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Nuclear graphites more than 10 brands were oxidized wiwh water

" vapor in helium and then some selected graphites were irradiated with
fast neutron in the Japan Materials Testing Reactor to clarify the
effect of radiation damage of graphite on their reaction behaviors.
The reaction was carried out under a well defined condition in the
temperature range 800 ~ 1000°C at concentrations of water vapor 0.38
~ 1,30 volume percent in helium flow of total pressure of 1 atm. The
chemical reactivity of graphite irradiated at 1000 + 50°C increased
linearly with neutron fluence until irradiation of 3.2 x 1021 n/cmz.
The activation energy for the reaction was found to decrease with
neutron fluence for almost all the graphites, except for a few ones.
The order of reaction increased from 0.5 for the unirradiated graphite
to 1.0 for the graphite irradiated up to 6,0 x 1020 n/cmz.

Experiment was also performed to study a superposed effect between
the influence of radiation damage of graphite and the catalytic action
of barium on the reaction rate, as well as the effect of catalyser of
barium. It was shown that these effects were not superposed upon each

other, although barium had a strong catalytic action on the reaction.

Keywords: Nuclear Graphite, Reaction with Water Vapor, Reaction Rate,
Activation Energy, Order of Reaction, Radiation Damage, Catalytic Effect
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1. INTRODUCTION

In the design of the Very High Temperature Gas Cooled Reactor
planned at Japan Atomic Energy Research Institute, the outlet tempera-
ture of the coolant helium is expected to be 1000°C under operating
condition. This means that the surface temperature of graphite compo-
nents will be around 1200°C and the condition is very severe for the
corrosion of the core graphite materials. The weight loss of graphite
components due to corrosion will result in decrease of their mechaﬁical
strength and also their thermal conductivity, which could lead to a
safety related consequence., In the reactor core enviromment, there
might be an irradiation enhancement of the corrosion rate by the creation
of new chemical active sites in the graphite and also by the formation
of active species of gaseous impurities in helium. The chemical reac-
tivity of graphite itself during irradiation, however, might not be
expected to increase so much, because the created active sites would
be annealed out at high temperatures in the reactor. The yield of
active species resulted from the radiolysis of impurity gas (G value)
will be increased in helium through the so-called Penning effect which
is the secondary transfer of energy from excited helium to impurity
gas.(l) It is therefore important to obtain a better understanding on
the corrosion behavior of graphite under the reactor operating condition.
The present studies were made by an out-of-pile experimental apparatus
to obtain the reaction data of graphites with water vapor in helium gas,
and the effects of radiation damage in graphite materials caused by fast
neutron irradiation on the corrosion reaction of graphite with humidi-

fied helium are described.
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2. EXPERIMENTAL
2.1 Materials

2,1,1 Graphite

Nuclear graphites used in the experiment are listed along with some
of their characteristics in Table 1. These graphites were classified
into two groups of the gilso-~carbon and of the petroleium~coke base
graphites according to their starting raw material. Each group was
. further subdivided into extruded graphites and pressed (or molded) ones
according to the manufacturing process employed. Cylindrical specimens
50.0 mm length and 11.0 mm diameter were used; their average weight and
the geometrical surface area were 8.5 g and 20.0 cm?, respectively
(Fig.1l). From a large block of graphite, 15 specimens were cut out so
as to eliminate the specimen-to-specimen variation in graphite samples
as much as possible. The longer side of each specimen was cut parallel
to extrusion or perpendicular to pressing. The apparent density,
electrical resistivity and Young's modulus were measured for all 15
specimens of each graphite brand, and the specimens having the values
within the standard deviation among them were selected and used for this
study. The surface of each specimen was washed with carbon tetrachlo-
ride of reagent grade and dried for 160 hours in a clean atmosphere at
120°C. The specimens were irradiated in the Japan Materials Testing
Reactor up to 3.2 x 102! n/cm? (E > 0.18 MeV) over the temperature range

between 800 ~ 1200°C.

2.1.2 Gas
Helium of six nine grade in purity was used without purification.

A certain amount of water vapor was fed from distilled water to the
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helium. The contents of oxygen and the other impurity gas in the humi-

dified helium were kept less than 0.1 and 1 vpm, respectively.

