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with density gradients. The estimation indicated that the integrity of 
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高温ガス炉周黒鉛構造物の酸化挙動と強度(I)

ー通常運転時の場合一

日本原子力研究所東海研究所燃料工学部

衛藤基邦主黒沢 武・野村真三・今井 久

(1987年 3月13日受理J

ヘリウム中における水蒸気酸化データを主として微粒等方性黒鉛 1G-II0 について取

得した。温度は 1173Kから 14;'3Kまでとし，水蒸気漫度は主として O.65vol%.ヘリウム

圧力は l気圧とした。反応速度と酸化プロファイルを円柱状試験片を用いて測定した。こ

れらの実験結果iζ基づいて，高温ガス炉内の燃料ブロックと炉心支持ポストの通常運転時

における酸化挙動を推定した。その際水蒸気濃度に関する補正は l次式またはLangmuir-

Hinshelwood式を用いた。

上記の黒鉛構造物の寿命期間後の強度と応力一ひずみ関係を別途提出した酸化の影響に

関するモデルから推定し.これらの構造物の健全性を明らかにした。

東海研究所 :f319-112時繊県那珂郡東海村白方字白根2-4

+ 高温工学部
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1. INTRODUCTION 

It is widely known that the graphite components in the HTGRs are 
subjected to impurity oxidants in the helium coolant during normal reactor 
operation or they might be exposed to air or water vapor in an accident 
that leads to depressurization . Although there have been a number of 
studies on the oxidation and its effect on various properties of HTGR 

2-5) graphites , few have dealt with the the details of the oxidation and 
its effect on the materials properties in the VHTR condition where the 
oxidation proceeds, in most cases in a manner in which density gradients 
are resulted from. 

The present report consists of three parts which are closely related 
to each other. In the first part the experimental work on the effect of 
oxidation on mechanical properties of HTGR graphites is reviewed both 
for chemical reaction control and in-pore diffusion control regimes, the 
latter of which would result in oxidation gradients within the graphite 
component. 

Figure 1 shows a schematic of three typical control regimes corre
sponding to oxidation temperature, i.e., modes (I), (II) and (III) 
represent the chemical reaction control, in-pore diffusion control and 
boundary layer control, respectively. Here, Cg is the concentration of 
gaseous oxidant and R, radius of cylindrical specimen. Regimes (a) and 
(b) describe the intermediate ranges. 

The second part of the report deals with the oxidation behavior of 
HTGR graphites in detail. First, the experimental data will be analyzed 
with regard to the reaction rate equation, temperature and burn-off 
dependences of the oxidation rate, burn-off profile within a specimen, 
and the effect of irradiation on the rate. Second, the inpile oxidation 
of graphite will be estimated on the basis of the data obtained in the 
out-of-pile experiments using the first order or Langmuir-Hinshelwood 
type equation (L-H eqn.). Third, the above procedures will be applied 
to the fuel block and core support post used in the VHTR to evaluate the 
burn-off profile and other oxidation characteristics of the components 
after their sevice lives. 

In the third part the models derived from the experimental data on 
the strength and stress-strain relationship presented in the first part 
will be applied to the estimated burn-off profiles within the graphite 
components of the VHTR in order to evaluate the integrity of these 

- 1 -
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1. 1NTRODUCT10N 

1t is wide1y known that the graphite components in the HTGRs are 

subjected to impurity oxidants in the he1ium coo1ant during norma1 reactor 

operation or they might be exposed to air or water vapor in an accident 
1) 

that 1eads to depressurization-'. A1though there have been a number of 

studies on the oxidation and its effect on various properties of HTGR 
2-5) 

graphites--， few have dea1t with the the detai1s of the oxidation and 

its effect on the materia1s properties in the VHTR condition where the 

oxidation proceeds， in most cases in a manner in which density gradients 

are resu1ted from. 

The present report consists of three parts which are c1ose1y re1ated 

to each other. 1n the first part the experimenta1 work on the effect of 

oxidation on mechanica1 properties of HTGR graphites is reviewed both 

for chemica1 reaction contro1 and in-pore diffusion contro1 regimes， the 

1atter of which wou1d resu1t in oxidation gradients within the graphite 

component. 

Figure 1 shows a schematic of three typica1 contro1 regimes corre-

sponding to oxidation temperature， i.e.， modes (1)， (11) and (111) 

represent the chemica1 reaction contro1， in-pore diffusion contro1 and 

boundary 1ayer contro1， respective1y. Here， Cg is the concentration of 

gaseous oxidant and R， radius of cy1indrica1 specimen. Regimes (a) and 

(b) describe the intermediate ranges. 

The second part of the report dea1s with the oxidation behavior of 

HTGR graphites in detai1. First， the experimenta1 data wi11 be ana1yzed 
with regard to the reaction rate equation， temperature and burn-off 
dependences of the oxidation rate， burn-off profi1e within a specimen， 

and the effect of irradiation on the rate. Second， the inpi1e oxidation 

of graphite wi11 be estimated on the basis of the data obtained in the 

out-of-pi1e experiments using the first order or Langmuir-Hinshe1wood 

type eq回 tion(L-H eqn.). Third， the above procedures wi11 be app1ied 
to the fue1 block and core support post used in the VHTR to eva1uate the 

burn-off profi1e and other oxidation characteristics of the components 

after tteir sevice lives. 

In the third part the models derived from the experimenta1 data on 

the strength and stress-strain re1ationship presented in the first part 

wi11 be applied to the estimated burn-off profi1es within the graphite 

components of the VHTR in order to evaluate the integrity of these 
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components during reactor operation. 
Figure 2 is a flow sheet describing the above procedures where the 

case for normal operation is dealt with in this report and that for the 
water ingress accident will be considered in a separate one to be published 

6) soon 

2. MECHANICAL PROPERTIES OF OXIDIZED HTGR GRAPHITES 

In this section data on the effect of uniform oxidation on mechanical 
properties of HTGR graphites are reviewed from the aspects of the kind of 
oxidant and temperature. Then the strength and stress-strain relationship 
of non-uniformly oxidized graphite will be discussed on the basis of the 
results on the uniform oxidation. 

2.1 Property Changes Caused by Uniform Oxidation 

2.1.1 General trend of strength loss of the oxidized graphite 
General features of strength decrease of HTGR graphites caused by 

oxidation are discussed here to give a foothold for the estimation carried 
out in the following parts on the oxidation behavior of the graphite 
components. 

Effect of oxidation on mechanical properties of VHTR candidate 
graphites has recently summerized, giving the following conclusions. 
(1) The amount of strength loss due to oxidation is different from one 
graphite to another, although many graphites showed about 50% decrease in 
strength at a density change level of 10%. Figure 3 is an example of the 
results where change in bending strength is plotted as a function of 
density change for IG-110 graphite specimens oxidized in different 
conditions. 
(2) Some graphites showed the larger strength loss comparing with other 
graphites oxidized to the same burn-off levels. A typical example is shown 
in Fig. 4 for P3JHA graphite oxidized in air or in a water vapor/helium 
mixture. 
(3) It seems that the amount of strength loss does not depend on the kind 
of oxidants and oxidant concentrations as long as the oxidation proceeds 
in the chemical reaction control regime, which is suggested from the 
results shown in Figs. 3 and 4. 
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components during reactor operation. 

Figure 2 is a f10w sheet describing the above procedures where the 

case for norma1 operation is dea1t with in this report and that for the 

water ingress accident wi11 be considered in a separate one to be pub1ished 
6) 

soon 

2. MECHT.NICAL PROPERT1ES OF OX1D1ZED HTGR GRAPHITES 

1n this section data on the effect of uniform oxidation on mechanical 

properties of HTGR graphites are reviewed frαn the aspects of the kind of 

oxidant and temperature. Then the strength and stress-strain re1ationship 

of non-uniform1y oxidized graphite wi11 be discussed on the basis of the 

resu1ts on the uniform oxidation. 

2.1 Property Changes Caused by Uniform Oxidation 

2.1.1 Genera1 trend of strength 10ss of the oxidized graphite 

Genera1 features of strength decrease of HTGR graphites caused by 

oxidation are discussed here to give a footho1d for the estimation carried 

out in the fo110wing parts on the oxidation behavior of the graphite 

components. 

Effect of oxidation on mechanical properties of VHTR candidate 

graphites has recently summerized. giving the fo11owing conc1usions. 

(1)百 eamount of strength 10ss due to oxidation is different from one 

graphite to another， a1though many graphites showed about 50% decrease in 

strength at a density change 1eve1 of 10%. Figure 3 is an examp1e of the 

resu1ts where change in bending strength is p10tted as a function of 

density change for 1G-110 graphite specimens oxidized in different 

conditions. 

(2) Some graphites showed the 1arger strength 10ss comparing with other 

graphites oxidized to the same burn-off 1eve1s. A typica1 examp1e is shown 

in Fig・4for P3JHA graphite oxidized in air or in a water vapor/he1ium 

mixture. 

(3) It seems that the amount of strength 10ss does not depend on the kind 

of oxidants and oxidant concentrations as 10ng as the oxidation proceeds 

in the chemica1 reaction contro1 regime， which is suggested from the 

resu1ts shown in Figs. 3 and 4. 
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(4) It is found that the larger the strength loss, the larger the 
resistivity increase due to oxidation. Decrease in bending strength 
per % density change is shown in Fig. 5 as a function of resistivity 
increase per % density change. 

In the following sections results on mainly IG-110 graphite will be 
discussed because the reaction rate and burn-off profile of this material 
are to be dealt with in the following parts. The material Is considered 
to be the most promising candidate for the core and core support components. 
Moreover, from the argument described above and the data shown in the 
references , the basic idea shown below is believed to be applicable 
to any kind of nuclear graphite if some necessary modifications regarding 
the reaction rate, burn-off profile and strength decrease are made for 
each graphite concerned. 

2.1.2 Stress-strain relationship 
Compressive stress-strain curves for IG-110 graphite oxidized in air 

7-9) to various burn-off levels are shown in Fig. 6. The previous reports 
indicated that the strength loss can be related with the density change as 

The value of n ranged from 4.3 to 6.2 depending on the kind of strength 
measured and burn-off level. The equation of this type has also been 
widely used to express the relationship between strength decrease and 
density change caused by oxidation for other HTGR graphites. 

From the results shown in Fig. 6 an empirical equation concerning 
the stress-strain relationship was derived for both tension and compression. 
From the experimental data obtained so far, the following equation was 
obtained. 

ao< e> Po 

Here, a(e) and oc(e) are stresses at strain E for the oxidized and un-
oxdized materials, respectively . The values of m were 4.56 and 3.95 for 
compression and tension, respectively. An example of the data from which 
the above equation was derived is shown in Table 1 where the ratio of 
compressive stress for the oxidized to that for the unoxidized specimens 
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(4) It is found that the 1arger the strength 10ss， the 1arger the 

resistivity increase dUl to oxidation. Decrease in bending str巳ngth

per % density change is shown in Fig. 5 as a function of resistivity 

increase per % density change. 

In the f0110wing sections resu1ts on main1y IG-110 graphite wi11 be 

discussed because the reaction rate and burn-off profi1e of this materia1 

are to be dea1t with in the f0110wing parts. The materia1 is considered 

to be the most promising candidate for the core and core support components. 

Moreover， from the argu皿entdescribed above and the data shown in the 
5) 

references-'， the basic idea shown be10w is be1ieved to be app1ic~b1e 

to any kind of nuc1ear graphite if some necessary modifications regarding 

the reaction rate， burn-off profi1e and strength decrease are made for 

each graphite concerned. 

2.1.2 Stress-strain re1ationship 

Compressive stress-strain curves for IG-110 graphite oxidized in air 
7-9) 

to various burn-off 1eve1s are shown in Fig. 6. The previous reports JI  

indicated that the strength 10ss can be re1ated with the density change as 

OF P n 
でニー ァ)日 (1) 
Vfo "'0 

The va1ue of n ranged from 4.3 to 6.2 depending on the kind of strength 

measured and burn-off 1eve1. The equation of this type has a1so been 

wide1y used to express the re1ationship between strength decrease and 

density change caused by oxidation for other HTGR graphites. 

From the resu1ts shown in Fig・6an empirica1 equation concerning 

the stress-strain re1ationship was derived for both tension and compression. 

From the experimenta1 data obtained so far， the f0110wing equation was 

obtained. 

(e) ， P . m 一一一一 -!:.... )Ul 
o (e:) Po 

(2) 

Here ， σ ~ f:.) and σc(e:) are stresses at strain E for the oxidized and un-
5) 

oxdized materia1s， respective1y-'. The va1ues of m were 4.56 and 3.95 for 

compression and tension， respective1y. An examp1e of the data from which 

the above equation was derived is shown in Tab1e 1 where the ratio of 

compr~ssive stress for the oxidized to that for the unoxidized specimens 
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are summerized for IG-110 graphite oxidized in air at 773 K to various 
burn-off levels. 

