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Abstract--Experimental and numerical studies have been carried out on the combined phenomena of 
molecular diffusion and natural convection with a graphite oxidation reaction in a multicomponent gas 
system to investigate the process of air ingress into a reverse U-shaped tube consisting of one side heated 
and the other side cooled pipes. The range of the Grashof number based on the height of the tube was 
about 3.7 ~ 109 < GrL < 4.7 X 10 tl. One-dimensional basic equations for continuity, momentum conser- 
vation, ene:gy conservation of the gas mixture, and mass conservation of the gas species are numerically 
solved to obtain concentration changes in the gas species and the onset time of the natural circulation of 
air. The experimental results showed that air entered the tube due to molecular diffusion and a very weak 
natural corLvection of the multicomponent gas mixed prior to the onset of the natural circulation of air. 
The calcuhtted results are in good agreement with the experimental ones regarding the concentration 

changes in the gas species and the onset time of the natural circulation of air, 

% INTRODUCTION 

A high-temperature engineering test reactor (HTTR)  
is now in its developmental  stage at J A E R I  [1]. It is a 
graphite-moderated high-temperature gas-cooled 
thermal reactor. A schematic drawing of  the H T T R  
and the coolant  passages in the reactor are provided 
in Fig. 1. A hot  leg consists of  an inner passage of  a 
coaxial duct, a high-temperature outlet duct, a high- 
temperature plenum and fuel cooling channels. A cold 
leg consists of  an annular passage of  the coaxial duct, 
a bot tom cover and an annular passage between the 
reactor vessel and permanent reflector. As the hot  and 
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Fig. 1. Schematic drawing of the HTTR and the coolant 
passages in the reactor. 

cold legs are connected at the top cover, they make 
a kind of  reverse U-shaped tube. A primary-pipe 
rupture accident is one of  the most common of 
accidents related to the basic design of  the HTTR.  
When a primary-pipe rupture accident occurs, the 
high-pressure helium gas coolant  in the reactor is 
forced out into the reactor container through the 
breach. Gas pressure should become balanced 
between the inside and outside of  the reactor vessel 
after a few minutes. During this stage, called the 
depressurization stage, air is not  able to enter the 
reactor core from the breach. After  the depressur- 
ization stage, it is supposed that air enters the reactor 
core from the breach due to molecular diffusion and 
natural convection of  a mult icomponent  gas mixture 
induced by the distribution of  gas temperature and 
the resulting concentrations in the reactor. It seems 
possible that carbon monoxide (CO) and dioxide 
(CO:) are produced in the reactor, because the oxygen 
(02) contained in air reacts with the graphite struc- 
tures. Density of  the gas mixture in the reactor gradu- 
ally increases as air enters by the molecular diffusion 
and natural convection of  the gas mixture in the first 
stage of  the accident. Finally, the second stage of  
the accident starts after natural circulation of  the air 
occurs suddenly throughout  the entire reactor [2]. 

Previous studies focused mostly on molecular 
diffusion and natural convection of  the two-com- 
ponent gas mixture in a reverse U-shaped tube and 
in a simple test model  of  the H T T R  [3, 4]. A one- 
dimensional flow network model  was employed to 
calculate the transport of  air into the simple test model 
simulating the HTTR.  The numerical results were in 
good agreement with the experimental ones regarding 
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A 
Ae 
C 
Cp 

Oi- i 
Oi-m 

De 

production ratio 
cross sectional area of tube 
molar density 
specific heat capacity at constant 
pressure 
mutual diffusion coefficient 
effective diffusion coefficient of multi- 
component gas mixture system 
diameter of tube 

E0, El, E2 activation energy 
f friction factor 
Gr L Grashof number based on the height 

of the tube 
9 acceleration of gravity 
K pressure loss coefficient 
K0, K~, K2 reaction constant 
L h length of heated periphery 
M molecular weight 
N mole number 
p fluid static pressure 
Po2 partial pressure of oxygen 
Q production and dissipation term 
R gas constant 
Re Reynolds number based on the 

diameter of tube 
T gas temperature 

NOMENCLATURE 

r~ 
t 
u 

X 
X 

wall temperature 
time 
mass average velocity 
mole fraction of component gas 
co-ordinate or distance from tube 
inlet. 