2.2 Apparatus

The apparatus used in the experiment is schematically shown in
Fig.2. In order to avoid radioactive contamination in the laboratory,
only the reaction part of the apparatus was set in a low pressure box
(Fig.3). The most part of the apparatus consisted of Pyrex glass tubes,
except for the high temperature reaction part, which was made of a
silica glass tube. The helium gas containing water vapor was preheated
by passing through a silica glass wool packed in the section just ahead
of the specimen and then flowed to react over the heated graphite.

The helium-water vapor mixture was prepared by bubbling of the helium
through the distilled water kept at a controlled temperature. During
the reaction, the concentration of water vapor in helium was continually
monitored by a moisture meter. At the outlet, the gas was released into
the atmosphere through a mercury sealing device. The reaction tempera-
ture was automatically controlled by a regulator of an accuracy of *1°C.
The reaction products were analyzed by a gaschromatograph equipped with
two kinds of detectors of helium ionization and of flame ionization.

The flame ionization detector was provided with nickel catalyser column
for analysis of carbon mono and dioxide, in which both the gases were

reduced to methane.

2.3 Procedure

The cylindrical specimen mounted on a four points holder was set in

the reaction tube and heat-treated at 1000°C in a vacuum of 10™3 pascal
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for several hours prior to the reaction, in order to eliminate surface
complexes and adsorbates on its surface. Pre-oxidation treatment for
the graphites were not carried out. Before starting the reaction, the
dry helium was introduced into the reaction tube heated up to a pre-
determined reaction temperature, and then the reaction was initiated
by mixing of water vapor into the dry helium flow of total pressure of
1 atmosphere. A fraction of gas passed through the reaction tube was
led into the gaschromatograph for analysis at regular intervals. The
reaction was carried out at a gas flow rate, above which no further
increase in the reaction rate was found. The gas flow rate was 650
ml/min which corresponded to a linear flow rate of 5.7 cm/sec over the

specimen surface.

3. BASIC CONSIDERATION

It is known that in high temperature reaction of graphite with
water vapor, there are two kinds of the primary reactions (1), (2) and

of the main secondary ones (3), (4) as follows:

C + H20 = H, + CO (L
C + 2H,0 = 2H; + CO2 (2)
CO + H20 = Hp + CO2 (3)
C + 2H2 = CHy (4)

Values of the equilibrium constants for the primary and secondary

(2)

reactions are presented in Table 2. In the gasification of graphite

by corrosive gas, the following empirical informations are known for the

progress of reaction in connection with the Gibbs' free energy, AF£3)
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where -AF is expressed by the well known formula, RT &nK.
i) AF < 0 ; The reaction easily proceeds.
i) 0 < AF < 10 Kcal/mole ; The gasification can proceed, but not
easily.
iii) 10 Kcal/mole < AF ; The reaction can proceed only under a

favorable condition.

The corrosion of graphite with water vapor is expected to proceed easily

at temperatures above 700 °C.

4. RESULTS AND DISCUSSION
4.1 Rate of reaction

4.1.1 Unirradiated and irradiated graphites

Hydrogen, aé well as carbon monoxide, was found to be the primary
product in the reaction of graphite with water vapor at high temperatures.
Carbon dioxide and hydrocarbons were also found in the product gas, but
they were a small amount compared with the primary product gases at
high temperatures. The reaction rate was calculated from the yields of
gaseous carbon compounds formed in the reaction and the flow rate of
the gas. Only the specimens cut parallel to extrusion or perpendicular
to pressing was employed in the experiment, because it was found in the
preliminary study that the grain orientation in specimen gave very
little effect on the rate of reaction. The reaction rate at 1000 °C
rapidly increased in the initial stage of reaction and then gradually
turned a mild rising (Fig.4a). The increase of reaction rate with the
reaction time can be ascribed to development of the surface area caused

by the reaction, because the reaction rate of 7477PT graphite was found
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to increase in proportion to increasing of the surface area as shown

in Table 3 . For the unirradiated graphites the reaction rates were
found to be in a range 0.4~ 3.0 mg/cm?+hr at 1000 °C under 0.65 volume
percent water vapor in the helium for 10 hours (Table I). Only the 7477
graphite showed a pronounced high rate, although the rates of the other
graphites were less than 1.0 mg/cm? +hr.