2.2 Stress-Strain Relationship and Strength of Graphite with 
Oxidation Gradient 

On the basis of the empirical equations obtained in Section 2.1 
stress-strain relationship and strength of graphite with oxidation gradient, 
i.e., density gradient will be discussed here. An analytical formula is 

7-9) introduced and compared with the experiments 

2.2.1 Stress-strain relationship 
Let us consider a cylindrical specimen with a density gradient due 

to oxidation in Fig. 6. Assuming that a hollow tube with inner and outer 
radii r and r + dr, respectively, has density p as shown in Fig. 7 and 
that the compressive stress exerted perpendicular to the cross-section 
of the hollow tube is a, we obtain dP = a2irr dr for the external load 
applied to this part. Thus, for the total applied load, 

P = /a2irrdr (3) 

provided that r is expressed as a function of p, i.e., 

r = f (p) (4) 

P can be rewritten, from Eqns(3) and (4), 

p = 
s 

2irof(p)dp (5) 
c 

where p s and p c are densities at the surface and center of the cylindrical 
specimen, respectively. From Eqn (2), 

a(e) = A a 0 (e) p m (6) 

where A is expressed as A = P 0~ m. Substituting Eqn (6) into Eqn (5), 
we get 
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are summerized for IG-110 graphite oxidized in air at 773 K to various 

burn司 off1eve1s. 

2.2 Stress-Strain Re1ationship and Strength of Graphite with 

Oxidation Gradient 

on the basis of the empirica1 equations obtained in Section 2.1 

stress-strain re1ationship and strength of graphite with oxidation gradient， 

i.e.， density gradient wi11 be discussed here. An ana1ytica1 formu1a is 
7-9) 

introduced and compared with the experiments. 

2.2.1 Stress-strain re1ationship 

Let us consider a cy1indrica1 specimen with a density gradient dtle 

to oxidation in Fig. 6. Assuming that a ho11ow tube with inner and outer 

radii r and r + dr， respective1y， has density p as shown in Fig・7and 

that the compressive stress exerted perpendicu1ar to the cross-section 

of the ho11ow tube isσ， we obtain dPσ2nr dr for the externa1 10ad 

app1ied to this part. Thus， for the tota1 app1ied 1oad， 

P fσ2官rdr (3) 

provided that r is expressed as a function of p， i.e.， 

r = f (p) (4) 

P can be rewritten， from Eqns(3) and (4)， 
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where Ps and Pc are densities at the surface and center of the cy1indrica1 

specimen， respective1y. From Eqn (2)， 

σ(e:) Aσ。(e:) pm (6) 

where A is expressed as A = po-m. Substituting Eqn (6) into Eqn (5)， 

we get 
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a 0 (e) 2TTA | p m f (p) f (p) dp (7) 

Thus the stress-strain relationship with the density gradient whose profile 
is shown in Fig. 7 can be given by 

a(e) = P / Trrs
2 (8) 

where r s is the outer radius of the specimen. 
Results of the calculation for the cylindrical specimens with burn-off 

profiles shown in Fig. 8(a) are seen in Fig. 8(b) in comparison with the 
experimental data. It is found that there is good agreement between the 
calculation and experiment. Results similar to this were obtaineu for 
tensile stress-strain curves. An example is shown in Figs. 8(c) and (d). 

2.2.2 Prediction of strength of graphite with density gradient 
Strength of specimen with the density gradient shown in Fig. 7 has 

been estimated on the basis of a model shown below 
When the external load P is applied to the cross-sectional area of 

the specimen, the deformation along the loading axis is believed to be 
uniform within the cross-section. However, the stress exerted perpendicu
lar to the cross-section varies depending on the location within the 
cross-section. From Eqn(l) fracture strength at the exterior of such a 
specimen is always smaller than that of the interior adjacent to the 
exterior. 

We consider the infinitesmal layer with density and strength of the 
region adjacent to that at radius r to which the partial fracture has 
already extend, and assume that the fracture strain of the exterior is 
always smaller than that of the interior. Whether or not the partial 
fracture of the layer extends toward the interior region is determined 
by the following relationship. 

i o f (9) 2~ - uf 
irr 

Taking account of the fact that the layer at radius r has a density of p, 
Eqn(9) can be written as 
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P 

( p 
l 酉

00 (E) 2甘A I p山 f(p) f' (p) dp 
""p c 

(7) 

Thus the stress-strain re1ationship with the density gradient whose profi1e 

is shown in Fig. 7 can be given by 

σ(E) 
q'h 

au 
r
 

宵，，， P
L
 

(8) 

where rs is the outer radius of the specimen. 

Resu1ts of the ca1cu1ation for the cy1indrica1 specimens with burn-off 

profi1es shown in Fig. 8(a) are seen in Fig. 8(b) in comparison with the 

experimental data. It is found that there is good agreement between the 

ca1culation and experiment. Resu1ts simi1ar to this were obtaineu for 

tensi1e stress-strain (urves. 担 examp1eis shown in Figs. 8(c) and (d). 

2.2.2 Prediction of strength of graphite with density gradient 

Strength of specimen with the density gradient shown in Fig. 7 has 
10) 

been estimated on the basis of a mode1 shown be1ow--' • 

When the externa1 load P is applied to the cross-sectiona1 area of 

the specimen， the deformation a10ng the 10ading axis is be1ieved to be 

uniform within the cross-section. However， the stress exerted perpendicu-
lar to the cross-section町 ariesdepending on the 10cation within the 

cross-section. From Eqn(l) fracture strength at the exterior of such a 

specimen is a1ways sma11er than that of the interior adjacent to the 

exterior. 

We consider the infinitesma1 1ayer with density and strength of the 

region adjacent to that at radius r to which the partia1 fracture has 

a1ready extend， and assume that the fracture strain of the exterior is 
a1ways sma11er t~an that of the interior. Whether or not the partia1 

fracture of the 1ayer extends toward the interior region is determined 

by the fo11owing re1ationship. 

(9) 

Taking account of the fact that the layer at radius r has a density of p， 
Eqn(9) can be written as 
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- V > a. ( f ) n (10) 
irr z — f o p o 

Since p can be represented as a function of r, i.e., from Eqn(4), 
p = g(r), Eqn(10) can be expressed as 

P >, a f Q Trr2 (g(r)/pQ)n Q(r) (11) 

Thus, the strength of the specimen is believed to be estimated by fitting 
the maximum of Q(r) in Eqn(ll) with respect to r. 

Fig. 9 shows some results of the calculation of compressive strength 
carried out for several specimens 24mm in diameter and 48mm in length 
oxidized in air at 773 K to bum-off levels of 4.8, 12.2, 19.5 and 29.5 % 
for specimens C, D, E and F, respectively. The largest difference 
between the experimental and the predicted was 20 %. The argument 
described here will be considered when the strength of the graphite 
components is estimated later. 

3. ANALYSIS OF OXIDATION BEHAVIOR OF HTGR GRAPHITES 

First, results of the experiments on HTGR graphites oxidized in water 
vapor/helium mixtures are shown here. Then the reaction rate, weight 
loss and burn-off profile in the condition of VHTR operation are estimated 
on the basis of these results. That is, the experimental data will be 
modified in consideration of 
1) dependence of reaction rate on the concentration of oxidant and 

total pressure, 
2) effect of helium pressure and flow rate, 
3) burn-off dependence of the reaction rate, 
4) effects of y-ray and neutron irradiation, 
5) catalyzing effect of impurities and fission products, and 
6) evaluation of the data scatter. 

A computer code has been developed for the above calculation. Flow 
diagram of the code is shown in Appendix 2. 
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P 

τr2 
〉 σ(工 )n

fo ' Po 
(10) 

Since P can be represented as a function of r， i.e.， from Eqn(4)， 

P g(r)， Eqn(10) can be expressed as 

p >σp 官r2
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Thus， the strength of the specimen is be1ieved to be estimated by fitting 

the maximum of Q(r) in Eqn(ll) with respect to r. 

Fig. 9 shows some resu1ts of the ca1cu1ation of compressive strength 

carried out for severa1 specimens 24mm in diameter and 48mm in 1ength 

o;ddized in air at 773 K to burn-off 1eve1s of 4.8， 12.2， 19.5 and 29.5 % 

for specimens C， D， E and F， respective1y. The 1argest difference 

between the experimenta1 and the predicted was 20 %. The arg¥皿 ent

described here wi11 be considered when the strength of the graphite 

components is estimated 1ater. 

3. ANALYSIS OF OXIDATION BEHAVIOR OF HTGR GRAPHITES 

First， resu1ts of the experiments on HTGR graphites oxidized in water 

vapor/he1ium mixtures are shown here. Then the reaction rate， weight 

1088 and burn-off profi1e in the condition of VHTRιperation are estimated 

on the basis of these resu1ts. That is， the experimenta1 data wil1 be 

modified in consideration of 

1) dependence of reaction rate on the concentration of oxidant and 

tota1 pressure， 

2) effect of he1ium pressure and f10w rate， 
3) burll-off dependence of the reaction rate， 

4) effects of y-ray and neutron irradiation， 

5) cata1yzing effect of impurities and fission products， and 

6) eva1uatic.n of the dl.ta scatter. 

A computer code has been developed for the above calcu1ation. F10w 

dlagram of the code is shown in Appendix 2. 
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3.1 Results of the Out-of-Pile Experiments 

3.1.1 Reaction rate equation 
IG-110 graphite specimens 11 mm in diameter and 50 mm in length 

were oxidized in a 0.65 % water vapor/helium mixture at atmospheric 
pressure at a flow rate smaller than 100 mm/s. Reaction rate was measured 
in the temperature range from 1073 to 1523 K. 

From the Arrhenius plot of the data shown in Figs. 10 and 11, the 
following equations were obtained: 

R e = 4.5 x 10 4 exp(-113/RT) (12) 

for temperatures above about 1200 K, 

R e = 1.8 x 1 0 1 0 exp(-251/RT) (13) 

for temperatures below about 1200 K. Here, R e represents the reaction 
rate (weight loss per unit exterior surface area per unit time, mg/cm2.h) 

2 at a given weight loss per unit exterior surface area B(mg/cm ). The 
figures in the exponential terms are apparent activation energy for the 
reaction expressed in unit of kj/mol. 

It was found in these experiments that the temperature above which 
the reaction proceeded in the in-pore diffusion control regime was about 
1200 K. Below this temperature the reaction rate was controlled mainly 
by the reactivity of graphite. 

3.1.2 Burn-off dependence of reaction rate 
The burn-off dependence of reaction rate was examined at temperatures 

of 1273, 1373 and 1473 K. Change in reaction rate at each temperature 
was expressed as a function of B, weight loss per unit exterior surface 

2 area in unit of mg/cm , i.e., F(B). Figure 12 shows the burn-off 
dependence of the reaction rate which was normalized to that at B = 15. 
As for the rate at temperatures lower than 1273 K the values in the 
reference were employed. 

- 7 -

J AE R 1 -M 87 -056 

3.1 Resu1ts of the Out-of-Pi1e Experiments 

3.1.1 Reaction rate equation 

IG-110 graphite specimens 11四min diameter and 50 mm in 1ength 

were oxidized in a 0.65 % water vapor/he1ium mixture at atmospheric 

pressure at a f10w rate sma11er than 100 mm/s. Reaction rate was measured 

in the temperature range from 1073 to 1523 K. 

From the Arrhenius plot of the data shown in Figs. 10 and 11， the 

f0110wing equations were obtained: 

R e 4.5 x 104 exp(ー1l3/RT) (12) 

for temperatures above about 1200 K， 
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for temperatures be10w about 1200 K. Here， Re represents the reaction 

rate (weight 10ss per unit exterior surface area per unit time， mg/cm2.h) 

at a given weight 10ss per unit exterior surface area B(mg/cm2). The 

figures in the exponentia1 terms are apparent activation energy for the 

reaction expressed in unit of kJ/m01. 

It was found in these experiments that the temperature above which 

the reaction proceeded in the in-pore diffusion contr01 regime was about 

1200 K. Be10w this temperature the reaction rate was contr011ed main1y 

by the reactivity of graphite. 

3.1.2 Burn-off dependence of reaction rate 

The burn四 offdependence of reaction rate was examined at temperatures 

of 1273， 1373 and 1473 K. Change in reaction rate at each temperature 

was expressed as a function of B， weight 10ss per unit exterior surface 
2 

area in unit of mg/cm-， i.e.， F(B). Figure 12 shows the burn-off 

dependence of the reaction rate which was norma1ized to that at B 15. 