Greek symbols 
heat transfer coefficient 

0 inclination of flow direction 
2 thermal conductivity 
p viscosity 
v kinematic viscosity 
p density 
co mass fraction. 

Subscripts 
C carbon 
CO carbon monoxide 
C O  2 carbon dioxide 
He helium 
i i component gas 
m gas mixture 
N2 nitrogen 
02 oxygen. 

the concentration change in the gas species and the 
onset time of the natural circulation of air. According 
to the results obtained [4], the density of the gas mix- 
ture in the reverse U-shaped tube gradually increases 
as nitrogen(N2) enters as a result of molecular 
diffusion and because of very weak natural convec- 
tion. The calculated velocity of this very weak natural 
convection of the gas mixture is about 10 -6 ~ 10 -3 m 
s -~ (10 -4 < Re < I). The natural circulation of Nz, 
which is larger than 0.1 m s ~ (Re > 100), occurs 
suddenly throughout the reverse U-shaped tube, 
because the buoyancy force has risen to such an extent 
as to bring about natural circulation. However, with 
these previous test rigs, we were not able to observe 
the behavior of the multicomponent gas mixture with 
the graphite oxidation reaction, because the test models 
were lacking graphite structures. 

The objectives of this present study is to investigate 
the basic features of the flow behavior of the multi- 
component gas mixture, consisting of He, N2, 02, CO2, 
CO, etc. This paper concentrates on experimental and 
numerical studies regarding the combined phenomena 
of the molecular diffusion and the natural convection 
of the multicomponent gas mixture with the graphite 
oxidation reaction in the reverse U-shaped tube [5]. 
One-dimensional basic equations for continuity, 
momentum conservation, energy conservation of the 
gas mixture, and the mass conservation of gas species 
are numerically solved to obtain the concentration 

change in the gas species and the onset time of the 
natural circulation of air in the reverse U-shaped tube. 
The numerical results are compared with the exper- 
imental ones regarding the density of the gas mixture, 
the concentration of each gas species produced by the 
graphite oxidation reaction and the onset time of the 
natural circulation of air. 

2. NUMERICAL ANALYSIS 

2.1. Basic equations 
The analytical model of the reverse U-shaped tube 

can be seen in Fig. 2. The reverse U-shaped tube is 
made up of channels where one side is heated and the 
other cooled. The cross-sectional area of the tube is 
constant. The numerical analysis is made under the 
following assumptions : 

(1) one-dimensional laminar flow; 
(2) a diffusion coefficient of each component gas 

(Di.m) for the multicomponent gas system is a function 
of the temperature, pressure and the mole fraction of 
gas species ; 

(3) each gas species and the gas mixture follow the 
equation of state for ideal gas and 

(4) a chemical reaction between carbon and 
oxygen, and a carbon monoxide combustion are taken 
into consideration. 

The basic equations are as follows. 
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Fig. 2. Analytical model of the reverse U-shaped tube. 
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The equation of continuity for the gas mixture : 

Op . 0 ( ~  = 
-~-+  ~Q, .  (1) 

The equation of continuity for each gas species (species 
/): 

~(p~oi) O(p~oiu) ~ / O~i\ 
+ Ox -- Ox t pDi'm ~ x )  + Qi. (2) 0 ~  

The equation of momentum conservation : 

P~+OU~x Ox 

(3) 

The equation of energy conservation : 

~(pcpT) 63(ptlcpT) O / 63T~ L h 
0- - -7  - +  = ax r )  

(4) 

The equation of state for the gas : 

= P R T .  (5) P 

Here, the diffusion coefficients for the multi- 
component gas system are obtained from the diffusion 
coefficients for the binary gas system and the mole 
fractions of each gas species. 

1 - X i  O,_~ ~. X j '  (6) 

j=  1 O i - j  

This coefficient is called the effective diffusion 
coefficient in the multicomponent gas mixture, which 
is provided by Wilke [6]. Fairbanks and Wilke [7], and 
Walker et al. [8] reported that the effective diffusion 
coefficient given by equation (6) agreed well with the 

experimental data for the three-component gas 
mixture. 