The reaction rate at temperatures lower than 950 °C went through a
maximum value at a very initial stage and showed a mild increasing with
the elapse of reaction time again (Fig.4b). It is known from the result
in Fig.4b that there might be two kinds of carbon atoms in reactivity,
the active and the less active. The higher rate in the initial stage
can be regarded to be due to the reaction of the active carbon atom.
The active carbon atom was consumed in the initial stage of reaction as
seen in Fig.4b, but the higher rate was reproduced in the second run
on the same specimen which has been heat-treated in vacuum at 1000 °C
after the reaction. It is therefore considered that the active carbon
is not anything like powder which was formed throuéﬁ shaping process of
the specimen but the active atom on the surface of graphite specimen.
Desorption treatment for the reacted graphite at high temperatures may
enable to reform from the less active atom to the active carbon one
because of removal of the edge carbon atoms accompanied with desorption

of chemisorbed foreign atoms€4’5’6).

However, the difference in
reactivity between the active and the less active did not appear in the
reaction at 1000 °C because of the increase of reaction rate of the
less active carbon atom. The reaction rate of unirradiated 7477PT
graphite under 0.65 volume percent water vapor showed 30 ug/cmz-hr at

900 °C and 1 pg/cm?+hr at 800 °C in each steady state of the reaction.

The reaction rate of 7477PT graphite irradiated at 1000 * 50 °C is
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shown in Fig.5 as function of carbon gasified during the reaction at
0.65 volume percent water vapor concentration at 1000 °C. The rates of
reaction for the irradiated graphites were higher than those of the un-
irradiated ones in the same kind of graphite, except for the SM1-24
graphite. The results for SM1-24 graphite are shown in Fig.6. It was
impossible to determine the irradiation effect on the reaction rate of
SM1-24 graphite because of some scatters of the rates of the unirradiated
ones. It can be also seen in Fig.5 that the chemical reactivity
increases with neutron fluence for the graphite irradiated at 1000 * 50 °C.
"Fig.7 shows a relation between neutron fluence and the reaction rate of
7477PT graphite, in which the reaction rates are plotted for each
burn-off of 1, 5 and 10 mg/cm?. The reactivity of 7477PT graphite
irradiated at 1000 * 50 °C increased linearly with neutron fluence until
irradiation of 3.2 x 102! n/cm?. The reaction rate of 7477PT graphite

can be expressed with neutron fluence as follows:

R(mg/cm?shr) = 8.6 X 1072%F + 0.21  for 1 mg/cm® burn-off (5)
R(mg/cm?+hr) = 9.5 x 1072%F + 0.32 for 5 mg/cm® burn-off (6)
R(mg/cm?+hr) = 10.0 x 1072%F + 0.42 for 10 mg/cm® burn-off (7)

where R is the reaction rate and F is the fluence of neutron (n/cm?)
above 0.18 MeV. The fluence dependence of the reaction rate (that means
the slope of line in Fig.7) slightly increased with progress of burn-off.
In Fig.8, the reaction rates of various graphites irradiated up to

3.2 x 102! n/cm® at 950 °C were shown as a function of burn-off (mg/cm?).
The reaction behavior of the irradiated graphite (the shape of line in
Fig.8) was similar to that of the unirradiated one of the same kind of

graphite. Fig.9 shows the same relation as Fig.7 for three kinds of
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graphites, in which only the reaction rate at 1 mg/cm2 burn-off was
plotted. It is observed that the effect of irradiation was the largest
for 7477PT graphite, but the rate did not go up to over twice that of
the unirradiated one, even at a neutron fluence of 3.2 X 102! n/cm?.
It was also found that irradiation gave less effect on the reaction
rates of IE1-24 and H327 when they were compared with the 7477PT
graphite. The 7477PT seems to be one of the graphites which easily
makes the new chemical active sites in it during neutron irradiation.
The reaction rate of 7477PT graphite irradiated at 1200 °C is given
‘ along with one irradiated at 1040 °C in Fig.10, although their neutron
fluence is not equal for each irradiation temperature. The reaction
rate of the graphite irradiated at 1200 °C seems to have a lower value
of 70 ~ 80 percent to the graphite irradiated at 1040 °C, if they would be
compared at a same neutron fluence. It is considered that the lower
rate of reaction for the graphite irradiated at the higher temperature
is due to annealing of the radiation damage in the graphite. Some
experimental equations which showed a relation between the reaction rate
and burn-off were formulated to fit for the behavior of reaction at
1000 °C (Table 4). The reaction rate at any burn-off will be able to
be calculated by these equations. It must be recognized that the coef-
ficients in the equations differed from graphite to graphite and also

changed with neutron fluence.

