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The problem of nuclear grade graphite oxidation at high temperatures is considered in the paper. A simulation

model of the nuclear grade graphite oxidation is developed, taking into account the porosity, granulometric
composition and sample density. Analysis of the results approbation showed satisfactory agreement with

experimental data.

MODELS ANALYSIS OF CARBON
MATERIALS OXIDATION

At present developing nuclear power systems
Generation IV caused need of carrying out researches of
active zone components. In particular study of the
properties and behavior of nuclear grade graphite in
oxidizing environments at high temperatures. A large
amount of experimental work is executed on the
studying dependencies of the carbon materials oxidation
processes [1, 3, 4, 8, 9], which allowed for a overview
of the main phases of the process of oxidation, as well
as perform the appropriate physical and mathematical
description. However not enough attention is paid to
researches on modeling of such processes: influence of
grain-size distribution and graphite porosity.

For example, in [1] the 1G-110 graphite oxidation
was considered under different conditions. Experiments
were carried out in two temperature ranges (540...600,
700...1500 °C), puffing rate ((3...18), 40 I/min),
oxygen concentration (2.5...32, 2.5...20%), with the
area available for reaction 19.792 mm? In this work
Avrrhenius equation was used, for which the coefficients
specified: n = 0.75+0.146 and the activation energy
E. = (218+4) kJ/mol. It is claimed that the proposed
model includes the parameters corresponding to the
range of high-temperature gas-cooled reactors.

Modeling of the oxidation process was carried out in
a cylindrical coordinate system. During the simulation
the following graphite specimen parameters were
calculated: temperature, density and specific heat, while
blowing it upwards parallel to the side surface of the
specimen. Concentration distribution also is given in
article for O,, CO, CO, in the surrounding space.
However, the paper does not take into account of the
porosity and grain-size distribution of the sample, and
changing of the sample cell volume with radius
increase, which may lead to the error in the modeling of
oxidation.

In work [2] the following graphite oxidation stages
are analyzed:

a) oxidizer transfer on a graphite surface;

b) oxidizer adsorption on a graphite surface
(physical adsorption);

c) formation of carbon-oxide bonds (chemisorption);

d) formation of carbon-hydroxide bonds (for
reaction with water);

e) breakage of carbon-carbon bonds;
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f) desorption of carbon monoxide or other product of
reaction;

g) transfer of products of reaction from a surface.

From above-mentioned stages follows that the
factors influencing the rate of oxidation reactions are:

a) intensity of oxidant inflow to the surface;

b) partial pressure of oxidizer;

C) reactionary zone is available to an oxidizer on
surface;

d) amount and distribution of catalytic impurities in
graphite;

e) temperature;

f) removal rate of the reaction products;

g) graphite damage by fast neutrons;

h) amount of previously oxidized (radiolytic or
annealed) material;

i) effective diffusion coefficient.

It is noted that at temperatures less than 350 °C
oxidation of graphite is practically absent. With
increasing temperature, starting from 400 °C, oxidation
becomes measurable. Water as an oxidizer, raises a
threshold of oxidation reaction to 800 °C.

Mohamed S. EI-Genk [3] investigated the properties
of graphite grades 1G-110, 1G-430, and NBG-25.
Dependence between diffusion rates of oxidizer deep
into graphite on temperature is considered also. It is
suggested to divide oxidation process into 3 modes:

— mode is limited by diffusion in the boundary layer
(in this mode, oxidant concentration decreases linearly
in a thin boundary layer);

— diffusion mode, diffusion is limited by diffusion
inside of pores (at this mode an oxidizer is in the sample
volume and its concentration falls linearly to zero at a
specific depth of the sample);

— mode, which is limited by the chemical kinetics (in
this mode an oxidizer fills the entire sample volume
some nonlinear slightly decreasing deep concentration).

The experimental and theoretical mass loss
dependence on the time of graphite grade 1G-110
oxidation is analyzed, presented as graphs, numerical
evaluation of which shows that the average absolute
error is 21%. The work has also considered the
distribution of energy of adsorption and desorption of
the oxidizer and gasification sample rate.