Angle 0 is an inclination of the flow direction, and 
0 is zero when the flow is vertically upwards, x is an 
axial distance in the tube and the positive direction of 
x is equal to the positive direction of u. Friction factor 
( f )  and heat transfer coefficient (~) corresponding 
to the fully developed laminar flow are used [9] and 
pressure loss coefficient (K) is assumed to be 1.0 at 
the inlet and outlet of the reverse U-shaped tube. 
Viscosity (#) and thermal conductivity (2) of each gas 
species and gas mixture is obtained using the Wilke 
method [10] and by the Eucken correlation [11], 
respectively. Density (p) of each gas species and the 
gas mixture is calculated from Ref. [11]. 

2.2. Graphite oxidation reaction 
In the present analysis, the graphite oxidation reac- 

tion (C-O2 reaction) and the carbon monoxide com- 
bustion (CO-O: reaction) are taken into account. The 
chemical equation of the graphite oxidation reaction 
is expressed as 

C -~- z O  2 ~ x C O  -}- y C O  2 . (7) 

A reaction rate is described as 

f Eo~. 
rc-o = K0 exp t - -  ~)Po2"  (8) 

Though a large number of an activation energy and a 
reaction constant are reported [12], we have used the 
following values that interporate the experimental 
data for IG-110 in Ref. [13]. 

K0 = 3.60 × 102 

E0 = 2.09 × 102 [kJmol-1]. 

Here, K0 is the reaction constant, E0 the activation 
energy and Po2 the oxygen partial pressure. The unit of 
R, T, rc~  and po: are [J tool - l  K- l ] ,  [K], [kg kg -1 s -1] 
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and [Pa], respectively. The value of the exponential 
index, n, in terms of the oxygen partial pressure ranges 
from 0.75 to 1 for PGX in Ref. [13]. We have adopted 
1.0 for the value of the exponential index in this analy- 
sis, because we have no data for IG-110. 

A production ratio of CO to CO2 (x/y = A) is cor- 
related as follows : 

A = K~ exp ( - - E ~  (9) 

w h e r e  K l is the constant and E~ the activation energy. 
There are many previous reports [14-16] regarding 
the production ratio. However, the reported ratios 
differ over a wide range because the production ratio 
depends on experimental conditions, for example, the 
catalytic effect of the impurities contained in the 
graphite and the grade of graphite. In the preliminary 
calculation, the following three sets of the reported 
values for K~ and El have been tested to find the 
optimum one. 

Kl = 2.512 × 10 3, 

K1 = 7.943 × 103, 

K~ = 1.995 x 10 3, 

E1 = 5.191 x 101 

[kJ mol - l ]  from Ref. [14] 

E1 = 7 . 8 3 × 1 0  l 

[kJ mol - l ]  from Ref. [15] 

E1 = 5.986 × 10 l 

[kJ mol-*] from Ref. [15]. 

It was revealed that the calculated results using the 
second set of K~ and E~ agreed well with the exper- 
imental results much better than those using the first 
and third sets of K1 and El. The calculated results 
using the first and third sets of K~ and E~ gave a higher 
CO concentration and lower CO2 concentration than 
the measured concentrations. In the present calcu- 
lation, the second set of K~ and E1 was used. Conse- 
quently, the mole number for the dissipation term of 
02 and for the generation terms of CO and CO2 can 
be obtained from the following relation, respectively. 

A + 2  
z = No~ - 2(A+ 1) (10) 

A 
x = Nco - A + I  (11) 

1 
y = Nc% - A + I  " (12) 

Therefore, the dissipation and generation terms in the 
equations of the mass conservation for each com- 
ponent gas species can be rewritten as follows : 

02 dissipation term 

Pc Q'o: = -No~rc-o ~ccMo2 [kgm -3 s - l ]  (13) 

CO generation term 

Pc l] Q'co = Ncorc~-~ccMco [kgm -3 s -  (14) 

CO2 generation term 

Q~o~ = Nc%rc_o Pc M [kgm -3s  l] (15) mc  co~ 

where Pc is the density of the graphite material and 
Mc is the mole weight of carbon. 