4.1.2 Catalysis of barium
Barium is well known as one of the typical fission product having
a strong catalytic action on the reaction of graphite with water vapor57)

The fission product can participate in the reaction of the surface by

the migration through the graphite structure materials such as the fuel
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sleeve. From a point of view described above, study on barium catalysis
was also carried out using the pure graphite, 7477PT to avoid the
catalytic effect of the other impurity contained in graphite. Contami-
nation of the specimen was conducted by a vacuum impregnation method
using barium hydroxide solution and the impregnated specimen was dried
for 24 hours in a clean air at 120 °C. And then the contaminated
specimen was heated for 4 hours in a vacuum to intercalate barium into
the graphite crystallite. Although most of the barium was vaporized
through the heating process at 1000 °C, it was confirmed by X-ray dif-
‘fraction analysis that a part of the barium formed a intercalation in
the graphite.

Fig.1ll shows the reaction behavior of the unirradiated 7477PT
graphite contaminated with barium, as well as that of the non-contaminated
graphite. The concentration of barium in the examined specimen was
13 ug/cm?® in geometrical surface area and the reaction temperature was
1000 °C. The barium in unirradiated graphite made the chemical reac-
tivity increase by a factor of 20 in the initial stage of the reaction
at 1000 °C but the rate decreased down with the reaction time in contrast
with the behavior of the non-contaminated graphite. This decrease of
the rate means reduction of the barium concentration on the surface of
graphite with progress of the reaction. In gasification of graphite,
it is generally known that metal impurity contained in graphite is
accumulated as ash on the surface of graphite during the reaction and
its reaction rate is accelerated due to the catalytic action of ash with
the elapse of time. Thus, the result obtained here indicates that barium
ash is not able to exist in a stable form on surface of graphite under
high temperatures. It was found that there were a number of pits on

the surface of reacted barium-graphite and the reaction locally proceeded.
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The reaction at 1000 °C was also carried out on the irradiated
graphite contaminated with barium, the graphite of which has been irra-
diated up to 2.0 x 10?! n/cm® with fast neutron at 950 °C (Fig.12).

The catalytic effect appeared only in the initial stage of reaction and
the reaction rate soon decreased down to the level of that of the irra-
diated graphite without barium. It is considered from this result that
there is no superposed effect between the enhancement by radiation damage
and the acceleration by catalysis.

There will be very little barium on the surface of graphite struc-
ture materials in the reactor during the operation, comparing with the
concentration of barium used in this experiment. It may therefore be
concluded that barium in the fission products does not make any trouble

on the graphite corrosion in the reactor environment.

4.2 Temperature dependence of reaction rate

The experiment was carried out in the temperature range 800 ~ 900 °C
at the concentration of water vapor of 0.65 volume percent in helium.
The apparent energy of activation for the reaction was found to be in
a range 45~90 Kcal/mole for the unirradiated graphite. In general,
the graphite containing much more impurities in quantity had the lower
energy of activation than the purified one. The apparent activation
energy for the 7477PT graphite irradiated at 1000 + 50 °C was given as a
function of neutron fluence in Fig.13. The activation energy of 7477PT
graphite gradually decreased with fluence and the value seemed to result
in about 70 percent that for the unirradiated one when irradiation went
on. Temperature dependence of the reaction rate was lowered by irradia-
tion for almost all the graphites, but those for a few graphites such

as the 7477 and the IM2 increased in contrast to the majority.
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The following mechanisms are considered for the change of the
apparent energy of activation.
(1) Change of the heat of adsorption of the irradiated graphite for
the reactant gas; the following relation is held, E; = E-Q, where
E, and E are the apparent and true energies of activation, and Q is
the heat of adsorption for the gas€§)
(2) Change in the catalysis activity of impurity contained in the
graphite which can affect carbon gasification. It is known that
the catalysis activity changes by irradiationfg)
" (3) In the gas-graphite reaction, the activation energy is known to
change with the pre-exponential factor which corresponds to the
concentration of active siteflo) A relation, mE -1lnA = constant
is held, where m is a proportional constant and A is the pre-
exponential factor in the Arrehenius equation, rate = A exp(-E/RT).
(4) There is a temperature difference between reaction spot and matrix
substance in the heterogeneous reaction such as graphite-gas. The
heat of reaction would lead the reaction spot to various tempera-
tures corresponding to the rate of reaction and the temperature
difference can give various activation energies on the same

reactionsll)