However, as in [1], Mohamed S. EI-Genk [3] doesn’t
take into account of granulometric composition of the
sample, which can significantly affect on the modeling
of the oxidation process.
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In [4] specified refined coefficients of the Arrhenius
equation for isothermal conditions at temperatures 600,
612 and 625 °C and in the conditions of constantly
increasing temperature — 1, 2, 10 °C/min. Dependence
of activation energy on sample burn-up and its mean
square error (Fig. 1) is analyzed. It is shown that the
average activation energy is 155 kJ/mol.
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Fig. 1. The activation energy dependence on the
sample mass reducing [4]

The proposed analytical description of the oxidation
process poorly describes of the experimental data.

Also it should be noted that the description of
analytical models is provided in literature, for example
in [5-7], in which polynomial approximation of
experimental data is used. However this approach
doesn't consider the physical nature of oxidation that
leads to errors in calculations at the slightest exit from
the range of experimental data or insufficient sampling.
It is also heavy to approximate data from various
sources for creation of the general approximating curve.

In papers [8, 9] provide data on the effective
diffusion of oxygen and water into the graphite. The
analysis density of graphite after burn-up depending on
the depth after the oxidation process during 5 hours in
an atmosphere of air at 700 °C. Developed in [8, 9]
models assume carrying out modeling with the diffusion
average on a sample that doesn't allow to consider of
graphite heterogeneity.

In most existing models used for the separation of
oxidation process previously mentioned modes, wherein
one of the model parameter is the diffusion of oxidant
into the sample, so during the numerical simulation is
necessary to take into account the porosity. Construction
of the model without this characteristic significantly
reduces the reaction surface for the graphite oxidation in
the temperature range 400...1200 °C.

Also in [10] is investigating the effect of grinding on
the oxidation rate, and says that the speed increases by
mechanical action on the natural graphite. Therefore, in
developing an oxidation model should be considered
granulometric composition of the graphite structure.

In [11] was used model which contain three main
elements — filler binder and porosity for crack initiation
and propagation in pile grade A (PGA) reactor core
graphite modeling and also have microstructure with
good connection filler and binder.

Also various studies try to investigate microstructure
of nuclear grade graphite in oxidation conditions [12].
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In this paper investigates oxidation behavior with
simultaneous study of different properties of
microstructure: shape, size. Also significant result is
shape of nuclear grade graphite oxidation with catalysts
and inhibitors.

Relative sizes of structure elements of filler and
binder in other work is filler in the size range
0.1...1.0 mm and these are dispersed in a matrix of fine
calcined filler particles, below 10 um [12].

Therefore, the development of a simulation model
for nuclear grade graphite oxidation at high
temperatures, which takes into account its porosity,
grain-size distribution, diffusion penetration of the
oxidizer, temperature and linear dimensions is pressing
issue. Consideration of these factors will allow
simulating of carbon components oxidation in the
operating conditions of nuclear power systems
Generation 1V, graph of operating temperatures is
shown in Fig. 2 [13].
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Fig. 2. Temperature range HTR (dotted)
and VHTR (solid) [13]

SIMULATION MODEL

Sample splitting into a set of cubic unit cells is the
basis of simulation model (Fig. 3).

The unit cell is characterized by the weight and the
linear sizes. Graphite sample described using a three-
dimensional matrix Vay.ayxaz, Which is hereinafter

denoted as v, where each element has a mass of i, j, k-th
unit cell.

The graphite sample (as a model material is
considered graphite GMZ) consists of a filler and binder
in the ratio three to one [14]. Filler is a coke granules
which have a specific size. In Table shows the
dimensions of the GMZ graphite granules [14].

Granulometric composition of GMZ graphite filler [14]

Size, mm | 1.5+0.5| 0.5+0.3 | 0.3+0.09 | <0.09

Content, % 26 13 14 47

Based on the provided data, it was offered to
carry out stage-by-stage model formation of a
graphite sample taking into account granulometric
composition.

Grain model formation was carried out using a
statistical approach, which was based on the
assignment of the distribution law of the unit cells
along the axes x, y, z, that allows to set the required
form of grains, depending on the grade features of the
graphite microstructure: size, shape, percentage of
filler granules in the sample.

61



Ay

E

N\

b

Fig. 3. Scheme of the sample transformation in
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three-dimensional matrix v: a —a sample;
b —unitcell i, j, k
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Packing of granules in volume of a graphite sample
by full search of all possible provisions is extremely
difficult from the point of view of time of calculation.
Moreover, the complexity of this task increases with the
size of the sample. For solving this problem was
proposed and realized granules placement algorithm,
which comprising in realization of granules arbitrary
location that they may be crossed each other, then was
used the procedure of step movement of granules inside
of specimen volume till the moment of absence of
intersection.