The chemical equation of the CO combustion is 
expressed as 

C O - ÷ I o 2  --~ C O  2. (16) 

The reaction rate was taken from Ref. [17] 

dCco 
dt 

where 

r c ~ % ' C c o ' C ° ~  " 05 CH~o [ m o l m  -3 s - I ]  

(17) 

rco-% = K2 exp ( - -  R ~  ). (18) 

C c o -  Pc o _ P" COco (19) 
Mco Mco 

p% P" CO% 
Co2 - Mo2 Mo2 (20) 

CH~O = C'XH2o P (21) = ~'XH2o. 

Here, K2=  1.3×108 [m 3 tool -1 s-l],  E2= 126 
[kJ tool -1] and XH2o = 0.0054_+0.0007 [18]. Therefore, 
the dissipation or generation terms of CO, CO2 and 
02 are 

dCco . X0.5 
Q c ° =  dt Mco = -rcwo2 H2o 

"P COcoCO" kg m-3s -1 ]  (22) 

Q;2 = - 0 . 5 ~ M o ~  = -0.5rco~2" X~i~o 

( p2 ,~o., o. Mo2 
" p \ ~ }  rococo% Mc~[kgm-3  s - ' ]  (23) 

dCco . 0.5 
Q~% = ~ - M c o 2  = rco-% Xn~o 

{ p2 ,los o.sMc% 3 
" P \ ~ ]  COcocoo: -~o-co[kgm- s - ' ] .  (24) 

Finally, the dissipation or generation terms of the 
mass conservation equations for 02, CO and CO2 are 
written as 

Q% = Qg~ +Q~2 (25) 

= ' q '  + ' q "  (26) QCO .~ CO ~ CO 
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= , + r ~ , ,  ( 2 7 )  Qco: Qco~  ~co2. 

2.3. Discretization of the basic equations 
As shown in Filg. 2, the analytical region is divided 

into 88 control volumes using a staggered grid. Thus, 
the velocity is calculated for the points that lie on the 
control-volume faces and the density, temperature, 
mole fraction and pressure are defined at the center in 
the control volume. We also have adopted a donor- 
cell method for diiscretization of the basic equations. 
The equations of continuity for the gas mixture, 
momentum and energy conservation for the gas 
mixture, and mass conservation for each component 
gas are solved using a fully implicit scheme. 

The initial conditions for the multicomponent gas 
system are as follows. He is initially put in the reverse 
U-shaped tube with the outside being air. Air is 
assumed to be a binary gas mixture of N2 and 02. 
That is, 

mole fraction X at t = 0 ; 

0 < x < 1 (in the reverse U-shaped tube), 

Xr%, Xo2, Xco, Xco2 = 0, Xne -- 1. (28) 

x = 0,1 (at the bo~Lh ends of the tube), 

XN~ = 0.791,Xo2 = 0.209,Xco, Xco2,Xno = 0. (29) 

The initial velocity is zero for all the control-volume 
faces. Gas pressure is assumed to be constant at atmo- 
spheric pressure. Wall temperature in the reverse U- 
shaped tube is set to equal for the measured wall 
temperature. Figure 3 shows a typical example of the 
measured wall temperature distribution regarding the 
whole tube. To simulate the fundamental features of 
the temperature distribution in the reactor, it is desir- 
able that the temperature distribution of the high- 
temperature side pipe be set to a flat temperature. 
Although the flat temperature distribution could not 
be achieved because the connecting parts between the 
vertical and horizontal pipes were not heated, the 
present temperature distribution shown in Fig. 3 was 
sufficient to investigate the basic features of the flow 
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Fig. 3. Distribution of the measured wall temperature in the 
whole tube. 
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behavior of the multicomponent gas mixture with the 
graphite oxidation reaction. 