It is very difficult to show clearly the mechanism which caused the
change of apparent energy of activation, beause it is considered to have
changed by complex combination among the four phenomena above-mentioned.
However, the decrease of apparent energy of activation may be mainly
ascribed to increase of the heat of adsorption for water vapor which
resulted from disordering introduced in the graphite crystallite by

neutron irradiation. On the other hand, the increase of energy with
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fluence, which is observed for the reactions of 7477 and IM?2 graphites,
may be correlated with impurity in the graphite. Both the graphites
have contained much more impurity, especially vanadium and nickel, in
quantity than the other graphites. Ash in the majority graphites are
300 ppm or less, while both the 7477 and the IM2 graphites contain about
1000 ppm ash. The apparent energy of activation for various graphites
were shown as a part of the rate equation in Table 5. Contamination
with barium lowered the apparent energy of activation for the reaction.

The unirradiated 7477PT graphite with 3 ug/cm2 barium showed an activa-

‘tion energy of 32 Kcal/mole, but this value would change with barium

content (.10)

4,3 Order of reaction

There is a general agreement that experimental data on the rate of
reaction of graphite by water vapor fit an equation of Langmuir-
Hinshelwood type as follows:

kICHzO

Rate = (4)
1+ szH2 + k3CH20

where CHzo and CHz are the concentrations of water vapor and hydrogen,
and the constants k;, k; and ks are functions of one or more rate constants.
Here, CH2 is zero in this study since there is no hydrogen in the reactant

gas. Thus a simple equation is obtained from the reciprocal of the

equation (4),

1 1
=K+ —— (5)
Rate k1CH20
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where K shows k3/k;.
The order of reaction was measured at concentrations of water

vapor between 0.38 and 1.30 volume percent at 1000 °C which was consid-
ered to be the upper temperature of chemical controlled regime. The
irradiated and unirradiated IE1-24 graphites were used for this purpose,
in which the former have been irradiated up to 6.0 X 102° n/cm? with fast
neutron at 1000 °C. In accordance with the equation (5), the relation-
ship of 1/Rate (1/mg/min) with l/CHZO (1/vol.%) was plotted by using
the experimental data as shown in Fig.l4, which gave straight lines in

" the range of experimental concentration. The following rate equations

were obtained from analysis of the lines in Fig.l4.

-
1.17 x 10 CH20

Rate = for the unirradiated graphite
1+ 1.43 x107%C

H20 (6)

Rate = 1.34 x 10~ " CHzo for the irradiated graphite (7))

The influences of water vapor concentration on the reaction rate
were more understandably shown in Fig.1l5, in which the reaction rates
were plotted as a function of water vapor concentration on log-log

scale. These plotts give straight lines and the following relation can

be obtained.

Rate = k(CHZO)n (8)

where k is the constant and n shows the order of reaction. The order
of reaction at 1000 °C increased from 0.5 to 1.0 by irradiation of
6.0 x 10%% n/cm® at 1000 °C. The order of 1.0 for the irradiated

graphite can be also known from the equation (7). There would be two
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(12)

factors which lead to increase of the order of reaction : the one is
increase of release rate of the surface complex formed during the
reaction and the other is increase of the active surface area of the
irradiated graphite. It is, however, difficult to consider that the
release rate of surface complex increase in the reaction of irradiated
graphite. Disordering of crystallite lattice which was introduced by
irradiation would rather serve to slow down the release rate of surface

complex on the graphite. The increase of the order of reaction may be

ascribed to increase of the active surface area of graphite. The

" dependence of the order upon the reaction temperature was not studied,

but it is known that the order is insensitive with change of the reaction

temperature€13’14)

4,4 Product gas

In the reaction at high temperatures, a small amount of carbon
dioxide was found in the product gases which were mainly composed of
hydrogen and carbon monoxide. The fraction of carbon dioxide in the
product gas, however, changed for each graphite and also by irradiation
of graphite in the reaction at the same experimental condition. The
graphite containing much more impurity generally showed the formation
of a significant amount of carbon dioxide than the purified one.