As for the rate at temperatures 10wer than 1273 K the va1ues in the 
11】

refere~ce--' were emp10yed. 
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3.1.3 Burn-off profile within a specimen oxidized at different 
temperatures 

Figure 13 shows examples of the results obtained for several kinds 
12) of graphites . Cylindrical specimens 50 mm in diameter were oxidized 

at 1273 K in a water vapor/helium mixture flow at the atmospheric 
pressure. The local burn-off represented by bulk density, p, at a 
distance from the exterior surface, x, in the radial direction is 
expressed as 

P„ - P AP x 
A exp ( ) (14) 

P P L 

o o 
Here, p and A are the bulk density of unoxidized specimen and burn-off 
at x = 0 of oxidized specimen, respectively. L, the characteristic length 
of oxidation was found to be 1.7 mm for IG-110 graphite. For temperatures 
between 1173 and 1273 K, 

L (mm) = 3.89 x 10~ 6 exp(16500/T) (15) 

3.2 Reaction Rate in the In-Pile Condition 

The rate equation for the reaction of graphite in the VHTR condition, 
Rp, was derived multiplying R e by various compensation factors, i.e., 

Rp = F(P,C H 2 0,T) I J I n I y F(M) F(B) R e (16) 

Here, F(P,C,T) : Factor regarding total pressure, water vapor 
concentration and temperature 

I : Compensation factor regarding helium flow rate 
I n : Factor regarding neutron-irradiation effect 
Ly : Factor regarding y-ray Irradiation effect 

F(M) : Factor regarding the effect of impurities 
F(B) : Factor regarding the burn-off dependence of rate 

3.2.1 Dependence of reaction rate on the concentration of 
oxidant and total pressure 

Here, the effects of total pressure and water vapor concentration on 
the reaction rate in the chemical reaction control regime were considered 
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3.1.3 Burn-off profi1e within a specimen oxidized at different 

temperatures 

Figure 13 shows examp1es of the results obtained for severa1 kinds 
12) 

of graphites~-'. Cy1indrica1 specimens 50 mm in diameter were oxidized 

at 1273 K in a water vapor/he1ium mixture f10w at the atmospheric 

pressure. The 1oca1 burn-off represented by bu1k density， p， at a 

distance from the exterior surface， x， in the radia1 direction is 

expressed as 

Po - p 

p 
o 

6p 

p 
o 

A回 p(ーモ) (14) 

Here， Po and A are the bu1k density of unoxidized specimen and burn-off 

at x 0 of oxidized specimen， respective1y. L， the characteristic 1ength 

of oxidation was found to be 1.7 mm for IG-110 graphite. For temperatures 

between 1173 and 1273 K， 

L (m)=3.89X106exp(16500/T) (15) 

3.2 Reaction Rate in the In-Pi1e Condition 

The rate equation for the reaction of graphite in the VHTR condition， 

Rp， was derived mu1tip1ying Re by various compensation factors， i.e.， 

Rp = F(P，C
H20

，T) 1 J In Iy F(M) F(B) Re 

Here， F(P，C，T) Factor regarding tota1 pressure， water vapor 
concentration and temperature 

1 Compensation factor regarding he1ium flow rate 

In Factor regardin，g neutron-irradiation effect 

Iy Factor regarding y-ray irradiation effect 

F(M) Factor regarding the effect of impurities 

F(B) Factor regarding the burn-off dependence of rate 

3.2.1 Dependence of reaction rate on the concentration of 

oxidant and total pressure 

(16) 

Here， the effects of tota1 pressure and water vapor concentration on 

the reaction rate in the chemica1 reaction contr円1regime were considered 
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for the following two cases: (1) the rate is proportional to the water 
vapor concentration as long as the the total pressure is the same (First 
order equation) and (2) the rate obeys Langmuir-Hinshelwood type equation. 

At higher temperatures the reaction is governed by mass transport 
of reacting gas across a relatively stagnant gas film between the exterior 
surface of the solid and the main gas stream (boundary layer diffusion 
control regime). The experimental data shown in this report, however, 
were obtained mainly in the in-pore diffusion and the chemical reaction 
control regimes so that these two types of regimes will be analyzed here. 

1) First order equation 
Rp was estimated from the following equation. 

Rp = P n C r H I J I n ly F(M) F(B) Rg (17) 

Here, P : Total pressure 
n : n=l for chemical reaction control regime, 1/2 for the 

in-pore diffusion control regime 
C : Reduced water vapor concentration (vpm) 
H : Compensation factor regarding water vapor concentration. 

From the assumption that the rate is proportional to the partial 
pressure of water vapor, the rate Rp Is proportional to (P C H Q/6500) R e 

in the chemical reaction control regime, where C H 0 * s water vapor 
concentration in vpm and 6500 is that in vpm for the present experiment. 
Hence, CJJ„Q/6500 is C r in this case. 

In the in-pore diffusion control regime, however, the rate is 
influenced by effective diffusion of gases through pores of graphite. 
Since the effective diffusion constant, Deff is proportional to 1/P and 
the rate is proportional to Dg^j at the same temperature, the rate is 
proportional to P-l/2 . The partial pressure multiplied by this effect 
of total pressure is shown by p - 1 ' 2 p C H Q. n are 1/2 for the in-pore 
diffusion control regime and 1 for the chemical reaction control regime, 
as also reported by Everett et al. '. 

H is a compensation factor for the fact that the relative reaction 
rate per unit water vapor partial pressure increases with decreasing 
partial pressure itself. Fig. 14 shows the reaction rate as a function 
of partial pressure"', A value of 1.2 was chosen for H on the basis of 
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for the fol10wing two cases: (1) the rate is ，roportiona1 to the water 
vapor concentration as 10ng as the the tota1 pressure is the same (First 

order equation)田 d (2) the rate obeys Langmuir-Hinshe1wood type equation. 

At higher temperatures the reaction is governed by mass transport 

of reacting gas across a re1ative1y stagnant gas fi1m between the exterior 

surface of the s01id and the回 ingas stream (boundary 1ayer diffusion 

contr01 regime). The experimenta1 data shown in this report， however， 

were obtained main1y in the in-pore diffusion and the chemica1 reaction 

contr01 regimes so that these two types of regimes wi11 be ana1yzed here. 

1) First order eq国 tion

Rp was estimated from the f0110wing equation. 

Rp = pn Cr H 1 J In Iy F(M) F(B) Re 

Here， P Tota1 pressure 

n n=1 for chemica1 reaction contr01 regime， 1/2 for the 
in-pore diffusion contr01 regime 

C Reduced water vapor concentration (vpm) 

H Compensation factor regarding water vapor concentration. 

From the assumption that the rate is proportiona1 to the partia1 

(17) 

pressure of water vapor. the rate Rp is proportiona1 to (P C
H20

/6500) Re 

in the chemica1 reaction contr01 regime， where CH20 is water vapor 
concentration in vpm and 6500 is that in vpm for the present experiment. 

Hence， C
H20

/6500 is Cr in this case. 

In the in-pore diffusion contr01 regime， however， the rate is 

inf1uenced by effective diffusion of gases through pores of graphite. 

Since the effective diffusion constant. Deff is proportiona1 to 1/p and 

the rate is proportio~~~ to D!~~ at the same temperature. the rate is 
proportiona1 to p~1/213) 百le partia1 pressure mu1tip1ied by this effect 

-1/2 n r ~ ~_~ 1 I of tota1 pressure is shown by p-~/' P C
H20・nare 1/2 for the in-pore 

diftusion contr01 regime and 1 for the chemica1 reaction contr01 regime. 

a8 a180 reported by Everett et a1.14). 

~ i8 a compensation factor for the fact that the re1ative reaction 

rate per unit water vapor partia1 pressure increases with decreasing 

partia1 pressure itse1f. Fig. 14 shows the reaction rate as a function 

of partia1 pressure15). A va1ue of 1.2 was chosen for H on the basis of 

-9-
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this figure. On the other hand, when water vapor partial pressure is 
higher than 2.4 atm as in the case of water ingress accident, H is smaller 
than unity. Another treatment of reaction rate as a function of water 
vapor partial pressure will be described in more detail in the next 
section and in the next report which deals with the accident condition '. 

2) Langmuir-Hinshelwood type equation (L-H eqn.) 
In the previous description of the first order equation it has been 

assumed that the reaction rate is proportional to the first order of 
water vapor partial pressure, and that in the in-pore diffusion control 
regime the rate is proportional to the reciprocal of the square root of 
the total pressure, whereas in the chemical reaction control regime the 
rate is independent of total pressure. 

For the prediction of the reaction rate in use of Langmuir-Hinshelwood 
equation, compensation factors such as P, n, C r, and H are replaced with 
a function of total pressure, water vapor concentration and temperature, 
F(P, CJJ Q, T), i.e., the reaction rate is expressed as 

Rp = F(P, C H 2 0 , 1) I J I n I y F(M) F(B) Re (18) 

(1) Langmuir-Hinshelwood equation in the chemical reaction 
control regime 
It is widely known that the experimental data on the rate for the 

chemical reaction of graphite with water vapor, 

C + H2O = H 2 + CO , (19) 

can be fitted to the Langmuir-Hinshelwood equation of the form ', 

K = ^ 0 ( 2 0 ) 

1 + k 2P H 2 + k 3 P H 2 0 

where Pj, ~ and P H are the partial pressures of H 20 and H 2, respectively. 
In the chemical reaction control regime we define F(P,Cjj Q>T) from 

K-value calculated for the experimental condition, Kg and that for the 
reactor operation condition, K p, as 

-10-
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this iigure. on the other hand， when water vapor partia1 pressure is 

higher than 2.4 atm as in the case of water ingress accident， H is sma11er 

than unity. Another treatment of reaction rate as a function of water 

vapor partia1 pressure wi11 be described in more detai1 in the next 

section and in the next report which deais with the accident condition6). 

2) Langmuir-Hinshe1wood type eq回目on(L-H eqn.) 

In the previous description of the first order equation it has been 

assumed that the reaction rate is proportiona1 to the first order of 

water vapor partia1 pressure， and that in the in-pore diffusion contro1 

regime the rate is proportlona1 to the reciproca1 of the square root of 

the tota1 pressure， whereas in the chemica1 reaction conζro1 regime the 

rate is independent of tota1 pressure. 

For the prediction of the reaction rate in use of Langmuir-Hinshe1wood 

equation， compensation factors such as P， n， Cr， and H are rep1aced with 

a function of tota1 pressure， water vapor concentration and temperature， 

F(P， CH20， T)， i.e.， the reaction rate is expressed as 

~ = F(P， CH20， T) 工JIn Iy F(M) F(B) Re (18) 

(1) Langmuir寸iinshe1woodequation in the chemica1 reaction 

contro1 regime 

It is wide1y known that the experimenta1 data on the rate for the 

chemica1 reaction of graphite with water vapor， 

C + H20 H2 + CO ， (19) 

16) 
~an be fitted to the Langmuir-Hinshe1wood equation of the form.~' ， 

K 
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where PHZo and PH2are the partial pressures of H20 and H2，respectively • 

Iq the chemica1 reaction contro1 regime we define F(P，C
H20

，T) from 

K-va1ue ca1cu1~ted for the experimenta1 condition. Ke and that for the 

reactor operation condition， Kp. as 
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F ( p' %o> T> = -^" <21> 

The constants k^'s (1=1,2,3) in Eqn.(20) are rate constants for the 
elementary processes. Although hydrogen decreases the reaction rate, 
this effect was not taken into account here. The neglect of the effect 
gives the more conservative estimation of the rate for the reactor 
operation condition. Introducing a parameter Y which is defined below, 
we obtain F(P, C H 0, T) as 

P CH 20 Y = (22) 
1 + k 3 P C H 2 0 

™> CH 20' T > = ^ e ~ ( 2 3 > 

provided the temperature is the same. Here, Y e and Y p are the Y-values 
for the experimental and in-pile conditions, respectively. The reaction 
rate in the reactor operation condition, R p can be estimated using Eqns. 
(18) and (23). 

(2) Langmuir-Hinshelwood equation for the in-pore diffusion 
control regime 
For analyzing the reaction in the in-pore diffusion control regime 

Y was determined as 

Y = / i - f P H 2 0 - k T l o 8 ( k 3 P H 2 0 + 1 ) > (2«> 

The details of the derivation of Eqn.(24) and the following Eqn. (25) will 
be shown in Appendix 1. Here as described in the former section, the 
effect of hydrogen was neglected in the derivation of Y. Calculations of 
Y for the experimental condition, Y e and that for the reactor operation 
condition Y p give rise to F as 

F (P, % 0 , T) = -|P- (25) 
4 e 

R can be calculated using Eqns.(18) and (25). 
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K 

F(P， Cu_n>  T) 一一L
H20' ~， Ke 

(21) 

百 econstants ki's (i=1，2，3) in Eqn.(20) are rate constants for the 

e1ementary processes. Although hydrogen decreases the reaction rate， 

this effect was not taken into account here. 百leneg1ect of the effect 

gives the more conservative estimation of the rate for the reactor 

operation condition. Introducing a parameter Y which is defined be1ow， 

we obtain F(P， CH20， T) as 

Y 
nu 

q
J』
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(22) 

Y-
F(P， C" ，，' T) 守 LH

2
0' -， Ye 

(23) 

provided the temperature is the same. Here， Ye and Yp are the Y-va1ues 

for the experimenta1 and in-pi1e conditions， respective1y. 百lereaction 

rate in the reactor operation condition， Rp can be estimated using Eqns. 

(18) and (23). 