The boundary conditions are : 

a t x = 0 a n d x = l ,  XN2=0.791, Xo2=0.209, 

-e~CO , X c o 2 ,  XHe = 0, P = P0, T = To, P = P0- 

(30) 

3. E X P E R I M E N T A L  A P P A R A T U S  A N D  

P R O C E D U R E S  

A rough sketch of the experimental apparatus can 
be seen in Fig. 4. The apparatus consists of a reverse 
U-shaped tube and a gas tank. One vertical pipe is 
heated using electrical power and the other vertical 
one is cooled by water. A horizontal and two bent 
pipes, connecting these two vertical pipes, are also 
heated. The vertical heated pipe, made of inconel, has 
an inner diameter of 52.5 mm, an outer diameter of 
60.3 mm and a length of 1300 mm. A graphite pipe is 
inserted into the inconel heated pipe and it measures 
40.5 mm i.d., 52.5 mm o.d. and 450 mm in length. The 
graphite, IG-110, is from Toyo Tanso Co. The upper 
and lower inner pipes, which are also inserted in the 
heated pipe, are made of inconel and have the same 
diameter as the graphite pipe. The horizontal and bent 
pipes have an inner diameter of 40.5 mm. The vertical 
cooled pipe measures 41.2 mm i.d. and 1420 mm in 
length. A gas tank, cylindrical in shape, has an i.d. of 
991 mm and a height of 400 mm. 
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The mole fraction of each gas species and the den- 
sity of the gas mixture were measured at four sampling 
points shown in Fig. 4. The density of the gas mixture, 
the mole fraction of 02, CO and CO2 were measured 
using a gas analyzer (Yokogawa: density-Vibro gas 
analyzer DG8, O2-Electrochemical analyzer 6234, CO 
and CO2-Infrared rays analyzer IR21). The output 
signals of the mole fraction of CO and CO2 for N2 
based gas were higher than those for He based gas in 
the infrared rays analyzer. Therefore, the results of 
the mole fraction of CO and CO2 were corrected using 
the following method. 

The gas mixture in the apparatus was assumed to 
be a helium-air binary gas mixture. Then, the mole 
fraction of air was obtained from the following equa- 
tion : 

P -- PI le  
Z~ai r - -  - -  ( 3 1 )  

Pair  -- P i l e  

where X a i  r is mole fraction of air based on helium-air 
binary gas mixture ; p, density of gas mixture obtained 
from the analyzer; Pne, density of helium at 1 atm, 
20°C ; Pair, density of air at 1 atm, 20°C. 

The corrected mole fractions of CO2 (Xco2/ro~,) and 
CO ( X c o / r e a l )  w e r e  obtained as 

~'CO2/real = (1  - -  Xair)Xco2/He-]- X a i  r * XCO2/N2 (32) 

XCO/roa] = (1--X~ir)XCO/He+Xai,'Xco/N2 (33) 

where XCO2/He and Xco2/N2 are the mole fraction of 
CO2 obtained from the calibration results for He and 
N2 based gas, and XCO/Ho and Xco/N2 are the mole 
fraction of CO obtained from the calibration results 
for He and N2 based gas, respectively. 

The temperature distribution of the pipe wall was 
measured by 18 K-type thermocouples and the tem- 
peratures of the gas mixture were also measured at 
nine points using K-type thermocouples at the posi- 
tions indicated in Fig. 4 using black circles and white 
circles, respectively. The signals of the voltage from 
the thermocouples and the gas analyzer were digitally 
sampled and read using a data acquisition control unit 
(Scanner and DVM : Advantest TR2730 & TR2731). 
These units were controlled by a Hewlett-Packard 
Series 9000 Model 216 computer. We assumed that 
the onset time of the natural circulation of air is the 
time when the gas temperature at the cooled pipe 
exceeds 100°C. As the natural circulation of N2 occurs, 
the gas temperature at the upper part of the cooled 
pipe increases rapidly. The time required for the gas 
temperature to be increased from 20 to 100°C is about 
10s. 

In consideration of the errors induced by the 
thermocouples, scanner junction and DVM accuracy, 
the entire accuracy of the temperature measurement 
was within _+ 0.3°C. The measurements accuracy of 
the density analyzer and the concentration analyzer 
(02, CO, CO2) were _+ 1% F.S. and _+ 1.7% F.S., 
respectively. The relative uncertainty in the density of 
the gas mixture was found to be _+4%. The uncer- 
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Fig. 5. Distribution of the measured wall temperature in the 
heated pipe. 

tainties in the mole fraction of 0 2 ,  CO and C O  2 w e r e  

found to be +2.3%, _+4.4% and __4.4%, respec- 
tively. The uncertainty in the onset time of the natural 
circulation of air was estimated to be 12%. 