There was trace amount of carbon dioxide in the reaction of unirradiated
7477PT graphite at 1000 °C, but the unirradiated 7477, which contained
much more impurity than 7477PT, formed carbon dioxide of 15 volume
percent in the total product gas. Carbon dioxide also increased in

the reaction of the irradiated 7477PT graphite as seen in Fig.16, the

graphite in which was irradiated up to 3.2 x 10%! n/cm® at 950 °C.



JAERI -M 9153

The ratio C02/CO for the irradiated 7477PT graphite was 0.18 at 1000 °C
and increased up to about 0.75 at 815 °C with decreasing of the reaction
temperature, while that for the unirradiated one showed only 0.04 of
C0,/CO even at 815 °C. There are two ways for the formation of carbon

dioxide in the reaction of graphite with water vapor as follows:

C + 2H,0 2H, + CO» Solid-gas reaction 9)

CO + H,0 = Hy + CO2 Gas—-gas reaction (10)

~ where the carbon monoxide in the gas-gas reaction (10) is formed in the
primary reaction (1). If carbon dioxide were produced in the gas—gas
reaction, it should be significantly found even in the product gas for
the unirradiated 7477PT graphite. It is, therefore, considered that
carbon dioxide was formed in the solid-gas reaction as the equation (9).
Fig.1l7 shows both atomic ratios of O/H in the product gases for the
unirradiated and irradiated 7477PT graphites as a function of the time
in the reaction at 1000 °C. The ratio O/H for the irradiated graphite
was much less than 0.5 in the initial stage of the reaction and gradual-
ly approached to 0.5 line with the elapse of reaction time. On the
other hand, the ratio O/H for the unirradiated graphite showed 0.5
except in the very initial stage of the reaction. As seen in the
following chemical equations (11) and (12), the ratio O/H in the product

should always be 0.5.
C + H0 = Hy + CO, where ratio O/H in product is 0.5 (11)
C + 2H,0 = 2H; + CO2, where ratio O/H in product is 0.5 (12)

The less ratio than 0.5, therefore, indicates that some of the oxygen

form relatively stable surface complexes on the graphite in the primary
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attack with water vapor as the follows,
C + H20 = Ha + C(0) (13)

where C(0) represents the carbon-oxygen surface complex. It is diffi-
cult to consider the formation of C(0;) surface complex in the primary
attack, because water molecule consists of an oxygen atom. Thus, it is
considered that carbon dioxide is formed in the secondary attack with

water vapor as the follows,
C(0) + H,0 = H, + CO, (14)

It was also found that there was a close relation between the
reaction rate and the ratio CO,/CO as shown in Fig.18, in which the
reaction rates at 1000 °C were plotted as a function of the ratio
C02/CO in the steady state. The ratio C0,/CO for the 7477PT graphite,
as well as the reaction rate, increased with neutron fluence. And also
the reaction rates of the various graphites irradiated at the same
condition are found to be associated with the ratio of C0,/CO. These
results may indicate that the oxygen in the equation (13) is chemisorbed
on the lattice site which has been damaged by irradiation of fast
neutron. The 7477PT graphite, which showed the highest ratio of CO,/CO
among the graphites irradiated up to 3.2 x 102! n/cmz, must be one of
the graphites damaged easilly, and this consideration is consistent with

the results shown in Fig.9.

5. SUMMARY

1. The reaction rate of unirradiated graphites were found to be 0.4~0.9
mg/cm?+hr for 10 hours at 0.65 volume percent water vaper in helium at

1000 °C, except for 3.0 mg/cm?*hr of the 7477 graphite.
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2. 1In the reaction at 1000 °C, the rates of graphites irradiated at
1000 * 50 °C increased linearly with neutron fluence, but the rates did
not go up over twice those of the unirradiated graphites at a neutron
fluence of 3.2 x 102! n/cm?. The higher irradiation temperature seems
to give a less effect on the reaction rate, when the rate is measured
on the graphite irradiated up to the same neutron fluence.