(2) Langmuir-Hinshe1wood equation for the in-pore diffusion 

contro1 regime 

For ana1yzing the reaction in the in-pore diffusion contro1 regime 

Y was determined as 

Y =/を匂 (24) 

The detai1s of the derivation of Eqn.(24) 皿 dthe fo11owing Eqn. (25) wi11 

be shown in Appendix 1. Here as described in the former section， the 

effect of hydrogen was neg1ected in the derivation of Y. Ca1cu1ations of 

Y for the experimenta1 condition， Ye and that for the reactor operation 

condition Yp give rise to F as 

Yn 
F (P， CH'lO' T) 置 τ三一

ー -e
(25) 

R can be ca1cu1ated using Eqns.(18) and (25). 
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3.2.2 Effect of helium flow rate 
I in the Eqn.(16) is a compensation factor for the effect of helium 

flow rate. The result of Burnette et al ' on H-451 in a simulated HTGR 
condition using a high-pressure test loop (HPTL) was compared with H-451 
data obtained in our experiment. The comparison indicated that the rate 
obtained at the high flow rate was 1.2 times as large as that obtained 
at temperatures between 1088 and 1213K in our experiment. Since there 
have been few data available on the effect of flow rate on the reaction 
rate from the aspects of temperature, burn-off and kind of graphite, a 
value of 1.2 was adopted for compensation the flow rate effect on the 
reaction rate. 

3.2.3 Burn-off dependence of the reaction rate 
F(B) is a factor regarding the burn-off dependence of reaction rate. 

In most cases, the reaction rate increases with increasing burn-off. As 
was mentioned in 3.1.2, the changes in the reaction rate as a function 
of B were measured at a temperature of 1273, 1373 or 1473 K. Here, F(B) 
curves were obtained normalizing the reaction rate values to those at 
B=15 as is seen in Fig.12. The rate expressed as Eqns.(12) and (13) is 
that at B=15. As for the F(B) curves for temperatures lower than 1273 K, 
the values in the reference were employed. 

The curves were fitted to polynomial functions of B as follows. 
F(B) at 1093 K: 

0 4 B 4 40, 
F(B) - 3.33656xl0-2 + 7.0375xl0~2 - 1.1751xlO_5B2 -

- 8.4415xl0"5B3 + 6.5015xl0-7 B 4 - 4.4887xl0-9 B 5 (26) 
B > 40, F(B) = 1.8323 (27) 

F(B) at 1173 K: 
0 4 B 4 40, 
F(B) = 2.2711xl0_1 + 5.932xl0-2B - 2 .7964xl0~4B2 

- 2.3152xl0~5B3 + 5.4102xl0_7B4 + 4.2759xl0~9B5 (28) 
B > 40, F(B) = 1.618 (29) 

F(B) at 1273 K: 
0 < B < 0.03, F(B) = 1.107xl0_1 + 3.623 B (30) 
0.03 4 B < 0.8, F(B) - 1.963xl0-1 + 8.722xl0_1B - 1.959B2 

+ 2.254B3 - 9.392xl0_1B4 (31) 

12-
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3.2.2 Effect of he1ium f10w rate 

1 in the Eqn.(16) is a compensation factor for the effect of he1ium 

f10w rate. The resu1t of Burnette et al
17

) on H-451 in a simu1ated HTGR 

condition using a high-pressure test 100p (HPTL) was compared with H-451 

data obtained in our experiment. The comparison indicated that the rate 

obtained at the high f10w rate was 1.2 times as 1arge as that obtained 

at temperatures between 1088 and 1213K in our experiment. Since there 

have been few data avai1ab1e on the effect of f10w rate on the reaction 

rate from the aspects of temperature， burn-off and kind of graphite， a 

va1ue of 1.2 was adopted for compensation the f10w rate effect on the 

reaction rate. 

3.2.3 Burn-off dependence of the reaction rate 

F(B) is a factor regarding the burn-off dependence of reaction rate. 

In mcst cases， the reaction rate increases with increasing burn-off. As 

was mentioned in 3.1.2， the changes in the reaction rate as a function 

of B were measured at a temperature of 1273， 1373 or 1473 K. Here， F(B) 
curves were obtained norma1izing the reaction rate va1ues to those at 

B=15 as is se回 inFig.12. 百leratt expressed as Eqns.(12) and (13) is 

that at B=15. As for the F(B) curves for temperatures 10wer than 1273 K， 
1) 

the va1ues in the reference~' were emp1oyed. 

The curves were fitted to po1ynomia1 functions of B as fo11ows. 

F(B) at 1093 K: 

o ~ B ~ 40， 
-2 . _ ~~_~ .~-2 . _~. • _-5_2 

F(B) ~ 3.33656x10 -+ 7.0375x10 --1.1751x10 ~B- -
-5_3 . ， ~~.~ .~-7 _4 .~~_ .~-9 _5 

-8.4415x10 ~BJ + 6.5015x10 . B~ -4.4887x10 ~ BJ (26) 

B > 40， F(B) = 1.8323 (27) 

F(B) at 1173 K: 

o ~ B ~ 40， 
-2_ ~ _~， ...._-4_2 

F(B) = 2.2711x10 ~ + 5.932x10 -B -2.7964x10 ~B 
-5_3 . ~ ..~~.~-7_4. ~_~~..~-9_5 

-2.3152x10 ~BJ + 5.4102x10 'B~ + 4.2759x10 ~BJ (28) 

B > 40， F(B) = 1.618 (29) 

F(B) at 1273 K: 
-1 o ~ B < 0.03， F(B) = 1.107x10 ~ + 3.623 B (30) 

-1 
0.03三B< 0.8， F(B) s 1.963x10-

1 + 8.722x10-1B -1.959B2 

-L4 + 2.254B~ -9.392x10 ~B~ (31) 
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0 .8 4 B < 60, F(B) = 3 . 5 2 7 x l 0 _ 1 + 7.820xlO~ 2B - 3 .828x l0~ 3 B 2 

+ 1 .280x l0" 4 B 3 - 2 . 0 9 2 x l 0 - 6 B A + 1.269xlO~ 8 B 5 

(32) 
B > 60, F(B) = 1.6674 (33) 

F(B) at 1373 K: 
0 4 B < 0. 
0.1 <_ B < 1, 
0 <_ B < 0.1, F(B) = 1.325xl0_1 + 1.325 B (34) 

F(B) = 2.189xl0_1 + 5.351xl0_1B - 7.100xl0_1B2 

+ 6.472xl0_1B3 - 3.187xlO_1B4 + 6.440xlO~2B5 (35) 
1 4 B 4 60, 

F(B) = 3.623xl0_1 + 8.152xlO_2B - 4.068xlO~3B2 

+ 1.239xlO_4B3 - 1.907xlO~6B4 + 1 .i;,5xlO~8B5 (36) 
B > 60, F(B) = 1.4045 (37) 

F(B) at 1473 K: 
0 4 B < 0.2, F(B) = 1.912xl0-1 + 9.562xl0-1B (38) 
0.2 <_ B < 3, 

F(B) = 2.297xl0_1 + 9.130xl0_1B - 8.333xlO_1B2 

+ 3.697xl0-1B3 - 7.496xl0~2B4 + 5.610xl0_3B5 (39) 
3 < B < 60, 

F(B) = 5.844xl0_1 + 5.638xl0-2B - 3.090xl0_3B2 

+9.796xl0 _ 5B 3 - 1.212xl0~6B4 - 1.068xlO_8B5 (40) 
B > 60, F(B) = 1.2317 (41) 

3.2.4 Effects of yray and neutron irradiations 
With regard to the irradiation effects, i.e., I and I n, it was 

reported that the contribution from radiolytic reaction to the overall 
reaction rate was small enough to neglect at temperatures above about 
lOSOK 1 8' 1 9^. The radiolytic reaction rate was much smaller than the 
thermal reaction rate at higher temperatures. The total reaction rate 
was, therefore, virtually equal to the thermal reaction rate. The ratio 
oi the radiolytic reaction rate to the thermal one increased with decreas
ing temperature so that at much lower temperatures the radiolytic oxidation 
exceeded the thermal one. However, the effect of y-ray irradiation can be 
disregarded for the temperature range concerned in this report. 

A result of reaction rate measurements for neutron-irradiated 
specimens is shown in Fig.15 where one can see that the irradiation does 
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-1 _ ___ __-2_ • .__ __-3_2 
0.8三B< 60， F(B) 3.527x10 ~ + 7.820x10 -B -3.828x10 -B 

-4.3 _ __^~__-6.4 ，̂_ __-8.5 + 1.280x10 "B--2.092x10 -B~ + 1.269x10 -B 

(32) 

B > 60， F(B) = 1.6674 (33) 

F(B) at 1373 K: 
-1 o ~ B < 0.1， F(B) = 1.325x10 ~ + 1.325 B (34) 

0.1三B< 1， 
-1 _ ___ _ _-1_ _ _._ _ _-1_2 

F(B) = 2.189x10ム+5.351x10 ~B -7.100x10 ~B 
-1_3 ^ _̂_ __-1_4 .._ __-2_5 + 6.472x10 ~B- -3.187x10 ~B~ + 6.440x10 -B- (35) 

1三 B三60，
-1 . __. _.-2_ ._. __-3_2 

F(B) 3.623x10 ~ + 8.152x10 -B -4.068x10 -B 
-4_3 _ ̂__ __-6_4 _ ___ _̂-8.5 

+ 1.239x10 ~B- -1.907x10 -B~ + 1.1~5x10 -BJ 

(36) 

B > 60， F(B) = 1.4045 (37) 

F(B) at 1473 K: 
-1 _ _，̂ __-1 

O三 B< 0.2， F(B) = 1.912x10 ~ + 9.562x10 ~B (38) 

0.2 ~ B < 3， 
-1 _ _^_~__-1. _ ̂ _̂__-1.2 

F(B) = 2.297x10 ~ + 9.130x10 ~B -8.338x10 ~B 
-1.3 _ ._， __-2.4 . _ ，__ __-3.5 

+ 3.697x10 ~B 甲 7.496x10 -B~ + 5.610x10 -B- (39) 
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3.2.4 Effects of y-ray and neutron irradiations 

With regard to the irradiation effects， i.e.， Iy and In' it was 

reported that the contribution from radio1ytic reaction to the overa11 

reaction rate was sma11 enough to neg1ect at temperatures above about 
v18，19) 

1050~-'~-'. The radio1ytic reaction rate was much sma11er than the 

therma1 reaction rate at higher temperatures. The tota1 reaction rate 

was， therefore， virtua11y equa1 to the therma1 reaction rate. The ratio 

oi the radio1ytic reaction rate to the therma1 one increased with decreas-

ing temperature so that at much 10wer temperatures the radio1ytic oxidation 

exceeded the therma1 one. However， the effect of y-ray irradiation can be 

disregarded for the temperature range concerned in this report. 

A resu1t of reaction rate measurements for neutron由 irradiated

日pecimensis shown in Fig.15 where one can see that the irradiation does 
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not affect the reaction rate. The effect of neutron-irradiation was also 
neglected, i.e., I n = 1. 

3.2.5 Catalyzing effect of impurities and fission products 
F(M) is a factor regarding the effect of impurities in graphite. 

It is well known that impurities have an catalytic effect on the reaction, 
i.e., almost all impurities accelerate the reaction rate. The effect of 
impurities depends on many factors such as species, distribution and 
chemical state especially concentration. Since the metallic impurities 
remain in the oxide form on the graphite crystallite surface during the 
reaction, the concentration of metallic impurities on the surface 
increases with proceeding of the reaction. However, such effect is 
included in the burn-off dependence of the reaction rate. 

Besides impurities, fission products are believed to affect the 
reaction rate in the reactor operation condition. Among fission products, 
Ba and Sr are known to have large catalytic effect accelerating the 
reaction process. However, the concentrations of accumulated Ba and Sr 
were estimated to be less than 0.1 ppm in the fuel matrix when a failure 

-3 probability of coated fuel particles was assumed to be 10 after reactor 
20) operation of 400 days . Since the concentration in the structural 

graphite components is to be far below 0.1 ppm so that the catalytic 
effect caused by fission products was neglected, i.e., F(M) = 1. 

3.2.6 Evaluation of the data scatter 
J is a factor representing the upper limit of the scatter of the 

reaction rate. The standard deviation, a of the reaction rates shown in 
Figs. 10 and 11 is 1/6 of the mean value. The mean value plus 2a was 
supposed to be the upper limit of the reaction rate so that a value of 
4/3 was chosen for J. The J-value employed here is believed to be 
conservative enough for estimating the reaction rate in the in-pile 
condition. 

3.3 Estimation of the Transient Temperature 

As was mentioned in 3.1.1, the transition temperature was found to 
be around 1200K in the experiment. This temperature depends on total 
pressure. Since the reaction rate changes continuously with regard to 
temperature, the reaction rates in the chemical reaction control and 
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not affect the reaction rate. The effect of neutron-irradiation was a1so 

neg1ected， i.e.， In 1. 

3.2.5 Cata1yzing effect of impurities and fission products 

F(M) is a factor regarding the effect of impurities in graphite. 

It is we11 known that impurities have an cata1ytic effect on the reaction， 

i.e.， a1most a11 impurities acce1erate the reaction rate. The effect of 

impurities depends on many factors suchニsspecies， distribution and 

chemica1 state especia11y concentration. Since the metal1ic impurities 

remain in the oxide form on the graphite crysta11ite surface during the 

reaction， the concentration of meta11ic impurities on the surface 

increases with proceeding of the reaction. However， such effect is 

inc1uded in the burn-off dependence of the reaction rate. 