Simulation results of the GMZ graphite sample are
shown in Figs. 4, 5. By red color specified material
located on the boundary of the sample, blue — inside.

Real graphite sample has an open and closed
porosity. The model assumed that all sample porosity is
open and it is proposed to set it unit cells in which the
mass of graphite equals to zero. Porosity distribution on
a sample has stochastic character [15].
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Fig. 4. Simulation of granulometric composition of nuclear grade GMZ graphite sample: a —grains with size
(1.5+£0.5) mm; b —adding grains (0.5+0.3) mm; ¢ —adding grains (0.3+0.1) mm; d —filler and binder

Fig. 5. Computer model of graphite: filler and binder

(increasing)
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Therefore, the selection of a cell which is pore
performed by using a random number generator taking
into account the distribution of porosity in filler and
binder of the sample, which is based on Mersenne
twister [16-19].

In the simulation model are not considered the pores,
which are smaller than the size of the unit cell.

Sample unit cell weight is determined by the
formula:

3
mi’j’k =a 'ﬁ}lyj:k’ Q)
where a — size of the unit cell edge, m; p; j — density
of i, j, k-th unit cell, kg/m°.
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Mass of the sample is calculated by the formula
without taking into account of changing in linear
dimensions of the sample:

AX Ay Az

a'aa
M= > m

i=1, j=1k=1
i=12,..,A% j=12,.,Ay, k=12,..,Az,

where mj; — weight i, j, k-th unit cell, kg, wherein the
step of partitioning is multiple of all linear dimensions
of the sample.

As mentioned above, the nuclear power systems
Generation IV are operating at temperatures ranging
from 600 to 1000 °C [13], this simulation model is
considering the temperature range from 400 to 800 °C,
that is corresponding of diffuse mode, which is
described in the papers [3, 20]. A feature of this mode is
the uniform distribution of oxidizer over the volume,
since the reaction rate is less than the diffusion rate of
oxidizer into the sample [8].

Mass reducing of the unit cell as a result of
oxidation is calculated by the formula:

dmi‘ ik
T = (1—§(mi’j’k )) Kg X
111
x 2

h=—1,l=—1, y=—1

0,/m/>0
where  &£(m) {1, -0
Kg=K:(Co)™S — oxidation rate, kg/s; K — reaction
constant, whose temperature dependence obeys the

E

Arrhenius equation, kg/(m*s) [14]: K =K,-e RT,
Ko — function of graphite properties, which is
characterized by a degree of crystallinity of the material
and its porosity, kg/(m®s); E, — surface activation
energy, J; R — gas constant, (m?kg)/(s>K-mol); T —
temperature, K; Co, — oxidizer concentration near the
surface; n — reaction order (n depends on many factors
including the oxidation mode and anisotropy and takes a
value from 0.5 to 3) [14]; S — reaction surface (the area
of one unit cell S = a%), m? what is more, when leaving
the range of the mass cells matrix v, when the index is 0
or size is larger than matrix in the corresponding
dimension — m;;x equals zero. The rate of sample mass
change is calculated by adding of mass changes over all
sample cells:

2

ik’

®3)
§(mi+h,j+l,k+g )

— unit impulse function;

Ax Ay Az
dM a'a'a dmi]j’k
dt o jak= dt

Simulation model is constructed on the assumption,
that an internal pores of a sample contains an oxidizer
and it oxidizes of internal cells with the same speed, as
the outside oxidizer. Setting cell mass m;;, performed
by formula (1).
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For determining of model accuracy (4) relative to
the dimensions of the unit cell was carried out
numerical simulation of the oxidation of graphite
sample at the temperature 560 °C (Figs. 6, 7).
Calculation of error modeling was carried out using the
mean absolute percentage error MAPE [24], which
describes how large modeling errors in comparison with
the experimental series values data:

n —
MAPE = 1 zu-loo,
N Y

(4)

where n — number of measurements; Y, — experimental
data [26]; H; — modeling data.
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Fig. 6. Mean absolute percentage error of the
graphite oxidation simulation model
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Fig. 7. Dependence of the graphite sample mass loss
from time