3. The dependence of the reaction rate on temperature decreased with
increase of the neutron fluence for almost all the graphites, except for
a few graphites. The apparent energy of activation for the reaction of
' 7477PT graphite was regarded to converge to 70 percent of that for the
unirradiated graphite when the neutron irradiation was allowed to
continue.

4. The order of reaction was measured in the range of water vapor
between 0.38 and 1.30 volume percent at 1000 °C. The order increased
from 0.5 for the unirradiated graphite to 1.0 after the irradiation of
6.0 x 102° n/cm® at 1000 °C.

5. The ratio of carbon dioxide to monoxide in the product gas increased
by the irradiation and there was a close relation between the reaction
rate and the ratio of CO02/CO.

6. Barium in the graphite greatly accelerated the reaction rate at
1000 °C. In the reaction of irradiated graphite contaminated with
barium, however, a superposed effect on the reaction rate was not able
to be found between the enhancement by radiation damage and the

acceleration by barium.
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Table 2 Equlibrium constants for graphite —water vapor and
associated reactions
Kp
T
(K) C+H, 0= C+2H,0= CO+H,0= C+2H,=
=CO+H, =CO;+2H, =CO,+H, = CH,

298.16 9.525 x 10~V 9.891 x 107 % 1.038 x ‘105 7.918 x 10®

400 7.339 x 1071 1.136 x 1077 1.548 x 103 3.146 x 10°

500 2.217 x 1077 3.043 x 10°° 1.372 x 10% 2.676 x 10°

600 4.813 x 107° 1.361 x 1073 28.274 1.001 x 10%

700 2.288 x 1073 2.154 x 10** 9.4126 8.929

800 4.183 x 10~? 0.1765 4. 2191 1.403

900 0.403 0.9251 2.2972 0. 3230
1000 2.4689 3.5345 1.4316 9.799 x 10~2
1100 10.9078 10.7363 0.9843 3.650 x 10~2
1200 37.6051 27. 3540 0.7274 1.476 x 102
1300 1.069 x 102 60. 5268 0. 5657 7.868 x 1073
1400 2.616 x 102 1.201 x 102 0. 4591 4.290 x 1073

Table 3 Changes of reaction rate and surface area with progress of

reaction at

1000°C for 7477PT graphite

Increase

Burn — off | Reaction rate Spec1f10 . m.cr.‘ease
surface area of reaction rate |of specific surface
area
: 2 ’ _Reacted Reacted
(mg./cm®) | (mg./cm® hr) (m*/g) ( nitial ) ( Tnitial )]
0 0.06 0.24 —_— E—
0.4 0.20 0.81 3.33 3.38
2.0 0.36 141 6.00 5.88
4.6 0.43 1.76 7.17 7.33
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Table 4 Relations between reaction rate and burn—off in reaction at
0.65% H,O, at 1000°C.
Brand Irradiation Relation
(n/cmz)
7477PT R = -0.005788% + 0.06080B + 0.30492 - 0.02879/B
SM1-24 R = -0.00341B% + 0.09434B + 0.52432 - 0.07461/B
IM2-24 R = -0 0000982 + 0.01627B + 0.84226 - 2.46973/B
747701 | 3.2 x 10%! R = -0.001808% + 0.058208 + 0.72780 - 0.01366/B
at 950 C
smi-24 | 1.2 x 10°7 | R = -0.000788% + 0.019328 + 0.63041 - 0.17558/B
at 950°C
H327 3.2 x 102! R = -0.0068382 + 0.08834B + 0.38340 - 0.01359/B
at 950°C
R = Reaction rate in mg/cmz.hr
B = Burn-off in mg/cm’
Table 5 Rate equations for various graphites
Brand Irradiation Rate equation
(n/cm?) (mg /cm?. hr)
7477PT 2.7 x 10" exp (730 /RT)
7477 _— 55X 107 exp (~4¢% /R T)
SM1 — 24 _ 13 x 102exp (-7 /R T)
IM2 — 24 - 3.0 x 10" exp (%% /R T)
IM2 S 4.7 x 10" exp (5% /RT)
H327 4.6 x 10" exp (%% /RT)
2]
T477P T 32x 100 1.3 % 10M exp (-6%90 /R T)
2
7477 6 x 110%0°°C 2.1x 102 exp (=749 /R T)
21
SMI — 24 l-ztxglsgoc 2.0 x 10" exp (-79900 /R T)
2
IM2 thﬁ)%otc 2.1 % 10™ exp (~-#00 / R T)
2
H327 itxl})go‘:’c 47 X 10" exp (-39 /R T)
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Fig. 1 Specimens used in high temperature reaction