Besides impurities， fission products are be1ieved to affect the 

reaction rate in the reactor operation condition. A皿ongfission products， 

Ba and Sr are known to have 1arge cata1ytic effect acce1erating the 

reaction process. However， the concentrations of accumu1ated Ba and Sr 

were estimated to be 1ess than 0.1 ppm in the fue1 matrix when a fai1ure 

probabi1ity of coated fue1 partic1es was assumed to be 10-
3 

after reactor 
20) 

operation of 400 days--'. Since the concentration in the structura1 

graphite components is to be far be10w 0.1 ppm so that the cata1ytic 

effect caused by fission products was neg1ected， i.e.， F(M) 1. 

3.2.6 Eva1uation of the data scatter 

J is a factor representing the upper 1imit of the scatter of the 

reaction rate. The standard deviation， 0 of the reaction rates shown in 

Figs. 10 and 11 is 1/6 of the mean va1ue. The mean va1ue p1us 20 was 

supposed to be the upper 1imit of the reaction rate so that a va1ue of 

4/3 was chosen for J. The J-va1ue emp10yed here is be1ieved to be 

conservative enough for estimating the reaction rate in the in-pi1e 

condition. 

3.3 Estimation of the Transient Temperature 

As was mentioned in 3.1.1， the transition temperature was found to 
be around 1200K in the experiment. This temperature depends on tota1 

pressure. Since the reaction rate changes continuous1y with regard to 

temperature， the reaction rates in the chemical reaction contro1 and 

-14-



JAERI-M 87-056 

i n - p o r e d i f f u s i o n c o n t r o l regimes should be equal t o each o t h e r a t the 
t r a n s i t i o n t empera tu re , i . e . , 

*p.l - V c <«> 

Here, c and i denote that the values are calculated in the chemical 
reaction control and the in-pore diffusion control regimes, respectively. 
In this report, Eqn.(17) was adopted for calculating the transition 
temperature. Since all the compensation factors except n, I, F(B) are 
equal both for the chemical reaction control and in-pore diffusion control 
regimes, respectively, from the above equation the following expression 
can be obtained: 

^•'M-^c . 1 ( 4 3 ) 

(Pn.l-F(B)-Re)i 

Since at the temperature range (ca.1100-1500 K) with which our estimation 
is concerned the effect of irradiations was neglected, the above equation 
can be applicable to the experimental data obtained in the chemical 
reaction control regime, which was shown in 3.1. 

Let T t r > e and T t represent the transition temperature in the 
experimental condition and in-pile condition, respectively. For a given 
B, T t r „ is derived from the equations, 

T t r . p = T t r . p < 1 " i | E c - E i ~ > <**> 
R - r ' ln (Y) t r . e x ' 

v = Qn'U* (45) 
( P n - I ) i 

Here, E c and E^ are the apparent activation energies for the reaction in 
the chemical reaction control and in-pore diffusion control regimes, 
respectively. 

T t r p estimated in a manner described above was adopted as a criterion 
for determining to which of the two rate-controling steps the reaction 
belongs. 
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in-pore diffusion contro1 regimes shou1d be equa1 to each other at the 

transition temperature， i.e.， 

1)，.i Rp.c (42) 

Here， c and i denote that the va1ues are ca1culated in the chemica1 

reaction contro1 and the in-pore diffusion control regimes， respective1y. 

1n this report， Eqn.(17) was adopted for ca1cu1ating the transition 

temperature. Since al1 the compensation factors except n， 1， F(B) are 

equa1 both for the chemical reaction contro1 and in-pore diffusion control 

regimes， respectively， from the above equation the fo11owing expression 
can be obtained: 

(p
n
・I・F(B)・Re)c

1 (43) 

(pn・I・F(B)・Re)i

Since at the temperature range (ca.1100-1500 K) with which our estimation 

is concerned the effect of irradiations was neg1ected， the above equation 

can be app1icab1e to the experimental data obtained in the chemica1 

reaction contro1 regime， which was shown in 3.1. 
Let Ttr •e and Ttr •p represent the transition temperature in the 

experimental condition and in-pile condition， respectively. For a given 

B， Ttr •p is derived from the equations， 

T..~ ~ ( 1 -tr.p J.tr.p 
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y ...i♂.1)c -
(P“・1)i

(45) 

Here， Ec and Ei are the apparent activation energies for the reaction in 
the chemical reaction control and in-pore diffusion control regimes， 

respecti vely. 

Ttr •p estiu也 tedin a manner described above was adopted as a criterion 

for det.ermining to which of the two rate-controling steps the reaction 

belongs・

-15-



JAERI-M 87-056 

3.4 Calculation of Reaction Rate, Weight Loss and Burn-off Profile 

Here, the calculation was made for the normal operation condition, 
whereas the water ingress accident will be discussed in a separate 
report following processes similar to that described below. 

3.4.1 Calculation of changes in the reaction rate and weight 
loss as a function of time 

(1) Material and parameters for the calculation under normal 
reactor operation condition 
Reaction rate and weight loss were estimated for the fuel block and 

core support post of IG-110 graphite as a function of time. The parameters 
used for the calculation were assumed to be as follows. 

Rate of operation : 60 % 
Service life : 2 years for fuel block, and 20 years 

for core support post 
Helium pressure : 4 MPa 
H 20 concentration : 0.2 vpm 

(2) Procedure of the calculation of the changes in the reaction 
rate and weight loss 

1) Basic procedure 
Rp at a given B when F(B) = 1 is calculated using Eqns.(16) and (17). 

Let this value represent as Rp,ref> then R p at any value of B is expressed 
as 

Rp - Vref 7 ( B ) ( 4 6 ) 

Let Rp(t) and B(t) represent R_ and B at time t. Increase of B observed 
from t to t+At, B(t-»-t+At), is expressed as 

B(t-)-t+At) = Rp (t) At 
= B(t+At) - B(t) (47) 

In a similar manner, 

Rp (t+t+At) - Rp at B = B + AB (48) 
" Rp,ref F(B + AB) (49) 
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3.4 Ca1cu1ation of Reaction Rate， Weight Loss and Burl-off Profi1e 

Here， the ca1culation was mad邑 forthe norma1 operation condition， 

whereas the water ingress accident wi11 be discussed in a separate 
6) 

report-' f0110wing processes simi1ar to that described be10w. 

3.4.1 Ca1cu1ation of changes in the reaction rate and weight 

10ss as a function of time 

(1) Materia1 and parameters for the ca1cu1ation under norma1 

reactor operation condition 

Reaction rate and weight 10ss were estimated for the fue1 b10ck and 

core support post of IG-IIO graphite as a function of time. The parameters 

used for the ca1cu1ation were assumed to be as f011ows. 

Rate of operation 60 % 

2 years for fue1 b10ck， and 20 years 

for COTe support post 

He1ium pressure 4 MPa 

H
2
0 concentration 0.2 vpm 

Service 1ife 

(2) Procedure ()f the ca1cu1ation of the changes in the reaction 

rate and weight 10ss 

1) Basic procedure 

~ at a given B when F(B) 1 is ca1cu1ated using Eqns.(16) 回 d (17). 

Let this va1ue represent as Rp，ref， then Rp at any va1ue of B is expressed 

as 

Rp ~，ref F(B) (46) 

Let ~(t) and B(t) represent ~ and B at time t. Increase of B observed 

from t to t+lIt， B(t -+-t+lIt)， is expressed as 

B(t -+-t+lIt) = Rp (t) lIt 

= B(t+lIt) -B(t) (47) 

In a simi1ar manner， 
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Following the above procedures from t = 0 where B = 0 to t + At we 
obtain the reaction rate and weight loss as a function of time. 
2) Modified procedure 

The basic procedure above was modified because in this procedure, if 
time interval At is not small enough, the results may be fairly under
estimated ones. The modified procedure enables us to check the results 
obtained in the basic procedure and obtain the more conservative values. 
The procedure is as follows. 

First: Calculate the reaction rate and weight loss at t according 
to the above procedure. 

Second: Define t'(t) as 

Rp(t) 
At*(t) = At (50) 

Rp(t+At) 
Third: Let the sum of At'(t) from t=0 to t = t reprasent as t'(t) 

which is expressed as 

n-1 
t'(t) = I At'(i-At) (51) 

i=0 

= n-1 Rp(i-At).At 
i=0 R ((i+l)-At) 

t' = n-At (53) 

Fourth: Suppose that the values of reaction rate and weight loss at 
t'(t), Rp(t'(t)) and B(t'(t)) are equal to Rp(t) and B(t) respectively, i.e. 

Rp(t'(t)) = R(t) (54) 
B(t'(t)) = B(t) (55) 

Then the reaction rate and weight loss at a time t'(t) are given as 
Rp(t) and B(t), respectively. Here, an assumption was made regarding 
A-value in Eqn.(14): when A reaches a value larger than 0.9, the reaction 

12) would show a constant rate including erosion 

3.4.2 Calculation of burn-off profile 
Burn-off profile was calculated on the basis of the B-values described 

above. L in Eqn.(15) can be expressed as L "JDeff/^v • Here, K, rate 
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F0110wing the above procedures from t = 0 wher邑 B= 0 to t + llt we 

obtain the reaction rate and weight 10ss as a function of time. 

2) Modified procedure 

The basic procedure above was modified becaus邑 inthis procedure， if 

time interva1 llt is not sma11 enough， the resu1ts may be fair1y under-

estimated ones. The modified procedure enab1es us to check the resu1ts 

obtained in the basic procedure and obtain the more conservative va1ues. 

百leprocedure is as f0110ws. 

First: Ca1cu1ate the reaction rate and weight 10ss at t according 

to the above procedure. 

Second: Define t'(t) as 

llt' (t) 
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Third: Let the sum of dt'(t) from t=O to t t repr:3sent as t'(t) 

which is expressed as 

n-1 
t'(t) E llt'(i・llt)

i=O 
(51) 

n;IRp(i・llt).llt
i=O R ((i+1).dt) 

(52) 

t n.dt (53) 

Fourth: Suppose that the va1ues of reaction rate and weight 10ss at 

t'(t)， Rp(t'(t)) 血 dB(t'(t)) are equa1 to Rp(t) and B(t) respective1y， i.e.， 

Rp(t'(t)) 

B(t' (t)) 

R(t) 

= B(t) 

(54) 

(55 ) 

Then the reaction rate and weight 10ss at a time t'(t) are given as 

Rp(t) and B(t)， respective1y. Here， an ass咽 ptionwas made regarding 

A-va1ue in Eqn.(14): when A reaches a va1ue 1arger than 0.9， the reaction 
12) 

wou1d show a constant rate inc1uding erosion--' • 

3.4.2 Ca1cu1ation of burn-off profi1e 

Burn-off profi1e was ca1cu1ated on the basis of the B-va1ues described 

above. L in Eqn.(15) can be expressed as L -~平7ζ21) Here， K， rate 

n

，
 

4

・・・



JAERI-M 87-056 

constant per unit volume of graphite is constant for a constant temperature. 
Since D e f f <* 1/P, L at P is, from Eqn.(15), 

L(mm) = 3.89 x 10~ 6 (1//F) exp(16500/T) (56) 

Also, AW X, weight loss per unit exterior surface area in the region between 
the exterior surface and the depth x is to be 

AWX = d Q J X A exp(-x/L) dx = d 0 L A l-exp(-x/L) (57) 

where dn is bulk density prior to oxidation and A is burn-off at the 
surface. 

If the size of component is larger enough than L, the overall loss of 
weight per unit exterior surface area, AW, is approximately expressed as 

AW = d 0 L A (58) 

This equation was used to calculate A-values. The characteristic length 
12} of oxidation, L was confirmed to be independent of burn-off '. Since 

AW(t) at time t x is equal to B(t), A at time t can be expressed as 

A(t) = B(t)/d0 L (59) 

The burn-off profile as a function of time can be calculated from Eqns.(56) 
and (59). 

The dependences of L on water vapor concentration, size and shape of 
specimen will be discussed in the next report '. It was assumed in this 
report that L does not depend on these parameters. An assumption was also 
made that, as was desci 

2 levels larger than 90% 
made that, as was described in 3.4.1, erosion would take place for burn-off 

,22) 

3.4.3 Results of the calculation 
(1) Fuel block 

Figs.16(a), (b) and (c) show results of the calculations of reaction 
rate, weight loss and burn-off profile for the fuel block at 1273K using 
the first order equation. Figs.17(a), (b) and (c) show results sumilar to 
those in Fig.16 obtained on the basis of Langmuir-Hinshelwood equation. 
Burn-off profiles for the oxidation at 1473K are shown in Figs.18 and 19 in 
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constant per unit volume of graphite is constant for a constant temperature. 

Since Deff ~ l/P， L at P is， from Eqn.(15)， 

L(皿 3.89x 10-
6 

(1/1P) exp(16500/T) (56) 

Also， sWx' weight 108S per unit exterior surface area in the region between 

the exterior surface and the depth x is to be 

ιWx d
O 
rx 

A exp (-x/L) dx dO L A 1-exp (-x/L) 

O 

where dO is bu1k density prior to oxidation and A is burn-off at the 

surface. 