Analysis of the results shows that the error under
reducing of the unit cell dimensions to 0.0001 m is
about 7%, however, with further decrease of the size
seen an increase of error associated with the fact that the
developed simulation model does not consider meso-
and nano-scale phenomena, which begin to play an
important role [22-24] under dimensions comparable
with the mean free path of the molecule [23]. Thus, the
results indicate that the area of application of the
developed simulation model with an error 7% is sample
discretization which commensurate with 0.0001 m.
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APPROBATION OF SIMULATION MODEL

Approbation of the simulation model was carried out
using mathematical statistical apparatus [21] in the
medium of mathematical package Octave 3.6.4. Was
modeled of the nuclear grade GMZ graphite sample
oxidation process (as a model material), which has the
following characteristics: density 1850 kg/m?®, porosity
20%, granulometric composition (see Table) [14], linear
sample dimensions — width 0.002 m, length 0.003 m,
height 0.02 m, partitioning step of the sample on cubic
unit cell with given edge length — 0.0001 m.

CONCLUSIONS

Theoretical researches are conducted and the
simulation model of nuclear grade graphite oxidation is
developed. Model takes into account porosity,
factionalism, density of the sample and diffusion of
oxidizer for oxidation in the chemical kinetics regime,
which is in the temperature range 400...800 °C.

Received results of researches were tested at
modeling of oxidation at high temperature of nuclear
grade GMZ graphite that agree satisfactorily with
experimental results.
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Fig. 8. The view of the GMZ graphite sample during oxidation in the oxidizing environment at oxidizer

concentration 10% O, at temperature 560 °C: a —

initial state; b —after 10 days; ¢ —after 20 days;

d —after 30 days (on the right is shown scale of the mass change of the unit cell)

Oxidation process parameters: temperature — 560 °C,
oxidizer concentration — 10% O, oxidation rate

Kg =107/ kg/s, duration of the process — 30 days. The

modeling results of the oxidation process of GMZ
graphite using the simulation model are shown in Fig. 8.
Analysis of simulation results (see Fig. 8) shows the
presence of oxidation dynamics of the sample, but
significant structural changes were observed after
10 days. After 20 days sample loses properties of
support structure, and after 30 days complete
destruction of the sample is observed. Moreover, it
should be noted that the simulation with taking into
account the porosity of the sample has allowed take into
account the non-linearity and stochasticity of the
graphite oxidation process. As seen from Fig. 8,d,
accounting at modeling oxidizer penetration into the
sample has a significant impact on the destruction
process, since oxidation takes place not only on the
outer surfaces, but also by the entire sample volume.
The obtained results of simulation with using the
developed simulation model are well correlated with the
experimental results obtained in the work [26].
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MOJEJIUPOBAHUE OKUCJIIEHUA I'PA®UTA B CPEJAE KUCJIOPOA
A.H. Ooeiiuyx, A.H. Komup

PaccmarpuBaercst mpo0iemMa OKHCIICHHS SepHO-YMCTOro rpaduTa IpH BBICOKHMX Temmeparypax. Paspaborana
MMHUTALMOHHAS MOJIENb OKHCIICHHS SAEPHO-IHUCTOTO IpaduTa ¢ y4eTOM MOPUCTOCTH, TPaHyITOMETPHIECKOTO COCTaBa

W TUIOTHOCTH oOpas3ma. AHamu3
3KC1'[epI/IMeHTaJ'[BHBIMI/I JaHHBIMU.

pe3ynbTaToB

anpobary  TOKazall  yIOBJIETBOPUTEIHHOE

corijacue C

MOJIEJIOBAHHSA OKUCJIIEHHSA TPA®ITY B CEPE/JOBUIII KNCHIO
A.M. Ooeiiuyk, A.1. Komip

Posrnsimaethess mpoOieMa OKHCIEHHS SASPHO-YMCTOrO TpadiTy NpU BHCOKHX TeMmIieparypax. Po3pobiena
imMiTariiiHa MoOzieNb OKHMCIIEHHS SIIEPHO-YMCTOrO rpadiTy 3 ypaxyBaHHSIM ITOPUCTOCTI, IPaHYJIOMETPUYHOTO CKIaxry i
IIITBHOCTI 3pa3Kka. AHalli3 pe3ydbTaTiB amnpoOarii MokaszaB 33J0BUIBHY 3rofy 3 EKCIEpUMEHTAILHUMH JaHHMHU.
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