Experimental procedures are as follows. The ball 
valves between the reverse U-shaped tube and the gas 
tank were closed and the tube was evacuated using a 
vacuum pump. Helium and air was injected into the 
tube and the gas tank, respectively. Then, the high- 
temperature side pipe and the connecting pipe were 
heated from about 400 to 800°C (the longitudinal 
average temperature of the high-temperature side 
pipe). When the temperature of the gas and the pipe 
wall reached a steady-state condition, the gas pressure 
in the reverse U-shaped tube was equalized to the 
atmospheric pressure by the opening a small release 
valve. Then, the two ball valves were open at the same 
time to simulate a pipe rupture accident. During the 
experiment, the temperature change of the pipe wall 
was held within _+ 2°C. 

4. E X P E R I M E N T A L  A N D  N U M E R I C A L  RESULTS 

Figure 5 provides examples of the wall temperature 
distribution of the heated pipe for the various average 
temperatures. The temperature of the graphite part 
has a fiat temperature distribution, because the graphite 
pipe is inserted in the center position of the heated 
pipe. The solid lines show the average temperatures 
of the graphite pipe. The longitudinal average tem- 
peratures of the whole heated pipe are about 40 ° lower 
than those of the graphite pipe. The longitudinal aver- 
age temperatures of the whole heated pipe and the 
graphite pipe are shown in Table 1. The range of the 
Grashof number based on the height of the reverse 
U-shaped tube was about 3.7 x 10 9 < G r  L < 4.7 x 10 H 
in the present experiment. 

Figure 6 shows the relationship between the onset 
time of the natural circulation of air and the average 
temperature of the heated pipe. When the average 
temperature of the heated pipe ranges from 450 to 
650°C, the onset time of the natural circulation in the 
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Table 1. Longitudinal average temperatures of the whole heated pipe and graphite pipe 
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Whole heated pipe [°C] 811 767.7 715.4 661.8 618.1 569.1 523.5 466.2 423.8 376.6 

Graphite pipe [°C] 859.1 814.3 760 708.2 660.8 610.5 562.9 508 460.3 409 
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Fig. 6. Relationship between the onset time of natural cir- 
culation and the average temperature of the heated pipe. 
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Fig. 7. Measured mole fraction change of 02 in the lower 
part of the heated pipe. 

He-air cases is slightly earlier than that in the He-N2 
cases. This is due to the fact that the density of the 
gas mixture throughout the whole apparatus becomes 
larger as a result of the production of CO2 [19]. 

Figures 7-9 show the measured mole fraction changes 
of O2 in the lower part of the heated pipe (sampling 
point C)), the upper part of the heated pipe (sampling 
point C)) and the cooled pipe (sampling point Q ) ,  
respectively, for various longitudinal average tem- 
peratures of the heated pipe. The solid lines in the 
figures are the experimental results when the reverse 
U-shaped tube was kept at the room temperature (iso- 
thermal experiment, 16.3°C). The measured mole frac- 
tion of O2 at sampling point (~) in the case of the non- 
isothermal experiments increased faster than that in 
the case of the isothermal one. This is because 02 is 
transported by a very weak natural convection of the 
gas mixture in addition to by the molecular diffusion. 
On the other hand, the measured mole fraction of O2 
at sampling point C) of the cooled pipe in the non- 
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- -  16.3~C --o- 376. 6~C No.~) sampling point / 

0.15 --t~ 423.8"C + 466. 2"C 
-*-~23. 5~ -×-s69. n: ? . f  

g --I- 715.4"C +767.7"0 . ~  
-=- 6is. :c --,~- ~1. s'c 

0.1 - -  . 