(57) 

If the size of component is larger enough than L， the overall 10ss of 

weight per unit exterior surface area， sW， is approximately expressed as 

sW dO L A (58) 

This equation was used to ca1cu1ate A-va1ues. The characteristic 1ength 

of oxidation， L was confirmed to be independent of burn-off12). Since 

sW(t) at time tx is equa1 to B(t)， A at time t can be expressed as 

A(t) B(t)/dO L (59) 

百leburn-off profi1e as a function of time can be ca1cu1ated from Eqns.(56) 

and (59). 

The dependences of L on water vapor concentration， size and shape of 
6) specimen wi11 be discussed in the next reportV ，. It was assumed in this 

report that L does not depend on these parameters. An assumption was a1so 

made that， as was described in 3.4.1， erosion wou1d take p1ace for burn-off 
levels Iarger than 9OZ22). 

3.4.3 Results of the calcu1ation 

(1) Fue1 b10ck 

Figs.16(a)， (b) and (c) show resu1ts of the ca1culations of reaction 

rate， weight 10ss and burn-off profile for the fue1 block at 1273K using 
the first order equation. Figs.17(a)， (b) and (c) show results sumilar to 

those in Fig.16 obtained on the basis of Langmuir-Hinshe1wood equation. 

Burn-off profi1es for the oxidation at 1473K are shown in Figs.18 and 19 in 
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the cases of the first order and Langiiu'r-Hinr^elwood equations, 
respectively. 

(2) Core support post 
B'̂ rn-off profiles of the core support post calculated at 1273K and 

1373L are shown in Figs.20 through 23, where Figs.20 and 21 are the results 
obtained in use of the first order equation, and the Langmuir-Hinshelwood 
equation was used in Figs.22 and 23. 

4. APPLICATION OF THE STRENGTH LOSS MODEL TO 
THE OXIDIZED COMPONENTS 

In this chapter the models for stress-strain relationship and strength 
will be applied to some of the typical results of the calculation mentioned 
in the previous chapter. 

4.1 Fuel Block 

Fuel block is considered to be a hexagonal graphite block 334 mm in 
the distance between the opposite side planes, 700 mm in height which has 
15 vertical holes 56 mm in diameter. To make application of the model as 
simple as possible, the block was approximated to be 15 hollow tubes each 
of which has an inner diameter of 56 mm. It was also approximated that 
summation of the cross-section of each tube is to be equal to that of the 
fuel block. This approximation resulted in 15 tubes 90.6 mm in outer 
diameter and 56 mm in inner diameter. 

Since, among the results shown in Chapter III, that for 1273 K in use 
of L-H equation seemed to be the most severe case, stress-strain relation
ship and strength of the fuel block in this case is estimated here using 
the equations shown in Chapter II. 

The above approximation and the result shown in Fig.17(c) make it 
possible to draw a schematic shown in Fig.24 for a unit hollow tube. Here, 
burn-off levels less than 0.1 % were neglected. Modifying Eqn.(3) we 
obtain 

-19-
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the cases of the first order and Langu"I;でーHinl't.，e1woodequations， 

respective1y. 

(2) Core support post 

B"rn-off profi1es of the core support post ca1cu1ated at 1273K and 

1373L are shown in Figs.20 through 23， where Figs.20 and 21 are the resu1ts 

obtained in use of the first order equation， and the Langmuir-Hinshe1wood 
equation was used in Figs.22 and 23. 

4. APPL1CAT10N OF THE 8TRENGTH L088 MODEL TO 

THE OX1D1ZED COMPONENT8 

1n this chapter the mode1s for stress-strain re1ationship and strength 

wil1 be app1ied to some of the typica1 resu1ts of the ca1cu1ation mentioned 

in the previous chapter. 

4.1 Fue1 B10ck 

Fue1 b10ck is considered to be a hexagona1 graphite b10ck 334 mm in 

the distance between the opposite side p1anes， 700 mm in height which has 

15 vertica1 h01es 56 mm in diameter. To wake app1ication of the mode1 as 

simp1e as possib1e， the b10ck was approximated to be 15 h0110w tubes each 

of which has an inner diameter of 56 mm. 1t was a1so approximated that 

summation of the cross-section of each tube is to be equa1 to that of the 

fue1 b1ock. This approximation resu1ted in 15 tubes 90.6 mm in outer 

diameter and 56 mm in inner diameter. 

8ince， among the resu1ts shown in Chapter 111， that fdr 1273 K in use 

of L-H equation seemed to be the most severe case， stress-strain re1ation-

ship and strength of the fue1 b10ck in this case is estimated here using 

the equations shown in Chapter 11. 

百leabove approximation and the resu1t shown in Fig.17(c) make it 

possib1Eそ todraw a schematic shown in Fig.24 for a unit h0110w tube. Here， 
burn-off 1eve1s 1ess than 0.1 % were neg1ected. Modifying Eqn.(3) we 

obtain 
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Fs r ri 2 2 f rs 
P = a2irr dr = a2irr dr + irCr^-rp aQ(e) + a2irr dr (60) 

Here, r. : inner radius, r g : outer radius, 
r^ : inner cut-off radius, *2 '• outer cut-off radius. 

The integrals in the right side of Eqn.(60) can be obtained in a way 
2 2 similar to that in Eqn.(3). Taking P/ir(r - rf) = a(e), we obtain 

a(e)/0o(e) = 0.937. 

Compressive strength of the hollow tube was estimated following the 
idea described in Chapter II. We assume that fracture would initiate at 
both inner and outer surfaces and the length of fractured portions is 
always the same for the outer and inner. Based on this assumption we 
obtain, for load, 

P(r) = TT(r2-r2)(p/p0)n afQ + ir(r| - rf) a £ Q 

+ 7r[(rs + r i - r ) 2 - x\\ (p/ P ( )) n a f Q (61) 

Thus, of is to be estimated finding the maximum of P(r) in terms of r. 
From Eqn.(61), 

° f ( r ) _ 1 r, 2 2 w P ^ . , 2 2. _,_ ,, _,_ ,2 
— = — 5 5- I (r, - r^) (——) + (r - r ) + { (r + r, - r) 

CTf0 r2-r| 1 P 0
 s 1 

- rl } ( — ) n ] (62) 
2 p o 

The calculation to find the maximum of the right side of the above equation 
was done numerically, giving rise to a value of o^f a~r. • 0.968. 

4.2 Core Support Post 

For the same reason as that for 4.1, we deal with the burn-off profile 
shown in Fig.21. Let the diameter of the post 150 mm. Burn-off is assumed 
to be the same along the longitudinal axis. Fig.25 shows a schematic of 
the profile in this case. Modifying Eqn.(3) we obtain 
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Here， ri inner radius， rs outer radius， 

r1 inner cut-off radius， r2 outer cut-off radius. 

百leintegra1s in the right side of Eqn.(60) 巴anbe obtained in a way 

22  
similar to that in Eqn. (3). Taking p/7r(r; -ri)σ(e:)， we obtain 

O(ε)/oo(e) = 0.937. 

Compressive strength of the ho110w tube was estimated f0110wing the 

idea described in Chapter II. We assume that fracture wou1d initiate at 

both inner and outer surfaces and the 1ength of fractured portions is 

a1ways the same for the outer and inner. Based on this assumptio~ we 

obtain， for 1oad， 

P(r) 甘{riJ)(山 JσfO+甘{ri-ri}σfO

2 2 
+τ[(rs + ri -r)" -ri:J (p/PO)σfO (61) 

Thus， of is to be estimated finding the maximu皿 ofP(r) in terms of r. 

From Eqn. (61)， 

円 (r)づ一=づL7[吋_r2) (土〉n+{r242)+{{rs+rfr)2
-fO rs -ri ~O 

-rf}(よー)n] 
.. p 

O 

(62) 

The ca1cu1ation to find the maximum of the right side of the above equation 

was done numerica11y， giving rise to a value of σf/σfO ，. 0.968. 

4.2 Core Support Post 

For the same reason as that for 4.1， we deal with the burn-off profile 

shown in Fig.21. Let the diameter of the post 150 mm. Burn-off is assumed 

to be the s~e a10ng the 10ngitudina1 axis. Fig.25 shows a schematic of 

the profi1e in this case. Modifying Eqn.(3) we obtain 
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r̂l 
P = irr2 a0(e) + f ~ s 2irr 0(e) dr (63) 

Here, r' is the difference between the original radius and the thickness 
of the surface layer removed because of erosion, i.e., 

r 1 = 75 - 0.3 mm. s 

From Eqn.(63), 

rl 2 _4 6 f 1- 7 4 8 

a(e) = (.—) aQ(e) + aQ(e) p Q*' b f(p)f'(p) dp (64) 
S 4.580 

The right side of Eqn.(63) was calculated numerically, giving rise to a 
value of o(e)/on(e) = 0.967. Since a layer 0.3 mm in thickness was removed 
from the surface, the nominal change in stress-strain relationship is 
supposed to be a(e)/oQ(e) = 0.967 x (74.7/75.0)2 = 0.959. This implies 
about 4 % decrease in stress at a give strain, e. 

Compressive strength of the post is estimated finding the maximum of 
the following equation. 

P(r) = Trr2 a f Q + Tr(r2-rJ) a f Q (^-)n (65) 

P(r) af(r) = — (66) 
rs 

The maximum of the right side of Eqn.(66) was obtained numerically using 
the burn-off profile shown in Fig.25. As a result we obtain af/af(. = 0.974. 
This means that the strength loss of core support post after its service 
life would be less than 3 %. 
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=7rr2o (E)+lS2問。(E) dr 1 -0'-' . 
~rl 

r;1s thed1ffereme between the or181nalradius and the th1ckness 

(63) 

Here， 

of the surface layer re皿ovedbecause of erosion， i.e.， 

ピ 75-0.3 IIIIIl. 
s 

From Eqn. (63)， 

(1.748 
rL 2 " -4.6 I 。(E)= (でー) a，，(E) + a，，(E) p" ~.~ I f(p)f' (p) dp r -0 ，-， -0 ，-， "'0 
s 

'""'1.580 

(64) 

The right side of Eqn.(63) was calculated numerically， giving rise to a 

va1ue.of a(E)!aO(E) = 0.967. Since a 1ayer 0.3皿 inthickness was removed 

from the surface， the nomina1 change in stress-strain re1ationship is 
2 

supposed to be a(E)/aO(E) = 0.967 x (74.7 /75.0)~ '" 0.959. This imp1ies 

about 4 % decrease in stress at a give strain， E ・

Compressive strength of the post is estimated finding the maximum of 

the following equation. 

P(r) 
2 2， ，p，n 

甘r::-a_n +τ(r~-r:-) a~" (一)1 ~fO . "，. .1' ~fO 'PO 

P(r) 

2 
r s 

(65) 

af(r) (66) 

The maximum of the right side of Eqn.(66) was obtained numerically using 

the burn-off profi1e shown in Fig・25. As a resu1t we obtain af!a
fO 

0.974. 

This means that the strength 10ss of core support post after its service 

life would be 1ess than 3 %. 
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Table I. Flow stress of unoxidizcd specimens under compressive stress and the ratios of the flow stresses 
of specimens oxidized to various burn-off levels to that of the unoxidized specimen at any strain, each 

ratio being almost constant irrespective of strain 

Total Strain VIRGIN 0.9Z B. O. 3.8% B. 0. 6.0% B. 0 . 9.65! B. 0. 16.0X B. 0. 

p„-1.76 

{%) SCress(MPa) Stress a/a Stress a/a Stress a/a Stress a/a Stress a/a 

°0 
0.25 16.67 14.09 0.88 12.28 0.71 11.83 0.71 

0.50 29.38 26.11 0.89 22.20 0.76 21.02 0.71 

0.75 39.45 33.89 0.86 30.18 0.76 28.26 0.71 

1.00 47.58 40.83 0.86 36.53 0.77 34.07 0.71 

1.25 53.99 46.44 0.86 41.64 0.77 38.56 0.71 

1.50 59.27 51.04 0.86 45.84 0.77 42.23 0.71 

1.75 63.44 54.81 0.86 49.32 0.78 45.19 0.71 

2.00 66.90 58.08 0.87 52.18 0.78 47.74 0.71 

2.25 69.95 60.73 0.87 54.64 0.7B 49.88 0.71 

2.50 72.59 63.28 0.87 56.79 0.78 51.72 0.71 

2.75 74.83 65.32 0.87 58.73 0.79 53.46 0.71 

3.00 76.86 67.16 0.87 60.34 0.78 54.68 0.71 

3.25 76.96 68.90 0.90 61.90 0.80 56.01 0.73 

3.50 80.32 70.43 0.86 63.34 0.79 56.59 0.71 

Average 0.87 0.78 0.71 0.64 0.51 

10.83 0.65 

18.75 0.64 

25.07 0.64 

29.86 0.63 

33.73 0.63 

37.00 0.63 

39.85 0.63 

42.40 0.64 

44.40 0.64 

46.47 0.64 

48.21 0.64 

49.53 0.64 

8.90 0.53 

15.53 0.53 

20.39 0.52 

24.43 0.51 

27.63 0.51 

30.12 0.51 

32.08 0.51 

33.74 0.50 

35.29 0.51 

- 2 3 -

]AER 1 -M 87-056 

Tablc J.阿owslrc目。funo克idi7.cdspccimcns undcr comprc5sive 51rC5S and Ihc ralios of Ihc sow 51re55Os 
。fspccimcns oxidized 10 various burn.olT Icvcls 10 Ihal of Ihc unoxidized spccimen al any 51rain， cach 

ralio bcing .Imost constant irrcspcctivc of 5tr.in 

Total Stro1.in VI郎lN 0.91: 8. 0， 3.8% s. 0， 6.<涜 B.O. 9.6. B. 0目 16.0% B. O. 