Fig. 3 Whole view of reaction apparatus and furnace in box

— 2 2 —
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! 1000°C

5} (a)
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P 900°C

5

(b)
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(@) 5 {0 15 20

. Reaction Time (hr)

Fig. 4 Typical behaviors of reaction of graphite with water vapor

o

O
(&)

Reaction Rate (mg/cm?-hr)

o

at 900 and 1000 °C

950°C, 3.2x10*' n/cm?

1040°C,20x10%' n/ecm?

Burn-off (mg/cm?)

— — , Irrad
el -—-; Unirrad.
4 _ Reaction Temp ; 1000°C
/ H20 ; 0.65vol. %
o 5 10 15 20

Fig. 5 Reaction rate of 7477PT graphite at 1000 °C and

0. 65%% of water vapor in helium
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Unirrad.
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. § Irad. (950°C, 1.2x10*'n/cm?
:
e B e

Reaction Time (hr)

Fig. 6 Reaction rate of SMI—24 graphite at 1000 °C and

0. 65% of water vapor in helium

1.5
Irrad. Temp, 1000t 50°C

i~
£
NE 10 mg/cm? Burn- off
1.0
? 5mg/cm? Burn- off
2
o
o
c 1 mg/cm? Burn- off
o005
5
é !

o l 1 L ‘ 1

. o) | 2 3 4
Neutron Fluence (10%'n/em? >018MeV )
. Fig.7 Effect of neutron fluence on reaction rate of 7477PT

graphite at 1000°C and 0.65% of water vapor in helium.



JAERI-M 9153

=~ 1.5
<
)
> T47TPT
E 1.0
(O]
S
c [/ ~ - _~——"TH32r  ____
805 o
G — ; Irrad. (950°C, 3.2 xI0?'nAm?)
3 === ,Unirrad.
e Reaction Temp ; 1000°C
H,O ; 0.65vo0l.%
0 0] 5 [0) 15 20

Burn-off (mg/cm?

Fig. 8 Reaction rates of irradiated graphites at 1000 °C
and 0. 65%% of water vapor in helium
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<
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O
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o
O
@ [~
- \ H-327
205
3
(14 Irrad. Temp., 950°C
0 L | |
0 { 2 3 4

Neutron Fluence (10%'n/cm?> Q.18 MeV)

Fig.9 Effect of neutron fluence on reaction rates of various

graphites at 1000°C and 0. 65% of water vapor in helium.
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Fig.10 Reaction rate of irradiated 7477PT graphites at 1000°C

and 0. 65% of water vapor in helium .
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Unirrad. 7477PT + Ba

Irrad. 7477PT (950°C,3.2x10%n/crt)

f" . - Unirrad. 7477PT

O o 1 l 1 l 1 1 1 L { — i 1
0 5 10

Reaction Time .(hr)

Reaction Rate (mg/cm? hr )
(€Y
i

Fig.11 Reaction rate of barium contaminated 7477PT graphite at 1000°C

and 0. 65% of water vapor in helium.
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Fig.12 Reaction rate of irradiated graphite contaminated with barium
at 1000°C and 0. 65% of water vapor in helium .

Irrad. Temp; 1000£50°C
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T77PT

Activation Energy (Kcal/mole)
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o)

! ! ! |
OO | 2 3 4

Neutron Fluence (10%n/cm,>018 MeV)

Fig.13 Change of activation energy for reaction as a function

of neutron fluence .
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Fig.14 Relation between reciprocal of reaction rate and reciprocal of

water vapor concentration .

20

R = k(H0)"
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Reaction Rate (mg/min)in log scale.
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Fig.15 Relation between reaction rate and water vapor concentration .
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Fig.17
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Change of O/H in product gas as a function of reaction time .
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COz /7CO

Relation between reaction rate and OO"’/CO ratio in product
gas at 1000°C and 0. 65V of water vapor in helium.