0,05 

0 
60 120 180 240 

Elapsed Time after the Valve is Opened [rain] 

Fig. 8. Measured mole fraction change of O2 in the upper 
part of the heated pipe. 
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Fig. 9. Measured mole fraction change of 02 in the cooled 
pipe. 

isothermal cases is lower than that in the isothermal 
one, because the amount of 02 transported downward 
by the very weak natural convection is larger than 
that transported upward by the molecular diffusion. 
As the reaction rate of the graphite oxidation reaction 
increases as the temperature increases, the measured 
mole fractions of 02 at sampling points (~) and (~) 
decrease with an increase in the temperature of the 
graphite pipe. When the average temperature of the 
heated pipe is higher than 523.5°C (graphite tem- 
perature = 562.9°C), 02 almost dissipates as a result 
of the graphite oxidation reaction at the graphite part. 
Therefore, the mole fraction of 02 is almost zero in 
the upper part of the heated pipe. The measured mole 
fraction of 02 at the cooled pipe first increases with 
time, because the amount of 02 transported upward 
by the molecular diffusion is larger than that trans- 
ported downward by the very weak natural con- 
vection of the gas mixture. However, because 02 is 
dissipated in the graphite part and is not contained in 
the natural convection of the gas mixture when the 
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Fig. 10. Measured mole fraction change of CO2 in the lower 
part of the heated pipe. 
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Fig. 11. Measured mole fraction change of CO: in the upper 
part of the heated pipe. 

average temperature of the heated pipe is higher than 
523.5°C, the mole fraction of 02 in the cooled pipe 
decreases with time and approaches zero just before 
the natural circulation of air begins. 

Figures 10 and 11 show the measured mole fraction 
change of CO2 in the lower part of the heated pipe 
(sampling point (~)) and the upper part of the heated 
pipe (sampling point C)), respectively. The measured 
mole fraction change of CO2 in sampling point (~) 
first increases gradually with time, because the CO2 
generating in the graphite part is transported down- 
ward due to the molecular diffusion. As the upward 
velocity of the natural convection of the gas mixture 
becomes larger, however, the mole fraction of CO2 
decreases with time. On the other hand, the measured 
mole fraction change of CO2 in sampling point C) 
increases with time until the natural circulation of air 
begins. When the average temperature of the heated 
pipe is lower than 376.6°C (graphite tem- 
perature = 409°C), CO2 is not detected because of 
the very small reaction rate of the graphite oxidation 
reaction. Figure 12 shows the measured mole fraction 
change of CO in the upper part of the heated pipe 
(sampling point C)). The mole fraction of CO was 
very small (lower than 0.03) for all of the experiments, 
because the production ratio of CO to CO2 was small. 
According to equation (9), production ratio (A) was 
greater than 1 when the temperature exceeded 780°C. 
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Fig. 13. Density change of the gas mixture (average tem- 
perature = 767.7°C). 

Figure 13 shows the typical density changes of the 
gas mixture at the various gas sampling points when 
the average temperature of the graphite pipe is 
767.7°C (graphite temperature = 814.3°C). Symbols 
(O, A, [] and O, respectively) represent the mea- 
sured density changes at the gas sampling positions 
( Q - Q ) .  The solid and dotted lines in the figure are 
the results obtained from the present calculation. As 
the density of the gas mixture in the tube gradually 
increases, the buoyancy force also increases. When the 
average temperature is 767.7°C, the buoyancy force 
becomes large enough to initiate the natural cir- 
culation of air throughout the reverse U-shaped tube 
at around 105 min after the valve is opened. The onset 
time of the natural circulation of air in this analysis is 
about 90 min after the valve is opened. Before the 
onset of the natural circulation of air, the calculated 
velocity of the very weak natural convection of the 
gas mixture was about 1 x 10 -6 < u < 1 x 10-3m s -~ 
(1 x 10 -4 < Re < 1) at the inlet of the reverse U- 
shaped tube. The calculated velocity of this natural 
convection was very slow in comparison with that 
of the natural circulation of air, which was around 
1.4 x 10 -l  m s -1 (Re = 450). The calculated results of 
the density change and the onset time of the natural 
circulation of air were in good agreement with the 
experimental ones. The difference in the onset time of 
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the natural circulation of air was within 15 % between 
the calculation and the experiment. Figure 14 shows 
the distribution of  the calculated density of the gas 
mixture along the x-axis direction, when the average 
temperature of the graphite pipe was 767.7°C. As 
shown in the figure, the density of the gas mixture in 
the low-temperature-side pipe is larger than that in 
the high-temperature-side pipe. The density distri- 
bution in the whole tube is complicated because the 
density of the gas mixture is affected not only by the 
temperature but also by the concentration of each of 
the gas species. 