ρ0・1.76 

(%) Str...(NPa) Strc.. 0/00 Strcs8 0/0。 5tres$ olao Stre5S 0/00 5tress 0100 
。。

0.25 16.67 14.09 0.8o 12.28 0.74 11.83 0.71 10.83 0.65 8.90 0.53 

0.50 29.38 26.11 0.89 22.20 0.76 21.02 0.71 18.75 0.64 15.53 0.53 

0.75 39.45 33.89 0.86 30.18 0.76 28.26 0.71 25.07 0.64 20.39 0.52 

1.∞ 47.58 40.83 0.86 36.53 0.17 34.07 0.71 29.86 0.63 24.43 0.51 

1.25 53.99 46.44 0.86 41.64 0.17 38.56 0.71 33.73 0.63 27.63 0.51 

1.50 59.27 51.04 0.86 45.84 0.17 42.23 0.71 37.∞ 0.~3 30.12 0.51 

1.75 63.44 54.81 0.86 49.32 0.78 45.19 0.71 39.85 0.63 32.08 0.51 

2.∞ 66.90 58.08 0.87 52.18 0.78 47.74 0.71 42.40 0.64 33.74 0.50 

2.25 69.95 60.73 0.87 54.64 0.78 49.88 0.71 44.40 0.64 35.29 0.51 

2.50 72.59 63.28 0.87 56.79 0.78 51. 72 0.71 46.47 0.64 

2.75 74.83 65.32 0.87 58.73 0.79 53.46 0.71 48.21 0.64 

3.∞ 76.86 67.16 0.87 60.3ゐ 0.78 54.68 0.71 49.53 0.64 

3.25 76.96 68.90 0.90 61.90 0.80 56.01 0.73 

3.50 80.32 70.43 0.88 63.3ゐ 0.79 56.59 0.71 

AVCril&C 0.87 0.78 0.71 0.64 0.51 
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VARIOUS REACTION CONTROL REGIMES 
AS A FUNCTION OF TEMPERATURE RATURE 

( I ) (b) ( I ) (a) ( I ) 

Cg : Concentration of reacting gas 

R : Radius of cylindrical specimen 

(I) •' Chemical reaction control 

( I ) : In-pore diffusion control 

( I ) : Boundary layer diffusion control 

Fig. 1 Schematic for various reaction control regimes as 
a function of temperature 
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Estimation of Oxidation of Graphite Components 

Accelerated Experiments 
on Laboratory Scale 

T = 1050 - 1350 K 

C H 2 0 = 0.65 - 1.8 % 

P H e = 0.1 MPa 

< Extrapolation > 

Normal operation Water ingress accident 

T = 1200-HOOK 
PH2O = 0.2 vpm 

P H e = 4 MPa 

< Basic data > 
T= 1100-HOOK 

PH2O = 0.23 MPa 

P H e = 4.3 MPa 

Compensation for 
in-pile condition 
Compensation for 
in-pile condition 

\ ' 
Estimation of 
oxidation amount 

Fig. 2 Procedure for the estimation of oxidation of the 
graphite components in the VHTR 
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Fig. 3 Change in bending strength of IG-110 graphite oxidized 
in different conditions 
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Fig. 4 Changes in bending strength and Young's modulus of 
P3JHA graphite oxidized at 773 K in air. 
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Fig. 6 Compressive stress-strain curves for specimens 
uniformly oxidized to different burn-off levels 
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Fig. 7 Schematic for a cylindrical specimen with oxidation 
gradient in the radial direction 
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o- specimen A 

x- specimen B 

8(a) 

8 6 U 

RADIUS (mm) 
0 

center 

- Measured 
- Calculated 

1.0 1.5 
STRAIN (%) 

Fig. 8 
Fig. 8(b) 
(a) Local burn-off profile of specimens A and B with 
4.75 and 11.75 X, respectively. (b) Compressive stress-
strain curves for the specimens with oxidation gradients 
shown in (a). (c) Local burn-off profile of tensile 
specimens A and B with-4.60 and 9. 68 X, respectively, 
(d) Tensile stress-strain curves for the specimens with 
oxidation gradient shown in (c). 
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Temperature dependence of reaction 
rate of IG-110 gra-phite oxidized 
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at the atmospheric pressure 
(burn-off: 3 mg/cm2 ) 

7.0 7.5 
Jf-lo'dC) 

Fig. 11 
Temperature dependence of reaction 
rate of IG-110 gra-phite oxidized 
in 0.65 X water vapor/helium mixture 
at the atmospheric pressure 
(burn-off: 40 mg/cm2 ) 
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APPENDIX 1 

Application of Langmuir-Hlnshelwood equation to calculation 
of rate in the in-pore diffusion control regime 

Oxidation of nuclear graphites with water-vapor is controlled simulta
neously by diffusion of water-vapor in the pores of graphite and chemical 
reaction on the pore walls. The diffusive flux of water-vapor was that 
due primarily to the molecular diffusion at and above atmospheric pressure. 
Most of the interior surface are not readily accessible to gas. There are 
two limiting cases for the rate of the graphite corrosion. At lower 
temperature with less reactive graphite, the oxidation rate is restricted 
by the chemical reaction rate on the pore walls. At higher temperature 
with more reactive graphite, the rate is controlled by the diffusive flux 
of water-vapor in the pores. The in-pore diffusion controlled reaction is 
confined to the the pore mouth area at the exterior surface of graphite. 

In the mathmatical formulation, the followings were assumed for 
simplifying the analysis. 
(1) The interior surface area remains essentially unchanged during 

oxidation. 
(2) The effective dlffusivity De remains unchaged during oxidation. 
(3) A possible contribution of the Knudsen diffusion in the diffusive 

flux is neglected. 
(4) A possible effect of counter convective flux of product gases in the 

pores which is formed by volume increase in the reaction (7) is 
neglected. 

2.1 Semi-infinite block 
The oxidation reaction on the pore wall Is 

H20(g) + C(gr) - H2(g) + CO(g) (1) 

Under steady state conditions, the local rate of oxidation R. is given by 
the diffusive flux of water-vapor, J„ _ 

h ' d i v JH 20 (2) 

From Flck's law, the diffusive flux of water-vapor is 
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APPENDIX 1 

Appl1cat10n of Langmu1r-H1nshelwood equat10n to calcul~tíon 

of rate 1n the 1n-pore d1ffus10n control reg1me 

Oxidat10n of nuclear graph1tes w1th water-vapor 1s controlled simulta-

neously by diffusion of water-vapor 1n the pores of graph1te and chemical 

react10n on the pore walls. The d1ffus1ve flux of water-vapor was that 

due pr1mar11y to the molecu1ar diffusion at and above atmospheric pressure. 

Most of the inter10r surface are not readily access1ble to gas. There are 

two 11miting cases for the rate of the graph1te corros1on. At 10wer 

temperature w1th 1ess react1ve graph1te， the ox1dat10n rate 1s restr1cted 

by the chem1ca1 reaction rate on the pore wa11s. At h1gher temperature 

with more react1ve graph1te， the rate 1s contr011ed by the d1ffus1ve f1ux 
of water-vapor 1n the pores. The 1n-pore d1ffus10n contr011ed react10n 1s 

conf1ned to the the pore mouth area at the exter10r surface of graph1te. 

In the mathmat1ca1 formu1at10n， the f0110w1ngs were assumed for 
s1mp11fying the ana1ys1s. 

(1) The 1nter10r surface area rema1ns essent1a11y unchanged dur1ng 

ox1dat10n. 

(2) The effect1ve d1ffus1v1ty De rema1ns unchaged dur1ng ox1dat10n. 

(3) A poss1b1e contr1but10n of the Knudsen d1ffus10n 1n the d1ffus1ve 

f1ux 1s neg1ected. 

(4) A poss1b1e effect of counter convect1ve f1ux of product gases 1n the 

pores wh1ch 1s formed by v01ume 1ncrease 1n the react10n (7) 1s 

neg1ected. 

2.1 Sem1-1nf1n1te b10ck 

The ox1dat10n react10n on the pore wa11 1s 

H
2
0(g) + C(gr) ~ H

2
(g) + CO(g) (1) 

Under 8teady 8tate cond1t10n8， the 10ca1 rate of ox1dat10n R~ 18 g1ven by 
the 紅白u日1vefl皿 ofwater画 vapor，J

H20 

R~ d1v J 
H20 (2) 

From F1ck'8 1aw， the d1ffu8ive f1ux of water田 'vapor18 
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JH 20 = — S r a d PH 20 ( 3 ) 

where grad P„ _ represents the partial pressure gradient within the pores 
at any distance from the exterior surface. When the Langmuir-Hinshelwood 
equation is assumed for chemical reaction, the local chemical reaction 
within the graphite is given by 

_ 3 - Kl pH 20 R (g-mol Ocm -sec x ) = (4) 
1 + K3 P H 2 0 

An inhibition effect of hydrogen on the rate was neglected for simplicity 
because an observed rate to attain the steady state under inhibition effect 
is very slow . 
In the present derivation J„ - is in g-mole H2O/cm -sec, and the rate par-
ameters K^ and K3 are in g-mole C/atm-cm -sec and in atm x respectively. 

Combinations of equations (2), (3) and (4) give the following general 
differential equation for dual controlled oxidation of graphite under iso
thermal conditions 

A- t A ^ R T . Ki u ... 
div(grad u) = • (5) 

D e P K 3 a+u 
where P is total pressure of the system and u and a are dimensionless 
parameters defined as follows 

u = P H 0 / P T , a = 1/(K3 ty (6) 

For the chemical reaction controlled zone, the gradient of u is nearly zero 
throughout the graphite body and the integrated rate Ro in unit volume of 
the graphite is R.. From equation (3), the other limiting case of in-pore 
diffusion controlled rate Rd in unit geometrical surface of the graphite 
is given by 

-2 -1 De T 

Rd(g-mol C-cm sec ) - (J„ ) = (grad u) (7) 
H 2 U s RT s 

The subscript s denotes values of J H 0 and grad u at the graphite exterior 
surface. 

(a) C. Velasquaz, G. Hightower and R. Burnette, GA-A 14951 (1978) 
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Do 
JH20=IF grad PH20 (3) 

where grad PH20 represents the part1alpressure gradient W1th1n the pores 

at any distance from the exterior surface. When the Langmuir-Hinshe1wood 

equation is assumed for chemica1 reaction， the 1oca1 chemica1 reaction 

within the graphite is given by 

-3 司 1， K1 PH20 
R
1
(g-mo1 C'cm -'sec 

1 + K3 PH20 

(4) 

An inhibition effect of hydrogen on the rate拡'asneg1ected for simp1icity 

because an observed rate to attain the steady state under inhibition effect 
(a) 

is very slow 

In the p四 sentderivation JH~O is in g-mole H20/cm3-sec， and the rate par-
2 3 1  

ameters K1皿 dK3 are in g-mo1e C!atm-cmJ-sec and in atm-~ respective1y. 

Combinations of equations (2)， (3) and (4) give the fo11owing genera1 

differentia1 equation for dual contro11ed oxidation of graphite under iso-

therma1 conditions 

div(grad u) 
R T K1 u = ・・・ー-ーーー聞ーー ・ーー・ー・ー・ー・ ーーーー・ーー帽園回開

De P K3 a+u 

where P is tota1 pressure of the system and u and a are dimension1ess 

parameters defined as fo11ows 

u = P
H20 

! PT ， a = 1!(K3 Rr) 

(5) 

(6) 

For the chemica1 reaction contro11ed zone， the gradient of u is near1y zero 

throughout the graphite body and the integrated rate Ro in unit vo1ume of 

the graphite is R
1・

Fromequation (3)， the other 1imiting case of in-pore 

diffusion contro11ed rate Rd in田 1itgeometrica1 surface of the graphite 

1s given by 

D T 
-2 -1 

Rd(g田 mo1C ・cm-sec ~} z (JHnO}s =一一 (gradu) 
2~ ~ RT 

(7) 

The subscript s denotes va1ues of J
H20 

and grad u at the graphite exterior 

surface. 

(a) C. Ve1asquaz， G. Hightower and R. Bumette， GA-A 14951 (1978) 
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For the unidimensional case of a semi-infinite block (an in f in i t e mass 
in contact with gas a t a plane surface x = 0 ) , equations (5) and (7) become 

_i%_ _ _*!_ . Jk_ . _JL_ ( 8 ) 
dx D e P K3 a + u 

D e P /'duN 
Rd " ~^~ {-*r)s

 ( 9 ) 

Equation (8) can be integrated analytically from x = 0 to x = °° for the 
boundary conditions du/dx = 0 (x = °°) and u(x = 0) = u and Rd becomes 

Rd - ( P _ ) ' ° e K l 

H 20 o ^ RT y K 3 ( P H 2 O ) O 

1 - K fp1 ) ln(l+K3(PH Q ) 
K 3 t P H 9 0 ^ H 2 U o *2 U o 

(10) 

where (P„ _) is water-vapor partial pressure in the exterior gas phase and ii2U o 
x is the distance from the exterior surface of the graphite. 

