained at atmospheric pressure.
and extrapolated to 20 atm.

4.1.3
The reaction rate & may be limited at high temperature by
gas phase diffusion in the low Re region.



4.1.4

The effect of radiation on the k& has not been taken into
account. Moreover in our discussion we neglect the possible
C, — C radiation induced reaction.

4.1.5
Mechanical erosion has also been neglected.

4.1.6

The calculations assumed a steady temperature distribution
along one rod. However, the temperature distribution in the
reactor varies from rod to rod, and for a given rod it varies
with time.

Reactor operation at lower temperature may also affect
the temperature level and distribution. Moreover recent
calculations tend to indicate that the temperature of the
fuel will be higher than those used in the calculations.
The temperatures used in the calculations were obtained as-
suming 18.25 MW generated in the fuel rod and 1.75 MW
in the reflector. The latest figures are 19.4 MW in the core
and 0.6 MW in the reflector. [9].

4.1.7

It was assumed that the graphite attack would be uniform,
although some experimental evidence indicates that above
1100° C pitting occurs.

4.1.8
Reactions have been assumed to be of the first order.
Bearing in mind these restrictions, we may conclude:

4.2.1 For the Fuel Boxes
4.2.1.1 The fuel element in its actual design might suffer from
a cruciform corrosion on the lid of the first box. The depth of
this corrosion will depend on the temperature of each fuel
element and on the concentration of impurities in the purge
flow.

As an example, a top cover at 1100° C would be corroded
to a depth of 4.4 mm after 3 years in a stream containing
5 vpm CO,. :

4.2.1.2 The depletion rate of impurities along the lid of the
top fuel box is not sufficient to avoid a further corrosion
along the side of the first fuel box.

For the hottest boxes at approximately 1300° C the depth
of denetration, a function of the CO, concentration, decreases
exponentially from the top and after 1.416 cm the rate of
reaction is decreased by a factor of 100.

Using the reactivity of P.G.A. and assuming a CO,
content of 5 vpm it can be seen that where the corrosion
starts 4 cm would be removed from the thickness of the box
per three years, and 1.65 cm from the thickness of the adjacent
fuel rod which is supposedly at 1200° C. This means that
the useful life of the fuel element might be very much shorter
than 3 years because the thickness of the fuel rod is less
than 4 mm.

For a box at 1100° C the damage is spread over a longer
distance approximately 15 cm, but the deepest attack will
be approximately 4 § mm per 3 years.

Consequently favoured by the steep temperature gradient
existing at che top of the core, the top fuel box and the ad-
Jacent fuel rod can be attacked locally.

The real corrosion process will be more complex, as
already stated, because during the process of corrosion the
fuel box temperature will increase, while the fuel rod tem-
perature decreases, and the residence time of impurities is also
longer in an enlarged annular gap.

10

4.2.1.3 The installation of an active charcoal pellet will
only be effective in removing the oxidising elements if it can
be maintained at a high temperature (above 1000° C).

The use of a more reactive material can decrease the
required operating temperature.

4.2.1.4 Another method of removing the impurities would be
the use of a hot metal getter which can operate at lower
temperature (600° C.). The advantage of a hot metal getter
[10] would be to remove the CO as well, and so avoid any
radiation induced between CO an C.

4.2.2 For the Fuel Rod

Due to the temperature distribution the maximum depth of

corrosion will be localised at the top of the fuel rod. When

this depth reaches the maximum admissible value of 0.5 mm

the core will have lost 25 kg of graphite (41.5 g per channel).
There is only a negligible depletion of the reactant at

each passage over the fuel rod. (0.5%)).
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Annex

Calculation of the purge flow data

The experimental reaction rate column k’ measured at
1.8 atm expressed in mg/cm? hr vpm is converted into the
k* column 2 expressed in mg/cm? hr vpm at 20 atm.

The £ value expressed in cm/s column 3 is obtained by:

N R x T x 108
TP x 12.000 x 3.600

k=T x 00949 x k*
The flow Q, at 350° C and 20 atm is per fuel rod:

_5.10°
° 259
T, = 350°C = 623° K

X k* cm/s

= 19.3 cm?®/s

The g column 3 value is obtained:



k ) T x 0.0949 > k* £ 623
o 0 xT
k

0

- == 3.062 k*

The diameter of the fuel box is:
D = 1.749” = 4.442 cm.
Column 4 is then calculated:

Dk k
T 13.955
Q Q

The column 6 is obtained by adding the zDk/Q of column
5 to the Dk,/Q of the same column (5) taken at tempera-
ture 100° C and lower.

Column 7:
] N 0.639
05 ab .
—é‘ (k1 = K}
Column 8§:
4,61
0.01 “ap cm-
T ey R

Discussion

J. P. W. Houtman: Can one expect the radiation damage of
graphite to have a big influence on the reaction rate with
oxygen,

Answer b:

L. Valette: The only experimental evidence on the enhan-
cement of the oxidation of graphite by neutron irradiation
has been given by G.R. Hennig who has observed out of pile
a higher reaction rate with a pre-irradiated graphite specimen.
At temperatures above 600° C the increase in reaction rate
disappears because of thermal annealing of the radiation
damage.

H. de Bruijn: However, it may be that inpile neutron irra-
dation has an influence on graphite oxidation also above
600° C. We are dealing with a steady state of active sites
determined by the competition of an annealing process of
defects and of the creation of new defects. The new defects
will be produced by the oxidation itself and by impact of
fast neutrons with the graphite lattice. On the other hand,
the fast neutrons may also facilitate the annealing process,
therefore offhand one cannot predict whether there will be
a negative or positive catalytic effect of irradiation if there
is any.