Figure 15 shows the measured and calculated mole 
fraction changes of 02 at the various gas sampling 
points. The calculated mole fraction changes of 02 are 
in good agreemer.t with the experimental ones. The 
calculated mole fi:action of 02 was higher than the 
experimental one in the lower part of heated pipe 
( O ) .  The difference in the mole fraction of 02 
between the measured and the calculated results was 
within 10%. Figures 16 and 17 show the measured 
and calculated mole fraction changes of CO2 and CO 
when the average temperature of the heated pipe was 
767.7°C. The calculated mole fraction of CO2 was 
slightly higher than the experimental one in the lower 
part of heated pipe ( O ) .  The calculated mole frac- 
tions of CO were in good agreement with the exper- 
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Fig. 18. Distribution of the mole fraction change of CO2 
along the x-axis direction (average temperature = 767.7°C). 

imental ones. Figures 18 and 19 show the distribution 
of the calculated mole fraction of CO2 and CO along 
the x-axis direction. As shown in Figs. 18 and 19, the 
mole fraction of CO2 and CO had its maximum value 
at the inlet of the graphite pipe. CO2 is transported 
downward by the molecular diffusion against the very 
weak natural convection of the gas mixture. CO is 
also transported downward, but the mole fraction of 
CO in the lower part of the heated pipe is nearly zero 
due to the CO combustion reaction. 

To get an even better agreement regarding the 



536 T. TAKEDA and M. HISHIDA 

0.05 

0.04 ]x~ 8rain Average temperature = 767.7 ~C 
© I \ 
~d 0.03 72rain 
'~ K ~ % ~  65r~ 

0 . 0 :  L ~  55m~ 

0.0i 

0 
1000 2000 3000 4000 

Distance fi'om the BoSom End of the High-temp. Side Pipe [ram] 

Fig. 19. Distribution of the mole fraction change of CO along 
the x-axis direction (average temperature = 767.7°C). 

amount  of  the produced gases by the graphite oxi- 
dation reaction between the experimental and numeri- 
cal results, it is necessary to use more appropriate 
values regarding the reaction constant and the acti- 
vat ion energy for graphite oxidation reaction and for 
the production ratio of  CO to CO2. In the HTTR,  
local natural convection takes place in local spaces like 
the top space of  the pressure vessel and the annular 
passage between the permanent  reflector and pressure 
vessel. Therefore, to analyze the transport process of  
each type of  gas species in the H T T R  using this 
numerical analysis, it is necessary to modify the one- 
dimensional model. Two- or three-dimensional analy- 
sis is still open for future study. 

5. CONCLUSIONS 

Experimental and numerical studies were per- 
formed on the combined phenomena of  molecular 
diffusion and natural convection in a mult icomponent  
gas system with chemical reactions in a reverse U-  
shaped tube. The following conclusions were obtained. 

(1) Before the onset of  the natural circulation of  
air, air enters the reverse U-shaped tube by the molec- 
ular diffusion and the natural convection of  the multi- 
component  gas mixture, which is induced by the buoy- 
ancy force caused by the density distributions of  the 
gas mixture in the tube. 

(2) The density of  the gas mixture in the reverse U-  
shaped tube gradually increases as time elapses after 
the valve is opened. The natural circulation of  air 
takes place suddenly throughout  the reverse U-shaped 
tube when the buoyancy force becomes large enough 
for the natural circulation of  air to begin. 

(3) In the present experiment, when the average 
temperature of  the graphite part is higher than about  
560°C, oxygen almost dissipates due to the graphite 
oxidation reaction. When the average temperature of  
the graphite pipe exceeds 800°C, the amount  of  the 
CO produced increases and the CO produced reacts 
with 02. 

(4) The calculated results of  the density change of  

the gas mixture, the mole fraction changes of  each 
type of  gas species and the onset time of  the natural 
circulation of  air agree well with the experimental 
results. It was found that this numerical analysis code 
can predict the behavior of  each type of  gas species 
and the amount  of  the gases produced by the graphite 
oxidation reaction. 
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