If the graphite oxidation rate Rd represents Rd(l) for the laboratory 
_3 condition((PH Q ) = 6.5x10 atm, P = 1 atm, T = 1273K) and Rd(2) for 

different condition with the same temperature, Rd(2) is given by 

R d ( 2 ) = _|<g_ . Bd(2) (ID 

Y - ' I { V o " ̂  "n ( 1 + K 3 ( P H 2 0 ) o ) } ( 1 2 ) 

where Y(l) and Y(2) are Y for the laboratory condition and for different 
condition with the same temperature, respectively. 
In this derivation, De*P is assumed to be constant. 
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For the unidimensiona1 case of a semi-infinite b10ck (an infinite mass 

in contact with gas at a p1担 esurface x 0)， equations (5) 田 d (7) become 

(8) 
RT ・~ u 

De P K3 a+u 

d2u 

dx
2 

S
 

¥
1
1
/
 

u
-
x
 

A
u
-
A
U
 

/
'
f
l
k

、

(9) 

Equation (8) can be integrated ana1ytica11y from x 0 to x ∞ for the 

boundary conditions du/dx = 0 (x =∞)田du(x = 0) Us and Rd becomes 

Rd 

(10) 話 20)0[1-吋;石川町(PH20)0] 
Rd = (P..~) I ~邑.

n2u 0 11 RT 

where (P
H20

)0 is water-vapor partia1 pressure in the exterior gas phase血 d

x 1s the distance from the exterior surface of the graphite. 

If the graphite oxidation rate Rd represents Rd(l) for the 1aboratory 
-3 

condition((P
H20

)0 6.5 x 10 -atm， P 1 atm， T = 1273K) and Rd(2) for 

different condition with the s血 etemperature， Rd(2) is given by 

(11) Y(2) • Rd(2) 
Rd(2) =一一一Y(l) 

t{但H20)。ー告知山へυ (12) 

where Y(l) and Y(2) are Y for the 1aboratory condition and for different 

condition with the same temperature， respective1y. 
In this derivation， De.P is assumed to be constant. 
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APPENDIX 2 
The Flow Diagram of the Program for Calculation 

The flow diagram of the program is shown in Fig.A.l. The program 
consists of four main parts: 1. Specifications of materials, 2. Calculation 
of R_ r e f , reaction rate at B=15 in the in-pile condition, 3. Calculation 
of reaction rate and weight loss as a function of time, 4. Calculation of 
burn-off profile. Each part consists of several sub-parts. The program 
will be explained below following the diagram. 

1. Specifications of materials 
Graphite or carbonaceous materials, IG—110, PGX and ASR-ORB are the 

candidates for VHTR use. Bulk density and other properties are determined 
according to appropriate references. Ratio of burn-off values to B are 
calculated from density and the exterior-surface-area-to-volume ratio on 
the assumption that the overall exterior surface is exposed to the same 
oxidizing temperature. 

2. Calculation of Rp r e f 
Rp r e f , reaction rate at a given burn-off B is calculated using the 

first order or Langmuir-Hinshelwood equations. Prior to calculation, the 
equation to be selected is decided. After inputting values of reaction 
temperature, total pressure and concentration of water vapor, the transition 
temperature is calculated. Then the compensation factors are read or input. 
In the calculation by the Langmuir-Hinshelwood eqn., a value of K_ in the 
eqn. is selected from a group of several probable values to be obtain 
F(P,C„ n»T). R f is calculated using the necessary factors and equations. 

3. Calculation of reaction rate and weight loss as a function oftime 
In the case of normal reactor operation, temperature, total pressure 

and concentration of water vapor are assumed to be constant during the 
reaction. The magnitude of the three kinds of factors are, however, varied 
with elapse time in the case of water ingress accident . The calculation 
for such case is carried out on a assumption that only the temperature is 
changed during the time. The assumption above is able to give more 
conservative result than that under the real accident condition. After 
the reaction rate normalized to that at B-15 as a function of B, F(B) is 
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APPENDIX 2 

The F10w Diagram of the Program for Ca1cu1ation 

The f10w diagram of the program is shown in Fig.A.1. The program 

consists of four main parts: 1. Specifications of materia1s， 2. Ca1cu1ation 

of Rp，ref' reaction rate at B=15 in the in-pi1e condition， 3. Ca1cu1ation 
of reaction rate and weight 10ss as a function of time， 4. Ca1cu1ation of 

burn-off profi1e. Each part consists of severa1 sub-parts. The program 

wi11 be exp1ained be10w f0110wing the diagram. 

1. Specifications of materia1s 

Graphite or carbonaceous materia1s， IG-110， PGX and ASR-ORB are the 
candidates for VHTR use. Bu1k density and other properties are determined 

according to appropriate references. Ratio of burn-off va1ues to B are 

ca1cu1ated from density and the exterior-surface-area-to-v01ume ratio on 

the assumption that the overa11 exterior surface is exposed to the same 

oxidizing temperature. 

2. Ca1cu1ation of Rp，ref 
Rp，ref' reaction rate at a given burn-off B is ca1cu1ated using the 

first order or Langmuir田 Hinshe1woodequations. Prior to ca1culation， the 

equation to be se1ected is decided. After inputting va1ues of reaction 

temperature， tota1 pressure and concentration of water vapor， the transition 
temperature is ca1cu1ated. Then the compensation factors are read or input. 

In the ca1cu1ation by the Langmuir-Hinshe1wood eqn.， a va1ue of K3 in the 

eqn. is se1ected from a group of severa1 probab1e va1ues to be obtain 

F(P ， CH20 ， T) ・~， ref is ca1cu1ated using the necessaηfactors and equations. 

3. Ca1cu1ation of reaction rate and weight 10ss as a function oftime 

In the case of norma1 reactor operation， temperature， tota1 pressure 
and concentration of water vapor are assumed to be constant during the 

reaction. The magnitude of the three kinds of factors are， however， varied 
6】

with e1apse time in the case of water ingress accident-' .百leca1cu1ation 

for such case is carried out on a assumption that on1y the temperature is 

changed during the time. The assumption above is ab1e to give more 

conservative resu1t than that under the rea1 accident condition. After 

the reaction rate nor田 1izedto that at B-15 as a function of B， F(B) is 
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determined, changes in the reaction rate, weight loss and burn-off with the 
time are calculated using either the basic or modified method. 

4. Calculation of burn-off profile 
The burn-off value calculated above is total burn-off which does not 

give any information about the locality of burn-off, i.e., burn-off 
profile. Hence, the reaction rate and weight loss are calculated in 
another manner in which the burn-off profile can be obtained. On the 
calculating the burn-off profile, the characteristic length of oxidation, 
L is necessary to be much smaller than the size of component concerned. 
Here, the size is determined as radius for a cylindrical type and a half 
of thickness for a slab. Prior to calculation, we should be able to 
ascertain that the size of component is at least four times as small as 
the characteristic length of oxidation, L. Finally, the burn-off at which 
the component starts to erode or deteriorate at the surface is input. The 
weight loss is the sum of that caused by the reaction and that originated 
from the erosion or deterioration. 
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determined， changes in the reaction rate， weight 10ss and burn-off with the 
time are ca1cu1ated using either the basic or modified method. 

4. Ca1cu1ation of burn-off profi1e 

The burn-off va1ue ca1culated above is tota1 burn-off which does not 

give any information about the 10ca1ity of burn-off， i.e.， burn-off 

profi1e. Hence， the reaction rate and weight 10ss are ca1cu1ated in 
another manner in which the burn-off profi1e can be obtained. on the 

ca1cu1ating the burn-off profi1e， the characteristic 1ength of oxidation， 

L is necessary to be much sma11er than the size of component concerned. 

Here， the size is determined as radius for a cy1indrica1 type and a ha1f 

of thickness for a slab. Prior to ca1cu1ation， we shou1d be ab1e to 
ascertain that the size of component is at 1east four times as sma11 as 

the characteristic 1ength of oxidation， L. Fina11y， the burn-off at which 

the component starts to erode or deteriorate at the surface is input. The 

weight 10ss is the sum of that caused by the reaction and that originated 

from the erosion or deterioration. 
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国際単位系 (81)と換算表

表 2 SIと併用される単位

名 称ー下τrτ
仏時.日 min. h. d 

町分. fJ川
リントル 1. L 

1l!-t-ボルト IeV 

原子質量単位 U 

SI基本単位および補助単位

記号

m 

kg 

s 

A 

K 

mol 

cd 

rad 

sr 

表 1

量 |名称

長 さ lメートル

質 量|キログラム

時 間|抄

電 流 lアンペア

熱力学温度 lケルビン

物質量 lモ ル

光 度 1;町ンデラ

平面 角 | ラ ジ ア ン

立体 角 lステラジアン

1 eV=1.60218x 1O-"J 

1 u = 1.66054 x 10-" kg 

量 名称 記号 他の SI表単位現
による

周 波 数 へ Jレ ツ Hz s-' 

力 ニュートン N m・kg/s'

圧力 応力 パスカ ル PB N/m' 

エオJレギー.仕事.熱量 ジュー Iレ J N.m 

工率.紋射束 ワ 'Y ト w J/s 
電気僅，電荷 ヲーロン C A.s 

電位.電圧，起電力 ポ Jレ ト V WIA 

静 電 白昼 量 ファラド F CIV 

電 気 t丘 抗 オ J. Q V/A 

コンダク タンス ジ メンス s A/V 

盤 東 ウェ - r{. Wb V・s

磁 束 密 度テ ス ラ T Wb/m' 

インダクヂンス へンリー H Wb/A 

セルシウス温度 セルシウス度 。C

光 東 Jレーメン 1m cd. sr 

eH 度 Jレ ク ス Ix Im/m' 

放 身t 能 ベクレル Bq s-' 

目及 収 線 最 グ レ イ Gy .J/kg 

線量当量 シベルト Sv J/kg 

SIと共IC暫定的lζ

維持される単位

表 4

固有の名称、をもっ SI組立単位衰 3

(j主)

1 表 1-5は「国際単位系」第5版.国際

度量衡局 1985年刊行Kよる。ただL.1 eV 

および 1uの値は CODATAの1986年推奨

値Kょった。

2. 表 41Cは海里. /'，~.アール.へクタ

ールも含まれているが日常の単位なのでこ

こでは省略Lた。

3. bBrは. JISでは流体の任力を表わす場

合11:限り表 2の力テゴリーに分類されてい

る。

4. EC閣僚理事会指令では bar. barnおよ

び「血圧の単位JmmHgを表2のカテゴリ

ーに人れている。

1 A= 0.1 nm=IO-"m 

1 b= 100 fm'= 10-28 m' 

1 bar=O.1 MPa=IO'Pa 

1 GBI=I cm/s'=IO-'m/s' 

1 Ci=3.7xlO"Bq 

1 R=2.58x 1Q-'C/kg 

1 rBd = 1 cGy = IO-'Gy 

1 rem= 1 cSv= IO-'Sv 

記号

A 
b 

bBr 

GBI 

Ci 

R 

rad 

rem 

名称

オングストローム

J屯ン

パール

ガル

キュリ

レントケ'ン

ラ ド

レム

表

!王 MPa(=10bBr) kgf/cm' Btm mmHg(Torrl Ibffin'(psil 

10.1972 9.86923 7.50062 x 10' 145.038 

力 0.0980665 0.967841 735.559 14.2233 

0.101325 1.03323 760 14.6959 

1.33322 x 10-' 1.35951 x 10-' 1.31579 x 10"' 1.93368 x 10→ 

6.89476 x 10→ 7.03070 x 10-' 6.80460 x 10-' 51.7149 

一

算換

力

1 caI = 4.18605 J U十1>171，)

= 4.184 J (熟化学)

= 4.1855 J 05園Cl

= 4.1868 J (国際蒸気表)

1:1:')1率 1PS (仏.(~jJ)

= 75 kgf.m/s 

= 735.499 W 

.L .J( =10' erg) kgf'm kW・h cal(計置法) Btu ft • Ibf eV 
ネ
Jレ 0.101972 2.77778 x 10"' 仕238889 9.47813 x 10-・ 0.737562 6.24150 x 10 18 
ギ

9.80665 2.72407 x 10-' 2目34270 9.29487 x 10→ 7.23301 6.12082 x 10" 

iTj S 3.6 x 10' 3.67098 x 1Q' 8.59999 x 10' 3412.13 2.65522 x 10' 2.24694 x 10" 

4.18605 0.426858 1.16279 x 10-' 3.96759 x 10寸 3.08747 2.61272x 1日間

熱踊
1055.06 107.586 2.93072 x 10-' 252.042 778.172 6.58515 x 10" 

1.35582 0.138255 3.76616x 10-' 0.323890 1.28506 x 10寸 8.46233 x 10'・
1.60218 x 10-" 1.63377 X 10-20 4.45050 x 10-" 3.82743 x 10-20 1.51857 X 10'22 l.J8171 x 10-同

reπ1 

(86年 12月26日現在)
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